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   From the Series    Editors   

  Advances in Photosynthesis
and Respiration     Including Bioenergy

and Related Processes  
  Volume 39:   The Structural Basis of Biological 

Energy Generation  

  W e are delighted to announce the publication 
of Volume  39  in this series. This is the fi fth 
volume with the new cover and enhanced 
web presence. The series publisher, Springer, 
now makes the table of contents of all of the 
volumes freely available online. Links to 
each volume are given below. Readers may 
also see that this volume and the past few 
volumes have had signifi cantly more color 
fi gures, and the color fi gures are now better 
integrated into the chapters, instead of being 
collected in one section of the book. This 
improvement was possible because of 
changes in how the books are produced. 
Another change is that references to chapters 
in books are now tracked by bibliographic 
services. This will help authors provide evi-
dence of the importance of their work. We 
hope that these updates will maintain the 
importance of these edited volumes in the 
dissemination of the science of photosynthe-
sis and bioenergy. 

 We are fortunate to have Martin F. 
Hohmann-Marriott, of Norway, to take the lead 
of editing a unique volume on  The Structural 
Basis of Biological Energy Generation.  It is 
fi rst of its kind in the fi eld of photosynthesis. 
Martin is an authority on bioenergetics of 
photosynthesis, and on the evolution of pho-
tosynthetic organisms. He has expertise on a 
variety of photosynthetic organisms including 
green sulfur bacteria, cyanobacteria, green 
algae and many others. 

    The Book 

 As stated in the Preface by Martin, this 
book provides an “overview of the structural 
foundation for bioenergetics in bacteria, 
algae and plants from the molecular to the 
organism level”. It deals with how organisms 
channel energy into generating what we call 
“ the stuff of life ” giving rise to the living 
world around us. We learn about the details 
of the mechanisms that organisms employ to 
capture light energy, transport electrons and 
protons, and ultimately fi x carbon. Biological 
energy generation also requires accessing 
the energy stored by photosynthetic reac-
tions, and so mitochondria are covered in 
several  chapters as well. The organisms 
covered in this book illustrate the range of 
mechanisms of biological energy generation 
rather than the range of organisms most 
familiar to people. This emphasis is a better 
representation of the diversity of biological 
energy generation. We are sure that this book 
will have a great impact in the fi eld of photo-
synthesis for a long time.  

    Authors 

 The current book contains 24 chapters 
written by 49 authors from 15 countries. We 
thank all the authors for their valuable con-
tribution to this book; their names (arranged 
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alphabetically) are: N.  A dir (Israel; Chap.   4    ); 
M. Asao (USA; Chap.   13    ); M.  B arták (Czech 
Republic; Chap.   20    ); F. Baymann (France; 
Chap.   8    ); M. Benchimol (Brazil; Chap.   22    ); 
M. Berney (New Zealand; Chap.   15    ); E.J. 
Boekema (The Netherlands; Chap.   12    ); B. 
Böttcher (United Kingdom; Chap.   6    ); Z.L. 
Bouzon (Brazil; Chap.   16    ); H.-P. Braun 
(Germany; Chap.   12    ); L.S. Brown (Canada; 
Chap.   1    ); C. Büchel (Germany; Chap.   2    ); 
S.J. Butcher (Finland; Chap.   5    ); A.M.  C ollins 
(USA; Chap.   13    ); G.M. Cook (New Zealand; 
Chap.   15    ); V.  D askalakis (Cyprus; Chap.   10    ); 
L. David (Israel; Chap.   4    ); A. Dikiy (Norway; 
Chap.   11    ); O. Dobrovolska (Norway; Chap. 
  11    ); N.V. Dudkina (United Kingdom; Chap. 
  12    ); D.  G argano (Norway; Chap.   23    ); M.L. 
Genova (Italy; Chap.   21    ); H.L. Gorton (USA; 
Chap.   19    ); P. Gräber (Germany; Chap.   6    ); K. 
Gundermann (Germany; Chap.   2    ); E. 
Hoffmann (Germany; Chap.   3    ); M.S. Kimber 
(Canada; Chap.   7    ); P.G.  K roth (Germany; 
Chap.   18    ); J.  M aple (Norway; Chap.   23    ); 
A. Marx (Israel; Chap.   4    ); Y. Matsuda (Japan; 
Chap.   18    ); A.E. McDonald (Canada; Chap. 
  9    ); J.A. Mears (USA; Chap.   24    ); S.G. Møller 
(USA; Chap.   23    ); T.  P olívka (Czech 
Republic; Chap.   3    ); J. Pšenčík (Czech 
Republic; Chap.   5    ); W.M.  S attley (USA; 
Chap.   13    ); E.C. Schmidt (Brazil; Chap.   16    ); 
M. Schmidt (Germany; Chap.   17    ); E. 
Shumilina (Norway; Chap.   11    ); K.-H.  T ang 
(USA; Chap.   13    ); F. ten Brink (France; Chap. 
  8    ); C.S. Ting (USA; Chap.   14    ); R. Tuma 
(United Kingdom; Chap.   5    ); G.C. 
 V anlerberghe (Canada; Chap.   9    ); C. Varotsis 
(Cyprus; Chap.   10    ); T.C. Vogelmann (USA; 
Chap.   19    ); C.  W ilhelm (Germany; Chap. 
  17    ); and C.S.  Z itta (Brazil; Chap.   16    ).  

    Our Books: Now 38 Volumes 

 We list below information on the 38 volumes 
that have been published thus far (see   http://
www.springer.com/series/5599     for the series 
web site). We are pleased to note that Springer, 
our publisher, is now producing complete 
 Tables of Contents  of these books. Electronic 
access to individual chapters depends on 
subscription (ask your librarian) but Springer 

provides free downloadable front matter as 
well as indexes. The available web sites of 
the books in the Series are listed below. 

•   Volume 38 (2014): Microbial BioEnergy: 
Hydrogen Production,  edited by Davide 
Zannoni and Roberto De Phillipis, both from 
Italy. Fifteen chapters, XXXV + 366 pp, 
Hardcover, ISBN: 978-94-017-8553-2 (HB); 
ISBN 978-94-017-8554-9 (e-book) [  http://
w w w. s p r i n g e r . c o m / l i f e + s c i e n c e s /
plant+sciences/book/978-94-017-8553-2    ] 

•   Volume 37 (2014): Photosynthesis in 
Bryophytes and Early Land Plants,  edited 
by David T. Hanson, and Steven K. Rice, both 
from USA. Eighteen chapters, XXVII + 343 pp, 
Hardcover, ISBN: 978-94-007-6987-8 (HB); 
ISBN 978-94-007-6988-5 (e-book) [  http://
w w w. s p r i n g e r . c o m / l i f e + s c i e n c e s /
plant+sciences/book/978-94-007-6987-8    ] 

•   Volume 36 (2013): Plastid Development in 
Leaves during Growth and Senescence , 
edited by Basanti Biswal, Karin Krupinska 
and Udaya Biswal, from India and Germany. 
Twenty-eight chapters, 837 pp, Hardcover, 
ISBN: 978-94-007-5723-3 (HB); ISBN 978-
94- 007-5724-0 (e-book) [  http://www.springer.
c o m / l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-94-007-5723-3    ] 

•   Volume 35 (2012): Genomics of Chloroplasts 
and Mitochondria , edited by Ralph Bock 
and Volker Knoop, from Germany. Nineteen 
chapters, 475 pp, Hardcover, ISBN: 978-94-007-
2919-3 (HB) ISBN 978-94-007-2920-9 (e-book) 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-94-007-2919-3    ] 

•   Volume 34 (2012): Photosynthesis – Plastid 
Biology, Energy Conversion and Carbon 
Assimilation , edited by Julian Eaton-Rye, 
Baishnab C. Tripathy, and Thomas D. Sharkey, 
from New Zealand, India, and USA. Thirty-three 
chapters, 854 pp, Hardcover, ISBN: 978-94- 007-
1578-3 (HB) ISBN 978-94-007-1579-0 (e-book) 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-94-007-1578-3/    ] 

•   Volume 33 (2012): Functional Genomics and 
Evolution of Photosynthetic Systems , edited 
by Robert L. Burnap and Willem F.J. Vermaas, 
from USA. Fifteen chapters, 428 pp, ISBN: 
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•   Volume 32 (2011): C4 Photosynthesis and 
Related CO2 Concentrating Mechanisms,  
edited by Agepati S. Raghavendra and Rowan 
Sage, from India and Canada. Nineteen chap-
ters, 425 pp, Hardcover, ISBN: 978-90-481-
9406-3 [  http://www.springer.com/life+sciences/
plant+sciences/book/978-90-481-9406-3    ] 

•   Volume 31 (2010): The Chloroplast: Basics 
and Applications,  edited by Constantin 
Rebeiz (USA), Christoph Benning (USA), 
Hans J. Bohnert (USA), Henry Daniell (USA), 
J. Kenneth Hoober (USA), Hartmut K. 
Lichtenthaler (Germany), Archie R. Portis 
(USA), and Baishnab C. Tripathy (India). 
Twenty-fi ve chapters, 451 pp, Hardcover, 
ISBN: 978-90-481-8530-6 [  http://www.
springer.com/life+sciences/plant+sciences/
book/978-90-481-8530-6    ] 

•   Volume 30 (2009): Lipids in Photosynthesis: 
Essential and Regulatory Functions,  edited 
by Hajime Wada and Norio Murata, both from 
Japan. Twenty chapters, 506 pp, Hardcover, 
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978-90-481-2863-1 [   h t t p : / / w w w . s p r i n g e r . c o m 
/ l i f e + s c i e n c e s / p l a n t + s c i e n c e s / b o o k / 9 7 8- 9 0- 4 
8 1- 2 8 6 2- 4        ] 

•   Volume 29 (2009): Photosynthesis in Silico: 
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and USA. Twenty chapters, 525 pp, Hardcover, 
ISBN: 978-1-4020-9236-7 [  http://www.
springer.com/life+sciences/plant+sciences/
book/978-1-4020-9236-7    ] 

•   Volume 28 (2009): The Purple Phototrophic 
Bacteria,  edited by C. Neil Hunter, Fevzi 
Daldal, Marion C. Thurnauer and J. Thomas 
Beatty, from UK, USA and Canada. Forty-
eight chapters, 1053 pp, Hardcover, ISBN: 
978-1-4020-8814-8 [  http://www.springer.com/
l i f e + s c i e n c e s / p l a n t + s c i e n c e s / b o o k /
978-1-4020-8814-8    ] 

•   Volume 27 (2008): Sulfur Metabolism in 
Phototrophic Organisms , edited by 
Christiane Dahl, Rϋdiger Hell, David Knaff 
and Thomas Leustek, from Germany 
and USA. Twenty-four chapters, 551 pp, 
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•   Volume 26 (2008): Biophysical Techniques 
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•   Volume 20 (2006): Discoveries in Photo-
synthesis , edited by Govindjee, J. Thomas 
Beatty, Howard Gest and John F. Allen, from 
USA, Canada and UK. One hundred and eleven 
chapters, 1304 pp, Hardcover, ISBN: 978-1-
4020-3323-0 [  http://www.springer.com/life+
sciences /p lant+sciences /book/978-1-
4020-3323-0    ] 

•   Volume 19 (2004): Chlorophyll   a  
 Fluorescence: A Signature of Photosyn-
thesis , edited by George C. Papageorgiou and 
Govindjee, from Greece and USA. Thirty-one 
chapters, 820 pp, Hardcover, ISBN: 978-1-
4020-3217-2 [  http://www.springer.com/life+
sciences/biochemistry+%26+biophysics/book/
978-1-4020-3217-2    ] 

•   Volume 18 (2005): Plant Respiration: From 
Cell to Ecosystem , edited by Hans Lambers 
and Miquel Ribas-Carbo, from Australia and 
Spain. Thirteen chapters, 250 pp, Hardcover, 
ISBN: 978-14020- 3588-3 [  http://www.springer.
com/life+sciences/plant+sciences/book/
978-1-4020-3588-3    ] 

•   Volume 17 (2004): Plant Mitochondria: 
From Genome to Function , edited by David 
Day, A. Harvey Millar and James Whelan, 
from Australia. Fourteen chapters, 325 pp, 
Hardcover, ISBN: 978-1- 4020-2399-6 [  http://www.
springerlink.com/content/978-1-7923-2399-6    ] 

•   Volume 16 (2004): Respiration in Archaea 
and Bacteria: Diversity of Prokaryotic 
Respiratory Systems,  edited by Davide 
Zannoni, from Italy. Thirteen chapters, 
310 pp, Hardcover, ISBN: 978-14020-2002-5 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-2002-5    ] 

•   Volume 15 (2004): Respiration in Archaea 
and Bacteria: Diversity of Prokaryotic 
Electron Transport Carriers , edited by 
Davide Zannoni, from Italy. Thirteen chapters, 
350 pp, Hardcover, ISBN: 978-1-4020-2001-8 
[  http://www.springer.com/life+sciences/
biochemist ry+%26+biophysics /book/
978-1-4020-2001-8    ] 

•   Volume 14 (2004): Photosynthesis in Algae , 
edited by Anthony W. Larkum, Susan Douglas 
and John A. Raven, from Australia, Canada 
and UK. Nineteen chapters, 500 pp, Hardcover, 
ISBN: 978-0- 7923-6333-0 [  http://link.springer.

com/book/10.1007/978-94- 007- 1038-2/
page/1    ] 

•   Volume 13 (2003): Light-Harvesting 
Antennas in Photosynthesis , edited by 
Beverley R. Green and William W. Parson, 
from Canada and USA. Seventeen chapters, 
544 pp, Hardcover, ISBN:978-07923- 6335-4 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-0- 7923-6335-4?oth
erVersion=978-90-481-5468-5    ] 

•   Volume 12 (2003): Photosynthetic Nitrogen 
Assimilation and Associated Carbon and 
Respiratory Metabolism,  edited by Christine 
H. Foyer and Graham Noctor, from UK and 
France. Sixteen chapters, 304 pp, Hardcover, 
ISBN: 978-07923-6336-1 [  http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-6336-1    ] 

•   Volume 11 (2001): Regulation of Photo-
synthesis,  edited by Eva- Mari Aro and Bertil 
Andersson, from Finland and Sweden. Thirty-
two chapters, 640 pp, Hardcover, ISBN: 978-
0-7923-6332-3 [  http://www.springer.com/life+
sciences /p lant+sciences /book/978-0-
7923-6332-3    ] 

•   Volume 10 (2001): Photosynthesis: Photo-
biochemistry and Photobiophysics , authored 
by Bacon Ke, from USA. Thirty-six chapters, 
792 pp, Softcover, ISBN: 978-0-7923-6791-8; 
Hardcover: ISBN: 978-0-7923-6334-7 [  http://
www.springer.com/life+sciences/plant+
sciences/book/978-0-7923-6334-7    ] 

•   Volume 9 (2000): Photosynthesis: Phy-
siology and Metabolism,  edited by Richard 
C. Leegood, Thomas D. Sharkey and Susanne 
von Caemmerer, from UK, USA and Australia. 
Twenty-four chapters, 644 pp, Hardcover, 
ISBN: 978-07923-6143-5 [  http://www.springer.
com/life+sciences/plant+sciences/book/
978-0-7923-6143-5    ] 

•   Volume 8 (1999): The Photochemistry of 
Carotenoids,  edited by Harry A. Frank, Andrew 
J. Young, George Britton and Richard J. 
Cogdell, from USA and UK. Twenty chapters, 
420 pp, Hardcover, ISBN: 978-0-7923-5942-5 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-5942-5    ] 

•   Volume 7 (1998): The Molecular Biology 
of Chloroplasts and Mitochondria in  
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 Chlamy domonas  ,  edited by Jean David 
Rochaix, Michel Goldschmidt-Clermont and 
Sabeeha Merchant, from Switzerland and 
USA. Thirty-six chapters, 760 pp, Hardcover, 
ISBN: 978-0-7923-5174-0 [  http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-5174-0    ] 

•   Volume 6 (1998): Lipids in Photosynthesis: 
Structure, Function and Genetics , edited by 
Paul-André Siegenthaler and Norio Murata, 
from Switzerland and Japan. Fifteen chapters, 
332 pp, Hardcover, ISBN: 978-0-7923-5173-3 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-5173-3    ] 

•   Volume 5 (1997): Photosynthesis and the 
Environment,  edited by Neil R. Baker, from 
UK. Twenty chapters, 508 pp, Hardcover, 
ISBN: 978-07923-4316-5 [  http://www.springer.
com/life+sciences/plant+sciences/book/
978-0-7923-4316-5    ] 

•   Volume 4 (1996): Oxygenic Photosynthesis: 
The Light Reactions , edited by Donald R. Ort 
and Charles F. Yocum, from USA. Thirty-four 
chapters, 696 pp, Softcover: ISBN: 978-0-7923- 
3684–6; Hardcover, ISBN: 978-0-7923-3683-9 
[  http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-3683-9    ] 

•   Volume 3 (1996): Biophysical Techniques in 
Photosynthesis , edited by Jan Amesz and Arnold 
J. Hoff, from The Netherlands. Twenty-four chap-
ters, 426 pp, Hardcover, ISBN: 978-0-7923-
3642-6 [  http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-3642-6    ] 

•   Volume 2 (1995): Anoxygenic Photosynthetic 
Bacteria , edited by Robert E. Blankenship, 
Michael T. Madigan and Carl E. Bauer, from 
USA. Sixty-two chapters, 1331 pp, Hardcover, 
ISBN: 978-0-7923- 3682-8 [  http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-3681-5    ] 

•   Volume 1 (1994): The Molecular Biology of 
Cyanobacteria , edited by Donald R. Bryant, 
from USA. Twenty-eight chapters, 916 pp, 
Hardcover, ISBN: 978-1-4020-2400-9 [  http://
www.springerlink.com/content/978-1-
4020-2400-9    ] 

 Further information on these books 
and ordering instructions can be found at 

  http://www.springer.com/series/5599    . 
Contents of volumes 1–31 can also be found 
at    http://www.life.uiuc.edu/govindjee/
photosynSeries/ttocs.html    .     (For volumes 
33–35, pdf fi les of the entire Front Matter are 
available.) 

 Special 25 % discounts are available to 
members of the International Society of 
Photosynthesis Research, ISPR   http://www.
photosynthesisresearch.org/    . See   http://www.
springer.com/ispr    .  

    Future Advances in Photosynthesis 
and Respiration and Other Related 
Books 

 The readers of the current series are encour-
aged to watch for the publication of the 
forthcoming books (not necessarily arranged 
in the order of future appearance):

•     Canopy Photosynthesis: From Basics to 
Applications  (Editors: Kouki Hikosaka, Ülo 
Niinemets and Niels P.R. Anten)  

•    Non-Photochemical Quenching (NPQ) and 
Thermal Energy Dissipation In Plants, Algae 
and Cyanobacteria  (Editors: Barbara Demmig-
Adams, Győző Garab and Govindjee)  

•    Cytochromes  (Editors: William A. Cramer 
and Tovio Kallas)    

 In addition to the above contracted 
books, the following topics are under 
consideration:

•    Algae, Cyanobacteria: Biofuel and Bioenergy  
•   Artifi cial Photosynthesis  
•   ATP Synthase and Proton Translocation  
•   Bacterial Respiration II  
•   Biohydrogen Production  
•   Carotenoids II  
•   Cyanobacteria II  
•   Ecophysiology  
•   Evolution of Photosynthesis  
•   Global Aspects of Photosynthesis  
•   Green Bacteria and Heliobacteria  
•   Interactions between Photosynthesis and other 

Metabolic Processes  
•   Limits of Photosynthesis: Where do we go 

from here  
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•   Photosynthesis, Biomass and Bioenergy  
•   Photosynthesis under Abiotic and Biotic Stress  
•   Plant Respiration II    

  If you have any interest in editing/co-edit-
ing any of the above listed books, or being an 
author, please send an E-mail to Tom Sharkey 
(tsharkey@msu.edu) and/or to Govindjee at 
gov@illinois.edu. Suggestions for additional 
topics are also welcome.  

 In view of the interdisciplinary character 
of research in photosynthesis and respira-
tion, it is our earnest hope that this series of 
books will be used in educating students and 
researchers not only in plant sciences, molec-
ular and cell biology, integrative biology, 
biotechnology, agricultural sciences, micro-
biology, biochemistry, chemical biology, 
biological physics, and biophysics, but also 
in bioengineering, chemistry, and physics. 
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this book (see the list above): without their 
authoritative chapters, there would be no 
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ing relation with us that led to the production 
of this book. 
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   Series    Editors   

    Govindjee , who uses one name only, was 
born on October 24, 1932, in Allahabad, 
India. Since 1999, he has been Professor 
Emeritus of Biochemistry, Biophysics and 
Plant Biology at the University of Illinois at 
Urbana-Champaign (UIUC), Urbana, IL, 
USA. He obtained his B.Sc. (Chemistry and 
Biology) and M.Sc. (Botany; Plant 
Physiology) in 1952 and 1954, from the 
University of Allahabad. He studied 
‘Photosynthesis’ at the UIUC, under two pio-
neers of photosynthesis Robert Emerson, 
and Eugene Rabinowitch, obtaining his 
Ph.D. in 1960, in Biophysics. He is best 
known for his research on excitation energy 
transfer, light emission (prompt and delayed 
fl uorescence, and thermoluminescence), pri-
mary photochemistry and electron transfer 
in “Photosystem II” (PS II, water-plastoqui-
none oxido-reductase). His research, with 
many collaborators, has included the discov-

ery of a short-wavelength form of chloro-
phyll (Chl)  a  functioning in what is now 
called PS II; of the two-light effect in Chl  a  
fl uorescence; and, with his wife Rajni 
Govindjee, of the two-light effect (Emerson 
Enhancement) in NADP reduction in chloro-
plasts. His major achievements, together 
with several other researchers, include an 
understanding of the basic relationship 
between Chl  a  fl uorescence and photosyn-
thetic reactions; an unique role of bicarbon-
ate/carbonate on the electron acceptor side 
of PS II, particularly in the protonation 
events involving the Q B  binding region; the 
theory of thermoluminescence in plants; the 
fi rst picosecond measurements on the pri-
mary photochemistry of PS II; and the use 
of Fluorescence Lifetime Imaging Micro-
scopy (FLIM) of Chl  a  fl uorescence in 
understanding  photoprotection , by plants, 
against excess light. His current focus is on 

       

 A 2013 photograph of Govindjee (on the right) with his wife Rajni. Photo by Zsuzsanna DeaÏk. 
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the ‘History of Photosynthesis Research’, 
and in ‘Photosynthesis Education’. He has 
served on the faculty of the UIUC for 
~40 years. Govindjee’s honors include: 
Fellow of the American Association of 
Advancement of Science (AAAS); 
Distinguished Lecturer of the School of Life 
Sciences, UIUC; Fellow and Lifetime mem-
ber of the National Academy of Sciences 
(India); President of the American Society 
for Photobiology (1980–1981); Fulbright 
Scholar (1956), Fulbright Senior Lecturer 
(1997), and Fulbright Specialist (2012); 
Honorary President of the 2004 International 
Photosynthesis Congress (Montréal, 
Canada); the fi rst recipient of the Lifetime 
Achievement Award of the Rebeiz 
Foundation for Basic Biology, 2006; 
Recipient of the Communication Award of 
the International Society of Photosynthesis 
Research, 2007; and the Liberal Arts & 
Sciences Lifetime Achievement Award of 
the UIUC, 2008. Further, Govindjee was 
honored  (1)  in 2007, through two special 
volumes of Photosynthesis Research, cele-
brating his 75th birthday and for his 50-year 
dedicated research in ‘Photosynthesis’ 
(Guest Editor: Julian Eaton-Rye);  (2)  in 
2008, through a special International 
Symposium on ‘Photosynthesis in a Global 
Perspective’, held in November, 2008, at the 

University of Indore, India;  (3)  Volume 34 
of this Series “ Photosynthesis: Plastid 
Biology, Energy Conversion and Carbon 
Assimilation ”, edited by Julian Eaton-Rye, 
Baishnab C. Tripathy, and one of us (TDS), 
was dedicated to Govindjee, celebrating his 
academic career; and  (4)  in 2013, through 
two special volumes of Photosynthesis 
Research, celebrating his 80th birthday 
(Guest Editors: Suleyman Allakhverdiev, 
J.-R. Shen, and Gerald T. Edwards). Of spe-
cial note is the article by Julian Eaton-Rye 
(2013). Govindjee at 80: more than 50 years 
of free energy for photosynthesis. 
Photosynthesis Research 116:111–144. 

 Govindjee is coauthor of  Photosynthesis  
(John Wiley, 1969); and editor of many 
books, published by several publishers 
including Academic Press and Kluwer 
Academic Publishers (now Springer). Each 
year a Govindjee and Rajni Govindjee Award 
(  http://www.life.illinois.edu/plantbio/
PlBiogiving.html    ;   http://sib.illinois.edu/grants_
Govindjee.htm    ) is being given to graduate 
students, by the Department of Plant Biology 
(odd years) or by the Department of 
Biochemistry (even years), at the UIUC, to 
recognize Excellence in Biological Sciences. 
For further information on Govindjee, see 
his web site at   http://www.life.illinois.edu/
govindjee    .
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    Thomas D. (Tom) Sharkey  obtained his 
Bachelor’s degree in Biology in 1974 from 
Lyman Briggs College, a residential science 
college at Michigan State University, East 
Lansing, Michigan, USA. After 2 years as a 
research technician in the federally funded 
Plant Research Laboratory at Michigan State 
University under the mentorship of Professor 
Klaus Raschke, Tom entered the PhD program 
in the same lab, and graduated in 1980. 
Postdoctoral research was carried out with 
Professor Graham Farquhar at the Australian 
National University, in Canberra, where he 
co-authored a landmark review on photosyn-
thesis and stomatal conductance that contin-
ues to receive much attention 30 years after 
its publication. For 5 years, Tom worked at 
the Desert Research Institute together with 
Professor Barry Osmond, followed by 20 years 
as a professor of botany at the University of 
Wisconsin in Madison. In 2008, Tom became 
Professor and Chair of the Department of 
Biochemistry and Molecular Biology at 
Michigan State University. Tom’s research 
interests center on the biochemistry and bio-
physics of gas exchange between plants and 

the atmosphere. Photosynthetic gas exchange, 
especially carbon dioxide uptake and use, 
and isoprene emission from plants, are the 
two major research topics in his laboratory. 
Among his contributions are measurements 
of the carbon dioxide concentration inside 
leaves, studies of the resistance to diffusion 
of carbon dioxide within the mesophyll of 
leaves of C 3  plants, and an exhaustive study 
of short-term feedback effects on carbon 
metabolism. As part of the study of short-
term feedback effects, Tom’s research group 
demonstrated that maltose is the major form 
of carbon export from chloroplasts at night, 
and made signifi cant contributions to the 
elucidation of the pathway by which leaf 
starch is converted to sucrose at night. In the 
isoprene research fi eld, Tom is recognized 
as the leading advocate for thermotolerance 
of photosynthesis as the explanation for 
why plants emit isoprene. In addition, his 
laboratory has cloned many of the genes that 
underlie isoprene synthesis, and he has pub-
lished many papers on the biochemical regu-
lation of isoprene synthesis. Tom has coedited 
three books: T.D. Sharkey, E.A. Holland and 
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H.A. Mooney (Eds.)  Trace Gas Emissions 
from Plants , Academic, San Diego, CA, 
1991; R.C. Leegood, T.D. Sharkey, and S, 
von Caemmerer (Eds.)  Physiology and 
Metabolism, Advances in Photosynthesis 
(and Respiration) , Volume 9 of this Series, 
Kluwer (now Springer), Dordrecht, 2000; 
and Volume 34 of this series  Photosyn-
thesis: Plastid Biology, Energy Conversion 
and Carbon Assimilation , Advances in 
Photosynthesis and Respiration  Including 

Bioenergy and Related Processes,  Julian J. 
Eaton-Rye, Baishnab C. Tripathy and 
Thomas D. Sharkey (Eds) Springer. Tom 
joined the series founder Govindjee as Series 
Co-editor from volume 31 of this series. 
Tom is currently the Chairperson of the 
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   Preface 

   This book,  The Structural Basis of Biological 
Energy Generation , provides a detailed over-
view of the structural foundation for bioen-
ergetics in bacteria, algae and plants from 
the molecular to the organism level. The 
authors of the chapters review our current 
understanding of how organisms channel 
energy gradients into generating the living 
world. Thus the book illustrates the mecha-
nisms employed in these organisms to effi -
ciently capture light energy, transport 
electrons and protons, and fi x carbon. 

 In addition to chlorophyll-based photo-
converters, a fundamentally different type of 
photoconverters, rhodopsins, convert light 
energy into a trans-membrane proton gradi-
ent using conformational changes of the 
carotenoid retinal. The molecular mecha-
nisms that underlie the light conversion by 
rhodopsins is the topic of Chap.   1    . The cap-
ture and utilization of light is the energetic 
basis of all organisms that inhabit ecosystems 
on the surface of Earth. A careful description 
of the molecular mechanisms that facilitate 
light harvesting is provided in chapters 
reviewing light-harvesting complexes of het-
erokont algae (Chap.   2    ), peridinin-chloro-
phyll proteins (Chap.   3    ), phycobilisomes 
(Chap.   4    ), and chlorosomes (Chap.   5    ). 
Current models for the biogenesis of chloro-
somes and phycobilisomes are also reviewed 
in detail in Chaps.   4     and   5    . An in-depth analy-
sis of how light penetrates the complex organ 
for light capture by plants is provided in 
Chap.   19    . The infl uence of morphological 
and environmental factors on photosynthesis 
in lichens is discussed in Chap.   20    . 

 Several chapters provide molecular 
insights into electron and proton transport 
within protein complexes. Chapter   6     explores 
structure- function relationships of ATPases 
found in different groups of organisms. 
Coupling electron transfer to proton-translo-
cation is the topic of a chapter on Cytochrome 

 b  6  f  and  bc  complexes (Chap.   8    ). Electron 
transport to oxygen in quinone oxidases 
(Chap.   9    ) and cytochrome oxidases (Chap. 
  10    ) are explored using structural and compu-
tational approaches. Methionine sulfoxide 
reductase recovers proteins damaged by 
electron transport to oxygen (Chap.   11    ). In 
addition to their destructive action in mito-
chondria, reactive oxygen species are also an 
important signaling molecule in mitochon-
dria (Chap.   24    ). 

 Biological systems employ compartmen-
talization to effi ciently execute cellular 
 functions. Protein complexes can provide 
sophisticated compartments for light- 
harvesting (Chaps.   4     and   5    ), carbon fi xation 
(Chap.   7    ), and coordinated proton and 
 electron transport (Chap.   12    ). In addition, 
membrane systems also compartmentalize 
the respiratory (Chaps.   15     and   21    ) and 
 photosynthetic (Chap.   16    ) energy generation 
machinery. Structural and physiological 
insights into energy generation of bacteria 
and algae are provided in chapters with a 
focus on heliobacteria (Chap.   13    ), cyanobac-
teria (Chap.   14    ), mycobacteria (Chap.   15    ) 
and green algae (Chap.   17    ). 

 The ability to convert inorganic carbon into 
organic molecules is the defi ning characteris-
tic of autotrophic organisms. Carboxysomes 
are complex protein assemblies with the func-
tion to locally increase the amount of inor-
ganic carbon. The molecular structure of 
carboxysomes is reviewed in Chap.   7    , and 
insights obtained from imaging carboxy-
somes in cyanobacteria are provided in Chap. 
  14    . The mode of concentrating inorganic car-
bon is also the focus of a chapter on diatoms 
(Chap.   18    ). In addition, the potential utiliza-
tion of fi xed carbon for the production of bio-
fuels and carotenoids in different green algae 
is reviewed in Chap.   17    . 

 Mitochondria and chloroplasts are the 
result of endosymbiotic events. Therefore many 
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functional elements can only be understood 
in an evolutionary context. This is especially 
true for the machinery employed in the bio-
genesis of chloroplasts (Chap.   23    ) and mito-
chondria (Chap.   24    ). Physiological and 
structural characteristics of the red algal 
chloroplast (Chap.   16    ), mitochondrion 
(Chap.   21    ) and the mitochondrion-derived 
hydrogenosome (Chap.   22    ) exemplify the 
transformation of bacteria into organelles 
specialized for light energy conversion and 

energy generation in the presence or absence 
of oxygen. 

 November 14, 2013 

    Martin     F.     Hohmann-Marriott   
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 Norwegian University of Science 
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  Summary 

 For almost four decades, bacteriorhodopsin has served as a classic example of the simplest 
standalone proton gradient generator. Bacteriorhodopsin-based bioenergetics was viewed as 
the most basic type of photosynthesis, becoming useful under limiting oxygen conditions 
only in a small group of extremophilic haloarchaea. With the advent of genomic and 
metagenomic high- throughput sequencing, the taxonomic and ecological diversity of 
bacteriorhodopsin- related proteins (microbial rhodopsins) appeared to be large. In this 
 chapter, we survey structural and taxonomic diversity of proton-pumping microbial  rhodopsins, 
describing haloarchaeal, fungal, algal, and eubacterial representatives, including those in 
photosynthetic organisms. Comparison of both primary and 3-D structures is made, and com-
mon structural trends are pointed out. Finally, we outline the main  structural blocks involved 
in light-driven proton-transport mechanism, and discuss its  conserved and variable parts.  

    Chapter 1   

 Proton-Pumping Microbial Rhodopsins – Ubiquitous 
Structurally Simple Helpers of Respiration 

and Photosynthesis                   

   Leonid     S.     Brown*   
  Department of Physics ,  University of Guelph ,   Guelph ,  ON ,  N1G 2W1, Canada    
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      I. Introduction 

 In the last three decades of the past century, 
membrane bioenergetics based on bacteri-
orhodopsin (BR) and related microbial 
 rhodopsins serving as light-driven retinal-
binding proton pumps was considered to be a 

“poor relative” of chlorophyll photo synthesis 
and respiration. Even though BR has entered 
almost every biochemistry textbook as an 
elegant and simple stand- alone photochemical 
energy converter, which nicely confi rmed 
the chemiosmotic theory (Oesterhelt and 
Stoeckenius  1973 ; Racker and Stoeckenius 

 *Author for correspondence,  e-mail: lebrown@uoguelph.ca
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 1974 ), it was viewed as a rarity, both taxono-
mically and ecologically. Indeed, these 
retinal-binding proteins were found only in a 
few species of archaeal extremophiles (halo-
bacteria) restricted to salterns and lakes with 
similarly high salinity, and as such could not 
be assigned any global bioenergetic signifi -
cance (Oren  1999 ; Schafer et al.  1999 ). The 
situation has been changing during the last 
12–13 years with the growing realization that 
proton-pumping microbial rhodopsins are 
omnipresent geographically and widespread 
taxonomically (Spudich et al.  2000 ; Brown 
and Jung  2006 ; Sharma et al.  2006 ; Klare 
et al.  2008 ; DeLong and Beja  2010 ). Due to 
the unprecedented advances in genomic and 
environmental sequencing, we are now aware 
of thousands of new variants of homologs of 
BR, not just in haloarchaea and in numerous 
species of  Eubacteria , but also in eukaryotic 
microbes, including fungi and algae (Brown 
 2004 ; Tsunoda et al.  2006 ; Slamovits et al. 
 2011 ; Wada et al.  2011 ; Zhang et al.  2011 ). 
Furthermore, proton-pumping rhodopsins can 
be useful not only in heterotrophic microbes, 
under the conditions when carbon or oxygen 
are scarce, but, interestingly, are even found 
in some algae and bacteria, which possess 
chlorophyll-based photosynthesis (Tsunoda 
et al.  2006 ; Miranda et al.  2009 ; Raven  2009 ; 
Wada et al.  2011 ). Numerous microbial rho-
dopsins, both proton- pumping and not, are 
found in terrestrial ecosystems, in freshwater 
habitats, and in the oceans (Atamna-Ismaeel 
et al.  2008 ,  2011 ; Sharma et al.  2008 ; Martinez-
Garcia et al.  2012 ). In marine ecosystems, they 
span the range from polar to equatorial waters, 
and were even suggested to account for a sub-
stantial fraction of the total solar energy con-
version in the biosphere (Beja et al.  2001 ; 
Venter et al.  2004 ; Sabehi et al.  2005 ; Jung 
et al.  2008 ; Zubkov  2009 ; Koh et al.  2010 ). 

 It is not surprising that along with the 
expanding taxonomic and ecological diver-
sity of microbial rhodopsins we are becoming 
aware of their new functions, or modifi ca-
tions of the known functions (proton pump-
ing, chloride pumping, and photosensory 
transduction by haloarchaeal rhodopsins). 
The arsenal of functions of microbial rho-
dopsins now includes light- gated cation 
channels (channelrhodopsins), light-activated 
enzymes (enzymerhodopsins), and several 
new types of photosensors (Jung et al.  2003 ; 
Spudich  2006 ; Hegemann  2008 ). While we 
are not going to discuss these functional 
subclasses of microbial rhodopsins here, 
concentrating on proton pumps instead, it 
should be mentioned that the distinction 
between ion pumps and photosensors is 
sometimes vague. It has been shown that 
under certain conditions both sensory rho-
dopsins and channelrhodopsins can work as 
proton pumps (Sasaki and Spudich  2000 ; 
Feldbauer et al.  2009 ). Thus, if proton 
pumping is demonstrated only  in vitro , such 
results should be treated with caution until 
their physiological relevance is confi rmed. 
Therefore, some of the novel proton pumping 
rhodopsins we will discuss here may be rec-
lassifi ed as photosensors in the future, when 
more physiological data becomes available. 

 In this review, we will fi rst survey the 
emerging taxonomic and structural diver-
sity of novel proton-pumping microbial 
rhodopsins. Next, we will analyze the com-
mon structural principles underlying their 
light- driven transmembrane proton-pumping 
mechanism and its variations in different 
subgroups of rhodopsins.  

   II. Taxonomic and Structural Diversity 
of Proton-Pumping Microbial 
Rhodopsins 

 While the general protein architecture of 
proton-pumping microbial rhodopsins is 
well-conserved, their primary structure 
shows large variability. Typically, they are 

 Abbreviations:     ACR-2   –     Acetabularia  rhodopsin-2;    
  AR   –    Archaerhodopsin;      BR   –    Bacteriorhodopsin;    
  GPR   –    Green-absorbing proteorhodopsin;      GR   – 
    Gloeobacter  rhodopsin;      PR   –    Proteorhodopsin;    
  RD   –    Rhodopsin;      TM   –    Transmembrane;      XR   – 
   Xanthorhodopsin    
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seven-transmembrane (7-TM) helical bundles 
with relatively small extramembrane loops 
and tails (the TM helices 1–7 are  usually 
referred to as helices A-G). The 
 all-trans   - retinal chromophore is covalently 
bound via the Schiff base linkage to a lysine 
side-chain in the middle of the seventh 
helix (Fig.  1.1 ). The protonated retinal Schiff 
base connects two proton-conducting semi- 
channels, the extracellular semi-channel with 
its primary proton acceptor and the cytoplas-
mic semi-channel with its primary proton 
donor, and serves as the central active element 
in the mechanism of proton transport (see 
Sect.  III  for more details). The intramem-
brane proton-conducting pathways are 
mainly composed by polar residues from the 
helices B, C, F, and G (aided by several water 
molecules) (Subramaniam et al.  2002 ; Lanyi 
 2004 ; Luecke et al.  2008 ; Kouyama and 
Murakami  2010 ; Wada et al.  2011 ), while 
helices D and E interact with the distal part 
of retinal and participate in tuning of its 
spectral and isomeric properties (Ihara et al. 

 1994 ; Shimono et al.  2003 ). For proton- 
pumping rhodopsins, the core of their 
transmembrane regions, which constitutes 
the retinal-binding pocket and proton- 
conducting pathways, is strongly conserved 
(Ihara et al.  1999 ; Ruiz-Gonzalez and Marin 
 2004 ; Adamian et al.  2006 ; Brown and Jung 
 2006 ), while peripheral parts of TM helices, 
extramembrane loops and tails can be highly 
divergent (Fig.  1.2 ).

    The variety of primary structures of 
proton- pumping microbial rhodopsins mir-
rors that of microbial rhodopsins in general. 
Roughly, the tree of microbial rhodopsins 
can be subdivided into the three major clus-
ters (Fig.  1.3 ): haloarchaeal/fungal, prote-
orhodopsin (PR)-like, and xanthorhodopsin 
(XR)/actinorhodopsin-like (McCarren and 
DeLong  2007 ; Sharma et al.  2009 ). The tax-
onomic composition of these clusters is often 
non-uniform, probably due to frequent lat-
eral gene transfer (Ruiz-Gonzalez and Marin 
 2004 ; Frigaard et al.  2006 ; Sharma et al. 
 2006 ; Slamovits et al.  2011 ; Martinez-Garcia 

     Fig. 1.1.    Typical 7-transmembrane architecture of proton-pumping microbial rhodopsins exemplifi ed by BR 
from  Halobacterium salinarum  (PDB 1QHJ, rendered by Swiss-PDB viewer, Guex and Peitsch  1997 ). The 
α-helices are shown in  red  and labeled with  white  capital letters, β-strands in  white , unstructured segments in 
 green , all-trans   - retinal chromophore with the connected Lys side-chain in  purple. Top view  from the cytoplasmic 
side is shown on the  left ,  side view  with helices  B ,  C , and  D  facing the viewer is shown on the  right .       
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  Fig. 1.2.    Conservation of the membrane core of proton-pumping rhodopsins with known X-ray structures. 
Backbone structures of BR from  Halobacterium salinarum  (PDB 1C3W), archaerhodopsin-1 (PDB 1UAZ), 
archaerhodopsin-2 (PDB 2EI4), xanthorhodopsin ( XR ) from  Salinibacter ruber  (PDB 3DDL), and  Acetabularia  
rhodopsin-2 (PDB 3AM6) were superimposed using the iterative magic fi t of Swiss-PDB viewer (Guex and 
Peitsch 1997) and colored according to the alignment diversity ( dark blue  corresponds to the most conserved resi-
dues,  yellow  to the least conserved, with  cyan  and  green  showing intermediate degrees of conservation). Retinal 
chromophore is shown in  purple. Side view  with helices  B ,  C , and  D  facing the viewer is shown on the  left , and 
that with helices  E ,  F , and  G  on the  right .       

  Fig. 1.3.    Three major clusters of microbial rhodopsins shown on a best maximum likelihood tree constructed 
from 81 selected sequences (From Sharma et al. 2009, with permission of the Nature Publishing Group). The 
haloarchaeal/fungal cluster is located on the  right , the PR-like cluster on the  left , and the XR-like (actinorhodopsin-
like) cluster at the  bottom  of the tree, with  Salinibacter  XR shown as  Salinibacter ruber  DSM 13855.       
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et al.  2012 ). The haloarchaeal/fungal cluster 
is mainly represented by close homologs of 
BR, halorhodopsin-like chloride pumps, 
haloarchaeal sensory rhodopsins and various 
fungal rhodopsins, but representatives from 
eubacteria and microscopic algae can be 
found in this cluster as well (Sharma et al. 
 2006 ; Slamovits et al.  2011 ; Zhang et al. 
 2011 ). The PR-like cluster mainly encom-
passes proton-pumping rhodopsins from 
marine proteobacteria and  Bacteroidetes , but 
examples of PR-like proteins can be found 
in  Archaea  and dinofl agellate algae also 
(Frigaard et al.  2006 ; Slamovits et al.  2011 ). 
The XR-like (actinorhodopsin-like) cluster 
is probably the most taxonomically diverse, 
as it contains rhodopsins from many fresh-
water actinobacterial species, as well as from 
cyanobacteria, proteobacteria,  Bacteroidetes , 
 Chlorofl exi ,  Deinococci ,  Planctomycetes , 
dinofl agellates and a few other microscopic 
algae (Sharma et al.  2009 ; Martinez-Garcia 
et al.  2012 ). XR from  Salinibacter  is known 
to bind a second auxiliary chromophore, 
carotenoid salinixanthin, but it is not obvious 
if all members of the cluster do the same, 
even though it is very likely for some of them 
(Balashov et al.  2005 ,  2010 ). A few species 
of rhodopsins intermediate between the 
XR-like and PR-like clusters have been 
observed, some of which could be ascribed 
to recombination with laterally transferred 
genes (Martinez-Garcia et al.  2012 ). The 
 lateral gene transfer sometimes results in the 
co-existence of rhodopsins from different 
clusters in the same host. For example, 
 bacterium  Salinibacter ruber  possesses rho-
dopsins from BR-like and XR-like clusters, 
while dinofl agellate  Oxyrrhis marina  has rho-
dopsins of XR-like and fungal-like types 
(Mongodin et al.  2005 ; Slamovits et al.  2011 ).

   Focusing on the microbial rhodopsins, 
for which proton-pumping function has 
been proven or strongly suggested, one can 
observe a very similar clustering pattern. It 
is easy to distinguish haloarchaeal (BR-like), 
fungal, PR-like, and XR-like structural clus-
ters (some of which have mixed taxonomic 
composition) with a very few intermediate 

species (Fig.  1.4 ). Below, we will briefl y 
 survey taxonomic and general structural fea-
tures of these groups.

   The haloarchaeal (BR-like) group of 
proton- pumping rhodopsins includes BR 
and its close homologs (sometimes referred 
to as archaerhodopsins, cruxrhodopsins, and 
deltarhodopsins), all belonging to the mem-
bers of  Halobacteriaceae  (Ihara et al.  1999 ). 
It was in these facultative aerobes, where the 
bioenergetic role of BR-like pigments under 
limiting oxygen conditions was proven for 
the fi rst time (Danon and Stoeckenius  1974 ). 
Numerous    X-ray structures for BR in vari-
ous states and photointermediates, including 
several mutants (Neutze et al.  2002 ; Lanyi 
and Schobert  2004 ; Hirai et al.  2009 ), as well 
as for archaerhodopsin-1 and archaerhodop-
sin- 2 (Enami et al.  2006 ) have been solved. 
Overall structures of BR and archaerhodop-
sins are very similar, consistent with their 
55–60 % sequence identity, despite the fact 
that archaerhodopsin-2 binds bacterioru-
berin, which participates in trimer formation 
(Fig.  1.5 ) (Yoshimura and Kouyama  2008 ). 
As BR tends to form native 2D crystals 
(so- called purple membrane), good resolu-
tion EM structures of BR in the native lipid 
environment are available as well (Hirai and 
Subramaniam  2009 ). As this is the most 
studied group of retinal-binding light-driven 
proton pumps, many reviews are available on 
all aspects of BR functioning as well as on 
comparison of BR with its close homologs, 
and the reader is referred to these papers for 
more information (Haupts et al.  1999 ; Ihara 
et al.  1999 ; Lanyi  2004 ; Sharma et al.  2007 ; 
Klare et al.  2008 ). Here we would like to 
mention that while most of halobacterial 
species have only one gene encoding a 
BR-like proton pump, recently it was found 
that both  Haloarcula marismortui  and 
 Haloquadratum walsbyi  possess two different 
BR-like proteins (Baliga et al.  2004 ; Bolhuis 
et al.  2006 ). Unexpectedly, it appears that 
only in the former species both proteins 
function as proton pumps, while in the latter 
only one of the forms is active in ion trans-
port (Fu et al.  2010 ; Sudo et al.  2011 ).

1 Proton-Pumping Microbial Rhodopsins
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   The fungal group of proton-pumping 
 rhodopsins, closest to the haloarchaeal 
cluster, may represent only a small fraction 
of all rhodopsins and opsin-related proteins 
(in fungi proteins similar to opsins which lost 
their retinal-binding lysine) (Brown  2004 ; 
Idnurm et al.  2010 ; Fan et al.  2011 ). The TM 
regions of these ion-transporting fungal 
rhodopsins are very similar to that of BR, so 
it is not surprising that their photochemistry 
and proton-pumping ability are reminiscent 
of those of halobacterial rhodopsins as well. 
The fi rst proton-pumping fungal rhodopsin 
characterized belongs to  Leptosphaeria . It was 
expressed in the methylotrophic yeast  Pichia 
pastoris , and pumps protons, when reconsti-
tuted in liposomes (Waschuk et al.  2005 ). 
Its proton pumping activity, along with that 
of a number of related fungal rhodopsins, 
was confi rmed electrophysiologically upon 
heterologous expression in neurons (Chow 

et al.  2010 ; Boyden et al.  2011 ). Even then, 
the physiological function of these proton- 
pumping fungal rhodopsins is not clear, unlike 
that of their haloarchaeal homologs, and they 
may not have a signifi cant bioenergetic role. 
Interestingly, some of fungal  rhodopsins, 
which could be expected to show proton-
pumping activity based on the sequence 
 similarity to BR (such as those from 
 Neurospora  and  Podospora ), turned out to be 
inactive in ion transport and possess slow 
photochemical cycles suggestive of their 
photosensory role (Bieszke et al.  1999 ; 
Brown et al.  2001 ; Chow et al.  2010 ). 
Recently, we characterized a representative 
of a new subgroup of fungal rhodopsins 
(so- called auxiliary subgroup named after 
the fact that these rhodopsins are present in 
addition to other rhodopsin forms in the 
same host). Interestingly, this rhodopsin 
from  Phaeosphaeria  ( Phaeosphaeria  

  Fig. 1.4.    Unrooted CLUSTALW (Thompson et al. 2002) guide tree (Rendered by TreeView, Page 2002) of 
selected microbial rhodopsins with proven or strongly suggested proton-pumping function (see text for details). 
Four major groups are marked by ovals, rhodopsins with known X-ray structures are boxed with a  red solid line , 
and rhodopsin with NMR structure is boxed with  red dotted line .       
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rhodopsin 2) demonstrated photochemistry 
highly suggestive of its proton-pumping 
ability, showing that fungi, similar to some 
halobacteria mentioned above, may have 
multiple forms of proton-pumping rhodop-
sins (Fan et al.  2011 ). 

 Structurally related to the fungal cluster 
(Fig.  1.4 ) are two proton-pumping rhodop-
sins from the green alga  Acetabularia 
acetabulum , for which ion transport was 
demonstrated in oocytes (Tsunoda et al. 
 2006 ; Wada et al.  2011 ). On the other hand, a 
similar rhodopsin from a cryptomonad 
 Guillardia theta  did not show the light- 
driven proton transport in  E. coli  cells 

(Sineshchekov et al.  2005 ). The physiological 
role of proton-pumping by rhodopsins from 
 Acetabularia  (and possibly other algal 
homologs (Zhang et al.  2011 )) is intriguing, 
as these rhodopsins are present in addition to 
powerful chlorophyll-based electron- coupled 
proton transporters, the photosystems. Recent 
X-ray structure for one of the  Acetabularia  
rhodopsins (Wada et al.  2011 ) shows signifi -
cant resemblance to that of BR (Fig.  1.5 ), as 
could be expected from the sequence simi-
larity of the TM regions. 

 The cluster of PR-like proton pumps may 
be the most abundant in terms of the number 
of species that house such a rhodopsin. 

  Fig. 1.5.    Comparison of the overall structures (all from X-ray crystallographic data except for the solution NMR 
structure for PR) of proton-pumping microbial rhodopsins as rendered by Swiss-PDB viewer (Guex and Peitsch 
1997). Backbones and chromophores of BR, AR-1, AR-2,  Acetabularia  rhodopsin-2 (ACR-2), PR, and XR are shown 
(PDB accession numbers 1QHJ, 1UAZ, 2EI4, 3AM6, 2L6X, 3DDL). The cytoplasmic sides are on  top , α-helices are 
shown in  red , β-strands in  white , unstructured segments in  green , all- trans -retinal chromophore with the connected 
Lys side-chain in  purple , bound carotenoids in  orange  (bacterioruberin of AR-2 and salinixanthin of XR).       
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Since the discovery of PR published in 2000 
(Beja et al.  2000 ), close to a thousand of variants 
of PR-like proteins were found, mainly in 
uncultured marine picoplankton composed 
by proteo- and fl avo- bacteria (Venter et al. 
 2004 ; Stingl et al.  2007 ; DeLong and Beja 
 2010 ). While the original GPR (shown as 
GPR EBAC31A08 in Fig.  1.4 ) is well- 
studied  in vitro  and its proton-pumping 
 abilities were demonstrated in several sys-
tems (liposomes, oocytes,  E. coli  cells) (Beja 
et al.  2000 ; Friedrich et al.  2002 ; Dioumaev 
et al.  2003 ), only a few other members of the 
cluster were characterized photochemically 
or electrophysiologically (Man-Aharonovich 
et al.  2004 ; Sineshchekov and Spudich  2004 ; 
Sabehi et al.  2005 ; Desiderio et al.  2007 ; 
Stingl et al.  2007 ; Kralj et al.  2008 ). There is 
an ongoing dispute on whether the vectorial-
ity of proton-pumping by GPR is reversed at 
low pH (Dioumaev et al.  2003 ; Sineshchekov 
and Spudich  2004 ; Lorinczi et al.  2009 ). 
However, the behavior at low pH may not be 
physiologically relevant, as  in situ  conditions 
are mildly alkaline. The physiological impor-
tance of proton pumping by PR-like proteins 
 in vivo  was demonstrated for several bacte-
rial species (members of  Pelagibacter , 
 Dokdonia ,  Vibrio , and  Polaribacter  genera) 
and uncultured variants, especially under 
carbon starvation (Gonzalez et al.  2008 ; 
Gomez-Consarnau et al.  2010 ; Kimura et al. 
 2011 ; Steindler et al.  2011 ). It was also mod-
eled in  E. coli  and  Shewanella  cells, where 
signifi cant levels of photophosphorylation 
and proton- motive force were achieved 
(Martinez et al.  2007 ; Walter et al.  2007 ; 
Johnson et al.  2010 ). On the other hand, there 
is an evidence that other PR-like proteins, 
some of which were shown to possess slow 
photocycles, may have photosensory rather 
than ion- pumping functions (Spudich  2006 ; 
Fuhrman et al.  2008 ). As PR did not produce 
well- diffracting crystals (Gourdon et al. 
 2008 ), no high-resolution structure is avail-
able for members of this cluster, but its archi-
tecture was explored by solid-state and 
solution NMR (Pfl eger et al.  2009 ; Shi et al. 
 2009a ; Reckel et al.  2011 ). The latter yielded 

a structural model of the low pH form of 
GPR shown in Fig.  1.5 , which shows some 
differences from the haloarchaeal template, 
such as the prominent lack of β-hairpin in 
the BC loop on the extracellular side. 

 The XR-like (actinorhodopsin-like) pro-
teins have been often referred to as PR-like, 
but several recent analyses show that they 
form a very distinct separate cluster (Sharma 
et al.  2009 ; Martinez-Garcia et al.  2012 ). 
The fi rst characterized member of this group 
was XR from  Salinibacter ruber , which has 
an auxiliary carotenoid chromophore, sali-
nixanthin (Fig.  1.5 ), serving as a unique 
antenna (Balashov et al.  2005 ). The light- 
driven proton-pumping by XR was demon-
strated directly in  Salinibacter  cell-membrane 
vesicles as well as by photoinhibition of res-
piration in cell suspensions, and the action 
spectra of both processes confi rm the effi -
cient migration of light from the carotenoid 
to the retinal. The X-ray structure of XR 
(Fig.  1.5 ) shows a number of interesting dif-
ferences from those of BR and its close 
homologs. The lengths, tilts, and rotations of 
several helices are different, and the outward 
orientation of the β-hairpin in the BC loop 
exposes a deep hydrophilic cavity on the 
extracellular side of XR (Luecke et al.  2008 ). 
There are also several functionally important 
differences related to the composition and 
location of proton donors and acceptors, 
which will be discussed in the next section. 
The second XR-like protein with a proven 
proton-pumping ability comes from the 
photosynthetic thylakoidless cyanobacterium 
 Gloeobacter violaceous , where it could pos-
sibly aid the less effi cient chlorophyll photo-
synthesis (Raven  2009 ; Mimuro et al.  2011 ). 
 Gloeobacter  rhodopsin (GR) shows the 
light-driven proton transport and a fast pho-
tocycle in  E. coli  cell membranes (Kawanabe 
et al.  2009 ; Miranda et al.  2009 ), where it 
exists in a carotenoid-free form, but it is able 
to bind both salinixanthin and  Gloeobacter  - 
specifi c carotenoid echinenone and to use 
them as light-harvesting antennae (Imasheva 
et al.  2009 ; Balashov et al.  2010 ). Interes-
tingly, similar proteins are found both in pho-
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tosynthetic ( Pyrocystis ) and non- photosynthetic 
( Oxyrrhis ) dinofl agellates (Okamoto and 
Hastings  2003 ; Slamovits et al.  2011 ). For the 
latter, the proton- pumping role was suggested 
based on protein localization, sequence, and 
expression levels, while for the former it was 
directly shown in  E. coli  cells (A   .R. Choi and 
K.-H. Jung, personal communication 2009). 
Finally, even though numerous members of 
this cluster (so-called actinorhodopsins) were 
found in freshwater actinobacteria and sug-
gested to have proton-pumping role (Sharma 
et al.  2008 ,  2009 ), they were not included in 
Fig.  1.4  for the lack of their photochemical or 
physiological characterization. 

 In the following section, we will discuss 
common features and modifi cations of the 
structural basis of proton pumping by vari-
ous microbial rhodopsins surveyed above.  

    III. The Common Structural Basis 
of Proton-Pumping by Microbial 
Rhodopsins 

 Taking advantage of many detailed studies 
of proton transport by BR (Rothschild  1992 ; 
Krebs and Khorana  1993 ; Haupts et al.  1999 ; 
Balashov  2000 ; Herzfeld and Lansing  2002 ; 
Neutze et al.  2002 ; Lanyi and Schobert 
 2004 ; Maeda et al.  2005 ; Hirai et al.  2009 ), it 
is possible to break down the mechanism 
of haloarchaeal transmembrane light-driven 
proton translocation into several major 
steps and corresponding structural blocks 
(Fig.  1.6 ). The central part is the protonated 
retinal Schiff base with its complex counter-
ion, which includes the carboxylic proton 
acceptor and functionally important water 
molecules (Luecke et al.  1999b ; Kandori 

  Fig. 1.6.    The main (proton acceptor and donor) and auxiliary (proton-collecting antenna and proton-releasing 
complex) structural blocks believed to participate in the light-driven proton transport by microbial rhodopsins, 
shown on the structure of BR (rendered by Swiss-PDB viewer (Guex and Peitsch 1997), PDB accession number 
1QHJ). The backbone are shown as a  white ribbon ,  blue arrow  indicates the direction of light-driven proton trans-
port, the selected side-chains are shown in CPK colors (D36 and D38 for the putative proton-collecting antenna; 
D96 and T46 for the proton donor complex; retinal Schiff base with K216, D85, and D212 for the proton acceptor 
complex; E194 and E204 for the proton release complex).       
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  Fig. 1.7.    Partial CLUSTALW (Thompson et al. 2002) alignment of selected sequences of proton-pumping micro-
bial rhodopsins showing the extent of conservation and location of the residues believed to be important for 
proton transport. Residues proven or suggested to be important for proton transport in BR are  highlighted purple , 
for PR –  yellow , universally conserved residues not directly involved in proton translocation are shown in  grey . 
Unless indicated otherwise, the residues are numbered according to the  H. salinarum  BR sequence.       

 2000 ). The retinal photoisomerization induces 
proton transfer inside this complex (from the 
Schiff base to the primary proton acceptor, 
normally represented by Asp), which is 
believed to be the most important event in 
the photocyle. The subsequent reprotonation 
of the Schiff base occurs from the carboxylic 
proton donor (usually, Asp or Glu) located 
on the cytoplasmic side. To ensure vectorial-
ity of these steps, the accessibility of the 
Schiff base switches from the extracellular to 
the cytoplasmic side. Several hypotheses 
have been put forward on the nature of this 
switch, ranging from pure changes in the 
retinal geometry to modulation of the pK a  
values of proton donors and acceptors (so-

called affi nity switch) (Haupts et al.  1997 ; 
Brown et al.  1998 ; Herzfeld and Tounge  2000 ; 
Subramaniam and Henderson  2000 ; Kandori 
 2004 ; Lorenz-Fonfria and Kandori  2009 ). 
From the comparison of BR with its homo-
logs, it appears that while these primary 
acceptor and donor blocks are  obligatory 
and strongly conserved, the other blocks may 
be optional or modifi able and their conserva-
tion is not so stringent (Fig.  1.7 ) (Brown and 
Jung  2006 ). These optional blocks include 
the proton-releasing complex on the extra-
cellular side and possibly a proton-collecting 
antenna on the cytoplasmic side, even though 
the mere existence of the latter is disputed 
(Brown et al.  1999 ; Checover et al.  2001 ).
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    The established BR-based model of the 
Schiff base counterion/primary proton 
acceptor complex is that of a “pentagonal 
hydrogen-bonded cluster” (Fig.  1.8 ) (Luecke 
et al.  1999b ; Shibata et al.  2003 ). This cluster 
includes the Schiff base nitrogen, two nega-
tively charged aspartates with extremely low 
pK a  values (Asp85 and Asp212 in BR), and 
three water molecules, one of which is very 
strongly hydrogen-bonded and highly polar-
ized (Kandori  2004 ). It has been suggested 
that the presence of this strongly hydrogen- 
bonded water in the immediate vicinity of 
the Schiff base is a very reliable signature of 
proton-pumping rhodopsins, and, indeed, its 
characteristic low-frequency infrared band 
nicely correlates with the proton transport 

function (Kandori  2011 ). The Schiff base 
counterion complex of microbial rhodopsins 
is modulated by interactions with several 
conserved polar side-chains, such as Arg, 
Tyr, Trp, and Thr (Figs.  1.7  and  1.8 ). In the 
case of BR, it is extended by several addi-
tional water molecules, which form a 
hydrogen- bonded network connecting it with 
the proton-releasing complex on the extra-
cellular surface (Fig.  1.8 ). Interestingly, XR- 
and PR-like proteins adopted somewhat 
different structures for this complex, adding 
a unique histidine side-chain hydrogen- 
bonded to the proton-accepting aspartate 
(Fig.  1.8 ) (Luecke et al.  2008 ; Bergo et al. 
 2009 ; Hempelmann et al.  2011 ), which 
resulted in the higher pK a  values of the 

  Fig. 1.8.    Structures of the Schiff base counterion/proton acceptor complexes of BR and XR (rendered by Swiss- 
PDB viewer (Guex and Peitsch 1997), PDB accession numbers 1C3W and 3DDL) with the adjacent extracellular 
hydrogen-bonded networks (including the proton release complex in the case of BR). Water molecules are shown 
as  red spheres , hydrogen bonds are shown in  green , retinal in  purple , only side-chains are shown for simplicity. 
The cytoplasmic sides are on  top .       
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counterion than those found for BR-like 
proteins (Dioumaev et al.  2002 ; Imasheva 
et al.  2006 ; Miranda et al.  2009 ). While most 
of the water molecules present in the pen-
tagonal cluster and the extended hydrogen-
bonded network have not been observed in 
XR, the key water molecule coordinated by 
the Schiff base and the two aspartates is con-
served (Lanyi and Balashov  2011 ). In agree-
ment with this, two related eubacterial proton 
pumps, GPR and GR, show the infrared 
signature of strongly hydrogen-bonded water 
(Furutani et al.  2006a ; Hashimoto et al. 
 2010 ). It is worth mentioning that PR-like 
(but not XR-like) rhodopsins introduced 
another polar residue into the counterion 
complex (Asn230 in GPR, Fig.  1.7 ), but its 
exact role is not known (Bergo et al.  2004 ).

   The primary proton transfer from the pro-
tonated Schiff base to its carboxylic acceptor 
(Asp85 in BR) requires a dramatic light- 
induced decrease of the pK a  of the donor and 
a moderate-to-large increase in the proton 
affi nity of the acceptor (depending on its 
original pK a  in the dark) (Balashov  2000 ). It 
has been established that in BR this primary 
proton transfer is coupled to the proton 
release from the extracellular side. A super-
conserved arginine (Arg82 in BR) plays the 
key role in this electrostatic coupling by 
moving its positive charge from the proton 
acceptor towards the proton-releasing com-
plex (Balashov et al.  1995 ; Richter et al. 
 1996 ; Luecke et al.  1999a ). While in BR and 
its close homologs the proton releasing com-
plex is formed mainly by the dyad of two 
glutamates (Glu194 and Glu204) helped by 
Arg82 and the intervening water molecules 
(Brown et al.  1995 ; Balashov et al.  1997 ; 
Garczarek and Gerwert  2006 ) (Fig.  1.8 ), 
these acidic residues are not conserved in 
most of eubacterial and some of eukaryotic 
proton pumps (Fig.  1.7 ). Consistent with the 
different nature of proton-releasing com-
plexes in these proteins, the coupling of the 
counterion and the neighbouring arginine 
side-chain may not exist in other microbial 
rhodopsins. The absence of this coupling is 
indicated by the outward orientation of side- 

chains of the homologs of Arg82 in XR and 
ACR-2 (Luecke et al.  2008 ; Wada et al.  2011 ) 
and confi rmed by mutational studies on GPR 
(Partha et al.  2005 ). 

 Even in the most well-studied case of BR, 
there is still no fi rm consensus concerning the 
source of the released proton. Under physio-
logical conditions, the so-called “early” sub-
millisecond proton release in BR was 
suggested to occur from one of the glutamic 
acid residues (Glu194 or Glu204), or from 
Arg82, or from water molecules coordinated 
by them (Brown et al.  1995 ; Balashov et al. 
 1997 ; Xiao et al.  2004 ; Garczarek and Gerwert 
 2006 ; Lorenz-Fonfria and Kandori  2009 ). It is 
not clear whether this early release is essen-
tial, as it is not observed until the much later 
stages in the photocycles of many proton-
pumping microbial rhodopsins (including 
some BR-like ones) (Lukashev et al.  1994 ; 
Dioumaev et al.  2002 ; Waschuk et al.  2005 ; 
Luecke et al.  2008 ; Miranda et al.  2009 ; 
Kikukawa et al.  2011 ). It was suggested that 
the “late” proton release can occur directly 
from the proton acceptor (Asp85 aided by 
Asp212 in BR or the Asp- His complex in XR 
and PR) or from other surface residues 
(Balashov et al.  1999 ; Dioumaev et al.  1999 ; 
Bergo et al.  2009 ). XR- and PR-like rhodop-
sins contain a number of unique polar resi-
dues in their TM regions (Fig.  1.7 ), some of 
which could  participate in the proton release, 
notably a glutamic acid at the extracellular end 
of helix D (Glu142 in GPR, shown to be pro-
tonated) (Kralj et al.  2008 ; Shi et al.  2009b ). 

 After the completion of the deprotonation, 
the Schiff base must be reprotonated from 
the cytoplasmic side, provided that the 
 accessibility switch is functional. In some 
non- pumping microbial rhodopsins and in 
proton-pumping microbial rhodopsins under 
certain conditions (e.g., at low hydration or 
low temperature, as well as in some mutants, 
often combined with secondary photochem-
istry), the proton can return to the Schiff 
base from the extracellular side, resulting in 
futile shuttling (Ormos  1991 ; Ganea et al. 
 1997 ; Hessling et al.  1997 ; Sasaki and 
Spudich  2000 ; Brown et al.  2001 ). Compared 
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  Fig. 1.9.    Structures of the Schiff base proton donor complexes of BR and XR (rendered by Swiss-PDB viewer 
(Guex and Peitsch 1997), PDB accession numbers 1C3W and 3DDL). Water molecules are shown as  red spheres , 
hydrogen bonds are shown in  green , retinal in  purple , only selected side-chains are shown for simplicity. 
The cytoplasmic sides are on  top .       

to the extracellular halves of proton-pumping 
microbial rhodopsins, their cytoplasmic 
halves are much less polar and contain 
very few water molecules (Fig.  1.9 ), at least 
in the dark state (Lanyi  2004 ; Kouyama 
and Murakami  2010 ; Freier et al.  2011 ). 
This makes perfect physiological sense, as 
the cytoplasmic side must be proton- 
impermeable between the Schiff base and 
the cytoplasmic proton donor to prevent the 
proton backfl ow. Additionally, the environ-
ment of the carboxylic cytoplasmic proton 
donor should be hydrophobic to keep its pK a  
high, as it must be protonated even at mildly 
alkaline pH (Balashov  2000 ; Luecke et al. 
 2000 ). In BR and its close homologs this is 
achieved by surrounding the donor (Asp-96) 
by Leu and Phe residues, one of which 
 insulates it from the Schiff base (Phe-219, 
Fig.  1.9 ) (Schobert et al.  2003 ). In haloar-

chaeal and fungal proton-pumping rhodopsins, 
the aspartic proton donor is usually modulated 
by hydrogen bonding with Thr (Thr46 in BR) 
(Rothschild et al.  1992 ; Brown et al.  1994 ; 
Lanyi and Schobert  2006 ; Fan et al.  2007 ). 
The conservation of the geometry of this 
complex is probably quite important, as it 
was found that in a fungal rhodopsin (from 
 Leptosphaeria ) the replacement of Asp by 
Glu results in the non- functional proton 
donor, a phenotype similar to that of non-
pumping fungal rhodopsin from  Neurospora  
(Furutani et al.  2006b ). Interestingly, in the 
related algal ACR-2, the proton donor complex 
is quite different, as the threonine is replaced 
by asparagine and an additional cysteine 
interacts with the aspartic donor (Wada et al. 
 2011 ). It should be noted that when the pro-
ton donor is disabled by mutation (e.g., Asp 
to Asn), the proton transport still occurs, 
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albeit in a very ineffi cient  manner, due to the 
slow photocycle turnover (Butt et al.  1989 ). 
Related to this, there is a recent intriguing 
fi nding that proton-pumping rhodopsin from 
 Exiguobacterium sibiricum  (intermediate 
between XR and PR-like groups, Fig.  1.4 ) 
lacks the carboxylic cytoplasmic proton 
donor altogether, having replaced it with Lys 
(Fig.  1.7 ) (Petrovskaya et al.  2010 ).

   The common proton-donating Asp/Thr 
pair on the cytoplasmic side of BR-like 
 proteins is often replaced by Glu/Ser pair in 
XR-like and PR-like rhodopsins, but conser-
vation of the serine is not absolute (Fig.  1.7 ). 
The geometry of this Glu-Ser pair is quite 
different from that in BR, as can be judged 
from the structure of XR (Fig.  1.9 ) (Luecke 
et al.  2008 ). It appears that the proton of the 
donor is located closer to the Schiff base 
and that proton-conducting pathways are par-
tially pre-built in the dark. This tendency is 
probably even more pronounced in GR, 
which showed unusually strong coupling of 
the retinal and the proton donor, as demon-
strated by vibrational spectroscopy on mutants 
(Miranda et al.  2009 ; Hashimoto et al.  2010 ). 
Normally, for the communication of the  proton 
donor and the Schiff base to occur, a confor-
mational change allowing water molecules to 
enter the cytoplasmic side and to build proton 
pathways is required (Luecke et al.  2000 ; 
Schobert et al.  2003 ; Hirai and Subramaniam 
 2009 ; Freier et al.  2011 ). Numerous studies 
showed that an important part of this confor-
mational change is an  outward tilt of the 
cytoplasmic half of the helix F, at least in BR 
and PR (Subramaniam et al.  1999 ; Kataoka 
and Kamikubo  2000 ; Klare et al.  2004 ; Lanyi 
and Schobert  2004 ; Andersson et al.  2009 ). 
Additional conformational changes are required 
to disconnect the Schiff base and the proton 
donor again and to restore the high pK a  of the 
donor to ensure its reprotonation from the 
cytoplasm. It was suggested that in BR several 
surface Asp and Glu residues may help in 
this  process forming a proton- collecting 
antenna (Figs.  1.6  and  1.7 ) (Riesle et al.  1996 ; 
Checover et al.  2001 ), but mutagenesis and 

bioinformatic analysis do not give strong 
support to this idea (Brown et al.  1999 ). 

 The mechanism of proton transport by BR 
and related rhodopsins is probably the most 
studied among membrane proton-translocating 
machines and has inspired researchers 
from many other subfi elds of bioenergetics 
(Wikstrom  1998 ; Decoursey  2003 ; Mills and 
Ferguson-Miller  2003 ; Mulkidjanian et al. 
 2005 ). Despite its seeming simplicity, we see 
many interesting variations of the proton 
transport mechanism among newly discovered 
rhodopsins exhibiting an amazing taxonomic 
and structural diversity. With this comes the 
realization that proton-pumping microbial 
rhodopsins may serve as common bioener-
getically important helpers of respiration and 
photosynthesis that are especially useful 
when these processes are ineffi cient.     
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          Summary 

 Fucoxanthin-chlorophyll proteins (FCPs) of diatoms are divided into three groups, the main 
light harvesting antennas Lhcf, the photosystem I-specifi c Lhcr, and Lhcx involved in 
 photoprotection. All are closely related to higher plant light harvesting complexes (LHCs) 
when comparing sequences, albeit smaller and more hydrophobic. However, pigmentation 
differs from higher plant LHCs with around eight chlorophyll  a , two chlorophyll  c  and six 
fucoxanthin per monomer. Fucoxanthin, with a carbonyl moiety conjugated to the polyene 
backbone, undergoes extreme bathochromic shifts upon protein binding, dividing the different 
fucoxanthins into more red, green and blue absorbing ones. Excitation energy transfer is 
extremely effi cient, either directly from chlorophyll  c  to chlorophyll  a  or from fucoxanthin 
to chlorophyll  a  involving the S 1 /ICT state of fucoxanthin. Most Lhcf assemble into trimers, 
whereby only in centric diatoms Lhcx was found in trimers as well, and specifi c oligomeric 
FCP complexes are present. Whereas the arrangement of FCPs around the photosystems is 
largely unknown, spectroscopic measurements together with homology considerations allow 
for a fi rst rough model of the pigment arrangement in trimeric and oligomeric FCP complexes. 
Blue fucoxanthin is bound analogously to lutein in LHCII, surrounded by the same four 
chlorophyll  a , since binding sites are conserved. Additionally, chlorophyll  a  can be found in 
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a604, a614, b605 and a611, although binding of the latter has to be different due to the lack 
of long wavelength absorption in FCPs. Chlorophyll  c  is most probably bound in b609 and 
a613. The red fucoxanthin cluster around helix 2, which has less sequence homology to 
LHCII. The green fucoxanthins are most probably located around the violaxanthin and b601 
binding sites of LHCII, whereby the former is probably a mixed site for fucoxanthins and 
diadinoxanthin/diatoxanthin.  

        I. Introduction 

 Membrane-intrinsic light-harvesting proteins 
belonging to the same family as higher plant 
LHC are wide-spread amongst other eukary-
otic photoautotrophic organism like e.g. stra-
menopiles, including brown algae and 
diatoms. This review will focus on diatom 
light- harvesting proteins, which, due to their 
main carotenoid, are also called fucoxanthin- 
chlorophyll proteins (FCPs). 

 Diatoms are unicellular photosynthetic 
organisms characterized by an ornamental 
cell wall made of silica (Raven and Waite 
 2004 ) (Fig.  2.1a , b). They fall into two main 
groups, the so-called pennate diatoms and 
centric diatoms (Medlin et al.  1996 ). Whereas 
the former are longish in shape and usually 
contain one or two plastids per cell, the 
 centrics have a rotational symmetry and are 
characterized by more than two plastids 
(Medlin et al.  1996 ) (Fig.  2.1c–f ). In the 
 public data bases, two analyzed genomes are 
available at the moment, one of the pennate 
diatom  Phaeodactylum tricornutum  and one 

from the centric  Thalassiosira pseudonana  
(Armbrust et al.  2004 ; Bowler et al.  2008 ). 
See also Chap.   18     for information on carbon 
fi xation in Diatoms.

   Stramenopiles plastids are derived from a 
secondary endosymbiosis (for recent review 
see Green ( 2011 )). Ancient red algae are 
postulated to be the endosymbionts, i.e. the 
ancestors of the plastids (Archibald and 
Keeling  2002 ; Wolfe et al.  1994 ), but genes 
typical of green algae and plants can be 
found as well (Moustafa et al.  2009 ). Due to 
the secondary endosymbiosis, chloroplasts 
are enveloped by four membranes instead 
of two membranes indicating a primary 
endosymbiotic event. The outer chloroplast 
membrane is in connection with the nuclear 
endoplasmatic reticulum that possesses ribo-
somes (Gibbs  1970 ). 

 The thylakoid structure in brown algae 
and diatoms is different as well: no grana – 
stroma differentiation (Gibbs  1970 ) can be 
found and thus no lateral heterogeneity con-
cerning the distribution of photosystem (PS) 
I and PS II was detected so far (Pyszniak and 
Gibbs  1992 ). Thylakoids are instead orga-
nized in long bands of three thylakoids 
(i.e. six membranes) each, running along 
the whole length of the plastids (Pyszniak 
and Gibbs  1992 ) (Fig.  2.1g , h). The thyla-
koid membranes  contain the multi-protein 

     Fig. 2.1.    Diatoms are unicellular organisms characterized by an ornamental silica cell wall as seen by scanning 
electron microscopy for the centric diatom  C. meneghiniana  ( a ,  b ). These diatoms contain more than two chlo-
roplasts per cell as shown in the light micrograph ( c ) and the transmission electron microscopy picture ( d ) of 
 C. meneghiniana . The morphology of pennate diatoms, here  P. tricornutum , is demonstrated in ( e , light microscopy) 
and ( f , transmission electron microscopy). The arrangement of thylakoid membranes in bands of three thylakoids 
each are shown in thin sectioning in ( g ) and in a schematic overview of the plastid in ( h ).  Bars  represent 1 μm in 
( a ), ( b ), ( d ) and ( f ), 2 μm in ( c ) and ( e ), and 0.2 μm in ( g ).       

 Abbreviations:     Chl   –    Chlorophyll;      Dd   –    Diadinoxanthin;    
  Dt   –    Diatoxanthin;      FCP   –    Fucoxanthin-chlorophyll 
protein;      Fx   –    Fucoxanthin;      LHC   –    Light-harvesting 
complex;      NPQ   –    Non-photochemical quenching;    
  PS   –    Photosystem    
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complexes usually found in eukaryotic 
thylakoids, i.e. photo system I and II, cyto-
chrome  b  6 / f  complexes (see Chap.   8    ), ATP 
synthases (see Chap.   6    ) and antenna systems. 
Photosystems are homologous to those of 
higher plants except for some minor subunits 
(Ikeda et al.  2008 ; Nagao et al.  2007 ,  2010 ; 
Veith et al.  2009 ; Veith and Büchel  2007 ), 
and in general light capture and electron 
transport thus resemble those of spermato-
phytes. However, the lack of grana poses the 
questions of how energy is distributed 
between the photosystems and how regula-
tion is achieved. Some indications exist for a 
domain structure, e.g. results of circular 
dichroism (CD) measurements of intact 
diatom cells (Szabó et al.  2008 ) were inter-
preted to indicate domains of different lipid 
composition (Lepetit et al.  2010 ).  

   II. The Light Harvesting Proteins 
of Diatoms 

   A. The Fucoxanthin-Chlorophyll Proteins 

 All FCPs are rather similar at the protein 
level. Prediction from gene sequences show 
three membrane spanning helices, whereby 
helix 1 and 3 are homologous to those in 
higher plant LHC and therefore assumed to 
form a similar cross-like superhelical struc-
ture (Green and Kühlbrandt  1995 ; Green 
and Pichersky  1994 ) (Fig.  2.2b , according 
to Eppard and Rhiel ( 1998 )). In contrast, 
helix 2 shows signifi cant deviations. In 
addition, FCPs are generally smaller than 
LHC proteins due to smaller loops and ter-
mini. Thus, molecular weights are in the 
range of 18–21 kDa (Eppard and Rhiel 
 1998 ). As a consequence, the proteins are 
even more hydrophobic than higher plant 
LHCs.

   FCPs can be divided into three groups 
(Fig.  2.2a ): the main light harvesting pro-
teins, called Lhcf nowadays, are homologous 
between diatoms and their relatives, e.g. 
brown algae. These proteins are very abundant 
and were the fi rst to be identifi ed at the gene-
level (Bhaya and Grossman  1993 ; Eppard 

et al.  2000 ; Eppard and Rhiel  1998 ,  2000 ). 
A second group is called Lhcr, due to their 
similarity to red algal LHCI genes (Durnford 
et al.  1996 ). The third group is related to 
LhcSR (former LI818) proteins of  Chla-
mydomonas reinhardtii , which are involved 
in light protection (Eppard and Rhiel  1998 ; 
Peers et al.  2009 ; Richard et al.  2000 ; Zhu 
and Green  2010 ), and are called Lhcx in 
 diatoms. Whereas the Lhcr and Lhcx pro-
teins are very similar in centric and pennate 
diatoms, the Lhcf proteins fall into three 
 different groups (Fig.  2.2 , adapted from 
   Gundermann et al.  2013 ), whereby two 
groups are more specifi c for pennates or 
 centrics, respectively, and the third group 
contains members from both. 

 As can already be seen from the list of 
members of the Lhcf group (Fig.  2.2a ), dia-
toms possess quite a number of FCP genes, 
e.g. for  P. tricornutum  17 Lhcf genes, 14 
Lhcr and 4 Lhcx are annotated and for 
 T. pseudonana  11 Lhcf, 14 Lhcr and 7 Lhcx 
genes are described. All are expressed 
according to EST data or their expression 
was proven otherwise (Nymark et al.  2009 ). 
Whereas a few of those are identical and thus 
probably the result of gene duplications, 
most of them show very small sequence 
 differences. The high number of almost 
 identical proteins might be related to the 
huge adaptability of diatoms. The even larger 
number of FCPs encoded by the genome of 
 Fragilariopsis cylindrus  (  http://genome.jgi- 
psf.org/    ), a psychrophilic alga living in the 
Antarctic ice, argues for this.  

   B. Supramolecular Organization 
of Fucoxanthin-Chlorophyll Proteins 

 Biochemical work on FCPs dates back to the 
80s, when mainly sucrose density centrifu-
gation was used to separate photosystems 
from FCPs as a whole (Alberte et al.  1981 ; 
Brown  1988 ; Caron and Brown  1987 ; Fawley 
et al.  1986 ; Friedman and Alberte  1984 , 
 1986 ; Gugliemelli  1984 ; Owens  1986 ,  1988 ; 
Owens and Wold  1986 ). Most FCPs can be 
isolated as ‘free’ FCPs, i.e. separate from the 
photosystems, by many biochemical methods 
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  Fig. 2.2.    Diatom light-harvesting polypeptides can be differentiated into three groups, Lhcr, Lhcf and Lhcx pro-
teins. Concerning pennate and centric diatoms, most of the Lhcf genes are different between the two groups as 
demonstrated by the phylogenetic tree (Adapted from Gundermann et al.  2013 ) ( a , Phatr =  P. tricornutum , 
Thaps =  T. pseudonana ). All of them share the same topology with three membrane-spanning helices predicted to 
show the same arrangement as in LHCII, as depicted in the cartoon as side view into the membrane ( b ). However, 
the oligomeric state and polypeptide composition of the FCP complexes is different between centrics and pennates: 
whereas in the centric diatom  C. meneghiniana  ( c ) trimers (FCPa) and higher oligomers (FCPb) make up the main 
antenna complexes, only trimers can be found in the pennate  P. tricornutum  ( d ), whereby the trimer population is 
quite inhomogeneous. Labels refer to the main polypeptides only. In the trimers found in  C. meneghiniana , also 
Lhcx polypeptides are present, which have so far not been reported for  P. tricornutum . On the other hand the com-
position of the photosystem I antenna ( e ) seems to be similar with mainly Lhcr and Lhcf proteins bound.       
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(sucrose density centrifugation, ion exchange 
chromatography, blue native polyacrylamide 
electrophoresis) (Beer et al.  2006 ,  2011 ; 
Berkaloff et al.  1990 ; Brakemann et al.  2006 ; 
Büchel  2003 ; Grouneva et al.  2011 ; 
Guglielmi et al.  2005 ; Gundermann and 
Büchel  2008 ; Lavaud et al.  2003 ). This ‘pool’ 
of FCPs consists of trimeric FCP complexes 
(Büchel  2003 ; Lepetit et al.  2007 ), whereby 
in centrics specifi c complexes of higher 
oligomeric state were found as well (Beer 
et al.  2006 ,  2011 ; Büchel  2003 ; Grouneva 
et al.  2011 ; Gundermann and Büchel  2008 ) 
(Fig.  2.2c ). In  P. tricornutum , a pennate 
diatom, three major trimers were isolated 
lately, composed of Lhcf5, Lhcf10/2 and 
Lhcf4 with different interaction partners, 
respectively (Gundermann et al.  2013 ) 
(Fig.  2.2d ). No members of the other Lhc 
families (Lhcr or Lhcx) could be found in 
these trimers. This is in contrast to  Cyclotella 
meneghiniana , a centric diatom closely 
related to  T. pseudonana , where Lhcx (Fcp6) 
proteins were found in the major trimeric 
complex, named FCPa, accompanied by 
Lhcf proteins, mainly by Fcp2 (Fig.  2.2c ). 
The oligomeric complex found in these 
organisms, named FCPb, was composed 
solely of Lhcf polypeptides, most probably 
Fcp5 (Beer et al.  2006 ; Büchel  2003 ). Since 
diatoms contain many more Lhc genes than 
higher plants a larger hetereogeneity in trimer 
and oligomer composition than elucidated so 
far may be revealed using more sophisticated 
biochemical separation methods. 

 In higher plants there is excellent knowl-
edge about the supramolecular structure of 
photosystem I as well as photosystem II (for 
review see e.g. Dekker and Boekema ( 2005 )). 
In diatoms, in contrast, the attribution of the 
different FCPs to the two photosystems and/
or their supramolecular structure remains ill-
defi ned. Photosystem I supercomplexes were 
isolated early (Berkaloff et al.  1990 ) and 
from several organisms (Brakemann et al. 
 2006 ; Grouneva et al.  2011 ; Ikeda et al. 
 2008 ; Veith et al.  2009 ; Veith and Büchel 
 2007 ). Since gene sequences became avail-
able, Lhcr proteins were always supposed to 
serve as PSI antennas, which could indeed 

be shown at the protein level as well 
(Grouneva et al.  2011 ; Veith et al.  2009 ) 
(Fig.  2.2e ). There is still some controversy, 
as to whether this PSI antenna is exclusively 
composed of Lhcr proteins (Lepetit et al. 
 2010 ). Results by blue native polyacrylamide 
electrophoresis (Grouneva et al.  2011 ), a 
method more stringent than e.g. sucrose 
 density centrifugation, supported earlier data 
about the presence of Lhcf proteins as part of 
the PSI antenna (Brakemann et al.  2006 ; 
Juhas and Büchel  2012 ; Veith et al.  2009 ; 
Veith and Büchel  2007 ). In addition, Lhcx 
polypeptides were found, but solely in pen-
nates (Grouneva et al.  2011 ). Like in higher 
plants, PSI of diatoms is a monomer (Veith 
and Büchel  2007 ), but no data about the 
arrangement of the antenna proteins are 
 currently available. 

 Very little is known about PSII-specifi c 
interactions of FCPs so far, since supercom-
plexes as can be isolated from higher plants 
(Boekema et al.  1995 ) have not been obtained 
yet. Nagao et al. ( 2007 ) and Nagao et al. 
( 2010 ) were able to isolate PSII complexes 
from  Chaetoceros gracilis , which still con-
tained FCP proteins, but unfortunately these 
FCPs were too loosely bound to allow for a 
more detailed analysis. Thus, no proof for 
minor Lhcs like CP24, CP26, or CP29 found 
in plant systems, is available so far, despite 
immunological similarities (Rhiel et al.  1997 ). 

 In summary, Lhcf polypeptides are the 
main constituents of FCP trimers, whereas 
Lhcx proteins were found only in trimers 
from centric diatoms so far. In those organ-
isms also higher oligomers built from spe-
cifi c Lhcf polypeptides are present as well. 
PSI is associated with Lhcr proteins, but also 
with Lhcf (and Lhcx) polypeptides. The 
structural association of FCPs with PSII 
remains unresolved. Only some data obtained 
in  C. meneghiniana , points to FCPb com-
plexes being more closely associated with 
PSI, and FCPa serving PSII (Szabó et al. 
 2010 ; Veith and Büchel  2007 ). This severe 
lack of precise knowledge concerning pro-
tein associations also extends to the overall 
arrangement of the complexes in the thyla-
koid membranes.  
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   C. Pigmentation 
of Fucoxanthin- Chlorophyll Proteins 

 When comparing plant LHC with FCPs the 
most obvious difference is the pigmentation. 
Diatoms exhibit a brownish color, which is 
due to the carotenoid fucoxanthin (Fx) bound 
to FCPs. This carotenoid is found in much 
higher amounts in FCPs than carotenoids in 
LHCII: the molar Chl/carotenoid ratio is 

almost 1:1 in FCPs compared to the 14:4 in 
LHCII (Beer et al.  2006 ; Papagiannakis et al. 
 2005 ). Fucoxanthin is a rather peculiar carot-
enoid with a carbonyl moiety in conjugation 
with the polyene backbone that is also found 
in peridinin (Damjanović et al.  2000 ; Frank 
et al.  2000 ; Katoh et al.  1991 ; Zigmantas 
et al.  2004 ) (Fig.  2.3a ). Fx displays an 
extreme bathochromic shift upon protein 
binding, extending the absorption from 
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  Fig. 2.3.    Chl  a , Chl  c  and Fx are bound to FCP complexes besides the xanthophyll cycle pigments Dd and Dt. 
In ( a ) the absorbance spectra of all pigments (1 mM in 80 % acetone) are shown. Upon binding to the protein, 
Fx undergoes extreme bathochromic shifts, whereby several populations can be distinguished, i.e. ‘ red ’, ‘ green ’ 
and ‘ blue ’ Fx ( b ) (Adopted from Premvardhan et al.  2008 ). Depending on the isolation method (sucrose gradient 
centrifugation, FCP pool, or ion exchange chromatography, FCPa) different amounts of Dd and Dt can be found 
in the preparations as demonstrated by the absorbance spectra in ( c ).       
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390 nm up to 580 nm (Premvardhan et al. 
 2009 ). This light-absorbing capability in the 
blue-green range is used for successful pho-
tosynthesis in the aquatic environments. 
Since the bathochromic shift depends strongly 
on the polarity of the protein environment 
(Koyama et al.  1996 ), different shifts are 
exhibited by the different Fx found in a FCP 
monomer. Using stark and resonance Raman 
spectroscopy, more ‘blue’, ‘green’ and ‘red’ 
absorbing Fx molecules could be detected 
(Fig.  2.3b ) in FCPa as well as in FCPb 
(Premvardhan et al.  2008 ,  2009 ,  2010 ). The 
existence of differently absorbing Fx was 
also demonstrated in whole cells using elec-
trochromic shift measurements (Szabó et al. 
 2010 ). In carotenoids in general, due to their 
symmetry, absorption from the ground state 
to the lowest-energy singlet S 1  state (2 1 A g ) is 
symmetry-forbidden. Instead, excitation of 
the ground state (1 1 A g ) results in the S 2  state 
(1 1 B u ). In carbonyl- containing carotenoids it 
was shown that after excitation into S 2  the 
so-called ICT (intramolecular charge trans-
fer) state is populated (Zigmantas et al. 
 2004 ). This state is strongly coupled to the S 1  
state and more generally referred to as S 1 /
ICT. Indeed, the excitation energy transfer 
from Fx to Chl  a  was shown to proceed 
mainly via the S 1 /ICT state in FCPs 
(Gildenhoff et al.  2010a ; Papagiannakis et al. 
 2005 ). Stark spectroscopy reveals that upon 
photon absorption by Fx in solvent, a huge 
change in the static dipole moment of 17 D 
takes place, indicating photo-induced charge 
transfer of the Fx  molecules. When Fx in 
FCPs is examined, two population with 
changes of 17 D and up to 40 D can be 
 distinguished, again underlining the different 
 properties of the different Fx molecules 
bound (Premvardhan et al.  2008 ).

   As accessory chlorophyll Chl  c  is found 
instead of Chl  b , but only 1 Chl  c  per 4 Chl  a  
is bound. In contrast to Chl  b , Chl  c  is char-
acterized by a huge Soret-band absorption 
and little Q Y  or Q X  absorption (Fig.  2.3a , b). 
The absorption in the Soret is shifted to the 
red in comparison to Chl  a . Three different 
Chl  c  exist, distinguished by their residues at 
the porphyrin ring as shown in Fig.  2.3a . 

Since this residue contains a double bond, 
which is part of the conjugated system in Chl 
 c  2  and  c  3 , these Chl  c ’s absorb at slightly 
 longer wavelengths as compared to Chl  c  1 . In 
prymnesiophytes Chl  c  3  and in dinofl agellates 
Chl  c  2  was described as the major Chl  c , 
whereas diatoms usually contain Chl  c  1  and 
some Chl  c  2  as well (Fawley  1989 ; Jeffrey 
and Humphrey  1975 ; Kraay et al.  1992 ). In 
all Chl  c ’s, the lack of a phytol chain makes 
the molecule much more polar and, from a 
structural point of view, much smaller than 
Chl  a  or Chl  b . 

 In addition to these pigments diatoms 
contain diadinoxanthin (Dd) and diatoxan-
thin (Dt). Dd is de-epoxidised to Dt under 
conditions of increased light intensities in 
the so-called xanthophyll cycle (Lavaud 
et al.  2002 ; Lohr and Wilhelm  1999 ). The 
amount of Dd or Dt found in the various FCP 
preparations differs tremendously depending 
on the isolation method (Fig.  2.3c ). Usually 
the more xanthophyll cycle pigments are 
found, the more lipids are still contained in 
the samples (Beer et al.  2006 ; Büchel  2003 ; 
Lepetit et al.  2010 ). However, this does not 
necessarily argue for a localization of xan-
thophyll pigments in the lipid phase, i.e. not 
bound to the protein. Using more rigid meth-
ods, which get rid of almost all lipid, Dd or 
Dt is still found in e.g. FCPa preparations, 
and the amount depends on the presence of 
Fcp6, a Lhcx protein (Beer et al.  2006 ,  2011 ). 
However, most probably part of the Dd is 
found in the lipid shell around the FCP com-
plexes (Gundermann and Büchel  2012 ; 
Lepetit et al.  2010 ), serving as a pool of xan-
thophylls pigment. Dt is thought to play an 
important role in the protection against an 
surplus of light, and the Dt (and Dd) that is 
newly synthesized in response to high-light 
was recently demonstrated to be protein- 
bound (Alexandre et al.  2014 ). 

 A long ongoing debate is the actual pig-
ment to protein stoichiometry inside FCPs. 
Most isolated complexes exhibit rather simi-
lar absorption spectra, whereby only the 
amount of xanthophyll cycle pigments dif-
fers, visible as a shoulder around 485 nm 
(Fig.  2.3c ). In LHCII, 8 Chl  a , 6 Chl  b  and 
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4 carotenoids are bound per monomer (Liu 
et al.  2004 ; Standfuss et al.  2005 ). The 
 pigment ratio of FCPs is around 3–4 Chl  a  : 
1 Chl  c  : 3–4 Fx, depending on isolation pro-
cedure and species, whereby the FCPs of 
 P. tricornutum  are characterized by a higher 
amount of Fx (Beer et al.  2006 ; Gundermann 
et al.  2013 ; Joshi-Deo et al.  2010 ; Lepetit 
et al.  2007 ; Papagiannakis et al.  2005 ). 
Because the Q Y  absorption of FCPs is at a 
relatively short wavelength (671 nm, see 
Fig.  2.3a , b) it was argued that especially Chl 
 a  molecules have to be further apart than in 
LHCII in order to avoid excitonic interac-
tions, which result in longer wavelength 
absorbing Chls. This argument was strength-
ened by CD spectra, where no excitonic 
interactions are visible in the Q Y  band 
(Büchel  2003 ; Joshi-Deo et al.  2010 ; Szabó 
et al.  2008 ). Using resonance Raman spec-
troscopy, two differently bound Chl  c  mole-
cules were identifi ed in FCPa, as well as in 
FCPb, by their signature ‘ring-breathing 
modes’ at ~1,360 cm −1  (Premvardhan et al. 
 2010 ). Thus, most likely around 8 Chl  a , 2 
Chl  c  and up to 8 Fx are bound per FCP 
monomer.  

   D. Excitation Energy Transfer 
Between Pigments in 
Fucoxanthin- Chlorophyll Proteins 

 Light-harvesting systems are fi rst of all char-
acterized by their effi ciency to absorb and 
transfer light energy. Early on the S 1 /ICT 
state was identifi ed as one major state upon 
absorption of solar energy by fucoxanthin, 
being responsible for up to 60 % of the 
energy transfer to Chl  a  (Papagiannakis et al. 
 2005 ). No transfer into Chl  c  could be 
observed within the limit of the instrumenta-
tion (<100 fs), giving rise to the assumption 
that Fx transfers its absorbed energy directly 
(or via other Fx) to Chl  a  molecules. On the 
other hand this means that Chl  c  absorption 
will lead to direct transfer to Chl  a  (Gildenhoff 
et al.  2010a ; Papagiannakis et al.  2005 ; 
Premvardhan et al.  2009 ). 

 In intact systems the transfer to Chl  a  
from fucoxanthin is extremely fast. Gildenhoff 

et al. ( 2010a ) determined lifetimes for FCPa 
of <150 fs for the fucoxanthin S 2  state (trans-
ferring directly into the Q X  state of Chl  a ), 
and 0.6/0.9 ps for the unrelaxed and 
2.6/4.2 ps for the relaxed S 1 /ICT state (trans-
ferring into Q Y ), respectively, whereby the 
higher values represent the  lifetimes of the 
‘red’ Fx molecules and the lower ones those 
of the ‘blue’ Fx. Thus, when exciting the 
‘blue/green’ and the ‘red’ Fx molecules to 
different extents, the observed dynamics 
change. For FCPa an additional time con-
stant at around 25 ps was found after excita-
tion at 500 nm and assigned to the intrinsic 
lifetime of the blue absorbing fucoxanthins 
engaged in Fx – Fx excitation energy transfer 
(Gildenhoff et al.  2010a ). Using anisotropy 
measurements it was concluded that one 
Fx’red’ and two of the Fx’blue/green’ trans-
fer their energy directly to Chl  a , whereas a 
further Fx’blue/green’ is depending on 
another Fx molecule for excitation energy 
transfer to Chl  a  (Gildenhoff et al.  2010b ). 

 When comparing the different oligomeric 
states of FCPa and FCPb, the trimeric FCPa 
has the more effi cient energy transfer, which 
is also refl ected in its higher Chl a fl uores-
cence quantum yield. On the other hand the 
oligomeric FCPb is intrinsically less fl uores-
cent (Gundermann and Büchel  2008 ), and 
thus some of the lifetimes mentioned above 
are even shorter (Gildenhoff et al.  2010a ).  

   E. Lhcx and Photoprotection 

 Diatoms, like higher plants, protect them-
selves against fast changing levels of light 
intensities. Energy fl uxes that exceed the 
conversion capacity of the photosynthetic 
machinery can cause damage. To avoid 
impairment the surplus of energy is very 
effi ciently dissipated as heat, a mechanism 
which is called non-photochemical quench-
ing (NPQ) due to its simultaneous reduction 
in fl uorescence emission. In diatoms NPQ is 
more pronounced than in higher plants 
(Ruban et al.  2004 ), correlates with the de- 
epoxidation of Dd to Dt (Lavaud et al.  2002 , 
 2003 ), is pH-dependent as in higher plants 
but no PsbS protein or homologues exists in 
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diatoms. Here we will focus mainly on the 
contribution of Lhcx proteins to NPQ. 

 Lhcx proteins, whether from pennates or 
centrics, are up-regulated during prolonged 
high light (Bailleul et al.  2010 ; Becker and 
Rhiel  2006 ; Beer et al.  2006 ; Janssen et al. 
 2001 ; Lepetit et al.  2010 ; Nymark et al. 
 2009 ; Oeltjen et al.  2002 ,  2004 ; Zhu and 
Green  2010 ). A direct relationship between 
the amount of Lhcx proteins expressed and 
the capability for NPQ was also demon-
strated (Bailleul et al.  2010 ; Zhu and Green 
 2010 ). However, when comparing Lhcx pro-
teins in pennate and centric diatoms, a  crucial 
difference becomes obvious. In centrics, a 
Lhcx protein (Fcp6) was found as a constitu-
ent of a trimeric complex (FCPa). The 
amount of Fcp6 depended on the light inten-
sity during growth, as did the diatoxanthin 
content (Beer et al.  2006 ). In contrast, in the 
pennate  P. tricornutum , no Lhcx proteins 
could be found in trimeric complexes so 
far (Grouneva et al.  2011 ; Gundermann 
et al.  2013 ). Lepetit et al. ( 2012 ) were the 
fi rst to propose that it is unlikely that Lhcx1 
of  P. tricornutum  binds Dd or Dt, based on 
their interpretation of the work of Bailleul 
et al. ( 2010 ). Lepetit and coworkers hypoth-
esized that Lhcx1 might play a role in NPQ 
through the induction of conformational 
changes, which in turn infl uence the energy 
transfer to the photosystems, in analogy to 
what is hypothesized about psbS in higher 
plants (for review see Szabò et al.  2005 ; 
Ruban et al.  2012 ). The same role was attrib-
uted to Lhcx1 from a centric diatom,  T. 
pseudonana , because its amount did not 
change dramatically upon high-light stress, 
in contrast to Lhcx6 (Zhu and Green  2010 ). 
No protein comparable to Lhcx6 is described 
so far in  C. meneghiniana , since Fcp6 closely 
resembles Lhcx1. Gundermann and Büchel 
( 2008 ) were able to show that the Fcp6 
(Lhcx1)-containing FCPa of  C. meneghini-
ana  changes its fl uorescence yield in depen-
dence on Dt and Fcp6 content, implying a 
function of Lhcx1 in the regulation of fl uo-
rescence emission in centrics. 

 Since antenna aggregation was proposed 
as a mechanism to reduce fl uorescence yield 

 in vivo  (Miloslavina et al.  2009 ), infl uence 
of protein distance, pH and content of xan-
thophyll cycle pigments on the Lhcx contain-
ing FCPa in proteoliposomes was analysed 
(Gundermann and Büchel  2012 ) as well. 
Recently it had already been demonstrated 
that FCPb is changing fl uorescence yield 
depending on aggregation, but not according 
to Dt content or pH (Gundermann and 
Büchel  2008 ). Indeed, FCPa protein aggre-
gation led to reduced fl uorescence yields, 
which was in addition strongly infl uenced by 
the pH. On the other hand Dt reduced fl uo-
rescence emission in addition, but indepen-
dently of pH and protein aggregation. Thus it 
seems that in centric diatoms a constituent of 
the trimeric complexes is an active player in 
NPQ, whereas in pennates at least Lhcx1 is 
working in a more independent manner. This 
is rather surprising, since, when comparing 
Lhcx proteins, Lhcx1 of  P. tricornutum  is 
most closely related to Fcp6 of  C. meneghini-
ana . Since differences mainly concern helix 2 
of those proteins (data not shown) they might 
directly relate to the pigment binding capaci-
ties of Lhcx1 of  P. tricornutum  (see below).  

   F. Structural Model Based 
on Spectroscopic Data 

 No structural data are available on other 
membrane-intrinsic light-harvesting proteins 
besides LHCII (Liu et al.  2004 ; Standfuss 
et al.  2005 ) and the quite similar CP29 from 
higher plants (Pan et al.  2011 ). Since FCPa 
and FCPb complexes from the centric dia-
tom  C. meneghiniana  are by far the most 
studied diatom antenna systems using sev-
eral spectrometric methods, our model here 
(Fig.  2.4 ) is based on results obtained from 
this organism.

   Eppard and Rhiel ( 1998 ) were the fi rst to 
model sequences of FCP using the LHCII 
structure as template. They identifi ed fi ve 
conserved Chl  a  binding sites (a602, a603, 
a610, a612 and a613, nomenclature accord-
ing to Liu et al. ( 2004 )). With more sequences 
available, Premvardhan et al. ( 2010 ) were 
able to identify two further conserved bind-
ing sites, a614 and b609. Premvardhan and 
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coworkers built a model, which had to fi t 
some major requirements: (i) the pigment 
content of FCPa and FCPb is based on 2 Chl 
 c  per monomer, i.e. the FCP contain 6–8 Chl 
 a  : 2 Chl  c  : 5–6 Fx in total; (ii) the Chl  a  
molecules are not allowed to be arranged in a 
way to favor excitonic interactions; (iii) Fx is 
not transferring energy to Chl  c  and Fx and 
Chl  c  should thus be in an appropriate dis-
tance and/or orientation; (iv) Chl  c  to Chl  a  
transfer is extremely fast, i.e. Chl  c  has to be 
in close proximity to Chl  a  molecule(s). 

 The two ‘blue’Fx were proposed to be 
located homologous to the central luteins of 
LHCII (Premvardhan et al.  2009 ) clustering 
around helix 1 and 3. In close distance four 
symmetrically related Chl-binding sites can 
be found, which are conserved in FCPs 
(a610, a612, a602, a603). The frequently 
observed fast energy transfer from Fx to 
Chl  a  supports the occupation of these 
chlorophyll- binding sites by Chl  a . 

 Further away two additional Chl  a ’s are 
found in LHCII, namely a613 (binding site 
conserved) and a604, the latter being ligated 
by a water molecule in LHCII. Thus, no prove 
for binding or non-binding is available from 
sequence comparison only. However, the quite 
similar structure prediction around those 
 central helices makes it very likely that this 
symmetry-related site is occupied by Chl in 
FCP, as well. This also holds for the binding 
sites a614 and b609, where the amino acids 
responsible for Chl binding are conserved. 

 When comparing FCPa and FCPb, spec-
tral differences are quite low. However, the 
precise stoichiometry of pigments is slightly 
different. 6 Fx : 6–7 Chl  a : 2 Chl  c  can be 
found in the trimeric FCPa, whereas 5 Fx : 8 
Chl  a  : 2 Chl  c  are bound to the oligomeric 
FCPb. Thus, FCPa has a slightly reduced Chl 
 a  content as compared to FCPb, which in 
turn is reduced in Fx, but is characterized by 
‘red’ Fx absorbing at even longer wavelength 
than those in FCPa (Premvardhan et al. 
 2009 ). This difference in Chl  a  content can 
either be due to missing binding sites, which 
is unlikely due to the high similarity of the 
protein sequences, or to loss of pigments 
during the isolation procedures. If the differ-
ence in Chl  a  content is due to pigment loss, 

this may indicate that one to two of the Chl  a  
molecules are more loosely, i.e. peripherally, 
bound. The most peripheral Chls in the 
LHCII structure are b605 and a611, the latter 
being slightly more central but only bound 
by a lipid. Those Chls might thus be present 
in FCPb, but missing in FCPa preparations. 
The Chl  a  molecule of LHCII bound at a611 
participates in forming a dimer with Chl 
 a 612, which can be detected by its red shifted 
absorption (Georgakopoulou et al.  2007 ), 
which is missing in all FCP complexes. Thus, 
if the a611 binding site is present and occu-
pied, the Chl  a  will have to adopt a different 
orientation in order to avoid excitonic dimer 
formation with Chl  a 612. 

 Thus, the ten Chl sites in FCPs could be 
identifi ed with some probability, whereby 
only six (a602, a603, a610, a611, a612 and 
b605) are likely to be occupied by Chl  a . In 
LHCII, the Chl  b  in b609 is strongly coupled 
to Chl  a  (a603) and both binding sites are 
predicted to exist in FCPs as well. In contrast, 
no direct interaction partner to a604 is con-
served in FCPs. This renders b609 a probable 
candidate for Chl  c  binding in FCPs, whereas 
a604 is then probably occupied by Chl  a . 
The other two sites left, a614 and a613, are 
rather close together, but further away from 
other Chls. One of these Chls is most proba-
bly a Chl  c  in FCPs, since in LHCII the 
two Chl  a  molecules interact exitonically 
(Georgakopoulou et al.  2007 ), but nothing 
like that can be seen in FCPs. Thus, to break 
this excitonic couple, one site is most proba-
bly occupied by Chl  c . The Chl  c  molecules in 
FCPs can also be distinguished as more ‘red’ 
and ‘blue’-absorbing. It has been argued that 
if one Chl  c  occupies b609, the lowest energy 
site in LHCII, the remaining Chl  c  should 
absorb at higher energies, which would make 
a613, the lower energy site in LHCII, less 
probable (Premvardhan et al.  2010 ). However, 
this argument implies almost identical  protein 
environments in LHCII and FCP complexes, 
which is rather unlikely. On the other hand 
the porphyrin in a614 is in closer contact to 
the violaxanthin binding site, a scenario to be 
avoided, because of the lack of Fx – Chl  c  
excitation energy transfer. Thus, in Fig.  2.4  
Chl  c  is presented in a613. 
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 Since only ten Chls are bound to the FCPs, 
the space occupied by the remaining 4 Chls 
and the two additional phytol chains in 
LHCII can be fi lled by carotenoids in FCPs. 
The minimal number of Fx is fi ve (in case of 
FCPb) or six (in case of FCPa), whereby the 
absorption properties differentiate them into 
blue Fx (2 molecules), green Fx (1–2 mole-
cules) and red Fx (2 molecules). The blue Fx 
should be located in the lutein binding sites 
as outlined above. Using Stark and resonance 
Raman spectroscopy (Premvardhan et al. 
 2008 ,  2009 ), a model for the location of the 
different Fx molecules was developed. In 
this model, red Fx molecules are located 
near helix 2, whereby the structural differ-
ences between neoxanthin and fucoxanthin 
make it unlikely that one Fx is exactly bound 
like neoxanthin. One of the green Fx most 
probably occupies the violaxanthin binding 
site, and the other green Fx is located in the 
b601 site (Premvardhan et al.  2009 ). These 
data were supported by Gildenhoff et al. 
( 2010b ) demonstrating fast energy transfer 
from two of the blue/green Fx, as well as 
from one Fx’red’ to Chl  a , whereas a further 
Fx’blue/green’ was depending on another Fx 
molecule. The other 2–3 Fx found in FCPs 
isolated using more gentle preparations, or in 
FCPs from  P. tricornutum , have then to be 
more loosely bound and are not shown in 
Fig.  2.4  The model holds for FCPb, as well 
as FCPa, whereby in the latter the Fcp6 
(Lhcx1) polypeptide carries Dd as well. This 
Dd was assumed to be located in the violax-
anthin pocket as a mixed binding site with 
the green Fx (Premvardhan et al.  2010 ). 

 One implication of the relatively short 
wavelength absorption (671 nm) and the lack 
of excitonic Chl  a /Chl  a  interactions is striking: 

a610/a611/a612 cannot work together as 
fi nal emitters as shown for higher plants 
(Novoderezhkin et al.  2004 ). Thus the energy 
landscape of pigments in FCPs must also dif-
fer from that of LHCII, not only because of 
the replacement of Chl  b  by Chl  c , but also 
concerning the Chl  a  molecules, despite some 
of them being bound in comparable sites. 

 Although the models based on spectro-
scopic data are quite elaborate by now, many 
questions remain, which only a proper struc-
ture determination would solve. One of the 
unresolved questions it the arrangement of the 
Fx molecules, which - in contrast to the sym-
metric lutein - is highly asymmetric. This 
implies that always two orientations exist, that 
are not accounted for by the current model, 
but are important in excitation energy transfer. 
Another important open question is the pre-
cise localization and function of Dd and Dt.   

   III. Conclusions 

 Despite all homologies, FCP complexes of 
diatoms are quite different from higher plant 
LHCs. Obvious deviations concern pigmen-
tation, and thus the overall energy landscape. 
Not so obvious differences slowly emerge 
with our increasing knowledge about the 
structure of FCP complexes. The three dif-
ferent groups of FCP polypeptides, Lhcf, 
Lhcr and Lhcx, have no direct counterparts 
and plant Lhc proteins, except for the main 
light harvester Lhcf. Even Lhcr polypep-
tides, which might be compared to LHCI, are 
not the sole PSI antenna components. Lhcx 
proteins have a counterpart only in green 
algae and functional similarities to psbS, but 
are 3-helix proteins and, at least in centric 

  Fig. 2.4.    Homology model based on the LHCII structure (pdb 1RWT) and spectroscopic analyses (Modifi ed after 
Premvardhan et al.  2010 ). Graphics were made using RasMol and pigments are labeled according to Liu et al. 
( 2004 ). In ( a ) potential Chl  a- binding sites are shown, identifi ed by sequence alignment. ( b ) Gives the  top view  
of a trimer with pigments and protein backbone, the latter is removed in ( d ) and ( f ) for clarity. In ( c ) and ( e )  side 
views  of one monomer are shown. Pigments are colored according to their attribution in FCPs:  green  = Chl  a , 
 brown  = Chl  c ,  white  = Chls not present in FCPs,  gray  and  black  = Chl  a  missing in FCPa but present in FCPb, 
 blue  = ‘blue’ Fx and  red  = all other Fx molecules. In the  lower panel  two carotenoids per monomer are added as 
compared to LHCII in the volumes left by the missing Chl molecules. Note that the precise arrangement of each 
of these pigments is not known, especially in the case of the carotenoids and pigments around helix 2.       
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diatoms, contain the full complement of pig-
ments. Thus, obtaining a molecular structure 
of FCPs to further elucidate pigment-bind-
ing and excitation energy transfer, as well as 
data about supercomplex formation are 
needed. This additional information will be 
extremely useful in the future to understand 
two major features of diatoms: their extreme 
ecological success, being responsible for up 
to 25 % of the biomass production on earth 
(Falkowski et al.  1998 ), and the related 
ability to regulate light harvesting versus 
photoprotection very effi ciently.     
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  Summary  

  An important component of the photosynthetic apparatus is a light- harvesting system that 
captures light energy and transfers it effi ciently to the reaction center. Depending on environ-
mental conditions, photosynthetic antennas have adopted various strategies for this function. 
The water soluble antenna complex of dinofl agellates, peridinin–chlorophyll  a  protein 
(PCP), represents a unique light-harvesting strategy because, unlike other antenna systems 
which have a preponderance of chlorophyll, the carotenoid peridinin serves in PCP as the 
major light-harvesting pigment. The key structural feature of peridinin is a conjugated 
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carbonyl group which makes the spectroscopic properties of peridinin very sensitive to its 
local environment. This property is a crucial factor for maintaining the high effi ciency of 
energy transfer between peridinin and Chl  a  in PCP. PCP is also amenable to site-directed 
mutagenesis and reconstitution with different pigments, allowing to study effects of both 
pigment and amino acid exchange on energy transfer pathways within the complex. Since 
high resolution structures of native, reconstituted and mutated PCP complexes are now 
available, this knowledge provides an ideal platform to relate structural motifs to energy 
transfer pathways and effi ciencies in PCP. This Chapter summarizes results of structural and 
spectroscopic investigations of PCP and related proteins, emphasizing the specifi c light-
harvesting strategy developed by dinofl agellates.  

      I. Introduction 

 In order to effi ciently capture sunlight and 
utilize it in photochemical reactions occur-
ring in reaction centers, all photosynthetic 
organisms rely on their light-harvesting 
 proteins whose central function is to absorb 
light and funnel its energy to the reaction 
centers. Unlike reaction centers, light- 
harvesting systems exhibit large variability 
among photosynthetic organisms. The large 
amount of different antenna types and light- 
harvesting strategies refl ects how different 
organisms have adapted for light conditions 
specifi c for their natural habitat. 

 Absorption bands of photosynthetic 
light- harvesting systems cover essentially 
the whole sunlight spectrum extending from 
350 to 1,000 nm. Such broad coverage is 
achieved by only three types of antenna 
pigments, (bacterio) chlorophylls, carotenoids 
and phycobilins. Although absorption bands 

of these pigments in solution do not cover 
the whole sunlight spectrum, further tuning 
of their spectral properties is achieved via 
pigment- protein interaction within the light- 
harvesting proteins (Green and Parson  2003 ; 
Polívka and Frank  2010 ). Precise positions 
of the antenna pigments in proteins provide 
optimal distances and orientations among the 
pigments ensuring effi cient energy transfer 
both within light-harvesting complexes and 
between antennas and reaction centers. 

 Some photosynthetic organisms have 
developed strategies for enhancing their 
light-harvesting capacity, especially in the 
blue-green spectral region which is not 
accessible by chlorophyll, yet is the region 
of highest solar irradiance in water. 
Cyanobacteria, red algae and cryptophytes use 
phycobiliproteins in their light- harvesting 
antenna to capture blue-green light (Glazer 
 1985 ), whereas many groups of marine 
eukaryotic algae employ carotenoids, such 
as peridinin, fucoxanthin, siphonaxanthin, and 
prasinoxanthin (Macpherson and Hiller  2003 ). 
These carotenoids contain a conjugated 
carbonyl group that is known to extend 
carotenoid absorption far beyond 500 nm, 
thus embedding these carotenoids into light-
harvesting systems helps to capture the green 
light which is of vital importance for under-
water photosynthesis. 

 Thus, in contrast to higher plants, where 
the major light-harvesting function is per-
formed by chlorophylls, carotenoids often 
become important light-harvesting pigments 
in many photosynthetic microorganisms. 

 Abbreviations:     BChl –    Bacteriochlorophyll;      CD – 
   Circular dichroism;      Chl –    Chlorophyll;      ENDOR – 
   Electron nuclear double resonance;      EPR –    Electron 
paramagnetic resonance;      FCP –    Fucoxanthin chlorophyll 
protein;      HSPCP –    High salt PCP;      ICT –    Intramolecular 
charge transfer;      LD –    Linear dichroism;      LHC –    Light 
harvesting complex;      MFPCP –    Main form PCP 
used when needed to distinguish from other forms;    
  MNDO-PSCDI –    Modifi ed neglect of differential 
overlap with partial single and double confi guration 
interaction;      NIR –    Near infra red;      PCP –    Peridinin 
chlorophyll protein;      Per –    Peridinin;      RFPCP –    Refolded 
PCP construct equivalent to the N-terminal domain of 
MFPCP;      VIS –    Visible    
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This is typical for example in purple bacteria 
which utilize BChl  a  and BChl  b  that have 
essentially no absorption in the 450–550 nm 
spectral region. Therefore, purple bacteria 
employ a variety of carotenoids that cover 
the blue-green spectral region and effectively 
transfer absorbed energy to BChls (Polívka 
and Frank  2010 ). In extreme cases, however, 
the carotenoids even become the major 
light-harvesting pigments as they outnumber 
chlorophylls in antenna proteins. 

 Such an example of a carotenoid-based 
light-harvesting antenna is the peridinin-
chlorophyll   a     protein (PCP) of dinofl agellates 
described a long time ago (Prezelin and 
Haxo  1976 ; Haxo et al.  1976 ; Song et al. 
 1976 ). While higher plants and eukaryotic 
algae typically utilize membrane-bound 
light-harvesting proteins (Green and Parson 
 2003 ), PCP is a water soluble antenna protein, 
located within the thylakoid lumen, containing 
only two pigments: Chl  a  and the carotenoid 
peridinin (Koka and Song  1977 ; Hofmann 
et al.  1996 ) (Figs.  3.1  and  3.2 ). It was shown 
nearly 40 years ago that PCP exhibits an 
unusual stoichiometric ratio of pigments, 
accommodating two Chl  a  molecules and 
eight peridinins, which effi ciently transfer 
energy to chlorophylls (Song et al.  1976 ). 
Interestingly, several dinofl agellate species 
host a PCP gene encoding only for half of the 

protein. It was postulated, that these small 
forms do form homodimers and are the 
ancestors of the larger forms, which are the 
result of a gene duplication event (Hofmann 
et al.  1996 ). Twenty years later, the structure 
of the main form of PCP (MFPCP) from the 
dinofl agellate  Amphidinium carterae  was 
determined to 2.0 Å (Hofmann et al.  1996 ). 
Recently, structures of other PCP constructs 
were refi ned to 1.5 Å (Schulte et al.  2009a ), 
making this light-harvesting complex ideal 
for studies of energy transfer. Another attrac-
tive advantage of working with the PCP 
complex is that it is amenable to mutation 
and reconstitution with different pigments 
(Miller et al.  2005 ; Schulte et al.  2010 ), 
which provides an opportunity to examine 
systematically the factors controlling the 
light-harvesting function of PCP.

       II. Peridinin-Chlorophyll Protein 
Complex of  Amphidinium carterae  

   A. Structure 

 One fundamental question on the PCP structure 
arose, as soon as the high pigment content 
(about 25 % w/w) was established. While in 

     Fig. 3.1.    Structure of peridinin and chlorophyll. Table 
shows the functional groups in positions R 1  and R 2  for 
various chlorophylls.       

  Fig. 3.2.    Absorption spectrum of native PCP ( thick 
solid line ) and its pigments, peridinin in methanol ( thin 
solid line ) and Chl  a  in acetone ( dotted line ). Spectra 
of PCP and peridinin are normalized to maximum, 
spectrum of Chl  a  is normalized to match the maxi-
mum of the Q y  band in PCP.       
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membrane-bound complexes hydrophobic 
pigments like chlorophylls and carotenoids 
can at least partially be embedded in the 
hydrophobic interface to the lipid bilayer, in 
water soluble complexes the protein has to 
completely encapsule the pigments to protect 
them from the solvent. In the FMO protein, 
this task is managed by formation of an 
amphipathic β-barrel-cage, enclosing seven 
bacteriochlorophyll molecules (Matthews 
et al.  1979 ; Tronrud et al.  2009 ). For PCPs, 
sequence analysis suggested a mainly 
α-helical structure, requiring a completely 
different protein organization. Indeed the 
structure of the MFPCP can be classifi ed as 
a new all-α fold (Fig.  3.3 ) (Hofmann et al. 
 1996 ). Making an analogy to a ship, the 
helices form the frames or ribs of the hull, 
with the pigments enclosed in the hold. 
Interestingly, in the structure of MFPCP, a 
pseudo-two-fold axis is present, relating the 
N-terminal with the C-terminal part of the 
protein, with a short unstructured linker 
connecting both (in the position of the keel 
of the boat). The two-fold axis is also found 
in the arrangement of the pigment molecules: 
Four peridinin molecules are clustered in van 

der Waals distance around a central chloro-
phyll molecule in each domain (Fig.  3.4 ). 
In addition, in each cluster one lipid molecule 
(digalactosyldiacylglycerol) is an integral 
part of the cofactor packing. While the same 
lipids are found in all PCP structures solved 
to date, they are not further considered in 

  Fig. 3.3.    Structure of MFPCP (PDB 1PPR, chain M). The protein is shown as  yellow  cartoon. The cofactors 
are shown as stick in  green  (Chl  a ),  orange  (peridinin) and  light-blue  (digalactosylglycerol). N- and C-termini 
are labelled.       

  Fig. 3.4.    The C-terminal pigment cluster (PDB 1PPR, 
chain M). The cofactors are shown as stick in  green  
(Chl  a ),  orange  (peridinin) and  light-blue  (digalac-
tosylglycerol). Peridinin molecules are labelled with 
their respective residue number.       
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this review, as they are spectroscopically 
silent and no data concerning their functional 
role are available yet. The interface between 
both domains is formed to a large extend by 
the head groups of intercalating pigments, 
making the interface partly polar and sug-
gesting an independent folding of both 
halves. This concept would be in agreement 
with the existence of small forms of PCPs in 
different algae, which consist of only half of 
the apoprotein and form homodimers 
(Schulte, unpublished). Taken together, these 
observations suggest a historic gene duplica-
tion event, leading to the large PCP forms. 
Interestingly, in several different crystal 
packings analyzed to date, MFPCP always is 
present as a non-crystallographic trimer 
(Fig.  3.5 ). It has been suggested on the basis 
of analytical ultracentrifugation data, that 
this form is also relevant for the  in vivo  
situation in the thylakoid lumen, where very 
high concentrations of PCP complexes are 
expected.

        B. Light-Harvesting Function 
of Peridinin-Chlorophyll Proteins 

 Precise positions and mutual orientations of 
the pigments obtained from the MFPCP 
structure provided an ideal platform for stud-
ies of energy transfer pathways within the 
complex. Fluorescence excitation experi-
ments demonstrated a long time ago that 
peridinins in PCP transfer energy to Chl  a  
with effi ciency approaching 100 % (Song 
et al.  1976 ). Yet, resolving subtle details con-
cerning the energy transfer pathways and the 
infl uence of the protein environment had to 
wait until the development of time-resolved 
spectroscopy. In the late 90s of the past century 
this technique achieved sub-100 fs time 
resolution in the spectral region extending from 
UV to NIR region. 

 The fi rst experiment addressing the 
excited- state lifetimes and energy transfer 
pathways in MFPCP was carried out by 
Bautista et al. ( 1999a ). These authors showed 

  Fig. 3.5.    The MFPCP trimer (PDB 1PPR). The protein is shown as  yellow  cartoon. The cofactors are shown as 
stick in  green  (Chl  a ),  orange  (peridinin) and  light-blue  (digalactosylglycerol).       

 

3 Structure-Function Relationship in Peridinin-Chlorophyll Proteins



44

that the  lifetime of the lowest peridinin 
excited state, S 1 , has a lifetime of 3.5 ps in 
MFPCP, while a markedly longer S 1  lifetime 
of 13.5 ps was obtained for peridinin in solu-
tion. This was a clear indication of an effi cient 
energy transfer pathway via the S 1  state of 
peridinin. By comparing the effi ciency of the 
S 1  route with total peridinin-to-Chl energy 
transfer effi ciency (88 %), it was concluded 
that the peridinin S 1  state is the major energy 
donor in MFPCP. However, this pioneering 
experiment also showed that properties of the 
peridinin S 1  state in solution deviate from 
those known for other carotenoids, because 
the peridinin S 1  lifetime strongly depends on 
solvent polarity (Bautista et al.  1999b ). 

 Since knowledge of the intrinsic (without 
energy transfer) S 1  lifetime of peridinin in 
MFPCP is crucial for determining the energy 
transfer effi ciency, a number of subsequent 
studies addressed the polarity dependence of 
the peridinin lifetime in solution (Bautista 
et al.  1999b ; Frank et al.  2000 ; Zigmantas 
et al.  2001 ,  2003 ; Papagiannakis et al.  2004 ). 
It was established that due to the conjugated 
carbonyl group of peridinin (Fig.  3.1 ), peri-
dinin has an intramolecular charge transfer 
(ICT) state whose coupling to the S 1  state 
causes the observed polarity-dependent S 1  
lifetime. Yet, the precise nature of the S 1 -ICT 
coupling remains unresolved. The coupling 
increases with polarity of the environment 
and can be quantifi ed by magnitude of the 
characteristic ICT-like bands in transient 
absorption spectra (Frank et al.  2000 ; 
Zigmantas et al.  2004 ). As these bands are 
also identifi ed in MFPCP (Zigmantas et al. 
 2002 ), it is obvious that the ICT state plays 
a role in peridinin-to-Chl energy transfer in 
MFPCP (Fig.  3.6 ).

   The peridinin ICT state was fi rst included 
in the analysis of energy transfer pathways 
by Krueger et al. ( 2001 ) who showed by 
global analysis that although the S 1  and ICT 
states of peridinin could be separated spec-
trally, they always exhibit identical dynamics. 
This lead to a notion of a strongly-coupled 
S 1 /ICT state (Zigmantas et al.  2001 ), playing 
the role of energy donor in MFPCP. While 

Krueger et al. ( 2001 ) focused exclusively on 
the visible region of transient absorption 
spectra, a follow-up study explored the 
near- IR region that provides information 
about peridinin ICT stimulated emission 
(Zigmantas et al.  2002 ). This was the deci-
sive experiment proving that the ICT state 
has an important role in peridinin-to-Chl 
energy transfer, because the decay of ICT- 
stimulated emission matches perfectly the 
rise of Chl  a  bleaching signal (Fig.  3.7 ).

   These studies provided basic information 
about energy transfer pathways and rates 
in MFPCP. The lifetime of the S 1 /ICT state 
in MFPCP is 2.7 ± 0.3 ps (Zigmantas et al. 
 2002 ; Krueger et al.  2001 ; Linden et al. 
 2004 ; Ilagan et al.  2006a ; van Stokkum 
et al.  2009 ), which is signifi cantly shorter 
than in any solvent (Bautista et al.  1999b ). 
Since the intrinsic peridinin lifetime in 

  Fig. 3.6.    ( a ) Transient absorption spectra of peridinin 
in polar (methanol) and non-polar (n-hexane) sol-
vent measured at 1 ps after excitation at 490 nm. ( b ) 
Transient absorption spectra of PCP after excitation 
of peridinin at 530 nm. Spectra are recorded at time 
delays corresponding to peridinin signal (0.5 ps) and 
Chl  a  signal (30 ps).       
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MFPCP is not known, it had to be calculated 
using the overall energy transfer effi ciency 
of ~88 % obtained from fl uorescence excita-
tion experiments (Bautista et al.  1999a ). 
Based on experimental evidence that the S 2  
route accounts for 25–50 % of total energy 
transfer (Krueger et al.  2001 ; Zigmantas 
et al.  2002 ; Linden et al.  2004 ), the S 1 /ICT 
lifetime of peridinin yields 15–20 ps, catego-
rizing the protein environment of peridinins 
in MFPCP to be of moderate polarity. 

 Further insight into energy transfer pro-
cesses in MFPCP was provided by time- 
resolved studies of peridinin and MFPCP in the 
mid-IR spectral region that follows dynamics 
of specifi c vibrational modes (van Tassle 
et al.  2007 ; Bonetti et al.  2010 ). Contrary to 
data from the VIS/NIR regions, focusing on 
dynamics of C–C, C═C and C═O vibrations 
between 1,000 and 1,800 cm −1  suggests that 
it is indeed possible to separate S 1  and ICT 
dynamics of peridinin both in solution (van 
Tassle et al.  2007 ; Bonetti et al.  2010 ) and in 
MFPCP (Bonetti et al.  2010 ). Global analysis 
of mid-IR data favors the ICT state as main 
energy donor while the role of the S 1  state in 
energy transfer is only marginal (Bonetti et al. 
 2010 ). In addition, selectivity of the mid-IR 
data allowed separating contributions from 
individual peridinins for the fi rst time. 
Contrary to the VIS/NIR data, which treated 
all four peridinins equally, analysis of mid-
IR transient spectra identifi ed Per611/621 

and/or Per613/623 as those carrying the ICT 
state and are consequently the main energy 
donors, while Per612/622 andPer614/624 are 
the locations of the S 1  and the triplet state, 
respectively. 

 It should be also noted that the effi ciency 
of the S 2  channel remains an open question. 
Krueger et al. ( 2001 ) estimated the effi ciency 
of the S 2  pathway to be 25–50 % based on 
global analysis of transient absorption data, 
while a lower limit of 25 % was obtained 
from analysis of the Chl  a  kinetics at 670 nm 
(Zigmantas et al.  2002 ). Later, fl uorescence 
up-conversion experiments on peridinin in 
methanol and in MFPCP yielded S 2  lifetimes 
of 130 and 66 fs, respectively, resulting in 
~50 % effi ciency of the S 2  pathway (Linden 
et al.  2004 ). This fl uctuation of values dem-
onstrates the complications in determining 
the effi ciency of the S2 channel, which – 
based on calculations – was not predicted to 
exist (Damjanovic et al.  2000 ). Moreover, 
later experiments showed that even the S 2  
state has a charge-transfer character 
(Premvardhan et al.  2005 ), putting the same 
constraints on the S 2  state as on the S 1  state. 

 In addition to the picosecond kinetics of 
singlet-singlet energy transfer, the photo-
protective function of peridinin is achieved 
via effi cient triplet-triplet energy transfer 
from Chl  a  to peridinin. Peridinin triplet 
states were characterized in detail by EPR/
ENDOR spectroscopies that assigned Per 
614/624 as the one involved in quenching 
Chl  a  triplet (di Valentin et al.  2008a ,  b ; 
Niklas et al.  2007 ), in agreement with the 
assignment based on mid-IR transient 
absorption spectra (Bonetti et al.  2010 ). 
Dynamics of triplet- triplet transfer is, how-
ever, likely more complicated than singlet 
energy transfer. Two distinct peridinin triplet 
populations were identifi ed decaying with a 
lifetime of 13 μs and 42 μs, respectively 
(Alexandre et al.  2007 ; Bonetti et al.  2009 ). 
Moreover, simultaneous presence of peri-
dinin and Chl  a  signals during triplet decay 
suggests excitonic interaction leading to a 
delocalization of triplet state over Per614/624 
and Chl  a . This interaction was hypothesized 

  Fig. 3.7.    Kinetics of PCP at 630, 672 and 950 nm. 
Rise of Chl  a  signal at 672 nm matches the decay of 
the ICT state at 950 nm.       
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to lower the energy of the peridinin triplet, 
thereby facilitating effi cient quenching of 
the Chl  a  triplet (Alexandre et al.  2007 ). 

 The large amount of data collected during 
the past decade led to the energy transfer 
scheme depicted in Fig.  3.8 . It is beyond 
doubt that the main channel is the S 1 /ICT 
state, but the exact role of the ICT state 
remains to be elucidated. Bonetti et al. 
( 2010 ) suggested that the ICT state acts as 
the sole energy donor. However, a problem 
with such a mechanism is that the ICT 
emission indicates an energy level too low 
to transfer energy to the Q y  band of Chl  a . 
An alternative hypothesis by Zigmantas et al. 
( 2002 ) assumes the ICT-S 1  coupling to be 
the crucial factor; via this coupling the ICT 
state increases the transition dipole moment 
of the S 1 /ICT state. Thus, the S 1  state is still 
the energy donor, while the ICT coupling 
enhances energy transfer rate of the Förster- 
type energy transfer mechanism. It must be 
noted that besides increasing energy transfer 

effi ciency there is another important function 
of the ICT state. Comparing a number of 
carotenoids with a conjugated carbonyl group, 
which is important for activating the ICT 
state, with their non-carbonyl counterparts, 
showed that presence of the conjugated C═O 
group decreases the energy gap between S 2  
and S 1 /ICT states. This allows for effective 
capture of green light by moving the absorp-
tion spectrum of the S 2  state of peridinin to 
lower energies while keeping the S 1 /ICT state 
high enough to enable effi cient energy transfer 
to Chl  a  (Zigmantas et al.  2004 ; Polívka et al. 
 2007a ,  b ). MFPCP therefore represents an 
example of a system where energy transfer 
pathways and their effi ciencies are fi nely 
tuned, not only by the protein scaffold 
ensuring a proper orientation of donor and 
acceptor molecules, but also by adjusting the 
polarity of the local environment.

       III. Peridinin-Chlorophyll Protein 
Reconstituted with Different 
Chlorophylls 

 While the atomic structure of native MFPCP 
provided a basis for the understanding of its 
light-harvesting function, the complicated 
nature of peridinin excited-state dynamics 
prevented determining the precise mecha-
nisms of energy transfer. Theoretical studies 
based on the MFPCP structure suggested 
that the Coulomb coupling (Förster-type 
mechanism) facilitates the energy transfer 
via the S 1 /ICT state (Damjanovic et al.  2000 ). 
The same study, however, did not predict the 
transfer rates measured for the S 2  route. Even 
the Förster excitation transfer mechanism 
suggested for the S 1 /ICT transfer was later 
challenged due to the low energy of the ICT 
state, hypothesized to be the main energy 
donor (Papagiannakis et al.  2006 ). 

 One successful approach to resolve issues 
concerning the energy transfer mechanism is 
pigment exchange (Herek et al.  2000 ), which 
alters certain parameters in equations for 
calculation of energy transfer rates, providing 

  Fig. 3.8.    Scheme of energy levels and energy transfer 
pathways between peridinin and Chl  a  in the MFPCP 
complex. Intramolecular relaxation processes are 
denoted by  wavy arrows , while the  dashed arrow  rep-
resents the long-lived Chl  a  fl uorescence.  Solid arrows  
represent main energy transfer channels. The  dotted 
arrows  represent possible minor energy transfer chan-
nel involving higher vibrational levels of the S 1 /ICT 
state. Excitation is shown as a  double arrow . All pro-
cesses are labeled by the corresponding time constant.       
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the structural changes induced by the 
 pigment exchange are known. The PCP 
complex provides an ideal opportunity to 
systematically examine the factors control-
ling energy transfer, because it is amenable 
to reconstitution with different chlorophylls. 
In 2005, Miller et al. demonstrated success-
ful reconstitution of PCP with fi ve different 
chlorophylls (Fig.  3.1 ) while maintaining 
the functionality of the reconstituted PCP 
complexes. Absorption spectra of these com-
plexes shown in Fig.  3.9  demonstrate how 
reconstitution tunes the energy of the acceptor 
state in PCP.

     A. Structure of Reconstituted 
Peridinin-Chlorophyll Proteins 

 To demonstrate the full integrity of these 
reconstituted complexes, consisting of a con-
struct of the N-terminal domain of MFPCP 

(denoted refolded PCP, RFPCP), their atomic 
structure was determined by Schulte and 
coworkers (Schulte et al.  2009a ). For the 
fi rst time, an  in vitro  refolded caroteno- 
chlorophyll-protein complex was resolved at 
atomic resolution, thereby ultimately proving 
the successful reconstruction of the protein 
scaffold. The structure of RFPCP superposes 
perfectly with the N-terminal part of the 
MFPCP structure, thereby underlining the 
existence of a minimal building block of 
about 150 aminoacids, one chlorophyll and 
four carotenoids (Fig.  3.10 ). The protein 
forms crystallographic homodimers, which 
again superpose nicely with the pseudo-
dimer in MFPCP. This truncated MFPCP 
version therefore mimics the small PCP 
forms observed in other dinofl agellates men-
tioned above. As the interface in the RFPCP 
homodimer is identical to the domain interface 
in the MFPCP structure, truly monomeric 
RFPCP is not expected to exist in solution. 
Therefore the term PCP monomer is frequently 
used for both MFPCP (with two domains 
covalently linked) or the small-form PCP 
homodimers (not covalently linked), thereby 
referring to a holoprotein with two domains 
harbouring two separate pigment clusters. 
Trimerization of the RFPCP homodimers is 
not observed either in crystals or in solution, 
suggesting an evolutionary adaptation of the 
MFPCP in the ‘deck’ -region (of the previ-
ously used PCP ship analogy) to optimize the 
trimer interfaces.

   In addition, structures of chlorophyll- 
substituted complexes were solved at resolu-
tions beyond 2 Å (Schulte et al.  2010 ). While 
Chl  b  and Chl  d  replace Chl  a  in an almost 
identical position, BChl  a  is found in a 
slightly shifted orientation with an overall 
RMSD of 0.5 Å for the macrocycle.  

   B. Tuning Energy Transfer 
Rate by Reconstitution 

 Time-resolved experiments on reconstituted 
PCP complexes revealed how reconstitution 
affects the dynamics of energy transfer from 

  Fig. 3.9.    Absorption spectra of ( a ) PCP complexes 
reconstituted with different Chl species, and ( b ) PCP 
complexes with mixed Chl sites.       
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peridinin to Chl (Polívka et al.  2005 ). All 
reconstituted complexes were excited at 
535 nm where only peridinin absorbs. Energy 
transfer dynamics monitored either as rise of 
Chl bleaching or as decay of the ICT emission 
in near-IR, are depicted in Fig.  3.11 . It is 
evident that with increasing energy of the 
acceptor state (Chl Q y  band) the S 1 /ICT 
lifetime increases, indicating decrease of 
energy transfer effi ciency. The S 1 /ICT life-
times for different chlorophylls are 5.9 ps 
(Chl  b ), 2.9 ps (Chl  a ), 2.2 ps (acetyl Chl  a ), 
1.7 ps (Chl  d ) and 0.5 ps (BChl  a ). Providing 
that the intrinsic peridinin lifetime is the 
same in all RFPCP complexes, these life-
times yield energy transfer times of 9.4 ps 
(Chl  b ), 3.5 ps (Chl  a ), 2.5 ps (acetyl Chl  a ), 
1.9 ps (Chl  d ) and 0.5 ps (Bchl- a ).

   It is interesting to compare these values 
with the native MFPCP complex. First of all, 
it is obvious that RFPCP reconstituted with 
its native pigment, Chl  a , fully maintains its 
light-harvesting function as the energy trans-
fer rate changed only marginally from 3.2 ps 
in native MFPCP to 3.5 ps in RFPCP recon-
stituted with Chl  a . It may be surprising, 
however, that RFPCP reconstituted with 

Chls having their Q y  band at lower energy 
than Chl  a , perform even better than native 
PCP. This feature was further confi rmed by 
measurements of total energy transfer effi -
ciency using fl uorescence excitation spectra 
(Ilagan et al.  2006b ). Overall effi ciency 
increases from ~80 % in RFPCP with Chl  b  
to nearly 100 % when RFPCP is reconsti-
tuted with the ‘reddest’ (longest wavelengths) 
pigment, BChl  a . A comparison of the S 1 /
ICT transfer effi ciency with the total energy 
transfer effi ciency clearly indicates that the 
S 2  route must be also dependent on the 
acceptor pigment. Indeed, the analysis of Chl 
kinetics (Fig.  3.11 ) indicates that the effi -
ciency of the S 2  pathway exhibits a reverse 
dependence to the S 1 /ICT route: the S 2  
efficiency is highest for Chl  b  (45 %) and 
it decreases to less than 30 % for Chl  d  
(Polívka et al.  2005 ). 

 The dependence of energy transfer rates 
via the S 1 /ICT state on the type of acceptor 
Chl obtained from experiment were compared 
with the expected dependence of a Förster-
type energy transfer mechanism operating for 
this route. Calculations were carried out under 
the assumption that distance and mutual 

  Fig. 3.10.    Structure of RFPCP (PDB 3IIS). The protein is shown as  yellow  cartoon. The cofactors are shown 
as stick in  green  (chlorophyll),  orange  (peridinin) and  light-blue  (digalactosylglycerol). N- and C-terminus are 
labeled. Shown in  gray  is the crystallographic neighboring molecule forming the biological homodimeric unit.       
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orientation of donor and acceptor are the 
same in all reconstituted complexes, which is 
justifi ed by the structures described in the pre-
vious section. In this case, the governing 
parameter is the spectral overlap between 
peridinin S 1 /ICT emission, known from 
steady-state fl uorescence in solution (Bautista 
et al.  1999b ), and Q y  absorption band of 
chlorophylls. If  different transition dipole 
moments of the acceptor chlorophylls are 
taken into account, the trend observed in the 
experiments is well reproduced in calcula-
tions, supporting the notion that energy 
transfer between peridinin and Chl in PCPs 
proceeds via the Förster mechanism (Polívka 
et al.  2005 ). It should be noted, however, that 
in its original form the Förster-mechanism 
energy transfer only considers dipole-dipole 
interaction (   Förster  1948 ), while it is now 
established that full Coulombic coupling is 

necessary to reproduce energy transfer 
rates involving the S 1  state of carotenoids 
(Damjanovic et al.  2000 ; Scholes  2003 ). 

 Thus, the calculations confi rm the observed 
trend, indicating that for chlorophylls with a 
Q y  band lower in energy than Chl  a , the energy 
transfer is even more effi cient than for the 
native MFPCP complex. Though this may 
seem surprising, the broad and featureless S 1 /
ICT emission of peridinin peaking in the 700–
740 nm region (   Bautista et al.  1999b ) must 
favour chlorophylls having their Q y  band 
above 700 nm, which precisely matches the 
experimental data (Polívka et al.  2005 ). For 
the S 2 -mediated energy transfer, the opposite 
trend is likely caused by the variation of over-
lap between S 2  emission and Q x  absorption 
that increases with shifting the Q x  band to 
higher energy. Thus, the S 1 /ICT-mediated 
energy transfer contribution is smallest to Chl 
 b  compared to other chlorophylls with lower 
energy Q x  and Q y , but this is at least partially 
compensated by an increased effi ciency of the 
S 2  pathway in energy transfer to Chl  b . 

