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Preface

ABC (ATP-binding cassette) proteins are ubiquitous, membrane-intrinsic trans-
porters that catalyze the primary (ATP-dependent) movement of their substrates
over biological membranes. Until know, the special challenge of ABC transporter
work lies in the identification of ABC transporter substrates. Therefore, in higher
plants, ABC transporters were—in functional analogy to their mammalian
orthologs—initially identified as central part of a detoxification process in that
they sequester conjugated xenobiotics from the cytoplasm into the central vacuole.
However, mainly genetic work in the last decade has provided the discovery of
unexpectedly diverse ABC transporter substrates that include beside chlorophyll
catabolites and xenobiotic conjugates, heavy metals, lipids, terpenoids, lignols, and
organic acids. According to their associated wide biological function, plant ABCs
were found beside on vacuolar membranes also on the plasma membrane and on
membranes of other organelles, including the plastids, peroxisomes, mitochondria
and the endoplasmic reticulum. The discovery that members of the ABCB and
ABCG family are involved in the cellular and intercellular movement of phytohor-
mones, such as auxins (IAA and IBA), abscisic acid (ABA), cytokinin, and most
probably also strigolactones, has boosted their investigation and provided a new
perception of the whole family. Further, recent work on ABC transporters has left
the Arabidopsis limits and been extended to dicot and monocot crop plants, which
has caused considerable interest also outside the plant community.

This book is therefore devoted to the exciting plethora of plant ABC transporter
substrates and highlights their tightly connected biological functions that accord-
ingly reach from cellular detoxification, over development, to symbiosis and
defense. It contains a special focus on “phytohormone transporters” and several
chapters converging on the trafficking, regulation, and structure—function of
ABCB-type auxin transporters. Moreover, it especially emphasizes the role of
ABC transporters in plant defense and the symbiosis between plant and microor-
ganisms, such as arbuscular mycorrhiza and rhizobia root nodules. Finally, it
encompasses also a set of chapters that center on ABC protein structure and ABC
evolution.



vi Preface

I would like to express my deepest gratitude to the ABC transporter community
for pushing this exciting field so tremendously forward in the last decade. But also
for contributing to this little milestone, making it what it was initially meant to be: a
complete, timely, and beautiful overview on Plant ABC Transporters for the expert.
And a teaser for the beginner: there is much more to explore!

Fribourg, Switzerland Markus Geisler
March 17, 2014
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ABC Transporters and Heavy Metals

Won-Yong Song, Jiyoung Park, Cornelia Eisenach, Masayoshi Maeshima,
Youngsook Lee, and Enrico Martinoia

Abstract The first evidence showing that ABC transporters are involved in heavy
metal resistance in eukaryotic cells has been obtained from experiments in
Schizosaccharomyces pombe and Saccharomyces cerevisae, where a half-size
transporter of the ABCB subclass and an ABCC-type transporter, respectively,
have been shown to confer heavy metal tolerance. Biochemical studies have
indicated that vacuolar ABC transporters should also play an important role in
heavy metal detoxification in plants. But it was only recently that two ABCC-type
transporters, AtABCC1 and AtABCC2, have been identified as major
apo-phytochelatin and phytochelatin-heavy metal(oid) complex transporters. Sev-
eral plasma membrane transporters have also been shown to confer heavy metal
resistance. However, with the exception of STARI, an UDP glucose exporter,
which—by altering cell wall composition—confers aluminum tolerance, the sub-
strates required to be transported to confer heavy metal resistance by these plasma
membrane-localized ABC proteins are still not elucidated. A mitochondrial ABC
transporter AtATM3 was shown to be required for plant growth and development.

W.-Y. Song * Y. Lee
POSTECH-UZH Cooperative Laboratory, Department Integrative Bioscience and
Biotechnology, Pohang University of Science and Technology, Pohang, South Korea

J. Park
Division of Biological Sciences, University of California, San Diego, La Jolla, CA, USA

C. Eisenach
Institute of Plant Biology, University Zurich, Zollikerstrasse 107, 8008 Zurich, Switzerland

M. Maeshima
Laboratory of Cell Dynamics, Graduate School of Bioagricultural Sciences, Nagoya
University, Nagoya, Japan

E. Martinoia (><)
POSTECH-UZH Cooperative Laboratory, Department Integrative Bioscience and
Biotechnology, Pohang University of Science and Technology, Pohang, South Korea

Institute of Plant Biology, University Zurich, Zollikerstrasse 107, 8008 Zurich, Switzerland
e-mail: enrico.martinoia@botinst.uzh.ch

M. Geisler (ed.), Plant ABC Transporters, Signaling and Communication in Plants 22, 1
DOI 10.1007/978-3-319-06511-3_1, © Springer International Publishing Switzerland 2014


mailto:enrico.martinoia@botinst.uzh.ch

2 W.-Y. Song et al.

The different studies indicate that this transporter is important for the production of
cytosolic iron sulfur complexes and molybdenum cofactors, prosthetic groups
required for several enzymes. However, the final proof as to which substrate is
transported by AtATM3 is still missing. Several laboratories took advantage of the
fact that ABC transporters are involved in heavy metal tolerance to generate
transgenic plants suitable for phytoremediation. The results show that
overexpression of ABC proteins alone is not sufficient to produce plants that can
efficiently decontaminate soils, but they indicate that this class of transporters,
when combined with other transporters and enzymes involved in heavy metal
transport and detoxification, may prove a good solution to produce plants that can
stabilize, and in the long term clean up, soils contaminated with heavy metals.

1 Introduction

All living cells require heavy metals such as Fe, Zn, Mn, Cu, Ni, or Mo as cofactors
for enzymes and transcription factors. As other organisms, plants have to tightly
regulate uptake, allocation, and storage of these essential heavy metals in order to
allow for optimal growth. On the one side, a deficiency in these metals causes
growth retardation and developmental defects throughout a plant’s entire life cycle;
on the other side, the uptake of excess heavy metals would lead to toxicity
syndromes.

Non-essential, toxic heavy metals are present in natural soils, and volcanic
eruptions are often accompanied by the release of toxic heavy metals. During the
industrialization period of the late nineteenth and early twentieth century anthro-
pogenic release of heavy metals has increased dramatically. Mining, waste incin-
erators, pesticides, and fertilizers contaminated our environment. Furthermore, in
Bangladesh and India water wells initially built to supply clean water to the
population were later found to contain toxic amounts of arsenic, which led to a
contamination of rice paddy fields (Zhao et al. 2010; Meharg and Rahman 2003;
Williams et al. 2005).

Non-essential heavy metals may hijack transporters required for the uptake of
essential heavy metals, because of the two metal species’ chemical similarity, and
consequently enter and accumulate in the plant cell. It has been shown that the iron/
zinc transporter IRT1 is the major entry point for toxic cadmium (Vert et al. 2002),
while high-affinity phosphate transporters and members of the MIP family import
arsenate(V) and arsenite (III), respectively (Zhao et al. 2010).

A multitude of transporters belonging to different classes are involved in uptake,
distribution and sequestration of metal ions. Uptake of heavy metals occurs mainly
by cation channels and symporters, such as members of the ZRT/IRT1 protein
family, which are responsible for the uptake of iron and zinc or the copper
transporter COPT1 (Palmer and Guerinot 2009). P-type ATPases have been
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shown to be required for the export of zinc into the xylem and its translocation to
the shoot (Hussain et al. 2004; Verret et al. 2004). Alternatively, antiporters may
also release heavy metals into the xylem, as has been suggested for the putative iron
exporter ferroportin (Morrissey et al. 2009). P-type ATPases have also been
demonstrated to play an important role in transporting copper from the cytosol
into the chloroplast stroma and from the stroma into the thylakoid lumen (Shikanai
et al. 2003; Burkhead et al. 2009). Storage and concomitant detoxification of excess
heavy metals generally occurs within the vacuole (Martinoia et al. 2007). The last
decade saw the identification of a large number of vacuolar heavy metal trans-
porters that import excess heavy metals but that also export them, if the plant
metabolism requires the supply of a specific heavy metal (Martinoia et al. 2007,
2012). In order to further reduce the toxicity of heavy metals, plants produce
chelating agents, mainly carboxylates and the glutathione-derived phytochelatins
(Grill et al. 1989; Clemens 2006), which are also transported into the vacuole.

In contrast to bacteria, to date no plant ABC transporter has been shown to be
involved in essential heavy metal uptake or release at the plasma membrane, while
many bacterial ABC transporters were reported for essential metal ion transport
(Self et al. 2003; Napolitano et al. 2012). Instead, many plant ABC transporters
identified up to now are involved in toxic metal transport and thus protect plants
from the harmful effects of toxic heavy metals. It will be worthwhile to investigate
why higher organisms have evolved ABC transporters that are mainly exporters,
whereas bacteria evolved to possess a higher numbers of nutrient importers.

2 The Complex Functions of HMTs/ATMs

Plants, fungi and some yeast are known to produce glutathione-derived heavy metal
chelators, phytochelatins, in response to the presence of cadmium, lead, arsenic,
and some other heavy metals (Grill et al. 1989; Cobbett 2000). The first putative
vacuolar phytochelatine transporter was identified in Schizosaccharomyces pombe
and named SpHMTI1. SpHMTI is a half size ABC transporter of the ABCB
subclass. The corresponding mutant, hmtl, was hypersensitive to cadmium and
the authors could link the sensitivity to a strongly reduced amount of high-
molecular weight phytochelatin-cadmium (HMWPC-Cd-S-2) complexes
(Ortiz et al. 1992). Transport assays with vesicles isolated either from Amtl
S. pombe or from S. pombe form hmtl mutant having empty vector SpHMT1
revealed that HMT1 transports apo-phytochelatins as well a phytochelatin—cad-
mium complexes, but not Cd2+, GSH, GSSG, or glutathione conjugates (Ortiz
et al. 1995). Intriguingly, and in contrast to the phytochelatine biosynthesis mutant,
the imt] mutant was not sensitive to As or Hg. In order to see, whether cadmium
resistance mediated by SpHMT1 required a transport process, they produced a
catalytic SpHMT1 mutant not able to bind ATP. This mutated form of SpHMT1
did not confer cadmium resistance anymore even in the presence of phytochelatins.
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The discovery that Caenorhabditis elegans produces phytochelatins, as do plants
and some fungi, led to the discovery of a HMT1 homologue, CeHMTI, in this
organism and generated the corresponding RNAi lines (Vatamaniuk et al. 2005). As
observed for the S. pombe hmtl mutant, Caenorhabditis elegans was hypersensitive
to cadmium when CeHMT1 was absent. Surprisingly, the worms carrying the RNAi
construct were even more susceptible to cadmium than those mutated in
phytochelatin synthase (PCS). In a subsequent report, Schwartz et al. (2010)
showed that in contrast to SpPHMT1, CeHMT1 could confer heavy metal resis-
tance not only to cadmium but also to As and Cu, albeit in a phytochelatin-
independent manner. Interestingly, CeHMT1 and PCS are co-expressed in highly
endocytic cells, called coelomocytes, suggesting that these cells play a central role
in heavy metal detoxification in C. elegans. The observations that HMTs conferred
cadmium resistance, but were unable to confer tolerance against As and Hg—both
of which are known to form strong conjugates with phytochelatins—inspired two
laboratories to re-evaluate the role of HMTs. Preveral et al. (2009) observed that
SpHMT1 confers heavy metal resistance in Saccharomyces cerevisiae as well as in
E. coli, both of which do not produce phytochelatins. However, SpHMT1 required
glutathione to confer cadmium resistance. These results indicate that SpHMT1-
dependent heavy metal resistance requires glutathione but not phytochelatins.
Furthermore, Sooksa-nguan et al. (2009) showed that a HMT1 homologue from
Drosophila, DmHMT]1, which does not produce phytochelatins, was targeted to the
vacuolar membrane in S. pombe and could rescue cadmium sensitivity in the
sphmt] mutant. However, no phytochelatin transport activity could be observed
in S. pombe expressing DmHMT 1. In addition, the authors re-addressed the question
of phytochelatin transport for SpHMT1 and could observe a slight but consistent
decrease in vacuolar PC, content, but not for longer chain PCs. Consequently,
Sooksa-nguan et al. (2009) suggested that SpHMT1 and PCS do not act in a direct,
linear way and that SpHMT1 may contribute in a minor way to phytochelatin
transport, while acting mainly in a way that is cadmium specific.

To date, HMT1 homologues that might reside in the vacuolar membrane of
plants have not been identified, even though plants do encode for HMT1 homo-
logues. Instead, in Arabidopsis (Chen et al. 2007; Rea 2007) as well as in
Chlamydomonas (Hanikenne et al. 2005), the HMT1 homologues reside in mito-
chondria. Indeed, Atmlp, the HMT1 homolog in S. cerevisiae, was reported to
reside in the inner mitochondrial membrane, and its transport activity was predicted
to occur from the mitochondrial matrix to both, the intermembrane space as well as
the cytosol (Leighton and Schatz 1995). Based on the observation that atmlip
mutants accumulate iron within mitochondria, Atm1p has been suggested to func-
tion as a mitochondrial exporter for iron—sulfur clusters. Deletion of AtATM3/
AtABCB25—one out of three Atm1p/HMT1 homologues of Arabidopsis—has a
dramatic effect, causing dwarfism and chlorosis (Fig. 2a; Kushnir et al. 2001). The
observation that AtATM3/AtABCB25 complements the yeast atm/p mutant indi-
cates that both genes exhibit a similar function (Kushnir et al. 2001; Chen
et al. 2007). In a later, detailed work, Bernard et al. (2009) provided further
evidence that out of the three ATM Arabidopsis homologues, only ATM3 was
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Fig.1 Plant ABC transporters involved in heavy metal tolerance ABC transporters that have been
reported to transport heavy metal(loid)s (marked with arrows) or involved heavy metal tolerance.
Indicated transport proteins are from Arabidopsis thaliana unless specified otherwise

important for plant growth. Using a set of atatm3 mutants, the group aimed to
obtain information as to which substrate might be transported by AtATM3. Inves-
tigating enzymes containing Fe—S and molybdenum cofactors (MoCo) as prosthetic
groups, they concluded that AtAMT3 may transport either at least two distinct
compounds required for FeS and MoCo assembly in the cytosol, or a single
compound required for the production of both cofactors. The central role of
ATM3 in the production of MoCo was confirmed in a subsequent study, which
showed that nitrate reductase and sulfite reductase activity, both of which require
MoCo, were reduced to approximately 50 % from wild-type plants, while those
which depend also on FeS were virtually undetectable (Fig. 1, Teschner et al. 2010).
Atatm3 mutants accumulate the first intermediate of MoCo synthesis, pyranopterin,
which is produced in mitochondria. Nevertheless, the authors did not provide
transport data and therefore the substrate(s) of ATM3 are still to be identified.
AtATM3 and a homologue from Chlamydomonas, CrCdsl, have been shown to
also play a role in cadmium tolerance (Hanikenne et al. 2005; Kim et al. 2006). In
the case of Chlamydomonas the authors searched for mutants sensitive to cadmium.
One of these mutants encoded for a HMT1 homologue. The mutant accumulated
even more phytochelatins than the corresponding wild type and was also hypersen-
sitive to iron. In order to identify Arabidopsis ABC transporters involved in heavy
metal transport and/or resistance, Bovet et al. (2005) used a microarray specific for
Arabidopsis ABC transporters. Among other genes, they observed that AtATM3/
AtABCB25, was strongly upregulated in the roots of cadmium-treated plants.
Overexpression of AtABCB25 enhanced Cd resistance, while a T-DNA insertion
in this gene led to increased sensitivity (Kim et al. 2006). However, since atatm3
mutants are already affected in their growth, the increased sensitivity might also
reflect the decreased fitness of the atatm3 mutant. Interestingly, when compared to
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wild-type atabcb25 mutants produce more glutathione in the presence of cadmium.
This observation indicates that this mutant suffers higher oxidative stress and may
be the link between the Fe—S, MoCo production and the cadmium phenotype.

3 Vacuolar ABCCs Are Involved in Heavy Metal
Detoxification

The first ABC transporter of the ABCC family involved in heavy metal resistance
was identified in S. cerevisiae, a fungus not producing phytochelatins. In the
absence of Yeast Cadmium Factor 1 (YCF1), yeast is sensitive to cadmium
(Szczypka et al. 1994) as well as to arsenic (As) and antimony (Sb) (Ghosh
et al. 1999). It could be shown that YCF1 requires glutathione to confer heavy
metal resistance and that YCF1-mediated detoxification of cellular heavy metals/
metalloids occurs by transporting the glutathione-heavy metal complexes GS,—Cd
and GS;—As, respectively (Li et al. 1997; Ghosh et al. 1999). A similar mode of
action has been postulated for the human MRP1/HsABCC1, which partially com-
plements the yeast mutant ycf/ (Tommasini et al. 1996). It has also been suggested
that detoxification of toxic heavy metals in plants may be partially mediated by
glutathione heavy metal complexes mechanism, however, so far the importance of
such a mechanism in plants is still elusive.

Plants are known to produce glutathione-derived heavy metal chelators,
so-called phytochelatins that are produced in response to increased levels of
cadmium, lead, arsenic, and some other heavy metals (Grill et al. 1989; Clemens
2006). Heavy metal-phytochelatin complexes are more stable compared to those
including glutathione, and therefore they are more efficient in detoxifying poten-
tially toxic heavy metals. Using vacuoles isolated from oat roots, Salt and Rauser
(1995) provided evidence that apo-phytochelatin as well as Cd—phytochelatin is
taken up by vacuoles in a strictly MgATP-dependent manner. While uptake of
cadmium could be inhibited by both vanadate and NH,", the latter of which
abolishes pH gradients, phytochelatin transport was inhibited by vanadate only.
These results indicated that cadmium uptake into the vacuole can be mediated by
ABC transporters and H* gradient-dependent transporters, while phytochelatins are
likely to be transported exclusively by an ABC transporter. Most ABC transporters
found in the tonoplast belong to the ABCC clade. Expression studies showed that
among the ABCC clade of Arabidopsis, it is mainly ABCC3, which is highly
induced by cadmium (Bovet et al. 2005). Cadmium-dependent transcript increase
was also observed for AtABCC6, 8, 10, and 12 (Bovet et al. 2005; Gaillard
et al. 2008). Studies using T-DNA insertion lines for AtMRP3/AtABCC3 as well
as AtAMRP6/AtABCC6 presented evidence that, indeed, these two ABC trans-
porters are likely to be involved in cadmium resistance. AtABCC3 was able to
partially complement the cadmium-sensitive phenotype of ycf/ yeast (Tommasini
et al. 1998), indicating that it could transport glutathione—cadmium complexes.
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However, only a very slightly higher sensitivity was observed for the atabcc3
mutant in the presence of cadmium (Klein and Martinoia, unpublished). While
AtABCC6 could not be expressed in yeast (Gaillard et al. 2008), the authors
presented evidence that, at an early developmental stage, leaves of atabcc6 knock-
out mutants exhibited impaired growth in the presence of cadmium. No effect could
be observed at the root (Gaillard et al. 2008). Nevertheless, the mechanism through
which these two ABC transporters might be involved in heavy metal resistance
remains elusive. Wang and Wu (2006) presented further evidence that in plants
ABCCs are involved in heavy metal tolerance. These authors created insertional
mutants in Chlamydomonas reinhardtii and screened them for cadmium sensitivity.
Amongst them, the authors identified a mutant that carried a deletion of an ABCC-
type transporter gene. This ABC transporter, CrMRP2, was strongly upregulated by
cadmium and conferred cadmium tolerance when heterologously expressed in ycf/
yeast, indicating that CrMRP2 acts as a glutathione—Cd transporter, although it
cannot be excluded that phytochelatins may also be transported. Since this
Chlamydomonas mutant is still producing similar amounts of phytochelatins as
the wild type, CrMRP2 it is more likely to be a glutathione-transporter.

Based on the assumption that the vacuolar phytochelatin transporter should be a
member of the ABCC family, Song et al. (2010) performed a large screen of
T-DNA insertion mutants in all Arabidopsis ABCCs using arsenic as toxic heavy
metalloid known to be detoxified by phytochelatins. The rationale behind this
assumption was that only ABCCs had so far been demonstrated to unequivocally
reside on the vacuolar membrane. Furthermore, two ABCC members had already
been suggested to be involved in heavy metal detoxification (Tommasini
et al. 1998; Gaillard et al. 2008). In the presence of arsenic-containing herbicide
DSMA, AtABCC1 and AtABCC2 T-DNA insertion lines showed a slightly impaired
root growth. However, the corresponding double mutant exhibited a very drastic
phenotype and was extremely sensitive to arsenate and disodium methanearsonate
(DSMA) when grown on both, agar and soil (Figs. 1 and 2b). A first indication that
these transporters could indeed mediate the transfer of phytochelatins into the
vacuole was gained from the observation that the arsenic sensitivity of ycf] yeast
could be restored only by coexpressing a phytochelatine synthase and either
AtABCCI1 or AtABCC2. Transport experiments with vesicles isolated from yeast
expressing either AtABCCI1 or AtABCC2 revealed that both proteins transported
apoPC and with an even higher capacity As-PC,. The concentration-dependent
uptake of As-PC, did not exhibit classical saturation kinetics but followed a
sigmoid curve, indicating that As-PC, transport is regulated allosterically. This
characteristic may be important to maintain a low cytosolic PCs pool under
non-stress conditions, allowing for apoPCs to accumulate in the cytosol where
they interact with heavy metals before being transported into the vacuole. Transport
experiments performed with vacuoles isolated from atabccl atabcc2 double knock-
out Arabidopsis plants showed that these vacuoles exhibit a residual As(II)-PC,
transport activity of only 10—-15 %, indicating that these two ABC transporters are
the major PC transporters in Arabidopsis. Overexpression of the transporters alone
did not result in plants with an increased As tolerance, but the additional
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Col-0 d

e
AtPDRS- AtPDRS- | anti-
GFP GFP AtPDR9

Fig. 2 Phenotypes and localization of ABC transporters involved in heavy metal allocation or
detoxification. The Arabidopsis mutant of the mitochondrial ATM3 protein is chlorotic and
exhibits strong growth defects (Teschner et al. 2010) (a). Phenotypes of wild-type Arabidopsis
plants, the atabccl, atabee2, and atabeclxatabec? double mutants grown on arsenic-containing
soil. Only the double mutant shows a high sensitivity against arsenic (Song et al. 2010) (b).
atabcg37/ pdr9 mutant plants are strongly impaired in growth and development when iron is a
limiting factor in the medium (¢, lower panel), while their growth is only slightly retarded under
sufficient iron conditions (¢, upper panel) (Fourcroy et al. 2013). This is due to a reduced iron
mobilization as a consequence of impaired excretion of coumarylic compounds (d). AtABCG36/
PDR8 and AtABCG37/ PDRY are localized on the lateral side of the rhizodermis, allowing for an
efficient excretion of compounds to the soil (e) (Modified from Bétz and Martinoia 2014).
Transgenic poplar trees transformed with the yeast YCF1 ABC transporter are less chlorotic
than the corresponding wild-type trees and form a much larger and denser root system (Shim
et al. 2013)

coexpression of phytochelatin synthase was necessary to attain this desired
As-tolerant phenotype.

Subsequent experiments revealed that AtABCC1 and AtABCC2 also play a
predominant role in conferring Cd and Hg(Il) tolerance (Park et al. 2012). The
atabccel atabec2 double knock-out displayed similar degrees of sensitivity to Hg
(IT) and arsenic. The sensitivity response in the presence of cadmium was strong but
less pronounced compared to As and Hg, which was probably due to the fact that at
pH 7 phytochelatin—cadmium complexes are very stable, while those with As(III)
or Hg(II) are less stable. In summary, phytochelatin—cadmium complexes are stable
in the cytosol, conferring a significant, although not complete level of tolerance to
Cd without the ABCC transporters, whereas the phytochelatin—-Hg and —As com-
plexes absolutely require the ABCC transporters to be stably detoxified. The role of
ABCC1 and ABCC2 in Cd sequestration is supported by the observation that in
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cadmium-treated plants a Cd-sensing fluorescent signal marked the vacuole of
wild-type plants, but marked the cytosol in atabccl atabee2 cells. The atabecl
single knock-out mutant was more sensitive than the wild type to Cd(II) and Hg(ID),
however by contrast, the atabcc2 knockout mutant did not exhibit any dramatic
difference in its sensitivity from the wild type. These results suggest that both
AtABCC1 and AtABCC2 contribute to Cd(II) and Hg(Il) tolerance, and that
AtABCCI can confer a significant level of tolerance to these divalent heavy metals
in the absence of AtABCC2. Most of the work on ABCCs, phytochelatins, and
heavy metals has been done with Arabidopsis. A recent work performed with barley
vacuoles (Song et al. 2014) indicates that although the general mechanism for
PCs-As transport is conserved in Arabidopsis and barley, the transport characteris-
tics for PCs—heavy metal complexes may be different between plant species, and
that PC-essential heavy metal complexes can be formed and transported into
vacuole by ABC transporters. Together with the previous report suggesting a role
of phytochelatin in Zn homeostasis (Tennstedt et al. 2009), this raises the question
how plant cells can maintain essential heavy metal homeostasis when they take up
non-essential, toxic heavy metals.

Interestingly, it has been shown in rice that a P-type ATPase, HMA3, is the
major vacuolar transporter conferring cadmium resistance (Ueno et al. 2010). Its
Arabidopsis homologue, AtHMA3, acts mainly as a zinc transporter, and the
cadmium phenotype observed for the corresponding mutant plants is relatively
weak (Morel et al. 2009). However, OsHMA3 has a far higher specificity for
cadmium than AtHMAS3 and the corresponding mutant is highly sensitive to
cadmium. It will therefore be of interest to investigate the role of phytochelatin-
transporters in rice and to investigate their role in cadmium tolerance. A tonoplast-
localized ABC transporter in rice is involved in aluminum tolerance (Huang
et al. 2012). OsALS1, a close homologue to the animal TAP peptide transporters
is a member of ABCB subfamily and expressed mainly in roots (Fig. 1). A loss-of-
function mutant of osalsl exhibited sensitivity specifically to Al but not to other
heavy metals. Although no Al transport activity of OsALS1 could be detected
visual examination of Al using morin staining suggested that Al levels increase in
the cytoplasm of osals/ mutant roots. An Arabidopsis homolog, AtALS], is also
localized to the tonoplast, but the mutant phenotype of AtALS1 is limited to narrow
ranges of Al concentrations (Larsen et al. 2007).