 Reconstitution of RFPCP with different 
chlorophylls also enabled to study energy 
transfer between the two Chl  a  molecules 
located in separate domains of the RFPCP 
homodimer. In native PCP these Chl  a  
molecules have slightly different energies 
(Krikunova et al.  2006 ; Wormke et al.  2007 ). 
Fluorescence anisotropy decay measure-
ments that monitor Chl-Chl energy transfer 
within the MFPCP monomer revealed a time 
constant of 6 ps (Kleima et al.  2000a ). 
Essentially the same time constant was 
obtained from transient absorption data 
recorded at low temperature (Ilagan et al. 
 2004 ; Ilagan et al.  2006a ). Interestingly, a 
large difference between energies of two Chl 
 a  molecules in PCP was revealed in a new 
PCP form, the so-called high-salt PCP 
(HSPCP, see below) that exhibits a clear split-
ting of the Q y  bands of Chls  a  at low tempera-
ture (Ilagan et al.  2004 ,  2006a ). Accordingly   , 
Chl-Chl energy transfer was slower in 
HSPCP, yielding 23 ps (Ilagan et al.  2006a ). 

 Successful reconstitution of RFPCP with 
chlorophyll mixtures produces a signifi cant 

  Fig. 3.11.    ( a ) Rise of Chl signal in PCP complexes 
reconstituted with different Chl species after excita-
tion of peridinin at 530 nm. ( b ) Kinetics of PCP com-
plex with Chl sites occupied by Chl  a  and BChl  a  after 
excitation of Chl  a  at 670 nm. Kinetic at 672 moni-
tors decay of Chl  a  while the kinetic at 790 nm refl ects 
arrival of excitation energy at Bchl  a .       
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fraction of RFPCP dimers with mixed chlo-
rophyll sites (Miller et al.  2005 ). This feature 
leads to more detailed exploration of inter- 
domain Chl-Chl energy transfer. The exis-
tence of RFPCP dimers with mixed Chl sites 
was also confi rmed by single molecule spec-
troscopy (Brotosudarmo et al.  2006 ; Wormke 
et al.  2007 ,  2008 ). Absorption spectra of two 
such complexes, containing either Chl  b /Chl  d  
pairs or Chl  a /Bchl- a  pairs within a single 
RFPCP homodimer, are shown in Fig.  3.9b . 
Since the Q y  bands of chlorophylls are well 
separated, selective excitation of the higher- 
lying chlorophyll enables monitoring the 
Chl-Chl energy transfer rate (Polívka et al. 
 2008 ). The resulting energy transfer times 
are 40 ± 5 and 59 ± 3 ps for Chl  b /Chl  d  pair 
and Chl  a /BChl  a  pair, respectively. Modeling 
the energy transfer rates in reconstituted and 
native PCPs yields values in very good 
agreement with experimental data (Kleima 
et al.  2000a ; Ilagan et al.  2006a ; Polívka 
et al.  2008 ), confi rming that the inter-domain 
Chl-Chl energy transfer proceeds via the 
Förster mechanism.   

   IV. Single-Point Mutation 
of Peridinin- Chlorophyll Protein 

 While the reconstituted PCP complexes 
provide information about the effect of dif-
ferent pigments on the function of PCP, 
they do not reveal anything concerning the 
role of the protein in tuning the spectroscopic 
properties of PCP. It has been known for a 
long time that absorption bands of individual 
peridinins in PCP can be separated in low 
temperature absorption and CD spectra. 
Analysis of the second derivative of a MFPCP 
absorption spectrum together with CD, linear 
dichroism (LD) and triplet-minus- singlet 
spectra at 4 K (Kleima et al.  2000b ) provided 
evidence for at least three spectrally distinct 
peridinins with lowest absorption bands at 
520, 537 and 555 nm. Additionally, a blue 
peridinin with a peak wavelength at 485 nm 

was found in CD and absorption spectra at 
20 K (Carbonera et al.  1999 ). Following 
the pigment notation used in the MFPCP 
structure, it is now established that the peri-
dinin with blue-shifted absorption spectrum 
is Per612/622 (Ilagan et al.  2004 ,  2006a ) 
while the reddest peridinin is assigned to 
Per614/624 (Carbonera et al.  1999 ; Alexandre 
et al.  2007 ; van Stokkum et al.  2009 ; Schulte 
et al.  2009a ). 

 Such clear distinction of absorption 
spectra of the four peridinins in a single 
PCP domain contrasts with the inability to 
separate energy transfer channels of individ-
ual peridinins. With the exception of mid-IR 
transient absorption experiment, which sug-
gests distinct energy transfer channels 
associated with Per621/611 and Per623/613 
Bonetti et al. ( 2010 ), no evidence for differ-
ent energy transfer rates of individual peridi-
nins has been found. Moreover, experiments 
using different excitation wavelengths 
spanning the region from 475 to 535 nm 
(Krueger et al.  2001 ; Zigmantas et al.  2002 ; 
Linden et al.  2004 ; Ilagan et al.  2006a ; van 
Stokkum et al.  2009 ; Schulte et al.  2009a ) 
did not fi nd any signifi cant difference in 
energy transfer dynamics. 

   A. Structure of the N89L Mutant 

 The large collection of results described 
above suggests that PCP represents a robust 
system, in which energy transfer effi ciency 
is not sensitive to the spectral properties of 
individual peridinins. To test this hypothesis, 
Schulte et al. ( 2009a ) performed site-directed 
mutagenesis on the RFPCP apo-protein, 
changing asparagine-89, which is located 
close to Per-614, to leucine. This modifi ed 
protein (N89L) was refolded in the presence 
of peridinin and Chl  a , and its structure was 
solved at 1.45 Å resolution (Schulte et al. 
 2009a ). Not surprisingly, the protein scaffold 
remained unchanged, and also the pigments 
in the vicinity of the mutation were not 
changed in position or conformation within 
the experimental errors.  
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   B. Spectroscopic Properties 
of the N89L Mutant 

 In contrast to the observed structural conser-
vation of the N89L mutant, the absorption 
spectrum measured at 10 K, which is compared 
to that of wild type RFPCP (in Fig.  3.12a ), 
exhibits dramatic changes. Whereas spectral 
features assigned to Chl  a , Q y  band at 672 nm 
and Soret band at 435 nm remain unchanged, 
the ‘reddest’ (longest wavelength) part of the 
peridinin absorption is missing in the N89L 
mutant. Fitting the N89L absorption spectrum 
as a sum of absorption spectra of individual 
peridinins revealed that the change can be 
reproduced by a ~24 nm blue shift of the red-
dest peridinin, Per614 (Schulte et al.  2009a ).

   Transient absorption spectroscopy of the 
N89L mutant confi rmed the robustness of 
PCP as a light-harvesting antenna. It exhibits 
essentially the same energy transfer dynamics 

as wild type RFPCP (Schulte et al.  2009a ). 
Following the conclusions of Bonetti et al. 
( 2010 ), this observation could be explained 
by postulating that Per614 is only marginally 
involved in singlet energy transfer and its 
major role is to quench Chl  a  triplet state. 
If this were true, however, it would be hard to 
reconcile how Per614, which is expected to 
have the strongest interaction with Chl  a  
(Carbonera et al.  1999 ; Damjanovic et al. 
 2000 ; Niklas et al.  2007 ), could be prevented 
from being an effi cient energy donor. 
In addition, fl uorescence excitation spectra 
show that the ‘reddest’ peridinin in native 
PCP transfers energy with high effi ciency, 
directly confi rming that Per614 must be an 
effi cient energy donor. Thus, the high energy 
transfer effi ciency of Per614 is rather the 
result of the broad and featureless peridinin 
emission (Bautista et al.  1999b ), which 
implies that changes in spectral overlap 
will have minor consequences on energy 
transfer effi ciency. Moreover, the major 
energy transfer route is via the S 1 /ICT state, 
whose energy is much less sensitive to local 
environment than the energy of S 2 . Thus, 
even though the S 2  state of Per614 is shifted 
by 24 nm, the S 1 /ICT energy may remain the 
same, providing the basis for the identical 
energy transfer rates observed in N89L and 
native RFPCP. 

 Transient absorption spectra of the N89L 
mutant also resolved the long discussed issue 
of peridinin response to Chl  a  excitation. It is 
known that even after Chl  a  excitation, there 
is a clear bleaching signal in the spectral 
region of peridinin absorption (Krueger et al. 
 2001 ; Polívka et al.  2005 ; van Stokkum 
et al.  2009 ). The origin of this signal was 
suggested to be either due to excitonic 
interaction or electrochromic response of 
peridinin (van Stokkum et al.  2009 ). Low 
temperature transient absorption spectra of 
the N89L mutant showed that the bleaching 
signal was blue-shifted as compared to native 
RFPCP, unequivocally identify Per614 as the 
source of the signal (Schulte et al.  2009a ). 
Moreover, analysis of the second derivative 

  Fig. 3.12.    ( a ) Absorption spectra of wild type RFPCP 
and N89L mutant measured at 10 K. ( b ) Comparison 
of absorption spectra of MFPCP and HSPCP at 10 K 
and at room temperature ( inset ).       
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spectra demonstrated that the bleaching signal 
is consistent with an electrochromic shift of 
Per614 caused by the nearby Chl  a .   

   V. High-Salt Peridinin-Chlorophyll 
Protein 

 Besides the MFPCP, a naturally- occurring 
variant was described in 1996 (Sharples et al. 
 1996 ). This form eluted at higher salt concen-
trations than MFPCP during ion-exchange 
chromatography and represented only about 
2 % of the PCP fraction. Accordingly, it was 
denoted high- salt PCP (HSPCP). 

 The structure of HSPCP was solved at a 
resolution of 2.1 Å (Schulte et al.  2009b ). 
This structure revealed a scaffold very 
similar to MFPCP with an RMSD of 1.89 Å 
for 286 Cα-atoms (Fig.  3.13 ). Major differ-
ences are only observed in the ‘deck’-region 
(of the previously used PCP ship analogy) 
involved in trimer contacts in the MFPCP. 
Indeed HSPCP is found as a monomeric 
protein in the crystals. In contrast to the 
rather conserved protein moiety, the pigment 
arrangement shows some remarkable changes. 
Most notably, Per612 and Per622 from 

MFPCP are missing in HSPCP. As these two 
peridinins are traversing the ‘deck’-region in 
MFPCP, their removal also contributes to the 
structural changes observed in the HSPCP 
variant. The remaining peridinins are found 
in almost identical positions as in MFPCP. 
However, a dramatic rearrangement is observed 
for the two chlorophyll molecules. While the 
tetrapyrrole macrocycle remains in a similar 
position as in MFPCP, the phytol chains are 
folded back into the interdomain interface.

   Absorption spectra of HSPCP do not 
signifi cantly differ from those of MFPCP at 
room temperature, except for a decrease of 
the peridinin absorption band due to missing 
Per612/622 (Fig.  3.12b ). When cooled down 
to 10 K, however, it is obvious that the miss-
ing peridinin contributes mainly to the blue 
part of overall peridinin absorption. Another 
interesting difference between MFPCP and 
HSPCP complexes is a splitting of the Chl  a  
Q y  band at low temperature in the HSPCP 
complex (Ilagan et al.  2004 ). Whereas the 
MFPCP complex exhibits only one unre-
solved Q y  band signaling similar spectral 
properties of the two Chl  a  molecules, in 
HSPCP the Q y  band splits into two upon 
cooling to 10 K (Fig.  3.12b ). This splitting is 

  Fig. 3.13.    Structure of HSPCP (PDB 2C9E). The protein is shown as  yellow  cartoon. The cofactors are shown 
as stick in  green  (chlorophyll),  orange  (peridinin) and  light-blue  (digalactosylglycerol). N- and C-terminus are 
labeled.       
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a result of heterogeneity of chlorophyll 
binding within the two HSPCP domains 
(Fig.  3.14 ). The phytol carbonyl group is 
hydrogen bonded by Q297 only in the 
C-terminal binding niche, resulting in out 
of plane deformation of ring D of the tetra-
pyrrole macrocycle. In comparison, the 
chlorophyll in the N-terminal binding 
pocket retains a more planar conformation. 
Preliminary MNDO-PSCDI calculations 
confi rmed that this deformation can explain 
the observed band split for HSPCP (R. Birge, 
personal communications 2008). Another 
factor contributing to the observed split 
might be different electrostatic interactions 
within the two binding pockets, possibly 
induced by two surface exposed positively 
charged amino acid residues (R113 in the 
N-terminal domain, K284 in the C-terminal 
domain) which have been suggested by 
MNDO- PSCDI calculations (Ilagan et al. 
 2006a ). While this result has been controver-
sially discussed (Schulte et al.  2009b ), a full 
understanding of the protein effects clearly 
requires new calculations, including the 
complete chromophores, more of the residues 
lining the binding pocket, and the inclusion 
of counterions at the protein surface.

   Transient absorption spectra recorded 
after excitation of peridinin in HSPCP 

demonstrate the robustness of PCP. Despite 
some changes in spectral bands, dynamics of 
peridinin- to-Chl  a  energy transfer in HSPCP 
is very similar to that in the main form PCP 
(Ilagan et al.  2006a ). The S 1 /ICT lifetime is 
~3 ps in HSPCP, which is slightly slower than 
~2.7 ps obtained from various experiments 
on PCP, but this difference has essentially no 
effect on overall energy transfer effi ciency 
(Ilagan et al.  2006a ). Low temperature time-
resolved experiments on HSPCP revealed 
another interesting feature of PCP. Contrary 
to all other light-harvesting complexes 
studied so far, energy transfer via the S 1 /ICT 
route is faster at low temperature. At 10 K, 
the S 1 /ICT lifetime of peridinin in HSPCP is 
1.9 ps, thus markedly shorter than 3 ps at 
room temperature (Ilagan et al.  2006a ). The 
same trend was also observed in native 
RFPCP and the N89L mutant (Schulte et al. 
 2009a ), indicating that it is a common fea-
ture of PCP complexes. The origin of this 
anomalous energy transfer rate – tempera-
ture dependence has not been credibly 
explained so far, but it is likely that it is 
related to the temperature dependence of 
S 1 - ICT coupling in peridinin. Comparison of 
transient absorption data taken for peridinin 
in 2-MTHF solution at 273 K and 77 K 
showed that ICT-like features are signifi -
cantly enhanced at 77 K (Ilagan et al.  2006a ). 
This suggests that the effect of the ICT state 
increases with decreasing temperature, 
which may be the reason for the increased 
energy transfer rate via the S 1 /ICT state at 
low temperature.  

   VI. Connection to Reaction 
Center: Intrinsic LHC 
of  Amphidinium carterae  

 While a vast amount of spectroscopic, structural 
and theoretical data collected for PCP com-
plexes during the past decade provided deep 
insight into light-harvesting function of PCP, 
much less is known about energy transfer 
from PCP to the reaction center. It has 

  Fig. 3.14.    Chlorophyll binding in HSPCP (PDB 
2C9E). Superposed are the C- and N-terminally 
located chlorophyll molecules ( green  and  gray  sticks, 
respectively). Also shown and labelled are two residues 
of the C-terminal binding pocket in  yellow  sticks. Two 
hydrogen bonds are show as  dashed lines  together with 
distances in Å.       
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been postulated, that energy transfer might 
proceed via the major membrane bound 
light-harvesting complex LHC (Mimuro et al. 
 1990 ). This complex is a member of the CAB 
(chlorophyll  a / b  binding) family of light- 
harvesting proteins also present in higher 
plants (Hiller et al.  1993 ) (see also Chap.   2     for 
related light harvesting complexes in diatoms). 
Based on sequence comparison and pigment 
analysis, a similar structure to the LHCII 
from pea or spinach is to be expected 
(Hiller et al.  1995 ), though LHC binds Chl 
 c  2  instead of Chl  b . This replacement is 
probably accommodated by a rearrangement 
of the structural scaffold in the membrane 
due to the missing phytol moiety. Indeed, 
while LHC from  Amphidinium  could be 
crystallized in our laboratory (EH), structure 
solution using the higher plant LHCII 
models as templates failed so far, possibly 
indicating a larger structural difference to 
 Amphidinium  LHC. 

 Theoretical calculations based on a 
homology model of LHC trimers together 
with the atomic structure of MFPCP trimers 
indicate an effi cient energy transfer by 
Förster transfer with a slight orientation 
dependency (Hofmann  1999 ). Based on this 
fi nding a biophysical interaction between 
both proteins has been postulated, but so far 
no biochemical evidence could be presented 
to substantiate this. The rather restricted 
space in the thylakoid lumen is likely to posi-
tion PCP complexes in rather close vicinity 
of the membrane, thereby alleviating the need 
for specifi c interaction. Another puzzling 
factor, possibly connected to the interaction 
with the membrane, is the heterogeneity of 
PCP complexes within a single algal species. 
Usually different isoforms are observed 
(Haxo et al.  1976 ), but the coexistence of 
different forms (i.e. HSPCP and MFPCP in 
 Amphidinium ), and even of small and large 
PCP forms has also been reported (Govind 
et al.  1990 ). As the relative ratio seems to 
be variable, the forms might represent a 
means to control energy fl ow into the photo-
synthetic system. 

 The only study (but see Note Added in 
Proof) of energy transfer pathways within 
LHC (Polívka et al.  2006 ) demonstrated that 
nearly 90 % of energy absorbed by peridinins 
in the 520–550 nm region is transferred to 
Chl. Energy transfer from peridinin proceeds 
via both S 2  and S 1 /ICT states. Surprisingly, 
despite LHC having no structural similarity 
with PCP, energy transfer effi ciencies and 
energy transfer rates from both S 2  and S 1 /ICT 
states are strikingly similar in these two sys-
tems (Polívka et al.  2006 ). The decrease in 
energy transfer effi ciency below 525 nm is 
due to light absorption by another carotenoid, 
diadinoxanthin. This carotenoid contributes 
only marginally to energy transfer and is 
likely to have a role in photoprotection. On 
the other hand, nearly 100 % effi cient energy 
transfer occurs between Chl  c  2  and Chl  a  
within the LHC. The time constant character-
izing the Chl  c   2   to Chl  a  energy transfer is 
1.4 ps. Carotenoids in the  Amphidinium  LHC 
also quench Chl  a  triplet states via triplet-
triplet energy transfer and at least two differ-
ent carotenoid triplets were found after 
excitation of Chl  a  (Di Valentin et al.  2010 ). 
It should be noted that comparable energy 
transfer patterns were also observed in a pro-
tein closely related to the  Amphidinium  LHC, 
the fucoxanthin- chlorophyll protein (FCP) 
(see Chap.   4    ) of  Cyclotella meneghiniana , 
which binds the carotenoid fucoxanthin 
instead of peridinin (Papagiannakis et al. 
 2005 ; Gildenhoff et al.  2010 ).  

   VII. Mimicking Peridinin-Chlorophyll 
Protein Function 

 The specifi c spectroscopic properties of 
peridinin in PCP have also become the 
inspiration for syntheses of supramolecular 
complexes mimicking PCP antenna function. 
From the point of view of potential applica-
tion in artifi cial photosynthesis, the most 
attractive properties of carbonyl carotenoids 
are: (1) shrinking the S 2 –S 1  energy gap, leading 
to extension of the absorption spectrum 
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beyond 550 nm while keeping the S 1  state 
high enough in energy to transfer energy 
effi ciently to the Q y  band of porphyrin- like 
acceptors, and (2) their behavior offers a 
possibility for tuning excited state properties by 
changing the solvent polarity. The successful 
synthesis of carotenoid-pyropheophorbide 
dyads utilizing carbonyl carotenoids peridinin 
and fucoxanthin was achieved more than a 
decade ago (Shinoda et al.  1995 ; Osuka and 
Kume  1998 ). In both systems, energy transfer 
from carotenoid to pyropheophorbide was 
demonstrated by measurements of fl uorescence 
excitation spectra (Osuka and Kume  1998 ; 
Osuka et al.  1999 ). In addition, it was shown 
that both fucoxanthin and peridinin are able 
to quench triplet states of the attached 
pyropheophorbide (Osuka et al.  1999 ) 
mimicking the photoprotective function of 
carotenoids in natural systems. 

 Time-resolved spectroscopy on peridinin- 
and fucoxanthin-pyropheophorbide dyads in 
solvents with different polarity confi rmed 
energy transfer between carotenoid and 
pyropheophorbide, but also showed that 
energy transfer effi ciency can be tuned by 
solvent polarity (Polívka et al.  2007b ). For 
the dyad containing peridinin, energy trans-
fer effi ciency decreased from 80 % in ben-
zene to 69 % in tetrahydrofuran and further to 
22 % in acetonitrile. Lower effi ciencies were 
observed when fucoxanthin was used as the 
energy donor; the highest effi ciency in ben-
zene was 27 %, dropping to 19 % in tetra-
hydrofuran and 13 % in acetonitrile (Polívka 
et al.  2007b ). The polarity- dependent energy 
transfer effi ciency was caused by competi-
tion of energy transfer between the S 1 /ICT 
and the intrinsic S 1 /ICT lifetime which 
decreases with increasing solvent polarity 
(Frank et al.  2000 ; Zigmantas et al.  2004 ). 
Yet, the energy transfer was faster in a sol-
vent with higher polarity, as energy transfer 
time decreased from 44 ps in benzene to 
31 ps in acetonitrile. These energy transfer 
times are still an order of magnitude slower 
than peridinin- chlorophyll energy transfer in 
PCP, demonstrating the optimal arrange-

ments of pigments in PCP complex. In the 
synthetic dyad containing fucoxanthin the 
energy transfer times are even slower, yield-
ing values of ~200 ps (Polívka et al.  2007b ). 
However, as shown for a series of 
fucoxanthin- pyropheophorbide dyads the 
actual energy transfer effi ciency depends 
on where fucoxanthin is attached to 
pyropheophorbide, indicating that proper 
orientation of the molecules in the dyad may 
increase energy transfer effi ciency substan-
tially (Debreczeny et al.  1997 ).  

   Note Added in Proof 

 Two new studied of energy transfer appeared 
after submission of this Chapter. Šlouf et al. 
( 2013 ) carried out transient absorption 
spectroscopy on LHC from  Amphidinium 
carterae  at cryogenic temperatures and 
Niedzwiedzki et al. ( 2013 ) performed exper-
iments with LHC from  Symbiodinium .     
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  Summary   

  Photosynthesis is driven by the absorption of light by arrays of pigments bound within protein 
complexes called antennas, followed by the effi cient transfer of energy to the photochemical 
reaction centers. Cyanobacteria, red algae and cyanelles contain phycobilisomes (PBS) as 
their major antenna complex. The PBS is an extremely large (3–7 MDa), multi-layered com-
plex bound to the stromal side of the photosynthetic membrane. In this review, we will describe 
the important structural and functional characteristics of the phycobilisome complex experi-
mentally obtained over the past 40 years, especially in relation to the phycobilisomes unique 
absorption characteristics and its ability to self-assemble and disassemble.  
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      I. The Phycobilisome Antenna – An 
Enormous Pigment-Protein Complex 

 Photosynthesis is the essential life supporting 
process which converts light energy into 
chemical energy and, in oxygenic species, the 
concomitant splitting of water producing 
molecular oxygen. Organisms that have 
evolved in different environmental surround-
ings have different molecular strategies on 
how to perform the fi rst step in this process, 

light harvesting. The effi cient capture of the 
ambient light followed by transfer of the 
absorbed energy into the photosynthetic 
reaction centers (RCs) are performed by 
pigment- protein complexes called antennas 
or light-harvesting complexes. The variety of 
architectures in the antenna systems is more 
varied than that of the RCs, establishing both 
the need to preserve the internal functional 
details required for photochemistry in the 
RCs and the evolutionary liberty to fi nd 
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different solutions for actual light absorption 
(Neilson and Durnford  2010 ; Cogdell et al. 
 2004 ; Blankenship et al.  1995 ; Adir  2005 , 
 2008 ; Adir et al.  2006 ; Grossman et al.  1995 ). 
Among the different antenna systems which 
have evolved to carry out this task, the phyco-
bilisome (PBS) is unique in that it is a truly 
enormous pigment-protein complex found 
outside the membrane. The PBS anchored to 
the stromal side of the thylakoid membrane 
in cyanobacteria (see Chap.   14    ) and red algae 
(see Chap.   16    ) can reach molecular weights 
of 3–7 MDa and dimensions of over 50–75 nm 
in size – an order of magnitude larger than the 
photosystem II (PSII) complex to which it 
primarily funnels light energy. 

 Early structural characterization of isolated 
PBSs was carried out on the level of the entire 
complex and the earliest electron microscopy 
(EM) pictures revealed an aesthetic structure 
made up of a core surrounded by rods (Gantt 
and Conti  1966a ,  b ; Gantt and Lipschultz 
 1972 ; Teale and Dale  1970 ; Edwards and 
Gantt  1971 ; Bryant et al.  1976 ; Tandeau de 
Marsac and Cohen-Bazire  1977 ; Bryant and 
Cohen-Bazire  1981 ; Glazer  1989 ). A precise 
characterization of the macrostructure of the 
PBS has however proved not so trivial since 
original models of radiating rods would 
appear at odds with what is now known about 
the dimensions of the phycobiliprotein (PBP) 
disks which compose the core and rods. Not 
visualized in the EM pictures were the unpig-
mented protein components of the PBS, 
assumed to be buried within the PBS complex 
occupying the hollow cavities within the rods 
and core (Liu et al.  2005 ). Their presumed 
position, and the overall architecture of the 

PBS led to the proposal that these proteins 
play a role in complex assembly and stability 
and were thus termed linker proteins (LPs). 

 Since these early glimpses were obtained, 
more advanced techniques have provided 
vastly improved images of the subunits, but 
little more specifi c detail on the architecture 
of the entire PBS. Various sub-assemblies of 
the basic PBS units have been studied exten-
sively and numerous high-resolution struc-
tures of individual PBP components have 
been determined by X-ray crystallography 
(Schirmer et al.  1986 ; Adir  2005 ). These 
structures have simultaneously revealed both 
the structural basis for functional details and 
also raised questions as to the manner by 
which the complex undergoes assembly. The 
wealth of information obtained from the 
structures has been combined with spectro-
scopic and biochemical techniques to reveal 
facets of energy absorption and transfer 
(Sauer and Scheer  1988 ; Beck and Sauer  1992 ), 
complex stability, self-assembly properties 
and possible mechanisms of disassembly 
(MacColl  1983 ; MacColl et al.  2003 ; 
McGregor et al.  2008 ). Signifi cant questions 
which remain are the arrangement of the rods 
around the core, what form of rod-rod inter-
actions exist and what the mode of attach-
ment of the rods to the core is. The fashion of 
attachment has been attributed to the presence 
of LPs, however, one of the well-known 
properties of the PBS, is that the complex 
disintegrates into trimeric rings (and lose 
their association with the LPs) when isolated 
in the absence of high concentrations of 
buffered phosphate (Gantt and Lipschultz 
 1972 ). It appears that the LPs are only weakly 
bound to the PBPs, and thus their role in sta-
bilization of the entire PBS structure cannot 
be easily rationalized. This observation is 
puzzling, but may be due to the physiologi-
cal phenomenon of PBS disassembly under 
nutrient stress (Collier and Grossman  1992 ; 
Grossman et al.  1993 ). The loss of the linkers 
in isolated PBS sub- assemblies has led to 
only limited structural information, however 
as we will describe below, partial LPs struc-
tures have recently become available. In this 

 Abbreviations:     AFM –    Atomic force microscopy;    
  APC –    Allophycocyanin;      EM –    Electron micros-
copy;      L C     –Core linkers;      L CM –     Core-membrane 
linker;      LP –    Linker proteins;      L R     – Rod linker;      L RC     – 
Rod-core membrane linker;      PBP –    Phycobiliprotein;    
  PBS –    Phycobilisome;      PC –    Phycocyanin;      PCB –  
  Phycocyanobilin cofactor;      PE –    Phycoerythrin;      PEB –  
  Phycoerythrobilin cofactor;      PEC –    Phycoerythrocyanin;    
  PUB –    Phycourobilin cofactor;      PVB –    Phycobiliviolin 
cofactor;      RC –    Reaction center;      TEM –    Transmission 
electron microscopy    

Ailie Marx et al.

http://dx.doi.org/10.1007/978-94-017-8742-0_14
http://dx.doi.org/10.1007/978-94-017-8742-0_16


61

review we will describe the basic facets of 
PBS subunit structure and function based on 
various experimental evidence and attempt 
to build a picture of the entire complex 
consistent with these experiments.  

   II. Building Blocks – Crystal 
Structures of Individual Components 

 The PBS is made up of phycobiliproteins 
(PBPs), the pigmented component of the 
complex, and fi ve types of mostly unpigmented 
proteins commonly referred to collectively 
as linker proteins. Two PBPs are always 
present in PBS complexes – allophycocyanin 
(APC), which forms the basic building block 
for the core, and phycocyanin (PC), which is 
the major component of rods that is always 
proximal to the core. Some species contain 
additional PBP rod components, phycoerythrin 
(PE) or  phycoerythrocyanin (PEC), which 
occupy positions more distal than PC in 
relation to the core (MacColl  1998 ). Each of 

the different PBPs have highly similar three 
dimensional structures and in each case 
the higher order aggregates are assembled 
analogously from a basic building block, the 
monomer (Fig.  4.1 ). The monomer in actuality 
is made up of two similar but not identical 
polypeptide chains (always denoted as the α 
and β subunits). The association of three mono-
mers forms a trimeric ring, and two such 
rings can further associate through contacts 
between the α subunits, into hexamers (in 
PC, PE and PEC). Four APC trimers associate 
into a cylinder and 2–5 cylinders, depending 
on the species, bundle together to form the 
core. Both the cylinders and hexamers form 
structures which resemble a tube with ample 
empty space to accommodate the LPs. The 
rods are composed of hexamers which extend 
by stacking face to face one onto the other 
through mostly β subunit interactions. In those 
species which contain them, the hexamers of 
PE or PEC seamlessly extend out from the 
PC elongating the rods further. The specifi c 
placement of PBPs within the overall PBS 

     Fig. 4.1.    Schematic representation of the ordered association of PBPs and LPs to form the PBS complex. The 
 arrows  indicate the direction of assembly. All PBP components form trimers, with the PE, PEC or PC components 
forming hexamers that then further assemble into rods. Four APC trimers (containing both major and minor 
species) form cylinders, and 2–5 such cylinders form the PBS core. The six rod sub-structures bind to the core 
with the terminal ring fl ush with the outer cylinder circumference. In this depiction the rods are slightly displaced 
to reveal their inner cavity, proposed to house the rod-core linker proteins.       
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structure is functionally crucial as it forms 
the basis for the creation of an energy funnel 
(Fig.  4.2 ) whereby the higher energy absorbing 
components (PE (λ max  = 560 nm), PEC 
(λ max  = 575 nm) and PC (λ max  = 620 nm)) are 
more distal to the core which is comprised of 
the lowest energy absorbing PBP species, 
APC (λ max  = 650 nm). The core also contains 
variants of APC subunits (α B , β 16  and core-
membrane linker (L CM )) which have red-shifted 
absorbing pigments (MacColl  2004 ; Lundell 
et al.  1981 ; Glazer and Bryant  1975 ; Ducret 
et al.  1998 ) that closely overlap the absorp-
tion spectrum of chlorophyll  a , the primary 
pigment found in cyanobacterial photosystems 
to which the energy is ultimately transferred.

    All PBS pigments are linear tetrapyrrole 
bilins (Glazer  1989 ; Adir  2008 ), connected 
covalently to the PBPs through thioether bonds 
to conserved cysteine residues (Fig.  4.3 ). 
APC and PC contain a common pigment, 
phycocyanobilin (PCB), bound to analogous 
positions on the α and β subunits. PC binds 
an additional third PCB on a short loop, 
inserted towards the end of the C-terminal of 
the β chain, positioned on the outer disk sur-
face. Other bilin types can be found bound to 
PE and PEC and these differ from PCB in the 

number and arrangement of conjugated dou-
ble bonds. That APC and PC bind chemically 
identical bilins and yet possess distinctive 
absorption properties highlights the role of 
the protein scaffold in infl uencing the struc-
ture and chemical environment, which tunes 
the spectroscopic characteristics of these 
pigments (McGregor et al.  2008 ).

   X-ray crystal structures of each of the 
PBPs have revealed a highly conserved fold 
highlighting the subtlety with which they are 
able to tune absorption properties (Fig.  4.3 ). 
This allows the PBPs to act as highly similar 
“building blocks” which are capable of 
assembling analogously and yet structural 
subtleties (further detailed in following 
sections) allow for specifi city in binding 
partners with no intermixing between the 
various kinds of PBPs and specifi c tuning of 
the cofactor environment to create different 
absorption and fl uorescence properties nec-
essary to funnel energy down the complex. 
Indeed numerous crystal structures for each 
of the individual PBPs are now available in 
the Protein Data Bank (  www.pdb.org    , reviewed 
in Adir  2005 ). The structures of the different 
PBP types are highly similar, which is a 
direct result of the relatively high homology 

  Fig. 4.2.    Schematic description of the positioning of the PBPs within the complex to form an energy funnel. The 
rods of all species contain either PE or PEC (but not both) and (or only) PC. Cores contain only APC, however 
the number of cylinders is species dependent. ( a ) A model of the PBS energy funnel. The  size  and  color  of the 
rings in this model represent the drop in energy content as the maximal wavelength absorption of each species 
shifts further to the  red , while all rings are physically of equal diameter. ( b ) A model of the entire PBS showing 
the relative positions of each component. The length of the rods, determined by the number of hexamers, and their 
PBP content is species dependent.       
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within the primary sequences. In each case 
the structure forms an eight α-helical, globin-
like structure. Consideration of the most 
conserved areas of any structure is useful in 
elucidating functionally signifi cant areas. 
Given that the homology among the PBPs of 
the same type from different species and also 
between the different PBP types is quite high, 
it is interesting to observe that the areas of 

particular structural conservation in the dif-
ferent PBPs is subtlety variant. The ConSurf 
Server (Ashkenazy et al.  2010 ) (  http://consurf.
tau.ac.il/    ) was used to map evolutionary 
conservation as determined from sequence 
alignment onto the three dimensional structure 
of PC and APC from  T. vulcanus  (Fig.  4.4 ).

   In the process of forming trimers, the 
PBPs present two different faces, one made up 

  Fig. 4.3.    Structures of the different PBPs in monomeric form. The position of attachment of the different bilins are 
shown and the  color  of the structure approximately represents the color of the isolated protein.  APC  allophyco-
cyanin,  PC  phycocyanin,  PCB  phycocyanobilin cofactor,  PEB  phycoerythrobilin cofactor,  PEC  phycoerythro-
cyanin,  PE  phycoerythrin,  PUB  phycourobilin cofactor,  PVB  phycobiliviolin cofactor.       

  Fig. 4.4.    Evolutionary    conservation mapped onto trimeric PC and APC structures. Conservation of residues 
on (i) the disk face composed of primarily α-subunits of PC ( a ) and APC ( e ); (ii) residues on the disk face com-
posed of primarily β-subunits of PC ( b ) and APC ( f ); (iii) the outer circumference of the PC ( c ) and APC ( g ) 
disk and (iv) the inner surface of the PC ( d ) and APC ( h ) disk.  Red  signifi es a high level of conservation,  blue  no 
conservation and  yellow  not enough data to determine the level of conservation. The analysis indicates that the 
interaction interfaces (between trimers, between hexamers or between linkers and trimers/hexamers) are more 
highly conserved than the outer circumference of the discs and that APC is more highly conserved than PC.       

 

 

4 Phycobilisome

http://consurf.tau.ac.il/
http://consurf.tau.ac.il/


64

primarily of residues of the β subunits of 
each of the three monomers and the other 
primarily made up residues from the α sub-
units. In the formation of hexamers, the face 
made up of α subunit residues (Fig.  4.4a ) 
associate face to face (which can be notated 
as: [βα][αβ]) while contacts between the β 
PC faces (Fig.  4.4b ) allow for the formation 
of rods by assembly of hexamers ([βα][αβ]
[βα][αβ]). In APC the trimers form similar 
faces (Fig.  4.4c  and Fig.  4.4d , respectively); 
however, on the basis of EM and X-ray crys-
tallographic studies, the cylinder formed by 
four APC trimers is not thought to be com-
posed of two hexamers, due to looser inter-
actions between trimers, and perhaps also due 
the infl uence of the L CM  linker that serves to 
provide contacts for core formation and to bind 
the entire PBS to PSII (Capuano et al.  1991 ). 
This may be the reason for differences in 
sequence conservation between PC and APC. 
In PC, the α subunits face of the PC trimer are 
more conserved than the β subunits face. This 
suggests that the hexameric level of assembly 
([βα][αβ]) cannot tolerate extensive changes, 
without harming other functionalities. On 
the other hand, in APC the β subunits face of the 
trimers are more conserved than that of the α 
subunits face, strengthening the suggestion that 
APC cylinders form by association of four 
trimers in a different order: [αβ][βα][αβ][βα]. 
This order enables the positioning of the L C  
linker (Reuter et al.  1999 ; Ducret et al.  1996 , 
 1998 ) to terminate the core cylinder on both 
sides. For both PC and APC the inner cavity is 
far more conserved that the outer circumference 
and this may allude to the importance of spe-
cifi c interaction (or perhaps the need to avoid 
strong interactions) between PBPs and LPs. 

 One of the interesting aspects of the dif-
ferent crystal structures is the lattice packing 
(Fig.  4.5 ). In 16 of the 17 PC structures avail-
able in 2011, hexamers are formed  in crystal . 
The single structure which does not form 
hexamers is one of several structures of PC 
isolated from  Thermosynechococcus vulca-
nus  (Adir and Lerner  2003 ). This particular 
structure (PDB code 1ON7) originated from 

a unique PC fraction which was shown to be a 
blue-shifted (PC 612 ) form with an unmethyl-
ated Asnβ72 residue (Klotz et al.  1986 ; Swanson 
and Glazer  1990 ) and was proposed to be a 
minor PBS component, a trimeric form of 
PC which may form contacts between rods 
and cores. The importance of considering the 
crystal packing in the PBP structures stems 
from the resemblance between  in crystal  
aggregates formed by symmetry related 
molecules and the assumed physiological 
form of hexamers and rods. The hexamers 
from different structures pack within the 
crystal in a number of different ways, among 
them with the formation of infi nitely long rods.

   In those structures where rods are formed 
 in crystal , a tantalizing question arises as to 
what extent these crystal rods resemble 
biological rods, particularly in terms of the 
stacking orientation and the lateral contacts 
formed by adjacent rods both factors which 
could signifi cantly affect energy transfer 
pathways within the complex and perhaps 
hint at possible rod arrangements around the 
core in complex. Whilst initial PBS models 
suggested a radiating arrangement of rods 
(Glauser et al.  1992 ; Yamanaka et al.  1982 ) 
subsequent models have suggested the possi-
bility of close lateral contact with for example 
the formation of rod pairs (Glazer  1989 ; Adir 
 2005 ). The biological relevance of  in crystal  
rod formation is not certain, since numerous 
alternative forms of crystal packing have 
been observed in the structures. This may 
be a result of the crystallization process or 
indicates that several hexamer interactions 
are possible, or is the result of the lack of 
LPs. A rather unique result has been recently 
reported, whereby several essentially identi-
cal structures from the same PC source have 
been obtained from crystallization and cryo-
protection under vastly different conditions 
(David et al.  2011 ). This appears to suggest 
that the contacts formed may be indicative of 
the forces governing the self-assembly of the 
PBS complex and not a mere artifact of crys-
tallization. Indeed, a recent structure of a 
functional PC rod and PC trimer from the 
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same species (David et al.  2011 ) has further 
provided evidence to support the biological 
relevance of interactions between symmetry 
related molecules in the crystal structures of 
isolated components to subcomplexes of the 
PBS (see below). 

 PBP structures have of course not only 
provided insight into PBS assembly but have 
also provided high-resolution detail on struc-
tural fi ne points. The geometries and orienta-
tions of the different bilins within the protein 
scaffold have been well described by high- 
resolution X-ray crystallography (Fig.  4.6 ), and 
the role of structurally essential water mole-
cules has also been addressed. Increasingly 
higher resolution structures (better that 1.0 Å) 
will hopefully facilitate the description of 
protonation states allowing for an accurate 
description of energy states.

   In addition to the PBPs, around 15 % of 
the PBS is made up of LPs, dubbed as such 
after one of their two proposed functions, to 
guide the association of the PBPs into larger 
subcomplexes (Liu et al.  2005 ). Their second 
function has been clearly shown as perform-
ing modifi cation or tuning of the spectro-
scopic properties of the PBPs within the 
complex. The LPs are generally subgrouped 
according to their assumed position within 

the complex; the core-membrane linker (L CM ), 
core linkers (L C ), rod-core linkers (L RC ) and 
rod linkers (L R ). The LPs are much less con-
served across species than the PBPs and 
indeed the number and type of LPs varies from 
species to species. A recent report on the 
interaction between linkers and a homologue 
of a HSP90 chaperone (Sato et al.  2010 ) 
would indicate that linkers cannot associate 
with PBPs spontaneously. Whether the higher 
order oligomers of PBPs assemble around 
LPs is not known, however reconstitution 
studies (Ducret et al.  1998 ) do not indicate 
this to be the case. 

 In stark contrast to the PBPs, structures of 
the LPs have remained elusive. The highly 
hydrophobic nature of these proteins makes 
the isolation of the homogeneous, soluble 
and concentrated solutions of LPs that are 
required for crystallization or NMR diffi cult. 
Indeed, of the LP structures available to date, 
only one was actually visualized in actual 
association with a PBP (the APC structure, 
1B33). Very recently the Northeast Structural 
Genomics Consortium in the USA have 
solved several structures of domains of the 
L CM,  using NMR techniques (PDB codes 
2L06 and 2KY4) and X-ray crystallography 
(PDB codes 3OSJ and 3OHW) as well as a 

  Fig. 4.5.    Schematic representation of the different types of crystal packing for each of the PC structures available 
in the PDB to date. In all structures the minimal physical unit is a trimer with the α-subunits shown in  yellow  and 
the β-subunits in  blue . In all structures except 1ON7, the trimers associate into hexamers, and in some cases into 
infi nite rods.       
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fragment of the L R  also using NMR (PDB 
code 2L3W) and X-ray crystallography (PDB 

code 3PRU, Fig.  4.7 ). The structures of the 
L R  represent the N-terminal half of the pro-
tein from two different species and the four 
structures of L CM  domains are homologous 
to this portion of the L R  meaning that these six 
new structures have a certain degree of struc-
tural redundancy (root mean square deviation 
of the aligned α-carbon positions are between 
1 and 1.5 Å). Elucidation of the complete 
structure of these LPs, along with their exact 
positioning within the complex, seems again 
to be a problem that can only be solved by 
total structural characterization of the PBS 
complex or subcomplexes. Even a low to 
medium resolution structure could provide a 
wealth of information particularly consider-
ing that it may be merged with the high-
resolution detail now available for the PBPs.

      III. A Problem of Symmetry – 
Crystallizing the Complex 
and Subcomplexes 

 The PBS complex was fi rst visualized by EM 
experiments as a central core surrounded by 
rods and led to the fi rst PBS model which 

  Fig. 4.6.    2Fo – Fc omit electron density maps contoured at 1.5 σ around each of the three phycyanobilin cofactors 
from the 3O18 PC structure determined to 1.35 Å.       

  Fig. 4.7.    X-ray crystal structure of the N-terminal 
domain of the rod linker isolated from  Synechocystis sp . 
PCC 6803 (PDB code 3PRU). The protein is depicted 
in  colors  of the spectrum running from the N-terminal 
( blue ) to the carboxyl-terminal ( red ). The portion of the 
protein crystallized includes residues 14–158 out of the 
total 291 residues in the full length protein.       
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suggested an arrangement whereby the rods 
are arranged in radial fashion around the core. 
A second model, already mentioned above, 
suggests a parallel rod pair arrangement in 
which the rods are arranged as two rod 
doublets that are parallel to the thylakoid 
membrane and one rod doublet which is 
perpendicular to the membrane. Cryo-EM 
micrographs (Yi et al.  2005 ) of PBSs have 
supported the parallel pair model which is 
also consistent with the crystal structures of 
PC (Adir  2005 ). Atomic force microscopy 
(AFM) studies performed on isolated PBSs 
and native thylakoid membranes from red 
algae (Arteni et al.  2008 ) visualized the 
isolated PBS as a dimer in opposition to pre-
vious TEM (transmission electron micros-
copy) micrographs that have only ever shown 
the isolated PBS as a monomeric unit. The 
native architecture of PBS attached to the 
thylakoid membrane and their crowding dis-
tribution under different light intensities was 
also shown by AFM and TEM (Liu et al.  2008 ). 
Under low light intensity the PBSs are orga-
nized in ordered rows whereas under medium 
light the PBS shows a different pattern of 
organization, namely a random arrangement 
with the tendency to form clusters (Arteni 
et al.  2008 ,  2009 ). These studies have dem-
onstrated that the PBS can form a kind of 
crystalline lattice and suggest perhaps that 
there is a natural tendency of the PBS organize 
in an ordered fashion, a feature conducive to 
crystallizing the entire complex despite its 
enormity. 

 The use of X-ray crystallography to char-
acterize the structure of subcomplexes of the 
PBS to higher resolutions has been hindered 
by the same symmetry and self assembly 
properties that facilitates the crystallization 
of PBPs. Most of the PBPs characterized to 
date have crystallized in space groups with 
three-fold symmetry. Since the LPs traverse 
the internal cavity of the PBP complexes 
along the symmetry axis, the result is a 
super-position of at least six different LP 
orientations, there by cancelling out the 
contribution of the LPs to the calculated 
electron density. The anomalous nature of 

the crystal packing in the 1B33 structure 
(Reuter et al.  1999 ), in which two full trimers 
occupy the asymmetric unit at almost right 
angle, overcomes this problem and so this 
APC-L C  complex is the only complete PBP-LP 
complex structure available to date. The LP 
in this structure is composed of both β-sheets 
and α-helices and is asymmetrically posi-
tioned within the cavity, interacting with two 
out of the three monomers within the trimer. 
The LPs presence induced a fl attening effect 
on the overall trimer structure of APC, within 
the crystal lattice. 

 Recently the X-ray crystal structure of an 
intact and functional PBS rod was solved 
(David et al.  2011 ). The presence of all rod 
components (α and β PC subunits as well as 
three rod LPs, the rod capping L R  8.7 , L R  and 
one L RC  (the  cpcG4  gene product) was con-
fi rmed by SDS-PAGE, single crystal confocal 
microscopy and mass spectrometry and the 
functional integrity of the rod was demon-
strated using spectroscopy on both solutions 
and crystals, which confi rmed the character-
istic red shift in absorption and fl uorescence 
emission as compared to trimeric PC 
(Fig.  4.8 ). The crystal structure of the rod 
was identical to that of trimeric PC – a monomer 
in the asymmetric unit cell which extends in 
the crystal lattice to form hexamers which 
extend into infi nite rods. While the biochem-
ical evidence from the crystal analysis left 
little doubt as to the presence of LPs in the 
crystal the absence of clear electron density 
prevented the building of an ordered structure. 
Nonetheless, the PC rod structure, within 
which the linker is enclosed, showed subtle 
hints of the linkers’ presence. Comparison of 
the isolated PC and rod PC structures led to 
the identifi cation of several amino acids 
located on the wall of the inner cavity, αGlu7, 
αArg15, βLys7, and βGln113, with improved 
electron density in the rod structure. This 
improved electron density indicates a stabi-
lizing force, presumably interaction with the 
LPs, and indeed homology modeling to the 
1B33 APC-L C  structure shows that these 
residues are in analogous positions to those 
APC residues which interact with the L C  
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C-terminal. Further comparison of crystal-
lographic B factors between the isolated PC 
and PC rod structures further hinted at the 
stabilizing infl uence of the linkers’ presence. 
Whilst on average the B factors were similar, 
comparison between individual atoms showed 
that there were fewer cases of signifi cantly 
higher B factors in the rod structure. Several 
side chains distributed throughout the PC 
monomer were identifi ed as having reduced B 
factors in the rod structure and among them 
αGlu109 was noted as signifi cant due to its 
positioning on the inner side of the rod and 
its possible interaction with a LP based again 
on homology modeling to the 1B33 structure.

   This PC rod structure is not the fi rst PBP- 
linker complex to be crystallized. Aside from 
the APC-Lc structure mentioned above, two 
structures from crystals of PE containing the 
γ linker subunits exist, and again in these 
cases, the electron density from the linker 
was also averaged out during structure 
refi nement and so its particular structure 
remained largely unassigned (Ficner et al. 
 1992 ; Ritter et al.  1999 ). 

 Elucidating the complete LP structures 
and locating their position within the rods 
and core, challenges plagued by solubility 
and symmetry problems, may require the use 
of more indirect methods or a combination 

  Fig. 4.8.    Analysis of rod crystals (David et al.  2011 ). ( a ) Rod crystals have a similar morphology to that of 
trimeric PC and X-ray crystallography shows that PC in rod form is nearly identical to that of trimeric PC (not 
shown). ( b ) SDS- PAGE of the isolated rod shows the presence of three linker proteins (L R , L RC  and L R  8.7 ) in addi-
tion to the α and β subunits of PC, however core components are still present. ( c ) Solubilized crystals were anal-
ysed by mass spectrometry showing that only a single rod type, containing CpcG4 crystallized. %Pep, percentage 
of possible peptides obtained by mass spectrometry. ( d ) Confocal fl uorescence microscopy (at 1 μm 3  resolution) 
analysis of rod crystals ( full line ) and trimeric PC crystals ( dashed line ) demonstrates the expected  red  shift in 
emission from PC in rod assembly. The same results were obtained from all depths of the crystal showing that the 
linkers were present throughout the crystal.       
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of techniques. Using the available structures 
for L C  (which is homologous to both the C 
terminal portion of L R  and L RC  as well as the 
rod capping linker, L R  8.7 ) and the N terminal 
portion of L R  (which is also homologous to 
the N terminal section of L RC ) models may 
be created to aid in understanding the nature 
of the LP structures and their general inter-
actions with the PBPs. Such models were 
created for the LPs present, but not visual-
ized, in the above mention PC rod structure. 
Calculations for the hexamer cavity volume 
and the modeled LP volume demonstrated 
that there is ample space available within the 
central channel of the rod to accommodate 
the linkers without protruding from either 
end of the rod, or indeed without actually 
linking adjacent hexamers. It was suggested 
that since the major role of the linkers may 
be in fi ne-tuning the spectral properties of 
the PBPs, they might be renamed “tuning 
proteins” (David et al.  2011 ).  

   IV. Essential Functionalities Revealed 
by Structural Subtleties 

 One of the elegant aspects of the PBS struc-
ture is the way in which the various PBPs are 
similar enough to use the same principles of 
association and yet dissimilar enough to 
maintain specifi city. The α and β subunits of 
each PBP type associate to form structurally 
similar monomers followed by the formation 
of similarly shaped trimers. There have been 
no reports of isolation of mixed PBP mono-
mers or trimers  in vivo  (or in mutants lacking 
one of the subunits) indicating a tightly con-
trolled assembly mechanism (Anderson and 
Toole  1998 ). Heterologus expression of sin-
gle PBPs in  E. coli  enables the formation of 
some homodimeric species (Tooley et al. 
 2001 ; Ge et al.  2009 ), but when both sub-
units are expressed, then the natural mono-
mer assembles (Arciero et al.  1988 ; Biswas 
et al.  2010 ). In addition, APC and PC bind 
the same cofactor and yet have signifi cantly 
different absorption and fl uorescence prop-
erties. These are both functionally critical 

properties since the correct association of 
PBPs and the differing absorption properties 
create the energy funnel which facilitates the 
effi cient collection and transfer of light into 
the photosystems. 

 In order to understand the mechanisms of 
energy capture and transfer in the complex it 
would be sage to question the origin of the 
different absorption properties of the PBPs. 
PC and APC bind chemically identical chro-
mophores, (the PCB), and form highly simi-
lar three dimensional structures. The 
monomeric forms of these two PCBs have 
nearly identical absorption and fl uorescence 
properties (although PC has an additional 
PCB). However, during trimer assembly the 
α84 PCB of one monomer comes into prox-
imity with the β84 PCB of an adjacent mono-
mer radically changing the electronic 
environment of both PBPs (Fig.  4.9 ). While 
the geometries and orientations of these 
proximal PCBs are nearly identical, the 
absorption maxima of the trimeric form of 
PC is 620 nm while trimeric APC absorbs at 
652 nm (with a shoulder at 620 nm) (MacColl 
 2004 ; MacColl et al.  2003 ).

   The signifi cant red-shift upon the trimer-
ization in APC had long been rationalized in 
general terms as a result of conformational 
changes in the PCB, a change in the chemi-
cal environment of the PCB or a delocaliza-
tion of excited states resulting from the 
nearing of two cofactors on adjacent mono-
mers. Recent experiments however showed 
that only a slight loosening of the trimer (as 
opposed to complete monomerization) is 
enough to revert the APC absorption spectra 
to one resembling that of PC or monomeric 
APC (McGregor et al.  2008 ). This means 
that the simple proximity between two cofac-
tors on adjacent monomers is not suffi cient 
to afford the change alone. A careful struc-
tural analysis and comparison between PC 
and APC and the chemical environment sur-
rounding the β84 PCB, which is positioned 
at the trimer interface has provided a more 
complete and detailed explanation for the 
absorption shift (Fig.  4.10 ). In the mono-
meric form of the PBP the β84 PCB is half 
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embedded in protein and half solvent 
exposed. Upon trimerization the solvent 
exposed portion becomes enclosed by a pro-
tein pocket provided by the adjacent mono-
mer and the chemical nature this pocket in 
PC and APC is signifi cantly different in both 
shape and chemical character. The PC pocket 
is more shallow and polar than the deeper 
APC pocket which is created by aromatic 
and hydrophobic residues.

   Surrounding the cofactor with a pocket of 
hydrophobic character would ordinarily 
induce a small blue-shift in its absorption, 
and not the observed strong (30 nm) red- 
shift. It was proposed that the source of the 
red shift could only be the result of a strong 
coupling between the two PCBs, although 
20 Å separate their centers. The strong cou-
pling was suggested to be a result of a unique 
structural environment (with respect to 
PBPs) that surrounds the hydrophobic pocket 

with a second shell of charged amino acids 
and it is this combination that induces cou-
pling. This would explain why even slight 
loosening of the trimer interaction domain 
(without actual disassembly), would allow a 
certain amount of solvent exposure, resulting 
in the loss of a hydrophobic environment, 
and loss of coupling. 

 Since the integrity of the higher order 
complexes is important to the functioning of 
the PBS it is interesting to consider the 
mechanisms by which different species 
maintain complex assembly in challenging 
environmental niches such as extreme cold 
or heat, high salinity and deep within the 
water column where light exposure is limited. 
Each of these challenges requires special 
survival mechanisms and often this is found 
at the level of the protein (Inoue et al.  2000 ). 
Among the numerous PBP structures are 
several isolated from thermophiles and it has 

  Fig. 4.9.    Absorption characteristics of monomers and trimers of the phycocyanobilin containing PC and APC 
subunits. The monomeric form of both PC and APC as well as the trimeric form of PC have an absorption spec-
trum with λ max  = 620 nm ( broken line ) whilst the trimeric form of APC has a  blue  shifted absorption spectrum with 
λ max  = 650 nm and a shoulder at 620 nm ( line ).       
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been shown that indeed the isolated protein 
itself is resistant to heat denaturation. However 
a comparison of the primary sequences and 
structures originating from mesophiles 
and thermophiles shows very little variation 
and it is only structural nuances which can 
be attributed to affording thermostability.  T. 
vulcanus  is a cyanobacterium which grows 
optimally at 55–60 °C and both APC and PC 
structures from protein isolated from this 
species have been determined. Comparison 
of these structures together with those of 
other PC and APC from thermophiles and 
mesophiles deposited in the PDB has enabled 
the identifi cation of possible sources of the 
thermostability. In the case of PC, studies 

have indicated that general characteristics 
such as cavities, hydrogen bonding, ion pairs, 
secondary structure surface polarity and 
amino acid composition are not consistent 
with conferring thermostability. A single 
conserved amino acid change, αPhe28 to 
aspartic acid, was suggested as providing an 
additional polar contact at both the monomer 
and hexamer interaction interfaces and that 
this is perhaps enough to provide the extra 
stability required to prevent denaturation at 
higher temperatures (Adir et al.  2001 ,  2002 ). 
In the case of APC, it was suggested that the 
presence of an extra charged residue in the 
second shell surrounding the PCB binding 
pocket at the trimer interface (described 

  Fig. 4.10.    Monomeric APC showing the solvent exposed position of the α84 cofactor ( panel   a ), which becomes 
enclosed during trimerization ( panel   b ). The nature of the pocket around α84 created by the adjacent monomer 
during trimerization is shown for APC ( panel   c ) and PC ( panel   d ). All proteins were depicted with their molecu-
lar surfaces  colored  by the calculated electrostatic potential of the surface.  Red  and  blue  patches indicate negative 
and positive potentials, respectively.       
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above) may provide extra stability (McGregor 
et al.  2008 ). Under certain circumstances 
however the ordered disassembly of the PBS 
is necessary and here too structural studies 
have helped elucidate the mechanisms by 
which this occurs.  

   V. Disassembly of the Phycobilisome 
– A David and Goliath Battle 
at the Molecular Level 

 The ability to survive in harsh conditions is 
not the only environmental challenge faced 
by cyanobacteria and red alga. Adaptability 
to changes in environmental conditions, 
particularly the availability of essential nutri-
ents, is necessary for the survival of any 
organism. PBSs are both abundant in the cell 
and enormous in size. In fact, they compose 
around 50 % of the dry weight of the cell 
meaning that these protein complexes com-
prise a substantial energy reserve. During 
times of nutrient starvation cells are capable 
of disassembling the PBS in order to access 
this energy store (Collier and Grossman 
 1992 ,  1994 ) and probably also as a mechanism 
important for protecting against overexcitation 
of the photosystems. Cyanobacteria, formerly 
known as blue- green alga, owe their distinc-
tive color to the presence of both the PBSs 
and chlorophyll- containing complexes and 
the disassembly of the PBS results in a 
bleached phenotype whereby the cells take 
on a yellow-green color (Grossman et al. 
 1993 ). An ensemble of genes, including 
 nblA ,  nblB ,  nblC ,  nblR ,  nblS  and  ald  have 
been shown to be involved in initiating and 
carrying out this disassembly. However, a 
single small protein (only 6–7 kDa) appears 
to be the active player in the actual disassembly 
mechanism (Collier and Grossman  1994 ) 
(Fig.  4.11 ). Expression of the gene encoding 
for this protein, the NblA, is increased 50-fold 
under conditions of nitrogen and in some 
cases sulfur starvation (Collier and Grossman 
 1994 ). Despite this, NblA itself has not been 
shown to possess any proteolytic activity and 

presumably further proteins are required to 
carry out the actual degradation.

   The exact means by which the disassem-
bly occurs has yet to be conclusively estab-
lished; however, mutational and structural 
studies have offered different mechanistic 
proposals. Two studies in recent years have 
provided the NblA protein structures from 
three different organisms. The fi rst structure 
of NblA to be solved was from  Anabaena  sp. 
PCC 7120 and revealed an open four helical 
bundle formed by the dimerization of two 
monomers with a helix-loop-helix motif 
(Bienert et al.  2006 ). The subsequent crystal 
structures of NblA from  T. vulcanus  and 
 Synechococcus elongatus  sp. PCC 7942 
(Dines et al.  2008 ) demonstrated that whilst 
the sequence homology between different 
species is low the structural motif is similar 
(RMS of 1.0–1.7 Å). These structures also 
enabled the development of hypothesis as 
to possible mechanisms by which NblA 
might interact with the phycobilisome and 
perform disassembly (Dines et al.  2008 ; Bienert 
et al.  2006 ; Karradt et al.  2008 ).  In vitro  
binding assays of glutathione S-transferase-
tagged NblA from  Anabaena sp . PCC 7120 
demonstrated that NblA binds PC and PE. 
Mutation experiments on NblA originally 
proposed that this association in  Anabaena 
sp . PCC 7120 occurred through interaction 
with the C- terminus of the NblA protein; 
however, a more generally applicable model 
was later proposed. This alternative model 
takes into account the fact that NblA proteins 
have low homology (<30 %) in contrast to 
their PBP binding partners (80–90 %). 
Indeed an NblA protein from one species can 
compliment function in a deletion strain 
from another species despite this relatively 
low sequence homology. Given the similarity 
between the three NblA structures it appears 
that the structural motif is important for 
function and yet an analysis of electrostatics 
showed variance between both NblA and 
PBP proteins that could not support a consistent 
model. The nature of the NblA helix-loop-helix 
motif is reminiscent of the PBPs themselves 
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  Fig. 4.11.    The PBS complex is disassembled by interaction with the NblA protein. The relative sizes of the NblA 
protein ( green , and shown enlarged in the  inset ) and a model of the PBS complex ( blue ) are shown.       

  Fig. 4.12.    Source of NblA protein mimicry of phycobiliproteins lies in the presence of similar helix-turn helix 
motifs. Each motif of the PC subunit is shown in a different color on both the monomeric structure ( bottom ) and 
also shown carved out of the structure with corresponding colors ( middle ). The NblA is shown at the  top  in both 
monomeric ( red ) or dimer ( green ) form.  Thin arrows  show elements of the PC subunit with angles similar to 
those found in the two NblA assemblies.       

 

 

4 Phycobilisome



74

which are in essence bundles of helix-loop- 
helix motifs (Fig.  4.12 ). Comparison of 
these motifs with either the NblA monomer 
or the non-covalently bonded helix-loop-
helix formed by dimerization, clearly 
demonstrates pairs (NblA and PBP) with 
similarity in terms of helices’ length and sep-
aration angle. Based on this observation it 
has been suggested that a clever trick of 
structural mimicry may be the key to the 
NblA disassembly action. The fi rst actions 
of disassembly may be actively coupled to 
proteolysis by specifi c proteases as has been 
suggested (Karradt et al.  2008 ), or by the 
battery of less-specifi c proteases in the cell.

   The phycobilisome, enchanting research-
ers with its brilliant colors, symmetry and 
molecular enormity is slowly being pieced 
together by studies on both the individual 
components and the larger subcomplexes, as 
well as investigations into the proteins by 
which assembly and disassembly are 
afforded. A continued multifaceted approach 
will simultaneously answer important ques-
tions on the macrostructure as well as fi ll in 
fi ne details, especially those pertaining to the 
exact mechanisms of energy transfer, in 
order to give a detailed description of light 
harvesting’s molecular giant.     

  Acknowledgements 

 This work was supported by the Israel 
Science Foundation founded by the Israel 
Academy of Sciences and Humanities 
(1045/06) and US-Israel Binational Science 
Foundation (2009406). We gratefully thank 
the staff of the European Synchrotron 
Radiation Facility (beamlines ID-14-1, 
ID23-1) for provision of synchrotron radia-
tion facilities and assistance.  

   References 

        Adir N (2005) Elucidation of the molecular structures 
of components of the phycobilisome: reconstructing 
a giant. Photosynth Res 85:15–32  

     Adir N (2008) Structure of the phycobilisome antennae 
in cyanobacteria and red algae. In: Fromme P (ed) 
Photosynthetic protein complexes: a structural 
approach. WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim, pp 243–274  

    Adir N, Lerner N (2003) The crystal structure of a 
novel unmethylated form of C-phycocyanin, a 
 possible connector between cores and rods in phyco-
bilisomes. J Biol Chem 278:25926–25932  

    Adir N, Dobrovetsky Y, Lerner N (2001) Structure of 
C-phycocyanin from the thermophilic cyanobacte-
rium  Synechococcus vulcanus  at 2.5 A: structural 
implications for thermal stability in phycobilisome 
assembly. J Mol Biol 313:71–81  

    Adir N, Vainer R, Lerner N (2002) Refi ned structure of 
C-phycocyanin from the cyanobacterium Synecho-
coccus vulcanus at 1.6 A: insights into the role of 
solvent molecules in thermal stability and co- factor 
structure. Biochim Biophys Acta 1556:168–174  

    Adir N, Dines M, Klartag M, McGregor A, Melamed- 
Frank M (2006) Assembly and disassembly of 
phycobilisomes. In: Shively JM (ed) Microbiology 
monographs: inclusions in prokaryotes, vol 2. 
Springer, Berlin, pp 47–77  

    Anderson LK, Toole CM (1998) A model for early 
events in the assembly pathway of cyanobacterial 
phycobilisomes. Mol Microbiol 30:467–474  

    Arciero DM, Bryant DA, Glazer AN (1988) In vitro 
attachment of bilins to apophycocyanin. I. Specifi c 
covalent adduct formation at cysteinyl residues 
involved in phycocyanobilin binding in 
C-phycocyanin. J Biol Chem 263:18343–18349  

     Arteni AA, Liu LN, Aartsma TJ, Zhang YZ, Zhou BC, 
Boekema EJ (2008) Structure and organization of 
phycobilisomes on membranes of the red alga 
 Porphyridium cruentum . Photosynth Res 95:169–174  

    Arteni AA, Ajlani G, Boekema EJ (2009) Structural 
organisation of phycobilisomes from  Synechocystis  
sp. strain PCC 6803 and their interaction with the 
membrane. Biochim Biophys Acta 1787:272–279  

    Ashkenazy H, Erez E, Martz E, Pupko T, Ben-Tal N 
(2010) ConSurf 2010: calculating evolutionary conser-
vation in sequence and structure of proteins and nucleic 
acids. Nucleic Acids Res 38(Suppl):W529–W533  

    Beck WF, Sauer K (1992) Energy-transfer and exciton- 
state relaxation processes in allophycocyanin. J 
Phys Chem 96:4658–4666  

     Bienert R, Baier K, Volkmer R, Lockau W, Heinemann U 
(2006) Crystal structure of NblA from  Anabaena  sp. 
PCC 7120, a small protein playing a key role in phy-
cobilisome degradation. J Biol Chem 281:5216–5223  

    Biswas A, Vasquez YM, Dragomani TM, Kronfel ML, 
Williams SR, Alvey RM, Bryant DA, Schluchter 
WM (2010) Biosynthesis of cyanobacterial phyco-
biliproteins in  Escherichia coli : chromophorylation 

Ailie Marx et al.



75

effi ciency and specifi city of all bilin lyases from 
 Synechococcus  sp. strain PCC 7002. Appl Environ 
Microbiol 76:2729–2739  

    Blankenship RE, Olson JM, Miller M (1995) Antenna 
complexes from green photosynthetic bacteria. In: 
Blankenship RE, Madigan MT, Bauer CE (eds) 
Anoxygenic photosynthetic bacteria. Kluwer 
Academic Publishers, Dordrecht, pp 399–435  

    Bryant DA, Cohen-Bazire G (1981) Effects of chromatic 
illumination on cyanobacterial phycobilisomes. 
Evidence for the specifi c induction of a second pair 
of phycocyanin subunits in  Pseudanabaena  7409 
grown in red light. Eur J Biochem 119:415–424  

    Bryant DA, Glazer AN, Eiserling FA (1976) Characte-
rization and structural properties of the major bilipro-
teins of  Anabaena  sp. Arch Microbiol 110:61–75  

    Capuano V, Braux AS, Tandeau de Marsac N, Houmard 
J (1991) The “anchor polypeptide” of cyanobacterial 
phycobilisomes. Molecular characterization of the 
 Synechococcus  sp. PCC 6301 apce gene. J Biol 
Chem 266:7239–7247  

    Cogdell RJ, Gardiner AT, Roszak AW, Law CJ, Southall 
J, Isaacs NW (2004) Rings, ellipses and horseshoes: 
how purple bacteria harvest solar energy. Photosynth 
Res 81:207–214  

     Collier JL, Grossman AR (1992) Chlorosis induced by 
nutrient deprivation in  Synechococcus  sp. strain 
PCC 7942: not all bleaching is the same. J Bacteriol 
174:4718–4726  

      Collier JL, Grossman AR (1994) A small polypeptide 
triggers complete degradation of light-harvesting 
phycobiliproteins in nutrient-deprived cyanobacte-
ria. EMBO J 13:1039–1047  

        David L, Marx A, Adir N (2011) High-resolution crys-
tal structures of trimeric and rod phycocyanin. J Mol 
Biol 405:201–213  

     Dines M, Sendersky E, David L, Schwarz R, Adir N 
(2008) Structural, functional, and mutational analy-
sis of the NblA protein provides insight into possible 
modes of interaction with the phycobilisome. J Biol 
Chem 283:30330–30340  

    Ducret A, Sidler W, Wehrli E, Frank G, Zuber H (1996) 
Isolation, characterization and electron microscopy 
analysis of a hemidiscoidal phycobilisome type 
from the cyanobacterium  Anabaena  sp. PCC 7120. 
Eur J Biochem 236:1010–1024  

      Ducret A, Muller SA, Goldie KN, Hefti A, Sidler WA, 
Zuber H, Engel A (1998) Reconstitution, character-
ization and mass analysis of the pentacylindrical 
allophycocyanin core complex from the cyano-
bacterium  Anabaena  sp. PCC 7120. J Mol Biol 
278:369–388  

    Edwards MR, Gantt E (1971) Phycobilisomes of the 
thermophilic blue-green alga  Synechococcus livi-
dus . J Cell Biol 50:896–900  

    Ficner R, Lobeck K, Schmidt G, Huber R (1992) 
Isolation, crystallization, crystal structure analysis 
and refi nement of B-phycoerythrin from the red alga 
 Porphyridium sordidum  at 2.2 A resolution. J Mol 
Biol 228:935–950  

    Gantt E, Conti SF (1966a) Granules associated with 
the chloroplast lamellae of  Porphyridium cruentum . 
J Cell Biol 29:423–434  

    Gantt E, Conti SF (1966b) Phycobiliprotein localiza-
tion in algae. Brookhaven Symp Biol 19:393–405  

     Gantt E, Lipschultz CA (1972) Phycobilisomes of 
 Porphyridium cruentum . I. Isolation. J Cell Biol 
54:313–324  

    Ge B, Sun H, Feng Y, Yang J, Qin S (2009) Functional 
biosynthesis of an allophycocyan beta subunit in 
 Escherichia coli . J Biosci Bioeng 107:246–249  

    Glauser M, Bryant DA, Frank G, Wehrli E, Rusconi 
SS, Sidler W, Zuber H (1992) Phycobilisome struc-
ture in the cyanobacteria  Mastigocladus laminosus  
and  Anabaena  sp. PCC 7120. Eur J Biochem 
205:907–915  

      Glazer AN (1989) Light guides. Directional energy 
transfer in a photosynthetic antenna. J Biol Chem 
264:1–4  

    Glazer AN, Bryant DA (1975) Allophycocyanin B 
(lambdamax 671, 618 nm): a new cyanobacterial 
phycobiliprotein. Arch Microbiol 104:15–22  

     Grossman AR, Schaefer MR, Chiang GG, Collier JL 
(1993) The phycobilisome, a light-harvesting 
complex responsive to environmental conditions. 
Microbiol Rev 57:725–749  

    Grossman AR, Bhaya D, Apt KE, Kehoe DM (1995) 
Light-harvesting complexes in oxygenic photosyn-
thesis: diversity, control, and evolution. Annu Rev 
Genet 29:231–288  

    Inoue N, Emi T, Yamane Y, Kashino Y, Koike H, Satoh 
K (2000) Effects of high-temperature treatments on 
a thermophilic cyanobacterium  Synechococcus 
vulcanus . Plant Cell Physiol 41:515–522  

     Karradt A, Sobanski J, Mattow J, Lockau W, Baier K 
(2008) NblA, a key protein of phycobilisome degra-
dation, interacts with ClpC, a HSP100 chaperone 
partner of a cyanobacterial Clp protease. J Biol 
Chem 283:32394–32403  

    Klotz AV, Leary JA, Glazer AN (1986) Post- translational 
methylation of asparaginyl residues. Identifi cation of 
beta-71 gamma-N- methylasparagine in allophyco-
cyanin. J Biol Chem 261:15891–15894  

     Liu LN, Chen XL, Zhang YZ, Zhou BC (2005) 
Characterization, structure and function of linker 
polypeptides in phycobilisomes of cyanobacteria 
and red algae: an overview. Biochim Biophys Acta 
1708:133–142  

    Liu LN, Aartsma TJ, Thomas JC, Lamers GE, Zhou 
BC, Zhang YZ (2008) Watching the native supramo-

4 Phycobilisome



76

lecular architecture of photosynthetic membrane in 
red algae: topography of phycobilisomes and their 
crowding, diverse distribution patterns. J Biol Chem 
283:34946–34953  

    Lundell DJ, Yamanaka G, Glazer AN (1981) A terminal 
energy acceptor of the phycobilisome: the 75,000-dal-
ton polypeptide of Synechococcus 6301 phycobili-
somes–a new biliprotein. J Cell Biol 91:315–319  

    MacColl R (1983) Stability of allophycocyanin’s quater-
nary structure. Arch Biochem Biophys 223:24–32  

    MacColl R (1998) Cyanobacterial phycobilisomes. 
J Struct Biol 124:311–334  

     MacColl R (2004) Allophycocyanin and energy trans-
fer. Biochim Biophys Acta 1657:73–81  

     MacColl R, Eisele LE, Menikh A (2003) Allophy-
cocyanin: trimers, monomers, subunits, and homodi-
mers. Biopolymers 72:352–365  

       McGregor A, Klartag M, David L, Adir N (2008) 
Allophycocyanin trimer stability and functionality 
are primarily due to polar enhanced hydrophobicity 
of the phycocyanobilin binding pocket. J Mol Biol 
384:406–421  

    Neilson JA, Durnford DG (2010) Evolutionary distri-
bution of light-harvesting complex-like proteins in 
photosynthetic eukaryotes. Genome 53:68–78  

     Reuter W, Wiegand G, Huber R, Than ME (1999) 
Structural analysis at 2.2 A of orthorhombic crystals 
presents the asymmetry of the allophycocyanin- 
linker complex, AP.LC7.8, from phycobilisomes of 
 Mastigocladus laminosus . Proc Natl Acad Sci U S A 
96:1363–1368  

    Ritter S, Hiller RG, Wrench PM, Welte W, Diederichs 
K (1999) Crystal structure of a phycourobilin- 
containing phycoerythrin at 1.90-A resolution. J 
Struct Biol 126:86–97  

    Sato T, Minagawa S, Kojima E, Okamoto N, Nakamoto 
H (2010) HtpG, the prokaryotic homologue of 

Hsp90, stabilizes a phycobilisome protein in the 
cyanobacterium  Synechococcus elongatus  PCC 
7942. Mol Microbiol 76:576–589  

    Sauer K, Scheer H (1988) Exitation transfer in 
C-phycocyanin. Förster transfer rate and exciton 
calculations based on new crystal structure data for 
C-phycocyanins from  Agmenellum quadruplaticum  
and  Mastigocladus laminosus . Biochim Biophys 
Acta 936:157–170  

    Schirmer T, Huber R, Schneider M, Bode W, Miller M, 
Hackert ML (1986) Crystal structure analysis and 
refi nement at 2.5 A of hexameric C-phycocyanin 
from the cyanobacterium  Agmenellum quadruplica-
tum . The molecular model and its implications for 
light-harvesting. J Mol Biol 188:651–676  

    Swanson RV, Glazer AN (1990) Phycobiliprotein meth-
ylation. Effect of the gamma-N- methylasparagine 
residue on energy transfer in phycocyanin and the 
phycobilisome. J Mol Biol 214:787–796  

    Tandeau de Marsac N, Cohen-Bazire G (1977) 
Molecular composition of cyanobacterial phycobili-
somes. Proc Natl Acad Sci U S A 74:1635–1639  

    Teale FW, Dale RE (1970) Isolation and spectral 
characterization of phycobiliproteins. Biochem J 
116:161–169  

    Tooley AJ, Cai YA, Glazer AN (2001) Biosynthesis of 
a fl uorescent cyanobacterial C-phycocyanin holo- 
alpha subunit in a heterologous host. Proc Natl Acad 
Sci U S A 98:10560–10565  

    Yamanaka G, Lundell DJ, Glazer AN (1982) Molecular 
architecture of a light-harvesting antenna. Isolation 
and characterization of phycobilisome subassembly 
particles. J Biol Chem 257:4077–4086  

    Yi ZW, Huang H, Kuang TY, Sui SF (2005) Three- 
dimensional architecture of phycobilisomes from 
 Nostoc fl agelliforme  revealed by single particle 
electron microscopy. FEBS Lett 579:3569–3573    

Ailie Marx et al.



77M.F. Hohmann-Marriott (ed.), The Structural Basis of Biological Energy Generation, 
Advances in Photosynthesis and Respiration 39, pp. 77–109, DOI 10.1007/978-94-017-8742-0_5,
© Springer Science+Business Media Dordrecht 2014

        Jakub   Pšenčík*       
  Faculty of Mathematics and Physics ,  Charles University in Prague , 

  121 16 Prague 2 ,  Czech Republic      

    Sarah   J.   Butcher    
  Institute of Biotechnology ,  University of Helsinki ,   00014 Helsinki ,  Finland     

    and

Roman   Tuma   
  The Astbury Centre for Structural Molecular Biology , 

 University of Leeds ,   Leeds, LS2 9JT ,  UK    

    Chapter 5   

 Chlorosomes: Structure, Function and Assembly 

 *Author for correspondence, e-mail:  psencik@karlov.mff.cuni.cz

Summary .......................................................................................................................................... 78
I. Introduction ................................................................................................................................ 78
II. Composition .............................................................................................................................. 79

A. Bacteriochlorophylls .....................................................................................................  79
B. Carotenoids ..................................................................................................................  81
C. Quinones .....................................................................................................................  82
D. Lipids ...........................................................................................................................  84
E. Proteins ........................................................................................................................  85

III. Structure .................................................................................................................................... 86
A. Baseplate .....................................................................................................................  87
B. Envelope ......................................................................................................................  89
C. Interior ..........................................................................................................................  89

1. Long-Range Organization of Bacteriochlorophyll Aggregates ............................ 89
2. Lamellar Spacing and Location of Carotenoids and Quinones .......................... 91
3. Short-Range Organization of Bacteriochlorophylls ............................................. 92

IV. Function ..................................................................................................................................... 93
A. Spectral Properties ......................................................................................................  93

1. Absorption and Fluorescence Spectroscopy ...................................................... 94
2. Polarized-Light and Single Molecule Spectroscopy ............................................ 96

B. Excitation Energy Transfer ...........................................................................................  97
1. From Carotenoids to Bacteriochlorophylls .......................................................... 98
2. Within Bacteriochlorophyll Aggregates ............................................................... 98
3. From Aggregates to Bacteriochlorophyll a .......................................................... 99

C. Photoprotective Mechanisms .......................................................................................  100
1. Redox-Dependent Excitation Quenching ............................................................ 100
2. Triplet State Quenching ...................................................................................... 101

V. Assembly ................................................................................................................................... 102
Acknowledgements. .......................................................................................................................... 104
References ....................................................................................................................................... 104

mailto:psencik@karlov.mff.cuni.cz


78

          Summary  

  Chlorosomes are light-harvesting complexes found in photosynthetic bacteria belonging 
to three diverse phyla:  Chlorobi ,  Chlorofl exi  and  Acidobacteria . They are composed of 
bacteriochlorophylls with minor contributions from proteins, lipids, carotenoids and quinones. 
Proteins are confi ned to the surface of the chlorosome while most bacteriochlorophyll 
molecules are found within the interior where they assemble into aggregates. These aggre-
gates consist of lamellar structures, in which bacteriochlorophylls form curved layers while 
hydrophobic esterifying alcohols of bacteriochlorophylls from adjacent layers interdigitate 
and hold the system together. Such an arrangement supports strong excitonic coupling 
between the pigments within a layer and enables effi cient excitation energy transfer. This 
chapter surveys general features of the chlorosome, including structure, energy transfer, 
photoprotective mechanisms and assembly.  

      I. Introduction 

 Chlorosomes were discovered in 1964 and 
described as oblong bodies attached to the 
inner side of the cytoplasmic membrane in 
thin sections of cells from  Chlorobi  species 
(Fig.  5.1 ) (Cohen-Bazire et al.  1964 ). 
Subsequently, chlorosomes were found in 
three bacterial phyla: most of the known spe-
cies of  Chlorobi  (all known members of the 
family  Chlorobiaceae , green sulfur bacteria), 
certain  Chlorofl exi  species (the majority of 
the known members of the class  Chlorofl exi  
and “ Candidatus  Chlorothrix halophila” 
(Klappenbach and Pierson,  2004 ), fi lamen-
tous anoxygenic phototrophs, formerly known 
as green non-sulfur bacteria), and one bacte-
rium belonging to  Acidobacteria  (Bryant 
et al.  2007 ). While chlorosomes from all these 
bacteria are rather similar, the rest of their 
photosynthetic apparatus exhibits substantial 
differences, which suggests that a horizontal 
genetic transfer may have been responsible 
for spreading chlorosomes among these 
diverse phyla (Frigaard and Bryant  2004 ).

   A unique property of chlorosomes is that 
their main pigments, bacteriochlorophylls 
(BChl)  c ,  d  or  e , are organized in the form of an 
aggregate, in contrast to other photosynthetic 

light-harvesting complexes where proteins 
maintain the distances and mutual orientations 
between pigments. The aggregates inside a 
chlorosome are composed of many thousands 
of tightly associated BChl molecules making 
the chlorosome the largest light-harvesting 
complex known to date. The aggregation also 
leads to strong excitonic coupling between 
the BChls which provides the basis for high 
light-harvesting effi ciency. Consequently, 
some of the chlorosome- possessing bacteria 
can grow under extremely low light conditions 
(Overmann et al.  1992 ; Beatty et al.  2005 ) 
and chlorosomes are considered the most 
effi cient antenna found in nature. 

 The fi rst full genomic sequence of a 
chlorosome- containing bacterium was 
obtained from the  Chlorobi  species 
 Chlorobaculum  ( Cba .)  tepidum  (Eisen et al. 
 2002 ), and it quickly became a model organ-
ism and is used as such throughout this review. 
This organism was originally known as 
 Chlorobium  ( Chl. )  tepidum , but it has been 
renamed on the basis of new phylogenetic 
classifi cation that employed 16S rRNA and 
Fenna–Matthews–Olson (FMO) complex 
gene sequences (Imhoff  2003 ; Imhoff and 
Thiel  2010 ).  Chlorofl exus  ( Cfl . )  aurantiacus  is 
the most intensively studied member of the 
 Chlorofl exi . 

 This chapter reviews the structure, function 
and assembly of chlorosomes with emphasis 
on the results obtained since the last review 

 Abbreviations:     BChl –    Bacteriochlorophyll;       Cba –   
   Chlorobaculum;       CD –    Circular dichroism;      Cfl  –  
  Chlorofl exus;       Chl. –      Chlorobium     
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in this series was published (Blankenship 
and Matsuura  2003 ). During the intervening 
period several additional reviews concerning 
chlorosomes have been published (Frigaard 
and Bryant  2004 ,  2006 ; Oostergetel et al. 
 2010 ). Related topics such as self-assembling 
aggregates of chlorosomal BChls and their 
synthetic analogues have been reviewed else-
where (Balaban et al.  2005 ; Miyatake and 
Tamiaki  2005 ,  2010 ).  

   II. Composition 

 A chlorosome contains pigments ,  proteins 
and lipids. The dry weight of a typical chlo-
rosome encompasses 50 % BChl  c ,  d  or  e , 
30 % protein and about 10 % lipids, the rest 
being carotenoids, quinones and BChl  a  
(Blankenship and Matsuura  2003 ). In terms 

of molar ratio with respect to BChl  c  in  Cba. 
tepidum  chlorosomes this corresponds to 
approximately 0.1 carotenoids, 0.1 quinones, 
0.1 lipids, 0.03 protein molecules and 0.01 
BChl  a  (Frigaard and Bryant  2006 ). 

    A. Bacteriochlorophylls 

 The main constituent of the chlorosome is 
BChl  c ,  d  or  e  (Fig.  5.2 ), which is the princi-
pal light-harvesting pigment (for a review 
see Scheer  2006 ). Using direct methods, it 
has been estimated that a single chlorosome 
of  Cba. tepidum  contains between 100,000 
and 250,000 BChl  c  molecules (Montano 
et al.  2003a ; Saga et al.  2007 ). Another 
 estimate of BChl  c  number per chlorosome 
can be obtained from the volume of a typical 
 Cba. tepidum  chlorosome (an ellipsoid 
200 × 50 × 25 nm) and density (approx. 

     Fig. 5.1.    ( a ) Longitudinal section of the cell  Chlorobium thiosulfatophilum  T, which should correspond to 
 Chlorobaculum thiosulfatiphilum  according to the current nomenclature (Imhoff and Thiel  2010 ), showing chlo-
rosomes (white bodies labeled as ‘cv’, chlorobium vesicles; one of the chlorosomes is highlighted by the  red 
rectangle ) attached to the cytoplasmic membrane. The fi gure is from the original paper in which chlorosomes 
were fi rst described (Cohen-Bazire et al.  1964 , reproduced with permission from Rockefeller University Press). 
( b ) Schematic diagram of the shape and interior of a typical chlorosome. The lamellar layers ( green ) consist of 
BChl aggregates and are held together by hydrophobic interactions between interdigitated esterifying alcohols 
of BChls (see also Fig.  5.8 ) forming the hydrophobic space ( orange ) between the chlorin layers which is also 
occupied by carotenoids and quinones. The baseplate at the  bottom  of the chlorosome is shown as made of CsmA 
protein dimers, each containing one BChl  a  molecule ( blue-green rectangle ), the orange background of the base-
plate alludes to the presence of carotenoids in the baseplate. The envelope is formed mainly by proteins (the  gray 
particles ), while lipids fi ll the space between the proteins ( cyan ).       

 

5 Chlorosomes



80

1.16 g/cm 3  (Psencik et al.  2004 )). Such a 
chlorosome would contain about 100,000 
BChl  c  (Mr ~800) molecules, if it was fi lled 
by BChl  c  alone. Considering that about 
30 % of the chlorosome dry weight is com-
prised of proteins (Blankenship and Matsuura 
 2003 ) (protein density ~1.3 g/ cm 3 ) a number 
between 60 and 80,000 BChl  c  molecules is 
obtained, depending on the amount of the 
remaining chlorosome components (e.g. 
carotenoids, quinones, lipids). The differ-
ences in these estimates most likely refl ect 
batch to batch variation in chlorosome 
dimensions and various assumptions in the 
methods used to determine the volume and 
BChl fraction within the chlorosome. 
Nevertheless, all these estimates far exceed 
the amounts of pigments found in other pho-
tosynthetic light-harvesting complexes.

   Unlike ‘true’ bacteriochlorophylls, such as 
BChl  a , that are derived from bacteriochlorin, 
BChl  c ,  d  and  e  are based on chlorin, which is 
the skeleton of chlorophylls and differs from 
the bacteriochlorin by the presence of a 
double bond between C7 and C8 (Fig.  5.2 ). 
Historically, they were isolated from bacteria 
and got their trivial name prior to the deter-
mination of their chemical structure. BChl  c , 
 d  and  e  differ from each other at the C20 
position where BChl  c  and  e  have methyl, and 
at the C7 position where BChl  e  has an 
aldehyde group. The fourth possible combi-
nation, BChl  f  (aldehyde group at C7, hydro-
gen at C20) has not yet been found to occur 
naturally, but was recently synthesized and 
spectroscopically characterized (Tamiaki 
et al.  2011 ). Another interesting feature of 
BChl  c ,  d  and  e  in  Chlorobi  is that they are 

  Fig. 5.2.    ( a ) Structure of bacteriochlorophyll (BChl)  c . BChl  d  differs from BChl  c  by lacking the methyl group 
at C 20 , BChl  e  has an aldehyde group at C 7  instead of methyl. R 8  substituents are mainly ethyl, propyl, or isobutyl 
while R 12  can be methyl or ethyl. R 17  3  stands for the alkyl group of the esterifying alcohol. BChl  c  in chlorosomes 
from  Cba. tepidum  is esterifi ed mainly with farnesol. ( b ) Structure of BChl  a . R 17  3  is phytyl. ( c ,  d ) Structure of 
farnesol and phytol.       
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found as a mixture of several homologs dif-
fering in both the alkyl substituent at C8 and 
C12, and in the alcohol esterifi ed at C17 3 . 
The degree of alkylation at C8 and C12 
increases at low-light conditions (Borrego 
and Garcia-Gil  1995 ; Borrego et al.  1999a ). 
BChl  c  homologs differing in the substituent 
at C8 and C12, and in the alcohol esterifi ed at 
C17 3  were also identifi ed in  Acidobacteria  
member “ Candidatus  Chloracidobacterium 
(Cab.) thermophilum” (Costas et al.  2012 ). In 
contrast,  Chlorofl exi  usually possess a single 
BChl  c  homolog containing ethyl at C8 and 
methyl at C12, although different types of 
esterifying alcohols are attached at C17 3 . 

 BChl  c ,  d  and  e  have several unique prop-
erties. They are found exclusively in chloro-
somes and, most signifi cantly, they have the 
propensity to self-assemble into large aggre-
gates. Aggregation is mediated by their unique 
structural features, namely the presence of a 
hydroxy group at asymmetric C31 and the 
absence of a bulky methoxycarbonyl group at 
C13 2  (Fig.  5.2 ). The prevailing stereochemis-
try at C3 1  changes from R to S with increasing 
size of the C8 substituent (Scheer  2006 ). 

 The key interaction for aggregate forma-
tion is the intermolecular coordination of 
the central Mg2+ ion of one BChl molecule 
to the hydroxy group at C3 1  of a second 
BChl. In addition, a hydrogen bond is 
formed between the hydroxy group at C3 1  of 
the second BChl and the keto group at C13 1  
of a third BChl molecule (Hildebrandt et al. 
 1994 ). The importance of the latter interac-
tion has been recently questioned and it was 
instead proposed that the C13 1  keto group of 
the second BChl is weakly coordinated to 
the central Mg ion of yet another BChl 
within the aggregate (Jochum et al.  2008 ). 
Nevertheless, the prevailing opinion is that 
the hydrogen bond is formed in the aggre-
gate and it seems that its main role is to sta-
bilize parallel orientation of the Qy transition 
dipole moments, which is required for 
strong exciton coupling (Sect.  IV.A ), while 
an important role in stabilization of the 
aggregate is played by stacking (π–π) inter-
actions (Alster et al.  2012 ). Altogether, these 

interactions are in principle compatible with 
many possible molecular arrangements, and 
some of them are discussed in the structural 
context in Sect.  III.C.3 . 

 In addition to BChl  c ,  d  and  e , chlorosomes 
from all species also contain BChl  a  (Fig.  5.2 ), 
which does not form aggregates. BChl  a  is 
found in a pigment-protein complex within 
the baseplate (Sect.  III.A ). BChl  a  represents 
typically 1 % of the total BChl content in 
 Chlorobi , and about 5 % in  Chlorofl exi .  

   B. Carotenoids 

 Chlorosomes also contain a signifi cant, 
albeit variable amount of carotenoids. They 
partition into two different pools: (1) carot-
enoids in the chlorosome interior (Sect.  III.C ) 
and (2) carotenoids associated with BChl  a  
in the baseplate (Sect.  III.A ). Carotenoids in 
chlorosomes, as in other photosynthetic 
complexes, have several roles: photoprotec-
tive, light-harvesting and structural (for a 
review see Polivka and Sundstrom  2004 ). 
The amount of carotenoids depends on the 
bacterial species, growth phase, light and 
temperature conditions (Oelze and Golecki 
 1995 ). For example in  Chlorobi , the stoichi-
ometry between BChl and carotenoids can 
vary between approximately 2:1 and 20:1 
(Borrego and Garcia-Gil  1995 ; Borrego 
et al.  1999a ). Although some of the analyses 
were done on whole cells, they are neverthe-
less relevant to chlorosomes since the 
majority of the carotenoids in  Chlorobi  are 
present in chlorosomes (Frigaard et al.  1997 ; 
Frigaard and Bryant  2006 ). Such a general-
ization does not apply to  Cfl . aurantiacus  
which exhibits an increase of the carotenoid 
fraction under high-light conditions (Schmidt 
et al.  1980 ; Larsen et al.  1994 ) but most of 
the additional carotenoids are localized 
within structures known as wax oleosomes 
(Blankenship et al.  1995 ). 

 Most of the carotenoids in chlorosomes 
of  Chlorobi  and  Chlorofl exi  are carotenes 
(i.e. carotenoids that do not contain oxygen). 
Recently, chlorosomes from acidobacterium 
Cab. thermophilum were shown to contain 
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signifi cant amounts of xanthophylls (carot-
enoids containing oxygen), namely the 
ketocarotenoids echinenone and canthaxan-
thin (Fig.  5.3 ). These ketocarotenoids were 
suggested to play a protective role in the aer-
obic conditions, which are natural to this 
bacterium (Costas et al.  2012 ). Chlorosomes 
from  Chlorobi  mainly possess carotenoids 
with one or two aryl rings, namely conju-
gated ϕ-end-group (1,2,5-trimethylphenyl) 
(Fig.  5.3 ), which are rare in other photosyn-
thetic organisms. Green-colored species of 
 Chlorobi  (i.e. containing BChl  c  or  d , e.g. 
 Cba. tepidum ), contain mainly the carot-
enoids chlorobactene and 1′,2′-dihydro-
chlorobactene (Takaichi and Oh-Oka  1999 ), 
both with one aryl ring. On the other hand, 
brown- colored species (containing BChl  e ) 
contain isorenieratene and β-isorenieratene, 
with two or one aryl ring, respectively 
(Imhoff  1995 ).

   Chlorosomes of  Chlorofl exi , e.g.  Cfl . 
aurantiacus  contain mainly β- and γ-carotene 
(Fig.  5.3 ) and their derivatives, which instead 
of an ϕ-end-group, possess one or two β-rings 
(Halfen et al.  1972 ; Maresca et al.  2008 ). It is 
interesting to note that β-carotene is a pre-
cursor for isorenieratene, while γ-carotene 
leads to chlorobactene (Takaichi  1999 ) 
(Fig.  5.3 ). This poses a question as to why 
 Chlorobi  species take the carotenoid biosyn-
thesis further and introduce the ϕ-ring? The 
introduction of the ϕ-end- group has no 
effect on the visible absorption spectrum of 
the carotenoid, because the conjugated sys-
tem of the ϕ-ring is effectively decoupled 
from the polyene backbone and does not con-
tribute to the overall conjugation length 
(Fuciman et al.  2010 ). Thus, the ϕ-ring does 
not extend the light-harvesting spectral cov-
erage. This is exemplifi ed by a  crtU  null 
mutant of  Cba. tepidum  that does not convert 
γ-carotene into chlorobactene but forms chloro-
somes with very similar absorption spectra. 
In addition the shape and structure of the 
mutant chlorosomes are indistinguishable from 
those of the wild type (Ikonen et al.  2007 ), 
suggesting that the ϕ-ring is likewise not 
essential for chlorosome morphogenesis. 

However, chlorosomes from this mutant 
photo-degrade at a rate almost twice that of 
wild type (Kim et al.  2007 ) suggesting that 
the presence of the ϕ-ring enables more 
effi cient photoprotection. 

 Both photoprotection of BChls by triplet- 
triplet quenching and energy transfer from 
the short lived S 2  state of carotenoids to 
BChls (see Sects.  IV.C.2  and  IV.B.1 ) require 
close proximity and a suitable orientation 
of the respective pigments. In other light-
harvesting complexes this is achieved via 
association with a protein scaffold, which is 
absent from the chlorosome interior. The 
possession of the ϕ-ring by carotenoids from 
 Chlorobi  species may provide the necessary 
structural constraints to support electronic 
coupling between carotenoids and BChls 
through the π–π interaction between the 
planar conjugated system of the carotenoid 
ϕ-ring and that of the BChls’ chlorin ring 
(Fuciman et al.  2010 ). The CH-π interactions 
of the β-ring of carotenoids with the conju-
gated system of BChl molecules (Wang et al. 
 2004 ) are likely to play a similar role in 
chlorosomes containing β-ring carotenoids 
such as those from the  Chlorofl exi  species. 
However, CH-π interactions are expected to 
be weaker than π–π stacking. Thus, perhaps 
stronger and more effi cient coupling via the 
ϕ-ring is required in  Chlorobi  for photopro-
tection and fast energy transfer. The fact that 
chlorobactene is more effi cient in inducing 
self-assembly of BChl  c in vitro  than β-carotene 
indeed suggests that the ϕ-ring interacts 
more strongly with BChl  c  than the β-ring 
(Klinger et al.  2004 ; Alster et al.  2010 ). It 
remains to be seen how ketocarotenoids in 
 Acidobacteria  are interacting with BChls.  

   C. Quinones 

 Another group of compounds found in chlo-
rosomes are isoprenoid quinones (for a 
recent review see Nowicka and Kruk  2010 ). 
These amphiphilic molecules consist of a 
polar head group and a hydrophobic iso-
prenoid side chain (Fig.  5.4 ). The polar head 
group is a conjugated (poly)cyclic dione 
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  Fig. 5.3.    Structures of the most abundant chlorosomal carotenoids. ( a ) γ-carotene, ( b ) chlorobactene, ( c ) 
1′,2′-dihydrochlorobactene, ( d ) β-carotene, ( e ) β-isorenieratene, ( f ) isorenieratene, ( g ) echinenone, ( h ) canthax-
anthin. The  arrows  indicate the order of synthesis in the biosynthetic pathway. The  boxes  group carotenoids found 
in chlorosomes from different bacteria:  Chlorofl exi  ( orange ), green-colored  Chlorobi  ( green ), brown-colored 
 Chlorobi  ( brown ) and  Acidobacteria  ( blue ). A β-ring and ϕ-ring are delineated in  panel  ( a ) and ( b ), respectively.       
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structure. The apolar isoprenoid side chain 
of varying length gives the molecules a 
lipid- soluble character and usually anchors 
the molecules in membrane lipid bilayers 
(Nowicka and Kruk  2010 ). In chlorosomes, 
it seems that the role of the side chain is to 
increase the hydrophobicity of the molecule 
and allow its incorporation into the hydro-
phobic space within the lamellar assembly 
(Sect.  III.C.2 ) (Alster et al.  2008 ).

   Quinones are known to play a role as elec-
tron transporters (Nowicka and Kruk  2010 ). 
The polar head is the functional part, and 
can undergo a two-step, reversible reduction 
leading to quinol. Isoprenoid quinones play 
a principal role in the redox-dependent pro-
tective excitation quenching in chlorosomes 
of  Chlorobi  species (Sect.  IV.C.1 ) (Frigaard 
et al.  1997 ), which was recently observed also 
for an  Acidobacteria  member (Costas et al. 
 2011 ). The close-range association between 
BChls and quinones in chlorosomes are likely 
to be achieved by π–π interactions of their 
conjugated systems. 

 In  Chlorobi , the main quinones are chloro-
biumquinone (1′-oxo-menaquinone-7) and 
menaquinone-7 (Fig.  5.4 ), which are present 
at a fraction of about 0.1 mol per 1 mol of 
BChl (Frigaard et al.  1997 ; Blankenship and 
Matsuura  2003 ). Chlorobiumquinone is the 
only known isoprenoid naphthoquinone 
containing a carbonyl group in its side chain 
(Nowicka and Kruk  2010 ). This unique 
structure may be important for effective 
excitation quenching. Dihydrogenated mena-
quinone-8 was detected in chlorosomes from 
acidobacterium Cab. thermophilum and pro-

posed to act as an excitation quencher (Costas 
et al.  2012 ).  Chlorofl exi  contain mostly 
menaquinone-10 in an amount similar to the 
total amount of quinones in  Cba. tepidum  
(Frigaard et al.  1997 ). The function of qui-
nones in  Chlorofl exi  is currently unknown. 
Based on the arguments summarized in 
Sect.  IV.C.1 , they are not involved in the 
excitation quenching mechanism found in 
 Chlorobi  and  Acidobacteria .  

   D. Lipids 

 The chlorosome lipid composition differs 
from that of other photosynthetic bacteria. The 
main difference is the prevalence of glycolip-
ids at the expense of phospholipids and other 
lipid types. For chlorosomes from the model 
organism  Cba. tepidum  the fraction of polar 
lipids contains 60 % glycolipids, and only 
about 30 % phospholipids (Sorensen et al. 
 2008 ). Similar numbers were reported for 
chlorosomes from other species (for reviews 
see Blankenship et al.  1995 ; Frigaard and 
Bryant  2006 ). The main lipid originally found 
in  Chlorofl exi  and  Chlorobi  species was mono-
galactosyl diacylglyceride (MGDG) (Fig.  5.5 ). 
Recently a rhamnose derivative of MGDG, 
rhamnosylgalactosyl diacylglyceride (RGDG) 
(Fig.  5.5 ), was identifi ed as the prevalent gly-
colipid in  Cba. tepidum  (Sorensen et al.  2008 ) 
alongside with MGDG, the ratio of the two 
being dependent on the growth temperature 
(Mizoguchi et al.  2011 ). MGDG is also the 
main lipid found in chloroplast thylakoid 
membranes. It is a neutral lipid with a small 
polar headgroup, which does not form bilayers, 

  Fig. 5.4.    Structures of the most abundant quinones in  Cba. tepidum  chlorosomes. ( a ) 1′-oxomenaquinone-7 
(chlorobiumquinone) ( b ) menaquinone-7.       
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but an inverted hexagonal phase in water. It 
has been suggested that one of its functions in 
chloroplasts could be to facilitate optimal 
packing of large integral membrane proteins 
(Gounaris and Barber  1983 ). Perhaps it plays a 
similar role in the protein- rich chlorosome 
envelope (Sect.  III.B ). In addition to MGDG, 
 Cfl . aurantiacus  also contains digalactosyl 
diacylglyceride (DGDG) (Knudsen et al. 
 1982 ). The chlorosomes from acidobacterium 
Cab. thermophilum contain diacylglyceryl 
hydroxymethyltrimethyl-β- alanine (DGTA) as 
the main lipid (Costas et al.  2012 ).

   Chlorosomes from thermophilic species 
(both from  Chlorofl exi  and  Chlorobi ) also 
contain non-polar lipids (hydrophobic 
wax- esters), which are most probably 
located in the chlorosome interior and 
their amount exceeds that of the polar lip-
ids (Blankenship et al.  1995 ; Sorensen 
et al.  2008 ). The most abundant non-polar 
lipid in  Cba. tepidum  is tetradecyl hexa-
decanoate (Fig.  5.5 ). The non-polar lipids 
were suggested to be involved in stabiliza-

tion of pigment aggregates at elevated tem-
peratures (Sorensen et al.  2008 ).  

   E. Proteins 

 Ten proteins, with molar masses ranging from 
6.2 to 26 kDa (Persson et al.  2000 ), have been 
found in chlorosomes from  Cba. tepidum  
(CsmA, CsmB, CsmC, CsmD, CsmE, CsmF, 
CsmH, CsmI, CsmJ, and CsmX) and can be 
clustered into four structural groups (Vassilieva 
et al.  2002 ; for a review see Frigaard and 
Bryant  2006 ). Four similar groups are found in 
 Cfl . aurantiacus  (Frigaard and Bryant  2006 ). 
In the fi rst group are CsmA and CsmE. CsmA, 
and possibly also CsmE, binds BChl  a  via a 
conserved histidine residue (Frigaard and 
Bryant  2006 ; Zobova et al.  2011 ). CsmA, the 
most abundant chlorosomal protein (up to 
~50 % of all protein mass in chlorosomes 
(Frigaard et al.  2004 )), forms the baseplate 
(Sect.  III.A ). It is the only protein, which is 
essential for the formation of chlorosomes 
(Frigaard et al.  2004 ). However the genetic 

  Fig. 5.5.    Structure of the most abundant lipids in  Cba. tepidum  chlorosomes. ( a ) monogalactosyl diacylglyceride (MGDG) 
and ( b ) rhamnosylgalactosyl diacylglyceride (RGDG) as the representatives of polar lipids. Substituents R 1  and 
R 2  represent esterifying fatty acids. The major fatty acid found in  Cba. tepidum  chlorosomes is ( c ) hexadecanoic 
acid (Sorensen et al.  2008 ). ( d ) Tetradecyl hexadecanoate is the most abundant non-polar lipid (wax ester).       
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deletion of all proteins from one structural 
group severely affects the function and mor-
phology of the chlorosomes (Frigaard and 
Bryant  2006 ; Li and Bryant  2009 ). 
Crosslinking experiments have shown that 
CsmA forms dimers and larger oligomers 
(Bryant et al.  2002 ; Li et al.  2006 ). CsmA is 
the only chlorosomal protein for which struc-
tural information is available and is discussed 
in Sect.  III.A . The other proteins are located in 
the chlorosome envelope (Sect.  III.B ). 

 CsmC, CsmD, CsmH, CsmI, CsmJ, and 
CsmX proteins were found to form homomul-
timers and interactions between different pro-
teins have also been reported (Li et al.  2006 ). 
The second structural group encompasses 
CsmI, CsmJ and CsmX, which are iron-sulfur 
proteins with sequence similarity in their 
amino-terminal domains to [2Fe-2S] ferre-
doxins (Li et al.  2009 ). They form mixed 
multimers with midpoint electrochemical 
potentials varying between −350 and +90 mV, 
depending on their subunit composition 
(Frigaard and Bryant  2006 ). These proteins 
are probably involved in restoring energy 
transfer upon return to anaerobic conditions 
(Sect.  IV.C.1 ) (Frigaard and Bryant  2006 ). 

 The remaining two groups (CsmB/
CsmF and CsmC/CsmD) encompass pro-
teins that affect the size and shape of the 

chlorosome and also the absorption max-
ima of the BChl aggregates (Li and Bryant 
 2009 ). The sequence of CsmH consists of 
two domains exhibiting similarities to 
CsmB/CsmF and CsmC/CsmD, respec-
tively. In addition, two proteins, CsmS and 
CsmT, which exhibit no sequence similar-
ity to other known chlorosome proteins, 
were found to be abundant in the envelope 
of  Acidobacteria  member Cab. thermophi-
lum (Costas et al.  2011 ).   

   III. Structure 

 Chlorosomes form ellipsoid bodies with 
typical dimensions for  Cba. tepidum  of 150–
200 × 50 × 25 nm (Fig.  5.1 ). However, shape 
and dimensions may vary considerably 
between species and with growing condi-
tions. The chlorosomes from green-colored 
 Chlorobi  or  Chlorofl exi  species (containing 
BChl  c  or  d , e.g.  Cba. tepidum ) appear to 
have a smooth surface and an ellipsoidal 
shape while chlorosomes from the 
 brown- colored  Chlorobi  (BChl  e  containing, 
e.g.  Chl. phaeovibrioides ) are usually larger, 
irregular and exhibit a rough surface (Fig.  5.6 ) 
(Martinez-Planells et al.  2002 ). As explained 
in Sect.  III.C.1 , the rough surface refl ects the 

  Fig. 5.6.    Electron cryomicroscopy (cryo-EM) images of chlorosomes. ( a ) A smooth chlorosome from  Cba. 
tepidum  (Psencik et al.  2004 ) and ( b ) rough chlorosome from  Chl. phaeovibrioides . It should be noted that 
chlorosomes from  Chl. phaeovibrioides  are usually signifi cantly larger compared to that from  Cba. tepidum . 
However, chlorosomes with similar sizes were selected to aid visual comparison of their internal organization. 
( c ) Schematic representation of the lamellar system in smooth chlorosomes, where the prevailing orientation of 
the lamellae is parallel to the long axis of the chlorosome and ( d ) rough chlorosomes, where a part of the lamellar 
system forms domains with random orientation (Psencik et al.  2006 ).       
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  Fig. 5.7.    ( a ) Baseplate as observed in cryo-EM 
images of chlorosomes from  Cfl . aurantiacus  in a 
side-view (the string of  dots  on one side of the chloro-
some) and ( b )  top-view  (perpendicular striation). ( c ) 
Tomography of a single chlorosome defi ning the  side-
view  and  top- view    (Psencik et al.  2009 , EMD-1642). 

Fig. 5.7. (continued) ( d ) Schematic of the baseplate 
explaining cryo-EM images and X-ray diffraction. The 
baseplate is shown consisting of dimers in a row. The 
rows are observable in cryo- EM and the correspond-
ing spacing in X-ray data. No spacing in the direc-
tion along the row is observed in cryo-EM or X-ray 
data presumably due to tight packing of helices in this 
direction. BChl  a  molecule is depicted by the  blue-
green rectangle  and the presence of carotenoids by 
the  orange  background. Tentative orientation of the Q y  
transition dipole moments of BChl  a  is shown by  yel-
low arrows . ( e ) Structure of  Cba. tepidum  CsmA pro-
tein determined by NMR in organic solvent (Pedersen 
et al.  2008 , PDB 2k37). Three representative confor-
mations from the solution ensemble ( red, green, blue ) 
were aligned using the hydrophobic N-terminal helix 
(part embedded in the chlorosome) to illustrate the 
fl exibility of the hydrophilic C-terminus (FMO bind-
ing), which pivots around Thr 40. His 25 coordinates 
BChl  a.        

internal organization of pigment aggregates 
into domains. The overall architecture con-
sists of the baseplate, envelope and interior 
(Fig.  5.1 ). Proteins are located only in the 
envelope and the baseplate while the interior 
is composed of pigment assemblies. The 
chlorosome attaches to the cytoplasmic mem-
brane either directly ( Chlorofl exi ) or via the 
FMO complex ( Chlorobi ,  Acidobacteria ).

         A. Baseplate 

 The baseplate is located on one side of the 
chlorosome (for a recent review see Pedersen 
et al.  2010 ) and mediates excitation energy 
transfer towards the reaction centers located 
in the cytoplasmic membrane. The baseplate 
is built from multiple copies of CsmA 
protein. Each CsmA protein specifi cally coor-
dinates at least one BChl  a  molecule and fur-
ther associates with carotenoids (Fig.  5.1 ) 
(Montano et al.  2003b ; Frigaard and Bryant 
 2006 ). In addition, it has been proposed that 
the ordered baseplate imposes long-range 
order within lamellar BChl aggregates 
(Ikonen et al.  2007 ; Arellano et al.  2008 ), pre-
sumably via nucleating or directing pigment 
assembly on its surface. Carotenoids have 
been shown to be important for baseplate 

(continued)
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  Fig. 5.8.    ( a ) Comparison of X-ray scattering curves 
measured on chlorosomes from different species. 
Scattering patterns are dominated by a lamellar peak 
(q between 1.5 and 3.5 nm −1 ) corresponding to the 
distance between layers of BChl aggregates (lattice 
constant c in Fig.  5.9 ). Note that the other peaks 
refl ecting the lattice distances are only observed 
for  Cba. tepidum , presumably due to better order. 
Curves are vertically shifted and normalized at the 
maximum of the lamellar peak for visualization. ( b ) 
The experimentally determined (X-ray diffraction) 
dependence of the lamellar spacing on the average 
length of the esterifying alcohol. Spacing in aggre-
gates of BChl  c  and its analogues, in which farnesyl 
has been trans-esterifi ed with two shorter alcohols, 
butanol and octanol, and assembled  in vitro  by hex-
ane ( red ) are compared with spacing in chlorosomes 
from different species ( blue ) and after carotenoid 
removal by hexane ( green ). The numbers in paren-
thesis are carotenoid to BChl molar ratios deter-
mined for native chlorosomes (Psencik et al.  2006 ; 
Psencik et al.  2010 ; Psencik    et al.  2013 ).       

morphogenesis (Foidl et al.  1997 ; Arellano 
et al.  2001 ; Ikonen et al.  2007 ). 

 The mature CsmA protein consists of 59 
amino acids. It is produced by post- translational 
cleavage of the last 20 residues from a 79 
amino acid long precursor during chlorosome 
morphogenesis (Pedersen et al.  2010 ). The 
atomic model of CsmA, determined by NMR 
in an organic solvent, revealed a kinked 
hydrophobic N-terminal helix (residues 2–40) 
connected to a shorter hydrophilic C-terminal 
helix (residues 40–49) (Fig.  5.7 ). In the chlo-
rosome, the N-terminus points into the chlo-
rosome  interior and the C-terminus to the 
exterior, where it can interact with the mem-
brane or FMO complex (Pedersen et al.  2008 ).

   CsmA subunits are arranged into a two 
dimensional crystalline lattice, fi rst seen in 
freeze-fracture electron microscopy (EM) 
images (Staehelin et al.  1978 ) and more 
recently directly imaged by cryo-EM (Fig.  5.7 ) 
(Psencik et al.  2009 ; Oostergetel et al.  2010 ). 
The lattice spacing of 3.2–3.3 nm (q = 1.90–
1.95 nm −1 ) was deduced from X-ray diffraction 
(Fig.  5.8 ) (Ikonen et al.  2007 ) and analysis of 
electron micrographs (Psencik et al.  2009 ; 
Oostergetel et al.  2010 ). The baseplate lattice in 
 Cfl . aurantiacus  is approximately perpendicu-
lar to the long axis of the chlorosome (Fig.  5.7 ) 
(Staehelin et al.  1978 ; Psencik et al.  2009 ), 
while that in  Cba. tepidum  intersects the long 
axis at an ~40° angle (Oostergetel et al.  2010 ).

   A model of the baseplate from  Cba. tepi-
dum  was built using CsmA dimers as a basic 
unit (Pedersen et al.  2010 ). The model 
describes coordination of two BChl  a  at the 
dimer interface by histidine side chains 
within a conserved patch of residues (GHW). 
Carotenoids that are present in the baseplate 
are expected to be in close proximity to the 
BChl  a  pair in order to provide a protective 
function (quenching of the BChl  a  triplet 
states), which requires an overlap of molecu-
lar orbitals (Arellano et al.  2000a ).  
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     B. Envelope 

 The envelope is defi ned here as the surface 
layer of the chlorosome with the exception of 
the baseplate (Fig.  5.1 ). The envelope was fi rst 
observed as a ~3 nm thick surface layer in 
freeze fracture EM (Staehelin et al.  1980 ) and 
recent cryo-EM images are consistent with this 
observation (Oostergetel et al.  2010 ). These 
high resolution EM images, however, have not 
revealed any regular structure within the enve-
lope, ruling out the presence of a lipid bilayer 
and crystalline protein arrays. The envelope 
contains the polar lipids found in the chloro-
some, with their polar heads oriented towards 
the cytoplasm (Chung and Bryant  1996 ). It has 
been assumed for a long time that these lip-
ids form a monolayer around the chlorosome. 
However, recent estimates suggest that the 
amount of lipids is suffi cient to cover only 
about 5 % of the surface, and therefore more 
than 90 % of the surface is most likely covered 
by proteins with lipids fi lling the remaining 
space (Fig.  5.1 ) (Sorensen et al.  2008 ).  

    C. Interior 

 The interior of the chlorosome is fi lled with 
self-assembled pigment aggregates mostly 
composed of BChl  c ,  d  or  e  with minor, but 
essential, contributions from carotenoids, qui-
nones (Figs.  5.1  and  5.8 ), and non-polar lipids 
in the case of thermophilic species. The fi rst 
structural models of the chlorosome interior 
were based on freeze fracture micrographs. It 
was proposed that the BChl aggregates were 
organized in tightly packed rods (resembling 
hexagonal phase) with a diameter of ~5 nm in 
 Cfl . aurantiacus  and ~10 nm in  Chlorobi  
(Staehelin et al.  1978 ,  1980 ). However, recent 
higher resolution cryo-EM images and X-ray 
diffraction results revealed that the pigments 
form a lamellar phase (Psencik et al.  2004 ; for 
a recent review see Oostergetel et al.  2010 ), 
while the rod-like appearance in freeze-frac-
ture was due to the intrinsic curvature of the 
lamellae (Oostergetel et al.  2007 ). 

      1. Long-Range Organization 
of Bacteriochlorophyll Aggregates 

 Cryo-EM images revealed a striation pattern 
often parallel to the long axis of the chlorosome 
with spacing ranging from ~2 nm for  Cba. 
tepidum  (Fig.  5.6 ) (Psencik et al.  2004 ; 
Oostergetel et al.  2007 ) to 2.6–4.0 nm for  Cfl . 
aurantiacus  (Fig.  5.7 ) (Psencik et al.  2009 ). 
Corresponding solution X-ray scattering 
(Fig.  5.8 ), which reports average structure of 
all the chlorosomes in the sample, exhibited 
features with comparable spacings (from 
2.1 nm for  Cba. tepidum  to 3.3 nm for  Cfl . 
aurantiacus ) and a scattering pattern typical 
of the lamellar phase seen for other amphipa-
thic self-assembling molecules (lipids, block 
copolymers etc.) (Hamley  1998 ). The lamellar 
arrangement has been so far observed in 
green- and brown-colored  Chlorobi  species 
and  Cfl . aurantiacus  and recently also for 
acidobacterium Cab. thermophilum (Costas 
et al.  2011 ) suggesting that this is a universal 
feature of chlorosome structure. 

 From cryo-EM observation of the same 
chlorosome from different projection angles 
(tilt series) it became evident that the lamellar 
system cannot be planar but must be curved 
(Psencik et al.  2004 ). Important insight into 
the arrangement of aggregates came from 
visualization of end-on views of chlorosomes 
from  Cba. tepidum , which revealed a variety 
of curved lamellae ranging from disordered 
structures prevailing in the wild type chloro-
somes (Fig.  5.9 ), to ordered multilayered 
cylinders observed mainly in chlorosomes 
from the  Cba. tepidum  triple mutant bchQRU 
which harbors a single BChl  d  homolog 
(Oostergetel et al.  2007 ; Oostergetel et al. 
 2010 ). Based on these images an idealized 
internal structure model consisting of lamellar 
cylinders has been proposed (Ganapathy 
et al.  2009 ). However, given the results of 
hexane-wash experiments (Sect.  III.C.2 ), the 
reported anisotropy of X-ray scattering (Psencik 
et al.  2010 ), the extent of the observed intrinsic 
disorder and existence of domains (see below), 
it is unlikely that the completely closed cylin-
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  Fig. 5.9.    ( a ) Curved lamellar system as seen in end-
on-views of chlorosomes from wild- type  Cba. tepi-
dum  (Oostergetel et al.  2010 ) (Figure courtesy of Dr. 
Gert T. Oostergetel and Prof. Egbert J. Boekema). 
( b ) Lamellar quarter-cylinder as a basic structural 
motif of both open curved lamellar structures pre-
vailing in wild-type chlorosomes and multilayered 
cylinders observed mostly in a bchQRU mutant of 
 Cba. tepidum . ( c ) Schematics of BChl ( green ) stack-
ing in aggregates (compatible with both antiparal-
lel and syn-anti dimer) together with carotenoids 
and quinones ( orange ) localized in the hydropho-
bic space between the BChl layers. An example of 
a possible molecular arrangement within the layer 
is shown in ( d ) for the antiparallel dimer ( green ) 
as a building block (Model courtesy of Dr. Jan 
Alster). A plausible three- dimensional lattice with 
constants  a, b, c  ( c ) and the corresponding two-
dimensional lattice ( d ) is also shown together with 

Fig. 5.9.  (continued) the observed Bragg spacing ( red  
 A  ,  B ). Another plausible arrangement based on the 
syn- anti dimer as the building block is shown in Fig. 5 
from (Ganapathy et al.  2009 ). The alignment of the Qy 
transition dipole moments ( yellow arrows  in  panel   c ) 
leads to strong excitonic coupling between the BChl 
molecules. The intrinsic curvature of the layers ( panels  
 a ,  b ) causes helical arrangement of BChl molecules 
within each layer (molecules forming two selected 
helices are shown in  red  and  blue  in  panel  ( d )).       

drical structures are the prevailing feature of 
wild-type chlorosomes.

   Despite the variability in the observed 
higher order arrangements, the organization 
of BChl aggregates always consists of repeating 
layers, i.e. it indeed has a lamellar character 
(Feng and Ruckenstein  2006 ), and differs 
only in the extent of the long range order. 
The lamellar structure refl ects the alterna-
tion of relatively polar layers of stacked 
chlorin rings and interdigitated hydrophobic 
esterifying alcohol chains (Fig.  5.9 ). A key 
feature of this arrangement is that the esteri-
fying alcohols protrude from the layer con-
taining stacked chlorin rings in both 
directions, thus enabling interaction between 
esterifying alcohols from neighboring lay-
ers. Such an arrangement provides a plausible 
explanation for the formation of lamellae by 
hydrophobic interaction and is most likely 
achieved by alternating orientations of the 
chlorin rings within the stacks (Sect.  III.C.3 ). 
This is reminiscent of block copolymers, which 
also exhibit polar and apolar regions and com-
monly adopt lamellar structures under a vari-
ety of conditions (Spontak and Patel  2004 ). 

 The lamellar curvature effectively trans-
forms the linear chlorin ring stacks into heli-
ces. The helicity explains the strong circular 
dichroism (CD) that has been observed for 
chlorosomes (Sect.  IV.A ). However, the CD 
signal would vanish in lamellar layers, exhib-
iting continuous regions with alternating 
curvature (effectively changing the handed-
ness of the helical stacks, as in Fig. 4A in 
Psencik et al.  2004 ). In chlorosomes such 
regions with opposite curvature are separated 
by fragmentation as observed in the end-on 
views (Oostergetel et al.  2007 ). 

(continued)
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 Considerable fragmentation of the lamellar 
system in the direction perpendicular to the 
long-axis of the chlorosome was revealed by 
the above-mentioned tilt series and end- on 
views even in the well-ordered  Cba. tepidum  
chlorosomes. In addition, the cryo-EM pro-
jections revealed segregation of the lamellar 
system into distinct domains with different 
orientations with respect to the long-axis 
of the chlorosome. This segregation into 
domains was occasionally observed in  Cba. 
tepidum  chlorosomes, and was particularly 
pronounced in BChl  e -containing  Chl. pha-
eovibrioides  chlorosomes (Fig.  5.6 ) (Psencik 
et al.  2006 ). The existence of such domains may 
have interesting implications for light-harvesting. 
Since BChl transition dipole moments are 
oriented along the lamellar layers (Fig.  5.9 ), 
the orientational disorder resulting from 
domains effectively increases capture of 
photons with different polarizations within 
the same chlorosome. Physiologically, this 
may be important under low light condi-
tions (Psencik et al.  2006 ). The extensive 
presence of domains causes the rough sur-
face appearance of the chlorosome, as 
observed by atomic force microscopy and 
EM (Fig.  5.6 ) (Martinez-Planells et al.  2002 ; 
Psencik et al.  2006 ).  

     2. Lamellar Spacing and Location 
of Carotenoids and Quinones 

 The lamellar model presented in Fig.  5.9  
predicts that the spacing should increase 
with the length of the esterifying alcohol 
chain. This has been confi rmed experimen-
tally by observing a linear dependence of the 
lamellar spacing on the chain length for  in 
vitro -assembled BChl  c  analogues (Fig.  5.8 ) 
(Psencik et al.  2010 ). The extrapolation to 
zero length yields spacing of about 1.1 nm 
which is the approximate diameter of the 
chlorin ring. The experimental spacing for 
 Cba. tepidum  (2.1 nm) matches the predicted 
value (Fig.  5.8 ). The slope (0.08 nm/carbon) 
of this dependence corresponds to the projec-
tion of the hydrocarbon chain into the direction 

of spacing. In comparison, the projection of 
C–C bond length (average 0.154 nm) into the 
direction of the chain yields an increment of 
0.12 nm per carbon in an all-trans chain, i.e. 
50 % higher. Hence, the esterifying alcohol 
chains are either extensively twisted (harboring 
gauche isomers) and/or their average direc-
tion is at an angle to the spacing. 

 Compared to the green-colored members 
of  Chlorobi , e.g.  Cba. tepidum , chlorosomes 
from the brown-colored species (e.g.  Chl. 
phaeovibrioides ) generally contain higher 
amounts of BChl homologs with esterify-
ing alcohols longer than farnesyl.  Cfl . auran-
tiacus  chlorosomes harbors BChls with 
octadecanol, which is the longest esterifying 
alcohol found so far. Interestingly, the 
experimentally observed spacings for chlo-
rosomes from these species fall well above 
the predicted line (Fig.  5.8 ). The explanation 
of this observation lies in the fact that these 
chlorosomes also contain larger amounts of 
carotenoids than e.g. those from  Cba. tepi-
dum  and the lamellar spacing further 
increases with the content of carotenoids. It 
has been shown that carotenoids can be 
effectively removed from intact chlorosomes 
by washing with hexane (Brune et al.  1987 ). 
Comparison of native and hexane-washed 
chlorosomes by X-ray diffraction and cryo-
 EM revealed that the spacing signifi cantly 
decreases upon carotenoid removal (Fig.  5.8 ) 
while the chlorosomes remained intact 
(Psencik et al.  2006 ,  2013 ). This observation 
is consistent with the proposed localization 
of carotenoids (and most likely other lipo-
philic molecules such as quinones) within 
the hydrophobic inter-lamellar space where 
they interdigitate with esterifying alcohols 
(Fig.  5.9 ). Notably, after carotenoid removal, 
the resulting lamellar spacing closely follows 
the predicted linear dependence (Fig.  5.8 ). 
It is likely that the closed concentric cylinders 
observed in the bchQRU mutant of  Cba. tepi-
dum  cannot undergo a transition connected 
with a shrinking of the lamellar spacing. 

 Figure  5.8  also illustrates that the chloro-
somes which accumulate large amounts of 
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carotenoids tend to employ longer esterifying 
alcohols, presumably to expand the inter- 
lamellar space. Longer alcohols and larger 
carotenoid contents are found in BChl  e  - 
containing bacteria, which often live at low 
light conditions in deep water layers, where 
the available light falls mainly into the spectral 
region of the carotenoid absorption. Therefore, 
the higher carotenoid content is important 
for light-harvesting in these bacteria. Generally, 
the larger the spacing the more disordered 
the lamellar system becomes (Psencik et al. 
 2006 ,  2009 ). The increasing disorder is 
manifested by a broader distribution of the 
observed spacings as well as by the presence 
of domains (Sect.  III.C.1 ).  

     3. Short-Range Organization 
of Bacteriochlorophylls 

 Chemical groups that are involved in self- 
assembly of BChl aggregates (Sect.  II.A ) were 
identifi ed mainly by vibrational spectroscopy 
(for reviews see Blankenship et al.  1995 ; 
Blankenship and Matsuura  2003 ).  In vitro  
assembly studies with BChl  c  and their 
derivatives were instrumental in pointing out 
the critical role of the hydrophobic effect and 
esterifying chains in assembly (Klinger et al. 
 2004 ; Zupcanova et al.  2008 ). 

 To reveal the actual molecular arrange-
ments, mainly methods based on NMR were 
used, and many structural models have been 
proposed (early studies are reported in 
Blankenship and Matsuura  2003 ; for newer 
models see Egawa et al.  2007 ; Jochum et al. 
 2008 ; Kakitani et al.  2009 ; Ganapathy et al. 
 2009 ). In addition, X-ray diffraction studies 
from partially oriented chlorosomes and BChl 
 c  aggregates have yielded information about 
the size of the asymmetric unit and the approx-
imate orientation of the lattice with respect to 
the long axis of the chlorosome (Psencik et al. 
 2010 ). Here we attempt to compare the NMR-
based models with the X-ray data. 

 The previously proposed models generally 
fall into three classes: (a) parallel monomer 
(Holzwarth and Schaffner  1994 ; van Rossum 

et al.  2001 ; Jochum et al.  2008 ) (b) antiparallel 
piggy-back dimer (Nozawa et al.  1994 ; Egawa 
et al.  2007 ; Kakitani et al.  2009 ) (c) syn-anti 
parallel dimer (Ganapathy et al.  2009 ). The 
parallel monomer model is unlikely consid-
ering that the hydrophobic esterifying alco-
hol chains stabilize the lamellar system and 
thus need to point in opposite directions 
(Klinger et al.  2004 ). This requirement is 
fulfi lled by the latter two arrangements 
(Fig.  5.10 ), which are also compatible with 
the results of X-ray experiments. In addition 
to the most intense lamellar peak (spacing 
about 2.1 nm), the X-ray scattering patterns 
obtained for  Cba. tepidum  chlorosomes 
exhibit two peaks (Bragg spacing ~0.94 and 
~1.17 nm) that have been assigned to the 
chlorin ring lattice within individual lamellar 
layers (Fig.  5.9 ) (Psencik et al.  2004 ). The 
three values defi ne a monoclinic unit cell, 
which is too large to contain just a single 
BChl molecule, but it can accommodate 
two BChl molecules. Thus, the basic building 
unit of the aggregate seems to be a dimer. 
While the interpretation of recent NMR data 
favors the syn-anti dimer model (Ganapathy 
et al.  2009 ), the antiparallel model is also 
compatible with Stark spectroscopy results 
which indicate the absence of a permanent 
dipole moment difference between the 
ground and the excited state, a condition 
readily explained by the symmetry of the 
antiparallel dimer (Frese et al.  1997 ).

   Anisotropic X-ray scattering was obtained 
for  Cba. tepidum  chlorosomes that partially 
oriented with their long axis parallel to each 
other (Psencik et al.  2010 ). Given that in 
 Cba. tepidum  lamellar spacing (lattice vector 
 c ) is perpendicular to the long axis of the 
chlorosome (Figs.  5.6  and  5.8 ) correlations 
between the intensity of the lamellar and other 
two peaks, respectively, yield an approxi-
mate orientation of the lattice (Fig.  5.9 ). 
These correlations suggest that the lattice 
vector  a  is nearly normal to the main axis of the 
chlorosome, while axis  b  is close to parallel to 
the main axis. However, the orientation of the 
lattice is approximate and other arrangements 
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with similar spacings are possible as pro-
posed in Fig. 5 of Ganapathy et al. ( 2009 ). In 
addition, accounting for the lattice curvature 
proved essential for reaching good agree-
ment between the model and the experimen-
tal diffraction data (Alster et al.  2012 ).    

   IV. Function 

 Being a light-harvesting complex, the main 
function of the chlorosome is to absorb pho-
tons and transfer their energy towards reac-
tion centers. Within the chlorosome, energy 
transfer comprises the following steps indi-
cated by arrows:

   It follows the well-known funnel concept: 
pigments at the periphery of the photosyn-
thetic system absorb light of higher energies 
and transfer the resulting excitation energy 
via several intermediate complexes contain-
ing fewer pigments (baseplate, and FMO 
complex in  Chlorobi  or B806-866 complex 
in  Chlorofl exi , Sect.  IV.B.3 ) with their excited 
state energies gradually decreasing. In addi-
tion, photoprotective mechanisms, which 
deal with excess energy and unwanted side 
reactions, also operate in the chlorosome. 

       A. Spectral Properties 

 A prerequisite for understanding energy 
transfer within the chlorosome is knowledge 
of the spectral properties of the aggregated 
BChls. The dense packing of the BChl mol-
ecules in the aggregate and the alignment 
of their Q y  dipole moments by hydrogen 
bonding network (Fig.  5.9 ) leads to strong 
excitonic coupling between pigments, which 

 Carotenoids in the 
chlorosome interior 

       Carotenoids in the 
baseplate 

 ↓    ↓ 
 BChl agg.    →    BChl agg.  →  BChl  a   →  towards RC 

  Fig. 5.10.    ( a ) Schematic representation of the antiparallel piggyback dimer (Nozawa et al.  1994 ; Egawa et al. 
 2007 ) and ( c )  syn - anti  dimer (Ganapathy et al.  2009 ). The  red dots  denote the positions of the hydroxy groups. 
Corresponding molecular models are shown in the  right panels  ( b  and  d ) (Models courtesy of Dr. Jan Alster).       
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in turn causes excitation delocalization over 
a number of BChl molecules. Interaction 
between BChls also leads to splitting of the 
monomeric energy levels into a number of 
so-called exciton states and redistribution of 
the oscillator strength among them. The 
resulting optical spectra are thus remarkably 
different compared to those of monomers 
(spectral properties of aggregates are reviewed 
in van Amerongen et al.  2000 ). This is illus-

trated in Fig.  5.11 , which compares the 
absorption spectra of BChl  c  and BChl  e  as 
monomers and aggregates in chlorosomes, 
respectively. Note that the spectroscopic 
properties of the two monomeric BChls (Q y  
band maxima between ~650 and 670 nm) 
are similar to those of chlorophyll  a  and 
chlorophyll  b , respectively, and refl ect their 
structural similarity.

      1.  Absorption and Fluorescence 
Spectroscopy 

 The aggregation of BChls leads to a large 
red-shift of their Q y  band absorption (up 
to ~80 nm, ~1,600 cm −1 ) to ~715 nm (BChl  e ), 
~730 nm (BChl  d ), or ~745 (BChl  c ). The 
blue-green region of spectra is dominated by 
the so called Soret band (consisting of B x  
and B y  bands) with a variable contribution 
from carotenoids (mainly between 425 and 
525 nm). The Soret band is also affected by 
aggregation, however to a lesser degree. The 
changes in the Soret band are more pronounced 
in the case of BChl  e , where excitonic cou-
pling between rather strong B transition 
dipole moments (mainly between B x  dipoles, 
and between B y  dipoles, respectively) leads 
to a pronounced splitting of the Soret band 
and a shift of the main part of the B y  band 
to ~515 nm (Shibata et al.  2010 ). Consequently, 
absorption coverage is improved in the spectral 
region between 500 and 600 nm (Fig.  5.11 ), 
which corresponds to the main portion of the 
light reaching the habitat of these bacteria 
(Vila and Abella  1994 ). 

 As mentioned above, the red shift of the 
Q y  band is a consequence of the strong 
excitonic coupling between BChl monomers 
(estimated coupling energy from approxi-
mately −750 to −550 cm −1  (Oostergetel et al. 
 2010 )). The resulting spectra resemble those 
of J-aggregates (linear stacks of pigments 
with their transition dipole moments 
arranged head-to-tail) with the exception of 
exchange line-narrowing (Oostergetel et al. 
 2010 ). The spectra are relatively broad even 
if aggregates are prepared from pure single 

  Fig. 5.11.    ( a ) Absorption spectra of BChl  c  and  e  mono-
mers in methanol. Spectra are scaled to their extinction 
coeffi cients at Q y  maxima: 70 mM −1  cm −1  for BChl 
 c  (Stanier and Smith  1960 ) and 35.5 mM −1  cm −1  for 
BChl  e  (Borrego et al.  1999b ). ( b ) Absorption spectra 
of chlorosomes from  Cba. tepidum  containing aggre-
gates of BChl  c  and from  Chl. phaeobacteroides  con-
taining aggregates of BChl  e , both in Tris-HCl buffer, 
pH 8.0. Spectra are scaled to their extinction coeffi -
cients at Q y  maxima: 52 mM −1  cm −1  for BChl  c  (Chew 
et al.  2007 ) and 62 mM −1  cm −1  for BChl  e  (   Arellano 
et al.  2000b ). Note that the absorption spectra of chlo-
rosomes also contain contributions from carotenoids 
(mainly between 425 and 525 nm) and BChl  a  (Q y  
maximum at ~795 nm).       
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isomers in non-polar solvents  in vitro  
(Steensgaard et al.  2000b ). The presence of 
different BChl homologs and epimers in 
chlorosomes further increases inhomoge-
neous broadening and thus also the spectral 
width. The broadening due to the content of 
homologs with different alkyl substituents at 
C8 and C12 can be observed when the Q y  
bands are compared: For chlorosomes from 
 Cfl . aurantiacus  containing a single type of 
BChl  c  homolog, the full width at half maxi-
mum (FWHM) is ~30 nm (~500 cm −1 ) while 
the FWHM is ~50 nm (~900 cm −1 ) for  Cba. 
tepidum  containing several homologues. 

 Another difference between the BChl 
aggregates and J-aggregates is the large red 
shift of the fl uorescence peak with respect to 
the absorption maximum which is observed 
even at room temperature (~30 nm, ~500 cm −1 , 
Fig.  5.12 ). A plausible explanation is that the 
maximal oscillator strength in the BChl 
aggregate absorption does not, in contrast to 
J-aggregates, correspond to the lowest 
exciton level. This is corroborated by 
hole- burning and low temperature fl uores-
cence measurements, which revealed the 
distribution of the lowest exciton levels 
(at  temperatures close to absolute zero, 

  Fig. 5.12.    ( a ) Simplifi ed representation of the main 
transitions and energy transfer steps in chlorosomes. 
 Horizontal lines  represent states with a high ( solid line ) 
and low ( dashed ) oscillator strength (including forbid-
den states).  Vertical arrows  represent absorption ( blue ), 
fl uorescence ( red ) and internal conversion ( black ). 
 Oblique arrows  represent exciton relaxation ( black ) 
and energy transfer ( green ). Absorption ( blue ) and 
fl uorescence ( red ) spectra of BChl  e  containing bac-
terium  Chl. phaeobacteroides  are shown on the  right  

Fig. 5.12. (continued) for comparison. Note that the 
fl uorescence spectrum is dominated by the emission 
from BChl  a , (maximum at ~810 nm) despite the 
fact that these chlorosomes contain only about ~1 % 
fraction of BChl  a . This is due to the effi cient energy 
transfer from BChl  e  aggregates to the baseplate. ( b ) 
Transient absorption kinetics measured on chloro-
somes with normal ( red ) and low ( green ) carotenoid 
content, excited and probed in the carotenoid absorp-
tion region. The initial rapid decay corresponds to very 
fast (<100 fs) energy transfer from carotenoids to BChl 
aggregates ( arrow  labeled with * in  panel   a ) (Psencik 
et al.  2002 ). ( c ) Transient absorption kinetics measured 
on chlorosomes after excitation of the blue edge of the 
Q y  band of BChl aggregates. The fast initial rise com-
ponent becomes slower and more prominent with an 
increasing probe wavelength, which is a manifestation 
of the exciton relaxation within the Q y  manifold of 
BChl aggregates ( arrow  labeled with ** in  panel   a ) 
(Psencik et al.  2003 ). The excitation and probe wave-
lengths are indicated in each panel.       

(continued)
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fl uorescence occurs from the lowest exciton 
levels after exciton relaxation, but at higher 
temperatures also from thermally populated 
upper exciton levels). These states are found 
only in the red edge of the broad absorption 
band and within the whole low temperature 
fl uorescence band (Fetisova and Mauring 
 1992 ; Fetisova et al.  1994 ; Psencik et al. 
 1994 ,  2003 ), i.e. they are signifi cantly red 
shifted from the main absorbing states and 
possess small oscillator strength. Such a 
redistribution of the oscillator strength upon 
aggregation seems to be an effective light-
harvesting strategy under low light condi-
tions. The probability of a photon absorption 
is high due to a large number of pigments in 
the chlorosome (the chlorosome-containing 
species exhibit the largest antenna pig-
ment to reaction center ratio known among 
photosynthetic organisms (Frigaard et al. 
 2003 )), while the subsequent fast exciton 
relaxation (Sect.  IV.B.2 ) to the red-shifted 
lowest exciton levels with a small oscillator 
strength decreases the probability of 
excitation loss by fl uorescence. Similar 
reasoning was used for B850 aggregates 
of BChl  a  in purple bacteria (Hu et al. 
 1998 ). Aggregates with a high excitation to 
 fl uorescence conversion effi ciency, such as 
pure J-aggregates, would not be suitable for 
light-harvesting.

   The broad absorption bands of BChl 
aggregates, which improve the spectral cov-
erage of the chlorosome, cannot be explained 
simply by convolution of the inhomogeneous 
broadening of the lowest exciton level distri-
bution (estimated to be 100–250 cm −1  from 
the above mentioned hole-burning and low 
temperature fl uorescence spectra) with the 
homogeneous line-width of a single upper 
exciton level (≤350 cm −1  (Dostal et al. 
 2012 )). A plausible explanation proposes the 
existence of aggregate units inside the chlo-
rosome (caused by fragmentation and disor-
der within the lamellar system, Sect.  III.C.1 ), 
each of which exhibits several allowed tran-
sitions, with signifi cant spectral variability 
between them.  

   2. Polarized-Light and Single Molecule 
Spectroscopy 

 Important information about the polarization 
of the main exciton transitions and conse-
quently organization of the pigments in chlo-
rosomes can be obtained from experiments, 
which use linearly polarized light, such as 
linear dichroism or fl uorescence anisotropy. 
As the hydrogen bonding pattern tends to 
keep the Q y  transition dipole moments of 
BChl monomers parallel (Fig.  5.9 ), and the 
lamellar system is often parallel to the long 
axis of the chlorosomes, the strongest exci-
ton transitions of the Q y  band should also be 
polarized close to parallel with the long axis 
of the chlorosome. For instance, for perfect 
cylinders with helically arranged monomers 
the strongest transition is polarized precisely 
parallel to the axis of the cylinder (Didraga 
et al.  2002 ) although this does not necessar-
ily hold true for the transition moments of 
the individual monomers. Linear dichroism 
was measured for partially oriented  Cfl . 
aurantiacus  chlorosomes and values ranging 
from 15 to 30° have been obtained for the 
angle between the main exciton Q y  transition 
dipole and the long axis of the chlorosomes 
(for a recent review see Oostergetel et al. 
 2010 ). Similar results were obtained from 
the polarization measurements of the strongest 
transitions within the Q y  band for various 
 Chlorobi  species (Arellano et al.  2000b ; 
Tamiaki et al.  2010 ). In addition, the polar-
ization of the short- and long-wavelength 
parts of the Soret band determined by linear 
dichroism were used to assign them to B x  
and B y  transitions, respectively (Tamiaki 
et al.  2010 ). 

 The ensemble measurements discussed 
above provide only average values. Information 
about disorder and heterogeneity in the 
orientation of the transition dipole moments 
within individual chlorosomes can be obtained 
by single molecule spectroscopy (for a recent 
review see Saga et al.  2010 ). Relatively 
broad emission spectra with their widths 
comparable to that of ensemble spectra were 
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obtained from single chlorosomes indicating 
signifi cant disorder already within individual 
chlorosomes. Furthermore, emission polar-
ization provided evidence that multiple tran-
sition dipoles with different orientations 
are responsible for the observed fl uorescence 
from a single chlorosome at low temperature 
(Shibata et al.  2007 ,  2009 ). Using three-
dimensional linear dichroism it was shown 
that the Q y  exciton transition dipoles exhibit 
larger angles to the long axis of the chloro-
some, when monitored from the top than 
from the side of the wild type chlorosomes 
of  Cba. tepidum  (Furumaki et al.  2011 ). In 
other words, while the dominant component 
of the transition dipole is assumed to be par-
allel to the long axis of the chlorosome, the 
component in the direction of the width of 
the chlorosome is larger than that in the 
direction of its height, as concluded also by 
Shibata et al. ( 2009 ). This demonstrates a 
lack of rotational symmetry in the pigment 
arrangement and refl ects the asymmetric 
orientation of the curved lamellar system. 
However, a more symmetric distribution was 
observed by Furumaki et al. ( 2011 ) for the 
triple mutant bchQRU, in agreement with the 
proposed structure of that mutant containing 
lamellar cylinders. While the broad distribu-
tion of the transition dipole orientations refl ects 
structural disorder, it is not correlated with 
observed large static excitonic disorder (dis-
tribution of peak wavelengths and widths of 
the Q y  bands) (Furumaki et al.  2011 ). 

 Linear dichroism and fl uorescence anisot-
ropy, both in ensemble and in single chloro-
some measurements, showed the orientation 
of the BChl  a  transition moment to be nearly 
perpendicular to the long axis of the chloro-
some and to the plane of the baseplate in both 
 Chlorofl exi  and  Chlorobi  species (Fig.  5.7 ) 
(Matsuura et al.  1993 ; Mimuro et al.  1994 ; 
Arellano et al.  2000b ; Shibata et al.  2007 ,  2009 ; 
Tamiaki et al.  2010 ). Such an orientation 
would be unfavorable for energy transfer 
from the main absorbing states of BChl 
aggregates, which are, as discussed above, 
polarized close to parallel with the long axis 

of the chlorosome. However, the analysis of 
fl uorescence polarization from a single chlo-
rosome indicates presence of a suffi cient Q y  
transition dipole component in the direction 
of that of BChl  a  (Shibata et al.  2007 ,  2009 ; 
Furumaki et al.  2011 ). Previous measure-
ments also showed that the low energy states 
of BChl aggregates have a larger component 
of their dipole moment parallel to that of 
BChl  a  (Matsuura et al.  1993 ; Mimuro et al. 
 1994 ). These observations are important for 
understanding effi cient energy transfer from 
BChl aggregates to the baseplate. 