4 Plasma Membrane-Localized ABC Transporters
Involved in Heavy Metals Resistance and Uptake

Transport processes mediating detoxification of Na™ occur at both the vacuolar
membrane as well as at the plasma membrane. Internal and external excretion
processes are responsible for keeping Na* at nontoxic concentrations. Na*/H*
antiporters are responsible for the accumulation of Na* within the vacuole, where
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it acts as “cheap” osmoticum. Excretion back into the apoplast and finally into the
soil ensures the maintenance of nontoxic, intracellular Na* levels (Zhu 2002).
Although, as described above, ABC transporters are involved in vacuolar deposi-
tion of heavy metals, to date no direct export of heavy metals from root to soil has
been documented to our knowledge. Nevertheless, two plasma membrane-localized
ABCGs and one bacterial-type ABC protein play an important role in heavy metal
tolerance.

The best characterized among them are the bacterial-type ABC proteins
OsSTAR1 and OsSTAR2 that play an important role in Aluminum (Al) tolerance
in rice. Al is a major toxic metal that limits crop production in acidic soil (Fig. 1). A
well-known mechanism to cope with aluminum toxicity is the excretion of citrate
by MATE transporters (Magalhaes et al. 2007) and malate secretion by ALMTS into
the rhizosphere (Delhaize et al. 2004; Meyer et al. 2010). These organic acids
chelate Al, preventing the entry of the toxic AI’* into the root (Ryan et al. 2011).
OsSTAR1 and OsSTAR2 were identified in a screen to discover new genes
involved in Al tolerance (Huang et al. 2009). As is often observed in bacteria, the
cytosolic and membrane domains of an ABC transporter are encoded by two
different genes. OsSTARI corresponds to the nucleotide-binding domain of the
transporter and OsSTAR?2 to its membrane domain. The combined ABC transporter
complex was shown to locate mainly to membrane vesicles of root cells.
Coexpression of OsSTARI1 and OsSTAR2 in oocytes of Xenopus laevis revealed
that both proteins form a functional ABC transporter able to transport
UDP-glucose. The discovery that UDP-glucose is involved in aluminum tolerance
was surprising. The authors suggested that UDP-glucose may be used to alter the
composition of the cell wall, thus avoiding migration of Al into proximity of the
plasma membrane. The same group reported that a close homologue, AtSTARI1
exists in Arabidopsis (Huang et al. 2010). The knockout mutant of AtSTARI1
(ABCI17) was also sensitive to aluminum. The observation that OsSTAR1 could
rescue the aluminum sensitive phenotype of the Arabidopsis mutant indicates that
both genes code for proteins exhibiting a similar function.

In the transcriptome-based screen described above, Bovet et al. (2005) discov-
ered that AtPDR8/AtABCG36/PEN3 is highly upregulated by cadmium. Further
studies showed that this is also true for lead. Like all full-size ABCG transporters
described so far, AtPDR8/AtABCG36 is localized at the plasma membrane (Kobae
et al. 2006; Stein et al. 2006). Arabidopsis plants overexpressing PDR8 were more
resistant to cadmium and lead, while RNAi and T-DNA mutant plants were more
sensitive to it (Fig. 1, Kim et al. 2007). At the same time, plants overexpressing
AtPDRS contained less cadmium, while RNAi/T-DNA mutants contained more.
Flux experiments using Arabidopsis mesophyll protoplasts indicated that Cd>*
export was more pronounced in AtPDRS8 overexpressing plants than in the
corresponding mutants. This result indicates that AtPDRS is able to export Cd,
however, whether this export involves Cd as Cd** or a Cd complex is yet unknown.
Even an indirect activation of a Cd efflux transporter cannot be excluded. Interest-
ingly, AtPDR8/AtABCG36/PENS3 transporter has been shown to play an important
role in plant pathogen defense (Kobae et al. 2006; Stein et al. 2006). It will be
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therefore interesting to see, whether the substrate(s) conferring heavy metal resis-
tance and the ones involved in the plant—pathogen reaction are the same, or whether
AtABCG36, as other ABC transporters, transports structurally unrelated com-
pounds (Kang et al. 2011) and exerts its dual function in this way.

In a screen aimed to identify whether ABC transporters could be involved in lead
detoxification, Lee et al. (2005) (Fig. 1) observed that the transcript levels of
AtPDR12/AtABCG40 increased when Pb was present in the medium. As for
AtPDRS, plants overexpressing AtPDR12 were more resistant to Pb** and accu-
mulated less of the heavy metal, while knockout mutants of this transporter were
more sensitive and accumulated more Pb**. The observation that inhibition of
glutathione biosynthesis had a much stronger effect than the absence of AtABCG40
indicates that there is an additional glutathione-dependent detoxification pathway
that plays a more important role than that mediated by AtABCG40. Later it was
found that ABCG4O0 specifically transports abscisic acid (ABA) (Kang et al. 2010).
Since Pb did not compete with ABA for transport via ABCG40 (Kang and Lee,
unpublished result), the role of the transporter in Pb tolerance might be indirect via
uptake of the stress hormone ABA. However, it cannot be excluded that ABCG40
might also transport Pb directly, since some ABC transporters can transport diverse
substrates of different structures (Kang et al. 2011).

Iron deficiency is often paralleled by the upregulation of genes of the
phenylpropanoid pathway and release of phenolics from the root to the soil (Schmid
et al. 2014). Recently it has been shown that Arabidopsis plants that cannot excrete
phenolics are more sensitive to iron starvation under conditions of low iron
availability. Coexpression studies showed that AtABCG37 was strongly
upregulated by iron deficiency (Fourcroy et al. 2013; Rodriguez-Celma
et al. 2013) and it was therefore questioned whether this transporter exports
phenolics that may complex and solubilize Fe. Indeed AtABCG37 mutants were
impaired in their growth under iron limiting conditions (Figs. 1 and 2c). In a careful
study Fourcroy et al. (2013) could show that AtABCG37 was required for the
secretion of coumarin compounds and hence to supply iron to plants under condi-
tions of sparse iron availability (Fig. 2d). Their role in root excretion is underlined
by the observation that AtABCG37, as ABCG36 exhibits a polar localization on the
distal part of the rhizodermis (Fig. 2e). However, ABCG37 was also reported to
transport auxinic compounds, including the auxin precursor, IBA (Razicka
et al. 2010; see chapter “IBA Transport by PDR Proteins™).

5 ABC Transporters and Their Potential in Heavy Metal
Phytoremediation

Heavy metal-contaminated soils pose a problem for food security in many parts of
the world. On the one side, there is a natural presence or deposition of heavy metals
in certain regions. On the other side, industrialization and mining have
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contaminated large regions worldwide. In reality, the main contaminants are cad-
mium and arsenic. For over 20 years, scientists have tried to develop plants that can
efficiently purify soils (Clemens et al. 2002; Verbruggen et al. 2009; Singh
et al. 2011). Plants that can accumulate large amounts of heavy metals, so-called
hyper-accumulators, have been known for a long time. However, these plants
produce only very small biomass and are therefore not suited to purify soils
(Kriamer 2010). Hence, the goal of scientists is to either find plants that produce
high biomass and that at the same time accumulate considerable amounts of heavy
metals, or produce transgenic plants that display these features. Many approaches
have been taken to either produce higher amounts of glutathione or phytochelatins
in plants, or to express transporters that allocate more heavy metals either to the
shoot or to the vacuole.

Since some ABC transporters have been shown to play an important role in heavy
metal resistance: and accumulation, several approaches were employed to take
advantage of their properties: Song et al. (2003) introduced the Saccaromyces
YCFI into Arabidopsis. The authors could show that, as in yeast, YCF1 is targeted
to the vacuolar membrane in Arabidopsis. Plants expressing YCF1 were more
tolerant to cadmium and lead and accumulated significantly more of these heavy
metals. Transport studies with isolated vacuoles revealed that, indeed, uptake of
GS,-Cd was strongly increased in the transgenic lines, demonstrating that this
transport activity could be exploited to create more heavy metal accumulating plants.

In a subsequent work, Bhuiyan et al. (2011a) introduced YCF! in the partially
cadmium-resistant crop plant Brassica juncea. As in Arabidopsis they could
observe that the transgenic plants were slightly more tolerant to cadmium and
lead and also accumulated up to twofold more cadmium compared to the control
plants. YCF1I has also been introduced into poplar, and transgenic poplar plants
have been tested on soil contaminated with several heavy metals under greenhouse
and field conditions (Shim et al. 2013). Poplar plants expressing YCF1 were
significantly more tolerant to the contaminated soil compared to control plants,
produced less necrotic spots, and accumulated up to three times more cadmium
under greenhouse conditions. In the field, transgenic plants were still less chlorotic
and produced a higher biomass, although the increase in cadmium content was less
pronounced compared to greenhouse conditions (Fig. 2f). The YCFI1-expressing
poplar trees are unlikely to be useful for removing heavy metals from the contam-
inated soil rapidly and efficiently, due to the low bio-concentration values. Never-
theless, these plants may prove valuable in long-term stabilization of polluted soils
such as can be found around mining sites. Transgenic poplar trees could establish
larger and more ramified root systems, which can be expected to bind and fortify the
soil, thus slowing down erosion and spreading of pollutants. Moreover, the trans-
genic trees tolerated and accumulated multiple heavy metals and metalloids, such
as As, Zn, and Pb and can therefore better survive heterogeneous contaminations as
can be found on closed-mine sites than the corresponding control plants. Besides
phytostabilization, the trees might actually be able to perform phytoextraction of
the heavy metals from the polluted sites if allowed to grow during their whole life
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span of more than 30 years. Taking trees has also the advantage that they do not
require much maintenance.

As mentioned above, parallel overexpression of AtABCC1/AtABCC2 and PCS
results in plants with an increased resistance to arsenic (Song et al. 2010). However,
also here the effect is marginal. As already discussed above, overexpression of
AtATM3 in Arabidopsis led to plants exhibiting a higher cadmium tolerance (Kim
et al. 2007). Similar results were obtained when AtATM3 was overexpressed in
Brassica juncea (Bhuiyan et al. 2011b). Growth of the transgenic plants was less
impaired in the presence of cadmium and lead, and a transgenic plant accumulated
approximately two times more cadmium. This result is surprising, since it contrasts
results from ATM3-overexpressing Arabidopsis plants; they contained less cad-
mium, while T-DNA mutants or RNAi lines contained more when compared to
control plants. However, AtATM3-overexpressing Brassica displayed an
upregulation of genes involved in glutathione synthesis as well as of genes of
some heavy metal transporters. Therefore, the authors hypothesized that the higher
cadmium contents in AMT3-overexpressing Brassica were due to a modulation of
the glutathione-synthesis and heavy metal transporter genes. In fact, to date, we
have no knowledge about the exact transport mechanism and substrate specificity of
AtATM3 and the use of this ABC transporter in phytoremediation approaches may
probably be premature.

In conclusion, overexpression of YCF1 and AtATM3 increases cadmium and
lead tolerance and accumulation. AtABCC1/2 has been shown to increase Cd
tolerance and accumulation (Song et al. 2010; Park et al. 2012). However, the
degree of accumulation is far too small for these plants to be suitable for fast and
efficient phytoextraction. For efficient phytoremediation, different strategies have
to be combined, where mobilization of heavy metals from the soil, uptake, alloca-
tion to the areal part and finally chelating and deposition into the vacuole can be
efficiently achieved.
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Phytate Transport by MRPs

Francesca Sparvoli and Eleonora Cominelli

Abstract Phytic acid is the main storage form for phosphate in plant seeds. From a
nutritional point of view it decreases the seed value by chelating important minerals,
such as iron, zinc, magnesium, and calcium. Therefore, the isolation of low phytic
acid (Ipa) mutants is considered a highly desirable objective in the genetic improve-
ment of the nutritional quality of grain crops. On the other side phytic acid is a very
important signaling molecule involved in development and hormonal regulation.
The only phytic acid transporters characterized so far are proteins of the ABCC
type. Some Ipa mutants affected in these transporters have been isolated and
characterized in Arabidopsis and in crops. Here we review advances in the
characterization of these proteins and on the corresponding mutants. Moreover we
propose an explanation on how mutations in these transporters may affect different
aspects of cellular metabolism not only strictly related to phytic acid biosynthesis.

1 Phytic Acid

Phytic acid (myo-inositol-1,2,3,4,5,5-hexakisphosphate; InsPg) is a ubiquitous
component of eukaryotic cells. In plants it is the most abundant form in which
phosphorus is accumulated in seeds (up to 85 % of total phosphorus) and other plant
tissues and organs such as pollen, roots, tubers, and turions. During germination,
phytase enzymes remobilize the phosphorus stored as InsPg to support seedling
growth (Raboy 2003). Due to its chemical structure (highly negatively charged at
physiological pH), InsP¢ easily precipitates in the form of phytate salts binding
important mineral cations such as iron, zinc, potassium, calcium, and magnesium.
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Since monogastric animals and humans lack phytases in their digestive tract, InsPg
is poorly digested and decreases the nutritional value of the seeds by limiting
phosphorus and mineral bioavailability. As a consequence, high amounts of
undigested phytates are released with the animal waste into the environment, thus
accentuating the phosphorus pollution from agriculture, whereas poor mineral
bioavailability is ascribed as one of the most important causes of mineral deficien-
cies (mainly iron and zinc) in those populations whose diet is largely based on
staple crops (Raboy 2001).

To improve the nutritional value of seeds, plant breeders have spent many efforts
to isolate and develop low phytic acid (Ipa) crops and a number of such mutants, in
which a 45-90 % reduction of phytic acid was achieved, have been obtained (Raboy
2009). A consistent number of these /pa mutants bears mutations in a gene coding
for an ABCC-type transporter, orthologous to the Arabidopsis At/MRPS5 gene which
recently was demonstrated to code for a high-affinity InsPs ATP-binding cassette
transporter (Shi et al. 2007; Xu et al. 2009; Nagy et al. 2009; Gillman et al. 2009;
Panzeri et al. 2011). Interestingly a screen for /pa mutations of a maize EMS
mutagenized seed population revealed that the ZmMRP4 locus, coding for such a
transporter, is highly mutable with a rate nearly an order of magnitude greater than a
typical rate (Raboy 2009) and that 10 % of the mutations in this locus were lethal
(Raboy et al. 2001). Similar phenomenon may explain in part the high rate of
mutation observed for this locus in different crops.

2 Structure, Expression, and Subcellular Localization
of MRP Type ABC Phytic Acid Transporters

Phytic acid transporters are multidrug resistance-associated proteins (MRPs),
belonging to the ABCC cluster of plant ABC transporters (Verrier et al. 2008).
They are full-length ABC transporters containing the classical two membrane-
spanning domains (TMDI1 and TMD2, each containing six transmembrane
a-helices), which constitute the membrane- spanning pore, tandemly arranged
with two cytosolic domains, referred as nucleotide-binding domains (NBD1 and
NBD?2). These last contain the Walker A and B motifs together with the character-
istic ABC signature. The domain arrangement is in the so-called forward orienta-
tion: TMD1-NBD1_TMD2-NBD2 (Fig. 1). InsPg transporters, as other members of
the ABCC cluster, contain an additional extremely hydrophobic N-terminal exten-
sion (TMDO, containing five transmembrane a-helices), which is connected to the
rest of the protein via a cytosolic loop (CL3), rich in charged amino acids. The role
of this N-terminal TMDO in plants is unknown; however, studies on some human
and yeast ABCC type transporters suggest it might be important for appropriate
protein trafficking and targeting (Mason and Michaelis 2002; Westlake et al. 2005;
Bandler et al. 2008). As the cytosolic loop CL3 is concerned, it has been shown to
play an important role in substrate recognition and transport (Gao et al. 1998).



Phytate Transport by MRPs 21

cytosol

Misplicing
Gmipalb)

Fig. 1 Schematic representation of the structure of the MRP-type ABCC phytic acid transporter.
The different domains are as follows: red, NBDs 1 and 2; blue, TMDs 0, 1 and 2; CL3, cytosolic
loop domain; dark red squares, Walker A and B domains (A, B) and ABC signature (ABC); yellow
rectangle, conserved stretch of lysine residues; red stars, position of the known mutations reported
for [pa-MRP-type ABCC phytic acid mutants

The first evidence that an MRP-type ABC transporter was required for InsPg
transport and accumulation in seed was provided by Shi and coworkers (Shi
et al. 2007), using the maize insertional /pal mutants in the ZmMRP4 gene, while
the biochemical demonstration was given by Nagy and coworkers using the
Arabidopsis homolog AtMRP5 (also referred to as AtABCCS5) (Nagy et al. 2009).
They performed [*°P] InsPg transport uptake studies on microsomes obtained
from a ycfl yeast mutant (a model system commonly used to investigate the
function of ABC transporters) carrying the AtMRPS transporter. Phytic acid trans-
port was dependent on the presence of AtMRPS5 and strictly dependent on the
addition of ATP. The kinetics analysis of the transport showed V., values of
about 1.6-2.5 pmol min~' mg™' and a K,, ranging between 263 and 310 nm,
indicating that AtMRPS has a very high affinity for phytic acid. Further confirma-
tion of the ATP-dependent activity of the transporter was provided showing that
disruption by site directed mutagenesis of specific residues in the Walker B domain
of NBD1 and NBD2 reproduced the mrp5 phenotype (Nagy et al. 2009).

At present, it is not known which amino acid residues are specifically involved in
phytic acid transport. In fact, the amino acids compromised in known /pa mutants
(red stars in Fig. 1) are conserved also in other ABCC proteins, indicating they
should be involved in general proper functioning of ABCC transporters. This is
clearly the case of the mutation A1433V found in the maize /pal-1, which is located
in the putative D-loop sequence (ASVD), adjacent to the Walker B motif (ILVLD),
of the NBD2 domain (ILVLDEATA 433SVD).

A detailed analysis of the multiple alignment of the amino acid sequence of
MRP-type InsP¢ transporters associated with /pa mutants, compared to those of
other Arabidopsis ABCCs, put in evidence some peculiarities, the most significant
being a very conserved stretch of lysine residues (consensus K/RXIKEKKKX, sR/
KKK, yellow rectangle in Fig. 1), located in the cytosolic loop linking NBD1 to
TMD2. Moreover, a number of charged amino acid residues (mostly Lys and Arg)
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Fig. 2 Phylogenetic relationships among known MRP-type ABC phytic acid transporters associ-
ated to Ipa mutations. The tree has been built comparing amino acid sequences of AtABCC5
(AtMRP5, Q7GB25); OsABCC13 (OsMRP5, NP_001048934); ZmABCC4 (ZmMPR4,
ABS81429); GmABCCI1 (GmMRPI1, XP_003521316); GmABCC2 (GmMRP2 XP_003554305),
GmABCC3 (GmMRP3, XP_003541373); PvABCC1 (PvMRP1, CBX25010); PvABCC2
(PvMRP2, CBX25011). The AtABCC3 (AtMRP3, Q9LK64) sequence not coding for a phytic
acid transporter has been used as outgroup

are found in other conserved stretches located in TMD1 and TMD2 domains that
might play a role in phytic acid transport.

Phylogenetic analyses of MRP type transporters indicate that InsP¢ transporters
are represented by single copy genes (Klein et al. 2006; Wanke and Kolukisaoglu
2010; Kang et al. 2011); however it has been recently shown that soybean and
common bean, two closely related legume species, bear a paralog copy (PvABCC2/
PvMRP2 and GmABCC3/GmMRP3 in Fig. 2) (Panzeri et al. 2011).

Transgenic plants harboring the GUS reporter gene under the control of the
AtMRPS5 promoter showed GUS staining mainly in vascular tissues of cotyledons,
leaves (with the exception of xylem cells), roots (in the central cylinder, not in the
root cortex and in the root tip) and anthers, in epidermal cells, particularly in guard
cells and at the silique attachment site of the pedicel (Gaedeke et al. 2001). In the
paper from Gaedeke and colleagues (2001) no data are available concerning GUS
activity in the seeds. However from publicly available microarray data, it is clear
that AtMRPS5 is expressed at different stages of seed development, particularly,
from the pre-globular to the linear cotyledon stage it is mainly expressed at the
chalazal seed coat, while at the maturation green stage it is very highly expressed in
the entire seed, particularly in the embryo (http://bbc.botany.utoronto.ca/efp/cgi-
bin/efpWeb.cgi, Winter et al. 2007). Analysis of AtMRP5 orthologs revealed a
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broad expression pattern both in developing seeds and in different plant organs (Shi
et al. 2007; Xu et al. 2009; Panzeri et al. 2011; Patel et al. 2012).

In seeds, InsPg is normally sequestered in structures called globoids in special-
ized vacuoles, termed protein storage vacuoles (Lin et al. 2005; Ockenden
et al. 2004; Regvar et al. 2011; Krishnan 2008), then tonoplast subcellular locali-
zation for this family of transporters should be expected. Proteomic analysis pre-
dicts AtMRPS5 to reside in the vacuolar membrane (Jaquinod et al. 2007) and the
AtMRP5-GFP fusion protein, expressed under the control of the AtMRP5 native
promoter, gives a weak fluorescence signal associated with the membrane of
vacuoles, released by osmotic lysis from leaf protoplasts, isolated from plants
subjected to 14 days of drought stress (Nagy et al. 2009). In previous analysis,
the same authors found that a functional AtMRP5—GFP fusion protein under the
control of the constitutive CaMV35S promoter, expressed in transgenic mrp3-1
mutant plants, was clearly targeted to the plasma membrane of root cells (Suh
et al. 2007) and they suggested it could be an ectopic consequence of AtMRP5
overexpression. However, it is not clear if a GFP signal in the plasma membrane is
present also in plants harboring the fusion protein under the control of the AtMRPS5
promoter. A possible dual localization was reported for other AtABCC proteins
(Geisler et al. 2004; Klein et al. 2006; Rea 2007) and at the current state it cannot be
excluded for AtMRPS5.

3 Low Phytic Acid Mutants in MRP-Type ABC Phytic
Acid Transporters

As already mentioned, different low phytic acid (Ipa) mutants have been isolated in
main crops, such as maize, barley, rice, wheat, soybean, and common bean (Raboy
2009). The Ipa mutations can be classified into three categories, depending on the
step of the biosynthetic pathway or transport they affect (Fig. 3): (1) mutations
affecting the first steps of the biosynthetic pathway (from glucose 6-P to myo-
inositol[3]-monophosphate); (2) mutations perturbing the end of the InsP¢ pathway
(from myo-inositol[3]-monophosphate to InsP¢); (3) mutations affecting the trans-
port of InsPs. Mutants belonging to the first and the third categories are generally
characterized by decreased InsPg levels, accompanied by a molar equivalent
increase in inorganic P;, but not by accumulation of lower InsP; (inositol phosphates
with up to five phosphate residues), a characteristic specific for the second class of
mutants. Moreover the two classes of mutants share a general perturbation of the
different branches of the InsPg and of other compounds (galactinol, raffinose,
stachyose, ascorbic acid) biosynthetic pathways. These similarities between the
two classes of mutants triggered some confusion in the previous characterization of
some of the mutants in the transporter genes. The initial hypothesis was that these
mutants were affected in the myo-inositol 3-phosphate synthase (MIPS) gene,
coding for the first enzyme of the pathway (Raboy et al. 2000; Pilu et al. 2003).
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This confusion was also supported by genomic and expression data, since in maize
the ZmMIPSIS and the ZmMRP4 genes map very closely on chromosome 1S, and
in mutants affecting ZmMRP4 the expression of ZmMIPSIS is reduced (Raboy
et al. 2000; Pilu et al. 2003; Shukla et al. 2004; Shi et al. 2007). However, mapping
of the locus for low phytic acid and high inorganic phosphate content in the kernels
of a specific maize line led to the identification of ZmMRP4 (Shi et al. 2007).
Phylogenetic studies identified the AtMRP5/AtABCCS as the closest Arabidopsis
homologue of ZmMRP4 (Nagy et al. 2009). Later, /pa mutations already isolated in
rice, soybean, and common bean (Liu et al. 2007; Campion et al. 2009; Wilcox
et al. 2000) were mapped in genes orthologous to ZmMRP4 and AtMRPS5
(Xu et al. 2009; Maroof et al. 2009; Gillman et al. 2009, 2013; Panzeri
et al. 2011). Curiously, the AtMRPS transporter was under investigation since a
decade as a transporter involved in glutathione conjugate and glucuronide conju-
gate transport activity. In the course of those years, several phenotypes were
described for the mrp5 mutant that apparently were not connected to the abolished
ability to store phytic acid in the vacuole. The mutant showed reduced root growth,
increased lateral root formation, affected regulation of stomata movement, modi-
fied guard cell hormonal signaling, and improved water use efficiency (Gaedeke
et al. 2001; Klein et al. 2003; Suh et al. 2007).

As reported in general for /pa mutants, also mutants affected in genes coding for
MREP type InsPg transporters may display negative pleiotropic effects on plant and
seed performance, such as low germination rates, reduced seed development and
weight, stunted vegetative growth, making these mutants of a limited value to
breeders (Raboy et al. 2000; Meis et al. 2003; Pilu et al. 2005; Bregitzer and
Raboy 2006; Guttieri et al. 2006). However, these pleiotropic effects differ from
one species to another and from the different sites of mutations in the same gene in
the case of point mutations. Moreover, there are also some exceptions, in fact some
of these mutations do not cause these negative effects, such as knock out in the
Arabidopsis AtTMRP5 gene that, conversely, confers increased tolerance to drought
(Klein et al. 2003), and a mutation in the common bean PvMRP1 (PvABBC1) gene
that does not cause evident negative pleiotropic effects on traits relevant for
agronomic performance (Campion et al. 2009, 2013). A description of the main
characteristics of the Arabidopsis, cereals, and legume MRP genes and corres-
ponding /pa mutants is presented in the following sections.

3.1 Arabidopsis

AtMRPS5 gene was previously described for functions initially not correlated with
its role in InsPg transport (Gaedeke et al. 2001; Klein et al. 2003; Lee et al. 2004;
Suh et al. 2007) and, only when it was established its homology with ZmMRP4, a
Ipa phenotype was described in insertional mutants of this gene (Nagy et al. 2009).
In fact, this protein was initially described for its important role in integrating
several signals regulating stomatal movements.
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Initial work reported that mrp5-1 mutant guard cells were no longer responsive
to the sulfonylurea compound glibenclamide (Gaedeke et al. 2001; Suh et al. 2007),
a well-known modulator of K-ATP channels and CFTR chloride channels, able to
trigger stomatal opening in darkness in wild-type plants in a dose-dependent
manner (Leonhardt et al. 1997). Further studies demonstrated that mrp5-1 stomata
opening was less sensitive to light. Moreover, mrp5-1 guard cells did not respond to
external calcium and to the phytohormone abscisic acid (ABA) that normally
induce stomatal closure, and to auxin, that normally induces opening under dark-
ness. However, mutant guard cells maintained normal response to fusicoccin
promoting their opening in darkness and to elevated concentrations of CO, that
induce stomatal closure (Klein et al. 2003). Defective stomatal responses were
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relieved by guard cell targeted expression of AtMRP5 under the control of a guard
cell-specific promoter (Nagy et al. 2009; Cominelli et al. 2011).

To a macroscopic level the guard cell phenotype of mrp5-1 mutant confers
reduced water loss from detached rosette leaves, reduced transpiration rate,
improved water use efficiency, and enhanced drought stress resistance (Klein
et al. 2003). Some of these effects were later explained by electrophysiological
measurements demonstrating that the mutation impairs both ABA and cytosolic
Ca”* activation of slow (S-type) anion channels and ABA activation of Ca®*
permeable channel currents in the plasma membrane of guard cells (Suh
et al. 2007). These data provide evidence that AtMRP5 is a central regulator of
ion channels during ABA and Ca®* signal transduction in guard cells. As former
studies showed that InsPg is an activator of vacuolar Ca>* release (Lemtiri-Chlieh
et al. 2003) and an inhibitor of K* influx (Lemtiri-Chlieh et al. 2000), the role of
vacuolar phytate transport mediated by AtMRP5 may be fundamental in this
process.

The levels of InsPg in leaf tissue of Arabidopsis were not measured, because they
were below the level of detection (Nagy et al. 2009), so at the moment it is not clear
if there are some differences in the InsP¢ content between mutant and wild-type
leaves and even more so between mutant and wild-type guard cells. However Nagy
et al. (2009) proposed a hypothetical model that links AtMRPS5 InsPg signaling and
guard cell movements. In this model InsP induces the release of Ca®* from the
vacuole to the cytosol and blocks K" flux from inward channels. AtMRP5 is
necessary to transport InsPg from the cytosol to the vacuole thus avoiding the
continuous InsPg signaling. Mutations in AtMRPS5 affect InsPg export into the
vacuole, causing an increase of InsPg concentration in the cytosol. Cytosolic
InsPg might bind to Ca®* and other divalent cations and/or may induce a continuous
Ca”* release, thus disturbing Ca®*-dependent signaling pathway. Moreover, it may
reduce K" uptake into guard cells by inhibiting K* inward rectifying channels.

Besides its role in the regulation of stomatal responses, AtMRPS5 is also involved
in other aspects related to the activity of InsPg in signaling. Particularly, mrp5-1
seedlings grown on standard medium (0.5x MS, 1 % sucrose) showed a reduction
in primary root elongation, accompanied by an earlier growth of lateral and
secondary roots. On the contrary, when growth assays were performed on a more
complete medium (1x MS medium added with different salts) in which myo-
inositol was added, a reverse phenotype was obtained, suggesting that in the mutant
myo-inositol levels are also reduced, as demonstrated for other mutants affecting
InsP¢ transport in other species (Doria et al. 2009; Xu et al. 2009; Panzeri
et al. 2011). The root phenotype on standard medium was explained by a twofold
increase in auxin level in mirp5-1 compared with the wild type (Gaedeke
et al. 2001), indicating that InsP¢ transport is important for auxin accumulation
and signaling. It is clear that AtMRPS is also involved in different response to ABA,
besides in guard cells, as the mrpS5-1 showed reduced sensitivity to ABA during
germination (Klein et al. 2003). Moreover AtMRP5 has a quite complex role in
response to abiotic stress as on one side mrp5-1 is more drought tolerant, but on the
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other side another knock out mutant showed hypersensitivity to Na* stress (Lee
et al. 2004).

Concerning AtMRPS5 role in phytic acid accumulation in seeds it was shown that
mrp5-1 and mrp5-2 insertional mutants had a drastic Ipa phenotype, as they do not
accumulate InsPg in the seeds (Nagy et al. 2009). Moreover, they did not show
increase in the level of lower inositol phosphates and displayed a reduction of more
than 30 % in total phosphorus seed content. The lack of phytic acid accumulation
caused a general repression of the biosynthetic pathway at gene expression level.
In fact, expression of genes coding for key enzymes of the phytic acid pathway
(AtMIK, AtIPK2p, AITPK 1, AtITPK4) was downregulated in developing siliques in
atmrp5-2 insertional mutant (Kim and Tai 2011). These data are in agreement with
findings on other mrp-type Ipa mutants of maize and common bean (Pilu et al. 2003,
2005; Panzeri et al. 2011). On the other side, AtMRPS5 gene expression was
enhanced in developing siliques of most of the other /pa mutants (Kim and Tai
2011).

3.2 Cereals

Depending on the size of the grain, cereals preferentially accumulate phytic acid in
different parts of the seeds. Small cereal grains, such as wheat, rice, and barley,
store most of the phytic acid (up to 80 %) in the bran, the remaining being
accumulated in the embryo. Conversely, in maize kernel the majority of the phytic
acid, from 88 to 95 %, according to different authors, is present in the embryo, with
the remainder in the aleurone layer (Schlemmer et al. 2009). Different mutations
affecting the maize ZmMRP4 and the rice OsMRP5 phytic acid transporters have
been isolated and characterized (Raboy et al. 2000; Pilu et al. 2003, 2005, 2009;
Shukla et al. 2004; Lin et al. 2005; Shi et al. 2007; Liu et al. 2007; Doria et al. 2009;
Xu et al. 2009; Cerino Badone et al. 2010; Landoni et al. 2013).

In maize three different mutants affected in the ZmMRP4 locus were mainly
characterized: [pal-1, consisting in a point mutation that causes a A1432V substi-
tution (Fig. 1) (Shi et al. 2007); Ipal-241 mutation, a paramutagenic allele (Pilu
et al. 2009) that causes a remarkable variability of expression with a different
degree of negative pleiotropic effects depending on its strength (Pilu et al. 2005);
Ipal-7 mutation, whose molecular feature is not known, although the nature of a
paramutagenic allele can be excluded (Cerino Badone et al. 2012). Mutants /pal-
241 and Ipal-7 showed the highest reduction in phytic acid content in the kernels
with more than 85 % in the strongest lines of Ipal-241 allele and about 80 % in the
case of Ipal-7 (Cerino Badone et al. 2012; Pilu et al. 2005). InsPs was reduced of
66 % in the Ipal-1 mutant (Raboy et al. 2000). Consequently these mutants are
characterized by a five- to tenfold increase in the amount of free phosphate, without
alteration in the level of total phosphorous and of lower inositol phosphates (Pilu
et al. 2003; Raboy et al. 2000; Cerino Badone et al. 2012).
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Also in rice different mutant alleles at the OsMRP5 locus have been identified
(Liu et al. 2007). The Os-XS-Ipa2-1 mutant shows a seed InsPg reduction of about
20 % due to a single base pair substitution causing a P1156S change in the
transmembrane domain TMD2 (Fig. 1) (Xu et al. 2009). On the contrary, in the
Os-XS-Ipa2-2 mutant a 5-bp deletion occurred which determined a frame shift
starting at position 452, causing a premature stop codon at aa 474. This loss of
function is accompanied by a very high decrease in InsPg content (>90 %).
Moreover a T-DNA knock out line (4A-02500) was isolated with a 90 % reduction
in InsPg content (Xu et al. 2009).

It is interesting to observe that the highest reduction of InsP¢ content is strictly
related to the strongest severity of the negative pleiotropic effects shown by these
maize and rice /[pa mutants. In fact the maize Ipal-7 mutant, the strongest lines of
the Ipal-241 allele, the rice Os-XS-Ipa2-2 and 4A-02500 mutants are lethal as
homozygous, although they could be rescued to some extent by embryo culture,
while the other mutants (Ipal-1 and Os-XS-Ipa2-1) did not show such a severe
phenotype (Raboy et al. 2000; Pilu et al. 2005; Xu et al. 2009; Cerino Badone
et al. 2012). Histological analysis revealed that affected germination of the Ipal-
241 and Ipal-7 mutants is probably due to profound alterations in the structure of
the embryo, mainly the displacement of the root primordium from the embryonic
axis that introduces an asymmetry into the body plan (Pilu et al. 2005; Cerino
Badone et al. 2012).

Doria and colleagues (2009) proposed an explanation for the embryo lethality of
these maize mutants. They showed that whole Ipal-241 mutant kernels contained
about 50 % more free or weakly bound iron than the wild type ones, expected to
correlate with increase in iron bioavailability in term of nutritional importance. A
higher content of free radicals, mainly concentrated in embryos, is associated with
this aspect (Doria et al. 2009). To this purpose the /pal-24] mutant was used to
show the function of phytic acid in the prevention of oxidative stress in seeds (Doria
et al. 2009), previously only suggested (Graf et al. 1987; Graf and Eaton 1990;
Empson et al. 1991) and considered to be important for the maintenance of the long-
term viability of seeds (Raboy et al. 2000; Dorsch et al. 2003). In fact a higher
production of hydrogen peroxide was found in the embryo scutellum of Ipal-241
seeds with respect to the wild type ones, particularly in seeds artificially aged
(incubated for 7 days in accelerating aging conditions consisting in 46 °C and
100 % relative humidity), a test normally used to evaluate susceptibility of seeds to
storage. The Ipal-241 mutation is then correlated to a higher degree of oxidative
stress that seeds must cope with during maturation and ageing and that eventually
results in loss of embryo viability. This pleiotropic effect of the mutation in the
phytic acid transporter may be restricted to maize, where phytic acid is mainly
accumulated in the embryo. In other species accumulating phytic acid in tissues
different from the embryo, or endowed with other kinds or quantities of antioxidant
compounds, a different behavior may be described, but specific data are still lacking
(Doria et al. 2009). Ascorbic acid is a metabolite which synthesis is strictly related
to phytic acid pathway (Fig. 2). Reduced content has been reported in Arabidopsis
vtc4 imp double mutant, whereas a twofold increase in ascorbic acid have been
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found in leaves of Arabidopsis plants ectopically expressing the AtPAPIS5 gene,
coding for a purple acid phosphatase with phytase activity (Zhang et al. 2008;
Torabinejad et al. 2009). Since ascorbic acid is a strong antioxidant, it would be
interesting to verify if any reduction occurs in Ipa-1-241 and Ipal-7 seeds.

The strongest maize Ipal mutants, once rescued, show negative pleiotropic
effects at seedling and adult plant stages, such as slow growth rate and stunted
vegetative growth (Cerino Badone et al. 2012; Pilu et al. 2003, 2005). Alterations of
the root phenotype for the Ipal-7 mutant (Cerino Badone et al. 2012), similar to the
ones described for the Arabidopsis mrp5 mutant (Gaedeke et al. 2001), was also
reported. In fact, [pal-7 plants failed to produce a functional primary root that
stopped its elongation at an early stage, the development of secondary roots
partially compensated for this lack (Cerino Badone et al. 2012). Moreover, as
demonstrated for other /[pa mutants affected in other genes, Ipal-1 is more sensitive
to drought stress in the field and this negative pleiotropic effect could be associated
with an alteration of the mature root system, as demonstrated for /pal-7 (Cerino
Badone et al. 2012).

On the other side, few negative pleiotropic effects were described for the weaker
maize and rice mutants. In the case of the maize /pal-1 mutant only seed dry weight
loss, ranging from 4 to 23 % was shown (Raboy et al. 2000). Different aspects of
agronomic performance (grain weight and yield) and seed viability for the Os-XS-
Ipa2-1 mutant were analyzed (Zhao et al. 2008). It was found a 5 % reduction of
grain weight, while no significant differences in grain yield were highlighted. The
analysis of seed viability and field emergence also showed the reduced performance
of the Os-XS-Ipa2-1 mutant compared to the wild-type line. The simplified vigor
index (calculated combining results from germination rates, seedling weight and
seedling height) was 7.8 % less than that of the wt and field emergence rates were
lower as well (about 65 % compared to 84 % of wt); however, when seeds were
subjected to an artificial ageing test, the germination rates of Os-XS-Ipa2-1 seeds
were not significantly different from those of wt (Cheng et al. 2007). The finding
that the maize Ipal-1 and the rice Os-XS-Ipa2-1 mutants were less severely affected
than their respective more severe allelic mutants (Ilpal-7, Ipal-24, Os-XS-Ipa2-2
and 4A-02500), may be partially due to residual InsPg transport activity, sufficient
to allow the seedlings and the plant to cope, at least to some extent, with the
environment.

Low phytic acid mutations can result in content changes of other seed consti-
tuents, such as myo-inositol, raffinose, and sucrose. Interestingly, when myo-ino-
sitol was measured in seeds of Os-XS-Ipa2-2, or in the similar loss of function
allele, 4A-02500, it was found that its content was much higher than that of the
parent seeds with an increase of 89.2 % and 409 %, respectively (Xu et al. 2009).
This was quite a surprising result since the other allelic mutant Os-XS-Ipa2-1,
which however shows a milder /pa phenotype, had significantly decreased content
of myo-inositol ranging between 40 and 48 %. This finding, although in an opposite
fashion, is very similar to what was reported for the allelic maize /pa mutants,
where the milder Ipal-1 allele has a 60 % of myo-inositol increase (Shi et al. 2007),
whereas the stronger Ipal-241 allele shows a decrease of 40 % (Doria et al. 2009).
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Other pleiotropic effects of maize mutants were shown (Cerino Badone
et al. 2010, 2012). It was observed that the Ipal-24]1 mutation enhances the
accumulation of anthocyanin in the kernel, changing the color of scutellum in the
strongest /pal-241 mutant from dark red to bluish. This alteration was attributed to
a defect in the pigment transport in the vacuole, causing a mislocalized accumula-
tion of these pigments in the cytosol, suggesting that ZmMRP4 could have a direct
or indirect role in anthocyanin transport. This phenotypic alteration is not present in
plants harboring the weaker /pal-1 allele (Cerino Badone et al. 2010). In the lpal-7
mutant other effects referable to yet uncharacterized signaling function of InsPg are:
reduced chlorophyll and carotenoid content and increased trichome density and
length compared with sibling leaves (Cerino Badone et al. 2012).

To overcome the negative pleiotropic effects present in maize /pal mutants, an
alternative strategy to mutagenesis was undertaken, consisting in the tissue-specific
silencing of the ZmMRP4 gene. Embryo-specific expression of an antisense
sequence for a fragment of the cDNA for the maize transporter produced /pa,
high P; transgenic maize seeds that germinate normally and do not have any
significant reduction in seed dry weight (Shi et al. 2007), suggesting that probably
the different pleiotropic effects depend on ZmMRP4 expression pattern in different
organs (Shi et al. 2007). A similar expression pattern in both vegetative tissues and
developing seeds was shown for the OsMRP5 gene (Xu et al. 2009).

3.3 Legumes

Legume seeds typically contain about 50 % or more seed total P than cereals and
most of this P (about 85 %) is in the form of InsPg, so in absolute terms the amount
of InsPg in cereal seeds ranges between 2 and 3 mg/g of phytic acid phosphorus
(InsP¢-P), while seeds of legume crops, such as soybean and common bean contain
4-5 mg/g of InsP¢-P. This means that the impact of developing /pa mutations in
legume seeds is more relevant on a single seed basis, although it should be
considered that in term of global production cereals are much higher than legumes.

Mutants in the MRP-type ABC phytic acid transporter have been identified both
in soybean and common bean, two of the most relevant legume crops worldwide.
Chronologically, the first [pa mutant lines, M153 and M766, were identified in
soybean and it was shown that the /pa trait was controlled by two recessive alleles at
two independent loci, named phal and pha2 (later renamed Ipal and Ipa2, respec-
tively). Only individuals homozygous for the two recessive alleles display the /pa
trait and phytic acid is reduced by 80 % in M153 and 76.3 % in M766 seeds,
respectively. However, higher InsPg reduction up to 94 % can be achieved com-
bining the /pal allele from M153 (Ipal-a) with the IpaZ2 allele (Ipa2-b) from M766
(Wilcox et al. 2000; Oltmans et al. 2004, 2005; Gillman et al. 2013). These two loci
(Ipal and Ipa2) were recently shown to correspond to two genes (Glyma03g32500
and Glymal9g35230, respectively) coding for ABCC transporters (GmABCC1/
GmMRP1 and GmABCC2/GmMRP2, respectively) homologous to ZmMRP4 and
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AtMRPS5 (Maroof et al. 2009; Gillman et al. 2009, 2013). The finding that the Ipa
trait is under the control of two genes is not surprising, since it is known that
soybean underwent multiple polyploidization events (Shoemaker et al. 2000).
Indeed, a comparative analysis of the genes involved in phytic acid synthesis
between soybean and common bean revealed that in most cases for each bean
gene two orthologous ones were found in the soybean genome (Fileppi et al. 2010).

The analysis of the molecular basis in the Ipal and Ipa2 alleles showed that the
Ipal-a allele carries a nonsense mutation at R893, which results in a truncated
protein (Fig. 1) (Maroof et al. 2009; Gillman et al. 2009). In the case of the M766
line (Ipal-b allele) a single T > A SNP 7 bp upstream of the start of exon 10 was
identified. This SNP introduced an alternative splicing site, which resulted in five
additional base pairs from the intron sequence and a frame shift starting at exon
10 (Fig. 1). Concerning the Ilpa2 gene, the I[pa2-a allele (M153) was found to carry a
R1039K change, while in the Ipa2-b allele a single base change causes a premature
termination, again at position 1039 (Fig. 1) (Gillman et al. 2013).

Analysis of agronomic and seed related traits of soybean M455 Ipa derived lines
showed a decreased plant density (7.9 plants m 2 less than wt), a significant lower
seedling emergence percentage (22-23 % less than wt) and an adverse effect on
seed viability when seeds were reproduced in subtropical environment (Hulke
et al. 2004; Anderson and Fehr 2008). However, genetic improvement through
backcrossing was demonstrated to be successful to develop /pa lines with normal
field emergence (Spear and Fehr 2007).

In common bean only one Ipa mutant (/pal, also known as /pa280-10) has been
reported so far (Campion et al. 2009). The /pal mutant is the result of a defective
ABCC protein (Pvmrp1), belonging to the cluster grouping phytic acid transporters,
in which a highly conserved Glu changed to Lys at a position 1155, in the
transmembrane domain TMD2 (Fig. 1). The Ipal seeds display a very strong
phenotype, consisting in a 90 % reduction of phytic acid accumulation, together
with a decrease of raffinose containing sugars by 25 % and myo-inositol by 30 %
(Campion et al. 2009; Panzeri et al. 2011). Agronomic analyses of the original /pal
mutant and of derived /pal lines showed that, despite the strong InsP¢ reduction in
the seed, seedling emergence, seed yield, and plant growth were not statistically
different from those of wt and parental genotypes (Campion et al. 2009, 2013). To
further verify the ability of [pal seeds to survive stressful germination conditions,
seed accelerated ageing test (AAT) and stress integrated germination test (SIGT)
were carried out. Surprisingly, the Ipal seeds performed equally (SIGT) or even
better (AAT) than the wt ones (Campion et al. 2009). A possible explanation for this
finding is that in common bean a second gene, PvMRP2, paralog of PvMRPI, is
present and it is most likely able to complement the absence of a functional
PvMRPI1 in other tissues and organs than the seed. In soybean, a paralog
(Glymal3g18960) to the Ipal and Ipa2 alleles (Glyma03g32500 and
Glymal9g35230) also exists (Panzeri et al. 2011) (Fig. 2). Expression analyses by
qRT-PCR confirm that PvMRP2 is expressed in almost all the tissues in a similar
fashion to PvMRPI, with the exception of developing seeds (Cominelli et al.,
unpublished results) and a similar behavior is found also for the corresponding



32 F. Sparvoli and E. Cominelli

soybean genes (http://bar.utoronto.ca/efpsoybean/cgi-bin/efpWeb.cgi) (Patel
et al. 2012).

Klein and coworkers reported that the Arabidopsis mrp5 mutant has reduced
sensitivity to ABA during germination (Klein et al. 2003). When bean Ipal seeds
were germinated in the presence of ABA, their germination resulted to be hyper-
sensitive to the presence of this phytohormone. The sensitivity of seed germination
to ABA has been shown to correlate negatively to seed myo-inositol content (Zhang
et al. 2008; Torabinejad et al. 2009; Donahue et al. 2010; Panzeri et al. 2011).

4 MRP-Type ABC Phytic Acid Transporters and InsP¢
Metabolism

The phytic acid biosynthetic pathway is quite complex and involves genes that
might undergo different temporal and spatial expression in different crops, and gene
redundancy might further complicate this picture. In particular, the localization of
MIPS protein does not appear to coincide with InsPg accumulation sites. In
Arabidopsis and other dicots seeds, the site of initial synthesis of inositol phos-
phates differs from the site of eventual accumulation of InsPs (Reddy and Sathe
2001). Accordingly, the MIPS protein is expressed at very early stages of seed
development in maternal tissues from which then myo-insitol is supposed to be
transported to the embryo (Arabidopsis and Brassica napus) or to the cotyledons
(common bean and soybean) where it is used for the synthesis of phosphatidylino-
sitols first and phytic acid and other minor derivatives later (Mitsuhashi et al. 2008;
Dong et al. 2013). In monocots InsPg was shown to accumulate in both the embryo
and aleurone layer, and in developing rice seeds MIPS expression is firstly observed
in the scutellum and embryo and only later it appears in the aleurone layer (Yoshida
et al. 1999).

The most striking feature shared by I/pa mutants affected in genes coding for
MRP type ABC InsPg transporters is the reduced expression of MIPS, and, where
reported, of genes coding for other enzymes involved in InsPg biosynthesis (IPK1,
IPK2, ITPK, IMP, MIK) (Fig. 3) (Shukla et al. 2004; Pilu et al. 2005; Nagy
et al. 2009; Panzeri et al. 2011; Kim and Tai 2011). Together with this
misregulation, altered levels of myo-inositol and some of its derivatives
(raffinose-type oligosaccharides and galactose) were reported (Shi et al. 2007;
Frank et al. 2007; Xu et al. 2009; Campion et al. 2009; Doria et al. 2009; Panzeri
et al. 2011).

The phytic acid transporter is necessary to store phytate into the vacuoles of
developing seeds as well as to remove excess of InsPg in non-storage organs, such
as guard cells where InsP¢ has important regulatory roles (Lemtiri-Chlieh
et al. 2003). Since the plant cell cannot accumulate and/or manage large amounts
of phytate salts in the cytosol, the excesses of cytosolic phytate should be partially
controlled by degradative processes, mediated by phosphatases and phytases. This
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has been found to occur in common bean /pal mutant, in which it has been
hypothesised that a temporary increase of myo-inositol and/or lower InsPs, pro-
duced during seed development, most likely activates a negative feedback regula-
tion of genes necessary for InsP¢ synthesis (Panzeri et al. 2011). A similar feedback
regulation, caused by an excess of myo-inositol, has been reported in Catharanthus
roseus cell cultures, where the addition of myo-inositol to the medium reduces
MIPS and IPK2 protein levels (Mitsuhashi et al. 2005). Moreover, recently, it has
been shown that MIPS protein is necessary for its own gene expression regulation
through a mechanism based on the inhibition of heterochromatin spreading
(Latrasse et al. 2013). These authors also provide evidence that MIPS down-
regulation induced by flg22 treatment results in accumulation of heterochromatin
marks on MIPS1 promoter and release of MIPS1 from its own promoter. It might be
hypothesized that a similar mechanism occurs in mrp mutants. Feeding myo-
inositol to mipsl plants did not restore the activity of an ectopically expressed
MIPSI promoter, suggesting that the MIPS1 protein itself, and not its catalytic
activity, is required for its regulation.

MIPS catalyzes the rate-limiting step in inositol biosynthesis, thus it may be
important in determining the pool size of myo-inositol and its derivatives in cells.
Moreover, myo-inositol can also be recycled from inositol containing compounds,
and it is thus not clear whether de novo inositol synthesis plays a regulatory role in
modulating phosphoinositide levels in multicellular organisms.

These findings may partially explain the fact that many phenotypes, such as
reduced root growth, embryo development defects, ABA germination sensitivity,
stunted seedling growth, observed in Ipa (mrp) mutants have also been reported in
mips mutants (Chen and Xiong 2010; Donahue et al. 2010; Luo et al. 2011). In
Arabidopsis mips mutants defects related to proper embryo development and early
seedling growth are most likely due to a reduced synthesis of PtdIns, which would
cause membrane disorganization and eventually impact on auxin polar transport
(Luo et al. 2011). A similar mechanism may be hypothesised in Ipa (mrp) mutants
as well and the level of MIPS reduction, caused by inability to transport InsPg, is
expected to be directly correlated to the severity of the embryo and seedling
phenotype (Chen and Xiong 2010). Indeed, in maize /pal-241 and Ipal-7 mutants
the embryo (displacement of the scutellum and altered symmetry) and seedling
growth defects are strictly correlated to a high decrease of phytic acid in the seed, as
no such phenotypes are found in the /pal-I mutant. Similarly, in Arabidopsis,
embryo defects are detected only in double mips mutants (mipsl mips2+/ ~or
mipsl mips3), confirming that de novo biosynthesis of inositol is essential for
normal embryo development and seedling growth (Chen and Xiong 2010).

There are some exceptions to this observation: the mrp5 and the Pvmrpl mutants
do not display severe pleiotropic phenotypes related to seed development and
seedling growth, although the seed InsP¢ reduction is very consistent. Most likely,
the presence of multiple MIPS copies, which are coexpressed during seed devel-
opment, may attenuate the negative feedback caused by the mrp5 mutation. In
common been paralogous MRP gene (PvMRP?2) exists and is expressed at very
similar levels to PvMRP1 in all the plant, with the exception of developing seeds,
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thus its presence may compensate for the lack of a functional copy in the plant. At
the seed level, the largest amount of phytic acid is stored in the cotyledons, thus the
effects of MIPS reduction are not expected to significantly affect the embryo
development.