 The excitonic interaction also leads to the 
appearance of strong CD, which is a conse-
quence of lamellar curvature that induces 
local helicity in the organization of the tran-
sition dipoles (Fig.  5.9 ). The curvature is 
essential, since close to planar structures 
yield only weak CD (Linnanto and Korppi- 
Tommola  2008 ), although completely closed 
tubular structures are not necessary for 
appearance of the large CD signal. It has 
been shown for the closed, helical cylindrical 
aggregates (Didraga et al.  2002 ) and certain 
open curved structures (Linnanto and 
Korppi-Tommola  2008 ) that their CD 
depends on the length of the aggregate. This 
dependence may explain why CD spectra are 
very sensitive to growth conditions and 
sometimes different preparations of 
 chlorosomes from the same species exhibit 
spectra with opposite signs.   

   B. Excitation Energy Transfer 

 Excitation energy transfer in chlorosomes 
has been extensively studied using various 
spectroscopy techniques during the last 
~25 years (for reviews see Blankenship et al. 
 1995 ; Blankenship and Matsuura  2003 ; 
Oostergetel et al.  2010 ). The evaluation has 
been complicated by the fact that the excita-
tion dynamics depend on species, growth 
conditions, redox state and excitation inten-
sity. However, a consistent picture of the 
excitation relaxation has emerged. The principal 
steps on the energy pathway are discussed 
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below while the relevant energy levels are 
schematically shown in a simplifi ed form in 
Fig.  5.12 . 

    1. From Carotenoids 
to Bacteriochlorophylls 

 Two distinct sets of carotenoids contribute to 
light-harvesting. Excitation energy absorbed 
by the carotenoids within the chlorosome 
interior is transferred to BChl aggregates 
with effi ciencies estimated from fl uores-
cence excitation spectra to be most often 
between 50 % and 80 % depending on the 
type of the chlorosome and measuring con-
ditions (van Dorssen et al.  1986 ; Melo et al. 
 2000 ; Psencik et al.  2002 ). Energy from 
carotenoids in the baseplate is transferred 
directly to BChl  a  within the baseplate with 
an effi ciency of about 30 % for  Cfl . aurantia-
cus  (Montano et al.  2003b ), however, these 
carotenoids are assumed to have mainly pho-
toprotective function (Sect.  IV.C.2 ). 

 Absorption into the S 1  state is dipole- 
forbidden for carotenoids, hence the main 
absorbing state is S 2  (Fig.  5.12 , for a review 
see Polivka and Sundstrom  2004 ). For isore-
nieratene- and β-isorenieratene-containing 
chlorosomes from  Chl. phaeobacteroides , 
the carotenoid S 1  state lifetime within chlo-
rosomes was found to be about 10 ps (Psencik 
et al.  2002 ), i.e. similar to that in solvent 
(Fuciman et al.  2010 ). Therefore this state 
cannot be signifi cantly involved in the exci-
tation energy transfer. On the other hand, 
excitation is transferred to BChls from the 
very short-lived S 2  state (lifetime of ~150 fs 
for carotenoids with a similar conjugated 
system, e.g. β-carotene, in solution), as judged 
from the shortening of its lifetime to ~50 fs 
in chlorosomes (Fig.  5.12 ). When consider-
ing the measured energy transfer effi ciency 
from carotenoids to BChls of 60–70 %, a 
transfer time of 65–100 fs can be determined 
(Psencik et al.  2002 ). The energy transfer 
from carotenoids to BChls thus constitutes 
the fastest energy transfer process in chloro-
somes observed so far.  

    2. Within Bacteriochlorophyll Aggregates 

 The Q y  band of the BChl aggregates can be 
populated either by direct excitation, or by 
internal relaxation from the Soret band, or 
by energy transfer from carotenoids (Fig.  5.12 ). 
The internal relaxation from the Soret to Q y  
band is fast (relaxation time <100 fs, (Psencik 
et al.  2002 )). As mentioned in Sect.  IV.A , the 
Q y  band of the BChl aggregate consists of a 
number of exciton levels. To understand 
excitation energy transfer within the chloro-
some interior it is useful to begin with 
description of exciton delocalization and 
exciton relaxation. 

 From femtosecond transient spectra of the 
chlorosomes from  Cfl . aurantiacus  it was 
deduced that the transient changes in the 
BChl  c  spectral region are 7–8 times larger 
than that of BChl  a  (Savikhin et al.  1998 ). 
A very similar result was obtained for BChl 
 e  and BChl  a  in  Chl. phaeobacteroides  
(Psencik et al.  2003 ). Both results are consis-
tent with a larger oscillator strength of the 
main transition of the aggregate compared to 
that of the monomer, and substantial exciton 
delocalization in BChl aggregates. More 
specifi cally, delocalization over 10–12 pig-
ments in the  Cfl . aurantiacus  and over 2–3 
pigments in  Cba. tepidum  chlorosomes has 
been suggested from low temperature pho-
ton echo studies (Prokhorenko et al.  2000 ), 
although the latter might be underestimated 
(Prokhorenko et al.  2002 ). 

 Many different decay components have 
been found on the 100 fs–100 ps time scale 
(for reviews see Blankenship et al.  1995 ; 
Blankenship and Matsuura  2003 ; Oostergetel 
et al.  2010 ). The kinetics may easily become 
affected by singlet-singlet excitation annihi-
lation, which is a direct consequence of the 
high pigment density in chlorosomes. In 
order to obtain kinetics which reveal the 
intrinsic relaxation times it is therefore nec-
essary to apply suffi ciently low excitation 
intensities, and also to observe a correspond-
ing rise component in the spectral region of 
the excitation acceptor. Such an approach 

J. Pšenčík et al.



99

enabled resolution of an energy transfer from 
the blue portion of the Q y  absorption band of 
aggregated BChls to their red shifted states. 
This process corresponds to exciton relax-
ation from higher to lower exciton levels. It 
was fi rst observed in chlorosomes from  Cfl . 
aurantiacus  as a 300 fs rise at 758 nm after 
excitation at 731 nm at 19 K (Savikhin et al. 
 1996 ). Later it was also observed in two stud-
ies at room temperature, with the transfer 
time increasing with the energetic separation 
between the excitation and probe wavelengths 
from approximately 200 to 1000 fs for 
BChl  e  containing  Chl. phaeobacteroides  
(Fig.  5.12 ) (Psencik et al.  2003 ) and from 150 
to 250 fs in BChl  c  containing  Cfl . aurantia-
cus  (Martiskainen et al.  2009 ). The smaller 
span of values for the latter most likely 
refl ects a narrower exciton manifold in  Cfl . 
aurantiacus  compared to  Chlorobi  species. 

 As mentioned above, the excitation is 
delocalized over several pigments, not the 
whole aggregate, which is a consequence of 
the existing disorder. Each of the exciton 
states is partly localized in a different part of 
the aggregate, and therefore the exciton 
relaxation is connected with the spatial redis-
tribution of the energy, leading to spatio- 
temporal energy transfer. The exciton levels 
in the middle of the exciton energy level 
manifold usually have a more delocalized 
character than those on the edges (Pullerits 
 2000 ). Thus the exciton relaxation is con-
nected also with the spatial localization of 
an exciton. Förster-type excitation hopping 
between the localized sites governs further 
energy transfer steps. 

 The presence of different spectral forms 
of aggregated BChls has been observed in 
many studies, and it has been proposed that 
they are spatially separated to ensure the 
‘energy-funneling’ effect even within the 
chlorosome interior (i.e. aggregates absorb-
ing more to the red would be closer to the 
baseplate and those with absorption shifted 
to the blue on the opposite side). For a review 
on this topic see Blankenship and Matsuura 
( 2003 ). However, such a spatial separation 

has never been demonstrated and, since the 
organization of the chlorosome interior is 
most probably determined by self-assembly, 
it seems unlikely. It appears most probable 
that after exciton relaxation, only those exci-
tations that are found in close contact with 
the  baseplate can be transferred directly to 
BChl  a , but the bulk of excitation energy 
travels randomly within the whole chloro-
some until it is close to the baseplate from 
where it can be transferred to BChl  a  (Psencik 
et al.  2003 ). As the excitons are found in 
low-energy states with a small oscillator 
strength during this random walk (Sect.  IV.A ), 
the probability of excitation loss by fl uores-
cence is low. The energy  differences between 
lowest exciton levels (100–250 cm −1 , 
Sect.  IV.A.1 ) can be overcome with the help 
of thermal energy (~200 cm −1  at ambient 
temperatures).  

    3. From Aggregates to Bacteriochlorophyll  a  

 Energy transfer from BChl aggregates to 
BChl  a  in the baseplate strongly depends on 
the BChl type. As stated in the previous sec-
tion, it is likely that the transfer occurs from 
spatially localized states of BChl aggregates 
and can be adequately described by the 
Förster mechanism, i.e. it depends on the 
overlap between the absorption spectrum of 
BChl  a  and the emission spectrum of the 
aggregated BChl. This overlap decreases 
from BChl  c , through BChl  d , to BChl  e  and 
therefore also the rate constants of energy 
transfer between the aggregates and BChl  a  
decrease in the same order (Causgrove et al. 
 1992 ). Consequently the fastest energy 
transfer has been observed for  Cfl . aurantia-
cus  chlorosomes (~10 ps), which contain 
BChl  c  (for a review see Blankenship et al. 
 1995 ; Martiskainen et al.  2009 ). Somewhat 
slower rates (30–40 ps) were observed for 
BChl  c  containing  Chlorobi  members that 
exhibit thicker chlorosomes than the ones 
found in  Cfl . aurantiacus , and thus indicat-
ing that the transfer within the chlorosome 
also contributes to the rates observed. The 
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even slower transfer times that have been 
observed for BChl  d  containing chloro-
somes (65–75 ps), and the wide range of 
values observed for BChl  e  containing spe-
cies including signifi cant components in the 
range of 90–190 ps are apparently due to the 
further decreasing overlap between the fl uo-
rescence of the BChl  d  and  e  aggregates and 
absorption of BChl  a , and the larger size of 
BChl  e -containing chlorosomes (Causgrove 
et al.  1992 ; van Walree et al.  1999 ; 
Steensgaard et al.  2000a ; Psencik et al. 
 2003 , and references therein). 

 During subsequent steps the excitation 
energy is transferred from BChl  a  in the base-
plate (absorption around 795 nm, emission 
~810 nm) to the outside of the chlorosome. 
Briefl y, in the case of  Chlorobi  and  Acidobac-
teria  the energy is transferred via the out-
of-membrane FMO complex to reaction 
center complexes in the cytoplasmic mem-
brane (the electron donor is called P840 for 
 Chlorobi ), whereas in the case of  Chlorofl exi  
it is transferred via an in membrane complex 
B808-866 to reaction centers with an electron 
donor denoted as P865 or P870. The reader is 
referred to the reviews of Blankenship et al. 
( 1995 ) and Blankenship and Matsuura 
( 2003 ) for further detail.   

   C. Photoprotective Mechanisms 

 Excitation quenching occurring under aerobic 
conditions (redox-dependent quenching) in 
 Chlorobi  species has been suggested to con-
tribute to the protective mechanisms prevent-
ing photooxidative damage. In addition, it has 
been demonstrated that chlorosomes possess 
photoprotective mechanisms preventing gen-
eration of harmful singlet oxygen under aero-
bic conditions, in which several processes 
have been proposed to be involved. 

      1. Redox-Dependent Excitation Quenching 

  Chlorobi  species are obligate anaerobes, 
although they may get exposed to oxygen 
(e.g. aquatic species during changes in the 
position of the chemocline). However, the 

effi cient excitation energy transfer towards 
the reaction centers only occurs in the 
absence of oxygen (for reviews see 
Blankenship and Matsuura,  2003 ; Frigaard 
and Bryant  2006 ). Under aerobic conditions, 
the excited states of the antenna pigments are 
rapidly quenched, both in whole cells and in 
isolated chlorosomes, by a mechanism that 
prevents energy transfer towards the reaction 
centers. The type I reaction centers of 
 Chlorobi  contain low potential electron 
acceptors (iron sulfur centers) that directly 
reduce ferredoxin. The reduced ferredoxin 
may react with oxygen to produce superox-
ide, which in turn results in a variety of dam-
aging photooxidative products (Blankenship 
and Matsuura  2003 ). 

 Chlorosomal quinones were shown to 
play a key role in the excitation quenching 
(Frigaard et al.  1997 ). In addition, oxidized 
BChl radicals (van Noort et al.  1997 ) were 
suggested to be involved in quenching. In 
fact, it is not the presence of oxygen itself, 
which triggers the excitation-quenching, 
but the change of the redox potential. Redox 
titrations revealed a pH-dependent mid-
point potential of about −150 mV for the 
induction of the quenching in isolated 
chlorosomes (Blankenship et al.  1993 ). 
Interestingly, redox-dependent excitation 
quenching was observed also for the 
 Acidobacteria  member Cab. thermophilum 
(Costas et al.  2011 ), which also harbors 
type I reaction centers, but lives at aerobic 
conditions (Bryant et al.  2007 ). 

 Chlorosomes of  Cfl . aurantiacus  exhibit 
only a weak fl uorescence quenching under 
aerobic conditions (about ten times weaker 
compared to that in chlorosomes from  Cba. 
tepidum  (Frigaard et al.  1998 ) although they 
contain a similar amount of quinones as  Cba. 
tepidum  (Frigaard et al.  1997 ). However, 
chlorosomes of  Cfl . aurantiacus  contain 
mainly menaquinone-10 and no chlorobium-
quinone. It seems that the midpoint potential 
of the quinone is the crucial parameter for 
understanding the extent of fl uorescence 
quenching in chlorosomes from various 
bacteria (Frigaard and Bryant  2006 ). More 
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importantly, in contrast to  Cba. tepidum  the 
excitation quenching is insignifi cant in 
whole cells of  Cfl . aurantiacus  (Frigaard and 
Matsuura  1999 ), presumably due to their 
ability to maintain the redox potential.  

     2. Triplet State Quenching 

 BChl triplet states are involved in light- 
induced damage through generating harmful 
singlet oxygen under aerobic conditions. 
Carotenoids are known, apart from their 
light-harvesting function, to protect photo-
synthetic complexes against damage caused 
by singlet oxygen (for a review see Polivka 
and Sundstrom  2004 ). This is achieved either 
by quenching the triplet states of chloro-
phylls or by direct scavenging of singlet 
oxygen. An effi cient quenching of the triplet 
states of both BChl aggregates and BChl  a  
by triplet-triplet energy transfer to carot-
enoids was observed in chlorosomes from 
 Chlorobi  and  Chlorofl exi  at room tempera-
ture (Melo et al.  2000 ; Arellano et al.  2000a ). 
In contrast, optically detected magnetic 
resonance revealed triplet states of BChl 
aggregates and BChl  a  at low temperature 
(Psencik et al.  1994 ; Carbonera et al.  2001 ) 
and only evidence for quenching of BChl  a  
triplets by carotenoids was obtained 
(Carbonera et al.  2001 ). The triplet quench-
ing is more important for BChl  a  in the base-
plate, which is the bottleneck in energy 
transfer from the chlorosome, and where the 
probability of triplet state formation is 
increased by a longer excited state lifetime 
compared to BChl aggregates. Thus, the key 
protective role of carotenoids is in the base-
plate while damage of BChl aggregates is 
mainly prevented by the self-protective prop-
erties of BChl aggregates which are described 
in the next paragraph. However, BChl  c  
photodegradation is three times faster in 
carotenoid-free- chlorosomes than in wild 
type chlorosomes (Kim et al.  2007 ). 
Therefore, carotenoids indeed protect the 
pigments within the chlorosome interior as 
well. Accommodation of carotenoids in the 

inter-lamellar space provides an effective 
way to position these protective molecules in 
the vicinity of BChl rings without disrupting 
excitonic coupling between them. 

 The aggregation-mediated protection 
mechanisms are based on the excited state 
properties of BChls modifi ed by excitonic 
interaction between the monomers in the 
aggregate. The signifi cance of the self- 
protection afforded by aggregation has been 
demonstrated by comparing photodegrada-
tion of monomeric BChl  c  in methanol with 
BChl in carotenoid-defi cient chlorosomes 
from  Cba. tepidum  mutants. The former is 3 
orders of magnitude faster than the latter 
(Kim et al.  2007 ). For BChl  d  dimers it was 
shown that the quantum yield of the singlet 
oxygen photogeneration is six times smaller 
than that for the monomer, while no singlet 
oxygen was detected in aggregates 
(Krasnovsky et al.  1994 ). This behavior was 
explained by the shortening of the excited 
states lifetimes, both singlet and triplet, 
upon aggregation (Arellano et al.  2002 ). 
While the shorter S 1  lifetimes decrease the 
probability of intersystem crossing and 
thus reduce the triplet state population, the 
probability of singlet oxygen formation 
is further decreased by the shorter triplet 
state lifetime. 

 The existence of another triplet-like state 
in BChl aggregates has been proposed on 
the basis of experiments with carotenoid- 
defi cient mutants of  Cba. tepidum . This 
long-lived state is supposed to be a triplet 
exciton state formed by coupling between 
the monomeric triplet states in the densely 
packed aggregate, and its energy was estimated 
to be below that necessary for singlet oxygen 
generation (Kim et al.  2007 ). It still remains 
to be seen whether such a state can be 
observed spectroscopically. Its energy was 
predicted to be close to 1,400 nm (Kim et al. 
 2007 ), i.e. at longer wavelengths than the 
phosphorescence from the triplet states of 
BChl  c  monomers (960 nm) and aggregates 
(~1,050 nm)  in vitro  (Krasnovsky and Litvin 
 1975 ), energies of which are both above that 
of singlet oxygen (~1,270 nm).    
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   V. Assembly 

 Only a few lines of evidence about chloro-
some biogenesis have been obtained 
 experimentally. In  Cfl . aurantiacus , the 
development of chlorosomes was fol-
lowed under different conditions, e.g. after 
changing from aerobic to semi anaerobic, 
or from chemotrophic to phototrophic 
 conditions, which induce chlorosome for-
mation (Sprague et al.  1981 ; Foidl et al. 
 1998  and references therein). However the 
observations have not yielded a complete 
description of the morphogenesis. Hence, 
the two existing models were built using 
rather indirect lines of evidence. 

 Since chlorosomes are found in bacteria 
belonging to unrelated phyla it is plausible to 
conclude that they appeared as a result of 
horizontal gene transfer. However, that would 
require the transfer of the whole chlorosomal 
synthetic and assembly machinery (Frigaard 
and Bryant  2006 ; Hohmann- Marriott and 
Blankenship  2007 ). Since only one of the 
characterized chlorosomal proteins, CsmA, 
appears necessary for chlorosome morpho-
genesis the existence of a specialized assem-
bly machinery is unlikely. Thus morphogenesis 
most likely relies on physical properties and 
self-assembly of the components. Based on 
this and other arguments a plausible and sim-
ple model of biogenesis was proposed by 
Hohmann-Marriott and Blankenship ( 2007 ). 
This hypothesis regards the chlorosome as a 
special lipid body, and puts forward a mecha-
nism similar to that proposed for lipid body 
biogenesis, which are commonly found in 
various types of cells. The model suggests 
that chlorosomal pigments and quinones 
accumulate between the two leafl ets of the 
cytoplasmic membrane, and glycolipids 
accumulate in their vicinity due to their affi n-
ity for the pigments. In addition, chlorosomal 
proteins associate with the membrane pre-
sumably due to their amphipathic character. 
The growing body then separates from the 
membrane and the baseplate is formed last 
(Fig.  5.13 ).

   However, since the baseplate protein CsmA 
is essential for chlorosome morphogenesis, 
it seems more likely that the baseplate forms 
fi rst as supposed in a second model (Pedersen 
et al.  2010 ) and supported by EM (Sprague 
et al.  1981 ). The chlorosomal lipids then 
accumulate on the top of the baseplate 
forming an empty chlorosome. The growth 
of the chlorosome proceeds by accumulation 
of the BChl  c  inside and chlorosome proteins 
other than CsmA in the envelope (Fig.  5.13 ). 
The formation of the baseplate prior to 
aggregate assembly is also consistent with 
the fact that mutants defective in BChl  c  
synthesis still develop the baseplate (Frigaard 
et al.  2005 ), and with the observed correla-
tion between baseplate defects and increased 
disorder in the lamellar structure observed in 
chlorosomes that are defi cient in carotenoid 
synthesis, or after hexanol treatment (Psencik 
et al.  2006 ; Ikonen et al.  2007 ; Arellano et al. 
 2008 ). Most likely the 2D lattice of the 
baseplate together with the associated BChl 
 a  acts as a nucleation site for BChl  c  
assembly, perhaps even without the envelope 
formed (see below). That would be consis-
tent with observations that the chlorosomal 
carotenoids, quinones and lipids promote 
BChl  c  assembly in aqueous solutions in 
which BChl  c  alone remains partially soluble 
(Hirota et al.  1992 ; Klinger et al.  2004 ; Alster 
et al.  2008 ). 

 The second model leaves one to puzzle 
how the chlorophylls would be transported to 
the chlorosome via the baseplate, if their 
fi nal biosynthesis stage occurs in the cyto-
plasmic membrane. It would require a pig-
ment transporter as suggested by Frigaard 
et al. ( 2003 ) which has not yet been identi-
fi ed. Without such a transporter it is easier to 
understand the fi lling up of the chlorosome 
with pigments using the model of Hohmann- 
Marriott and Blankenship ( 2007 ). 

 An interesting question arises as to 
whether or not the aggregates are formed in 
a hydrophobic pocket of a chlorosome, or 
before the closed envelope is formed. In the 
latter case the aggregation would be driven 
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by the hydrophobic effect due to esterifying 
alcohols, and the same effect would ensure 
incorporation of carotenoids and quinones 
into the hydrophobic inter-lamellar space. If 
the aggregates were formed inside the hydro-
phobic pocket, the driving force would be 
π–π stacking interaction, Mg coordination 
and hydrogen bonding between the polar 
chlorin heads. It has been shown that the 
esterifying alcohols (in addition to the pres-
ence of either lipids, carotenoids or qui-
nones) are necessary for the formation of the 
aggregates in an aqueous environment, but 

not in a non-polar solvent, such as hexane 
(Zupcanova et al.  2008 ). Therefore it would 
be more diffi cult to envision the need for the 
esterifying alcohols that are formed during 
the last step of chlorosomal BChls biosyn-
thesis, (transesterifi cation, Frigaard and 
Bryant  2004 ), if the assembly was driven 
solely by chlorin-chlorin interactions. It is 
likely that the main thermodynamic driving 
force in pigment organization is the 
 hydrophobic effect, with fi nely tuned inter-
actions between the chlorin rings being 
important for the short-range arrangement.     

  Fig. 5.13.    Two proposed schemes for chlorosome morphogenesis. ( a ) A model by Hohmann-Marriott and 
Blankenship ( 2007 ): The process starts at the cytoplasmic membrane ( 1 ) by accumulation of pigments and quinones 
( dark green ) ( 2 ) and is followed by recruitment of envelope lipids ( red ) with affi nity for pigments and proteins 
( blue ) with affi nity for envelope lipids forming the emerging chlorosome ( 3 ). Further accumulation of the chloro-
some components leads to the completion of the body ( 4 ), which fi nally separates in a chlorosome connected with 
a cytoplasmic membrane either via FMO complex (in  Chlorobi  and  Acidobacteria ,  left ) or directly (in  Chlorofl exi , 
 right ) (Figure courtesy of Dr. Martin Hohmann-Marriott). ( b ) A model by Pedersen et al. ( 2010 ) for  Chlorobi  
species: CsmA-BChl  a  is synthesized ( 1 ) and assembles into a baseplate ( 2 ) on the FMO protein layer ( 3 ), which 
is followed by attachment of envelope lipids ( 4 ) and accumulation of BChl and envelope proteins (Figure courtesy 
of Dr. Niels-Ulrik Frigaard).       
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  Summary     

  A large number of biochemical reactions in cells are coupled with the hydrolysis of ATP, e.g. 
biosynthesis, ion translocation, muscle contraction. The largest amount of ATP is generated 
by F-type H + -ATPases, which are membrane integrated enzymes occurring in the cytoplasma 
membranes of bacteria, inner mitochondrial membranes and thylakoid membranes. Together 
with A-type and V-type ATPases they form a specifi c protein family, which couples proton 
(Na + ) translocation across the membrane with the synthesis or hydrolysis of ATP. ATPases of 
this family are found in all taxonomic kingdoms and comprise F-ATPases, A-ATPases 
in Archaea and some bacteria and V-ATPases in the inner membranes of eukaryotes. 
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A- and F-ATPases can function in ATP hydrolysis and ATP synthesis, although their main 
physiological role is ATP synthesis in most organisms. In contrast, V-ATPases are dedicated 
proton pumps, which work only in the direction of ATP hydrolysis. The predecessor of these 
ATPases was already present in the last universal common ancestor and probably might have 
evolved from RNA transporting translocases, which were located in the primordial 
membranes. Due to this evolutionary relationship, A-, V- and F-ATPases have a common 
architecture, which comprises a membrane-embedded part (F 0 , A 0  or V 0 ) and an extrinsic 
part (F 1 , A 1  or V 1 ) separated by a connecting region. This architecture supports a rotary 
mechanism, in which the rotation of the membrane- embedded part is concomitant with the 
transport of H +  (or Na + ) across the membrane. The rotation of the membrane-embedded rotor 
is conveyed via a central stalk in the connecting region to the extrinsic part, where it is 
coupled to conformational changes in the catalytic nucleotide binding sites that support ATP 
synthesis/hydrolysis. An additional peripheral  connection between the extrinsic part and 
the membrane bound part prevents the co-rotation of the extrinsic part and thus supports 
effi cient coupling. Although, atomic structures of the holoenzymes are still missing, atomic 
models of sub-complexes and subunits give detailed insights into how the rotary mechanism 
couples ion-translocation with ATP synthesis/hydrolysis in this protein family.  

 Abbreviations:     aa –    Amino acid;      A-ATPase –    Archaeal 
ATPase/ATPsynthase;      ADP –     Adenosine diphosphate;    
  ATP –    Adenosine triphosphate;      EM –    Electron 
microscopy;      F-ATPase –    F-type ATPase/ATPsynthase;    
  FRET –    Fluorescence resonance energy transfer;    
  LUCA –    Last universal common ancestor;      P i  –    Inorganic 
phosphate;      V-ATPase –    Vacuolar-type H+-ATPase    

      I. Introduction 

 F-type H + -ATPsynthases are the central 
enzymes of the energy metabolism in modern 
cells. They are membrane integrated enzymes, 
which occur in the energy- transducing cyto-
plasmic membranes of bacteria and Archaea, 
in the thylakoid membrane of cyanobacteria 
and eukaryotic oxygenic phototrophs, and 
in the inner mitochondrial membranes. 
Respiratory as well as the photosynthetic 
electron transport chain, located in these 
membranes, generate a transmembrane electro-
chemical potential by translocating protons 
across the membranes. The H + -ATPsynthase 
can use the Gibbs Free Energy derived from the 
backfl ow of protons to synthesize ATP from 
ADP and inorganic phosphate (“chemiosmotic 
theory”, Mitchell  1961 ). The two functional-
ities of the enzymes (proton translocation and 
ATP synthesis) are refl ected by their structure. 
ATPsynthases consist of: (1) the hydrophilic, 

extrinsic F 1 -part, which carries the nucleotide 
and phosphate binding sites and supports 
ATP synthesis and ATP hydrolysis and the 
hydrophilic; (2) membrane integrated F 0 - part, 
which carries the proton binding sites and 
performs the proton translocation across the 
membrane. Both parts are coupled structurally 
and functionally by a central and a peripheral 
stalk (Fig.  6.1 ).

   The bacterial H + -ATPsynthase from  E. coli  
has the simplest known subunit composition 
and will be described here as the prototype: 
The F 1 -part contains fi ve subunits with the 
stoichiometry α 3 β 3 γδε; the F 0 -part contains 
three subunits with the stoichiometry ab 2 c 10 . 
The catalytic nucleotide binding sites are 
located on the β-subunits. The “binding 
change” theory describes the cooperativity 
between these sites (Boyer  1993 ). Accordingly, 
a catalytic site can exist in three different 
conformations “open” (containing no bound 
nucleotides), “closed” (bound ADP and P i ) 
and “tight” (tightly bound ATP). This model 
was later corroborated by the fi rst crystal 
structure of the mitochondrial F 1  (Abrahams 
et al.  1994 ). 

 During catalysis the sequence open → 
closed → tight → open leads to the binding 
of substrates, formation of a tightly bound 
ATP, and fi nally to the release of the product. 
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Each of the three catalytic sites is in one of 
these conformations and during catalysis all 
three sites change their conformation simul-
taneously. This cooperativity is achieved by 
the different interactions of the γ-subunit 
with the three β-subunits, which gives rise to 
the different conformations of the catalytic 
sites. A rotational movement of the centrally 
located γ-subunit was proposed (Boyer 
 1993 ) and later experimentally confi rmed for 
ATP hydrolysis catalyzed by immobilized 
F 1 -parts (Noji  1998 ) and for ATP synthesis 
catalyzed by F 0 F 1  reconstituted into liposome 
(Diez et al.  2004 ). 

 The γ-subunit together with the ε-subunit 
form the central stalk in F 0 F 1  and, both sub-
units interact with the c-subunits which form 
a ring like structure (c 10 ) in the membrane. 
Each c-subunit carries a proton binding site 
(glutamic acid or aspartic acid) located in 
the centre of the membrane. Protons from the 
high proton concentration side can reach this 
binding site via a proton conducting entrance 
half channel. Protons can leave this site by an 

exit half channel, which is connected with the 
low proton concentration side. This proton 
translocation leads to a rotation of the c-ring 
together with the connected γ/ε- complex 
(Junge et al.  1997 ). 

 Thus, F-type ATPsynthases are two struc-
turally and functionally coupled nanomotors. 
The F 1 -part catalyses ATP hydrolysis and 
this leads to a rotational movement of the 
γ-subunit. The F 0 -part catalyses proton trans-
port which leads to a rotation of the c-ring. 
The coupling of both motors in F 0 F 1  allows 
the catalysis of the coupled reaction in both 
directions, proton transport-coupled ATP 
hydrolysis, and proton transport- coupled 
ATP synthesis. 

 In addition to the well characterized 
F-type ATPases, A-type (Archaea) ATPases 
and V-type (vacuolar) ATPases have been 
characterized. These enzymes also couple 
ATP synthesis/hydrolysis with the transloca-
tion of H +  (in some bacteria also Na + -ions) 
across a membrane and are evolutionary 
related to F-type ATPases. The two function-
alities (ATP synthesis/hydrolysis and ion-
translocation) of these enzymes are refl ected 
by a similar architecture, which shows two 
distinct parts (1) the extrinsic part (V 1  or A 1 ), 
which carries the nucleotide binding sites and 
supports ATP synthesis/hydrolysis; (2) the 
membrane-embedded part (V 0  or A 0 ), which 
enables the ion translocation.  

   II. Relation Between V-, 
A- and F-ATPases 

 Although V-, A- and F-ATPases have a simi-
lar architecture their subunit composition is 
different (see Table  6.1 ). F-ATPases function 
primarily in the direction of ATP synthesis 
but can also operate in the opposite direction 
using ATP hydrolysis for actively transporting 
H +  across the membrane, thereby generating 
a transmembrane electrochemical potential. 
With only eight different subunits, bacteria 
have the simplest F-ATPases. Most of the 
extrinsic part, F 1 , is formed by the three α- and 
the three β-subunits, which are arranged alter-
nating in a hexamer and carry the nucleotide 

     Fig. 6.1.    Relationship between function and the bi- partite 
organization of F-ATPases. F-ATPases consist of a 
membrane-embedded F 0 -part and an extrinsic F 1 - part. 
During ATP synthesis, H +  (or Na + ) pass between the 
membrane-embedded rotor ( orange ) and the stator 
( dark blue ) and drive rotation of the rotor ( orange ). 
This induces conformational changes in the three cata-
lytic nucleotide binding sites of (αβ) 3  ( light blue ,  dark 
blue ), which enable ATP synthesis form ADP and P i . 
During a complete rotation of the rotor, each of the 
three sites produces one ATP.       
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binding sites. The α- and β-subunits are 
evolutionary related and have probably arisen 
by gene-duplication. While the β-subunits 
hold the catalytic nucleotide binding sites at 
the interface to the α-subunits, the α-subunits 
carry the regulatory nucleotide binding sites 
at the interface to the β-subunits. Inside the 
hexamer, the γ- and ε-subunits from the 
central stalk that rotates during catalysis. 
At the outside of the hexamer subunit δ 
provides an anchor for the peripheral stator, 
which is formed by the two amphiphilic 
b-subunits of the membrane integrated F 0 . 
The b-subunits span the whole length of the 
bacterial F-ATPase. In F 0 , the b-subunits 
attach to the a-subunit, which provides the 
static part for the H + /Na + -translocation path. 
The other part of the translocation path is 
formed by the c-ring rotor. The number of 
c-subunits varies between species. The 
smallest copy number is reported for the 
bovine mitochondrial F-ATPase (eight copies, 
Watt et al.  2010 ) and the largest for a cyano-
bacterial F-ATPase (15 copies in  Spirulina 
platensis , Pogoryelov et al.  2005 ). If we 
assume that one ATP molecule is synthe-
sized per β-subunit during a 360° rotation of 
the γ-subunit in F 1  and that each c-subunit 
translocates one proton the H + /ATP ratio is 
identical with the subunit stoichiometry c/β. 
Since all F-type ATPsynthases analyzed so 
far contain three β-subunits, the variable 
number of c- subunits determines the H + /ATP 
conversion effi ciency of an organism. The 
general tendency is that more protons per 
synthesized ATP are necessary in enzymes 
from photosynthetic membranes than from 
respiratory membranes.

   F-ATPases from chloroplasts and mito-
chondria are more complex than the bacterial 
F-ATPases. Most alterations and additional 
subunits are located in the peripheral stator. 
In the chloroplast F-ATPase the two copies 
of subunit b are replaced by the related 
subunits I and II. Mitochondrial F-ATPases 
have the most complex stator that consists of 
subunits b, d, e, f, g, A6L, F6 and OSCP 
(Collinson et al.  1994 ; Meyer et al.  2007 ; 
Rees et al.  2009 ; Förster et al.  2010 ). The 
central stalk of mitochondrial F-ATPases is 

formed by three subunits (γ, δ and ε) compared 
to only two in bacteria and chloroplasts 
(subunits γ and ε; with ε being homologous 
to the mitochondrial δ-subunit, see Table  6.1 ). 

 A- and V-ATPases are more distantly 
related to F-ATPases than they are to each 
other. Due to their close relationship, some 
authors refer to A-ATPases also as bacterial 
V-ATPases. However, A-ATPases and 
eukaryotic V-ATPases play a different physi-
ological role and have a different subunit 
composition. While A-ATPases in Archaea 
fulfi l a similar physiological role in ATP 
synthesis as F-ATPases in bacteria, eukaryotic 
V-ATPases are dedicated proton-pumps that 
do not synthesize ATP under physiological 
conditions. Parallel with the different physi-
ological role, sequence comparisons of the 
catalytic subunits and of the rotor subunits 
consistently cluster A-ATPases separately 
form eukaryotic V-ATPases (Gogarten et al. 
 1992 ; Kibak et al.  1992 ). This justifi es 
considering A-ATPases and V-ATPases as 
separate classes. 

 A-ATPases are found in Archaea and also 
in some bacteria, which have acquired them 
via horizontal gene-transfer. Presumably, in 
these bacteria the A-ATPases have replaced 
the respective F-ATPase (Olendzenski et al. 
 2000 ; Lapierre et al.  2006 ). Similarly, as in 
F-ATPases, some A-ATPases of certain 
bacteria transport Na +  instead of H + . However, 
these Na + -translocating ATPases have also 
the capability to transport H + , whereas vice 
versa, primarily H + -transporting ATPases 
have somewhat smaller ion binding sites and 
therefore are dedicated H + -translocators. 

 In A-ATPases, the extrinsic A 1  is formed 
by the catalytic nucleotide binding subunits 
A, which are homologous to the β-subunits 
in F-ATPases and by the non-catalytic sub-
units B, which are related to the α-subunits 
in F-ATPases. The central stalk in A-ATPases 
consists of three subunits, C, D and F, which 
are functionally, but probably not evolution-
ary, related to the subunits of the central stalk 
in F-ATPases. The peripheral stalk elements 
are formed by subunits E and G. These are 
related to the bacterial b and δ-subunits of F 1 , 
respectively. Subunit E may constitute a 
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fusion product of subunits b and δ. In contrast 
to the b-subunits in bacterial F-ATPases, 
subunits E and G have no membrane anchor 
of their own. They attach to subunit I in A 0 . 
Subunit I forms the static part of the proton 
translocation path. This subunit is much 
larger than subunit a in F-ATPases and con-
tains a large N-terminal extrinsic part, which 
provides the membrane anchor to the soluble 
stator subunits E and G. Similar to F-ATPases 
the other part of the proton pathway is con-
tributed by a rotor formed of multiple copies 
of subunit L (see Table  6.1 ). 

 Eukaryotic V-ATPases have two additional 
subunits, C and H (see Table  6.1  for compo-
sition), which are involved in the regulation 
of the dissociation of V 1  from V 0 . This regu-
latory mechanism is specifi c to V-ATPases 
and occurs upon nutrient shortage, which 
causes V 0  and V 1  to detach (Kane  1995 ; 
Sumner et al.  1995 ).  

   III. Evolution 

 The fact that F-, V- and A-ATPases are found 
in all taxonomic kingdoms indicates their 
early appearance in evolution. Sequence 
analysis suggests that their predecessor was 
already present in the last universal common 
ancestor (LUCA, Tuller et al.  2010 ). The 
ATPase in LUCA had already two different 
types of nucleotide binding subunits, of which 
only one was catalytically active. This early 
ATPase was probably not yet involved in 
generating ATP. It is likely that the ATPase 
had evolved from RNA translocases, which 
arose by the fusion of an RNA-helicase with 
a pore for translocation (Mulkidjanian et al. 
 2007 ). These early RNA-translocases were 
probably placed in the primordial membranes 
to enable exchange of RNA between different 
cells. The early membranes were most likely 
not yet tight for ions but sequestered RNA 
and protein from the outside world. Exchange 
of RNA frequently occurred between different 
cells. This required an effi cient translocation 
system. Indications of the involvement of the 
ancestors of the nucleotide binding subunits 
of the ATPases in RNA or DNA transport are 

still given by their sequence similarity to RNA 
helicase and DNA helicases. These helicases 
are members of the same AAA-ATPase clan 
that encompasses the nucleotide binding 
subunits of modern A-, V- and F-ATPases. 
This sequence similarity to the helicases is 
concomitant with strong structural similari-
ties. This is evident, for example, from the 
similarity of the hexameric assembly of 
TrwB, which is a DNA-dependent ATPase 
involved in DNA transport during bacterial 
conjugation (Gomis-Ruth et al.  2001 ) with 
the (αβ) 3  - assembly of F-ATPases (Fig.  6.2a ). 
This early RNA/DNA-transport system might 
have evolved into a protein-translocation 
machinery probably similar to the membrane 
bound type III secretion system, where the 
structure of the nucleotide binding subunits 
are also highly reminiscent of the nucleotide 
binding subunits in F-ATPases (Fig.  6.2b ), 
(Zarivach et al.  2007 ).

   Protein and DNA/RNA translocases 
propel a substrate through a central hole of 
the hexameric assembly of the nucleotide 
binding subunits. While the transported mol-
ecule probably rotates during transport the 
translocation channel does not. So in the 
early translocase system the translocation 
channel was most likely statically connected 
to the ATPase moiety in contrast to its later 
transition into a rotor in V-, A- and F-ATPases. 
The early translocases might have acquired 
additional links between the translocation 
channel and the hexameric ATPase moiety to 
stabilize the complex and to prevent the 
co- rotation of the pore while the transported 
molecule was propelled through the pore. 
Some of these static elements might have 
been retained in F-, V- and A-ATPases as 
peripheral stator elements. This is supported 
by the homology between essential subunits 
of the peripheral stator with proteins of the 
type III secretion system (Pallen et al.  2006 ). 

 The central shaft is essential for the rota-
tional coupling of ATP synthesis/hydrolysis 
to H + /Na +  translocation. In contrast to the 
peripheral stator, the central shaft is not 
conserved between F- and V-/A-ATPases. 
This suggests that the different types of 
ATPases evolved independently from a 
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protein translocase, before the rotational 
coupling of the two functions was estab-
lished (Mulkidjanian et al.  2007 ). Later the 
central stalk was acquired independently, 
probably originating from a translocated 
protein. This scenario could explain the lack 
of homology in an element that is central for 
the rotational coupling.  

   IV. Structure 

      A. Overall Structure 

 Structural studies on F-, A- and V-ATPases 
that reveal atomic resolution of the holoen-
zymes are still missing. Therefore, our 
structural knowledge of the architecture of 

  Fig. 6.2.    Structural relationship between nucleotide binding subunits in F-ATPase and evolutionary related 
ATPases involved in DNA-transport. ( a ) The soluble part of the membrane bound DNA translocase TrwB, which 
transports DNA across membranes in conjugation (TrwB, 1GKI, Gomis-Ruth et al.  2001 ) and the (αβ) 3 -assembly 
of F-ATPases (1SKY, Shirakihara et al.  1997 ) have a similar hexagonal arrangement. ( b ) The nucleotide binding 
subunit of Type III secretion ATPase (2OBM, Zarivach et al.  2007 ) and the catalytic nucleotide binding subunit 
of F-ATPase (1SKY, Shirakihara et al.  1997 ) have a similar architecture.       
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the holoenzymes still relies on electron 
microscopic studies at intermediate resolu-
tion (Mellwig and Böttcher  2003 ; Rubinstein 
et al.  2003 ; Venzke et al.  2005 ; Diepholz 
et al.  2008b ; Lau et al.  2008 ; Zhang et al. 
 2008 ; Muench et al.  2009 ; Vonck et al.  2009 ; 
Lau and Rubinstein  2010 ). 

 The EM-reconstructions show that A- and 
V- ATPases are much more similar to each 
other than they are to F-ATPases, in accor-
dance with their evolutionary relationship 
(Fig.  6.3 ). Main differences between A- and 
V-ATPases on one hand and F-ATPases on 
the other hand are: (1) the overall length, 
which is shorter in F-ATPases; (2) the shape 
of the membrane distal side of the extrinsic 
part, which is pointed in F-ATPases and 
more fl at and broader in A- and V-ATPases; 
(3) the length of the central stalk, which is 
shorter in F-ATPases and longer and more 

symmetrical in A- and V-ATPases; (4) the static 
connections between extrinsic part and 
membrane-embedded part, which are simpler 
in F-ATPases.

     1. Extrinsic Part 

 At intermediate resolution the α- and 
β-subunits in F-ATPases are almost indistin-
guishable in shape, which gives the F 1 -part a 
regular appearance (Böttcher et al.  2000 ; 
Mellwig and Böttcher  2003 ; Rubinstein et al. 
 2003 ,  2005 ). The single, peripheral static 
element is anchored in the centre of the 
αβ-assembly, at the membrane distal side of 
the F 1 -part and gives rise to the pointed 
appearance of F 1 . 

 In A- and V-ATPases the A-subunits have 
an insert, which is located at the membrane 
distal side of V 1 /A 1  (Wilkens et al.  2005 ). 

  Fig. 6.3.    F-, A- and V-ATPase holoenzymes at intermediate resolution shown at the same scale. Surface rep-
resentations of the EM-reconstructions of the chloroplast F-ATPase form spinach ( left , Mellwig and Böttcher 
 2003 ), the A-ATPase of  Pyrococcus furiosus  ( center , Vonck et al.  2009 ) and the V-ATPase of  Saccharomyces 
cerevisiae  ( right , Diepholz et al.  2008b ). The approximate positions of the different subunits are indicated. 
The attachment sites of the peripheral stalks to F 1 /A 1 /V 1  are indicated by  triangles . The approximate position of 
the non- homologous region in A- and V-ATPases is shown by  arrows. Stars  mark the membrane anchor of the 
peripheral stalk.       
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This insert is absent in the B-subunit and 
also in the α-and β-subunits of F-ATPases 
and thus was termed the ‘non-homologous 
region’. The non-homologous region increases 
the coupling effi ciency and the stability of 
the enzyme (Shao et al.  2003 ), which sug-
gests a role in stator binding. However, the 
EM-studies of the holoenzymes (Bernal and 
Stock  2004 ; Diepholz et al.  2008b ; Zhang 
et al.  2008 ; Muench et al.  2009 ) do not show 
any direct interactions between the non-
homologous region and the stator elements. 
The vertical stator elements are exclusively 
attached to the smaller B-subunits at the 
membrane distal side of V 1 /A 1 . In V-ATPases, 
a stator element is attached to each of the 
B-subunits (Diepholz et al.  2008b ; Zhang 
et al.  2008 ; Muench et al.  2009 ), whereas in 
A-ATPases the stator elements are only 
attached to two of the three B-subunits 
(Bernal and Stock  2004 ; Vonck et al.  2009 ; 
Lau and Rubinstein  2010 ). The non-
homologous region and the static connectors 
contribute a large mass to the membrane 
distal side of V 1 /A 1 , which explains the larger 
diameter of this region compared to F-ATPases 
and its fl atter and broader appearance. 

 The intermediate resolution structures 
also shed light onto the conformational states 
of the nucleotide binding subunits. Although 
individual nucleotides cannot be resolved, 
the relative packing of the nucleotide bind-
ing subunits and the rotational position of 
the stator are resolved. The expectation is 
that in an enzyme, which is working with a 
rotational mechanism, the catalytic nucleo-
tide binding subunits are equivalent. In this 
case the enzyme should stop in an arbitrary 
conformation. This would give rise to at least 
three different conformations which occur 
with equal frequency. However, none of the 
intermediate resolution structures of the A-, 
V- and F-ATPases shows indications for such 
a polymorphism in conformation. For F- and 
V-ATPases it was argued that they stop in a 
unique resting position (Mellwig and 
Böttcher  2003 ; Diepholz et al.  2008a ). This is 
supported by single molecule FRET mea-
surements that report a preferred confor-
mation for inactive chloroplast F-ATPases 

(Bienert et al.  2009 ,  2011 ). According to 
the FRET measurements the resting con-
formation is different to the predominant 
conformations during catalysis. This suggests 
that ATPases have different conformational 
modes for catalysis and idling.  

   2. Stator 

 Despite the sequence similarities of subunits 
in the peripheral stator, the peripheral stator 
is astonishingly diverse in F-, V-, and 
A-ATPases (Fig.  6.3 ). While F-ATPases 
have only one extrinsic peripheral stator 
element (Böttcher et al.  1998 ; Wilkens and 
Capaldi  1998 ; Karrasch and Walker  1999 ), 
A-ATPases have two (Bernal and Stock 
 2004 ; Esteban et al.  2008 ; Vonck et al.  2009 ; 
Lau and Rubinstein  2010 ) and eukaryotic 
V-ATPases have three (Diepholz et al.  2008b ; 
Kitagawa et al.  2008 ; Zhang et al.  2008 ; 
Muench et al.  2009 ). Irrespective of the number 
of extrinsic stator elements, the stator assembly 
is anchored in the membrane at a single site 
at the periphery of the rotor. 

 In F-ATPases the stator forms a single 
long arm, which connects the membrane 
distal side of F 1  to the periphery of the 
membrane- embedded F 0  (Böttcher et al. 
 1998 ,  2000 ; Mellwig and Böttcher  2003 ; 
Rubinstein et al.  2003 ,  2005 ). The stator is 
tightly attached to the (αβ) 3 -assembly and 
thus does not form a prominent separate 
unit. In general the stator of mitochondrial 
F-ATPases is thicker (Rubinstein et al.  2003 , 
 2005 ) than the stator of F-ATPases in chloro-
plasts (Mellwig and Böttcher  2003 ) and bac-
teria (Böttcher et al.  2000 ). These differences 
in mass refl ect the more complex subunit 
composition of the stator in mitochondria. 

 In A- and V-ATPases two or three identi-
cal, vertical stator elements attach to the 
non-catalytic B-subunits. For an effective 
anchorage of the vertical stator elements to 
the membrane, they are interconnected by 
one or two horizontal arms, which are absent 
in F-ATPases. In A-ATPases the intercon-
nection is achieved by a single horizontal 
arm (subunit I in  Thermus thermophilus ), 
which is directly inserted into the membrane 
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and provides suffi cient connectivity for the 
whole stator assembly. 

 V-ATPases also have this membrane- 
anchored arm (formed by subunit  a ) and two 
more structural elements that are involved in 
the horizontal interconnection of the vertical 
stator elements. One of the additional arms 
establishes the connection between the second 
and third vertical stator element. This arm is 
formed by subunit C (Wilkens et al.  2005 ), 
which plays a pivotal role in the regulatory 
disassembly. During disassembly subunit C is 
lost form the holoenzyme, which is concomi-
tant with a detachment of V 1  from V 0 . This 
loss of the C-subunit removes the anchorage 
of the third vertical stator element and thus 
weakens the connection between V 1  and V 0 . 

 The other additional horizontal arm binds 
to the fi rst vertical stator element and to the 
membrane anchored horizontal arm but does 
not interconnect the vertical stator elements. 
This element is formed by subunit H 
(Wilkens et al.  2004 ), which after regulatory 
disassembly of V-ATPases inhibits ATP 
hydrolysis of the detached V 1  (Parra et al. 
 2000 ). In the holoenzyme, subunit H is 
located at a strategic position, where after 
detachment from the horizontal arm, it could 
change its conformation and connect to the 
central stalk (Jefferies and Forgac  2008 ). 
This would generate a connection between 
the fi rst vertical stator element and the 
central rotating stalk and thus would disable 
rotational catalysis, which is required for 
ATP hydrolysis.   

   B. Atomic Models of F 1 , A 1  and V 1  

 Much progress has been made in the high- 
resolution structure determination of F 1 . 
First fundamental insights were gained in the 
early 1990 form structures of large portions 
of the mitochondrial F 1  (Abrahams et al. 
 1994 ). These structures show the arrange-
ment of the α- and β-subunits around the 
central shaft. The α- and β-subunits have a 
similar fold, which consists of three domains: 
The N-terminal domain forms a β-barrel that 
interacts with neighbouring β-barrels in a 
crown-like structure in the (αβ) 3 -assembly. 

The crown stabilizes the interaction between 
the α- and β-subunits in the assembly. The 
central domain of α and β contains the nucle-
otide binding sites and is referred to as 
nucleotide binding domain. Finally, the 
C-terminal domain is closest to the membrane 
and changes its conformation in response to 
the orientation of the central stalk. 

 The arrangement of αβ-pairs around the 
central stalk was surprisingly asymmetric, 
with different occupancies in the nucleotide 
binding sites (Abrahams et al.  1994 ). One 
αβ-pair (α E β E ) is wide open with no nucleo-
tide bound, one αβ-pair (α DP β DP ) is partly 
closed with an ADP bound and one (α TP β TP ) 
is tightly closed with a non-hydrolysable 
ATP analogue (AMPPNP) bound (Fig.  6.4 ). 
The differences in the conformation of the 
nucleotide binding sites are caused by the 
C-terminal domain of the catalytic β-subunit, 
which moves in respect to the rest of the 
subunit (change in tertiary structure) and 
thus opens or closes the nucleotide binding 
sites. In contrast to the β-subunits, the 
C-terminal domains of the non-catalytic 
α-subunits remain much more rigid. In the 
centre of the αβ-assembly the γ-subunit 
gives rise to different interactions with the 
β-subunits and, thereby, forms a large por-
tion of the central stalk. The orientation of 
the γ-subunit determines the conformations 
of the three nucleotide binding sites, which 
are even maintained in the absence of bound 
nucleotides (Kabaleeswaran et al.  2009 ). 
Recent atomic force microscopy investi-
gations with immobilized single (αβ) 3  - 
complexes show, that the different 
conformations are observed even in the 
absence of the γ-subunit, provided that nucle-
otides are present (Uchihashi et al.  2011 ).

   The central stalk plays an essential role in 
translating the rotational movement of the 
rotor in F 0  into conformational changes in 
the three, catalytic nucleotide binding sites 
on the β-subunits. In F-ATPases the central 
shaft is an elongated assembly, which is 
formed by subunits γ and ε in chloroplasts 
and bacteria, and by subunits γ, δ and ε in 
mitochondria. The structure of the whole 
stalk together with the αβ-assembly of the 

Bettina Böttcher and Peter Gräber



121

mitochondrial F 1  (Gibbons et al.  2000 ) gives 
insights into the structural elements that are 
important for the rotational coupling- 
mechanism. The stalk has an elongated shape 
with a maximal length of 114 Å. It is bulky 
at one end and thin at the other end. The 
bulky part (foot) bridges the gap between the 
membrane proximal side of the αβ-assembly 
and the rotor in F 0 . The foot has an oval 
cross section with a maximal extension of 
54 Å × 41 Å towards the rotor. The thin part 

of the stalk, which is formed by two long 
helices, extends 47 Å into the centre of the 
αβ-assembly. The longer of the two helices 
is the C-terminal helix of the γ-subunit 
(residues 199–272), and spans almost the 
entire length of the stalk. The shorter helix is 
the N-terminal helix of subunit γ (residues 
2–49). Both helices are considerably bent, 
providing an eccentric axle, which differ-
ently interacts with the C-terminal domains 
of the three αβ-pairs in F 1 . These differences 

  Fig. 6.4.    Comparison of mitochondrial F 1 -ATPase ( left ; 1e79; Gibbons et al.  2000 ) and A 1 -ATPase of  Thermus 
thermophilus  ( right ; 3A5D, Numoto et al.  2009 ) without stalk subunits. ( a ) Side views and ( b ) views form the 
membrane proximal side. Subunits, which form the empty nucleotide binding sites are indexed with “E”.       
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in interaction provide a suitable mechanism 
for inducing conformational changes in the 
three catalytic nucleotide binding subunits 
depending on the rotational position of the 
central stalk. The coupling of the rotation of the 
γ-subunit to the changes in the conformation 
of the β-subunits is probably achieved by the 
conserved Arg 75 in the foot of the γ-subunit, 
which interacts in turn with the conserved 
DELSEED region of the three β-subunits 
(Gibbons et al.  2000 ). 

 The rotational mechanism is surprisingly 
robust. Of the two helices of the γ-subunit, 
the shorter N-terminal helix is already 
suffi cient to support rotational catalysis 
(Mnatsakanyan et al.  2009 ). Rotational catal-
ysis is even maintained if both helices are 
truncated and do not penetrate into the 
αβ-assembly. This shows that no rigid axle or 
rigid pivot point is required for the rotational 
mechanism (Furuike et al.  2008 ) and shows 
that the key elements for the rotational 
coupling and conformational cross-talk are 
located in the foot. The foot also stores most of 
the elastic energy during rotational catalysis 
(Sielaff et al.  2008 ), which is required for a 
smooth coupling of the three stepped motor 
in the F 1 -part to the 8–15 stepped motor in 
the F 0 -part. 

 In mitochondrial F-ATPase, the foot is 
formed by contributions of all three subunits 
of the central stalk. These subunits exten-
sively interact and stabilize the base of the 
N- and C-terminal helix of the γ-subunit. 
The foot also contains elements that control 
the activity of the F-ATPase. Major players 
are the ε-subunit in the bacterial and chloro-
plast F-ATPase (60 % sequence identity to 
the mitochondrial δ-subunit) and a sulfur-
sulfur- bridge in the γ-subunit of the chloro-
plast F-ATPase. Although the ε-subunit is 
essential for coupling of proton translocation 
to ATP synthesis, it also has an inhibitory 
effect on ATP hydrolysis (   Nelson et al.  1972 ; 
Smith and Sternweis  1977 ) in bacteria and 
chloroplasts. Crystal structures of the isolated 
central shaft of  E. coli  F-ATPase show that 
in addition the related δ-subunit of the mito-
chondrial F-ATPase, the C-terminal helices 
of subunit ε in the bacterial F-ATPase can 

adopt an extended conformation (Rodgers and 
Wilce  2000 , Fig.  6.5 ). In this extended 
conformation, the C-terminal domain of ε 
probably penetrates into the αβ-assembly 
(Hausrath et al.  2001 ) and interacts with the 
conserved DELSEED- region of the β-subunits. 
In this conformation ATP hydrolysis is inhib-
ited, while ATP synthesis is still maintained. 
Therefore, it has been proposed, that subunit ε 
is a conformational switch (Tsunoda et al. 
 2001 ), which enables either only ATP synthesis 
(extended conformation) or ATP synthesis 
and hydrolysis (contracted conformation). 
The structure of F 0 F 1  from  E. coli  with 
different ε conformations has been reported 
recently (Cingolani and Duncan  2011 ). 
In contrast to these insights, the mechanism 
by which the reduction of the disulfi de in the 
subunit activates the F-ATPase in the photo-
synthetic organisms is still not understood.

     1. A 1  and V 1  

 Compared to F-ATPases, high-resolution 
structural studies on A- and V-ATPases are 
still lacking behind. The structures of the 
nucleotide-free (AB) 3  sub-complex (Maher 
et al.  2009 ) and the (AB) 3 DF sub-complex of 
the A-ATPase from  Thermus thermophilus  
(Numoto et al.  2009 ) (Fig.  6.4 ) have been 
determined. These structures provide the 
fi rst insights into the relative arrangement of 
the catalytic nucleotide-binding subunits and 
how they interact. In the nucleotide-free 
(AB) 3 -subcomplex the AB-pairs are arranged 
by three-fold symmetry and are stabilized by 
β-barrel domains in the A- and B-subunits, 
which form a crown similar as in F-ATPases 
(Abrahams et al.  1994 ). 

 Further insights into ATP hydrolysis- coupled 
rotation come from the (AB) 3 DF sub-complex 
(Numoto et al.  2009 ), which shows the 
central stalk composed of subunits D and F 
(Figs.  6.4  and  6.5 ). Compared to F-ATPases 
the central shaft is less bent and the foot is 
considerably smaller. Consequently, the cen-
tral stalk interferes less with the C-terminal 
domains of the AB-subunits than the central 
stalk in F-ATPases. Therefore, in contrast to the 
function of the stalk in F-ATPases, the stalk 
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is unlikely to drive major conformational 
changes in the tertiary structure of the 
A/B- subunits in A- and V-ATPases. 

 Similar to the stalk-containing F 1 - complexes 
(Abrahams et al.  1994 ; Gibbons et al.  2000 ) 
the three AB-pairs in (AB) 3 DF are in differ-
ent conformational states (Fig.  6.4 ). One of 
the AB-pairs forms a wide- open nucleotide 
binding site that is empty and the other two 

AB-pairs have more closed nucleotide binding 
sites with bound nucleotides. The catalytic 
A-subunits show almost no differences in 
their tertiary structure in the three AB-pairs. 
The non-catalytic B-subunits are somewhat 
more variable in the tertiary structure of their 
C-terminal domains, but much less variable 
than in the β-subunits of F-ATPases. Thus 
the conformational differences between the 

  Fig. 6.5.    Central stalks of A-, V- and F-ATPases. ( a ) Ribbon representations of the central stalks of the mitochon-
drial F-ATPase ( left , 1e79, Gibbons et al.  2000 ), of the  E. coli  F-ATPase ( centre , 1jnv, Hausrath et al.  2001 ) and of 
the  Thermus thermophilus  A-ATPase ( right , 3a5d, Numoto et al.  2009 ). ( b ) A-ATPases have an additional subunit 
C ( blue , 1r5z, Iwata et al.  2004 ), which is absent in F-ATPases. This subunit forms an adaptor between rotor and 
central stalk. A possible arrangement of central stalk and adaptor subunit is shown on the  right.        
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different AB-pairs in (AB) 3 DF are mainly 
driven by changes in the packing of A and B 
(changes in the quaternary structure), rather 
than by changes in the tertiary structure of 
the subunits. This suggests that the mechanic 
details of the rotational coupling might be 
different between A-ATPases and F-ATPases. 

 The stalk, which is resolved in the 
(AB) 3 DF-complex contacts the rotor via an 
additional subunit (d in V-ATPases and C 
in A-ATPases), which acts as an adaptor 
between the rotor and the central shaft. The 
adaptor subunit is mainly α-helical and has a 
triangular cross-section (Fig.  6.5 ), which is 
large enough to seal the large pore of the rotor 
and to provide an extended, fl at interface for 
binding the central stalk (Iwata et al.  2004 ).   

   C. The Peripheral Stalk 

   1. F-ATPase 

 The rotational mechanism requires a periph-
eral static connection between the F 1 -part 
and the F 0 -part, which prevents co-rotation. 
For a long time, structural knowledge of 
the stator of F-ATPases relied solely on the 
structural characterization of stator fragments 
or individual subunits. In bacteria, the 
N-terminal fragment of subunit b (aa 1–34) 
forms a single, straight transmembrane helix 
followed by a short hinge and another helical 
stretch (Dmitriev et al.  1999 , Fig.  6.6 ). The 
soluble C-terminal part of subunit b (aa 62–122) 
also forms a long α-helix (Del Rizzo et al. 
 2002 , Fig.  6.6 ), which probably dimerizes as 
a coiled-coil, in which the helices are stag-
gered in respect to each other (Claggett et al. 
 2009 ; Steigmiller et al.  2005 ). The dimers 
have a boomerang-like shape with a similar 
curvature as the surface of the αβ-assembly 
(Priya et al.  2008 ). Thus they could be tightly 
attached to the αβ-assembly, without intro-
ducing conformational strain into the 
holoenzyme.

   The structure of the soluble part of 
the bovine mitochondrial peripheral stalk 
together with F 1  has been determined (Rees 
et al.  2009 ) and shows most of the extrinsic 
part of the F-ATPase including the central 

shaft and the peripheral stalk subunit OSCP 
(homologous to the δ subunit in bacteria 
and chloroplasts), and parts of the subunits 
b, F6 and d. This information is comple-
mented by a partly overlapping structure of 
the soluble part of subunit b together with 
subunits d and F6 (Dickson et al.  2006 ). 
Both structures together allow generating a 
mosaic structure of the whole extrinsic part 
(F 1  and peripheral stalk) of the mitochondrial 
F-ATPase (Fig.  6.6 ). 

 The peripheral stalk in mitochondrial 
F-ATPase is much more complex than antici-
pated form the studies of the fragments of 
the bacterial b-subunit. It consists of several 
long helices, which are oriented parallel. The 
helices are interrupted by loops. These loops 
are paralleled by helices of other subunits 
giving the whole stator a rigid nature. The rigid 
parts are interrupted by two more fl exible 
regions in OSCP and b. In OSPC the fl exible 
link is located between the C- and N-terminal 
domains. The N-terminal domain of OSCP 
binds via electrostatic interactions to the 
crown formed by the α- and β-subunits and 
does not directly interact with other subunits. 
In contrast, the C-terminal domain of OSPC 
forms an extensive interface with the 
b-subunit, which is further stabilized by 
subunit F6 wrapping around it. This results in 
a stable, rigid link to the rest of the peripheral 
stalk. The fl exible linkage within OSPC 
probably enables following the changing 
shape of F 1  during catalysis. 

 The other fl exible region is located at amino 
acid 146 in the b-subunit, approximately 
halfway between the top and the bottom of 
the αβ-assembly. This area supports a hinge 
movement and enables subtle changes in the 
curvatures of the stator by approximately 9° 
(Rees et al.  2009 ). Taken together most of the 
stator is rather stiff and can probably only 
store little or no elastic energy. 

 The peripheral stalk adds asymmetry to 
the crystallized F 1  and makes the three 
αβ-pairs distinguishable. In the crystallized 
conformation the peripheral stalk is attached 
to the non-catalytic interface next to an 
α-subunit in the DP state and to a β-subunit in 
the TP state (Rees et al.  2009 ). These fi ndings 

Bettina Böttcher and Peter Gräber



125

further support that the F-ATPase assumes 
a defi ned resting state and that the three 
catalytic nucleotide binding sites have dif-
ferent thermodynamic properties in the 
inactive enzyme.  

   2. A- and V-ATPase 

 A-ATPases and V-ATPases have two and 
three vertical peripheral stalk elements, 
respectively. These vertical elements do not 

  Fig. 6.6.    Peripheral stalk elements of F-, V- and A- ATPases. ( a ) Peripheral stalk elements.  Left : Soluble part 
(1L2P, Del Rizzo et al.  2002 ) and membrane-integrated part (1b9u, Dmitriev et al.  1999 ) of b-subunit of  E. 
coli  F-ATPase.  Centre : Soluble part of the peripheral stalk of mitochondrial F-ATPase attached to (αβ) 3 γδε 
( grey ). The peripheral stalk structure is a mosaic (2wss, Rees et al.  2009 ; and 2cly, Dickson et al.  2006 ). 
 Right : Vertical stator element of subunits E and G of the A-ATPase from  Thermus thermophilus  (3k5b, Lee 
et al.  2010 ). ( b ) The N-terminal domain of subunit I, which is the horizontal peripheral stalk elements that 
has a counterpart in V-ATPases and interconnects two vertical peripheral stalk elements (3rrk, Srinivasan 
et al.  2011 ) ( c ) The V-ATPase specifi c horizontal peripheral stalk elements of the V-ATPase are formed by 
subunits H (1ho8, Sagermann et al.  2001 ) and C (1u7l, Drory et al.  2004 ).       
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have a membrane anchor and attach to 
the non-catalytic B-subunits. The vertical 
peripheral stalk elements consist of subunits 
E and G. The N-terminal domains of E and G 
form a long right-handed coiled-coil domain 
of 140 Å length, which is connected to a 
more globular head domain (Lee et al.  2010 , 
Fig.  6.6 ). The head domain is mainly formed 
by the C-terminal domain of subunit E and a 
short helical stretch of subunit G. Head 
domain and the coiled-coil are joined by a 
kink, which probably provides fl exibility 
between the two domains, similar to the fl ex-
ible linkage within OSCP in mitochondrial 
F-ATPase. The membrane anchor for the 
vertical peripheral stalk elements is provided 
by the N-terminal domain of subunit a in 
V-ATPases and of subunit I in A-ATPases. 
This N-terminal domain is formed by a heli-
cal bundle, which is capped on both ends by 
two similar domains that bind to the vertical 
peripheral stalk elements (Srinivasan et al. 
 2011 , Fig.  6.6 ). 

 The two V-ATPase-specifi c subunits C 
and H form horizontal peripheral stalk 
elements. Subunit C interconnects two vertical 
stator elements, which is refl ected by similar 
protein binding motifs at opposite ends of 
the subunit (Fig.  6.6 ). The structure of sub-
unit C is related to the N-terminal domain of 
subunit I, although less bent. Subunit H is 
important for inhibiting ATP hydrolysis in V 1  
but not in the holoenzyme. This is achieved 
by a conformational rearrangement of its 
two domains (Fig.  6.6 ).   

   D. Structure of the Membrane- 
Embedded Rotor 

 The membrane-embedded rotors of A-, V- and 
F-ATPases form stable assemblies, which 
can be purifi ed as a whole. This stability 
greatly facilitates the crystallization of 
different types of rotors (Table  6.2 ). So far, 
all rotors of known structure have an hour-
glass shape, which has the smallest diameter 
in the centre of the membrane (Fig.  6.7 ). 
In F-ATPases, the subunits in the rotor consist 
of two helices, which are connected by a 
short loop. The helices are arranged in two 
concentric rings, which are staggered in 
respect to each other. The N-terminal helices 
form the inner ring and are generally longer 
than the C-terminal helices in the outer ring. 
The ion-binding sites are located between 
two C-terminal helices and an N-terminal 
helix close to the centre of the membrane, 
where the diameter of the rotor is smallest. 
In all rotors a conserved Glu contributes to the 
coordination of the ion. In Na + -transporting 
F-ATPases, selectivity for Na +  is achieved by 
a somewhat larger ion- binding pocket and by 
a water molecule that contributes to Na + -
co-ordination. The ion-binding pocket opens 
only towards the hydrophobic environment of 
the membrane, which makes it unfavourable 
for the ion to leave the rotor. In the holoen-
zyme, the rotor interfaces with a static 
 half-channel, which is formed by the 
 membrane-integrated subunit. This interface 
between rotor and static half channel could 

   Table 6.2.    High-resolution structures of the membrane-embedded rotors or rotors together with the central 
stalk and (αβ) 3 .   

 Species  Type  Subunits 
in rotor 

 Transported 
ion 

 pdb  References 

 Spinach  Chloroplast F-ATPase  14  H+  2w5j  Vollmar et al. ( 2009 ) 
  Spirulina platensis   Chloroplast F-ATPase  15  H+  2wie  Pogoryelov et al. ( 2009 ) 
  Ilyobacter tartaricus   Bacterial F-ATPase  11  Na+  2wgm  Meier et al. ( 2005 ,  2009 ) 
  Bacillus pseudofi rmus   Bacterial F-ATPase  13  H+  2x2v  Preiss et al. ( 2010 ) 
  Saccharomyces 

cerevisiae  
 Mitochondrial 

F-ATPase 
 10  H+  2x0k,  Stock et al. ( 1999 ) 

 1q01  Dautant et al. ( 2010 ) 
  Bos taurus   Mitochondrial 

F-ATPase 
 8  H+  2xnd  Watt et al. ( 2010 ) 

  Enterococcus hirae   Bacterial A-ATPase  10  Na+  2bl2  Murata et al. ( 2005 ) 
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provide a suitable environment for the trans-
port of the ions across the membrane.

    In V- and in some A-ATPases the rotor 
subunits have arisen by a gene duplication 
and fusion event leading to four transmem-
brane helices per subunit. For a long time it 
was assumed that this gene-duplication and 
fusion had led to a reduction in the copy 
number of rotor subunits keeping the total 
number of helices in the rotor similar to 
F-ATPases. However, the only known structure 

of an Na + -pumping A-ATPase rotor of 
 E. hirae  shows ten subunits (Murata et al. 
 2005 ) with 40 transmembrane helices 
(Fig.  6.7 ), suggesting that no reduction in the 
copy number of the rotor subunits took place. 
In contrast to F-ATPases, the ion binding site 
in  E. hirae  is located within a single subunit. 
This increases the distance between the ion- 
binding sites in the rotor. As in F-ATPases 
the Na + -binding site contains a conserved 
Glu, but no water molecule that is involved 

  Fig. 6.7.    Membrane-embedded rotor. The subunits in the rotor are colored according to their residue number 
(form N-terminus [ blue ] to C-terminus [ red ]).  Left : The rotor of the chloroplast F-ATPase form  Spirulina platensis  
is formed by 15 copies of subunit c (2wie, Pogoryelov et al.  2009 ) and is the largest F-ATPase rotor that has been 
reported so far.  Centre : The bovine mitochondrial F-ATPase has the rotor with the smallest copy number. It is 
shown together with the central stalk (γ [ yellow ], δ [ red ] and ε [ orange ]) and (αβ) 3  [ grey ] (2xnd, Watt et al.  2010 ). 
The F-ATPase rotor subunits in chloroplasts and in mitochondria consist of two transmembrane helices each. 
 Right : The rotor of the A-ATPase form  E. hirae  (2db4, Murata et al.  2003 ) consists of ten subunits, with four 
transmembrane helices each. This A-ATPase pumps Na +  across the membrane. The bound Na + -ions are shown 
as white spheres.       
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in the coordination of the Na +  is present 
(Meier et al.  2009 ). 

 All rotors have a large hole, which forms 
a pore through the membrane. This pore is 
probably an evolutionary consequence of the 
translocase-ancestors. To maintain the mem-
brane potential the pore has to be effi ciently 
sealed. From the lumenal side this happens 
with a lipidic plug (Meier et al.  2001 ; Seelert 
et al.  2003 ). From the cytoplasmic side the 
pore is closed by the central shaft. Structures of 
the mitochondrial F-ATPase sub- complexes 
of the rotor together with the central stalk 
and the αβ-assembly (Stock et al.  1999 ; Watt 
et al.  2010 ) show that the stalk binds to the 
loop regions of the rotor subunits mainly via 
the δ-subunit, but also with smaller contribu-
tions from the ε and γ subunits (Fig.  6.7 ). 
The interaction interface between loops and 
foot is between 600 Å 2  in yeast (Stock et al. 
 1999 ) and 790 Å 2  in  Bos taurus  (Watt et al. 
 2010 ). Both structures show marked differ-
ences in the binding mode between foot and 
rotor. So far, no obvious adaptation in the 
structures of the central stalk to the greatly 
variable pore diameters of different rotors 
(8–15 copies of c-subunit) has been reported. 
This suggests that the lipidic plug is the key 
element for sealing the pores of the rotor 
against leakage rather than the foot of the 
central stalk.  

   E. Higher Order Structures 
in Native Membranes 

 In mitochondria most of the complexes of 
the respiratory chain are organized in 
supercomplexes (Schägger and Pfeiffer 
 2000 ; Dudkina et al.  2005a ,  2011 ; Schäfer 
et al.  2007 ; Bultema et al.  2009 , see Chaps. 
  12     and   21    ), which bring functional elements 
of respiration into close spatial proximity. 
These supercomplexes do not contain the 
F-ATPase, which aggregates into separate 
higher order structures. F-ATPases form 
dimers, which are stabilized by three dimer-
specifi c subunits (Arnold et al.  1998 ). The 
dimers are joined in the F 0  at the side of the 
stator (Dudkina et al.  2005b ; Minauro-
Sanmiguel et al.  2005 ) and form an arc, 

which gives rise to a strong curvature of the 
surrounding membrane. 

 In the inner membranes of mitochondria 
the F-ATPase dimers are stacked in long rows 
(Dudkina et al. 2010; Strauss et al.  2008 ) and 
induce the formation of the highly- curved 
cristae (Giraud et al.  2002 ). Simulations 
show that the curvature increases the electric 
fi eld close to F 0  (Strauss et al.  2008 ). The 
ATPase dimers only occur in mitochondria, 
whereas in chloroplasts the F-ATPases form 
monomers or random aggregates that are 
located in the minimally curved membranes 
of the grana and stroma lamellae (Daum 
et al.  2010 ). These differences in the micro-
environment (curved vs. fl at) could provide 
a possible explanation why F-ATPases of 
mitochondria require fewer protons per 
synthesized ATP than F-ATPases in the 
photosynthetic apparatus.      
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      Summary  

  Carbon fi xation in cyanobacteria (and some chemoautotrophs) occurs in large cytoplasmic 
bodies known as carboxysomes. Carboxysomes are organized as an enzymatic core comprised 
of RubisCO and carbonic anhydrase, encapsulated within a thin protein shell. The carbonic 
anhydrase converts concentrated bicarbonate into carbon dioxide, which can then be 
fi xed by RubisCO. The shell is required as it presents a semi- permeable barrier; in its 
absence, CO 2  would escape too rapidly to allow effi cient fi xation. Despite the complexity of 
this arrangement, and large size of the resulting particle (90–400 nm), carboxysomes are 
self-organizing and require as few as eight different polypeptides (including the enzymes) 
for proper self-assembly. This chapter explores discusses the structure and functional roles 
of the proteins that build up the carboxysome, and analyses the unique architecture of 
these particles.  
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      I. Introduction 

 While the dark reactions of photosynthesis 
in cyanobacteria (see Chap.   14    ) utilize much 
the same enzymatic machinery as higher 
plants, cyanobacteria’s high surface-area-
to- volume ratio has allowed the evolution of 
a unique strategy for optimizing carbon fi xa-
tion effi ciency. Active pumping of inorganic 
carbon into the cytosol (using a variety of 
ATP or NADH dependent pumps (Price 
 2011 )) allows cyanobacteria to largely com-
pensate for RubisCO’s inherently poor CO 2  
affi nity. However, this approach is only effi -
cient if CO 2  is fi xed faster than it escapes 
the cell. Cellular membranes are of little 
help in this regard, as CO 2  is very membrane- 
permeable, and cyanobacteria, being gener-
ally unicellular and micrometer sized, cannot 
exploit large-scale anatomical adaptations 
such as those found, for example, in C4 
plants. Instead, cyanobacteria construct a 
protein barrier to prevent CO 2  escape, exploit-
ing the relative impermeability of this mate-
rial. Inorganic bicarbonate is accu mulated 
in the cytosol, while RubisCO is sequestered 
with carbonic anhydrase behind a semi-per-
meable protein shell layer (Fig.  7.1 ). Once 
HCO 3  −  is within this barrier, it can be con-
verted to CO 2 , and is then trapped in an envi-
ronment that provides maximal opportunities 
for fi xation (Dou et al.  2008 ). This is neces-
sarily a complex arrangement, and one might 
intuitively expect that assembling such a 
complex would require a dedicated molecular 
infrastructure, such as that required for orga-
nizing and maintaining eukaryotic organelles. 
However, the proteins that comprise the shell 
turn out to be inherently self- organizing 
(Bonacci et al.  2012 ), so they – along with 
the encapsulated enzymes and a very few 

ancillary proteins that appear to play a 
primarily organizational role – spontaneously 
assemble into large polyhedral bodies; these 
bodies are known as carboxysomes. 

 While carboxysomes may be highly 
unusual objects by eukaryotic standards, 
they are by no means unique among bacteria. 
Rather, large scale sequencing efforts have 
revealed that up to 20 % of bacterial species 
genomes encode related shell proteins that 
encapsulate enzymes from quite metabolic 
different processes (Kerfeld et al.  2010 ); this 
larger set of particles are known as “bacterial 
microcompartments” (Yeates et al.  2010 ). 
Very few of these have been studied to date; 
the best characterized examples are the 
ethanolamine (etu) and propanediol utilization 
(pdu) microcompartments from  Salmonella , 
where the shell is thought to help sequester 
volatile and potentially toxic intermediates 
from the bulk cytosol (Penrod and Roth 
 2006 ). Interestingly, sequence comparisons 
have also led to the realization that “car-
boxysomes” are paraphyletic, with related, 
but quite different particles being found in 
the two major cyanobacterial groups. The 
β-carboxysomes are characterized by the 
presence of type Ib RubisCO, and their genes 
are designated by “ccm” (carbon concentrat-
ing mechanism). These carboxysomes are 
found in β-cyanobacteria, a diverse group 
found in essentially every conceivable 
habitat with light. Alpha-carboxysomes are 
characterized by the presence of type Ia 
RubisCO, and the genes are designated 
“cso”. Alpha- carboxysomes are found in the 
α- cyanobacterial groups  Prochlorococcus  
and  Synechoccoccus , which are largely 
found in nutrient depleted open ocean 
waters, which they ecologically dominate. In 
addition to cyanobacteria, α-carboxysomes 
are also found in the proteobacterial chemo-
autotrophs; because these organisms are 
experimentally more tractable (lacking, for 
example, the extensive thylakoid membranes 
that complicate the purifi cation of carboxy-
somes from β-cyanobacteria), much of what 
we know about carboxysomes is based on 
work performed in these organisms. In this 
chapter we discuss the structural biology of 

 Abbreviations:     BMC –    Bacterial microcompartment;    
  CA –    Carbonic anhydrase;      DPB –    Doubled permuted 
bacterial microcompartment;      etu –    Ethanolamine uti-
lization microcompartment;      pdu –    Propanediol utiliza-
tion microcompartment;      3PGA –    3-Phosphoglycerate;    
  RuBP –    Ribulose 1,5-bisphosphate;      RubisCO – 
   Ribulose 1,5-bisphosphate carboxylase/oxygenase    
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α- and β-carboxysomes, both at the level 
of the structure of the individual proteins 
(where known) and the overall organization 
of the supermolecular complex.  

   II. Carboxysomal Carbonic 
Anhydrases 

   A. CcaA – The Classical β-Carboxysomal 
β-Carbonic Anhydrase 

 As stated above, carboxysomes have an 
absolute requirement for an encapsulated 
carbonic anhydrase to equilibrate their inter-
nal inorganic carbon pool. In β- carboxysomes, 
CcaA was identifi ed in early studies of 
 Synechoccoccus  sp. PCC 7942 as a gene 
homologous to plant β-carbonic anhydrase 
that is required for carbon fi xation under 
atmospheric CO 2  conditions (Fukuzawa 
et al.  1992 ; Yu et al.  1992 ). CcaA, is highly 
active in recombinant form (So and Espie 

 1998 ) and is most similar to the plant chloro-
plast β-CAs such as the well-characterized 
pea enzyme (Kimber and Pai  2000 ); 
however, it has a carboxysome-specifi c 
C-terminal extension of around 60 amino 
acids (Fig.  7.2a ). Most of this extension is 
hydrophilic and highly variable in sequence, 
but a 16 amino acid motif at the very end is 
more conserved (So and Espie  1998 ). This 
motif can be deleted without loss of activity 
 in vitro , suggesting it may play a role in 
protein- protein interactions (   So et al.  2002 ). 
In analogy with similar microcompartmental 
motifs, it was recently suggested that this 
motif may help recruit CcaA to the carboxy-
some shell (Kinney et al.  2012 ).

      B. CcmM – A β-Carboxysomal 
γ-Carbonic Anhydrase 

 Shortly after the early work establishing that 
CcaA is a carboxysomal carbonic anhydrase 
in β-cyanobacteria, a surprising second 

  Fig. 7.1.    Overview of the role of the carboxysome in cyanobacterial carbon fi xation. Cyanobacteria actively 
concentrate HCO 3 - in their cytosol using a variety of ATP and NADH dependent pumps. Essentially all RubisCO and 
carbonic anhydrase in the cell are sequestered in carboxysomes, where they are surrounded by a protein shell. 
Bicarbonate can enter the carboxysome through small pores in the shell, and is then converted to CO 2  by the 
encapsulated carbonic anhydrase. The presence of the shell impedes the escape of CO 2 , allowing it to accumulate and 
promoting RubisCO catalysed carboxylation of ribulose-1,5-bisphosphate (RuBP). The resulting two molecules 
of 3-phosphoglycerate can escape back into the cytosol, where RuBP can be regenerated by the Calvin cycle.       
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 candidate carboxysomal carbonic anhydrase 
was noted in these organisms. In announcing 
the discovery of a new “γ-class” of carbonic 
anhydrase from  Methanosarcina thermophila  
in 1994, the authors noted that almost the 
only signifi cant homolog (Alber and Ferry 
 1994 ) was a 35 % identical domain from 
CcmM, from  Synechococcus  sp. PCC 7942. 
This open reading frame was previously 
found to be important for carboxysome for-
mation (Price et al.  1993 ). However, when 
tested, both the  Synechococcus  sp. PCC 7942 
and  Synechocystis  sp. PCC6803 proteins 
proved to lack any trace of carbonic anhy-
drase activity when expressed recombinantly 
(So and Espie  2005 ). This fi nding was puz-
zling in light of the fact that all important 
catalytic residues (Ferry  2010 ) appear to be 
conserved in almost all CcmM homologs, 
although it did refl ect a larger failure to fi nd 
activity in any γ-CA homolog except those 
from  Methanosarcina  itself. The uncertainty 
was further heightened when sequencing of 
multiple β-cyanobacterial genomes revealed 
that about a third of species lack a CcaA 
homolog, and in some species, including 
 Thermosynechococcus elongatus  (Nakamura 
et al.  2002 ), CcmM is the only homolog of 
a known CA present. This paradox was 
recently resolved by the fi nding that the 
CcmM from  T. elongatus  is highly active in 
recombinant form (Peña et al.  2010 ). 
Interestingly, the structure of this protein 
(Fig.  7.2b ) revealed that in addition to the 
long β-helix and catalytic site covering 
α-helix seen in the  T. thermophila  enzyme 
(Kisker et al.  1996 ), CcmM has an addi-
tional C-terminal α-helix that is stabilized 
by a disulfi de bond. This motif proved essen-
tial to activity in the enzyme; constructs 
lacking the cysteine residues are inactive, as 
are longer constructs under reducing condi-
tions. Since the reducing potential of the 
cytosol is suffi cient to inactivate the 
enzyme, this implies that the interior of 
the carboxysome is necessarily oxidizing 
(Peña et al.  2010 ). This switching motif is 
not conserved in many strains, includ-
ing  Synechocytis  sp. PCC 6803 and 
 Synechococcus  sp. PCC7942, that contain 

a CcaA ortholog in their genomes. In these 
species, CcmM appears to have lost its 
enzymatic function and acts solely as a 
structural protein (Peña et al.  2010 ).

      C. CsoCA – The Highly Divergent 
α-Carboxysomal β-Carbonic Anhydrase 

 Alpha-cyanobacteria have neither CcaA nor 
CcmM-like proteins, and generally lack any 
clear homologs of the established α-, β- and 
γ-carbonic anhydrase families. However, 
systematic testing showed that  csoS3  in the 
carboxysome operon is an active carbonic 
anhydrase when expressed recombinantly; 
this gene was subsequently renamed  csoSCA  
(So et al.  2004 ). Inactivating this gene 
results in carboxysomes that do not support 
growth at ambient CO 2  concentrations, the 
expected phenotype for a protein essential 
to carboxysome functioning (Dou et al. 
 2008 ). CsoSCA has no detectable sequence 
similarity to known carbonic anhydrases, 
and it was therefore initially described as the 
founding member of a new class – the ε-CAs 
(So et al.  2004 ). However, when the struc-
ture was eventually determined, this protein 
proved to be a β-CA, albeit a highly diver-
gent example (Fig.  7.2c ). The protein is 
actually built as a head-to-tail fusion of two 
β-CA domains, along with an additional 
α-helical N-terminal domain. The second 
β-CA domain is highly degenerate and does 
not contain a catalytic site, contributing only 
a few motifs to the catalytic site formed pre-
dominantly by the other domain. The diver-
gence from canonical β-CAs is underscored 
by the fact that only fi ve core catalytic resi-
dues – the three zinc binding residues, and a 
critical aspartate and arginine pair – are con-
served with the rest of the protein family 
(Sawaya et al.  2006 ).   

   III. Structure and Organization 
of the Shell Proteins 

 Carboxysome and other bacterial microcom-
partment shells are built from small proteins 
from three protein families, two of which are 
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     Fig. 7.2.    Carboxysomal    carbonic anhydrases. ( a ) CcaA is a β-carbonic anhydrase found in many, but by no means 
all β-carboxysomes. It is about 30 % identical to the plant β-CAs (shown; 1EKJ); plant β-CAs, however, lack a 
60 amino acid C-terminal extension unique to carboxysomal β-CAs. It should also be noted that the oligomeric 
state of β-CAs are quite variable, though all variants are built as larger associations of dimers. This is important 
as CcaA interacts with CcmM, and, for example, a hexameric CcaA might better match the trimeric symmetry 
of CcmM. Note that the catalytic site ( inset ) has only fi ve residues conserved when compared with CsoSCA. 
( b ) CcmM is an essential structural protein in β-carboxysomes, although it is not an active carbonic anhydrase 
in all strains. The structure (3KWC) differs from the canonical γ-CA, Cam, in having an additional C-terminal 
helix which is stabilized by a disulfi de bond between Cys194 and Cys200 ( inset ). This disulfi de bond is stable 
only under oxidizing conditions. Under reducing conditions ( left ), mimicked by the truncation at residue 193, the 
protein rearranges itself into an inactive confi guration, with the long active site-covering helix largely disordered 
(3KWD). This structural transition depends upon motifs at the N- and C-terminus which are not conserved in 
many β-cyanobacterial species that have an active CcaA; this truncated structure is likely a good approximation 
of the structure of CcmM in such species. ( c ) Structure of CsoSCA (2FGY), the only carbonic anhydrase known 
to be associated with α-carboxysomes. The protein has a highly modifi ed β-CA fold, built from two copies of 
the β-CA domain fused head to tail. These second of these domains has become highly degraded, so that only 
one catalytic site is present. The active site ( inset ) shows residues contributed from the second, degraded β-CA 
domain in beige.       
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distantly related. The most abundant of these 
(and presumably the protein that comprise 
the bulk of the shell) are the bacterial micro-
compartment (BMC) proteins. Related to 
these are the doubled permuted bacterial 
microcompartment proteins (DPB); as their 
name suggests, they are built from head-to 
tail-fusions of two BMC domains, each of 
which has been circularly permuted. The 
third family are the CcmL/CsoS4 proteins, 
which are generally pentameric. All known 
microcompartments appear to require at 
least one protein from each of these families. 
We consider each group in turn. 

   A. The Canonical Bacterial 
Microcompartment Proteins 

 The BMC proteins (pfam00936) are small 
(90–110 amino acids) and exhibit a modifi ed 
ferridoxin fold (with a four stranded mixed 
β-sheet fl anked on either side by α-helices 
(Kerfeld et al.  2005 )) (Fig.  7.3 ). These pro-
tomers are invariably found assembled into 
six-membered rings. The BMC proteins in 
α-carboxysomes are encoded by the CsoS1 
paralogs. In chemoautotrophs, there are gen-
erally three paralogs – CsoS1A, CsoS1B, 
and CsoS1C. CsoS1A and CsoS1C are very 
closely related, with only two amino acid dif-
ferences in  Halothiobacillus neapolitanus  
and the structures of these two proteins are, 
not surprisingly, essentially identical (Tsai 
et al.  2007 ,  2009 ). The structure for CsoS1B 
is not known, but its sequence very closely 
resembles CsoS1A and CsoS1C, except for a 
short C-terminal extension. In  Prochloro-
coccus  MED4 CsoS1A is the only single 
domain BMC protein found, and this would 
appear to be the minimal functional comple-
ment (Kerfeld et al.  2005 ).

   Beta-carboxysomes show an even higher 
BMC paralog diversity than α- carboxysomes, 
with the most commonly observed com-
plement of BMC proteins being CcmK1, 
CcmK2, CcmK3, CcmK4 and CcmO. 
However, the composition of BMC paralogs 
in β-carboxysomes can be quite variable, 
and only CcmK2 and CcmO are universally 
conserved: CcmK3 and CcmK4 are absent in 

the most basal cyanobacteria, such as 
 Gloeobacter , while CcmK1 is absent in a 
few strains, including the important model 
strain  Synechococcus  sp. PCC 7942. In addi-
tion, a few cyanobacterial strains (such as 
 Thermosynechococcus elongatus ) have one 
or two additional CcmK paralogs that do not 
appear to be closely related to any of the 
standard paralogs. 

 The structures of CcmK4, CcmK1 and 
CcmK2 very closely resemble CsoS1A and 
CsoS1C, but have an additional helix αD at 
the C-terminus that packs on the convex 
face of the hexamer (Kerfeld et al.  2005 ; 
Samborska and Kimber  2012 ). CcmK1 and 
CcmK2 are closely related and very con-
served, with the two proteins having over 
90 % identity when comparing different par-
alogs within a strain, or the same paralog 
between strains. The most obvious feature 
that generally distinguishes the two proteins 
is that CcmK1 has a 9–11 amino acid exten-
sion at the C-terminus. This region is only 
weakly conserved, but normally contains a 
pair of arginine residues and is generally 
basic. Interestingly, CcmK4 has a similar 
extension, hinting at a possible commonality 
in function. These residues were either 
deleted, or found to be disordered in all 
CcmK1 and CcmK4 structures determined 
to date (Kerfeld et al.  2005 ; Tanaka et al. 
 2009 ), and their role is presently unknown. 
CcmO is unusual in having two CcmK-like 
BMC domains fused head to tail (and pre-
sumably forms a pseudo-hexameric trimeric 
ring) in addition to a long C-terminal exten-
sion comprised of a handful of hydrophilic 
amino acids that is predicted to be intrinsi-
cally disordered. CcmK3 is almost wholly 
unstudied, but its close association with 
CcmK4 (the two genes form an operon, and 
no strains are known where only one occurs) 
suggests that these two proteins may be func-
tionally related. 

 The crystals of BMC proteins from car-
boxysomes, as well as other microcompart-
ments, show a clear preference for packing 
as single layers of hexamers, forming con-
tinuous fl at, largely gapless sheets (Fig.  7.3 ). 
A similar packing behavior has also been 
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shown in two-dimensional CcmK crystals, 
grown on a membrane (Dryden et al.  2009 ). 
This packing mode is thought to refl ect the 
functional interaction mode of these proteins, 
as such extended sheets of BMC proteins 
forming the facets of the micro compartment 
shell would parallel the organization of high 

T number viruses (Kerfeld et al.  2005 ). 
Consistent with a role in forming the bulk of 
the shell, BMC proteins are highly abundant 
in carboxysomes, with only RubisCO being 
present in greater quantities (Long et al. 
 2007 ; Menon et al.  2008 ). However, recent 
studies of  Thermosynechococcus  CcmK2 

  Fig. 7.3.    The structure and interaction modes of the BMC proteins, and the inferred organization of the facets 
of the shell. The shell is built from multiple copies of the BMC proteins – CsoS1A-C in α-carboxysomes, and 
CcmK1-4 and CcmO in β-carboxysomes. The BMC proteins adopt a four stranded ferredoxin-like fold. Six pro-
tomers associate to form a hexameric ring, characterized by having an outline that conforms closely in shape to 
that of a regular  hexagon , and perforated by a  small central pore . These hexamers interact with one another via 
conserved residues along their edges to form a continuous sheet, with P6 planar symmetry. CcmK2 was recently 
shown to have an additional interaction mode, forming a dodecamer by interactions mediated through αD on the 
concave side of the hexamer. CcmK2 appears to form a double-layered shell-like arrangement  in vitro . Depending 
on the crystal form used as a model, this sheet can have no, or only small pores between hexamers; the central pore 
is suspected, but not proven, to be the main channel conducting metabolites into and out of the particle.       
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show that this protein has an additional inter-
action mode, forming a convex-to-convex 
dodecamer mediated by the C-terminal helix. 
This dodecameric interaction is exactly 
positioned to fuse two single-layers of 
CcmK2 into double-layered sheet, a model 
supported by both FRET experiments and 
electron microscopic measurements of 
β- carboxysomal shell thickness (Samborska 
and Kimber  2012 ). However, given that cur-
rent models do not explain features such as 
the requirement for diversity of BMC protein 
paralogs, or the enhanced stability of the 
mature shell, much work remains to be done 
before we can be confi dent that we have a 
good working understanding of microcom-
partment shell organization.  

   B. CsoS1D – A Circularly Permuted 
Bacterial Microcompartment Protein 

 The doubled permuted BMC proteins were 
discovered as very distant BMC homologs 
in α-cyanobacteria, and subsequently found 
to be present in all microcompartment- 
containing organisms (Klein et al.  2009 ). 
CsoS1D is built from a variant BMC domain 
that is circularly permuted relative to the 
canonical BMC domain topology (Fig.  7.4a ). 
This permuted topology has also been seen 
in other single domain microcompartment 
proteins including EutL and PduU (Crowley 
et al.  2008 ; Sagermann et al.  2009 ). Here, 
the residues corresponding to the N- and 
C-termini of the canonical BMC domain are 
connected, with new N- and C- termini intro-
duced between αB and β4 (Klein et al.  2009 ). 
In CsoS1D and related proteins, two such 
domains are fused, N-to-C- terminus, result-
ing in a protein with a pseudo-six-fold sym-
metry; the protein also has a 50 amino acid 
N-terminal extension in α-cyanobacteria 
(though not in chemoautotrophs). This motif 
proved disordered in both available struc-
tures. Two trimeric rings interact through 
their concave sides, forming a pseudo- 
dodecameric hexamer. However, this arrange-
ment is asymmetric, with the two rings in 
distinct conformations. In one ring, three 
copies of Arg120 meet in the center, forming 

a salt bridge with Glu121 (Fig.  7.4b ,  c ), and 
resulting in a pore that is wholly closed. In 
the opposite ring, the protomers are rotated 
outward, resulting in the disruption of the 
salt bridge and the consequent opening of a 
14 Å wide pore (Fig.  7.3d ,  e ). This pattern is 
seen in two different crystal forms, suggest-
ing negative cooperativity in the conforma-
tion of the opposing rings, as seen, for 
example, in GroEL (Danziger  2003 ). The 
closed form of the ring appears to be com-
patible with the packing arrangement seen 
for BMC proteins, including CsoS1A, but 
the opened ring is expanded, meaning that it 
would likely require an adjustment in the lat-
tice. Intriguingly, comparison of different 
crystals of CcmK2, for example, suggest that 
accommodations on this order may be 
accomplish-able. The function of CsoS1D is 
presently unclear. It was originally suggested 
that by cycling between the open and closed 
conformations, the protein could act as a 
gated pore that would allow larger molecules 
to pass through the shell (Klein et al.  2009 ). 
However, it is unclear how specifi city would 
be maintained in this model, or how the 
shell-packing would accommodate the struc-
tural changes required to transition between 
the conformers. It was recently reported that 
CosS1D is detectable in the mature carboxy-
some particle (Roberts et al.  2012 ), and 
moreover, that recombinantly expressed 
α-carboxysomes are irregular in form if 
CsoS1D is absent (Bonacci et al.  2012 ). The 
implication is that this protein plays an 
important architectural role in organizing 
the shell, though the details are presently 
obscure.

   An equivalent DPB protein in 
β- cyanobacteria is provisionally named 
CcmP. Sequence conservation would argue 
that this protein likely has a structure and a 
functional role that parallels CsoS1D, but no 
experimental data has been published on this 
protein to date.  

   C. CcmL/CsoS4 – The Vertex Protein 

 The third family of proteins invariably 
associated with microcompartment operons 
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  Fig. 7.4.    The structure of the doubled permuted BMC protein, CsoS1D. ( a ) Organization of the protomer. The 
N-terminal BMC domain is shown in progression from  red  to  blue , N- to C-terminus. The C-terminal domain is 
shown in  white . The CsoS1A protomer is shown on the  left  for comparison. CsoS1D BMC domains are organized 
as a circular permutation of the canonical BMC domain. The N-terminal most β-strand in CsoS1D corresponds 
to β4 in CsoS4A. ( b ) Superposition of the two independent trimeric CsoS1D (3 F56) rings, viewed in cross- 
sectional view with the front most protomers omitted for clarity. The open conformation is shown in  yellow , and 
the closed conformation in  white . In the open conformation, the BMC domains rotate up and outwards, with 
the concave face remaining almost fi xed, and maximal movement of the convex face. Maximal difference in the 
backbone is around 2 Å, except in the pore lining loops, which undergo a large structural rearrangement to create 
a large (14 Å) pore. ( c ) The same superposition as in 7.4b), but viewed from the convex face. ( d ) The CsoS1D 
hexamer, viewed orthogonal to the three-fold axis. ( e ) Molecular surface, cut through the center. Note the open 
conformation presents a wide pore, while the  ring  in the closed conformation is sealed.       
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is the pfam03319 family, known CsoS4 
in α-carboxysomes, and as CcmL in 
β- carboxysomes. These proteins are small – 
80–100 amino acids, with a protomer 

structure built around a fi ve-stranded 
β-barrel motif (Fig.  7.5 ) (Tanaka et al.  2008 ). 
This motif assembles into pentamers, with 
an overall regular pentagonal prism shape. 

  Fig. 7.5.    The structure and role of CsoS4 and CcmL. ( a ) Organization of the CcmL protomer (2QW7), with the 
fi ve-fold symmetry axis oriented vertical in the plane of the page. The protein is built as a 5-stranded up-down 
β-barrel. ( b ,  d  and  f ) The CcmL pentamer shown along and oblique to the fi ve-fold axis in ribbon representation, 
and oblique to the fi ve-fold as an electrostatic surface. ( c ,  e , and  g ) The CsoS4A pentamer (2RCF), shown from 
equivalent orientations. Note that CcmL is slightly longer than CsoS4, with an extension to β5 and an additional 
strand, β6 ( orange ).       
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Icosahedra have fi ve-fold symmetry axis 
where facets meet at the vertices; in micro-
compartment shells, these special positions 
would be expected to require fi ve-fold sym-
metric “plugs” to seal the shell. Modeling 
shows that CcmL/CsoS4 may be of a suitable 
size and shape to occupy the vertices of 
the microcompartment, interacting with 
fi ve neighboring BMC proteins (Tanaka 
et al.  2008 ). Consistent with this role, these 
 proteins are considerably less abundant in 
the α-carboxysome than the CsoS1 paralogs 
(Cai et al.  2009 ). Interestingly, though, the 
role of these two proteins seems subtly 
 different in the two carboxysomes. In 
β-carboxysomes, CcmL is always present as 
a single copy, and is about 20 amino acids 
longer than CsoS4 (with these additional 
residues forming a β-hairpin motif) and dele-
tion of the gene results in rod-shaped elon-
gated carboxysomes (Price and Badger 
 1991 ). In α- carboxysomes, there are always 
two  copies of the protein – CsoS4A and 
CsoS4B – and deleting both results in car-
boxysomes that look similar to wild type 
carboxysomes (with a minority slightly elon-
gated), but which leak CO 2  and fail to effi -
ciently fi x carbon (Cai et al.  2009 ). It should 
also be noted that EutN (the CcmL homolog 
in the  eut  microcompartment) is hexameric 
(Tanaka et al.  2008 ), implying that this pro-
tein family may be capable of playing more 
than one role in shell organization.

       IV. Organization of the 
α-Carboxysome Interior 

 Cryo-electron tomographic reconstructions 
have been reported for the α-carboxysomes 
from  Synechococcus  WH8102 (Iancu et al. 
 2007 ) and  Halothiobacillus neapolitanus  
(Schmid et al.  2006 ). These studies show 
α-carboxysomes to be organized as regular 
icosahedra, with an approximately 4 nm 
thick shell. Interestingly, the diameters of 
particles isolated from a given strain vary 
widely, from 88 to 108 nm, suggesting 
that the process by which α-carboxysomes 
assemble allows for considerable variability 

in diameter, while preserving the overall 
icosahedral geometry. 

 CsoSCA is tightly associated with the 
α-carboxysome shell (Baker et al.  2000 ; So 
et al.  2004 ) (See Fig.  7.6b ). The protein is 
not required structurally in shell formation, 
as CsoSCA knockout strains still form car-
boxysomes that closely resemble their wild 
type counterparts. An interesting outstand-
ing question is how exactly this complex is 
mediated, as the CsoSCA most likely forms 
a dimer, with a clear symmetry mismatch to 
the six-fold symmetric CsoS1 shell proteins 
(Dou et al.  2008 ).

   RubisCO distribution is semi-organized 
in α-carboxysomes, being packed in roughly 
spherical shells; this organization corre-
sponds to the default geometry for hard 
spheres packing randomly within confi ned 
icosahedral spaces, and may therefore require 
no specifi c interaction to drive it (Iancu et al. 
 2007 ). RubisCO in the α- carboxysome 
appears to be only loosely associated with 
the shell, as it readily leaks out from par-
ticles ruptured by freeze-thaw treatment 
(So et al.  2004 ; Menon et al.  2008 ). 
Consistent with this, assembly of the 
α- carboxysome shell is independent of the 
expression of RubisCO (Menon et al.  2008 ). 
The determinants targeting RubisCO to the 
carboxysome reside on the large subunit, but 
have not been specifi cally identifi ed (Menon 
et al.  2008 ). The mechanism by which 
RubisCO is recruited is unclear, but may be 
related to CsoS2, which immuno-gold stain-
ing maps to the interior of the particle (Baker 
et al.  1999 ). This protein, is expressed in two 
distinct isoforms, migrating on SDS PAGE 
gels at 85 and 130 kDa (Baker et al.  1999 ). 
The protein is highly hydrophilic, and char-
acterized by a [ILVTMF]-[ST]-[G] sequence 
repeat that is separated by hydrophilic spac-
ers (Cannon et al.  2002 ). The high fraction of 
hydrophilic residues suggests that this pro-
tein is most likely intrinsically disordered. 
The most obvious candidate function for 
CsoS2 would be protein-protein interactions, 
and indeed, CsoS2 may interact with CbbL, 
CbbS, CsoS4 and itself based on results from 
bacterial two-hybrid assays. However, most 
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  Fig. 7.6.    Organization of carboxysomes. ( a ) Electron micrographs of purifi ed α-carboxysomes from 
 Prochlorococcus marinus  MED4. Individual RubisCO molecules can be readily visualized as small, light col-
ored particles both within the carboxysomes, as well as more diffusely scattered through the media. Scale bar is 
100 nm (Image courtesy of Evan Roberts (Cannon/Heinhorst laboratory, University of Southern Mississippi)) 
( Panels a  and  d  previously appeared in Espie and Kimber ( 2011 ), and are reproduced with permission). ( b ) Overall 
organization of the α-carboxysome (the minimalist carboxysome from  Prochlorococcus  MED4 is used as an 
example). The carboxysomes is shown in schematic, with part of the shell omitted to show interior organiza-
tion. Note that many details shown in this fi gure are not addressed by available data, and are therefore largely 
speculative. E.g. the organization of the facet edges, and the distribution of different BMC paralogs within the 
facet. ( c ) Genomic organization of genes known to encode carboxysomal proteins, colored to correspond to the 
proteins shown in the  upper panel . ( d ) A β-carboxysome (C) in the cytoplasm of  Synechococcus  sp. PCC 7942. 
Scale bar is 100 nm (Image courtesy of Prof. Tammy Sage and Kathy Saults (Ecology and Evolutionary Biology, 
University of Toronto)). ( e ) Overall organization of a β-carboxysome with the most commonly observed protein 
complement (e.g.  Synechocystis  sp. PCC 6803). Note that, while the carboxysomes are shown as the same size to 
facilitate comparison, β-carboxysomes are typically double the dimensions of α-carboxysomes. ( f ) Carboxysome 
gene organization in  Synechocystis  sp. PCC 6803.       
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of these results could not be replicated when 
bait and target were switched (Gonzales 
et al.  2005 ), leaving this as an intriguing pos-
sibility that requires further investigation.  

   V. Organization of the 
β-Carboxysome Interior 

 To date, there are no electron tomographic 
studies of β-carboxysomes, mostly because 
protocols to obtain pure preparations of 
β-carboxyomes have not yet been suffi ciently 
developed. Most imaging has been done in 
the context of intact cells, where observa-
tions are consistent with a polyhedral, and 
possibly icosahedral organization (Fig.  7.6a ). 
Like α-carboxysomes, β- carboxysomes 
appear to vary considerably in size, with 
those from  Synechococcus  sp. PCC7942 
having a standard deviation of 26 nm 
around the 172 nm mean diameter (Long 
et al.  2007 ). 

 The most important protein for organizing 
the β-carboxysome interior seems to be 
CcmM (see Fig.  7.5b ). As mentioned above, 
this protein has a left handed β-helical 
N-terminal domain, which in some species, 
is an active carbonic anhydrase. This protein 
also has a series of three to fi ve repeats of 
a small C-terminal domain, spaced out by 
hydrophilic linkers on the order of 40 amino 
acids in length. These domains, whose very 
similar sequence clearly indicates a gene 
duplication event, are clear homologs of the 
RubisCO small subunit, with about 24 % 
sequence identity (Price et al.  1993 ). 
Interestingly, this protein is produced in two 
variants: a 58 kDa full length variant, and a 
smaller 35 kDa variant that encompasses 
only the RubisCO-like domains and linkers 
(Long et al.  2005 ). The 35 kDa variant is 
produced at about four times the level of the 
full length variant (Long et al.  2007 ). This 
variant is produced by translation from an 
internal ribosome entry site, located at 
Val226, and both isoforms are required for 
functional carboxysomes (Long et al.  2010 ). 
Interestingly, additional candidate transla-
tion sites are present in equivalent positions 

in the other small subunit repeats (Long et al. 
 2010 ), and are possibly used in  Synechocystis  
sp. PCC 6803 to produce additional small 
isoforms (Cot et al.  2008 ). 

 CcmM interacts strongly with the large 
subunit of RubisCO; this interaction requires 
the small C-terminal subunits, but not the 
large subunits (Cot et al.  2008 ). In CcmM 
IMAC pull down experiments, RubisCO 
associates strongly with both isoforms; in 
these complexes and RbcS is depleted com-
pared to its usual 1:1 ratio with RbcL (Long 
et al.  2007 ). Together, this evidence suggests 
that CcmM may interact with RbcL by dis-
placing RbcS from one or more of its sites in 
the complex. 

 CcmM appears to be the central protein 
for organizing the β-carboxysome as it is 
able to interact with all encapsulated pro-
teins, as well as possibly the shell. In yeast 
two hybrid studies, the N-terminal domain of 
CcmM interacts with the β-carbonic anhy-
drase, CcaA; this interaction is independent 
of CcaA’s C-terminal extension (Cot et al. 
 2008 ). Interestingly, CcmM from organisms 
that do not contain CcaA retains the ability 
to bind this protein, suggesting that CcaA 
binds a universally conserved site on CcmM 
(Peña et al.  2010 ). The same yeast two-hybrid 
experiments indicate that CcmM also binds 
CcmN (Cot et al.  2008 ). CcmN is an approx-
imately 23 kDa protein, with an N-terminal 
domain with homology to left-handed 
β- helical proteins including CcmM (though 
lacking the zinc binding residues, and all 
other known functional determinants). Yeast 
two-hybrid experiments show that CcmN 
interacts with CcmM (Cot et al.  2008 ), 
an interaction, subsequently confi rmed by 
co- purifi cation, to be mediated by the 
N-terminal β-helical domains of both pro-
teins (Kinney et al.  2012 ). CcmN’s 
C-terminus is characterized by an extended 
intrinsically unstructured region, followed 
by a short, conserved sequence. Kinney et al. 
show that this motif can interact at least 
weakly with CcmK2, suggesting that this 
motif may be important for recruiting the 
CcmM/CcmN complex to the shell (Kinney 
et al.  2012 ). An essential role for this motif is 
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consistent with a point mutation, Gly145Asp, 
being suffi cient to completely abolish car-
boxysome function (Friedberg et al.  1989 ). 

 It should be noted that although CcmM 
provides an obvious mechanism for recruit-
ing RubisCO to the β-carboxysome, only a 
fraction of RubisCO interacts with this 
protein, with the majority of RubisCO 
being recruited without participating in 
such tight complexes (Long et al.  2007 ). In 
this context, it is interesting to note that 
RubisCO in β-carboxysomes appears much 
more structured than in α-carboxysomes, 
taking on a distinctly crystalline organiza-
tion (Kaneko et al.  2006 ). This possibly 
suggests that weak RubisCO-RubisCO 
interactions may be suffi cient to drive self-
assembly, with CcmM perhaps providing a 
mechanism to associate the overall com-
plex with the shell.  

   VI. Conclusions 

 Cyanobacteria have their own unique 
adaptations for carbon fi xation, and their 
organization of RubisCO into carboxysomes 
is one of the most unusual aspects of their 
carbon concentrating mechanism. With as 
few as eight distinct proteins (nine for 
β- carboxysomes) comprising these bodies, 
they nevertheless manage to organize them-
selves as a highly complicated three dimen-
sional structure that occupies a substantial 
fraction of the cytoplasmic volume of the 
cells that house them. Despite much progress 
in our study of carboxysomes and related 
microcompartments, especially over the past 
decade, our understanding remains fairly 
fragmentary, and potentially still subject to 
major revisions.     
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      Summary  

  Rieske/cytochrome  b  complexes are transmembrane enzymes of many bioenergetic reaction 
chains. They operate according to a Q-cycle mechanism that allows the transfer of an extra 
proton over the membrane per electron transferred along the chain. Thus they optimize the 
ATP yield from the terminal electron donor/acceptor couples of the respective reaction 
chains. Two members of this family of enzymes, cytochrome  bc  1  complex from proteobacte-
ria and mitochondria and cytochrome  b  6  f  complex from cyanobacteria and chloroplast are 
well studied and crystal structures are available. While revealing unexpected features of the 
complexes, as the domain movement of the Rieske iron/sulfur protein and the presence of 
an unusual heme cofactor in a quinone binding pocket, they opened up new questions 
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      I. Introduction 

 Rieske/cytochrome  b  complexes are trans-
membrane proton pumps that oxidize quinol 
and reduce soluble electron carriers such as 
cytochrome  c , plastocyanin or high potential 
iron-sulfur proteins on the outer/stromal/
periplasmic site of the membrane. They are 
involved in bioenergetic reaction chains of 
most organisms in oxygen respiration, pho-
tosynthesis, nitrate and nitrite respiration, 
sulfi de oxidation and hydrogen oxidation 
(Fig.  8.1 ). Whenever an energy difference of 
about 250 mV between donor quinols and 
acceptor proteins is available Rieske/cyto-
chrome  b  complexes can make use of it to 
pump one extra proton across the membrane 
per electron transferred along the bioener-
getic electron transfer chain thus optimizing 
the outcome of the redox chain.

   The  b  6  f  complex of chloroplasts was dis-
covered in  1954  (Hill), mitochondrial  bc  1  
complex fi rst isolated in  1962  (Hatefi  et al.). 
In  1964  Rieske and coworkers described the 
typical EPR signal of the iron-sulfur subunit 
of the mitochondrial complex that later was 
named ‘Rieske protein’. In  1976  Peter Mitchell 
in his ground-breaking work developed the 
Q-cycle mechanism to describe the function 
of the  bc  1  complex (Fig.  8.2 , see below).

   The discovery of homology between cyto-
chrome  bc  1  and cytochrome  b  6  f  complex 
appeared slowly. Nelson and Neumann ( 1972 ) 
pointed out the similarity in co- factors, 

Clark and Hind ( 1983 ) described both 
complexes as functional dimers, Widger and 
coworkers ( 1984 ) discovered that the trans-
membranous cytochrome  b  (cyt b ) subunits 
are homologous. Biochemical and biophysical 
studies and recent genome sequencing projects 
showed the wide distribution of this type of 
enzyme among species (Fig.  8.3 ). In 2000 
Schütz and coworkers ( 2000 ) described the 
core of the enzyme (the Rieske subunit and 
cytochrome  b , see below) as homologous and 
proposed the name Rieske/cyt b  complexes 
for the entire enzyme family.

   Although most representatives from the 
large variety of Rieske/cyt b  complexes are 
poorly studied, some complexes from widely 
distributed organisms are well characterized. 
Among them are the  bc  1  complex from pro-
teobacteria and mitochondria (see Chap.   21    ) 
and the  b  6  f  complex from cyanobacteria 
(see Chap.   14    ) and chloroplasts. Some data 
are available on the complexes from 
Actinobacteria (Sone et al.  2001 ,  2003 , see 
also Chap.   15    ), Heliobacteria (reviewed in 
Baymann and Nitschke  2010 , see Chap.   13    ), 
Chlorobiaceae (Brugna et al.  1998b ), 
Aquifi cales (Schütz et al.  2003 ), Bacilli (   Yu and 
Le Brun  1988 ; Sone and Fujiwara  1991 ; 
Tanaka et al.  1996 ) and  Sulfolobus  (Iwasaki 
et al.  1995 ; Komorowski et al.  2002 ).  

   II. Structural Properties of Rieske/
Cytochrome  b  Complexes 

 X-ray crystallographic structures of cyto-
chrome  f ,  bc  1  complex from mitochondria 
and proteobacteria (Figs.  8.4  and  8.5 ), and  b  6  f  
complex from cyanobacteria and chloroplasts 
(Fig.  8.6 ) confi rmed the identical architecture 
of the core of the complex (Rieske subunit 
and cytochrome  b ) and many of the structural 
predictions made before, based on biochemical 

 Abbreviations:     cyt b  –    Cytochrome  b ;      DBMIB – 
   2,5-dibromo-3-methyl-6-isopropyl-p- benzoquinone;       
  EPR –    Electron Paramagnetic Resonance;      FNR – 
   Ferredoxin NAD(P)H Reductase;      LUCA –    Last 
Universal Common Ancestor;      NQNO –    2- n -nonyl-
4-hydroxylquinoline  N -oxide;      PS –    Photosystem;    
  RC –    Photosynthetic reaction center;      UHDBT – 
   5-n-undecyl-6-hydroxy-4,7- dioxobenzothiazole        

concerning the function of the enzyme. Few structural and functional studies are available 
for Rieske/cyt b  complexes from further species, which is the vast majority of bacterial and 
archeael phyla, and most information comes from genome analysis. Here we discuss struc-
ture and function of the complex from an evolutionary perspective.  
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and biophysical experiments. Each structure 
also revealed a completely unexpected fea-
ture of the complex. The cytochrome  f  structure 
showed that cytochromes  c  1  and  f  (Martinez 
et al.  1994 ) have unrelated structures. 
The structure of the  bc  1  complex showed that 
the head domain of the Rieske subunit is 
mobile (Zhang et al.  1998 ) (Fig.  8.7 ). The 
structure of the  b  6  f  complex unveiled three 
co-factors that are absent from  bc  1  complexes: 
a chlorophyll, a carotenoid and a heme 
(Stroebel et al.  2003 ; Kurisu et al.  2003 ).

        A. Rieske Subunit 

 A feature shared by all Rieske/cyt b  com-
plexes is the presence of a Rieske iron/sulfur 
subunit with a single membrane-spanning 
α-helix and a head domain on the outer side 
of the membrane. This head domain binds a 
2Fe2S-cluster with two cysteine ligands and 
two histidine ligands and features mainly 
β-sheets connected by loops that have vari-
able length among different species. The 
histidine ligands induce a characteristic EPR 
signal of the reduced cluster at g y  = 1.89 that 
distinguishes the Rieske protein from other 
iron-sulfur proteins. The histidine ligands 
also contribute to confer the iron-sulfur 
cluster a positive redox midpoint potential. 
A pivoting movement of the head domain 
of the Rieske protein has been detected by 
crystallographic analysis of the  bc  1  complex, 
displacing the iron-sulfur cluster by 16 Å 
between a position close to cytochrome  c  1  to 
a position close to the quinol oxidation site. 

     Fig. 8.1.    Schematic representation of enzymes 
involved in bioenergetic reaction chains with a Rieske/
cyt b  complex.  Blue lines  represent electron transfer, 
 red lines  proton transfer,  dotted red lines  proton uptake 
by complex II from the outer side of the membrane 
for menaquinone reduction and from the inner side for 
ubiquinone reduction.  NIR  symbolizes the structurally 
unrelated copper- and cytochrome  cd  1 -nitrite reductases, 
 NAR  nitrate reductase,  SQR  sulfi de quinone reductase, 
 cNOR  cytochrome NO-reductase,  RCI/II  photosynthetic 
reaction center I and II,  PSI/II  photosystem I and II.       
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The former position was observed in native 
crystals, whereas the latter has been obtained 
in the presence of the inhibitor stigmatellin. 
It is called ‘proximal    position’ in crystallog-
raphy papers. 

 This movement was subsequently observed 
by EPR studies on partially ordered mem-
brane multilayers of spinach chloroplasts 
(Schoepp et al.  1999a ),  Chlorobium  (Brugna 
et al.  1998b ), proteobacteria (Brugna et al. 
 2000 ) and  Sulfolobus  (Brugna et al.  1998a ) 
and may therefore be a general pro perty of 
Rieske/cyt b  complexes.  

   B. Transmembrane Cytochrome  b  Subunit 

 The second constitutive element of all 
Rieske/cyt b  complexes is a transmembrane 
 b -type cytochrome. It harbours two  b -type 
hemes and two quinone binding sites, one on 
either site of the membrane and is composed 
of at least seven transmembrane helices that 
can be split in two subunits with four and 
three helices, named cytochrome  b  6  and sub-
unit IV, respectively. The four histidine 
residues that are ligands to the hemes are on 
helix II and IV and are spaced by 14 amino 

in

out

Q

4 H+

Q

Q 4.3 Å

8.4 Å

10.1 Å

6.2 Å
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QH2

QH2
QH2
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  Fig. 8.2.    Schematic representation of the Q-cycle in the  bc  1  complex. Electrons from the QH 2 /Q° −  transition in 
the Q o  site are transferred to the Rieske protein and to cytochrome  c  1 , electrons from the Q° − /Q transition proceed 
across the membrane via the two  b -hemes to the Q i  site. Electron transfer pathways of the fi rst electron ( green ) 
and the second electron ( red ) are indicated in  solid lines  (fi rst quinol oxidized in Q 0 ) and  dotted lines  (second 
quinol oxidized in Q 0 ).  Numbers : edge-to-edge distances between co-factors.  Bended arrow : pivoting movement 
of the Rieske head domain.       
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acid residues in most species. In mitochon-
dria, α-proteobacteria and some Archaea the 
His residues of helix IV are 13 amino acid 
residues apart. Functional consequences of 
this difference are not known. If the cyto-
chrome  b  subunit is split into two proteins 
the split always occurs after helix IV. 

 The quinone oxidation site, Q o  site, also 
named Q z  site or Q p  site to indicate that it is 
localized close to the positive site of the 

membrane, is lined by residues from cyto-
chrome  b  or  b  6 /subunit IV (Fig.  8.8 ). One of 
the histidine ligands to the Rieske cluster and 
a cysteine residue from the Rieske protein 
also surfaces in the binding pocket. In  b  6  f  
complexes the tail of the chlorophyll mole-
cule is localized in the entrance channel to 
the quinone binding site (Fig.  8.8  panel b). 
The porphyrin ring of the chlorophyll 
molecule occupies the space where in  bc  1  

  Fig. 8.3.    Phylogenetic tree of the cytochrome  b  subunit.  Dark areas : phyla that inherited the Rieske/cyt b  
complex vertically;  white areas : phyla that acquired it by lateral gene transfer;  light gray areas : phyla under 
discussion. The  arrow  indicates the root of the tree, i.e. the position of LUCA. The numbers are bootstrap values 
(out of 100). Rieske/cyt b  complexes were found in genomes of most phyla of Crenarchaeota (with the exception 
of Acidolobales and Ferridicoccales), Halobacteria and Thermoplasmata among the Euryarchaeota (but not in 
methanogens, Archaeoglobi and Thermococci), in a representative of Thaumarchaeota and Korarchaeota, but not 
in Nanoarchaeota. Among Bacteria they have not been found in the genomes of Fibrobacterias, Elusiomicrobia, 
Dictyloglomi, Fusobacteria, Synergistetes, Tenericutes, Thermotogae, Enterobacteria. Among the other phyla at 
least a few representatives have the complex in their genomes, even if most Chlorofl exaceae and δ-proteobacteria 
(with the exception of the  Geobacter  species) are devoid of a Rieske/cyt b  complex. Group A1 and A2 comprise 
members of Planctomycetes, Acidobacteria, δ-proteobacteria, Gematomonadetes, Nitrospiraceae, Chlorofl exaceae 
and Chlamydiae.       
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complexes the eighth transmembrane helix 
of cytochrome  b  is localized (Fig.  8.4 ).

   The Q i  site, also named Q c  site or Q n  site 
to indicate that it is localized close to the 
negative site of the membrane, is lined by 

residues from cytochrome  b  or  b  6 /subunit IV. 
In  b  6  f  complexes a heme, named heme  c  i  or 
 c  n , is exposed to the Q i  binding site (Fig.  8.9  
panel b). The heme  c  i  iron is situated 3.5 Å 
from the propionate of heme  b  H  (Figs.  8.6  

  Fig. 8.5.    X-ray structure of 
the dimeric  bc  1  complex 
from chicken (pdb: 3H1J). 
Cytochrome  b ,  c  1  and the 
Rieske protein are shown in 
 grey , the additional subunits 
are colored ( red  and  magenta  
for the ‘core’ subunits).       

  Fig. 8.4.     X-ray structure of the dimeric  bc  1  complex from  Rhodobacter sphaeroides  (pdb: 2QJP). The two mono-
mers are colored in green and red respectively. The cofactors are shown on the  right hand  site.       
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  Fig. 8.6.    X-ray structure of the dimeric  b  6  f  complex from  Chlamydomonas reinhardtii  (pdb:1Q90). The two mono-
mers are colored in  green  and  red  respectively. On the  right hand  site, the cofactors are shown with the heme iron 
in  red  and the chlorophyll manganese in  green .       

  Fig. 8.7.    Superposition of X-ray structures of the  bc  1  complex with the Rieske head domain close to cytochrome  c  1  
(pdb 3H1J in  red ) or close to the Q o  site (pdb 3H1H in  blue ). The Rieske iron-sulfur clusters and their ligands are 
represented in the ball and stick model, the Rieske subunits are colored ( blue  and  red  for the two positions of the 
globular domain) and represented in the space- fi ll mode for one monomer and in the ribbon mode for the other 
monomer. The remaining subunits of the complex are shown in  grey  (space-fi ll for one monomer and ribbon for 
the other monomer).       
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and  8.9b ) in a position where the quinone is 
found in  bc  1  complexes (Fig.  8.9  panel a). 
The heme  c  i  is linked to the protein via a 
single thioether bond to a cysteine residue 
near the N-terminus of helix I. Heme  c  i  has 
no axial protein ligand, which is unique 
for heme proteins. A hydroxyl ion probably 
forms a ligand to the iron on one side of 
the heme whereas a phenylalanine residue 
shields access to the iron from the quinone 
binding site. Genome analysis showed that 
the cysteine ligand is conserved in the 
amino acid sequence of cytochrome  b  6  from 

Cyanobacteria, chloroplasts, Heliobacteria, 
Firmicutes and in one of the two Rieske/cyt b  
complexes of  Geobacter  species and in a few 
members of Planctomycetes, Acidobacteria 
and Nitrospiraceae. In all cases the presence 
of the cysteine residue is accompanied by a 
split cytochrome  b  with a total of seven 
transmembrane helices. So far EPR spectra 
of heme  c  i  from Cyanobacteria (Zhang et al. 
 2004 ), chloroplasts (Baymann et al.  2007 ) 
and Heliobacteria (Ducluzeau et al.  2008 ) 
have been obtained. Peroxidase activity on 
SDS-PAGE indicates its presence in  Bacillus  

     Fig. 8.8.    ( a ) Q o  site of Rieske/cyt b  complexes. ( a ) cytochrome  bc  1  complex (pdb 3H1J); ( b ) cytochrome  b  6  f  com-
plex (pdb: 1Q90). Tridecylstigmatellin in  yellow ,  green  surface indicates the chlorophyll (its electron density is 
not well defi ned, suggesting fl exibility). On the  right hand site  heme  b  L  and on the  left hand site  the Rieske 2Fe2S 
cluster are indicated.       
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(Yu and Le Brun  1988 ). The crystal structures 
of the  b  6  f  complex of cyanobacteria and 
green alga (Stroebel et al.  2003 ; Kurisu et al. 
 2003 ) showed that the cytochrome  b  sub-
units also harbors a carotenoid of unknown 
function.

      C. Electron Acceptor Subunit 
of the Rieske Protein 

 In addition to the Rieske subunit and cyto-
chrome  b , most Rieske/cyt b  complexes 
have a third cofactor-containing subunit – a 

cytochrome that accepts electrons from the 
Rieske cluster and transfers them to periplas-
mic electron carriers such as cytochromes, 
plastocyanin or high-potential iron-sulfur 
proteins. In Bacteria,  c -type cytochromes 
with one to seven hemes have been observed 
in genomic context with the genes coding for 
the Rieske protein and cytochrome  b , in 
Archaea  b -type cytochromes are present. 
The fact that these heme-containing proteins 
represent a wide variety of structures and 
number of hemes and are evolutionary 
unrelated, indicates that they have been 

  Fig. 8.9.    Q i  site of Rieske/cyt b  
complexes ( a ) cytochrome 
 bc  1  complex with quinone in 
 orange  and heme  b  H  in  grey  
(pdb 3H1J); ( b )  b  6  f  complex 
with NQNO in  yellow , heme 
 b  H  ( left ,  grey ), heme  c  i  ( middle , 
 grey ) covalently attached to 
a cysteine (in  yellow ), water 
molecule ( dark-cyan ) and 
the phenylalanine ( magenta ) 
that covers part of the surface 
of heme  c  i  in the Q i  site 
(D. Stroebel and D. Picot, 
unpublished).       
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recruited by the evolutionary core of the 
complex independently in different organisms. 
Mono- heme  c -type subunits were found in 
Cyanobacteria and chloroplasts (cytochrome 
 f , a β-sheet structure), α-β-γ-proteobacteria 
and mitochondria (cytochrome  c  1 , composed 
mainly of α-helices), as well as in  Bacillus , 
 Thermus  and  Deinococcus  species. Sequence 
analysis indicated that cytochrome  c  1  evolved 
in the context of the complex by loss of 
one heme binding site from cytochrome  c  4  
(Baymann et al.  2004 ). The di-heme cyto-
chrome  c  4  is present in ε-proteobacteria, 
one of the lowest bran ching phylogenetic 
groups of proteobacteria. Actinobacteria 
have di-heme cytochromes that seem to be 
the result of a fusion event involving two 
structurally distinct mono-heme cytochromes 
(Sone et al.  2001 ,  2003 ). Di-heme cyto-
chromes are also present in Planctomycetes 
and Acidobacteria.  Geobacter  species show 
tetra- or penta-heme  c -type cytochromes. 
In Archaea the Rieske/cyt b  complex forms 
supercomplexes with other proteins. For 
example in some  Sulfolobus  species a oxi-
dase subunit II acts as electron acceptor 
from the Rieske subunit (Iwasaki et al.  1995 ), 
whereas in others a blue-copper protein 
plays this role (Komorowski et al.  2002 ). 
In Haloarchaea a  b -type cytochrome pro-
bably connects one of the two Rieske/cyt b  
complexes to a nitrate reductase (Martinez- 
Espinosa et al.  2007 ). For the second 
Rieske/cyt b  complex from Haloarchaea 
and for some further organisms, such as 
 Chlorobiaceae  and no electron acceptor sub-
unit is known. 

 Cytochrome  c  1  and  f  are embedded in the 
membrane part of the complex by a single 
transmembrane helix. Crystal structures 
showed that this helix is localized in iden-
tical positions in  bc  1  and  b  6  f  complexes. 
Additional structures of Rieske/cyt b  com-
plexes from other organisms are required 
to decide, whether this helix is part of the 
evolutionary core of the enzyme. A special 
arrangement of the Rieske/cyt b  complexes 
exists in  Bacillus , where a cytochrome  c  is 
fused to the N-terminus of the transmem-
brane subunit IV.  

   D. Additional Subunits 

 In addition to the cytochrome  b  subunit, the 
Rieske subunit and the electron acceptor 
cytochrome subunit of the Rieske protein 
discussed above, many Rieske/cyt b  com-
plexes have additional subunits. So far none 
of these s  subunits appear to be involved in 
electron transport, but they may have struc-
tural or regulatory roles. The most specta-
cular addition are the two biggest subunits 
of mitochondrial  bc  1  complex, which each 
have a mass of 40–50 kDa, and are localized 
on the cytoplasmic/luminal/inner-site of the 
complex. As the biggest subunits they were 
unfortunately named core subunit I and II 
(Fig.  8.5 ). They are homologous to the matrix 
processing peptidase and have been shown 
to possess that function in plant mitochon-
dria (Glaser and Dessi  1999  for a review). 
Cytochrome  bc  1  and  b  6  f  complexes show up 
to 6 small subunits per monomer that are 
frequently composed of a single transmem-
brane helix and localized on the periphery of 
the complex core. Since these additional 
subunits are not always encoded in genomic 
context with the core of the complex, bio-
chemical investigations are necessary to 
detect them and we have therefore no infor-
mation about their presence among the 
phylogenetic diversity of Rieske/cyt b  com-
plexes represented in poorly studied organ-
isms. Alternative confi gurations are also 
noteworthy, as 2-3 transmembrane α-helices 
fused to the transmembrane α-helix of the 
Rieske subunit in Actinobacteria and addi-
tional α-helices at the C-terminus of cyto-
chrome  b  in Archaea.  

   E. A Structural Dimer: Crossing over 
of the Helix of the Rieske Protein 

 Both,  bc  1  and  b  6  f  complexes are homo- dimers. 
The Rieske head domain of each monomer 
interacts with the quinone oxidation site 
and cytochrome  c  1 / f  of the same monomer 
whereas its transmembrane α-helixes cross 
over to the other monomer and thus joins 
the two monomers (Figs.  8.4  and  8.6 ). 
Consequently, loss of the Rieske protein 
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during a purifi cation procedure generally 
induces monomerization of the remaining 
complex. Since the way the dimer is formed 
is conserved between  bc  1  and  b  6  f  complexes, 
and since the movement of the Rieske pro-
tein head domain was found in all complexes 
studied so far, the dimeric structure is most 
likely a common characteristic of all Rieske/
cyt b  complexes. Also conserved between 
 bc  1  and  b  6  f  complexes are two cavities at 
the monomer-monomer interface in the 
membrane-embedded part of the complex. 
Each cavity provides access to the Q i  site of 
one monomer and the Q 0  site of the other 
monomer (Xia et al.  1997 ; Stroebel et al. 
 2003 ; Kurisu et al.  2003 ).   

   III. Function of Rieske/Cytochrome 
 b  Complexes: The Q-cycle 

 Figure  8.2  illustrates the Q-cycle proposed 
by Mitchell ( 1976 ) and later modifi ed by 
Crofts and coworkers ( 1983 ). During turn-
over of the Rieske/cyt b  complex a quinol is 
reduced in the Q o  site on the periplasmic/
outer side of the membrane. One of the 
electrons of this quinol reduces the Rieske 
iron- sulfur protein, the second electron is 
transferred to the  b -hemes. When a second 
quinol is oxidized in the Q o  site, again, one 
electron is transferred to the Rieske protein 
and the second one to the  b -hemes. The 
two electrons that entered the  b -hemes 
reduce a quinone bound to the Q i -binding 
site on the cytoplasmic/inner side of the 
membrane. Reduction of a quinone in the Q i  
site results in uptake of two protons from the 
inner side of the membrane whereas four 
protons have been liberated on the outer side 
of the membrane from the two quinols 
oxidized in the Q o  site. These quinone 
reactions contribute to the transmembrane 
proton gradient. 

 A particularity of the reaction mechanism 
of Rieske/cyt b  complexes resides in the 
fact that the substrate to be oxidized by 
the complex, quinol, and the molecule to be 
reduced in one of the electron transfer path-
ways of the enzyme, quinone, are chemically 

 identical. The redox reactions of these 
quinones are catalyzed by one-electron 
co-factors and therefore imply a potentially 
highly reactive semiquinone intermediate. 
For the reaction to proceed, the properties of 
the two quinones should therefore be modu-
lated by the protein environment in a way to 
favor forward electron transfer and to avoid 
labile and therefore highly reactive semiqui-
none intermediates. The nature of the quinol 
depends on the pool quinone present in the 
parent organism. Its redox midpoint potential 
is at about +100 mV for ubiquinone (Moret 
et al.  1961 ) (mitochondria and α-β- and some 
γ-proteobacteria), plastoquinone (Okayama 
 1976 ) (cyanobacteria and chloroplasts) and 
caldariellaquinone (Anemüller and Schäfer 
 1990 ) (Sulfolobales) and – 70 mV for mena-
quinone (Wagner et al.  1974 ) (all the other 
species). 

   A. Bi-furcated Quinol Oxidation 
Reaction in the Q o  Site 

 During quinol oxidation in the Q o  site the 
quinol is deprotonated to the outer side of 
the membrane. One electron is transferred to 
the Rieske iron-sulfur cluster and further 
on to its electron acceptor cytochrome, 
implying a pivoting movement of the Rieske 
head domain. The second electron is trans-
ferred from the resulting semiquinone to the 
closest  b -heme and further to the second 
 b -heme close to the inner side of the mem-
brane (Fig.  8.2 ). The two half reactions of 
this quinol/quinone couple have different 
redox midpoint potentials: the fi rst electron 
leaves the quinol at a potential substantially 
more positive than the second electron. 
Correspondingly the life-time of the reactive 
semiquinone intermediate is short and the 
redox midpoint potentials of the acceptor 
co- factors are positive for the Rieske cluster 
and negative for the  b -hemes. The redox 
midpoint potential of the Rieske cluster is 
modulated by two specifi c amino acid resi-
dues in close contact to the iron sulfur 
center in a range of +150 to +380 mV 
(Schoepp et al.  1999b ) to adjust it to the 
midpoint potential of pool quinone species 
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of the parent organism. The redox midpoint 
potential of the close-by  b -heme (named  b  L  
for low-potential or  b  p  for positive side of the 
membrane) is at −50 mV in  bc  1  complexes 
and at −150 mV in  b  6  f  complexes and below 
–300 mV in Rieske/cytb complexes from 
Heliobacteria (to be published). The second 
 b -heme on the inner side of the membrane 
(named  b  H  for high potential or  b  n  for nega-
tive side of the membrane) has a 100 mV 
more positive redox midpoint potential than 
heme  b  L  in all studied complexes, facilitating 
electron transfer across the membrane 
against the proton motive force. 

 The fi rst oxidation of the quinol is the rate 
limiting step of the overall redox reaction of 
the complex as shown at least in the case 
of the  bc  1  complex (Crofts et al.  2003 ). The 
evacuation of the second electron across the 
membrane is fast if the  b -hemes are oxidized 
so that there has been a long-lasting dis-
cussion whether the two electron transfer 
reactions are concerted, concomitant or con-
secutive. In any case the life time of the semi-
quinone intermediate is short, minimizing 
harmful side reactions. If the quinol reduc-
tion site is blocked by an inhibitor and 
electrons pile up in the  b -hemes, oxidation 
of the semiquinone in the quinol oxidation 
site slows down and superoxide production 
can occur. 

 Under normal turnover conditions, the 
bi- furcated electron transfer of the Q o  site 
seems to be an effi cient and astonishingly 
reliable process. Many tricks have been 
played to assess bypass reactions that cir-
cumvent the strict bifurcation at the Q o  
site. The experiments on  bc  1  complexes are 
summarized in Kramer and coworkers 
( 2009 ). Recently a mutant of the  Chlamydo-
monas reinhardtii b  6  f  complex has been 
reported that had only heme  b  L  in the cyto-
chrome  b  subunit (hemes  c  i  and  b  H  were 
absent). This mutant still grows photosyn-
thetically, albeit faintly, which implies elec-
tron transfer from quinol to plastocyanin and 
thus turnover of the  b  6  f  complex. In this 
mutant, oxidation of the quinol in the Q o  site 
in a bifurcated manner was proposed to be 
followed by re-reduction of the product 

quinone in the quinone oxidation side Q o  by 
heme  b  L  and electron transfer from the 
so-formed semiquinone to the Rieske pro-
tein (Malnoë et al.  2011 ). 

 Extensive inhibitor studies were carried 
out for  bc  1  complexes and several structures 
with inhibitors in the quinone oxidation site 
are available (reviewed in Esser et al.  2004 ). 
Q o  site inhibitors bind in two different posi-
tions in the binding site. Stigmatellin and 
UHDBT bind close to the Rieske cluster 
forming a hydrogen bond to the ε-N of the 
His ligand to the cluster and fi x the Rieske 
protein in its position close to the binding site. 
These inhibitors, when present in the Q 0  site, 
may raise the redox midpoint potential of the 
iron sulfur cluster by up to 250 mV. Another 
group of inhibitors, including myxothiazol 
bind closer to heme  b  L  and induce enhanced 
mobility of the Rieske cluster. The different 
binding properties of inhibitors in the Q o  site 
raised the question whether there are two 
quinones present in the site or whether the 
semiquinone is moving from one niche to the 
other to accommodate the bifurcated electron 
transfer. So far this remains an open question 
and no crystal structure with a quinone in the 
Q o  site has been obtained. 

 Investigated  b  6  f  complexes showed a some-
what different sensitivity to Q o  site inhibitors 
than  bc  1  complex, but several molecules, 
such as stigmatellin, act on both complexes. 
Inhibitor studies on Rieske/cyt b  complexes 
other than  bc  1  and  b  6  f  complexes are scarce. 
DBMIB was shown to affect the orientation 
of the Rieske protein and its EPR signal in 
 Chlorobium  (Brugna et al.  1998b ); DBMIB, 
UHDBT and stigmatellin induced a shift of 
the Rieske EPR signal in Heliobacteria, as 
did stigmatellin in  Bacillus , DBMIB and 
stigmatellin inhibited turnover of the com-
plex  in vivo  in Heliobacteria (reviewed in 
Baymann and Nitschke  2010 ).  

   B. Quinone Reduction 
Reactions in the Q i  Site 

 Quinone reduction reactions are best under-
stood for  bc  1  complexes. The electron is 
transferred from heme  b  H  to the quinone in 
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the Q i  site and the resulting semiquinone is 
stabilized in the binding pocket until a second 
electron arrives from oxidation of another 
quinol in the Q o  site (Fig.  8.2 ). Stabilization 
of the semiquinone in the binding site trans-
lates to shifted redox midpoint potentials of 
the two half waves that were determined to 
+50 (Q/Q° − ) and −20 mV (Q° − /QH 2 ) at pH 7.6 
for mitochondrial  bc  1  complex (Robertson 
et al.  1984 ). Both midpoint potentials are 
above the midpoint potential of heme  b  L  
and its electron donor semiquinone, thereby 
favoring forward electron transfer. The struc-
ture of the quinone in the Q i  binding site 
of mitochondrial  bc  1  complexes has been 
resolved, confi rming strong interactions of 
the quinone with its binding site. The pres-
ence of quinone in the Q i  binding site induces 
in some cases an up-shift of 100 mV in the 
redox midpoint potential of heme  b  H , then 
called heme  b  150 , an effect that remains to be 
interpreted (Gray et al.  1994 ). 

 Antimycin A is a potent inhibitor of the Q i  
site of  bc  1  complexes that have been crys-
tallized with the inhibitor bound. In  b  6  f  
complexes Antimycin A is ineffi cient and 
no stable semiquinone species has been 
detected. Here, heme  c  i  is localized between 
heme  b  H  and the quinone binding site and 
the redox midpoint potential of heme  b  H  is 
by 100 mV lower than in  bc  1  complexes, 
suggesting a different reaction mechanisms. 
In the  b   6   f  complex, the surface of heme  c  i  
towards the Q i  site is partially covered by a 
Phe residue that hinders access to the heme 
iron (Fig.  8.9b ). The inhibitor NQNO can 
become a ligand to the oxidized heme  c  i , 
as refl ected by altered EPR characteristics 
(Baymann et al.  2007 ), a drastically lowered 
redox midpoint potential of the heme (Alric 
et al.  2005 ), as well as the position of the 
inhibitor in the crystal structure (Fig.  8.9b  
and Yamashita et al.  2007 ) that partially 
overlaps with the Phe side chain. On the 
other side of the heme the hydroxyl- or 
water-ligand to the heme iron forms a hydro-
gen bridge to one of the propionates of heme 
 b  H . This hydrogen bond connection between 
the hemes suggest redox interactions between 
hemes  b  H  and  c  i . 

 The observations in the absence and 
presence of NQNO indicate that  binding/
unbinding of quinone as a function of the 
redox state of heme  c  i  and/or the quinone 
may play a role in the reaction mechanism of 
the Q i  site of  b  6  f  and related complexes. The 
presence of the Phe residue and modulation 
of the redox properties of heme  c  i  may be at 
work to avoid reactions of oxygen with the 
heme iron. The last aspect seems crucial, 
since  b  6  f  complexes are part of the O 2 - 
producing photosynthetic electron transport 
chain and reduced iron catalyzes reduction 
reactions of oxygen, that can result in radical 
oxygen species and heme damage. 

 No information on the mechanism of 
quinone reduction in other Rieske/cyt b  
complexes is available. Sequence analysis 
showed that the Phe residue, conserved 
among chloroplasts and cyanobacterial  b  6  f  
complexes, is replaced by a glutamic or 
aspartic acid residue in Rieske/cyt b  com-
plexes of Heliobacteria and Firmicutes. In 
these species the carboxylate group of the 
amino acid may provide a (temporary) ligand 
to the heme iron.  

   C. Oxidant–Induced Reduction 

 The so-called oxidant–induced reduction is 
a consequence of the Q-cycle mechanism. 
If the Rieske cluster and its electron acceptor 
subunit (when present) are reduced and if 
quinols are present, addition of an oxidant that 
oxidizes the Rieske center, will result in the 
oxidation of a quinol that in turn reduces the 
 b -hemes with its second electron. Addition 
of an oxidant thus induces the reduction of a 
 b -heme – a unique assay to detect the pres-
ence of a Rieske/cyt b  complex in membranes 
in addition to the characteristic EPR signal 
of the Rieske cluster.  

   D. Reversed and Cyclic Electron Transfer 

 The entire redox reactions in  bc  1  complexes 
can be reversed and result in quinone reduction 
at the expense of a reduced electron donor 
and the transmembrane proton gra dient. 
This process can be stimulated in vesicles 
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(Miki et al.  1994 ) and may occur  in vivo  in 
mitochondria and proteobacteria when the 
ATP to NAD(P)H ratio is high. Some auto-
trophic bacteria that rely on electron donors 
such as iron, sulfur and thiosulfate use this 
mechanism for carbon fi xation and NAD(P)H 
production (Ingledew  1982 ). 