5 Conclusion

Failure of InsPg transport in /pa mutants causes perturbations of Ins and Ins
phosphate metabolism, thus the pleiotropic effects reflect the relevance of InsPg,
inositol phosphates and their key precursor, myo-inositol, in fundamental signaling
and developmental pathways (Raboy 2009). Indeed, there is an increasing literature
showing that phytic acid and inositol polyphosphates play key roles in the regu-
lation of several plant functions, like root architecture, nutrient uptake, stomata
opening, ABA and stress signal transduction, pathogen response, etc. (Gunesekera
et al. 2007; Stevenson-Paulik et al. 2005; Lemtiri-Chlieh et al. 2003; Xiong
et al. 2001). Moreover, it has been found that InsPg and inositol pentakisphosphate
(InsPs) are structural cofactors for two structurally related F-box type proteins
involved in the perception of auxin (transport inhibiting response 1, TIR1) and of
jasmonic acid (isoleucin conjugate of jasmonic acid, COIl), respectively (Tan
et al. 2007; Mosblech et al. 2011). Taken together these findings indicate that
phytic acid in the plant cell is much more than a storage molecule, and its
biosynthetic pathway and correct compartmentalization (dependent on MRP-type
ABC transporters) are pivotal to fulfill many regulatory processes occurring during
plant development and interaction with the environment.
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ABA Transport by ABCG Transporter
Proteins

Takashi Kuromori and Kazuo Shinozaki

Abstract The superfamily of ATP-binding cassette (ABC) transporters is one of
the most abundant protein families in nature. These transporters are broadly con-
served from prokaryotes to higher eukaryotes, and most of them transport various
metabolites and signalling molecules in an ATP-dependent manner. Plant genomes
in particular have large ABC families of more than one hundred genes, implying
that some ABC transporters have important functions in plant-specific development
or environmental responses. Hormones are typically regulated at the site of bio-
synthesis and during transport to their site of action. ABC transporters were recently
reported to be involved in the transport of phytohormones, of which abscisic acid
(ABA) is one of the best-studied and considered to be a plant stress hormone. This
chapter describes ABC transporters whose functions are related to ABA transport
and associated responses.

1 Introduction

Abscisic acid (ABA) is a phytohormone that plays an important role in a broad
range of plant traits including adaptation to environmental conditions. ABA sig-
nalling in response to abiotic stress has been investigated vigorously in relation to
physiological effects including regulation of stomatal aperture. Over the past
decade, the molecular basis of intracellular ABA signalling has been revealed.
Intracellular ABA signalling is triggered by a complex with three major compo-
nents including cellular ABA receptors, PP2C-type protein phosphatases and
SnRK2-type protein kinases (Cutler et al. 2010; Hubbard et al. 2010; Klingler

T. Kuromori (<) « K. Shinozaki

Gene Discovery Research Group, RIKEN Center for Sustainable Resource Science, 1-7-22
Suehiro, Tsurumi, Yokohama 230-0045, Japan

e-mail: takashi.kuromori@riken.jp

M. Geisler (ed.), Plant ABC Transporters, Signaling and Communication in Plants 22, 39
DOI 10.1007/978-3-319-06511-3_3, © Springer International Publishing Switzerland 2014


mailto:takashi.kuromori@riken.jp

40 T. Kuromori and K. Shinozaki

et al. 2010; Raghavendra et al. 2010; Umezawa et al. 2010). In contrast, the
mechanism underlying intercellular ABA responses remains largely unknown
even though it is as important as intracellular signalling.

Whether ABA is synthesised in roots and then transported to shoots or is
produced directly in shoot tissues as an early response to osmotic stress is still
debated (Sauter et al. 2001; Christmann et al. 2007). Nevertheless, ABA transport is
suggested to exist in plants because although ABA is biosynthesised and
metabolised predominantly in vascular tissues, it is also involved in the stomatal
responses of surface cell layers (Cheng et al. 2002; Koiwai et al. 2004; Okamoto
et al. 2009). Using antisense RNA or antibodies that are specific for ABA biosyn-
thesis enzymes in Arabidopsis such as NCED3, ABA2 and AAQO3, leaf vascular
parenchyma cells were shown to be the primary sites of ABA biosynthesis in both
drought-stressed and unstressed plants (Cheng et al. 2002; Koiwai et al. 2004; Endo
et al. 2008). Under dehydration stress conditions, the NCED3 promoter was shown
to be active mainly in vascular tissues (Behnam et al. 2013). Based on these results,
ABA was proposed to be transported from the vascular tissue to guard cells, leading
to accumulation of ABA in stomata (Seo and Koshiba 2011).

In contrast, the transport system of another important phytohormone, indole-3-
acetic acid (auxin), has been shown to include both cellular efflux and influx
carriers (Petrasek and Friml 2009; Vanneste and Friml 2009). In current models,
auxin migrates during polar transport to adjacent cells to regulate disproportionate
cell growth (Friml and Palme 2002; Tanaka et al. 2006). Whether ABA is
transported in a polar manner between cells by specific transporters similar to
auxin is unclear (Benjamins and Scheres 2008). However, the stress hormone
ABA is required for rapid signalling especially under stress conditions (Kim
et al. 2010). For example, ABA promotes stomatal closure in guard cells to prevent
transpiration under drought conditions (Leung and Giraudat 1998; Cutler
etal. 2010; Kim et al. 2010). Consistent with this function, ABA may be transported
with apoplastic water flow. If this was the case, the first step in ABA transport
would be its export from the inside to the outside of the cells that synthesise it.

The necessity for ABA transporters that act across plasma membranes can also
be inferred from the hindrance to ABA movement caused by an anion trap (Hartung
et al. 1998; Taiz and Zeiger 2006). Because ABA is a weak acid (pKa 4.7) that is
present mostly in the ionised form in the cytosol where the pH is approximately
neutral, it does not move passively across the plasma membrane lipid bilayer
(Hartung et al. 1998; Taiz and Zeiger 2006). A specific transporter may be required
for ABA movement from the cell interior to the exterior to overcome the anion trap.
Similarly, elevated apoplastic pH, for example in guard cells under stress condi-
tions could necessitate the activity of an ABA importer for the cellular uptake of
ionised ABA (Kang et al. 2010).

Different types of ABA transporters were recently reported (Kang et al. 2010;
Kuromori et al. 2010; Kanno et al. 2012), with mutant analysis identifying two
ABC transporters, AtABCG25 and AtABCG40. Biochemical characterisation
showed that AtABCG25 mediated ABA export from the cell and that AtABCG40
mediated import into the cell (Kang et al. 2010; Kuromori et al. 2010). More
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recently, ABA-importing transporters belonging to the NRT1/PTR family were
identified using a modified yeast two-hybrid screen and shown to import ABA
(Kanno et al. 2012). A summary of these transporters and a current model of ABA
transport are described in this chapter.

2 AtABCG2S

Mutants of AtABCG25 were originally isolated using an Ac/Ds transposon-tagged
mutant series in a genetic screen for mutants that exhibited abnormal ABA sensi-
tivity during the early growth stage (Kuromori et al. 2010). AtABCG25 expression
was detected mainly in vascular tissues where genes encoding ABA biosynthesis
enzymes are predominantly expressed. In addition, fluorescent protein-fused
AtABCG25 proteins were localised to the plasma membrane in plant cells.

AtABCG25 was examined to determine whether it exhibited ABA export
activity. Because of its instability making the detection of in vivo export activity
very difficult, a vesicle transport assay was used to detect the intrinsic export
function through the uptake of labelled molecules. In membrane vesicles derived
from AtABCG25-expressing insect cells, AtABCG25 exhibited ATP-dependent
ABA transport activity. Furthermore, leaf temperatures were higher in
AtABCG25-overexpressing plants than in wild-type plants under nonstress condi-
tions, implying an effect on stomatal regulation. These results suggested that
AtABCG2S5 is an exporter of ABA through the plasma membrane and is involved
in intercellular ABA signalling.

AtABCG2S5 belongs to a group of half-size ABC transporter genes in the
AtABCG subfamily previously called the WBC subfamily (Verrier et al. 2008).
Because half-size ABC transporters usually function as dimer complexes, consid-
erable discussion has focused on whether they function as homodimers or
heterodimers (Graf et al. 2003; Samuels et al. 2008). Based on the detection of
ABA transport activity in insect cell membranes, AtABCG25 quite possibly func-
tions as a homodimer. Whether AtABCG25 can also function as a heterodimer with
other half-size ABC transporters remains unclear.

3 AtABCG40

The Arabidopsis ABC transporter AtABCG40, which was reported independently
and simultaneously with AfABCG2S5, functions as an ABA-importer in plant cells
(Kang et al. 2010). An atabcg40 mutant was originally identified by testing seed
germination and stomatal movement in mutant lines with knockout mutations in a
cluster of full-size ABC transporter genes in the AtABCG subfamily, previously
designated as the PDR subfamily (Verrier et al. 2008). Based on promoter—GUS
analysis, AtABCG40 was expressed broadly in the leaves of young plantlets and in
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primary and lateral roots. The highest expression was found in guard cells. Fluo-
rescent protein-fused AtABCG40 proteins expressed under its native promoter
were localised to plasma membranes in Arabidopsis guard cells.

Stomatal closure in response to ABA was slower in atabcg40 mutant plants, and
the upregulation of ABA-inducible genes was significantly delayed, resulting in
reduced drought tolerance. ABA uptake increased in both yeast and tobacco BY2
cells expressing AtABCG40, whereas ABA uptake by protoplasts derived from
atabcg40 plants decreased relative to control cells. These results suggest that
AtABCG40 mediates ABA uptake as an ABA importer for rapid responses to
environmental stress.

4 AtABCG22

AtABCG22, another ABCG gene closely related to AtABCG2S, is required for
stomatal regulation (Kuromori et al. 2011). Rosette leaves of atabcg22 mutant
plants exhibited lower temperatures and increased water loss, resulting in greater
susceptibility to drought stress than wild-type plants. AtABCG22 is expressed in
aerial organs primarily in guard cells, consistent with the mutant phenotypes.
Fluorescent protein-fused AtABCG22 was localised to the plasma membrane in
plant cells. Based on these results, AtABCG?22 is considered to be a candidate ABA
transporter, although ABA transport activity has not been demonstrated for this
protein.

5 AtNPF4.6/NRT1.2/AIT1

More recently, ABA-importing transporters (AIT1-4) that belong to the NRT1/
PTR transporter family rather than the ABC transporter family were reported
(Kanno et al. 2012). The AITI—4 genes were originally identified using a modified
yeast two-hybrid system screen of Arabidopsis cDNAs to identify proteins capable
of inducing interactions between the ABA receptor PYR/PYL/RCAR and PP2C
protein phosphatase under low ABA concentrations. Transport assays in yeast and
insect cells expressing candidate genes demonstrated that AIT1, which had been
characterised as NRT1.2 and unified as AtNPF4.6 (Léran et al. 2013), mediates
cellular ABA uptake. AIT] promoter activity was detected in imbibed seeds and
vascular tissues of cotyledons, true leaves, hypocotyls, roots and inflorescence
stems using a promoter—reporter system. Fluorescent protein-fused AIT1 proteins
were detected predominantly at the plasma membrane.

Less sensitivity to exogenously applied ABA during seed germination and/or
initial growth was observed in ait/ mutants compared to wild-type controls,
whereas overexpression of AIT1 resulted in ABA hypersensitivity during the
same growth stages. In mature plants, the inflorescence stems of ait/ mutants had
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a lower surface temperature than wild-type controls, implying an open-stomata
phenotype. These data suggest that the function of AtNPF4.6/NRT1.2/AIT1 as an
ABA importer at the site of ABA biosynthesis is important for the regulation of
stomatal aperture in shoots.

6 A Current Model

The designation of the three membrane factors, AtABCG25, AtABCG40 and AIT1,
as ABA transporters is supported by several lines of evidence (summarized in
Table 1). All three proteins were localised to plasma membranes, implying involve-
ment in the transfer of molecules between the inside and outside of cells. All of the
gene-disruption mutants showed aberrant sensitivity to ABA accompanied by
biochemical evidence of ABA transport activity. Experiments on transported
ABA stereospecificity using ABA stereoisomers showed that the transporters had
greater substrate affinity for (+)-ABA than for (-)-ABA. The Km saturation kinetics
of ATP-dependent ABA transport were not so different for the three proteins
(260 nM, 1 pM and 5 pM for AtABCG25, AtABCG40 and AIT1, respectively),
although different assay systems were used to calculate the activities (Kang
et al. 2010; Kuromori et al. 2010; Kanno et al. 2013). These findings strongly
suggest that these three factors mediate active control of ABA transport across
cellular membranes.

The AtABCG25 promoter was active in vascular tissue and the AtABCG40
promoter was active in guard cells, which is consistent with a simple model in
which vascular tissues are the primary site of ABA synthesis and transport of ABA
to guard cells is mediated by specific transporters (Fig. 1; Kuromori and Shinozaki
2010). AtABCG22 may also function in guard cells during osmotic stress
responses. This model is consistent with the established cytosolic localisation of
receptors that serve as the initial trigger for ABA signalling (Ma et al. 2009; Park
et al. 2009). This highlights the potential importance of an ABA transporter that
could deliver ABA in a regulated fashion to initiate rapid and controlled responses
to various stress conditions (Kang et al. 2010; Kuromori et al. 2010). The ABA
importer, AIT1, is expressed in vascular tissues with an expression pattern similar
to that of AtABCG25. Accordingly, AIT1 functions to maintain the ABA pool size
at the site of biosynthesis, which might be required for the efficient translocation of
ABA to guard cells (Fig. 1; Kanno et al. 2012).

However, all of the physiological processes mediated by ABA cannot be fully
accounted for by just these three transporters. For example, the phenotypes of the
mutants defective in any of the three transporters differed from the phenotypes
typical of ABA-deficient mutants, suggesting the possible existence of redundant
transporters or a passive transport mechanism mediated by a pH gradient
(Sreenivasulu et al. 2012). Alternatively, some physiological responses may not
require active ABA transport (Kanno et al. 2012).



44 T. Kuromori and K. Shinozaki

Table 1 Comparison of characteristics of the three ABA transporters reported to date

AtNPF4.6/
Gene name AtABCG25 AtABCG40 NRT1.2/AIT1
Gene family ABCG half-size ABCG full-size type ~ NRT1/PTR
type
Gene identification Mutant screen Mutant screen Modified Y2H
screen
Tissue expression Vascular tissues Broad, highest in Vascular tissues
guard cells
Subcellular localisation Plasma membrane  Plasma membrane Plasma membrane
Transport assay Vesicles from insect Yeast and BY2 cells  Yeast and insect
cells cells
KO phenotype of germinative ABA hypersensitive ABA insensitive ABA insensitive
growth
OE phenotype of germinative ABA insensitive (N.D.) ABA
growth hypersensitive
Suggested function Exporter Importer Importer

Extracted from Kang et al. (2010), Kuromori et al. (2010), Kanno et al. (2012)
KO knockout mutants, OF overexpressed plants, Y2H yeast two-hybrid system

Direct orthologues of these ABA transporters are not found in the genome of the
moss Physcomitrella patens (Sakata et al. 2014), indicating that the Arabidopsis
ABA transporters described here might have evolved after the emergence of
bryophytes. Bryophytes have an ABA responsive system, but they are
non-vascular plants. Other types of ABA transporters probably evolved in
non-vascular plants.

The current model is based on ABA transport from the site of biosynthesis to the
site of action. However, one could ask whether guard cells, as well as vascular cells,
are capable of synthesising ABA. Indeed, ABA was shown in some reports to be
synthesised in guard cells. For example, reporter gene analysis using the AAO3 and
AtNCED3 promoters demonstrated that they are active in guard cells (Tan
et al. 2003; Koiwai et al. 2004). More recently, guard cell-autonomous ABA
synthesis was reported to be both required and sufficient for stomatal closure in
response to low humidity (Bauer et al. 2013). Guard cell-autonomous ABA syn-
thesis allows the plant to respond rapidly to changing environmental conditions to
maintain water status homeostasis. In addition, ABA biosynthesis genes and ABA
transporter genes tend to show significant expression in roots as well as shoots
(Boursiac et al. 2013). A detailed investigation using spatio-temporal analyses of
the initial induction of ABA signalling between the site of biosynthesis and the site
of action is required.
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Fig.1 A current model of ABA transport from vascular tissues to guard cells mediated by specific
transporters. A schematic view of a cross section of a plant leaf is shown. AtABCG25 and AIT1
are expressed in vascular tissue and are responsible for ABA efflux and influx, respectively, while
AtABCG40 is expressed in guard cells and is responsible for ABA influx. (Modified from
Umezawa et al. 2010)
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Exine Export in Pollen

Dabing Zhang and Hui Li

Abstract Pollen as a sperm cell carrier is mainly protected by outer pollen wall
(called exine) from physical and biological stresses. The major composition of
exine is the highly resistant biopolymer sporopollenin, which mainly consists of
hydrophobic lipids, phenylpropanoids, and aromatic compounds. The biosynthesis
of these constituents has been shown to be catalyzed by enzymes preferentially
expressed in the sporophytic tapetal layer, a nutritive tissue supporting pollen
development. How the synthesized sporopollenin precursors are exported from
tapetal cells onto the surface of microspore for pollen exine formation remains
largely unknown. Here, we review the structure of tapetal cella and pollen exine in
the model monocot rice (Oryza sativa) and the model dicot Arabidopsis thaliana. In
addition, we highlight the update understanding on the role of ATP-binding cassette
(ABC), lipid transfer protein (LTP), and multidrug and toxic efflux (MATE) trans-
porters in trafficking of sporopollenin precursors across tapetal cells for exine
development in rice and Arabidopsis. We also discuss the future research focus
on the transport of sporopollenin precursors for exine synthesis.

1 Introduction

Successful reproduction in flowering plants relies on the interaction between male
and female gametophytes. Unlike the female gametes embedded by other plant
tissues, the mature pollen grain as plant male gamete released from the anther is
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required to be distributed and adhered onto the female tissue by insects, wind, and
other vectors. To survive on the dispersal pathway, pollen grains develop the pollen
wall that comprises three layers: pollen coat, the outer pollen wall (also called
exine), and inner intine layer (Zinkl et al. 1999). Exine has extremely physical and
chemical stability resistant to biotic and abiotic stresses such as high temperature,
desiccation, ultraviolet (UV) irradiation, and mechanical damage, etc. Additionally,
during fertilization the pollen wall plays a critical role in pollen—stigma communi-
cation and pollen rehydration and acts as a possible reproductive barrier to be
recognized as self and non-self pollen grains by female tissue in plants (Zinkl
et al. 1999). In plant kingdom, pollen grains exhibit a great biodiversity in shape
and surface patterning. The model dicot plant Arabidopsis thaliana has ellipsoidal
pollen grains covered by reticulate surface distributed by insects, while the model
monocot plant rice (Oryza sativa) has globular pollen grains with smooth appear-
ance transmitted by wind (Fig. la, b). Due to its biological importance, the
mechanism underlying the biosynthesis of pollen wall, particularly exine, is an
interesting biological question to be addressed for plant biologists.

2 Structure and Development of Exine

2.1 Exine Structure

Although the morphology of pollen grains varies among different species, the
pollen wall structure is mainly consisted of layers such as intine, exine, and pollen
coat, from the inside to the outside. Exine generally contains nexine, bacula, and
tectum (Fig. 1c—f) (Zhang et al. 2011). Arabidopsis exine has a thin nexine layer, a
semi-open tectum layer, and a longer baculum (Fig. 1c, €) compared with rice in
which its pollen exine has a thick tectum and nexine and a high density of bacula
(Fig. 1d, f).

2.2 Formation of Exine

Developmentally most plant species share similar biological processes in exine
biosynthesis even though different plants exhibit a diversity of pollen grain mor-
phology (Zhang et al. 2011; Ariizumi and Toriyama 2011; Li and Zhang 2010;
Blackmore et al. 2007; Wilson and Zhang 2009). The formation of pollen wall starts
before meiosis as evidenced from rice and Arabidopsis (Zhang et al. 2011; Ariizumi
and Toriyama 2011; Li and Zhang 2010; Blackmore et al. 2007; Wilson and Zhang
2009). According to the classification of rice anther development stage and pollen
exine formation, we propose a schematic model illustrating exine developmental
events (Fig. 2). At stage 6 of anther development before the meiosis of pollen
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Fig.1 Pollen wall morphology of rice and Arabidopsis at mature stage. (a and b) Pollen grains of
Arabidopsis (a) and rice (b) by SEM, bar =5 mm. (¢ and d) Transverse section of pollen wall of
Arabidopsis (c) and rice (d) by transmission electron microscope, bar = 1 mm. (e and f) Proposed
model of pollen wall structure of Arabidopsis (e) and rice (f). [n intine, Ne nexine, Ex exine, Se
sexine, Te tectum, Ba bacula, PC pollen coat, PM plasma membrane, M microspore, Cy cyto-
plasm. Figure taken from Zhang et al. (2011)

mother cells (PMCs), the anther initiates the synthesis of callose (a b-1,3-linked
glucan) deposited onto PMCs (Fig. 2-Al and El). During the meiosis (stage 7),
PMC produces the tetrad and each contains four newly formed microspores
enclosed by callose, and each microspore forms the primexine with the low electron
density surrounding its outer surface (Fig. 2-A2 and E2). Primexine is a microfi-
brillar matrix mainly consisting of cellulose synthesized by the microspores and
serves as an elaborate template patterning for the deposition of sporopollenin
precursors and the following polymerization (Blackmore et al. 2007). At stage
8 during the tetrad formation, the probaculum is formed and deposited onto the
primexine (Fig. 2-A3 and E3). After the release from the tetrad by degeneration of
callose wall at stage 9, microspores are enclosed by a very thin tectum (sexine) on
the primexine as the deposition of sporopollenin precursors. Meanwhile, the for-
mation of nexine (the foot layer) is seen on the surface of microspores. Subse-
quently sporopollenin precursors continue the deposition onto the tectum (Fig. 2-
A4 and E4). As the development of microspore, pollen exine becomes thick and
consolidates as the accumulation of sporopollenin precursors (Fig. 2-A5 and ES).
At stage 10, the microspore becomes vacuolated and the pollen exine displays a
two-layer structure with low-electron density intervals or channels across the pollen
wall (Fig. 2-A6 and E6). Subsequently, during the mitosis each microspore gener-
ates two sperms and one vegetative nucleus, and the microspore starts the synthesis
of intine below the exine. Till stage 12 when mature pollen grains form, the pollen
exine ontology is almost established by the accumulation of sporopollenin compo-
sitions (Fig. 2-A7 and E7). Finally, before the release of pollen grains from anther
locule, tryphine is deposited as a compound of pollen coat at stage13 (Fig. 2-A8 and
EB).
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Fig.2 Schematic model of pollen development and pollen wall formation within rice anther. Al1—
A8: Cytological profile and diagrams of rice anther development and pollen formation from
meiosis stage to mature pollen stage. The definition of anther developmental stage refers to
(Zhang et al. 2011) E1-E8. The model of rice pollen wall development at the corresponding
stage of the A1-AS8 for anther development. Figure modified from Li and Zhang (2010)

3 Tapetum: The Supportive Tissue for Exine Formation

3.1 Secretory Structures of Tapetal Cells in Plants

According to the morphogenesis and cellular features of anther development from
rice and Arabidopsis, pollen exine development seems to be closely related to
anther sporophytic cell degeneration (Fig. 2) (Ma 2005; Zhang and Wilson 2009;
Li et al. 2010; Wang et al. 2003). During early stage, the anther primordium
undergoes cell division and cell differentiation generating four-layer anther wall,
i.e., the epidermis, endothecium, middle layer, and tapetum from the outside to the
inside, as well as sporophytic PMCs (Fig. 2-Al). After meiosis, tapetal cells
undergo programmed cell death (PCD)-promoted degeneration (Fig. 2-A2),
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which is assumed to provide nutritive support for pollen maturation including exine
formation (Fig. 2-A3 to A8).

Even though both rice and Arabidopsis develop secretory tapeta (Huysmans
et al. 1998; Furness and Rudall 2001), the inner side of the tapetal cells in rice and
other cereals exhibit characteristic orbicules/Ubisch bodies facing to male repro-
ductive cells (Fig. 3a, b), which are assumed to transfer tapetum-synthesized
sporopollenin precursors across the hydrophilic cell wall to the anther locule
(Ting et al. 1998; Hsieh and Huang 2007). However, orbicules were not seen in
Brassicaceae species, such as Arabidopsis, which has unique secretory tapetal cells
containing specialized lipidic organelles elaioplasts and tapetosomes (Fig. 3c, d)
(Hsieh and Huang 2007). The ER-derived spherical tapetosomes consist of flavo-
noids, alkanes, and oleosins and are responsible for the transport of pollen wall
constituents (Hsieh and Huang 2007). Currently, the detailed role of these special-
ized organelles in exporting sporopollenin precursors for exine development is
unclear.

3.2 Tapetal Programmed Cell Death Is Associated With
Exine Formation

Exine synthesis and patterning rely on tapetal PCD, which is controlled by the
functions of regulators such as basic helix—loop—helix (bHLH) transcription factors,
MYB transcription factor, and PHD-finger protein (Yang et al. 2007; Aya
et al. 2009; Li et al. 2006; Xu et al. 2010; Sorensen et al. 2003). Loss of function
of these regulators frequently causes defective tapetal PCD and abnormal exine
formation (Yang et al. 2007; Aya et al. 2009; Li et al. 2006; Xu et al. 2010;
Sorensen et al. 2003). These findings suggest the possible close link between tapetal
PCD and nutritive support for exine biosynthesis. However it is not clear whether
these two processes function in the same pathway or in parallel.