 In chloroplasts and cyanobacteria reversed 
electron transfer has not been reported 
but cyclic electron transfer from NAD(P)H 
(reduced by PSI or RCI) via the cytochrome 
 b  6  f  complex back to PSI occurs and Helio-
bacteria rely on this cyclic mode. The electron 
may travel from NAD(P)H to the quinone 
pool via complex I or via ferredoxin, FNR 
and heme  c  i  to a quinone in the Q i  binding 
site, resulting in the generation of a quinol. 
After its release from the Q i -site this quinol 
could then be oxidized at the Q o  site of the  b  6  f  
complex. This scheme gains support from 
a recently isolated supercomplex from the 
green alga  Chlamydomonas reinhardtii . This 
complex consists of antennas, PSI,  b  6  f  com-
plex and FNR, and exhibits light- induced 
cytochrome  b  reduction (Iwai et al.  2010 ).  

   E. Inter-monomer Electron Transfer 
and Interactions Between Q o  and Q i  Sites 

 Inhibitor and site directed mutagenesis 
studies have been performed in order to 
assess possible functional consequence of the 
dimeric nature of the Rieske/cyt b  complexes 
(reviewed in Kramer et al.  2009 ). Recently, 
construction of chimeric complexes with a 
non- functional quinone oxidation side in one 
monomer and a non-functional quinone 
reducing site in the other monomer showed 
that inter-monomer electron transfer via the 
two hemes  b  L  (Fig.  8.4 , right) can indeed take 
place (Swierczek et al.  2010 ), albeit at lower 
rate than intra-monomer electron transfer. 

 Infl uence of Q i  site inhibitors on the posi-
tion of the Rieske head domain and differen-
tial binding of the fi rst and the second 
molecule of the Q i  site inhibitor Antimycin 
A have been considered as indications for 
crosstalk between the quinone binding sites 
(reviewed in Kramer et al.  2009 ). Communica-
tion between the two monomers may gate 
inter- monomer versus intra-monomer electron 

transfer towards the Q i  binding site depending 
on whether it possesses a quinone ready 
to accept an electron, but this remains to 
be studied.   

   IV. Phylogeny and Evolution 
of Rieske/Cytochrome  b  Complexes 

 Rieske/cyt b  complexes are present in most 
organisms living today (see legend to Fig.  8.3  
for details). Phylogenetic analysis showed 
that the Rieske/cyt b  complex was already 
present in the common ancestor (LUCA) of 
all living beings: the phylogenetic tree of 
cytochrome  b  (Fig.  8.3 ) follows the 16S 
rRNA tree with a few exceptions that indicate 
lateral gene transfer events in Haloarchaea, 
 Geobacter  species, Aquifi cales and possibly 
Chlorobiaceae. The common origin of all 
Rieske/cyt b  complexes is further corrobo-
rated by the phylogenetic tree of the Rieske 
subunit that matched the cytochrome  b  tree 
and can be rooted by the paralogous Rieske 
subunit from the arsenite oxidase (Lebrun 
et al.  2006 ). A common gene order of the 
gene coding for the Rieske protein immedi-
ately followed by the gene(s) coding for 
cytochrome  b , can be observed in all cases 
with the exception of a few organisms such 
as plants and some cyanobacteria that 
dissociated the gene cluster. 

 The presence of the complex in LUCA 
indicates that the ancestor of all living beings 
was relying on chemiosmosis for its energy 
metabolism. Rieske/cyt b  complexes use 
reduced quinones as substrates, an indication 
that quinones were also present in LUCA. 
Today, quinones become reduced by com-
plex I, complex II, sulfi de oxidase, PSII/
RCII and hydrogenase I. Rieske/cyt b  com-
plexes also need an oxidized electron accep-
tor to turn over. In organisms living today, 
this electron carrier provides electrons to 
oxidases, PSI/RCI, RCII, nitric oxide reduc-
tase, nitrite reductase and archaeal nitrate 
reductase (Fig.  8.1 ). Among the enzymes 
working today in bioenergetic reaction 
chains with Rieske/cyt b  complexes, we 
have phylogenetic hints that hydrogenase I 
(Brugna-Guiral et al.  2003 ) and NO-reductase 
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(Ducluzeau et al.  2009 ) were present in 
LUCA, in agreement with the fact that H 2  and 
NO may have been present on the early Earth. 

 Rieske/cyt b  complexes seem to have 
existed in a single copy in LUCA. Today 
several groups of organisms are known that 
harbor more than one Rieske/cyt b  complex. 
Among them are Archaea that seem to 
have duplicated the gene coding for the 
enzyme early in evolution since most known 
Thermoprotei and Thermoplasmata show 
both copies.  Acidothiobacillus , on the other 
hand, has two  bc  1  complexes that originate 
from a much more recent gene duplication 
event and may serve forward and reverse 
electron transfer, respectively. Haloarchaea 
acquired two Rieske/cyt b  complexes via 
lateral gene transfer from different bacterial 
donors early on.  Geobacter  species seem to 
have inherited one Rieske/cyt b  complex 
vertically and acquired a second one. One 
species of Planctomycetes and Acidobacteria 
each are known to encode for three or 
four Rieske/cyt b  complexes, respectively. 
The reasons for the occurrence of multiple 
copies of the enzyme in a single organism 
remain to be studied (ten Brink et al.  2013 ).     
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  Summary  

  Quinol oxidases catalyze the four- electron reduction of oxygen to water using electrons 
provided by a quinol. Examples of such oxidases can be found in all kingdoms of life and 
within several unrelated protein families including the heme-copper oxidase family, the 
cytochrome  bd  family and the di- iron carboxylate family. In prokaryotes, there are examples 
of quinol oxidases from each of these families. However, only quinol oxidases of the di-iron 
carboxylate type are found in eukaryotes. These include the mitochondrial- localized alterna-
tive oxidase and the plastid-localized plastoquinol terminal oxidase. The quinol oxidases 
differ in terms of their impact on energy conservation. In general, quinol oxidases may aid in 
maintaining metabolic homeostasis by providing some additional fl exibility in systems coupling 
energy and carbon metabolism.  
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      I. Introduction 

 This chapter will focus on quinol oxidases, 
enzymes that catalyze the four-electron 
reduction of oxygen to water using electrons 
provided by a quinol. Examples of such oxi-
dases can be found in all kingdoms of life 
and within several unrelated protein families 
(Fig.  9.1 ). Dioxygen reductases (O 2 Red) are 
 heme-containing  enzymes that catalyze the 
four-electron reduction of oxygen to water 
using electrons provided by either a quinol or 
cytochrome (cyt)  c . They are found in two 
unrelated protein families, the heme-copper 
superfamily (that includes both cyt  c  oxi-
dases and quinol oxidases) and the cyt  bd  
oxidase family (quinol oxidases). The heme- 
copper superfamily can be further divided 
into three major groups (A–O 2 Red, B–O 2 Red 
and C–O 2 Red), as well as several minor 
groups, depending upon specifi c features of 
the core subunits. Both the A–O 2 Red and 
B–O 2 Red groups contain quinol oxidases, but 
the C–O 2 Red group does not. All the heme- 
copper superfamily enzymes couple oxygen 
reduction to a direct pumping of protons 
across the membrane. This is not the case 
with cyt  bd  quinol oxidases, although their 
activity still results in the generation of a 
proton gradient, as a result of charge sepa-
ration associated with the quinol oxidation. 
In addition to the heme-containing quinol 
oxidases in the above groups, there is another, 
unrelated class of quinol oxidases that  lack 
heme  and are members of a diiron carboxy-
late family of proteins. They also catalyze 
the four-electron reduction of oxygen to 
water, but do not act as proton pumps. 
These include alternative oxidase (AOX) 
and plastoquinol terminal oxidase (PTOX) 
(Fig.  9.1 ).

      II. Heme-Copper Quinol Oxidase 

 These quinol oxidases belong to the larger 
heme-copper oxidase superfamily that is 
comprised of eight different oxidase subfami-
lies (A through H), as well as nitric oxide 
reductase, all of which have been identifi ed 
through phylogenetic analyses (Hemp et al. 
 2007 ; Gribaldo et al.  2009 ). Oxidases in 
this superfamily require multiple hemes 
and copper co-factors in order to function and 
contain a binuclear reaction centre that 
catalyzes the formation of water using four 
electrons (Schäfer et al.  1996 ). All oxidases 
in this superfamily contain one homologous 
subunit that contains one low-spin heme, one 
high-spin heme, and coupling between 
one copper (Cu B ) and the high-spin heme in 
the binuclear reaction center (Bernroitner 
et al.  2008 ; Hemp and Gennis  2008 ). 

 Within the heme-copper oxidase super-
family, the quinol oxidases differ from the 
cyt  c  oxidases in that they utilize reduced 
quinols as substrate (rather than cyt  c ) and 
are missing a binuclear copper (Cu A ) site in 
subunit II (Schäfer et al.  1996 ; Fig.  9.2 ). It is 
hypothesized that in order to access the 
quinol substrate, these quinol oxidases contain 
a series of polar residues on the membrane- 
spanning domain of subunit I that are orien-
ted towards the lipid bilayer. These polar 
residues are not present in the cyt  c  oxidases 
(Abramson et al.  2000 ). It has been proposed 
that reduced quinols bind to a region of sub-
unit I characterized by having several polar 
and charged residues (Bernroitner et al. 
 2008 ) and that electrons are then transferred 
to heme  b  and the heme o–Cu B  binuclear 
centre (Kobayashi et al.  2009 ; Fig.  9.2 ). 
During this process, protons are translocated 
across the membrane through one or more 
channels (e.g. D-channel and/or K channel) 
(Schäfer et al.  1996 ; Hemp et al.  2007 ; 
Kobayashi et al.  2009 ). It has become clear 
that the hemes present in these quinol oxi-
dases can vary within and between species 
(Schäfer et al.  1996 ; Contreras-Zentella et al. 
 2003 ). Several highly conserved histidine 
residues have been identifi ed as important 
for quinol binding and the co-ordination of 

 Abbreviations:     AOX –    Alternative oxidase;      Cyt    – 
Cytochrome;      EPR    – Electron paramagnetic resonance;    
  FTIR –    Fourier transform infrared spectroscopy;    
  O 2 Red    – Dioxygen reductases;      PTOX –    Plastoquinol 
terminal oxidase;      ROS –    Reactive oxygen species    
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the hemes (Kobayashi et al.  2009 ) and 
recently a novel histidine-tyrosine reaction 
mechanism has been identifi ed in the active 
site (Hemp et al.  2007 ). Each quinol oxidase 
in this superfamily is made up of several pro-
tein subunits with the total number varying 
by species (Schäfer et al.  1996 ; Hemp et al. 
 2007 ). The crystal structure of the cyt  bo  3  
quinol oxidase from  E. coli  demonstrated 

that the enzyme is composed of four integral 
membrane proteins (Abramson et al.  2000 ).

     A. Distribution in Nature 

 While some members of the heme-copper 
oxidase superfamily are found in both pro-
karyotes and eukaryotes (i.e. cyt  c  oxidase), 
the quinol terminal oxidase members are 

     Fig. 9.1.      Quinol oxidases are found in both heme-containing protein families (such as the heme-copper superfamily 
and the cyt  bd  oxidase family) as well as in a di-iron carboxylate family of proteins that lacks heme. The cyt  bd  
family, alternative oxidase (AOX) and plastoquinol terminal oxidase (PTOX) are all quinol oxidases, as are some 
members of the A–O 2 Red and B–O 2 Red groups of heme-copper enzymes.       

  Fig. 9.2.      A model for the oxidation of quinols by heme-copper quinol oxidases to produce water and the pumping 
of protons across the membrane (Modifi ed from Bernroitner et al. ( 2008 ), García-Horsman et al. ( 1994 ), and 
Abramson et al. ( 2000 )).       

 

 

9 Quinol Oxidases



170

found only in prokaryotes (Schäfer et al. 
 1996 ). Members of the A, B, and C families 
are found in the Eubacteria and Archaea, 
but families D through H appear to be unique 
to Archaea (Hemp and Gennis  2008 ). 
Interestingly, one of the quinol oxidases 
belonging to this superfamily is encoded by 
the QOX operon ( qoxBAC ) and is very similar 
in sequence to the operon encoding cyt  c  
oxidase (Bernroitner et al.  2008 ). Usually, it 
is the absence of the Cu A  site in subunit II 
that is used to predict that an enzyme is a 
quinol oxidase rather than a cyt  c  oxidase. In 
addition, in a fashion similar to cyt  c  oxi-
dase, QOX requires assembly proteins [e.g. 
surf1c (cyt  c  oxidase) and surf1q (QOX)] 
(Bundschuh et al.  2008 ). All nitrogen-fi xing 
cyanobacterial species investigated (see 
Chap.   14    ) contain at least one QOX operon 
(Bernroitner et al.  2008 ). The most charac-
terized heme-copper oxidase in Archaea 
(SoxM) is that from  Sulfolobus acido-
caldarius,  which is coupled to a  bc  1  homolog 
(Hemp and Gennis  2008 ).  

   B. Physiology 

 Transcription of the QOX genes has been 
detected in several species of cyanobacteria, 
and inhibitor studies have shown that these 
oxidases contribute to energy metabolism 
(Bernroitner et al.  2008 ). In  Synechococcus  
sp. PCC 7002 the QOX oxidase, encoded 
by the CtaCIIDIIEII operon, was shown 
to mediate cyanide-sensitive respiration 
(Nomura et al.  2006 ). A function of QOX 
in establishing an oxygen-free environment 
may be surmised from the activity of the 
QOX promoter in  Paracoccus denitrifi cans.  
The promotor activity is three times higher 
under denitrifying conditions compared to 
control conditions and its activity is low 
under aerobic growth conditions (Otten et al. 
 2001 ). Scavenging of oxygen may also be 
the reason for the presence of QOX in all 
nitrogen-fi xing cyanobacteria (see Chap.   14    ). 
In  E. coli  the cyt  bo  quinol oxidase is 
repressed by PdhR, a transcription factor that 
is sensitive to pyruvate levels; expression of 
the cyt  bo  oxidase is derepressed in the 

presence of pyruvate (Ogasawara et al. 
 2007 ). Although the members of the heme-
copper oxidase superfamily that utilize cyt  c  
have been well characterized, especially in 
mammals (see Chap.   10    ), a great deal of 
work remains to be performed on the quinol-
using members.   

   III. Cytochrome  bd  Oxidase 

 Cyt  bd  oxidase couples quinol oxidation to a 
four electron reduction of oxygen to water, 
but does not pump protons across the mem-
brane; rather it generates a proton motive 
force via transmembrane charge separation 
(Borisov et al.  2011a ; Fig.  9.3 ). Cyt  bd  oxi-
dase contains one  d  heme and two  b  hemes 
( b  558  and  b  595 ) (Borisov et al.  2011a ; Fig.  9.3 ), 
but does not contain copper or non-heme 
iron (Borisov et al.  2011b ). The low-spin 
heme  b  558  has been hypothesized to play a 
role in quinol oxidation (Borisov et al. 
 2011a ). Heme  d  is responsible for oxygen 
binding and in partnership with heme  b  595  
forms a dioxygen reducing site (Borisov 
et al.  2011a ). In comparison to the heme- 
copper quinol oxidases, cyt  bd  is half as effi -
cient in terms of energy conservation 
(Jasaitis et al.  2000 ). Several conserved resi-
dues proposed to play a role in the catalytic 
mechanism have recently been summarized 
(Borisov et al.  2011b ). Cyt  bd  oxidase is 
composed of two integral membrane proteins 
and is localized to the plasma membrane in 
prokaryotes and has also been suggested to 
be present in intracellular (thylakoid) 
membranes in cyanobacteria (Borisov et al. 
 2011b ). The substrates for cyt  bd  have been 
reported to be ubiquinol, menaquinol, and 
perhaps plastoquinol (Borisov et al.  2011b ).

     A. Distribution in Nature 

 Cyt  bd  oxidase has been found in prokar-
yotes (many eubacteria and limited species 
of archaea), but not in eukaryotes (Baughn 
and Malamy  2004 ; Giuffrè et al.  2011 ). It is 
hypothesized that the cyt  bd  oxidase arose 
fi rst in eubacteria and has spread throughout 
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the eubacterial and archaeal domains by hori-
zontal gene transfer (Gribaldo et al.  2009 ). In 
 E. coli , two different cyt  bd  operons are pre-
sent; cydAB (cyt  bd  I) and appBC (cyt  bd  II) 
(Shepherd et al.  2010 ) and multiple cyt  bd  
family members are found in other prokary-
otes (Borisov et al.  2011b ). Surprisingly, cyt  bd  
oxidase is the only oxidase present in a few 
prokaryotes (i.e. there is no cyt  c  oxidase) and 
cyt  bd  is often absent from the genomes of 
aerobic prokaryotes (Borisov et al.  2011b ). 

 A recent suggestion has been to classify 
the enzymes based on the size of their 
Q-loop, a region hypothesized to play a role 
in quinol binding (i.e. long, group A; short, 
group B), and their sensitivity to CN (group C) 
(Borisov et al.  2011b ). Due to the fact that 
cyt  bd  oxidase is only found in prokaryotes, 
it has been suggested as a possible drug tar-
get for diseases caused by pathogenic 
microbes (Borisov et al.  2011b ).  

   B. Biochemical Regulation 

 In  E. coli , cydA encodes subunit I (a 57 kDa 
polypeptide) and cydB encodes subunit II 
(43 kDa) of cyt  bd  oxidase (Borisov et al. 
 2011b ). Two additional proteins, CydC and 
CydD are encoded by a separate operon 
(CydCD) and are required for cyt  bd  oxidase 
assembly, but are not themselves part of 
the complex (Borisov et al.  2011b ). These 

proteins form a heterodimer involved in glu-
tathione transport (Borisov et al.  2011b ). In 
addition to its interactions with its substrates 
of quinol and oxygen, additional interactions 
of the protein with other compounds have 
been proposed to regulate its activity. While 
the majority of cyt  bd  oxidases are sensitive 
to the respiratory inhibitor cyanide, a subset 
of cyt  bd  oxidases contain a region in subunit 
I that is proposed to be involved in quinol 
binding (Q-loop), which is shorter than that 
found in other organisms. It has been sug-
gested that this shorter loop may confer 
resistance to CN in the cyanide-insensitive 
oxidases. Furthermore, cyanide-insensitivity 
has been correlated with the presence of less 
heme  d  in the enzyme; however this relation-
ship is still controversial (Borisov et al. 
 2011b ). Cyt  bd  oxidase has also been pro-
posed to interact with carbon monoxide and 
H 2 O 2  (Borisov et al.  2011b ). The enzyme 
will also interact and bind to an array of 
nitrogen containing compounds through the 
formation of heme-NO adducts. However, 
unlike cyt  c  oxidase, this reaction appears to 
be highly and quickly reversible in cyt  bd  
oxidases (Borisov et al.  2011b ). Cyt  bd  oxidase 
has been shown to be specifi cally inhibited 
by pentachlorophenol (Pils et al.  1997 ). At 
the moment, no information on the regula-
tion of cyt  bd  oxidase enzyme activity via 
post-translational means has been reported.  

  Fig. 9.3.      A model for the oxidation of quinols by cyt  bd  quinol oxidases to produce transmembrane charge sepa-
ration and the production of water (Modifi ed from Zhang et al. ( 2004 )).       
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   C. Physiology 

 Several physiological roles have been pro-
posed for cyt  bd  oxidase based on expression 
studies and an analysis of potential transcrip-
tion factor binding sites in the upstream 
regions of genes (Fig.  9.4 ). Studies in differ-
ent organisms suggest that cyt  bd  plays an 
important role in oxygen-depleted environ-
ments. Somewhat surprisingly, cyt  bd  
oxidase genes have been found in several 
bacterial groups that are anaerobic (Giuffrè 
et al.  2011 ). In  E. coli  cydAB gene expres-
sion is controlled by the transcription factors 
ArcB and Fnr, which are active at low oxy-
gen levels or under anaerobic conditions 
(Shepherd et al.  2010 ; Borisov et al.  2011b ). 
This observation may be related to the use of 
varying terminal electron acceptors for res-
piration. The transcription of both subunits 
of cyt  bd  oxidase were upregulated when 
respiration used tetrachloroethene or nitrate 
(Peng et al.  2012 ). In  E. coli  living in the 
mouse intestine (an anaerobic environment), 
cyt  bd  oxidase was used during the reduction 
of fumarate and nitrate, with cells preferring 
the cyt  bd  oxidase-mediated pathway over 
nitrate reductase or fumarate reductase (Jones 
et al.  2011 ). Cyt  bd  oxidase has also been 
implicated in scavenging O 2  in order to pro-
tect nitrogenase or to allow the growth of 
anaerobic or microaerobic species (Giuffrè 
et al.  2011 ). Mutation of the cyt  bd  oxidase 
operon of  Azotobacter vinelandii  resulted in 
the loss of the ability to fi x atmospheric 
nitrogen, suggesting that the oxidase is serving 
as an oxygen scavenger to protect nitrogenase 
in this species (Kelly et al.  1990 ).

   A link is proposed to exist between the 
presence of cyt  bd  oxidase and virulence of 

bacterial pathogens (Giuffrè et al.  2011 ). In 
particular, the expression of cyt  bd  oxidase 
may convey some resistance to NO or other 
reactive nitrogen species due to its reversible 
inhibition characteristics. While cyt  bd  
oxidase is reversibly inhibited by NO, as are 
other heme oxidases, the recovery from inhi-
bition is much faster in cyt  bd  oxidases 
(Giuffrè et al.  2011 ). 

 Cyt  bd  oxidase is also proposed to play a 
role in cellular redox balance and the regene-
ration of oxidizing power for various cellular 
functions. The cyt  bd -II oxidase does not 
pump protons and does not generate any pro-
ton motive force and has been hypothesized 
to serve as a means of oxidizing NADH 
uncoupled from ATP generation (Shepherd 
et al.  2010 ). In  E. coli , results have shown 
that cyt  bd -I oxidase likely plays a role in 
providing oxidative power, which can be uti-
lized by an enzyme in the heme biosynthetic 
pathway (HemG) (Baughn and Malamy 
 2004 ) and systems responsible for the for-
mation of disulfi de bonds during protein 
folding (DsbA–DsbB ) (Giuffrè et al.  2011 ). 
In a fascinating recent study, cyt  bd  oxidase 
has been proposed to be electrogenic (i.e. it 
donates electrons to external electron accep-
tors in the environment) in cyanobacteria 
during illumination (Pisciotta et al.  2011 ). 
The source of these electrons was found to 
be photosystem II and the evidence suggests 
that the PQ pool and cyt  bd  oxidase are 
responsible for the electrogenic activity. The 
authors propose that this could serve a pro-
tective function during high light conditions, or 
conditions resulting in photoinhibition. In 
 E. coli , the second cyt  bd  oxidase operon (cyt 
bd-II) is induced by phosphate and carbon 
limitation, and stationary phase growth via the 
RpoS, AppY, and ArcA pathways (Shepherd 
et al.  2010 ; Borisov et al.  2011b ).   

   IV. Alternative Oxidase and 
Plastoquinol Terminal Oxidase 

 Alternative oxidase (AOX) and plastoquinol 
terminal oxidase (PTOX) are related mem-
bers of a non-heme diiron carboxylate family 
of proteins (Berthold and Stenmark  2003 ). 

  Fig. 9.4.     Some emerging themes regarding the func-
tional importance of cyt  bd  oxidase activity. See text for 
details.       
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They couple the oxidation of ubiquinol (in 
the case of AOX) or plastoquinol (in the case 
of PTOX) to the four-electron reduction of 
molecular oxygen to water (Fig.  9.5 ). The 
diiron carboxylate proteins are distinguished 
by an iron-binding motif consisting of six 
conserved amino acids (four Glu and two 
His) that coordinate two irons within a struc-
turally conserved four-helix-bundle confor-
mation (Fig.  9.6 ) (Berthold and Stenmark 
 2003 ). Site-directed mutagenesis studies 
have confi rmed the essential nature of these 
residues in AOX and PTOX as well as identi-
fying other residues (e.g. Tyr residues) essen-
tial for activity (Albury et al.  2002 ; Nakamura 
et al.  2005 ; Fu et al.  2005 ,  2009 ; Moore and 
Albury  2008 ). EPR and FTIR spectroscopy 
studies of AOX have shown that the active 
site for the reduction of oxygen to water does 
indeed comprise a binuclear iron center 
(Berthold et al.  2002 ; Moore et al.  2008 ; 
Maréchal et al.  2009 ) and other work has 
begun to identify residues important for 
ubiquinol binding (Moore and Albury  2008 ; 
Albury et al.  2010 ). While no three dimen-
sional structure of any membrane- bound 
diiron carboxylate protein has yet been 
achieved, there has been a recent report of 
preliminary analysis of crystals of a trypano-
some AOX (Kido et al.  2010 ).

    In eukaryotes, AOX is an interfacial mem-
brane protein, oriented toward the matrix 
side of the inner mitochondrial membrane. 
AOX is non-proton pumping and since it 
bypasses proton-pumping complexes III and 
IV, electron fl ow to AOX dramatically 
reduces the energy yield of respiration 
(Finnegan et al.  2004 ). In contrast to the 
location of AOX in mitochondria, eukaryotic 
PTOX is an interfacial membrane protein 
found in plastids. In the chloroplast, PTOX 
is a thylakoid membrane protein oriented 
toward the stromal side of the membrane 
(Lennon et al.  2003 ; Rumeau et al.  2007 ). 

 In plants, AOX is usually encoded by a 
small nuclear gene family (Considine et al. 
 2002 ). In both  Arabidopsis  and tobacco, the 
expression of a single gene family member is 
strongly responsive to various stress condi-
tions, such as cold temperature or drought. 

Other gene family members can display 
tissue and developmental specifi city in their 
expression. In contrast, it appears that PTOX 
is encoded by a single gene in plants, that its 
expression is less responsive to stress (at least 
in comparison to AOX) and that its activity is 
critical for normal plastid (chlo roplast) 
development (Carol et al.  1999 ; Wu et al. 
 1999 ; Rosso et al.  2006 ; see Chap.   23    ). 

   A. Distribution in Nature 

 In extant prokaryotes, AOX appears limited to 
some proteobacteria (e.g.  Novosphin gobium 
aromaticivorans , Stenmark and Nordlund 
 2003 ), while PTOX appears limi ted to some 
oxygen-evolving photosynthetic cyanobacte-
ria (e.g.  Prochlorococcus marinus , McDonald 
et al.  2003 ). It is likely that these proteins 
entered eukaryotic lineages via the ancient 
proteobacterial endosymbiont that gave rise 
to mitochondria and the ancient cyanobacterial 
endosymbiont that gave rise to chloroplasts 
(McDonald and Vanlerberghe  2006 ). Typically, 
AOX and PTOX share ~25 % protein sequence 
identity within the core protein delimited 
by the fi rst and last iron-binding residues 
(Fig.  9.6 ). Phylogenetic analyses that include 
a broad taxonomic range of both prokaryotic 
and eukaryotic proteins show that AOXs and 
PTOXs clearly fall into two separate clades, 
consistent with the hypothesis than an 
ancestral protein (perhaps an ancient oxygen 
reductase; Gomes et al.  2001 ) diversifi ed to 
AOX and PTOX prior to the primary endo-
symbiotic events that give rise to mito-
chondria and chloroplasts (McDonald and 
Vanlerberghe  2006 ). Hence, amongst extant 
eukaryotes, the “aplastidic lineages” (those 
thought to have never been exposed to the 
cyanobacterial endosymbiont that gave rise to 
chloroplasts, including amoebozoa, some 
protists, fungi, ichthyosporeans, choanofl a-
gellates and animals) include many members 
containing AOX but no members containing 
PTOX. On the other hand, “plastidic” eukary-
otes (that we defi ne as those lineages that 
have contained a “chloroplast” at some time 
during their evolutionary history, and 
including the Glaucocystophyta, the “green” 
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(see Chap.   17    ) lineage and the “red” lineage 
(see Chap.   16    ) have many examples (as 
expected) that contain AOX, PTOX or both 
(McDonald and Vanlerberghe  2006 ). 

 Interestingly, while AOX is ubiquitous in 
the plant kingdom, it is only more sporadi-
cally found in Protista, Fungi and Animalia. 
For example, while present in many animal 
phyla, AOX is clearly absent from verte-
brates and arthropods (McDonald and 
Vanlerberghe  2006 ). These sporadic distri-
butions suggest an evolutionary loss of AOX 
and PTOX from many eukaryotic lineages 
while maintenance has occurred in others. 
The ubiquitous presence of AOX in the 
Plantae suggests a particularly important 
functional role in this group. Another 
striking feature of the organisms found 
to contain AOX is that many are patho-
genic protists or pathogenic fungi such as 
 Trypanosoma brucei brucei, Cryptosporidium 
parvum, Phytophthora infestans, Candida 
albicans  and  Cryptococcus neoformans . 
Hence, AOX is often discussed as a potential 
therapeutic target in treating such human 
infections (Missall et al.  2004 ; Chaudhuri 
et al.  2006 ). 

 Thus far, PTOX appears strictly limited to 
organisms carrying out oxygenic photosyn-
thesis (including cyanobacteria, algae and 
plants), but has thus far not been found in, 
for example, bacteria capable of non- oxygenic 
photosynthesis or plastidic eukaryotes that 
lack the capacity for photosynthesis. Interes-
tingly, organisms that carry out oxygenic 
photosynthesis but lack PTOX (such as 
 Synechocystis  sp. PCC 6803), always have 
other quinol oxidases (such as cyt  bd  
oxidase) instead (Hart et al.  2005 ; McDonald 
and Vanlerberghe  2006 ).  

   B. Biochemical Regulation 

 While the structure and mechanism of nei-
ther AOX nor PTOX is fully elucidated, con-
siderable insight has been gained in the case 
of the plant AOX to understand aspects of 
biochemical control. Typically, such studies 
have been done using either purifi ed enzyme 
or isolated mitochondria, and tools such as 

site-directed mutagenesis (combined with 
yeast or bacterial expression systems) have 
been used to identify residues important for 
biochemical control. 

 In plants, AOX exists in the inner mito-
chondrial membrane as a homodimer, the 
state of which dramatically impacts activity 
of the enzyme (Fig.  9.7 ). The dimer may be 
either non-covalently linked (reduced form) 
or covalently linked by a regulatory disulfi de 
bond between the two monomers (oxidized 
form) (Umbach and Siedow  1993 ). A con-
served Cys residue toward the N-terminus 
(Cys I; Figs.  9.6  and  9.7 ) and within the 
matrix is responsible for this disulfi de bond 
(Rhoads et al.  1998 ; Vanlerberghe et al. 
 1998 ). Reduction of the disulfi de bond is 
facilitated by the oxidation of specifi c TCA 
cycle substrates and, based upon the sub-
strate specifi city, it is hypothesized that spe-
cifi cally NADPH provides the reducing 
power for this regulatory reduction (Fig.  9.7 ) 
(Vanlerberghe et al.  1995 ). This is in keeping 
with  in organello  studies showing that a 
mitochondrial-localized thioredoxin is able 
to reduce this disulfi de bond (Gelhaye et al. 
 2004 ). Once reduced, AOX is sensitive to 
activation by specifi c α-keto acids, most 
notably pyruvate, but also others (Fig.  9.7 ) 
(Millar et al.  1993 ; Vanlerberghe et al.  1995 ; 
Carré et al.  2011 ). While it is clear that the 
exposed sulfhydryls are an important site of 
interaction for pyruvate (Rhoads et al.  1998 ; 
Vanlerberghe et al.  1998 ), the details of this 
interaction remain elusive. It has been shown 
that substitution of the Cys by a charged 
amino acid (positive or negative) provides 
increased basal activity, suggesting that a 
charge-induced conformational change is 
important (Umbach et al.  2002 ). Also, recent 
studies indicate that the activating effect of 
pyruvate is due to an effect on the enzyme’s 
apparent V max , resulting from the ability of 
pyruvate to stabilize active AOX (Carré et al. 
 2011 ). In some plant AOX isoforms the regu-
latory Cys residue (Cys I) is replaced by Ser 
(Fig.  9.6 ) and this change confers on AOX 
the ability to be activated by succinate rather 
than by α-keto acids (Holtzapffel et al.  2003 ; 
Grant et al.  2009 ). The mechanism of this 
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activation is poorly understood. Also, a sec-
ond conserved and N-terminal Cys residue 
(Cys II; Fig.  9.6 ), along with other postulated 
sites may also be important in the activation 
of at least some AOX isoforms (Crichton 
et al.  2005 ; Umbach et al.  2006 ).

   Less is known about the details of bio-
chemical regulation of AOX in prokaryotes, 
protists, fungi and animals. However, it has 
been established in several fungi and protists 
that guanine and adenine mono- and di- 
nucleotides (GMP, AMP, GDP, ADP) act as 
allosteric activators (Sakajo et al.  1997 ; 
Jarmuszkiewicz et al.  2002 ) and that these 
groups generally lack the regulatory Cys and 
activation by α-keto acids that is common in 
plants (Fig.  9.6 ) (Umbach and Siedow  2000 ). 
Also, a recent study suggests that the alloste-
ric activation of AOX by mono- and dinucle-
otides in an amoeba can be offset by ATP 
acting as an allosteric inhibitor (Woyda- 
Ploszczyca et al.  2009 ). However, the site(s) 
of activation and inhibition by purine nucle-
otides has not been investigated. 

 At present, no information is available on 
potential biochemical regulatory properties 
of prokaryotic or eukaryotic PTOX. It also 
lacks the regulatory Cys residue found in 
many plant AOXs (Fig.  9.6 ).  

   C. Physiology 

 The metabolic and physiological roles of 
AOX and PTOX have been most extensively 
studied in higher plants. A number of impor-
tant themes can be highlighted from such 
studies (Figs.  9.8  and  9.9 ) and will be briefl y 
introduced here.

    Since AOX respiration reduces the other-
wise tight coupling between carbon meta-
bolism, mitochondrial electron transport and 
ATP turnover, it could play a number of 
general roles in the optimization of respi-
ratory meta bo lism, as well as the integration 
of this meta bolism with other major meta-
bolic pathways that impact the supply of or 
demand for carbon skeletons, reducing 
power and ATP (Finnegan et al.  2004 ; 

  Fig. 9.7.     A model for the biochemical control of AOX in plant mitochondria. Electron fl ow to AOX may be 
activated in a feed-forward manner by upstream respiratory metabolism. This involves a two-step biochemical 
activation of the AOX protein (a covalent modifi cation followed by an allosteric activation) in response to the 
redox (NADPH) and carbon (pyruvate) status of the mitochondrial matrix.  Trx  thioredoxin. See text for details.       
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Vanlerberghe et al.  2009 ). For example, AOX 
may allow for the oxidation of excess reduc-
ing power generated by the chloroplast, in 
this way acting to optimize photosynthetic 
meta bolism (Raghavendra and Padmasree 
 2003 ). Changes in AOX activity might also 
adjust for large differences in reductant 
demand between processes, for example, the 
assimilation of ammonium versus nitrate 
(Elhafez et al.  2006 ). Also, by acting as a 
P i - inde pendent respiratory pathway, it could 
be of importance when growth is limited by 
the availability of phosphate (Theodorou and 
Plaxton  1993 ; Sieger et al.  2005 ). 

 Another central hypothesis is that AOX 
respiration may act to dampen reactive oxy-
gen species (ROS) generation by the mito-
chondrial electron transport chain, since its 
energy-dissipating nature will act to moder-
ate membrane potential (Purvis and Shewfelt 
 1993 ). Transgenic plants and green algae 
with reduced levels of AOX show induced 
levels of ROS-scavenging enzymes, sugges-
tive of higher rates of ROS production 
(Amirsadeghi et al.  2006 ; Mathy et al.  2010 ). 

 A notable feature is that the expression of 
some AOX gene family members is highly 
responsive to abiotic and biotic stress condi-
tions such as cold, drought, high salt, nutri-
ent limitation, ozone and pathogen infection 
(Clifton et al.  2006 ). This might be important 
to compensate for a damaged cyt pathway 

(Ederli et al.  2006 ), to adjust to new metabolic 
conditions (Giraud et al.  2008 ), to appro-
priately modulate growth rate in response to 
the adverse conditions (Hansen et al.  2002 ; 
Sieger et al.  2005 ), or perhaps even to modu-
late stress signaling pathways from the mito-
chondrion (Arnholdt-Schmitt et al.  2006 ; 
Vanlerberghe et al.  2009 ; Wang et al.  2011 ; 
Cvetkovska and Vanlerberghe  2012 ). 

 Finally, some AOX genes show tissue and 
development-specifi c expression. In this 
regard, AOX has a well-established thermo-
genic role in the specialized fl oral structures 
of a restricted subset of plant species (Watling 
et al.  2006 ), but may also have a more broadly 
distributed role in plant reproductive tissues 
(Chai et al.  2010 ). 

 In other organisms AOX has been hypoth-
esized to provide a route for nitric oxide- 
resistant respiration (in bacteria; Dunn et al. 
 2010 ), for sulfi de-resistant respiration (in 
animals; Hildebrandt and Grieshaber  2008 ), or 
to reduce the overfl ow metabolism (Crabtree 
effect) that leads to reduced products such as 
ethanol (in fungi; Vemuri et al.  2007 ). 

 PTOX was fi rst discovered as a critical 
factor in the biosynthesis of carotenoids 
during early chloroplast development (Carol 
et al.  1999 ; Wu et al.  1999 ). In this role, 
PTOX activity supplies the oxidized plasto-
quinone needed by the carotenoid biosyn-
thetic pathway as an electron acceptor 
(Fig.  9.9b ). At this early stage of chloroplast 
development, the photosynthetic electron 
transport chain is not yet fully assembled, 
meaning that downstream electron transport 
chain components (i.e. PSI) are not yet com-
petent to oxidize plastoquinol. Under these 
conditions, the plastoquinone pool of an 
 Arabidopsis  mutant lacking PTOX (called 
 immutans ) is more highly reduced (Rosso 
et al.  2009 ), generating a block in the carot-
enoid biosynthetic pathway. In the absence of 
these photoprotective pigments at this critical 
developmental stage, normal chloroplast bio-
genesis in  immutans  in response to light is 
severely disrupted in some leaf sectors, result-
ing in a variegated leaf phenotype. PTOX 
similarly has a role in carotenoid biosynthesis 
in other plastid types (Josse et al.  2000 ). 

  Fig. 9.8.     Some emerging themes regarding the func-
tional importance of AOX and PTOX activity in mito-
chondria and chloroplasts, respectively. See text for 
details.       
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 PTOX is also expressed (be it at generally 
low levels) in mature chloroplasts and may 
take part in chloroplast metabolism in both 
the light and the dark. In the dark, PTOX 
likely acts in concert with the chloroplast 
NADH dehydrogenase-like complex (NDH) 
to oxidize reductant generated by carbon 
oxidation pathways in the stroma. Stromal 
reductant oxidized by NDH (probably 
reduced ferredoxin, Yamamoto et al.  2011 ) 
reduces the plastoquinone pool, which can 
then be oxidized by PTOX, in a process 
typically referred to as chlororespiration 
(Fig.  9.9a ) (Peltier and Cournac  2002 ). 

 In the light, the activity and role of PTOX 
is much more diffi cult to evaluate because of 
multiple potential pathways of plastoquinone 
oxidation/reduction. In general, overexpres-
sion or lack of PTOX in  Arabidopsis  had no 
obvious effects on photosynthetic electron 
transport, suggesting that PTOX was not 
acting as a major sink for electrons during 
photosynthesis, at least under normal growth 
conditions (Rosso et al.  2006 ). However, 
PTOX expression does increase under con-
ditions when downstream demand for 
electrons may be reduced (such as cold), 
suggesting the possibility that PTOX might 
act as a sink for excess electrons under some 
conditions (Streb et al.  2005 ; Quiles  2006 ; 
Stepien and Johnson  2009 ). In green algae 
and cyanobacteria, it was shown that iron 
limitation (which increases the proportion of 
PSII relative to PSI) also increased PTOX, 
again suggestive that it might act as an elec-
tron sink under conditions when there is an 
imbalance between plastoquinone reduction 
by PSII and oxidation by PSI (Fig.  9.9c ) 
(Cardol et al.  2008 ; Grossman et al.  2010 ). 

 Interestingly, it has been shown that the 
leaf variegation in  immutans  is suppressed 
in plants also defective in cyclic electron 
transport, suggesting that cyclic-electron 
transport- dependent PQ reduction is linked 
to PTOX-dependent PQ oxidation during 
chloroplast development (Okegawa et al. 
 2010 ). Further, the same study showed that 
the slow growth phenotype of mutant plants 
defective in cyclic electron transport can be 

alleviated by  immutans . These are some-
what surprising results and may indicate 
that the redox poise of the PQ pool, as 
determined by an interplay of these oxidiz-
ing and reducing pathways is critical to 
plant growth and development (Fig.  9.9d ). 
Much more study will clearly be needed to 
understand these links between PTOX, 
cyclic electron transport, growth and chlo-
roplast biogenesis. 

 AOX and PTOX have both been suggested 
to act as electron sinks within their respective 
organelles. It is well known that reducing 
power can also fl ow between these orga-
nelles. It is interesting therefore that trans-
genic plants lacking AOX display increased 
PTOX expression (Amirsadeghi et al.  2006 ), 
while  immutans  displays increased AOX 
expression (Rosso et al.  2009 ). This indi-
cates that perhaps the two pathways can 
compensate for one another’s activity, though 
this is not yet directly demonstrated. Also, in 
the green alga  Chlamydomonas , the two 
pathways have been shown to be regulated in 
a coordinate manner in response to phospho-
rus deprivation (Moseley et al.  2006 ).   

   V. Conclusion 

 Based upon taxonomic distribution and 
protein phylogenies it is clear that quinol 
oxidases are ancient enzymes (Fig.  9.10 ). 
The heme-containing quinol oxidases appear 
to have arisen and diverged prior to the ori-
gin of AOX and PTOX in proteobacteria and 
cyanobacteria, respectively. AOX and PTOX 
represent the only quinol oxidases in eukar-
yotes (Fig.  9.10 ).

   It is likely that quinol oxidases are impor-
tant for maintaining metabolic homeostasis, 
for example during periods of environmental 
stress. When more than one quinol oxidase is 
present in a given organism, evidence sug-
gests that they may have either distinct or 
overlapping roles. In general, these enzymes 
may provide additional metabolic fl exibility 
within systems coupling energy and carbon 
metabolism.     
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  Summary   

 Density functional theory (DFT) and combined Molecular Mechanics/Quantum 
Mechanics (MM/QM-MD) calculations have been applied to models of the  cytochrome  c  
oxidase (CcO) including the Fe–Cu B  binuclear center, where dioxygen is bound and sub-
sequently reduced to water. The properties of several intermediates of the CcO dioxygen 
reaction have been investigated by theoretical approaches. In this chapter, we investigate 
the dynamics of the binuclear heme Fe–Cu B  throughout the O 2  catalytic cycle. We are 
focused on the effects of the protein matrix and proton/water motion exerted on the heme 
 a   3   group. For this, we have built models of CcO, which vary at the heme  a   3   environment. 
This variability is based on hydrogen bonding interactions and amino acid protonation 
states. Different control points have been identifi ed for the transition from one intermedi-
ate to the next. The hydrogen bonding networks in the proximity of heme  a   3   area also 
have consequences for the characteristics of the binuclear center. A theoretical frame-
work for the direct link between an H +  delivery channel (termed D) and an accumulation 
of waters, termed ‘ water pool ’ close to the active site, has been achieved at the QM/MM 
level of theory. Two proton valves (E278 and His403) and an electron/proton coupling 
site (propionate- A/Asp399) exist in this pathway for the  aa   3   CcO from  P. denitrifi cans . 
The  ferryl intermediate, produced subsequent to the O–O bond scission, is found to have 
characteristics highly dependent on the basicity of the proximal His411, in contrast to the 
hydroxyl intermediate that is sensitive to distal effects.  
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      I. Introduction 

 Theoretical studies are routinely used to 
probe complex biological systems in atomis-
tic details. These studies include, among 
 others, Density Functional Theory (DFT), 
Molecular Mechanics (MM) and Molecular 
Dynamics (MD), as well as combined 
Molecular Mechanics/Quantum Mechanics 
(QM/MM) methodologies. Cytochrome  c  
oxidase (CcO), a terminal respiratory enzyme 
(see also Chap.   9    ), catalyzes the transfer of 
electrons from the reduced  cytochrome  c  to 
the molecular oxygen and translocates pro-
tons vectorially across the mitochondrial 
inner membrane. Four redox active metal 
centers are present in the enzyme: two hemes 
 a  and three associated copper atoms. In 
eukaryotes, the electrons coming from the 
substrate cytochrome  c  enter the homo-
dinuclear copper center, Cu A . From there, 
electrons are transferred, via the low-spin 
heme  a , to the bi-nuclear center containing a 
high-spin heme  a   3   and a Cu B  complex. The 
latter two metal sites constitute the active 
catalytic site, where oxygen is reduced to 
water by four electrons and four protons 
(Wikström  1989 ; Babcock and Wikström 
 1992 ; Ferguson-Miller and Babcock  1996 ; 
Gennis  1998 ;    Michel  1998a ,  b ). The function 
and proposed mechanisms of action of CcO 
enzymes have been reported before (Babcock 
and Wikström  1992 ; Ferguson-Miller and 
Babcock  1996 ; Michel et al.  1998 ; Belevich 
and Verkhovsky  2008 ). Binding of O 2  to the 

heme  a   3  -iron leads to the fi rst oxy intermediate 
Fe(II/III)  a3  –O 2 |Cu B (I), which subsequently 
is converted to the peroxy Fe(III)  a3  –O––
O–|Cu B (II) species. Reduction by the third and 
fourth electrons yields the ferryl Fe(IV)  a3  = 
O|Cu B (II)–OH and hydroxyl Fe(III)  a3  –
OH|Cu B (II)–OH intermediates, respectively 
(Wikström  1989 ; Babcock and Wikström 
 1992 ; Ferguson-Miller and Babcock  1996 ; 
Gennis  1998 ; Michel  1998a ,  b ). 

 The ferryl intermediate has gained a lot 
of attention by several research groups (see 
 literature from Babcock, Gennis, Ferguson- 
Miller, Michel, Varotsis, and Wikström 
groups), as it presents a key structure produced 
immediately after the O–O bond cleavage, a 
step not yet characterized mechanistically in 
atomistic detail. There was an initial assign-
ment based on the Optical Absorption spec-
tra of the species with a major peak at 580 nm 
to an oxyferryl (F) heme iron, while the 
607 nm species to a ferric heme peroxide (P) 
structure, and they were named F and P, 
respectively (Wikström  1981 ). Later studies 
attributed an oxo-ferryl character to both 
species (Varotsis and Babcock  1990 ; Ogura 
et al.  1996 ; Han et al.  2000 ). The 804/790 cm −1  
ν(Fe–O) modes in the resonance Raman 
spectra have been theoretically attributed to 
the same oxidation level with oxo-ferryl 
character (P M ) in the CcO dioxygen reaction 
(Daskalakis et al.  2008 ). The protonation 
state of the propionate- A/Asp399 (prop-A/
D399) pair seems not to infl uence signifi -
cantly the location of the 804/790 cm −1  bands 
but only their intensities. Thus, different 
protonated/deprotonated states of this pair 
vary the intensity of one band over the other 
and their contribution to the experimental 
spectra. This results in the appearance of one 
or two prominent positive bands in the dif-
ference spectra of isotopically-substituted 
species such as the ferryl-oxo intermediates 
in the CcO dioxygen reaction (Daskalakis 
et al.  2008 ). Moreover, for the enhancement 
of the  δ (His–Fe=O) ferryl bending mode, 
we have identifi ed crucial resonances, and 
linked them to conformational/structural 
changes during enzymatic turnover, including 
the Fe–Cu B  distance, which is controlled by 

 Abbreviations:     BLYP –    Functional to describe the 
exchange and correlation part of the electron-electron 
interaction energy in the theoretical calculations 
based on Becke’s correlation functional; Lee, Yang, 
Parr exchange terms;      CcO –    Cytochrome  c  oxidase;    
  DFT –    Density functional theory;      MD –    Molecular 
dynamics;      MM –    Molecular mechanics;      OPLS – 
   Optimized potentials for liquid simulations force fi eld;    
  QM –    Quantum mechanics;      riBLYP –    Resolution of 
identity (ri) methodology is an approximation to the 
computation of two-electron four-center integrals with 
signifi cantly improved time effi ciency;      TZVP –    Triple-
zeta basis sets, TZVP contains a set of d-functions 
on the heavy atoms and one set of p- functions on 
hydrogen atoms    
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electrostatic interactions in the active site and 
especially in the area of the heme  a   3   propio-
nates (Daskalakis et al.  2011 ). The position 
of Cu B  in respect to the heme  a   3   plane appears 
also sensitive to the protonation events in the 
propionates. In addition, we have proposed 
that conformational changes in the region 
of the ring A propionate of heme  a   3  , due to 
protonation events, are communicated via 
the Asp399/His403 pair to Gly386/Thr389 
in the proximal area, thereby altering the 
Hydrogen bonding networks in the region. 
This, in turn, controls the effect of proximal 
ligand His411 to the frequency of the ferryl 
Fe=O bond. 

 In order to identify the key effects of the 
protein matrix on the CcO active site, we 
start by studying several crystal structures of 
the  aa   3  –CcO solved to date (Iwata et al.  1995 ; 
Tsukihara et al.  1995 ; Ostermeier et al. 
 1997 ; Yoshikawa et al.  1998 ; Koepke et al. 
 2009 ). The fi fth axial ligand of heme  a   3  –Fe is 
a histidine, termed His proximal. In this 
proximal area, Gly and Thr residues are also 
found in the crystal structures of  aa   3   from 
 Paracoccus denitrifi cans  (Ostermeier et al. 
 1997 ) and bovine heart (Koepke et al.  2009 ), 

while the  ba   3   from  Thermus thermophilus  
lacks the Thr residue; instead, a second Gly 
is located at the proximal site (Soulimane 
et al.  2000 ; Hunsicker-Wang et al.  2005 ). 
Oxygen binds as the sixth axial ligand, distal 
to heme  a   3   area, between heme  a   3   and the 
Cu B  metal. The latter is coordinated to three 
His residues. One of the unique properties of 
the binuclear center, determined by the crys-
tal structures and conserved among different 
CcOs (Rauhamäki et al.  2006 ), is the cova-
lent link between a Tyr residue and one of the 
three His ligands of Cu B . The cross- linked 
Tyr forms an hydrogen bonding interaction 
with the hydroxyethyl-farnesyl side chain of 
heme  a   3  . This cross-linked Tyr is also in 
hydrogen bonding distance to the substrate 
oxygen in the distal area. Figure  10.1a  shows 
the heme  a   3  –Fe site of CcO from  P. denitrifi -
cans  (Koepke et al.  2009 ) indicating the 
 proximal  and  distal  regions, as well as the 
most important amino acids in the vicinity of 
the active site.

   It has been previously reported that hydro-
gen bonding networks affect the basicity of 
the axial to the heme iron ligand to support 
oxidation states of heme iron greater than III 

     Fig. 10.1.    Cytochrome  c  oxidase from  P. denitrifi cans . ( a ) Active site with His403 conformations are shown in the 
inset. Most important surrounding amino acids are also visible. Glu278 is depicted as part of the proton delivery 
channel termed D-pathway. ( b ) Proton delivery channels (K- and D-pathways), as well as some waters in the 
water pool can be seen in the structure.       
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(Goodin and McRee  1993 ; Vogel et al.  1999 ). 
Cytochrome  c  oxidase, sulfi te reductase and 
the carbon monoxide-sensing heme protein 
(CooA) exhibit such proposed hydrogen 
bonding networks (Goodin and McRee  1993 ; 
Crane et al.  1997 ; Vogel et al.  1999 ). In the 
case of CcO, a proton movement through 
hydrogen bonding networks also induces 
changes in the vibrational spectroscopic 
characteristics (Daskalakis et al.  2008 , 
 2010 ). Moreover, hydrogen bonding to the 
N δ –H hydrogen (Fig.  10.1a ) of the proximal 
His is the crucial step in understanding how 
reactivity of the heme-iron is controlled 
proximally in proteins (Decatur et al.  1999 ). 
On the other hand, protonation of the sub-
strate oxygen, which is achieved most likely 
through hydrogen bonding interactions at the 
distal site, is crucial for the H 2 O production 
in the CcO/O 2  reaction. Thus, it is of great 
importance to probe the sites proximal and 
distal to heme  a   3   that are infl uential during 
the reduction of O 2  by CcO. Hydrogen bond-
ing networks can be altered by proton and 
water motion throughout the catalytic cycle 
of the CcO enzyme. The transfer of a proton 
(H + ) from E278 ( P. denitrifi cans  numbering) 
to an unknown residue above hemes  a / a   3   is 
the fi rst step mediated by CcO that leads to 
the translocation of protons across the mito-
chondrial membrane. During the P → F tran-
sition, E278 is protonated via the D-pathway. 
This proton is subsequently transferred to 
the active site and E278 is re-protonated, 
while another proton is released to the P-side, 
as indicated in Fig.  10.1b  (Bellevich et al. 
 2006 ), as it can be seen in Fig.  10.1b . Several 
approaches have been used to predict either 
long distance (QM/MM, MD) or short dis-
tance (DFT) effects in models of CcO from 
proton and electron transfer processes.  

   II. The Dioxygen Activation Models 

 Theoretical studies of electron and proton 
transfer events in the CcO enzyme are a cru-
cial tool for elucidating the interactions 
between metals, prosthetic groups, ligands 
and the protein matrix. In addition to insights 

specifi cally relevant for the CcO enzymes, 
these studies also elucidate important aspects 
into the action mechanisms of other heme 
proteins involving proximal and distal to 
heme interactions. 

 Hydrogen bonding networks, like electron 
transfer pathways, play a signifi cant role in 
the double function of heme-copper oxidases: 
(a) to reduce molecular oxygen to water and 
(b) to pump protons across the inner mito-
chondrial membrane. DFT, MD, QM/MM 
calculations on heme-copper center models 
provide profound insight into the structural, 
electronic and dynamic properties of several 
intermediates throughout the catalytic cycle 
of O 2  reduction in cell respiration (   Blomberg 
et al.  2000a ,  b ,  2003 ; Bassan et al.  2006 ; 
Kozlowski et al.  2006 ). 

 In this chapter we elucidate the heme 
proximal and distal dynamics and quantify 
the effects of hydrogen bonds in the regions 
around the active site for several intermedi-
ates in the dioxygen activation catalytic 
cycle. Experimental quantifi cation would be 
diffi cult, as only overall differences in the 
hydrogen bonding networks could be mea-
sured. Furthermore, atomistic details of such 
reaction dynamics are accurately probed by 
theoretical calculations. 

 The crystal structure of  aa   3   cytochrome  c  
oxidase from  P. denitrifi cans  (PDB 1AR1) 
provides the initial x, y, z Cartesian coordi-
nates for the atoms of each model studied. 
The size of the model depends on the 
theoretical methodology used. In DFT 
calculations we restrict our systems to the 
active site including the fi rst coordination 
sphere for each metal (Fe  a3  –Cu B ) and some 
of the hydrogen bonding networks in the 
proximal region, while QM/MM-MD calcu-
lations encompass the whole protein in a 
water solvent. 

 DFT calculations were performed to 
probe the proximal and distal effects on the 
CcO heme  a   3   active site. For the DFT, ethylic 
acids can be used in the proximal region, 
near heme-iron axial ligand, to reproduce the 
hydrogen bonding network found in the area, 
thereby substituting the Gly and/or Thr resi-
dues. Carbonyl groups of the peptidic bonds 
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in the enzyme, found near the proximal His, 
are in this way represented by carboxyl 
groups donating the electronegative atom in 
the hydrogen bonding network. Ethylic acids 
are found to be quite convenient small mol-
ecules for the study that do not introduce 
unwanted hydrogen bonds or other interac-
tions in the proximal region. For each struc-
ture considered, a full geometry optimization 
was performed on riBLYP/TZVP level of 
theory using the  Turbomole V.5 - 8 - 0  software 
package (Turbomole  2005 ). For metals (iron 
and copper) an effective core potential (ECP) 
is applied (termed “ecp-10-mdf ” for iron 
and “ecp-18 arep” for copper atom), as 
implemented in  Turbomole software pack-
age . Moreover, we have implemented the 
computational advantage of the RI-J 
( Resolution of the Identity ) approximation 
(Billingsley and Bloor  1971 ; Eichkorn et al. 
 1995 ), as defi ned in  Turbomole  with the 
default parameterization. Geometry optimized 
DFT models of the active site of CcO with 
relevant vibrational frequencies are pre-
sented in Fig.  10.2 .

   A mixed quantum mechanics/molecular 
mechanics (QM/MM) approach was used to 
probe protonation/deprotonation and water 
motion events near the active site of CcO. 
QM/MM calculations can seamlessly join 
together QM and MM representations of a 
complex system. The fundamental idea is to 
divide a large, condensed phase system into 
two regions; the reactive chemical event is 
contained within the QM region (which 
includes the active site as in the DFT calcula-
tions), while the surrounding condensed 
phase is modeled via molecular mechanics. 
The DFT/MM calculations were performed 
using the QSite module of Schrodinger  2010  
Suite of Programs (Schrodinger). B3LYP 
functional and lacvp* basis set was used for 
the QM part, while the OPLS2005 force fi eld 
(FF) was used for the MM part throughout 
this work. 

 We prepared initial structures for the QM/
MM calculations, by varying the protonation 
state of propionate-A and Asp399 carboxylic 
groups. We have built complete models of 
the solvated CcO protein by adding missing 

hydrogen atoms and a water buffer of more 
than 14 Å (T3P FF) between the protein 
matrix and the boundaries of the simulation 
box. Crystallographic waters, inside the pro-
tein structure, were retained before and after 
the solvation. An initial minimization/relax-
ation process was performed by the Desmond 
Software of Schrodinger Suite  2010 , before 
each QM/MM calculation. The relaxation 
was based on the default protocol proposed 
in the Desmond manual. This included stages 
of solute-restrained minimization, no restrain 
minimization, NVT simulation of 24 ps, 
10 K, NPT simulation of 10 K, 1 atm, NPT 
simulation of 24 ps, 300 K and 1 atm with 
non-hydrogen solute atoms restrained and a 
fi nal NPT 24 ps simulation at 300 K and 
1 atm (Schrodinger). For the QM/MM geom-
etries after the minimization/relaxation, we 
reduced the water buffer signifi cantly by 
excluding every solvent molecule beyond a 
distance of 8 Å away from the protein matrix 
and restrained to their coordinates those 
waters beyond a 20 Å layer around the heme 
iron according to their minimized positions. 
A cutoff distance of 100 Å was also set for 
the Coulombic interactions. The hydrogen- 
cap approach was used for the covalent 
QM-MM boundary region, where hydrogen 
atoms are used to “cap” the QM-cut/unsatu-
rated bonds. Gaussian charges were imple-
mented to provide the electrostatic 
contribution from the MM part to the QM 
Hamiltonian. Figure  10.3  depicts a typical 
QM/MM system under study.

      III. Proton and Water Motion Drives 
the CcO Dioxygen Reaction 

   A. The Oxy Intermediate 

 In the oxy intermediate, DFT calculations 
show that the O–O bond strength is not at all 
affected by the proximal hydrogen bonding 
network (Fig.  10.2 , models 5–6/5w). The 
O–O weakening in this phase of the catalytic 
cycle is not favored by either the proximal, 
nor by the distal interactions. So how does the 
enzyme proceed to the next intermediate? 
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 Waters are possible sites for the accommo-
dation of a proton in the form of transient 
hydronium (H 3 O + ) species, acting as proton 
carriers. Interestingly, a single water mole-
cule is highly conserved in the crystal struc-
tures of bacterial and mammalian CcOs, 
between the heme  a   3   propionates. If such a 
hydronium molecule interacts with the pro-
tein matrix in the area of the heme  a   3   propio-
nates, its proton is transferred to the heme  a  3  
ring A propionate in our QM/MM simula-
tions. This implicates a propionate-D/Arg → 
prop-A/D399 proton transfer via the con-
served water molecule in the cases where a 
single proton is shared between prop-A and 
Asp399 (Daskalakis et al.  2011 ). Figure  10.4  

illustrates a schematic mechanism of action 
involving the early stages of dioxygen activa-
tion by CcO. In this model the His403 residue 
plays the role of a valve, controlling the fl ow 
of protons in the region. By substantially 
changing the pKa values of the prop-A or 
Asp399, a proton is trapped or released by 
prop-A. In the closed conformation (strong 
hydrogen bonding between prop-A and 
Asp399), the proton is trapped on the prop-A 
site (Daskalakis et al.  2011 ). Starting from a 
structure where a single proton is shared 
between the latter prop-A/D399 pair (in the 
oxy intermediate, and the closed His403 con-
formation), the proton resides ‘locked’ on the 
prop-A side. Active site oxidation will trigger 

  Fig. 10.3.    QM/MM model used for the highly elaborate QM/MM calculations, including the whole protein and 
the water solvent. The active site is represented in QM (DFT) level of theory, while the rest of the protein, as well 
as the solvent are represented by the OPLS2005/TIP3P Force Fields, respectively. The active site, that is probed 
at the B3LYP/tzvp* (DFT) level of theory at different protonation states of the Asp399/propionate-A pair, is 
enlarged on the  bottom right  side of the fi gure. Cu is optimized at a closer distance to the heme  a   3   iron, in the case 
where the negative charges increase on the Asp399/propionate-A pair.       
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  Fig. 10.4.    Early stages of CcO dioxygen reaction. The intermediate’s oxy are depicted with  arrows  to point the 
proton ( blue ) and electron ( red ) movement in critical sites around the active site.       

the release of that proton as it becomes 
loosely bound (between prop-A/Asp399) in 
the rest of the oxidation states and the His403 
closed conformation. A water molecule in the 
area could easily abstract that labile proton. 
Deprotonation of the prop-A/Asp399 pair 
increases the presence of negative charges in 
the area, reallocating Cu B  closer to heme  a   3   
iron, accommodating also a half spin in 
prop-A. The heme  a   3   Fe(II) is oxidized to Fe(III) 
upon protonation of the prop-A/Asp399 pair 
via the D-pathway (Daskalakis et al.  2011 ). 
Electron transfer should occur from heme  a , 
concurrently to the previous proton transfer, 
so that the half spin population on prop-A is 
quenched. This should eventually trigger 
the further oxidation of the active site to the 
peroxy and ferryl intermediates. Protonation 
should change the His403 conformation as 
discussed previously, thereby trapping the 
proton on the Asp399 site (His403 open con-
formation). Another release of a proton to the 
heme  a   3   propionates area via the D-pathway 
is able to neutralize the prop-A/Asp399 
charges and as a consequence His403 residue 
changes  conformation with the protons to 
become loosely attached to the pair (His403 
closed conformation). A water molecule that is 
leaving the active site can be a possible proton 
carrier, as well as a trigger for the neutralization 

of the prop-A/Asp399 pair and the His403 
conformational change. In each case, a 
loosely bound carboxylic proton residing on 
prop-A/Asp399 is released to the water pool 
via the Mg that is coordinated to His403 
(Schmidt et al.  2003 ). From the water pool the 
proton reaches to the solvent immediately, or 
after His403 changes conformation from 
open to closed.

      B. The Ferryl and Hydroxyl Intermediates 

 A distal hydrogen bond is the cause of a 20 cm −1  
shift in (Fe–O) for the hydroxyl intermediate 
(Fig.  10.2 , models 7–8). This distal effect 
appears signifi cantly enhanced, having twice 
the amplitude of the proximal effect (Fig.  10.2 , 
models 9–10), partly justifying the proposal of 
an hydrogen bond in distal region being the 
cause of the two experimentally observed 
ν(Fe–O) modes at 450 and 475 cm −1  (Han et al. 
 1989 ,  2000 ) for the hydroxyl intermediate. 

 It is worth noting that the same distal inter-
action on the ferryl species was calculated to 
be only 6 cm −1  (riBLYP/TZVP level of  theory) 
(Fig.  10.2 , models 3–4). The proximal effect 
on bimetallic (Fe/Cu B ) ferryl complexes 
accounts for a shift of up to 20 cm −1  at the 
same level of theory (riBLYP/TZVP) and 
under the same hydrogen bonding network 
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models (Fig.  10.2 , models 1–2) (Pinakoulaki 
et al.  2013 ). This pronounced distal effect of 
the hydroxyl species, is in fact consistent with 
the advancing of the catalytic cycle. The pro-
tonation at the distal site is the key step for the 
CcO cycle to  proceed further, leading to the 
formation of water molecules at the active site. 
The presence of H +  in the distal area should 
thus immediately affect the hydroxyl Fe(III)–
OH moiety and easily induce the transition 
towards the next step of the catalytic cycle. On 
the other hand, the presence of H +  in the distal 
site at the ferryl intermediate stage does not 
infl uence the chemistry of that intermediate. 
It is proposed that the protonation(s) near the 
active site (at the heme  a   3   propionates area, 
Fig.  10.3 ) are communicated to the proximal 
His (Daskalakis et al.  2008 ). 

 Figure  10.5  depicts a schematic view of 
the last stages of dioxygen activation cycle in 
CcO. Different protonation states of the 
prop-A/Asp399 pair control the intensities of 
the ν(Fe–O) bands (Daskalakis et al.  2008 ). 
His403 and Asp399 are connected to Gly386/
Thr389 by a short chain of amino acids. 
Thus, protonation/deprotonation events in the 
prop-A/Asp399 pair, as well as the His403 
conformational changes are communicated 

via these connecting amino acids to the 
proximal site of His411. Changes in the 
hydrogen bonding strengths in the proximal 
region (Fig.  10.2 , models 1–2) are able to 
control the His411 basicity and thus the 
ν(Fe–O) modes via resonances (Daskalakis 
et al.  2010 ). Glu278 resides at the entrance 
of the D-pathway. It has been proposed that 
water molecules are present in the hydro-
phobic cavity near Glu278, connecting it to 
the heme  a   3   propionate-D and Cu B  (Puustinen 
et al.  1997 ; Riistama et al.  1997 ; Zheng et al. 
 2003 ; Olkhova et al.  2004 ).

   In this model, Glu278 has the role of a 
proton shuttle and/or a valve, mediating the 
fl ow of protons towards Cu B /Fe  a3   and the 
propionate-D/Arg salt bridge (Olkhova et al. 
 2004 ;    Xu and Voth  2005 ). The propionate-D/
Arg salt bridge has been proposed to be in a 
redox-dependent thermal equilibrium, acting 
as a gate for a proton or a protonated water 
molecule (Wikström et al.  2005 ). As discussed 
in a previous study (Daskalakis et al.  2011 ) 
the Cu B  position is extremely sensitive to 
the protonation states of the heme  a   3   pro-
pionates. This thermal equilibrium and 
proton transient gate should alter the 
Fe a 3  –Cu B   distance, which in turn may trigger 

  Fig. 10.5.    Late stages of CcO dioxygen reaction. The intermediates ferryl and hydroxyl are depicted with  arrows  
indicating the proton ( blue ) movement in critical sites around the active site.  Red arrows  are designed to show 
the effect of the propionate-A site on ferryl heme  a   3   Fe=O bond and proximal area characteristics. The  arrow  
outlined in  black  depicts the product water movement out of the active site towards the  water pool.        
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vibrational resonances in the His–Fe IV =O 
ferryl moiety of the active site that are detect-
able as different bands in resonance Raman 
spectra (Daskalakis et al.  2010 ).   

   IV. Conclusions 

 We propose the presence of three important 
aspects in the O 2  reduction cycle in the heme 
 a   3   Fe/Cu B  binuclear center of CcO: (1) The 
effect from the hydrogen bonding networks 
proximally to heme  a   3   is signifi cantly 
enhanced only at the ferryl oxidation state. 
(2) The distal to heme  a   3   effect is calculated 
to be important at the hydroxyl oxidation 
level. (3) The presence of charges in the 
vicinity of the active site is crucial to the 
action mechanism of CcO dioxygen reaction, 
as it controls the Cu B  position, the His403 
conformation ( aa   3   from  P. denitrifi cans  
numbering) and consequently the release 
of protons. 

 In this chapter we link water and proton 
motion to spectroscopic characteristics of 
the active site of CcO. A concerted proton 
(water mediated) and electron motion has 
been identifi ed in the case of the oxy inter-
mediate. In hydroxyl and oxy species, the 
proximal region or the axial His basicity 
induces extremely weakened changes for 
the Fe–O/O–O bonds and the respective 
spectroscopic characteristics. We propose 
that water and proton motion affect the 
intensities of the ν(Fe–O)/δ(His–Fe=O) 
vibrational frequencies and alters the 
His403 conformation to enable the release 
of waters/protons out of the heme  a   3  /Cu B  
active site.     
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      Summary  

  In this review, we summarize the evolution, sequence, structural and coordination peculiarities 
of proteins belonging to the Methionine Sulfoxide Reductase B family (MsrBs). These proteins 
represent important redox proteins. MsrBs are found in all kingdoms of life. Whereas 
prokaryotes have only one type of MsrB, mammals possess three, MsrB1, MsrB2 and 
MsrB3, distributed in different cellular compartments, and regulated by alternative splicing 
and specifi c targeting signals. Structural analysis of mammalian and bacterial MsrBs revealed 
a well-conserved β   -core, and dramatic variability in C-and N-terminus. Mostly, MsrBs contain 
structural zinc ions coordinated by four cysteines. However, some of MsrBs lack coordinating 
cysteines and, therefore may not contain zinc ion.  
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      I. Introduction 

 All amino acids found in proteins are sus-
ceptible to oxidation. However, only two of 
them, the sulfur-containing cysteine and 
methionine, can be reversibly oxidized. 
Along with tryptophan these residues are the 
most susceptible to oxidation (Vogt  1995 ). 

 Living organisms developed a defence 
system against unwanted protein oxidation 
which includes the reduction of reversibly 
oxidized amino acids (Cys and Met) as well 
as the removal of the irreversible oxidation 
products from the cell. Methionine sulfox-
ide reductases (Msrs), being a part of this 
system, can reduce both free and protein-
bound methionine sulfoxide back to methio-
nine (Fig.  11.1 ) (Brot et al.  1981 ; Brot and 
Weissbach  1983 ). Msr genes are found 
among the most conserved in almost all 
kingdoms of life (Kryukov et al.  2002 ; 
Ezraty et al.  2005 ).

      II. Methionine Residue in Proteins: 
Its Oxidation and Reduction 

 The process of methionine (Met) oxidation 
consists of two steps (Fig.  11.1 ). During the 
fi rst step, Met is reversibly oxidized to 
methionine sulfoxide (MetO). Methionine 
sulfone is the product of a further, irrevers-
ible oxidation of MetO during the second 
step. Methionine oxidation can be caused 
either by physiological agents, like superox-
ide, hydrogen peroxide, hydroxyl radicals 
(termed as reactive oxygen species – ROS), 
hypochlorous acid, chloramines and some of 
the metal ions (as copper and iron). 
Physiological oxidants are also capable to 
carry out Met oxidation. These include reac-
tants able to oxidize all amino acids (Brot 
and Weissbach  1983 ; Shechter  1986 ), as 
well as hydrogen peroxide, chloramine T, 
N-chloro-succinimide and dimethyl sulfoxide, 

which oxidize Met rather selectively (Vogt 
 1995 ; Levine et al.  1996 ). It was found that 
the ability of Met to be oxidized strongly 
depends on its solvent exposure (Levine 
et al.  1999 ). Indeed, surface-exposed residues 
are more readily oxidized, than the ones 
hidden inside a protein’s interior. 

 The reversibility of Met oxidation can be 
seen from different points of view. First, 
surface- located Met residues, being exposed 
to ROS attack, reduce the amount of free 
radicals within a cell, thus, acting as endog-
enous antioxidants (Levine et al.  1996 , 
 1999 ). Second, oxidation of some Met resi-
dues may lead to loss of enzyme activity, 
thus Msrs reduction of such residues allows 
proteins to recover their functions (Brot and 
Weissbach  2000 ). Finally, the process of 
periodic oxidation/reduction of Met in pro-
teins plays a regulatory role, inhibiting or 
inducing some physiological events. For 
example, a functional role of the methionine 
oxidation in regulation of the Shaker voltage 
dependent K +  channels was examined 
(Ciorba et al.  1997 ,  1999 ). The results show 
that Met oxidation and reduction facilitated 
by MsrA regulate the channel inactivation 
time course. Another example for Msrs- 
mediated regulation is the calcium-binding 
protein – calmodulin. Oxidation of one of 
the calmodulin Met residues results in a 
30-fold decrease in the ability of the protein 
to bind calcium (Yao et al.  1996 ). Additional 
studies have shown that this decrease can be 
reversed by the addition of MsrA (Sun et al. 
 1999 ). It was suggested that the reversible 
oxidation of specifi c Met residues in calmod-
ulin may regulate its activity and calcium 
cell homeostasis (Ciorba et al.  1997 ; Brot 
and Weissbach  2000 ; Hansel et al.  2005 ).  

   III. Different Classes of Methionine 
Sulfoxide Reductases 

 There are two main classes of Msrs: MsrA, 
which can reduce protein-bound or free 
S-epimer of methionine sulfoxide, (Caldwell 
et al.  1978 ; Moskovitz et al.  1996 ,  2000 ; 
Kuschel et al.  1999 ; Sharov et al.  1999 ; Lee 

 Abbreviations:     Met   –    Methionine    ;    Msr   –    Methionine 
sulfoxide reductase    ;    MsrB   –    Methionine sulfoxide 
reductase B    ;    ROS   –    Reactive oxygen species    
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et al.  2005 ; Boschi-Muller et al.  2008 ) and 
MsrB, which reduce both protein-bound 
R-epimer of MetO, and, with less effi ciency, 
free R-MetO (Fig.  11.1 ) (Huang et al.  1999 ; 
Bar-Noy and Moskovitz  2002 ; Hansel et al. 
 2003 ; Kim    and Gladyshev  2004a ,  b ). Since 
each Msr class possesses its own type of 
three-dimensional fold, and signifi cantly dis-
tinct, well conserved amino acid sequence, it 
is possible to suggest the convergent evolu-
tion to account for MetO reduction in living 
organisms (Kauffmann et al.  2002 ; Lowther 
et al.  2002 ; Ezraty et al.  2005 ; Zhang and 
Weissbach  2008 ). MsrA protein sequences, 
are characterized by the invariable signature 
motif “GCFWG/C” (Vogt  1995 ; Lowther 
et al.  2000 ; Kumar et al.  2002 ) and MsrB 
proteins possess a “RXCXN” motif (where 
X indicates any amino acid), or in case of 
MsrB1 – “RXUXF” (Fig.  11.2 ) (Brot et al. 
 1981 ; Kryukov et al.  2002 ; Lowther et al. 
 2002 ). Structures of some Archaea, bacterial 
and eukaryotic MsrB proteins have previ-
ously been determined using either X-ray or 
NMR techniques (Table  11.1 , Fig.  11.3 ).

     An overall structural comparison of the 
MsrB family was reported earlier (Aachmann 
et al.  2010 ,  2011 ). It was emphasized that 
the central cores of all proteins in the family 
are well conserved. However, while bacterial 
MsrB and mammalian MsrB2 have both 
α-helix and β-sheets as structural elements, 
MsrB1 represents a more fl exible structure 

containing only β-sheets (Fig.  11.3 ). The 
detailed structural comparison of MsrB  proteins 
is reported in the Sect.  VI  of this chapter. 

 Both MsrA and MsrB were found in most 
genomes (Kryukov et al.  2002 ); however, 
their distribution varies greatly between dif-
ferent organisms and kingdoms. Without 
exception, all studied eukaryotes and cyano-
bacteria contain msrA and msrB genes 
(Zhang and Weissbach  2008 ). In prokary-
otes, MsrA and MsrB genes can form two 
separate transcription units (Ezraty et al. 
 2005 ) that are not adjacent on the chromo-
some. Alternatively, genes can either be tran-
scriptionally (Singh and Moskovitz  2003 ) or 
translationally fused and form in the last case 
the two-domain protein – MsrAB (Olry et al. 
 2002 ). In prokaryotes, the Msrs distribution 
is rather variable: in some thermophile or 
anaerobic Archaea no Msrs are present. 
Some organisms possess both classes Msrs, 
while others only MsrA and no MsrB. 
However, there are no MsrB-containing 
organisms, which do not also contain MsrA 
(Zhang and Weissbach  2008 ). A possible 
explanation for found MsrA/MsrB distribu-
tion in diverse organisms might be the exis-
tence of an enzymatic stereospecifi c 
preference for S-epimers during Met oxida-
tion in cells, or, alternatively, a more damag-
ing effect of S–MetO for the cell. Also it is 
probable, that MsrA and/or MsrB might have 
other unknown biochemical functions along 

     Fig. 11.1.     Mechanism of methionine oxidation. Step I: reversible oxidation of methione results in two enantiomers: 
S- and R-methionine sulfoxide. Step II: irreversible oxidation of methionine sulfoxide to methionine sulfone.       
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      Table 11.1.     Structural data of methionine sulfoxide reductase B proteins.   

 Superkingdom/ Phylum  Species  Method  PDB entries  Year  References 

  MsrB family  

 Proteobacteria   Neisseria gonorrhoeae   X-ray  1L1D  2002  Lowther et al. ( 2002 ) 
 Proteobacteria   Burkholderia pseudomallei   X-ray  3CEZ/3CXK  2008  Gerdts et al. ( 2008 ) 

 Archaea/Euryarchaeota   Methanothermobacter 
thermautotrophicus  

 NMR  2K8D  2008  unpublished 

 Bacteria   Streptococcus pneumoniae   X-ray  3E0M/3E0O  2009  Kim et al. ( 2009 ) 

 Proteobacteria   Xanthomonas campestris   X-ray  3HCI  2009  Ranaivoson et al. ( 2009 ) 

 Proteobacteria   Neisseria meningitidis   X-ray  3HCG  2009  Ranaivoson et al. ( 2009 ) 

 Bacteria   Bacillus subtilis   NMR  2KZN/1XM0  2012  Lange et al. ( 2012 ) 

  MsrB1 family  

 Mammalia   Mus musculus , MsrB1  NMR  2KAO/2KV1  2010  Aachmann et al. ( 2010 ) 
 Mammalia   Homo sapiens   X-ray  3MAO  2010  unpublished 

  MsrB2 family  

 Mammalia   Mus musculus , MsrB2  NMR  2L1U  2011  Aachmann et al. ( 2011 ) 

  MsrB3 family   No reported structures 

  Fig. 11.3.     Three-dimensional structures of proteins belonging to MsrB family. ( a ) MsrB  N. Gonorrhoeae , 3HCH, 
(Lowther et al.  2002 ); ( b ) MsrB  X. campestris , 3HCI, (Ranaivoson et al.  2009 ); ( c ) MsrB1  H. sapience , 3MAO, 
not pubblished; ( d ) MsrB  B. subtilis , 1XM0, not pubblished; ( e ) MsrB2  M. musculus , 2L1U, (Aachmann et al. 
 2011 ); ( f ) MsrB1  M. musculus , 2KV1, (Aachmann et al.  2010 ).       
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with protein repair, which may account for 
their unequal distribution in genomes (Zhang 
and Weissbach  2008 ). 

 The number of  msrA  and  msrB  ortholog 
genes within organisms also varies greatly. 
For example,  E. coli  contains one copy of 
 msrA  and  msrB ,  Arabidopsis  harbors fi ve 
 msrA s and nine  msrBs ,  Rhizobium meliloti  
has three  msrA  and three  msrB  genes, while 
mammals have one  msrA  and three  msrB  
genes, coding for MsrB1, MsrB2 and MsrB3, 
respectively (Moskovitz et al.  1996 ; Kryukov 
et al.  2002 ; Vougier et al.  2003 ; Kim and 
Gladyshev  2004a ,  b ; Hansel et al.  2005 ; Lee 
et al.  2009 ). Gene duplication is a frequent 
event in genome evolution across all three 
domains of life. A necessity to have alleles 
expressed under different conditions might 
be a possible explanation for the redundancy 
of  msr  genes in many genomes (Ohno  1970 ; 
Zhang  2003 ,  2012 ; Ezraty et al.  2005 ).  

   IV. Methionine Sulfoxide 
Reductase B Subcellular 
Distribution in Eukaryotic Cells  

 In eukaryotic cells, specifi c metabolic reac-
tions (   defense against ROS attack (Go and 
Jones  2008 )) take place within different intra-
cellular compartments (see Chaps.   21     and 
  24    ). For this reason most proteins are allo-
cated to only a single cellular compartment 
and, thus, need some structural information 
for their correct targeting (Neupert  1997 ). 
Mitochondrial targeting sequences and endo-
plasmic reticulum (ER) targeting sequences 
(mTS and erTS, respectively) are usually 
positioned at the N-terminus of proteins. 
Nuclear targeting sequences (nTS) are often 
distributed internally, and peroxisomal TS are 
located at the C-termini. It has been proposed 
that the N-terminus of the polypeptide that 
bears mTS attaches to specifi c mitochondrial 
membrane receptors and initiates its translo-
cation before the complete protein is folded 
(Neupert  1997 ; Truscott et al.  2001 ). 

 Mammals have three MsrBs (MsrB1, 
MsrB2 and MsrB3) proteins that are local-
ized in different cellular compartments 
(Table  11.2 ) (Kim and Gladyshev  2004a ,  b ). 

MsrB1 is a cytosolic and nuclear protein, 
MsrB2 is translocated into mitochondria, 
while MsrB3 occurs in the endoplasmic 
reticulum and mitochondria (Kim and 
Gladyshev  2004a ,  b ). Alternative splicing is 
a conserved mechanism to regulate subcel-
lular distribution of methionine sulfoxide 
reductases in mammals and other animals 
(Kim and Gladyshev  2006 ). The distribution 
of MsrB3 will be discussed separately below.

   MsrB1, the most abundant and active 
MsrB protein in mammals, is present in 
cytosol and nucleus (Kim and Gladyshev 
 2004a ,  b ). The nTS protein consists of one or 
two short sequences that are rich in posi-
tively charged amino acids (e.g. Lys and 
Arg). Nuclear localization signals can be 
located anywhere in the protein, but usually 
form patches or loops on the protein surface. 
Although MsrB1 does not have clearly pre-
dictable nuclear TS, it is rich in positively 
charged residues, which could serve to trans-
fer the protein into the nucleus. 

 Both, MsrB2 and MsrB3B are targeted 
to mitochondria. Normally, mitochondrial 
TS are represented by about 20–60 amino 
acid residues with abundant positive 
charges and frequent hydroxylated residues 
(Neupert  1997 ). Targeting sequences are 
predicted to form amphipathic α-helices 
in membranes or in membrane-like envi-
ronments, whereas in aqueous solution 
they show little structural organization 
(von Heijne  1986a ,  b ; Roise and Schatz 
 1988 ; Lemire et al.  1989 ; von Heijne  1990 ). 
Mouse MsrB2 contains a typical mito-
chondrial signal with the high proportion 
of arginine residues at the N-terminus 
(MARLLRALRGLPLLQAPGRLARG) (Kim 
and Gladyshev  2004a ,  b ). 

   Table 11.2.     Subcellular distribution of mammalian MsrBs.   

 Family  Location  Representatives 

 MsrB1  Cytosol, Nucleus  MsrB1 
 MsrB2  Mitochondria  mTS- MsrB2 
 Rodent 

MsrB3 
 ER  erTS-mTS- MsrB3 

-RAEL 
 MsrB3A  ER  MsrB3A -KAEL 

 MsrB3B  Mitochondria  mTS- MsrB3B -KAEL 

Elena Shumilina et al.
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 MsrB3 should be considered separate 
from the other MsrBs. In humans and other 
species (e.g. zebrafi sh) MsrB3 were found to 
be translated into both endoplasmic reticu-
lum (MsrB3A) and mitochondria (MsrB3B), 
due to alternative splicing that produces con-
trasting signals, for targeting the protein to 
mitochondria or endoplasmic reticulum 
(Kim and Gladyshev  2004a ,  b ). It should be 
noted, that the mitochondrial localization of 
the human MsrB3B, was not immediately 
clear because it had contrasting N- and 
C-terminal signals (Kim and Gladyshev 
 2004a ,  b ). At the N-terminus a mitochon-
drial, and at the C-terminus a KDEL-like 
endoplasmic reticulum translocation signals 
are present (Fig.  11.2 ) (Kim and Gladyshev 
 2004a ,  b ). In contrast, rodents (rat and 
mouse) have only one form of MsrB3 found 
only in the endoplasmic reticulum (Kim and 
Gladyshev  2004a ,  b ). At the same time, 
mouse MsrB3 has both ER and mitochon-
drial signal peptides at the N-terminus. The 
mitochondrial signal is located between the 
endoplasmic reticulum signal and the com-
mon MsrB domain (Table  11.1 ). The role of 
the mouse MsrB3 mitochondrial signal, 
which is functional if placed as an N-terminal 
sequence, remains unclear and requires fur-
ther research (Kim and Gladyshev  2004a ,  b ). 
MsrB3A and rodent MsrB3 are targeted to 
the endoplasmic reticulum with C-terminus 
(KDEL-like) ER retention sequence (KAEL 
for human and RAEL for mouse MsrB) (Kim 
and Gladyshev  2004a ,  b ). 

 It follows from the above discussion, that 
oxidized methionines can be repaired in dif-
ferent cellular compartments in mammals. 
Mitochondria, the major source of ROS in 
the cell, have two different MsrBs: MsrB2 
and MsrB3B. MsrB2 is the most active at 
lower concentrations of methionine and is 
inhibited by high concentrations of the 
 substrate, whereas MsrB3B is most active 
at concentrations of methionine sulfoxide 
higher than 1 mM (Kim and Gladyshev 
 2004a ,  b ). In addition, these two MsrBs 
show differential tissue expression (Jung 
et al.  2002 ). This argumentation can proba-
bly explain the occurrence of two MsrBs in 
mitochondria.  

   V. Selenocysteine in Methionine 
Sulfoxide Reductases 

 Selenocysteine (Sec) is one of the naturally 
occurring amino acids in proteins. In this 
residue, which is a cysteine analog, sulfur is 
replaced by selenium. These two elements 
have a similar electronegativity [2,58 for sul-
fur and 2,55 for selenium (Muttenthaler and 
Alewood  2008 )], however, Se is a stronger 
nucleophile (Huber and Criddle  1967 ; 
Pearson et al.  1968 ; Hondal et al.  2001 ). 
Furthermore, the p K  a  of selenocysteine is 
more acidic than that of cysteine (p K  a  of Sec 
is 5.2–5.6 while p K  a  value of Cys is around 
8.3) (Huber and Criddle  1967 ; Muttenthaler 
and Alewood  2008 ). This means that at physi-
ological pH the Sec residue will be deproton-
ated (anionic form) and more reactive, while 
the cysteine residue would still remain pro-
tonated. Several oxidoreductases including 
glutathione peroxidase, thioredoxin reduc-
tase and methionine sulfoxide reductase, 
have Sec in their active sites (Kim and 
Gladyshev  2005 ). Due to the higher selenium 
nucleophilicity, selenoproteins are typically 
more active than their respective cysteine 
(Cys) mutants (Metanis et al.  2006 ). This 
high catalytic activity has been regarded as a 
key reason why Sec is used in biological sys-
tems (Bock et al.  1991 ; Bell et al.  1993 ; 
Stadtman  1996 ; Hatfi eld and Gladyshev 
 2002 ). However, the immediate protein envi-
ronment of Cys or Sec, as well as the overall 
structure of the protein, can have signifi cant 
infl uence on the redox potential of both resi-
dues. For example, it has been shown that 
small changes in the amino acid composition 
in the region close to the active site can lead 
to comparable catalytic effi ciency of the sul-
fur homolog of a selenium-dependent enzyme 
(Gromer et al.  2003 ). This fi nding suggests 
that the requirement for higher activity may 
not be the unique reason why Sec is used 
instead of Cys in selenoproteins. 

 Thus, Sec utilization by living organisms 
represents a compromise. On the one hand, 
Sec utilization provides higher activity, a 
broader range of substrates and of micro- 
environmental conditions (e.g. pH), in which 
the enzyme is active. On the other hand, there 
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are limitations imposed by: (a) dependence 
on selenium availability, (b) complexity of 
the Sec insertion system, and (c) correlations 
of redox potentials of Sec and its substrates 
(Gromer et al.  2003 ). 

 It is worth mentioning, that the replace-
ment of sulfur by selenium may also com-
pletely change function of a protein (Kim 
and Gladyshev  2005 ). For example, Sec- 
containing form of subtilisin or glutathione 
S-transferase, converts these proteins into 
peroxidases (Bell et al.  1993 ; Yu et al.  2005 ). 

 Seleno-containing MsrBs are found in 
invertebrates and vertebrates, but not in bac-
teria or plants (Kryukov et al.  2002 ; Fomenko 
et al.  2007 ). In contrast, selenoprotein forms 
of MsrA are also found in bacteria and lower 
eukaryotes, including a unicellular green 
algae (Novoselov et al.  2002 ; Kim et al. 
 2006 ; Fomenko et al.  2007 ). Mammals have 
one selenoprotein MsrB (MsrB1) and two 
cystein- containing homologs (MsrB2 and 
MsrB3). MsrB1 contains selenocysteine in 
the place of the catalytic cysteine residue 
normally present in other MsrBs (Fig.  11.2 ) 
(Kryukov et al.  2002 ; Kim and Gladyshev 
 2004a ,  b ). MsrB1 is the most active in the 
reduction of MetO amongst all members of 
the MsrB family. The mechanism of a cata-
lytic MetO reduction by Msrs employs sul-
fenic acid chemistry and S–S/Se–S formation 

(Boschi-Muller et al.  2000 ,  2005 ; Olry et al. 
 2004 ; Kim and Gladyshev  2007 ; Kim and 
Kim  2008 ). Thioredoxin (Trx) is generally 
thought to be a natural reductant for MsrBs 
(Russel and Model  1986 ; Lin  1999 ; Boschi-
Muller et al.  2005 ; Kim and Kim  2008 ). The 
Se–S bond is characterized by a lower poten-
tial and can be a more  challenging target for 
reduction than the S–S bond (Kim and 
Gladyshev  2005 ). 

 Figure  11.2  illustrates a multiple-sequence 
alignment of MsrBs, and reveals a set of con-
served regions in MsrB1 with respect to 
other MsrBs. Recently, a simulation of the 
Trx-MsrB1 interaction dynamics was pub-
lished (Dobrovolska et al.  2012 ). NMR titra-
tion and molecular dynamics simulations 
revealed that S5-F7, P42, A66-G72, G75- 
F82 and R93-S98 amino acids of MsrB1 are 
involved in the initial interaction with Trx 
(Fig.  11.2 , underlined with blue lines and 
black rectangle). The sequence alignment 
indicates that all these groups of amino acids 
belong to the well-conserved MsrB1 regions. 
In addition, the amino acid composition of 
these conserved regions is signifi cantly dif-
ferent from non-selenium MsrBs. The spatial 
arrangement of these groups of amino acids 
is shown in Fig.  11.4 . It therefore appears 
that in the course of evolution the amino acid 
composition of Se-containing MsrB1 has 

  Fig. 11.4.     Three-dimensional structure of mouse MsrB1, 2KV1, (Aachmann et al.  2010 ). Conserved regions of 
the Se-containing MsrB1 (indicated in  orange ) are involved in the initial stage of Trx interaction (The data taken 
from Dobrovolska et al.  2012 ).       
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changed, to specifi cally facilitate the Se–S 
reduction by Trx. Indeed, selenoprotein 
MsrB1 is a better substrate for Trx than the 
Cys-containing MsrB2 and MsrB3 proteins 
(Kim and Gladyshev  2005 ).

        VI. Methionine Sulfoxide Reductase B 
Structural Description 

 All structurally characterized MsrB (both 
mammalian and bacterial) have a highly 
similar β-fold consisting of two β-sheets, 
one with three strands and another with fi ve 
strands (Table  11.1 , Fig.  11.3 ). However, 
mammalian MsrB2 protein and bacterial 
MsrBs additionally have several α-helices at 
the N-terminal part. A common feature of 
these α-helices is that they are not rigidly 
fi xed to the β-strand core structure. It has been 
suggested that these helixes might assist for 
interaction of MsrBs with different substrates 
(Aachmann et al.  2010 ). The latter structural 
feature is absent in MsrB1 proteins. From the 
sequence alignment of different MsrBs it 
appears that the selenoprotein MsrB1 is the 
smallest and the most compact amongst 
MsrBs (Lee and Kim  2008 ; Aachmann et al. 
 2010 ). Recent NMR studies reveal that 
MsrB1 possesses mobile N- and C-terminal 
tails (Aachmann et al.  2010 ). The mobility of 
N-terminus is extremely important, because 
this tail is involved in catalytic activity of 
MsrBs. An interesting aspect of the evolution 
of MsrB superfamily is the dramatic variabil-
ity with regards to the length and the second-
ary structure composition of the N- and the 
C-terminal regions in these proteins. This can 
be clearly observed from superimposition of 
MsrB structures (Aachmann et al.  2010 ): 
while the β-core is well conserved, the termi-
nal parts of the proteins show signifi cant 
differences. This feature is further supported 
by bacterial MsrBs: although their core struc-
tures are very similar, their respective N- and 
C-terminal regions are not superimposable. 
Therefore, it appears that the evolutionary 
forces tightly couple the shorter N-terminal 
region of MsrB1, which is not characterized 
by any obvious secondary structure. 

 Comparative structural analysis of mouse 
MsrB1 and bacterial MsrBs indicates the 
structural differences between selenoprotein 
and non-selenoprotein MsrBs and the differ-
ent mechanisms for the redox reaction cata-
lyzed by MsrBs. These differences may also 
be deduced from the analysis of MsrBs sec-
ondary structure. The presence of the 
α-helical structures in the N-terminal region 
of bacterial MsrBs suggests that large struc-
tural alterations during catalytic act are 
unlikely in these enzymes due to rigidity 
imposed by α-helices. In contrast, the 
absence of any secondary structure in the 
N-terminus of Sec-containing MsrB1 does 
not impose any rigidity constraints. As a 
result, the catalytic reaction in Sec-containing 
MsrB1 occurs through the formation of 
internal selenide- sulfi de bridge between the 
catalytic Sec and the resolving Cys situated 
on the mobile N-terminus. The reaction 
between methionine sulfoxide and other 
MsrBs occurs through formation of a sulfenic 
acid intermediate and no intramolecular 
disulfi de bridge is formed within this reac-
tion (Kim and Gladyshev  2005 ). 

 A structural comparison between MsrB 
proteins indicates (Fig.  11.3 ) that mamma-
lian MsrB2 is more similar to bacterial 
MsrBs rather than to mammalian MsrB1, as 
it contains three α-helices on the protein 
exterior at the N-terminal region. Indeed, the 
proposed catalytic mechanism for mamma-
lian MsrB2 is the same as that proposed for 
bacterial MsrBs (Aachmann et al.  2011 ).  

   VII. Zinc Ion in Methionine Sulfoxide 
Reductase B 

 Zinc is one of the most important biological 
metals (Gladyshev et al.  1996 ; Bertini et al. 
 2001 ; Andreini et al.  2008 ; Mulkidjanian 
and Galperin  2009 ). The ability to predict 
protein structure through the analysis of 
DNA sequences allows to categorize differ-
ent zinc binding sites (Auld  2001a ,  b ). It is 
possible to distinguish three types of zinc 
binding sites:  catalytic ,  co - catalytic  and 
 structural . For the purpose of this review, we 
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will discuss only the latter two classes here. 
Structural zinc sites have four protein ligands 
and no bound water molecule. There is at 
least one short spacer between coordinating 
zinc ion residues, generally containing two 
amino acids (Vallee and Auld  1990 ; Auld 
 2001a ,  b ). Cysteines provide the most com-
mon, but not the sole ligand in such sites. 
The second most prevalent ligand is His. 
‘Zinc fi ngers’ possess such Cys and Cys/His- 
containing sites. In addition, Asp and Glu 
residues are also able to bind zinc, even if 
they perform this task less frequently 
(Whitlow et al.  1991 ; Korndorfer et al.  2000 ; 
Auld  2001a ,  b ). Multiple Glu/Asp metal 
binding sites can be too fl exible for zinc and 
lead to weak binding constants due to fast 
dissociation rates of the zinc ion from such 
sites (Auld  2001a ,  b ). There is an interesting 
example of ligand substitution in adenylate 
kinases belonging to different organisms. 
The adenylate kinase from  Bacillus stearo-
thermophilus  contains a zinc-binding site 
composed of four Cys ligands (Berry and 
Phillips  1998 ). The adenylate kinase from 
 Bacillus subtilis  also contains a structural 
zinc site (Perrier et al.  1994 ). In the latter 
case, the fourth Cys has been replaced by an 
Asp residue in this structural zinc site. 

 In co-catalytic sites, metals may be impor-
tant to the overall structure of the protein, as 
well as the catalytic function. Asp and His 
predominate as ligands in this type of zinc- 
binding sites, where the frequency of coordi-
nating residue is maximal for aspartate and 
histidine, and lower for glutamate (Auld 
 2001a ,  b ). These sites can also contain 
unusual zinc ligands such as amide carbon-
yls provided by Asn, Gln and the peptide 
backbone; hydroxyl groups from Ser, Thr 
and Tyr and the amine nitrogen of Lys or the 
N-terminal amino acid of the protein (Auld 
 2001a ,  b ). The ligands are often part of a 
 β -sheet or are provided by amino acids one 
or two residues before or after a  β -sheet. A 
related interesting case was found for the co- 
catalytic Zn-binding site of β-lactamase. The 
crystallization of β-lactamase from the 
 Bacillus cereus  at a pH 5.6 in 0.1 M ZnSO 4  
in a citrate/cacodylate buffer leads to the 

protein with one Zn ion (Carfi  et al.  1995 ). 
However, when the same protein was crystal-
lized in a more basic condition (at pH 7.0 in 
the presence of 0.5 mM ZnSO 4  in Tris buffer, 
(Fabiane et al.  1998 ) the resulting protein 
contained two Zn ions. Thus, the prediction 
of a Zn binding site based only on the 
presence of Cys/His ligands cannot give a 
complete pictures of the zinc distribution 
in proteins. 

 Sequence analysis of MsrBs homologs 
shows the existence of the proteins with two 
different sets of metal binding sites: the one 
with the “classical” four Cys ligands for 
zinc- binding and another with “non-classi-
cal” amino acids at the correspondent coor-
dinating positions (Zhang and Gladyshev 
 2011 ). Based on this observation, it was sug-
gested that it may be possible to divide zinc- 
containing proteins into two families. The 
fi rst one is a strictly Zn-dependent family 
with the “classical” four cysteines as zinc 
ligands. The other family normally has Zn 
ion in metal binding site, but could be 
expressed in a zinc-independent form where 
cysteine ligands are substituted by other, 
“non- classical” residues (Makarova et al. 
 2001 ). Thus, for some protein families the 
same protein may exist either with zinc ion 
or without. A systematic genome analysis 
revealed that approximately 20 % of the zinc 
protein families in the Protein Data Bank 
(PDB) have a signifi cant number of zinc-
independent forms (zinc-dependent form 
was defi ned as a homolog, with three or four 
Cys or His ligands, and a zinc-independent 
form as a homolog with fewer than three 
known ligands (Fig.  11.5 ) (Zhang and 
Gladyshev  2011 ). It has been suggested 
(Panina et al.  2003 ) that non-zinc-binding 
paralogs of Zur (a repressor of zinc transport 
regulation in bacteria) were expressed under 
zinc- restricted conditions, thereby freeing up 
some zinc to be used by the essential zinc- 
binding proteins.

   The majority of MsrB proteins have four 
cysteines that bind Zn ion (Kumar et al. 
 2002 ; Olry et al.  2005 ). They include MsrB1, 
MsrB2, MsrB3 and the most of bacterial 
MsrBs (Fig.  11.2 ). Some of the bacterial 
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MsrBs, however, have only Zn-independent 
forms (e.g. the MsrB domain of MsrAB from 
 Neisseriaceae ,  Bacillus  sp. and  St. pneu-
moniae ), some have only Zn-containing 
forms (MsrB from  B. pseudomallei ,  X. 
campestris ), and others have both forms 
(MsrB from  S. meliloti ;  V. cholera ) (unpub-
lished result from (Zhang and Gladyshev 
 2011 ). For example,  S. meliloti  has both, the 
Zn-dependent and Zn-independent forms. In 
the Zn-independent form, the four cysteines 
are substituted by Asp, Ser and Gly 
(Fig.  11.2 ). While Asp and Ser can hypothet-
ically bind Zn, Gly has not been reported as 
Zn ligand. However, in the immediate vicin-
ity of Gly highly conserved His, Asp, Glu 
and Ser are present, and it could be that the 
latter residues also weakly coordinate the 
zinc ion. The same “non-classical” ligands 
are present in MsrB domain of bacterial 
fused MsrAB. 

 Several structures of MsrB proteins are 
presently reported (Table  11.1 , Fig.  11.6 ). 
Some of them are characterized by the pres-
ence of Zn ion, while others lack it. From the 
structural comparison (Fig.  11.6 ), it is evi-
dent that both Zn-containing and 
Zn-independent forms have an identical 
structure of the metal binding site and the 
corresponding region of non-metal-binding 
homologs. All MsrBs have two well- conserved 
unstructured loops between four β-sheets. 
It should be noted, that the unpublished 
structure of MsrB1 from  Homo sapiens  has 
iron ion in the metal binding site, while all 
other structural features remained unaltered 
to the rest of the proteins reported shown in 
Fig.  11.6 . In the cases where the Zn ion is 
absent, it is possible that alternative bonds, 
and not the coordination of Zn ion, preserve 
the fold of the region. Studies of the 
Zn-binding site were carried out by different 

     Fig. 11.5.    Occurrence of Zn-dependent and Zn-independent forms of representative Zn protein families in bacteria. 
‘Zn (+)’, organisms only containing Zn-dependent form; ‘Zn (−)’, organisms only containing Zn-independent form; 
‘both’, organisms containing both forms. The fi gure is taken with permission from (Zhang and Gladyshev  2011 ).       
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laboratories (Kumar et al.  2002 ; Olry et al. 
 2005 ). In these studies it was shown that in 
MsrB from  Drosophila  and  E.coli , mutation 
of Cys at the positions 23, 26, 71 and 74 
(numbering corresponds to MsrB1 from  Mus 
musculus ) to GSGS, DSSS and DSSA results 
in a loss of Zn. In contrast mutation of 
DSSS to CCCC results in a more stable, 
Zn-containing protein. It was suggested, that 
the role of the metal in Zn-containing MsrBs 
is to stabilize the core structure and thus, to 
adopt the active site conformation for effi cient 
reductase activity. However, this suggestion 
is in apparent contradiction with the fact that 
the bacterial MsrB, lacking the two CXXC 
signatures, is as active as the Zn-containing 
MsrB (Olry et al.  2005 ). It has been suggested 
that a more detailed analysis of stabilizing 
elements for MsrBs, which do not contain 
the CXXC motif, should be performed. 

 The analysis of the crystallization condi-
tions for the published structures of MsrBs 
where the Zn ion is absent (“non-classical” 
Zn-binding CXXC motif) suggests that the 
crystallization occurs in mild acidic environ-
ments (Lowther et al.  2002 ; Kim et al.  2009 ; 
Ranaivoson et al.  2009 ). Some of the “non- 
classical” Zn ligands can be protonated at 
these conditions. As mentioned above, 

Zn-binding can be infl uenced by the pH value. 
In other words, when the Zn-ligands are pro-
tonated, they are not able to coordinate metal 
ion. In addition, the reported absence of Zn ion 
for some experimentally characterized MsrB 
may simply be due to the fact that the metal 
ion is lost during the protein’s isolation and 
purifi cation, because the coordination between 
Zn ion and the oxygen containing ligands are 
weaker with respect to the “classical” cysteine 
ligands. Thus, zinc ion could escape detection. 
The structural similarities within metal coordi-
nating loops among all MsrBs would indi-
rectly support this suggestion. 

 Recently our laboratory demonstrated that 
Zn ion can be replaced by Co ion (Shumilina 
et al.  2014 ) in Cys-containing MsrB1, 
expressed in  E. coli  in cobalt-containing M9 
media. The incorporation of Co ion can be 
easily detected by both UV-Vis 
(Co-containing proteins have a characteristic 
light blue color) and NMR spectroscopies 
(by the appearance of paramagnetically 
shifted signals). It is known (Lippard and 
Berg  1994 ; Bertini et al.  2001 ) that Co ion 
can be used to substitute Zn ion, since both 
have similar radii and coordination proper-
ties. Thus, this method can be used to check 
and confi rm, whether MsrBs without the 

  Fig. 11.6.     Three-dimensional structure of the Zn-binding site and the corresponding regions of MsrBs family. 
For the explanation see text. ( A ) MsrB1,  M. musculus , 2KV1, (Aachmann et al.  2010 ); ( B ) MsrB1,  H. sapience , 
3MAO, not published; ( C ) MsrB2,  M. musculus , 2L1U, (Aachmann et al.  2011 ); ( D ) MsrB,  X. campestris , 3HCI, 
(Ranaivoson et al.  2009 ); ( E )  B. pseudomallei , 3CEZ/3CXK, not published; ( a ) MsrB,  N. meningitidis , 3HCH, 
(Ranaivoson et al.  2009 ); ( b ) MsrB,  N. gonorhoeae , 1L1D, (Lowther et al.  2002 ); ( c ) MsrB,  S. pneumoniae  3E0O, 
(Kim et al.  2009 ); ( d ) MsrB,  B.subtilis , 1XM0 (not published).  Blue color : cysteine and “non classical” ligands in 
metal binding site; magenta: catalytic cysteine.       
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‘classical’ four cysteines do not bind Zn at a 
more basic pH. 

 Summarizing, most MsrBs have four cys-
teines that bind zinc ion. It has been sug-
gested that the metal- binding site plays a 
structural role in the MsrB family. Some of 
the organisms have also MsrB proteins, 
which possess “non-classical” ligands as 
alternatives to cysteines. The determined 
structures of these MsrB with “non-classi-
cal” ligands possess a conserved structure 
that might suggest that these proteins still 
weakly bind metal ion.  

   VIII. Conclusion 

 Living organisms have developed effi cient 
and complex defense system against oxida-
tive stress. MsrB proteins play an important 
role in this system. They can reduce R-isomer 
of methionine sulfoxide back to methionine. 
The reversibility of Met oxidation provides 
the organism with the possibility to reduce 
intracellular level of ROS, restore the enzy-
matic function of oxidized protein and inhibit 
or induce certain cellular events. 

 MsrBs were found in almost all kingdoms 
of life. The absence of MsrB in some ther-
mophilic and anaerobic bacteria may indi-
cate that either the MetO reduction at high 
temperature does not require a catalyst, or 
MetO is not produced in signifi cant amounts. 
Whereas prokaryotes have only one type of 
MsrB, mammals possess three: MsrB1 (the 
most active mammalian MsrB1 containing 
catalytic selenocysteine), MsrB2 and MsrB3. 
The use of Sec in proteins can represent a 
compromise between a more active enzyme 
that can work with different substrates at a 
wider pH range, and a complex genetic 
mechanism of Se insertion with more chal-
lenging Se–S bond reduction. The different 
eukaryotic MsrBs have peculiar cellular dis-
tribution that allow them to be effectively 
involved in various redox and other catalytic 
pathways. MsrBs compartmentalization is 
mostly achieved by alternative splicing, and 
importing the proteins into organelles by 
specifi c signals. 

 The structure of all catalytic cores of the 
structurally characterized MsrBs is so far 
rather similar, containing two β-sheets. In 
addition, bacterial MsrBs and mammalian 
MsrB2 are characterized by the presence of 
N-terminal α-helixes, while mammalian 
MsrB1 has only β-sheets and very fl exible 
N- and C-termini. This fl exibility plays an 
important functional role leading to differ-
ences in catalytic mechanism between 
MsrB1 and other proteins of MsrB family. 

 Mostly, MsrBs are Zn-containing proteins. 
The existence of the metal was predicted by 
bioinformatics based on the presence of two 
Zn-binding CXXC motifs. However, some of 
the bacterial MsrBs have different, well-con-
served amino acids at the positions of the 
four cysteines in mammalian MsrB. Overall, 
the structures of the metal- binding site in 
Zn-containing proteins, and the correspond-
ing region in MsrBs without metal, are very 
similar. Theoretically, there is a possibility 
that Zn ion can be coordinated by non-cyste-
ine ligands at more alkaline pH and with less 
affi nity. Nevertheless, this speculation requires 
experimental confi rmation. 

 Thus, in the course of evolution the mem-
bers of MsrB family developed their amino 
acids sequences and resulting folds for effi -
cient functioning in different organisms, and 
different cell compartments with different 
environmental conditions.     
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  Summary     

Mitochondria have an intricate, heavily folded inner membrane, which is occupied by many 
copies of the respiratory chain complexes (I, II, III, IV). These complexes, together with the 
ATP synthase complex (complex V), are responsible for energy production stored as ATP. All 
fi ve complexes specifi cally interact and form defi ned supercomplexes. Electron microscopy 
has provided structural data describing the interaction between complexes I and III, among 
I, III and IV and between two ATP synthase monomers in a dimeric form of complex V. 
Cryo-electron tomography has given new insights how these supercomplexes are arranged 
within intact mitochondria. The structural data can help to defi ne the functional role of these 
supercomplexes, in particular for the dimeric ATP synthase complex, which appears to be 
responsible for the folding of the inner mitochondrial membrane.  
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      I. Introduction 

 Mitochondria are the intracellular organelles 
responsible for oxygen-dependent respiration 
in eukaryotes. They accommodate in their 
inner or cristae membrane the oxidative 
phosphorylation (OXPHOS) system that 
consists of fi ve multi-subunit complexes 
(complexes I–V). The complexes I–IV are 
oxidoreductases which, with the exception of 
complex II, couple electron transport with 
the translocation of protons across the inner 
mitochondrial membrane (Fig.  12.1 ). The 
generated proton motive force is used by ATP 
synthase (complex V) for ATP synthesis from 
ADP and phosphate. Considerable knowl-
edge is available about the  high- resolution 
structure of the OXPHOS complexes of fungi 
and animals based on X-ray crystallography 
and biochemical studies.

      II. Structure and Function 
of Respiratory Chain Complexes I–V 

 Complex I or NADH dehydrogenase (also 
see Chap.   21    ) is the fi rst and major entrance 
point of electrons to the mitochondrial respi-
ratory chain. It transfers electrons from 
NADH molecules to a lipophilic quinone 
called ubiquinone, coupling electron trans-
port to the translocation of four protons 
across the membrane. A total of 45 different 
subunits are known to form part of complex 
I in animal mitochondria (Carroll et al.  2003 ) 
and more recently even 48 subunits were 
found in the model plant  Arabidopsis thaliana  
(Klodmann and Braun  2011 ). It has a molec-
ular mass of about 1 MDa and is composed 
of two domains, which run perpendicular to 

each other and together give it an  L -like 
shape. One domain is embedded in the 
membrane and contains four proton translo-
cating channels, the other protrudes into the 
mitochondrial matrix and is responsible for 
the oxidation of NADH. NADH donates two 
electrons, which pass via fl avine mononucle-
otide (FMN) to the chain of seven Fe–S clus-
ters and quinone (Sazanov and Hinchliffe 
 2006 ). Electron transfer is  coupled to con-
formational changes in the hydrophilic 
domain close to the membrane, which result 
in changing conformation of the membrane 
subunits and pumping protons (Efremov 
et al.  2010 ). 

 Complex II or succinate dehydrogenase 
(see Chap.   9    ) represents an alternative 
entrance point of electrons to the respiratory 
chain. It transmits electrons from succinate 
to ubiquinone and directly connects the citric 
acid cycle to the respiratory chain. It is the 
smallest complex of the OXPHOS system 
and consists of two soluble matrix-exposed 
subunits, which are attached to two hydro-
phobic membrane proteins (for review, see 
Horsefi eld et al.  2004 ). In plants, four addi-
tional subunits form part of this complex. 
Their functional role in complex II so far is 
not known (Millar et al.  2004 ). 

 Complex III or cytochrome  c  reductase 
(see Chap.   8    ) is a functional dimer of about 
500 kDa. It transfers electrons from reduced 
ubiquinone to cytochrome  c  – a small mobile 
electron carrier associated with the outer sur-
face of the inner membrane. Each monomer 
is composed of 10 or 11 distinct subunits, 
three hemes and one Fe–S cluster (Hunte 
et al.  2000 ; Berry et al.  2000 ). About one 
quarter of the complex is embedded in the 
inner mitochondrial membrane, a small part 
protrudes out into the mitochondrial inter-
membrane space; the larger hydrophilic parts 
of the “core” proteins core I and core II stick 
out far into the mitochondrial matrix. The 
latter proteins are related to the two subunits 
of the mitochondrial processing peptidase 
(MPP) and in plants even represent the sub-
units of this enzyme (Braun et al.  1992 ). 

 Complex IV or cytochrome  c  oxidase (see 
Chap.   10    ) catalyzes electron transfer from 

 Abbreviations:     ADP    – Adenosine diphosphate;    
  ATP    – Adenosine triphosphate;      BN-PAGE    – Blue 
native polyacrylamide gel electrophoresis;      EM    – 
Electron microscopy;      F 0     – Membrane-embedded part 
of the ATP synthase;      F 1     – Extra-membranous part of 
the ATP synthase;      FMN    – Flavine mononucleotide;    
  NADH    – Nicotinamide adenine dinucleotide reduced 
form;      OXPHOS    – Oxidative phosphorylation;      SDS    – 
Sodium dodecyl sulphate    
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cytochrome  c  to molecular oxygen thereby 
reducing the latter to water. The mammalian 
complex has a molecular mass of about 
210 kDa and is composed of 13 subunits, 
some of which are very hydrophobic (Richter 
and Ludwig  2003 ). Four cofactors are 
attached to the complex (two heme a and two 
Cu 2+ ). In crystals used to solve the high- 
resolution structure by X-ray crystallogra-
phy the bovine complex IV is in a dimeric 
form (Tsukihara et al.  1996 ), but the mono-
meric form was found upon mild detergent 
solubilization of the inner mitochondrial 
membrane (   Eubel et al.  2003 ), suggesting 
that the dimers may not present in the 
membrane. 

 Complex V or adenosine triphosphate 
(ATP) synthase complex (see Chap.   6    ) uses 
the chemiosmotic gradient (Mitchell  1961 ), 
created by complexes I–IV, to catalyse the 
formation of ATP by adenosine diphosphate 
(ADP) phosphorylation at the matrix- 
exposed side of the inner membrane. It is 
composed of a water-soluble F 1 -headpiece 
located within the mitochondrial matrix and 
a hydrophobic F 0 -part embedded within the 
inner mitochondrial membrane, which are 
linked by a central and a peripheral stalk 
(Stock et al.  2000 ). Proton movement across 
the membrane domain triggers the rotation 
of the oligomeric ring of c subunits within 
the F 0  together with the central stalk, which 

causes conformational changes in the F 1  
headpiece resulting in the phosphorylation 
of ADP. The total molecular mass of com-
plex V lies in the range of 500–600 kDa. 

 Besides the classical oxidoreductase 
complexes, some organisms have alternative 
oxidoreductases. Four distinct alternative 
NAD(P)H dehydrogenases and one alterna-
tive terminal oxidase are described in plants 
(Møller  2002 ). All these enzymes participate 
in electron transport without contributing to 
the proton gradient across the inner mito-
chondrial membrane. On the fi rst view this 
function seems to be a waste of energy. 
However, in plants the alternative oxidore-
ductases are believed to form the basis for an 
“overfl ow protection mechanism” for the 
respiratory chain, which is especially impor-
tant in the presence of high-light conditions. 
Indeed, experimental evidence has been pre-
sented that the mitochondria of plant cells 
have the task to keep the redox state of the 
entire cell in a balance (Dutilleul et al.  2003 ).  

   III. Supramolecular Organization 
of the Oxidative Phosphorylation 
System 

 For a long time the “fl uid-state” model 
(reviewed in Hackenbrock et al.  1986 ) of the 
organization of the OXPHOS system was 

  Fig. 12.1.    Schematic representation of the mitochondrial respiratory chain. The position of the matrix ( M ), the 
intermembrane space ( IMS ) and cristae or inner membrane ( IM ) has been indicated.       
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widely accepted. It postulates that the respi-
ratory chain complexes freely diffuse in the 
membrane and that electron transfer between 
complexes takes place on the basis of ran-
dom collisions. This model is based on the 
fi ndings that all individual protein complexes 
of the OXPHOS system can be purifi ed in 
enzymatically active form, and other experi-
mental fi ndings (reviewed in Hackenbrock 
et al.  1986 ). Although the arguments 
appeared attractive, the model has been 
abandoned and replaced by the “solid- state 
model” (Chance and Williams  1955 ). This 
model proposes stable interactions between 
the OXPHOS complexes within larger super-
complexes and is currently supported by dif-
ferent experimental lines of evidence: (1) 
Supercomplexes can be resolved by blue 
native polyacrylamide gel electrophoresis 
(BN-PAGE) (Schägger and Pfeiffer  2000 ; 
Eubel et al.  2003 ). (2) Supercomplexes are 
active as shown by in-gel activity mea-
surements within blue native gels (Schägger 
and Pfeiffer  2000 ; Eubel et al.  2004a ). 
(3) Electron microscopy (EM) structures 
revealed defi ned interactions of OXPHOS 
complexes within isolated respiratory super-
complexes (Dudkina et al.  2005a ,  b ; Minauro-
Sanmiguel et al.  2005 ; Schäfer et al.  2006 ; 
Heinemeyer et al.  2007 ). (4) Flux control 
experiments (Boumans et al.  1998 ; Bianchi 
et al.  2004 ) confi rm that the respiratory chain 
operates as one functional unit. (5) Point 
mutations in genes encoding one of the sub-
units of one OXPHOS complex affect the 
stability of another complex (Acín-Pérez 
et al.  2004 ; Diaz et al.  2006 ; Suthammarak 
et al.  2010 ). (6) Oxygen uptake by isolated 
mitochondria of potato correlates with the 
abundance of supercomplexes (Eubel et al. 
 2004a ). (7) Some supercomplexes need car-
diolipin for their formation (Zhang et al. 
 2002 ; Pfeiffer et al.  2003 ). 

 The solid-state model became especially 
advocated after fi rst evidence for supercom-
plexes was obtained by BN-PAGE. BN-PAGE 
is a powerful separation technique based on 
the solubilization of mitochondrial mem-
branes with non-ionic detergents such as 
digitonin or dodecyl maltoside, followed by 

incubation of the generated protein solutions 
with Coomassie- blue dye. Coomassie-blue 
introduces negative charges to proteins with-
out denaturing them, allowing the separation 
of solubilized complexes by BN-PAGE 
(Arnold et al.  1998 ; Schägger and Pfeiffer 
 2000 ). BN-PAGE can be combined with 
sodium dodecyl sulphate (SDS) PAGE as a 
second gel dimension. In the presence of 
SDS complexes are dissected into separate 
subunits, which form vertical rows of spots 
on the resulting 2D gels (Fig.  12.2 ). 
Alternatively, fi rst dimension BN-PAGE can 
be combined with a second BN-PAGE, 
which is carried out in the presence of a dif-
ferent detergent, allowing the separation of 
dissection products of supercomplexes or 
protein complexes. Both 2D gel systems 
nicely allow to investigate the supramolecu-
lar associations of proteins of the OXPHOS 
system. Suffi ciently stable supercomplexes 
can be structurally analyzed by other meth-
ods such as single particle electron micros-
copy (EM). For this approach, isolated 
mitochondria are treated with non- ionic 
detergents and supercomplexes are resolved 
by sucrose gradient ultracentrifugation 
(Dudkina et al.  2005a ) or electro-eluted from 
BN-PAGE (Schäfer et al.  2006 ). Fractions 
can be directly used for EM analyses and 
image processing (Dudkina et al.  2005a ,  b ).

   By the above described strategy, defi ned 
supercomplexes could be identifi ed, which 
have a I+III 2 , III 2 +IV 1–2 , I+III 2 +IV 1–4  and V 2  
composition. These supercomplexes, com-
prised of complex I, III and IV, were found in 
a wide range of organisms (Table  12.1 ). In 
other words, there is no specifi c class of 
organisms where supercomplexes are highly 
abundant or fully lacking. However, there are 
species-depending differences in the stabil-
ity, which will also be discussed below. Only 
complex II seems not to form part of any 
respiratory chain supercomplexes. Although 
it is involved in the citric acid cycle and elec-
tron transfer function towards complex III, 
its proper function is apparently not crucially 
depending on the incorporation in a super-
complex. However, Acín-Pérez and col-
leagues reported the detection of complex II 
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containing supercomplexes in mouse mito-
chondria by BN-PAGE (Acín- Pérez et al. 
 2008 ). Complexes I, III and IV form a 
I+III 2 +IV 1–4  supercomplex, the largest unit 
known to exist in some mitochondrial mem-
branes. It is also called the ‘respirasome’ 
because it can autonomously carry out respi-
ration in the presence of the mobile carriers 
ubiquinone and cytochrome  c . Although the 
advantages of the respiratory supercom-
plexes are obvious, they are considered to 
co-exist in the membrane with single 
OXPHOS complexes. On the other hand, 
treatment of biological membranes with 
detergent could lead to artifi cial associations 
of membrane-protein complexes on the basis 
of random hydrophobic interaction, but up to 
now, no clear indications for such artifacts 
have been found. In contrast, BN-PAGE and 
electron microscopy analysis demonstrate 
only defi ned associations and do not reveal 
any non-specifi cally interacting complexes.

   The observed interactions between respi-
ratory chain complexes within supramolecu-
lar structures should make sense in respect to 
the known physiological processes. Or in 
other words, the association of respiratory 
chain complexes into specifi c supercom-
plexes must be functionally advantageous. It 
was proposed that OXPHOS supercomplexes 
allow the fl ow enhancement of electrons 
between the complexes by reducing the dis-
tance of diffusion of the mobile electron car-
riers ubiquinone and cytochrome  c  or by 
substrate channeling between complexes 
(Heinemeyer et al.  2007 ; Schägger  2001 ). 
Supercomplex formation can also be 
 important in preventing excess formation of 
harmful oxygen radicals (Lenaz and Genova 
 2009 ). Besides functional reasons, super-
complex formation is proposed to be neces-
sary for assembly and stability of its 
individual components. As an example, 
complex I is necessary for fully assembled 

  Fig. 12.2.    Separation of respiratory chain complexes and supercomplexes from bovine heart by 2D BN/SDS- 
PAGE. Mitochondrial membranes were solubilized with 25 g of digitonin per g of protein. The molecular weights 
of standard proteins are given to the left and the identities of the protein complexes above the gel. I+III 2 +IV: 
supercomplex formed by complexes I, dimeric complex III and IV, I: complex I, V: ATP synthase; III 2 : dimeric 
complex III, IV: complex IV, II: complex II.       
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complex III in human patients with muta-
tions in the complex I subunits NDUFS2 and 
NDUFS4 (Ugalde et al.  2004 ) and the 
absence in complex III results in a dramatic 
loss of complex I in humans (Blakely et al. 
 2005 ). Furthermore, complex IV is required 
for the assembly of complex I in fi broblasts 
(Diaz et al.  2006 ), complex III 2  is essential 
for the stability of complex I in mouse cells 
(Acín-Pérez et al.  2004 ) and the respirasome 
in  Caenorhabditis elegans  (Suthammarak 
et al.  2010 ). 

 The occurrence of ATP synthase dimers 
has a special function. Dimerization induces 
a local curvature of the cristae membrane. 
Ultrastructural studies were performed on 
yeast mutants which lack ATP synthase 

dimers because the dimer-specifi c e and g 
subunits are absent. The mitochondrial mem-
branes of these mutant strains exhibit an 
unusual onion-shape morphology without 
any membrane foldings (Paumard et al. 
 2002 ; Giraud et al.  2002 ). This strongly sug-
gests that the dimerization of ATP synthases 
is essential for cristae formation. A recent 
study on mammalian and algal mitochondria 
proved the organization of ATP synthases in 
long rows of dimers (Strauss et al.  2008 ; 
   Dudkina et al.  2010a ). The mitochondrial 
cristae may act as proton traps and enhance 
the local proton gradient necessary optimiz-
ing in this way their own performance under 
proton-limited conditions (Strauss et al. 
 2008 ).  

       Table 12.1.    A list of mitochondrial OXPHOS supercomplexes identifi ed by blue-native PAGE.   

 Organism  V 2   I+III 2   III 2 +IV 1–2   I+III 2 +IV 1–4   Reference a  

  Arabidopsis thaliana   X  X  Eubel et al. ( 2003 )   
 Barley  X  Eubel et al. ( 2003 ) 
 Bean  X  Eubel et al. ( 2003 ) 
 Potato  X  X b   X  X  Eubel et al. ( 2003 ,  2004b ); 

Bultema et al. ( 2009 ) 
 Spinach  X  X  X  X  Krause et al. ( 2004b ) 
 Tobacco  X  Pineau et al. ( 2005 ) 
 Pea  X  Taylor et al. ( 2005 ) 
 Sunfl ower  (X) c   Sabar et al. ( 2005 ) 
  Zea mays   X  X  Peters et al. ( 2008 ); Dudkina 

et al. ( 2008 ) 
 Asparagus  X  X  Dudkina et al. ( 2006a ) 
  Chlamydomonas   X  van Lis et al. ( 2003 ) 
  Polytomella   X  X  Dudkina et al. ( 2005b ), 

Atteia et al. ( 2003 ) 
  Saccharomyces cerevisiae   X  –  d   X  –  d   Arnold et al. ( 1998 ); Schägger 

and Pfeiffer ( 2000 ) 
  Yarrowia lipolytica   X  X  X  X  Nübel et al. ( 2009 ), 

Guerrero-Castillo et al. ( 2009 ) 
  Podospora anserina   X  X e   X  X e   Krause et al. ( 2004a ) 
  Tetrahymena thermophila   X  X  Balabaskaran et al. ( 2010 ) 
 Bovine  X  X  X  X     Schägger and Pfeiffer ( 2000 ) 

  Homo sapiens   X  X  Schägger et al. ( 2004 ) 

   a Reference to the fi rst report on the occurrence of a specifi c supercomplex 
  b In potato two forms of I+III supercomplexes occur, which have I+III 2  and I 2 +III 4  composition 
  c In sunfl ower, a complex IV containing supercomplex of >1,000 kDa was described, which probably has 
I+III 2 +IV 1–4 composition 
  d Complex I is not included in the respiratory chain of  Saccharomyces cerevisiae , therefore complex-I-containing super-
complexes are absent 

  e In  Podospora anserina  complex I containing supercomplexes were reported to have I 2  and I 2 III 2  composition  
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   IV. Respiratory Supercomplexes 

   A. I+III 2 , III 2 +IV 1–2  and I+III 2 +IV 1–4  
Supercomplexes 

 On BN gels, complex I forms a stable asso-
ciation with the complex III dimer of the 
respiratory chain (Table  12.1 , Schägger and 
Pfeiffer  2000 ; Eubel et al.  2003 ). Single- 
particle EM revealed the lateral association 
of dimeric complex III with the tip of the 
membrane part of complex I in  Arabidopsis  
(Dudkina et al.  2005a ),  Zea mays  (Peters 
et al.  2008 ), potato (Bultema et al.  2009 ) and 
 Tetrahymena thermophila  (Balabaskaran 
et al.  2010 ). The 2-dimensional EM projec-
tion maps clearly show the curved shape of 
the membrane-embedded part of complex I 
(Dudkina et al.  2005a ; Peters et al.  2008 ; 
Bultema et al.  2009 ). 

 Complex III 2  can associate with one or 
two copies of complex IV as it was 
described for potato (Bultema et al.  2009 ), 
spinach (   Krause et al.  2004b ),  Asparagus  
(Dudkina et al.  2006a ),  Saccharomyces 
cerevisiae  (Heinemeyer et al.  2007 ) and 
bovine heart (Schägger and Pfeiffer  2000 ). 
Baker’s yeast mitochondria lack complex I 
and in this organism complex III 2  
exclusively binds to complex IV, forming 
a very stable III 2 +IV 1–2  supercomplex 
(Heinemeyer et al.  2007 ). The fi rst detailed 
EM structure of this supercomplex allowed 
the generation of a pseudo- atomic 3D 
model (Heinemeyer et al.  2007 ), which 
showed that monomeric cytochrome  c  oxi-
dase complexes are attached to dimeric 
complex III at two alternate sides with their 
convex sides facing complex III 2 . This is 
the opposite to the side involved in the for-
mation of complex IV dimers as described 
by X-ray crystallography. Association of 
the complex III with complex IV depends 
on the presence of cardiolipin within the 
inner mitochondrial membrane (Zhang 
et al.  2002 ; Pfeiffer et al.  2003 ). Another 
EM study on potato respiratory chain 
revealed the III 2 -IV 1  supercomplex with 
similar assembly features (Bultema et al. 
 2009 ). These particles were also identifi ed 

in bovine mitochondria but at lower con-
centration (Schägger and Pfeiffer  2000 ). 

 Analyses of bovine mitochondria by 
BN-PAGE revealed abundant supercom-
plexes consisting of the OXPHOS complexes 
I, III 2  and IV (Fig.  12.2 ). Up to four copies of 
complex IV are present within these super-
complexes, which represent the largest form 
of OXPHOS units and are termed “respira-
somes” (Schägger and Pfeiffer  2000 ). 

The structure obtained by cryo-electron 
tomography and subtomogram averaging 
demonstrated that the complex III 2  is attached 
to the middle portion of the membrane arm 
of complex I while complex IV attaches to 
the tip of NADH dehydrogenase (Dudkina 
et al.  2011 ) (Fig.  12.3 ). Fitting of X-ray struc-
tures clearly showed some space between the 
complexes I, III 2  and IV (Fig.  12.3c ). This 
space is most likely fi lled with lipids, which 
could play a stabilising role as it was shown 
for cardiolipin in the III 2 +IV 2  supercomplex 
(Pfeiffer et al.  2003 ). One of the main func-
tions of the respirasome is believed to be the 
more effi cient electron transfer between its 
single components due to the shortening of 
travelling distances for ubiquinone and cyto-
chrome  c  (Fig.  12.3d ).

      B. Dimeric ATP Synthase 

 Mitochondrial F 1 F 0  ATP synthase is a com-
plex of 600 kDa formed by 15–18 subunits 
(Stock et al.  2000 ). The water-soluble F 1 - part 
consists of three α and three β catalytic sub-
units. The F 1 -part is connected to the mem-
brane-embedded ring-like subunit c oligomer 
of the F 0 -part by a central and a peripheral 
stalk. The F 0 -part is composed of subunits a 
(Su 6), A6L (Su 8), e, f, g, the central stalk 
consists of the γ, δ and ε subunits and the 
peripheral stalk is made from subunits OSCP 
(Su 5), b, d, F6 (h) (the nomenclature of sub-
units in yeast is indicated in brackets, 
reviewed in Wittig and Schägger  2008 ). The 
yeast enzyme has two specifi c additional 
subunits i and k, which belong to the trans-
membrane part. The fi rst biochemical evi-
dence about a dimeric organization of the 
ATP synthases complex in yeast came from 
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the BN-PAGE work of Arnold and colleagues 
( 1998 ). The 1,200 kDa dimer includes dimer-
specifi c subunits named e, g and k, which 
were not detected in monomers. Later, 
dimers were found in beef,  Arabidopsis  and 
several other organisms (Schägger and 
Pfeiffer  2000 ; Eubel et al.  2003 ). The dimer-
specifi c subunits e and g, as well as the sub-
units a, b, h and i of the monomer, stabilize 
the monomer–monomer interface (Wittig 
and Schägger  2008 ). Low- resolution 2D 
structures of dimeric ATP synthase were 
obtained from bovine mitochondria (Minauro-
Sanmiguel et al.  2005 ), the colorless green 
alga  Polytomella  (Dudkina et al.  2005b ) and 
 Saccharomyces cerevisiae  (Dudkina et al. 

 2006b ). In all these organisms two monomers 
associate via the membrane F 0  parts and 
make an angle of 35–90°. Dimeric ATP syn-
thase from green algae (Fig.  12.4d ) seems to 
be very stable and is represented exclusively 
by molecules with an angle of 70°.

   Although the ATP synthase dimers were 
fi rst described in the late 1990s (Arnold et al. 
 1998 ), earlier work even hints at a higher type 
of organization as oligomers. The presence of 
rows of ATP synthase dimers was demon-
strated in mitochondria of  Paramecium  by 
rapid-freeze deep-etch electron microscopy 
(Allen et al.  1989 ). BN-PAGE evidence of tri-
meric and tetrameric organizations of mam-
malian ATP synthases (Krause et al.  2005 ) 

  Fig. 12.3.    Three-dimensional cryo-electron microscopy density map of bovine I+III 2 +IV supercomplex and 
scheme of electron pathways within the supercomplex. ( a ) Surface representation of the map from aside. ( b ) 
Fitting of X-ray structures of complexes I, III 2  and IV to the map. ( c ) Pseudo atomic model of respirasome seen 
from the intermembrane space. ( d ) Scheme of electron fl ow in the respirasome. In  green ,  purple  and  red  X-ray 
structures of the bovine dimeric complex III 2  (Iwata et al.  1998 ), monomeric complex IV (Tsukihara et al.  1996 ) 
and cytochrome  c  correspondingly. In  yellow : the density map of complex I from Yarrowia lipolytica (Hunte 
et al.  2010 ).  Horizontal lines  indicate the position of the membrane,  red balls  show the positions of iron-sulphur 
clusters.  Q  is ubiquinol,  cyt c  is cytochrome  c  (Modifi ed from Dudkina et al.  2011 ).       
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and evidence from ultrasectioning and 
 negative staining of osmotically shocked 
 Polytomella  mitochondria (Dudkina et al. 
 2006b ) support the hypothesis of an oligomeric 
arrangement of ATP synthases. 

 Some time ago data based on electron 
cryo-tomography were presented, which 
show that the ATP synthases of mammalian 

mitochondria are arranged in long rows of 
dimers located at the apex of cristae mem-
branes (Strauss et al.  2008 ). Sub-tomogram 
averaging revealed larger angles between 
monomers than reported for isolated bovine 
dimeric ATP synthase (Minauro-Sanmiguel 
et al.  2005 ). Cryo-electron tomography 
experiments on intact  Polytomella  mitochon-

  Fig. 12.4.    Dimeric ATP synthase. ( a ) Fragment of tubular cristae obtained by cryo-electron tomography of the 
whole mitochondrion, ( b ) a closer look at the cristae with ATP synthase oligomers in a  top-view  position, cor-
responding to the  pink square  in the frame ( a ,  c ); surface rendering of the cristae ( blue - green ) from the frame 
( a ) in the same orientation, demonstrating the row of dimeric ATP synthases ( pink ), ( d ) average of negatively 
stained  side-views  of isolated dimeric ATP synthase, ( e ) average of tomographic sub-volumes of ATP synthase 
dimer seen from a side revealing the F 1  headpiece, the F 0  membrane part and the peripheral stalk ( S ) or stator 
(Modifi ed from Dudkina et al.  2010a ).       
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dria embedded in amorphous ice showed the 
presence of oligomeric rows of ATP syn-
thases in mitochondrial cristae (Fig.  12.4a , 
Dudkina et al.  2010b ). The oligomeric chain 
is composed of repeating dimeric units with 
a spacing of 12 nm (Fig.  12.4b ). The mono-
mers contact via the membrane part and the 
peripheral stalk (Fig.  12.4e ) and individual 
dimers resemble very well the projection 
maps of isolated dimers in negative stained 
samples (Fig.  12.4d ). The dimer–dimer 
interface is not yet well understood. The 
tomography data convincingly show the 
oligomeric state of the ATP synthase com-
plex, but are far too low in resolution to 
reveal subunit interactions. From biochemi-
cal experiments it was predicted that sub-
units a, b, e and g play a major role in the 
ATP synthase dimerization process (Wittig 
and Schägger  2008 ; Soubannier et al.  2002 ; 
Velours et al.  2011 ).  

   C. Higher Levels of Respiratory 
Chain Organization 

 Previous inhibitor titration experiments 
showed that the whole respiratory chain of 
yeast behaves like a single functional unit 
(Boumans et al.  1998 ). Wittig and colleagues 
( 2006 ) proposed that the respirasome is the 
unit of a higher level organization of the 
respiratory chain, that is structured into long 
“string”-like structures and interconnected 
with III 2 +IV 4  supercomplexes. Such an 
organization could provide more effective 
respiration by making the electron transfer 
rate through the OXPHOS system more effi -
cient. However, the recent work based on 
cryo-electron tomography excludes the exis-
tence of such strings (Davies et al.  2011 ). 
Oligomeric ATP synthases were found along 
cristae edges of lamellae, while complexes 
I-IV would be expected on fl at surface of 
cristae (Davies et al.  2011 ). In contrast, the 
tubular cristae of the green alga  Polytomella  
were fully covered by oligomeric rows of 
ATP synthases (Dudkina et al.  2010a ), sug-
gesting that the other OXPHOS enzymes 
might be arranged in between.   

   V. Perspectives 

 Large amounts of data on the OXPHOS 
 system have been collected with different 
 biochemical and biophysical techniques. 
However, a complete picture of the protein 
organization in the cristae membrane is not 
yet available. Multi-subunit membrane pro-
teins are diffi cult objects for any high- 
resolution structural investigation method. 
Higher resolution information on specifi c 
supercomplexes than  available now is needed 
to give a full understanding of subunit interac-
tions and electron transport at the molecular 
level. The structures of the dimeric ATP syn-
thase complex and the respirasome could be 
improved by either X-ray crystallography 
or single particle cryo-electron microscopy/
tomography. 

 Another aspect is the association of the 
various complexes within the cristae mem-
brane. Despite the fact, that the oligomeric 
organization of ATP synthases has now been 
demonstrated, the association of the other 
OXPHOS complexes, within the cristae 
membrane is still unclear. Progress in this 
aspect is expected in the near future with the 
implementation of a new generation of direct 
electron detectors, replacing the currently 
used, but ineffi cient slow-scan CCD cameras. 
Finally, our understanding of supercomplex 
organization will also increase by studying 
the structural aspects of the many naturally 
occurring mutant strains with variations in 
the OXPHOS system.     
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      I. Introduction 

   A. Cellular Structure, Growth, 
and Ecology of Heliobacteria 

 Heliobacteria are a major group of anoxy-
genic phototrophic bacteria. Unique among 
all phototrophic bacteria, heliobacteria lack 
an outer membrane and have a gram-positive 
cell wall structure. Like species of  Clostridium  
and  Bacillus , heliobacteria are members of 
the bacterial phylum  Firmicutes  and cells of 

heliobacteria can differentiate into heat-resis-
tant endospores containing the signature fea-
tures of these structures, dipicolinic acid and 
sequestered Ca 2+  (Ormerod et al.  1990 ; 
Madigan  2001 ; Madigan et al.  2006 ; 
Overmann et al.  2006 ). Also contrary to other 
phototrophic bacteria, transmission electron 
micrographs of cells of heliobacteria show no 
specialized pigment-containing structures 
(e.g., chromatophores, membrane lamellae, 
or chlorosomes (see Chap.   5    ) (Kimble et al. 
 1995 ) (Fig.  13.1 ). Instead, photosynthetic 
pigments are localized within the cytoplas-
mic membrane and are incorporated into a 
comparatively simple type I or FeS-type 
homodimeric reaction center (RC) 
(Table  13.1 ). The pigments themselves are 
also unique to heliobacteria. The major pho-
tosynthetic pigment is bacteriochlorophyll 
(BChl)  g , but a small amount of 8 1 –OH–chlo-
rophyll (Chl)  a  is also present in the heliobac-
terial RC (discussed in Sect.  II  below; 
Table  13.1 ) (Fuller et al.  1985 ; Trost and 
Blankenship  1989 ; van de Meent et al.  1991 ; 
   Amesz  1995a ). Carotenoids in heliobacteria 
vary between species (discussed below). 
Neutrophilic heliobacteria (pH optimum 
near 7) contain C 30  carotenoid pigments 
that primarily consist of 4,4′-diaponeuro-
sporene, while alkaliphilic species (pH opti-
mum 8–9) contain OH-diaponeurosporene 
glucoside esters (Takaichi et al.  1997 ,  2003 ).

  Summary    

 Heliobacteria are a group of anoxygenic phototrophic bacteria that use a unique pigment, bac-
teriochlorophyll  g , for photosynthetic energy conversion within a type I homodimeric reaction 
center. Like their nonphotosynthetic relatives the clostridia, heliobacteria have a gram-positive 
cell structure and can form heat-resistant endospores. Heliobacteria are also unusual in that 
they are the only anaerobic anoxygenic phototrophs that lack a mechanism for autotrophic 
growth. Growth of heliobacteria is therefore dependent upon the presence of usable organic 
carbon sources and occurs either photoheterotrophically or chemotrophically (via pyruvate 
fermentation). While knowledge of heliobacterial photosynthesis and physiology has steadily 
increased since the relatively recent discovery of these phototrophs in the 1980s, high-resolution 
structural data pertaining to features of the heliobacterial photosynthetic apparatus are not yet 
available. This chapter summarizes our current understanding of energy conservation in helio-
bacteria as it relates to central carbon metabolism (in both light and dark conditions), electron 
transport, and light harvesting and photochemistry within the reaction center.  

 Abbreviations:     A 0     – Chlorophyll acting as an electron 
carrier within a reaction center;      A 1      – Quinone acting 
as an electron carrier within a reaction center;      ATP    –
Adenosine triphosphate;      BChl    –Bacteriochlorophyll;    
  Chl    – Chlorophyll;      CoA    – Coenzyme A;      ED pathway    –
Entner-Doudoroff pathway;      EMP pathway    – Embden-
Meyerhof-Parnas pathway;      FeS-type RC    –Reaction 
center where iron-sulfur clusters are the terminal elec-
tron carriers;      F X  F A,  F B     – Iron-sulfur electron carrier;    
  GSB    – Green sulfur bacteria;      KDH    – α-ketoglutarate 
dehydrogenase;      OTCA cycle    – Oxidative or forward tri-
carboxylic acid cycle;      P 800     – Primary electron donor in 
the heliobacterial RC;      PEPCK    – Phosphoenolpyruvate 
carboxykinase;      PFOR    – Pyruvate:ferredoxin oxidore-
ductase;      PSI    – Photosystem I;      Q-type RC    – Reaction 
center where quinones are the terminal electron accep-
tors;      RC    – Reaction center;      RTCA cycle    – Reductive 
or reverse tricarboxylic acid cycle;      TCA cycle    – 
Tricarboxylic acid cycle    
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    In stark contrast to all other anaerobic 
anoxygenic phototrophic bacteria, helio-
bacteria are obligate heterotrophs; a limited 
range of single carbon sources are used for 
growth. Pyruvate supports good growth of 
all known species, while lactate and acetate 
(plus CO 2 ) are used by most, but not all, 
heliobacteria. Carbon sources used by only 
a few species of heliobacteria include 
ribose, glucose, fructose, casein hydroly-
sate, malate, ethanol (+CO 2 ), butyrate 
(+CO 2 ), and propionate (+CO 2 ) (Asao and 

Madigan  2010 ). While most neutrophilic 
heliobacteria can also use yeast extract as a 
carbon source, alkaliphilic heliobacteria 
have not shown this property (Asao and 
Madigan  2010 ). 

 Heliobacteria occupy a unique ecological 
niche in that they are endospore-forming 
strict anaerobes that primarily inhabit soils 
(Table  13.1 ), and in this regard they can 
be considered “phototrophic clostridia” 
(Stevenson et al.  1997 ; Madigan et al.  2006 , 
 b ; Asao and Madigan  2010 ). The ability of 
many heliobacteria to grow chemotrophi-
cally (anoxic/dark) by the fermentation of 
pyruvate to acetate supports this description 
(Kimble et al.  1994 ; Pickett et al.  1994 ). 
Such a view is also consistent with recent 
evidence suggesting that the primary path-
way of carbon fl ow during growth of helio-
bacteria is through an incomplete oxidative 
tricarboxylic acid (OTCA) cycle (Tang et al. 
 2010a ). The major pathways of central carbon 
metabolism in heliobacteria are discussed in 
more detail in Sect.  III  below.  