4 Biosynthesis of Exine

The biopolymer sporopollenin has been regarded as a major component of exine of
plant spores and pollen grains (Scott 1994), but the chemical nature for sporopol-
lenin is not exactly known due to no available approaches capable of isolating
sporopollenin monomers. Even though sporopollenin is highly insoluble and hardly
to be degraded and analyzed, increasing evidence shows that the sporopollenin is an
aliphatic polymer comprising of long-chain fatty acids, phenylpropanoids, and
oxygenated aromatic rings (Scott 1994; Piffanelli et al. 1998). In addition, the
diploid sporophytic tapetal cells act as a major tissue synthesizing sporopollenin
precursors for exine synthesis (Piffanelli et al. 1998).
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Fig. 3 Structural difference in tapetal cells between cereals and Brassicaceae. (a and b) Orbicule
distributed on the inner surface of tapetum adjacent to the anther locule in rice (a) and wheat (b).
(a) is from (Li and Zhang 2010), Bar =2 pm; (b) is from (Wang et al. 2003), Bar =3 pm. (c and d)
Tapetosomes (t) and elaioplasts (e) within the tapetum cell of Arabidopsis (¢) and Brassica napus
(d). (c) is from (Yang et al. 2007), Bar =2 pm; (d) is from (Hsieh and Huang 2007), Bar =2 pm.
Or orbicule, ta tapetum, N nucleus, V vacuolar, Ms microspore, asterisks plastid inclusions

4.1 Synthesis of Lipidic Molecules

Biochemical and genetic investigations revealed that fatty acids and their deriva-
tives catalyzed by a series of enzymes are key compositions of sporopollenin
(Fig. 4) (Li et al. 2010; Aarts et al. 1997; Morant et al. 2007; Dobritsa et al. 2009,
2010; Jung et al. 2006; Souza et al. 2009; Chen et al. 2011; Shi et al. 2011; Kim
et al. 2010; Tang et al. 2009; Grienenberger et al. 2010). In heterotrophic eukary-
otes, the synthesis of fatty acids usually occurs in the cytosol, whereas plants
produce long-chain fatty acids up to C18 mainly in plastids, such as the chloroplast
(Ohlrogge et al. 1979; Li-Beisson et al. 2010), and some fatty acids are modified in
the endoplasmic reticulum (ER) (Kunst and Samuels 2003). Plastids have been
proved to be crucial for successful anther development in angiosperms, including
synthesis of fatty acids and alcohols (Chen et al. 2011; Shi et al. 2011) and storage
lipids.

Rice Defective Pollen Wall (DPW) and Arabidopsis counterpart male sterility
2 (MS2) are the plastid-localized reductases expressed in tapetal cells which have
biochemical activities of converting long-chain fatty acids of 16 carbon and 18 car-
bon into fatty alcohols (Chen et al. 2011; Shi et al. 2011). Rice Wax-Deficient
Antherl (WDA1) and its homolog ECERIFERUMI1 (CER1) in Arabidopsis were
shown to participate in the metabolism of very-long-chain fatty acids for the
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Fig. 4 The biochemical pathway of lipidic and aromatic metabolism for sporopollenin biosyn-
thesis in plants. In plastids, de novo synthesized fatty acids are esterified to acyl carrier protein
(ACP), and the long-chain acyl-ACPs are cleaved, transferred from the plastid to ER, and
connected to CoA for elongation (Li-Beisson et al. 2010). C16:0-ACP is reduced to hexadecanol
by rice DPW (Shi et al. 2011) and Arabidopsis MS2 (Chen et al. 2011) in plastids, and hexadecanol
can freely diffuse or be transported into the cytoplasm (Spector and Soboroff 1972). Hexadecanol
can be further converted to fatty acid and oxygenated by ER-localized P450 enzymes. The
hydroxylated fatty acids can then be converted to acyl-CoAs by ACOS (Souza et al. 2009), and
acyl-CoAs can be converted to polyketides by TKPR1/2 (Grienenberger et al. 2010), PKSA/LAPG6,
and PKSB/LAPS (Kim et al. 2010). Figure modified from (Shi et al. 2011; Kim et al. 2010;
Grienenberger et al. 2010)

establishment of the anther cuticle and pollen exine (Jung et al. 2006). Members of
cytochrome P450s such as CYP703A and CYP704B subfamilies have key roles in
hydroxylating fatty acids in ER for exine formation (Li et al. 2010; Morant
et al. 2007; Dobritsa et al. 2009). CYP703As catalyze the in-chain hydroxylation
of lauric acids (7OH-C12) and CYP704Bs produce w-hydroxylated fatty acids with
16 and 18 carbons (0-OH-C16 and w-OH-C18) as building blocks for sporopollenin
assembly (Morant et al. 2007; Dobritsa et al. 2009). The hydroxylated fatty acids by
CYP703A and CYP704B can be further catalyzed by cytoplasm-localized fatty
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acyl-CoA synthetase (ACOS) to generate CoA esters for sporopollenin synthesis
(Fig. 4) (Souza et al. 2009).

4.2 Phenylpropanoids and Aromatic Metabolism

Beside fatty acids, aromatic polyketides such as tri- and tetraketide alpha-pyrones
were identified as sporopollenin constituents catalyzed by Arabidopsis
ER-localized LAP6 (LESS ADHESIVE POLLEN)/PKSA (POLYKETIDE
SYNTHASE A) and LAP5/PKSB using the substrates produced by ACOSS5
(Fig. 3) (Dobritsa et al. 2010; Kim et al. 2010). Next, tri- and tetraketide alpha-
pyrones as the substrate can be further derived into hydroxylated alpha-pyrone by
the reductase TETRAKETIDE a-PYRONE REDUCTASE1 (TKPR1) and TKPR2
for the sporopollenin monomer biosynthesis (Grienenberger et al. 2010). These
findings reveal the phenylpropanoids and aromatic compounds as key sporopol-
lenin components for exine formation (Fig. 4) (Ahlers et al. 1999).

S Carriers for Exine Export

How tapetum-derived chemicals are exported into the locule for the assembly of
sporopollenin is a mysterious question for biologists. Up to date, ATP cassette
(ABC) and lipid transfer protein (LTP) transporters are molecules proved to be
responsible for cargo transport of exine constituents.

5.1 ABC Transporters

Plant ABC transporters have been shown to be involved in a wide range of cellular
activity, such as hormone homeostasis, detoxification, antibiotics resistance, sec-
ondary metabolism, etc. (Kang et al. 2011). Among these ABC transporters, some
G subfamily members such as Arabidopsis ABCG26 (WBC27) and rice ABCG15
(called Post-meiotic Deficient Anther I, PDAI) expressed in tapetal cells are
assumed to be responsible for transport of sporopollenin precursors from tapetal
cells into microspore surface for exine development. Knockdown of ABCG26
(WBC27) leads to the aborted exine formation, leaving abnormal aggregated mate-
rials on the microspore surface and collapsed microspores (Xu et al. 2010; Dou
et al. 2011; Quilichini et al. 2010; Choi et al. 2011; Kuromori et al. 2010). These
findings suggest that the ABC transporter ABCG26 (WBC27) plays a key role in
exine formation, likely secreting the sporopollenin precursors from the tapetum to
developing microspores. Moreover, the bHLH transcription factor ABORTED
MICROSPORES (AMS) directly regulates the expression of ABCG26 via binding
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to ABCG26 promoter and coordinates the synthesis of aliphatic molecules in the
tapetum (Xu et al. 2010).

Recently, rice ABCG15/PDAI, a close homolog of ABCG26, has been shown to
be required for exine development (Qin et al. 2013; Zhu et al. 2013). Mutation of
the tapetum-expressed PDAI causes the abortion of microspore development
without exine formation, no orbicules on tapetal cells in the mutants (Qin et al.
2013; Zhu et al. 2013). The amount of anther cuticular wax and cutin is reduced in
the pdal mutant, suggesting that PDA1-mediated transport of sporepollenin pre-
cursors feedback affects the synthesis of lipidic components. Consistently, the
expression of two pollen exine biosynthetic genes CYP704B2 and CYP703A3
decreased in pdal anthers. These findings suggest that the tapetum-expressed
ABC transporters play a conserved role in secreting lipidic sporopollenin precur-
sors from the tapetum to developing microspores in both rice and Arabidopsis.
However, the biochemical evidence on how ABC transporters translocate sporo-
pollenin precursors and what are their exact substrates remain to be investigated.
Future biochemical function assay of ABCG26/ABCG15 may help us in under-
standing the role of ABC transporter in plant exine development.

5.2 Lipid Transfer Proteins

Besides the possible role of transmembrane ABCG transporters in actively deliv-
ering the lipid molecules across the membrane, other lipid transporters such as low
molecular weight LTPs have been shown to be involved in lipid trafficking (Huang
et al. 2013; Zhang et al. 2010; Yeats and Rose 2008; Kader 1996). LTPs were
termed as they have the capacity to transfer phospholipids and fatty acids between
membranes in vitro (Kader 1996). Expression analysis showed that some tapetal
PCD regulators affect the expression of LTPs (Aya et al. 2009; Li et al. 2006, 2011;
Xu et al. 2010; Jung et al. 2005), implying that LTPs regulate pollen development.

One rice LTP, OsC6, was shown to function as lipidic transporter from tapetal
cells to anther wall layers and microspore surface (Zhang et al. 2010). OsC6 has the
typical eight-Cys motif, and its transcription is highly detectable in tapetal cell.
However, the localization of OsC6 protein is seen in tapetal cells, anther locule,
anther epidermis, as well as the extracellular space between the tapetum and the
middle layer, indicating that the tapetum expressed OsC6 can be secreted among
anther cells. In addition, the recombinant OsC6 protein has the bind ability of fatty
acid molecules (Zhang et al. 2010), suggesting that OsC6 is involved in distribution
of lipidic molecules for male reproduction. Furthermore, knockdown of OsC6
caused aborted exine formation and orbicule development in rice. This work
demonstrates the key role of LTPs in secreting lipidic molecule from the tapetum
for exine development. Recently, Huang et.al (2013) also demonstrated that the
tapetum-expressed type- III LTP plays a role for the lipid molecular trafficking
from tapetum into the pollen exine in Arabidopsis, confirming the novel vesicular
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trafficking mechanism for pollen exine development (Huang et al. 2013). However,
the substrates of LTPs remain to be analyzed in the future.

5.3 Other Putative Transporters

Evidence shows that the flavonoids and lipid droplet in tapetosomes are likely used
as exine and pollen coat constituents in Brassica (Hsieh and Huang 2007). More-
over, the aromatic chemicals synthesized by LAP5/6(PKSA/B) and TKPR1/2 are
essential for pollen exine formation. However, it remains largely unknown how
these compounds are transported for pollen exine synthesis. During the develop-
ment of seeds or leaf color, multidrug and toxic efflux (MATE) transporter TT12
(Transparent Testal2) and its putative cofactor glutathione S-transferase (GST)
TT19 were identified to be responsible for the transport of phenolic compounds
(Sun et al. 2012; Zhao and Dixon 2009; Marinova et al. 2007; Kitamura et al. 2004).
Yeast-expressed TT12, a vacuolar flavonoid/H*-antiporter, exhibits high affinity to
catechin-3-O-glucoside, a glucosylated flavan-3-ol, and TT12 enhances the vacu-
olar uptake of anthocyanin in Arabidopsis seeds (Marinova et al. 2007). GST
protein encoded by TT19 regulates the anthocyanin trafficking into the vacuole in
Arabidopsis hypocotyls and cotyledons (Kitamura et al. 2004). Whether these
transporters are required for the transport of phenolic compounds for exine synthe-
sis remains unknown because of no direct genetic evidence. Hsieh and Huang
(Hsieh and Huang 2007) investigated the distribution of flavonoids in tapetal cells
in the #¢/2 and #t/9 mutant and showed that flavonoids were observed in the cytosol
and not in the tapetosomes in the #/2 and #]9 tapetal cells and also decreased
amounts of flavonoids in the mutant tapetal cells and pollen surface compared to the
wild type (Hsieh and Huang 2007), implying that MATE transporter and GST
proteins may be involved in the phenolic trafficking from tapetal cells for pollen
exine or coat formation.

Based on the above genetic, molecular, and biochemical investigations, we
propose a putative model on the possible trafficking pathways involved in exporting
sporopollenin precursors from tapetal cells to anther locule for exine synthesis in
plants (Fig. 5). The synthetic aliphatic or aromatic constituents catalyzed by the
ER-localized enzymes such as CYP450, PKS, and TKPR are secreted by endoplas-
mic reticulum (ER)-derived vesicles from the synthetic site, then some compounds
are delivered into Golgi for further modification or the vesicles are aggregated as
suborganelles such as tapetosomes or orbicules. The exocytosis of sporopollen
precursors in lipidic suborganelles is affected through the fusion with the plasma
membrane of tapetum cells. Additionally, other transporters, such as ABC trans-
porters and LTPs, may be involved in the precursor export.
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Fig. 5 Proposed model for exporting sporopollenin constituents from tapetal cells onto the
microspore surface for exine formation. Fatty acids, alcohols, polyketides, and other derived
monomers may be translocated from the tapetal cells by ATP-binding cassette transporters, such
as WBC27/ABCG26 and ABCG15 (Xu et al. 2010; Dou et al. 2011; Quilichini et al. 2010; Choi
etal. 2011; Qin et al. 2013; Zhu et al. 2013), and/or lipid transport proteins, such as OsC6 (Zhang
et al. 2010), and type III lipid transport protein (Huang et al. 2013) into the locule as sporopollenin
precursors for the assembly of pollen exine in plants. MATE transporters might be also involved in
the precursor transportation. Lipid transport proteins #; Aliphatic compound, 4 = e; Aromatic
compound, #. Modified from Huang et al. (2013)

6 Perspective

Lipidic and phenolic molecules secreted from tapetum cell are considered to be the
key compounds determining the framework for pollen exine. Even though this
process is essential for reproduction success in flowering plants, many questions
remain to be addressed. For instance, what is the link between tapetal PCD and the
supply of sporopollen precursors? Which molecules coordinate the developmental
programs between the microspore and tapetal cells? Furthermore, during the
microspore development, the microspore always attaches to the inner side of tapetal
cells, whether the liquid in the anther locule plays a short-distance transport role for
exine formation? Moreover, the substrates of different transport machineries/mol-
ecules during exine formation remain to be elucidated. As the advance of the tools
for cell biology, biochemistry, more understandings will be revealed on the mech-
anism underlying the synthesis and transport of sporopollenin precursors during
plant exine formation.
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Transport of Monoterpenoid Indole
Alkaloids in Catharanthus roseus

Fang Yu and Vincenzo De Luca

Abstract Alkaloids are a large and diverse group of natural compounds that are
related by the occurrence of a nitrogen atom within a heterocyclic backbone. Due to
their strong and divergent biological activities, some of them are applied for clinical
uses. Alkaloids are often highly accumulated in particular sites in plants and are
often translocated from source tissue/organ to “sink” tissue/organ. Accordingly the
complex development-, environment-, organ-, and cell-specific expression of path-
way genes include the trafficking of biosynthetic intermediates between different
organelles and also their movement between different cell types. Recently the
involvement of ABC transporters in alkaloid translocation has been documented
thus beginning an interesting new phase in the description of the biochemical
components that are required for alkaloid biosynthesis. The identification of these
alkaloid transporters is helping to better understand how intra- and inter-cellular
compartmentation play important roles in the production/accumulation of alkaloids
and supplies new approaches for engineering alkaloid production by manipulating
pathway intermediate transport. As an important medicinal plant, Catharanthus
roseus remains the only source of the anticancer drugs vinblastine and vincristine
where it accumulates at very low levels, even if their catharanthine- and vindoline-
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building blocks are much more abundant. The in planta biosynthesis of these
compounds is very complex involving several different organelles and cell types.
Recently, a new ATP-binding cassette (ABC) transporter, CrTPT2, has been
identified that controls catharanthine secretion to leaf surface from leaf epidermis
where catharanthine biosynthesis occurs. In this review, we discuss intra- and
intercellular compartmentation of the monoterpenoid indole alkaloid (MIA) path-
way in Catharanthus roseus and TPT2 transporter families possibly involved in
MIA secretion in all MIA active plant species.

1 Introduction

Alkaloids are low-molecular weight, nitrogen-containing compounds classified as
plant secondary or “special” metabolites that show a wide variety of chemical
structures and biological activities. Alkaloids occur in about 20 % of plant species
where over 12,000 different structures have been elucidated. The complexity of
their chemical structures and their biological activities have made them excellent
sources for drug discovery screening programs over the past several decades that
have resulted in numerous clinical uses of individual alkaloids (Fester 2010;
Croteau et al. 2000). To meet the market demand for many alkaloid drugs, they
continue to be sourced from field cultivation of medicinal plants that produce them
at low levels where they require expensive extraction and purification procedures
for their isolation. The low yield of alkaloid drugs from field grown plants stimu-
lated the development of plant cell, tissue, or organ cultures that might produce high
yields of desired compounds since the past 60 years (Zenk et al. 1977; Moreno
et al. 1995; Kutchan 1995). With the elucidation of alkaloid biosynthesis pathways,
feasible strategies for using cell cultures as vehicles for biotransformation were
conceived for engineering alkaloid production in plants and other heterologous
hosts (Ziegler and Facchini 2008; Shen et al. 1998; Kutchan 1995).

Some of these alkaloids are very toxic to their original plants, which leads to
movement of these compounds from the biosynthetic sites to storage or sink sites to
avoid self-poisoning effects (Bird et al. 2003; Samanani et al. 2005; St-Pierre
et al. 1999). For example, nicotine is biosynthesized near the apex of roots in
Nicotiana species, but accumulated in the vacuoles of leaves (Shoji et al. 2000;
Hashimoto and Yamada 2003). Berberine is accumulated in the inner bark of
Phellodendron amurense and caffeine is accumulated in the seeds of Coffea spp.
as a result of transport from the sites of biosynthesis in other parts of the plant
(Shitan and Yazaki 2007; see also chapter “ABC Proteins and Other Transporters in
Lotus japonicus and Glycine max”). In Catharanthus roseus, catharanthine is
biosynthesized in leaf epidermis but accumulated on the leaf surface together
with wax exudates (Roepke et al. 2010). The translocation of catharanthine could
serve a dual purpose by increasing plant resistance to herbivores, while decreasing
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its toxicity to the plant through its removal from leaf epidermal cells. During the
past several decades, both passive and active forms of transport have been proposed
for the translocation of alkaloids for biotechnological application (Brodelius and
Pedersen 1993; Cai et al. 2012) in view of producing secondary metabolites through
exudates in plant cell suspension and hairy root cultures. While many of these
studies focused on developing triggering mechanism to promote exudation of
secondary metabolites, little progress on the molecular mechanisms involved has
been made.

2 Developmental, Environmental, and Spatial
Organization of MIA Biosynthesis in C. roseus

The Apocynaceae, Loganiaceae, and Rubiaceae plant families are composed of
many thousands of plant species responsible for production of several thousand
biologically active MIAs that have been identified in nature (Saxton 1997). The
majority of all MIAs are derived from the central intermediate, strictosidine that is
derived from tryptamine and secologanin precursors (Stockigt and Zenk 1977,
Kutchan 1993; McKnight et al. 1990). The cleavage of strictosidine to a reactive
aglycone generates several interconvertible intermediates that can be re-arranged
and substituted through a series of oxidations, reductions, and other substitution
reactions to generate the diversity of known MIAs (De Luca and Laflamme 2001;
Facchini and De Luca 2008; Ziegler and Facchini 2008). The remarkable biological
activities of MIAs have led to many clinical applications for treatment of neuro-
logical disorders, cardiovascular disease, and cancers in humans (Creasey 1994;
Noble 1990).

Among the most important MIA producing plants, C. roseus is the only known
source of the anticancer drugs, vinblastine and vincristine. The biosynthesis MIAs
in Catharanthus has been extensively studied through chemical, biochemical, and
molecular studies that have led to the identification of over 20 genes that have been
functionally characterized for the assembly of the iridoid, secologanin, and MIAs
(Salim and De Luca 2013; O’Connor and Maresh 2006; El-Sayed and Verpoorte
2007). Studies with known pathway genes showed that their expression was strictly
regulated by development-, environment-, tissue-, and cell-specific controls
(De Luca et al. 2012) with the involvement of six intracellular compartments
(plastid, chloroplast, vacuole, nucleus, endoplasmic reticulum, and cytosol) and at
least three cell types (epidermal cells, internal phloem-associated parenchyma cells,
laticifer, and idioblast cells) (St-Pierre et al. 1999; Burlat et al. 2004; De Luca and
Cutler 1987; Roepke et al. 2010; Facchini and De Luca 2008; Verma et al. 2012).
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2.1 The Intra- and Intercellular Compartmentation of MIA
Biosynthesis

The complex compartmentation of MIA biosynthesis and accumulation has created
the impetus for discovery of the transporters likely to be involved for shuttling
intermediates between organelles and between cells in C. roseus leaves. For
biosynthesis of tryptamine and secologanin, tryptophan is converted to tryptamine
from tryptophan by a single tryptophan decarboxylase gene (TDC) that is expressed
in the cytosol (De Luca and Cutler 1987; Stevens et al. 1993) of leaf epidermal cells
(St-Pierre et al. 1999), while secologanin is derived from geraniol via eight steps
that have now been characterized at the molecular level (De Luca et al. 2014).
Geraniol is derived from the methyl erythrytol phosphate pathway (Contin
et al. 1998; Oudin et al. 2007) that is preferentially expressed in specialized internal
phloem parenchyma (IPAP) cells (reviewed in Salim and De Luca 2013). The
assembly of loganic acid from geraniol involves five key steps [geraniol
10-hydroxylase (G10H), Iridodial cyclase (IS), 7-deoxyloganetic acid synthase
(7DLS), 7-deoxyloganetic acid glucosyltransferase, (UGT7), and deoxyloganic
acid 7-hydroxylase (DL7H)] that also occur exclusively in IPAP cells (Fig. 1)
(Irmler et al. 2000; Burlat et al. 2004; Geu-Flores et al. 2012; Asada et al. 2013;
Salim et al. 2013; Salim et al. 2014). The G10H, 7DLS and DL7H are Cytochrome
P450s associated with the endoplasmic reticulum, which appears to act as a scaffold
for the assembly of loganic acid (Fig. 1). The leaf epidermis localized expression of
loganic acid methyltransferase (LAMT) (Roepke et al. 2010) and secologanin
synthase (SLS) (Irmler et al. 2000) suggests that unknown transport mechanisms
for moving loganic acid from IPAP cells to leaf epidermal cells are required in
order to complete the biosynthesis of secologanin in epidermal cells (Fig. 1). The
strictosidine synthase (STR)-based assembly of strictosidine that has been
suggested to occur in plant vacuoles (McKnight et al. 1990, 1991; Guirimand
et al. 2010, 2011a, b) of leaf epidermal cells requires tryptamine and secologanin
transporters to import these precursors and a strictosidine transporter to export this
central intermediate for subsequent reactions (Fig. 1). Cell and molecular studies
showed that localize strictosidine f-glucosidase (SGD) to the nucleus (Guirimand
et al. 2010) would require the transport of strictosidine into the nucleus and safe
export of reactive aglycone intermediates back into the cytosol for further modifi-
cation into structurally different MIAs like ajmalicine and catharanthine or into
tabersonine derivatives required for the final assembly of vindoline (Fig. 1)
(St-Pierre et al. 1999; Murata and De Luca 2005; Levac et al. 2008). Upon
conversion of tabersonine to 16-methoxytabersonine through the action of
tabersonine-16-hydroxylase (T16H) and 16-hydroxytabersonine-16-O-methy-
transferase (160MT), the 16-methoxy tabersonine would require oriented transport
to specialized idioblast/laticifer cells. While the conversion of 16-methoxy-
tabersonine to 16-methoxy-2,3-dihydro-3-hydroxy- tabersonine occurs through an
uncharacterized reaction, transport of an intermediate is required into the chloro-
plast thylakoid (De Luca and Cutler 1987) for N-methylation (NMT) to produce
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deacetoxyvindoline (NMT). Transport of this intermediate back to the cytoplasm is
then required in order to produce vindoline via deacetoxyvindoline 4-hydroxylase
(D4H) and deacetylvindoline 4-O-acetyltransferase (DAT) (Fig. 1) (De Luca
et al. 1986; De Carolis et al. 1990; St-Pierre et al. 1998). The vindoline product
then requires transport to idioblast/laticifer vacuoles for storage. While no steps
required for the assembly of catharanthine are known, we have discovered that this
MIA appears to be found as a secretion on the leaf surface together with leaf wax
exudates and with ursolic acid that accumulates at high levels (Roepke et al. 2010;
Murata et al. 2008). This suggests that another plasma membrane transporter would
be responsible for the oriented secretion of catharanthine (Fig. 1, CrTPT2) resulting
in the spatial separation of catharanthine and vindoline that helps to explain why
only low levels of dimeric MIAs can be found in C. roseus.
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3 Alkaloid Transport in Plants

Many studies on the organization of alkaloid biosynthesis have documented the
involvement of different subcellular compartments and cell types in their assembly
(Facchini and De Luca 2008; Ziegler and Facchini 2008). The overwhelming
complexity involved includes the need for transport mechanisms that allow move-
ment of intermediates from sites of biosynthesis within or between cells in order to
elaborate the complete pathway or to permit accumulation and storage of end
products. For example, root-synthesized pyrrolizidine alkaloid N-oxides in Senecio
vernalis are mobilized and allocated throughout the plant via phloem translocation
(Hartmann 1999), while in Nicotiana species nicotine is translocated via the xylem
(Hashimoto and Yamada 1994). This long-distance transport of toxic alkaloids
from sites of biosynthesis in the root to peripheral aboveground tissues (reproduc-
tive floral meristems and epidermal tissues) are equipped to accumulate these toxic
compounds for protecting alkaloid rich plant tissues from the majority of herbi-
vores. The lack of information about the transporters involved within these systems,
in C. roseus and in most other alkaloid producing plant species makes this an
important area of research for understanding the multicell-type coordination and
regulation of alkaloid biosynthesis.