   B. Taxonomy and Phylogeny 
of Heliobacteria 

 Heliobacteria are the only phototrophic 
bacteria to group within the  Firmicutes  
(Table  13.1 ). Cultured species of heliobacte-
ria can be placed into one of two groups 
based on their growth pH optima. The 
neutrophilic heliobacteria consist of seven 
species of the genera  Heliobacterium , 
 Heliobacillus , and  Heliophilum . The other 
group consists of alkaliphilic heliobacteria 
of the genus  Heliorestis  (Fig.  13.2 ). For a 
full summary of properties of described 
species of heliobacteria to date, see Asao and 
Madigan ( 2010 ).

   Although the pH relations of heliobacte-
ria are largely consistent with their 
phylogenetic grouping based on 16S 
rRNA gene sequences (Fig.  13.2 ), a newly 
characterized alkaliphilic heliobacterium, 
“ Candidatus  Heliomonas lunata,” is a novel 
exception since it is phylogenetically more 
closely related to neutrophilic heliobacteria 
than to alkaliphilic species of the genus 

     Fig. 13.1.    Transmission electron micrographs of helio-
bacteria.  Top :  Heliobacterium modesticaldum  ( neutro-
philic ).  Bottom :  Heliorestis convoluta  ( alkaliphilic ). 
Note the gram-positive cell wall structure and lack 
of intracytoplasmic photosynthetic membranes or 
chlorosomes.       
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  Fig. 13.2.    Phylogenetic tree of heliobacteria and other  Firmicutes  based on 1022 nucleotide positions of the 16S 
rRNA gene. Phototrophic species are shown in  green. Heliobacterium modesticaldum  ( boxed ) has emerged as a 
model organism for biochemical and genomic studies of heliobacteria. The tree was generated using the neighbor- 
joining method corrected for multiple substitutions by the F84 algorithm (transition/transversion ratio = 2.0, 
empirical base frequencies) using PHYLIP version 3.68 (Felsenstein  1989 ). Bootstrap analysis was conducted 
on 1,000 replications, and confi dence values of ≥50 % are indicated at the nodes. The tree was rooted using 
 Escherichia coli . All 16S rRNA gene sequences have been deposited in GenBank with the following accession 
numbers:  Heliobacillus mobilis  (U14560),  Heliobacterium chlorum  (M11212),  Heliobacterium modesticaldum  
(U14559),  Heliobacterium undosum  (AF249679),  Heliobacterim sulfi dophilum  (AF249678),  Heliobacterium 
gestii  (L36198),  Heliophilum fasciatum  (L36197),  Heliorestis baculata  (AF249680),  Heliorestis convoluta  
(DQ266255),  Heliorestis daurensis  (AF079102),  Desulfi tobacterium dehalogenans  (L28946),  Bacillus alcalo-
philus  (X76436),  Bacillus subtilis  (AJ276351),  Bacillus megaterium  (X60629),  Clostridium kluyveri  (M59092), 
 Clostridium tetani  (X74770),  Clostridium propionicum  (X77841), and  Escherichia coli  (J01859).       

 Heliorestis  (data not shown) (Asao et al. 
 2012 ). From an energy metabolism stand-
point, all alkaliphilic heliobacteria cultured 
thus far are strictly photoheterotrophic 
(Bryantseva et al.  1999 ,  2000 ; Asao et al. 
 2006 ). This is in contrast to neutrophilic 
heliobacteria, which are capable of growth 
via pyruvate fermentation in darkness 
(Kimble et al.  1994 ). 

 Complete genome sequences for repre-
sentative species of both neutrophilic and 
alkaliphilic heliobacteria ( Heliobacterium  

( Hbt .)  modesticaldum  and  Heliorestis  ( Hrs .) 
 convoluta , respectively; Fig.  13.1 ) have now 
been obtained.    Sattley et al. ( 2008 ) have pro-
vided a description of the former, while at 
the time of this writing, genomic character-
ization is still underway for  Hrs. convoluta . 
Because of their contrasting natural habi-
tats (hot spring soils versus shoreline soils of 
a temperate soda lake), important physio-
logical insights may come from compara-
tive analysis of the genomes of these two 
phototrophs.   
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    II. Photosynthesis and Energy 
Conservation 

   A. Photosynthetic Pigments 

 Photoheterotrophy supports the fastest 
growth rates in heliobacteria, and it is likely 
the dominant metabolism in these organ-
isms. Heliobacteria employ bacteriochloro-
phyll (BChl)  g , a pigment synthesized only 
by members of the  Heliobacteriaceae , to 

facilitate light-harvesting and primary 
photochemistry (Table  13.1 ). BChl  g  is of 
the bacteriochlorin-type chlorophylls (pos-
sessing single bonds between C-7/C-8 and 
C-17/C-18) and is substituted at the C-3 1  
(ring A) and C-8 1  (ring B) positions with 
vinyl and ethylidine groups, respectively 
(Fig.  13.3a , left) (Brockmann and Lipinski 
 1983 ). Furthermore, the tetrapyrrole ring is 
esterifi ed at the C-17 3  position with farnesol, 
a 15-carbon, acyclic alcohol also found in 

  Fig. 13.3.    Photosynthetic pigments in heliobacteria. ( a ) Structures of BChl  g  ( left ) and 8 1 –OH–Chl  a  ( right ). The 
subtle differences between the two structures are highlighted in  red . ( b ) Time-dependent, irreversible photoi-
somerization of BChl  g  to a spectroscopic equivalent of Chl  a  when cells are exposed to oxygen in the presence 
of light. The absorbance spectrum of native cells of  Heliobacterium modesticaldum  is shown in  black .       
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BChls  c ,  d , and  e  of green sulfur bacteria 
(GSB) (Michalski et al.  1987 ).

   Heliobacteria also possess a minor 
amount of 8 1 –OH–chlorophyll (Chl)  a  that 
is esterifi ed with farnesol and found specifi -
cally in the photosynthetic reaction center 
(RC). The structure and full stereochemis-
try of this pigment has been unambiguously 
determined from NMR spectroscopy (van 
de Meent et al.  1991 ; Mizoguchi et al.  2005 ) 
and are presented in Fig.  13.3a  (right). For a 
comprehensive review of the structure and 
function of all known Chls and BChls, see 
Scheer ( 2006 ). Heliobacteria are strict 
anaerobes (Table  13.1 ), and in the presence 
of O 2  and light, the C–8 1  ethylidene group 
of BChl  g  rapidly and irreversibly under-
goes intramolecular hydrogen transfer to 
form 8 1 –OH–Chl  a . A time-course of the 
photoisomerization of BChl  g  to 8 1 –OH–
Chl  a  in cells of  Hbt. modesticaldum  is 
shown in Fig.  13.3b . While this event jeop-
ardizes the viability of the cells, heliobacteria 
still require a small amount of 8 1 –OH–Chl  a  
in their photosynthetic RC, which contains 
approximately 17 BChl  g  molecules per 
molecule of 8 1 –OH–Chl  a  (van de Meent 
et al.  1991 ). The in vitro conversion of BChl 
 g  to 8 1 –OH–Chl  a  was demonstrated in the 
presence of a weak acid and under anoxic 
conditions (Kobayashi et al.  1998 ), and this 
fi nding may give insight into the bio-
synthetic pathway of the minor pigment 
(Mizoguchi et al.  2005 ). 

 The extreme O 2  sensitivity of BChl  g  
partly explains the limited structural, spec-
troscopic, and biochemical investigations 
into the photosynthetic machinery of helio-
bacteria. However, some advances in these 
areas have been made. The following sec-
tions highlight some of the key structural 
and spectroscopic properties of the photo-
synthetic machinery of heliobacteria that 
allow for effi cient energy conversion.  

   B. Light-Harvesting Antenna 

 Heliobacteria possess the simplest photosyn-
thetic machinery of all known phototrophs 
(Sattley et al.  2008 ). The processes of light 
harvesting and photochemistry take place 

within the same complex, which consists of 
a dimer of the PshA protein that forms the 
so-called core-complex and resides in the 
cytoplasmic membrane. Only about 22–40 
BChl  g  (per RC) compose the light- 
harvesting antenna (Trost and Blankenship 
 1989 ; Kobayashi et al.  1991a ; Heinnickel 
et al.  2006 ), and the in vivo absorption of 
these molecules gives rise to bands around 
790, 575, 410 and 368 nm (Fig.  13.3b ), with 
each band referring to a different π → π* 
transition (Amesz  1995b ). The utilization of 
a novel BChl gives the heliobacteria a light- 
absorption niche distinct from other photo-
trophs (Oelze  1985 ). For example, algae and 
green plants absorb light around 650–700 nm 
(see Chap.   19    ), and the purple bacteria can 
absorb light wavelengths of >800 nm. 
Cooling membranes or purifi ed heliobacte-
rial RCs to cryogenic temperatures reveals 
that the long wavelength band is split into 
three distinguishable BChl  g  features absorb-
ing around 778, 793, and 808 nm (Amesz 
 1995a ; Neerken and Amesz  2001 ); the pre-
cise wavelengths of these bands is species 
dependent. In other words, the ~22–40 BChl 
 g  that comprise the antenna are not all 
homogenous in their local environment. 
Indeed, linear dichroism and fl uorescence 
polarization measurements on membranes 
from  Hbt. chlorum  have shown that the pig-
ments comprising the 808 nm band are gen-
erally oriented in the plane of the membrane, 
while the shorter wavelength bands form 
large angles in the membrane plane (van 
Dorssen et al.  1985 ). 

 Measurements at room or cryogenic tem-
perature have demonstrated that excitation 
energy captured by the different pools of 
antenna BChl  g  is equilibrated among the 
other antenna pigments or transferred 
directly to the RC special pair. While two 
competing models have been proposed to 
describe the kinetics of energy transfer in 
heliobacteria (i.e., the transfer-limited and 
trap-limited models), the end result is that 
excitation energy is trapped in a time frame 
of ~5–30 ps by the RC special pair. For 
reviews of the contrasting kinetic models, 
see Lin et al. ( 1994 ), Neerken and Amesz 
( 2001 ), and references therein.  
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   C. Reaction Center Protein Composition 

 Heliobacteria possess a homodimeric RC 
(Table  13.1 ), and this fi nding was gleaned 
from initial molecular and biochemical stud-
ies. For example, the fi rst sequencing study 
of the gene encoding the  Heliobacillus  
( Hba .)  mobilis  RC polypeptide (gene  pshA ) 
gave no indication of any other RC gene 
(Liebl et al.  1993 ), and gel fi ltration experi-
ments suggested the RC core may be a dimer 
(van de Meent et al.  1990 ). Moreover, the 

predicted protein sequence contained a binding 
motif for one-half of a [4Fe–4S] cluster, 
implying a homodimer of PshA would be 
necessary to bind such a cofactor (Liebl et al. 
 1993 ; Trost et al.  1992 ). The PshA protein 
from  Hba. mobilis  shows low (<20 %) over-
all sequence identity to the photosystem I 
(PSI) core polypeptides PsaA and PsaB 
found in oxygenic phototrophs or the RC 
PscA protein from the green sulfur bacte-
rium  Chlorobium limicola  (Fig.  13.4 ). 
However, the highest degree of homology 

  Fig. 13.4.    Unrooted neighbor-joining tree of type-I RC proteins based on the conserved 111 amino acid residues 
at the C terminus.  Colors  highlight RC core polypeptide diversity:  Green , PshA of heliobacteria;  Blue , PscA of 
 green  sulfur bacteria and phototrophic acidobacteria;  Red , PsaA and PsaB of photosystem I from oxygenic pho-
totrophs. The multiple sequence alignment for the tree was performed using ClustalX 2.0.12 (Larkin et al.  2007 ), 
and the resulting alignment was manually edited using Sequence Alignment Editor v2.0a11. The tree was gener-
ated using the programs PROTDIST (Jones-Taylor-Thornton matrix) and NEIGHBOR implemented in PHYLIP 
version 3.68 (Felsenstein  1989 ). Bootstrap analysis was conducted on 1,000 replications. Bootstrap support of 
100 % (●) or >70 % (○) is indicated at a node.       
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was found in the 12-residue putative F X  bind-
ing region, with 75 % and 92 % sequence 
identity, respectively, for the above- 
mentioned RC polypeptides. In addition, the 
tertiary structure of PshA was predicted to 
have 11 transmembrane helices, a feature 
conserved among all type I RCs (Liebl et al. 
 1993 ; Oh-oka  2007 ). Despite low sequence 
identity, functional studies of the heliobacte-
rial RC have clearly demonstrated more sim-
ilarity to type I (FeS-type) RCs than to type 
II (Q-type) RCs. For a review of such studies 
see Amesz ( 1995a ,  b ), Neerken and Amesz 
( 2001 ), Heinnickel and Golbeck ( 2007 ), and 
Oh-oka ( 2007 ).

      D. Electron Transfer Pathways and 
Reaction Center Cofactors 

 Photosynthetic energy conversion occurs 
through an electron transport chain consist-
ing of several components encoded by genes 
present in the heliobacterial photosynthesis 
gene cluster (Xiong et al.  1998 ; Sattley et al. 
 2008 ). Electrons from NADH enter the chain 
through NADH:menaquinone oxidoreduc-
tase, where they are transferred via menaqui-
none to the cytochrome  bc  complex (see 
Chap.   8    ) (Fig.  13.5 ). Electrons donated to the 
Rieske [2Fe–2S] subunit (PetC) and cyto-
chrome  c  of the complex are then transferred 
to the membrane-anchored cytochrome  c  553  
(PetJ), which then serves as the electron 
donor to P 800 , the primary electron donor in 
the RC (Oh-Oka et al.  2002 ). An electro-
chemical gradient is established as electrons 
are transferred through the membrane- 
embedded cytochrome  bc  complex. This 
electrochemical gradient is used to generate 
phosphoanhydride bonds by the ATP syn-
thase (Sattley et al.  2008 ) (see Chap.   6    ).

   Electron transfer through the heliobacte-
rial RC appears similar to electron transport 
in PSI (Brettel  1997 ): P 800  → A 0  → A 1  → F X  
→ F A  → F B . However, the heliobacterial RC 
shows features more related to the green sulfur 
bacterial RC concerning the electron carrier A 1 . 
Because the heliobacterial RC is a homodimer, 
electron transfer may be bifurcated along the 
redox centers of each PshA monomer. 

 A special pair of BChls serves as the 
primary electron donor in the RC and con-
sists of two molecules of the C-13 1  epimer of 
BChl  g , BChl  g ’ (Kobayashi et al.  1991a ,  b ). 
This cofactor, called P 800  for the maximal 
wavelength of its reversible photobleaching 
(Fuller et al.  1985 ), has an especially reduc-
ing redox potential of 225–240 mV (Prince 
et al.  1985 ). Nuijs and coworkers fi rst used 
picosecond fl ash-induced absorption differ-
ence spectroscopy to study primary charge 
separation in membranes from  Hbt. chlorum . 
The authors concluded that, in addition to 
photooxidation of P 800 , a spectroscopic fea-
ture at 670 nm rapidly formed (Nuijs et al. 
 1985 ). Analogous to PSI, the cofactor 
responsible for this observation is termed A 0  
(Ohashi et al.  2010 ), and it has been identi-
fi ed as 8 1 –OH Chl  a  (van de Meent et al. 
 1991 ; Mizoguchi et al.  2005 ). There is one 
8 1 –OH Chl  a  per BChl  g ’; in other words, 
each PshA monomer likely binds one of each 
of these cofactors (Kobayashi et al.  1991a ; 
van de Meent et al.  1991 ). Using a trap- 
limited model and taking the number of 
antenna pigments into account, the rate of 
primary charge separation was calculated 
to be 1.2 ps (Lin et al.  1994 ). The kinetic 
signal ascribed to A 0  was also found to decay 
in 500–600 ps (Nuijs et al.  1985 ; Lin et al. 
 1994 ; Brettel et al.  1998 ), while a transient 
signature suggestive of F X  from PSI 
(Ke  1973 ) was determined to form in that 
same time frame (Kleinherenbrink et al. 
 1994 ; Lin et al.  1995 ). This cofactor was later 
discovered to be a [4Fe–4S] cluster by elec-
tron paramagnetic resonance (EPR) spec-
troscopy (Heinnickel et al.  2006 ; Miyamoto 
et al.  2006 ). 

 In PSI, a phylloquinone cofactor called A 1  
is situated between A 0  and F X  and functions 
as an electron transfer intermediate (Brettel 
 1997 ). Heliobacteria appear to use only 
menaquinone of various tail lengths for cel-
lular processes (Hiraishi  1989 ), and the RC 
from  Hba. mobilis  was purifi ed with 1.4 
menaquinone-9 per P 800  (Trost and 
Blankenship  1989 ). Additionally, a putative 
quinone binding site is predicted in the helio-
bacterial RC based on sequence  comparisons 
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  Fig. 13.5.    Electron transport and energy conservation in heliobacteria based on genes identifi ed in  Heliobacterium 
modesticaldum . Question marks indicate features of electron transfer that have not been confi rmed experimen-
tally (Adapted from Sattley et al.  2008 ).       

to PsaA/PsaB from PSI (Miyamoto et al. 
 2006 ; Oh-oka  2007 ), and the photoaccumu-
lation of semiquinone in RC preparations has 
also been reported (Trost et al.  1992 ; 
Miyamoto et al.  2008 ). However, despite the 
presence of menaquinone in the heliobacterial 
RC, evidence for its participation in forward 
electron transfer remains controversial. For 
example, transient spectroscopic signatures 
characteristic of semi-reduced quinone have 
not been observed on the pico-, nano-, or 
microsecond time scales (Lin et al.  1994 ; 
Brettel et al.  1998 ). Moreover, ether extrac-
tion of all non-covalently bound quinones 
from membranes of  Hbt. chlorum  did not 
alter forward or reverse electron transfer 
kinetics (Kleinherenbrink et al.  1993 ). It is 
notable that an A 1  cofactor is also apparently 
not required for electron transfer in the RC of 
GSB (Hauska et al.  2001 ). 

 Electrons are transferred out of the RC 
and into the soluble phase by PshB, a 
dicluster [4Fe–4S] ferredoxin that houses 
F A  and F B  and is analogous to PsaC of PSI 
(Nitschke et al.  1990 ; Heinnickel et al.  2007 ). 
Romberger and coworkers ( 2010 ) have 
shown that two PshB orthologs (PshBI and 
PshBII) are present in  Hb. modesticaldum . 
Both of these terminal electron acceptors 
were found to be loosely bound to the helio-
bacterial RC, whereas PsaC is bound tightly 
to PSI (Romberger and Golbeck  2010 ). 

 What is the fate of low potential electrons 
from the RC? Cyclic electron transfer has 
been reported in  Hba. mobilis  (Kramer et al. 
 1997 ), where electrons from the RC were 
proposed to reduce a cytoplasmic ferredoxin 
that is used by NADH:menaquinone oxido-
reductase to reduce menaquinone. In addi-
tion, since all heliobacteria tested show 
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strong nitrogen-fi xing capabilities (Asao and 
Madigan  2010 ) nitrogenase has also been 
proposed as a potentially important electron 
sink (Collins et al.  2010 ).   

    III. Central Carbon Metabolism 

   A. Anaplerotic CO 2  Assimilation 

 While the central carbon metabolism of 
heliobacteria is not yet fully understood, sev-
eral studies have provided signifi cant insight 
in this area. As obligate photoheterotrophs, 
heliobacteria require an organic carbon 
source for growth (Table  13.1 ). Genomic 
analysis revealed that while no complete 
autotrophic CO 2  fi xation pathway is encoded 
in the  Hbt. modesticaldum  genome, most of 
the genes encoding enzymes of the reductive 
(reverse) tricarboxylic acid (RTCA) cycle 
are present (Sattley et al.  2008 ). Importantly, 
the genes  aclAB , which encode ATP citrate 
lyase (ACL), a key enzyme in the RTCA 
cycle that splits citrate into acetyl-CoA and 
oxaloacetate (OAA), were not found in the 
 Hbt. modesticaldum  genome. The RTCA 
cycle is used by GSB and some autotrophic 
chemolithotrophs to assimilate CO 2  and pro-
duce acetyl-CoA for growth and metabolism 
(Evans et al.  1966a ,  b ; Feng et al.  2010 ; 
Hügler and Sievert  2011 ; Sirevåg  1995 ; 
Sirevåg and Ormerod  1970 ; Tang and 
Blankenship  2010 ). The missing  aclAB  
genes, along with the absence of genes for 
other autotrophic pathways in the  Hbt. mod-
esticaldum  genome, likely explain the obli-
gately heterotrophic nature of heliobacteria; 
acetyl-CoA cannot be generated from CO 2  in 
an incomplete RTCA cycle. This genomic 
data is consistent with biochemical studies 
that showed no ACL activity in heliobacteria 
(Pickett et al.  1994 ; Tang et al.  2010b ). 

 Considering these results, it seems 
unlikely that major carbon fl ow occurs 
through the (incomplete) RTCA cycle in 
heliobacteria. Further support of this is pro-
vided by comparisons with GSB, which 
require CO 2  for growth on pyruvate (Tang and 
Blankenship  2010 ). If carbon transformations 

carried out by enzymes of the RTCA cycle 
represented the major pathway of carbon 
fl ow in heliobacteria, one would expect their 
growth on pyruvate to be enhanced with the 
addition of CO 2 . However, adding sodium 
bicarbonate to growth media does not 
enhance pyruvate-supported phototrophic 
growth of  Hbt. modesticaldum  (Tang et al. 
 2010b ). Furthermore, recent studies using 
 13 C-labeled proteins and bacteriochloro-
phylls indicate that glutamate is mainly syn-
thesized through a partial oxidative TCA 
(OTCA) cycle (from citrate to α-ketoglutarate) 
in heliobacteria (Tang et al.  2010a ,  b ). 
Similar conclusions were obtained from  13 C-
NMR studies of different strains of heliobac-
teria (Pickett et al.  1994 ). 

 Recent studies suggest that anaplerotic 
(nonautotrophic) CO 2 -assimilation in  Hbt. 
modesticaldum  is catalyzed by phosphoenol-
pyruvate carboxykinase (PEPCK), and this 
generates ATP via substrate-level phosphor-
ylation during both phototrophic and che-
motrophic growth (Fig.  13.6 ) (Tang et al. 
 2010a ,  b ). Moreover, pyruvate:ferredoxin 
oxidoreductase (PFOR) was shown to assim-
ilate CO 2  in  Hbt. modesticaldum  using 
reduced ferredoxin during phototrophic 
growth (Fig.  13.6 ). By comparison, while 
GSB also assimilate CO 2  through an active 
anaplerotic pathway, they carry out autotro-
phic CO 2  assimilation during phototrophic 
growth using the RTCA cycle (Evans et al. 
 1966a ,  b ; Feng et al.  2010 ; Tang and 
Blankenship  2010 ).

   Central carbon fl ow in heliobacteria has 
been shown to occur largely through the 
OTCA cycle (Tang et al.  2010a ). Interestingly, 
heliobacteria use ( Re )-citrate synthase rather 
than the common ( Si )-citrate synthase to 
synthesize citrate (Fig.  13.7 ) (Tang et al. 
 2010a ). Several species of clostridia, non-
phototrophic relatives of heliobacteria, and 
other nonphototrophic anaerobes are also 
known to use ( Re )-citrate synthase rather 
than ( Si )-citrate synthase to catalyze the 
aldol condensation of acetyl-CoA and OAA 
(Fig.  13.7 ) (Jahn et al.  2007 ; Li et al.  2007 ; 
Pingitore et al.  2007 ; Tang et al.  2009 ). Thus, 
the central carbon metabolism of heliobacteria 
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is more closely related to clostridia than to 
GSB (Tang et al.  2010a ), an observation that 
is in accordance with phylogenetic associa-
tions between these groups of bacteria 
(Woese et al.  1985 ). Furthermore, the obser-
vation of Tang et al. ( 2010a ) that  Hbt. modes-
ticaldum  has a partial OTCA cycle that 
progresses from citrate to α-ketoglutarate, a 
precursor of glutamate, is consistent with the 
fact that genes encoding α-ketoglutarate 
dehydrogenase (KDH) were not identifi ed in 
the  Hbt. modesticaldum  genome (Sattley 
et al.  2008 ; Sattley and Blankenship  2010 ), 
and no activity of KDH was detected in cell 
extracts of heliobacteria (Pickett et al.  1994 ; 
Tang et al.  2010b ). It is of particular interest 
to note that the major central carbon fl ow is 
switched from the RTCA cycle in GSB to the 
partial OTCA cycle in heliobacteria, with a 
novel citrate synthase (i.e., ( Re )-citrate syn-
thase) in heliobacteria substituting for ATP 
citrate lyase in GSB. Considering that ( Re )-
citrate synthase has also been identifi ed in 
several species of  Clostridium  but not in 

  Fig. 13.6.    Pyruvate and carbohydrate metabolism of  Heliobacterium modesticaldum  showing active pathways 
during phototrophic ( blue ) versus chemotrophic ( green ) growth (Adapted from Tang et al.  2010b ).       

  Fig. 13.7.    Central carbon metabolism and CO 2  assimi-
lation in heliobacteria.  Heliobacterium modestical-
dum  uses a CO 2 -anaplerotic pathway to assimilate 
inorganic carbon during phototrophic growth and has 
greater carbon fl ow through the partial oxidative TCA 
(OTCA) cycle than the reductive TCA (RTCA) cycle. 
( Re )-citrate synthase is used to synthesize citrate in the 
partial OTCA cycle (Adapted from Tang et al.  2010a ).       
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GSB and other phototrophic bacteria, the 
central carbon metabolism of heliobacteria 
nicely coincides with the ecological, physio-
logical, and phylogenetic features of other 
anaerobic, heterotrophic  Firmicutes .

      B. Pyruvate Metabolism 

 To develop a comprehensive understanding 
of heliobacterial physiology, it is essential to 
know how heliobacteria conserve energy via 
(central) carbon metabolism during chemot-
rophic growth. As already mentioned, pyru-
vate is the best carbon source for phototrophic 
growth of heliobacteria, but it is also the only 
carbon source to sustain chemotrophic growth 
of heliobacteria (Kimble et al.  1994 ,  1995 ). 
Thus, pyruvate metabolism is an especially 
important pathway in heliobacteria. In  Hbt. 
modesticaldum , pyruvate is oxidized to 
acetyl- CoA by PFOR, as pyruvate dehydro-
genase is absent (Sattley et al.  2008 ). The 
reaction catalyzed by PFOR is reversible 
during phototrophic growth and irreversible 
(i.e., CO 2  cannot be assimilated) during che-
motrophic growth of  Hbt. modesticaldum  
(Fig.  13.6 ) (Tang et al.  2010b ). Furthermore, 
during chemotrophic growth of heliobacte-
ria, pyruvate fermentation produces 
 acetyl- CoA for lipid biosynthesis (Pickett 
et al.  1994 ; Tang et al.  2010b ) and citrate for 
the OTCA cycle (Tang et al.  2010a ). 
Hydrolysis of acetyl-CoA to acetate yields 
ATP for fermentative growth. Compared 
with phototrophic growth, many energy- and 
reducing equivalent-demanding processes, 
such as nitrogen assimilation and hydrogen 
production, are either inactive or down-
regulated during chemotrophic growth of 
 Hbt. modesticaldum  (Tang et al.  2010b ).  

   C. Carbohydrate Metabolism 

 The utilization of sugars as carbon sources is 
rare among cultured heliobacteria. However, 
D-fructose and D-glucose can support photo-
trophic growth of  Heliobacterium gestii , a 
species isolated from tropical paddy soil 
(Madigan et al.  2006 , Overmann et al.  2006 ). 
 Hbt. modesticaldum  is phylogenetically more 

closely related to  Hbt. gestii  than to other cul-
tured heliobacteria (Asao and Madigan  2010 ; 
Bryantseva et al.  1999 ). All of the genes 
required for the Embden-Meyerhof-Parnas 
(EMP) pathway (glycolysis) but not other car-
bohydrate catabolic pathways (e.g., the Entner-
Doudoroff (ED) pathway and the oxidative 
pentose phosphate pathway) have been anno-
tated in the  Hbt. modesticaldum  genome 
(Sattley and Blankenship  2010 ). Consistent 
with genomic annotation and phylogenetic 
analyses, recent physiological studies and sta-
ble isotope labeling followed by mass spec-
troscopy analyses have demonstrated that 
D-glucose, D-fructose and D-ribose can sup-
port slow phototrophic growth of  Hbt. modes-
ticaldum  when a trace amount of yeast extract 
(0.02 % fi nal) is supplied (Tang et al.  2010b ). 
The study shows that when sugars are supplied 
as carbon sources,  Hbt. modesticaldum  uses 
the EMP pathway for carbohydrate catabolism 
and hydrogen (H 2 ) production (Fig.  13.6 ).   

   IV. Final Comments 

 The heliobacteria are a unique and intriguing 
group of phototrophic bacteria for several rea-
sons: (1) Although they stain gram- negatively, 
cells of heliobacteria have a gram-positive 
cell wall structure and are able to differentiate 
into resilient endospores; (2) as primarily soil 
organisms, heliobacteria occupy an ecological 
niche that is vastly different from the aquatic 
habitat occupied by other anoxygenic photo-
trophs (Asao and Madigan  2010 ); (3) the phy-
logenetic positioning of heliobacteria within the 
 Firmicutes  isolates them from other anoxygenic 
phototrophs but places them closer to the 
cyanobacteria (see Chap.   14    ) (based on full-
length 16S rRNA gene sequences; Rappé and 
Giovannoni  2003 ), which raises interesting 
questions concerning the origin of oxygenic 
photosynthesis; (4) heliobacteria carry out 
photosynthesis by synthesizing and incorpo-
rating unique pigments into a reaction center 
that has perhaps the minimum complexity 
required for a functional photosynthetic appa-
ratus; (5) and fi nally, although they are photo-
trophic, heliobacteria are obligate heterotrophs 
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with no apparent capacity for autotrophic CO 2  
fi xation. Recent and continued genomic analyses 
are helping to broaden our understanding of 
the genetic capacity of heliobacteria, but 
additional biochemical characterizations, 
including high-resolution structural studies of 
the heliobacterial RC, are necessary if we are 
to gain a thorough understanding of photo-
synthesis and energy conservation in these 
anoxygenic phototrophs.     
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      Summary  

  With an impressive and unparalleled evolutionary history spanning over two billion years, 
cyanobacteria have evolved to thrive in a diverse range of habitats and numerically dominate 
vast regions, such as the open oceans. Impacts of this microbial lineage on our planet have 
been far-reaching: ancestors of extant cyanobacteria had a pivotal role not only in the estab-
lishment of oxygen as a major component of the atmosphere, but in the rise of embryophytic 
algae and land plants. The evolution of innovative cellular structure and function in response 
to abiotic and biotic selection pressures has resulted in a striking diversity in cyanobacteria. 
Given the fact that the relationship between form and function is complex, and that cellular 
structures are often multifunctional and dynamic, this review uses a comparative approach 
in understanding how biological functions or strategies impact cellular architecture. Notably, 
differences existing in cellular architecture among genera, and even between strains of the 
same genus, often refl ect evolutionary innovations that have permitted a group to fl ourish in a 
particular environment. This review also addresses how a conserved cellular feature, namely 
the compartmentalization of key functions, has promoted metabolic fl exibility and survival. 

    Chapter 14   

 The Architecture of Cyanobacteria, Archetypes 
of Microbial Innovation 
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      I. Introduction 

 The cyanobacterial lineage comprises a 
relatively ubiquitous and heterogeneous 
group of photosynthetic prokaryotes, which 
utilize chlorophyll pigments in photosyn-
thetic reactions that typically evolve oxygen. 
This lineage has had a profound impact on 
the biosphere, and its members have been 
deemed “life’s microbial heroes” and “argu-
ably the most important organisms ever to 
appear on Earth” (Knoll  2003a ). Although 
cyanobacteria exhibit breathtaking diversity, 
they share several structural features and 
major physiological strategies. Notably, the 
majority of cyanobacteria evolved to utilize 
water as an electron source in photosynthetic 
reactions that involve two photosystems and 
result in the evolution of oxygen. This far- 
reaching innovation in the photosynthetic 
reaction by an ancestor of extant cyanobacte-
ria, set the stage for the ecological success of 
this lineage and for major changes in the 
Earth’s biosphere. However, this innovation 
was not without its provisions, which 
included optimizing the effi cient functioning 
of two photosystems and the regulation of 
energy distribution, as well as reducing the 
impact of oxygen on specifi c enzymes and 
processes. 

   A. Evolutionary History and Impact 

 Efforts to pinpoint the earliest appearance of 
cyanobacteria have been controversial. 
Reports based on characterization of fossils 
from the Apex Basalt of northwestern 
Western Australia suggest that cyanobacteria 
may already have been present during the 
Archean Era about 3.5 billion years (Gyr) 
ago (Schopf  1993 ,  2000 ; Olson  2006 ), and 
hydrocarbon-based analyses of shales from 
the Pilbara Cratan, Australia suggest the 
existence of oxygenic cyanobacteria 2.7 Gyr 
ago (Summons et al.  1999 ; Brocks et al. 
 1999 ,  2003 ). However, recent micrometre- 
scale  13 C/ 12 C-based analyses of organic-rich 
shale also from Pilbara Cratan, Australia 
refute these latter fi ndings (Rasmussen et al. 
 2008 ). These researchers instead suggest that 
the most robust morphological evidence from 
the fossil record suggests cyanobacteria 
were present 2.15 Gyr ago during the early 
Proterozoic eon (Precambrian) (Hofmann 
 1976 ). This supports models linking the 
evolution of cyanobacteria with increases in 
atmospheric oxygen levels approximately 
2.45–2.32 Gyr ago (Knoll  2003b ; Bekker 
et al.  2004 ; Holland  2006 ; Rasmussen 
et al.  2008 ). 

 The evolution of oxygenic photosynthesis 
and subsequent establishment of oxygen as a 
major component of the atmosphere were 
unprecedented events that laid a foundation 
for the extant biosphere. Moreover, the 
opportune engulfment of a cyanobacterium by 
a eukaryotic cell that was the common ances-
tor of Glaucophytes, Rhodophytes and 
Viridiplantae set the stage for the rise of 
embryophytic algae and land plants (Gray 
 1992 ; Moreira et al.  2000 ; Bhattacharya and 
Medlin  1995 ; Bhattacharya et al.  2004 ,  2007 ; 
Delwiche  1999 ; McFadden  2001 ; Bhattacharya 

 Abbreviations:     ATP –    Adenosine triphosphate;      Chl –  
  Chlorophyll      CP43 –    Chl-binding protein (apparent 
molecular mass 43 kDa) associated with PSII;      CP47 –  
  Chl-binding protein (apparent molecular mass 47 kDa) 
associated with PSII;      LHCII –    Mobile light-harvesting 
Chl  a/b -binding antenna complex;      Mbp –    Million base 
pairs;      Pcb –    Prochlorophyte Chl  a/b -binding antenna 
protein;      PQ –    Plastoquinone;      PS I –    Photosystem I;    
  PS II –    Photosystem II;      TEM –    Transmission electron 
microscopy    

This compartmentalization involves structures such as the internal membranes, heterocysts 
and carboxysomes, and has permitted the functioning and integration of diverse, and at 
times, incompatible, processes in a single cell. With heightened interest in utilizing photo-
synthetic organisms to address global challenges in food and energy resources, research on 
this remarkable lineage will undoubtedly continue to inform, as well as inspire.  
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et al. 2007; Reyes- Prieto and Bhattacharya 
 2007 ). The rise of land plants, which includes 
over 250,000 species of angiosperms, in turn 
had a major impact on the evolution of many 
other organisms, including insects. 

 Cyanobacteria have evolved exquisite 
complexity, as well as fl exibility, in their 
cellular architecture. This complicated the 
use of morphological characteristics as the 
basis of taxonomic systems developed in 
the nineteenth century. During this time, the 
naming and classifi cation of cyanobacteria 
fell under the purview of the International 
Code of Botanical Nomenclature and mem-
bers of the cyanobacterial lineage were 
commonly referred to as “blue-green algae.” 
In his treatise published in  1935  on  The 
Structure and Reproduction of Algae , Fritsch 
included cyanobacteria among the 11 classes 
of Algae, specifi cally in the Myxophyceae 
(Cyanophyceae). However, with the sub-
sequent recognition of cyanobacteria as pro-
karyotes (Stanier and van Niel  1962 ; 
Buchanan and Gibbons  1974 ), Stanier and 
colleagues submitted a proposal to include 
cyanobacteria under the International Code 
of Nomenclature of Bacteria (Stanier et al. 
 1978 ). They pointed out that methods used 
for establishing taxonomic classifi cations 
with the Bacterial Code, which relies upon 
pure cultures of type strains, would be more 
effective than the Botanical Code that pri-
marily utilizes nonliving botanical materials 
(Stanier et al.  1978 ). In the following year, 
Rippka et al. ( 1979 ) published a comprehen-
sive study stemming from their comparative 
analysis of 178 cyanobacterial strains that 
proposed dividing cyanobacteria into fi ve 
sub-groups based on distinct structural and 
developmental characteristics. 

 Subsequent molecular phylogenies using 
16S rRNA gene sequences have classifi ed 
cyanobacteria unambiguously among the 
eubacteria (Woese  1987 ). Within the cyano-
bacteria, 16S rRNA and  nifH  gene sequence- 
based phylogenetic trees suggest that those 
cyanobacteria capable of cell differentiation 
and forming heterocysts group in a clade of 
more recently differentiated lineages and 
form a monophyletic lineage (Giovannoni 

et al.  1988 ; Wilmotte  1994 ; Turner  1997 ; 
Zehr et al.  1997 ; Fewer et al.  2002 ; Livaitis 
 2002 ; Gugger and Hoffmann  2004 ). Tree 
topologies also support multiple evolu-
tionary origins of unicellular and fi lamen-
tous (non-heterocystous) forms (Giovannoni 
et al.  1988 ; Wilmotte  1994 ). Within this con-
text it is important to mention that cyanobac-
terial cell morphology can be plastic and that 
transformations between unicellular and fi la-
mentous forms have been documented even 
within a particular strain (Ingram and van 
Baalen  1970 ; Wilmotte and Golubic  1991 ). 
16S rRNA gene sequence analyses have been 
particularly effective in clarifying the phylo-
genetic positions of the “prochlorophytes” 
and have demonstrated that they form dis-
tinct lineages within the cyanobacteria 
(Turner et al.  1989 ; Urbach et al.  1992 ). 
Notably, the three genera ( Prochlorococcus , 
 Prochlorothrix hollandica ,  Prochloron ) that 
were originally grouped as prochlorophytes, 
have been shown to cluster in separate 
branches within the cyanobacterial lineage, 
with  Prochloron  demonstrating closer phylo-
genetic ties with  Synechocystis  PCC6803 
than with either  Prochlorothrix hollandica  
or  Prochlorococcus  (Palenik and Haselkorn 
 1992 ; Urbach et al.  1992 ; Wilmotte  1994 ).  

   B. Comparative Genomics 

 The depth and breadth of our understanding 
of the relationships among members of the 
cyanobacterial lineage and between cyano-
bacteria and other organisms have increased 
due in large part to comparative genomics 
and related approaches. At present, over 70 
cyanobacterial genome sequences are 
available and over 60 additional cyanobac-
terial sequencing projects are in progress 
(  http://www.ncbi.nlm.nih.gov/genome/     as of 
February 2014). Genome sizes differ signifi -
cantly within the cyanobacterial lineage 
(Table  14.1 ), with the most minimal genomes 
being about fi ve times smaller than the 
largest (approximately 1.64 Mbp for the cul-
tured  Prochlorococcus  MIT9301 strain and 
1.4 Mbp for an uncultured cyanobacterium 
to about 8.23 Mbp for  Nostoc punctiforme  

14 Cyanobacterial Architecture
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PCC 73102). With the availability of 12 com-
plete  Prochlorococcus  genomes (Table  14.1 ), 
this cyanobacterium has presented one of the 
most powerful model systems for comparative 

genomic analyses. Although members of 
the  Prochlorococcus  lineage exhibit less 
than 3 % difference in their 16S rDNA 
sequences, extensive genetic diversity has 

       Table 14.1.    Genome properties of cyanobacteria from diverse habitats.   

 Environment (originally isolated)  Genus  Strain 
 Chromosome 
size (bp)  Genes  %G+C 

  Marine (open ocean, coastal, 
intertidal zone)  

  Prochlorococcus   MIT9301  1,641,879  1,962  31.3 
 MED4  1,657,990  1,762  30.8 
 MIT9515  1,704,176  1,964  30.8 
 AS9601  1,669,886  1,965  31.3 
 MIT9215  1,738,790  2,054  31.1 
 MIT9312  1,709,204  1,856  31.2 
 MIT9211  1,688,963  1,900  38.0 
 NATL1A  1,864,731  2,250  35.0 
 NATL2A  1,842,899  2,228  35.1 
 SS120  1,751,080  1,930  36.4 
 MIT9313  2,410,873  2,330  50.7 
 MIT9303  2,682,675  3,136  50.0 

  Synechococcus   WH8102  2,434,428  2,581  59.4 
 WH5701  3,043,834  3,401  65.4 
 CC9605  2,510,659  2,756  59.2 

  Cyanobium   PCC7001  2,832,697  2,817  68.7 
  Trichodesmium   IMS101  7,750,108  5,126  34.1 
  Crocosphaera   WH8501  6,238,156  5,996  37.1 
  Lyngbya   PCC8106  7,037,511  6,185  41.1 
  Nodularia   CCY9414  5,316,258  4,904  41.3 
  Acaryochloris   MBIC11017  6,503,724  6,396  47.3 
 Uncultured  UCYN-A  1,443,806  1,241  31.1 

  Freshwater    Cylindrospermopsis   CS-505  3,879,030  3,501  40.2 
  Microcystis   NIES-843  5,842,795  6,364  42.3 
  Nostoc (Anabaena)   PCC7120  6,413,771  5,430  41.3 
  Raphidiopsis   D9  3,186,511  3,057  40.1 
  Synechococcus   PCC7942  2,695,903  2,665  55.5 

 PCC6301  2,696,255  2,582  55.5 
  Synechocystis   PCC6803  3,573,470  3,229  47.7 

  Other habitats:  
   Salt marsh (Woods Hole)    Microcoleus   PCC7420  8,651,623  8,347  45.4 
   Calcareous rock    Gloeobacter   PCC7421  4,659,019  4,482  62 
   Rice fi eld (Senegal)    Cyanothece   PCC7425  5,374,574  5,113  50.8 
   Rice fi eld (India)    Cyanothece   PCC7822  6,091,620  5,664  40.2 
   Hot spring (mat)    Synechococcus   JA-3-3Ab  2,932,766  2,897  60.2 
   Hot spring (Japan)    Thermosynechococcus   BP-1  2,593,857  2,525  53.9 
   Alkaline salt lake    Arthrospira platensis   NIES-39  6,788,435  6,676  44.3 
   Symbiont plants, fungi    Anabaena variabilis   ATCC 29413  6,365,727  5,134  41.4 
   Azolla endosymbiont    Nostoc azollae   0708  5,354,700  5,252  38.4 
   Gymnosperm cycad 

symbiont (freshwater)  
  Nostoc punctiforme   PCC73102  8,234,322  6,497  41.4 
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evolved within this lineage (Rocap et al. 
 2003 ). This genetic diversity is refl ected 
even in genes encoding proteins involved in 
critical cellular functions, such as photo-
synthesis (Ting et al.  2009 ). For example, 
although  Prochlorococcus  strains MIT9313 
(2.41 Mbp) and MIT9303 (2.68 Mbp) share 
99.21 % sequence identity in their 16S rRNA 
genes, the chromosomal organization of 
their genes is not well conserved and about 
10 % of the MIT9303 genome (about 298 
genes) consists of genes that are not shared 
with MIT9313 (Ting et al.  2009 ).

      C. Diversity and Innovation 

 Extant members of the cyanobacterial lin-
eage thrive in a range of habitats, including 
extreme environments, such as hot springs, 
oligotrophic waters of the Sargasso Sea, and 
hot and cold deserts (Table  14.1 ). In certain 
habitats, they serve as the major primary 
producers and carbon sinks, and contributors 
to biogeochemical cycles. Moreover, mem-
bers of this lineage occur as symbionts in 
many eukaryotes, including diatoms, dino-
fl agellates, lichens, Gunnera (angiosperm), 
and cycads (gymnosperm). The diversity 
within the cyanobacterial lineage provides us 
with snapshots of strategies that have evolved 
or are in the process of evolving in response 
to biotic and abiotic conditions and chal-
lenges. The selective pressures in each habi-
tat have driven and shaped the evolution of 
the genome, physiology and cellular archi-
tecture, and have given rise to the innovation 
that characterizes this lineage. 

 Although considerable morphological 
diversity has evolved within the cyanobacte-
rial lineage, a conserved property involves 
the cellular compartmentalization of specifi c 
functions, including photosynthesis (intra-
cytoplasmic lamellae), respiration (plasma 
membrane, intracytoplasmic lamellae), 
carbon fi xation (carboxysomes), and nitro-
gen fi xation (heterocysts). The structures 
involved in these major functions will be 
discussed in the next sections. These struc-
tures directly affect the spatial organization 
and partitioning of the proteome. Although 

cyanobacteria do not possess organelles such 
as mitochondria and vacuoles, the compart-
mentalization of cellular functions results in 
a complexity that directly impacts physiology 
and energy conversion, and thus, effi ciency 
and survival. 

 With the goal of effectively encompassing 
the diversity that has evolved within the 
lineage, this review will use a comparative 
approach in presenting key elements of cya-
nobacterial cell organization and structure. 
In light of the complex interplay between 
form and function, this will be done in the 
context of understanding how biological 
functions or strategies impact cellular struc-
tures, which are dynamic and often serve 
multiple roles. In particular, this review will 
address the way in which existing differences 
in cellular architecture among genera, and 
even between strains of the same genus, illu-
minate evolutionary innovations that have 
permitted cells to thrive in diverse environ-
ments. Recent advances in this area in con-
junction with those in fi elds including 
genomics, proteomics, physiology, and ecol-
ogy have enabled us to achieve a more 
integrative understanding of the biology of 
cyanobacteria.   

   II. Functional Significance of Cell 
Size and Shape 

 Cell sizes are variable within the cyano-
bacterial lineage, and can be even within a 
genus. While the smallest cyanobacteria 
include single cells of  Prochlorococcus  with 
diameters of about 0.7 um (Chisholm et al. 
 1988 ; Lichtle et al.  1995 ; Ting et al.  2007 ), 
some of the largest include fi laments of 
 Oscillatoria princeps , with individual cell 
widths of about 55 um (Hoiczyk and 
Baumeister  1995 ). Cyanobacteria can occur 
as single cells, fi laments, and/or colonies, 
and morphological variation is present in 
each of these categories (Fig.  14.1 ). While 
single cells can be spherical, oval, or barrel- 
shaped, fi laments can be open helices or can 
associate to form fusiform tuft aggregates 
or “puff ” aggregates. Colonies have been 
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characterized as spherical (“pearls”), hemi-
spherical, mats, and oncoids. Furthermore, 
while some cyanobacterial strains exhibit 
true branching (three different neighboring 
cells are in contact with the branch point 
cells (Golubic et al.  1996 ; Gugger and 
Hoffman  2004 )), others have “false” branch-
ing. In some genera, cells are capable of dif-
ferentiating into heterocysts (cells specialized 
to conduct nitrogen fi xation), akinetes (rest-
ing cells that can typically withstand extreme 
environmental conditions), or hormogonia 
(motile cell fi laments). Traits, such as cell 
morphology, could ultimately be selective or 
secondary, or in some cases even superfl u-
ous, and distinguishing among these possi-
bilities is not necessarily straightforward 
(Young  2006 ). In their work examining how 

bacterial morphology might correlate with 
phylogeny, Siefert and Fox ( 1998 ) con-
cluded that for the cyanobacteria, there were 
no clear patterns, except among fi lamen-
tous heterocystous forms, which Giovannoni 
et al. ( 1988 ) had shown to form a distinct 
cluster (Siefert and Fox  1998 ).

   Alterations in cell size (volume, biomass) 
and/or shape can impact many cellular 
functions, including resource acquisition 
and light absorption effi ciency. For example, 
smaller cells possess a relatively larger 
 surface area per unit volume, as well as a 
reduced diffusion boundary layer thickness. 
These characteristics are likely to facilitate 
the exchange of solutes (Fogg  1986 ; Raven 
 1986 ,  1998 ) and could therefore provide a 
selective advantage in environments where 

     Fig. 14.1.    Striking morphological diversity exists within the cyanobacterial lineage. ( a )  Merismopedia , scale bar, 
8 um. ( b )  Spirulina , scale bar, 9 um. ( c )  Anabaena , scale bar, 10.5 um., A specialized cell for nitrogen fi xation 
(a heterocyst,  black arrow ) is visible within the fi lament of vegetative cells. ( d )  Prochlorococcus  (strain MIT9313), 
scale bar, 4 um. (Light micrographs by Christie Black and Claire Ting, Williams College).       
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nutrients are at low concentrations (oligotro-
phic regions). Indeed, large sections of the 
open oceans are oligotrophic, and these areas 
have been found to be dominated by the rela-
tively small cyanobacteria,  Prochlorococcus  
(Figs.  14.1d  and  14.2e–l ) and  Synechococcus  
(Chisholm  1992 ) (Fig.  14.2a–d ). Moreover, 
with volume being constant, rod-shaped 
cells have a greater surface area per unit 
volume compared to spherical cells and this 
ratio does not change greatly when the length 

of rod-shaped cells is increased and width is 
held constant (Young  2006 ). This fact and 
the observation that many bacteria form 
fi laments under changing nutrient condi-
tions led Young ( 2006 ) to suggest that fi la-
ment formation could be advantageous with 
respect to nutrient acquisition.

   Furthermore, cell size and shape can 
affect the effi ciency with which light energy 
is absorbed, and this has been described as 
the “package effect” (Kirk  1975 ,  1976 ,  1994 ; 

  Fig. 14.2.    The architecture of marine  Synechococcus  WH8102 ( a–d ),  Prochlorococcus  strain MIT9313 ( e–h ), 
and  Prochlorococcus  strain MED4 ( i–l ) visualized by scanning electron microscopy ( a ,  e ,  i ), transmission 
electron microscopy ( b ,  f ,  j ) and cryo-electron microscopy ( c ,  g ,  k ). Cells were preserved by chemical fi xa-
tion ( a ,  b ,  e ,  f ,  i ,  j ) or by rapid freezing ( c ,  g ,  k ; shown are 1.8 nm tomographic z-slices of frozen-hydrated 
cells). Three- dimensional reconstructions of cells visualized in a near-native state using cryo-electron microscope 
tomography are presented in ( d ,  h  and  l ). Note that the intracytoplasmic membranes in  Synechococcus  WH8102 
are widely spaced in order to accommodate the light-harvesting phycobilisome complexes ( b ,  c ). In contrast, 
they are tightly appressed in  Prochlorococcus  strains ( f ,  g ,  j ,  k ). Although the  Prochlorococcus  MED4 cell wall 
is diffi cult to preserve using chemical fi xation ( j ), it can be visualized in samples preserved by rapid freezing ( k ). 
Carboxysomes ( black arrow ), or specialized microcompartments surrounded by a polypeptide shell, are visible 
within cells. Scale bar, 1 um ( a ,  e ), 0.1 um ( c ,  k ), 0.5 um ( i ), 0.25 um ( g ). ( a ,  b : E. Westly and C. Ting (Williams 
College);  e : E. Hambleton and C. Ting (Williams College);  c ,  d ,  g ,  h ,  k ,  l : C. Ting and S. Sundararaman (Williams 
College), C. Hsieh, C. Mannella and M. Marko (Wadsworth Center);  f ,  i ,  j : C. Ting (Williams College)).       
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Morel and Bricaud  1981 ; Yentsch and 
Phinney  1989 ; Raven  1998 ). Briefl y, because 
photosynthetic pigments are contained 
within specifi c structures (cells, colonies), 
which can be thought of as “packages”, their 
effectiveness at absorbing light is decreased 
relative to if they were distributed uniformly. 
In particular, calculations indicate that the 
specifi c absorption coeffi cient of Chl at 
670–680 nm decreases exponentially as cell 
diameter increases (Morel and Bricaud  1981 ; 
Kirk  1994 ). Smaller cells effectively mini-
mize the “package effect” and can absorb 
light energy with greater effi ciency. However, 
it has been suggested that this could render 
smaller cells more susceptible to photodam-
age (Raven  1998 ) and one might expect these 
cells to have evolved effective prevention 
and/or repair strategies, including the syn-
thesis of “sunscreens” (Garcia-Pichel et al. 
 1992 ; Ehling-Schulz et al.  1997 ; Fleming 
and Castenholz  2007 ; Oren and Gunde-
Cimerman  2007 ; Balskus and Walsh  2010 ). 

 At the molecular level, bacterial cell shape 
is determined by specifi c protein assemblies 
that function as internal scaffolds and by the 
synthesis, degradation, and/or deposition of 
peptidoglycan, a rigid structural component 
of the cell wall (Young  2003 ; Cabeen and 
Jacobs-Wagner  2005 ; Singh and Montgomery 
 2011 ). Proteins such as FtsZ, Mbl, or MreB 
have a critical role in the construction of the 
cellular scaffold, which is thought to be a 
dynamic structure that could also affect the 
positioning of peptidoglycan-synthesizing 
enzymes and thus, the deposition of cell wall 
material (Jones et al.  2001 ; Carballido-Lopez 
and Errington  2003 ; Kroos and Maddock 
 2003 ; Young  2003 ). One model that has been 
proposed suggests that both the placement of 
peptidoglycan and the relative stability of the 
peptidoglycan are important in overall cell 
shape (Young  2003 ). In particular, the pres-
ence of stable (inert, not regularly recycled) 
peptidoglocan in key cellular regions, such 
as the cell poles, could determine the overall 
shape of bacterial cells (Mobley et al.  1984 ; 
De Pedro et al.  2003 ; Young  2003 ). 

 The role of the MreB protein, a bacterial 
actin, has been studied intensively in the 

context of bacterial morphology (Wachi 
et al.  1987 ; Jones et al.  2001 ; Young  2003 ; 
Figge et al.  2004 ; Gitai et al.  2004 ; Cabeen 
and Jacobs-Wagner  2005 ). The  mreBCD  
gene cluster has been identifi ed in cyanobac-
teria and research on  Anabaena  PCC7120 
indicates that although mutants lacking  mreB  
retain the ellipse shape observed in wild- 
type cells and still form fi laments, individual 
mutant cells are about twice as large (Hu 
et al.  2007 ). Interestingly, growth rates, cell 
division, and the distribution of DNA during 
division appear unaffected in these mutants 
(Hu et al.  2007 ). However, overexpression of 
 mreBCD  results in fi laments composed of 
long and irregularly shaped cells, and this 
particular change in morphology requires 
the presence of  mreB  (Hu et al.  2007 ). In 
addition, recent work on  Synechococcus  
PCP7942 demonstrated that mutations in 
 ftn2  and  ftn6 , which leads to an inhibition of 
cell division, results in fi lamentous cells; 
these cells also exhibit increased levels of 
MreB, and this led the authors to suggest that 
 ftn2  and  ftn6  could negatively regulate  mreB  
expression in wild-type cells (Koksharova 
et al.  2007 ).  

   III. At the Front Line: Role 
of Cell Envelopes 

 Maintaining cell shape and stability, medi-
ating the transport of nutrients and metabo-
lites, protection against chemical substances 
and high/UV light, and cell movement are a 
few of the potential functions of the cyano-
bacterial cell envelope (Fig.  14.3 ) that render 
it indispensable for survival. In cyano-
bacteria, the cell wall typically consists of a 
distinct peptidoglycan layer and an outer 
membrane, and in many genera, just outside 
of the cell wall are additional layers com-
posed of (glyco)protein crystalline arrays 
(S-layers) or carbohydrates. These S-layers 
could provide additional protection or 
function in cell adhesion and recognition 
(Hoiczyk and Hansel  2000 ), and they have 
been identifi ed in many genera, including 
 Synechococcus  (   Vaara  1982 ),  Phormidium  
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(Hoiczyk and Baumeister  1995 ), and 
 Aphanothece  (Simon  1981 ). In other cyano-
bacteria, specifi c carbohydrates or polysac-
charides are deposited directly adjacent to 
the outer membrane, and these can function 
in forming a protective sheath in certain 
strains (Hoiczyk  1998 ) or could have a role 
in gliding motility (Hoiczyk and Baumeister 
 1997 ). Moreover, oligosaccharide mycospo-
rine amino acids (Scherer et al.  1988 ; 
Bohm et al.  1995 ) or scytonemin pigments 
(Proteau et al.  1993 ) have been detected 
in these sheaths in some cyanobacteria 
including  Nostoc commune , and could func-
tion as sunscreens in protection against UV 
radiation.

   Associated specifi cally with the outer 
membrane are macromolecules and other 
compounds involved in key physiological 
processes. These include porins and ATP- 
binding cassette (ABC) transporters, which 
facilitate the movement of compounds in and 
out of the cell. Porins function specifi cally in 
the diffusion of small solutes and are thought 
to consist of monomers of approximately 
50–70 kDa in cyanobacteria (Umeda et al. 
 1996 ; Hansel et al.  1998 ; Hansel and Tadros 
 1998 ; Hoiczyk and Hansel  2000 ). In con-
trast, ABC-transporters facilitate the trans-
port of a range of different molecules, and 
are thus involved in a variety of functions, 
including glycolipid transport required for 

  Fig. 14.3.    Cell wall architecture can differ signifi cantly between closely related cyanobacteria. Shown are the 
cell envelopes of marine  Synechococcus  WH8102 and  Prochlorococcus  strains MIT9313 and MED4 as visual-
ized in frozen-hydrated specimens using cryo-electron microscopy (1.8 nm tomographic z-slices are shown).  OM  
outer membrane,  P  peptidoglycan layer,  CM  cell membrane. Scale bar, 50 nm ( a ,  c ), 60 nm ( b ). (C. Ting and S. 
Sundararaman (Williams College), C. Hsieh, C. Mannella and M. Marko (Wadsworth Center), unpublished data).       
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heterocyst formation in  Anabaena  sp. strain 
PCC 7120 (Fiedler et al.  1998 ). With the 
availability of complete cyanobacterial 
genomes, it has been possible to identify 
genes encoding putative ABC transporters, 
which are often abundant in these genomes. 
For example, in marine  Synechococcus  
WH8102, about 60 % of the genes assigned 
to the transport category are associated with 
ABC transporter components (Palenik et al. 
 2003 ). The outer membrane has also been 
found to be associated with carotenoids in 
cyanobacteria, including  Synechococcus 
leopoliensis  UTEX 625,  Synechococcus 
elongatus  PCC7942 ( Anacystis nidulans  R2) 
and  Synechocystis  PCC 6714 (Resch and 
Gibson  1983 ; Jurgens and Mantele  1991 ), 
and it is likely that these outer membrane 
cartotenoids function in photoprotection 
(Clayton  1980 ; Paerl  1984 ). 

 In fi lamentous cyanobacteria, including 
 Phormidium uncinatum  strain Baikal 
(Hoiczyk and Baumeister  1995 ) and 
 Anabaena  sp. strain PCC 7120 (Bauer et al. 
 1995 ; Flores et al.  2006 ), the outer membrane 
is continuous between individual cells of a 
fi lament and is not detected in the septum. 
Although earlier transmission electron 
microscopy work had suggested this possi-
bility (Ris and Singh  1961 ), the preservation 
and visualization of the outer membrane 
have improved dramatically over the years 
and have provided robust evidence for this 
conclusion. It has also been suggested from 
conventional transmission electron micros-
copy studies that the outer membrane is con-
tinuous between mature heterocysts and 
vegetative cells (Flores et al.  2006 ). However, 
because the junction between these cell types 
is structurally complex (Fay and Lang  1971 ; 
Lang and Fay  1971 ; Wilcox et al.  1973 ), 
additional characterization using techniques 
such as cryoelectron microscopy would be 
valuable. In particular, microplasmodesmata 
have been observed between the vegetative 
cell and heterocyst in cyanobacteria includ-
ing  Anabaena cylindrica  (Fay and Lang 
 1971 ; Lang and Fay  1971 ) and  Anabaena 
catenula  (Wilcox et al.  1973 ), as well as 
between vegetative cells of  Anabaena 

cylindrica  (Giddings and Staehelin  1978 ), 
but their function remains unknown. 
Continuity of the outer membrane between 
cells of a fi lament suggests that the peri-
plasm, or the cellular region between the cell 
membrane and outer membrane, is also con-
tinuous. This in turn has important physio-
logical implications for the movement of 
compounds and for cell-to-cell communica-
tion (Flores et al.  2006 ). 

 Although the cyanobacterial cell wall 
most closely resembles that of Gram nega-
tive bacteria in overall structure, the peptido-
glycan layer within the wall has been reported 
to share some characteristics with those of 
Gram positive bacteria. For example, studies 
on peptidoglycan purifi ed from  Synechocystis  
PCC 6714 indicate that the extent (56 %) of 
tetrapeptide cross-linkages is within the 
range reported for Gram positive bacteria 
and that a polysaccharide might be bound to 
the peptidoglycan, as also reported for some 
Gram positive bacteria (Jurgens et al.  1983 , 
 1985 ; Jurgens and Weckesser  1986 ; Golecki. 
 1988 ). The actual thickness of the cyanobac-
terial peptidoglycan layer can differ signifi -
cantly between genera (Fig.  14.3 ), and the 
measured thickness might also depend on 
the techniques used for cell preservation and 
visualization. For example, the cell walls of 
 Prochlorococcus  strains have been diffi cult 
to preserve and visualize with conventional 
TEM techniques (Fig.  14.2f, j ). However, 
using cryo-electron microscope tomography, 
where cells are preserved in a near-native 
state using rapid freezing, we were able to 
establish that the cell wall peptidoglycan 
layer of  Prochlorococcus  strain MIT9313 is 
about 4 nm in thickness (Ting et al.  2007 ). 
This is much less than what we observed for 
the marine cyanobacterium  Synechococcus  
WH8102, which possesses a peptidoglycan 
layer more than two times as thick as that 
of  Prochlorococcus  MIT9313 (Fig.  14.3 ). 
In contrast, in cyanobacteria such as 
 Oscillatoria  sp. PCC6407, characterized 
using traditional TEM, the peptidoglycan 
layer is about 25 nm and in  Oscillatoria 
princeps  the peptidoglycan layer has been 
reported to reach approximately 200–650 nm 
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(Stanier (Cohen-Bazire)  1988 ; Hoiczyk and 
Baumeister  1995 ). 

 One of the major structural constituents of 
peptidoglycan is nitrogen. Because of this 
fact, we previously proposed that the synthe-
sis of a signifi cant peptidoglycan layer 
could be a major cost to the cell, particularly 
in environments that contain low concentra-
tions of essential nutrients (oligotrophic 
regions) (Ting et al.  2007 ). In particular, we 
have suggested that cyanobacteria capable of 
surviving with a reduced peptidoglycan layer 
could potentially have a competitive advan-
tage, particularly in oligotrophic habitats 
such as the open oceans. Our work on marine 
cyanobacteria has revealed that within the 
 Prochlorococcus  lineage, the MED4 strain 
lacks a prominent peptidoglycan layer com-
pared to the MIT9313 strain (Fig.  14.3 ; 
Ting et al.  2007 ). MED4 belongs to a large 
clade of recently differentiated lineages and 
ecotypes within these lineages have been 
found to be abundant throughout the water 
column in subtropical and tropical regions 
(Johnson et al.  2006 ). Interestingly, compar-
ative genomic analyses between MED4 
and MIT9313 indicate that low sequence 
identities (35–38 %) exist for predicted 
peptidoglycan biosynthesis proteins (MurC, 
MurF, MurG, MurI, MraY), suggesting that 
the function of these proteins is diverging 
between these strains (Ting et al.  2007 ).  

   IV. The Cellular Energy Matrix: 
Intracytoplasmic Membrane Systems 

 The intracytoplasmic lamellae of cyanobac-
teria consist of a dynamic, interconnected set 
of membranes that is linked with photo-
synthetic light-harvesting and electron 
transfer reactions and to the generation of 
ATP. In addition, respiratory electron trans-
port components and reactions are associated 
with these internal membranes and share elec-
tron carriers, such the PQ pool (Schmetterer 
 1994 ). Notably, research on  Synechocystis  
PCC6803 suggests that electrons originating 
from photosynthetic reactions can potentially 
enter respiratory electron transport pathways, 

and  vice versa  (Vermaas et al.  1994 ; Howitt 
et al.  1999 ). Moreover, in some cyanobacte-
ria, processes such as nitrate reduction are 
associated with these membranes (Flores 
and Herrero  1994 ). 

  Gloeobacter violaceus  is currently the 
only cyanobacterium known to lack an intra-
cytoplasmic lamellar system (Rippka et al. 
 1974 ).  Gloeobacter  was fi rst isolated from 
the surface of limestone rock collected in 
Switzerland (Table  14.1 ) and phylogenetic 
analyses indicate that it is deeply branched 
within the cyanobacterial lineage (Nelissen 
et al.  1995 ; Mimuro et al.  2008 ). Its unique 
membrane structure and composition are 
of interest from both physiological and 
evolutionary perspectives. Recent studies 
suggest that its plasma membranes contain 
distinct domains, one of which is “green” 
and enriched with Chl, the other of which 
is “orange” and enriched with carotenoids 
(Rexroth et al.  2011 ). Although these 
domains appear to share a signifi cant  fraction 
of proteins, including PSI and PSII core 
reaction center polypeptides (PsaA, PsaB, 
PsbA, PsbD), certain polypeptides were 
found to be unique to membrane fractions 
associated with a particular domain, including 
the cytochrome  b   6   f  (see also Chap.   8    ) 
proteins PetB, PetC, and PetD (Rexroth 
et al.  2011 ). 

 The intracytoplasmic membranes of many 
cyanobacteria are located at the cell periph-
ery and are arranged in bands parallel to the 
cell membrane (Fig.  14.2 ). Genera in which 
this internal membrane architecture has been 
observed include  Prochloron  (Giddings 
et al.  1980 ),  Prochlorococcus  (Chisholm 
et al.  1988 ; Ting et al.  2007 ),  Prochlorothrix  
(Burger-Wiersma et al.  1986 ),  Synechococcus  
(Sherman et al.  1994 ; Nevo et al.  2009 ), 
 Acaryochloris  (Miyashita et al.  1996 ), and 
 Anacystis  (Gantt and Conti  1969 ). In other 
cyanobacteria ( Anabaena ,  Dermocarpa , 
 Gleocapsa ,  Pleurocapsa ), the intracyto-
plasmic membranes have been observed to 
extend throughout the central cytoplasmic 
space, clustering in random groups (Kunkel 
 1982 ) or to extend from points near the 
cell periphery to the center in a radial 
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arrangement ( Synechocystis  sp. PCC6803, 
 Cyanothece  sp. ATCC51142 in Sherman 
et al.  1994 ;  Microcoleus chthonoplastes , 
Nevo et al.  2009 ). In cyanobacteria that 
possess phycobilisomes as their major 
light- harvesting antenna, the internal mem-
branes are not packed tightly in order to 
accommodate these large supramolecular 
complexes located on their cytoplasmic sur-
face (Fig. 14.2b–d ; Gantt and Conti  1969 ; 
Gantt  1994 ). However, in cyanobacteria 
such as  Prochlorococcus ,  Prochloron  and 
 Prochlorothrix , which do not possess 
phycobilisomes and instead utilize Chl 
 a/b  - containing antenna complexes that are 
integral membrane proteins, the intracyto-
plasmic membranes have been observed to 
be tightly appressed (Fig.  14.2f–h , j–l; 
Giddings et al.  1980 ; Burger-Wiersma et al. 
 1986 ; Miller et al.  1988 ; Ting et al.  2007 ; 
Nevo et al.  2009 ). 

 In what way might the structure of the 
internal membrane system refl ect function? 
In particular, can specifi c physiological and 
photosynthetic strategies be inferred from 
membrane organization? In higher plant 
chloroplasts, it has been proposed that the 
close packing of chloroplast granal mem-
branes could increase the functional antenna 
size of PSII, with absorbed light energy 
transferred between PSII reaction centers 
not only within a membrane layer, but also 
between stacked membranes (Boekema 
et al.  2000 ; Dekker and Boekema  2005 ; 
Mullineaux  2005 ). Whether this applies to 
cyanobacteria that have Pcb antennas and 
tight membrane packing has yet to be estab-
lished. Furthermore, in higher plants, the 
stacking of membranes appears to refl ect a 
relatively effi cient strategy for acclimating to 
low light, and increases in both thylakoid 
stacking and levels of LHCII have been 
reported under low growth irradiance 
levels (Anderson  1986 ; Mullineaux  2005 ). 
In  Prochlorococcus , we have observed an 
increase in the number of bands of internal 
membranes when this cyanobacterium is 
cultured under low irradiance levels. For 
example, in strain MIT9313, the number of 
internal membrane bands increased from 

2 ± 0.2 at a growth irradiance level 60 umol 
photons m −2  s −1 , to 3.8 ± 0.4 at 10 umol 
photons m −2  s −1  (C. Ting, unpublished data). 
These changes in intracytoplasmic membrane 
content were not accompanied by signifi cant 
changes in cell size in strain MIT9313 
(C. Ting, unpublished data). 

 In chloroplasts, organization of the photo-
synthetic reaction centers is linked closely 
with thylakoid membrane structure, with 
PSII and PSI located predominantly in the 
granal and stromal lamellae, respectively. 
This organization affects major photosyn-
thetic functions, including the transfer of 
absorbed light energy between the reaction 
centers, as well as linear and cyclic electron 
transport reactions (Trissl and Wilhelm 
 1993 ; Dekker and Boekema  2005 ). Notably, 
freeze-fracture electron microscopy of the 
internal membranes of  Prochloron  (Giddings 
et al.  1980 ) and  Prochlorothrix  (Miller et al. 
 1988 ) indicate that similarities exist in the 
overall distribution of particles associated 
with the membranes between these cyano-
bacteria and higher plants/green algae. For 
example, in  Prochloron , which lacks phyco-
bilisomes, the size distribution of particles 
on the exoplasmic fracture face of stacked 
membranes (EF s ) is similar to that of higher 
plants and green algae, and suggests that 
PSII units are also concentrated in these 
regions; however, the prevalence of smaller 
size particles indicates that the average PSII 
unit size might be smaller (Giddings et al. 
 1980 ). In  Prochlorothrix , Miller et al. ( 1988 ) 
also reported that although particle sizes are 
smaller than observed in higher plants, the 
general characteristics of the fracture faces 
are similar to those observed in higher 
plants; from these analyses, Miller et al. 
( 1988 ) concluded that the stacked and 
unstacked regions of the internal membranes 
of  Prochlorothrix  have different protein 
compositions. 

 It is important to point out that in cyano-
bacteria lacking phycobilisomes (see also 
Chap.   4    ) and possessing tightly appressed 
intracytoplasmic lamellae, both the global 
structure of the internal membrane system 
and individual photosynthetic apparatus 
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proteins/supercomplexes, can differ markedly 
from chloroplasts. For instance, in 
 Prochlorococcus , the internal membranes 
not only form parallel layers near the cell 
periphery, but are arranged as long bands 
that extend the length of the cell (Ting et al. 
 2007 ). Moreover, in some cellular regions, 
such as the cell poles in strain MIT9313, the 
internal membranes appear to be less tightly 
appressed (Ting et al.  2007 ). Furthermore, 
the Pcb light-harvesting complexes of 
 Prochlorococcus  and other cyanobacteria 
are structurally and phylogenetically distinct 
from the major antenna complexes (LHCII) 
found in higher plants and belong to a family 
that includes IsiA and CP43 (LaRoche et al. 
 1996 ). In both  Prochlorococcus  strain 
SS120 and  Prochlorothrix hollandica  the 
Pcb antenna proteins have been shown to 
form a ring consisting of 18 subunits around 
PSI trimers (Bibby et al.  2001b ; Bumba et al. 
 2005 ). With the addition of 270 Chl mole-
cules to each PSI trimer, this ring is expected 
to signifi cantly increase light-harvesting 
capabilities (Bibby et al.  2001b ). This Pcb- 
PSI complex is similar to the IsiA-PSI com-
plexes reported in  Synechocystis  PCC6803 
and  Synechococcus  PCC7942 when cells are 
cultured under iron depletion (-Fe), a condi-
tion resulting in phycobilisome degradation 
(Bibby et al.  2001a ; Boekema et al.  2001 ). 
However, structural variability exists even 
among  Prochlorococcus  strains, and between 
 Prochlorococcus  and other Pcb-containing 
cyanobacteria: Pcb-PSI complexes have 
been observed in  Prochlorococcus  strain 
MIT9313 only under –Fe conditions, have 
not been observed in strain MED4 under 
normal or –Fe conditions, and have not been 
observed in  Prochloron didemni  (Bibby et al. 
 2003a ,  b ). Furthermore specifi c Pcb proteins 
associate with PSII dimers to increase the 
light-harvesting capability of this photosys-
tem in both  Prochlorococcus  and  Prochloron  
(Bibby et al.  2003a ,  b ). 

 The organization of Pcb-PSI and Pcb-PSII 
complexes within the intracytoplasmic mem-
branes is currently unknown, and it remains 
to be established if they are uniformly dis-
tributed throughout the internal membrane 

system. Past work on  Synechococcus  
PCC7942 suggests that radial asymmetry 
exists in the distribution of photosynthetic 
apparatus proteins (Sherman et al.  1994 ). 
This cyanobacterium has internal mem-
branes present as parallel bands towards the 
cell periphery, but also possesses phyco-
bilisomes. The use of TEM and immuno-
cytochemical localization of proteins led 
Sherman et al. ( 1994 ) to propose that PSI 
complexes are localized primarily in intracy-
toplasmic membranes closest to the cell 
membrane. In contrast, polypeptides associ-
ated with PSII, including CP43 and CP47, as 
well as cytochrome  b   6   f  proteins, are distri-
buted throughout the intracytoplasmic 
membranes (Sherman et al.  1994 ). However, 
these authors concluded that the distribution 
observed in  Synechococcus  PCC7942 is 
not conserved among all phycobilisome- 
containing cyanobacteria. In  Synechocystis  
PCC6803 and  Cyanothece  ATCC51142, 
which have internal membranes that extend 
into the central cytoplasm as described 
earlier, the distribution of PSI and PSII, 
as well as other photosynthetic apparatus 
proteins, appears to be more uniform among 
all the internal membranes (Sherman et al. 
 1994 ). 

 A particularly striking example of inno-
vation within the cyanobacterial lineage 
involves the recently discovered  Acarychloris 
marina  (Miyashita et al.  1996 ), which con-
tains Chl  d  as a major pigment, and has phyco-
biliproteins (phycocyanin, allophycocyanin) 
as well as a Pcb-based light-harvesting 
antenna (Miyashita et al.  1996 ; Marquardt 
et al.  1997 ; Chen et al.  2005a ,  b ,  2009 ). 
Although  Acaryochloris  was isolated origi-
nally from colonial ascidians (Miyashita 
et al.  1996 ,  2003 ),  Acaryochloris -like cyano-
bacteria have since been found in a variety of 
habitats, including in a moderately hypersa-
line lake (Miller et al.  2005 ), and it has been 
proposed that they have adapted to ecologi-
cal niches enriched in far-red wavelengths 
(Kuhl et al.  2005 ). Phylogenetic analyses 
based on 16S rRNA gene analyses indicate 
 Acaryochloris  forms a distinct clade, separate 
from other Pcb-containing cyanobacterial 
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lineages (Miyashita et al.  2003 ; Miller 
et al.  2005 ). 

 Studies using conventional transmission 
electron microscopy indicate that the 
 Acarychloris  intracytoplasmic membranes 
are organized in concentric layers at the cell 
periphery, and are characterized by distinct 
regions where membranes are either tightly 
appressed or well-spaced (Miyashita et al. 
 1996 ; Marquardt et al.  2000 ; Miller et al. 
 2005 ). Although phycobilisomes have not 
been observed in thin sections using con-
ventional transmission electron microscopy 
(Miyashita et al.  1996 ; Marquardt et al. 
 2000 ), early evidence based on immunocyto-
chemical localization of phycocyanin (Hu 
et al.  1999 ) and cell fl uorescence (Marquardt 
et al.  2000 ) suggested that distinct clusters of 
biliproteins are associated with the internal 
membranes. The use of cryo-electron micros-
copy permitted visualization of distinct 
phycobiliprotein clusters that are organized 
as near-crystalline arrays in the cytoplasmic 
space between layers of intracytoplasmic 
membranes (Chen et al.  2009 ). In this work, 
Chen et al. ( 2009 ) observed that phycobilip-
rotein aggregates are present in membrane 
regions that are less tightly appressed 
(maximum 25 nm apart vs 2–3 nm) and are 
found to be associated with about half of the 
intracytoplasmic membranes. 

 In addition to these phycobiliproteins, at 
least two  pcb  genes ( pcbA ,  pcbC ) have been 
identifi ed in  Acarychloris  (Chen et al. 
 2005c ) and Pcb proteins have been found to 
associate with two PSII dimers to form a 
supercomplex consisting of 16 Pcb subunits 
(4 Pcb polypeptides associated with each 
PSII monomer) (Chen et al.  2005b ). 
Furthermore, under conditions of iron limi-
tation, when there are decreased levels of 
PSI relative to PSII, 18 Pcb subunits have 
also been found to associate with PSI in a 
ring-like formation, thus effectively increas-
ing the absorption cross-section of this 
reaction center (Chen et al.  2005a ). Many 
questions remain to be addressed, including 
how Pcb-associated supercomplexes are 
distributed throughout the intracytoplasmic 
membranes and whether phycobiliproteins 

and Pcb polypeptides associate with the 
same PSII dimer. 

 Signifi cant advances in our understanding 
of the organization and structure of the intra-
cytoplasmic membrane system derive from 
three-dimensional reconstructions of cyano-
bacterial cells (Fig.  14.2 ). In an early study 
on the halotolerant  Agmenellum quadrupli-
catum , reconstructions from serial thin 
sections visualized using traditional electron 
microscopy led Nierzwicki-Bauer et al. 
( 1983 ) to conclude that the intracytoplasmic 
membrane system is an interconnected 
network and exhibits connections at/near the 
cytoplasmic membrane. The use of electron 
tomography has provided greater resolution 
and has revealed that the internal membrane 
network is connected by the distinct fusion 
and branching of membranes, and that the 
membranes can have perforations and fenes-
trations, which likely permit molecules to 
move effi ciently throughout the membrane 
system and cytoplasm (Nevo et al.  2007 ; 
Ting et al.  2007 ). Electron tomography of 
 Cyanothece  51142 cells that had been sub-
jected to high pressure freezing and freeze 
substitution revealed a unique spiral organi-
zation of the internal membranes, which form 
an extensive, branched network (Liberton 
et al.  2011 ). In  Synechocystis  PCC6803, the 
use of both conventional TEM and electron 
tomography on cells that had been cryo-
fi xed, freeze-substituted and thick-sectioned 
led van de Meene et al. ( 2006 ) to conclude 
that the internal membranes (“thylakoids”) 
converged in regions next to the plasma 
membrane and that these areas included, on 
occasion, the presence of cylindrical struc-
tures with which the internal membranes 
were associated. These regions, called 
“thylakoid centers”, were fi rst reported in 
1982 by Kunkel, and could be important in 
the organization and biogenesis of the intra-
cytoplasmic membranes. In addition, studies 
on the near-native, three-dimensional archi-
tecture of  Prochlorococcus  have revealed 
the existence of distinct membrane- lined 
junctions connecting the lumen of tightly 
appressed intracytoplasmic membranes 
(Ting et al.  2007 ). These channels are 
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approximately 10 nm (length) by 6 nm 
(diameter), and because they are not abun-
dant, it was suggested that they play a role 
in maintaining a uniform electrochemical 
potential across the intracytoplasmic mem-
branes, rather than functioning as major 
routes for solute diffusion (Ting et al.  2007 ). 

 A long-standing question involves the 
relationship between the intracytoplasmic 
lamellae and plasma membrane and spe-
cifi cally, whether these major membrane 
systems are connected. In their study based 
on three-dimensional reconstructions of 
cyanobacterial cells, Nierzwicki-Bauer et al. 
( 1983 ) suggested that the intracytoplasmic 
membrane system is in contact with the cell 
membrane at distinct locations. Although 
several reports have also suggested the exis-
tence of these contacts, these associations 
are characteristically rare and further struc-
tural work is necessary in order to unam-
biguously confi rm their existence. Using 
high-pressure-freezing and serial thin sec-
tions, Liberton et al. ( 2006 ) constructed 
three-dimensional models  Synechocystis  
PCC 6803 cells, but did not observe well- 
defi ned contacts between the intracytoplasmic 
and cytoplasmic membranes; these authors 
concluded that these major membrane sys-
tems are physically discontinuous. However, 
in their work on the three- dimensional 
structure of the same cyanobacterial strain, 
van de Meene et al. ( 2006 ) reported rare con-
tacts between the cytoplasmic and intracyto-
plasmic membranes and suggested that these 
might represent transient fusions that permit 
the exchange of lipids between the two 
membrane systems. Potential associations 
between the cytoplasmic and intracyto-
plasmic membranes could be functionally 
signifi cant in the biogenesis of protein com-
plexes associated with these membranes. 
Work by Zak et al. ( 2001 ) suggests that early 
events in the biogenesis of PSI and PSII in 
 Synechocystis  PCC 6803 occur in the cyto-
plasmic membranes, and their model postu-
lates that membrane vesicle transport and/or 
movement through interconnected mem-
brane systems could facilitate biogenesis of 
the intracytoplasmic membranes. 

 As the principal sites of energy generating 
and regulatory processes within a cyanobac-
terial cell, the intracytoplasmic membranes 
have been intensely studied. However, much 
remains to be discovered, particularly with 
regard to their three-dimensional and 
functional organization in different cyano-
bacteria, biogenesis, relationship with the 
cell membrane, and dynamic responses. 
Furthermore, the existence of structural and 
functional heterogeneity between membrane 
layers, as well as within a single layer, and 
the composition and interaction of asso-
ciated proteins are critical to understand. 
Interactions between potentially intersecting 
processes, such as linear, cyclic and respira-
tory electron transport are also important to 
resolve, as their balance is likely to change 
under shifting environmental conditions and 
cellular energy states.  

   V. Carboxysomes and Cellular 
Compartmentalization 

 A prominent feature of cyanobacterial cells 
are the carboxysomes (see also Chap.   7    ), 
polyhedral microcompartments composed of 
a proteinaceous shell that sequester key 
enzymes and substrates (Fig.  14.2 ). The ori-
gins, evolution and molecular dynamics of 
these microcompartments are not well under-
stood. However, the presence of carboxy-
somes in many chemoautotrophic bacteria 
(Yeates et al.  2008 ) and of similar microcom-
partments in enteric bacteria suggests that 
these structures are an effective prokaryotic 
strategy for compartmentalizing major 
cellular reactions, such as carbon fi xation 
(Badger et al.  2002 ; Bobik  2006 ). 

 In cyanobacteria, carboxysomes function 
as a component of an effi cient system that 
has evolved to concentrate carbon within the 
cell and enhance carbon fi xation reactions 
(Fig.  14.4 ). This system also includes CO 2  
and HCO 3  −  transporters and carbonic 
anhydrases that catalyze the intracellular 
conversion of HCO 3  −  to CO 2  (Fig.  14.4 ). 
Carboxysomes are grouped into two catego-
ries, α-carboxysomes and β-carboxysomes, 
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based on whether they contain Form 1A 
Rubisco or Form 1B Rubisco, respectively 
(Badger et al.  2002 ). Form 1A Rubisco is 
commonly found in higher plants and algae, 
as well as in most chemoautotrophic bacte-
ria, and is composed of eight large and eight 
small subunits (Kobayashi et al.  1991 ; Tabita 
 1999 ). In contrast, Form 1B Rubisco con-
sists of two large subunits encoded by the 
 cbbM  gene (Tabita  1988 ; Shively et al. 
 1998 ). Differences also exist in the genes 
encoding carboxysome shell polypeptides in 
α-carboxysomes and β-carboxysomes, and the 
proteins of cyanobacterial α-carboxysomes 
have been found to share homology with 
those from several chemoautotrophic bacte-
ria (Cannon et al.  2002 ; Badger and Price 
 2003 ). It has been observed that all marine 
cyanobacteria characterized to date have 

α-carboxysomes, and that this carboxysome 
form might be limited to marine environments 
(Badger et al.  2006 ). While α-carboxysomes 
are also found in chemoautotrophic bacteria, 
β-carboxysomes appear to be present only in 
cyanobacteria.

   Reports of carboxysome dimensions from 
different cyanobacteria indicate that they are 
variable within a genus. For example, among 
marine cyanobacteria, diameters have been 
reported to be 114–137 nm (average 
123 ± 5 nm) in marine  Synechococcus  
WH8102 (Iancu et al.  2007 ), approximately 
90 nm and 130 nm in  Prochlorococcus  strains 
MED4 and MIT9313, respectively, (Ting 
et al.  2007 ), and 250–600 nm in  Cyanothece  
51142 (Liberton et al.  2011 ). Within cyano-
bacteria, carboxysomes are typically located 
in the central cytoplasmic region (Fig.  14.2 ) 

  Fig. 14.4.    The carbon dioxide-concentrating system of cyanobacteria involves specifi c transporters ( yellow circle ) 
for bicarbonate (HCO 3  − )/CO 2  and a microcompartment called the carboxysome ( yellow hexagon ). Within this 
microcompartment, which is surrounded by a protein shell and contains Rubisco, carbonic anhydrase converts 
HCO 3  −  into CO 2 . Transporters whose names are shown in pink have been identifi ed in  α - and  β -cyanobacteria, 
and transporters whose names are shown in blue have been identifi ed only in  β -cyanobacteria. In cyanobacterial 
genomes, putative BicA transporters are often annotated as sulfate transporters (Price et al.  2004 ), and further 
experimental data is needed to verify their role in bicarbonate transport in specifi c cyanobacterial strains.  ICM  
intracytoplasmic membrane,  OM  outer membrane,  PG  peptidoglycan,  CM  cytoplasmic membrane,  CA  carbonic 
anhydrase,  PGA  phosphoglycerate (Data in fi gure adapted from Badger et al.  2006 ).       
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and are not interspersed among the intracyto-
plasmic lamellae (Nierzwicki-Bauer et al. 
 1983 ; van de Meene et al.  2006 ; Liberton 
et al.  2006 ,  2011 ; Ting et al  2007 ). They often 
occupy a signifi cant area and can also cluster 
and/or group closely with polyphosphate 
bodies (Nierzwicki- Bauer et al.  1983 ; Ting 
et al.  2007 ; Liberton et al.  2011 ). Reasons for 
carboxysome clustering have not yet been 
established, though it has been suggested that 
this organization could refl ect function and 
facilitate carbon fi xation by allowing any 
CO 2  that is leaked from one carboxysome to 
potentially reach and be fi xed in a neighbor-
ing one (Ting et al.  2007 ). For both  Anabaena  
PCC7119 and  Calothrix elenkinii  UAM 225, 
Orus et al. ( 2001 ) reported that increases in 
the extent of carboxysome clustering 
depended on environmental growth condi-
tions. However, as Iancu et al.  2010  has 
pointed out, this clustering could also refl ect 
where the shell polypeptides are synthesized 
and assembled within the cell. With regard to 
intracellular location, while Orus et al. ( 2001 ) 
did not observe general changes in carboxy-
some location in  Anabaena  PCC7119 under 
different growth conditions, McKay et al. 
( 1993 ) reported that in  Synechococcus  
PCC6301 cells grown under conditions of 
inorganic carbon limitation, carboxysomes 
increased in number and were located more 
towards the cell periphery, immediately adja-
cent to the intracytoplasmic membranes. It 
should be pointed out that in studies where 
carboxysomes are visualized in cyanobacte-
rial cells using conventional transmission 
electron microscopy, sample preparation 
steps, such as fi xation and dehydration, could 
potentially affect carboxysome organization 
and association. 

 The dynamic nature of microcompart-
ments is supported by a recent study demon-
strating that the cytoskeleton plays an 
important role in carboxysome organization. 
Savage et al. ( 2010 ) successfully visualized 
carboxysomes in a recent study on  Synecho-
coccus elongatus  PCC7942 cells, which had 
been fl uorescently labeled with probes against 
the Ccmk4 carboxysome shell protein, as 
well as the large subunit of Rubisco (RbcL). 

In these rod-shaped  Synechococcus  cells, 
Savage et al. ( 2010 ) reported that the car-
boxysomes are positioned along the long 
axis of the cell. Notably, the deletion of 
specifi c cytoskeletal genes, such as  parA , 
resulted in a disruption of carboxysome 
order, as well as in daughter cells that had 
fewer or no carboxysomes (Savage et al. 
 2010 ). These authors concluded that ParA 
mediates carboxysome cellular organization, 
as well as carboxysome partitioning during 
cell division (Savage et al.  2010 ). The molec-
ular dynamics, nature and impact of the 
association between carboxysomes and the 
cytoskeleton are important to characterize 
further, and also need to be examined in 
α-carboxysome-containing cyanobacteria 
and chemoautotrophic bacteria. 

 With regard to carboxysome structure, 
recent characterization of shell polypeptides 
from  Synechocystis  PCC6803 led Kerfeld 
et al. ( 2005 ) to propose that the carboxysome 
shell has a critical role in regulating the fl ux 
of metabolites into and out of the microcom-
partment. In particular, crystal structures of 
CcmK2 and CcmK4 indicate that each asso-
ciates to form a hexamer, which contains a 
central pore of about 7 Å and 4 Å, respec-
tively (Kerfeld et al.  2005 ). Notably, Kerfeld 
et al. ( 2005 ) observed that this central pore, 
as well as the spaces between hexamers, pos-
sess a net positive electrostatic potential and 
could thus facilitate the movement of nega-
tively charged compounds, such as ribulose 
bis-phosphate, bicarbonate, and phospho-
glycerate. Subsequent work by Tanaka et al. 
( 2008 ) on the crystal structure of shell pro-
teins CcmL and OrfA (CsoS4A) also from 
 Synechocystis  PCC6803 suggested that these 
proteins form pentamers and might function 
as vertices in the intact carboxysome shell. 
In a separate study by Iancu et al. ( 2007 ) on 
α-carboxysomes from marine  Synechococcus  
strain WH8102, the authors concluded that 
individual carboxysomes are icosahedral, a 
shape that can be built from hexameric units 
and has been reported in other bacteria, 
including  Halothiobacillus neopolitanus  
(Schmid et al.  2006 ; Iancu et al.  2010 ). Iancu 
et al. ( 2007 ) visualized carboxysomes in a 
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frozen, near-native state using electron 
cryotomography and found on average 
approximately 232 ± 18 Rubisco oligomers 
in each microcompartment (about 27 % of 
the total carboxysome volume) (Fig.  14.5 ). 
These Rubisco molecules are organized in 
concentric layers and are associated with 
about three to four carboxysome shell pores 
(Iancu et al.  2007 ). With an earlier report of 
a carbonic anhydrase (formerly CsoS3, pres-
ently CsoSCA, catalyzes the conversion of 
HCO3 −  to CO 2 ) associated with the carboxy-
some shell of marine  Synechococcus , as well 
as of  Prochlorococcus  and  Halothiobacillus 
neopolitanus  (So et al.  2004 ), this organi-
zation and distribution of Rubisco would 
appear to maximize the chance of interac-
tions between the enzyme and CO 2 .

   In terms of the evolution of carboxysomes 
in cyanobacteria, focus has been primarily 
on the advantages these microcompartments 
provide in concentrating CO 2  near Rubisco 
and thus, enhancing carbon fi xation reactions 
(Badger et al.  2006 ). In addition, it has 
been suggested that carboxysomes could 
serve to protect Rubisco against oxygen 
(Cannon et al.  2001 ; Dou et al.  2008 ), and 
that microcompartments in general might 
sequester specialized environments that 

would minimize the escape of volatile 
metabolites (Penrod and Roth  2006 ). I would 
like to propose that an additional role for car-
boxysomes could perhaps involve reducing 
oxidative stress within the internal cellular 
environment. This might have provided an 
important selective advantage and thus, 
could in part have been a driving force in the 
evolution and retention of these structures in 
cyanobacteria, as well as other organisms. 

 A key component in the evolution of the 
cyanobacterial carbon dioxide-concentrating 
mechanism involves active inorganic car-
bon transporters, which permit bicarbonate 
(HCO 3  − ) and CO 2  to accumulate within cells 
(Badger et al.  2006 ). In addition, CO 2  can 
enter cells passively from the surrounding 
environment (Badger et al.  2006 ). However, 
the accumulation of high concentrations of 
HCO 3  −  and CO 2  within the cytoplasm could 
intensify oxidative stress and compete with 
cellular mechanisms for the removal of toxic 
oxygen species. Past work has shown that CO 2  
can react with hydrogen peroxide (H 2 O 2 ) to 
form peroxymonocarbonate (HCO 4  − ), which 
has been demonstrated  in vitro  to oxidize 
methione and tertiary amines more rapidly 
than H 2 O 2  (Richardson et al.  2003 ; Balagam 
and Richardson  2008 ). Furthermore, HCO 3  −  

  Fig. 14.5.    Ribulose 1,5-bisphosphate carboxylase (RuBisCo) identifi ed in a carboxysome purifi ed from marine 
 Synechococcus  WH8102 and visualized using electron cryotomography. Shown are 6.7 nm slices of a carboxy-
some (undenoised ( a ), denoised ( b )) in which template matching followed by customized peak search was used 
to characterize densities and identify individual RuBisCo proteins ( red circles ). A three-dimensional model of 
this carboxysome is depicted in ( c ), with the RuBisCo template (shown in different colors) replacing the electron 
dense structures present in ( a ) and ( b ). As shown ( c ), RuBisCo is often densely packed in carboxysomes, 
with 232 ± 18 RuBisCo proteins typically organized in three to four concentric layers in each carboxysome 
(Data and fi gure adapted from Iancu et al.  2007 ).       
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can react with hydroxyl radicals (HO  ·  ) to 
form the carbonate radical (CO 3   −  ), a strong 
oxidant that can readily oxidize DNA gua-
nine residues and amino acids (Stadtman and 
Berlett  1991 ; Shafi rovich et al.  2001 ). In 
addition, oxidation of amino acids associ-
ated with the Fenton reaction has been linked 
with the presence of HCO 3  − , possibly through 
a reaction with HO  ·   generated by the Fenton 
reaction (Stadtman and Berlett  1991 ; 
Medinas et al.  2007 ). Data from a recent 
study on  E. coli  also suggests CO 2  could 
increase oxidative stress  in vivo  through 
interactions with reactive oxygen species 
(Ezraty et al.  2011 ). In oxygen-evolving 
photosynthetic organisms, selection for 
mechanisms that could reduce cellular oxi-
dative stress and damage would certainly 
provide an advantage. By effectively remov-
ing accumulated HCO 3  −  and sequestering 
CO 2 , carboxysomes would serve not only to 
increase the carboxylase activity of Rubisco, 
but to decrease the chance these compounds 
might react with different oxygen species 
and intensify cellular oxidative stress.  

   VI. Nitrogen Fixation: Lessons 
in Cyanobacterial Innovation 

 Many cyanobacteria serve as valuable con-
tributors to global nitrogen fi xation and are 
capable of converting atmospheric nitrogen 
into biologically useful forms. Because the 
nitrogenase enzyme catalyzing this reaction 
is inhibited by oxygen, there has been selec-
tive pressure for the evolution of innovative 
mechanisms to separate nitrogen fi xation 
from oxygen-evolving photosynthetic reac-
tions. Perhaps the best known mechanism 
involves specialized cells called heterocysts, 
which are found in some fi lamentous cyano-
bacteria (Fig.  14.1c ) and will be discussed in 
greater detail ahead. Unicellular nitrogen- 
fi xing cyanobacteria, such as  Cyanothece , 
 Gloeothece  and  Crocosphaera , rely on the 
temporal (day vs. night) regulation of photo-
synthesis and nitrogen fi xation reactions that 
ensures these processes occur at different 
times (Sherman et al.  1998 ; Compaore and 

Stal  2010 ; Zehr  2011 ). The nonhetero-
cystous, fi lamentous marine cyanobacterium, 
 Trichodesmium , has evolved a strategy 
involving both temporal and spatial separa-
tion of nitrogen fi xation and photosynthetic 
reactions (Paerl  1994 ; Bergman et al.  1997 ; 
Berman-Frank et al.  2003 ). Within the tri-
chomes of  Trichodesmium , although both of 
these reactions occur during the light period, 
rates of photosynthetic carbon fi xation have 
been observed to increase in the morning 
and decrease during the middle of the day, 
a time when nitrogenase activity reaches 
a maximum (Berman-Frank et al.  2001 ). 
Furthermore, while all cells within a trichome 
are capable of photosynthesis, individual 
cells appear to be capable of modulating 
their photosynthetic activity and increases in 
photosynthetically inactive cells are corre-
lated with periods of high nitrogen fi xation 
rates (Berman-Frank et al.  2001 ). 

 Recent evidence suggests that in many 
ocean regions, including the South Pacifi c, 
Arabian Sea, North Pacifi c Ocean, and North 
Atlantic Ocean, a unicellular nitrogen-fi xing 
cyanobacterium (UCYN-A, Table  14.1 ) 
exists that lacks the Photosystem II reaction 
center and associated oxygen-evolving com-
plex (Zehr et al.  2008 ; Bothe et al.  2010 ; 
Moisander et al.  2010 ; Tripp et al.  2010 ; 
Zehr  2011 ). Genomic analysis of UCYN-A 
indicates it does possess PSI-associated 
genes, although it is missing genes encoding 
proteins involved in the Calvin cycle and 
tricarboxylic acid (TCA) cycle (Zehr et al. 
 2008 ; Tripp et al.  2010 ). Notably, this cyano-
bacterium (proposed name  Candidatus  
Atelocyanobacterium thalassa) shares a 
mutualistic association with a prymnesio-
phyte, which transfers fi xed carbon to 
UCYN-A in exchange for fi xed nitrogen 
(Thompson et al.  2012 ). 

 Cyanobacteria that rely on specialized 
cells, called heterocysts (Fig.  14.1c ), for 
nitrogen fi xation have evolved an effective 
strategy for spatially separating nitrogenase 
from high concentrations of oxygen gener-
ated during photosynthesis (Wolk et al.  1994 ; 
Zhang et al.  2006 ). Heterocysts do contain 
PSI, though, which can serve as an important 
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source of ATP as well as reducing power, and 
although polypeptides associated with PSII 
have been detected, photosynthetic oxygen 
evolution is not thought to occur (Braun- 
Howland and Nierzwicki-Bauer  1990 ; Thiel 
et al.  1990 ; Wolk et al.  1994 ). In an  Anabaena  
PCC 7120 fi lament, one heterocyst typically 
occurs between 10 and 20 vegetative cells, 
and is morphologically distinct because of 
its larger size (Zhang et al.  2006 ). While the 
heterocyst supplies vegetative cells with 
fi xed nitrogen, the vegetative cells supply 
carbohydrates in return (Wolk et al.  1994 ). 

 Early electron microscopy studies on the 
structure of heterocysts revealed that they 
contain ribosome-like granules, as well as an 
extensive, branching intracytoplasmic mem-
brane system (Wildon and Mercer  1963 ; 
Lang and Fay  1971 ). Furthermore, three dis-
tinct layers were observed to comprise the 
heterocyst envelope immediately adjacent to 
the gram negative cell wall: these were 
described as the laminated (glycolipid), 
homogeneous (polysaccharide) and loosely 
organized/fi brous layers of the cell envelope 
(Lang and Fay  1971 ; Walsby  2007 ). In addi-
tion to the maintenance of heterocyst struc-
ture, the laminated (glycolipid) layer could 
function as an effi cient barrier to oxygen 
(Wolk et al.  1994 ; Zhang et al.  2006 ; Walsby 
 2007 ). These early studies concluded that 
structural characterization of heterocysts is 
complicated by factors such as stage of dif-
ferentiation, as well as fi xation technique, 
and that these factors can lead to signifi cant 
structural differences (Fay and Lang  1971 ). 
Subsequent freeze-fracture work by Giddings 
and Staehelin ( 1978 ) revealed the presence 
of numerous microplasmodesmata (outer 
diameter <200 Å) connecting adjacent vege-
tative cells and heterocysts. These micro-
plasmodesmata were observed to be located 
in a circular region in the middle of the 
septum. Except for terminal heterocysts, 
each heterocyst within a fi lament has a 
pore at each end, and Walsby ( 2007 ) has 
proposed that these are the major sites for 
the regulation of gas exchange. Although 

both N 2  and O 2  could enter via these pore 
regions, respiratory activity is believed to 
reduce the concentration of O 2  within hetero-
cysts to levels that do not result in nitro-
genase inactivation (Walsby  1985 ; Wolk 
et al.  1994 ).  

   VII. Cyanobacteria 
at the Cutting Edge 

 Cyanobacteria have evolved to thrive in a 
remarkable range of habitats and at the heart 
of their ecological success is a stunning 
diversity interfused with innovation. In just 
the last three decades, reports of several new 
cyanobacterial genera have been published, 
and each of these discoveries has expanded 
our knowledge of the photosynthetic, physi-
ological and ecological potential of this lin-
eage. Although cyanobacteria are often 
minimalists, this should not imply a “simpli-
fi cation” of their structure and functions, but 
instead refl ects the evolution of highly com-
plex, yet streamlined, responses to environ-
mental selection pressures, often resulting in 
increased metabolic effi ciency and niche 
diversifi cation. In particular, the compart-
mentalization of specifi c pathways and func-
tions within discrete structures, such as 
intracytoplasmic membranes, carboxysomes 
and heterocysts has permitted cellular inte-
gration of diverse, and at times, incompatible 
processes and has promoted metabolic fl exi-
bility and dynamism. As we work to solve 
challenges in food and energy resources 
this century, it is certainly in our best interest 
to look closely at Earth’s photosynthetic 
citizens, both in the oceans and on land, 
for innovative prototypes and potential 
solutions.     
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  Summary  

  The genus  Mycobacterium  comprises a group of obligately aerobic bacteria that have adapted 
to inhabit a wide range of intracellular and extracellular environments. A fundamental feature 
in this adaptation is the ability of mycobacteria to respire and generate energy for growth or 
to sustain latency. Mycobacteria harbor multiple primary dehydrogenases to fuel the electron 
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      I. Introduction 

 Members of the genus mycobacteria are 
obligate aerobes and therefore are dependent 
on aerobic respiration to grow and produce 
energy. Mycobacterial respiration is complex 
and branched pathways exist for electron 
transfer from many low potential reductants 
to oxygen. Unlike most other bacteria, there 
appears to be little redundancy in the transfer 

of electrons to dioxygen during growth with 
only two terminal oxidases present in myco-
bacteria, an  aa   3  -type cytochrome  c  oxidase 
(encoded by  ctaBCDE ) belonging to the 
heme-copper respiratory oxidase family (see 
Chap.   10    ) and cytochrome  bd -type mena-
quinol oxidase ( cydABCD ) (see Chap.   9    ). 
Mycobacteria regulate the expression of 
these oxidases in response to oxygen supply, 
but the molecular mechanisms governing 
this regulation are unknown. Furthermore, 
there is no experimental data, other than 
expression data, to support the proposal that 
the  aa   3  -type cytochrome  c  oxidase and cyto-
chrome  bd -type have markedly different 
affi nities for oxygen in mycobacteria. In the 
absence of oxygen, mycobacterial growth is 
inhibited, even if alternative electron accep-
tors are present (e.g., nitrate, fumarate). 
Despite growth being inhibited, mycobacte-
ria are able to metabolize exogenous and 
endogenous energy sources under hypoxia/
anaerobiosis. The electron acceptors and 
mechanisms to recycle reducing equivalents 
under these conditions are poorly under-
stood. Irrespective of the oxygen concentra-
tion, ATP synthesis is obligatorily coupled to 

transport chain and two terminal respiratory oxidases, an  aa   3  -type cytochrome  c  oxidase and 
cytochrome  bd -type menaquinol oxidase, are present for dioxygen reduction coupled to the 
generation of a protonmotive force. In mycobacteria, Type II NADH dehydrogenases are 
favoured over complex I for NADH oxidation and menaquinone acts as the primary conduit 
between electron- donating and electron-accepting reactions. The molecular mechanisms 
regulating the expression of the electron transport chain components in mycobacteria remains 
unknown. Despite being obligate aerobes, mycobacteria have the ability to metabolize in the 
absence of oxygen and a number of reductases are present to facilitate the turnover of reducing 
equivalents under these conditions (e.g., nitrate reductase, fumarate reductase). Hydrogenases 
and ferredoxins are also present in the genomes of mycobacteria suggesting the ability of 
these bacteria to adapt to an anaerobic-type of metabolism in the absence of oxygen. The exact 
roles of reductases and hydrogenases is poorly understood. ATP synthesis by the membrane- 
bound F 1 F O -ATP synthase (see Chap.   6    ) is essential for growing and non-growing myco-
bacteria and the enzyme is able to function over a wide range of proton-motive force values 
(aerobic to hypoxic). Research into mycobacterial respiration and oxidative phosphoryla-
tion have been energized by the discovery of a new drug (TMC207) that targets the ATP 
synthase of mycobacteria, suggesting that inhibitors of respiration and ATP synthesis will 
provide the next generation of front line drugs to combat tuberculosis and nontuberculous 
mycobacterial disease.  

 Abbreviations:     CCCP –    Carbonyl cyanide  m -chloro-
phenylhydrazone;      CO-DH    – Carbon-monoxide dehy-
drogenase;      DCCD –     N , N’ -dicyclohexylcarbodiimide;    
  FAD –    Flavin adenine dinucleotide;      G3P –    Glycerol 
3-phosphate;      HYD –    Hydrogenase;      MDH –    Malate 
dehydrogenase;      MK –    Menaquinone (vitamine K);    
  MKH 2  –    Menaquinol;      MQO –    Malate quinone oxidore-
ductase;      NAD+ –    Nicotinamide adenine dinucleotide;    
  NDH –    NADH dehydrogenase;      NRP –    Non-replicating 
persistence;      P5CDH –    Pyrroline-5-carboxylate dehy-
drogenase;      PMF –    Proton-motive force;      PRODH 
–    Proline dehydrogenase;      SDH –    Succinate dehydro-
genase;      TCA –    Tricarboxylic acid;      TMC207 –    Tibotec 
Medicinal Compound 207;      ZΔpH –    Transmembrane 
pH gradient expressed in mV;      ΔΨ –    Electrical or 
membrane potential expressed in mV    
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the electron transport chain and the F 1 F o -ATP 
synthase (see Chap.   6    ), but the reasons for this 
remain unexplained. The aim of this chapter 
is to discuss recent advances in understand-
ing the processes of respiration and oxidative 
phosphorylation in mycobacteria, with a par-
ticular focus on the obligate human pathogen 
 Mycobacterium tuberculosis .  

   II. Energetics of Mycobacterial 
Growth 

 In bacteria there is often a trade-off between 
obtaining the maximum energy yield from a 
substrate and the maximum fl ux (rate of ATP 
production) or growth rate (Pfeiffer et al. 
 2001 ). A cell that uses a pathway with a high 
yield and low rate (e.g., respirers) can pro-
duce more ATP from a given amount of sub-
strate compared to a bacterium that produces 
ATP at a higher rate, but a lower yield (e.g. 
fermenters). The growth yield of bacterial 
cultures has been used to estimate the effi -
ciency of energy generation during respira-
tion or fermentation. The energetics of 
mycobacterial growth has been studied in 
glycerol-limited continuous culture (Beste 
et al.  2005 ). In the slow growing  M. bovis  
BCG, at both low (0.01 h −1 ) and high (0.03 h −1 ) 
dilution rates, the cell yield or Y glycerol  was 27 g 
[dry weight] cells/mol glycerol utilized and 
33 g [dry weight] cells/mol glycerol utilized 
respectively (Beste et al.  2005 ). Under similar 
growth conditions in continuous culture, the 
fast growing non- pathogenic saprophyte 
 M. smegmatis  exhibits a Y glycerol  of 30–40 g 
[dry weight] cells/mol glycerol utilized over 
the dilution rate range (0.02–0.15 h −1 ) (Cox and 
Cook  2007 ). The glycerol consumption rate 
for maintenance functions ( m  glycerol ) is 0.28 
mmoles of glycerol/h/g [dry weight] cells 
(Cox and Cook  2007 ), a value that is compa-
rable with  E. coli . Based on these Y glycerol  
values ,  mycobacteria would appear to adopt 
the fi rst strategy where the cells grow slowly 
using oxidative phosphorylation to generate 
large amounts of ATP at a slow rate. 
Furthermore, this strategy appears to be 
employed by both, fast growing and slow 

growing mycobacteria; the cell yield on glyc-
erol is comparable between  M. smegmatis  and 
 M. bovis  BCG at similar growth rates. 

 When growing aerobically at an external 
pH of 7.0,  M. smegmatis  and  M. bovis  BCG 
generate a protonmotive force (PMF) of 
approximately −180 mV, which appears to be 
of a signifi cant magnitude to drive proton- 
coupled bioenergetic processes (e.g., ATP 
synthesis, solute transport, etc.) (Rao et al. 
 2001 ). Growth of mycobacteria is sensitive 
to the electrogenic proton translocator car-
bonyl cyanide  m -chlorophenylhydrazone 
(CCCP) demonstrating that a PMF is indis-
pensable for normal growth. Moreover, 
growth is inhibited by the F-type ATP 
synthase inhibitor  N , N ’-dicyclohexyl-
carbodiimide (DCCD), further supporting 
the role of the PMF in driving ATP synthesis 
by the membrane-bound F 1 F O -ATP synthase. 
While proton translocation  via  the respira-
tory chain generates the PMF during respira-
tion with oxygen as the terminal electron 
acceptor, it is not clear how the PMF is estab-
lished in the absence of oxygen under anaer-
obic growth conditions. Anaerobic bacteria 
are able to generate a signifi cant PMF 
(−100 mV) using their membrane- bound 
F 1 F O -ATP synthase in the ATP hydrolysis 
direction (Dimroth and Cook  2004 ). The 
ATPase activity (proton pumping) of the 
enzyme is fuelled by ATP produced by sub-
strate level phosphorylation. This mecha-
nism does not appear to operate in 
mycobacterial cells where the F 1 F O -ATP syn-
thase has been reported to have latent ATPase 
activity when measured in inverted mem-
brane vesicles (Haagsma et al.  2010 ; Higashi 
et al.  1975 ). Whether the enzyme is also 
latent in actively growing cells is not known 
and therefore the potential exists for this 
enzyme to function as a primary proton 
pump in the absence of oxygen and a func-
tional respiratory chain to generate the PMF. 
Rao et al. ( 2008 ) have reported that hypoxic, 
non-replicating  M. tuberculosis  generate a 
total PMF of −113 mV, −73 mV of electrical 
potential (∆Ψ) and −41 mV of Z∆pH. The 
addition of thioridazine, a compound that 
targets NDH-2, results in dissipation of the 
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electrical potential and signifi cant cell death 
suggesting that NADH is an important elec-
tron donor for the generation of the ∆Ψ 
under hypoxic conditions. The addition of 
R207910 (TMC207), a specifi c inhibitor of the 
F 1 F O -ATP synthase was bactericidal against 
hypoxic, non-replicating  M. tuberculosis , 
but had no effect on the ∆Ψ (Rao et al.  2008 ), 
an observation consistent with the latent 
ATPase activity of this enzyme (see above).  

   III. Primary Dehydrogenases 

 The electron donors and primary dehydroge-
nases used by mycobacteria to fuel the 
electron transport chain have largely been 
inferred from bioinformatics and transcrip-
tional analyses. A summary of the potential 
electron donors used by mycobacteria is 
shown in Fig.  15.1 .

     A. NADH Dehydrogenases I and II 

 The oxidation of NADH or equivalent by 
aerobic bacteria is critical for continuous 
metabolic fl ux, and in the absence of a fer-
mentative metabolism, NADH oxidation 

will be carried out primarily by membrane- 
bound NADH dehydrogenases. NADH 
dehydrogenase is the fi rst component of the 
respiratory chain and transfers electrons 
from NADH to quinones (e.g. ubiquinone 
or menaquinone). Weinstein et al. have 
identifi ed genes for two classes of 
NADH:menaquinone oxidoreductases in the 
genome of  M. tuberculosis  (Weinstein et al. 
 2005 ). NDH-I is encoded by the  nuoABCDE-
FGHIJKLMN  operon and as this dehydroge-
nase transfers electrons to menaquinone, it 
conserves energy by translocating protons 
across the membrane to generate a PMF 
(Fig.  15.2 ). The second class is NDH-II, a 
non-proton translocating NADH dehydroge-
nase that does not conserve energy and is 
present in two copies ( ndh  and  ndhA ) in 
 M. tuberculosis  (Weinstein et al.  2005 ). 
Mutagenesis studies have established that 
both NDH-1 and  ndhA  are dispensable for 
growth in vitro (Sassetti et al.  2003 ). In con-
trast, the lack of a viable strain with a dis-
rupted or deleted  ndh  suggests that it is 
essential for growth, and cannot be compen-
sated for by  ndhA  (McAdam et al.  2002 ; 
Sassetti et al.  2003 ; Weinstein et al.  2005 ). 
Furthermore, deleterious point mutations in 

     Fig. 15.1.    Proposed scheme of enzymes preferentially used in the respiratory chain of Mycobaceria.       
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  Fig. 15.2.    Schematic diagram outlining the electron transport chain components and ATP synthase of 
Mycobacteria growing under aerobic ( top panel ) and anaerobic conditions ( bottom panel ).  MK  menaquinone, 
 MKH2  menaquinol.       

 ndh  of  M. smegmatis  are pleiotropic, confer-
ring temperature-sensitive growth arrest and 
multiple amino acid auxotrophy (Miesel 
et al.  1998 ; Vilcheze et al.  2005 ). The same 
authors show that some  ndh  mutants also 
have a 25-fold reduced NADH dehydroge-
nase activity, implying NDH-II is the pri-
mary enzyme responsible for NADH 
oxidation and it is essential for the viability 
of  M. smegmatis .

   In  M. tuberculosis , no energetic role for 
the non-essential type I NADH:menaquinone 
oxidoreductases has been established and the 
persistence of  M. tuberculosis  in an in vitro 

Wayne model was shown not to be compro-
mised in a  nuo  operon deletion mutant (Rao 
et al.  2008 ). Velmurugan et al. ( 2007 ) have 
demonstrated a role for  nuo  (i.e., the NuoG 
subunit) in the ability of  M. tuberculosis  to 
inhibit macrophage apoptosis. The  nuo  
operon has been lost from the genome of 
 M. leprae  with a single  nuoN  pseudogene 
remaining (Cole et al.  2001 ).  M. smegmatis  
also contains genes for a type I NADH:
menaquinone oxidoreductases (viz.  nuoA -
 N ), but enzyme assays for NDH-I activity in 
 M. smegmatis  failed to detect this enzyme 
activity suggesting it is not expressed (Miesel 
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et al.  1998 ). However, increased expression 
(15-fold) of the  nuo  operon was observed in 
carbon-limited chemostat in response to a 
slow down in growth rate (Berney and Cook 
 2010 ). Several studies have reported that  nuo  
is down-regulated in  M. tuberculosis  during 
mouse lung infection (Shi et al.  2005 ), sur-
vival in macrophages (Schnappinger et al. 
 2003 ), in both non- replicating persistence 
(NRP)-1 (1 % oxygen saturation) and NRP-2 
(0.06 % oxygen saturation) relative to aer-
ated mid-log growth (Shi et al.  2005 ), and 
upon starvation in vitro (Betts et al.  2002 ). 
The transcription of  ndh  is also down-
regulated in  M. tuberculosis  during mouse 
lung infection, but transcript levels for  ndh  
peak during NRP-2 in vitro demonstrating 
that the pattern of  ndh  regulation is different 
between in vivo and in vitro conditions 
(Schnappinger et al.  2003 ). These data are in 
contrast to  E. coli  where NuoA-N (NDH-1) 
is usually associated with anaerobic respira-
tory pathways (e.g. fumarate) and non-
coupling dehydrogenases such as NDH-2 
are synthesized aerobically (Unden and 
Bongaerts  1997 ). Some interesting questions 
arise from these observations. The fi rst is 
“why do mycobacteria use type II NADH 
dehydrogenases to recycle NADH when they 
could continue to use the energy conserving 
and PMF generating NDH-I?” One potential 
explanation is that because NDH- IIs are 
non-proton translocating, they will not be 
impeded by a high PMF, which could ulti-
mately slow down glycolytic fl ux due to back 
pressure on the system. This mechanism is 
akin to a “relief valve” that would allow for a 
higher metabolic fl ux and ultimately higher 
rates of ATP synthesis at the expenses of low 
energetic effi ciency of the respiratory chain. 
Secondly, why is  ndh  an essential gene when 
mycobacteria could also use  ndh2  or  nuo ? 
The fact that  ndh  is essential implies that 
mycobacteria do not have another mechanism 
to recycle NADH during normal aerobic 
growth. Alternatively, this is the only NADH 
dehydrogenase that is operating under these 
growth conditions and the activity of this 
enzyme is essential for maintaining an ener-
gized membrane. Compounds that target 

NDH-II are bactericidal towards hypoxic 
non-replicating  M. tuberculosis  suggesting 
that the respiratory chain is essential for the 
recycling of NADH under these conditions 
(Rao et al.  2008 ).  

   B. Succinate Dehydrogenase 

 Succinate dehydrogenase catalyzes the oxi-
dation of succinate to fumarate wherein two 
electrons are transferred to generate quinol. 
Succinate dehydrogenase is involved in 
aerobic respiration as well as the TCA cycle. 
The structurally and functionally related 
fumarate reductase can catalyze the reverse 
reaction and is involved in anaerobic respira-
tion. However, succinate dehydrogenase of 
 E. coli  was also shown to catalyze fumarate 
reduction under certain conditions. Most 
mycobacteria harbor a canonical succinate 
dehydrogenase SDH2 and a second gene 
cluster encoding for a putative succinate 
dehydrogenase SDH1. SDH2 is encoded by 
four genes  sdhC ,  sdhD ,  sdhA  and  sdhB , 
while SDH1 consist of a putative membrane 
anchor subunit (Rv0249c), a subunit resem-
bling SdhA with a FAD-binding domain 
(Rv0248c) and an iron-sulfur cluster binding 
protein similar to SdhB (Rv0247c). Upstream 
of these three genes is a hypothetical protein 
that is present in all mycobacteria that harbor 
SDH1. Gene expression data shows that all 
four genes are expressed in concert (Berney 
and Cook  2010 ). Succinate dehydrogenase 
activity has been measured in  M. tuberculosis  
as well as many other mycobacterial species 
(Tian et al.  2005 ; Youmans et al.  1956 ), but it 
is still unclear which of the two enzymes or 
if both are responsible for this activity. In 
fact, the SDH reaction in mycobacteria 
should have an unfavorable free energy 
because the redox potential of menaquinone 
(−80 mV) is lower than that of the succinate 
to fumarate reaction (+30 mV) (Kana et al. 
 2009 ). SDH1 and SDH2 have been shown to 
be differentially expressed under energy- or 
oxygen-limiting conditions (Berney and 
Cook  2010 ). Under energy- limiting condi-
tions SDH1 was upregulated fourfold while 
SDH2 was downregulated threefold. Under 
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oxygen-limiting conditions, SDH1 was 
downregulated up to 30-fold while SDH2 
was upregulated twofold. SDH2 responded 
in concert with other enzymes of the respira-
tory chain while SDH1 showed opposite 
expression under all conditions. This argues 
that the two enzymes have different roles in 
mycobacterial metabolism. In fact, a recent 
study indicates that SDH1 or SDH2 could 
also catalyse fumarate reductase activity in 
 M. tuberculosis  under anaerobic conditions 
(Watanabe et al.  2011 ). These authors show 
that when  M. tuberculosis  cultures are sub-
jected to anaerobic conditions they start to 
secrete succinate into the medium indicating 
fumarate reductase activity. However, a 
fumarate reductase mutant of  M. tuberculo-
sis  was still accumulating succinate, hence 
the two putative succinate dehydrogenase 
clusters could be responsible for this com-
plementation. Furthermore, a recent study 
suggests that SDH1 is essential for glycerol 
metabolism, but not for cholesterol metabo-
lism in  M. tuberculosis  (Griffi n et al.  2011 ).   

   IV. Alternative Electron Donors 
and Dehydrogenases 

 Under condition of carbon starvation and 
slow growth mycobacteria switch to alterna-
tive electron donors (Berney and Cook  2010 ; 
Beste et al.  2007 ; Betts  2002 ). 

   A. Proline Dehydrogenase 

 Proline is increasingly being recognized as a 
critical amino acid in bioenergetics and 
cellular redox control (Tanner  2008 ). Proline 
can be utilized as an electron donor as well 
as a carbon and nitrogen source. The degra-
dation of proline occurs by means of two 
enzymes: proline dehydrogenase (PRODH) 
and pyrroline-5-carboxylate dehydrogenase 
(P5CDH). These two enzymes catalyze the 
oxidation of proline to glutamate with four 
electrons transferred to the respiratory chain 
(Tanner  2008 ). In the fi rst step FAD is 
reduced to FADH 2  while in the second step 
NAD +  is reduced to NADH. In some bacte-

ria, PRODH and P5CDH are monofunctional 
enzymes but in the majority of bacterial spe-
cies they are fused into one protein called 
proline utilization A fl avoenzyme PutA 
(Menzel and Roth  1981 ; Tanner  2008 ). 
In mycobacteria, PRODH and P5CDH are 
predicted to be monofunctional enzymes 
(Tanner  2008 ). The genes encoding PRODH 
( putB ) and P5CDH ( putA ) are expressed 
as part of an operon with pyrroline-5- 
carboxylate dehydrogase (Berney et al. 
 2012 ).  Mycobacterium smegmatis  can grow 
on proline as the sole carbon and energy 
source and it was shown that proline dehy-
drogenase is an important electron donor 
under energy- limiting conditions (Berney 
and Cook  2010 ) and under hypoxia (Berney 
et al.  2012 ). The same authors show that pro-
line metabolism in mycobacteria is regulated 
by a unique membrane-associated transcrip-
tional regulator called PruC.  

   B. Hydrogenases 

 Hydrogenases catalyze the reversible oxida-
tion of molecular hydrogen: 2H +  + 2e −  → H 2  
and play a central role in energy metabolism 
of bacteria, archaea and eukarya (Vignais 
et al.  2001 ). Under physiological conditions, 
hydrogenases couple H 2  oxidation to respira-
tion (Knallgas reaction) or reduce protons as 
a way to dispose of surplus reducing equiva-
lents. Four different types of hydrogenases 
can be found in mycobacteria. All four 
hydrogenases are annotated to be of the NiFe 
type. The four hydrogenase complexes 
each belong to a different group of NiFe- 
hydrogenases.  M. smegmatis  harbors three of 
the four hydrogenase complexes (Berney 
and Cook  2010 ), Hyd1 aligns closely with 
Group 2a uptake hydrogenases of the cyano-
bacteria such as  Nostoc , indicating it oxi-
dises H 2  (   Tamagnini et al.  2007 ). In contrast, 
Hyd3 is closely related to the Group 3 cyto-
plasmic bidirectional hydrogenases. Hyd2 
has no whole sequence homology with the 
four established classes of [NiFe] hydroge-
nases; instead it is a founding member of the 
group 5 high-affi nity hydrogenases (Constant 
et al.  2010 ,  2011 ). Hyd1, Hyd2 and Hyd3 are 
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all soluble hydrogenases and found in myco-
bacteria of the slow-growing and fast- 
growing type, as well as pathogenic and 
non-pathogenic mycobacteria (Berney and 
Cook  2010 ). However, the fourth hydroge-
nase is only found in pathogenic mycobacte-
ria (including  M. tuberculosis  complex) and 
seems to be restricted to slow-growers. It 
shows homology to Group 4 membrane- 
bound H 2  evolving hydrogenases. It has been 
shown that  M. smegmatis , among other 
mycobacterial species, can oxidize molecular 
hydrogen in the presence of carbon monox-
ide, implying that  M. smegmatis  expresses a 
functional hydrogenase (King  2003 ). To date 
no studies have reported on the ability of 
mycobacteria to produce hydrogen. Gene 
expression studies suggest that Hyd1 and 
Hyd2 are used during nutrient starvation as 
an alternative electron source while Hyd3 
and the membrane-bound hydrogenase are 
more likely to have a function in disposing 
electrons under anaerobic conditions (Berney 
and Cook  2010 ). A knockout mutant of Hyd2 
in  M. smegmatis  showed reduced biomass 
production when grown on complex medium 
under atmospheric conditions (Berney and 
Cook  2010 ) and its homolog in  Streptomyces  
sp. was shown to facilitate hydrogen oxida-
tion (Constant et al.  2008 ,  2010 ). These data 
suggest that Hyd2 oxidizes hydrogen at very 
low concentrations and fi ts with its purported 
role as a high-affi nity hydrogenase (Constant 
et al.  2011 ).  

   C. Carbon Monoxide Dehydrogenase 

 Carbon monoxide dehydrogenase (CO-DH) 
is responsible for the oxidation of CO to car-
bon dioxide (CO 2 ) in carboxydobacteria, 
which grow on CO as a sole source of carbon 
and energy (Kim and Hegeman  1983 ). 
Carboxydobacteria catalyze the oxidation of 
CO to CO 2  by the following reaction: 
CO + H 2 O → CO 2  + 2H +  + 2e − . Several patho-
genic and nonpathogenic mycobacteria 
including  Mycobacterium tuberculosis  are 
known to possess CO-DH genes. It has been 
shown that  M. tuberculosis  H37Ra, which 
possesses CO-DH activity (Park et al. 

 2003b ), can grow on CO as a sole source of 
carbon and fuel for energy generation.  

   D. Glycerol-3-Phosphate Dehydrogenase 

 Glycerol-3-phosphate dehydrogenase cata-
lyzes the oxidation of glycerol-3-phosphate 
to dihydroxy-acetone phosphate and reduces 
quinone in the cytoplasmic membrane 
(Schryvers et al.  1978 ). In  E. coli , glycerol 
3-phosphate (G3P) is either used as precur-
sor in the biosynthesis of phospholipids or as 
a carbon source for energy supply (Boos 
 1998 ).  M. tuberculosis  possesses a gene 
( glpD , Rv3302c) with 50 % similarity to 
the aerobic glycerol-3-phosphate dehydroge-
nase from  E. coli . Faster growing mycobac-
teria like  M. smegmatis  harbor multiple 
copies of  glpD  on the chromosome. However 
its role and function in mycobacterial respi-
ration remains unknown.  

   E. Malate Quinone Oxidoreductase 

 The membrane associated malate quinone 
oxidoreductase (MQO, EC 1.1.99.16) oxi-
dizes malate to oxaloacetate and transfers 
the reducing equivalents to menaquinone 
(MK) (Molenaar et al.  1998 ).  M. tuberculosis  
harbors a copy of MQO and a cytoplasmic 
NAD+ -dependent malate dehydrogenase 
(MDH) (Prasada Reddy et al.  1975 ). The 
function and role of MQO in mycobacterial 
respiration is still unknown.  M. smegmatis  
lacks an MDH homologue and it was shown 
that MQO responded to low oxygen concen-
tration with fourfold increase in gene expres-
sion (Berney and Cook  2010 ).   

   V. Terminal Electron Acceptors 

 During aerobic respiration, energy is con-
served by the generation of a PMF across a 
proton-impermeable membrane. The 
electron transport chain components are 
membrane- bound and asymmetrically 
arranged across the membrane to achieve 
net consumption of protons from the cyto-
plasm and net release of protons on the 
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 outside of the cell. An important part of all 
electron transport chains are the terminal 
respiratory oxidases. In order for mycobac-
teria to utilize oxygen effi ciently and obtain 
the maximum growth yield on a particular 
carbon and energy source, there must be co-
ordinate regulation of terminal respiratory 
oxidase expression. For example, in  E. coli  
cytochrome  bo  (K m  for oxygen in the micro-
molar range) and cytochrome  bd  (K m  for 
oxygen in the nanomolar range) (D’Mello 
et al.  1995 ,  1996 ) are coordinately regulated 
by the ArcBA system and transcriptional 
regulator FNR (Cotter et al.  1997 ). 
Cytochrome  bo  is synthesized at high oxy-
gen tension (optimal between 15 % and 
100 % air saturation) and repressed as the 
oxygen concentrations decreases (Tseng 
et al.  1994 ). This coincides with the induc-
tion of cytochrome  bd  at 7 % air saturation, 
which is turned off (FNR- mediated repres-
sion) once the cells enter anaerobiosis 
(Cotter et al.  1997 ; Tseng et al.  1994 ).  E. 
coli  also uses non-coupling dehydrogenases 
(NDH-2) during aerobic growth that allow a 
fast metabolic fl ux (fast growth rate) and 
switches to coupling dehydrogenases (NDH-
1) during anaerobic growth with fumarate 
(Unden and Bongaerts  1997 ). Mycobacteria 
adopt regulation of oxidase expression to 
match oxygen supply. Under conditions of 
low oxygen tension (ca. 1 % air saturation), 
cytochrome  bd  is induced in  M. smegmatis  
as the transition to anaerobiosis is 
approached (Kana et al.  2001 ), a value that 
is tenfold lower than that observed in  E. coli  
(ca. 10 % air saturation). In  M. tuberculosis , 
cytochrome  bd  is upregulated in the early 
stages of NRP-1 (i.e., decreasing oxygen) 
(Voskuil et al.  2004 ). A strategy that appears 
to be invoked by mycobacteria is one of 
down-regulation or a slowing of meta bolism 
as cells enter NRP-1 and NRP-2 (Wayne and 
Hayes  1996 ). Transcriptional analysis of  M. 
tuberculosis  in the macrophage (phago-
somal environment) has revealed that NDH-
1, menaquinol- cytochrome  c  oxidoreductase 
and the ATP synthase are all down-regulated 
when compared to cells growing exponen-
tially, suggesting the reduced need for 

energy generation during bacteriostasis i.e., 
the growth state of intraphagosomal  M. 
tuberculosis  (Schnappinger et al.  2003 ). 
Consistent with these observations is the 
repression of these operons during starva-
tion. In contrast, fumarate reductase, nitrate 
reductase and NDH-2 are all upregulated 
under these conditions (Schnappinger et al. 
 2003 ). Whilst these proteins do not appear 
to contribute to increased energy produc-
tion, it has been suggested that they may 
play a pivotal role in the recycling of NAD +  
as a result of  beta- oxidation of fatty acids 
(Schnappinger et al.  2003 ). 

   A. The aa 3 -type Cytochrome c Oxidase 

 The cytochrome  c  pathway consists of a 
menaquinol-cytochrome c oxidoreductase 
termed the  bc   1   complex (encoded by the 
 qcrCAB  operon) and an  aa   3  -type cyto-
chrome c oxidase (encoded by  ctaBCDE ) 
belonging to the heme-copper respiratory 
oxidase family (Boshoff and Barry  2005 ; 
Matsoso et al.  2005 ). The cytochrome  c  
oxidase functions as a proton pump and 
may form a “supercomplex” with menaquinol 
cytochrome  c  oxidoreductase (Matsoso 
et al.  2005 ; Megehee et al.  2006 ). Support 
for this hypothesis comes from the observa-
tion that such supercomplexes have been 
reported in other actinomycetes such as  C. 
glutamicum  (Niebisch and Bott  2003 ). The 
 bc   1  - aa   3   pathway is the major respiratory 
route in mycobacteria under standard aero-
bic culturing conditions (Matsoso et al. 
 2005 ). Matsoso et al. ( 2005 ) have demon-
strated that disruption of this pathway in  M. 
smegmatis  is accompanied by a constitutive 
upregulation of the cytochrome  bd -type 
menaquinol oxidase. In  M. tuberculosis , the 
 bc   1  - aa   3   pathway is essential for growth 
 suggesting an inabi lity of this bacterium 
to adapt in a manner analogous to  M. 
 smegmatis . The  aa   3   branch is proposed to 
contain two  ctaD  alleles in  M. smegmatis  
versus the one in  M. tuberculosis , suggest-
ing the existence of alternate isoforms of 
cytochrome  c  oxidase in  M. smegmatis  
(Kana et al.  2001 ).  
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   B. Cytochrome bd-type Oxidase 

  M. tuberculosis  and other mycobacterial spe-
cies harbor genes for the cytochrome  bd - type  
menaquinol oxidase ( cydAB ) (Kana et al. 
 2001 ). The cytochrome  bd  branch is the 
bioenergetically less effi cient branch (non- 
proton translocating) and is synthesized at 
low oxygen tensions in mycobacteria (Kana 
et al.  2001 ). In addition to cytochrome  bd , 
the  M. smegmatis  respiratory chain has been 
proposed to contain a third possible respira-
tory branch terminating in the YthAB ( bd - 
type ) menaquinol oxidase (Kana et al.  2001 ). 
The existence of two cytochrome  bd -type 
oxidases (I and II) is not unprecedented in 
bacteria (Poole and Cook  2000 ), and recent 
work had reported that cytochrome  bd -II in 
 E. coli  is able to generate a PMF with a H + /
e −  ratio of 1.0 (Borisov et al.  2011 ). 

 Cytochrome  bd  mutants of  E. coli  have 
been shown to have a pleiotropic phenotype: 
they are sensitive to H 2 O 2 , nitric oxide, tem-
perature, unable to exit from stationary phase 
and resume aerobic growth at 37 °C, and 
iron (III) chelators (reviewed in Poole and 
Cook  2000 ). A  cydA  mutant of  M. smegmatis  
has been generated, but the phenotypes are 
very subtle compared to  E. coli . A  M. smeg-
matis cydA  mutant showed a reduced growth 
rate at 0.5–1 % air saturation and also a 
tenfold difference in CFU after 140 h of 
growth in the presence of cyanide at 21 % air 
saturation when co-cultured with the wild-
type (Kana et al.  2001 ). 

 The  cydAB  genes appear to be in an 
operon with  cydDC  in mycobacterial spe-
cies, an arrangement similar to that found in 
 Bacillus . In  E. coli ,  cydAB  and  cydDC  form 
two discrete operons and c ydDC  mutants are 
defective in cytochrome  bd  assembly and 
the periplasmic space is more oxidized in the 
mutant versus wild-type (Goldman et al. 
 1996a ,  b ). In  E. coli , the CydDC protein 
(ABC transporter) has been reported to 
pump glutathione and cysteine into the peri-
plasm to maintain redox homeostasis 
(Pittman et al.  2005 ). The role of the  cydDC  
genes in mycobacteria is unknown, however, 
evidence exist that CydDC plays a role dur-

ing mycobacterial persistance in vivo. A 
 cydC  mutant of  M. tuberculosis  showed 
reduced ability to survive the transition from 
acute to chronic infection in mice (Shi et al. 
 2005 ) and Dhar and McKinney have reported 
that CydC plays a role in mycobacterial 
persistence in isoniazid-treated mice (Dhar 
and McKinney  2010 ).   

   VI. Alternative Electron Acceptors 

 In the absence of oxygen, alternative elec-
tron acceptors (e.g., nitrate and fumarate) are 
available for mycobacterial metabolism, but 
none of these electron acceptors are able to 
support growth. These potential electron 
acceptors may play an important role in the 
disposal of reducing equivalents in the 
absence of oxygen. 

   A. Nitrate Reductase 

 The breakdown of nitric oxide in mamma-
lian tissue by intracellular bacteria provides 
a source of nitrate that can be used as an 
alternative electron acceptor. A transport 
system for the exchange of nitrate and nitrite 
into and out of the cell are present in the 
genome of  M. tuberculosis  (e.g., NarK2) 
(Cole et al.  1998 ).  M. tuberculosis  contains 
genes ( narGHJI ) that encode for a putative 
membrane- bound molybdenum-containing 
nitrate reductase complex similar to the 
corresponding  narGHJI  operon of  E. coli . 
Moreover, the  narGHJI  operon of  M. tuber-
culosis  is able to functionally complement a 
 nar  mutant of  E. coli  to grow on glycerol and 
reduce nitrate anaerobically (Sohaskey and 
Wayne  2003 ). Importantly however, the 
expression of the  narGHJI  operon in  M. 
tuberculosis  is not upregulated in response to 
either hypoxia or stationary phase (Sohaskey 
and Wayne  2003 ). Sohaskey and Wayne 
demonstrate that overexpression of recombi-
nant  M. tuberculosis  nitrate reductase in 
either  M. tuberculosis  or  M. smegmatis  (low 
nitrate reductase activity) does not confer the 
ability of these cells to grow anaerobically 
i.e. no growth of either species is observed 
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with nitrate anaerobically even though the 
nitrate reductase activity of whole cells 
increases (Sohaskey and Wayne  2003 ). The 
genome of  M. tuberculosis  also lacks ortho-
logs of transcription regulator FNR which, in 
combination with NarL, are responsible for 
the transcriptional activation of the  narGHJI  
operon by anaerobic conditions in  E. coli  
(Unden and Bongaerts  1997 ). A putative 
NarL ( Rv0884c ) has been indentifed in  M. 
tuberculosis  but the promoter of the  narGHJI  
lacks consensus-like binding sites for this 
regulatory protein. Based on these observa-
tions, it is apparent that this enzyme does not 
support anaerobic growth of mycobacteria 
and therefore the role of this enzyme in the 
physiology of mycobacteria is unclear. Given 
the proposed membrane-bound location of 
the enzyme and the proton- translocating 
activity  via  a redox loop of the  E. coli  
enzyme, perhaps the primary role of the 
mycobacterial enzyme is to generate a PMF 
when the concentration of oxygen is low, and 
hence its activity increases but not its expres-
sion. An alternative role for nitrate reductase 
may be maintaining the redox balance of the 
cell during conditions of hypoxia. Sohaskey 
( 2008 ) has reported that exogenously sup-
plied nitrate has no effect on long- term 
persistence during gradual oxygen deple-
tion, but played an important role during 
rapid adaptation to hypoxia (<18 h). This 
effect required a functional nitrate reductase, 
suggesting that nitrate reduction may play 
a role in protecting cells during sudden 
changes in oxygen concentration leading to 
disruption of aerobic respiration. Sohaskey 
( 2005 ) proposes a role for NarK2 in sensing 
the redox state of the cell such that nitrate is 
transported into the cell under reducing, but 
not oxidizing conditions.  

   B. Fumarate Reductase 

 Fumarate reductase (encoded by  frdABCD ) 
is present in  M. tuberculosis  and has been 
shown to be upregulated during carbon star-
vation (Betts et al.  2002 ), oxygen depletion 
(Bacon et al.  2004 ) and in macrophages 
(Schnappinger et al.  2003 ), suggesting a role 

for this enzyme in persistence (Fig.  15.2 ). It 
has been proposed that fumarate may be an 
important endogenous electron acceptor for 
energy production and maintenance of redox 
balance (oxidation of NADH to NAD+) in 
hypoxic non-replicating mycobacteria (Rao 
et al.  2008 ). Indeed, in a recent study it was 
shown that  M. tuberculosis  secrets succinate 
under anaerobic conditions (Watanabe et al. 
 2011 ) and 13C fl ux analysis indicated that a 
large proportion of the secreted succinate 
must result from the reduction of fumarate to 
succinate. However, deletion of  frdA  in 
 M. tuberculosis  did not stop the accumulation 
of succinate, indicating that the two putative 
succinate dehydrogenase operons could 
compensate or that the secretion of succinate 
is due to a different metabolic effect. It is 
interesting to note that only members of the 
 M. tuberculosis  complex harbor a copy of 
fumarate reductase and it is missing from all 
other pathogenic strains like  M. avium para-
tuberculosis ,  M. marinum ,  M. ulcerans , 
 M. leprae . However, the two putative succi-
nate dehydrogenases are present in all myco-
bacterial species apart from  M. leprae  where 
Sdh1 is a degenerate operon (Kana et al. 
 2009 ). Therefore, it seems likely that at least 
one of these putative succinate dehydroge-
nase could catalyse the reverse reaction 
under anaerobic conditions. The use of fuma-
rate as an electron acceptor in  E. coli  requires 
complex I, and expression of the  nuo  operon 
is stimulated by the presence of fumarate 
(Unden and Bongaerts  1997 ). This stands in 
direct contrast to  M. tuberculosis , where the 
 nuo  operon seems to be silent under anaero-
bic conditions (Shi et al.  2005 ). Mycobacteria 
utilize menaquinone/menaquinol as a conduit 
between electron- donating and -accepting 
reactions. Menaquinone has a lower midpoint 
redox potential ( E  m  = −74 mV) compared to 
ubiquinone ( E  m  = +113 mV) and is ideally 
poised to donate electrons to fumarate during 
anaerobic conditions (Cecchini et al.  2002 ).  

   C. Hydrogenase 

 The evolution of H 2  is a mechanism com-
monly employed by anaerobic bacteria to 
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recycle reducing equivalents obtained from 
anaerobic degradation of organic substrates. 
However, even strictly aerobic bacteria have 
been shown to produce H 2  under anaerobic 
conditions (Kuhn et al.  1984 ). In the family 
of  Mycobacteriaceae  two potential hydrogen- 
evolving hydrogenases are present. One 
belongs to Group 2 cytoplasmic bidirectional 
hydrogenases and can be found in slow- 
growing mycobacteria (e.g.,  M. kansasii ) 
and fast-growing (e.g.,  M. smegmatis ) myco-
bacteria. In  M. smegmatis  this enzyme is 
termed Hyd3 and has been shown to respond 
strictly to oxygen-limiting conditions with 
up to 50-fold increase in gene expression 
(Berney and Cook  2010 ). The second type is 
a yet uncharacterized enzyme that shows 
homology to Group 4 hydrogenases that are 
membrane-bound. This putative formate- 
hydrogen lyase is enocoded in  M. tuberculo-
sis  by the gene cluster (viz. Rv0082 to 
Rv0087) and is upregulated during infection 
of human macrophage-like THP-1 cells 
(Fontan et al.  2008 ). Moreover, the transcrip-
tion of the early genes of the  hycP / hycQ  con-
taining operon was shown to be upregulated 
during anaerobic adaptation in several stud-
ies (Bacon et al.  2004 ; Park et al.  2003a ; 
Sherman et al.  2001 ; Voskuil et al.  2003 , 
 2004 ). This gene cluster shows homology to 
components of hydrogenase 4 and 3 complex 
of  Escherichia coli , the latter of which has 
been shown to catalyze hydrogen evolution 
at acidic pH (Mnatsakanyan et al.  2004 ). 
Recently, it was shown that the operon 
Rv0081-Rv0087 is positively regulated by 
the two-component signal transduction sys-
tems DosRS-DosT and MprAB and nega-
tively regulated by Rv0081 a member of the 
ArsR/SmtB family of metal-dependent 
transcriptional regulators. DosRS-DosT is a 
redox sensing regulatory system that is 
important during the adaptation to hypoxic 
conditions. It is tempting to propose that the 
acidic, hypoxic and lipid-rich environment in 
the macrophages might require the expres-
sion of a hydrogenase complex in  M. tuber-
culosis  to help with the recycling of reducing 
equivalents under these conditions. The 
requirement for a low potential redox carrier 
in hydrogen production could be satisfi ed by 

reactions that are coupled to ferredoxins and 
not NADH. In fact when  M. smegmatis  is 
exposed to hypoxic conditions it switches to 
NAD + /NADH-independent enzymes, espe-
cially those with ferredoxins as a redox part-
ner. For example, in a recent study it has 
been shown that  M. tuberculosis  expresses a 
functional α-ketoglutarate:ferredoxin oxido-
reductase ( Rv2454c / Rv2455c ) (Baughn et al. 
 2009 ). The same enzyme was upregulated in 
 M. smegmatis  under oxygen-limiting condi-
tions (Berney and Cook  2010 ). The role of 
hydrogen in the cycling of reducing equiva-
lents in mycobacteria during hypoxia warrants 
further investigation.   

   VII. ATP Synthesis by the F 1 F o  ATP 
Synthase 

 In  M. tuberculosis  and other mycobacterial 
species, ATP is synthesized  via  substrate 
level phosphorylation and oxidative phos-
phorylation using the membrane-bound 
F 1 F o -ATP synthases (encoded by the  atpIBE-
FHAGDC  operon). In  M. tuberculosis , the 
 atp  operon is downregulated during growth 
in macrophages (Schnappinger et al.  2003 ), 
the mouse lung and in cells exposed to nitric 
oxide or hypoxia (Shi et al.  2005 ). The  atp  
operon of  M. bovis  BCG and  M. smegmatis  
is down-regulated in response to slow growth 
rate (Berney and Cook  2010 ; Beste et al. 
 2007 ). When slow growing cells of  M. smeg-
matis  (70 h doubling time), with low levels 
of  atp  operon expression, are exposed to 
hypoxia (0.6 % oxygen saturation), the  atp  
operon is upregulated threefold suggesting an 
important role for this enzyme during adap-
tation to hypoxia (Berney and Cook  2010 ). 

 The F 1 F o -ATP synthase catalyzes ATP 
synthesis by utilizing the electrochemical 
gradient of protons to generate ATP from 
ADP and inorganic phosphate (P i ) and oper-
ates under conditions of a high PMF and low 
intracellular ATP. The enzyme is also capable 
of working as an ATPase under conditions of 
high intracellular ATP and an overall low 
PMF (von Ballmoos et al.  2008 ). As an 
ATPase, the enzyme hydrolyzes ATP, while 
pumping protons from the cytoplasm to the 
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outside of the cell. The ATP synthase of 
mycobacteria has been studied in detail at a 
biochemical level in  Mycobacterium phlei  
and shown to exhibit latent ATPase activity 
(Higashi et al.  1975 ). ATPase activity could 
be activated by trypsin treatment and magne-
sium ions, but the mechanism of activation 
was not elucidated. Recent experiments with 
inverted membrane vesicles of  M. bovis  
BCG and  M. smegmatis  demonstrate latent 
ATPase activity that could be activated by 
methanol and the PMF, suggesting regu-
lation by the epsilon subunit and ADP inhi-
bition (Haagsma et al.  2010 ). The reason for 
the extreme latency in ATP hydrolysis of the 
mycobacterial ATP synthase is unknown, but 
may represent an adaptation to function at 
low PMF and under hypoxia. Hypoxic non- 
replicating cells of  M. tuberculosis  generate 
a PMF in the order of −100 mV and the ATP 
synthase inhibitor R207910 is bactericidal 
towards these cells demonstrating that the 
ATP synthase still continues to function at 
relatively low PMF (Rao et al.  2008 ). 

 The F 1 F o -ATP synthase in  M. tuberculosis  
and  M. smegmatis  has been shown to be 
essential for optimal growth (Sassetti et al. 
 2003 ; Tran and Cook  2005 ). In other bacte-
ria, the F 1 F o -ATP synthase has been shown to 
be dispensable for growth on fermentable 
carbon sources (Friedl et al.  1983 ; Santana 
et al.  1994 ), where increased glycolytic fl ux 
can compensate for the loss of oxidative 
phosphorylation. This strategy does not 
appear to be exploited by  M. smegmatis : the 
F 1 F o -ATP synthase is essential for growth 
even on fermentable substrates, suggesting 
that ATP production from substrate level 
phosphorylation alone, despite increased 
glycolytic fl ux, may be insuffi cient to sustain 
growth of these bacteria (Tran and Cook 
 2005 ). This may be due to an extraordinarily 
high value for the amount of ATP required to 
synthesize a mycobacterial cell, a possibility 
that requires further investigation (Cox and 
Cook  2007 ). Alternatively, or in conjunction 
with a high ATP demand for growth, the ATP 
synthase may be an obligatory requirement 
for the oxidation of NADH by providing a 
sink for translocated protons during NADH 
oxidation coupled to oxygen reduction. Such 

strict coupling would imply that mycobacte-
ria do not support uncoupled respiration; 
either they lack a conduit for proton re-entry 
in the absence of the F 1 F o -ATP synthase or 
they are unable to adjust the proton permea-
bility of the cytoplasmic membrane to allow 
a futile cycle of protons to operate. In this 
context, the cytoplasmic membrane of  M. 
smegmatis  has been shown to be extremely 
impermeable to protons (Tran et al.  2005 ). 
The ATP synthase of the close mycobacterial 
phylogenetic relative  Corynebacterium glu-
tamicum  is non-essential for growth on fer-
mentable carbon sources and ∆ atp  mutants 
of this bacterium show enhanced rates of 
glucose uptake, oxygen consumption and 
excretion of pyruvate into the growth 
medium, suggesting that substrate level 
phosphorylation alone can sustain growth of 
this bacterium (Koch-Koerfges et al.  2012 ). 

 Several new anti-tubercular compounds 
have been reported that target oxidative 
phosphorylation in mycobacteria (Andries 
et al.  2005 ; Dhiman et al.  2009 ; Weinstein 
et al.  2005 ). The most promising compounds 
clinically, the diarylquinolines, have been 
shown to target the F 1 F o -ATP synthase and 
inhibit ATP synthesis by the enzyme (Andries 
et al.  2005 ; Koul et al.  2007 ,  2008 ). Genome 
sequencing of both  M. tuberculosis  and 
 M. smegmatis  mutants that are resistant to 
diarylquinolines (i.e., R207910) revealed 
that the target of these compounds is the 
oligomeric  c  ring (encoded by  atpE ) of the 
enzyme (Andries et al.  2005 ; Huitric et al. 
 2007 ,  2010 ). The purifi ed  c  ring from  M. 
smegmatis  binds R207910 with a K D  of 
500 nm, and modelling/docking and kinetic 
studies suggest that R207910 blocks rotary 
movement of the c-ring during catalysis by 
mimicking key residues in the proton trans-
fer chain (de Jonge et al.  2007 ; Haagsma 
et al.  2011 ). Further investigations with 
inverted membrane vesicles of  M. smegmatis  
and TMC207 has revealed that TMC207 acts 
independently of the PMF, and that electro-
static forces play an important role in the 
interaction of the drug with the ATP synthase 
(Haagsma et al.  2011 ). 

 When mycobacterial cells (growing or 
non-growing) are treated with TMC207, 
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time-dependent (not dose-dependent) killing 
is observed (Andries et al.  2005 ). The mech-
anism of killing is not clear, but does not 
involve the dissipation of the membrane 
potential, which is lethal to all living cells. A 
dose-dependent decrease in intracellular 
ATP has been observed when  M. tuberculo-
sis  cells are treated with TMC207 (Koul 
et al.  2007 ), but these data do not explain cell 
death because mycobacterial cells can be 
depleted of ATP through various deenergiza-
tion treatments and yet remain viable 
(Frampton et al.  2012 ). TMC207 is bacteri-
cidal towards most species of mycobacteria 
(Andries et al.  2005 ), but is only bacterio-
static against  Mycobacterium avium  (Lounis 
et al.  2009 ) and  Mycobacterium smegmatis  
(unpublished data). Even when we grew 
 M. smegmatis  at a doubling time of 70 h 
in glycerol- limited continuous culture, 
TMC207 was bacteriostatic (Berney and 
Cook, unpublished data). The identifi cation 
of the mechanisms underlying this sensiti-
vity will be important in understanding how 
TMC207 exerts its inhibitory effects on 
mycobacterial cells.     
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      I. Introduction 

 The chloroplasts of red algae provide insight 
into the evolutionary process of endosymbi-
osis in that the ultrastructure of the red algae 
chloroplast is similar to the cellular organi-
zation of cyanobacteria. 

 The origin of the green algal/plant plas-
tids and red algal plastids is primary endo-
symbiosis, in which cyanobacteria-like cell 
was engulfment and retained in a host cell. 
The plastids of both, red algae and green 
algae, were subsequently transferred by sec-
ondary endosymbiotic events, giving rise to 
plastids that are surrounded by three or four 
bounding membranes. 

 The fi rst observations detailing chloroplast 
structure in red algae came from the pioneer-
ing work of Gibbs ( 1962 ), who surveyed 
chloroplast ultrastructure of 13 species. In 
the  Rhodophyta , the chloroplasts are limited 
by a narrow double membrane and contain a 
granular matrix material made up of dense 

particles (90–150 Å in diameter) and scat-
tered lipid-like globules. Most noteworthy is 
the presence of free thylakoids which form 
compartments and virtually never come into 
contact with other thylakoids except for occa-
sional inter-connections. 

 The arrangement of the thylakoid varies 
between red algae. In  Laurencia,  thylakoids lie 
in more or less parallel lines across the chloro-
plast, but there are often single thylakoids, 
which follow the chloroplast envelope and 
thus encloses the thylakoids in the  chloroplast 
center. Other red algae have a concentric 
arrangement of thylakoids, as reported by in 
 Porphyridium cruentum  (Gantt and Conti 
 1965 ). Several authors have studied the size 
and distribution of intramembranous particles 
in freeze- fractured thylakoids of red algae 
(   Cole and Sheath  1990 ). The studies that reveal 
phycobilisomes as particles attached to the 
stromal surface of the thylakoids. 

 Red algal thylakoids contain chlorophyll 
 a , carotenoids (violaxanthin, antheraxan-
thin, lutein, zeaxanthin, β-cryptoxanthin, 
α-carotene and β-carotene) and with acces-
sory pigments located in the phycobilipro-
teins (allophycocyanin, phycocyanin and 
phycoerythrin).  

 Abbreviations:     EM –    Electron microscopy;      LM – 
   Light microscopy;      PAS –    Periodic acid-schiff;      
PBS –    Phycobilisome    

  Summary   

 The morphological and structural aspects of red algae chloroplasts are described in this 
chapter. Structural and physiological features of the red algal chloroplast demonstrate the 
occurrence of an endosymbiotic event. Structural features of the red algal chloroplast include 
phycobilisomes, plastoglobuli, genophores, ribosomes, and pyrenoids in some species. 
The phycobilisomes are photosynthetic macromolecular aggregates of light-harvesting 
pigment-protein complexes attached to the stromal side of the thylakoid membrane. In the 
chloroplast stroma, electron- dense lipid droplets (plastoglobuli) are observed between the 
thylakoids, and in red algae, these structures are interpreted as lipid material. In chloroplasts, 
the stroma is fi lled with plastidial ribosomes and a fi brillar region corresponding to a geno-
phore. Red algae can possess a large variety of colors, ranging from purple-red, pinkish-red, 
red, brown, yellowish to different gradations of green. These colors arise from a variety of 
photosynthetic pigments, predominantly chlorophyll  a , with accessory pigments found in the 
phycobiliproteins (allophycocyanin, phycocyanin and phycoerythrin), as well as different 
carotenoids (violaxanthin, antheraxanthin, lutein, zeaxanthin, β-cryptoxanthin, α-carotene 
and β-carotene). Floridean starch is the main storage product synthesized in red algae. The 
fl oridean starch is stored in granules, which are localized in the cell cytoplasm – outside of 
the chloroplast.  
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     Fig. 16.1.    Confocal microscopy images (autofl uorescence, bright fi eld and merged composite) of the stellate 
chloroplast of  Porphyra acanthophora  var.  brasiliensis . Note the presence of central pyrenoid (Py).       

  Fig. 16.2.    Confocal microscopy of the several elongated chloroplasts of  Aglaothamnion uruguayense .       

   II. Chloroplast Morphology 

 The morphology of red algae chloroplasts is 
highly variable, i.e., from stellate (Fig.  16.1 ) to 
discoid to ramifying, highly lobed forms. 
The chloroplasts can be large and elongated 
(Fig.  16.2 ) with the ability to adjust to cellular 
morphology. Some red algae have one large 
chloroplast per cell, usually stellate, with a 
characteristic central pyrenoid, as seen in the 
genera  Porphyra  (Fig.  16.1 ) and  Nemalion  
(Fig.  16.3 ), whereas most algae in these groups 
exhibit numerous small chloroplasts per cell.

     The chloroplast envelope of red algae is 
similar to that of many other photosynthetic 
organisms, while the internal organization 
can be distinct form cyanbacteria and green 
algae and plants. The chloroplast typically 
has an arrangement of unconnected, paral-
lel, linear thylakoids, a ‘periplastidial thyla-
koid’, which follows the contours of the 
envelope can be present. The number of 
parallel thylakoids and presence of a ‘peri-
plastidal thylakoid’ is varies between spe-
cies and the plastid location in multicellular 
red algae. 
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  Fig. 16.3.    Confocal microscopy images (autofl uorescence, bright fi eld and merged composite) of  Nemalion 
helminthoides  featuring stellate chloroplasts.       

 The photosynthetic machinery is similar 
to that found in cyanobacteria. The two pho-
tosystems are embedded in the membrane 
and the major light harvesting system, the 
phycobilisome (PBS), made up of phycobili-
proteins, are in the chloroplast stroma. In 
 Rhodophyta  the PBS are generally hemi-
spherical, in contrast to cyanobacteria where 
they are hemidiscoidal. 

 Red algae possess a sophisticated carbon 
fi xation machinery. Red algal RuBisCo is 
more closely related to α-proteobacterial 
origin (type I) than cyanobacterial and green 
alga and plant RuBisCo. 

 Some of RuBisCos present in red alga 
possess the highest known affi nity for CO 2 . 
In many red alga species RuBisCo is orga-
nized in pyrenoids. Carbon concentrating 
mechanisms are found in a variety of 
 Rhodophyta . 

 The chloroplasts reproduce by binary 
 fi ssion (Fig.  16.4 ). Electron microscopic 
studies established that chloroplast division 
is performed by the simultaneous constric-
tion of the inner and outer envelopes at the 

division site. Since the 1980s, electron-dense 
ring structures at the division site called 
plastid-dividing (PD) rings have been 
detected on both the inside and outside of the 
chloroplast. These observations lead to the 
suggestion that chloroplast division is 
achieved by constriction of the ring-like 
division complex. Recent studies in the 
 unicellular red alga  Cyanidioschyzon mero-
lae , have identifi ed several components of 
the division complex using molecular genet-
ics. (Miyagishima  2011 ) (see Chap.   23    ).

   Undifferentiated chloroplasts, such as 
those found in callus of young red algae, 
contain proplastids (Fig.  16.5 ). Proplastids 
are generally small and undifferentiated with 
poorly defi ned internal membranes, that 
appear as tubules. These tubules often seem 
to connect to the inner membrane of the pro-
plastid envelope, but such connections are 
lost early in development and are apparently 
absent in mature plastids (Wise and Hooper 
 2007 ). Delivopoulos ( 2003 ) visualized fi s-
sion of proplastids and divisions of plastids 
in the red alga  Cryptopleura ruprechtiana. 

 

Zenilda L. Bouzon et al.

http://dx.doi.org/10.1007/978-94-017-8742-0_23


299

  Fig. 16.4.    Transmission electron microscopy (TEM) images of  Gracilaria caudata . Chloroplast binary fi ssion 
event is indicated by  arrows  sister chloroplasts indicated by C. Note the presence of plastoglobuli (P).       

  Fig. 16.5.    Transmission electron microscopy (TEM) images of  Gracilaria caudata . Thylakoids in the proplastid 
are indicated by  arrows . The inner and the outer chloroplast membrane can be discerned.       

 

 

16 Chloroplast of Red Algae 



300

      III. Phycobilisomes 

 Phycobilisomes are photosynthetic macro-
molecular aggregates of light-harvesting 
pigment-protein complexes attached to the 
stromal side of the thylakoid membranes of 
cyanobacteria and red algae (see Chap.   4    ). 
The main components of phycobilisomes is 
an evolutionary related group of hexameric 
proteins that house phycobilins (e.g., phy-
coerythrin, phycocyanin) referred to as 
phycobiliproteins and linker proteins. The 
phycobilisomes appear as 35 nm granules 
when phycoerythrin predominates or as 
discs when phycocyanin predominates 
(Lee  2008 ). For example, in  Gracilaria 
domingensis , numerous evenly-spaced 
phycobilisomes are attached on both sides 
of the outer thylakoids (Fig.  16.6 ).

   When cells are deprived of nitrogen, an 
ordered degradation of phycobilisomes occurs, 
involving a progressive degradation of hexamer 
rod and linker polcoypeptides followed by 
the core peptides. However, new phycobilisomes 
are rapidly synthesized upon the addition of 
nitrogen to the medium. Thus, phycobilisomes 
are an important source of internal nitrogen 

and offer red algae an  crucial ecological 
advantage in the open ocean where the supply 
of nitrogen is limited (Vergara and Niell  1993 ).  

   IV. Photosynthetic Pigments 

 Depending species and on the environment 
where a red alga grows, the coloration of 
red algae can vary, ranging from purple-
red, pinkish-red, red, brown, yellowish 
and  different gradations of green based on 
 different pigment composition (chlorophyll 
 a , phycobiliproteins and carotenoids). 

 The Rhodophyta family has only chloro-
phyll  a  as the primary photosynthetic pigment. 
This pigment has two main absorption bands 
in vitro, one band in the red light region at 
663 nm and the other at 430 nm. The thyla-
koids contain chlorophyll that is associated 
with the photosynthetic reaction centers with 
functions in light harvesting and charge 
separation reactions; carbon dioxide fi xation 
occurs in the stroma (Lee  2008 ). 

 The main accessory pigments in red 
algae are the phycobiliproteins localized 
into phycobilisomes on the thylakoid surface. 

  Fig. 16.6.    Transmission electron microscopy (TEM) images of  Gracilaria domingensis.  Detail of chloroplast (C) 
shows the phycobilisomes attached to the outside (cytoplasmic side) of the thylakoid membranes ( arrows ). Note 
the presence of plastoglobuli (P).       

 

Zenilda L. Bouzon et al.

http://dx.doi.org/10.1007/978-94-017-8742-0_4


301

The water-soluble phycobiliproteins, which 
are comprised of linear tetrapyrrole chro-
mophores covalently bound to apoprotein, 
fall into three main groups, based on their 
absorption spectra (Lee  2008 ): phycocery-
thrin, phycocyanin and allophycocyanin. 
Several additional proteins are found within 
the phycobilisome, and they serve to link 
the phycobiliproteins together in an ordered 
fashion and link the phycobilisome to the 
thylakoid membrane (Zilinskas and 
Greenwald  1986 ). The phycobilisome of 
red algae is composed of an allophycocya-
nin core and several peripheral rods con-
taining phycocyanin and phycoerythrin 
(Su et al.  2010 ). Gantt and Lipschultz ( 1974 ) 
initially reported that phycobilisomes 
isolated from  Porphyridium cruentum  only 
consisted of phycobiliproteins with 84 % 
R- and b- phycoerythrin, 11 % R-phycocyanin 
and 5 % allophycocyanin. 

 Other groups of accessory pigments 
 present in red algae are the carotenoids, and 
their different concentrations are an impor-
tant factor in determining the color of the 
algae. Several types of carotenoids in red 
algae have been described, including violax-
anthin, antheraxanthin, lutein, zeaxanthin, 
β-cryptoxanthin, α-carotene and β-carotene 
(Schubert et al.  2006 ).  

   V. Plastoglobuli 

 In the chloroplast stroma, electron-dense 
lipid droplets described as plastoglobuli can 
be observed between the thylakoids 
(Fig.  16.6 ). In red algae, these structure are 
interpreted as lipid material that function as 
a lipid reserve. Plastoglobuli were also 
described by Wetherbee and Wynne ( 1973 ) 
in  Polysiphonia novae-angliae  W. R. Taylor, 
by Pueschel ( 1988 ) in  Hildenbrandia rubra  
(Sommerfelt) Meneghini, and by Bouzon 
( 2006 ) in  Hypnea musciformis . 

 Plastoglobuli are considered to passive 
store of lipids and carotenoids, and their 
dimensions vary among different species, 
types and developmental stages of plastids, 
suggesting a more dynamic function 

(Bréhélin et al.  2007 ). Recent publications 
show that plastoglobuli contain enzymes 
involved in the metabolism of these second-
ary metabolites, as well as enzymes of 
unknown function (Bréhélin et al.  2007 ). 
When analyzed by transmission electron 
microscopy (TEM), algae, such as 
 Kappaphycus alvarezii  (Schmidt et al.  2009 , 
 2010a ,  b ) (Fig.  16.7 ),  Gracilaria domingen-
sis  (Schmidt et al.  2010c ),  Hypnea muscifor-
mis  (Bouzon et al.  2012 ) (Fig.  16.8 ) and 
callus of  Kappaphycus alvarezii  (Zitta  2010 ) 
(Fig.  16.9 ), exposed to different stress  factors, 
e.g. ultraviolet radiation-B and  cadmium, an 
increase in the number of plastoglobuli in 
the chloroplast is observed. According to 
Holzinger et al. ( 2009 ), when the algae are 
subjected to stress, including the depletion of 
nitrogen, the synthesis of lipids is observed. 
These phenomena is thought to occur, because 
the metabolic pathways that lead to protein-
containing cell structures are suppressed.

        VI. Ribosome 

 In chloroplasts, the stroma is fi lled with 
smaller plastidial ribosomes (Fig.  16.10 ) 
(Dodge  1973 ). These ribosomes have the 
characteristics of 70S ribosomes of bacteria, 
indicating their endosymbiotic, cyanobacte-
rial heritage. The presence of ribosomes in 
large numbers suggests a high production of 
chloroplast proteins to support the chloro-
plasts metabolic activity.

      VII. Genophore 

 The chloroplasts contain DNA that is local-
ized among the thylakoids, referred to as 
genophore (Pueschel  1990 ). Transmission 
electron microscopy reveals a relatively 
electron-translucent area containing irregularly 
arranged fi brils, as observed in species such 
as  Kappaphycus alvarezii  (Fig.  16.11 ).

   Most chloroplasts contain this DNA in an 
area of the chloroplast devoid of 70S ribo-
somes. The DNA is an evolutionary  indicator 
of the cyanobacterium-like organisms 
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  Fig. 16.8.    Transmission electron microscopy (TEM) images of  Kappaphycus alvarezii  control (not exposed to 
UV-B radiation) and treated with ultraviolet radiation-B. Note the disrupted chloroplasts (C) with large quantity 
of plastoglobuli (P) and some starch grains (S).       

  Fig. 16.7.    Transmission electron microscopy (TEM) images of  Gracilaria domingensis . Detail of chloroplast (C) 
shows the presence of plastoglobulus (P) between thylakoid membranes.       
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  Fig. 16.9.    Transmission electron microscopy (TEM) images of  H y pnea musciformis  treated with cadmium .  
Note the chloroplast with large plastoglobuli volume.       

  Fig. 16.10.    Transmission electron microscopy (TEM) micrographic images of callus of  Kappaphycus alvarezii . 
Observe the chloroplast with increase in plastoglobuli volume .  Culturing on solid medium can be considered a 
stress factor that stimulates the production of plastoglobuli, which accumulate metabolites necessary for protec-
tion against cellular damage.       
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  Fig. 16.11.    Transmission electron microscopy (TEM) 
images of  Gracilaria caudata . Note the plastidial ribo-
somes ( arrows ), free cytoplasmic ribosomes (R) in the 
cytoplasm and rough endoplasmatic reticulum ( Rer ).       

  Fig. 16.12.    Transmission electron microscopy (TEM) 
images of  Kappaphycus alvarezii . Note the presence a 
fi brillar region corresponding to a genophore (G) in the 
chloroplast (C), and plastoglobuli (P).       

involved in the endosymbiosis event that is 
the of the chloroplast. The individual DNA 
microfi brils, which lack basic proteins 
 (histones), are circular and attached to the 
chloroplast membranes (Lee  2008 ). DNA 
is scattered throughout the plastids in 
 Rhodophyta  (Coleman  1985 ).  

   VIII. Pyrenoid 

 The pyrenoid, which is localized at the center 
of a rather large chloroplast, is a structure that 
occurs some primitive red algae (Pueschel 
 1990 ). It is characterized by a somewhat 
undulating membranous structure, probably 
consisting of one or two thylakoids running 
through the center of the stroma plastidial. 
In some red algae, Dodge ( 1973 ) found the 
pyrenoid to be much larger than in previous 
types and penetrated by a number of chloro-
plasts. For example, the cells of  Porphyra 
acanthophora  var.  brasiliensis  (Fig.  16.12 ) are 
fi lled with a single chloroplast with a central 

pyrenoid, revealing a structure very similar to 
that of other red algae, having one peripheral 
thylakoid surrounded by parallel thylakoids. 
Pyrenoids contain ribulose-1.5-bisphosphate 
carboxylase/oxygenase (Rubisco) (see Chap.   7    ), 
the enzyme that fi xes carbon dioxide (Jenks 
and Gibbs  2000 ; Nagasato et al.  2003 ). 
Consequently, the size of the pyrenoid will 
vary depending on how much Rubisco is 
present.

      IX. Floridean Starch Granules 

 Floridean starch is the main storage product 
of photosynthesis in red algae. Floridean is 
stored in ‘grains’, which occur in the cyto-
plasm outside of the chloroplast. The extra-
plastidic fl oridean starch synthesis in red 
algae proceeds via a UDP glucose-selective 
alpha-glucan synthase, in analogy with the 
cytosolic pathway of glycogen synthesis in 
other eukaryotes (Viola et al.  2001 ). When 
observed under light microscopy (LM), 
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  Fig. 16.13.    Transmission electron microscopy (TEM) images of  Porphyra acanthophora  var.  brasiliensis.  Note 
the single chloroplast marked by (C) with central pyrenoid (Py).       

fl oridean starch grains assayed with Periodic 
Acid-Schiff (PAS), result in a pink structures 
(Fig.  16.13 ). This assay is used to identify 
neutral polysaccharides, such as fl oridean 
starch grains, because it requires the pres-
ence of 1.2-glycol groups that are oxidized 
to aldehydes by periodic acid (Trick and 
Pueschel  1990 ). The Thiéry test ( 1967 ) is 
also based on the PAS reaction involving the 
1.2-glycol groups for images acquired in 
TEM (Figs.  16.14  and     16.15 ). During the 
Thiéry reaction, the thiosemicarbazide reacts 
with these groups, and their radical  thio  is 
revealed by the TEM deposits of silver pro-
teinate (Tripodi and De Masi  1975 ).

        X. Perspective 

 Aspects concerning the export of fi xed car-
bon from the chloroplast and its utilization 
and storage in the cell cytoplasm remain 
enigmatic  ( Linka et al.  2008 ). In contrast to 
higher plants, fl oridean starch is the main 
carbon storage product in red algae. Also 
different from the starch granules in plants 

that are located in the chloroplast, red algal 
fl oridean is produced in the cell cytosol, 
using UDP- Glc as precursor (Patron and 
Keeling  2005 ). In photosynthetically active 
plastids, triose- phosphate is exported via 
the triose- phosphate translocator (TPT) to 
sustain soluble and insoluble carbohydrate 
synthesis (fl oridoside and fl oridean starch 
grains) in the cytosol. Floridoside 
(2- O -glycerol- α -D- galactopyranoside), fi rst 
isolated from a  Rhodophyceae  ( Rhodymenia 
palmata)  in  1930  by Colin and Guéguen, is 
a natural glycerol galactoside found in red 
algae. Floridoside is believed to play a cru-
cial role in controlling intracellular osmo-
larity and as a precursor for cell wall 
biogenesis. These possible functions remain 
to be evaluated in detail.     
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  Fig. 16.15.    Transmission electron microscopy (TEM) micrographic images of  Kappaphycus alvarezii . Detail 
of a cortical cell subjected to Thiéry assay that is used to identify starch grains ( S ). These grains occur in the 
 cytoplasm outside of the chloroplast.       

  Fig. 16.14.    Light microscopy of the transversal sections of thallus  Kappaphycus alvarezii.  Floridean positive 
starch grains (some indicated by  arrows ) were stained pink by using the Periodic Acid-Schiff assay.       
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  Summary 

 Green algae have been treated for a long time as “free living choroplasts” and therefore used 
as model organisms in photosynthesis research. However, recent progress has provided 
evidence that they have a paraphyletic origin, resulting in a wide array of different evolutionary 
lineages. This diversity opens the opportunity to utilise green algae not only for the production 
of bulk biomass, but also for the extraction of specifi c biotechnological compounds. This chapter 
gives an overview of the taxonomic, structural, biochemical, molecular and physiological 
features of those species which are the most widely used in algal biomass technologies. 
Based on this description, we suggest how green algal biodiversity and metabolic pathways 
can be exploited in the future for biological energy generation.  
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        I. Introduction 

 First attempts to establish pure algal cultures 
were made by Pringsheim in 1910 in Halle 
(Germany). The fi rst published list of culti-
vated algae was dominated by cyanobacteria 
and green algae. Especially the genera 
 Chlorella  and  Scenedesmus  had been used in 
the early 60s and 70s for algal mass cultures, 
mainly with the focus on producing proteins 
for human and animal (fi sh) nutrition 
(Stanley and Jones  1976 ;    Söder  1976 ). 
Oswald and Golucke ( 1968 )    presented in 
1960, for the fi rst time, the idea of using 
green algal mass cultivation to convert solar 
energy to electric power by anaerobic fer-
mentation of the algal biomass produced 
with the help of waste water (Li et al.  2011 ). 
However, after this fi rst boom, Goldman 
( 1979 ) summarized the future of outdoor 
mass cultures to be “limited to small specifi c 
applications and not to massive scale proj-
ects”. The list of green algal species used in 
biotechnological applications both at the 
industrial and lab scales is limited to about 
20 genera, although many authors have 
claimed that the huge biodiversity within the 
green algae waits to be exploited. This list 
includes the following main genera: 
 Chlorella ,  Chlamydomonas ,  Scenedesmus , 
 Chlorococcum ,  Haematococcus ,  Monoraphi-
dium ,  Desmodesmus ,  Dunaliella ,  Tetraselmis , 
 Botryococcus ,  Ostreococcus ,  Muriellopsis , 
 Neochloris ,  Parietochloris and Oocystis . It 
must be stated that, in the last 10 years, based 
on molecular phylogenetic analyses green 
algal systematics have been drastically 
revised (see below), with the consequence 
that some species of the same genus have 
obtained a new position, not only in a differ-
ent genus or family, but even in a different 

phylogenetic lineage. The numbers of different 
species used in biotechnological applications 
is surprisingly limited, because organisms 
have to possess key features needed for mass 
cultivation. First, the cells will be grown in 
high cell densities and intensive mixing is 
needed to expose the cells homogenously to 
the incident light. Both for mixing and for 
harvest, the cells should be resistant against 
mechanical stress. Second, the cells should 
be able to grow quickly with a completely 
inorganic nutrient supply, otherwise contam-
ination with heterotrophic bacteria, fungi or 
even eukaryotic protists would disturb the 
culture growth. Third, species should be 
 single-celled or consist of only a few numbers 
of cell colonies. Suspensions with cells 
forming large aggregates are less effi cient in 
light absorption (see below) and need a high 
mixing velocity to prevent sedimentation. 
Fourth, cells having a strong potential to 
adhere to surfaces are also diffi cult to use in 
any form of photobioreactor, because this 
fouling not only reduces light transparency, 
but the accumulation of dead organic matter is 
also a source of contamination. Nevertheless, 
all of these features can be found in all major 
lineages of green algae. In addition to these 
more technical cell characteristics, the bio-
chemical composition and special physio-
logical potentials are key parameters for the 
strain selection in biotechnology. Although 
Palmucci and Giordano ( 2011 ) showed that 
green algae are much more uniform with 
respect to their biochemical composition of 
the cells than Ochrophyta, green algae are 
important sources for many high valuable 
products, like carotenoids, lipids, starch and 
vitamins. Recent work has shown that green 
algae beside  Chlamydomonas  can be success-
fully used for genetic transformation (Dawson 
et al.  1997 ; Cha et al.  2012 ), opening the 
possibility to use green algae as cell factories 
for pharmaceuticals, drugs or fi ne chemicals. 

 However, metabolic engineering is depen-
dent on detailed knowledge of the genes 
encoding for the enzymes involved in the 
biochemical pathways of concern. Recent 
progress in deep phylogeny of green algae 
has provided surprising evidence that green 

 Abbreviations:     AX   –    Astaxanthin    ;    CAN   –    Cantaxanthin    ;  
  CAR   –    β-carotene    ;    Chl   –    Chlorophyll    ;    ITS   –    Internal 
transcribe spacer (commonly referring to the ribosomal 
rRNA operon)    ;    LUT   –    Lutein    ;    Mya   –    Million years ago    ;  
  ROS   –    Reactive oxygen species    ;    VDE   –    Violaxanthin 
 de-epoxidase    ;    ZEA   –    Zeaxanthin    
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algae are genetically complex and much 
more diverse than the “free living chloro-
plast” of higher plants. Due to their paraphy-
letic origin, which diverged in different 
clades very early in evolution (Leliaert et al. 
 2011 ), many green algae use genes in their 
biochemical pathways that are not related to 
their homologues found in higher plants 
(Frommolt et al.  2008 ). Therefore, a detailed 
understanding of green algal phylogeny is 
essential to understand the biochemical and 
physiological differences in the major green 
algal lineages.  

   II. Phylogeny of Green Algae 

   A. Polyphyletic Nature of Chlorophyll 
b-Containing Algae 

 Algae are a diverse group of unicellular and 
multicellular organisms, a group which is 
not based on phylogeny but based only on 
the defi nition of similar morphology. Van 
den Hoek et al. ( 1996 ) described them sim-
ply as “diverse photosynthetic plants that 
have neither roots nor leafy shoots” and 
“lack vascular tissue“. Terms such as green 
algae, red algae (see Chap.   16    ), brown algae, 
blue-green algae (see Chap.   14    ), yellow- 
green algae etc. illustrate that pigmentation 
has traditionally been used to group these 
organism. Since it has become clear that 
these groups often include non-pigmented 
organisms and chloroplasts can be transmit-
ted horizontally by endocytobiosis, it has 
become common to refer to the green, red 
and glaucocystophyte lineage when it comes 
to eukaryotic algae. The green lineage can 
be traced back to a hypothetical ancestral 
green fl agellate dated 750–150 Mya 
(Leliaert et al.  2011 ). Since chlorophyll  b  
(Chl  b ) was most likely invented only once 
(Grimm et al.  2006 ), the green lineage 
includes all eukaryotic organisms that con-
tain Chl  b , i.e. the green algae and higher 
plants (with primary plastids) and all 
organisms derived from them via secondary 
or tertiary endocytobiotic events (with 
complex plastids, surrounded by three or 

four plastid envelope membranes) (Leliaert 
et al.  2012 , see Fig.  17.1 ).

   The primary plastid bearing organisms 
with  chlorophyll a  (Chl  a ) and Chl  b  
(“Chloroplastida”, Adl et al.  2005 ) are united 
by additional general characteristics such as 
grouped thylakoids, characteristic accessory 
pigments of the α-carotene and β-carotene 
pathway, pyrenoids (see Chap.   7    ) that are 
usually located in the plastid, starch as the 
main reserve polysaccharide, typically a cel-
lulose cell wall, and motile cell stages with 
isokont fl agellae (van den Hoek et al.  1996 ). 
Traditionally, species and higher taxa of 
green algae were based on available morpho-
logical features at the time, especially thallus 
organization (van den Hoek et al.  1996 ). The 
complex and multivariate chloroplast mor-
phology, as well as plastid position and num-
ber within a cell, were highly informative 
features as well (Ettl  1980 ). The fi rst 
approaches of algal taxonomy were greatly 
limited by the resolution of light microscopy. 
Even though the structure of plant cells was 
fi rst described in 1665 by Robert Hooke, it 
took almost another 300 years before the 
invention of the electron microscope in 1931, 
which facilitated the incorporation of struc-
tures in the nanometer range into the mor-
phological description and thereby aiding in 
differentiating unicellular species. Up until 
then, and even afterwards, phylogenetic 
approaches were mostly based on similari-
ties in cytological morphology. Especially 
for small green algae, simple morphologies 
were not character-rich and led to the impres-
sion that many species have a cosmopolitan 
distribution (Fawley et al.  2004 ). In the case 
of the genus  Chlorella , the additional inclu-
sion of physiological/biochemical properties 
such as hydrogenase activity, secondary 
carotenoid production, nitrate reduction, 
vitamin requirements, and extreme pH, salt 
and temperature tolerance ultimately led to 
the assignment of 166 strains (based on faint 
morphological characteristics) to only 17 
species (Kessler  1992 ). In his work on the 
physiological and biochemical contributions 
to taxonomy of the genus  Chlorella , Kessler 
also defi ned other properties such as the use 
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of sugars for heterotrophic growth in the 
dark and organic nitrogen sources (Kessler 
and Czygan  1970 ) that were less reliable for 
predicting species affi liations. Also, these 
observations were not useful for the determi-
nation of evolutionary relatedness, especially 
at higher levels, and were also not transfer-
able to other problematic taxa. 

 Consequently, after the introduction of 
molecular phylogenies based on sequence 
comparison of marker genes like  rbc L, 18S 
rDNA, 28S rDNA and ITS, it became clear 
that systematics had been greatly mislead by 

convergent evolution towards a reduced 
morpholgy, e.g. for the genus  Chlorella  this 
led to the discovery that some species even 
belong to a different algae class (Huss et al. 
 1999 ; Lewis and McCourt  2004 ). According 
to the most recent molecular phylogentic 
analyses integrating composite data from 
multiple studies and divergence estimates 
based on both, fossil records and molecular 
clock estimates, the green lineage can be 
split into two main branches, the Chlorophyta 
and Streptophyta (Leliaert et al.  2011 ; and 
therein), both of which contain ‘green algae’. 

     Fig. 17.1.    Phylogentic relationships of mayor clades of the green lineage, including primary (Chlorophyta and 
Streptophyta) and complex (chlorarachniophytes, euglenophytes, green dinofl agellates) plastid-bearing taxa. 
Width of terminal nodes corresponds to the known species diversity, not genetic diversity within a taxon.  Shaded 
areas  indicate dominant habitats ( dark grey  – freshwater/terrestrial,  light grey  – marine) of higher taxa.  AGF  
Ancestral green fl agellate. Information on available genomic data for green algae summarized from   http://www.
ncbi.nlm.nih.gov/genome     (Modifi ed from Leliaert et al.  2012 ).       
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A third group of marine deep-water, palmelloid 
algae, the Palmophyllales, are recognized as 
an ancient diverging lineage with yet to be 
determined closest affi liation (Zechman 
et al.  2010 ). 

 As clearly shown in Fig.  17.1 , charophytes 
represent a polyphyletic taxon of unicellular 
and fi lamentous green algae, uniting the 
diverse algae that share a common origin 
with the land plants and are usually found in 
freshwater and terrestrial habitats. These 
algae display the highest diversity among the 
unicellular or fi lamentous Zygnematophy-
ceae, with beautifully  symmetrical cells 
(Gontcharov  2008 ), and the macroscopic 
Charophyceae, used in studies on their com-
plex and specialized life cycle in relation to 
higher plants (Niklas and Kutschera  2010 ). It 
has also become clear that the predominantly 
marine prasinophytes are a polyphyletic 
taxon as well. They are single-celled fl agel-
lates covered with organic scales, for example 
the species-rich taxa Mamiellophyceae, 
Pyramimonadales and Nephroselmidophy-
ceae, but other morphologies without fl a-
gella or scales have been described as well 
(for characteristics of the major prasino-
phytic lineages see Leliaert et al.  2011 ). A 
wide array of α- and β-carotene- derived 
carotenoids was described in this group 
(Egeland et al.  1997 ). Even though species 
numbers are relatively low, members of this 
class can dominate the marine, eukaryotic 
picoplankton biomass (Vaulot et al.  2008 ). 
The core chlorophytes, as the name suggests, 
are the most diverse “crown group” of the 
Chlorophyta, with the mostly freshwater-
inhabiting unicelluar Trebouxiophyceae 
and Chlorophyceae, and also the marine 
Ulvophyceae, with their well-known mac-
roalgae representatives (green seaweeds). 
Phylogenetic relationships among these 
three classes are diffi cult to discern because 
of their rapid radiation (Falkowski and 
Knoll  2007 ). 

 The complex plastid-bearing organisms 
of the green lineage are chlorarachniophytes, 
photosynthetic euglenids and the “green” 
dinofl agellates and evolved through second-
ary (or serial secondary) endocytobiosis of 

three different green algae taxa (Fig.  17.1 ) 
by three different host taxa of Rhizaria, dino-
fl agellates and Excavata, respectively (for 
reviews of the fate of plastids, see Keeling 
( 2010 ) and Elias and Archibald ( 2009 )). In 
total, complex green plastid-bearing organ-
isms comprise no more than about 1,200 
species to date (Guiry and Guiry  2012 ) and 
for reasons mentioned in the introduction, 
they are not suitable for use in biotechnolog-
ical applications. They are, however, valu-
able model organisms for the advancement 
of evolutionary concepts of photosynthetic 
eukaryotes, such as the analysis of complex 
protein and metabolite targeting through 
plastid membranes and gene transfer from 
organelles to nucleus. A comparison of these 
organism groups reveals similar evolution-
ary trends and key inventions in complex 
plastid-bearing eukaryotes of the red and 
green lineage (e.g. nuclear genome reduc-
tion, Archibald and Lane  2009 ; plastid 
protein import, Agrawal and Striepen  2010 ). 
Further insights into phylogenetic relation-
ships of these taxa can be found in Kim et al. 
( 2010 ), Gile et al. ( 2010 ) and Matsumoto 
et al. ( 2011 ). 

 Even though the green algae are by defi ni-
tion paraphyletic (including all descendants 
of the ancestral green fl agellate, except for 
higher plants, Fig.  17.1 ), there is also an 
underlying polyphyletic nature (multiple 
origin) in Chl  b -containing algae. One is the 
obvious transfer of green plastids into other 
eukaryotic hosts (see complex plastids). A 
second polyphyly is discovered on a smaller 
scale by looking at taxa with special adapta-
tions like cryophilic green algae. They are by 
no means of one descent (monophyletic) and 
temperate strains of different taxa can be 
found as close relatives to arctic and antarc-
tic strains (De Wever et al.  2009 ). Where his-
torical descriptions and defi nitions no longer 
conform to molecular data available nowa-
days, major revisions of green algal taxon-
omy are under way (Bock et al.  2011 ; Nakada 
et al.  2008 ; Pröschold et al.  2001 ). It remains to 
be seen if, by the end of these reclassifi cations, 
a better understanding of the phylogeographic 
distribution of green algal ecotypes is formed. 
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Overall, the identifi cation and phylogeny of 
species, inferred from morphology or molec-
ular characters, is important for unambigu-
ous scientifi c communication and the ability 
to compare traits of interest.  

   B. Consequences for Biosynthetic Pathways 

 It is tempting to deduce biochemical and 
physiological properties from the molecular 
phylogentic relationships shown above. 
However, our knowledge remains frag-
mented, with only a limited number of fully 
investigated strains or species. It is important 
to keep in mind that different lineages of 
green algae have adapted to diverse habitats 
worldwide. Aerophytic algae have developed 
distinct mechanisms like thick cell walls, 
mucilage and osmotic metabolites to cope 
with drought and high salinity, and can 
be found among Klebsormidiophyceae 
(Mikhailyuk et al.  2008 ), Chlorophyceae 
( Chlorococcum , Klochkova et al.  2006 ) and 
Trebouxiophyceae (Darienko et al.  2010 ) 
species. Psycrophilic green algae (snow 
algae, ice algae), frequently exposed to 
extreme high light under low temperature 
and low nutrient conditions, have similarly 
developed coping strategies involving the 
accumulation of different pigments in extra- 
plastidial vesicles. They are thought to con-
fer photoprotection or advantages during 
reactive oxygen species (ROS) removal in 
the Chlorophyceae ( Chlamydomonas nivalis , 
Remias et al.  2005 ) and Zygnematophyceae 
( Mesotaenium berggrenii , Remias et al. 
 2012 ). Freshwater and terrestrial green algae 
(mostly Chlorophyceae, Trebouxiophyceae 
and charophytes) in general are often 
exposed to rapid and drastic changes or 
extreme conditions of irradiance, tempera-
ture, nutrient supply, salinity and water 
availability and, therefore, have had to 
cope with one or an array of these factors 
during speciation. This has led to the con-
quest of diverse habitats under functionally 
similar adaptations, but with different 
genetic backgrounds in the Chlorophyta 
and Streptophyta, respectively. Currently, 
species names have to be considered with 
caution and the best identifi cation is by strain 

designation that can be unambiguously 
linked to molecular data. 

 Two main consequences can be deduced 
for biosynthetic pathways from observations 
made above. First, green algae have devel-
oped different strategies to solve similar 
problems (abiotic stressors) via the modifi -
cation of metabolic pathways and changes in 
structural genes. Therefore, a multitude of 
chemical compounds and structures that 
serve similar functions (e.g. antioxidants in 
habitats with high irradiance) can be 
expected to have evolved, so that one has the 
advantage of choosing the organism, which 
solves the problem in a way most suitable for 
biotechnological applications. Second, in 
related species with similar genetic back-
grounds, the basic concepts of physiological 
properties should be similar as well, even 
though they might be adapted to differing 
environmental stressors. This is only true for 
genes under neutral evolution (Kimura 
 1968 ). Genes under positive or negative selec-
tive pressure have different nucleotide sub-
stitution rates compared to closely related 
species and can vary greatly. Knowing one 
species would still lead to a better under-
standing of the related one, which is the basic 
concept behind the elaborate research on 
model organisms. Points of interest regard-
ing model organisms with respect to biosyn-
thetic pathways are metabolite and protein 
targeting to different compartments (Patron 
and Waller  2007 ) and pathway regulation on 
the genetic and physiological level. 

 The width of branch tips in Fig.  17.1  cor-
responds to the species richness found in 
individual classes of green algae and should 
not be confused with genetic diversity. It has 
been shown that the overall genome-wide 
variability among single-celled algae is 
greater than can be expected by their marker 
gene differences used for species delineation 
(Piganeau et al.  2011 ), for example in the 
Mamiellophyceae (Worden et al.  2009 ). 

 For biotechnology, an understanding of 
phylogentic relationships is also essential, with 
a focus on genetic engineering. Orthologs 
(members of one gene family in different 
species) and paralogs (duplicate members of 
a gene family in one species) of genes can be 
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identifi ed, traced along phylogenetic trees 
and even introduced into organisms of inter-
est, but only if codon usage information is 
available, e.g. for  Chlamydomonas  (Genkov 
et al.  2010 ). A thorough genetic understand-
ing of the interrelationship of metabolic 
pathways and their regulatory principles 
establishes a basis for modifi cations via gene 
knockdown, knockout or expression modu-
lation approaches (e.g. via RNA interfer-
ence, insertional  mutagenesis, homologous 
recombination; see Harris ( 2008 ) for a com-
prehensive summary of these methods in 
 Chlamydomonas reinhardtii ). It must be 
noted that even if the genes encoding a given 
protein have very high similarity between 
species belonging to a clade of high phyloge-
netic distance, the gene expression control 
by the corresponding transcription factors 
can be completely different. This must be 
taken into account for metabolic engineer-
ing. Figure  17.1  displays information on 
currently available genomic data of model 
organisms of the different green algal classes. 
Figure  17.2  serves as a reference for dis-
cussed green algal model organisms and 
their phylogenetic relationships. Overall, 

knowledge of phylogenetic relationships is 
necessary for understanding the relevance of 
model organisms with regard to metabolic 
pathway possibilities and regulation.

       III. Model Organisms 

 The selection of an organisms for biotechno-
logical applications is dependent on the tech-
nological approach to convert light into 
chemical products. If bulk biomass is pro-
duced for feedstock or for hydrothermal car-
bonization (Heilmann et al.  2011 ), the 
organism of choice should show robust and 
fast growth rates. In this case species screening 
should focus on traits like salt, temperature, 
light and mechanical stress tolerance, which 
are the most crucial production parameters 
for outdoor cultures (Torzillo et al.  2003 ). 
If the biomass is the source for specifi c 
high-valuable products, those species will be 
chosen which contain: (i) the biochemical 
component in intrinsic high amount, and (ii) 
are easy to handle in the refi nement process 
(e.g. extractability). The production of the 
component of interest can then be improved 

  Fig. 17.2.    Phylogenetic relationships of core chlorophyte families with examples of genera mentioned in the text 
(Modifi ed from Leliaert et al.  2012 ).       
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by defi ning the optimal culturing conditions 
and by metabolic engineering. Therefore, the 
species should be genetically transformable 
and the genomes should be sequenced and 
annotated. Metabolic engineering does not 
only concern directing metabolic pathways 
into the product of interest, but also key fea-
tures for the refi nement process to improve 
the product yield. Therefore, there is no ideal 
model organism that can be used for all 
 biotechnological applications, but a set of 
major “players” which are described below. 

   A.  Chlamydomonas  

 The genus  Chlamydomonas  contains many 
species with unclear phylogenetic relation-
ships. The physiological features of the 
different species are very diverse depending 
on their genetic and ecological origins. Most 

species are isolated from fresh water habitats, 
but also psychrophilic snow or ice- acclimated, 
acidophilic (Langner et al.  2009 ) or high 
salt-resistant species (Pocock et al.  2004 ) are 
described in the literature. The reader is 
referred to a thorough revision of the genus 
by Pröschold et al. ( 2001 ). In 1887 
Goroschankin described the life cycle of 
 Chlamydomonas  and recognized the 
sequence of diploid cells (vegetative zygote, 
stable diploids and zygospores) and haploid 
progeny, which were formed during meiosis 
from the zygospore (see Fig.  17.3 ). From 
these tetrads, gametogenesis results in differ-
entiated haploid gametes. The free-living 
haploid gametes can form pairs and conse-
quently fuse via plasmogamie, karyogamy 
and plastid fusion to form a diploid zygote. 
In homothallic forms of  Chlamydomonas  the 
gametes are morphologically identical and 

  Fig. 17.3.    Life cycle of  Chlamydomonas reinhardtii  (Taken from Harris  2008 ).       
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are physiologically different termed as “+” 
and “−” forms. Different stages of the cells 
during this life cycle can be isolated, because 
fl agellated cells are positively phototactic 
and can be separated from immotile stages 
simply by light. In the early 1950s, mutants 
were described and enabled the analysis of 
the Mendelian heredity of alleles. Sager 
( 1954 ) discovered that nitrogen starvation 
can be used to induce sexual reproduction. 
Using different antibiotic-resistant mutants, 
she discovered the non-Mendelian inheri-
tance. Ebersold ( 1962 ) presented the fi rst 
nuclear genetic map for  C. reinhardtii , which 
attracted many researchers to study this alga. 
Therefore, 50 years later  C. reinhardtii  is the 
best understood eukaryotic photosynthetic 
organism to date. We recommend that the 
reader refer to the so-called “ Chlamydomonas  
Source Book” edited by E. Harris ( 2008 ). 
Three volumes contain up-to- date informa-
tion about the cellular structures, metabolic 
processes and cell behavior, including an 
extended collection of strains, mutants and 
experimental recipes. Another important 
resource for information and material is the 
“Chlamydomonas Resource Center” which is 
available on the web at   http://www.chlamy.org/    .

    Chlamydomonas  is mainly used in labo-
ratory applications but far less at the indus-
trial scale. To the authors’ knowledge, there 
is no industrial unit in operation using 
 Chlamydomonas . In synchronous cultures at 
35 °C, with a light intensity of about 400 μE/
(m 2  s) Lien and Knutsen ( 1979 ) achieved a 
4 h doubling time. However, under photobi-
oreactor conditions, Janssen et al. ( 2000 ) 
estimated a maximum specifi c growth rate 
of about 0.48 cell divisions per day. Despite 
these highly stable growth rates, the usage 
of  Chlamydomonas  in algal farms is limited 
because it tends to fouling and its biochemi-
cal composition is not favorable for most 
biotechnological applications. The most 
important bulk products from green algal 
biotechnology are pigments, lipids and 
high molecular carbohydrates.  C. nivalis  is 
known to accumulate ketocarotenoids e.g. 
astaxanthin (AX) as globules in the cytoplasma 

(Remias et al.  2005 ). The chemical composition 
of the cell wall in  C. reinhardtii  is unusual 
for green algae, because its protein content 
is 50 % or more. Instead of the typical cel-
lulosic fi bers, the cell wall is mechanically 
stabilized by hydroxyprolin-rich glycopro-
teins having some similarities to the exten-
sin of higher plants (Ferris et al.  2001 ). The 
ability to adhere to surfaces might be due to 
the excretion of lytic enzymes which are 
necessary for the gamete fusion process or 
due to the release of the sugar components 
of the fi brous glycoprotein. The prolin-rich 
protein content is neither favorable for the 
use of  C. reinhardtii  in aquaculture, nor for 
biofuel production, where the major carbon 
pools of the cells should be either starch/
cellulose or lipid. Langner et al. ( 2009 ) have 
reported that, under low light conditions, the 
dry weight of  C reinhardtii  consists of 9 % 
carbohydrates, 69 % proteins and 17 % lipids. 

 The genome of  C. reinhardtii  has been 
published by Merchant et al. ( 2007 ), and 
many protocols for genetic transformation 
have been published (Kindle  1990 ), including 
insertial mutagenesis (Dent et al.  2005 ) and 
RNAi (Rohr et al.  2004 ) . Although trans-
genic lines can be obtained relatively easily, 
it is still diffi cult to express the inserted genes 
with high frequency (Schroda et al.  2000 ). 
Recent progress has been reported by 
Neupert et al (2009) to induce high tran-
scription levels of the foreign DNA, and by 
Potvin and Zhang ( 2010 ) to improve the 
effi ciency of the production of recombinant 
proteins in  C. reinhardtii . 

 Figure  17.4  shows an electron micrograph 
of a typical interphase cell of  C. reinhardtii . 
The cup-shaped chloroplast accounts for 
approximately 70 % of the cell volume and 
contains large starch granules. In some spe-
cies, starch is stored in a so-called pyrenoid, 
where the enzymes of the carbon fi xation 
cycle are concentrated. The thylakoids run in 
parallel stacks of variable numbers of mem-
branes. The number of membranes per band 
is increased in low light. In contrast to higher 
plants or mosses, the chloroplast thylakoids 
are not differentiated into grana membranes 
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and stroma membranes. This has led to a less 
pronounced separation of both photosystems 
compared to grana-type chloroplasts. The 
function of grana formation has been dis-
cussed as a strategy for a balanced energy 
distribution of both photosystems (PS) 
(Trissl and Wilhelm  1993 ) which can be fur-
ther optimized by so-called state 1-state 2 
transitions where light-harvesting complex 
(LHC) II units move between both photosys-
tems depending on the redox state of the 
plastoquinone pool. The weak lateral hetero-
geneity in photosystem distribution in 
 Chlamydomonas  thylakoids is compensated 
by unusual strong state 1-state 2 transitions. 
Under anaerobic conditions up to 80 % of 
the absorbed light energy (Forti and Caldiroli 
 2005 ) can be redistributed to PSI, whereas in 
higher plants this ratio is far lower (at most 
20 %). The central role of chloroplast kinases 
for the fi ne- tuning of the photosynthetic 
electron transport and the regulation of gene 
expression in response to changing environ-
mental factors has been recognized for the 
fi rst time using mutants of  C. reinhardtii  
defective in STN 7 and SNT 8 kinases 

(Reiland et al.  2011 ). The occurrence of a 
respiratory electron pathway in the chloro-
plast, the so-called “chlororespiration” was also 
detected for the fi rst time in  C. reinhardtii  by 
   Bennoun ( 1982 ). Since that time, many alter-
native electron pathways in the chloroplast 
of  C. reinhardtii  have been identifi ed, which 
facilitate the adjustment of the NADPH/ATP 
ratio to changing conditions of demand. As a 
freshwater organism,  C. reinhardtii  is 
exposed to high light under conditions of 
nutrient limitation, especially under carbon 
limitation when the pH in the medium rises. 
Therefore, C. reinhardtii has developed very 
effi cient carbon concentrating mechanisms 
(CCM) that consume ATP but not reductants 
(Giordano et al.  2005 ). Under these condi-
tions, the demand for ATP is increased. 
Additional ATP is generated by increasing 
the translocation of protons into the thyla-
koid lumen trough alternative electron path-
ways. The most prominent contribution to 
this extra ATP is made by the photoreduction 
of oxygen at PSI by the water-water cycle 
(Asada  2000 ). In summary, although  C. rein-
hardtii  is the best understood green alga, 

  Fig. 17.4.    Electron micrograph of an interphase  Chlamydomonas reinhardtii  cell (Taken from Pickett-Heaps  1975 ).       
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it possesses many special genetic, biochemical 
and physiological features, which may limit 
its role as a typical model organism.

      B.  Chlorella  

 The genus  Chlorella  is characterized as a 
solitary coccoid green alga with a spherical 
cell wall that does not possess a mucilagine-
ous surface and has an obligatory asexual 
reproduction by autospores. Tamiya ( 1966 ) 
showed that autospores and autospore mother 
cells can be easily separated by selective sed-
imentation, and applying an appropriate 
light–dark cycle synchronizes the cell divi-
sions in such a way that at any moment 
during culture all cells are in identical devel-
opmental stages. Wilhelm and Wild ( 1984 ) 
have shown how photosynthetic and respira-
tory activity change drastically during the 
cell cycle. Therefore,  Chlorella  cultures with 
different developmental stages can differ 
with respect to their physiological activity, 
not only due to external factors, but also by 
developmental composition. 

 Figure  17.5  shows an electron micrograph 
of an autospore, which shows a cell wall with 
a thin trilaminar outer wall that is highly 

resistant to chemical degradation. The polymers 
that make up the outer cell wall have been 
characterized by Derenne et al. ( 1992 ). Their 
study showed that these polymers resist a 
30 % KOH/phosphoric acid treatment and 
are preserved during fossilization. Therefore, 
these polymers can provide information 
about the biological origin of the sedimen-
tary carbon, providing an important marker 
for the detection of new fossil oil sources. 
These polymers provide also high resistance 
against mechanical stress. Recently a proto-
col for genetic transformation has been pre-
sented (Coll  2006 ).

   Chlorella has the ability to grow on com-
pletely inorganic media with high growth 
rates (Tamiya  1966 ), making  Chlorella  a 
suitable platform for producing bulk bio-
mass in algal biotechnology. The number of 
different  Chlorella  species is not known, 
because the taxon is still under revision. In 
the Algaebase 24 species are listed, with 
most of these species isolated from fresh 
water or soils, and also several marine 
species (e.g.  C. marina ).  C. salina  has opti-
mum growth rates under sea water condi-
tions of 3 % salinity and pH 9. Therefore 
 C. salina  and  C. marina  are cultivated for 

  Fig. 17.5.    Electron micrograph of  Chlorella fusca  grown under white light conditions (Taken from Wilhelm 
et al.  1985 ).       
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feeding marine zooplankton in fi sh aquaculture 
(Jayasankar and Ramamoorthy  1993 ). In the 
world’s largest microalgae production plant 
operating as a closed photobioreactor facility, 
40 t per year of  Chlorella vulgaris  are pro-
duced in glass tubes with a combined length 
of 500 km for the food additive “Algomed” 
(for details see the website:   www.algomed.de    ). 
The productivity of  Chlorella  cultures can 
be improved by the addition of organic 
carbon (sugars, organic acids). Interestingly, 
mixotrophy does not strongly impose a 
change in the biochemical composition of 
the cells. Therefore mixotrophic  Chlorella  
cultivation is under investigation for the 
production of lipids, using waste water as a 
source of organic carbon. A second applica-
tion of  Chlorella  in waste water treatment 
uses its potential to remove pollutants. Here, 
immobilized  Chlorella  biofi lms appear as a 
good solution (   de Bashan and Bashan  2010 ). 
Some  Chlorella  strains are capable of pro-
ducing lipids equivalent to 50 % of their dry 
weight and are used for bio-diesel production 
in photobioreactors (Feng et al.  2011 ). Sialve 
et al. ( 2009 ) have suggested anaerobic 
digestion to convert algal biomass into 
hydrogen or methane as a promising pathway 
for second generation biofuels. Lakaniemi 
et al. ( 2011 ) have tested the effi ciency of this 
process using  Chlorella  and  Dunaliella  
cultures. Finally, some  Chlorella  strains are 
also under investigation for the production of 
hydrogen using cycles of oxygenic photo-
synthesis and anaerobiosis (Song et al.  2011 ).  

   C. Scenedesmus 

  Scendesmus  shares many features with 
 Chlorella . The cell wall is composed of cel-
lulose fi bers embedded in a matrix of hemi-
celluloses with layers of chemically resistant 
material called sporopollenin. As in  Chlorella , 
the thylakoids run in parallel stacks without 
clear grana/stroma membrane differentiation 
(Fig.  17.6 ). Also, the reproduction of 
 Scenedesmus  is similar to  Chlorella  by 
means of autospores, forming cells, which are 
resistant against damage by turbulence, one 
of the major reasons for its use in microalgal 

biotechnology. Finally, the macromolecular 
composition of  Scenedesmus  resembles that of 
 Chlorella . The major morphological difference 
is that  Scenedesmus  forms aggregates of two 
up to 16 cells (see scanning electron micro-
graph in Fig.  17.6 ). Interestingly, the formation 
of aggregates is stimulated in the presence of 
grazers (Lurling  2001 ), pointing towards a 
potential function of aggregation in defence of 
predators. Taxonomic revision in the last few 
years has revealed that some species formerly 
classifi ed as  Chlorella  belong to the genus 
 Scenedesmus  (e.g.  Chlorella fusca ). Some 
 Scenedesmus  species e.g.  S. almeriensis  can 
produce large amounts of lutein and zeaxan-
thin (Granado-Lorencio et al.  2009 ). Another 
biotechnological application of  S. almeriensis  
is the detoxifi cation of constituents in waste 
water (Bayramoglu and Arica  2011 ).

      D.  Haematococcus  

 Light microscopy reveals the four major 
stages of the  Haematococcus  cell cycle 
(Kobayashi  2003 ) (Fig.  17.7 ). Bifl agellated 
motile cells perform photosynthesis (Fig.  17.7a ); 
green palmelloid cells occur under replete 
nutrient conditions (Fig.  17.7b ); palmelloids 
occur under high light and nitrogen deple-
tion showing a slight accumulation of orange 
carotenoids (Fig.  17.7c ); red aplanospores 
are shown with the corresponding absorp-
tion spectrum (Collins et al.  2011 ) 
(Fig.  17.7d ). The latter accumulate the keto- 
carotenoid AX up to concentrations of 4 % 
of cell dry weight. AX is stored in lipid vesi-
cles outside the chloroplast and is assumed 
to help the cell to resist reactive oxygen spe-
cies produced under stress conditions and to 
have a function as an energy reservoir aiding 
survival (Lemoine and Schoefs  2010 ). 
   Steinbrenner and Linden ( 2013 ) showed that 
the transition from the “green” to the “red” 
state is regulated by the redox state of the 
photosynthetic electron transport chain. AX 
is of high economic interest, because it is has 
many applications (for a recent review see 
Guedes et al. ( 2011 ). Traditionally, AX is used 
as a food colorant (e.g. in fi sh cultivation), 
and as a food additive due to its benefi cial 
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effects as an antioxidant (Lorenz and 
Cysewski  2000 ). Recently, AX was shown as a 
potential therapeutic agent in cardiovascular 
diseases (Fassett and Coombes  2011 ). The 
physiological regulation of AX biosynthesis 
is still not understood. Since AX is accumu-
lated only under stress conditions, when the 
cells do not grow any more, the effi ciency of 
AX production is relatively low. Therefore, a 
better understanding of the process would lead 
to major improvement in biotechnological 

productivity. It is being speculated that 
β-carotene, which is produced via the meva-
lonic acid pathway (Bouvier et al.  2005 ) in 
the chloroplast, is transported across the 
envelope membranes, and then converted to 
AX and accumulates in vesicles (Grünewald 
et al.  2001 ). However, recently Collins et al. 
( 2011 ) provided some evidence that, in the 
lipid vesicles, β-carotene and AX are co- 
localized and the late biosynthetic steps occur 
at the vesicle-cytoplasma interface.

  Fig. 17.6.    Transmission electron 
micrograph ( upper part ) and 
scanning electron micrograph 
( lower part ) of  Scenedesmus 
acutus  (Taken from 
Pickett-Heaps  1975 ).       
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      E.  Ostreococcus  

  Ostreococcus tauri  (Mamiellophyceae) is 
known as the smallest eukaryotic phototroph 
described so far (Chretiennot-Dinet et al. 

 1995 ) with a genome size of only 13 MB 
(Grimsley et al.  2010 ) and a cell diameter 
smaller than 1 μ. The marine cells contain 
only one chloroplast, which is very similar to 
that of  Mantoniella squamata  with respect 

  Fig. 17.7.    Microscopic picture of the four major cell stages of  Haematococcus  ( a ) bifl agellated motile cells 
performing photosynthesis, ( b )  green  palmelloid cells under replete nutrient conditions, ( c ) palmelloids under 
high light and nitrogen depletion showing slight accumulation of  orange  carotenoids, and ( d )  red  aplanospores 
with the corresponding absorption spectrum. Light microsopic images (Taken from Collins et al.  2011 , electron 
micrograph taken from Triki et al.  1997 ).       
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to pigmentation and thylakoid organization. 
Instead of grana/stroma differentiated lamel-
lae, all membranes run non-stacked through 
the chloroplast (see Fig.  17.8 ), sometimes 
forming twins or triplets without having con-
tact zones (Krämer et al.  1988 ; Chretiennot- 
Dinet et al.  1995 ), which can be observed in 
the partition zones in the grana. The light 
harvesting apparatus is characterized by the 
cooperation of three different chlorophyll types 
Chl  a , Chl  b  and Mg-Divinylphaeoporphyrine, 
which has structural similarities to Chl  c  1 . 
The carotenoid composition is also unusual, 
because it is composed of seven different 
xanthophylls dominated by the brownish 
colored prasinoxanthin (   Wilhelm and 
Lenartz-Weiler  1987 ). The cells are pro-
tected against excessive light by an unusual 
violaxanthin/antheraxanthin cycle (Goss 
et al.  1998 ). The last step from antheraxan-
thin to zeaxanthin is blocked because the 
enzyme VDE does not catalyze the second 
de-epoxidation step fast enough compared to 

the back-reaction of the epoxidase. Therefore, 
the cells accumulate antheraxanthin under 
high light, but the resulting NPQ is high 
enough for effi cient photoprotection. This 
shows that the second de- epoxidation step, 
which is obligatory in higher plants and 
green algae is functionally not necessary 
(Goss  2003 ). The biomass of  O. tauri  is of 
biotechnological importance, because of its 
high content in highly unsaturated fatty acids 
and anionic lipids. Due to its small genome 
size and its thin cell wall, genetic transfor-
mation is easy to accomplish and opens the 
possibilities of systems biology and meta-
bolic engineering (Sorokina et al.  2011 ).

      F.  Botryococcus  

  Botryococcus braunii  is a cosmopolitan 
green colonial microalga that has attracted 
the interest of biotechnologists because it 
contains hydrocarbons in large amounts (see 
Fig.  17.9  adopted from    Casadevall et al.  1985 ). 

  Fig. 17.8.     Ostreococcus tauri . Electron micrograph showing the cell size of 1 μm or below ( left side ). Light 
microscopic picture ( right upper part ), and a section through the chloroplast ( lower part ) showing that the 
thylakoid lamellae run unstacked in parallel (Taken from Chretiennot-Dinet et al  1995 ).       
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The hydrocarbons are stored in the three 
lamellar structures in the cell wall. These are 
formed by hydrophobic sporopollenin layers, 
high-molecular weight polymers derived 
from lipid biosynthesis. The hydrocarbons 
consist of n-alkadienes and trienes, of triter-
penoids with a multiplicity of modifi cations; 
the most important are botryococcenes and 
methylated squalenes. Finally, the cells 
accumulate tetraterpenoid- like lycopadiene. 
For a review concerning lipids in  Botryococcus  
species, see Metzger and Largeau ( 2005 ) and 
Banerjee et al. ( 2002 ).

      Brown and Knights ( 1969 ) have shown for 
the fi rst time that  B. braunii  exists in three dif-
ferent physiological forms: A green photosyn-
thetically active form has the highest growth 
performance and contains a complex mixture 
of hydrocarbons of the general formula C n H 2n -
2(4), with up to 60 % of the dry weight (a), a 
brownish resting stage accumulates botryo-
coccene up to 90 % of its dry weight (b), large 
green cells having lost the capability to form 
colonies, grow very slowly and show only 

very little synthesis of hydrocarbons restricted 
to the class of tetraterpenoids (c). These cell 
stages have also been designated as ‘race’. 
These races are now identifi ed as different 
strains which differ in their genome sizes, 
nevertheless the term ‘race’ has been main-
tained: Race A for the green cells, race B for 
the brownish resting stages and race L, which 
produce only the tetraterpenoids lycopadiene. 
Phylogenetic analysis of sister groups of 
 B. braunii  have been performed to explore 
the different potential for hydrocarbon 
biosynthesis (Weiss et al.  2011 ). 

 It is important to note that the n- alkadienes 
are formed from fatty acids, whereas the 
squalene-type hydrocarbons are formed 
from the isoprenoid pathway (Metzger et al. 
2005). Since n-alkadienes can be easily 
extracted from the cells and transesterifi ca-
tion is not needed for biodiesel production, 
the n-alkadiene biosynthesis in  Botryococcus  
has been intensively studied. Another reason 
for the great biotechnological interest is the 
fact that the biomass can be used for both 

  Fig. 17.9.     Botryococcus braunii  . Cell at the end of the exponental phase. Starch is much more abundant in the 
chloroplast. A voluminous hydrocarbon droplet, as large as a cell is observed in the trilamellar structure of the 
cell wall (Adapted from Casadevall et al.  1985 ).       
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commercial strategies: (a) To produce highly 
valuable products; (b) To use the residual 
carbon for biofuel production.  B. braunii  
delivers the optimal biomass to reach both 
goals. However, the major problem with  B. 
braunii  is the slow growth rate. Many 
attempts have been made to improve growth 
performance. Recently, Ashokkumar and 
Rengasamy ( 2011 ) have reported laboratory 
cultures and growth in raceway ponds show-
ing growth rates between 0.2 and 0.3 cell 
divisions per day, which means that the dou-
bling time is between three and fi ve days. 
Even under these “optimized” conditions, 
the hydrocarbon content dropped down to 
11 % and 13 %, respectively. Therefore, 
many researchers follow another approach: 
To identify the genes coding for those pro-
teins, which catalyze the synthesis of the 
hydrocarbons, and to transfer those genes to 
other autotrophic cells, which show a better 
growth performance. Surprisingly, it became 

obvious that  B. braunii  does not use a squalen 
synthase. The squalen synthase, known to be 
present in other eukaryotes, catalyzes a two 
step reaction without intermediate release. 
However, in  B. braunii  two enzymes are 
required for squalen synthesis (Niehaus et al. 
 2011 ). This provides evidence that the triter-
pene pathway in  B. braunii  might be unique, 
and metabolic engineering in other organisms 
might face unexpected problems concerning 
enzyme regulation.   

   IV. Special Physiological Traits 
of Green Algae 

   A. Carotenoids 

 Green algae contain both α- and β-carotene- 
derived xanthophylls, in contrast to hetero-
kontophytes, e.g. diatoms, which can produce 
only β-type xanthophylls (see Fig.  17.10 ). 
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  Fig. 17.10.    Biosynthetic pathway of astaxanthin (AX) (Adapted from Kobayashi  2003 ).       
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The number of alga-derived carotenoids, 
produced at the industrial scale, is restricted 
to β-carotene, its derivatives astaxanthin 
(AX) and zeaxanthin. The α-type xanthophyll 
lutein is not yet produced from green algae 
on a large scale, because it can be obtained at 
lower prices from fl owers (e.g.  Tagetes ). The 
ongoing industrial interest in β-carotene, 
luteine and zeaxanthin is mainly due to their 
features as antioxidants.

   AX is the most important industrial 
product from green algae, although AX can 
also be produced biotechnologically by the 
red yeast  Xanthophyllomyces denrorhous  
(formerly designated as  Phaffi a rhodozyma ), 
which can be metabolically engineered by 
standard molecular techniques (Visser et al. 
 2003 ). A third biotechnological source for AX 
is the marine bacterium  Paracoccus haeun-
daensis  (Lee and Kim  2006 ). The reason that 
phototrophic green algae are the favorite 
production system is the lower production 
price due to the inexpensive inorganic nutri-
ents. AX is commercially produced from 
 Haematococcus , in open ponds (Australia), as 
well as in photobioreactors (Israel). The bio-
synthetic pathway for AX synthesis branches 
from β-carotene by the action of β-carotene 
ketolase, which oxidizes the carbon atoms in 
the position 4 and 4′ to form canthaxanthin 
with echinenon as an intermediate (Fan et al. 
 1995 ). The carotenoid hydroxilase (Lotan and 
Hirschberg  1995 ) hydroxilates the carbon 
atoms in positions 3 and 3′, leading to the 
fi nal product AX. Steinbrenner and Sandmann 
( 2006 ) showed that the transformation of 
 H. pluvialis  with a phytoene desaturase can 
accelerate AX biosynthesis. 

 Recently, it has been discovered that in the 
green alga  Chlamydomonas nivalis  AX exists 
as diglucoside diesters (Rezanka et al. 
 2008 ), forming “hydrophobic-hydrophilic- 
hydrophobic” structures. These types of struc-
tures are known from “thermozeaxanthins” and 
“thermocryptoxanthins” found in thermophilic 
bacteria with a function in stabilizing the 
membrane at extreme temperatures (Yokoyama 
et al.  1996 ). In contrast to  Haematococcus , 
the snow alga  C. nivalis  lives at high altitudes 
and is exposed to extremely low temperatures 

during the night, and high UV radiation at full 
sunlight (Remias et al.  2005 ). These AX-based 
“hydrophobic-hydrophilic-hydrophobic” struc-
tures form small lipid droplets in the cytosol 
and reduce the risk of ice crystal formation. 
Therefore, together with the antioxidant 
capacity, these complexes may be of biotech-
nological interest as themo- protectants in many 
applications, e.g. in molecular medicine.  

   B. Hydrogen 

 About 30 species/strains of green algae are 
known to possess the pathway of anaerobic 
oxygenic photosynthesis. This pathway is 
induced by anaerobic conditions, when respi-
ration consumes more oxygen than the water 
splitting apparatus of PSII generates. Under 
anaerobic conditions, the FeFe- hydrogenase 
transfers PSI-activated electrons via ferredoxin 
to protons, thereby generating hydrogen 
(Melis  2007 ). This represents, in principle, a 
CO 2 -free biofuel technology. Since the 
hydrogenase is extremely sensitive to oxygen, 
hydrogen production occurs in the light 
only if PSII is inactivated. This can be done 
either by the addition of PSII inhibitors or 
by Sulfur-starvation (Melis et al.  2000 ). 
However, the inactivation of PSII eliminates 
water-derived electrons as the source of 
electrons for hydrogen production. Without 
an alternative electron source, hydrogen 
production cannot continue for a long period. 
As a special case for these green algae, the 
chloroplast also contains an active fermenta-
tive pathway which degrades starch in the 
absence of oxygen. This fermentation path-
way delivers electrons, which are transferred 
to the plastoquinone pool by the activity of 
the NADPH-PQ-oxidoreductase, which is 
also involved in chlororespiration (Bennoun 
 2002 ). Therefore, continuous hydrogen pro-
duction in green algae is only possible in 
three phases. In the fi rst phase, the oxygenic 
photosynthetic apparatus is fully active to 
produce biomass. In the second step, this bio-
mass accumulates starch in the chloroplast. 
In the last phase, PSII is inactivated under 
S-starvation, and starch- derived electrons are 
activated by PSI to generate hydrogen under 
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anaerobic conditions in the light. Green alga-
mediated hydrogen production is a very active 
area of research and the reader is referred to 
recent review papers (Rupprecht  2009 ; Kruse 
and Hankamer  2010 ).  

   C. Excretion Products 

 Some algal excretion products are extremely 
valuable biotechnological products. Socio- 
economic studies on the feasibility of algal- 
derived biofuels have shown that – in addition 
to biomass production – harvesting and the 
subsequent refi nement are crucial for future 
industrial applications (Davis et al.  2011 ). 
A critical parameter for the evaluation of the 
ecological feasibility of algal biofuel pro-
duction is the ratio of the green house gas 
emissions (GHE) per MJ usable energy. In 
order to be competitive with fossil energy 
carriers, harvest and refi nement of biofuels 
need signifi cant improvement (Weinberg 
et al.  2012 ). The idea of “milking algae” 
(Hejazi and Wijffels  2001 ) is based on the 
concept that the cells use photosynthetic car-
bon assimilation to produce biotechnological 
products. These are excreted and can be 
recovered from the cell suspension by 
sophisticated extraction procedures, prevent-
ing costly harvesting procedures and, to 
some extent, also the refi nement process. 
This idea was the basis for research of poten-
tial excretion products from algae. In addi-
tion to the lipid excretion by  Botryococcus 
braunii , excretion of carbohydrates is also of 
major interest. Another option is the excre-
tion of gaseous products in addition to hydro-
gen. One such candidate that has been 
demonstrated in cyanobacteria is isoprene. 
Large amounts of isoprene are emitted by 
trees, e.g. oak or poplar trees (Sharkey and 
Yeh  2001 ). Isoprene is produced in these 
plants by the mevalonate pathway, which is 
located in the chloroplast to synthesize 
carotenoids. The insertion and activation of 
the isoprene synthase gene has been shown 
to transform a cyanobacterium into an 
isoprene- emitting cell. However, the isoprene 
production rates that can currently be achieved 
are low in cyanobacteria. Perhaps metabolic 

engineering of green alga for isoprene 
production will prove more successful.  

   D. Extremophiles 

 Extremophile phototrophs are found mainly 
in taxonomic groups different from green 
algae, e.g. cyanobacteria, which contain 
mainly thermophilic, acidophilic and baso-
philic strains, or diatoms, where many spe-
cies can grow at extremely low temperatures. 
Known as ice algae, some green algae can 
also resist harsh environmental conditions. 
 C. nivalis  grows at extremely low tempera-
tures, resisting relatively high UV-radiation, 
which refl ects its adaptation to its natural 
environment, glaciers, or  Dunaliella parva , 
which can tolerate extreme saline environ-
ments.  Haematoccus  sp. is known to be very 
insensitive to UV-radiation. In the genus 
 Chlamydomonas acidophila  isolated from 
an acidic mining area in Germany can 
actively grow at pH 2.6 with a growth 
performance similar to non-acidicdophilic 
 Chlamydomonas  species (Langner et al. 
 2009 ). Extremophiles might be of special 
biotechnological interest because their high 
physiological performance under extreme 
conditions reduces the risk of contamination 
by other organisms.   

   V. Concepts of Bioenergy 
Conversion 

   A. Antenna Size Engineering 

 Under full sunlight, the total photosynthetic 
capacity is normally limited by the capacity 
of ‘dark reactions’, i.e. carbon incorporation. 
In the model of Farquhar et al. ( 1980 ), it is 
assumed that the carboxylation rate is either 
Rubisco-limited at low CO 2  or RuBP 
regeneration- limited at high CO 2 . This limi-
tation leads to a severe decrease in the photo-
synthetic quantum yield at high light intensity. 
Cells have developed several mechanisms to 
dissipate the excessive energy, which has been 
reviewed recently by Wilhelm and Selmar 
( 2011 ), and the costs of high light-induced 
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photohinibition have been recently calculated 
by Raven ( 2011 ). Most algae become 
light-saturated at light intensities above 
150–200 μE / (m 2  * s), which is equal to 
about 10 % of the intensity of full sunlight. 
Wilhelm and Selmar ( 2011 ) have shown 
that about 80 % of the yearly PAR radiation 
at a latitude of 50 o  is above the inclination 
point, the light intensity where photosyn-
thesis starts to be saturated. However, under 
natural light conditions, during 60 % of the 
year these cells are exposed to dark or limit-
ing light conditions. To address the limited 
conversion effi ciency at high light intensi-
ties, it has been proposed that decreasing 
the absorptivity of the cells will improve 
photosynthetic performance at high light 
intensity (for review see Melis  2009 ). A 
promising strategy for reducing the absorp-
tivity of the cells is to down-regulate the 
light-harvesting chlorophyll complexes, 
which bind about 50 % of the total amount 
of Chl  a  and about 90 % of Chl  b . Recently, 
Beckmann et al. ( 2009 ) demonstrated that 
this can be successfully done by the expres-
sion of a LHC-specifi c translation repressor 
protein.    Mussgnug et al. ( 2001 ) have pro-
vided evidence that engineering the light 
harvesting capacity will have a favorable 
effect on algal mass cultivation, because the 
suspension can contain a higher biomass 
per volume, while the mixing energy can be 
reduced. Although complete energy balances 
of mutants with truncated antennas are still 
not available, this approach appears very 
promising for improved algal productivity.  

   B. Metabolic Engineering 

 Metabolic engineering of green microalgae 
is motivated by many different expectations. 
In the context of biofuel production, 
increased oil content can decrease the costs 
for harvest, extraction and refi nery (Weinberg 
et al. 2012). The combination of highly valu-
able products e.g., carotenoids, poly- 
unsaturated lipids as byproducts of biofuel 
production can improve the commercial 
value and help to make microalgal produc-
tion feasible for industrial use. Finally, spe-

cies with optimal biomass composition will 
be used on a large scale only if “technical” 
requirements are also met. For instance, the 
cells should be robust enough to withstand 
shearing forces during mixing, the cell wall 
should be easy to break and not covered by a 
sticky surface, which leads to fouling in the 
photobioreactor. Although intensive research 
is under way on screening activities to fi nd 
new strains, which combine many of these 
features, there is clear evidence that no 
 species will be optimal for all requirements. 
Therefore, the most promising approach is to 
start from cells with physiological and tech-
nical robust key features and to modulate the 
biochemical pathways by metabolic engineer-
ing (Gressel  2008 ). For instance, modifi ed 
phytoene desaturase gene expression can 
induce herbicide resistance, with the conse-
quence that open pond cultivation can be 
protected from contaminants (Gressel et al. 
 2010 ). Since ketocarotenoids are of special 
interest as high value products from green 
algae, many attempts have been made to 
engineer the carotenoid pathway accordingly 
(e.g. León et al.  2007 ). Recently, several 
attempts have been published to use the chlo-
roplast of  Chlamydomonas  for the synthesis 
of recombinant proteins (Rasala et al.  2010 ; 
Coragliotti et al.  2011 ). The analysis of the 
genes involved in lipid biosynthesis is presently 
at the state of gene identifi cation, and progress 
in metabolic engineering can be expected in 
the near future. To the authors’ knowledge, 
there is at present no GMO alga in industrial 
use. Schuhmann et al. ( 2012 ) point out that 
an improved lipid content in microalgae 
based on metabolic engineering will be 
strongly supported by the recent progress in 
system biology and metabolic mapping.      
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  Summary  

  Diatoms are unicellular photoautotrophic algae and very successful primary producers in the 
oceans. Their high primary productivity is probably sustained by their high adaptability and 
a uniquely arranged metabolism. Diatom belongs to the Chromista, a large eukaryotic group, 
which has evolved by multiple endosymbiotic steps. As a result, diatoms possess a plastids 
with four membranes together with complicated translocation systems to transport proteins 
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      I. Introduction 

 Diatoms have a rather complicated evolu-
tionary history including multiple endosym-
biotic events, which have involved unknown 
host cells as well as cyanobacteria, a red alga 
and possibly a green alga (Moustafa et al. 
 2009 ). As a result of the cellular reorganiza-
tion following secondary endosymbiosis, 
diatoms possess four layers of chloroplast 
envelope membranes, with the outermost 
being linked to the ER-nuclear envelope 
network, and a highly redundant metabolic 
system cooperating across organelles (Kroth 

et al.  2008 ; Prihoda et al.  2012 ). Marine 
diatoms are major primary producers respon-
sible for up to one fi fth of global carbon 
fi xation (Tréguer et al.  1995 ; Falkowski et al. 
 2000 ) and their mechanisms for CO 2  fi xation 
have important implications for biogeo-
chemistry. Like cyanobacteria and green 
algae, diatoms are believed to possess CO 2 -
concentrating mechanisms (CCMs), which 
accumulate dissolved inorganic carbon 
(DIC) by pumping DIC biophysically from 
the surrounding media. This stored carbon is 
then mobilized by internal carbonic anhy-
drases (CAs), which are located in multiple 
intracellular compartments (Tachibana et al. 
 2011 ). The operation of CCMs is probably 
crucial in the ocean environment because of 
its high alkalinity and salinity, which change 
the equilibrium of DIC species and result in 
reduced rates of CO 2  formation  via  HCO 3  −  
breakdown and dehydration of H 2 CO 3  (Goyet 
and Poisson  1989 ; Matsuda et al.  2001 ). This 
physical environment negatively effects the 
low affi nity system of the major CO 2 -fi xing 
enzyme, ribulose-1,5-bisphosphate carbox-
ylase/oxygenase (RubisCO) in diatoms. A 
part of the CCM in diatoms is thought to be 

and metabolites including inorganic substances into and out of the plastids. In addition to 
the occurrence of potential plasma-membrane transporters, there are numerous carbonic 
anhydrases (CAs) within the matrix of the layered plastidic membranes, strongly suggesting 
large interconversion activity between CO 2  and HCO 3  −  within the chloroplast envelope 
as a part of a CO 2 - concentrating mechanism (CCM). In diatoms also the Calvin cycle and 
its adjacent metabolism reveal unique characteristics as, for instance, ribulose-1,5-bisphos-
phate carboxylase/oxygenase (RubisCO) activase, the plastidic sedoheptulose-1,7-bisphos-
phatase (SBPase), and the plastidic oxidative pentose phosphate pathway (OPP) are absent. 
Furthermore, the Calvin cycle metabolism in diatoms is not under the strict redox control by 
the thioredoxin (Trx) system. Instead, a CO 2 -supplying system in the pyrenoid shows CA 
activities which are probably regulated by chloroplastic Trxs. Pyrenoidal CAs are also regu-
lated on the transcriptional level by CO 2  concentrations via cAMP as a second messenger, 
suggesting an intense control system of CO 2  acquisition in response to CO 2  availability. The 
photorespiratory carbon oxidation cycle (PCOC) is the major pathway to recycle phospho-
glycolate in diatoms although this process might not be involved in recycling of 3-phospho-
glycerate but instead produces glycine and serine. In this review we focus on recent 
experi mental data together with supportive genome  information of CO 2  acquisition and fi xa-
tion systems primarily in two marine diatoms,  Phaeodactylum tricornutum  and  Thalassiosira 
pseudonana .  

 Abbreviations:     AC –    Adenylyl cyclase;      CA –    Carbonic 
anhydrase;      CCM –    CO 2 -concentrating mechanism;    
  DIC –    Dissolved-inorganic carbon;      FBA –    Fructose-1,6-
bisphosphate aldolase;      FBPase –    Fructose-1,6-
bisphosphatase;      Fd –    Ferredoxin;      HGT –    Horizontal 
gene transfer;      LCI –    Low-CO 2 -inducible proteins;      
NTT –    Nucleotide translocators;      OPP –    Oxidative pen-
tose phosphate pathway;      PCOC –    Photorespiratory car-
bon oxidation cycle;      PEPCK –    Phospho enol  pyruvate 
carboxykinase;      PPDK –    Pyruvate orthophosphate diki-
nase;      RubisCO –    Ribulose-1,5-bisphosphate carboxylase/
oxygenase;      SLC –    Solute carrier;      Trx –    Thioredoxin    
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linked to C 4  type organic acid accumulation 
in some diatom strains (Reinfelder et al. 
 2004 ). This biochemical CCM would be 
enabled by a redundant organization of (de-)
carboxylase enzymes presumably inherited 
from multiple symbiosis partners and by hor-
izontal gene transfer (HGT) from bacteria. 
However, molecular details of these biophys-
ical and biochemical CCMs are so far almost 
totally unknown in diatoms. 

 The recent annotation of diatom genomes 
revealed that a number of metabolic path-
ways involved in carbon metabolism and 
photosynthesis might be duplicated and/or 
shifted to different intracellular locations 
(Bowler et al.  2008 ; Kroth et al.  2008 ; Allen 
et al.  2012 ). Diatoms possess a large number 
of isoenzymes that according to phyloge-
netic analyses originate from different 
sources including the cyanobacterial primary 
endosymbiont, the primary and secondary 
host cells and from HGT from bacteria 
(Kilian and Kroth  2004 ; Moustafa et al. 
 2008 ; Allen et al.  2011 ). Consequently, dia-
toms seem to have developed an unusual 
metabolic cooperation across organelles and 
redundant duplications of pathways (Kroth 
et al.  2008 ; Prihoda et al.  2012 ). Cooperation 
on the metabolic level requires the exchange 
of substrates between the organelles. This 
strongly suggests the presence of a number 
of specifi c channels and transporters in the 
membrane systems of mitochondria, chloro-
plasts, and peroxysomes. In diatoms this 
exchange is especially complicated consid-
ering the additional chloroplast envelope 
membranes (see below). 

 There are thousands of unique genes in 
the diatom genomes, whose functions are yet 
completely unclear, and which may be 
involved in unknown processes of diatom 
carbon metabolism. Genetic tools to study 
molecular aspects of diatom physiology/
biochemistry are so far limited, and there is 
no established system to control ploidy and 
the sexual reproduction cycle. Hence predic-
tions of the functions of diatom genes so far 
largely rely on bio-informatics (Kroth et al. 
 2008 ; Fabris et al.  2012 ). However, recent 

technological improvements in genetic trans-
formation (Zaslavskaia et al.  2000 ; Poulsen 
et al.  2006 ) and gene silencing (De Riso 
et al.  2009 ; Sakaguchi et al.  2011 ; Lavaud 
et al.  2012 ) of diatoms open the gate for 
functional identifi cations of genes by reverse 
genetics. In this chapter, we discuss molecu-
lar aspects of the carbon acquisition system, 
mechanisms of carbon fi xation, and the 
respective carbon metabolism in diatoms, 
which includes information predicted from 
the genome analyses, focusing on data with 
direct experimental support. Although car-
bon metabolism is strongly connected to 
photosynthetic electron transport, we have 
excluded this topic, as it goes far beyond the 
scope of this review.  

   II. Structure of Diatom Cells 
in Relation to Their Evolutionary 
History 

 Diatom cells possess a silica-based cell wall. 
The main parts of the cell wall (termed valve) 
have highly symmetrical shapes and nano-
pores (termed areolae) within, whose struc-
tures must be imprinted in the genome as 
they are highly specific for individual 
species. Due to such chemically stable and 
geometrically shaped cell walls, diatoms 
have readily become well identifi able fossils 
and thus their emergence in the history of 
the earth is relatively clear. The oldest 
diatom fossils from the Jurassic are about 
180 million years old (Kooistra et al.  2007 ), 
thus it is thought that diatoms have evolved 
in the Metazoic, most probably as marine 
species with radially symmetrical valves. 
This oldest type of diatoms are called 
Centrales or centric diatoms (Sims et al. 
 2006 ). Pennate diatoms (Pennales, bilater-
ally symmetrical) separated from the centrics 
in the late Cretaceous (Sims et al.  2006 ). 
After the Oligocene, diatom populations 
have expanded and diversifi ed vigorously to 
about a 100,000 species, which also is their 
estimated number today (Norton et al.  1996 ; 
Prihoda et al.  2012 ). 

18 Carbon Fixation in Diatoms



338

   A. Evolution of Diatoms Based 
Upon Their Genome Structure 

 As described above, diatoms are among the 
youngest groups of eukaryotic photoauto-
trophs. They belong to a large eukaryotic 
supergroup informally called the chromal-
veolates, comprising the chromista and the 
alveolates (Cavalier-Smith  1999 ). Within this 
group, there are a number of important marine 
primary producers, like the chromist algae 
(brown algae, diatoms, haptophytes and cryp-
to monads) and some plastid- bearing alveo-
lates (dinofl agellates) (Cavalier-Smith  2000 ). 
Chromalveolates (and other groups such 
as excavates and rhizaria) arose by second-
ary endosymbioses. From the comparative 

analyses of multiple genes encoded on the 
genome of the chlorophyll  c -containing 
plastids, it is thought that a diverse group of 
secondary endosymbionts arose either by a 
single or up to fi ve independent events of 
phagocytosis of a red alga probably by a 
biciliate protozoan about 1,200 million years 
ago (Delwiche and Palmer  1997 ; Cavalier- 
Smith  1999 ; Yoon et al.  2002 ). The food vacu-
ole, created in the host cell upon phagocytosis 
of the red alga, in turn became a stable peri-
pheral vacuole. In the case of the evolution 
of chromista, this peripheral vacuole has 
fused with the nuclear envelope, placing the 
acquired chloroplast in the rough ER lumen 
(Cavalier-Smith  2000 ) (Fig.  18.1 ). This way 
chromist algae, including diatoms, have 

  Fig. 18.1.    Cellular processes involved in primary and secondary endosymbiotic events.  Top : In the primary endo-
cytobiosis event a unicellular cyanobacterium apparently has been taken up by a eukaryotic cell into a food 
vacuole. After the endosymbiont persisted in this vacuole, most of the genes of the endosymbiont had been 
transferred to the nucleus of the host cell. The eukaryotic algal ancestor developed into the different lineages 
of rhodophytes, glaucophytes and chlorophytes.  Bottom : In a secondary endocytobiotic step, eukaryotic ances-
tors of either green or red algae were taken up by eukaryotic cells. Here only one possible development is shown 
including the reduction of redundant components of the endosymbiont-like nucleus, mitochondria, ER and further 
components. In diatoms, a later fusion of the food vacuole with the ER system of the secondary host cell allowed 
the utilization of the CER for cotranslational import of proteins into the plastids that possess four surrounding 
membranes.  ER  endoplasmic reticulum,  CER  chloroplast endoplasmic reticulum  N  nucleus,  HGT  horizontal gene 
transfer,  PPC  periplastidic compartment;  red arrows : gene transfer processes.       
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established a very stable nucleus-chloroplast 
association (Fig.  18.1 ), which, howver, may 
be physically constraining the behavior of 
these two housekeeping organelles.

   The fi rst diatom nuclear genome that was 
fully sequenced belongs to the multipolar 
centric  Thalassiosira pseudonana  (Armbrust 
et al.  2004 ), followed by the nuclear genome 
of the raphid pennate diatom  Phaeodactylum 
tricornutum  (Bowler et al.  2008 ). Plastid and 
mitochondrial genomes of these model dia-
toms were also sequenced and compared to 
other genomes (Oudot-Le Secq et al.  2007 ; 
Oudot-Le Secq and Green  2011 ). The size of 
the nuclear genomes and the number of 
genes encoded are summarized in Table  18.1 . 
Recent analyses of the genomes have 
revealed numerous footprints of an enrich-
ment of foreign nuclear genes via serial 
endosymbioses, and HGT from proteobacte-
ria as well as from Chlamydiae (Bowler et al. 
 2008 ; Moustafa et al.  2009 ). Of particular 
interest is that, in spite of possessing plastids 
of red algal origin, the diatoms  P. tricornutum  
and  T. pseudonana  have a large number of 
nuclear genes that apparently are more 
related to green algae than to red algae 
(Moustafa et al.  2009 ). About 2,500 green or 
red type genes were identifi ed in the nuclear 
genomes of these diatoms with about 70 % 
apparently being green-type genes, which 
accounts for 16 % of the nuclear genome, 
while only 5 % of the nuclear genome could 
be categorized to red- type genes (Moustafa 
et al.  2009 ; Prihoda et al.  2012 ). It is thus 
suggested that an ancestor of modern green 
algae might have been the fi rst eukaryotic 
symbiosis partner, which later was replaced 
by an ancestor of red alga (Moustafa et al. 
 2009 ; Prihoda et al.  2012 ), however, there is 
still a controversy about the statistical sig-

nifi cance of the genomic data (Deschamps 
and Moreira  2012 ). Apparently most genes 
for the photosynthetic apparatus were trans-
ferred from the initial green plastid to the 
nucleus of the host cell and kept even after 
the secondary red plastid was established, 
(Moustafa et al.  2009 ). These serial second-
ary endosymbioses together with the subse-
quent HGT events from bacteria have 
genetically enriched the nuclear genome of 
diatoms (Bowler et al.  2008 ; Moustafa et al. 
 2009 ; Qiu et al.  2013 ) (Fig.  18.1 ).

      B. Chloroplast Structures in Diatoms 

 As described above, diatom chloroplasts are 
in a fi rm physical association with the 
nucleus linked by an ER network (Fig.  18.1 ). 
The outermost membrane of the chloroplast 
is termed chloroplast ER membrane (CER). 
In electron micrographs this membrane is 
often studded with ribosomes similarly as 
the rough ER (Fig.  18.1 ). The space between 
the CER membrane and the next envelope 
membrane is called CER lumen and proba-
bly is continuous with the ER lumen. The 
space between the second and the third mem-
brane is called periplastidal compartment 
(PPC) and probably represents the strongly 
reduced cytosol of the secondary endosym-
biont. The two inner membranes apparently 
are homologous to the two envelope mem-
branes of red algal plastids (Fig.  18.1 ). The 
thylakoids in diatoms are generally stacked 
in pairs of three without grana, while directly 
below the innermost membrane there is a 
stack of three thylakoids surrounding most 
of the plastid (girdle lamella) (Fig.  18.1 ). 
In the central part of the chloroplast, there 
is a large undefi ned proteinaceous body 
called pyrenoid, which usually is penetrated 

      Table 18.1.    Size of diatom genomes.   

 Species name  Genome size  Number of ORF  Reference 

  Thalassiosira pseudonana    32 Mb  ~11,000  Armbrust et al. ( 2004 ) 
  Phaeodactylum tricornutum    27 Mb  ~10,000  Bowler et al. ( 2008 ) 
  Fragilariopsis cylindrus    80 Mb  ~27,000  JGI a  
  Pseudo-nitzschia multiseries  CLN-47  218 Mb  ?  JGI b  
   a   http://genome.jgi-psf.org/Fracy1/Fracy1.home.html     
  b   http://genome.jgi-psf.org/Psemu1/Psemu1.home.html      
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by a single line of thylakoid membranes 
(Fig.  18.2 ). Recent improvements of mole-
cular-labeling techniques using fluores-
cent proteins like GFP have revealed 
reticular or vesicular structures that might be 
located in the CER (Kilian and Kroth  2005 ). 
This structure denoted as blob- like structure 
(BLS) is often observed when periplastidal 
preproteins or stromal preproteins with 
modifi ed presequences fused to GFP are 
expressed in  P. tricornutum . Thus this struc-
ture probably represents an accumulation of 
proteins in a certain area of the periplastidic 
space; however, structural details of BLS are 
unknown yet.

      C. Traffic of Small and Large Molecules 
Across Chloroplast Membranes 

 Biomembranes represent unique barriers for 
the translocation of smaller molecules like 
metabolites or larger molecules like polypep-

tide chains. Membrane transporters are a 
large, structurally and functionally heteroge-
neous group of proteins, consisting of carri-
ers and channels that span lipid bilayers. 
Chan et al. ( 2011 ,  2012 ) have compiled a 
large number of putative translocators by 
studying diatom genomes. However, the 
functionality of these proteins still has to be 
confi rmed experimentally. Studying nucleo-
tide import translocators, Ast et al. ( 2009 ) 
discovered the presence of six different 
nucleotide translocators (NTT) in  P. tricornu-
tum  (and eight in  T. pseudonana ), which fall 
into three classes: some do not possess a pre-
sequence, others possess a signal and a transit 
peptide domain, while the third group addi-
tionally shows an “ASAFAP” motif (Gruber 
et al.  2007 ), leading to the suggestion that 
these translocators are integrated in different 
plastid envelope membranes. Two transloca-
tors have been studied more thoroughly, 
NTT1 and NTT2. NTT1 is more similar to 

  Fig. 18.2.    Electron micrograph of a cross-section of  P. tricornutum  showing the plastid (C) including the pyre-
noid (Pyr), the internal thylakoid membranes (PT), the regular thylakoid membranes (T) and the periplastidal 
compartment (PPC).  M  mitochondria,  N  Nucleus,  Cy  cytosol,  CW  cell wall (The images are shown by courtesy 
of A. Gruber and J. Hentschel, Universität Konstanz).       
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plastid translocators of land plant and algal 
plastid ATP/ADP exchangers while NTT2 is 
related to nucleotide importers from parasitic 
endocytic bacteria. Interestingly the diatom 
NTT1 shows properties of an H + -driven ATP 
translocator, and NTT2 of a nucleotide 
exchanger (Ast et al.  2009 ), indicating that 
the original functional properties of these 
translocators have been completely altered in 
diatoms. The apparent capability of diatoms 
to acquire and combine different translocator 
systems in order to overcome the additional 
barriers represented by the four plastid enve-
lope membranes is also refl ected in the plas-
tid protein import machinery. Targeting of 
proteins into diatom plastids has been studied 
intensely in the recent years. Analyses of 
nuclear-encoded plastid proteins revealed the 
presence of an N-terminal ER targeting sig-
nal peptide fused to a transit peptide domain 
known from land plant plastids (Kroth  2002 ). 
The presequence structure of proteins tar-
geted to the stroma additionally possesses an 
“ASAFAP” motif at the interface of both 
domains. Interestingly the penylalanine resi-
due in this motif appears to be essential for a 
complete import (Kilian and Kroth  2005 ). 
Although the details of import pathway have 
not been solved yet completely, there is evi-
dence that four different import machineries 
are involved in this process: (i) in a fi rst step 
the protein is targeted cotranslationally across 
the CER membrane using the ER Sec system 
(Lang et al.  1998 ), (ii) in the next step a dupli-
cated endosymbiont-specifi c ER-associated 
degradation system for lumenal proteins 
(ERAD-L) may be involved (Sommer et al. 
 2007 ), (iii) the next membrane may be tra-
versed by a translocator similar to bacterial 
Omp85 and plastidic Toc75 proteins 
(Bullmann et al.  2010 ), while (iv) for the 
innermost membrane a protein complex 
related to plastidic Tic complexes may be 
involved (Vugrinec, Gruber, Kroth, unpub-
lished). Once the proteins have entered the 
stroma, they can be sorted to further com-
partments like the innermost of the four 
membranes surrounding the plastids, the thy-
lakoid membrane or the thylakoid lumen. 
Similar to land plant plastids, different import 

pathways are known for targeting proteins 
into diatom thylakoids (Lang and Kroth 
 2001 ; Chaal et al.  2003 ).   

   III. CO 2 -Concentrating Mechanisms 
in Cyanobacteria, Green Algae, 
and Marine Diatoms 

 The entry of CO 2  into plant cells is a limiting 
factor of CO 2  acquisition for a large majority 
of autotrophic organisms from chemoli-
thotrophic bacteria to higher plants. In higher 
plants, CO 2  permeates across mesophyll 
cells through specifi c channels that belong to 
the family of aquaporins (Uehlein et al. 
 2003 ). The acquisition of CO 2  in water is fur-
ther hampered, as the concentration of CO 2  
dissolved in water is very low (less than 
15 μM at the current atmospheric  p CO 2  at 
20 °C) and diffusion constants of dissolved 
molecules are 10 4  times smaller compared to 
those of the gaseous state (Badger et al. 
 1998 ). This problem is more serious in 
marine environments because of the highly 
alkaline/saline seawater, in which CO 2  for-
mation from HCO 3  −  is signifi cantly slower 
(1/4~1/8) compared to that in freshwater 
(Matsuda et al.  2001 ). Aquatic photoauto-
trophs thus experience diffi culties in acquir-
ing CO 2  from surrounding media and it has 
been demonstrated that they generally are 
able to take up both CO 2  and HCO 3  −  to accu-
mulate dissolved-inorganic carbon (DIC) 
intra cellularly, a process which also is termed 
biophysical CO 2 -concentrating mechanism 
(CCM) (Badger et al.  1998 ; Falkowski and 
Raven  2007 ; Hopkinson et al.  2011 ). 

   A. Lessons from Molecular Studies 
in Cyanobacteria and Green Algae 

 Molecular details of the CCMs have been 
studied in cyanobacteria, where a whole set 
of CCM components, has been elucidated 
that fully account for the cyanobacterial 
CCM. In freshwater β-cyanobacteria, HCO 3  −  
is directly taken up by three plasma-membrane 
HCO 3  −  transporters, a bicarbonate trans-
porter 1 (BCT1), a sodium bicarbonate 
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transporter A (SbtA), and a bicarbonate 
transporter A (BicA). Permeated CO 2  is also 
converted into HCO 3  −  by the NADPH-
dehydrogenase- CO   2 -hydration protein (Ndh-
Chp) complexes at the thylakoid membrane 
and perhaps at the cytoplasmic membrane 
(Omata et al.  1999 ; Maeda et al.  2002 ; 
Shibata et al.  2002 ; Price et al.  2004 ). 
Accumulated HCO 3  − , a leakage resistant 
form of dissolved-inorganic carbon (DIC), is 
then converted into CO 2  only when HCO 3  −  
passes across the shell of the carboxysome, 
an icosahedronic crystal body in the cell 
(Kerfeld et al.  2005 ) (see Chap.   7    ). This pro-
cess is catalyzed by a carbonic anhydrase 
(CA), a component of the carboxysome shell 
(So et al.  2002 ), and released CO 2  is fi xed by 
RubisCO within the carboxysome. The car-
boxysomes of similar structural characteris-
tics are also detected in chemolithotrophs 
like  Halothiobacillus neapolitanus  (Dou 
et al.  2008 ). Cyanobacterial cells (see Chap. 
  14    ) at full operation of the CCM behave like 
a leakage-proof HCO 3  −  chamber with an 
“effi cient CO 2 -formation and fi xation reac-
tor”, which is the carboxysome. 

 The cyanobacterial system is believed to 
have evolved after the primary endosymbio-
sis (Badger et al.  2002 ). Algal cells have 
developed a different-type of CCM based 
upon the pyrenoid. The presence of a pyre-
noid does not necessarily mean that the 
cells possess a CCM (Morita et al.  1998 ; 
Ratti et al.  2007 ; Genkov et al.  2010 ), but 
there is the possibility that the pyrenoid 
functions as a focal point of the CCM. There 
is some evidence for biochemical functions 
of the pyrenoid in microalgae. In the fresh-
water chlorophyte  Chlamydomonas rein-
hardtii , a thylakoid-lumenal CA (CAH3), 
and a pyrenoidal component denoted Low-
CO 2 - inducible proteins LCIB and LCIC 
have been demonstrated to provide CO 2  sup-
ply to RubisCO under moderately limiting 
CO 2  conditions (Spalding et al.  1983 ; 
Yamano et al.  2010 ). CAH3 presumably 
forms CO 2  from HCO 3  −  utilizing the acidity 
of the thylakoid lumen, while the LCIB/C 
complex is speculated to recapture the CO 2  
leaking out of the stroma, forcing it back to 

the pyrenoid (Yamano et al.  2010 ; Duanmu 
and Spalding  2011 ). A plasma-membrane 
transporter, LCI1, has been demonstrated to 
be a HCO 3  −  channel which also facilitates 
the CO 2  acquisition of  C. reinhardtii  under 
CO 2  limitation (Ohnishi et al.  2010 ). The 
function of extracellular CAs as a part of the 
green algal CCM has been discussed contro-
versially (see Ynalvez et al.  2008 ).  

   B. Transports of Inorganic Carbon 
across the Plasma Membrane 
and the Chloroplast Envelopes 

 Both, freshwater and marine diatoms, have 
been shown to actively take up HCO 3  −  and/or 
CO 2  (Patel and Merrett  1986 ; Colman and 
Rotatore  1995 ; Rotatore et al.  1995 ; Johnston 
and Raven  1996 ; Mitchell and Beardall 
 1996 ; Korb et al.  1997 ; Burkhardt et al. 
 2001 ; Rost et al.  2003 ; Trimborn et al.  2008 ). 
The list in Table  18.2  (redrawn from Matsuda 
et al.  2011 ) shows the respective results in 
a number of publications, which all 
employed relatively direct and reliable mea-
sures of DIC accumulations: (silicon-oil cen-
trifugation: SOC) or steady-state DIC fl ux 
(membrane-inlet mass spectrometry: MIMS; 
isotopic disequilibrium technique: IDT). 
Accordingly, it is clear that these diatom 
species can take up both CO 2  and HCO 3  −  
from the surrounding media with signifi cant 
species- dependent preferences of the res pec-
tive DIC molecules. Probably, HCO 3  −  con-
sumers have adapted to use abundant HCO 3  −  
in seawater, albeit direct uptake of HCO 3  −  
can be energetically expensive. Con versely, 
in marine photoautotrophs, HCO 3  −  uptake has 
been reported to be mediated by an external 
CA form, which might be a less energy con-
suming strategy for the use of external HCO 3  −  . 
However, so far there is little molecular evi-
dence, and proteins involved in DIC uptake 
and the mechanisms of DIC fl ux regulations 
within the diatom cells are not known.

   A recent study has revealed that plasma 
membrane-type transporters homologous to 
the mammalian solute-carrier (SLC) family 
work as an initial entry gate of DIC in marine 
diatoms in a low CO 2  environment 
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(   Nakajima et al.  2013 ). One subfamily of the 
diatom SLC, PtSLC4-2, was shown to trans-
port specifi cally HCO 3  −  in the presence of 
relatively high concentrations of sodium ions 
with a saturation point of about 100 mM Na +  
(Nakajima et al.  2013 ; Hopkinson  2013 ). 
This protein, together with other two closely 
related putative transporters PtSLC4-1 and 
PtSLC4-4 are induced specifi cally under 
CO 2 -limited conditions, indicating that sev-
eral transporters engage in the enhancement 
of HCO 3  −  infl ux into the cell and perhaps 
into the plastid under low CO 2  conditions 
(Nakajima et al.  2013 ; Hopkinson  2013 ). 
Accumulated DIC might pass across the 
chloroplast membranes by specifi c trans-
porters (Hopkinson  2013 ) and CAs densely 
localized in the matrixes of the four-layered 
chloroplast membranes very likely control 
the effi ciency of permeation (Tachibana 
et al.  2011 ; Samukawa et al.  2014 ). It is 
interesting that diatom’s SLC4 family trans-
porters cluster phylogenetically with members 
of the human SLC4 family with reasonably 
high bootstrap values at the transmembrane 
region (Nakajima et al.  2013 ), while HCO 3  −  
transporters already identifi ed in cyanobacteria 

and  C. reinhardtii  do not share homology 
with the respective proteins in diatoms. This 
strongly suggests that eukaryotic algae per-
haps have acquired HCO 3  −  transporters inde-
pendently from various ancestral eukaryotic 
hosts. Indeed, it has been suggested that dia-
tom transporters share a common origin with 
those in human cells (Nakajima et al.  2013 ).  

   C. Convergent Evolution 
of Carbonic Anhydrases 

 There are six subtypes of CAs so far found in 
living organisms and they are categorized 
from α to ζ (Tripp et al.  2001 ; So et al.  2004 ; 
Lane et al.  2005 ). The α-CAs are found pre-
dominantly in animals but also occur in bac-
teria, higher plants and green algae, the 
β-CAs are known to be abundant in plants, 
green algae, eubacteria and archaea, and the 
γ-CAs may be the most ancient form protein 
related to CAs. They have evolved long 
before the α class and are predominantly 
found in bacteria, although their activity is 
so far confi rmed only in very limited candi-
dates (Tripp et al.  2001 ). The eukaryotic 
algae studied so far possess α- to γ- CAs 

    Table 18.2.    Dissolved inorganic carbon species taken up by diatoms (Redrawn from Matsuda et al.  2011 ).   

 Species  pH at measurement 

 DIC Transport 

 Method  Reference  CO 2   HCO 3  −  

  Stellarima stellaris   7.9–8.4  No  Yes  MIMS  Trimborn et al. ( 2008 ) 
  Pseudo-nitzschia multiseries   7.9–8.4  Yes  Yes  MIMS  Trimborn et al. ( 2008 ) 
  Nitzschia navis-varingica   7.9–8.4  Yes  No  MIMS  Trimborn et al. ( 2008 ) 
  Nitzschia frigida   7.5  Yes a   SOC  Mitchell and Beardall ( 1996 ) 
  Phaeodactylum tricornutum   8.0  Yes  SOC  Patel and Merrett ( 1986 ) 

 7.5  Yes  SOC  Colman and Rotatore ( 1995 ) 
 8.0  Yes  Yes  MIMS  Burkhardt et al. ( 2001 ) 
 7.5  Yes  SOC  Colman and Rotatore ( 1995 ) 
 8.0  Yes  SOC  Johnston and Raven ( 1996 ) 

  Cyclotella sp.   7.5  Yes  SOC  Colman and Rotatore ( 1995 ) 
 7.5  Yes  –  MIMS  Rotatore et al. ( 1995 ) 

  Thalassiosira weissfl ogii   8.0  Yes  Yes  MIMS  Burkhardt et al. ( 2001 ) 
  Skeletonema costatum   8.0  Yes  Yes  IDT  Korb et al. ( 1997 ) 

 8.0  Yes  Yes  MIMS  Rost et al. ( 2003 ) 
  Ditylum brightwellii   8.0  Yes  Yes  IDT  Korb et al. ( 1997 ) 

  Chaetoceros calcitrans   8.0  Yes  Yes  IDT  Korb et al. ( 1997 ) 
      MIMS  membrane inlet mass spectrometry,  SOC  silicon-oil centrifugation,  ITD  isotopic disequilibrium technique 
  a Ci species could not be differentiated  
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(Satoh et al.  2001 ), with some exceptions 
such as the red alga  Cyanidioschyzon mero-
lae , which lacks α-CA genes (Matsuzaki 
et al.  2004 ). Interestingly, among diatoms, 
β-type CAs have only been found so far in 
the pennate diatom  P. tricornutum , but there 
is no homologous gene in the genome of the 
centric diatom  T. pseudonana  (Montsant 
et al.  2005 ; Tachibana et al.  2011 ) or the 
polar-sea species,  Fragilariopsis cylindrus , 
(  http://genome.jgi-psf.org/Fracy1/Fracy1.
home.html    ). 

 The δ- and ζ-type CAs are unique in 
diatoms and were fi rst discovered in  Thala-
siossira weissfl ogii , denoted as TWCA1 and 
CDCA1 (Roberts et al.  1997 ; Lane and 
Morel  2000 ; Lane et al.  2005 ; Xu et al. 
 2008 ). These two CA types are also present 
in the centric diatom  T. pseudonana , while a 
δ-type CA was found in the haptophyte 
 Emiliania huxleyi  (Soto et al.  2006 ) and the 
dinofl agellate  Lingulodinium polyedrum  
(Lapointe et al.  2008 ). These two “marine 
CAs” were identifi ed as  bona fi de  CAs (Xu 
et al.  2008 ; Viparelli et al.  2010 ; Alterio et al. 
 2012 ; Lee et al.  2013 ). The crystal structure 
of the ζ-type CA has revealed a striking simi-
larity of the active center structure to that of 
β-CA (Xu et al.  2008 ), while the active cen-
ter of δ-CA is reported to be similar to that of 
α-CA (Cox et al.  2000 ). Indeed, it was 
recently reported that δ-CA in  T. weissfl ogii  
possess an esterase activity, a feature unique 
to α-CAs (Lee et al.  2013 ). 

 The ε-CA was fi rst identifi ed in the 
chemolithotrophic bacterium  H. neapolita-
nus  as CsoS3/CsoSCA, representing a com-
ponent of the carboxysomal shell. Genes 
homologous to  csoS3  were also found in cya-
nobacteria and chemolithotrophic bacteria 
(So et al.  2004 ). Since the crystal structure of 
ε-CA is very similar to β-type CAs, despite 
its unique primary amino acid sequence, this 
protein was later recategorized into β-type 
CA (Sawaya et al.  2006 ). CsoS3/CsoSCA is 
essential for the operation of the CCM in  H. 
neapolitanus  because of its role in dehydrat-
ing HCO 3  −  at the carboxysomal shell in order 
to supply CO 2  to RubisCO within the car-
boxysome (Dou et al.  2008 ). 

 The discovery of these novel lineages of 
convergent evolution revealed a strong varia-
tion between CAs that have evolved from an 
unexpectedly wide variety of origins and 
functions in marine autotrophs. Moreover, 
the cofactor of diatom’s ζ-CAs can be sub-
stituted by Cd when Zn is not available 
(Xu et al.  2008 ), strongly suggesting their 
competence in a metal depleted environ-
ment. However, the function of numerous 
CAs in diatoms are still speculative and need 
to be identifi ed at the molecular level.  

   D. Importance of Carbonic Anhydrases 
in Algal CO 2 -Concentrating Mechanisms 

 CAs catalyze the reversible reaction of CO 2  
hydration and thus their physiological func-
tion deeply relies on the local pH of the indi-
vidual cellular location of the enzymes. 
Recent investigations revealed that RubisCO 
and β-type CAs (denoted as PtCA1 and 
PtCA2) are located in the pyrenoid of  P. tri-
cornutum  and that these CAs are induced 
remarkably at low CO 2  concentrations. The 
biochemical composition of the pyrenoid in 
algae is not well known, but similarities have 
been demonstrated among a limited number 
of proteins localized in the pyrenoids of 
eukaryotic algae. CA in the areas of pyrenoids 
are likely responsible for effi cient formation 
of CO 2  at the proximity of RubisCO in the 
pyrenoid. This process is probably affected by 
the redox condition in the stroma via thiore-
doxins (Trxs) in response to the light intensi-
ties and the oxygen concentrations, in order to 
ensure optimal energy fl ow and carbon fi xa-
tion under changing environmental conditions 
(described in the following section). 

 The occurrence and the function of exter-
nal CAs in microalgae have been discussed 
controversially. It has been postulated that 
CA activity in the periplasmic space may 
enhance CO 2  consumption in alkaline envi-
ronments, where the major carbon source is 
HCO 3  −  . However, silencing of the external 
CA CAH1 in  C. reinhardtii  did not alter cells 
to a high CO 2 -requiring phenotype (Van and 
Spalding  1999 ), although the possibility still 
remains that the other external CA, CAH8 
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may complement the function of CAH1 
(Ynalvez et al.  2008 ). In marine photoauto-
trophs, the importance of external CAs has 
been stressed as well as that of acidifi cation 
at the periplasmic unstirred layer, a space 
surrounding cells where cellular activities of 
H +  and OH −  pump are the predominant 
factor to determine pH (Milligan and Morel 
 2002 ). As aforementioned, high salinity and 
alkalinity of seawater tend to remove CO 2  
from cell exterior which may force cells to 
invest energy in pumping HCO 3  − , while CO 2  
uptake  via  external CA is energetically less 
expensive. In fact, in the dinofl agellates 
 Prorocentrum micans  and  Lingulodinium 
polyedrum , external CAs have been shown 
to be essential (Nimer et al.  1999 ; Lapointe 
et al.  2008 ). However, it is also known that 
external CAs are absent in some marine 
microalgae (Danson et al.  2004 ). In marine 
diatoms, the occurrence of external CAs can 
be inconsistent even in a single species 
(John-Mckay and Colman  1997 ). 

 In contrast, intracellular CAs are likely an 
essential component of the CCM and of 
photosynthesis under CO 2  limitations. For 
example, knock-out of the internal β-CA 
gene  icfA  (later renamed as  ccaA ) in cyano-
bacteria resulted in a high CO 2 -requiring 
phenotype (Fukuzawa et al.  1992 ). Similarly, 
a mutation of  Cah3  caused a high CO 2 -
requiring phenotype in  C. reinhardtii  (Funke 
et al.  1997 ). The respective CAs have been 
localized in the carboxysome shell in cyano-
bacteria (Long et al.  2007 ) and the thylakoid 
lumen in  C. reinhardtii  (Karlsson et al. 
 1998 ). They are believed to supply CO 2  from 
accumulated HCO 3  −  at the cellular proximity 
of RubisCO (Funke et al.  1997 ; Raven  1997 ; 
Van and Spalding  1999 ). In diatoms, internal 
CAs have been demonstrated to be essential 
on the physiological level. In  P. tricornutum , 
the highly permeable CA inhibitor eth-
oxyzolamide (EZA) severely suppressed the 
operation of high-affi nity photosynthesis, 
whereas the weakly permeable inhibitor 
acetazolamide (AZA) had little effect (Satoh 
et al.  2001 ), strongly suggesting that the role 
of external CA is rather small compared to 
that of internal CAs.  

   E. Localizations and Functions 
of Diatom Carbonic Anhydrases 

 As summarized in Table  18.3 , the individual 
location of diatom CAs has been extensively 
investigated in the pennate marine diatom, 
 P. tricornutum  (Tanaka et al.  2005 ; Kitao 
et al.  2008 ; Kitao and Matsuda  2009 ; 
Tachibana et al.  2011 ) and the centric diatom, 
 T. pseudonana  (Tachibana et al.  2011 ). There 
are genes encoding 5 α-, 2 β-, and 2 γ-type 
CAs in the genome of  P. tricornutum  and 
these subclasses are located in specifi c organ-
elles depending on the subtype (Tachibana 
et al.  2011 ). All putative α-CAs were located 
in the four-layered chloroplast envelopes, two 
β-CAs were within the pyrenoid, and one 
putative γ-CA, CA-VIII, was found in the 
mitochondria (Tanaka et al.  2005 ; Kitao et al. 
 2008 ; Tachibana et al.  2011 ). The remaining 
γ-CA candidate, CA-IX most likely is also 
located in the mitochondria (Nawary and 
Matsuda, unpublished). A total of 13 CA can-
didate genes have been identifi ed in the 
genome of  T. pseudonana  (encoding 3 α-, 5 
γ-, 4 δ-, 1 ζ-type enzymes). Nine CAs out of 
these 13 candidates have recently been 
localized. That is, α-CA1 was localized in 
the stroma; γ-CA1, 3, and 4 were in the 
mitochondria; γ-CA2 was in the cytosol; 
δ-CA1, 2, and 3 were respectively localized 
in the periplasmic space, mitochondria, and 

   Table 18.3.    Carbonic anhydrases and their localization 
in  P. tricornutum .   

 Name  Class  Location 

 CA-I  α  PPC 
 CA-II  α  PPC 
 CA-III  α  CER 
 CA-IV (PtCA1)  β  Pyrenoid 
 CA-V (PtCA2)  β  Pyrenoid 
 CA-VI  α  CER 
 CA-VII  α  CER 
 CA-VIII  γ  Mitochondria 
 CA-IX  γ  N.D. 

 CA-X  ζ  N.D. 

  Data are summarized from Tachibana et al. ( 2011 ) 
  PPC     periplastidal compartment,  CER  chloroplastic endo-
plasmic reticulum,  N.D.  not detected  
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periplastidal compartment; ζ-CA1 was local-
ized at the periplasmic space (Tachibana et 
al.  2011 ; Samukawa et al.  2014 ). However, 
the localization of the other CAs awaits fur-
ther studies. Nonetheless, the CA localization 
data in  T. pseudonana  displayed a signifi cant 
diversity in CA localization in diatoms, 
strongly suggesting the diversity of the 
mode of DIC fl ux control in diatoms 
(Samukawa et al.  2014 ).

   In  P. tricornutum , fi ve α-CAs that are 
located in the chloroplast envelope system, 
are transcriptionally active and are expressed 
independently of the CO 2  concentrations 
(Tachibana et al.  2011 ). This suggests that 
these CAs may work constantly to control 
the permeation of DIC from the cytoplasm 
to the stroma and  vice versa . This fi nding 
may be strongly related to the occurrence of 
DIC channels in the envelope membranes 
and potentially different pH values in the 
compartment between the plastid envelope 
membranes, although the details are yet 
clear. Two pyrenoidal β-type CAs, PtCA1 
and PtCA2, are exclusive CO 2 -responsive 
CAs in  P. tricornutum , being de-repressed 
under low CO 2  conditions (Harada and 
Matsuda  2005 ; Harada et al.  2005 ; Tachibana 
et al.  2011 ), in which the pyrenoid would 
constitute a strong driving force to direct 
CO 2  to RubisCO for fi xation. During such a 
physiological state – where CO 2  is effi ciently 
directed to RubisCO under CO 2  limitations – 
the input of DIC from the bulk medium 
should also be ensured by specifi c transport-
ers (as described above). 

 The putative γ-CAs in the mitochondria 
studied so far are not related to photosyn-
thetic carbon fi xation, and the activity of 
γ-CA candidate is not confi rmed so far. Their 
function is thus so far obscure, but their 
mitochondrial localization strongly suggests 
that some of these proteins are involved in 
anaplerotic processes to provide HCO 3  −  to 
phosphoenol pyruvate or pyruvate in the 
mitochondria (Giordano et al.  2003 ).  

   F. Is There a C 4  Metabolism in Diatoms? 

 A C 4 -type biochemical CCM was shown to 
be a part of the diatom CCM in the relatively 

large marine centric diatom,  Thalassiosira 
weissfl ogii  (Reinfelder et al.  2000 ,  2004 ; 
Roberts et al.  2007b ; McGinn and Morel 
 2008 ). However, radio tracer experiments for 
photosynthetic products revealed in another 
centric species,  T. pseudonana , the absence 
of a transient increase in C 4  metabolites prior 
to the increment of 3-PGA, indicating that 
this centric diatom fi xes CO 2  by a C 3 -based 
metabolism. It is thought that the occurrence 
of C 4 -type photosynthesis might be limited 
to particular species (Roberts et al.  2007b ). 
Haimovich-Dayan et al. ( 2013 ) recently 
investigated gene silencing of the pyruvate 
orthophosphate dikinase (PPDK) gene in
 P. tricornutum  cells and proposed that the C 4  
metabolism may not increase net CO 2  fi xation 
but rather helps the cells to dissipate excess 
light energy and to maintain pH homeosta-
sis. Genes encoding carboxylating and 
decarboxylating enzymes exist in the gen-
omes of  P. tricornutum  and  T. pseudonana . 
 In silico  analyses of both  P. tricornutum  and 
 T. pseudonana  genome databases indicate 
that the decarboxylating enzymes phospho-
enol pyruvate carboxykinase (PEPCK) and 
malic enzyme do not possess plastid target-
ing sequences (Kroth et al.  2008 ), and in 
fact, a recent localization study has shown 
the lack in the decarboxylation enzyme in 
the chloroplast of  T. pseudonana  (Tanaka 
et al.  2014 ). Moreover, there is no evidence 
so far for the presence of malate and/or oxa-
loacetate transporters in the plastid mem-
branes (Kroth et al.  2008 ). Supply of 
oxaloacetate to intact chloroplast isolated 
from the diatom  Odontella sinensis  did not 
stimulate photosynthetic oxygen evolution 
(Wittpoth et al.  1998 ), also suggesting the 
potential import of oxaloacetate into the 
plastids of diatoms. It is interesting that C 4 -
type diatoms like  T. weissfl ogii  still actively 
take up both CO 2  and HCO 3  −  at equal rates 
(Table  18.2 ) (Burkhardt et al.  2001 ). One 
explanation could be that C 4 - type diatoms 
might also employ active DIC uptakes, which 
consequently could provide a part of CO 2  
directly from the developed DIC pool to the 
Calvin cycle, constituting a hybrid-type, i.e., 
a biophysical and a biochemical CCM 
(McGinn and Morel  2008 ). 
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 The evolutionary driving force in diatoms 
to acquire a biochemical CCM in addition to 
the existing biophysical CCM is unknown. 
One of the possible explanations could be 
the extreme diversifi cation of diatom cell 
sizes that might force the development of 
a redundant CCM system to overcome 
diffusion resistance of pooled DIC mole-
cules (Matsuda et al.  2011 ). Alternatively 
(or simultaneously), it is also possible that 
both, biochemical and biophysical CCMs, 
may contribute to dissipation of light 
energy by consuming ATP. Of particular 
interest is that the biophysical CCM as well 
as the C 4  system could be an effi cient con-
sumption system of ATP by cycling CO 2  
through uptake and leakage across the cyto-
plasmic membrane when pooled DIC is not 
fi xed effi ciently and light excitation pres-
sure continuously closes the photo systems 
(Tchernov et al.  1997 ).  

   G. Transcriptional Regulation of CO 2 -
Concentrating Mechanism Components 

 Algal CO 2  acquisition systems are regulated 
at the transcriptional level via CO 2  con-
centrations. This phenomenon raises the 
intriguing question how algal cells sense 
the concentration of environmental CO 2 . 
Furthermore it is unclear how such control 
mechanisms within the algal CCM may 
infl uence net photosynthesis at increasing 
environmental CO 2  concentrations, which 
are expected to occur in the future due to 
human activity. 

 Physiological aspects of the CO 2  response 
of CCMs have been reported in cyanobacte-
ria and green algae since the early 1980s 
(Marcus et al.  1983 ; Mayo et al.  1986 ; 
Dionisio-Sese et al.  1990 ; Sueltemeyer et al. 
 1991 ; Matsuda and Colman  1995a ,  b ). In 
summary, two systems have been proposed: 
(i) In cyanobacteria, the critical controlling 
factor for overall CCM activity is the CO 2 /O 2  
ratio (Marcus et al.  1983 ) and the total 
amount of DIC in the medium (Mayo et al. 
 1986 ), but not the pH or individual DIC 
species (Mayo et al.  1986 ). This strongly 
suggests the participation of a photorespi-
ratory pathway in transmitting the CO 2  

signal to gene expression in cyanobacteria 
(Marcus et al.  1983 ; Mayo et al.  1986 ). (ii) 
On the other hand, CCMs in the green algae 
 Chlorella ellipsoidea  and  C. reinhardtii  
respond to CO 2(aq)  in the medium rather than 
other DIC species or total DIC (Matsuda and 
Colman  1995b ; Bozzo and Colman  2000 ). 
Furthermore, neither the internal DIC con-
centration nor the light intensity was corre-
lated with the CCM expression levels in 
 C. ellipsoidea , suggesting that a CO 2  res-
ponse mechanism in eukaryotic algae does 
not necessarily depend on metabolite feed-
back, but also includes more direct sensing 
mechanisms (Matsuda and Colman  1995b ). 

 The metabolite signaling hypothesis in 
cyanobacteria is supported indeed, by the 
molecular evidence that a transcription factor 
of  Synechocystis  sp. PCC 6803, CmpR, 
which is the LysR family inducing factor of 
the HCO 3  −  transporter operon  cmpABCD , 
can bind directly to the promoter region 
of the  cmpABCD  operon and that binding 
is signifi cantly stimulated in the presence 
of a physiological concentrations of 
2- phosphoglycolate, the fi rst product of oxy-
genase reaction by RubisCO (Omata et al. 
 2001 ; Nishimura et al.  2008 ). In eukaryotic 
algae, on the other hand, most of the molecu-
lar work on transcriptional controls of puta-
tive CCM components has been done with 
the green alga  C. reinhardtii . The periplas-
mic CA gene  Cah1  in  C. reinhardtii  is a well 
known CO 2 -responsive gene and regulation 
of the promoter region of  Cah1  are governed 
by tandemly aligned enhancer and silencer 
regions on the promoter (Kucho et al.  1999 ). 
A zinc fi nger protein, CCM1/CIA5 was 
found to control the up-regulation of most of 
the low-CO 2 -inducible genes including  Cah1  
and thus is considered to be a master regula-
tor for CO 2 -responsive gene expressions 
(Fukuzawa et al.  2001 ; Xiang et al.  2001 ; 
Miura et al.  2002 ,  2004 ; Wang et al.  2005 ; 
Kohinata et al.  2008 ; Yamano et al.  2008 ). 
However, the key factor for capturing the 
CO 2  signal in algae is unknown. 

 Similarly to green algae, the major deter-
minant of the extent of CCM expression in 
 P. tricornutum  likely is the CO 2(aq)  concentra-
tion in the medium rather than the pH value 
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or other DIC species (Matsuda et al.  2001 ). 
The number of known typical CO 2  respon-
sive molecules is still low in marine diatoms 
and the aforementioned PtCA1 and 2 
enzymes have been the best model for 
molecular studies on the mechanisms of 
CO 2  responses. The genes  ptca1  and  ptca2  
are known to be markedly de-repressed at the 
transcriptional level in response to a decrease 
in [CO 2 ] (Satoh et al.  2001 ; Harada et al. 
 2005 ,  2006 ). The β-glucuronidase (GUS) 
reporter assay of the promoter region of 
 ptca1  (P ptca1 ) revealed that a relatively 
short sequence of up to 100 bps upstream the 
transcription-start site plays a key role in 
CO 2 -responsive transcription, and that this 
region is rich in animal-type cAMP-response 

elements (Harada et al.  2006 ). Indeed, the 
ability of the cAMP analogue dibutyryl 
cAMP (dbcAMP) to mimic high CO 2  condi-
tions and to repress transcription of  ptca s 
(Harada et al.  2006 ) disappears by impairing 
the P ptca1  sequences (Harada et al.  2006 ). 
Further investigations have revealed that 
the critical CO 2 -responsive  cis -element of 
P ptca1  contains three analogous sequences 
TGACGT/C which are tandemly aligned in an 
invert direction within the core P ptca1  
sequence. These were denoted CO 2 /cAMP 
responsive elements (CCRE) 1, 2, and 3 
(Ohno et al.  2012 ) (Fig.  18.3 ). The CCREs are 
the typical targets of mammalian ATF6-
 type basic-ZIP-transcription factors such as 
cAMP-responsive-element-binding protein 

  Fig. 18.3.    The CO 2  responsive  ptca1  promoter and the putative CO 2  signaling pathway. ( a ) Structure of 
the core- regulatory region of the ptca1 promoter with 3 CCRE elements (Redrawn from Ohno et al.  2012 ). 
( b ) Putative CO 2  signaling pathway predicted based upon the mammalian cAMP signaling cascade.  PDE  cAMP 
phosphodiesterase,  PKA  protein kinase A,  PKAC  C subunit of PKA,  PP  protein phosphatase,  CBP  CREB (cAMP 
binding protein) binding protein,  DARPP  dopamine-and cAMP-regulated phosphoprotein.  Parentheses  indicate 
the number of candidate genes in the  P. tricornutum  genome. So far, there is no known candidate for a functional 
analogue of DARPP. The model depicts the signaling route under high CO 2  conditions, which may activate 
tmACs and/or sACs. PtbZIP11 binds to CCREs to form a repressor complex on the  ptca1  promoter.       
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(CREB). Therefore the genome of  P. tricor-
nutum  was screened for genes encoding 
potential ATF6-type-bZIP proteins based 
upon the well conserved DNA binding site of 
ATF6 with an adjacent leucine zipper motif 
(Ohno et al.  2012 ). As a result, one of the eight 
candidate bZIP proteins, denoted PtbZIP11, 
was found to bind to CCREs specifi cally 
(Ohno et al.  2012 ) (Fig.  18.3 ). These investi-
gations clearly revealed that diatoms use 
cAMP signaling, which is perhaps similar to 
the mammalian system, to respond to ambient 
CO 2  concentrations (Fig.  18.3 ). In fact, most 
of the genes involved in the typical mammalian-
type cAMP signaling pathways have been 
identifi ed in diatom EST databases (Fig.  18.3 ).

   Adenylyl cyclase (AC) is known to serve 
as a sensor for inorganic carbon signals in a 
wide variety of living organisms from cyano-
bacteria, fungi, to mammals, except for 
higher plants (Chen et al.  2000 ; Klengel 
et al.  2005 ; Matsuda et al.  2011 ). In rat testis, 
the activity of soluble adenylyl cyclase (sAC) 
is modulated by HCO 3  −  and pH, and this 
sAC is closely related to bacterial-type sACs 
(Chen et al.  2000 ). In cyanobacteria, indeed, 
the activities of sAC, CyaB1 ( Anabaena  sp.) 
and Cya1 ( Synechocystis  sp. PCC6803) were 
shown to be regulated by inorganic carbon 
(most probably by CO 2 ) (Hammer et al. 
 2006 ). Cyclic AMP in cyanobacteria has 
been related to blue-light responses, the mat-
ing system, and cell division, but so far not 
to CCM regulation (Matsuda et al.  2011 ). In 
diatoms, there are also putative CO 2 -sensing 
ACs (one for soluble ACs and two for trans-
membrane-type ACs, tmAC1 and tmAC2 in 
 P. tricornutum ; there are two candidate 
tmACs in  T. pseudonana ), which were 
denoted PtsAC, PttmAC1, and PttmAC2, 
respectively, in  P. tricornutum , and TptmAC1 
and TptmAC2 in  T. pseudonana  (Matsuda 
et al.  2011 ). These ACs were suggested to be 
a part of CO 2 - sensing system in  P. tricornu-
tum , and in fact, a signifi cant stimulation of 
AC activity in total lysates of  P. tricornutum  
by DIC was observed, although the function 
of each AC yet has to be identifi ed (Matsuda 
et al.  2011 ). CCM regulation in  P. tricornu-
tum  is highly depending on light as well as 

on CO 2  concentrations (Harada et al. 
 2005 ), strongly suggesting the occurrence of 
a crosstalk between the CO 2 -responsive 
cAMP- signaling pathway and light.   

   IV. Delivery Systems of CO 2  
to RubisCO and CO 2  Fixation 

 The fi nal step of the CCM perhaps cooper-
ates deeply with the initial step of the Calvin 
cycle. The CO 2 -fi xing enzyme, RubisCO in 
diatoms belongs to the Form I (red-type) 
enzyme (Badger et al.  1998 ); the activating 
mechanism has yet to be elucidated. 
RubisCO as well as CAs have been local-
ized in diatom pyrenoids (Jenks and Gibbs 
 2000 ; Tachibana et al.  2011 ), strongly sug-
gesting that the CO 2  concentration is ele-
vated in close proximity of RubisCO by the 
formation of CO 2  from HCO 3  −  catalyzed by 
CAs (Hopkinson et al.  2011 ). However, 
detailed mechanisms of CO 2  supply to the 
Calvin cycle and regulations of the CCM 
and the Calvin cycle still have to be eluci-
dated in diatoms. 

   A. Biochemical Components of the Pyrenoid 

 Pyrenoids have been studied on the morpho-
logical level, but their biochemical structure 
and function are still largely unknown. The 
morphology of the pyrenoid can be extremely 
diverse, but there is similarity in biochemical 
components associated with the pyrenoid in 
different species. In the green alga  C. rein-
hardtii  most of RubisCO protein is located 
in the pyrenoid (Lacoste-Royal and Gibbs 
 1987 ; Kuchitsu et al.  1988 ; Borkhsenious 
et al.  1998 ). Similarly, pyrenoids of 
 Chlorella pyrenoidosa ,  Porphyridium cruen-
tum ,  Euglena gracilis , and the  Anthocerotae  
ferns were identifi ed as RubisCO aggregates 
(Mckay and Gibbs  1989 ,  1990 ; Osafune et al. 
 1990 ; Vaughn et al.  1990 ). Besides RubisCO, 
nitrate reductase (NR), RubisCO activase, 
and the LCIB/C complex were also localized 
in the pyrenoid of  C. reinhardtii  (Lopez-Ruiz 
et al.  1985 ; McKay et al.  1991 ; Yamano et al. 
 2010 ). In  C. reinhardtii , CAH3 was also 
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found in the lumen of the  pyrenoid- penetrating 
thylakoid (Karlsson et al.  1998 ). The function 
of the LCIB/C complex is not clear yet, but 
impairment of LCIB results in a lethal pheno-
type under ambient CO 2 , while the cells sur-
vive under reduced CO 2  concentrations. This 
indicates its vital function under moderate 
CO 2  starvation. It further indicates that 
another high- affi nity system may participate 
under severer CO 2  starvation conditions 
(Wang and Spalding  2006 ). LCIB homo-
logues were also found in many eukaryotic 
algae including diatoms (Yamano et al.  2010 ), 
suggesting that this protein is conserved in 
pyrenoids across species. It has also been 
reported earlier that ribulose-5- phosphate 
isomerase and ribulose-5- phosphate kinase 
activities were detected in the pyrenoidal 
fraction of the giant green alga  Eremospheaera 
viridis  (Holdsworth  1971 ), suggesting that a 
part of reactions in the Calvin cycle may 
occur in the pyrenoid. 

 In  P. tricornutum , the structure of the pyre-
noid has been reported as a lens-shaped body 
residing in the central part of the stroma. Two 
layered thylakoid membranes are known to 
penetrate in the center of the pyrenoid 
(Fig.  18.2 ) (Jenks and Gibbs  2000 ). RubisCO 
was localized in the pyrenoid of  P. tricornu-
tum  (Jenks and Gibbs  2000 ), together with 
two β-type CAs (PtCA1 and PtCA2) and two 
plastidic fructose- 1,6- bisphosphate aldolases 
(FBAs) (Allen et al.  2012 ). PtCA1 and 2 are 
the fi rst CAs to be found in the pyrenoid, 
although this localization already has been 
proposed earlier in algae with CCMs (Pronina 
and Semenenko  1984 ; Kuchitsu et al.  1991 ). 
PtCA1 and 2 are known to form large 
clumped particles within the stroma (Tanaka 
et al.  2005 ; Kitao et al.  2008 ) and this particle 
formation was demonstrated to be driven by 
an amphipathic helix at the C-terminal ends 
(Kitao and Matsuda  2009 ). PtCAs are not 
uniformly distributed within the pyrenoid. 
Their location appears to be limited to the 
central part of the lens-shaped pyrenoid 
(Tachibana et al.  2011 ), suggesting a layered 
structure within the pyrenoid (Matsuda et al. 
 2011 ). It should be noted that the LCIB/C 
hetero-hexamer apparently surrounds the 

pyrenoid structure in  C. reinhardtii  (Yamano 
et al.  2010 ), presumably shielding the pyre-
noid from CO 2  leakage or recapturing leaking 
CO 2  from the pyrenoid in cooperation with 
the stromal CAH6 (Mitra et al.  2004 ; Yamano 
et al.  2010 ). The layered structure of the pyre-
noid in  P. tricornutum  may also be important 
to avoid leakage of CO 2 . Co-localization of 
fructose bisphosphatases, FBAC1 and 
FBAC5 with PtCA1 in the pyrenoid (Allen 
et al.  2012 ) implies that the initial part of CO 2  
input and the fi rst step to hexose output of the 
Calvin cycle may occur in the pyrenoid. 
Interestingly FBA is one of the primary rate 
limiting factors of the Calvin cycle in higher 
plants and also PtCA1 seems to play a major 
role in supplying substrate to RubisCO. This 
strongly suggests that diatom pyrenoids play 
a central role in controlling carbon metabo-
lism within and around the Calvin cycle.  

   B. Redox Regulation of CO 2  Acquisition 
and Fixation Systems in the Stroma 

 Redox states play an important role in plas-
tids of higher plants regulating photosyn-
thetic carbon reduction in the Calvin cycle, 
nitrogen metabolism, fatty acid biosynthesis, 
carbohydrate storage and translation (Meyer 
et al.  2009 ). Chloroplasts of algae and land 
plants generally possess the ferredoxin (Fd) / 
thioredoxin (Trx) system (Buchanan and 
Balmer  2005 ). The  Arabidopsis  genome con-
tains at least 12 Trx isoforms, which are 
grouped into seven subfamilies denoted Trx 
 f ,  h ,  m ,  o ,  x ,  y  and  z  based on their primary 
structures (Mestres-Ortega and Meyer  1999 ; 
Lemaire and Miginiac-Maslow  2004 ; Arsova 
et al.  2010 ). Of these, Trxs  f ,  m ,  x ,  y  and  z  are 
known to be typical chloroplast proteins 
(Schuerman and Jacquot  2000 ; Collin et al. 
 2003 ; Lemaire et al.  2003 ; Arsova et al. 
 2010 ). In chloroplasts of higher plants and 
green algae, the function of Trx seems to be 
very extensive, directly targeting more than 
300 proteins, including numerous plastidic 
factors of unknown function (Motohashi 
et al.  2001 ; Balmer et al.  2003 ; Lemaire et al. 
 2004 ). In contrast, the function of plastidic 
Trxs in diatoms seems to be rather limited. 
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Eight genes encoding a set of Trxs have been 
identifi ed in the genome of  P. tricornutum , 
and at least three Trx candidates ( f ,  m , and  y ) 
are located in the chloroplast together with a 
ferredoxin-thioredoxin reductase (FTR) 
gene, essential for Trx reduction  via  the elec-
tron transport chain (Weber et al.  2009 ). 
However, none of the several key enzymes in 
the Calvin cycle, which are under redox reg-
ulation in higher plants, appear to be regu-
lated by Trxs in diatoms (Liaud et al.  2000 ; 
Michels et al.  2005 ; Kroth et al.  2008 ; Weber 
et al.  2009 ), with the so far only exception of 
the fructose-1,6-bisphosphatase (FBPase) 
and the phosphoglycerate kinase (Michels 
et al.  2005 ; Bosco et al.  2012 ). It is thus 
likely that the plastidic Trx systems in dia-
toms and in other chromist algae have under-
gone a unique functional specialization. 