3.1 ABC Transporters Involved in Alkaloid Transport

The presence of large numbers of ABC transporters in plants together with numer-
ous reports of mammalian ABC transporters that function as exporters of plant-
derived alkaloids raised the possibility that members of this family play key roles in
the transport of alkaloids in plants. Plant ABC proteins can be divided into 13 sub-
families according to their sequences and structures. These plant ABC transporters
are involved in a large range of common plant activities, such as hormone transport,
lipid catabolism, xenobiotic detoxification, disease resistance, stomata function,
and also secondary metabolism (Rea 2007; Martinoia et al. 2002). Recently, a
number of ABC transporters were reported to be involved in secondary metabolism
for transporting these important molecules. Among functionally characterized ABC
transporters, CJMDR1, a member of multidrug resistance subfamily of ABC trans-
porters, was isolated from Coptis japonica and was shown to mediate the transport
of the benzylisoquinoline alkaloid (BIA) berberine into the cells of Coptis japonica
rhizomes (Shitan et al. 2003). In opium poppy the biosynthesis of BIAs appears to
involve the coordinated participation of phloem companion cells that coordinate the
biosynthesis of enzymes involved in BIA production, the phloem sieve elements
where these enzyme are translocated for BIA biosynthesis and the laticifers where
BIAs are stored (Lee et al. 2013). While the complex relationships between these
different cell types imply the involvement of alkaloid transporters, little is known
about them (Yazaki 2006).
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3.2 Transporters Involved in MIA Biosynthesis in C. roseus

The search for MIA transporters in C. roseus was first investigated at the bio-
chemical level in Catharanthus plant cell culture systems in the 1980s when
researchers focused on their accumulation in vacuoles. The results obtained were
highly controversial with some showing that the transport process was mediated by
highly specific carriers (Deus-Neumann and Zenk 1984, 1986; Wink 1993), while
others suggested that MIA accumulation occurred by a nonspecific ion trap mecha-
nism (Blom et al. 1991; Wink and Roberts 1998). More recent studies using a
tonoplast vesicle system obtained from Catharanthus leaves showed that vindoline
uptake by Catharanthus tonoplasts occurred through a specific H/alkaloid antiport
system that required a pH gradient generated by an ATPase and/or pyrophosphatase
tonoplast pump (Carqueijeiro et al. 2013). These studies provided biochemical
support for the presence of active transport-mediated uptake of alkaloids within
Catharanthus vacuoles rather than the ion trap mechanism. It is hoped that this
transporter will soon be characterized at the molecular level, perhaps to show its
role in the transport/bioaccumulation of vindoline in idoblast/laticifer vacuoles
(Fig. 1).

Recently a novel PDR subfamily of ABC transporter was identified in five MIA
producing species (Eurasian Vinca minor, African Tabernamontana elegans, North
American Amsonia hubrichtii, Indian Rauvolfia serpentina, and South American
Cinchona ledgeriana) (Yu and De Luca 2013). Previous phylogenetic studies with
the sequenced genomes of Arabidopsis thaliana and Oryza sativa organized the
PDR transporters from these species into five subfamilies (I, II, III, IV, and V;
Crouzet et al. 2006; Garcia et al. 2004). Phylogenetic analysis of PDR-type ABCG
transporters from the MIA-producing species assigned them to subfamily V and
particularly to those known to be involved in cuticle assembly in Arabidopsis, rice,
and barley (Bessire et al. 2011; Chen et al. 201 1; Jasinski et al. 2003). Furthermore,
each of these MIA producing species contained two PDR transporters (TPT2 and
TPTS) that could be assigned to the subfamily V, while species not known to
produce MIAs only had a single PDR transporter that was more closely associated
with the gene involved in cuticle assembly. Amino acid sequence analysis showed
that CrTPT2 and CrTPTS are 67.5 % identical. Phylogenetic analysis further
divided these cluster V PDRs into two subfamilies, V-A and V-B. Subfamily V-A
PDRs are more closely related to AtPDR4, OsPDR6, and HvPDR6 involved in
cuticle assembly, while subfamily V-B PDRs are specifically associated with MIA
producing plant species (Yu and De Luca 2013). These observations suggest that a
gene duplication of ABC transporters involved in cuticle-formation might have
taken place and one gene was recruited in MIA-produced plant species to evolve the
novel physiological role associated with the secretion of MIAs.
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3.3 The ABC Transporter, CrTPT2, Controls Catharanthine
Secretion to the Leaf Surface in C. roseus

The Catharanthus PDR/ABCG transporter CrTPT2 belongs to the pleiotropic drug
resistance subfamily of ABC transporters that is the most common ABC transport
family in yeast (9 PDRs) and the fifth most common (15 PDRs) in Arabidopsis
(Rogers et al. 2001; Van den Briile and Smart 2002). Genes encoding PDR proteins
have not been identified in animal or in prokaryotic systems, suggesting that they
may play plant-related roles. The first identified PDR genes in plants were SpTUR?2
in Spirodela polyrrhiza and NpPDRI in Nicotiana plumbaginifolia. Both of these
transporters appear to participate in the transport of terpenes and presumably other
toxic metabolites (Smart and Fleming 1996; Jasinski et al. 2001).

The selection of CrTPT2 as a candidate transporter involved in alkaloids bio-
synthesis (Yu and De Luca 2013) was based on its preferential expression in in
Catharanthus leaf epidermis cDNA database (Murata et al. 2008). Further gene
expression analysis confirmed its leaf epidermis specific expression and also its
preferred expression in younger leaves where the MIA pathway is most active.
Treatment of Catharanthus leaves with catharanthine or with the methyl jasmonate
stress hormone induced the MIA pathway and CrTPT2 in a coordinate manner
(Yu and De Luca 2013).

Functional analysis of CrTPT2 in yeast cells revealed that it functioned as a
catharanthine exporter resulting in lower accumulation of catharanthine in CrTPT2-
expressing cells than in appropriate controls expressing empty vectors. Deletion of
two important ATP/GTP binding motifs of CrTPT2 resulted in loss of its
catharanthine transport activity, which showed that the functional CrTPT2 required
ATP for catharanthine transport. When CrTPT2 was expressed fused to green
florescent protein, the transporter was clearly associated with the plasma mem-
branes of yeast and onion epidermal cells. Together these results suggested that
CrTPT2 is involved in translocation of catharanthine.

To further clarify the physiological function of CrTPT2 in planta, VIGS (Virus
Induced Gene Silencing) was used to knock down the expression of CrTPT2 in
Catharanthus leaves. Silenced CrTPT2-VIGS leaves showed a 50 % lower expres-
sion of CrTPT2 compared to controls resulting in a 30 % drop in catharanthine
levels on the leaf surface and a tenfold increase inside the leaf. While silencing of
the transporter did not affect the levels of vindoline, silenced lines accumulated
threefold more 3, 4’-anhydrovinblastine dimer. These results suggest that dimeric
MIA production could be enhanced by preventing the export of catharanthine to the
leaf surface.
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4 Conclusions and Future Prospects

Recent studies have revealed that assembly of MIAs in C. roseus is a remarkably
dynamic process, involving the participation of at least three cell types within
leaves and six organelles inside cells. The precise inter- and intracellular compart-
mentation of MIA biosynthesis defines the timing and location of MIA biosynthesis
as well as where particular MIAs will accumulate. These processes are regulated by
tissue-, cell-, and development-specific controls as well as by a number of poorly
characterized transporters (Fig. 1). In contrast to the significant progress made with
the elucidation of MIA biosynthesis, little is known about the transport of MIA
pathway intermediates. So far, only one PDR subfamily of ABC transporter,
CrTPT2, has been identified at the molecular level for its catharanthine transport
activity (Yu and De Luca 2013) and a vacuolar membrane-associated proton
antiport system involved in vindoline transport has been characterized through
biochemical means (Carqueijeiro et al. 2013).

The most recent developments in high throughput sequencing of a number of
medicinal plant species is providing a rich supply of candidate transporters that are
likely to be involved in the transport of alkaloids between and within cells of a
given species. These publicly available transcriptomes [Phytometasyn (http:/www.
phytometasyn.com/; Facchini et al. 2012; Xiao et al. 2013); Medicinal Plant
Genomics Consortium (http://www.medicinalplantgenomics.msu.edu/; Gdéngora-
Castillo et al. 2012a, b); Medicinal Plant Transcriptome Project (http://www.uic.
edu/pharmacy/MedPITranscriptome/index.html)] and CATHACyc (http://www.
cathacyc.org/; Van Moerkercke et al. 2013) can be mined by many more
researchers who are interested in identifying the roles played by alkaloid trans-
porters in the biology, chemical ecology, and evolution of alkaloid pathways in
plants. Ultimately, this knowledge should find important applications in metabolic
engineering for targeted production of these compounds in host plants or in
heterologous hosts such as yeast or in other plants.
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Abstract ABC transporters of subfamily D mediate import of substrates for
B-oxidation into peroxisomes. Whilst mammals possess three peroxisomal ABCD
proteins which homodimerise to form transporters with distinct substrate specific-
ities, Baker’s yeast has a single transporter formed by heterodimerisation, which
imports long-chain fatty acyl CoAs. Plants have a single-fused heterodimer trans-
porter that exhibits broad substrate specificity, reflecting the wide range of
B-oxidation substrates processed by plants. The fusion appears to have occurred
early in the evolution of land plants and was followed by an early duplication event
in the monocot lineage. Plant ABCD proteins function in all stages of the life cycle
and their physiological roles reflect the ability to transport diverse substrates
including saturated and unsaturated fatty acids and aromatic compounds such as
precursors of hormones and secondary metabolites. Recent work suggests that
transport of CoA substrates involves their cleavage and re-esterification within
the peroxisome, thus interaction with appropriate acyl adenylate-activating
enzymes potentially provides a mechanism for regulating entry of different sub-
strates into f-oxidation. The mechanism of ABCD transporter targeting is broadly
conserved across kingdoms but evidence suggests the regulation of protein turnover
differs.
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Abbreviations

ABA Abscisic acid

ABC ATP-binding cassette

ABCD  ABC transporter, subfamily D

ALDP Adrenoleukodystrophy protein

ALDR  Adrenoleukodystrophy-related protein
CoA Coenzyme A

CTS Comatose

2,4-DB  2,4-Dichlorophenoxybutyrate
ER Endoplasmic reticulum

IAA Indole acetic acid

IBA Indole butyric acid

JA Jasmonic acid

LACS Long-chain fatty acyl CoA synthetase
LCFA Long-chain fatty acid

MCFA  Medium chain fatty acid

NBD Nucleotide-binding domain

OPDA 12-Oxophytodienoic acid

PMP Peroxisomal membrane protein
PMP69 69 kDa PMP

PMP70 70 kDa PMP

TAG Triacylglycerol

TMD Transmembrane domain

VLACS Very long-chain fatty acyl CoA synthetase
VLCFA Very long-chain fatty acid

X-ALD  X-linked adrenoleukodystrophy

1 Introduction and Historical Background

Peroxisomes are single-membrane-bound organelles which display diverse and
flexible metabolic activities, often sharing metabolic pathways with other compart-
ments and exhibiting functional specialisation in different tissues and organisms
(Hu et al. 2012). Unlike mitochondria and chloroplasts, peroxisomes do not contain
DNA and must import their constituent proteins post-translationally (Girzalsky
et al. 2010; Ma et al. 2011). The protein complement of plant peroxisomes changes
during development and in response to prevailing conditions, providing consider-
able metabolic versatility, although fatty acid -oxidation and hydrogen peroxide
metabolism are common to most peroxisome types. Several novel functions have
been ascribed to these organelles by recent proteomic analyses (Reumann
et al. 2007, 2009; Arai et al. 2008; Eubel et al. 2008). Plant peroxisomes not only
play major roles in the glyoxylate cycle and photorespiration but also contribute to
biosynthesis of hormones, isoprenoids, biotin, phylloquinone and volatile
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benzenoids as well as housing reactions required for sulphite oxidation and cata-
bolism of polyamines (Hu et al. 2012; Linka and Theodoulou 2013). Several studies
have also implicated peroxisomes in pathogen responses (Taler et al. 2004; Lipka
et al. 2005; Bednarek et al. 2009; Clay et al. 2009). This functional diversity
requires a portfolio of transport activities which serve to import substrates,
co-substrates and cofactors, to exchange metabolites and to export products.

Although transport processes are essential for co-ordination of peroxisomal
metabolism with that of other subcellular compartments, the permeability of the
peroxisome membrane has been hotly debated in the literature. A handful of
specific transporters has been discovered but it is not yet clear to what extent
these account for the many transport steps which are required for to peroxisomes
to fulfil their diverse functions (reviewed in Theodoulou et al. 2011; Antonenkov
and Hiltunen 2012; Linka and Theodoulou 2013). Amongst the best studied peroxi-
somal transporters are the ATP-Binding Cassette (ABC) transporters which medi-
ate import of substrates for f-oxidation. These proteins are the subject of this
chapter.

1.1 ABC Transporter Subfamily D and the Discovery
of Adrenoleukodystrophy Protein

The importance of peroxisomes is apparent from the severe, sometimes embryo-
lethal phenotypes of plants deficient in key peroxisomal proteins (Sparkes
et al. 2003; Fan et al. 2005; Nito et al. 2007) and the existence of human diseases
caused by defective peroxisomal metabolism or assembly (Wanders 2004). One
such disease, X-linked adrenoleukodystrophy (X-ALD), is an inherited metabolic
storage disorder characterised by impaired peroxisomal p-oxidation and the accu-
mulation of very-long chain fatty acids (VLCFAS) in tissues and plasma (Kemp
etal. 2011, 2012). In 1993, the primary genetic cause of this disease was found to be
mutation of the ABCDI gene, which encodes an ABC transporter known as
adrenoleukodystrophy protein (ALDP; Mosser et al. 1993). This discovery was
greeted with surprise in the peroxisome community, since X-ALD peroxisomes are
unable to activate VLCFA to VLCFA-CoA esters and it had been assumed that the
defective gene would encode a peroxisomal acyl CoA synthetase (Lazo et al. 1988;
Wanders et al. 1988a, b). However, recent studies with inhibitory antibodies have
linked the defect in VLCFA p-oxidation directly to transport (Wiesinger
et al. 2013).

ALDP belongs to Subfamily D of the ABC transporter superfamily and has
homologues in both eukaryotic and prokaryotic taxa. Mammalian genomes have
four ABCD genes designated ABCDI-4, encoding ALDP, ALD-related protein
(ALDR), PMP70 and PMP69, respectively (Kemp et al. 2011; Morita and Imanaka
2012). ALDP, ALDR and PMP70 are all peroxisomal proteins with roles in import
of different lipid-related substrates (Kemp et al. 2011; van Roermund et al. 2011)
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but PMP69 has recently been shown to localise to ER and lysosomes and mutations
in ABCD4 have been unequivocally linked with inborn errors in vitamin B12
(cobalamin) metabolism (Kashiwayama et al. 2009; Coelho et al. 2012). In agree-
ment with this apparent divergence in function, human ABCD4 (HsABCD4)
occupies a distinct clade in a subfamily D phylogenetic tree (Fig. 1).

All mammalian ABCD genes encode so-called half size ABC transporters with
one transmembrane domain (TMD) preceding a nucleotide-binding domain (NBD).
Thus the proteins are expected to dimerise to form functional transporters. Early
literature proposed that human peroxisomal ABC transporters might hetero-
dimerise, by analogy to the Drosophila subfamily G eye pigment transporters,
and that heterodimerisation could serve to increase functional versatility
(Theodoulou et al. 2006). However, evidence from a range of sources supports
the notion that the transporters are predominantly if not exclusively homodimeric
(Guimaraes et al. 2004; Wanders et al. 2007; van Roermund et al. 2008; Kemp
et al. 2011). Nevertheless, it is clear that heterodimerisation can occur, particularly
when transporters are over-expressed, and this is a potentially important consider-
ation for therapeutic approaches to X-ALD employing gene therapy or pharmaco-
logical induction of transporters (Theodoulou et al. 2006).

1.2 The ABCD Subfamily in Fungi

Baker’s yeast (Saccharomyces cerevisiae) has two “half-size” ABCD proteins,
Pxalp and Pxa2p. First identified as ALDP homologues, they were subsequently
shown to encode two components of a heterodimeric transporter required for
B-oxidation of long-chain (LC) FA (Hettema et al. 1996; Shani and Valle 1996).
Homologues are required for utilisation of hydrophobic substrates such as tri-
glycerides and alkanes in the oleaginous yeast, Yarrowia lipolytica (Thevenieau
et al. 2007) but surprisingly, were found to be dispensable for peroxisomal LCFA
import in the filamentous fungus, Podospora anserina (Boisnard et al. 2009). The
majority of fungi do not have obvious ABCD4 homologues.

1.3 The ABCD Subfamily in Plants

The ABC transporters of land plant peroxisomes are unusual in that they represent
“fused heterodimers”, in which an entire transporter protomer is encoded in a single
gene (Fig. 2). Arabidopsis has a single such gene, AtABCDI or COMATOSE (CTS,
also known as AtPXAI, PED3 and ACN2) (Zolman et al. 2001; Footitt et al. 2002;
Hayashi et al. 2002; Hooks et al. 2007; Verrier et al. 2008), but most sequenced
monocot genomes appear to contain two homologues, suggesting that an early
duplication event occurred following the divergence of grass lineage (Verrier
et al. 2008; Nyathi et al. 2012; Mendiondo et al. 2014). Moreover, the N-terminal



Plant Peroxisomal ABC Transporters: Flexible and Unusual 81
Full-length AtABCD1

AtABCD2 / ; orthologues;

orthologues 8 b % ‘*e,_ C-terminal domain

53 HH
. & % &0 DEE5802¢ @
™ o5 T o 080y 4 =
o L %%BR 223888800, "o
. 5 QO 38 s“g,g Fele °,
PO I
L] 7, 0.2
PN é"%ﬁ *
. 1(4:0% L o Cﬂ\o .
05,7 % ‘ﬁﬁcéoodlo c®
b Smacoco? 53;%0 o
g, “3:& ace
V osm;‘g.,c -
& g
MpAggp, 2002 SoABCDZC
PpABCDY D:B%;\Diccmc
EsABCD2 P mABCD! C
AsABCD2 PpABCDS N
. o5 sm%cnm
CmABCH D,
o CmABCO " oy om"BCDz‘zA'r“
acot 4 S":;‘BCDSN
sl . %CO’N .
oo g
0o e, Saglocpin
'] ?\5”6 G"&d’\ 5 g e%%e Ty, ¢
. - i QZ’?%’&(?O‘:'I"I'r i
. SV G, ¥
7 D b2 G e
. gt °§ 3 %'2(9 0V g
. 45‘&0“ & o o 20T o
\ . L ""é?(?s, - 6o3s m%%}%@z%?f{xfﬁ‘ °
L ]
% ‘% g7 3E5BEESRY L
O g gbo9832%2% e
Half-length ‘., §7°]z=222" o° Full-length AtABCD1
eeone @

Chlorophyta &

Lycopodiophyta
AtABCD1 \.
orthologues

orthologues;
N-terminal domain

Euphyllophyta (seed plants and ferns)
Chlorophyta (green algae)

Lycopodiophyta (spikemosses, clubmosses et al.)
Bryophyta (mosses)

Stramenopiles (diatoms and brown algae)
Rhodophyta (red algae)

Metazoa

Fungi

® o 80 8 0 8 0

Fig. 1 Phylogenetic analysis of ABC family D transporters. Relationships were analysed by the
Maximum Likelihood method. Upper and lower case letters at the beginning of protein names
indicate abbreviated Latin binomial names for species. Subfamily members within each species
are classified according to Verrier et al. 2008. Reproduced from Nyathi et al. (2012)
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Fig. 2 Homology model of CTS showing major structural features. CTS was modelled on the
structure of the bacterial multidrug transporter Sav1866 complexed with ADP (PDB accession
2HYD). AMP-PNP (space-filling representation) has been shown within the NBDs at positions
equivalent to those found in the AMPPNP-bound form of Sav1866 (PDB accession 20NJ) to
illustrate the putative location of bound nucleotide. The N- and C-terminal halves of the CTS
sequence are shown in green and blue, respectively. Grey lines show the approximate position of
the lipid bilayer. Left hand panel reproduced from Dietrich et al. (2009)

halves of all “full-size” plant ABCD proteins are more similar to each other than to
the C-terminal halves, consistent with the notion that the fusion event only hap-
pened once in plant evolution. Algae lack fused ABCD proteins but together with
lycophytes, have “half-length” CTS homologues, which appear to form a basal
clade and may be ancestral to land plant “full-length” ABCD transporters. Plant
genomes from algae to angiosperms also encode a distinct class of “half size”
ABCD proteins (AtABCD2 in Arabidopsis) which cluster with PMP69/ABCD4
(Fig. 1). AtABCD2 is a plastid protein and, interestingly, has homologues in
cyanobacteria, but it is not clear whether or not it originated from the endosymbiont
ancestor of plastids or whether it has a more complex evolutionary history (Tyra
et al. 2007). Since plants do not synthesise or use cobalamin (Croft et al. 2005), it
seems likely that AtABCD2 and its plant homologues carry out a different function,
which has yet to be determined but is likely to be associated with photosynthesis.
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Table 1 Physiological and biochemical functions of plant peroxisomal ABC transporters

Developmental or
physiological function

Biochemical role of CTS

References

Seed size determination

Germination completion

Seedling establishment

Fertilisation (a) pollen tube
growth; (b) stamen filament
elongation

Survival during dark-induced
starvation

Wound response; pathogen
response?

Lateral root development, root
hair and cotyledon expan-
sion, temperature-induced
hypocotyl elongation, apical
hook curvature

Herbicide metabolism

Cysteine biosynthesis and pro-
tein deacetylation?

Interactions with pests, patho-
gens and symbionts

Not known

Removal of OPDA

Mobilisation of stored TAG

(a) Mobilisation of stored
lipid?

(b) IAA synthesis

Mobilisation of membrane
lipids

JA biosynthesis

IAA synthesis

2,4-DB metabolism
Acetate reassimilation

Biosynthesis of benzoic acid-
derived secondary metab-
olites (benzoylated
glucosinolates, substituted
hydroxybenzoyl cholines,
volatile benzenoids and
salicylic acid)

Russell (1998), Orsi and
Tanksley (2009),
Mendiondo et al. (2014)

Footitt et al. (2002, 2006),
Pinfield-Wells et al. (2005),
Kanai et al. (2010), Dave
etal. (2011)

Zolman et al. (2001), Footitt
et al. (2002), Hayashi
et al. (2002)

Footitt et al. (2007)

Kunz et al. (2009a, b),
Slocombe et al. (2009)
Theodoulou et al. (2005)

Zolman et al. (2001), Strader
et al. (2010, 2011)

Hayashi et al. (2002)
Hooks et al. (2007)

Bussell et al. (2013)

2 Functions of Plant Peroxisomal ABC Transporters

Our current knowledge of plant peroxisomal ABC transporter function has largely
been obtained from characterisation of Arabidopsis mutants, in part because CTS
(AtABCD1) was identified in at least five independent forward genetic screens,
each affording different insights into its biochemical and physiological functions
(reviewed in Theodoulou et al. 2011). Taken together, the available evidence
strongly supports a model in which CTS is a broad specificity transporter which
serves to import the diverse range of substrates which are processed by p-oxidation
in plants. In the majority of cases, the different physiological/developmental roles
of CTS can be linked to -oxidation of specific substrates (Table 1).
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2.1 Germination and Seedling Establishment

CTS takes its name from its germination phenotype: null mutants were originally
thought to be “forever dormant” but physiological assays and transcriptome ana-
lysis subsequently revealed that they are arrested late in phase II of germination
(Russell et al. 2000; Footitt et al. 2002, 2006; Carrera et al. 2007). The block in
germination can be overcome by mechanically disrupting the seed coat and sup-
plying sucrose. CTS is also required for seedling establishment in Arabidopsis:
mutants are unable to mobilise seed triacylglycerol (TAG) reserves and conse-
quently retain oil bodies, fatty acids and fatty acyl-CoAs in comparison to wild-type
seedlings (Zolman et al. 2001; Footitt et al. 2002; Hayashi et al. 2002). In agree-
ment with this, CTS complements the yeast pxal/2A double mutant for oleate
utilisation (Nyathi et al. 2010). The biochemical function of CTS in germination
is distinct from that in seedling establishment since mutants lacking the lipases or
acyl-CoA synthetases required for storage oil mobilisation germinate normally
(Pinfield-Wells et al. 2005; Footitt et al. 2006; Kelly et al. 2011). Genetic analysis
and hormone profiling demonstrated that CTS functions to reduce levels of the
jasmonic acid precursor, oxophytodienoic acid (OPDA), which represses germi-
nation through regulation of the ABSCISIC ACID INSENSITIVE 5 (ABIS) tran-
scription factor (Dave et al. 2011). ABIS inhibits germination in part through
control of polygalacturonase-inhibiting proteins which prevent degradation of
seed coat pectin (Kanai et al. 2010).

2.2 Post-germinative Functions

Once seedlings have become photosynthetic, cts mutants can complete a life cycle
but have reduced fertility (Footitt et al. 2007). Although oxylipin profiling revealed
that levels of basal and wound-induced jasmonic acid (JA) are reduced but not
abolished in leaves of cts mutants (Theodoulou et al. 2005), fertility could not be
restored by JA treatment of flower buds (Footitt et al. 2007). CTS appears to play
more than one role in fertilisation since mutants exhibit reduced stamen filament
elongation and pollen tube growth, effects which could be reversed by application
of auxin and sucrose, respectively (Footitt et al. 2007). Seed size is reduced in cts
mutants (Russell 1998) and a CTS homologue, Seed weight 4.1 (Sw4.1) has been
identified in an analysis of quantitative trait loci affecting seed size in tomato (Orsi
and Tanksley 2009). The precise biochemical function of peroxisomal ABC trans-
porters has not yet been determined in this developmental context but reciprocal
crosses show that Sw4./ controls seed weight through zygotic effects (Orsi and
Tanksley 2009).

CTS expression is low in leaves and although B-oxidation does not play a
prominent role in post-germinative vegetative growth, the pathway is
up-regulated during senescence and has been postulated to play a role in recycling
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of membrane lipids (Buchanan-Wollaston et al. 2005; van der Graaff et al. 2006;
Kunz et al. 2009a, b). This has been shown to occur in plants under dark-induced
starvation, where mobilisation of lipids provides energy once starch is depleted
(Kunz et al. 2009a, b). Ablation of CTS function permits membrane-derived fatty
acids to be redirected to TAG synthesis when the LEC2 transcription factor is
ectopically expressed in leaves (Slocombe et al. 2009). However, in naturally
senescing leaves, fatty acid levels in mutants deficient in enzymes of p-oxidation
are similar to those of wild-type plants, arguing against a role in lipid
remobilisation, although cts alleles were not investigated in this study and it is
possible that this result was confounded by functional redundancy (Yang and
Ohlrogge 2009).

2.3 p-Oxidation of Auxins

Mutants allelic to cts were obtained in screens designed to identify genes involved
in the metabolism of the natural auxin, indole butyric acid (IBA) and the auxin
analogue, 2,4-dichlorophenoxybutyric acid (2,4-DB), implicating CTS in import of
these compounds into peroxisomes (Zolman et al. 2001; Hayashi et al. 2002).
Although production of indole acetic acid (IAA) from IBA was not initially
considered to be a major biosynthetic route, f-oxidation has since been shown to
provide a significant source of IAA in seedlings, playing roles in lateral root
development, expansion of root hairs and cotyledons and also contributing to
stamen filament elongation in flowers (Zolman et al. 2001; Footitt et al. 2007;
Strader et al. 2010, 2011; Theodoulou et al. 2011).

2.4 Other Substrates

The broad specificity of CTS, together with the discovery of new peroxisome
functions, points to additional potential substrates (Linka and Theodoulou 2013).
Indeed, it has been shown recently that CTS is required for peroxisomal synthesis of
benzoic acid (BA) and thus plays a role in biosynthesis of salicylic acid,
benzoylated glucosinolates and presumably also volatile benzenoids (Bussell
et al. 2014; Qualley et al. 2012). CTS has also been found to function in acetate
metabolism since mutant alleles were isolated in a screen for resistance to
fluoroacetate (Hooks et al. 2007).
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2.5 Comparisons with Non-plant Species

In plants, B-oxidation is confined to the peroxisomes where fatty acids are oxidised
to completion and a wide range of other compounds are processed by this pathway
(Linka and Theodoulou 2013). Taken together, the available data suggest that CTS
is a transporter with relatively broad substrate specificity, which can handle not
only fatty acids of different chain lengths and degrees of unsaturation but also
smaller, aromatic compounds and acetate. The absence of any other homologues in
Arabidopsis and the dramatic phenotypes of cts mutants suggest that this transporter
plays a major role in importing all of the diverse substrates for B-oxidation,
although a minor alternative pathway for some compounds, such as OPDA, cannot
be ruled out (Theodoulou et al. 2005). In contrast, mammalian ABCD transporters
appear to have much more restricted substrate specificity, each accepting a distinct
but overlapping group of compounds (Kemp et al. 2011). This may reflect the
different subcellular localisations and roles of mammalian $-oxidation, which is
initiated by chain-shortening of VLCFA in peroxisomes and completed in mito-
chondria following transfer of intermediates. Mammalian peroxisomes also cata-
lyse synthesis of plasmalogens, production of C22:6 VLCFA from C24:6 and
catabolism of bile acids (Wanders et al. 2007). ALDP and ALDR preferentially
handle saturated and polyunsaturated VLCFA, respectively, and PMP70 appears to
be important for B-oxidation of pristanic and dicarboxylic acids (van Roermund
et al. 2008, 2011, 2013; Genin et al. 2011; Kemp et al. 2011). In agreement with
this, neither ALDP nor ALDR could complement the Arabidopsis cts-/ mutant,
despite being correctly targeted to peroxisomes (Zhang et al. 2011). f-oxidation is
also solely peroxisomal in yeast. Genetic experiments have shown that Pxalp/2p
can mediate import of FA with chain lengths from C14 to C24 but in vivo, medium
chain fatty acids can cross the peroxisome membrane independently of Pxalp/2p
and are activated in the peroxisome lumen by the acyl-CoA synthetase, Faa2p
(Hettema et al. 1996; Wanders et al. 2007; van Roermund et al. 2008). It is not
known whether the yeast transporter is also capable of handling aromatic substrates.

3 Structure, Mechanism and Regulation

Although much is now known about the diversity of peroxisomal ABC transporter
functions, information is lacking regarding structure-function relationships. The
precise identity of the substrates and their mechanism of translocation across the
membrane have been matters of much debate but recent advances have provided
insight into these issues and suggested a mechanism which contributes to control of
peroxisomal metabolism.
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3.1 Structural and Catalytic Asymmetry

The CTS protein has the topology TMD-NBD-TMD-NBD, with the two trans-
membrane domains each containing six a-helices which are predicted to extend
beyond the lipid bilayer into the cytosol (Dietrich et al. 2009). Homology modelling
using the bacterial Sav1866 crystal structure as a template (Dawson and Locher
2006) suggests that the folded molecule is “domain-swapped”, such that helices
1,2,9,10,11 and 12 form one wing of the transporter and helices 3-8 the other.
Wing A (mainly consisting of helices from TMDI1) contacts NBD2 and wing B
contacts NBD1 (Fig. 2; Dietrich et al. 2009). “Transmission interfaces”, involved in
coupling ATP binding and hydrolysis to transmembrane movement of solutes are
formed where the transmembrane domains contact the nucleotide binding domains
(Dawson and Locher 2006).

Activity of ABC transporters requires the formation of an NBD sandwich dimer,
which contains two composite nucleotide-binding sites (Smith et al. 2002; Moody
et al. 2002; Figs. 2 and 3). Each nucleotide-binding site is composed of the
conserved Walker A, Walker B and H-loop regions of one NBD and the signature
motif of the other. Thus, whilst homodimeric proteins such as ALDP have two
identical nucleotide-binding sites, heterodimeric or pseudoheterodimeric ABC
transporters such as Pxalp/Pxa2p and CTS have dissimilar binding sites. Addition-
ally, Pxalp and the C-terminal NBD of CTS have amino acid substitutions at
conserved positions within the composite binding site, which predict that one site
will be catalytically impaired (Fig. 3; Dietrich et al. 2009). This asymmetry is
relatively common in the ABC transporter superfamily and has apparently evolved
several times, since some subfamilies contain both symmetrical and asymmetrical
transporters (Procko et al. 2009). Analysis of site-directed mutants in planta has
demonstrated that the two NBDs of CTS are indeed functionally non-equivalent:
mutation of Walker A and B motifs in NBD1 led to a complete loss-of-function
phenotype, whereas plants bearing the equivalent mutations in NBD2 appeared
wild type (Dietrich et al. 2009). Moreover, function was affected by mutation of a
conserved glutamate residue in the predicted “transmission helix” contacting
NBDI1 but not in the equivalent residue contacting NBD2. Nevertheless, both N-
and C-terminal halves are required for activity, as shown by co-expression of CTS
pseudo-half molecules in yeast (Fig. 3; Nyathi et al. 2012). Whilst hydrolysis of a
single ATP molecule is evidently sufficient for transport activity, the role of
nucleotide binding at the non-hydrolytic site and the detailed implications for the
catalytic cycle of CTS and other asymmetric ABC transporters remain to be
determined (Fig. 4).
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Fig. 3 Symmetry and asymmetry in ABCD transporters. (a) Schematic diagrams of CTS NBD
dimers for wild type and the D606N and D1276N mutants. NBD1 (white) and NBD2 (grey) form
two nucleotide (black)-binding sites. Each nucleotide-binding site is composed of the Walker A,
Walker B, and H-loop of one NBD and the signature motif of the other, but the Walker A motif is
omitted for clarity. The upper ATP-binding site has the consensus sequence, whereas the lower site
is degenerate (Q instead of H in H-loop). (b) Alignment of conserved NBD motifs of Arabidopsis
CTS, S. cerevisiae Pxalp, Pxa2p, human ABCD1, ABCD2, ABCD3 and human TAP1/2 (ABCB
subfamily). Amino acids shown in (a) are colour-coded, with the mutated Walker B aspartate
residue indicated by an asterisk. (¢) Growth on solid oleate medium of wild-type and mutant (pxal/
2A) yeast cells transformed with full-length CTS and different combinations of CTS pseudo-half
molecules. The clear haloes around the colonies indicate utilisation of oleate. a,b redrawn from
Dietrich et al. (2009); ¢ modified from Nyathi et al. (2012)
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peroxisome lumen

Fig. 4 A hypothetical transport mechanism for CTS. Diagram based on a general mechanism for
asymmetric ABC transporters (Procko et al. 2009). In the resting state, nucleotide-binding
domains (NBDs) are open and the transporter is in the inward (cytosol)-facing conformation.
1. Substrate binding to transmembrane domains (TMDs) and ADP/ATP exchange in NBD1. The
amphipathic acyl-CoA substrate (depicted in red) may access the TMDs from the lipid bilayer.
2. NBD closure triggered by ATP binding, accompanied by change in conformation to the outward
(lumen)-facing state. Thioesterase activity releases the CoA moiety. 3. CoA moiety exits to the
lumenal side of the membrane, via the hydrophilic central chamber and the fatty acid moiety flip-
flops in the lipid bilayer. Fatty acid is re-esterified to CoA by peroxisomal acyl-CoA synthetases,
LACS6/7, which interact physically with CTS. Alternatively, CoA could be released on the
cytosolic side of the membrane and imported by a peroxisomal carrier. 4. ATP hydrolysis at the
consensus nucleotide-binding site of CTS (smooth outline; see also Fig. 3) weakens contacts which
maintain the NBD sandwich dimer. 5. NBD opening, to return to resting conformation. In
symmetrical ABCDs such as ALDP, it is possible that two ATP molecules are hydrolysed in the
transport cycle
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3.2 Substrate Specificity and Thioester Cleavage

Whilst there is abundant evidence that CTS and other peroxisomal ABC trans-
porters import substrates for B-oxidation, it has not been clear whether the trans-
porters bind and translocate free acids or CoA esters. Activation by
thioesterification to CoA is required for substrates to enter the f-oxidation pathway
but plants encode a large family of acyl CoA synthetases (also known as acyl
activating enzymes) with different subcellular localisations (Shockey and Browse
2011), therefore in theory, substrates could be activated either extra- or intraperoxi-
somally. Genetic deletion of the two peroxisomal long chain acyl-CoA synthetases
(LACS6 and 7) causes a defect in seedling establishment in Arabidopsis, a pheno-
type also observed when the peroxisomal adenine nucleotide translocators that
provide ATP for the activation reaction are down-regulated by RNAi (Fulda
et al. 2004; Linka et al. 2008). Moreover, peroxisomal acetyl CoA synthetase
mutants and cts alleles have a similar fluoroacetate resistance phenotype (Turner
et al. 2005; Hooks et al. 2007). This suggests that free acids are translocated by
CTS. However, cts mutants accumulate very long-chain acyl-CoAs and yeast
peroxisomes containing the recombinant plant transporter exhibit ATPase activity
which is stimulated by CoAs but not by free fatty acids (Footitt et al. 2002; Nyathi
et al. 2010). Whilst this only constitutes indirect evidence for acyl-CoAs as sub-
strates, supply of different substrates to yeast cells in which the plasma membrane
had been selectively permeabilised indicated that only CoAs and not free fatty acids
could support peroxisomal -oxidation (Verleur et al. 1997).

One model which reconciles all available data is a scenario where the transporter
accepts acyl-CoAs which are cleaved either before or during transport across the
peroxisome membrane. Free acids would then be re-esterified inside the peroxi-
some, enabling p-oxidation (Fulda et al. 2004). Evidence to support this hypothesis
has been obtained in yeast where '®0 labelling revealed that CoA is released during
peroxisomal import of fatty acids (van Roermund et al. 2012). Whilst CTS and
ALDP both complemented the yeast pxal/2A mutant for fatty acid f-oxidation,
neither was able to complement the pxal/2/faa2A triple mutant which also lacks the
peroxisomal acyl CoA synthetase, Faa2p (van Roermund et al. 2012; De Marcos
Lousa et al. 2013), implying that peroxisomal activation is essential. Co-expression
of CTS with either of the Arabidopsis peroxisomal LACS enzymes restored oleate
[-oxidation, but not if LACS was mistargeted to the cytosol. Furthermore, detection
of a subpopulation of LACS6/7 in a high molecular weight complex with CTS
established a physical link between the transporter and peroxisomal acyl CoA
synthetases (De Marcos Lousa et al. 2013). Remarkably, membrane preparations
from insect cells expressing CTS exhibited an ATP-dependent acyl-CoA
thioesterase activity which was markedly inhibited in the S§10N mutant. These
findings were presented as evidence for a model in which CTS itself cleaves the
CoA moiety from acyl-CoAs, free fatty acids are translocated by the transporter and
then re-esterified on the lumenal side of the membrane by closely associated acyl-
CoA synthetases (De Marcos Lousa et al. 2013; Fig. 4).
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The necessity for intraperoxisomal acyl CoA synthetase has been questioned for
human cells, since p-oxidation of VLCFA-CoA by peroxisomes isolated from
fibroblasts required the addition of NAD" but not CoA (Wiesinger et al. 2013).
However, this conclusion is inconsistent with the requirement for Faa2p for
VLCFA p-oxidation when ALDP is expressed in yeast (van Roermund
et al. 2012) and the experiments with isolated human peroxisomes do not discount
the possibility that CoA could be released on the lumenal side of the membrane by
thioesterase activity of ALDP. Interestingly Faa2p is dispensable for VLCFA
[-oxidation in yeast, since a population of the VLACS, Fatlp associates with the
peroxisome membrane and is stabilised by Pxalp/2p. Evidently ALDP and CTS are
unable to interact productively with Fatlp and thus require the activity of Faa2p
(van Roermund et al. 2012; De Marcos Lousa et al. 2013). Unequivocal proof that
peroxisomal ABC transporters have an intrinsic thioesterase activity or whether a
second protein fulfils this function awaits analysis of the purified, possibly
reconstituted transporters, but intrinsic thioesterase/re-esterification is currently
the model that best fits the available evidence.

3.3 Interacting Proteins and Transport Metabolons

In addition to lumenal enzymes, CTS also interacts with proteins at the cytosolic
face of the peroxisome. Yeast two-hybrid screens using the Arabidopsis a/f hydro-
lase protein, CGI-58 as bait identified an interaction with NBD2 of CTS which was
verified by pull-down assays (Park et al. 2013). In mammals, CGI-58 is a lipid
droplet-associated protein that promotes the hydrolysis of TAG by activating
adipose triglyceride lipase, but plants lack proteins that are important for this
activity (Cantley et al. 2013). Although recombinant Arabidopsis CGI-58 exhibits
TAG lipase activity in vitro, cgi-58 mutants do not exhibit the seedling phenotypes
associated with impaired mobilisation of storage lipids, nor do they have a defect in
germination (James et al. 2010). However, cgi-58 mutants accumulate oil bodies in
leaves, exhibit 2,4-DB and IBA resistance and are impaired in jasmonate synthesis,
implying that the wild-type protein has a function in p-oxidation in non-seed
tissues. Thus it has been proposed that CGI-58 stimulates the activity of CTS,
which is intriguing, given that it binds near the Walker B motif of NBD2 (Park
et al. 2013), an interaction which might be predicted to impair formation of the
NBD sandwich dimer. The precise role of CGI-58 remains to be determined with
regard to CTS function, though the transport mechanism proposed above
(De Marcos Lousa et al. 2013) raises the question of whether it might stimulate
thioesterase activity or act as a thioesterase itself. The disparity between leaf and
seedling phenotypes of cgi-58 mutants also requires investigation, given that there
is no obvious CGI-58 homologue in Arabidopsis which might contribute a redun-
dant activity in seeds.

Regardless of whether the ABC transporter or an interacting thioesterase cata-
lyses CoA cleavage, the translocation mechanism has interesting implications for
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control of metabolism. Firstly, there are several examples of transporters which
interact functionally with enzymes to create membrane transport metabolons
involved in substrate channelling and metabolic regulation (Moraes and Reithmeier
2012). Since CTS can be considered to be a gateway for entry of diverse substrates
into P-oxidation, the cleavage and re-esterification of transported molecules could
allow the channelling or prioritising of substrates for metabolism dependent on the
induction, activation or possibly specific recruitment of distinct acyl-CoA synthe-
tases into a transport complex. In this context, it is significant that plant genomes
encode multiple peroxisomal acyl activating enzymes (Shockey and Browse 2011;
Hooks et al. 2012). Secondly, although it remains to be determined whether CoA is
released in the cytosol or in the peroxisome matrix, the cleavage of CoA during
transport is a potentially important consideration for the peroxisomal CoA budget
since availability of this cofactor is thought to play a key role in regulating flux
through p-oxidation (Hunt and Alexson 2002).

In mammals, the transport metabolon appears to be even more extensive since a
search for interacting partners of ALDP and PMP70 provided evidence for a
complex at the cytosolic face of the peroxisome consisting of enzymes with
functions in fatty acid synthesis and activation (Hillebrand et al. 2012). The idea
of a peroxisome transport metabolon is also consistent with earlier literature which
reports the organisation of matrix enzymes into multienzyme complexes that allow
efficient metabolic channelling with high flux rates (Reumann 2000). Thus it is
conceivable that intimate protein—protein interactions control the regulation of
metabolism from fatty acid synthesis, to peroxisomal import and degradation.

3.4 Other Regulatory Mechanisms

Examination of public array data reveals that CTS transcripts do not vary greatly in
abundance during development or in response to various stimuli (Zimmermann
et al. 2004), although protein levels do not always mirror transcript abundance. For
example, seeds which have been prevented from germinating by exogenous appli-
cation of abscisic acid (ABA) contain CTS transcripts but do not express detectable
levels of CTS protein (Footitt et al. 2002), indicating that post-transcriptional
regulation is important during germination and seedling establishment.

Possible post-translational regulatory mechanisms include phosphorylation:
CTS phosphopeptides have been identified in a membrane protein phospho-
proteomics study, but the functional significance has not been investigated
(Engelsberger and Schulze 2012). Both ALDP and PMP70 are phosphorylated
in vivo (Kemp et al. 2011) but it should be noted that regulation by phosphorylation
could be quite different in ABCD transporters from different kingdoms. The
activity of ABC transporters is also known to be modulated by the lipid environ-
ment and several (including human ABCD1, ABCC1 and ABCG2) have been
detected in lipid rafts (Troost et al. 2004; Storch et al. 2007; Marbeuf-Gueye
et al. 2007; Telbisz et al. 2007; Pollock et al. 2014). ALDP and PMP70 are
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associated with distinct classes of lipid rafts in mammalian peroxisomes
(Woudenberg et al. 2010) and it will be interesting to determine whether rafts
play a role in modulating intrinsic transport activity and/or in the formation or
stabilisation of protein complexes in plants.

4 Targeting

Relatively little is understood regarding targeting and insertion of peroxisomal
membrane proteins (PMPs). PMPs, unlike other membrane proteins, are considered
to be translated on free ribosomes and imported post-translationally into peroxi-
somes (Fujiki et al. 1984). Genetic and biochemical studies have shown that PMP
targeting requires the multifunctional soluble, farnesylated protein, PEX19, which
is thought to act as a chaperone/cycling receptor for PMPs, delivering them to the
docking receptor, PEX3 at the peroxisome membrane (reviewed in Ma et al. 2011;
Theodoulou et al. 2013). However, an alternative model has been proposed in
which some, if not all PMPs are trafficked through the ER and delivered to
peroxisomes in post-ER vesicles (van der Zand et al. 2010, 2012). In this model,
export from the ER is dependent on PEX19 and other cytosolic factors. Although
there is very strong evidence that some PMPs such as PEX3 and ascorbate peroxi-
dase are trafficked through the ER, this is lacking for many integral membrane
proteins (including ABCD proteins). Also, since peroxisome biogenesis occurs
both by fission and also de novo from the ER, depending on the organism, tissue
and metabolic state (Motley and Hettema 2007; Nuttall et al. 2011), PMPs may be
trafficked via different routes in different situations.

Cross-kingdom targeting and complementation experiments show that traffick-
ing of ABCD proteins is largely conserved between plants, animals and fungi, as
peroxisomal ABCD transporters generally target correctly in heterologous hosts.
However, some differences in specificity or components exist, since Arabidopsis
PEX19 forms do not complement the yeast pex/9A mutant (Yernaux et al. 2006;
Saveria et al. 2007; Zhang et al. 2011; Nyathi et al. 2010, 2012). PMP19-binding
sites and putative targeting signals (mPTS) have been identified empirically for
ALDP and PMP70 and algorithms for prediction of PEX19 binding sites have been
developed (Rottensteiner et al. 2004; Halbach et al. 2005; Kashiwayama et al. 2005,
2007; Iwashita et al. 2010; Schliiter et al. 2010). However, these tools are hampered
by the fact that there is no simple amino acid sequence requirement for PEX19
binding and there may be multiple, internal mPTS and PEX19 binding sites within a
given PMP. CTS is predicted to contain PEX19 sites in the N- and C-terminal
halves of the protein. Accordingly, when expressed as artificial half-molecules, the
N- and C-terminal halves each bind PEX19 and are targeted to the peroxisome in
yeast (Nyathi et al. 2012). The presence of targeting information in both halves of
the protein may result from the ancestral fusion event (as discussed above), but the
retention of functionality argues for the importance of interactions between Pex19
with full-length CTS at more than one site. This may serve to maintain solubility
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prior to insertion in the peroxisomal membrane, since large, polytopic membrane
proteins are difficult for the cell to fold. Indeed misfolded peroxisomal ABC
transporters are subject to quality control, as revealed by missense mutations
associated with X-ALD, the majority of which result in markedly reduced protein
levels at the peroxisome membrane (Zhang et al. 2011). The precise quality control
mechanisms remain to be investigated but the existence of several checkpoints has
been suggested (Takahashi et al. 2007). Interestingly, X-ALD mutants which were
subject to proteasomal degradation in human fibroblasts were correctly targeted and
stable when expressed in plant cells, an effect which was not wholly explicable by
low temperature rescue of protein folding (Zhang et al. 2011).

S Conclusions and Future Prospects

The last decade has seen tremendous advances in understanding peroxisomal ABC
transporters but many questions remain. Studies using purified, reconstituted pro-
tein are urgently needed both to provide insight into the mechanisms and specificity
of transport and to test the thioesterase activity and its relationship to ATP binding
and hydrolysis. It would also be interesting to test the specificity of peroxisomal
ABC transporters in different members of the green plant lineage and to relate this
to different peroxisome functions in these organisms. Such investigations may
afford valuable information regarding the molecular basis of substrate specificity
and would underpin potential synthetic biology applications. Finally, elucidating
the structure of peroxisomal ABC transporters remains a tantalising but extremely
challenging goal.
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Abstract ATP-binding cassette (ABC) proteins belong to a large family of pro-
teins which mostly catalyze ATP-driven membrane translocation. They are found
throughout the tree of life, from Archaea to Eukarya. In plants, they are known to
perform essential functions in multiple subcellular compartments, though the loca-
tions of each ABC protein in a given species have not yet been defined. Here, we
mine available proteomic, targeting, and fluorescence localization data to identify
the subcellular location of each predicted ABC protein of Arabidopsis. Then we
examine the functions of plastidic ABC proteins in detail. Transport functions are
particularly important to the plastid, where a diverse group of substrates must be
transported to allow specialized plastid metabolic functions to occur. Plastidic
transporters that remain unidentified have been hypothesized based on known
substrate translocation events. We attempt to narrow this gap by compiling avail-
able information about each plastidic ABC protein, including the primary literature,
Chloroplast 2010 database information, transcriptomic data, coexpression analyses,
and phylogenic data. This process ultimately allows us to make new hypotheses
about the function of several plastidic ABC proteins and to identify a new family
member of the AtABCI subfamily.
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1 An Introduction to ABC Proteins and Plastids

Cells require separation from the environment in order to maintain their many
chemical reactions at non-equilibrium, which is a hallmark of life. This separation
is achieved through hydrophobic, semipermeable membranes, which alone allow
controlled connection of the inside of the cell and the environment. Complete
disconnection is not desirable, as the cells need to interact with the environment
to obtain necessary raw materials. Thus, there is a strong need for transporters in
membranes that allow controlled interaction with the environment. Throughout the
tree of life, Archaea, Bacteria, and Eukaryota, the ATP-binding cassette (ABC)
transporter family is one of the most abundant transporter families (Higgins and
Linton 2003). This is best exemplified in the E. coli genome, where genes encoding
ABC transporters make up 5 % of all genes (Linton and Higgins 1998).

In most cases, ABC transporters couple membrane translocation of a diverse
group of substrates to the energizing power of ATP-hydrolysis, allowing concen-
tration of the substrate on one side of the cell membrane, or in many eukaryotes, the
subcellular compartment membranes (Higgins 1992). These transporters have
conserved, recognizable protein domains known as nucleotide-binding domains
(NBDs) and transmembrane domains (TMDs). Two TMDs and two NBDs are the
minimum domains required to make a functional ABC transporter (Hollenstein
et al. 2007). There may or may not be a third domain associated, usually a separate
polypeptide chain with a substrate-binding domain (van der Heide and Poolman
2002). Of these domains, the NBD is the most readily identifiable. It contains the
Walker A and Walker B motifs, as well as an a-helical region with the ABC
“signature motif” LSGGQ (Rees et al. 2009). The TMD also has recognizable
consensus sequences, but they can be one of three distinct folds (Locher 2009).
While the first two are undisputed as ABC transporters, the third, specific to cobalt,
cobalamin, or heme transporters, has recently been reclassified as a separate family
(Rodionov et al. 2009).

The ABC transporter superfamily has been divided into multiple subfamilies.
Among prokaryotic ABC transporters, the direction of transport, import or export,
also forms the basis of two distinct phylogenetic clades (Saurin et al. 1999).
Prokaryotic ABC importer genes typically encode a single domain (i.e., one
TMD, NBD, or substrate-binding domain). Proteins corresponding to each domain
associate to form a transporter complex with functional stoichiometry: two NBDs
and two TMDs, frequently with a substrate-binding protein either stably or tran-
siently associated (van der Heide and Poolman 2002). In contrast, the large majority
of prokaryotic ABC exporter genes encode two to four fused domains. When two
domains are encoded, the protein is referred to as a “half transporter,” as it typically
includes a single TMD and NBD. In vivo, the resulting polypeptides homo- or
heterodimerize to form a functional transporter. When four domains are encoded,
two TMDs and two NBDs usually are present on the same polypeptide and form
“full transporters” without dimerization. For further information about ABC
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transporter architecture see reviews (Locher 2009; Hollenstein et al. 2007; Holland
2011).