 Activities of CCMs in marine diatoms are 
controlled by light and by environmental 
CO 2  concentrations (Colman and Rotatore 
 1995 ; Johnston and Raven  1996 ; Matsuda 
et al.  2001 ,  2002 ), strongly indicating the 
importance of CCM regulation in response 
to the availability of light and CO 2 . As afore-
mentioned, PtCA1 and PtCA2 in  P. tricornu-
tum  presumably take a vital role in supplying 
CO 2  to RubisCO in the pyrenoid, thus con-
trolling the initial reaction of the Calvin 
cycle. A recent study has demonstrated that 
both PtCA1 and PtCA2 are targets of plas-
tidic Trx m  and Trx f  of  P. tricornutum , and are 
activated  via  reduction by DTT (Kikutani 
et al.  2012 ). The presence of these Trxs sig-
nifi cantly stimulated the effi ciency of the 
reductive activation of PtCAs (Kikutani et al. 
 2012 ). Interestingly, PtCA1 requires Trx to 
be stimulated to its maximum activity, while 
PtCA2 only revealed stimulation of the effi -
cacy of reductive activation (Kikutani et al. 
 2012 ). In  P. tricornutum  Trx targets two Cys 
residues (105 and 166 in PtCA1; 102 and 
163 in PtCA2; relative to the mature 
N-termini) and disulfi de formation of these 
two Cys residues is specifi cally regulated by 
oxygen concentrations above atmospheric 
levels (Kikutani et al.  2012 ). Interestingly, 
these Cys residues are not conserved in plas-
tidic β-CAs in green algae, red algae, and 

higher plants (Kikutani et al.  2012 ). It was 
shown that the disulfi de bond (such as 
between Cys 105 and 166 in PtCA1) is 
 critical for regulation of PtCA activity, being 
a unique characteristic in β-CAs in chrom-
ists, opisthokonts, and bacteria and suggest-
ing that this particular redox moiety was 
obtained  via  an HGT event (Kikutani et al. 
 2012 ). The redox potentials of PtCA1 and 
PtCA2 were determined to be around 
−370 mV (unpublished data), a value which 
allows reduction exclusively by the reduc-
tion side of the photosystem I (PSI)  via  Fd 
(Kikutani et al.  2012 ). A disulfi de is formed 
between these Cys residues specifi cally by 
molecular oxygen above atmospheric levels 
to inactivate PtCAs, and none of other 
 oxidants which commonly occur in the 
 chloroplast (such as oxidized glutathione, 
dehydro-ascorbate, and H 2 O 2 ), may substi-
tute this function of molecular oxygen 
(Kikutani et al.  2012 ). These results strongly 
suggest that the CO 2  acquisition system, and 
not the fi xation system, is the target of redox 
control  via  Trxs in the diatom plastid, and 
that the function of the pyrenoid is under the 
control of light-driven reduction mediated by 
Trx and molecular oxygen generated in PSII 
(Fig.  18.4 ). This implies that activities of PSI 
and PSII compete for control of the redox 
state of pyrenoid-forming CAs. Thus, oxy-
gen concentrations above the atmospheric 
level effi ciently inactivate PtCAs by forming 
a disulfi de across the active center (Kikutani 
et al.  2012 ), but electrons from the reducing 
side of the PSI regularly cleave this disulfi de, 
regulating the activity of PtCAs in response 
to oxygen concentration and light intensity. 
This strongly suggests that the function of 
the pyrenoidal CAs is fi ne-tuned on the post-
translational level refl ecting the balance of 
energy distribution between PSI and PSII.

       V. Carbon Metabolism Relating 
to Photosynthesis and Respiration 

 The Calvin cycle is the central reaction in the 
plastid and produces hexoses, consuming 
ATP and NADPH derived from the light 
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reactions of the photosystems. Carbon dioxide 
is the major sink of light-driven ATP produc-
tion and reducing power. However, amino 
acid synthesis including nitrogen and sulfur 
assimilation, photorespiration, and any 
other ATP/NADPH consuming process can 
also be an important sink for light energy. 
Moreover, the Calvin cycle is an essential 
process converting the length of carbon skel-
etons between C 3 -C 7 , thereby interfacing 
with several other biosynthesis pathways 
such as glycolysis, pentose phosphate path-
way, a part of gluconeogenesis, as well as 
fatty acid and amino acid biosynthesis. The 
reactions of the Calvin cycle and the adja-
cent carbon metabolism have therefore to be 
highly regulated to avoid short circuits of 
energy and substrate consumption. In dia-
toms, the essential regulatory enzymes of 
these processes are redundant and their rela-
tions and regulations are still largely unclear. 

   A. RubisCO and the Calvin Cycle 

 The main pathway for photosynthetic carbon 
fi xation in photosynthetic organisms is the 

Calvin cycle formally termed reductive 
pentose phosphate pathway. The RubisCO 
catalyses the fi rst step in carbon fi xation and 
consists of two subunits, the small and the 
large subunit. In contrast to land plants, both 
RubisCO subunits are encoded on the plastid 
genome in  P. tricornutum  and  T. pseudonana  
(Oudot-Le Secq et al.  2007 ). It is noteworthy 
that, despite several nuclear-encoded genes 
are related to those in green algae, there is 
no RubisCO activase encoded in the 
genomes of  P. tricornutum  and  T. pseudonana  
(Kroth et al.  2008 ), suggesting that diatom 
formI RubisCO is under the control of 
unknown activation factors similar to that of 
red algae. A recent study demonstrated that 
an ATPase-associated various cellular activi-
ties (AAA + ) type protein, CbbX, is the acti-
vase of red-type formI RubisCO in the 
purple  bacterium,  Rhodobacter sphaeroides  
(Mueller- Cajar et al.  2011 ). Interestingly, 
 P. tricornutum  and  T. pseudonana  possess 
putative CbbX genes in both plastidic 
and nuclear genomes (Chishiro, Kikutani, 
Matsuda, unpublished). The function of 
these gene products await to be studied. 

  Fig. 18.4.    A schematic drawing of the redox regulation of affecting structure and activity of PtCAs via chloro-
plastic Trx. Electrons derived from the reducing (stromal) side of photosystem I (PSI) are transferred to the fer-
redoxin (Fd) – thioredoxin (Trx) reductase complex, which constitute an electron transfer metabolon with Fd and 
Trx. Reduced Trx then reduces the target protein (PtCAs in the pyrenoid), cleaving the intramolecular disulfi de 
bond to activate PtCAs. The reduced active form of PtCAs is oxidized by molecular oxygen above atmospheric 
levels which originates from active PSII.       
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 All further Calvin cycle enzymes are 
encoded by the nuclear genomes. The two 
subsequent enzymatic steps after caryboxyl-
ation, the reduction to carbohydrates, are 
catalysed by a plastid targeted phosphoglyc-
erate kinase (PGK) and a glyceraldehyde-
3- phosphate dehydrogenase (GAPDH). In 
these two cases, only single plastidic isoen-
zymes have been identifi ed in  P. tricornutum  
and  T. pseudonana . Interestingly, for the fol-
lowing reactions, the regeneration of the CO 2  
acceptor ribulose-1,5-bisphosphate, mul tiple 
nuclear-encoded and plastid- targeted iso-
forms of enzymes are found: for instance in 
 P. tricornutum  there are three fructose-1,
6-bisphosphate aldolase (FBA) isoforms 
(two in  T. pseudonana ), four fructose- 1,
6-bisphosphatase (FBPase) isoforms (two in 
 T. pseudonana ), two triosephosphate iso-
merase (TPI) isoforms (one in  T. pseudonana ) 
and two transaldolase (TAL) isoforms (three 
in  T. pseudonana ) (Gruber et al.  2009 ). This 
multitude of isoenzymes may be a result of 
endosymbiotic processes (see above); how-
ever, the reason why the cells contain differ-
ent isoenzymes in the same compartment 
remains unclear. This is especially interest-
ing in the case of the FBPases, as two of the 
isoenzymes are redox-regulated, while the 
other two enzymes apparently are not 
(Gruber et al.  2009 ). One possible explana-
tion could be the formation of regulatory 
hetero-oligomeric complexes. The other 
plastidic Calvin cycle enzymes ribose-
5-phosphate isomerases (RPI), ribulose-
phosphate epimerases (RPE) and 
transketolases (TKL), again, only appear as 
single enzymes. Interestingly, although a 
gene for a sedoheptulose-1,7-bisphosphatase 
(SBPase) is present in the diatom genomes, 
the respective protein does not possess a 
plastidic presequence, indicating that it is a 
cytosolic enzyme, which is supported by 
experimental evidence (Gruber et al.  2009 ). 
It remains yet unclear what the actual func-
tion of the cytosolic SBPase of diatoms could 
be. So far cytosolic SBPases are unknown in 
photosynthetic eukaryotes, but present in 
some non-photosynthetic organisms like cil-
iates, kinetoplastids and ascomycetes 

(Rogers and Keeling  2004 ; Teich et al.  2007 ). 
Possibly, the cytosolic diatom SBPase is a 
part of a modifi ed oxidative pentose phos-
phate pathway (OPP), which in diatoms has 
been removed completely from the chloro-
plast and which is situated in the cytosol 
(Gruber et al.  2009 ). 

 Oxidative pentose phosphate pathways 
can be found in plants and green algae in the 
cytosol as well as in the plastids. These 
pathways are mainly used for the generation 
of NADPH and ribose-5-phosphate and 
erythrose- 4-phosphate as substrates for ana-
bolic pathways. In isolated plastids of the 
diatom  Odontella sinensis , no glucose-6- 
phosphate dehydrogenase (GPDH) and 
6-phosphogluconate dehydrogenase (PGDH) 
activity was detectable (Michels et al.  2005 ), 
and only cytosolic isoforms of GPDH and 
PGDH were identifi ed in other diatoms 
(Kroth et al.  2008 ), leading to the suggestion 
that the OPP in diatoms might be generally 
restricted to the cytosol (Wilhelm et al. 
 2006 ). Rather unexpected was also the fi nd-
ing of a PGDH in the periplastidic space of 
 P. tricornutum  (Gruber et al.  2009 ). During 
the reaction from gluconate-6-P to ribulose-
5- P, the GPDH releases CO 2  and thus could 
potentially increase the CO 2  concentration in 
the periplastidic space. It is unclear yet, 
whether this reaction might be involved in 
the CCM in diatoms.  

   B. Other CO 2 -Fixing Enzymes in Diatoms 

 Annotation of the diatom genomes revealed 
a number of surprises as several genes have 
been identifi ed of which the deduced pro-
teins may be involved in CO 2  fi xation (Kroth 
et al.  2008 ). For instance two PEP carboxyl-
ases, which in C 4  plants are involved in 
pre-fi xation of CO 2 , have been identifi ed in 
the genome of  P. tricornutum . One of these 
PEP carboxylases is located in the mito-
chondria, while the second enzyme appar-
ently is located in the periplastidic space of 
the plastids (Ewe, Gruber, Kroth, unpub-
lished). Two pyruvate carboxylases, enzymes 
that usually are involved in gluconeogene-
sis, also have been discovered. One of them 
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is located in the mitochondria, the other in 
the plastids. All of these enzymes could be 
involved in a biochemical CCM, however, 
most of them are separated from the 
RubisCO by several membranes, thus fi xed 
carbon would have to be transported actively 
across several membranes. Furthermore no 
plastidic decarboxylase has yet been identi-
fi ed that may allow a release of the bound 
CO 2  in close proximity to RubisCO. 
Reinfelder et al. ( 2000 ) found that phospho-
 enol  pyruvate carboxykinase (PEPCK) 
activity co- localizes with RubisCO activity in 
isolated plastid- enriched fractions of  T. weiss-
fl ogii  and concluded that decarboxylation 
occurred within the plastids, however, all 
decarboxylases identifi ed so far are not 
located in the plastids: the PEPCK and two 
malic enzymes are located in the mitochondria. 
This of course does not exclude the possibility 
of occurrences of a plastidic decarboxylase, 
which simply might not be identifi ed yet, due 
to lacking sequence similarity.  

   C. Photorespiration 

 In addition to its carboxylating activity, the 
RubisCO may also function as an oxy-
genase by fi xing molecular oxygen at the 
same active site as CO 2 , thus splitting the 
substrate ribulose-1,5-bisphosphate into 
2- phospho glycolate (2PG) and 3-PGA. This 
oxygenase reaction is the fi rst step of the 
photorespiratory pathway and is known to be 
an essential process dissipating light excita-
tion energy in the photosystems when CO 2  
supply is limited and/or under high light irra-
diation (Kozaki and Takeba  1996 ). In plants 
with C 4  metabolism and in microalgae pos-
sessing CCMs, photorespiration does not 
occur even under atmospheric CO 2  concen-
trations or under high light conditions, where 
photorespiration is unavoidable in C 3 -type 
plants. In diatoms, there are a few reports 
describing the occurrence of photorespira-
tion under ambient conditions (Parker et al. 
 2004 ; Roberts et al.  2007a ), suggesting that 
the diatom photorespiration operates even 
under the operation of the CCM. There 
seems to be a set of photorespiratory genes 

present in the genome of diatoms according 
to the DiatomCyc database (see Fabris et al. 
 2012 ;   http://akongo.psb.ugent.be/    ), suggest-
ing that the photorespiratory carbon oxida-
tion cycle (PCOC) is the major pathway to 
recycle phosphoglycolate in diatoms 
(Armbrust et al.  2004 ; Bowler et al.  2008 ). 
In cyanobacteria, glycolate oxidation is 
found to be catalyzed by bacterial-type of 
glycolate dehydrogenase (GDH) instead 
of the plant-type glycolate oxidase (GOX) 
(Eisenhut et al.  2006 ). This oxygen- 
independent glycolate oxidation is also 
found in several groups of eukaryotic 
algae (like  Chlorophyceae ,  Prasinophyceae , 
 Cryptophyceae , and  Bacillariophyceae ) in 
contrast to the plant-type, oxygen-dependent 
pathway in  Chrysophyceae ,  Eustigmato-
phyceae ,  Raphidophyceae ,  Xanthophyceae , 
and  Rhodophyceae  (Suzuki et al.  1991 ). 
Interestingly, some diatoms apparently pos-
sess two genes for both GOX and GDH 
(Kroth et al.  2008 ). A set of these enzymes 
revealed typical peroxisome- targeting signals 
at their C-termini, while the other enzymes 
seem to be equipped with mitochondrial 
targeting sequences, suggesting that glycolate 
oxidation may occur in these two organelles 
(Kroth et al.  2008 ). 

 A genome-based study by Kroth et al. 
( 2008 ) suggested that PCOC occurs mainly 
in the mitochondria and glycolate is also 
integrated into the glyoxylate pathway  via  
malate synthase in the peroxisome. Another 
alternative pathway of glycolate metabolism 
is the tartronic semialdehyde pathway. The 
existence of this pathway in diatoms (Kroth 
et al.  2008 ), originaly identifi ed in cyano-
bacteria (Eisenhut et al.  2006 ), is suggested 
by precedential biochemical studies with 
 T. pseudonana  and  Cylindrotheca fusiformis  
(Paul and Volcani  1974 ,  1976 ). It is also 
pointed out that so far no gene for the glycer-
ate kinase (GK), an enzyme of the last step 
of PCOC, which forms 3-PGA, has yet been 
identifi ed (Kroth et al.  2008 ). This strongly 
suggests that PCOC in diatoms would not 
result in recycling 3-PGA for fi xation by the 
Calvin cycle, but rather supplying glycine 
and serine (Kroth et al.  2008 ).      
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  Summary 

   Terrestrial photosynthesis fi xes about half the carbon on the planet and most of that 
 photosynthesis occurs in chloroplasts in the leaves of higher plants. Leaves protect the 
 chloroplasts, distribute them for light interception, and provide enough surface area interfac-
ing with the atmosphere to facilitate maximum carbon dioxide uptake. There is a balancing 
act between light levels and carbon dioxide supply: insuffi cient quantities of either one limit 
the amount of photosynthesis that a leaf can conduct. When leaves develop under low light 
they are usually thin because light harvesting limits the amount of carbon that can be fi xed 
and photosynthesis is concentrated within a few cell layers. When leaves develop under high 
light they are usually thick and light absorption is distributed over many cell layers, greatly 
increasing the amount of carbon that can be fi xed per unit leaf area. In nature, light is rarely 
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constant and leaves are often exposed to too little or too much light. This chapter describes 
adaptations at the level of the leaf that control the amount of light that is absorbed by 
the photosynthetic tissues. Some of these adaptations are anatomical and the epidermis is the 
fi rst optical boundary that can play a key role in controlling entry of light into leaves. The 
anatomy of the photosynthetic tissues and the directional quality of the ambient light also 
interact to determine the light absorption profi le within the tissues, which sets an energetic 
boundary on the amount of photosynthesis that can be conducted within the individual cell 
layers. Other adaptations provide for screening of excess light by pigments and fi ne-tuning 
of light absorption through chloroplast movement. Additional adaptations occur at the bio-
chemical and whole-plant level to balance light absorption with carbon fi xation and this 
chapter concentrates on the intermediate level: the leaf.  

     Fig. 19.1.    Light absorption by a  Helianthus annuus  
leaf within the photosynthetically active region of the 
spectrum (400–700 nm). The amount of light that is 
absorbed sets an upper boundary on the amount of 
carbon that can be assimilated by the leaf.  Solid lines  
show absorptance under direct light and  broken lines  
diffuse light (After Gorton et al.  2010 ).       

 Abbreviations:     FR    – Far red;      θ i     – Angle of incidence;    
   n     – Refractive index;      PAR    – Photosynthetically active 
region of the spectrum;      UV    – Ultraviolet    

        I. Introduction 

 Light absorption is the fi rst step for photo-
synthesis and most leaves absorb about 80 % 
of the light within the photosynthetically 
active region of the spectrum (PAR, 400–
700 nm; Fig.  19.1 ). The amount of light that 
a leaf absorbs sets an energetic boundary on 
how much carbon can be fi xed and assimi-
lated. Under low light, where light is limiting 
to photosynthesis, processes associated with 
light capture and utilization may be confi ned 
to a few cell layers. At the other extreme, 
under conditions of high light, leaves tend to 
be much thicker and photosynthesis may be 
distributed over numerous cell layers leading 
to higher photosynthetic performance on a 
leaf-area basis (reviewed by Evans  1999 ; 
Evans et al.  2004 ; Terashima et al.  2009 ; 
   Terashima et al.  2011 ). Given that light is 
highly variable in the natural environment, 
leaves frequently receive either insuffi cient 
light or too much light, and they have devel-
oped numerous adaptations to control the 
amount of light available for photosynthesis. 
These adaptations are implemented at levels 
ranging from biochemical reactions to 
whole-plant organization. This chapter 
describes some of the adaptations at the level 
of the leaf (Fig.  19.2 ).

       II. Control of Light Entry 
by the Leaf Surface 

 The fi rst opportunity for a leaf to infl uence 
the extent of light absorption is when pho-
tons strike the leaf surface, the cuticle. Few 
visible photons are absorbed by cuticular 
waxes, but they can either be accepted and 
penetrate into the leaf, or rejected through 
refl ectance. The proportion of light taking 
each of these paths depends on the refractive 
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index ( n ) of the surface and on the angle of 
incidence (θ i ) of the light beam relative to the 
surface (Vogelmann  1993 ). Light is refl ected 
when it encounters a change in  n , for example 
from air ( n  = 1.0) to the plant cuticle, which 
has a much higher  n . Estimates of cuticular  n  
vary. For example, the surface of leaf hairs of 
soybean has a refractive index between 1.47 
and 1.49 (Woolley  1975 ), and theoretical 
work indicates that epicuticular waxes have 
refractive index varying from 1.493 at 
700 nm to 1.540 at 400 nm (Vanderbilt and 
Grant  1985 ). It is noteworthy that the transition 

from air to cuticle is the largest change in  n  a 
photon encounters. Cell walls have  n  = 1.42 
(Gausman et al.  1974 ; Woolley  1975 ), and 
though the refractive indices of cytoplasm 
and vacuolar sap vary, the minimum  n  for 
cell contents would be that of water,  n  = 1.33. 
Light is refl ected as it moves from cuticle to 
cell wall to cytoplasm to vacuole, but refl ec-
tance is low because the change in refractive 
index at each interface is low. 

 Changing the epicuticular wax and its refrac-
tive index may seem like a possible control 
point for light absorption, but differences in 

  Fig. 19.2.    Leaves that illustrate optical phenomena described in the chapter. ( a ) A  green leaf  from Norway maple 
( Acer platanoides ) shows mainly diffuse  green  refl ectance originating in the mesophyll tissue. ( b ) A  shiny leaf  
from coffee ( Coffea arabica ) has high specular refl ectance from the leaf surface. ( c ) Mullein ( Verbascum thapsus ) 
has high diffuse refl ectance of  white light  because of its densely hairy surface. ( d ) Wax on a leaf from  blue gum  
( Eucalyptus globulus ) causes a  blue tint . Wax was removed from the lower half of the adaxial surface shown here 
revealing diffuse,  green  refl ectance from the leaf interior. ( e ) Leaves from the tropical fern  Microsorum thailandi-
cum  may be  green  or may show conspicuous  blue  iridescence, depending on growth conditions. In both cases the 
leaves have high specular refl ection of  white light  from the shiny adaxial surface. ( f ) Young leaves of cinnamon 
( Cinnamomum verum ) show  red  color from anthocyanin. ( g ) Chloroplast movement causes a striking pattern on a 
leaf from  Alocasia brisbanensis . A mask cut in the sunburst shape was placed over the leaf while it was irradiated. 
Chloroplasts in the shaded area remained along periclinal walls, while those in the irradiated portion of the leaf 
moved to anticlinal walls causing mutual chloroplast shading, lower absorptance, and a lighter color.       

 

19 Light Capture in Leaves



366

refractive indices among waxes are small, 
so changing the wax actually exerts little 
control over the amount of light rejected 
through refl ection. For an incident beam 
normal (at a right angle) to the leaf surface, 
refl ectance ranges from 3.6 % with  n  = 1.47 
to 4.5 % with  n  = 1.54. In contrast, θ i  markedly 
affects refl ectance. For a leaf surface with 
 n  = 1.5, refl ectance increases from 4.0 
to 8.9 % as θ i  increases from 0° (normal to 
leaf surface) to 60° (Fig.  19.3a ). As θ i  
approaches 90°, refl ectance approaches 100 %. 
Refl ectance of totally diffuse light coming 
equally from all angles would be 8.2 %. 
Plants can control θ i  as well as the amount of 
light striking the leaf by altering leaf angle, for 
example by solar tracking (diaheliotropism) or 
solar avoidance (paraheliotropism; Koller 
 1990 ). Leaf-surface structure, for example 
whether it is shiny, hairy, or waxy, can play a 
role in determining refl ectance as well.

     A. Shiny Leaves 

 A smooth, shiny looking, cuticular surface 
(Fig.  19.2b ) will have greater mirror-like 
refl ectance, termed specular refl ectance, 
than a rough one. Specular refl ectance is 
largely independent of wavelength because 
the refractive index of wax only changes a 
few percent between 400 and 700 nm, and 
light is refl ected before it can interact with 
plant pigments located in either epidermis or 
mesophyll. In addition, specularly refl ected 
light is partially polarized. The amount of 
specular refl ectance observed and degree of 
polarization depend on viewing angle, and 
are maximal when the viewing angle equals 
− θ i  (Woolley  1971 ). Human observers detect 
an increase in the amount of specular refl ec-
tance as a decrease in color saturation, but 
we cannot detect the increase in polarization 
without instrumentation. Differences among 
plant species in the amount of specular 
refl ectance, and hence in the degree of polar-
ization of refl ected light, can be exploited in 
remote sensing (Grant  1987 ). 

 The cuticular layer and epidermal cell 
wall absorb very little visible light because they 
usually do not contain colored pigments. 

However, in some species both cuticle and wall 
can absorb UV radiation, as can epicuticular 
waxes (Pfündel et al.  2006 ).  

   B. Hairy and Waxy Leaves 

 Refl ectance of white light increases when 
surface structures, such as hairs (Fig.  19.2c ) or 
epicuticular wax (Fig.  19.2d ), increase light 

  Fig. 19.3.    Physical interaction of light with plant sur-
faces. ( a ) Refl ectance requires a change in refractive 
index ( n ), as between air and cuticle, shown here in 
 grey . Percent refl ectance increases with angle of inci-
dence (θ i ). ( b ) Trichomes can increase the number of 
air/cell interfaces and hence increase diffuse refl ec-
tance from a leaf surface. Rays suggest multiple refl ec-
tions and refraction of light in a complex network of 
trichomes. Light entering the leaf and refl ected light 
both become more diffuse because of these interac-
tions. ( c ) Iridescence caused by multiple  thin layers . 
In this example, only  blue light  refl ected from each 
interface undergoes positive interference and would 
be observed as iridescence. The wavelength of irides-
cence depends on the θ i  as well as the thickness and 
refractive index of the layers. Refractive indices shown 
for the  wall layers  are estimates. With  blue  iridescence, 
in contrast to  blue  pigment color, other wavelengths of 
light are transmitted, not absorbed.       
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scattering (Sinclair and Thomas  1970 ; 
Ehleringer  1981 ; Fig.  19.3b ). The presence of 
wax and hairs can more than double refl ectance 
at 680 nm, and wax can increase refl ectance 
of UV radiation at 330 nm more than fi vefold 
(Holmes and Keiller  2002 ). Refl ective, hairy 
leaves are common in desert plants, where 
increased refl ectance reduces the excessive 
load of radiation and heat. Refl ectance from a 
hairy leaf surface is generally independent of 
wavelength in the visible region of the spec-
trum because little visible light is absorbed by 
the hairs, that therefore appear white. For 
example, edelweiss ( Leontopodium nivale  
subsp.  alpinum ), the iconic plant of the Alps, 
has strikingly white, wooly bracts surround-
ing the fl owers. The bracts are densely cov-
ered with hollow, transparent, scattering hairs 
that refl ect about 50 % of radiation between 
450 and 900 nm (Vigneron et al.  2005 ). 
Without the hairs, the bracts refl ect only about 
5 % of green light and less for red and blue. 
However, edelweiss also demonstrates that 
there can be limits to the wavelength neutral-
ity of light scattering by surface hairs. Below 
400 nm, refl ectance from the bracts drops 
 dramatically to a few percent (Vigneron et al. 
 2005 ) suggesting UV absorption by the 
 hollow leaf hairs. In fact, the edelweiss leaf 
hairs have nanostructure that may enhance 
UV absorption (Vigneron et al.  2005 ), and 
the hairs also may contain UV-absorbing 
pigments.  

   C. Structural Color: Scattering 
and Iridescence 

 We generally think of leaf color as depend-
ing on pigments, especially chlorophylls, 
carotenoids, and anthocyanins. More rarely, 
however, leaf color can be structural rather 
than pigmentary, using processes such as 
interference and scattering rather than 
absorption. Structural color cannot be 
extracted as pigment-based color can. For 
example, the microstructure of epicuticular 
waxes on glaucous leaves can cause Tyndall 
scattering; shorter wavelengths are preferen-
tially scattered back to the observer’s eye, 
causing, the characteristic bluish grey-green 

color of blue spruce needles ( Picea pugnans ) 
(Clark and Lister  1975 ) or blue gum leaves 
( Eucalyptus globulus ) (Fig.  19.2d ). One 
can remove the blue cast of the leaves by 
 dissolving the wax (Fig.  19.2d ), but the blue 
color is not found in the solvent because 
the scattering structure has been destroyed. 
A bluish cast to glaucous leaves is common 
but subtle. More rarely, leaves, fl owers, and 
fruits can appear obviously and strikingly 
blue because of another type of structural 
color, iridescence (Lee  2009 ; Glover and 
Whitney  2010 ). 

 Iridescence is eye catching (Fig.  19.2e ). 
Iridescent colors can be quite intense, and a 
hallmark of iridescence is that both the mag-
nitude of the iridescence and its wavelength 
depend on viewing angle. Iridescence is 
most commonly produced either by interfer-
ence by multiple thin layers or by diffraction 
from a grating consisting of parallel grooves 
at an appropriate spacing. 

 Perhaps the most familiar example of 
iridescence caused by interference is that 
produced by a single thin fi lm, for example a 
soap bubble. Many brilliant colors play 
across the surface of the bubble, and what 
the viewer sees depends on minor variations 
in the thickness of the bubble and on viewing 
angle. There are refl ections from both the 
front and back surfaces of the fi lm where 
there is a transition in  n  fi rst from air to the 
aqueous medium of the soap fi lm, and then 
back to air. One must have the appropriate 
viewing angle to see the refl ected light. In 
addition, because one beam has traveled far-
ther than the other, through the fi lm and 
back, the two beams have an altered phase 
relationship to one another. If they are in 
phase, they interfere constructively, causing 
intense, visible color. If the refl ected beams 
are 180° out of phase, they interfere destruc-
tively and will not be visible. Multiple thin 
layers can produce even stronger iridescence 
than a single thin fi lm (Fig.  19.3c ). 

 An example of iridescence caused by a 
diffraction grating is the rainbow of colors 
produced by refl ection from a compact disc, 
with its spiral of closely-spaced data tracks. 
As light hits the tracks, it is split into its 
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component wavelengths because each 
wavelength has a different diffraction angle. 
The diffraction results in the spectrum of 
colors one can see refl ected from the disc. 

 In plants, iridescence occurs in fruits and 
fl owers and leaves, and both interference and 
diffraction can be involved. Blue iridescence 
of the fruits of the Australian tropical under-
story trees  Elaeocarpus angustifolius  (Lee 
 1991 ) and  Delarbrea michieana  (Lee  2000 ) 
is caused by structures called iridisomes 
located beneath the outer cell walls of the  
epidermis. The iridosomes contain many 
thin layers of cellulose of an appropriate 
thickness to produce blue iridescence, 
assuming  n  appropriate for cellulose (Lee 
 2000 ). Blue iridescence may provide animals 
that disperse the seeds with a clear visual 
signal that persists even during fruit senes-
cence, and unlike a blue color caused by a 
pigment, it allows red light to penetrate to 
the fruit interior, where it can drive photo-
synthesis as the fruit ripens (Lee  1991 ). 

 Iridescence in fl ower petals, including 
 Tulipa ,  Hibiscus trionum , and  Mentzelia 
lindleyi , has only recently been described 
and is caused by diffraction from parallel 
cuticular ridges on elongated epidermal cells 
(Whitney et al.  2009b ). The iridescence 
might be hidden to human observers if it is 
masked by underlying pigmented cells, but it 
can contribute to the suite of visual cues that 
attract pollinators (Whitney et al.  2009a ,  b ). 
Such a pollination strategy may be common; 
more than half of angiosperm species have 
cuticular ridges on their fl ower petals, and 
thus far iridescence has been found in fl ow-
ers from ten angiosperm families (Whitney 
et al.  2009b ). 

 Plants with iridescent leaves typically 
grow in deep shade, in the understory of 
tropical rainforests, and in all cases described 
to date the iridescence is attributable to mul-
tiple thin layers. This mechanism was fi rst 
described for two species of  Selaginella , 
 S. wildenowii  from Southeast Asia and 
 S. uncinata  from South China (Hébant and 
Lee  1984 ). Leaves that developed in the dim 
shade of a foliar canopy or in dim artifi cial 
light (12 μmol m −2  s −1 ) with enhanced FR 

had strong blue iridescence. Occurrence of 
the iridescence was correlated with develop-
ment of two thin lamellae in the outermost 
walls of leaf epidermal cells, and the thick-
ness of these layers was consistent with 
production of iridescence through interfer-
ence. More recent work has confi rmed the 
existence of those two cell-wall lamellae, 
and a combination of spectroscopic mea-
surements and modeling supports the con-
nection between the lamellae and the 
observed iridescence (Thomas et al.  2010 ). 
The spectroscopic measurements showed 
that the specular refl ectance peak corre-
sponding to blue iridescence shifted to 
shorter wavelength with increasing θ i , as 
expected for iridescence caused by multiple 
thin layers. The model suggests that very 
modest differences in  n  between the thin 
layers (from  n  = 1.44 to  n  = 1.45) would be 
adequate to cause blue iridescence and also to 
explain the observed shift in wavelength of 
the blue peak with viewing angle. The wave-
length shift observed was more modest than 
predicted by the model, presumably because 
of structural irregularities in the leaf surface 
such as domed epidermal cells. With these 
irregularities, the thin layers responsible for 
iridescence become quasi-ordered rather 
than strictly ordered, and the blue irides-
cence peak becomes broader, somewhat 
less intense and less angle-dependent. The 
angle- invariance of the apparent blue iri-
descence of the  Morpho rhetenor  butterfl y 
is similarly attributed to quasi-ordered 
arrays (Vukusic et al.  1999 ; Kinoshita et al. 
 2002 ; Kinoshita and Yoshioka  2005 ; Doucet 
and Meadows  2009 ). 

 Leaf iridescence from  Selaginella  is 
perhaps the most thoroughly characterized, 
but we know something of the mechanism of 
leaf iridescence in other species as well. 
Iridescence in the ferns  Danaea nodosa  
(Graham et al.  1993 ),  Diplazium tomento-
sum , and  Lindsaea lucida  (Gould and Lee 
 1996 ) is attributed to the large number of 
layers in their outermost cell walls, each with 
a slightly different orientation of cellulose 
microfi brils, forming a helicoidal pattern 
of cellulose orientation through the stack 
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of layers. In the fern  Trichomanes elegans  
(Graham et al.  1993 ) and in angiosperms 
 Phyllagathis rotundifolia  and  Begonia pavo-
nina  (Gould and Lee  1996 ) iridescence may 
be caused by specialized, fl attened plastids, 
termed iridoplasts, in the adaxial epidermis. 
The iridoplasts have unusual thylakoid stacks 
with spacing that could generate iridescence. 
 Selaginella erythropus  has single, large, cup-
shaped plastids in its adaxial epidermal cells 
that appear to have two zones, an upper zone 
with thylakoid structure similar to irido-
plasts, and a lower zone with more typical 
chloroplast thylakoid structure (Sheue et al. 
 2007 ) (see Chap.   17    ). 

 It seems likely that fl ower and fruit irides-
cence have a role in attracting pollinators 
and dispersers, but the function of leaf iri-
descence is not as clear. It is possible that 
persistent structural iridescence might pro-
tect leaves against herbivory, perhaps by 
 disguising them. However, the restricted 
occurrence of iridescent leaves to deep 
understory shade, combined with the variety 
of mechanisms that have evolved to produce 
iridescence, suggests an advantage related to 
the understory environment. One possibility 
is that the thin layers of the cell wall might 
act as an anti-refl ective coating, enhancing 
entry of photosynthetically active red light, 
an adaptation to the low-light environment 
(Lee and Lowry  1975 ). However, enhanced 
capture of red light would be coupled to 
 losing equally-important blue light, and the 
iridescent structures do not seem to act as an 
anti-refl ective coating (Thomas et al.  2010 ). 

 A second challenging feature of the 
understory environment that might relate to 
leaf iridescence is the occurrence of sun-
fl ecks, sudden and intense irradiation that 
occurs as direct sunlight penetrates through 
small spaces between the overhanging 
leaves. Sunfl ecks can provide much of the 
photosynthetically active radiation an under-
story plant receives in a day (Chazdon  1986 ; 
Pfi tsch and Pearcy  1989 ), but they can also 
cause photodamage in leaves adapted to deep 
shade (Powles and Björkman  1981 ; Le 
Gouallec et al.  1990 ). Blue iridescence might 
allow plants to reject blue light during a 

sunfl eck to reduce photodamage (Lee  2009 ). 
One attractive feature of this hypothesis is 
that sunfl ecks differ from the deep shade 
not just in irradiance but also in the light’s 
directional quality; while light in the deep 
shade is diffuse, light during sunfl ecks is 
mainly direct, collimated light. Directional 
quality relates to iridescence because irides-
cence depends on angle and should be greatly 
reduced under diffuse light. Thus iridescence 
might be a protective mechanism that is 
automatically engaged during the potentially 
damaging, intense, collimated light of a sun-
fl eck, but that is disengaged in the diffuse, 
dim light of the canopy shade, allowing more 
of the blue light to enter the leaf to drive pho-
tosynthesis. The magnitude of control would 
be small, however. The eye-catching blue iri-
descence represents refl ectance at the optimal 
specular refl ectance angle on the order of 
20 % (Thomas et al.  2010 ), but iridescence 
increases total refl ectance in the blue by only 
a few percent (Hébant and Lee  1984 ).  

   D. Epidermal Cell Contents and Shape 

 We have previously discussed epidermal 
modifi cations such as hairs, epicuticular 
wax, and thin layers that produce structural 
colors. The epidermal cells can further affect 
both wavelength and directionality of light 
penetrating to the leaf interior through their 
vacuolar pigmentation and cell shape. The 
epidermal cells of fl owers often contain 
anthocyanins that are responsible for fl ower 
color, but leaf epidermal cells more often 
contain UV-absorbing, colorless pigments 
such as fl avonoids and sinapates. Synthesis 
of these screening pigments is induced by 
UV exposure, and their role in reducing UV 
damage is well established (Caldwell et al. 
 1983 ; Sheahan  1996 ; Cockell and Knowland 
 1999 ; Pfündel et al.  2006 ). 

 Cell shape plays a role because epidermal 
cells are rarely fl at; the outermost wall is 
generally convex, and can be papillose or 
even conical. Those curved surfaces, which 
have refractive index higher than air, can act 
as lenses, focusing incident light. Strongly 
papillose epidermal cells in fl owers can 
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focus light on the pigmented vacuole, 
increase absorption, and make fl oral colors 
appear more saturated (Gorton and 
Vogelmann  1996 ). Similarly, the papillose 
shape of some leaf epidermal cells may 
enhance UV absorption by vacuolar pig-
ments like fl avonoids or sinapates. Plants 
with papillose leaf epidermal cells often live 
in dense shade. In some cases, they may 
focus light on chloroplasts that are clustered 
in a focal spot beneath each epidermal cell 
(Bone et al.  1985 ), perhaps enhancing photo-
synthesis in low light, but this idea has not 
been tested experimentally. Another sugges-
tion relates to the diffuse nature of the light 
environment of the understory: papillose 
epidermal cells might reduce specular refl ec-
tance and aid in capturing low-angle light 
(Lee  2009 ). In the completely diffuse light 
typical of deep shade, a leaf loses 8.2 % of 
the incoming light by specular refl ectance, 
and the ability of a papillose leaf to capture 
this light might be benefi cial in such a very 
low-light environment. However, there is lit-
tle experimental support for this hypothesis 
(Brodersen and Vogelmann  2007 ).   

   III. Light Gradients Within the Leaf 

   A. Absorption, Light Scattering 
and Leaf Anatomy 

 As discussed above, the leaf surface can alter 
the amount of light penetrating into the leaf 
and available for photosynthesis. Further 
changes occur within the leaf mesophyll, 
where light is attenuated by scattering and 
absorption. Light scattering in leaves occurs 
primarily by refl ection from the intercellular 
air spaces and, within the visible spectrum, 
the amount of scattering is relatively inde-
pendent of wavelength (Merzlyak et al. 
 2009 ). Absorption occurs primarily by chlo-
rophylls, carotenoids, fl avonoids and related 
pigments that alter the spectral quality within 
the various leaf tissues. Given that a typical 
leaf absorbs 80 % of the light that strikes it, 
it stands to reason that the internal light gra-
dients are relatively steep and there are dra-

matic changes in spectral quality as one 
progresses from the top to the bottom of the 
leaf, creating a highly differentiated light 
environment for chloroplasts at different 
depths within the tissues. 

 The amount of light absorption in leaves 
depends upon pigment composition, concen-
tration, and wavelength-specifi c absorption 
(extinction coeffi cient). In addition, the pho-
tosynthetic pigments are contained within 
chloroplasts that move within the cells, 
thereby controlling how much light they 
intercept and absorb (see below). On the 
other hand, light scattering depends upon the 
characteristics of tissue anatomy, primarily 
cell shape and the volume and shape of the 
intercellular air spaces. The steepest light 
gradients in leaves are found within the blue, 
owing to the particularly strong absorption 
bands of carotenoids and chlorophylls, 
whereas green light penetrates deeper 
because chlorophyll absorbs minimally in 
this region (Vogelmann and Han  2000 ; 
Vogelmann and Evans  2002 ; Evans and 
Vogelmann  2003 ; Brodersen and Vogelmann 
 2010 ; Figs.  19.4  and  19.5 ).

    It is possible to estimate the contributions 
of absorption vs. scattering by infi ltrating 
the intercellular air spaces with water, which 
eliminates much of the light scattering 
within the tissues. In spinach, this treatment 
increases only slightly the amount of blue 
light that penetrates through the palisade 
 tissue, indicating the relative importance of 
absorption in this region of the PAR for 
these chloroplast-packed, columnar cells 
(Vogelmann and Han  2000 ; Vogelmann and 
Evans  2002 ). The effect of infi ltration is 
greater in the spongy mesophyll tissue, 
pointing to a greater contribution of light 
scattering within that tissue (Fig.  19.5 ) 
where the cells are more irregular in shape 
than the tubular cells in the palisade tissue. 
These effects of infi ltration are more pro-
nounced for green than blue light in both 
 tissues, indicating the importance of light 
scattering effects in this spectral region. The 
differences in shapes of the light gradients 
in the palisade vs. spongy mesophyll tissue 
illustrates the important contributions of 
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  Fig. 19.4.    False-color light micrographs of absorption profi les visualized from chlorophyll fl uorescence in an 
 Antirrhínum majus  leaf irradiated with direct light ( a ) in the  blue  (488 nm) and ( b )  green  (532 nm).  Blue light  
penetrates less far than green because it is absorbed more intensely by the photosynthetic pigments. The pro-
fi le of absorbed  red light  (not shown) is intermediate between that of the  blue  and  green  (From Brodersen and 
Vogelmann  2010 ).       

  Fig. 19.5.    Absorption profi les in spinach leaves irradiated on their upper (adaxial,  a    ) and lower (abaxial,  b ) 
surface with  blue  ( blue lines , 450 nm) and  green  ( green lines , 550 nm) monochromatic light. Profi les are shown 
before ( solid lines ) and after ( broken lines ) the intercellular air space were infi ltrated with water to remove most 
of the internal light scattering (From Vogelmann and Evans  2002 ).       

tissue anatomy in determining both the shape 
and steepness of light gradients within leaves.  

   B. Angle of Incidence 
and Light Directional Quality 

 In nature, light varies widely in direction, and 
in directional quality. On sunny days most of 

the light consists of parallel rays, which, 
depending upon leaf orientation, can intersect 
the leaf from different directions. About 85 % 
of sunlight on clear days is direct whereas the 
remainder consists of diffuse light that results 
from scattering by the atmosphere. The presence 
of clouds, aerosols and plant canopies can 
increase the amount of diffuse light, so that in 
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nature there is a broad continuum in the 
directional quality of light, from mostly direct 
to highly diffuse. 

 As described previously (Fig.  19.3a ) the 
direction of travel of light into the leaf is 
infl uenced by the angle of incidence and it 
stands to reason that light gradients should 
be affected by light direction and directional 
quality. Indeed, light gradients become 
steeper when direct light changes from normal 
(90°) to 60° (Fig.  19.6 ). The largest changes are 
observed in the green part of the spectrum 
and interestingly, the shape of the profi le is also 
changed, suggesting that both light-piping 
and light scattering contribute to creation of the 
absorption profi le within the palisade tissue. 
Similar effects are observed when gradients 
are measured in leaves irradiated with direct 
vs. diffuse light, where the gradients become 
steeper under conditions of diffuse light 
(Brodersen and Vogelmann  2010 ).

       IV. Control of Light Absorption 
Within the Leaf 

 We have seen that gradients of light absorp-
tion within leaves are infl uenced both by 
light absorption and by scattering. Scattering 

is mainly controlled by the size and shape of 
cells and air spaces, and is not easily altered 
in mature leaves, but absorption can be 
adjusted more easily. 

   A. Red Leaves: Reduction of Internal 
Light by Screening Pigments 

 After light enters a leaf, what mechanisms 
other than anatomy can control the amount 
of light and its distribution within the photo-
synthetic tissues? When plants are exposed 
to excess light, subjected to nutrient or a 
variety of other stresses, they commonly 
synthesize red anthocyanins, which, in 
 contrast to UV screening pigments that 
humans do not see, can be quite noticeable. 
Anthocyanins are found in the central vacu-
oles of the epidermis, leaf mesophyll tissues 
and in stem tissues (Gould et al.  2010 ). Less 
commonly, other pigments such as betalains, 
proanthocyanidins and lignins also create 
red coloration (Davies  2004 ). Anthocyanins 
are often found in young (Fig.  19.2f ) and 
senescing leaves but usually not during the 
intervening period when the leaf is fully 
photosynthetically functional (van den Berg 
et al.  2009 ). The early and late stages of 
the lifetime of a leaf are a time when the 

  Fig. 19.6.    Light absorption profi les in leaves of  Antirrhínum majus  irradiated at different angles of incidence. 
The adaxial surface was irradiated with  blue     ( a , 488 nm) or  green  ( b , 532 nm) light at 0° (normal to the leaf 
surface,  solid lines ), or 60° ( broken lines ) (From Brodersen and Vogelmann  2010 ).       
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light- harvesting system is not fully coupled 
to the carbon-reduction cycle, developmental 
stages when the absorbed light energy must 
be dissipated so it does not give rise to 
 damaging oxygen free radicals. Following 
through with this line of thinking, a leading 
hypothesis for the presence of red coloration 
in leaves and stems is that the pigments may 
serve as light screens to provide photopro-
tection to the chloroplasts (reviewed by 
Steyn et al.  2002 ; Hatier and Gould  2008 ; 
Archetti et al.  2009 ; Gould et al.  2010 ). Other 
adaptive functions have also been suggested: 
the pigments may act as antioxidants (Gould 
and Lister  2005 ; Hernandez et al.  2008 ) or 
they may provide a visual deterrent to ward 
off herbivores (Döring et al.  2009 ). 

 Given the optical properties of leaves 
(Fig.  19.1 ), are the spectral properties of red 
anthocyanins ideal for a sunscreen role? 
Anthocyanins typically have a broad absorp-
tion band that extends from 400 to 600 nm 
with an absorption maximum in the green at 
520–540 nm that is 2–3 times higher than 
absorption in the blue. Foliar anthocyanins 
usually absorb 20–30 % of the light within 
the green spectral range (   Feild et al.  2001 ), 
which seems small compared to the amount 
that sunlight can fl uctuate within the envi-
ronment. This, in combination with the fact 
that photosynthesis saturates in many plants 
at irradiances well below full sunlight, leaves 
one wondering if this level of screening is 
suffi cient to confer adaptive advantage. Blue 
light is more effective than other wavelengths 
in causing photoinhibition, so would a pig-
ment with strong absorption in the blue make 
a better sunscreen? If the physiological strat-
egy were to provide photoprotection primar-
ily to chloroplasts in the palisade tissue, 
where most of the blue light is absorbed for 
photosynthesis (Sun et al.  1998 ), then plac-
ing a yellow pigment near the irradiated sur-
face would be more effective than a red 
pigment. However, green light penetrates 
deeply into leaves and it drives photosynthe-
sis in all the photosynthetic cell layers with a 
relatively high quantum yield (Nishio  2000 ; 
Terashima et al.  2009 ). If the goal is to throttle 
back electron transport in all the cell layers, 

then placing a red pigment near the irradiated 
surface would accomplish that goal and 
anthocyanins seem ideally suited for that 
purpose. 

 What evidence supports the idea that 
anthocyanins serve as light screens for the 
photosynthetic system? Most of the evidence 
comes from measurements of photosystem II 
quantum effi ciency, where signifi cant levels 
of photoprotection were found in leaves con-
taining anthocyanins. However, this fi nding 
is not universal (Manetas  2006 ). Measuring 
light gradients within leaves to assess screen-
ing within the photosynthetic tissues also 
gives varying results. In some leaves 
 anthocyanins altered the internal light gradi-
ents and provided screening to the spongy 
mesophyll tissue (Gould et al.  2002 ), whereas 
in other leaves they did not appear to affect 
the amount of light absorbed by this tissue 
(van den Berg et al.  2009 ).  

   B. Chloroplast Movement: 
Photoprotection Through Shading? 

 Each photosynthetic cell within a leaf con-
tains dozens of chloroplasts that occupy the 
band of cytoplasm between the central vacu-
ole and cell wall. Their position is not fi xed; 
they move rapidly in response to the irradi-
ance that strikes the leaf surface. Under low 
light, chloroplasts align along the surface 
(periclinal) cell walls, whereas under high 
light they move to the sidewalls (anticlinal), 
which increases the amount of light that is 
transmitted in leaves and correspondingly 
decreases leaf absorptance; this phenome-
non is taxonomically widespread among 
plants (Evans et al.  2004 ). Chloroplast move-
ment can lead to striking visual changes. For 
example, placing a mask on a leaf and irradi-
ating it with high light for 20 min can create 
an image (Fig.  19.2 ). Regions of the leaf 
where chloroplasts are positioned along the 
anticlinal cell walls (low light) appear green, 
whereas when chloroplasts are positioned 
along the periclinal walls (high light) the leaf 
appears less green. The largest optical 
changes are found in leaves of shade plants 
where changes in transmittance up to 15 % 
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have been measured. More typical optical 
changes are in the range of 6 % for shade 
leaves and 2 % for sun leaves (Davis et al. 
 2011 ). Noninvasive measurements of plants 
in the fi eld have shown that chloroplasts are 
in motion most of the time, rarely achieving 
the extreme anticlinal or periclinal positions 
(Williams et al.  2003 ). 

 The appearance of leaves and the charac-
teristics of their internal light gradients are 
determined by light scattering and light 
absorption. Calculating the extent to which 
these optical parameters are affected by chlo-
roplast movement shows that most of the 
changes in leaf optical properties are caused 
by changes in absorption and that chloroplasts 
have little infl uence on the light- scattering 
properties of leaf tissues (Davis et al.  2011 ). 

 So why do chloroplasts move? It may by 
that movement maximizes photosynthesis, 
where under low light chloroplast position-
ing along the periclinal cell walls maximizes 
light absorption for photosynthesis. Similarly, 
under high light, movement to the anticlinal 
walls allows more light to penetrate to chlo-
roplasts located deeper within the leaf, 
resulting in an increase in the overall photo-
synthetic rate of the leaf. This differential 
positioning of chloroplasts would therefore 
increase photosynthetic performance in both 
cases. While this reasoning appears logical, 
there is little experimental evidence to sup-
port this hypothesis. Another idea is that 
movement may minimize the distance that 
CO 2  travels from the intercellular air spaces 
to the chloroplast, especially when chloro-
plasts are in the high-light position adjacent 
to the bulk of intercellular air spaces in the 
palisade tissue (Evans  1999 ). Measuring 
oxygen diffusion times as a proxy for CO 2  
migration in leaves of  Alocasia  did not 
 support the notion that chloroplast move-
ment modulates intracellular gas exchange 
(Gorton et al.  2003 ). Additional gas- 
exchange studies with  Arabidopsis thaliana  
showed that chloroplast movement to the 
high-light position had a limiting effect on 
photosynthesis (Tholen et al.  2008 ). A third 
hypothesis is that chloroplast movement and 
orientation protect against photoinhibition. 
Chloroplasts are disk-shaped and, similar to 

the principles of a venetian blind, changing 
their orientation such that the face vs. the 
edge intercepts the incident light will signifi -
cantly affect the amount of light that they 
absorb. Even though chloroplast movement 
does not change leaf absorptance very much, 
movement and orientation have signifi cant 
effects on the internal light gradient. 
Movement from the low-light to the high- 
light position would allow more blue light to 
penetrate further into the leaf (Evans et al. 
 2004 ). The gradient in red light would be 
expected to change similarly, but the  gradient 
in green light should not change very much. 
The potential effects of this spectral tuning 
on photosynthesis remain to be determined, 
but overall movement has been shown to 
protect chloroplasts against photoinhibition 
caused by high light (Kasahara et al.  2002 ). 
More research is warranted to more fully 
evaluate the photosynthetic consequences of 
chloroplast movement in leaves.   

   V. Conclusions 

 Leaves are capable of controlling the amount 
and distribution of light available for photo-
synthesis in many ways, both at the leaf 
surface and within the mesophyll tissue. 
Some of these control mechanisms can have 
large effects, for example the 50 % refl ectance 
from the hairy bracts surrounding edelweiss 
fl owers. Most, however, are more subtle. 
Some, such as anthocyanin synthesis or 
chloroplast movement, can be rapidly 
engaged as needed, while others, such as 
scattering in the mesophyll are structural and 
diffi cult to adjust over short time periods in 
mature leaves. These leaf-level mechanisms 
work together and in concert with whole- 
plant mechanisms, such as leaf orientation, 
and biochemical mechanisms, such as the 
xanthophyll cycle.     
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     Summary  

  Photosynthesis in lichens is intimately linked to the photosynthetic capacities of the photobiont, 
 i.e.  autotrophic algae and cyanobacteria, that form the lichen association together with a 
fungal partner. Lichen photosynthesis in nature is also affected by a complex mixture of 
internal and external factors. 

 Intrathalline locatization of photobiont cells, structure of photobiont layer, functional 
photobiont- mycobiont interlink, and physico-chemical properties of the fungal part of thallus 
are considered important internal characteristics affecting photosynthesis and utilization of 
photosynthetic products in lichens. In this chapter, a brief introduction into the anatomy and 
morphology is provided from a view point of function. Special attention is given to cellular 
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       I. Introduction 

 Photosynthesis is a key metabolic function 
of lichens. Therefore a understanding of 
mechanisms and limitations of photosynthe-
sis in this symbiotic organisms is desirable. 
Since many lichens are considered extremo-
philic organisms, that exhibit great tolerance 
against a variety of stress factors, lichen pho-
tosynthesis in response to several of these 
stress factors has been investigated in detail. 
Defi ning and characterizing the range of 
conditions that lichen can tolerate continu-
ous to be an active area of research. The pho-
tosynthetic machinery of lichens responds to 
these challenges with a number of biophysical 

and biochemical protective mechanisms. 
Although some of these protective mecha-
nisms, may have well-characterized homo-
logous counterparts in plants, many 
mechanisms in lichens are not yet fully 
understood. This lack of knowledge has 
given generations of lichenologist, plant 
physiologist and ecophysiologist the motiva-
tion to study lichen photosynthesis under 
natural and controlled conditions. In recent 
years, molecular, proteomic and metabolo-
mic approaches are increasingly employed to 
study lichen photosynthesis. In addition 
miniaturized and automated measuring 
devices are now available that enable detailed 
long-term studies of photosynthesis in the 
fi eld. This chapter gives an overview of our 
current knowledge of lichen photosynthesis, 
with an emphasis on mechanisms that have 
been revealed under stress conditions.  

   II. Lichen Anatomy and Morphology 

   A. Symbionts and Thallus Forms 

 Liches are symbiotic organisms consisting 
of at least two partners: A photobiont and 
mycobiont that form the structures of a 
lichenized association,  i.e.  the lichen thallus. 
The mycobiont,  i.e.  fungal partner (in most 
cases Ascomycetes) forms the majority of 
the lichen thallus biomas. The mycobiont is 
with only a few exceptions, responsible for 
thallus morphology and growth form. The 
photobiont,  i.e.  photosynthetizing partner, is 
an alga or cyanobacterium. The relation 

 Abbreviations:     APX –    Ascorbate peroxidase;      CA – 
   Carbonic anhydrase;      CAT –    Catalase;      CCM –    Carbon 
concentrating mechanism;      DEPS –    Deepoxidation state 
of xantophyll-cycle pigments;      DW –    Dry weight;      Fo – 
   Background chlorophyll fl uorescence;      F m     – Maximal 
fl uorescence yield;      F v     – Variable chlorophyll fl uores-
cence;      F v /F m     – Potential quantum yield of photochemi-
cal processes in photosystem II;      FW    – Fresh weight;    
  GSH    – Reduced glutathione;      GSSG    – Oxidised gluta-
thione;      NPQ    – Non-photochemical quenching;      PAR    – 
Photosynthetically active radiation;      Pn    – Net photosyn-
thesis;      Pn max     – Maximum rate of net photosynthesis;    
  PSII    – Photosystem II;      ϕ PSII     – Effective quantum yield 
of photochemical processes in photosystem II;      qE    – 
Energy dependendt quenching;      qI    – Photoinhibitory 
quenching;      qT    – State 1-state 2 transition quenching;    
  ROS    – Reactive oxygen species;      RuBisCo    – Ribulose 
bis phosphate carboxylase oxygenase;      RWC    – Relative 
water contents;      SOD    – Superoxid dismutase;      UV-A    – 
Ultraviolet radion (B);      UV-B    – Ultraviolet radion (B);    
  WP    – Water potential    

structure of photobionts, and especially to the chloroplast of unicellular alga  Trebouxia , the 
most abundant symbiotic alga in lichen association. Since lichens are typical poikilohydric 
organism with no active control of their hydration status, the photosynthetic responses of 
lichens to full, partial and severely limited water supply are described. In addition the protec-
tive mechanisms activated during thallus desiccation are discussed. Several aspects of lichen 
photosynthesis including light-response curves, photoinhibition, activation of photoprotec-
tive mechanisms and reactive oxygen species-induced changes in the amount and activity of 
antioxidative substances are reviewed. Lichens can photosynthesize over a wide temperature 
range, including subzero temperature. The photobiont also exhibits response depending on 
nitrogen availability and exposure to heavy metals.  
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between these two partners is considered a 
mutualistic symbiosis. 

 While bipartite lichens consist of one 
mycobiont and one photobiont species, 
tripar tite lichens have two photobionts in a 
single mycobiont. Tripartite lichens have 
typically an alga (see Chap.   17    ) and cyano-
bacteria (see Chap.   14    ) in association with 
the mycobiont. Areas where these two pho-
tobionts are located have anatomical diffe-
rences in the majority of cases – see e.g. 
 Placopsis contortuplicata  (Fig.  20.1 ).

   Regarding thallus morphology, lichens 
are divided into three main and several addi-
tional morphological groups. In this chapter, 
only the main ones are treated: crustose 
liches, foliose lichens, and fruticose lichens 
(for more details see e.g.    Büdel and 
Scheidegger  1996 ). 

 Crustose lichens are tightly attached to 
the substrate (upper surface of stones and 
rocks) with their lower surface (see Fig.  20.2 ). 
A typical feature that distinguishes crustose 
lichens from the foliose and fruticose lichens 
is that crustose lichens cannot be removed 
from the surface without a lot of force and 
destruction of the thallus structure.

   Foliose lichens possess generally a fl at 
leaf-like thallus, which is attached to the 
surface only partially by special structures: 
rhizines, cilia, tomentum or umbilicus (see 
Fig.  20.3 ). Foliose lichens exhibit consider-
able difference in coloration and surface 
structure between the upper and lower thal-
lus surface. The thallus of foliose lichens is 
often divided into lobes that show various 
degree of branching. The size of the lobes 
can vary from several milimeters to more 
than 10 cm. Among foliose lichens, two sub-
groups can be distinguished: laciniate and 
umbilicate. While laciniate thalli typically 
exhibit numerous lobes arranged radially or 
forming overlapping structures, umbilicate 
lichens create circular thalli consisting of 
one unbranched lobe.

   Lichens with fruticose thallus morphology 
typically form three-dimensional branching 
structures. These structures may be arranged 
upward (shrub-like structures) or form hang-
ing branched structures oriented downward 
from a basal holdfast attached to the substrate 
(typically tree branches or stems). Fruticose 
lichens form a cluster of free- standing, 
branching tubes, which are usually round in 
cross section (see Fig.  20.4 ). Some fruticose 
lichens, however, may have fl attened branches 
such as e.g.  Ramalina  sp.

      B. Intrathalline Location of Photobionts 
and Their Photosynthetic Properties 

 More than 40 algal and cyanobacterial gen-
era have been described that participate as 
photobionts in lichen association (Ahmadjian 
 1993 ). The most frequent algal photobionts 
include species of the  Trebouxia ,  Trente-
pohlia ,  Coccomyxa , and  Dictyochloropsis  
clades. In cyanobacterial lichens,  Nostoc , 
 Scytonema ,  Stigonema ,  Gloeocapsa , and 
 Calothrix  are the most common genera. 
Recently, thanks to advanced molecular biol-
ogy-based taxonomic approaches, a majority 
of species previously assigned to the genus 
 Trebouxia  have been reclassifi ed as 
 Asterochloris  (Peksa and Škaloud  2010 ). In 
this chapter, however, the term  Trebouxia  is 
used even for those newly reclassifi ed algal 

     Fig. 20.1.     Placopsis contortuplicata  is a lichen that has 
two photosynthesizing partners located in a thallus. In the 
central  orange  part (cephalodium), there is a nitrogen-
fi xing cyanobacterium ( Nostoc  sp.). Marginal  white  thal-
lus parts have an algal photobiont (Photo M. Barták).       
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species. For majority of lichens, symbiotic 
algae and/or cyanobacteria are located 
beneath the upper cortex layer that is formed 
by densely packed fungal hyphae (see 
Figs.  20.4  and  20.5 ).

   Since more than 50 % of all known lichens 
possess the unicellular alga  Trebouxia  in 
their thalli, anatomical and physiological 
properties are briefl y overviewed here. 
More than 40 species of  Trebouxia  isolated 
from lichen thalli are currently described. 
 Trebouxia  species are defi ned using shape of 
chloroplast (see Fig.  20.6 ), as well as pyre-
noid (see Chap.   7    ) and pyrenoglobuli con-
fi guration as critical features (Peksa and 

Škaloud  2011 ). The pyrenoid is a large cen-
tral part of the chloroplast, rich in proteins 
and lipids. It contains the photosynthetic 
enzyme RuBisCo and is the place of starch 
synthesis. Within a pyrenoid, there are sev-
eral pyrenoglobuli that are lipid-rich storage 
inclusions (Ahmadjian  2001 ). The pyrenoids 
contained in  Trebouxia  cells also possess a 
carbon-concentrating mechanism that can 
enhance photosynthetic performance (Smith 
and Griffi ths  1998 ).

   Carbon concentrating mechanism (CCM) 
is a term that refers to the ability of pyrenoid- 
containing algal chloroplasts, as well as 
carboxysome- containing cyanobacteria to 

  Fig. 20.2.     Rhizocarpon geographicus  is a typical lichen with crustose morphology showing  black  and  yellow  
thalli parts ( lower panel ). Crustose lichens are tightly attached to stone or rock surfaces ( upper panel ) (Photos 
M. Barták).       
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  Fig. 20.3.    Foliose thalli of  Umbilicaria antarctica , a macrolichen, are abundant in maritime Antarctica. In the 
dry state, the  upper side  of the thallus exhibits a pale  brown color  ( left ), while the  lower side  of the thallus is  black  
( right ). There is only one point that connects the thallus to a surface (typically rock); this umbilicus is located in 
the  center  of the thallus ( right ) (Photo M. Barták).       

  Fig. 20.4.    Cluster of fruticose thalli ( left ) and cross section of the middle part of a single thallus of  Usnea 
aurantiaco - atra     ( right ) showing typical anatomical structures. From the thallus periphery to the thallus  center , 
the outer cortex ( brown ), medulla with symbiotic algae (individual  dark points ) forming  round-shaped  layer, and 
a cell-free internal space ( light red ) can be distinguished (Photos M. Barták ( left ), J. Rotkovská ( right )).       

 

 

20 Photosynthesis in Lichens



384

locally increase the amount of inorganic car-
bon that can so be used to effi ciently perform 
carbon fi xation. Lichens use CCM during 
favourable conditions, when the thallus is 

hydrated and light is suffi ciently available. 
Studies made on isolated photobionts 
(e.g. Palmqvist and Badger  1996 ) indicate a 
key role of carbonic anhydrase (CA) in such 
lichens. It has been shown for  Trebouxia  
sp. and  Coccomyxa  sp. that CA is located 
both intra- and extracellularly. Species-
specific differences in total CA content 
have been determined by Palmqvist and 
coworkers ( 1997 ). 

 Polyols ( i.e.  sugar alcohols) are photo-
synthetic products of symbiotic algae. In 
lichens, polyols (mainly ribitol, arabitol, 
mannitol) have several physiological roles 
(see below). Natural levels of polyols in 
lichens vary within 1.4–8.8 mg/g dry weight 
(ribitol) and 0.4–29.0 mg/g (mannitol) 
between species and physiological state – 
for review see Hájek et al. ( 2009 ). The poly-
ols can make up between 2 and 10 % of the 
thallus dry weight (Palmqvist  2000 ). The 
stored polyols are utilized for supplying the 
mycobiont with carbon, as energy-storage 
compound within algae, and as a cryopro-
tectant. In agreement with these functions 
is that the highest content of polyols is typi-
cally found in late summer (Sundberg et al. 
 1999 ). 

 In the majority of lichens, ribitol is pro-
duced in algal cells and then transported to 
fungal part of a lichen, where it is trans-
formed to mannitol and can then be utilized 
for metabolic processes. When  Trebouxia  is 
in lichen association it produces ribitol, but 
when cultured axenically at laboratory condi-
tions, sucrose is the main photosynthate. This 
observation may indicate that sucrose is the 
preferred carbon storage component in auto-
trophic conditions, while ribitol is produced 
to exchange carbon with the fungal partner. 
Interestingly  Trebouxia , when isolated from a 
lichen thallus and cultivated on agar, can 
grow both autotrophically and heterotrophi-
cally (Archibald  1977 ) suggesting that some 
carbon may also be imported form the fungal 
partner by the alga. In contrast to lichens 
in asso ciation with alga, cyanolichens utilize 
glucose as the main transport compound to 
the mycobiont.   

  Fig. 20.5.    Cross sections of the foliose lichen  Lasallia 
pustulata  that show the marginal ( a ), intemediate ( b ), 
and central thallus part, with hemispherical outgrowth 
called pustulus ( c ). The  upper  cortex contains a algal 
layer with different thickness in panels  a ,  b & c . The 
medulla, and  lower  cortex with rhizines can be seen 
from  top  to the  bottom  at individual panels ( a ,  b & c ) 
(Photos J. Dubová).       
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   III. Dependence of Photosynthesis 
on Physical Factors 

   A. Hydration-Dependent Photosynthesis 

 Due to their poikilohydric nature, lichens 
can respond to the changes in the thallus 
water content rapidly. While dehydrated 
lichens are virtually metabolically inactive, 
increases of the thallus water content leads to 
gradual re-activation of physiological pro-
cesses (including photosynthesis and respi-
ration) – Palmqvist and Sundberg  2000 . The 
majority of lichens exhibit dry thalli that are 
more contracted and possess a different spa-
tial organization compared to their wet state. 
Extensive packing of thalli layers decreases 
the volume occupied by the lichen in the dry 
state. On a cell level, symbiotic algae and 
cyanobacteria as well as the fungal hyphae 
are a lot reduced in volume. The cells of the 
algal photobionts are far from the round 
shape observed in wet lichens, but are typi-
cally collapsed into star- shape structures and 
densly packed in- between mycobiont cells 
(de los Rios et al.  1999 ). 

 Dessication also has consequences for the 
ultrastructure in severely desiccated cells of 

photobionts. For example the pyrenoglobuli 
may be re-distributed in a pyrenoid and pyre-
noglobuli-free pyrenoid matrix areas may be 
observed in pyrenoid cross section (Ascaso 
et al.  1988 ). Moreover, pyrenoglobuli den-
sity may be altered according to severity and 
rapidity of drying. Due to cytorhisis,  i.e.  loss 
of intracellular water resulting in cell col-
lapse (protoplast, however remains attached 
to cell wall), the cell wall of photobionts is 
much less resistant to desiccation- induced 
changes than the thick cell wall of myco-
bionts (   Scheidegger et al.  1995 ). 

 During rehydration, both photo- and 
mycobiont cells undergo volumetric changes 
accompanied with gradual re-activation of 
physiological processes including photosyn-
thesis (see e.g. Sancho and Kappen  1989 ). 
When rewetted from the dry state, lichen 
thalli show an almost linear increase in pho-
tosynthesis and respiration with time of 
hydration (Green et al.  2011 ). Duration 
of rehydration and the rate of restoration of 
photosynthetic processes are, however, 
species- specifi c and also dependent on the 
ecophysiology of the lichen in the preceding 
period ( i.e.  number of hydration/dehydration 
cycles, prevailing temperature, the length of 

  Fig. 20.6.    Chloroplast shapes of  Trebouxia / Asterichloris  species.  Upper row  from  left  to  right :  A. glomerata , 
 A. glomerata ,  A. irregularis ,  Aastreochloris sp. Lower row  from  left  to  right : cross sections of  Asterochloris  sp. 
(Provided by P. Škaloud, Charles University, Prague).       
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period spent dehydrated etc.). At optimum 
hydration,  i.e.  when the full cellular turgor of 
photosyntesizing symbiont is reached, the 
lichens exhibit maximum photosynthetic 
rate. The optimum water content in a lichen 
thallus varies amongst species. When the 
content is above the optimum, surface or 
extracellular water represents a physical bar-
rier for CO 2  transfer from the air to a photo-
biont. Over hydration therefore leads to the 
limitation of CO 2  supply and inhibits the rate 
of photosynthesis. This phenomenon is 
called hypersuprasaturation effect on photo-
synthesis (Lange and Green  1996 ) and was 
observed in several lichen species such as 
e.g.  Ramalina maciformis  Lange ( 1980 ), 
 Xanthoria calcicola  and  Lecanora muralis  
Lange ( 2002 ), and  Teloschistes capensis  
(Lange et al.  2006 ). 

 It is well established that, lichens can per-
form close-to-maximum or even maximum 
photosynthesis at hydration levels below full 
thallus hydration. Several studies that applied 
gasometric measurements of lichen photo-
synthesis reported such high photosynthesis 
rates in partially dehydrated thalli (see 
below). However, such photosynthetic 
studies expressed water status of thalli as 
relative water content (RWC, %, Eq.  20.1 ).

   

RWC
FWa DW

FWw DW
=

−( )
−( )

*100

  
 ( 20.1 ) 

   

where FWa is fresh weight of actually 
hydrated lichen thallus, FWw is fresh weight 
of fully hydrated lichen thallus, and DW is 
dry weight of fully dehydrated thallus. In 
majority of lichens, maximum photosyn-
thetic rates are reached within the RWC 
range of 60–90 %. However, species-specifi c 
differences in ability to hold water in their 
thalli (per unit of dry weight) exist. Therefore 
gasometric measurements of photosynthesis 
are diffi cult to compare between lichen 
 species, especially when these measure-
ments were obtained in the fi eld. 

 In contrast to gasometric measurements, 
the hydration-response curves of photosyn-
thesis measured by chlorophyll fl uorescence 
can be related directly to water potential 

(WP). In this approach, WP of lichen thallus 
is measured directly in a chamber of a 
chilled-mirror dewpoint meter. Immediately 
after the WP is evaluated, the lichen sample 
is exposed to light and effective quantum 
yield of photosystem II (ϕ PSII ) is measured 
using a saturation pulse method. In this way, 
simultaneous measurements of water status 
and photosynthetic activity can be performed 
on gradually desiccating lichens (see e.g. 
Jupa et al.  2012 ). Using the approach, photo-
synthesis under water stress can be compared 
between poikilohydrous lichens (Fig.  20.7 ) 
and homoihydrous higher plants.

   While higher plants can hardly perform 
positive photosynthetis below −2.5 MPa, the 
majority of lichens do not show any signifi -
cant decrease within the range of WP −10.0 
to 0 MPa (M. Barták, unpublished data). 
With further dehydration of the lichen thalli, 
photosynthesis, assessed by effective quan-
tum yield of PSII (ϕ PSII ), declines in a curvi-
linear manner towards critical WP at which 
ϕ PSII  = 0. For the majority of lichens, critical 
WP is about −30.0 MPa (e.g.  Xanthoria 
elegans  – Barták et al.  2005 ), however, some 
species of the genus  Umbilicaria  have criti-
cal WP of as low as −40.0 MPa (Fig.  20.7 ). 
The gradual inhibition of photosynthetic 
processes with ongoing thallus dehydration 
leads to the activation of protective mecha-
nisms that involves mainly interconversion 
of xanthophyll-cycle pigments (Calatayud 
et al.  1997 ). Such changes are manifested in 
an dehydration-dependent increase of non- 
photochemical quenching (NPQ). The rate 
of NPQ increase is higher when the WP 
decreases from 0 to −15 MPa than at more 
pronounced thalli dehydration within the WP 
range of −30 to −15 MPa ( Lasallia pustu-
lata , Moudrá  2009 ). 

 Dehydration-induced inhibition of photo-
synthetic processes may be altered by the 
rapidity of desiccation and light conditions 
during desiccation. Generally, fast dehydra-
tion leads to more pronounced stress to PSII. 
Therefore, after fast dehydration, a slower 
and incomplete recovery is observed. This 
behavior is also observed in the isolated pho-
tobiont  Trebouxia erici  (Gasulla et al.  2009 ). 
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 Stuctural and functional properties of the 
lichen thallus may affect dehydration- 
induced inhibition of photosynthesis as well. 
Kosugi et al. ( 2009 ) showed that an associa-
tion of the photobionts with the mycobionts 
in lichen thalli increases tolerance to photo-
inhibition under drying conditions, com-
pared to isolated photobiont. 

 A detailed analysis of non-photochemical 
quenching components (qE, qT, qI) reveals 
that they differ between lichen thalli passing 
fast and slow dehydration. Apart from well- 
known protective mechanisms activated 
during dehydration of lichen thalli,  i.e.  light-
dependent xanthophyll cycle pigments con-
version, and state 1–2 transition, there is 
another effective quencher in the photosyn-
thetic apparatus of PSII of desiccating 
lichens. It is not related to zeaxanthin forma-
tion and independent on light. According to 
Heber et al. ( 2006 ), it may involve confor-
mational changes in pigment-protein com-
plexes in PSII. In this way, highly-effective 
dissipation centers are formed in which exci-
tation energy is trapped (Heber et al.  2010 ). 
Recently, the presence of a strong quencher 
located in the PSII core and/or PSII antennas 
has been reported from  Parmelia sulcata  
desiccating on light (Veerman et al.  2007 ), 
however its chemical structure is not known.  

   B. Light-Dependent Photosynthesis 

   1. Light Response Curves 

 Optimally-hydrated, lichens respond to light 
in a similar manner to higher plants and light 
response curves of photosynthesis can be 
determined in both systems and differences 
evaluated. At low light intensities of photo-
synthetically active radiation (PAR), lichens 
exhibit linear increase in net photosynthetic 
rate (Pn) with increasing light followed by a 
curvilinear Pn-PAR relationship until 
 constant photosynthesis (Pn max ) in saturating 
light is reached. 

 The great majority of lichens is adapted to 
low light and thus reach typical light- 
saturated photosynthesis in the PAR range of 
100–400 μmol m −2  s −1  (   Demmig-Adams 
et al.  1990a ). However, species from sun- 
exposed habitats exist that exhibit light- 
saturated photosynthesis at 1,100 μmol 
photons m −2  s −1  (Green et al.  1997 ). In 
 general, lichens have much lower maxi-
mum (light-saturated) photosynthetic rates 
expressed per area or dry weight unit of thal-
lus than higher plant leaves. This is because, 
photobionts (alga, cyanobacterium or both) 
constitute only a small proportion to the 
lichen thalli, while the bulk is made up of the 

  Fig. 20.7.    Effective quantum yield of PSII (ϕ PSII) ) in response to dehydration. With gradual dehydration of the 
lichen thallus, no substantial decrease of ϕ PSII  is between a water potential (WP) of 0 (full hydration) to −12 MPa. 
Further thalli dehydration (WP below −12 MPa) leads to a rapid decrease of ϕ PSII . The critical WP, at which full 
inhibition of ϕ PSII  occurs is typically about −25 MPa (see  Stereocaulon glabrum – right ). However, several species 
may exhibit higher tolerance of ϕ PSII  against thallus dehydration (see  Umbilicaria antarctica – left ).       
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fungal partner. Typically, maximum rate of 
net photosynthesis (Pn max ) does not exceed 
6 μmol (CO 2 ) m −2  s −1  as shown e.g. for 
cyanobacterial lichen  Collema tenax  (Lange 
et al.  1998 ), algal species  Xanthoria elegans  
(Barták et al.  2005 ), and  Lecanora muralis  
(Lange and Green  2008 ). For  Lecanora 
muralis  a Pn max  as high as 7.5 was reported 
for optimally hydrated thalli when measured 
under controlled laboratory conditions. 
Many lichens, however, have much lower 
Pn max  ranging 1.0–2.0 μmol (CO 2 ) m −2  s −1  
as shown for  Lobaria pulmonaria  and 
 Platismatia glauca  (Sundberg et al.  1997 ).  

   2. Photoinhibition 

 Photoinhibition of photosynthesis frequently 
occurs in hydrated lichens exposed to high 
light intensities. Such high-exposure to 
lichen can occur in wet open habitats such as 
rocks and light-exposed clear cuts or forest 
edges. It is well established that the sensitivity 
to photoinhibition is higher in the lichens pos-
sessing cyanobacterial photobionts than those 
having algal partners (Demmig-Adams et al. 
 1990b ). When photoinhibited, cyanobacterial 
lichens do not show fast return of photosyn-
thetic parameters to pre- photoinhibition 
parameters during dark recovery. This in con-
trast to lichens with algal photobiont, which 
exhibit recovery to initial values typically 
within tens of minutes. 

 When the photosynthetic apparatus of the 
lichen photobionts is exposed to high light 
doses, reactive oxygen species (ROS) are 
formed that are destructive to the photosyn-
thetic machinery (see Chap.   11    ), especially 
photosystem II. ROS may cause damage or 
destruction of pigment-protein complexes 
and inhibition of photochemical processes. 
To avoid or reduce the negative consequences 
of ROS formation, lichen photobionts acti-
vate several photoprotective mechanisms 
that are similar to higher plants. 

   a. Zeaxanthin Formation 

 Several laboratory-based studies with 
high light-treated lichens demonstrated 

zeaxanthin formation in algal lichens 
(e.g. Vráblíková et al.  2005 ). Zeaxantin is 
involved in effective thermal energy dissipa-
tion from overenergized photosystem II of 
algal photobionts (Demmig-Adams et al. 
 1990a ),  i.e.  high light-induced conversion of 
violaxanthin to zeaxanthin (DEPS value). 
The recovery to pre-photoinhition violaxan-
thin to zeaxanthin ratios is relatively fast 
ranging from 3 to 10 h (Barták et al.  2008 ). 
While the zeaxanthin formation is well estab-
lished in algal photobionts, cyanobacterial 
photo bionts do not possess such mechanism.  

   b. Involvement of Glutathione 

 Glutathione is low-weight thiol that has the 
function of a antioxidant and plays a role in 
the photoprotection of lichens. Phyto-
chelatines, another antioxidant is synthe-
sized from glutathione. The amount of 
intrathaline glutathione ranges typically in 
lichens between 1.2 and 3.3 μmol/g dry 
weight. Glutathione levels respond not only 
to accual light conditions and functioning of 
photosynthetic apparatus of algal and fungal 
symbionts during light-induced oxidative 
stress, but also possess seasonal variation as 
well as spatial variation within the thallus 
(Kranner and Grill  1996 ). 

 The amount of glutathion Increases during 
lichen dehydration (Kranner and Birtić  2005 ; 
Tretiach et al.  2012 ), while both increases 
and decreases can be induced by heavy met-
als and toxic compound (Mrak et al.  2010 ). 

 If exposed to strong, brief high light treat-
ment, reduced glutathione (GSH) is converted 
to oxidized glutathione (GSSG) and the 
amount of total glutathione (GSHt) decreases 
in lichens as algal cells are increasingly pho-
toinhibited. Severe photoinhibtion leads to 
degradation of GSH (down to 12–30 % of 
GSHt before light treatment Štěpigová et al. 
 2007 ) to glutamyl-cystein. Glutamyl-cystein 
in turn can be used to synthesis reduced gluta-
thione during recovery from high light treat-
ment. An increase of glutathione content by 
long-term high light treatment is reported for 
higher plants (Burritt and MacKenzie  2003 ), 
but has never been demonstrated for lichens. 
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 The extent of photoinhibition and reco-
very can be sensitively monitored in a lichen 
thallus by several chlorophyll fl uorescence 
techniques and the derived chlorophyll fl uo-
rescence parameters. In chloroplasts, photo-
inhibition can lead to a gradual inactivation 
and photodestruction of chlorophyll mole-
cules. This leads to a decrease in chlorophyll 
fl uorescence (variable fl uorescence – F v ) and 
effi ciency of absorbed energy transfer 
through PSII and PSI. Figures  20.8  and  20.9  
show photoinhibition-induced changes in the 
shape of fast and slow chlorophyll fl uores-
cence induction kinetics in wet lichen thalli 
exposed to high doses of photosynthetically 
active radiation.

       c. Antioxidative Enzymes 

 In symbiotic lichen algae, antioxidative 
enzymes are involved in cell protection when 
ROS are formed (del Hoyo et al.  2011 ). 
Several studies reported altered levels of 

catalase (CAT), superoxide dismutase (SOD) 
and ascorbate peroxidase (APX) during 
dehydration stress (e.g. Mayaba and Beckett 
 2001 ; Gasulla et al.  2009 ), heavy metal- 
induced stress (Weissman et al.  2006 ), and 
exposure to SO 2  (Kong et al.  1999 ). It appears 
very likely that CAT, SOD and APX would 
be also involved in protecting lichens against 
ROS formed during high-light stress in 
hydrated lichens, but experimental effi ci-
dence is lacking.   

   3. Effects of UV-B Radiation 

 Lichens are generally resistant against high 
doses of UV radiation, especially when 
dehydrated and thus physiologically inac-
tive. Some algal lichens, however, show 
limited resistance (Unal and Uyanikgil 
 2011 ). Experiments conducted so far led to 
the conclusion that UV enhancement typi-
cally lead to an increase of UV-absorbing 
pigments and compounds such as phenolics 

  Fig. 20.8.    Photoinhibition and recovery in  Usnea antarctica  assessed by fast chlorophyll fl uorescence induction 
curves (OJIP). The fl uorescence kinetics are caused by a  short light  pulse applied to a  dark-adapted  lichen thallus. 
Photoinhibition is characterized by a decrease in chlorophyll fl uorescence yield. Partial inhibition ( B    ) and full 
inhibition ( C ) can be compared to the uninhibited control ( A ). After photoinhibition treatment, a 30 or 60 min 
dark recovery period leads to partial ( D ) and almost complete ( E ) restoration of PSII fl uorescence characteris-
tics. This fast recovery indicates high resistance of PSII in  U. antarctica  to short-term high light treatment.       
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(Buffoni Hall et al.  2002 ), usnic acid (Bjerke 
et al.  2002 ), rhizocarpic acid (Rubio et al. 
 2002 ), parietin (Solhaug and Gauslaa  2004 ). 
However, these protective substances cannot 
fully prevent DNA damage and cell death (Unal 
and Uyanikgil  2011 ). UV screening compounds 
are typically located in the upper cortex of 
lichen thallus and thus reduce the amount of 
harmful radiation reaching the algal layer. 

 Photosynthesis in most lichens appears not 
to be negatively effected by UV radiation. For 
example, Lud et al. ( 2001 ) reported no change 
of fl uorometric parameters in  Turgidosculum 
complicatulum  exposed to extra UV-B radia-
tion in Antarctica. Lichens from shade habi-
tats, however, may exhibit some limited 
sensitivity of supplemental UV and resulting 
species-specifi c effects on photosynthetic 
rate and biomass production (Larsson et al. 
 2009 ). For a majority of lichens, exposure to 

increased quantities of UV-B radiation leads 
to increased synthesis of photoprotective, 
UV-absorbing compounds, such as phenolics 
(Buffoni Hall et al.  2002 ) parietin, melanic 
compounds (Solhaug and Gauslaa  2004 ; 
Solhaug et al.  2003 ) and usnic acid (McEvoy 
et al.  2006 ). In lichen thalli – in the upper cor-
tex layer, in particular – these compounds 
protect photosynthetic pigments located in a 
photobiont cells in underlying layer.   

   C. Temperature-Dependence 
of Photosynthesis 

 Similarly to higher plants, the rate of photo-
synthesis and production in lichens is also 
temperature- dependent including aquatic 
lichens (Davis et al.  2002 ). Therefore, tem-
perature response curves can be measured 
and interspecifi c differences in temperature 

  Fig. 20.9.    Slow chlorophyll fl uorescence kinetics and maximum fl uorescence induced by saturation light pulses 
applied to liches in  dark-adapted  and  light-adapted  states. Untreated  Usnea antarctica  ( solid line ) is exposed to a 
30/60 min high  light treatment  ( solid bold line ) and consequent dark recovery ( dashed line ). The recovery in the 
 dark  is faster when thalli are exposed for longer periods (60 min) indicating the involvement of photoprotective 
and regulatory process in chloroplasts (Reprinted from Barták et al.  2012  with the permission of the Masaryk 
University Press).       
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tolerance can be evaluated. Due to poikilo-
hydric character of the lichen thallus, how-
ever, an increase in thallus temperature is 
accompanied with gradual loss of water. In 
natural conditions, temperature-induced 
change in photosynthetic rate can therefore 
not be distinguished from dehydration-
dependent changes. Several studies evalu-
ated photosynthetic temperature-response 
curves in lichens that were maintained opti-
mally hydrated in laboratory studies. For 
many lichens, the temperature optimum for 
photosynthesis varies between 10 and 22 °C. 
Individual temperature optima depend on 
lichen adaptation/acclimation to particular 
growing habitats (tropical, mountainous, 
polar etc . ), as well as other physical environ-
mental factors including light intensity. If a 
lichen is exposed to a lower than optimum 
light level, a decrease in optimum tempera-
ture for photosynthesis is observed (Reiter 
et al.  2008 ). Many lichens are capable of 
maintaining high photosynthetic rates (of 
about 80 % of maximum photosynthesis) 
within a temperature range of 5–20 °C 
(Hájek et al.  2001 ). The critical maximum 
temperature for lichen photosynthesis is 
about 40 °C for both tropical and high-
mountain lichen species (Lange et al.  2004 ; 
Hájek et al.  2001 ). However this parameter 
(maximum temperature) has mostly 
 theoretical value, as such high temperature 
will  usually also cause rapid dessication 
of the lichen in most environments. 
At 40 °C, wet and fully photosynthetically 
active thalli can hardly be found in the fi eld. 

 The only exception are tropical lichens. At 
temperature above optimum, absolute rate of 
lichen respiration increases as well as pro-
portion of respiration to photosynthesis. This 
is attributed mainly to the respiration of 
mycobiont which forms substantial part of 
overall thallus CO 2  release. Short-term high 
temperature stress in hydrated lichens leads 
to the loss of effecti vity of photosynthetic 
processes in photosystem II and, if the 
capacity of protective mechanisms is low, 
to the injury of PSII structure in photo-
synthetizing symbiont (e.g. destruction of 
the Mn-cluster – Oukarroum et al.  2012 ), as 

well as partial disintegration of thylakoid 
membrane structure. 

 Contrastingly to higher plants, majority of 
lichens can perform photosynthesis at tem-
perature far below zero even under snow 
cover (Kappen  1993 , Pannewitz et al.  2006 ). 
This capability is facilitated by the presence 
of molecules in lichen thallus, such as e.g. 
polyols that prevent freezing. The critical 
temperature for lichen photosynthesis can 
drop to values about −20 °C as has been 
demonstrated by gasometric (Kappen et al. 
 1996 ) and fl uorometric studies (Barták et al. 
 2007 ) in lichens from polar and alpine 
regions. In many fi eld and laboratory stud-
ies, photosynthetic parameters, such as e.g. 
F v /F m  and ϕ PSII  are used as indicators of 
 cryoresistance of lichens and their ability 
to survive long-term periods at freezing 
 temperature (in dry state) without signifi -
cant damage to photosynthetic apparatus. 
However, freezing experiments with lichen 
species from cold habitats showed that wet 
thalli may perform substantial photosynthe-
sis at below zero temperature (e.g.  Usnea 
antarctica  – see Fig.  20.10 ). During rapid 
cooling, both F v /F m  and ϕ PSII  of lichen thallus 
decline, in a S-curve type manner. While F v /
F m  is more or less constant within the range 
of 20 to −10 °C, ϕ PSII  tends to decline more 
rapidly indicating gradual temperature- 
dependent inhibition of Photosystem II.

   The algal photobionts are remarkable 
resilient to freezing. Even when shock-frozen 
in liquid nitrogen, lichen symbiotic algae of 
the genus  Trebouxia  survive to a certain 
extent (typically 30 % of algal population, 
Hájek et al.  2012 ) and are able to restore their 
photosynthetic performance during subse-
quent cultivation.   

   IV. Important Chemical Factors 
Affecting Photosynthesis 

   A. Availability of Nutrients 

 The typical lichen habitat only provides poor 
access to nutrients. This limitation also effects 
photosynthetic performance. Consequently, 
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lichens can increase photosynthetic rate when 
nutrients – nitrogen in particular – are avail-
able (see e.g. Davis et al.  2000 ). A study by 
Palmqvist et al. ( 1998 ) demonstrated that 
lichens with higher nitrogen content exhibit 
higher gross photosynthetic rate, but lower 
photosynthetic nitrogen use effi ciency. It is 
well established that when nitrogen is avail-
able to a lichen, larger amount of nitrogen is 
invested in both, the algal and fungal partner. 
The nitrogen partiniting between the algal and 
fungal partner is likely species specifi c 
(Palmqvist et al.  2002 ). Nitrogen fertilization 
experiments show that additional nitrogen is 
used to synthesize proteins, chlorophyll and 
ribitol, the photosynthetic product of algal 
photobiont that can be supplied to the fungal 
partner (Dahlman et al.  2003 ).  

   B. Heavy Metals 

 With few exceptions of heavy metal-tolerant 
species (e.g.  Xanthoria parietina ), lichens 
are considered good indicators of toxic 
environmental pollution (Beckett and Brown 

 1983 ). It is well established that lichen abun-
dance and distribution decreases with heavy 
presence of heavy metals. This susceptibility 
is a result of lichens’ disposition to accumu-
late heavy metals. Heavy metal accumula-
tion is thought to lead to ROS formation, and 
consequently to lipid peroxidation and dam-
ages to proteins and nucleic acids. 

 On the level of the photobiont, a decrease 
in the integrity of chlorophyll molecules that 
can in extreme cases also lead to a severe 
decrease in of chlorophyll content, that 
limits and inhibits photosynthetic processes 
(Bačkor and Fahsett  2008 ; Bačkor and Loppi 
 2009 ). Interestingly evidence from labora-
tory stu dies suggest that heavy metal-sensi-
tive and – tolerant  Trebouxia  strains exist. 

 While there is amply evidence from 
laboratory experiments, fi eld studies that 
investigate the effect of heavy metals on pho-
tosynthesis are less frequent. Garty et al. 
( 2002 ) reported a decrease of capacity of 
photosynthetic processes in PSII (F v /F m ) in 
epilithic fruticose lichen  Ramalina macifor-
mis  exposed to a mixture of heavy metal ions 

  Fig. 20.10.    Temperature   -dependent decrease of potential quantum yield of PSII (F v /F m  – potential yield of PSII 
photosynthesis) recorded during linear cooling of  Usnea antarctica  thallus from +20 to −30 °C (cooling rate 
0.5 °C/ min). Photochemical processes in PSII show slight decrease in the temperature range (−12 to +20 °C), 
dramatic decrease within the range of −12 to −20 °C. The critical point for photosynthesis (assessed by chloro-
phyll fl uorescence) is about −22 °C.       

 

Miloš Barták



393

from industrial pollution. The decrease in 
photosynthetic performance is attributed to 
the degradation of chlorophylls, leading to a 
decrease in variable chlorophyll fl uores-
cence. Therefore, heavy metal exposure in 
lichens may be assessed as an decrease in 
minimum (F o ) fl uorescence, variable chlo-
rophyll fl uorescence (F v ) and chlorophyll 
fl uorescence parameters derived from those 
signals (Kupper et al.  1998 ). 

 The extent of heavy metal-induced inhibi-
tion of photosynthetic processes differs 
among lichen species. Several species, espe-
cially those grown near copper mines, exhibit 
increased tolerance to heavy metals. Such 
organisms have increased content of phyto-
chelatins, glutathione (Bačkor et al.  2009 ) 
compared to similar organisms living away 
from pollution sources.   

   V. Lichen Photosynthesis in the Field 

   A. Overview of Typical Environments 

 Over last several decades, numerous short- 
and long-term studies have been conducted 
that involved measurements of lichen photo-
synthesis in the fi eld. In addition to the pio-
neering studies of O. Lange and his 
co-workers, who started photosynthesis 
measurements of lichens in semi-desert eco-
systems (Lange et al.  1970 ), a wide range 
ecosystems and biotopes has been investi-
gated (see below). Initially these studies 
have utilized infra-red gas (CO 2 ) analysers, 
that were later complemented by a variety of 
chlorophyll fl uorescence measurements and 
environmental sensors. 

 Detailed fi eld studies can assess the 
 diurnal courses of lichen photosynthesis 
simultaneously with microclimatological 
and environmental parameters. Such 
approaches enables the identifi cation of the 
key factors that limit photosynthesis in par-
ticular location (see e.g. Lange  2002 ), as 
well as primary productivity of lichens (e.g. 
Green and Lange  1991 ; Uchida et al.  2006 ). 

 In tropical rain forests, net photosynthetic 
rate of algal and cyanobacterial lichens is 

generally high, but also show season- 
dependent variation (Lange et al.  2004 ). 
During moist period ( i.e.  overcast days), 
light is limiting, while during the periods 
with high photosynthetically active radia-
tion, thalli dehydration is limiting lichen 
photosynthesis. 

 Water limitation is the key factor that 
determins lichen photosynthesis in deserts 
and semideserts, where lichens are compo-
nents of soil crusts. It has been shown for a 
variety of lichen species from the Negev des-
ert (Lange et al.  1977 ;    Palmer and Friedmann 
 1990 ) and Namib desert (Lange et al.  1994 , 
 2006 ) that aerial moisture is a crucial factor 
for photosynthesis and the survival of crust-
forming lichens. Nocturnal fog and/or early 
morning dew hydrates lichen so that they are 
able to perform positive net photosynthesis 
for a short period of time after sunrise. 

 Several long-term studies on lichen pho-
tosynthesis in mountainous ecosystems have 
been conducted (Reiter and Turk  2000 ; 
   Reiter et al.  2008 ). These studies addressed 
interaction of water availability and tempera-
ture and their effect on photosynthetic per-
formance of  Xanthoria elegans ,  Umbilicaria 
cylindrica , and  Brodoa atrofusca , respec-
tively. Continuous fi eld measurements of 
net photosynthesis and respiration revealed 
that in the particular alpine ecosystem, the 
species were photosynthetically active only 
16–25 % of the observation time. The most 
limiting factor for photosynthesis was dehy-
dration of thalli. Interspecifi c comparison 
showed that  X. elegans  is the most photosyn-
thetically active among the three species. 

 Similar long-term studies were carried out 
in polar regions, particularly in Antarctica. 
Using automation the effective quantum 
yield (ϕ PSII ) of lichen photosynthesis was 
continously evaluated. Measurements can be 
recorded over weeks (see Fig.  20.11 ) and 
even several seasons (Schroeter et al.  2011 ). 
These measurements clearly show the limita-
tion of lichen photosynthesis by thallus 
dehydration, freezing of thalli and unavail-
ability of light during the polar night.

   While continuous long-term fi eld mea-
surements of lichen photosynthesis provide 
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unparalleled insights in the ecophysiology of 
lichens, fi eld studies that acquire data in 
week or month intervals can also be very 
informative. Such studies can reveal general 
trends in acclimation of lichen photosyntheis 
and provide additional data that require 
direct interactions with the sample (e.g. 
quantifi cation of photosynthetic pigments) 
(Piccotto and Tretiach  2010 ).  

   B. Special Environments 

 In addition to ecosystems on Earth, lichen 
photosynthesis has been also investigated in 
extraterrestrial space. Here lichen photosyn-
thesis may serve as a marker for surviving 
conditions experienced in space (Gomez 
et al.  2012 ). Within the last decade, several 
prefl ight tests have performed to test the 
resistance of lichens to freezing tempera-
ture, vacuum and UV radiation using chlo-
rophyll fl uorescence characteristics in 

 Rhizocarpon geographicum  and  Xanthoria 
elegans . 

 Short-term exposure of lichens to extra-
terrestrial (orbital) conditions was evaluated 
in the year 2005 within the FOTON_M2 
spacecraft mission using the BIOPAN facil-
ity. Based on these studies, a long-term 
(18 months) lichen exposure experiment was 
performed within the EXPOSE-E experi-
ment onboard the International Space Station 
(ISS) in 2008/2009. These experiments 
showed that the experimental lichen species 
survive open space conditions in a dry state 
and restore their photosynthetic activity with 
only minor signs of damage when rewetted 
under laboratory conditions (de la Torre 
et al.  2010 ).   

   VI. Methods for Assessing Lichen 
Photosynthesis 

 A wide array of methods is available to study 
photosynthesis in lichens and their isolated 
photobionts. Assessment of photosynthetic 
CO 2  fi xation by measuring gas exchange is 
frequently employed in the fi eld and labora-
tory. Due to the small dimensions of lichen 
thalli, necessity of maintaining a constant 
hydration state, impossibility of deattaching 
crustose lichen thalli from stone surfaces, 
these gasometric measurements typically 
require specifi cally-modifi ed measuring 
chambers (e.g. clap-cuvette – Lange et al. 
 1986 ,  2007 ). In spite of these diffi culties, 
many studies demonstrate the acquisition of 
gas exchange measurements to characterize 
lichen photosynthesis. 

 Measurements of chlorophyll fl uores-
cence parameters are also widely used in 
lichen photosynthesis studies. Fluorometers 
are relatively robust and cost-effective instru-
ments. Apart of generally well- established 
indicators of potential (F v /F m ) and actual 
(ϕ PSII  ) effectivity of PSII processes, there are 
several parameters used in the evaluation of 
stress in lichen photosynthesis, such as e.g. 
non-photochemical quenching (NPQ, qN) and 
its components related to the involvement of 
energy- dependent (qE), state one-state two 

  Fig. 20.11.    Field installation of a fl uorometer for 
long-term measurements of effective quantum yield of 
photosynthetic processes in  Xanthoria elegans  (James 
Ross Island, Antarctica) (Photo M. Barták).       
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transition (qT) and photoinhibitory (qI) pro-
cesses in PSII. Such approach enables to 
determine negative effects of particular 
stress factors in chloroplast of a lichen pho-
tobiont. Almost all chlorophyll fl uorescence 
measuring techniques are used in lichens to 
address specifi c aspects of lichen photosyn-
thesis. Fast chlorophyll fl uorescence tran-
sients (OJIPs) were exploited to characterize 
absorbed light energy transformation in PSII 
and photochemical photosynthetic machin-
ery. At OJIP curves measured on symbiotic 
lichen alga  Trebouxia , Ilík et al. ( 2006 ) 
reported unusual dip that differs from evi-
dence from higher plant. It was attributed to 
fast reoxidation of electron carriers in chlo-
roplastic thylakoid membranes caused by 
activation of ferredoxinNADP + oxidoreduc-
tase or Mehlerperoxidase. Oukarroum et al. 
( 2012 ) used OJIPs to evaluate heat stress 
effect in PSII of optimally hydrated thallus 
of  Parmelia tiliacea . The study focused on 
high temperature-induced occurrence of K 
and M peaks at the OJIP transient. K and M 
values are indicative for heat stress effects in 
PSII. Recently, visualization techniques are 
increasingly used in many fl uorometric 
 studies (e.g. Barták et al.  2000 ) enabling to 
distinguish intrathalline differences in lichen 
photosynthetic performance (see Fig.  20.12 ). 
Tens of chlorophyll fl uorescence parameters 
are available to evaluate the heterogenetity of 
photosynthesis caused over lichen thalli by 
patterned distribution of photosynthetizing 
photobionts (Jensen et Siebke  1997 ) photo-
inhibitory (Barták et al.  2006 ), temperature 
and osmotic stress (Hájek et al.  2006 ). 
Recently, development of automated and 
even robotic fl uorometers that are used in 
many applications in higher plants is very 
promising and future application chlorophyll 
fl uorescence imaging in ecophysiological 
studies of lichen photosynthesis might be 
expected.

   Oxymetric methods in lichen photosyn-
thesis research have only been employed 
recently and only to a limited extent. In 
principle, the method is based on a Clark-
type oxygen electrode housed in a chamber 
that interfaces with the lichen. Typically 

these instruments are used to assess photo-
synthetic O 2  evolution in response to light, 
temperature and hydration status of lichens 
(Charles  2011 ; Aubert et al.  2007 ). Due to 
the small chamber volumes of these 
 instruments a constant hydration state of 
lichen thallus can be maintained for longer 
periods than during CO 2  exchange 
measurements. 

 Another application of oxymetric meth-
ods is the measurement of oxygen exchange 
in algal/cyanobacterial cultures of photobi-
onts isolated from lichen thalli and cultivated 
in liquid media. However the isolated photo-
bionts cultivated in cultures differ in their 
photosynthetic performance from their 
natural behaviour of their lichenized forms. 
Studies that contrast the performance of 
mycobiont and photobiont collective with 
the isolated photobiont can be used to char-
acterize features that arise from interactions 
within lichens. 

 Carbon isotopes are also used in the eval-
uation of lichen photosynthesis. Stable iso-
tope (13C) discrimination is typically used to 
distinguish between photosynthesis and res-
piration and also between the presence 
or absence of carbon concentration mecha-
nisms (Máguas et al.  1993 ). Radioactive car-
bon isotope (14C) is used for identifi cation of 
photosynthetic products of lichen photobi-
onts and secondary metabolites such as sug-
ars, polyols and lichen acids (Eisenreich 
et al.  2011 ). Recently, the approach has been 
used as an effective tool to assess lichen 
metabolomics in  Cladonia portentosa  
(Freitag et al.  2012 ).     
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  Fig. 20.12.    Chlorophyll fl uorescence imaging visualizes several physiological and photosynthetic processes in 
lichens. ( a ) Image of the chlorophyll fl uorescence signal (intensity indicated by color) reveals higher amount 
of chlorophyll ( red ) and less developed  dark pigmentation  ( yellow ) of the central (young and growing) thallus 
part of  Lasallia pustulata : Older and more  dark-pigmented  marginal parts show low chlorophyll fl uorescence 
( green  and  blue ). ( b ) Intrathalline heterogeneity of effective quantum yield of photosynthetic processes (ϕ PSII ) in 
 Umbilicaria antarctica . The  blue  line across the thallus area indicates inhibited photosynthesis due to mechanical 
stress caused by repeated dehydration-dependent movements. In response to desiccation, the thallus bends along 
by the  blue  line. ( c ,  d ) Distribution of photoinhibition (assessed by F v /F m ) in a fully-hydrated  Lasallia pustulata  
thallus induced by high light treatment. The reduction of F v /F m  from pre-photoinhibory state (F v /F m  = 0.648) to 
high light state (F v /F m  = 0.530) is indicated by color shift form orange (see  c ) to  yellow  and  green  (see  d ). ( e ,  f ) 
Photoinhibition caused by high light (650 μmol m −2  s −1  for 2 d) in the dry thallus of foliose lichen  Lobaria 
pulmonaria . Maximum photosynthetic activity (ϕ PSII ) is observed close to the tips of thallus lobes in the untreated 
control ( red  and  yellow  in panel  e ). In the desiccated state, a part of thallus bends and so provides a shield against 
incident radiation. As a consequence, one part of thallus exhibits very limited photoinhibition (indicated in  yellow  
in panel  f ) while the rest of thallus (unshielded by overlaped part) is severely photoninhibited ( blue ).       
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 Summary     

The metabolic capacity of the eukaryotic cell to convert free energy contained in nutrients 
into ATP is a process accomplished by a multi-step system: the mitochondrial respiratory 
chain. This chain involves a series of electron-transferring enzymes and redox co-factors, 
whose biochemical characterization is the collective result of more than 50 years of scien-
tists’ endeavors. The current knowledge describes in detail the structure and function of the 
individual proton-translocating “core” complexes of the respiratory chain (Complex I, III, 
IV). However, a holistic approach to the study of electrons transport from NAD- dependent 
substrates to oxygen has recently directed our attention to the existence of specifi c albeit 
dynamic interactions between the respiratory complexes. In this context, the respiratory 
complexes are envisaged to be either in form of highly ordered assemblies (i.e. supercom-
plexes) or as individual enzymes randomly distributed in the mitochondrial membrane. 
Either model of organization has functional consequences, which can be discussed in terms 
of the structural stability of the protein complexes and the kinetic effi ciency of inter-complex 
electron transfer. Available experimental evidence suggests that Complex I and Complex III 
behave as assembled supercomplexes (ubiquinone- channeling) or as individual enzymes 
(ubiquinone-pool), depending on the lipid environment of the membrane. On the contrary, a 
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        I. Introduction 

 The recent fi ndings in the study of electron 
transfer and energy transformation in mito-
chondria are the logical consequence, as we 
observe in many other sciences, of a continu-
ous development of knowledge, through 
more than 50 years. In this view, the reader 
may appreciate an historical introduction 
that emphasizes some retrospective land-
mark studies on the respiratory chain prior to 
a description of more recent scientifi c 
endeavors leading to advances in under-
standing of mitochondrial respiration. 

 Following this line of thought, we will 
fi rst point out that it was recognized early on 
that the metabolic capacity of the cell to con-
vert free energy from nutrients into ATP is a 
process accomplished by a multi-step system 
involving molecular oxygen. Researchers 
soon realized the very complex nature of res-
piration and fundamental differences of this 
process from fermentation and glycolysis, 
which were also investigated at the time. 

 In the fi rst edition of his textbook about 
bioenergetics, Albert L. Lehninger ( 1965 ) 
describes the molecular basis of energy- 
conversion in mitochondria by schematically 
drawing a fl ow chart (Fig.  21.1  top) that con-
sists of “a series of cytochromes, which are 

electron-transferring enzyme molecules 
containing deeply colored active groups…
comprised of porphyrin and iron”. In this 
scheme, electrons can enter via one of two 
fl avoproteins (FP) that accepts electrons 
either from reduced nicotinamide adenine 
dinucleotide (now conventionally referred to 
as NADH, formerly known by the name 
“reduced diphosphopyridine nucleotide” and 
abbreviated as DPNH), or from succinate.

   The electron donors are arranged in a 
thermodynamic series of decreasing “elec-
tron pressure” where only the last cyto-
chrome, called the “respiratory enzyme” or 
cytochrome oxidase, gives up its electron 
directly to molecular oxygen. Four such 
electron transfers are required to form water 
(Chance and Williams  1956 ). Since it was 
known that the components of the respira-
tory chain are located in mitochondria in 
simple ratios to each other (Criddle et al. 
 1962 ; Green and Wharton  1963 ) and cyto-
chromes can carry only one electron at a 
time whereas FP can carry two at a time, the 
fl ow of electrons down the chain was written 
out allowing each cytochrome to react twice 
in a series of fi ve sequential oxidation- 
reduction reactions connected by a common 
substrate intermediate. However, Lehninger’s 
chart (Lehninger  1965 ) did not show an 
important detail of the respiratory chain that 
a number of investigators had already sug-
gested (   Racker  1965 ): electrons donated 
from NAD- and FAD-dependent dehydroge-
nases funnel into a common acceptor, ubi-
quinone (Morton  1958 ; Crane et al.  1957 ), 
which in turn feeds into the cytochrome sys-
tem (Lester and Fleischer  1961 ; Hatefi  et al. 
 1962b ; Green and Tzagoloff  1966 ; Lenaz 
et al.  1968 ). 

strict association of Complexes III and Complex IV is not required for electron transfer via 
cytochrome  c  ,  although there are supercomplexes in bovine heart mitochondria, known as 
the respirasomes, that also include some molecules of Complex IV. Our recent experimental 
results demonstrate that the disruption of the supercomplex I 1 –III 2  enhances the propensity 
of Complex I to generate the superoxide anion; we propose that any primary source of oxida-
tive stress in mitochondria may perpetuate generation of reactive oxygen species by a vicious 
cycle involving supercomplex dissociation as a major determinant.  

 Abbreviations:     BN-PAGE    – Blue native polyacrylamide 
gel electrophoresis;      C I–IV     – Metabolic fl ux control 
coeffi cient of the corresponding respiratory complex;    
  CoQ    – Coenzyme Q ubiquinone;      EPR    – Electron para-
magnetic resonance;      ETF    – Electron transfer fl avo-
protein;      FP    – Flavoprotein;      O 2  − ·    – Superoxide anion;    
  OXPHOS    – Oxidative phosphorylation system;      PL    – 
Phospholipids;      ROS    – Reactive oxygen species;      SDS    – 
Sodium dodecyl sulfate    
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 It is worth noting that those early investi-
gators presented the electron carriers of the 
respiratory chain as geometrically fi xed 
assemblies, located next to each other in the 
exact sequence in which they interact and 
intimately connected with the lipid compo-
nents of the mitochondrial membrane (see 
also Sect.  III ). These assignments were 
derived from available staining methods 
using electron microscopy, which demon-
strated the existence of clusters of cyto-
chromes and fl avoproteins studded in the 
inner membrane at regular intervals about 
200 Ǻ apart (Fig.  21.1  bottom). These studies 
also revealed for the fi rst time that the high 
molecular weight enzymes responsible for 
the formation of ATP project from the inner 
surface of the inner mitochondrial mem-
brane (Fernandez-Moran  1963 ). 

 In Lehninger’s scheme, three segments of 
the chain contribute a relative large amount 

of free energy that was suggested to serve for 
donating high-energy phosphate groups to 
ATP generation (Chance and Williams 
 1955 ). Although the sequence of the cyto-
chromes in the respiratory chain was known 
in principle, Lehninger ( 1965 ) had stated 
that “many important details remain to be 
established with more certainty” for a clear 
description of the bioenergetic role of 
 respiration. Indeed, a lot of effort in the fol-
lowing years was spent in the vain search of 
the hypothesized high-energy intermediate 
compounds that could convey energy and 
phosphate to the ADP molecule (chemical 
coupling hypothesis). 

 By the time that the second edition of 
Lehninger’s textbook was published 
(Lehninger  1971 ), interesting progress was 
made in understanding the molecular organi-
zation of the respiratory chain. The kinetic 
properties of the respiratory protein complexes 

  Fig. 21.1.    Scheme of the respiratory chain as originally drawn by Lehninger ( 1965 ). ( Top ) Flow chart of electron 
transfer; ( Bottom ) Respiratory assembly.  D  reduced diphosphopyridine nucleotide,  FP  fl avoprotein,  SD  succinate 
dehydrogenase,  b, c, a, a   3   designate the cytochromes,  X, Y, Z  designate hypothetical high-energy intermediates 
(see text for details).       
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were unraveled by systematic studies in 
 purifi ed segments of the respiratory chain 
(Griffi ths and Wharton  1961 ; Hatefi  et al. 
 1962a ; Baum et al.  1967 ). However, despite 
years of hard work, the exact mechanism, by 
which ATP is generated during electron trans-
port, was still debated. It became clearer and 
clearer, however, that the intactness of the 
inner membrane is an essential element in the 
process of oxidative phosphorylation of ADP. 
Furthermore, it was emphasized that H +  ions 
may be pumped out of the mitochondrial 
matrix during electron transport (Mitchell and 
Moyle  1967 ). Those observations suggested 
possible mechanisms for the conversion of 
redox energy into phosphate- bond energy 
(Hinkle et al.  1972 ; Ragan and Hinkle  1975 ; 
Leung and Hinkle  1975 ) other than the previ-
ous ‘chemical coupling model’: alternative 
thinking culminated in the ‘chemiosmotic 
hypothesis’ proposed by Peter Mitchell ( 1975 ) 

and the demonstration that the  proton gradient 
produced across the inner mitochondrial 
 membrane concomitantly with the electron 
transport along the respiratory chain is the 
immediate driving force for ATP formation. 

 Since then, the characteristics of the respi-
ratory chain from a wide variety of sources 
have been enriched by growing evidence 
describing in detail the structure and function 
of the proton-translocating “core” complexes 
(Complex I, III, IV). Several auxiliary 
enzymes that reduce ubiquinone (Coenzyme 
Q, CoQ), bypassing Complex I, or that 
deliver electrons directly from reduced ubi-
quinone (ubiquinol) to oxygen bypassing 
Complex III and IV were also described 
(Fig.  21.2 ). All those auxiliary enzymes are 
characterized by the lack of energy- 
conserving mechanisms of proton transloca-
tion (see Chap.   9    ) Lenaz and Genova  2010  
for a review).

  Fig. 21.2.    A schematic drawing of the respiratory chain depicting the protein complexes and their substrates in 
relation to the inner mitochondrial membrane. Complex I is depicted as a component of the I 1 III 2 IV 1  supercomplex; 
whereas Complex III and Complex IV are also shown in their free form. The  white arrows  represent the major sites 
of ROS generation.  I  NADH-ubiquinone oxidoreductase,  II  succinate-ubiquinone oxidoreductase,  III  ubiquinol-
cytochrome c oxidoreductase,  IV  cytochrome oxidase,  ND   i    and ND   e   internal and external alternative NAD(P)H 
dehydrogenases,  AOX  alternative oxidase,  αGP  glycerol-3-phosphate,  ETF  electron transfer fl avoprotein,  DHO  
dihydroorotate,  CoQ  Coenzyme Q ubiquinone,  C  cytochrome  c ,  P66  cytochrome  p  66  (see text for details).       
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   The present chapter will discuss available 
evidence concerning the supramolecular 
organization of the respiratory enzymes that 
are envisaged to be either in the form of 
highly ordered assemblies (i.e. supercom-
plexes), or as individual enzyme units that 
are randomly distributed in the mitochon-
drial membrane. We will characterize the 
functional consequences of inter-complex 
electron transfer in both of these models of 
organization.  

   II. Electron Transport and Proton 
Translocation in Mitochondrial 
Membrane Systems 

   A. Redox Centers 

 Several redox centers that are associated 
with enzyme complexes allow electron trans-
fer in the respiratory chain that follows a gra-
dient in midpoint potential (E m ). The 
electrons donated by NADH at E m = −320 mV 
are accepted by FMN in Complex I and then 
transferred to a series of iron-sulphur clus-
ters (Fe-S centers) (Ohnishi et al.  1998 ). 
NADH-ubiquinone oxidoreductases from 
different sources have different numbers of 
Fe-S centers, most of which share the same 
midpoint potential (Dutton et al.  1998 ). 
Recently, the arrangement of the prosthetic 
groups in the hydrophilic domain of Complex 
I from  Thermus thermophilus  has been deter-
mined by x-ray crystallography, showing a 
linear chain of seven conserved clusters (i.e. 
N3, N1b, N4, N5, N6a, N6b, N2), whereas 
two additional clusters do not participate in 
the main pathway and have been proposed to 
represent an evolutionary remnant (cluster 
N7) and a possible anti-oxidant center (clus-
ter N1a) (   Hinchliffe and Sazanov  2005 ; 
   Sazanov and Hinchliffe  2006 ). N2, which is 
a Fe 4 -S 4 -type center, has the most positive E m  
(between −50 and −150 mV) and is 
 considered to be the direct electron donor to 
ubiquinone, being most likely located along 
the interface between the peripheral and the 
membrane arm of Complex I where the 
ubiquinone head group could be located, 

as suggested by Brandt et al. ( 2003 ). The 
mechanism of ubiquinone reduction by 
Complex I is particularly intriguing, because 
more than one bound quinone species has 
been assigned to the enzyme (Magnitsky 
et al.  2002 ); a tentative two-step scheme was 
drawn by Fato et al. ( 2009 ) where a Fe-S 
cluster located upstream of N2 may act as a 
switch for electron delivery. 

 Most certainly, ubiquinone molecules 
bound to Complex I coexist with a mobile 
pool of molecules in the inner mitochondrial 
membrane (ubiquinone-pool). This pool is of 
crucial importance for various ubiquinone- 
reducing dehydrogenases to connect with 
Complex III (see also Sect.  III ). As schemati-
cally depicted in Fig.  21.2 , among those 
dehydrogenases is Complex II, which con-
veys electrons to ubiquinone through one 
covalently linked FAD, three Fe-S centers 
acting in sequence, and a single  b- type heme 
with a very positive E m  (Yankovskaya et al. 
 2003 ; Horsefi eld et al.  2006 ). Moreover, 
some rotenone-insensitive NADH dehydro-
genases (Yagi et al.  2001 ) and other auxiliary 
enzymes involved in different metabolic 
pathways (i.e. glycerol-3-phosphate dehy-
drogenase, ETF-ubiquinone oxidoreductase, 
choline dehydrogenase, dihydroorotate 
dehydrogenase, malate dehydrogenase) can 
donate electrons through their prosthetic 
groups into the ubiquinone-pool at an E m  
around zero. Electrons move from ubiquinol 
via the Fe-S center and to cytochrome  c  1  and 
involvement of  b -cytochromes in Complex 
III (Covian and Trumpower  2008 ; Cramer 
et al.  2011 ; and Chap.   8    ) to cytochrome  c  
(E m  = +230 mV). 

 Electrons transported by cytochrome  c  
are donated to Complex IV, where elec-
trons transfered to oxygen via the Cu A  cen-
ter (which acts as a single-electron 
receptor), heme a, heme a 3 /Cu B  center, and 
heme a3 (cf. Belevich and Verkhovsky 
 2008  for extensive review). However, in 
some mitochondrial systems, like plant 
mitochondria, alternative oxidases (see 
Chap.   9    ) are able to reduce molecular oxy-
gen by directly accepting electrons from 
ubiquinol (Krab  1995 ).  
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   B. Protonic Coupling 

 Electron transport along the respiratory 
chain is directly coupled to the translocation 
of protons from the mitochondrial matrix 
(H +  in ) to the intermembrane space. This H + -
pumping is operated by Complex I, III and 
IV. The change in redox energy mediated by 
the three sites is far from equal, with the 
smallest at Complex III (250 mV), the next 
larger at Complex I (360 mV) and the largest 
at Complex IV (470 mV). 

 The coupling of oxidation-reduction 
reactions to the deprotonation-protonation 
of ubiquinol/ubiquinone within the cyto-
chrome  bc  1  complex is central to the mecha-
nism of proton translocation at site-2, as 
described in the ubiquinone-cycle model 
proposed by Mitchell ( 1975 ) and in subse-
quent discussion of his model (for a review, 
see Cramer et al.  2011 ). Different energy 
coupling mechanisms have been proposed 
for the other two sites. In particular, the 
x-ray crystallographic structure of bovine 
cytochrome  c  oxidase shows possible path-
ways extending across the enzyme where 
cooperative linkage between the heme a/Cu A  
redox center and nearby acid/base protolytic 
residues is envisaged to result in the uptake 
and vectorial translocation of protons from 
the matrix surface (N space) toward the 
cytosolic surface (P space) in association 
with the oxygen reduction chemistry at the 
binuclear center (heme a 3 /Cu B ) (Brzezinski 
and Gennis  2008 ;    Papa et al.  2006a ; Belevich 
et al.  2007 ). Based on the emerging struc-
tures of the bacterial (Efremov et al.  2010 ) 
and mitochondrial (Hunte et al.  2010 ) 
Complex I, a hypothetical mechanism for its 
redox-driven proton pumping proposed that 
two conformational strokes,  generated dur-
ing turnover by the stabilization of semiqui-
none/quinol molecules in the peripheral arm 
of the enzyme, can drive two membrane 
integral pump modules connected by a long 
helical “transmission element”. The overall 
proposed pumping cycle is reminiscent to 
the function of a coupling rod of a stem 
engine (Efremov and Sazanov  2011 ). 
However, the actual mechanism how redox 

chemistry and proton pumping are coupled 
remains elusive. Very recent insights into 
the molecular architecture of Complex I 
from  Thermus thermophilus  (Baradaran 
et al.  2013 ) provide a complete picture of all 
the components of this giant proton pump 
and suggest that a long chain of charged 
residues, which pass through the middle of 
the membrane integral P-module of the 
enzyme, connects the ubiquinone- binding 
pocket to four putative pump sites consist-
ing of separate proton- input and -output 
channels (Brandt  2013 ). This corroborates 
an earlier proposal that energy transmission 
within Complex I may occur through elec-
trostatic coupling (Euro et al.  2008 ). Future 
functional testing of the predictions in the 
models proposed by Brandt and coworkers 
and by Efremov and coworkers will be of 
critical importance. 

 Protons from the intermembrane space 
(H +  out ) are mainly utilized to drive the syn-
thesis of ATP molecules from ADP and inor-
ganic phosphate by the F 0 F 1 -ATP synthase of 
the mitochondrial inner membrane. Proton 
transport stoichiometries have had a turbu-
lent history, but H +  in /2e −  ratios of 4; 2 and 4, 
respectively for the three proton- translocating 
complexes, and values of H +  out /ATP = 4.3 
(i.e. including energy consumption for 
nucleotide- and Pi-transporters) are gener-
ally accepted today. As a consequence, the 
overall P/O ratio of oxidative phosphoryla-
tion is about 2.5 when NADH-linked sub-
strates are oxidized through Complex I 
whereas the electron donation from the 
flavin dehydrogenases, which reduce ubiqui-
none without pumping protons result in P/O 
values close to 1.5 (Hinkle  2005 ). 

 The controlled dissipation of the proton-
motive force of the H +  gradient through 
reverse proton transloaction mediated by the 
uncoupling proteins of the inner mitochon-
drial membrane (Ricquier  2005 ), and slips in 
the proton pumping of respiratory complexes 
(Kadenbach  2003 ; Papa et al.  2006b ) can 
contribute to preventing excessive and harm-
ful metabolic production of reactive oxygen 
species (ROS) under conditions of high 
reducing power (see Sect.  IV ).   
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     III. Overall Organization of Classic 
and Alternative Redox Complexes 

   A. Working in the Chain Gang or Free? 

 The supramolecular organization of the 
respiratory chain was a major research sub-
ject in the 1970s through the 1980s, culmi-
nating in the ‘random collision model’, of 
electron transfer (Hackenbrock et al.  1986 ) 
accepted by the majority of the investigators 
at the time. Evidence in favor of the random 
collision model derived from direct observa-
tion that: (i) the integral proteins of the inner 
mitochondrial membrane are randomly dis-
tributed in the bilayer (Höchli and 
Hackenbrock  1976 ; Sowers and Hackenbrock 
 1981 ) and phospholipid dilution of the respi-
ratory proteins slows electron transfer 
(Schneider et al.  1982 ); (ii) according to the 
analysis of Kröger and Klingenberg ( 1973 ), 
both ubiquinone and cytochrome  c  behave 
kinetically as homogeneous pools, which 
follow saturation kinetics. 

 On the other hand, circumstantial evi-
dence for the existence of highly aggregated 
protein assemblies in the native membrane 
was already present in early studies on the 
isolation of the respiratory enzymes. Studies 
that obtained purifi ed enzyme fractions com-
prising both Complex I and Complex III 
(Hatefi  et al.  1961 ) or Complex II plus 
Complex III (Yu and Yu  1980 ) are indicative 
of higher level aggregation. We believe that 
the investigators who fi rst discovered the 
mitochondrial respiratory complexes already 
had the key for demonstrating the supercom-
plex organization in their hands, but were 
unaware of it. In addition, a close inspection 
of the fractured faces in the freeze-fracture 
electron micrographs (originally taken as a 
demonstration of long-range random distri-
bution of the mitochondrial particles (Höchli 
and Hackenbrock  1976 )) reveals the 
 apposition of small clusters, and also hints at 
a possible association of the integral mem-
brane proteins. 

 A clear demonstration of such protein 
associations came during the past decade 
from investigations that reported multi- 

complex units in yeast and mammalian mito-
chondria. A distinct structure was observed 
for all these supercomplexes, supporting the 
idea of highly ordered associations of respi-
ratory supercomplexes and discarding most 
doubts that the postulated structures arose 
through artifi cial interactions. In particular, 
polyacrylamide gel electrophoresis under 
non-denaturating conditions (BN-PAGE (see 
Chap.   12    ) in digitonin-solubilized mitochon-
dria of  Saccharomyces cerevisiae , which 
possesses no Complex I, revealed two bands 
with apparent masses of ~750 and 1,000 kDa 
containing the subunits of complexes III and 
IV. Similar interactions of supercomplexes 
were investigated in bovine heart mitochon-
dria: Complex I–III interactions were appar-
ent from the presence of Complex I in the 
form of the I 1 III 2  supercomplex that was also 
found further assembled into larger super-
complexes (respirasomes) comprising different 
copy numbers of Complex IV (I 1 III 2 IV 1–4 ). 
Only 14–16 % of total Complex I was found 
in free form in the presence of digitonin 
(Schägger and Pfeiffer  2001 ). Therefore it 
seems likely that all Complex I is bound to 
Complex III in physiological conditions (i.e. 
in the absence of detergents). 

 Current literature indicates an average 
ratio of oxidative phosphorylation com-
plexes I:III:IV equal to 1.1:3:6.7 (Lenaz 
and Genova  2010 ). Therefore it appears 
plausible that approximately one-third of 
total Complex III in bovine mitochondria is 
not bound to monomeric Complex I. The 
fraction of Complex IV in free form repre-
sents >85 % of total cytochrome oxidase in 
mitochondria. Strong evidence has been 
accumulating that complexes I, III, and IV 
are organized as stoichiometric supercom-
plexes also in plants and in fungi (Eubel 
et al.  2004 ; Krause et al.  2004a ,  b ; Marques 
et al.  2007 ). Interestingly, in contrast to the 
situation in mammals, complexes III and IV 
are not essential for assembly/stability of 
Complex I in the ascomycote fungus 
 Podospora anserina.  The function of the 
arrangement of the respiratory complexes 
in  Podospora anserina  is rather an open 
question, since electrons can be released 
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from dimeric Complex I to the so-called 
alternative oxidase, while Complex III is 
mostly kinetically inactive in this fungus 
(Krause et al.  2006 ; Maas et al.  2009 ). 

 It is worth noting that, in the prevailing 
opinion, Complex II acts as an independent 
enzyme with no specifi c association with 
other OXPHOS complexes, although the 
work of Acín-Pérez et al. ( 2008 ) showed 
Complex II-containing supercomplexes in 
mouse liver mitochondria. Moreover, neither 
the alternative NAD(P)H dehydrogenases 
nor the extra terminal oxidases were found 
associated with the major respiratory com-
plexes (Sunderhaus et al.  2010 ), except in 
 Yarrowia lipolytica  (Ascomycote fungus) 
where the dehydrogenase NDH2e is reported 
to form part of a large supercomplex 
(Guerrero-Castillo et al.  2009 ). 

 A precise docking of the existing atomic 
x-ray structures of individual OXPHOS 
complexes into the cryo-electron microscopy 
map of supercomplexes from a variety of 
sources has resulted in pseudo-atomic mod-
els of their three-dimensional structure 
(Schäfer et al.  2007 ; Dudkina et al.  2011 ; 
Althoff et al.  2011 ; Heinemeyer et al.  2007 ; 
Mileykovskaya et al.  2012 ). It has been also 
proposed (Bultema et al.  2009 ; Strauss et al. 
 2008 ) that the OXPHOS complexes may 
assemble into even higher types of organiza-
tion, forming row-like megacomplexes com-
posed by supercomplexes as building blocks, 
with important implication for the morphol-
ogy of the inner mitochondrial membrane. 
The characterization of the supercomplexes 
by biochemical functional analysis is incom-
plete, so a functional role of the supramo-
lecular assemblies cannot be assigned with 
certainty. 

 Most evidence for a structural coordina-
tion of OXPHOS complexes has been 
obtained by indirect observations indicating 
deviations from “pool behavior” of electron 
transfer reactions involving ubiquinone, and 
from studies directly aimed to demonstrate 
substrate channeling by metabolic fl ux con-
trol analysis of the electron transfer in mito-
chondrial membranes, whereas the study of 
the kinetic properties of isolated supercom-

plexes is still in its infancy. In fact, the fi rst 
functional demonstration of the existence of 
supercomplexes was provided by kinetic 
analysis of the pool function of ubiquinone 
and cytochrome  c  in mitochondria from 
 Saccharomyces cerevisiae  (Boumans et al. 
 1998 ). The fi nding that those mitochondria 
did not follow pool behavior unless treated 
with chaotropic agents was considered a 
peculiarity of this organism, because pool 
behavior was still widely accepted at that 
time. Later on, our studies by Metabolic 
Control Analysis (Bianchi et al.  2004 ) indi-
cated the existence of functional supercom-
plexes in bovine heart submitochondrial 
particles. A strong kinetic evidence of a 
functionally relevant association between 
Complex I and Complex III is provided by 
the high metabolic control of both complexes 
over NADH oxidation (control coeffi cients 
equal 1.06 and 0.99, respectively), whereas 
Complex IV appears to be randomly distrib-
uted, as indicated by its low control coeffi -
cient (C IV  = 0.26). Moreover, Complex II is 
fully rate-limiting for succinate oxidation 
(C II  = 0.88, C III  = 0.34, C IV  = 0.20), clearly 
indicating the absence of substrate channel-
ing toward Complex III and Complex IV. In 
permeabilised mitochondria from freshly 
harvested potato tubers, analogous inhibitor 
titration experiments indicate that Complexes 
III and IV are both involved in the formation 
of a supercomplex assembly that also com-
prises Complex I, whereas the alternative 
dehydrogenases, as well as the molecules of 
Complex II, act as independent structures 
within the inner mitochondrial membrane 
(Genova et al.  2008 ).  

   B. Solid-State or Fluid-State 
Model: Kinetic Advantages 

 Today, a solid-state model of the respiratory 
chain, based on specifi c, albeit dynamic 
interactions between individual respiratory 
components, is well consolidated (Wittig 
and Schägger  2009 ; Lenaz and Genova 
 2007 ,  2009a ,  b ,  2010 ), although its possible 
relation with a random diffusion model of 
electron transfer is not completely clarifi ed. 
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Acin-Perez and coworkers ( 2008 ) propose a 
“Plasticity model” where both types of 
organization are possible and functional, 
depending on different mitochondrial 
 systems and on particular physiological 
states. The dynamic character of the super-
complexes is compatible with the factors 
affecting the association of their subunit 
components: some factors may act in a 
short or medium time scale, such as the 
membrane potential (Piccoli et al.  2006 ; 
Dalmonte et al.  2009 ) or protein phosphor-
ylation/dephosphorylation (Rosca et al. 
 2011 ), whereas other factors may be opera-
tive on longer time scales, such as changes 
in phospholipid composition (for a review, 
see Lenaz and Genova  2012 ). However, a 
recent study (Muster et al.  2010 ) suggests 
that supercomplex dissociation, at least in a 
random fashion, may not be a fast event. 

 Supercomplex association confers several 
new properties to the respiratory chain with 
respect to the non-associated respiratory 
complexes. From a kinetic point of view, the 
most obvious is substrate channeling, spe-
cifi cally addressing ubiquinone and cyto-
chrome  c  to interact directly with the partner 
enzymes, thereby replacing the random dif-
fusion characteristics expected for non- 
associated components. In that case, 
inter-complex electron transfer becomes 
indistinguishable from intra-complex elec-
tron transfer, so that the so-called mobile 
intermediates, predicted to exhibit substrate- 
like behavior in the classic view of the ran-
dom collision model (Hackenbrock et al. 
 1986 ), would rather be buried at the interface 
between two consecutive complexes. Intra- 
protein electron transfer is typically limited 
by tunneling through the insulating protein 
medium between the interacting redox cen-
ters. This electron tunneling is reasonably 
well described by a simple exponential decay 
depending on distance, so that the maximal 
distances that allow for physiological elec-
tron transfer should not exceed 13–14 Å 
(Moser et al.  2005 ). Inter-protein electron 
tunneling obeys the same exponential rate 
dependence on distance as intra-protein elec-
tron transfer; however, in addition  small- scale 

constrained diffusive motions are sometimes 
necessary to bring redox centers within the 
14 Å tunneling limit. 

 Ideally, in order to describe the mecha-
nism of electron transfer within supercom-
plexes formed by apposition of individual 
respiratory complexes connected by poten-
tially mobile cofactors, we should have a 
detailed knowledge of the molecular struc-
ture of the interacting sites. The recent work 
by Althoff and colleagues ( 2011 ) demon-
strates that only few points of direct contact 
are allowed between the three complexes in 
the mammalian supercomplex I 1 III 2 IV 1 , 
because the average distances exceed 2 nm. 
Moreover, the same authors indicate that at 
19 Å resolution the membrane-embedded 
part of the supercomplex shows intermedi-
ate values of density between that of soluble 
protein and the hydrophobic membrane 
interior, thus suggesting that the supercom-
plex is held together at least partly by lipid–
protein interactions. Likely, in Althoff ’s 
model, a gap of about 13 nm between 
Complex I and the proximal Complex III 
monomer is fi lled with membrane lipid 
that would facilitate restricted diffusion 
(microdiffusion) of ubiquinol between the 
ubiquinone-binding sites of the two enzyme 
partners. 

 Data obtained by us in proteoliposomes 
enriched with mitochondrial Complex I and 
Complex III in the presence of ubiquinone 
10 (Genova et al.  2008 ) demonstrate that the 
respiratory complexes behave as individual 
enzymes (ubiquinone-pool behavior) or as 
assembled supercomplexes, depending on 
the distance induced between the intramem-
brane particles by phospholipid dilution. In 
particular, pool behavior is not effective in 
proteoliposomes at 1:1 protein:lipid ratio, 
where Complex I and Complex III are within 
a short range (<50 nm) resembling the mean 
nearest neighbor distance between respira-
tory complexes in mitochondria. In this 
experimental condition, NADH-cytochrome 
 c  reductase activity is indeed higher than 
predicted by the pool equation (Table  21.1 ) 
and BN-PAGE analysis confi rms that 
Complex I and Complex III are mostly 
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assembled in the form of supercomplex I 1 III 2  
(Lenaz et al.  2010 ).

   Therefore, the function of the mobile pool 
of ubiquinone molecules that most certainly 
exist in the inner mitochondrial membrane 
has to be reconsidered in view of the pres-
ence of supercomplexes. As discussed in 
detail by Lenaz and colleagues (Lenaz  2001 ; 
   Lenaz and Genova  2009a ), although electron 
transfer between Complex I and Complex III 
may not be best described by the pool equa-
tion of Kröger and Klingenberg ( 1973 ) and it 
is likely that substrate channeling of ubiqui-
none takes place, the pool equation still 
seems to represent the best description of the 
mechanism of electron transfer from 
Complex II and other fl avin-linked dehydro-
genases to Complex III (or from any dehy-
drogenase, including Complex I, to the 
alternative oxidase when present). In addi-
tion, the ubiquinone pool participates in a 
reverse electron transfer from Complex II to 
Complex I (energy-dependent reduction of 
NAD by succinate). 

 Moreover, the concept of a ubiquinone 
pool remains crucial in evaluating ubiqui-
none channeling from Complex I to Complex 
III. In fact, we may conclude that this pool is 
in equilibrium with protein-bound ubiqui-
none molecules. In addition the ubiquinone 
molecules that facilitate electron transfer 
within the supercomplex I–III may well be in 
dissociation equilibrium with the ubiquinone 
pool. Therefore, at steady state, the amount 
of the supercomplex-associated quinone 
would be dependent on the size of the pool. 

This proposition conforms with the above-
mentioned experimental observations of the 
kinetic behavior in the presence of respira-
tory supercomplexes, provided that the dis-
sociation rate constants of bound CoQ is 
considerably slower than the rate constants 
of inter-complex electron transfer via the 
same bound quinone molecules; however, 
our hypothesis should be explored by further 
experimental analysis. 

 Concerning cytochrome  c , the model of 
the supercomplex I 1 III 2 IV 1  by Althoff and 
colleagues ( 2011 ) suggests that a shallow 
cavity lined by negative charges on the exte-
rior membrane surface near the Cu atoms in 
Complex IV directly faces the similarly 
shaped binding sites of cytochrome  c  on 
Complex III. This arrangement would make 
it possible for the small, globular, partly 
positive cytochrome  c  molecules to pass 
effi ciently from one complex to the other 
along a trajectory of approximately 11 nm. 
Indeed, residual amounts of cytochrome  c  
remaining bound throughout the purifi cation 
procedure of this supercomplex suggest at 
least partial occupancy of specifi c binding 
sites in the supercomplex (Althoff et al. 
 2011 ). This is in accordance with some 
observations from our laboratory also show-
ing the presence of bound cytochrome  c  by 
two dimensional BN/SDS-PAGE analysis 
and Western blot immuno-detection in digi-
tonin-solubilised respirasomes from potato 
tuber mitochondria (Lenaz et al.  2010 ). 
However, despite the presence of some 
molecules of Complex IV in the respirasome 

      Table 21.1.    Experimental and calculated values of NADH-cytochrome  c  reductase in a mitochondrial protein 
fraction diluted with different levels of phospholipids.   

 Protein/PL a   Distance b   NADH-cytochrome  c   V obs  (calculated) c  

 (w:w)  (nm)  (μmol/min/mg protein) 

 1:1  18  0.472±0.091 (7)  0.210 
 1:30  97  0.273±0.028 (4)  0.236 

  Values in brackets indicate multiple experiments 
  a A protein fraction enriched in Complex I and Complex III from bovine heart mitochondria was fused with phospholipids 
(PL) and Coenzyme Q 10  by cholate dilution (Lenaz et al.  1999 ) 
  b The theoretical distances between Complex I and Complex III were calculated according to Hackenbrock et al. ( 1986 ) 
  c NADH-cytochrome  c  reductase activity as calculated from the pool equation of Kröger and Klingenberg ( 1973 ) using 
experimental values of NADH-CoQ reductase and ubiquinol-cytochrome  c  reductase activity as Vred and Vox, respec-
tively (Data reprinted from Genova et al., Copyright ( 2008 ), with permission from Elsevier)  
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of bovine heart mitochondria, the kinetic 
evaluation of NADH oxidase activity by 
Metabolic Control Analysis (Bianchi et al. 
 2004 ) suggests that cytochrome  c  obeys pool 
behavior. We hypothesize that such behavior 
may be due to rapid exchange of bound 
cytochrome  c  and freely diffusing-molecules 
of cytochrome  c . 

 The presence of a large excess of free 
cytochrome oxidase, together with the loss of 
cytochrome  c  bound to supercomplexes, as 
assessed by 2D BN/SDS-PAGE in isolated 
bovine submitochondrial particles (Lenaz 
et al.  2010 ), are in line with our hypothesis. 
This strongly implies that a strict association 
of Complexes III and IV is not required for 
effi cient electron transfer by cytochrome  c . 

 Very recently, Trouillard et al. ( 2011 ) have 
developed another kinetic approach to 
address the issue of the functional relevance 
of the supercomplex III–IV in intact cells of 
 Saccharomyces cerevisiae ; they also con-
clude that cytochrome  c  is neither trapped 
within supercomplexes nor does it encounter 
particular restriction to diffusion, and that 
oxidation of cytochrome  c  by a given cyto-
chrome oxidase is a random process. 

 Likewise, we cannot exclude that the pres-
ence of Complex IV in the supercomplex 
assembly may provide kinetic advantages 
other than substrate channeling of cyto-
chrome  c , by modifying the conformation of 
the partner complexes in order to enhance 
their catalytic activity, as suggested by the 
study of Schäfer et al. ( 2006 ). This study 
indicated higher Complex I and Complex III 
activities in the bovine  supercomplex com-
prising cytochrome oxidase (I 1 III 2 IV 1 ) com-
pared to the supercomplex devoid of the 
terminal oxidase (I 1 III 2 ).   

    IV. By-Products of Aerobiosis: 
Generation of Reactive Oxygen 
Species by the Respiratory Chain 

 Generation of ROS (see also Chap.   24    ) 
within mitochondria is closely associated to 
the primary function of these organelles; 
namely the supply of electrons to the 
enzymes of the respiratory chain in order to 

drive the vectorial transfer of protons into 
the mitochondrial intermembrane space. 
This process inadvertently results in leaking 
of electrons from reduced cofactors onto 
molecular oxygen and hence ROS genera-
tion under normal circumstances. Murphy 
( 2009 ) has carefully analyzed the thermody-
namics of the production of the superoxide 
anion (O 2  − ·) in mitochondria. Oxygen can 
theoretically undergo one-electron reduction 
to generate superoxide at every enzymes of 
the respiratory chain (see Fig.  21.2 ). Indeed, 
Complex I and Complex III have been iden-
tifi ed as robust sources of superoxide anion 
radicals, whereas cytochrome oxidase, which 
catalyzes the tetravalent reduction of dioxy-
gen without the release of partially reduced 
molecular species, represents an exception 
(Wikström  2012 ). 

 In Complex III, O 2  − · is thought to arise 
from the reaction of oxygen with a compo-
nent located at the Q o  site, the quinone bind-
ing site on the outer or cytosolic face of the 
protein (Boveris and Cadenas  1975 ; Turrens 
et al.  1985 ; Muller et al.  2002 ). Conditions 
that favor the formation of a semiquinone in 
the Q o  site should yield the highest rates of 
superoxide production. Consequently, one 
might suppose that a fully reduced ubiqui-
none pool in the presence of antimycin A, an 
inhibitor that blocks the normal egress of 
electrons from the system through Q i  site 
(van den Berg et al.  1979 ), would lead to the 
production of superoxide. Remarkably, how-
ever, conditions of substrate limitation that 
allow a partial oxidation rather than a full 
reduction of the ubiquinone pool (e.g. when 
oxidation of the substrate succinate is experi-
mentally restricted by the presence of the 
competitive inhibitor malonate) result in sig-
nifi cantly higher rates of superoxide produc-
tion by Complex III. Mechanistic studies 
(Dröse and Brandt  2008 ; Quinlan et al.  2011 ) 
of the cytochrome  bc  1  complex have clarifi ed 
that the electron is transferred onto oxygen 
in a reverse reaction from reduced cyto-
chrome  b  566  via ubiquinone, rather than dur-
ing the forward ubiquinone-cycle. It was also 
observed that the production of O 2  − · in the 
antimycin-inhibited enzyme can be suppressed 
by the protonmotive force generated by the 
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hydrolytic activity of the F 1 F 0 -ATPase. In 
this condition a more equal distribution of 
electrons between cytochrome  b  566  (on the 
cytosolic side of the mitochondrial inner 
membrane) and cytochrome  b  562  (on the 
matrix side) is achieved. It is noteworthy that 
the controlled state of respiration (state 4) 
might ensure a relatively reduced ubiquinone- 
pool and limit the possibility of electron 
backfl ow from cytochrome  b  566  to ubiqui-
none and the generation of the semiquinone. 
The observation that the O 2  − · production by 
Complex III is negligible in the absence of 
respiratory chain inhibitors has lead some 
authors to argue that this phenomenon is 
likely to be of limited physiological rele-
vance (Adam-Vizi and Chinopoulos  2006 ). 
However, it is worth to note that the modula-
tion of the ROS production by modulation of 
the redox state of the ubiquinone-pool may 
contribute signifi cantly to the control of 
mitochondrial redox signaling. 

 By contrast, the production of O 2  − · by 
Complex I is certainly more relevant from a 
metabolic point of view (Lenaz  2012 ), 
although the precise mechanism that pro-
motes the one-electron reduction of oxygen 
at Complex I still requires further clarifi ca-
tion. The identifi cation of the oxygen- 
reducing site has been the subject of extensive 
investigation and several prosthetic groups 
in the enzyme (FMN, ubisemiquinone, and 
iron sulphur cluster N2) have been suggested 
to be the electron donors to oxygen (Lenaz 
et al.  2006 ; Fato et al.  2009 ). In isolated 
Complex I, fully reduced FMN is considered 
the major electron donor to oxygen (Galkin 
and Brandt  2005 ; Kussmaul and Hirst  2006 ; 
Esterházy et al.  2008 ). However, the effect of 
specifi c inhibitors acting downstream of the 
iron sulfur clusters in Complex I (Fato et al. 
 2009 ) suggests the possibility of a second 
site for oxygen reduction in the enzyme. In 
fact, EPR studies in bovine heart submito-
chondrial particles in the presence of NADH 
(Fato et al.  2009 ) show that rotenone but not 
stigmatellin enhances ROS production and 
quenches the semiquinone radical signal, 
whereas the FeS cluster N2 is kept reduced 
in presence of rotenone but is oxidized in 

presence of stigmatellin. Overall these 
results are compatible with the idea that N2 
can be the source of enhanced production of 
O 2  − · in submitochondrial particles. Ohnishi 
et al. ( 2010 ) presented a new hypothesis that 
the generation of superoxide in a purifi ed 
preparation of Complex I refl ects a dynamic 
balance between the fl avosemiquinone and 
the ubiquinone semiquinone. Superoxide 
generation from the fl avosemiquinone would 
be increased, if electron transfer was inhib-
ited under pathological conditions. The iden-
tifi cation of the ubiquinone semiquinone 
rather than N2 as the electron donor to oxy-
gen is, however, in contrast with the fi ndings 
reported above, that no superoxide is pro-
duced in the presence of stigmatellin (Fato 
et al.  2009 ). Moreover, studies in ubiqui-
none-depleted and reconstituted mitochon-
dria indicate that endogenous ubiquinone is 
not required for superoxide generation 
(Genova et al.  2001 ). The site of oxygen 
reduction is even less well defi ned in reverse 
electron transfer when O 2  − · production by 
Complex I is maximal (Murphy  2009 ). 

 The hypothesis that the tight organization 
of Complex I into supramolecular structures 
may hide autooxidable prosthetic groups, 
thereby preventing the reaction with oxy-
gen, suggests that a dynamic assembly of 
the respiratory supercomplexes can also 
provide a regulation mechanism for O 2  − · 
production (Fig.  21.3 ). Very recently, we 
have directly addressed this issue and pro-
duced experimental evidence under condi-
tions in which Complex I is either arranged 
as a component of the supercomplex I 1 III 2  or 
dissociated as an individual enzyme 
(Maranzana et al.  2013 ). Our results show 
that disruption of the supercomplex I 1 III 2  
strongly enhances the ability of Complex I 
to generate ROS both in reconstituted pro-
teoliposomes and in bovine heart mitochon-
drial membranes. It is easy to predict the 
implications of these fi ndings in human dis-
eases and in aging, where oxidative stress 
plays a major etiologic and pathogenic role. 
We propose that oxidative stress in mito-
chondria, generated by any primary source, 
may perpetuate ROS generation by a vicious 
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cycle involving supercomplex dissociation 
as a major determinant.

   Finally, it is worth mentioning that mito-
chondria from different tissues may vary con-
spicuously in their capacity to produce ROS 
depending on the utilized substrates (Kwong 
and Sohal  1998 ), and depending on the animal 
species and age. As a matter of fact, in addi-
tion to the major sites of superoxide formation 
in the respiratory chain, further sites in the 
inner mitochondrial membrane may have 
importance and physiological relevance (see 
Fig.  21.2 ). For example, a signifi cant propor-
tion of ROS may be released from several 
other ubiquinone- reducing enzymes (e.g. 
Complex II, glycerol-3- phosphate dehydroge-
nase, dihydroorotate dehydrogenase, ETF-
dehydrogenase), whose contribution is still 
poorly characterized (see Lenaz and Genova 
 2010 ; Lenaz  2012 , for extended review).     
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 Summary  

  Some organisms lack conventional mitochondria and instead contain divergent mitochondrial-
related organelles, called hydrogenosomes, which are double- membrane bound organelles 
and produce molecular hydrogen. Phylogenetic and biochemical analyses of hydrogeno-
somes indicated a common origin with mitochondria. Hydrogenosomes are spherical or 
slightly elongated organelles found in non- mitochondrial organisms such as some protists 
and fungi which live in anaerobic or microaerophilic environments. The most- studied 
hydrogenosomes are those in the human pathogen,  Trichomonas vaginalis . Hydrogenosomes 
are polyphyletic and have arisen independently in several eukaryotic lineages. Like mito-
chondria hydrogenosomes produce ATP, participate in the metabolism of pyruvate formed 
during glycolysis, incorporate calcium, import proteins post- translationally and divide in the 
same way. However, they differ from mitochondria by the absence of genetic material, at 
least in trichomonas, lack a respiratory chain and cytochromes, absence of the F 0 –F 1  ATPase 
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(see Chap.   6    ), absence of the tricarboxylic acid cycle, lack of oxidative phosphorylation and 
absence of cristae. ATP is generated by the Trichomonas hydrogenosome by substrate level 
phosphorylation involving acetyl CoA released by the decarboxylation of pyruvate. 
Hydrogenosomes are considered an excellent drug target. The sequencing of the  T. vaginalis  
genome allowed bioinformatic identifi cation of putative hydrogenosomal proteins through 
screening for the conserved N-terminal presequence motif. The  Trichomonas vaginalis  
hydrogenosome proteome is highly reduced relative to mitochondria. Of the 569 proteins in 
the hydrogenosomes proteome, ~30 % are proteins with important functions such as amino 
acid and energy metabolism, Fe–S cluster assembly, fl avin-mediated catalysis, oxygen 
stress response, membrane translocation, chaperonin functions, proteolytic processing and 
ATP hydrolysis.  

        I. Introduction 

 During the evolutionary process, eukaryotic 
microorganisms appeared that possess special 
cytoplasmic organelles related to mitochondria 
(Figs.  22.1 ,  22.2 ,  22.3 ,  22.4 ,  22.5 ,  22.6 ,  22.7 , 
 22.8 ,  22.9  and  22.10 ). The hydrogenosome is 
a crucial organelle for some organisms that 
inhabit oxygen-poor environments, protists 
such as some free-living ciliates, unicellular 
parasites, termite fl agellates and rumen fungi 
and rumen ciliates (Figs.  22.3  and  22.7 ). These 
organisms lack conventional mitochondria 
(Figs.  22.1  and  22.2 ). Hydrogenosomes are 
polyphylogenetic and have arisen indepen-
dently in several eukaryotic lineages (Embley 
and Hirt  1998 ). 

 The most-studied hydrogenosomes are 
those in the human pathogen,  Trichomonas 
vaginalis  (Figs.  22.2  and  22.4b ), for which 
the complete genome sequence is available 
(Carlton et al.  2007 ).  Tritrichomonas foetus  
and  Trichomonas vaginalis  (Figs.  22.1  and 
 22.2 ) are fl agellated parasitic protists that 
inhabit the urogenital tract of cattle and 
humans, respectively. They often induce 
reproductive failure and are a cause of sig-
nifi cant economic losses and social and 
health disturbances throughout the world. 
In addition to their medical relevance, these 
organisms have also been the subject of 

extensive investigation due to the presence of 
hydrogenosomes (Figs.  22.1 ,  22.2  and  22.4 ), 
an energy-producing organelle that raises 
several questions concerning mitochondria 
evolution and the origin of the eukaryotes. 
These parasites, as well other organisms such 
as fl agellates living in the termite gut 
(Fig.  22.3 ) and rumen, have a special mode of 
respiration, since they produces molecular 
hydrogen and ATP by oxidizing pyruvate or 
malate under anaerobic conditions (Müller 
 1993 ) (Fig.  22.8 ). Biochemical investigations 
revealed the functional signifi cance of hydro-
genosomes, which showed molecular hydro-
gen production as a metabolic end product. 
Consequently, they were named hydrogeno-
somes by Lindmark and Müller, in 1973.

   Phylogenetic and biochemical analyses of 
hydrogenosomes indicate a common origin 
with mitochondria. It is proposed that in the 
course of the mitochondria to hydrogeno-
some transition, aspects of typical mitochon-
drial energy metabolism were lost, including 
the classic pyruvate dehydrogenase complex, 
the citric acid cycle and the elaborate mem-
brane-associated respiratory chain. In hydro-
genosomes, the oxidative decarboxylation 
of pyruvate is coupled to ATP synthesis 
and linked to ferredoxin-mediated electron 
transport (Fig.  22.8 ). 

 Until today, hydrogenosomes have not 
been found in multicellular animals or plants, 
or in other anaerobic protists, such as 
amoebas and giardias.  

 Abbreviations:     PFOR –    Pyruvate: ferredoxin 
oxido reductase    
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   II. Hydrogenosome Origin 

 Nowadays hydrogenosomes are considered 
modifi ed mitochondria, in the evolutionary 
sense that they descend from one and the 
same eubacterial endosymbiont, but they dif-
fer from the mitochondria in several aspects. 

 Mitochondria and hydrogenosomes have 
these features in common:

 –    Are enveloped by two membranes (Figs.  22.4  
and  22.7 ) (Benchimol and De Souza  1983 )  

 –   Divide autonomously by fi ssion (Fig.  22.6 ) 
(Benchimol et al.  1996b )  

 –   Import proteins post-translationally (Johnson 
et al.  1993 )  

 –   Produce ATP (Fig.  22.8 ) (Lindmark and 
Müller  1973 )  

 –   Contain a beta-succinyl-coenzyme A synthe-
tase, a soluble hydrogenosomal protein with 
an amino-terminal sequence that resembles 
mitochondrial presequences (Lahti et al.  1992 )  

 –   Contain a membrane targeting pathway, a 
member of the mitochondrial carrier family 
(Dyall et al.  2000 )  

 –   Can divide at any phase of the cell cycle 
(Benchimol and Engelke  2003 )  

     Fig. 22.1.    Thin section of  Tritrichomonas foetus  as seen 
in transmission electron microscopy showing a pear- 
shaped cell.  F  fl agellum,  G  Golgi complex,  H , hydro-
genosomes,  N  nucleus. Bar, 500 nm.       

  Fig. 22.2.    Schematic diagram of a whole view of 
 Trichomonas vaginalis  showing the main cell struc-
tures.  AF  anterior fl agella,  Ax  axostyle,  BB  basal body, 
 C  costa,  G  Golgi,  H  hydrogenosomes,  N  nucleus,  P  
pelta,  PF  parabasal fi lament,  PF1  parabasal fi lament 
number 1,  PF2  parabasal fi lament number 2,  PF3  
parabasal fi lament number 3,  RF  recurrent fl agellum, 
 UM  undulating membrane,  V  vacuole.       
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  Fig. 22.4.    Routine preparation of hydrogenosomes (H) from ( a )  Tritrichomonas foetus  and ( b )  Trichomonas 
vaginalis . Note that hydrogenosomes are spherical, enveloped by a double membrane. Figure ( b ) shows a hydro-
genosome with several peripheral vesicles (PV) characteristic of  T. vaginalis . Bars, 50 nm.       

  Fig. 22.3.    Flagellate protist 
from termite gut. The hydro-
genosomes (H) are seen in 
clusters and in large numbers; 
 F  fl agella. Bar, 100 nm.       
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  Fig. 22.5.    Isolated hydro-
genosomes. Hydrogenosomes 
isolated from the protist 
 T. foetus  by Percoll-sucrose 
density centrifugation. 
The hydrogenosomes are seen as 
spherical organelles containing 
a peripheral vesicle, which is a 
distinct sub- compartment from 
the hydrogenosomal matrix. 
Note the calcium deposit in 
the hydrogenosome peripheral 
vesicles, seen as  black areas . 
Bar, 200 nm.       

  Fig. 22.6.    Dividing hydrogenosomes. Views of the process of partition ( a ) and segmentation ( b ) of two dividing 
hydrogenosomes. ( a ) Thin section of a hydrogenosome dividing via the partition process. The hydrogenosome 
becomes larger and an invagination of the inner hydrogenosomal membrane is observed, gradually dividing the 
hydrogenosomal matrix in two compartments. Note the two peripheral vesicles with calcium deposits on opposite 
sides of the dividing organelle. Bar, 50 nm; ( b ) The organelle in process of segmentation, where it is elongated 
showing a constriction in the central region. Note that a membranous profi le seems to ‘strangle’ the organelle 
( asterisk ). Bar, 80 nm.       
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  Fig. 22.7.    Routine preparation 
of hydrogenosomes of the 
anaerobic fungus  Neocallimastix 
frontalis . Note that all hydro-
genosomes are enveloped 
by a double membrane and 
on occasion some cristae are 
observed in the organellar 
matrix. Bar, 100 nm.       
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  Fig. 22.8.    Metabolic pyruvate metabolism of  Trichomonas hydrogenosomes . The process starts in the cytosol, 
where glycolysis takes place. The glycolysis give rise to intermediate products, such as pyruvate and malate, 
which enter in the hydrogenosome. Pyruvate is oxidatively decarboxylated and the electrons are transferred pri-
marily to protons resulting in H 2  formation. Oxidative pyruvate decarboxylation in  T. vaginalis , in contrast to 
other eukaryotic organisms, is catalyzed by a different enzyme, pyruvate:ferredoxin oxidoreductase, an enzyme 
found in several bacteria and in a number of microorganisms.       
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  Fig. 22.9.    Freeze-etching after rapid cryo-preservation by slam-freezing and rotatory shadowing exhibits different 
structural features of hydrogenosomes. Notice the peripheral vesicle is a distinct compartment ( white asterisks ) 
and the hydrogenosomes shows the matrix. A hydrogenosome ( black asterisk ) shows the organellar envelope 
where intramembranous particles are present. Bar, 100 nm.       

  Fig. 22.10.    Abnormal hydrogenosomes. They are seen when cells are submitted to stress conditions, such as incu-
bation with drugs ( e.g . metronidazole, colchicines or cytochalasins). The hydrogenosomes exhibit very abnormal 
shapes and sizes, which can reach 2 μm. Note that the organelles are not spherical as in the routine preparations 
and can have internal membranes and abnormally enlarged peripheral vesicles. Bars, ( a ) 200 nm; ( b ) 100 nm.       

 –   Contain mitochondrial-type 70 kDa heat 
shock protein and Cpn60 (Bui et al.  1996 )  

 –   Contain the NADH dehydrogenase module 
of mitochondrial complex I (Hrdý et al. 
 2004 )  

 –   Hydrogenosomal proteins are synthesized 
on free polyribosomes (Lahti and Johnson 
 1991 )  

 –   Both are able to store calcium (Fig.  22.5 ) 
(Benchimol et al.  1982 )  

 –   Are able to utilize oxygen as a terminal elec-
tron acceptor (Cerkasov et al.  1978 )  

 –   Have a relationship with the endoplasmic 
reticulum  

 –   Contain frataxin, a conserved mitochondrial 
protein (Dolezal et al.  2007 )  
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 –   Presence of cardiolipin is still controversial 
(Andrade et al.  2006 ; Guschina et al.  2009 ).    

 The hydrogenosome differs from mito-
chondria in these aspects:

 –    Lacks a genome (Clemens and Johnson  2000 ), 
with the possible exception of hydrogeno-
somes from  Nyctotherus ovalis  (Akhmanova 
et al.  1998 )  

 –   Lacks a respiratory chain  
 –   Lacks cytochromes and members of com-

plexes I–IV, with the exception of NADH 
dehydrogenase 51 kDa (Ndh51) and 24 kDa 
(Ndh24) subunits (Dyall et al.  2004 ; Hrdý 
et al.  2004 )  

 –   Lacks the F 0 –F 1  ATPase,  
 –   Lacks the tricarboxylic acid cycle  
 –   Lacks oxidative phosphorylation (Hrdý et al. 

 2008 )  
 –   Lacks sensitivity to metabolic inhibitors such 

as rotenone and cyanide (Cerkasov et al.  1978 )  
 –   Contains hydrogenase  
 –   Produces molecular hydrogen    

 Mitochondrial-type proteins were found 
in hydrogenosomes and similarities in the 
biogenesis of hydrogenosomes and mito-
chondria (see Chap.   24    ), supported the 
hypothesis that these organelles evolved 
from a single α-proteobacterial endosymbi-
ont (reviewed in Shifl ett and Johnson  2010 ). 

 Thus, hydrogenosomes are relatives of 
mitochondria with multiple independent ori-
gins in the diverse eukaryotic lineages like 
the parabasalids, the ciliates, or the chytrid-
iomycetes (Embley  2006 ).  

   III. The Hydrogenosome Morphology 

 In trichomonads (Figs.  22.1  and  22.2 ) 
(Benchimol et al.  1996a ), fungi (Fig.  22.7 ) 
(Benchimol et al.  1997 ) and free-living cili-
ates (Finlay and Fenchel  1989 ) hydrogeno-
somes are spherical or slightly elongated 
organelles (Figs.  22.4 ,  22.5 ,  22.6  and  22.7 ). 
Even though the organelle morphology 
may vary, hydrogenosomes in trichomonads 

possess a peripheral vesicle (Figs.  22.4b , 
 22.5  and  22.9 ) that is a distinct compart-
ment within the organelle (Díaz and De 
Souza  1997 ).

      A. Hydrogenosome Size 

 Hydrogenosome sizes vary according to the 
species or if the cell is submitted to stress 
conditions (Fig.  22.10 ) (Benchimol  1999 , 
 2001 ; Madeiro and Benchimol  2004 ). In rou-
tine and normal conditions, hydrogenosomes 
of trichomonads (Figs.  22.1 ,  22.2 ,  22.4  and 
 22.5 ) possess an average diameter of 300 nm, 
but they may reach 2 μm under stress condi-
tions (Fig.  22.10 ), such as drug treatment. In 
this situation, drugs such as β-lapachone, 
hydroxyurea, metronidazole, cytochalasins 
and other reagents such as fi bronectin 
 provoked profound morphological changes 
in this organelle. Thus, bizarre and giant 
forms, as well as alterations in the organellar 
matrix and in the peripheral vesicle occur 
(Fig.  22.10 ).  

   B. The Hydrogenosome Envelope 

 Hydrogenosomes are enveloped by two very 
thin and very closely apposed unit mem-
branes in all species studied (Figs.  22.4  and 
 22.7 ) (Benchimol and De Souza  1983 ; 
Benchimol et al.  1997 ; van der Giezen et al. 
 1997 ). As a general rule no space is observed 
between the two membranes. Each mem-
brane has a thickness of 6 nm and may pres-
ent a certain undulation (Benchimol and De 
Souza  1983 ). 

 Invaginations of the hydrogenosome mem-
brane were occasionally observed in some 
species, delineating inner compartments 
(Fig.  22.7 ) (Benchimol et al.  1996a ). Some 
of the compartments present the same mor-
phology and electron density as the hydro-
genosomal matrix while others had a lower 
density and presented tubular structures 
(Benchimol et al.  1996a ). 

 Ciliate hydrogenosomes in  Metopus con-
tortu s and  Cyclidium porcatum  present inter-
nal membranes and look like mitochondria 
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(Fenchel and Finlay  1995 ). In addition, these 
hydrogenosomes are also calcium stores and 
displayed a membrane potential, which are 
similar to features of mitochondria (Biagini 
et al.  1997 ).

      C. The Peripheral Vesicle 

 In most trichomonads a special compartment 
is found at the periphery of hydrogenosomes 
(Figs.  22.4b ,  22.5  and  22.9 ). While  T. foetus  
hydrogenosomes present one or two periph-
eral vesicles (Fig.  22.5 ),  T. vaginalis  hydro-
genosomes exhibit several vesicles at the 
organelle periphery (Fig.  22.4b ). The hydro-
genosome peripheral vesicle varies in size 
and electron density. Morphometric analysis 
showed that it represents 8.6 % of the whole 
organelle in  T. foetus . The peripheral vesicle 
is completely surrounded by two closely 
apposed unit membranes. The inner portion 
of this compartment is very distinct from the 
hydrogenosomal matrix. In some prepara-
tions it appears empty, whereas in others 
preparations it appears fi lled with an deposits 
of calcium salts, for example, when the cells 
are fi xed in a solution containing calcium 
(Fig.  22.5 ) (Benchimol and De Souza  1983 ; 
Benchimol et al.  1996a ), or when the cells 
are submitted to freeze-fracture and deep-
etching (Benchimol  2000 ).

      D. The Matrix of the Hydrogenosome 

 The hydrogenosome matrix is homogeneous, 
with a granular appearance and differs from 
the cytoplasmic matrix (Figs.  22.1 ,  22.3 , 
 22.4  and  22.9 ). Occasional calcium deposits 
are seen as electron-dense spots in the matrix 
of some hydrogenosomes. This deposition 
occurs when cells are incubated in the pres-
ence of calcium ions in the fi xative, or pro-
cessed cytochemically for the localization of 
Ca 2+ , such as when the pyroantimonate tech-
nique is applied (Benchimol et al.  1982 ). 

 A dense amorphous or crystalline core, 
also known as nucleoid has been described 
in some hydrogenosomes (Honigberg and 
Brugerolle  1990 ). However, observations 

indicated that this core is not a usual structure, 
appearing only when the cells are incubated 
in the presence of drugs or when good fi xa-
tion is not achieved (Benchimol et al.  1996a ).   

   IV. Hydrogenosomes Biogenesis 

 Being devoid of a genome, all  T. vaginalis  
hydrogenosomal proteins are nuclearly 
encoded, synthesized in the cytosol and sub-
sequently targeted and translocated into the 
organelle. Many hydrogenosomal matrix 
proteins contain conserved N-terminal pre-
sequences that are similar to sequences 
known to target proteins to the mitochondrial 
matrix (Bradley et al.  1997 ). In the case of 
the ferredoxin protein, the presequence has 
been shown to be necessary for targeting and 
translocation of the protein into hydrogeno-
somes in vitro (Bradley et al.  1997 ). 

 Hydrogenosomes, as almost all other 
organelles, grow by proliferation of preexist-
ing organelles (Fig.  22.6 ). Studies performed 
concerning the membrane machineries 
required for biogenesis of the organelle and 
metabolite exchange have used a combina-
tion of mass spectrometry, immunofl uores-
cence microscopy, in vitro import assays and 
reverse genetics. These studies identifi ed 
components of the outer membrane (TOM) 
and inner membrane (TIM) protein translo-
cases, which are some of the membrane pro-
teins of the hydrogenosome (Rada et al. 
 2011 ). Hydrogenosomes were shown to pos-
sess a pathway that allows the assembly of 
C-tail-anchored proteins into the outer mem-
brane of hydrogenosomes. In addition. can-
didates for metabolite exchange across the 
outer hydrogenosomal membrane were iden-
tifi ed, including multiple isoforms of the 
β-barrel proteins, Hmp35 and Hmp36. 
Furthermore, fi ve homologs of the ATP/ADP 
carrier Hmp31, a inner membrane MCF-type 
metabolite carriers, were identifi ed (Rada 
et al.  2011 ). 

 The targeting of matrix proteins is depen-
dent on N-terminal cleave-able presequences 
(Bradley et al.  1997 ; Smíd et al.  2008 ) or 
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internal targeting signals. The presequences 
are removed in the hydrogenosomal matrix 
by a dimeric hydrogenosomal processing 
peptidase that shares a common origin with 
the mitochondrial processing peptidase, 
MPP (Mentel et al.  2008 ).

   Hydrogenosomes, like mitochondria, may 
divide by three distinct processes: (1) partition 
(Fig.  22.6a ) (2) segmentation (Fig.  22.6b ), and 
(3) heart-form. In the partition process, 
rounded hydrogenosomes, in a bulky form, are 
further separated by a membranous internal 
transversal septum (Fig.  22.6a ) separating the 
organelle matrix into two compartments 
(Benchimol et al.  1996b ). During segmenta-
tion, a necklace of intramembranous particles 
delimiting the outer hydrogenosomal mem-
brane in the region of organelle division was 
observed by freeze-etching (Benchimol and 
Engelke  2003 ). In the segmentation process, 
the hydrogenosome grows, becoming elon-
gated with the appearance of a constriction 
in the central portion (Benchimol et al. 
 1996b ). Microfi brillar membranous struc-
tures (Fig.  22.6b ) appear to help the furrowing 
process, ending with the total fi ssion of the 
organelle. 

 The most common form of division 
observed in the hydrogenosomes of tricho-
monas is the segmentation process, whereas 
the partition is the most usual division pro-
cess observed in the hydrogenosomes of the 
fungus  Neocallimastix frontalis  (Benchimol, 
unpublished observations). All three forms 
of division can be found during any phase of 
the cell cycle, and the organellar division is 
not synchronized (Benchimol and Engelke 
 2003 ). Interestingly, these three modes of 
division and cell phase-independent timing 
were also described previously in mitochon-
dria (Tandler and Hoppel  1973 ). 

 All hydrogenosomal proteins are encoded 
in the nucleus and imported into hydrogeno-
somes. Hydrogenosomal proteins in  T. vagi-
nalis  were shown to be synthesized on free 
polyribosomes, released in the cytoplasm 
and subsequently translated into the organ-
elle (Lahti and Johnson  1991 ). In addition, 
mitochondrial-type proteins were found in 
hydrogenosomes and similarities in the bio-

genesis of hydrogenosomes and mitochon-
dria, supported the hypothesis that these 
organelles evolved from a single 
α-proteobacterial endosymbiont (reviewed 
in Shifl ett and Johnson  2010 ). 

 It has been demonstrated (Rada et al. 
 2011 ) that hydrogenosomes and mitochon-
dria share common core membrane compo-
nents required for protein import and 
metabolite exchange, but they also revealed 
remarkable differences that refl ect the func-
tional adaptation of hydrogenosomes to 
anaerobic conditions and the peculiar evolu-
tionary origin.

      V. Hydrogenosome Metabolism 

 The hydrogenosomes are considered an 
anaerobic form of mitochondria (see Chaps. 
  12     and   21       ), which produce hydrogen and ATP, 
although the majority of mitochondrial path-
ways and the organellar genome were lost 
during the mitochondrion-to- hydrogenosome 
transition. Under anaerobic conditions, iso-
lated hydrogenosomes produce equimolar 
amounts of CO 2 , acetate, molecular hydrogen 
and ATP from pyruvate in a process of sub-
strate-level phosphorylation of ADP to ATP 
but not via oxidative phosphorylation as in 
mitochondria (Hrdý et al.  2008 ). 

 The trichomonad metabolism starts in the 
cytosol of the cell housing the hydrogeno-
some, where glycolysis takes place; various 
intermediates of the glycolysis give rise to 
products, such as the pyruvate, which corre-
sponds to the classical glycolysis pathway 
observed in other eukaryotic cells. Malate 
can also be produced and like pyruvate, 
enters into the hydrogenosome (Fig.  22.8 ). 
Within the hydrogenosome, pyruvate is oxi-
datively decarboxylated to acetyl coenzyme 
A and CO 2 . During pyruvate decarboxyl-
ation electrons are transferred primarily to 
protons with H 2  formation and in this reac-
tion CO 2  is liberated and the acyl moiety is 
transferred to coenzyme A (CoA) to form 
acetyl–CoA. This latter product is converted 
to acetate and the energy of the thioesther 
bond is conserved in two successive steps, 
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resulting in substrate level phosphorylation. 
Oxidative pyruvate decarboxylation in 
 T. vaginalis , differently from the other eukary-
otic cells, is catalyzed by pyruvate:ferredoxin 
oxidoreductase, an enzyme found in several 
bacteria and in a number of microorganisms. 
Electrons released from pyruvate are trans-
ferred to ferredoxin, a low molecular weight 
electron carrier protein. The ferredoxin 
represents the key electron transport compo-
nent of the hydrogenosome and once reduced 
by pyruvate:ferredoxin oxidoreductase, it is 
reoxidized with protons as terminal electrons 
acceptors through the action of a hydrogenase 
and, thus producing molecular hydrogen. 
In addition to protons being reduced to 
molecular hydrogen by the action of hydrog-
enase, acetate, ATP and CO 2  are also liberated 
(Fig.  22.8 ). According to Müller ( 1990 ) no 
electron transport occurs across the hydro-
genosomes membranes.

   To mediate reduction of reactive oxygen 
species (ROS),  T. vaginalis  contains a 
bacterial- type thioredoxin reduction system 
within the hydrogenosome (Coombs et al. 
 2004 ). Enzymes responsible for iron–sul-
phur (Fe–S) cluster assembly and frataxin, 
which is a conserved mitochondrial protein 
involved in iron metabolism that is typically 
found in mitochondria, have been localised 
to the  T. vaginalis  hydrogenosome (Carlton 
et al.  2007 ; Dolezal et al.  2007 ). The organ-
ism, however, lacks peroxisomes and the 
glutathione reducing pathway normally pres-
ent in mitochondria.

      VI. Hydrogenosomes Under Drug 
Treatments 

 Hydrogenosomes are the target of the 
5-nitroimidazole drugs used in trichomo-
niasis treatment. When trichomonads were 
treated with drugs, such as metronidazole, 
colchicines, cytochalasins, among others, 
important alterations are observed in 
hydrogenosome morphology: giant organ-
elles, invaginations of the hydrogenosome 
membrane delineating inner compartments, 
abnormal sizes and shapes and distinct 

electron density in the hydrogenosomal 
matrix (Fig.  22.10 ). 

 Metronidazole and related 5- nitroimidazoles 
are the only drugs available for the treatment 
of human urogenital trichomoniasis caused by 
the protozoan parasite The hydrogenosome 
constitutes the main site of the initial effect of 
this drug. In the 1950s it was discovered that a 
strain of  Streptomyces  was able to produce a 
nitroimidazole derivative named metronida-
zole, exhibiting an anti-trichomonal activity. It 
is well-known that oxidative decarboxylation 
of pyruvate, which is coupled to ATP synthesis 
and which is also linked to ferredoxin- 
mediated electron transport, occurs in the 
hydrogenosome. This pathway is responsible 
for metabolic activation of 5-nitroimidazole 
drugs. Metronidazole is administered in an 
inactive form and is reduced to its cytotoxic 
radical anion within the hydrogenosome. 
Electron transport components in the organ-
elle, pyruvate:ferredoxin oxidoreductase and 
ferredoxin, donate a single electron to the 
drug, converting it to a cytotoxic free radical. 
Metronidazole inhibits growth and kills 
trichomonads. Electrons required for metro-
nidazole activation are released from pyru-
vate by the activity of pyruvate:ferredoxin 
oxidoreductase and transferred to the drug by 
a low-redox-potential carrier, the ferredoxin. 
A novel pathway involved in the drug activa-
tion within the hydrogenosome was described 
(Hrdý et al.  2005 ). These authors showed that 
trichomonads acquire high-level metronida-
zole resistance only after both pyruvate- and 
malate-dependent pathways of metronida-
zole activation are eliminated from the 
hydrogenosomes. The source of electrons is 
malate, another major hydrogenosomal sub-
strate, which is oxidatively decarboxylated to 
pyruvate and CO 2  by the NAD-dependent 
malic enzyme. The electrons released during 
this reaction are transferred from NADH to 
ferredoxin by NADH dehydrogenase, which 
is homologous to the catalytic module of 
mitochondrial complex I. However, in contrast 
to the mitochondrial complex I module 
that receives electrons from NADH, the 
hydrogenosome complex donates electrons 
to ferredoxin. 
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   A. Other Drugs Interfering in 
Hydrogenosome Metabolism 

 Putrescine analogue such as the 1, 4-diamino- 
2-butanone (DAB) (Reis et al.  1999 ), 
β-lapachone, a natural naphthoquinone pres-
ent in the bark of the South American Lapacho 
tree causes an intense effect on culture growth 
and in the hydrogenosomes in trichomonads 
(Benchimol, unpublished). Morphological 
alterations were found in hydrogenosomes 
when trichomonads were treated with other 
substances, such as fi bronectin (Benchimol 
 2001 ), hydroxyurea (Ribeiro et al.  2002 ), 
Concanavalin A, EDTA (Granger et al.  2000 ), 
hydrogen peroxide (Mariante et al.  2003 ); 
cytochalasin B (Madeiro and Benchimol 
 2004 ). The hydrogenosomes modifi ed their 
morphology presenting a high diversity in 
size and shape (see Fig.  22.10 ), suggesting a 
mechanism that seems to compensate for the 
stress provoked by the drugs.  

   B. Effect of Zinc on Hydrogenosomes 

 The hydrogenosome constitutes the main site 
of the initial effect of zinc, where the hydro-
genosomal vesicle increases in electron den-
sity and size. Electron spectroscopy imaging 
and the electron energy loss spectrum 
showed the presence of zinc, calcium and 
oxygen in the electron-dense areas of the 
hydrogenosome (Benchimol et al.  1993 ). 
Zinc has been described in prostatic fl uid 
and it has been demonstrated that the normal 
concentration found in men is lethal for most 
isolates of  T. vaginalis .

       VII. Iron and Hydrogenosomes 

   A. Iron-Deprivation and 
Hydrogenosomal Proteins 

 Iron is essential for the hydrogenosome func-
tion and is involved in the expression of 
hydrogenosomal proteins, thus indicating the 
presence of iron-dependent control of gene 
transcription in  T. foetus  (Vanácová et al. 
 2001 ). The effect of iron availability on 
hydrogenosomal behavior, metabolic activity, 

and expression of hydrogenosomal enzymes 
has been examined. 

 Protein analysis of purifi ed hydrogeno-
somes from iron-restricted cells showed 
decreased levels of proteins corresponding 
to PFOR, malic enzyme, hydrogenase and 
ferredoxin. The impaired function of hydro-
genosomes under iron-restricted conditions 
was compensated by the activation of the 
cytosolic pathway, mediating conversion of 
pyruvate to ethanol via acetaldehyde; this 
metabolic switch was fully reversible. Thus, 
when trichomonads are iron-deprived the 
cells decrease growth and after some days, 
the culture exhibits several characteristics of 
cell death (Benchimol, unpublished).   

   VIII. The Proteome 
of Hydrogenosomes 

 Hydrogenosome proteomics is very important 
to increase our understanding of hydrogeno-
some functions and evolution. Ideally, the 
complete genome sequence of an organism 
must be known, techniques for cell fraction-
ation and hydrogenosome purifi cation must 
be established, and axenic culture methods 
must be available, to facilitate a powerful 
proteomic analyses by 2D electrophoresis 
and mass spectrometry. One of these hydro-
genosomes-harboring organisms that fulfi lls 
these prerequisites is  T. vaginalis , which 
has a published genome sequence (Carlton 
et al.  2007 ). 

 The proteome of purifi ed hydrogeno-
somes was analyzed using multiple fraction-
ation techniques by Schneider et al. ( 2011 ) 
and 569 proteins were identifi ed in the 
 T. vaginalis  hydrogenosome uncovering new 
members of known hydrogenosomal path-
ways and revealing new metabolic pathways 
present in this unique organelle. Interestingly, 
the Schneider group showed that the number 
of identifi ed proteins is substantially lower 
than the 1,000–1,500 proteins reported for 
fungal and animal mitochondrial proteomes. 
Of the 569 proteins in the hydrogenosomes 
proteome, many appeared to be associated 
with the external surface of hydrogeno-
somes, including large numbers of GTPases 

Marlene Benchimol



431

and ribosomal proteins. The same authors 
also demonstrated that ~30 % of the hydro-
genosome proteome are formed of proteins 
with important functions such as amino acid 
and energy metabolism, Fe–S cluster assem-
bly, fl avin-mediated catalysis, oxygen stress 
response, membrane translocation, chapero-
nin functions, proteolytic processing and 
ATP hydrolysis. 

 Analyses of the hydrogenosome proteome 
revealed pathways common to and distinct 
from mitochondria, as well as glycolytic pro-
teins were also found to be associated with the 
hydrogenosome proteome (Schneider et al. 
 2011 ). However, approximately 18 % of the 
hydrogenosomal proteome was found to be 
composed of hypothetical proteins of 
unknown function. In addition, homologues 
of several proteins known to be involved in 
protein import and the biogenesis of yeast 
mitochondria are present in the  T. vaginalis  
hydrogenosome. These include mitochondrial- 
like chaperones Hsp70, Hsp60 and Hsp10, a 
processing peptidase and putative members 
of the translocation machinery (Pam18 and 
Tim17/22/23 orthologs) (Carlton et al.  2007 ; 
Shifl ett and Johnson  2010 ).     

  Acknowledgements 

 This work was supported by CNPq (Conselho 
Nacional de Desenvolvimento Científi co e 
Tecnológico), PRONEX (Programa de 
Núcleo de Excelência), FAPERJ (Fundação 
Carlos Chagas Filho de Amparo à Pesquisa 
do Estado do Rio de Janeiro), and AUSU 
(Associação Universitária Santa Úrsula).  

   References 

    Akhmanova A, Voncken F, van Alen T, van Hoek A, 
Boxma B, Vogels G, Veenhuis M, Hackstein JH 
(1998) A hydrogenosome with a genome. Nature 
396:527–528  

    Andrade RI, Einicker-Lamas M, Bernardo RR, 
Previatto LM, Mohana-Borges R, Morgado-Diaz 
J, Benchimol M (2006) Cardiolipin in hydrogeno-
somes: evidence of symbiotic origin. Eukaryot Cell 
5:784–787  

    Benchimol M (1999) Hydrogenosome autophagy in 
 Tritrichomonas foetus : an ultrastructural and cyto-
chemical study. Biol Cell 91:165–174  

    Benchimol M (2000) Ultrastructural characterization 
of the isolated hydrogenosome in  Tritrichomonas 
foetus . Tiss Cell 32:1–9  

     Benchimol M (2001) Hydrogenosome morphological 
variation induced by fi bronectin and other drugs in 
 Tritrichomonas foetus  and  Trichomonas vaginalis . 
Parasitol Res 87:215–222  

       Benchimol M, De Souza W (1983) Fine struc-
ture and cytochemistry of the hydrogenosome of 
 Tritrichomonas foetus . J Protozool 30:422–425  

      Benchimol M, Engelke F (2003) Hydrogenosome 
behavior during the cell cycle in  Tritrichomonas 
foetus . Biol Cell 95:283–293  

     Benchimol M, Elias CA, De Souza W (1982) 
Ultrastructural localization of calcium in the 
plasma membrane and in the hydrogenosome of 
 Tritrichomonas foetus . Exp Parasitol 54:277–284  

    Benchimol M, Almeida JC, Lins U, Gonçalves NR, de 
Souza W (1993) Electron microscopic study of the 
effect of zinc on  Tritrichomonas foetus . Antimicrob 
Agents Chemother 37:2722–2726  

        Benchimol M, Almeida JCA, De Souza W (1996a) 
Further studies on the organization of the hydro-
genosome in  Tritrichomonas foetus . Tiss Cell 
28:287–299  

      Benchimol M, Johnson PJ, De Souza W (1996b) 
Morphogenesis of the hydrogenosome: an ultra-
structural study. Biol Cell 87:197–205  

     Benchimol M, Durand R, Almeida J (1997) A double 
membrane surrounds the hydrogenosomes of the 
anaerobic fungus Neocallimastix frontalis. FEMS 
Microbiol 154:277–282  

    Biagini GA, Hayes AJ, Suller MTE, Winters C, Finlay 
BJ, Lloyd D (1997) Hydrogenosomes of  Metopus 
contortus  physiologically resemble mitochondria. 
Microbiology 143:1623–1629  

      Bradley PJ, Lahti CJ, Plumper E, Johnson PJ (1997) 
Targeting and translocation of proteins into the 
hydrogenosome of the protist  Trichomonas : simi-
larities with mitochondrial protein import. EMBO 
J 16:3484–3493  

    Bui ET, Bradley PJ, Johnson PJ (1996) A common evo-
lutionary origin for mitochondria and hydrogeno-
somes. Proc Natl Acad Sci U S A 93:9651–9656  

       Carlton JM, Hirt RP, Silva JC, Delcher AL, Schatz M, 
Zhao Q, Wortman JR, Bidwell SL, Alsmark UC, 
Besteiro S, Sicheritz-Ponten T, Noel CJ, Dacks JB, 
Foster PG, Simillion C, Van de Peer Y, Miranda- 
Saavedra D, Barton GJ, Westrop GD, Müller S, Dessi 
D, Fiori PL, Ren Q, Paulsen I, Zhang H, Bastida-
Corcuera FD, Simoes-Barbosa A, Brown MT, 
Hayes RD, Mukherjee M, Okumura CY, Schneider 

22 Hydrogenosome



432

R, Smith AJ, Vanacova S, Villalvazo M, Haas BJ, 
Pertea M, Feldblyum TV, Utterback TR, Shu CL, 
Osoegawa K, de Jong PJ, Hrdy I, Horvathova L, 
Zubacova Z, Dolezal P, Malik SB, Logsdon JM Jr, 
Henze K, Gupta A, Wang CC, Dunne RL, Upcroft 
JA, Upcroft P, White O, Salzberg SL, Tang P, Chiu 
CH, Lee YS, Embley TM, Coombs GH, Mottram 
JC, Tachezy J, Fraser-Liggett CM, Johnson PJ 
(2007) Draft genome sequence of the sexually trans-
mitted pathogen  Trichomonas vaginalis . Science 
315:207–212  

     Cerkasov J, Cerkasovová A, Kulda J, Vilhelmová 
D (1978) Respiration of hydrogenosomes of 
 Tritrichomonas foetus . I. ADP-dependent oxidation 
of malate and pyruvate. J Biol Chem 253:1207–1214  

    Clemens DL, Johnson PJ (2000) Failure to detect 
DNA in hydrogenosomes of  Trichomonas vagina-
lis  by nick translation and immunomicroscopy. Mol 
Biochem Parasitol 106:307–313  

    Coombs GH, Westrop GD, Suchan P, Puzova G, Hirt 
RP, Embley TM, Mottram JC, Müller S (2004) 
The amitochondriate eukaryote  Trichomonas 
vaginalis  contains a divergent thioredoxin-linked 
peroxiredoxin antioxidant system. J Biol Chem 
279:5249–5256  

    Díaz JAM, De Souza W (1997) Purifi cation and bio-
chemical characterization of the hydrogenosomes 
of the fl agellate protist  Tritrichomonas foetus . Eur 
J Cell Biol 74:85–91  

     Dolezal P, Dancis A, Lesuisse E, Sutak R, Hrdý I, 
Embley TM, Tachezy J (2007) Frataxina conserved 
mitochondrial protein, in the hydrogenosome of 
Trichomonas vaginalis. Eukaryot Cell 6:1431–1438  

    Dyall SD, Koehler CM, Delgadillo-Correa MG, 
Bradley PJ, Plümper E, Leuernberger D, Turck CW, 
Johnson PJ (2000) Presence of a member of the 
mitochondrial carrier family in hydrogenosomes: 
conservation of membrane targeting pathways 
between hydrogenosomes and mitochondria. Mol 
Cell Biol 20:2488–2497  

    Dyall SD, Yan W, Delgadillo-Correa MG, Lunceford 
A, Loo JA, Clarke CF, Johnson PJ (2004) Non- 
mitochondrial complex I proteins in a hydro-
genosomal oxidoreductase complex. Nature 
431:1103–1107  

    Embley TM (2006) Multiple secondary origins of the 
anaerobic lifestyle in eukaryotes. Philos Trans R 
Soc Lond B Biol Sci 361:1055–1067  

    Embley TM, Hirt RP (1998) Early branching eukary-
otes? Curr Opin Genet Dev 8:624–629  

       Fenchel T, Finlay BJ (eds) (1995) Ecology and 
Evolution in Anoxic Worlds. Oxford University 
Press, Oxford  

    Finlay BJ, Fenchel T (1989) Hydrogenosomes in some 
anaerobic protozoa resemble mitochondria. FEMS 
Microbiol Lett 65:311–314  

    Granger BL, Warwood SJ, Benchimol M, De Souza 
W (2000) Transient invagination of fl agella by 
 Tritrichomonas foetus . Parasitol Res 86:699–709  

    Guschina AI, Harris KM, Maskrey B, Goldelberg B, 
Lloyd D, Harwood JL (2009) The microaerophilic 
fl agellate,  Trichomonas vaginalis , contains unusual 
acyl lipids but no detectable cardiolipin. J Eukaryot 
Microbiol 56:52–57  

    Honigberg MB, Brugerolle G (1990) Structure. In: 
Honigberg BM (ed) Trichomonads Parasitic in 
Humans. Springer, New York, pp 5–35  

     Hrdý I, Hirt RP, Dolezal P, Bardonova L, Foster 
PG, Tachezy J, Embley TM (2004)  Trichomonas 
 hydrogenosomes   contain the NADH dehydroge-
nase module of mitochondrial complex I. Nature 
432:618–622  

    Hrdý I, Cammack R, Stopka P, Kulda J, Tachezy J 
(2005) Alternative pathway of metronidazole acti-
vation in  Trichomonas vaginalis  hydrogenosomes. 
Antimicrob Agents Chemother 49:5033–5036  

     Hrdý I, Tachezy J, Müller M (2008) Metabolism of 
trichomonad hydrogenosomes. In: Tachezy J (ed) 
Hydrogenosomes and mitosomes: mitochondria of 
anaerobic eukaryotes. Springer, Berlin, pp 113–145  

    Johnson PJ, Lahti CJ, Bradley PJ (1993) Biogenesis 
of the hydrogenosome: an unusual organelle in the 
anaerobic protist  Trichomonas vaginalis . J Parasitol 
79:664–670  

     Lahti CJ, Johnson PJ (1991)  Trichomonas vaginalis  
hydrogenosomal proteins are synthesized on free 
polyribosomes and may undergo processing upon 
maturation. Mol Biochem Parasitol 46:307–310  

    Lahti CJ, d’Oliveira CE, Johnson PJ (1992) Beta-
succinyl- coenzyme A synthetase from  Trichomonas 
vaginalis  is a soluble hydrogenosomal protein 
with an amino-terminal sequence that resembles 
mitochondrial presequences. J Bacteriol 174:
6822–6830  

    Lindmark DG, Müller M (1973) Hydrogenosome, 
a cytoplasmic organelle of the anaerobic fl agellate, 
 Tritrichomonas foetus , and its role in pyruvate 
metabolism. J Biol Chem 248:7724–7728  

     Madeiro RF, Benchimol M (2004) The effect of drugs 
in cell structure of  Tritrichimonas foetus . Parasitol 
Res 92:159–170  

    Mariante RM, Guimarães CA, Linden R, Benchimol 
M (2003) Hydrogen peroxide induces caspase acti-
vation and programmed cell death in the amitochon-
drial  Tritrichomonas foetus . Histochem Cell Biol 
120:129–141  

Marlene Benchimol



433

    Mentel M, Zimorski V, Haferkamp P, Martin W, Henze 
K (2008) Protein import into hydrogenosomes of 
 Trichomonas vaginalis  involves both N-terminal 
and internal targeting signals: a case study of thio-
redoxin reductases. Eukaryot Cell 7:1750–1757  

    Müller M (1990) Biochemistry. In: Honigberg BM 
(ed) Trichomonads parasitic in humans. Springer, 
New York, pp 36–83  

    Müller M (1993) The hydrogenosome. J Gen Microbiol 
139:2879–2889  

      Rada P, Dolez¡al P, Jedelsky PL, Bursac D, Perry AJ, 
Sedinova M, Smískova K, Novotny M, Beltrán 
NC, Hrdý I, Lithgow T, Tachezy J (2011) The core 
components of organelle biogenesis and membrane 
transport in the hydrogenosomes of  Trichomonas 
vaginalis . PLoS ONE 6(9):e24428. doi:  10.1371      

    Reis IA, Martinez MP, Yarlett N, Johnson PJ, Silva- 
Filho FC, Vannier-Santos MA (1999) Inhibition of 
polyamine synthesis arrests trichomonad growth 
and induces destruction of hydrogenosomes. 
Antimicrob Agents Chemother 43:1919–1923  

    Ribeiro KC, Vetö Arnholdt AC, Benchimol M (2002) 
 Tritrichomonas foetus : induced division synchrony 
by hydroxyurea. Parasitol Res 88:627–631  

     Schneider RE, Brown MT, Shifl ett AM, Dyall SD, 
Hayes RD, Xie Y, Loo JA, Johnson PJ (2011) The 

 Trichomonas vaginalis  hydrogenosome proteome 
is highly reduced relative to mitochondria, yet 
complex compared with mitosomes. Int J Parasitol 
41:1421–1434  

      Shifl ett AM, Johnson PJ (2010) Mitochondrion-
related organelles in eukaryotic protists. Annu Rev 
Microbiol 64:409–429  

    Smíd O, Matusková A, Harris SR, Kucera T, Novotný 
M, Horváthová L, Hrdý I, Kutejová E, Hirt RP, 
Embley TM, Janata J, Tachezy J (2008) Reductive 
evolution of the mitochondrial processing peptidases 
of the unicellular parasites  Trichomonas vaginali s 
and  Giardia intestinalis . PLoS Pathog 4:e1000243  

    Tandler B, Hoppel L (1973) Division of giant mito-
chondria during recovery from cuprizone intoxica-
tion. J Cell Biol 56:266–272  

    van der Giezen M, Sjollema KA, Artz RR, Alkema W, 
Prins RA (1997) Hydrogenosomes in the anaero-
bic fungus  Neocallimastix frontalis  have a double 
membrane but lack an associated organelle genome. 
FEBS Lett 408:147–150  

    Vanácová S, Rasoloson D, Rázga J, Hrdý I, Kulda J, 
Tachezy J (2001) Iron-induced changes in pyruvate 
metabolism of  Tritrichomonas foetus  and involve-
ment of iron in expression of hydrogenosomal pro-
teins. Microbiology 147:53–62    

22 Hydrogenosome

http://dx.doi.org/10.1371


435M.F. Hohmann-Marriott (ed.), The Structural Basis of Biological Energy Generation, 
Advances in Photosynthesis and Respiration 39, pp. 435–449, DOI 10.1007/978-94-017-8742-0_23, 
© Springer Science+Business Media Dordrecht 2014

    Chapter 23   

 Biogenesis of Chloroplasts 

                    Simon     Geir     Møller     * 
     Department of Biological Sciences  ,   St. John’s University  ,    New York, NY 11439  ,   USA    

    Jodi     Maple    **   and     Daniela     Gargano    ** 
     Faculty of Science and Technology, Centre for Organelle Research  , 

 University of Stavanger  ,    N-4036 Stavanger  ,   Norway       

Summary .........................................................................................................................................  435
I. Introduction ...............................................................................................................................  436
II. Proplastid to Chloroplast Differentiation ....................................................................................  437

A. Light Perception and the Initiation of Photomorphogenesis .......................................  437
B. Chloroplast Protein Import ..........................................................................................  440
C. Plastid Gene Expression ............................................................................................  442
D. Thylakoid Membrane Biogenesis ...............................................................................  443

III. Regulation and Maintenance of Chloroplast Populations .........................................................  444
A. Chloroplast Division ....................................................................................................  444
B. Fine Tuning of the Differentiation Pathway ..................................................................  446

IV. Conclusions ..............................................................................................................................  446
Acknowledgments ............................................................................................................................  446
References ......................................................................................................................................  446

  Summary    

 Chloroplasts belong to a diverse family of plant organelles called plastids that perform 
essential functions, including important steps in many biosynthetic pathways. All plastids 
differentiate from proplastids through a complex process, in which numerous events must be 
coordinated and integrated into the overall developmental pathway of the cell. Due to the 
overwhelming importance of chloroplasts as sites of oxygenic photosynthesis the differen-
tiation of chloroplasts from proplastids has been most studied. Chloroplast biogenesis begins 
with the perception of light, which triggers the coordinated expression of genetic informa-
tion contained in both the nuclear and plastid genomes. Subsequently the chloroplast protein 
import machinery plays a major role in organelle biogenesis, mediating the import of nuclear-
encoded proteins into the organelle. This process is challenged by the complex organization 
of the chloroplast sub- compartments. The conversion of sunlight into chemical energy by the 
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      I. Introduction 

 Chloroplasts are remnants of a cyanobacteria- 
like ancestor that was engulfed by a eukary-
otic host cell approximately 1.2 billion years 
ago (McFadden  2001 ). During evolution 
chloroplasts developed specialized functions 
in different tissues and cell types, giving 
rise to a diverse group of other non- 
photosynthetic, interconvertible plastids 
(Fig.  23.1 ). Chloroplasts are the most promi-
nent form of plastids, essential not only for 
photosynthesis, but also for nitrogen fi xa-
tion, the synthesis of amino acids, fatty acids, 
purine and pyrimidine bases, isoprenoids 
and tetrapyrroles and for the synthesis of the 
lipid components for their own membrane 
structures (Tetlow et al.  2005 ).

   Plastids are fully integrated into the life 
cycle of photosynthetic eukaryotes and have 
retained a semi-autonomous character, a 
minimal genetic machinery and genes for a 
small number of proteins. As a result of hori-
zontal gene transfer, the coding capacity of 
the present-day plastid is reduced to only 
about 130 genes and the majority of plastid 
proteins are encoded in the nucleus (Sugita 
and Sugiura  1996 ). The transfer of genes 
from the endosymbiont to the nucleus of the 

host cell provided an opportunity for increased 
control of the plastid by the host cell, both at 
the level of cell-type specifi c expression of 
plastid genes directed by the nucleus and the 
control of the expression and import of 
nuclear encoded proteins into the plastids. 

 All plastids, including chloroplasts, 
develop from proplastids, small (0.5–1 μm in 
diameter) undifferentiated organelles present 
in meristematic cells of roots and shoots (Cran 
and Possingham  1972 ). As plant cells develop, 
plastids can undergo different patterns of dif-
ferentiation depending on the committed 
developmental pathway within the cell. 
However, the differentiation pathways are 
dynamic and in response to cellular and envi-
ronmental signals, plastid differentiation can 
be reversible where mature plastid types can 
redifferentiate from one vplastid type to 
another (Fig.  23.1 ). The majority of plastid 
research has focused on the chloroplast which 
will be the focus of this chapter. 

 Upon germination a seedling must estab-
lish an independent energy source before 
those stores in the seed are depleted. 
Attainment of this is dependent on the 
formation of photosynthetically active 
chloroplasts. Whilst proplastids are simple 
organelles, mature chloroplasts are large 
(5–10 μm in diameter), structurally complex 
organelles, which house the functional com-
ponents required for both the light-driven 
and light-independent enzymatic reactions 
of photosynthesis. All plastids are bound by 
a double membrane called the envelope and 
chloroplasts have in addition a third internal 
membrane system, the thylakoid membrane, 
where the light-dependent reactions of pho-
tosynthesis take place. Consequently, the 
molecular mechanisms involved in the devel-
opment of a proplastid to a mature chloro-
plast consist of a series of complex events 

 Abbreviations:     ARC    – Accumulation and replication of 
chloroplast;      ATP    – Adenosine-5’-triphosphate;      Cry    – 
Cryptochromes;      GTP    – Guanosine-5’-triphosphate;    
  LHCII    – Light harvesting complex II;      NADPH    – 
Nicotinamide adenine dinucleotide phosphate;      NEP    – 
Nuclear encoded polymerase;      PDV    – Plastid division 
proteins;      PEP    – Plastid encoded polymerase;      PIFs    – 
phytochrome-interacting factor;      PSI    – Photosystem I;   
  PSII    – Photosystem II;      TIC    – Translocon at the inner 
envelope membrane of chloroplasts;      TOC    – Translocon 
at the outer envelope membrane of chloroplasts;      VIPP  
  – Vesicle-inducing protein in plastids    

photosynthetic machinery requires thylakoid membranes, a specialized membrane system 
found in chloroplasts, and this process involving a complex cascade of biochemical and 
structural events. Here we will address the major molecular events following the initiation of 
chloroplast biogenesis, culminating in the formation of the mature chloroplast and the seg-
regation of plastids to daughter cells during cell division.  
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and involve extensive structural and func-
tional changes of the organelle. 

 Here we discuss progress in understand-
ing the molecular mechanisms behind chlo-
roplast biogenesis, including the initiation of 
photomorphogenesis, gene-expression, pro-
tein import and assembly of the thylakoid 
membrane system (Fig.  23.2 ). As well as 
considering molecular aspects of plastid dif-
ferentiation, we will also address the replica-
tion of chloroplasts and fi ne tuning of the 
differentiation process.

      II. Proplastid to Chloroplast 
Differentiation 

 The fundamental control point activating 
the proplastid-to-chloroplast differentiation 
programme is the perception of light. When 
light intensity is below a certain threshold 
level hypocotyl elongation is promoted, 

cotyledon opening is inhibited and the 
development of proplastids in leaves is 
arrested at an intermediate stage resulting in 
the formation of etioplasts (Von Arnim and 
Deng  1996 ) (Fig.  23.1 ). Once light has 
triggered the transition from dark growth 
(skotomorphogenesis) to light growth (pho-
tomorphogenesis) several molecular events 
are initiated including gene expression, pro-
tein import, and thylakoid membranes assem-
bly (Fig.  23.2 ) ultimately culminating in the 
formation of mature chloroplasts. 

   A. Light Perception and the Initiation 
of Photomorphogenesis 

 Perception of light is mediated by a suite of 
photoreceptors, which detect specifi c wave-
lengths. Of primary importance in chloro-
plast biogenesis are the phytochromes 
(primarily PhyA and PhyB), which perceive 
red and far-red light, and the cryptochromes 

     Fig. 23.1.    The main forms of plastids in higher plants. All plastids develop from proplastids, undifferentiated 
organelles present in meristematic cells of roots and shoots. Plastids can undergo different patterns of differ-
entiation depending on the developmental stage of the plant and environmental conditions. Plastids can store 
chlorophyll (chloroplast), carotenoids (chromoplasts) and starch (amyloplasts).  Solid lines  indicate conversions 
that occur under normal conditions;  dashed lines  specify conversions that are possible under a limited set of 
conditions or that are unusual.       
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(Cry1 and Cry2), which respond to blue and 
UVA light. Extensive research efforts have 
identifi ed a complex and interconnecting 
signalling network downstream of these pho-
toreceptors (Reviewed in Chory  2010 ) and 
key events in triggering photomorphogene-
sis will be summarized only briefl y. 

 Downstream of the photoreceptors are 
two main light signalling branches, the 
COP1-HY5 pathway and the PIF pathway 
(Fig.  23.3 ). COP1, along with the COP10, 
DET1, DDB1 (CDD) complex, is a central 
repressor of photomorphogenesis, repress-
ing light signalling in darkness (Osterlund 
et al.  2000 ; Schroeder et al.  2002 ; Yanagawa 
et al.  2004 ). COP1 is an E3 ubiquitin ligase 
which tags light response activators, such as 
the bZIP transcription factor HY5, for target-
ing to the 26S proteasome for subsequent 

degradation (Osterlund et al.  2000 ). In dark-
ness, inactive Cry dimers are localized to the 
nucleus where they bind COP1. Blue light 
leads to the photoactivation of CRY1 and 
triggers CRY1 relocation to the cytoplasm. 
Consequently, in the light COP1 is mostly 
absent from the nucleus and HY5 is no lon-
ger ubiquitinated and degraded, ultimately 
leading to an increase in the expression of 
photomorphogenesis genes (Saijo et al. 
 2003 ) (Fig.  23.3 ).

   In parallel to this, phytochrome signal-
ling acts through a family of basic helix–
loop–helix (bHLH) transcription factors 
called PIFs (for phytochrome-interacting 
factor). Several PIFs have been identifi ed in 
 Arabidopsis  and function mainly as repres-
sors of photomorphogenesis (Castillon 
et al.  2007 ) (Fig.  23.3 ). For example, PIF3 

  Fig. 23.2.    Early events in chloroplast biogenesis. (1) The differentiation of proplastids to chloroplasts is trig-
gered by the perception of light. (2) This in turn leads to the coordinated expression of nuclear genes. (3) Many 
nucleus-encoded proteins are translated in the cytoplasm and targeted for import into chloroplasts by a transit 
peptide (TP), which directs protein translocation through the Toc and Tic complex. After import many proteins 
are processed to remove the TP and proteins not destined for the stroma are directed to their proper location. 
(4) Plastid gene expression is regulated throughout differentiation by the activities of two classes of polymerase 
(pol); the nuclear encoded polymerase and plastid encoded polymerase. (5) The thylakoid network is assembled 
to generate a fully photosynthetically active chloroplast.       
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  Fig. 23.3.    A simplifi ed model of the initiation of light signaling during photomorphogenesis. ( a ) In darkness, 
inactive CRY1 dimers are bound to COP1 in the nucleus. COP1 is an E3 ligase and promotes the ubiquitiation 
(Ub) of photomorphogenesis-promoting transcription factors, such as HY5. Polyubiquitinated HY5 is subse-
quently degraded by the 26S proteasome. Phytochrome dimers are in their inactive (Pr) form and localize to 
the cytoplasm. Skotomorphogenesis promoting transcription factors, such as PIF3, are bound to target promot-
ers and also inhibit the transcription of photomorphogenesis-related genes. ( b ) In light,  blue light  triggers the 
activation of CRY1 dimers, leading to their translocation to the cytoplasm. This leads to accumulation of HY5 
in the nucleus, which in turn activates transcription of photomorphogenesis genes. In parallel, red and far red 
light cause the conversion of phytochrome dimers from their inactive Pr form to their active Pfr form. Active Pfr 
dimers translocate to the nucleus where they bind to PIF3, ultimately leading to its degradation. This de- represses 
the expression of photomorphogenesis related genes.  Dashed lines  indicate the translocation of photoreceptors 
in response to light.       

blocks the transcription of genes involved 
in chlorophyll biosynthesis and photosys-
tem I (PSI) biogenesis (Ni et al.  1998 ). In 
the dark, PIFs are active and regulate gene 
expression to promote skotomorphogenic 
growth. In the light phytochrome dimers are 

converted from their inactive Pr form to 
their active Pfr form and translocate from 
the cytoplasm to the nucleus, where they 
localize to foci called phytochrome nuclear 
bodies (Quail  2002 ). Here the phytochromes 
bind to PIFs, ultimately leading to their 
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phosphorylation and subsequent degrada-
tion. The block in the transcription of the 
photomorphogensis- related genes is thus 
released (Al-Sady et al.  2006 ; Ni et al. 
 1999 ) (Fig.  23.3 ). Recently it has been dis-
covered that PIF1 and PIF3 protein accu-
mulation is also regulated by HEMERA 
( HMR ; pTAC12), which localizes to both 
the periphery of phytochrome nuclear bod-
ies and to chloroplasts. Loss of HMR leads 
to a block in chloroplast development in 
response to light and it is proposed that 
HMR infl uences gene expression directly in 
both the nucleus and chloroplasts (Chen 
et al.  2010 ; Pfalz et al.  2006 ). 

 Shortly after light exposure, even when 
light-stimulated photomorphogenesis is 
barely observable, families of transcription 
factors are rapidly and differentially 
expressed (Lopez-Juez et al.  2008 ). The 
switch from dark to light growth leads to the 
differential regulation of up to one third of 
all nuclear  Arabidopsis  genes in a coordi-
nated manor: Initially genes involved in ribo-
some biogenesis, protein translation and cell 
proliferation are upregulated whilst genes 
involved in plastid biogenesis and photosyn-
thesis are largely induced at least 6 h after 
light exposure (Lopez-Juez et al.  2008 ; Ma 
et al.  2001 ).  

   B. Chloroplast Protein Import 

 Approximately 3,000 different nuclear- 
encoded proteins must be imported into 
chloroplasts during chloroplast biogenesis to 
fulfi l the variety of cellular processes 
 involving chloroplasts (Martin et al.  2002 ). 
Most chloroplast proteins are synthesized as 
precursor proteins (preproteins) in the cyto-
sol and are imported post-translationally into 
the organelle. Preproteins bear an N-terminal 
transit peptide, responsible for the specifi city 
of targeting which is proteolytically degraded 
after successful import. Once the preproteins 
have been guided to the chloroplast by chap-
erones, they interact with receptors on the 
membrane surface and are transported 
through the membranes in a GTP- and ATP- 
dependent manner. 

 The major pathway for protein import 
into chloroplasts is mediated by two multi- 
protein complexes or translocons of the 
outer membrane (TOC) and the inner mem-
brane (TIC) of chloroplasts (Fig.  23.4 ). The 
fi rst committed step in chloroplast protein 
translocation involves the preprotein recog-
nizing part of the TOC complex on the outer 
envelope membrane. The core of the TOC 
complex consists of the proteins Toc159, 
Toc34 and Toc75. Toc159 and Toc34 are 
likely to recognize the precursor proteins 
directly and Toc75 (a β-barrel protein) acts 
as a translocation channel across the outer 
membrane (Hinnah et al.  2002 ; Kessler 
et al.  1994 ). In  Arabidopsis  two isoforms of 
Toc34 (atToc33 and atToc34) and four iso-
forms of Toc159 (Toc159, Toc132, Toc120, 
Toc90) have been identifi ed (Fig.  23.4 ). 
 Arabidopsis  deletion mutants of the major 
isoforms have severe phenotypes suggest-
ing their essential roles in chloroplast bio-
genesis. In particular, the  Arabidopsis  
Toc159 mutant ( ppi2 ) is albino, does not 
accumulate photosynthetic proteins and 
does not survive past the cotyledon stage 
(Bauer et al.  2000 ). Fascinatingly, it has 
been demonstrated that receptor absence in 
 ppi2  is not the only reason for the reduction 
in protein accumulation in plastids but also 
the downregulation of a suite of photosyn-
thetic genes indicating tight regulation 
through retrograde signaling (Kakizaki and 
Inaba  2010 ). The  AtToc33  knockout mutant 
( ppi1 ) shows a pale green phenotype and is 
defective in the import and accumulation of 
several photosynthetic proteins (Kubis et al. 
 2003 ). It has been suggested that Toc com-
plexes with different isoforms are able to 
regulate protein import of different classes 
of preproteins important for chloroplast dif-
ferentiation (Ivanova et al.  2004 ).

   Once the preproteins have crossed the 
intermembrane space the preproteins 
encounter the Tic translocon. Tic110, Tic40 
and Hsp93 represent a minimal functional 
Tic unit (Fig.  23.4 ), where regulatory sub-
units are dynamically associated. Tic110 is 
most abundant mediating precursor bind-
ing, chaperone recruitment on the stromal 
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  Fig. 23.4.    A simplifi ed illustration of the main components of chloroplast import apparatus. Nuclear-encoded 
chloroplast proteins are fi rst translated on cytosolic ribosomes and then transported to the chloroplast outer enve-
lope membrane (OEM). The TOC complex on the outer envelope membrane recognizes the preproteins. Once 
the preproteins have crossed the intermembrane space they encounter the Tic translocon on the inner envelope 
membrane (IEM). Green color indicates proteins demonstrated to be involved in the import of photosynthetic 
proteins;  yellow  indicates the ones involved in the import of housekeeping proteins.       

side of the inner membrane as well as con-
stituting a protein translocation channel 
(Lubeck et al.  1996 ). Reduction in  atTic110  
expression results in a pale green pheno-
type, inappropriate plant growth and a 
marked decrease in thylakoid membranes 
(Inaba et al.  2003 ). In  Arabidopsis  there are 
two nuclear-encoded  hsp93  genes:  hsp93 -
 III  ( clpC2 ) and  hsp93 - V  ( clpC1 ). Whilst the 
 hsp93 - III  mutant displays no phenotype the 
 hsp93 - V  mutant contains chloroplasts with 
reduced thylakoid membranes, decreased 
amounts of PSI and photosystem II (PSII) 
proteins and reduced import effi ciency 
(Constan et al.  2004 ). Similarly, null 

mutants of  AtTic40  display a pale green 
phenotype, slow growth and have less grana 
stacks in the thylakoids (Chou et al.  2003 ). 

 Stromal proteins may also be targeted to 
the thylakoid lumen which requires a second 
transit peptide involving either the Sec 
machinery-dependent or the twin-arginine 
translocation (Tat) protein translocation 
pathways (Robinson et al.  2001 ). Added to 
this is the fact that not all plastid proteins are 
imported through the conventional TOC and 
TIC complexes. Indeed research has shown 
that proteins can also be imported into chlo-
roplasts through alternative pathways (Miras 
et al.  2007 ).  
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   C. Plastid Gene Expression 

 The expression of plastid-encoded genes is 
mediated by two types of RNA polymerases 
of different origin, the nuclear-encoded poly-
merase (NEP; named RPOTp and RPOTmp), 
which probably derives from the mitochon-
drial RNA polymerase, and the multimeric 
plastid-encoded RNA polymerase (PEP), 
which has been retained from the ancestral 
endosymbiont (Hajdukiewicz et al.  1997 ; 
Shiina et al.  2005 ). Most plastid genes or 
operons are preceded by multiple promoters 
allowing transcription by NEP as well as by 
PEP. Plastid genes can generally be ascribed 
to three categories: those with PEP promot-
ers (Class I; primarily genes encoding com-
ponents of the photosynthetic apparatus), 
NEP- and PEP- promoters (Class II; non-
photosynthesis-related genes), or NEP-
promoters only (Class III; a small group of 
genes) (Fig.  23.5 ) (Hajdukiewicz et al. 
 1997 ).

   Selective transcription of the groups of 
genes by the NEP and PEP provides a mech-
anism of differential gene expression during 
chloroplast development. For example, genes 
with NEP promoters are preferentially tran-
scribed early in chloroplast development 
(Fig.  23.5 ). These provide mainly house-
keeping functions and components of the 
plastid genetic machinery, including  rrn , 
 atpB ,  atpI  and  clpP  and subunits of the PEP. 
This leads to a dramatic increase in the tran-
scription and translation activity in the chlo-
roplast. Once the NEP function has led to the 
translation of the PEP chloroplast-encoded 
subunits, the PEP becomes more important 
in the expression of photosynthesis-related 
genes, such as  rbcL ,  psbA  and  psbD  
(Fig.  23.5 ) (Hajdukiewicz et al.  1997 ), ulti-
mately leading to the synthesis and assembly 
of the photosynthetic machineries. 

 Chloroplast maturation is accompanied 
by the repression of NEP activity. The 
replacement of NEP activity by PEP activity 
in chloroplasts defi nes a switch in differen-
tial gene expression and a commitment to 
photosynthetic development. The molecular 
mechanism underlying the switch is however 

questionable; it has been hypothesized that 
glutamyl-tRNA, a product of PEP transcrip-
tion, binds to and inhibits the transcriptional 
activity of NEP, however, the specifi city of 
this interaction is unclear (Bohne et al.  2009 ; 
Hanaoka et al.  2005 ). Alternatively, thyla-
koid sequestration may down-regulate NEP 
activity; however, given that the plastid tran-
scription machinery is membrane-associated 

  Fig. 23.5.    Transcription from NEP- or PEP-dependent 
promoters in proplastids and chloroplasts. Differential 
gene expression during chloroplast development is 
partially based on recognition of distinct classes of 
promoters by NEP and PEP. In proplastids the NEP 
is most active and responsible for the transcription of 
housekeeping genes (Class 2), as well as a small class 
of genes including the  rpoB  operon, which encodes for 
subunits of the PEP (Class 3). In the proplastid the pho-
tosynthetic genes are not transcribed. During chloro-
plast biogenesis the subunits of the PEP are transcribed 
and the activity of the PEP becomes more important as 
the chloroplast develops. In the mature chloroplast the 
photosynthetic genes (Class 1) and the housekeeping 
genes (Class 2) are transcribed by the PEP.       
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more work is required to ascertain whether 
thylakoid association affects NEP activity 
(Azevedo et al.  2008 ). 

 After the switch to PEP activity in chloro-
plasts, the transcription of PEP-transcribed 
genes remains under nuclear control through 
the action of nuclear encoded sigma factors, 
which provide promoter specifi city to PEP. 
The  Arabidopsis  genome encodes six sigma 
factors, which are expressed in a develop-
mental- and light-dependent manner. Several 
of the sigma factors are plastid-localized and 
have overlapping functions and the func-
tional role of sigma factors during chloro-
plast biogenesis is yet to be fully understood 
(Fujiwara et al.  2000 ; Isono et al.  1997 ).  

   D. Thylakoid Membrane Biogenesis 

 Thylakoid membranes are found exclusively 
in organisms performing photosynthesis. In 
plants the thylakoid membranes are arranged 
into highly interconnected lamellar networks 
by the presence of cylindrical stacks called 
grana, which are linked to each other by 
unstacked membrane regions called stroma 
lamellae (Adam et al.  2010 ). 

 Thylakoid ontogeny in plant is highly 
dependent on the development of the chloro-
plasts from undifferentiated proplastids. 
Proplastids contain very few internal mem-
branes, often found as vesicles containing 
little or no photosyntethic complexes. In the 
absence of light proplastids differentiate into 
etioplasts, which contain prolamellar bodies 
and perforated lamellae (Fig.  23.6 ). The pro-
lamellar body is a paracrystalline structure 
consisting of lipids, NADPH, the precursor 
of chlorophyll  α  (protochlorophyllide) and 
the enzyme that calalyzes its photoreduction 
to chlorophyllide (Vothknecht and Westhoff 
 2001 ).

   In the presence of light, proplastids 
develop into mature chloroplast (Fig.  23.6 ). 
Under normal conditions, membrane forma-
tion and protein complex assembly occur in 
a coordinated manner. First, prolamellar 
bodies start to disassemble and the formation 
of long, unconnected lamellae is observed 
(Sperling et al.  1998 ). How this transition 
occurs is still unclear. Next, lamellar regions 
begin to overlap and the assembly and incor-
poration of photosynthetic complexes into 
the membrane leads to the formation of the 

  Fig. 23.6.    Thylakoid forma-
tion in the presence of light. ( a ) 
Etioplast are characterized by 
the presence of a semicrystal-
line structure called prolamel-
lar bodies (PLBs). ( b ) Upon 
illumination the PLBs disso-
ciate and lamellar structures 
begin to be assemble. ( c ) Fully 
developed thylakoid networks 
are observed after several days 
depending on the species and 
light conditions.       
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grana. The establishment of granal domains 
is likely driven by the tendency of PSII and 
light harvesting complex II (LHCII) to 
assemble into super-complexes (Horton 
et al.  1991 ). Fully developed networks are 
completed within one to several days, 
depending on the plant species and light 
conditions. 

 The formation of any membrane struc-
ture requires lipid molecules. The thylakoid 
membranes have a unique lipid composi-
tion different from other cell membranes. 
The thylakoid lipids consist of galactosyl 
diglycerides and both monogalactosyl diac-
ylglycerol and digalactosyl diacylglycerol 
are exclusively found in plastid membranes 
(Block et al.  1983 ). Galactolipids, due to 
two highly unsaturated fatty acyl chains, 
have a poor tendency to form bilayers in 
aqueous solution. This feature makes the 
lipid bilayer assembly process in thylakoid 
membranes rather complex. The formation 
of bilayer structures is an energetic process 
that requires LHCII and membrane proteins 
that have to be combined with lipids. It has 
indeed been shown that increasing the pro-
tein to lipid ratio induces the formation of 
ordered lamellar structures (Simidjiev et al. 
 2000 ). 

 How the lipid traffi cking is carried out is 
controversially discussed. The vesicular 
transport mechanism theory is supported by 
the observation of membrane vesicles in 
leaves exposed to normal and low tempera-
tures (Morre et al.  1991 ). Analysis of 
 Arabidopsis  mutants led to the identifi cation 
of VIPP1 (vesicle-inducing protein in plas-
tids 1), a protein conserved from cyanobac-
teria to plants (Kroll et al.  2001 ; Westphal 
et al.  2001 ), that was found to be associated 
with both the inner envelope and the thyla-
koid membranes. At low temperatures a the 
 vipp1  mutant does not accumulate vesicles, 
suggesting that VIPP1 may be involved in 
the budding of vesicles from the plastid 
envelope membrane (Kroll et al.  2001 ). 
Alternatively, lipids may be shuttled to the 
thylakoid membranes through direct connec-
tions with the inner envelope membrane 
(Shimoni et al.  2005 ).   

   III. Regulation and Maintenance 
of Chloroplast Populations 

   A. Chloroplast Division 

 Once chloroplasts have differentiated from 
proplastids, chloroplast must divide in order 
to match cell division and expansion and to 
provide the full complement of chloroplast 
in mature mesophyll cells.  Arabidopsis  leaf 
mesophyll cells contain over 100 chloro-
plasts (Marrison et al.  1999 ). Proplastid and 
chloroplast division is regulated and coordi-
nated with mesophyll cell division and 
expansion, which is supposed to assure the 
size and photosynthetic competence of the 
mature chloroplast. During leaf development 
chloroplasts become larger, whereas dumb-
bell- shaped plastids became less common, 
suggesting that division occurs early in chlo-
roplast biogenesis (Pyke  1999 ). 

 Chloroplasts divide by binary fi ssion 
whereby constriction of the inner and outer 
membranes occurs at the division site 
(Fig.  23.7 ). This process is driven by the 
coordinated action of two distinct machin-
eries located on the inner and outer chloro-
plast envelopes. The division machinery 
involves proteins derived from the cytoki-
netic machinery of cyanobacteria and pro-
teins originating from the eukaryotic host 
cell. FtsZ is thought to be one of the fi rst 
proteins of the inner machinery to arrive at 
the division site where it acts as a scaffold 
for other proteins (Osteryoung et al.  1998 ). 
It is believed that polymerization of the 
FtsZ proteins into a ring structure (Z-ring) 
is the initiating event in plastid division. 
The  Arabidopsis  plastid division compo-
nent ARC6 is required for the stability and 
the maintenance of the Z-ring whilst its 
paralogue (PARC6) appears to destabilize 
the Z-ring (Glynn et al.  2009 ; Vitha et al. 
 2003 ). Moreover, the Min proteins regulate 
the exact placement of the Z-ring in order to 
ensure the generation of two equally sized 
daughter plastids (Colletti et al.  2000 ; 
Maple et al.  2002 ). Once the stromal ring is 
formed and fi xed to the inner membrane the 
plastid division proteins (PDV) PDV1 and 
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PDV2, in the outer membrane, recruit 
DRP5B (cytosolic dynamin-like protein) 
around the chloroplast in alignment with 
the inner ring (Gao et al.  2003 ; Miyagishima 
et al.  2006 ). It has been shown that when 
the interaction between PDV2 and ARC6 is 
disrupted PDV2 is unable to recognize the 
chloroplast division site and subsequently 
unable to recruit DRP5B to the correct 
place (Glynn et al.  2008 ). This demonstrates 
that the two division machineries are coor-
dinated with each other. Recently, it has 
been found that the PDV levels determine 
the rate of chloroplast division (Okazaki 
et al.  2009 ). Since the level of PDV2 
has been shown to decrease during leaf 
development, whilst the levels of FtsZ and 
DRB5 remain similar, it suggests that 
PDV proteins may play a regulatory role in 
 development. Furthermore, application of 

exogenous cytokinin leads to an increase in 
PDV2 levels, accompanied by an increase 
in chloroplast number in cotelydons, sup-
porting a role of PDV proteins during 
development.

   The rate of chloroplast development is an 
important determinant of the photosynthetic 
capacity of leaves. The control of chloroplast 
division and maintenance of chloroplast 
numbers is of fundamental importance. 
 Arabidopsis  accumulation and replication of 
chloroplast mutants ( arc  mutants) show 
severely decreased numbers of chloroplasts 
and have a signifi cantly reduced photosyn-
thetic capacity and altered thylakoid archi-
tecture. This in turn leads to a different light 
harvesting capacity that seems also to affect 
their ability to adapt to changes in growth 
conditions and light intensity (Austin II and 
Webber  2005 ).  

  Fig. 23.7.    Model of the plastid division machinery. Chloroplasts divide by binary fi ssion whereby constriction 
of the inner and outer membranes occurs at the division site. Initially the FtsZ proteins (AtFtsS1-1, AtFtsZ2-1 
and AtFtsZ2-2) form a Z-ring at the centre of chloroplasts. ARC6 and ARC3 are recruited to the Z-ring through 
specifi c interactions with AtFtsZ2-1 and AtFtsZ1-1, respectively. ARC6 is required for the stability and the main-
tenance of the Z-ring while ARC3 and Min proteins regulate the exact placement of the Z-ring. PDV1 and PDV2 
localize to ring-like structures on the cytosolic surface of the outer envelope membrane and recruit DRP5B to the 
division site to constitute the cytosolic division machinery. Coordination and signalling between the two division 
machineries may occur through a direct interaction between ARC6 and PDV2.       
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   B. Fine Tuning of the Differentiation Pathway 

 Whilst all green tissues contain chloroplasts, 
different cells within the tissue can harbor 
different chloroplast complements, which 
can further vary in terms of size and levels of 
membrane development and chlorophyll 
accumulation. This demonstrates that the 
process of chloroplast biogenesis is con-
trolled in a cell-specifi c manner. The mecha-
nisms in place to fi ne tune the process are not 
well understood. However, a number of 
mutants have been identifi ed with defects in 
both chloroplast biogenesis and the cell 
cycle, which represent potential candidates 
to link plastid differentiation, plastid divi-
sion and cell division. For example, 
CRUMPLED LEAF (CRL) is targeted to the 
plastid envelope and  crl  mutants shows 
defects in not only plastid division and 
expansion, but also in overall plant develop-
ment (Asano et al.  2004 ; Chen et al.  2009 ). 
Additionally, defi ciencies in the two  CDT1  
genes ( AtCDT1a  and  AtCDT1b )  lead to cell 
cycle abnormalities and large , unevenly 
divided chloroplasts (Raynaud et al.  2005 ). 
 AtCDT1a  and  AtCDT1b  are key components 
needed to initiate nuclear DNA replication 
and are also targeted to plastids where they 
interact with ARC6, suggesting that they 
play a major role in regulating events in both 
the nucleus and plastid (Raynaud et al.  2005 ). 

 In addition to cell-specifi c variations in 
chloroplast biogenesis, chloroplasts must 
also sense and adapt to environmental fl uc-
tuations that the cell and tissue responds to. 
For example, within a leaf, chloroplasts 
experience different levels of light and in 
order to adapt to these fl uctuations in light 
levels chloroplast acclimatize by adjusting 
the proportion of light energy used to drive 
photosynthesis. Recent work has highlighted 
the GLK transcription factors, which regu-
late a large suite of genes involved in light- 
harvesting and thylakoid protein complex 
formation in a cell-autonomous fashion, 
thereby enabling the photosynthetic capacity 
of each cell in a leaf to be regulated indepen-
dently (Waters et al.  2008 ).   

   IV. Conclusions 

 Chloroplast biogenesis is a complex and 
highly regulated process and our understand-
ing of the molecular mechanisms involved 
during proplastid to chloroplast differentia-
tion has improved dramatically in the last 
decade. Although the molecular framework 
of chloroplast biogenesis is starting to be 
unraveled, it remains a major challenge to 
dissect the precise control mechanisms, 
which integrate environmental, cellular and 
temporal factors that affect chloroplast bio-
genesis and development. It is also intrigu-
ing to consider that differentiation from 
proplastids to chloroplasts is probably a 
default developmental pathway, with non- 
photosynthetic forms of plastids arising after 
the evolution of chloroplasts. It will be fasci-
nating to discover, what mechanisms are in 
place to prevent chloroplast biogenesis in 
certain tissues and instead promote the vastly 
different pathways of plastid differentiation, 
which lead to the development non- 
photosynthetic plastids. Recent years have 
also seen an increase in our understanding of 
the components essential for chloroplast 
division, but the mechanisms in place to con-
trol the number of plastids in a cell-specifi c 
manner remains unclear. Recent identifi ca-
tion of the role of both the PDV proteins and 
hormones will add new impetus to this fi eld 
of research.     
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      Summary     

Mitochondrial biogenesis is a complex process that facilitates an increase in mitochondrial 
content to meet cellular energy demands. The large majority of proteins needed for this task are 
encoded in the nucleus, while the mitochondrial genome encodes for just 13 gene products. 
Nevertheless, mitochondrial-encoded proteins are essential for organelle function. Therefore, a 
delicate coordination of cytoplasmic and mitochondrial protein synthesis is needed. 
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      I. Introduction 

 Mitochondria are essential eukaryotic organ-
elles that act as the major supplier of cellular 
ATP through oxidative phosphorylation (see 
Chap.   12    ). In addition, mitochondria serve 
critical roles in calcium maintenance, apop-
tosis, and the biosynthesis of various cellular 
molecules, including lipids, cholesterol, 
nucleotides, heme, and steroids. Therefore, 
tight regulation of mitochondrial mass and 
mitochondrial function is vital. Accordingly, 
mitochondrial abundance, morphology, and 
function are fi nely tuned to meet cell-specifi c 
energetic, metabolic, and signaling demands. 
This regulation is dependent on physiologi-
cal cues, which can differ signifi cantly 
between cell types. 

 Cells from different tissues contain differ-
ing numbers of mitochondria, ranging from a 
just a few to more than a thousand. Given this 
diversity, regulation of mitochondrial growth 
is coupled to different physiological or envi-
ronmental signals that regulate the activation 
of specifi c transcription factors (Attardi and 
Schatz  1988 ; Moyes and Hood  2003 ). In the 
heart, mitochondria are highly abundant, and 

produce more than 90 % of the cell’s energy 
(Barth et al.  1992 ). Energy demands in neu-
ronal cells also lead to an increased mito-
chondrial mass relative to cell volume. 
Genetic, metabolic, and dietary factors that 
infl uence mitochondrial proliferation impact 
health and disease in these tissues. 

 Mitochondrial biogenesis regulates mito-
chondrial content and maintains a healthy 
organelle network. Increasing mitochondrial 
mass offers a unique challenge to cells, 
because mitochondrial growth requires coor-
dinated expression of proteins encoded by 
nuclear and mitochondrial genomes. The 
mitochondrial genome encodes only 13 pro-
teins in mammals (Fig.  24.1a ), while the 
nuclear genome encodes for hundreds of 
proteins required for mitochondrial func-
tions, including oxidative phosphorylation, 
calcium homeostasis, and apoptosis.

   Mitochondria also exhibit characteristics 
indicative of their bacterial origin. 
Mitochondrial DNAs (mtDNAs) have fea-
tures derived from their bacterial ancestors 
and must replicate during proliferation. 
Furthermore, mitochondria have retained 
their own transcription and translation 
machineries, which are critical for generating 
key components in respiratory chain com-
plexes (see Chaps.   12     and   21    ). Due to its 
endosymbiotic origin, the mitochondrial inte-
rior/cytoplasm (matrix) is separated from the 
cell cytoplasm by a double membrane 
(Fig.  24.1b ). While the outer membrane of 
mitochondria is quite permeable, the inner 

 Abbreviations:     AMP    – Adenosine monophosphate; 
     ATP    – Adenosine triphosphate;      CL    – Cardiolipin;    
  GMP    – Guanosine monophosphate;      H 2 O 2     – Hydrogen per-
oxide;      PI    – Phosphatidylinositol;      PS    – Phosphatidylserine;    
  PG    – Phosphatidylglycerol;      PA    – Phosphatidic acid;    
  ROS    – Reactive oxygen species    

Furthermore, protein products from the nucleus and mitochondria must be targeted to specifi c 
sub-compartments within the organelle, where they assemble into multi-subunit complexes 
essential for cellular respiration. Mitochondrial DNA replication and lipid synthesis are 
also coordinately regulated to generate a proportional increase in the mitochondrial mass. 
As mitochondrial content increases, mitochondrial fi ssion is needed to distribute the increased 
bioenergetic capacity throughout the cell. Mitochondrial division also serves to isolate damaged 
regions of the organelle that can be targeted for mitophagy. Mitochondrial fusion promotes 
mixing of DNA, protein, and lipid content within the mitochondrial network and counteracts 
fragmentation, thereby preventing additional damage and associated cell death. Several 
physiological factors stimulate transcriptional elements that govern mitochondrial prolifera-
tion. Often, these signals enhance mitochondrial biogenesis, but quality control measures are 
needed to prevent the propagation of deleterious mitochondria.  
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membrane is protein-rich and impermeable 
to most molecules. Thus, specifi c transport 
systems have evolved to facilitate transport of 
specifi c compounds and polypeptides into 
and out of mitochondria. The innermost 
membrane system is highly invaginated, 
resulting in internal compartments called 
cristae, (Fig.  24.1b ) which add to the com-
plexity of the mitochondrial structure. This 
complexity is utilized to regulate the surface 
area of the inner mitochondrial membrane, 
and cristae structure is intimately linked to 

the formation of respiratory complexes and 
their subsequent function (Davies et al.  2011 , 
 2012 ; De los Rios Castillo et al.  2011 ). 

 When cells sense a defi ciency in respira-
tory function, mitochondrial biogenesis 
ensues to meet energy demands. Some 
mitochondrial signals are transmitted to the 
nucleus to induce mitochondrial gene expres-
sion leading to production of a larger mito-
chondrial network. This process faces the 
caveat that a defi ciency in respiratory func-
tion may be due to mitochondrial damage 

  Fig. 24.1.    Mitochondrial 
components. 
( a ) Mitochondrial DNA 
organization. 
( b ) Schematic 
representation of a 
mitochondrion. 
Major features 
and sub-compartments 
are highlighted.       
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and/or dysfunction. Therefore, quality control 
measures are in place to remove damaged 
mitochondria from the cell. If damage per-
sists too long or is too severe to be repaired, 
mitochondria produce signals that are essential 
for the onset of the mitochondrial- induced 
apoptosis. This process involves the release 
of cytochrome  c  into the cytoplasm, which 
leads to activation of cytosolic caspases and, 
eventually, cell death (Kroemer et al.  1998 ).  

   II. Mitochondrial Components 

 Mitochondria are characterized by their bio-
energetic functions, but they also serve roles 
in cell signaling and molecular biosynthesis. 
The membrane organization of mitochondria 
creates sub-compartments where specialized 
functions are maintained in relative isolation. 
These regions include the mitochondrial 
outer membrane, the intermembrane space, 
the mitochondrial inner membrane, cristae 
and matrix (Fig.  24.1b ). The following sec-
tions identify key components of mitochon-
dria that are generated during mitochondrial 
biogenesis to increase organelle mass and the 
bioenergetic capacity of eukaryotic cells. 

   A. Mitochondrial DNA 

 The mitochondrial genome is derived from 
an early endosymbiont, and different levels 
of the original genetic material have been 
preserved in present-day organisms. After 
incorporation of symbiotic bacteria, mito-
chondrial evolution has involved the pro-
gressive loss of genes to the nucleus. Due to 
evolutionary pressures, the size and packag-
ing of mtDNA is remarkably different 
between distinct organisms, ranging from 
the 570 kilobase (kb), circular molecules in 
corn plants (Lonsdale et al.  1984 ) to the 
l inear, 46 kb molecules in Tetrahymena 
(Borst et al.  1980 ), and to the ~16 kb, circu-
lar molecules found in animals (Attardi 
 1985 ). The mtDNA from yeast and mam-
mals are the most extensively studied, and 
despite differences in genome size, there are 
signifi cant similarities. 

 In yeast, mtDNA is a circular, ~75 kb 
molecule that contains coding sequence for 
two ribosomal RNAs (rRNAs), a set of trans-
fer RNAs (tRNAs), and conserved inner 
membrane proteins essential for oxidative 
phosphorylation (Borst and Grivell  1978 ; 
Tzagoloff et al.  1979 ). Similarly, human 
mtDNA is a circular, 16.5 kb molecule that 
encodes for two rRNAs and 22 tRNAs 
needed for mitochondrial protein synthesis 
along with 13 essential inner membrane pro-
teins that co-assemble with nuclear-encoded 
proteins to form complex I, complex III (see 
Chap.   8    ), complex IV (see Chap.   10    ), and 
complex V (see Chap.   6    ), of the respiratory 
chain (Fig.  24.1a ). Transfer of electrons 
through these complexes is essential for gen-
erating the electrochemical gradient coupled 
to synthesis of ATP. 

 Even with their relative independence, 
mitochondria are absolutely dependent on 
the genome of the host organism in which 
they reside. The vast majority of mitochon-
drial proteins are encoded in the nucleus. 
In fact, all of the proteins that mediate 
mitochondrial protein and RNA import 
along with all of the enzymes within the 
mitochondrial matrix are nuclear-encoded. 
The co- assembly of the multi-subunit com-
plexes of the respiratory chain requires 
cooperation between the nuclear and mito-
chondrial genomes. As a result, the host 
cell is able to control mitochondrial bio-
genesis and function.  

   B. Mitochondrial Lipid Content 

 When compared to mtDNA, the role of lipids 
in mitochondrial protein function has not been 
studied as extensively. Phosphatidylcholine 
(PC) and phosphatidylethanolamine (PE) are 
the major phospholipid constituents of mito-
chondrial membranes. Phosphatidylinositol 
(PI), phosphatidylserine (PS), phosphatidylg-
lycerol (PG), phosphatidic acid (PA) and 
cardiolipin (CL) are less abundant. However, 
CL is enriched in the mitochondrial inner 
membrane (Zambrano et al.  1975 ). PC, PI, PS 
and PA are synthesized in the endoplasmic 
reticulum (ER) and need to be imported. 
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Conversely, PE, PG and CL are synthesized 
within the mitochondrion (Daum and Vance 
 1997 ). Eukaryotic cells with defects in the 
mitochondrial synthesis of PE, PG, and CL 
have been isolated and exhibit abnormal mito-
chondrial morphology or stability. Still, it is 
not clear how phospholipid biosynthesis 
within the ER is regulated and contributes to 
mitochondrial biogenesis. 

 Ongoing research is focused on elucidat-
ing functional interactions between mito-
chondria and the endoplasmic reticulum 
(ER) as well as mitochondrial components 
involved in lipid biogenesis and mitochon-
drial morphology. Mitochondrial mem-
brane remodeling is regulated by 
interactions between mitochondria and the 
ER, as components of the mitochondrial 
fusion machinery (see Sect.  III.B ) are 
involved in forming ER-mitochondria con-
tact sites (de Brito and Scorrano  2008 ). 
These sites are proposed to be involved in 
calcium signaling and lipid transfer 
between the adjacent membranes. In yeast, 
translocator and maintenance protein 41 
(Tam41) and prohibitins regulate the syn-
thesis and assembly of mitochondrial inner 
membrane phospholipids and proteins 
(Kutik et al.  2008 ; Osman et al.  2009a ). 
Prohibitins also regulate mitochondrial 
protein degradation, stability of the mito-
chondrial genome, and cristae morphology 
(Osman et al.  2009b ). 

 Recent studies have shown that particu-
lar phospholipids serve a vital role in the 
organization and function of inner mem-
brane proteins. CL is critical for the orga-
nization and function of many protein 
complexes, including components of the 
respiratory chain (Eble et al.  1990 ). 
Interestingly, the amount of CL in the 
mitochondrial inner membrane is depleted 
in response to various stimuli, including 
hormone levels (Paradies and Ruggiero 
 1990 ), chronic muscle contraction 
(Takahashi and Hood  1993 ), and ischemia 
(Lesnefsky et al.  2001 ). During aging, 
cytochrome  c  oxidase is depleted, while 
addition of exogenous CL can reverse this 
trend (Paradies et al.  1997 ).  

   C. Mitochondrial Proteins 

 Since mtDNA encodes only 13 proteins, 
nuclear genes are required for mitochondrial 
biogenesis. A cellular machinery had to 
evolve to mediate the transport of nuclear- 
encoded proteins to mitochondria. Moreover, 
these events must be coordinated with 
 translation and assembly of mitochondrial- 
encoded proteins to generate additional 
mitochondrial machineries that maintain 
organelle function. In mammals, the mito-
chondrial proteome includes ~1,000 pro-
teins, and about 50 % of mitochondrial 
proteins are expressed in a tissue- specifi c 
manner (Mootha et al.  2003 ). Therefore, 
the mitochondrial proteome likely includes 
a large number of proteins that are dedi-
cated to specialized functions in addition to 
factors that are essential for mitochondrial 
biogenesis (i.e. proteins involved in energy 
metabolism). 

 There are three major classes of mito-
chondrial proteins encoded in the nucleus. 
The fi rst class includes proteins that directly 
or indirectly support catalysis required for 
mitochondrial energy generation and syn-
thesis of biological macromolecules. As 
mentioned before, the large majority of pro-
teins within the respiratory chain complexes 
are nuclear encoded. Additionally, a large 
majority of mitochondrial proteins are syn-
thesized in the cytosol and transported into 
specialized mitochondrial compartments, 
including the mitochondrial inner membrane 
and matrix, where they perform fatty acid 
oxidation, contribute to the tricarboxylic 
acid cycle (TCA cycle), build heme, and 
synthesize certain amino acids. A second 
class of nuclear genes encodes proteins 
needed for the replication and expression of 
the mitochondrial genome. These protein 
factors include nucleic acid polymerases, 
RNA processing enzymes, transcription and 
replication factors, translation factors, and 
ribosomal proteins (see Sect.  IV.A – C. ). 

 Lastly, a third class includes proteins 
needed for import and assembly of proteins 
targeted to mitochondria. Interestingly, the 
mitochondrial inner membrane is extremely 
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protein-rich (60–70 % by weight). In a recent 
study, 850 different proteins were identifi ed 
in  Saccharomyces cerevisiae  mitochondria 
(Reinders et al.  2006 ), and roughly 30 % of 
these proteins encode for integral membrane 
proteins. Since the majority of these proteins 
must be imported from the cytosol, nuclear-
encoded mitochondrial proteins contain spe-
cifi c signal sequences directing them to the 
mitochondrial inner membrane (Chacinska 
et al.  2009 ). Receptor proteins within large 
macromolecular complexes on the mito-
chondrial outer membrane recognize these 
signal sequences and facilitate translocation 
through the mitochondrial membranes. The 
complexity of the factors involved in 
 mitochondrial protein integration will be 
discussed in a later section of this review 
(see Sect.  IV. D. )   

   III. Mitochondrial Dynamics 

 Mitochondria are in constant movement 
within cells. To facilitate mitochondrial 
 biogenesis and distribution of the mtDNA 
and proteome, mitochondria undergo con-
stant cycles of fi ssion and fusion (Fig.  24.2 ). 
In addition to mitochondrial proliferation 
and distribution within the cell, mitochon-
drial dynamics also affect organelle mor-
phology, cell bioenergetics, and cell injury 
or death (Chan  2006a ,  b ). Mitochondrial 

 fi ssion increases the number of mitochon-
dria within the cell in concert with biogen-
esis and also provides a mechanism for 
isolating defective organelles targeted for 
degradation (Youle and Narendra  2011 ). 
Conversely, mitochondrial fusion is required 
for organelle mixing to distribute mitochon-
drial components through the organelle 
 network. These dynamic events lead to 
alterations in mitochondrial size, number, 
and mass, and these changes are regulated 
by various physiologic stimuli and differen-
tiation states.

     A. Mitochondrial Fission 

 Drp1 (Dnm1 in yeast) is a ~80 kDa GTPase 
protein that regulates mitochondrial division 
in eukaryotic cells (Smirnova et al.  1998 , 
 2001 ) (Fig.  24.2a ). Drp1 is mostly cytosolic 
and forms distinct punctae on mitochondria 
that correspond to sites of ensuing fi ssion. 
Mitochondrial fi ssion is inhibited in cells 
expressing a dominant-negative GTPase 
mutation of Drp1 (Frank et al.  2001 ) or in 
cells containing siRNA that target Drp1 
(Gandre-Babbe and van der Bliek  2008 ). 
Conversely, over-expression of functional 
Drp1 results in excessive fi ssion leading to 
small fragmented mitochondria. 

 In vitro, Drp1 and Dnm1 forms ordered, 
oligomeric structures in the presence of a 
lipid template or non-hydrolysable GTP 

  Fig. 24.2.    Mammalian mitochondrial dynamics. ( a ) Mitochondrial fi ssion is mediated by dynamin-related 
protein 1 (Drp1). ( b ) Mitochondrial fusion is regulated by mitofusins (Mfn1,2) on the outer mitochondrial mem-
brane and Optic Atrophy 1 (Opa1) on the inner membrane.       
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(Yoon et al.  2001 ; Ingerman et al.  2005 ; 
Mears et al.  2011 ). The self-assembly 
properties of Drp1 can be disrupted by 
mutations within functional domains, and 
these alterations infl uence GTPase activity 
(Chang et al.  2010 ). 

 Additional partner proteins interact with 
Drp1 and Dnm1 in the mitochondrial fi ssion 
complex, and distinct partners have been 
identifi ed in mammals and yeast. 
Mitochondrial fi ssion factor (Mff), mito-
chondrial elongation factor-1/mitochondrial 
dynamics proteins of 49 and 51 kDa (MIEF1/
MiD49/51), and mitochondrial fi ssion 1 pro-
tein (Fis1) have all been identifi ed as Drp1 
partners in mammals, while mitochondrial 
division protein 1 (Mdv1), Caf4 and Fis1 
have been shown to interact with Dnm1 in 
yeast. In mammals, Mff, MIEF1/MiD49/51, 
and Fis1 are all anchored in the mitochon-
drial outer membrane by a transmembrane 
segment (Yoon et al.  2003 ; Gandre-Babbe 
and van der Bliek  2008 ; Palmer et al.  2011 ; 
Zhao et al.  2011 ). The cytoslic domains of 
these proteins are proposed to be involved in 
interactions with Drp1. It is still unclear 
what the distinct roles of Mff, MIEF1/
MiD49/51, and Fis1 are in mediating mito-
chondrial fi ssion and how each affect Drp1 
function. The yeast mitochondrial fi ssion 
complex contains Fis1, which recruits 
Dnm1 to the mitochondrial outer membrane 
(Mozdy et al.  2000 ; Zhang and Chan  2007 ). 
Additional adaptor proteins, Caf4 and Mdv1, 
are not conserved in mammalian cells, even 
though they are essential for mitochondrial 
fi ssion in yeast (Tieu and Nunnari  2000 ; 
Griffi n et al.  2005 ). 

 Additional proteins are known to co- 
localize with Drp1 in vivo and may affect 
Drp1 self-assembly and activity. The translo-
case of IMM 8 homologue A (Timm8a/DDP) 
is released from the intermembrane space of 
mitochondria and binds to cytosolic Drp1 to 
promote its translocation to mitochondrial 
fi ssion sites (Arnoult et al.  2005 ). Endophilin 
B1 (Endo B1) contains a Bin-Amphiphysin- 
Rvs (BAR) domain, which promotes mito-
chondrial membrane curvature. Endo B1 
also localizes to the cytosol and interacts 

with Bax, a pro-apoptotic factor (Cuddeback 
et al.  2001 ; Pierrat et al.  2001 ). At the mito-
chondrial surface, this interaction promotes 
Bax insertion in the outer membrane during 
the apoptotic cascade. Drp1 also can enhance 
Bax oligomerization (Montessuit et al. 
 2010 ), which suggests that these proteins 
work in concert to facilitate outer mitochon-
drial membrane permeabilization and subse-
quent cell death. 

 Post-translational modifi cations of Drp1 
affect mitochondrial dynamics, and these 
have been extensively characterized. 
S-Nitrosylation of Drp1 enhances GTPase 
activity and oligomer formation, leading to 
excessive mitochondrial fragmentation in 
diseased neurons (Cho et al.  2009 ). 
Phosphorylation and dephosphoylation at 
distinct sites also contribute to changes in 
mitochondrial morphology in response to 
specifi c stimuli (Chang and Blackstone 
 2007 ; Cribbs and Strack  2007 ). Sumoylation 
and ubiquitylation of Drp1 also affect the 
amount of mitochondrial division that occurs 
within the cell (Wasiak et al.  2007 ; Park et al. 
 2010 ), which can have serious consequences 
on mitochondrial biogenesis and subsequent 
function.  

    B. Mitochondrial Fusion 

 The integral membrane proteins mitofusin 1 
and mitofusin 2 (Mfn1,2, Fzo1 in yeast) and 
optic atrophy 1 (Opa1, Mgm1 in yeast) con-
trol mitochondrial fusion (Fig.  24.2b ). 
Mfn1,2 reside in the mitochondrial outer 
membrane, while Opa1 sits at the mitochon-
drial inner membrane. In yeast, an additional 
adaptor protein, Ugo1, tethers Fzo1 and 
Mgm1, but no comparable factor has been 
discovered in mammals. 

 At an early stage of mitochondrial fusion, 
Mfn1,2 are thought to form homo- or hetero- 
oligomers that tether adjacent mitochondria 
(Benard and Karbowski  2009 ). Subsequent 
membrane fusion likely requires the energy 
from GTP hydrolysis. Knockout of Mfn1,2 
results in the formation of small fragmented 
mitochondria, highlighting their  conserved 
role in mediating mitochondrial fusion 

24 Mitochondrial Biogenesis



458

(Chen et al.  2003 ,  2007 ). When compared 
with the loss of Mfn 2 in mammals, Mfn1 
depletion leads to a more severe mitochon-
drial fragmentation phenotype with a con-
current increase in cell death (Bach et al. 
 2003 ; Chen et al.  2005 ). 

 Cells lacking Opa1 also exhibit increased 
mitochondrial fragmentation (Sesaki et al. 
 2003 ). Opa1 together with scaffolding pro-
teins such as prohibitins, are thought to be 
involved in the maintenance of cristae mor-
phology, possibly by assembling into higher- 
order structures (Merkwirth and Langer 
 2008 ). More recently, Opa1 (Ban et al.  2010 ) 
and Mgm1 (Meglei and McQuibban  2009 ) 
have been shown to oligomerize and associ-
ate with negatively charged lipids, like CL. 
Interestingly, Opa1 localizes to the mito-
chondrial inner membrane and the inter-
membrane space due to differential 
proteolytic cleavage. The electrochemical 
gradient across the inner membrane has been 
shown to infl uence cleavage and, thereby, 
affects cristae morphology and release of 
cytochrome  c  leading to cell death. 
Conversely, Mfn1,2-defi cient cells exhibit 
extensive mitochondrial fragmentation, but 
apoptosis is not enhanced (Chen et al.  2003 ; 
Chen and Chan  2005 ). Thus, factors that lead 
to mitochondrial fi ssion may contribute to 
apoptosis, but they are not required for cell 
death.   

   IV. Biogenesis: Increasing 
Mitochondrial Mass 

 The mechanisms involved in controlling 
mitochondrial proliferation are starting to be 
elucidated. With constant mitochondrial 
turnover, an increase in mitochondrial mass 
means that the synthesis of both mitochon-
drial and nuclear-encoded proteins are added 
to pre-existing organelles in such a way 
that functional consistency is preserved. 
Mitochondrial fi ssion then works to generate 
a well-distributed mitochondrial network 
throughout the cell. In the end, mitochon-
drial biogenesis requires the coordinated 
actions of roughly 1,000 genes and 20 % of 

cellular proteins, and a complex regulatory 
network of transcription factors. 

    A. Replication of the Mitochondrial 
Genome 

 Unlike nuclear DNA, which only replicates 
once during cell division, mtDNA is continu-
ously recycled (Bogenhagen and Clayton 
 1977 ). Replication of mtDNA is performed 
by a number of nuclear-encoded proteins 
(Fig.  24.3a ), including the mitochondrial 
DNA polymerase γ (Pol γ, encoded by the 
POLG gene) (Kaguni  2004 ) and the acces-
sory p55 protein (encoded by the POLG2 
gene). A 195 kDa, hetero-trimeric replica-
tion complex, composed of the catalytic Pol 
γ subunit and two p55 subunits, synthesizes 
new mtDNA (Fig.  24.3a ). The Pol γ subunit 
has DNA polymerase, 3′ → 5′ exonuclease, 
and 5′-deoxyribose phosphate lyase activi-
ties (Longley et al.  1998a ,  b ). The p55 sub-
units act as DNA binding factors that increase 
the affi nity of the replication complex for 
template DNA, which enhances polymerase 
activity (Lim et al.  1999 ).

   Additional components contribute to 
mtDNA replication. The mitochondrial 
single- stranded binding protein (mtSSB, 
Fig.  24.3a ) stabilizes single-stranded regions 
of DNA at replication forks and promotes 
Pol γ activity (Mikhailov and Bogenhagen 
 1996 ). Twinkle (Fig.  24.3a ) is a 5′ → 3′ heli-
case that unwinds double-stranded mtDNA 
at the replication fork, facilitating mtDNA 
synthesis (Korhonen et al.  2003 ). Twinkle 
may also regulate mtDNA copy number 
within cells (Tyynismaa et al.  2004 ). There is 
also a strong correlation between the levels 
of transcription factors and mtDNA (Larsson 
et al.  1998 ), which may indicate that these 
factors bind to mtDNA to protect against 
oxidative damage (Ghivizzani et al.  1994 ). 
Similarly, the expression of the mtSSB pro-
tein is up-regulated when mtDNA content 
increases, which may help prevent mtDNA 
damage and regulate mitochondrial 
biogenesis. 

 The overall amount of mtDNA varies by 
cell type (Veltri et al.  1990 ) and also depends 
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on local energy requirements (Marcuello 
et al.  2005 ). After the mitochondrion has 
enough mtDNA, membrane area, and mem-
brane proteins, it can undergo fi ssion to form 
two separate organelles. Evidence suggests 
that mitochondria can also undergo fusion 
and exchange genetic material between one 
another (Chen et al.  2007 ). 

 Factors regulating the expression of pro-
teins in the mtDNA replication machinery 
are not well known. Nuclear respiratory fac-
tor- 1 (NRF-1) is one transcription factor that 
has been identifi ed to play such a role. NRF-1 
expression is related to cellular ATP levels. 

NRF-1 binds to promoter regions of POLG 
and POLG2. NRF-1 also regulates the 
expression of many mitochondrial proteins 
and transcription factors, which may help to 
coordinate mtDNA replication with mito-
chondrial proliferation (Scarpulla  2006 ).  

   B. Transcription of Mitochondrial Genes 

 The initiation of transcription in mitochon-
dria requires three types of proteins 
(Fig.  24.3a ): the mitochondrial RNA poly-
merase (mtRNAP), mitochondrial transcrip-
tion factor A (Tfam), and mitochondrial 

  Fig. 24.3.    Mitochondrial replication, transcription, and translation. ( a ) Factors involved in mitochondrial repli-
cation are highlighted. Mitochondrial DNA (mtDNA), mitochondrial single-stranded binding protein (mtSSB). 
( b ) A schematic representation of mitochondrial transcription and translation is shown. Mitochondrial RNA 
polymerase (RNAPmt) transcribes mitochondrial mRNA (POLRMT) in concert with transcriptional factors 
(Tfam and Tfb1/2). Mitochondrial protein synthesis is then mediated by the  55S  mitochondrial ribosome.       
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transcription factors B1 and B2 (Tfb1m, 
Tfb2m). The proteins mtRNAP, Tfam, and 
Tfb1m or Tfb2m assemble at mitochondrial 
promoters and facilitate transcription. The 
molecular details of the complex involved in 
mitochondrial transcription were recently 
determined (Ringel et al.  2011 ), and the 
basal transcription machinery has been 
reconstituted in vitro (Smidansky et al. 
 2011 ). Many genes lack a transcriptional 
initiation site because they are transcribed as 
part of larger, concatenated transcriptional 
units, which require additional processing to 
generate mature RNAs (Rorbach and 
Minczuk  2012 ). 

 In yeast, mtDNA transcription is initiated 
at ~20 transcriptional units throughout the 
genome (Poyton and McEwen  1996 ). In ver-
tebrates, transcription is initiated bi- 
directionally within the  d -loop of mtDNA 
(Fig.  24.1a ) at two promoters, PH and PL for 
heavy (H) and light strands (L), respectively 
(Shadel and Clayton  1997 ). The polygenic 
transcript directed by PH is processed into 
14 tRNAs, 12 mRNAs, and the two rRNAs 
(Garesse and Vallejo  2001 ). PL directs the 
synthesis of a transcript that is processed to 
one mRNA and eight of the 22 tRNAs pres-
ent in the mitochondrion. Both promoters 
(PH and PL) share a critical upstream 
enhancer that serves as the recognition site 
for Tfam, which stimulates transcription 
through specifi c binding of these enhancer 
elements. Tfam has been shown to bend and 
unwind DNA, which promotes transcription 
upon binding mtDNA (Fisher et al.  1992 ). In 
addition to specifi c promoter recognition, 
Tfam binds non-specifi c DNA with high 
affi nity. This property along with its abun-
dance in mitochondria suggests that it plays 
a role in the stabilization and maintenance of 
mtDNA through its binding to non-promoter 
sites (Parisi et al.  1993 ). 

 In addition to Tfam, a highly intercon-
nected network of transcription factors regu-
lates nuclear genes encoding mitochondrial 
proteins during mitochondrial biogenesis. 
This regulation also encompasses proteins 
that control replication and transcription of 
the mitochondrial genome. The molecular 

regulators of this inter-genomic coordination 
include nuclear-encoded regulatory proteins, 
such as NRF-1 and NRF-2, Tfam, Tfb1m 
and Tfb2m, and the cyclic-AMP response 
element binding protein (CREB). These 
 factors also regulate expression of genes 
encoding proteins in the respiratory chain 
complexes (Herzig et al.  2000 ; Scarpulla 
 2002 ). Peroxisomal proliferator-activated 
receptor-γ (PPARγ) co-activator 1 α (PGC1-α) 
and PGC1-β act upstream to modulate these 
nuclear regulatory proteins. 

 The PGC-1 family of proteins governs the 
mitochondrial genome through regulation of 
nuclear-encoded genes that regulate mtDNA 
replication, transcription, and translation. 
Genes regulated by PGC-1 proteins include 
POLG, TWINKLE, TFAM, TFB1M, TFB2M, 
and POLRMT, which encodes the mtRNAP 
(Falkenberg et al.  2007 ). Additionally, 
PGC1-α stimulates the expression of other 
transcription factors involved in the coordi-
nated expression of mitochondrial genes. 
Specifi cally, PGC1-α helps to directly coor-
dinate the expression of genes involved in 
oxidative phosphorylation and has been 
identifi ed as a major regulator of mitochon-
drial biogenesis (Knutti and Kralli  2001 ; 
Puigserver and Spiegelman  2003 ). An 
increase in the mRNA and protein levels of 
PGC1-α accompany mitochondrial prolifer-
ation during adaptive thermogenesis (Lowell 
and Spiegelman  2000 ) and muscle regenera-
tion (Duguez et al.  2002 ). Additionally, over- 
expression of PGC1-α leads to mitochondrial 
proliferation in myoblasts (Wu et al.  1999 ) 
and the hearts of the transgenic mice 
(Lehman et al.  2000 ). These observations 
highlight the important role of PGC1-α in 
regulating mitochondrial biogenesis. 

 Nuclear-encoded transcription factors 
were also identifi ed as being required for the 
expression of the cytochrome  c  gene to form 
a functional respiratory complex (Scarpulla 
 1997 ). The cytochrome  c  promoter contains 
a recognition site for NRF-1 (Evans and 
Scarpulla  1989 ). Additional NRF-1 target 
genes include separate components of the 
respiratory chain complexes (Virbasius et al. 
 1993 ). The regulatory network of NRF-1 
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extends to nuclear proteins as well. NRF-1 
and NRF-2 trigger the expression of nuclear 
genes coding for proteins involved in assem-
bly of the respiratory chain complexes, sub-
units of the mtDNA replication and 
transcription machinery, mitochondrial and 
cytosolic enzymes of the heme biosynthetic 
pathway, and components of mitochondrial 
protein import. NRF-1 activity can also be 
regulated by phosphorylation and/or interac-
tions with PGC-1 proteins (see Fig.  24.4 ). In 
some cases, NRF-1 phosphorylation infl u-
ences its nuclear translocation, DNA bind-
ing, and transcriptional activity (Gugneja 
and Scarpulla  1997 ). Interestingly, NRF-1 
targets the nuclear TFAM gene, which is 

consistent with the idea that transcription 
factors coordinate interactions between the 
nucleus and mitochondria during mitochon-
drial biogenesis.

   PGC-1 partners are linked to additional 
transcription factors that regulate mitochon-
drial biogenesis. PGC1-α co-activates the 
nuclear receptor PPARγ, a key regulator of 
nuclear genes coding for enzymes with func-
tion in the mitochondrial fatty acid oxidation 
(Vega et al.  2000 ). PGC1 proteins were 
found to co-activate estrogen-related recep-
tors (ERRs), ERRα and ERRβ, during mito-
chondrial biogenesis (Huss et al.  2002 ; 
Schreiber et al.  2003 ). Transcriptional regu-
lation is linked to mitochondrial dynamics as 

  Fig. 24.4.    Signals infl uence mitochondrial biogenesis. Physiologic signals, including calcium and oxidative 
stress, promote expression of nuclear genes through transcription factors (ex. PGC-1 α and NRF-1). Precursor 
proteins are then synthesized in the cytosol and bind to the mitochondrial protein import machinery (TOM and 
TIM complexes) to facilitate translocation. Proteolysis removes the target sequence to yield mature protein. 
Mitochondrial outer membrane (MOM), mitochondrial inner membrane (MIM), intermembrane space (IMS).       
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well. PGC-1β increases expression of Mfn2 
by co-activation of ERRα (Liesa et al.  2008 ). 
These observations suggest that ERRs and 
PPARs may drive distinct but overlapping 
mitochondrial pathways downstream of 
PGC1 proteins. The ability of these co- 
regulators to interact with multiple DNA- 
binding factors enables the integration of 
signals throughout the broad mitochondrial 
gene expression system.  

    C. Translation of Mitochondrial Proteins 

 Mitochondria contain ~1,000 different pro-
teins (Sickmann et al.  2003 ; Pagliarini et al. 
 2008 ). Of these, ~1 % are synthesized on 
mitochondrial ribosomes in the matrix, while 
the rest are synthesized on cytosolic ribo-
somes. Mitochondrial proteins synthesized 
in the matrix retain features of their endo-
symbiotic ancestor and are crucial  membrane 
subunits of the respiratory machinery 
(Fig.  24.1a ). Mitochondria also contain hun-
dreds of proteins derived from prokaryotes 
that are synthesized in the cytosol, because 
the genes encoding them were transferred to 
the nucleus during evolution. As eukaryotic 
cells evolved, some proteins of non- 
mitochondrial origin developed functional 
roles within mitochondria, and these factors 
are also encoded by nuclear genes and syn-
thesized in the cytosol. 

 Mitochondrial translation systems more 
closely resemble the standard prokaryotic 
translation machinery than their eukaryotic 
analogue. For example, the range of antibiot-
ics inhibiting mitochondrial translation coin-
cides with antibiotics that inhibit prokaryotic 
ribosomes (Borst and Grivell  1971 ). The 
total number of mitochondrial translation 
products varies from 8 in yeast (Pel and 
Grivell  1993 ), to 13 in mammals (Chomyn 
et al.  1986 ), and about 20 in plants (Levings 
and Brown  1989 ). Therefore, mitochondrial 
translation is tailored to a small subset of 
proteins, and the mitochondrial ribosome 
has evolved under distinct environmental 
pressures to translate a shrinking mitochon-
drial genome. All of the proteins synthesized 
by the mammalian mitochondrial transla-

tional system are localized in the mitochon-
drial inner membrane where they function as 
subunits in the electron transfer and ATP 
synthase complexes (see Chap.   6    ). There is 
evidence that mitochondrial ribosomes are 
associated with the mitochondrial inner 
membrane and are enriched in cristae 
regions, although the proteins required for 
these interactions have not been defi ned. 

 Even though the mitochondrial ribosome 
is descended from a bacterial ribosome, the 
structural components are noticeably differ-
ent. The ratio of protein to rRNA mass in 
animal mitochondrial ribosomes (2:1) is 
inverted from the ratio found in bacterial and 
archaeal ribosomes (1:2), which yields a 
more buoyant 55S mitochondrial ribosome 
(Fig.  24.3b ). All of the mitochondrial ribo-
somal proteins are encoded by rapidly evolving 
nuclear genes (O’Brien  2002 ), while the 
mitochondrial rRNAs, which are also evolv-
ing at a rapid rate (Kurland  1992 ), are 
encoded by the mitochondrial genome and 
are transcribed within the mitochondrion. 
Animal mitochondrial ribosomes have only 
two rRNA species, a 12S rRNA in the small 
subunit and a 16S rRNA in the large subunit 
(Glotz et al.  1981 ) in contrast to larger 
homologous rRNAs found in typical bacterial 
ribosomes. These smaller mitochondrial 
rRNAs are not shortened at random posi-
tions throughout the primary sequence. 
Rather, they lack specifi c regions of secondary 
structure or entire domains (Sharma et al. 
 2003 ; Mears et al.  2006 ). The small rRNA of 
yeast mitochondria also lacks the equivalent 
of a Shine-Dalgarno sequence (Dekker et al. 
 1993 ). As in many eukaryotic cytoplasmic 
mRNAs, the 5′ leader sometimes contains 
one or more short reading frames, which 
could mediate translational control of down-
stream coding sequences. 

 Animal mitochondria have just 22 tRNAs 
(Fig.  24.1a ), one for each amino acid except 
for leucine and serine, which have two. The 
tRNAs found in mammalian mitochondria 
have several unusual features distinguishing 
them from their bacterial and eukaryotic 
equivalents. In a trend similar to that observed 
in mitochondrial rRNAs, mitochondrial 
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tRNAs are generally shorter than tRNAs 
from other bacteria and eukaryotes and often 
lack nucleotides that play important roles in 
creating the L-shaped tertiary structure of 
cytoplasmic tRNAs (Zagryadskaya et al. 
 2004 ). Chemical and enzymatic probing has 
led to the idea that these tRNAs fold into the 
basic cloverleaf structure of canonical tRNAs, 
but lack a number of conserved tertiary inter-
actions and have a weaker three-dimensional 
structure (Helm et al.  2000 ). 

 Several factors required for the general 
processes of mitochondrial translation initia-
tion, elongation, termination and recycling 
have been identifi ed, and a number of detailed 
studies on these factors have been performed. 
The cycle of polypeptide chain synthesis in 
mammalian mitochondria is similar to the 
process in prokaryotes (Spremulli et al. 
 2004 ). Mitochondrial translation involves 
two initiation factors, mitochondrial initiation 
factor 2 (mtIF2) and 3 (mtIF3). Although IF1 
has been viewed as a universal translational 
initiation factor, no homologous protein 
exists in mitochondria. The elongation phase 
of mitochondrial translation has been con-
served during mitochondrial evolution, and 
all three prokaryotic elongation factors, 
mtEF-Tu, mtEF-Ts, and mtEF-G, are con-
served in mammalian mitochondria. The 
properties of these elongation factors have 
been reviewed extensively (Smits et al. 
 2010 ). In the current model for mitochon-
drial translation termination, the mRNA stop 
codon is recognized by mitochondrial release 
factor 1a (mtRF-1a). The process through 
which mtRF1a dissociates from mitochon-
drial ribosomes is unknown.  

    D. Protein Import and Sorting 

 Proteins encoded in the mitochondria and 
nucleus must work in concert to maintain the 
mitochondrial proteome. This coordinated 
expression of mitochondrial proteins has 
resulted in a complex environment for pro-
tein import and folding. At present, four 
principal pathways of mitochondrial protein 
import have been characterized: (1) the pre- 
sequence pathway to the matrix and inner 

membrane, (2) the carrier protein pathway to 
the inner membrane, (3) the redox-regulated 
import pathway to the inter-membrane space, 
and (4) the β-barrel pathway into the outer 
membrane. Each pathway requires multi- 
subunit protein complexes that act as chap-
erones and gating factors. Assembly of these 
factors is essential to expand metabolic 
capacity of cells during mitochondrial bio-
genesis. Several detailed reviews of protein 
import are available (Eilers et al.  1988 ; 
Becker et al.  2009 ; Chacinska et al.  2009 ). 

 Nuclear-encoded proteins targeted to 
mitochondrial sub-compartments are trans-
lated in the cytoplasm and require cytosolic 
chaperones for traffi cking and import (Young 
et al.  2003 ). Heat shock protein (HSP)70 and 
HSP90 serve this functional role maintain-
ing precursor proteins in an unfolded state 
and preventing protein aggregation during 
delivery to the translocase of the outer 
membrane (TOM) complex (Neupert and 
Herrmann  2007 ), which serves as a central 
gate through the outer membrane (Fig.  24.4 ). 
In addition to receptor proteins, the TOM 
complex is comprised of nuclear-encoded 
proteins that form a protein-conducting 
channel and regulate the structural integrity 
of the complex. A sorting and assembly 
machinery, or SAM complex, exists to 
integrate membrane proteins into the mito-
chondrial outer membrane as well. For 
example, the SAM complex is required for 
integration and assembly of the TOM com-
plex. The diversity of proteins requires that 
the SAM complex be able to insert β-barrel 
proteins and some α-helical proteins 
(Stojanovski et al.  2007 ). 

 Nearly all mitochondrial pre-proteins tar-
geted to the inner membrane and matrix are 
imported via the TOM complex (Fig.  24.4 ), 
and two distinct mechanisms for translocation 
of precursor proteins through the channel 
have been demonstrated. First, proteins with 
a mitochondrial targeting sequence (MTS) 
are translocated as unfolded polypeptides 
with the amino-terminal sequence passing 
fi rst. The MTS continues its journey through 
a series of binding sites on the translocase of 
the inner membrane, or TIM complex, to 
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facilitate entry into the matrix or integration 
into the mitochondrial inner membrane 
(Fig.  24.4 ) (Esaki et al.  2004 ; Chacinska 
et al.  2005 ). In the second mechanism, pre-
cursor proteins are translocated through the 
outer membrane in a loop confi guration, as 
opposed to unfolded strands. This topologi-
cal difference leaves both termini of the pro-
tein exposed to the cytosol while a central 
segment is positioned towards the mitochon-
drial intermembrane space (Wiedemann 
et al.  2001 ). 

 Often, the MTS signal is cleaved by mito-
chondrial proteases after targeting (Fig.  24.4 ). 
However, numerous non- cleavable targeting/
sorting signals have been identifi ed within 
mature regions of mitochondrial proteins, 
which reveal the diversity of import path-
ways. Examples of non-MTS import include 
all mitochondrial outer membrane proteins, 
the majority of intermembrane space pro-
teins, several inner membrane proteins with 
multiple transmembrane helices, and a few 
matrix proteins.   

   V. Signals for Biogenesis 

 The number of mitochondria within a cell 
varies widely between different organisms, 
where some cells contain a single mitochon-
drion, while others contain several thousand. 
Similarly, different tissues exhibit differing 
levels of mitochondrial mass. The number of 
mitochondria within a cell can also be 
dynamic, and the energetic demands often 
dictate the fl uctuations that occur. Various 
cell signals regulate mitochondrial prolifera-
tion, and the following sections examine 
these diverse stimuli. 

   A. Calcium Flux 

 Links between calcium concentration and 
mitochondrial gene expression have been 
observed, and the regulation of transcription 
factors through calcium signaling can regu-
late mitochondrial abundance (Williams and 
Rosenberg  2002 ). Effector proteins sense 

changes in the intracellular calcium and ATP 
levels and alter cellular bioenergetics. This 
adaptation is critical in muscle tissues, where 
chronic energy stress stimulates mitochon-
drial biogenesis. 

 Regulation of mitochondrial prolifera-
tion is mediated by calcium/calmodulin- 
dependent protein kinase (CAMK) and 
protein kinase C (PKC). In response to con-
tractile activity in skeletal muscle, these 
enzymes trigger a cascade of events that 
lead to an increase in oxidative fi bers along 
with an increase in mitochondrial number 
(Holloszy and Coyle  1984 ; Chin et al. 
 1998 ). Transgenic mice with a constitu-
tively active, skeletal muscle-specifi c 
CAMK exhibit increased mitochondrial 
biogenesis, which demonstrates the cal-
cium-dependent regulation of mitochon-
drial gene expression (Wu et al.  2002 ). 
Additionally, over-expression of PGC-1α in 
the skeletal muscle of transgenic mice leads 
to an induction of genes involved in mito-
chondrial oxidative metabolism (Lin et al. 
 2002 ). Myogenic cell lines were also used 
to show that CaMK activates PGC-1α tran-
scription (Handschin et al.  2003 ). 

 The activity of AMP kinases (AMPKs), 
which are regulated by changes in the intra-
cellular ATP/AMP ratio, was shown to infl u-
ence PGC-1α levels and mitochondrial 
abundance (Zong et al.  2002 ). NRF-1 is also 
induced as part of the adaptation of skeletal 
muscle to exercise training (Murakami et al. 
 1998 ). Similar results were observed using 
cultured myotubes with elevated calcium to 
mimic exercise-induced mitochondrial bio-
genesis (Ojuka et al.  2003 ). Rats treated with 
a creatine analog to mimic muscle adapta-
tions seen during exercise were found to acti-
vate AMPK and NRF-1, leading to increased 
cytochrome  c  content and mitochondrial 
density (Bergeron et al.  2001 ).  

   B. Energy Demands 

 Cellular demands for increased energy sup-
ply are often met by an increase in respira-
tory activity, usually accompanied by an 
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increase in mitochondrial mass. Under con-
ditions in which yeast cells are dependent on 
mitochondria for energy via oxidative 
metabolism, growth and division of the cell 
is matched by an increase in mitochondrial 
mass. When an energy defi cit is sensed in 
mammalian cells, mitochondrial biogenesis 
is induced by the activity of sirtuins (SIRTs) 
or AMPK (Lagouge et al.  2006 ; Jager et al. 
 2007 ). AMPK also indirectly activates 
SIRT1, which suggests a convergence of 
these two pathways (Canto et al.  2009 ). 

 Conversely, a decrease in mitochondrial 
biogenesis and function are seen during 
aging, physical inactivity, obesity, and insu-
lin resistance. These changes often parallel 
decreases in the expression of transcriptional 
regulators, like PGC-1α, PGC-1β, and NRF- 
1 (Handschin and Spiegelman  2006 ; Reznick 
et al.  2007 ). In contrast to decreases in 
expression by inactivity, PGC-1α expression 
is induced by exercise in mammalian skele-
tal muscle (Goto et al.  2000 ; Baar et al.  2002 ; 
Terada et al.  2002 ; Pilegaard et al.  2003 ). 
Furthermore, regular exercise is known to 
increase mitochondrial activity and content 
in rats (Holloszy  1967 ) and humans (Gollnick 
et al.  1972 ).  

   C. Cell Cycle Regulation 

 Cell cycle control of mitochondrial biogene-
sis remains controversial. The majority of 
mtDNA replication occurs in the late S and 
G2 phases of the cell cycle (Bogenhagen and 
Clayton  1977 ). Consequently, the replication 
of mtDNA is not linked with mitochondrial 
proliferation. As stated earlier, the mtDNA 
number varies between different tissues, and 
a defi ned range is usually preserved (Moraes 
 2001 ). The number of mtDNA within a cell 
can be modulated to meet cellular energy 
demands, and alterations in the copy number 
of mtDNA are observed during different 
stages of cell growth and differentiation 
(Renis et al.  1989 ). 

 Recent studies showed that mitochon-
drial mass and mitochondrial membrane 
potential increased from early G1 to G1/S 

phase of the cell cycle (Lee et al.  2007 ). 
Additionally, mtDNA levels increased from 
G1/S to G2, concomitant with an increase 
of NRF-1 level. Taken together, these stud-
ies suggest that mitochondrial biogenesis 
and dynamics are closely regulated through-
out the cell cycle.  

   D. Oxidative Stress 

 Mitochondrial biogenesis is stimulated when 
mitochondrial function is disrupted by oxi-
dative stress, nitric oxide (NO) or carbon 
monoxide (Nisoli et al.  2003 ; Suliman et al. 
 2007 ). Increased oxidative stress in cells 
leads to elevated levels of both NRF-1 and 
Tfam mRNAs as a means to increase mtDNA 
levels and respiration activity (Miranda et al. 
 1999 ). On the other hand, rodents subjected 
to chronic hypoxia also exhibit increased 
mitochondrial biogenesis (Meerson et al. 
 1973 ). Furthermore, mitochondria extracted 
from hypoxic hearts show increased rates of 
ATP synthesis (Eells et al.  2000 ). 

 In mammals, NO induces an increase in 
mitochondrial biogenesis in a variety of cell 
types (Nisoli et al.  2003 ). This NO effect is 
dependent on cyclic-GMP signaling and 
linked to PGC-1α activation. Furthermore, 
focused disruption of the endothelial NO 
synthase (eNOS) gene in vivo causes a severe 
reduction in mitochondrial mass. Therefore, 
the NO signaling pathway may represent a 
conserved mechanism by which many types 
of mammalian cells regulate mitochondrial 
content. 

 Excess production of reactive oxygen 
 species (ROS) has been shown to elicit 
additional signaling pathways as a response 
to oxidative stress. Non-lethal concentra-
tions of hydrogen peroxide (H 2 O 2 ) induce an 
increase in mitochondrial mass and mtDNA 
copy number within human cells (Lee et al. 
 2000 ). The mRNA levels of PGC-1 and 
NRF-1 also increase when cells are treated 
with H 2 O 2 . Moreover, human cells respond 
to defective respiratory function by promot-
ing expression of Tfam and NRF-1 through 
an H 2 O 2 -dependent signaling pathway 
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(Suzuki et al.  1998 ). Oxidative stress induced 
by injection of lipopolysaccharides (LPS) 
increased NRF-1 activity, Tfam gene 
expression, and stimulated mtDNA replica-
tion and cell proliferation in rat liver 
(Suliman et al.  2003 ). It is also worth noting 
that induction of PGC1 proteins up-regulates 
a broad spectrum of ROS detoxifi cation sys-
tems (St-Pierre et al.  2003 ). Taken together, 
these observations clearly suggest that oxi-
dative stress is one of the factors involved in 
the increase of mitochondrial abundance in 
mammalian cells.   

   VI. Quality Control: Removing 
Mitochondrial Damage 

 Collectively, mitophagy and mitochondrial 
biogenesis work to maintain steady-state 
mitochondrial numbers needed to meet cellu-
lar metabolic demands. Quality control mea-
sures ensure that damaged mitochondrial 
components, or the mitochondrion as a 
whole, are selectively removed to maintain a 
functional organelle network (Fig.  24.5 ). 
Accumulation of dysfunctional mitochondria 
triggers a cascade of events resulting in 
increased mitochondrial division to isolate the 
damage. However, excessive fragmentation of 
mitochondria can ultimately lead to cell death.

     A. Dysfunctional Mitochondria 

 Human mtDNA is more susceptible to oxi-
dative damage and acquires mutations at a 
higher rate than nuclear DNA (Richter et al. 
 1988 ). This increase is likely due to the 
mtDNA environment, which includes high 
levels of ROS, lack of DNA-packaging 
complexes (i.e. histones), and limited ability 
to repair DNA damage. To deal with higher 
levels of ROS, mammalian cells have devel-
oped antioxidant enzymes (Ames et al. 
 1993 ). Although these counter measures can 
dispose of ROS, a small amount may elude 
these mechanisms and induce damage to cel-
lular constituents including nucleic acids, 
proteins, and lipids. Therefore, excessive 
ROS production by mitochondria is harmful 

to the entire cell, and over-production can 
eventually culminate in cell death. 

 Damage to DNA by oxidative stress com-
prises oxidative damage to bases and sugar 
phosphates as well as single- or  double- strand 
breaks in DNA. Moreover, adjacent single-
strand breaks can be converted to double-
strand breaks during replication. Unless the 
damages are repaired or removed, both sin-
gle- and double-strand breaks in mtDNA 
lead to an ineffi cient, if not useless, templates 
for replication (Souza-Pinto et al.  1999 ). 
Consequently, the accumulation of oxidative 
damage can inhibit replication and affect 
mtDNA copy number.  

   B. Mitochondrial Degradation 

 Protein turnover and degradation are an 
important part of mitochondrial biogenesis. 
Proteins within different mitochondrial sub- 
compartments exhibit distinct half-lives, 
and this difference likely refl ects separate 
degradation mechanisms (Hare  1990 ). 
Mitochondrial proteases are responsible for 
protein degradation to remove potentially 
harmful polypeptides from the cell and to 
control the concentrations of various 
enzymes and regulatory proteins (Fig.  24.5 ) 
(Baker et al.  2011 ). Degradation of mito-
chondrial fragments is mediated by lyso-
somal proteases via the process of 
autophagocytosis (Fig.  24.5c ), and this 
releases amino acids that can be used for 
other purposes (Takeshige et al.  1992 ). 

 Misfolded proteins can arise through 
various sources of damage, including ROS- 
induced protein damage, mtDNA mutations, 
and errors in cytosolic and protein translation. 
Accumulation of dysfunctional proteins is 
monitored by chaperones and proteases 
within each mitochondrial sub-compartment. 
Several ubiquitin ligases localize to the 
mitochondrial outer membrane to regulate 
mitochondrial dynamics by ubiquitylating 
proteins involved in organelle fi ssion and 
fusion (Neutzner et al.  2008 ). Studies have 
also demonstrated a role for ubiquitylated- 
protein degradation with the p97 protein, 
which regulates mitochondrial morphology 
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and degradation of cell death factors (Jarosch 
et al.  2002 ). 

 Mitophagy is intimately linked with mito-
chondrial dynamics (Fig.  24.5c ), which are 
believed to be important in maintaining cell 
homeostasis. Parkin, a ubiquitin ligase, accu-
mulates only on mitochondria that have lost 
their electrochemical gradient. In this sce-
nario, mitofusins are ubiquitylated by par-
kin, and subsequent proteasome-dependent 
degradation prevents the fusion of defective 

organelles. Thus, dysfunctional organelles 
within the mitochondrial network are iso-
lated and subsequently degraded by mitoph-
agy (Gegg et al.  2010 ; Tanaka et al.  2010 ). 
Similarly, it has been shown that mitochon-
dria preferentially undergo fusion only when 
they possess an intact electrochemical gradi-
ent, and mitochondria without a suitable 
membrane potential are more likely to 
remain isolated and eventually are targeted 
for autophagy (Twig et al.  2008 ). 

  Fig. 24.5.    Quality control in mitochondrial biogenesis. ( a ) Misfolded and/or damaged proteins can be removed 
via ubiquitin-mediated proteolysis to yield healthy mitochondria. ( b ) Alternatively, dysfunctional proteins or 
damaged compartments within mitochondria can be isolated through mitochondrial fi ssion. ( c ) Damaged mito-
chondria are targeted for mitophagy to selectively retain organelles with functional respiration.       
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 Drp1-induced mitochondrial fragmenta-
tion is propagated through dephosphoryla-
tion of Drp1 by calcineurin, which promotes 
Drp1 translocation for the mitochondrial 
outer membrane (Cereghetti et al.  2008 ). 
Drp1 knockdown in cell cultures was shown 
to suppress mitophagy despite observations 
that mtDNA was lost, ATP levels were 
depleted, and mitochondria lost respiratory 
function (Parone et al.  2006 ). Concomitantly, 
Drp1 over-expression leads to excessive fi s-
sion and removal of mitochondria from the 
eukaryotic cell, eventually leading to apop-
tosis (Arnoult et al.  2005 ).  

   C. Cell Death: Damage Exceeds 
Quality Control Capabilities 

 During oxidative stress response, mitochon-
drial proliferation is stimulated to meet 
energy demands needed for cell survival, 
including repair of damage and synthesis of 
new proteins. On the other hand, prolifera-
tion of defective mitochondria leads to an 
excessive production of ROS and additional 
oxidative damage, which eventually reaches 
a tipping point where the cell is irreversibly 
targeted for destruction. At this threshold, 
mitochondria fragmentation and loss of 
cytochrome  c  drive the cell to an irreversible 
apoptotic fate. When cells have a high anti-
oxidant capacity and good quality control 
measures to limit the amount of oxidation, 
mitochondrial numbers within the cell 
increase. In this case, mitochondrial biogen-
esis will lead to increased energy levels 
within the cell. 

 The exact mechanism by which apoptosis 
occurs is not well understood, but it is clear 
that mitochondria play a key role in regulating 
cell death. The release of cytochrome  c  from 
the mitochondria to the cytosol is associated 
with an increase in the activity of caspases, a 
family of proteases that play a key role in the 
process of apoptosis (Shimizu et al.  1999 ; 
Goldstein et al.  2000 ). Proteins in the B-cell 
lymphoma 2 (Bcl-2) family play distinct and 
opposing roles in mediating cell death by 
either promoting (pro- apoptotic) or prevent-
ing (anti-apoptotic) cytochrome  c  release. 

 Recent evidence suggests that abnormal 
mitochondrial dynamics may contribute to 
cell injury and death. Increased mitochon-
drial fragmentation is associated with per-
meabilization of the outer mitochondrial 
membrane to release pro-apoptotic factors 
that promote cell death (Frank et al.  2001 ; 
Estaquier and Arnoult  2007 ). Furthermore, 
both rotenone and 6-hydroxydopamine 
have been shown to induce Drp1-dependent 
mitochondrial fragmentation and oxidative 
stress (Barsoum et al.  2006 ; Gomez-Lazaro 
et al.  2008 ). S-nitrosylation of Drp1 in 
Huntington’s disease brains has been identi-
fi ed to promote mitochondrial fragmenta-
tion and subsequent cell death. Similar 
observations have been made in the brains of 
Alzheimer’s disease patients (Cho et al. 
 2009 ). In general, affected tissues of patients 
with neuromuscular diseases exhibit aug-
mented oxidative stress, as well as an increase 
in mitochondria and mtDNA molecules. 
Similarly, excessive exercise has been shown 
to induce apoptosis in muscle tissue (Phaneuf 
and Leeuwenburgh  2001 ). 

 Several factors contribute to cytochrome  c  
release from mitochondria, and once cyto-
chrome  c  is released, the cell is committed to 
death. Disruption of mitochondrial mem-
brane potential triggers a series of events 
leading to the opening of a permeability 
pore. Formation of this mitochondrial outer 
membrane pore, coupled with loss of cristae 
structure, leads to the release of cytochrome 
c and pro-apoptotic molecules from 
the intermembrane space of mitochondria 
to the cytosol (Kroemer et al.  1998 ). 
Additionally, increased ROS may induce the 
peroxidation of CL in the mitochondrial 
inner membrane, which triggers dissociation 
of cytochrome  c  from CL (Imai et al.  2003 ). 
During apoptosis, the apoptotic caspase cas-
cade is activated and nuclear DNA is frag-
mented. Alternatively, necrosis can occur 
due to the collapse of the respiratory func-
tion, resulting in over-production of ROS 
and insuffi cient ATP supplies. The loss of 
bioenergetic capacity along with the contin-
ued accumulation of oxidative stress culmi-
nates in cell death.   
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   VII. Conclusion 

 Within different organisms and between 
distinct tissues, mitochondria have evolved 
under select genetic pressures to meet the 
energy demands of different eukaryotic 
cells. Despite these differences, the process 
of mitochondrial biogenesis retains many 
conserved features. Given the complexity of 
the process, an immensely interwoven net-
work of transcription factors is used to 
 control the expression of genes that mediate 
mitochondrial proliferation. Almost all mito-
chondrial proteins are nuclear encoded, but 
the select few proteins encoded by mito-
chondria are supremely important for func-
tional oxidative phosphorylation. Therefore, 
cytoplasmic and mitochondrial protein syn-
thesis must be synchronized to accumulate 
equivalent levels of mitochondrial compo-
nents (DNA, proteins, and lipid) while 
increasing overall mitochondrial mass. This 
process involves signifi cant regulation at the 
levels of protein transcription, translation, 
folding and import into designated mito-
chondrial sub-compartments. 

 Mitochondrial fi ssion and fusion are inti-
mately linked with mitochondrial biogenesis. 
A disperse mitochondrial network provides 
energy to remote regions within the cell, and 
fi ssion prevents perinuclear clustering of 
mitochondria. Combining content from iso-
lated mitochondria is mediated by fusion, 
which has the potential to rescue defective 
organelles that have accumulated damage 
due to oxidative stress. However, extensively 
damaged mitochondria are targeted for 
removal through isolation by Drp1- induced 
fragmentation and eventual engulfment dur-
ing mitophagy to recycle molecules needed 
for continued mitochondrial regeneration. 
This continuous cycle of building and tearing 
down subunits within the mitochondrial 
network works to selectively maintain a 
healthy pool of organelles optimized for 
energy production. Overall, this process lacks 
apparent effi ciency. However, the benefi t of 
the observed complexity is that mitochondria 
can dynamically adapt to host cell energy 
demands and maintain cell homeostasis.     
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