In eukaryotes, the group of ABC transporters most similar in structure to
prokaryotic exporters has expanded greatly, and it has been further divided into
subfamilies A—H based on domain organization and sequence similarity (Bouige
et al. 2002; Dean and Annilo 2005). These have been referred to as eukaryotic
transporters, partially because studied vertebrate models do not have genes similar
to prokaryotic ABC importers (Saurin et al. 1999). However, in algae and land
plants, genes similar to both prokaryotic ABC exporters and prokaryotic ABC
importers exist. Thus, when considering plant ABC transporters we refer to
“fused ABC transporters,” i.e., similar to prokaryotic ABC exporters and “multi-
partite ABC transporters,” i.e., similar to prokaryotic ABC importers. To include
the multipartite ABC transporters found in plants into the alphabetic ABC trans-
porter subfamily naming system originally established for vertebrates, they have
been given the subfamily designation I (Verrier et al. 2008).

In addition to the multiple classifications of ABC transporters, some proteins
containing domains found in ABC transporters have diversified to have roles other
than transport including transcriptional regulation and iron-sulfur cluster metabo-
lism, possibly because of the ancient origins of the family. Although these proteins
retain similarity to ABC transporter NBD domains at the amino acid level, they no
longer associate with a functional transporter (Higgins 1992). Generally, these can
be called ABC proteins, but not ABC transporters. For classification purposes,
genes encoding single NBD domains have been included in subfamily I (Verrier
et al. 2008), while those encoding fused NBD domains are in subfamily F (Bouige
et al. 2002).

When studied in eukaryotes, it is particularly important to consider the function
of ABC transporters in their biological context. Because their functions frequently
allow sequestration of molecules within specific compartments, knowing their
substrate is equally important to knowing what compartment they interact with.
In plants, the plastid is a particularly interesting compartment, as it provides the
plant cell with many necessary functions, from specialized metabolic processes like
photosynthesis to storage and signaling roles. In order to perform these functions, a
large variety of molecules must be transported through the plastid envelope
membranes.

When considered in an evolutionary context, the plastid envelope transporters
are of even higher interest. The plastid arose from an event or events which allowed
an ancestral cyanobacterial endosymbiont to be engulfed and then incorporated into
a eukaryotic host cell (Keeling 2010). In the new plastid, the original cyanobacterial
transporters would have the wrong orientation or be transporting the wrong sub-
strates for the needs of the new cell. Accordingly, a reorganization of available
transporters from both the eukaryotic host and the endosymbiont was a likely
prerequisite for successful integration (Weber and Linka 2011). During this pro-
cess, the plastid acquired a number of transporters characteristic of eukaryotes,
including fused ABC transporters. At the same time, it retained many of its
multipartite ABC transporters of prokaryotic origin, making the plastid and
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plastid-carrying organisms, unique among eukaryotes for having both types of
transporters.

Currently, more is known about plastid metabolism than plastid transporters.
Multiple transporter functions beyond the currently characterized ones have been
inferred to be necessary for normal plastid functions within land plants (Rolland
etal. 2012). It is likely that some of the inferred transporter functions are performed
by ABC transporters, as few plastidic ABC transporters have been studied in detail.

Thus, it is the aim of this chapter to analyze the subcellular locations of plant
ABC proteins and to provide an indepth analysis of each one found in the plastid.
These analyses not only cover available data from primary publications but also
consolidate relevant information from publically available datasets to give the best
possible description of each plastidic ABC protein.

2 Subcellular Locations of Plant ABC Proteins

Although the phylogenies of ABC proteins have been thoroughly characterized in
plants (Verrier et al. 2008; Kang et al. 2011; Pang et al. 2013), their locations are
less clear. As with many types of plant proteins, they are either derived from the
eukaryotic host or the ancient ancestors of mitochondria and plastids. However,
protein subcellular locations cannot be determined by lineage alone as plastids and
mitochondria of modern plants contain proteins of both prokaryotic and eukaryotic
origin (Reyes-Prieto et al. 2007; Gray 2012). In theory, targeting information
needed to target modern proteins to their organellar destination should allow
prediction of those proteins. However in reality, the best targeting programs
range from 70 to 80 % accuracy (Kaundal et al. 2010). In recent years, proteomics
studies have done much to define subcellular locations using high-throughput data,
but these too fall short of finding all proteins (van Wijk and Baginsky 2011). For
these reasons, when protein location is investigated individually, either fusion to a
visible protein or immunological detection is used to confirm the expected
locations.

Available location data for plant ABC proteins have been manually assembled,
and a subcellular location or hypothetical location is reported in Table 1. Multiple
databases were used in the assembly, starting with two aggregate predictors. The
first is named the SUBcellular localization database for Arabidopsis proteins,
version 3 (SUBA3) (Tanz et al. 2013). This program automatically uses large
proteomic and GFP targeting information, as well as multiple targeting predictions.
The second aggregate subcellular localization predictor is named MASCP Gator
v1.1 (Joshi et al. 2011). Similar to SUBA3, Gator also compiles GFP targeting and
proteomics data, but it does so by individually querying each individual database,
giving more up-to-date results. To confirm the aggregate predictors, proteomic data
were also collected from the Plant Proteome Database (PPDB), a frequently
updated, manually curated proteomics database (Sun et al. 2009), and AtChloro, a
chloroplast-specific manually curated proteomics database (Ferro et al. 2010).
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Additionally, data from a new method of predicting localization based on analysis
of organelle-specific protein clusters among whole cell proteomics experiments
with fractionated organelles, phenoDisco, was included (Breckels et al. 2013).
These data were organized for each gene, and then conflicts between programs
were resolved by manual search of available publications. If no publications were
available, conflicts were resolved in favor of physical data (i.e., proteomics rather
than predictions). Finally, if no “best” subcellular location could be identified, the
proteins were assigned more than one location with a question mark denoting the
possible unsuitability of the prediction (Table 1).

For plastidic ABC proteins, suborganellar locations are also given where possi-
ble. These are derived from either individual investigation or proteomic evidence.

3 Plastidic Fe-S Cluster Assembly by the SUF's

Multiple plastidic proteins require iron (Fe)—sulfur (S) clusters, particularly those
involved in the light reactions of photosynthesis but also those in other areas of
metabolism. Some of the more abundant examples of plastidic Fe—S cluster proteins
include the cytochrome bgf complex, photosystem I, glutamate synthase, and
5'-adenylylsulfate (APS) reductase (Balk and Pilon 2011). Thus, Fe-S cluster
assembly and transport are essential processes in many types of plastids. A bacterial
and cyanobacterial system responsible for Fe—S cluster formation has been named
“SUF” for “sulfur mobilization” and seems to have been maintained in plastids
(Xu and Moller 2004). The SUF system requires multiple proteins to generate Fe—S
clusters in a controlled manner. In bacteria, gene clusters encode 6 or more genes
necessary for sulfur assimilation, and in land plants, additional accessory proteins
appear to be involved. For further information and a complete discussion of Fe—S
cluster metabolism, the following reviews are suggested (Couturier et al. 2013;
Balk and Pilon 2011). Here we will focus only on the roles of the three ABC
proteins involved: AtABCI8/SUFB/NAP1/LAF6/AtABC1 (At4g04770),
AtABCI6/SUFC/NAP7 (At3g10670) and AtABCI7/SUFD/NAP6 (At1g32500),
see Fig. 1. SUFB does have a second possible homolog in Arabidopsis, AtABCI9
(At5g44316). Initial studies of SUFB in Arabidopsis attempted to investigate this
gene as well, but failed to identify transcripts, therefore it has not been studied
further (Xu et al. 2005b).

Unlike most ABC transporter components, some NBD-containing ABC family
proteins are not associated with TMDs or SBDs and do not perform transport
functions (Higgins 1992). In plants, these have been called non-intrinsic ABC
proteins (NAPs) (Sanchez-Fernandez et al. 2001), and SUFB, C, and D are
among them. SUFC and SUFD are necessary for normal plant development as
T-DNA insertions disrupting gene functions cause embryo-lethality in Arabidopsis
(Hjorth et al. 2005; Xu and Moller 2004). Nonlethal alleles of SUFB have been
isolated, and these plants accumulate chlorophyll precursors or have impaired
chlorophyll degradation (Nagane et al. 2010; Moller et al. 2001). Because Fe—S
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Fig.1 ABC proteins identified as plastidic in Table 1 are shown. The structures of the transporters
or putative transporters are indicated; fused domains are shown in the same shade. (i.e., full
transporters appear one shade, half transporters in two, etc.) Families are grouped by color. Solid
lines indicate known proteins or substrates; dashed lines indicate putative subunits or substrates.
Note that the orientation of most transporters relative to the membrane is unknown, excepting
TGD1,2,3, therefore putative substrates are shown with entry and exit lines

cluster containing proteins are required for chlorophyll metabolism, the mutant
phenotypes along with similarities of plant SUF's to bacterial Fe—S cluster forming
SUFss, strongly imply that plant SUFs have a role in Fe-S cluster formation in
plastids.

In bacteria, SufB, C, and D form two distinct complexes, the SufBC,D complex
(Wollers et al. 2010) and the SufB,C, complex (Saini et al. 2010). Whether separate
in vivo roles exist for the two complexes is still being investigated (Chahal and
Outten 2012), though it is known that all three proteins (SufB, SufC, and SufD) are
necessary for Fe—S cluster assembly. Mobilized sulfur is passed to SufB by SufE.
The transfer is only completed if SufC is also present (Layer et al. 2007). Iron is
then transferred to SufB in a mechanism requiring both SufC and SufD. SufC is
assumed to provide energy for this process by its ATPase activity, while the role of
SufD is unclear, but required (Saini et al. 2010). The Fe-S cluster is then assembled
on SufB, possibly using the reducing power of flavin adenine, which is also bound
by SufB (Wollers et al. 2010). The assembled Fe—S cluster is finally transferred to
acceptor proteins, either directly by action of the SufBCD complex or through the
action of accessory proteins, in a manner which has yet to be understood.

Current evidence suggests that the plant SUFs catalyze Fe-S cluster formation
similarly to their bacterial counterparts. SUFC from Arabidopsis was shown to have
ATPase activity in vitro and to partially complement sufc-deficient E. coli (Xu and
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Moller 2004). Arabidopsis SUFB contains a completely conserved amino acid
sequence with E. coli SufB in the proposed binding sites for flavin adenine and
Fe-S cluster assembly (Balk and Pilon 2011). Furthermore, Arabidopsis has one or
more plastidic homologs of all the genes required for the Suf system of Fe—S cluster
formation and mobilization (Couturier et al. 2013). In addition to these individual
functional similarities to their bacterial counterparts, Arabidopsis SUFB, SUFC,
and SUFD have been shown to interact, though the stoichiometry of each subunit in
a functional complex has not been investigated yet (Xu et al. 2005b; Xu and Moller
2004). There are also hints that the plant SUFBCD complex deviates from its
bacterial homologs. In E. coli, SufB does not have detectable ATPase activity,
while in Arabidopsis, SUFB has iron-stimulated ATPase activity (Xu et al. 2005b).
Similarly, in E. coli, the SUFs are not required for growth except under conditions
of oxidative stress (Nachin et al. 2003), whereas in Arabidopsis they are always
required. It should be noted that plant SUFs can also respond to stress conditions, as
it was recently shown in rice that plastidic Fe-S cluster formation responds with
marked tissue specificity to heavy metal stress (Liang et al. 2013). However, the
rationale for increased dependence on the SUF system in plants remains unclear.
What is clear is that the plant ABC proteins are playing a similar yet subtly different
role than their bacterial homologs. Further investigation, particularly into the role of
the ATPase activity of SUFB, will help to distinguish the plant SUFs from bacterial
counterparts.

4 Iron Transport into Plastids

Import of iron is necessary to supply Fe** and Fe-S cluster cofactors within the
plastid. Direct import of Fe** by the plastid inner envelope membrane has been
demonstrated using chloroplasts isolated from pea plants (Shingles et al. 2002).
However, because free iron ions tend to promote formation of highly reactive
oxygen species, transport and storage of iron must be tightly regulated. In
cyanobacteria, multiple families of transporters have been implicated in iron
transport, including the ABC transporter FutABC.

In Synechocystis sp PCC6803, the multipartite FutABC transporter is encoded
by four genes. futB/slr0327 encodes the TMD, futC/sll1878 the NBD, and there are
two highly similar genes encoding SBDs, futAl/slr1295 and futA2/slr0513. The
function of futABC genes in iron transport was inferred because transcripts of these
genes were highly upregulated during iron stress, and because Synechocystis strains
lacking fut gene expression grew poorly on iron-depleted medium (Katoh
et al. 2001).

AtABCI11/NAP14 (At5g14100) of Arabidopsis was found to be similar to FutC
(31.5 % identity at the protein level) (Larkin et al. 2007a). Arabidopsis T-DNA
insertion alleles that disrupt ArfABCI11 expression could not grow on soil, only on
sucrose-supplemented complete medium. Even on this medium, they were small
and white in appearance. Biomass of the mutant was reported to increase when
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grown on low-iron medium, consistent with a toxic level of Fe** accumulating in
the cytosol in iron-rich medium and supporting its possible role in Fe**transport and
sequestration in the plastid (Shimoni-Shor et al. 2010). However, multiple data are
also in opposition to it being part of a functional plastidic Fe** transporter:

First, transcripts of AtABCII] do not respond to iron stress (Shimoni-Shor
et al. 2010; Hruz et al. 2008), which is expected of a required iron transporter.
The multiple families of metal ion transporters have been shown to transport
different metal ions in different cyanobacterial species. For example, in Anabaena,
the Fut transporter responds more strongly to copper ions than to iron (Stevanovic
et al. 2012). So it is possible that AtABCI11 transports another metal and accumu-
lation of multiple metal ions, including copper, was seen in abcil I plants (Shimoni-
Shor et al. 2010). Plastidic copper transporters are already known, i.e., PAAI,
PAA2 (Puig and Penarrubia 2009), HMA1 (Seigneurin-Berny et al. 2006), but
this does not exclude AtABCI11 as a possible copper transporter. Alternatively,
the accumulation of metal ions in abcill plants could simply be a secondary
phenotype related to decreased growth.

Second, ArfABCI11 is one gene of a three-gene transporter. Plastidic homologs of
FutB are not identifiable in plant species, either with multiple rounds of NCBI
DELTA- and PSI-BLASTSs or by co-regulation at the transcriptional level (Hruz
et al. 2008). A possible homolog of FutA was revealed through similarity searches
to be At1g31410, which encodes a plastid protein with a substrate binding domain
recently shown to have a knockout phenotype similar to that of abcill (Tameshige
et al. 2013). Given the similarity of the Atlg31410 encoded protein to ABC
substrate binding domains, the name AtABCI22 is suggested. Interestingly,
AtABCI22 may be coexpressed with a high Pearson’s Correlation Coefficient
(PCC 0.75) with AtABCD2 (Hruz et al. 2008). Pearson’s Correlation Coefficients
are measurements of the expression similarity between two genes, they do not
necessarily indicate a functional relationship, but are likely to indicate shared
responses to stimuli. Values range from 0 to 1 with higher values indicative of
more significant correlation (Obayashi and Kinoshita 2009). Thus, similar expres-
sion profiles of AtABCD2 and AtrABCI22 do not indicate the likelihood of direct
interaction between AtABCD2 and AtABCI22, especially as AtABCD?2 has its own
NBD and TMD domains (see Sect. 9). Rather, transcripts of AtABCI22 seem to be
expressed in response to various stresses, and during different stages of develop-
ment similarly to transcripts of AtABCD2, a correlation which corroborates its
location as a plastid protein. However, even if AtABCI22 is considered a potential
FutA homolog, a homolog for FutB may not exist, see Fig. 1. Needless to say,
without FutA, FutB, and FutC homologs, AtABCI11, and AtABCI22 are unlikely
to form a functional iron transporter.

Finally, and possibly most importantly, the study of Fe** transport using isolated
pea chloroplasts showed that transport was stimulated not by ATP hydrolysis, but
by a proton gradient (Shingles et al. 2002). This indicates that even if a FutB
homolog were found in Arabidopsis, it is unlikely that the plastidic FUT system
would be the major iron importer.
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Because of the need for both iron transport and regulation in the plastid, it is
possible that the FUT system could have evolved from a transport mechanism into a
control mechanism. Future work on the FUT system in plants should determine
whether an entire FUT transporter is available and then more finely characterize its
function.

5 Lipid Transport Through the Chloroplast Envelopes
by TGDs

Plastids have a unique complement of membrane lipids including glycolipids
monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), and
sulfoquinovosyldiacylglycerol (SQDG) (Block et al. 2013). These lipids are con-
served throughout photosynthetic organisms including algae and cyanobacteria.
Glycolipids are believed to have evolved in response to limiting phosphate and/or a
role in photosynthesis as they are found in crystal structures of photosytems
(Guskov et al. 2009). While cyanobacteria synthesize all of their lipids in the cell,
and algae may to be able to synthesize plastidic lipids entirely in the plastid (Giroud
et al. 1988), land plants have evolved a more complex system requiring lipid import
from the ER (Heinz and Roughan 1983). In this system, fatty acyl groups are
synthesized in the plastid stroma, exported to the ER where they are incorporated
into phospholipids, and then transported back to the plastid where they are metab-
olized to plastidic lipids in the envelope membranes. This process has been recently
reviewed (Andersson 2013; Wang and Benning 2012); here we will focus on lipid
transport from the plastid outer envelope membrane to, and perhaps through, the
inner envelope membrane which involves an ABC transporter. This transporter is
composed of three proteins: AtABCI14/TGD1 (Atlgl19800), AtABCI15/TGD2
(At3220320), and AtABCI13/TGD3/NAP11 (Atlg65410).

TGDI1, TGD2, and TGD3 are most similar in structure to a multipartite ABC
transporter as separate genes encode the TMD (TGD1), NBD (TGD3), and the
substrate-binding domain (SBD, TGD2). Interestingly, the TGD2 substrate-binding
domain is anchored with a transmembrane domain, an unusual feature only com-
monly found in Archaea (van der Heide and Poolman 2002), though cyanobacterial
homologs of TGD?2 also have a transmembrane domain. It would be convenient to
draw analogies between the TGD system and a well-established bacterial system;
however, cyanobacterial homologs have not been well studied, and functional
homologs in Escherichia coli have only recently been identified. Based on sequence
similarity to both the plant TGD system and cholesterol transporters of
Actinobacteria, an ABC transporter composed of MlaD (SBD), MlaE (TMD), and
MlaF (NBD) was identified as necessary for maintenance of bacterial outer mem-
brane lipid asymmetry (Malinverni and Silhavy 2009). Mutants without expression
of one or more of the mla genes showed accumulation of phospholipids in the outer
leaflet of the bacterial outer membrane. The authors hypothesize that the Mla
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transporter serves to recycle phospholipids from the outer membrane by importing
them to the inner membrane. However, direct evidence to support their hypothesis
is not yet available.

In Arabidopsis, early work identified point mutants in 7gd/ and tgd2 genes as
part of a large screen to find repressors of a mutant in DGDG synthesis, dgdl
(Xu et al. 2003; Awai et al. 2006). The rgd mutants not only produced additional
DGDG; they also made a non-canonical lipid from which their name is derived:
trigalactosyldiacylglyerol. The most relevant phenotypes of the tgd! mutant were
reduced levels of ER-derived fatty acids in plastid lipids MGDG and DGDG,
implying its role in ER to plastid lipid transport, and its high embryo lethality
rate of approximately 50 %, which highlighted the importance of ER to plastid lipid
transport (Xu et al. 2005a). Other phenotypes of rgd! were investigated in detail and
included reduced chlorophyll levels, increased extraplastidic triacylglycerol accu-
mulating in lipid droplets, increased levels of phosphatidic acid (PtdOH), and
reduced ability of isolated chloroplasts to incorporate lipids supplied in vitro
(Xu et al. 2003, 2005a). The phenotypes of tgd2 were similar to those of 7gd!/
(Awai et al. 2006). TGD3 was identified by screening T-DNA insertions in
predicted plastidic NAPs for production of trigalactosyldiacylglycerol and lipid
profiles similar to those of tgd/and tgd2 mutants (Lu et al. 2007).

In addition to their mutant phenotypes, the TGD proteins have been investigated
both individually and in their native complex in some detail. Current evidence
shows that both TGD1 and TGD2 are integral membrane proteins of the plastid
inner envelope membrane with the active SBD side of TGD2 facing the outer
envelope membrane (Xu et al. 2003; Awai et al. 2006). TGD2 specifically binds
PtdOH, a potential lipid substrate (Lu and Benning 2009). TGD3 is peripheral to the
same membrane, on the stromal side, and a functional ATPase in vitro
(Lu et al. 2007). Thus, the three TGDs are in the correct location and orientation
and have the measured or predicted functionality to form an ABC transporter
complex in the inner envelope which accepts substrates from the outer envelope
membrane, see Fig. 1. They have been shown to interact and to form a single large
complex in Arabidopsis (Roston et al. 2012). The subunit composition of the
complex was unusual in that there are at least 8 copies of TGD2 per functional
transporter. This varies from traditionally studied multipartite ABC transporters,
which generally have only one or two SBD proteins bound per transporter (van der
Heide and Poolman 2002). It is possible that the increase in SBDs is required to
overcome the energetic barrier of moving hydrophobic lipids across the hydrophilic
intermembrane space or to use cooperativity to increase binding to PtdOH which is
a low-abundance substrate. It is also worth noting that the soluble region of TGD2
(with the transmembrane region removed) was shown to be capable of disrupting
membranes in vitro (Roston et al. 2011). This is likely a necessary function for
proteins that bind polar lipids in membranes, but it may provide a third rationale for
additional TGD2 proteins per complex as more TGD2s imply more efficiency in
disrupting membranes allowing the substrate lipid to be more easily extracted from
its membrane.



Plastidic ABC Proteins 121

There are at least two major questions which remain to be resolved regarding the
function of TGD1, 2, and 3. Although the involvement of each TGD in ER to plastid
lipid transport is apparent from the phenotypes of 7gd mutants of Arabidopsis, it
remains unclear from which envelope membrane leaflet the substrate is derived, and
what type of substrate is actually transported. It has been hypothesized that TGD2
directly interacts with the plastid outer envelope membrane to extract a substrate
(Roston et al. 2012). Alternatively, it is possible that TGD?2 interacts with the outer
leaflet of the inner envelope membrane, meaning the transporter would transport the
substrate only across the inner envelope membrane, which is also known as
“flippase” activity. Other subfamilies of ABC transporters that transport lipids in
mammalian cells have flippase activity (Coleman et al. 2013), although these
transporters do not associate with a SBD-containing protein comparable to
TGD2. Regarding the second question of the substrate transported, PtdOH has
been proposed to be the substrate based on binding of TGD2 and increased
PtdOH levels in the tgd mutants. However, in vitro TGD2 only binds to membranes
containing more than 20 mol percent of PtdOH (Lu and Benning 2009). These
concentrations do not exist in vivo (Dubots et al. 2012). Alternate hypotheses have
suggested that TGD?2 binds to PtdOH for activation or to promote interaction with a
membrane surface while other substrates are transported, possibly in a less dis-
criminatory way. Future work, especially reconstituting a functional TGD1, 2, 3
complex in vitro, may provide answers to these questions.

6 The ABCB Subfamily in Plastids

The ABCB subfamily of proteins contains two types of fused ABC transporters:
both “half” and “full” transporters, meaning that a single ABCB gene can encode a
TMD and NBD which can homo- or heterodimerize to make a full transporter or
that it encodes fusions of two TMDs and two NBDs which can make a full
transporter in a single polypeptide. Representatives of several major ABCB sub-
groups have been identified in the plastid by proteomics: The P-glycoprotein (PGP)
/ multidrug resistance (MDR) subgroup of full transporters is represented by
AtABCB14/AtPGP14/AtMDR12  (At1g28010) and AtABCBI15/AtPGP15/
AtMDR13 (At3g28345). The transporter associated with antigen processing
(TAP) subgroup of half transporters is represented by AtABCB26/AtTAP1
(Atl1g70610), AtABCB28/AtNAPS (At4g25450), and AtABCB29/AtATHI12
(At5g03910), see Fig. 1. Of the TAP representatives, AtABCB29 was identified
as being most similar to the prokaryotic lipid A-like exporter (LLP) subgroup
(Verrier et al. 2008).

Of the five plastidic ABCB transporters, those in the PGP/MDR subgroup have
been best studied, as they were identified in a search for transporters responsible for
export of lignin precursors, i.e., phenylpropanoids (Kaneda et al. 2011b). Among
the transporters identified by coexpression with phenylpropanoid biosynthetic
genes were several ABC transporters, including AtABCBI4 and AtABCBIS.
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Promoter activity of each gene was demonstrated through GUS promoter fusions to
be high in the vasculature and in guard cells, a likely expression pattern which is
corroborated by publicly available microarray data (Hruz et al. 2008; Kaneda
et al. 2011b). Arabidopsis with T-DNA insertions that disrupt expression of
AtABCBI4 or AtABCBI5 did not have lignin defects but did have altered
indoleacetic acid (IAA) transport properties. The study stopped short of showing
a direct role in IAA transport for AtABCB14 or AtABCB15, though this has been
done for highly similar ABCB subfamily members (Yang and Murphy 2009).
Circumstantial evidence suggests that IAA accumulates in a subcompartment of
the cell under certain conditions (Davies 2010), and the plastid has been observed
multiple times in multiple plant species to contain large amounts of IAA (Sandberg
et al. 1990; Aloni et al. 2003). Thus, it seems possible that AtABCB14 and
AtABCB15 may have roles in either sequestering IAA inside the plastid or in
releasing it from such sequestration. It should be noted that many mammalian
transporters in the ABCB subfamily, and particularly in the PGP/MDR subgroup,
were discussed to own broad substrate specificity. It follows that a direct role in
TAA transport would not preclude transport of other small molecules, and this may
not be the only role of AtABCB14 and AtABCBI15.

Reports delineating the roles of the AtABCB26 and AtABC28 transporters have
not been published at the time of writing, and available bioinformatic data alone can
only shed limited light on their functions. A”ABCB26 is expressed much higher in
the sperm cell than in any other tissues, although it has been detected at medium to
low levels in multiple tissues (Hruz et al. 2008). If true, this observation is of
interest as sperm cells, the two cells which travel with the vegetative pollen tube as
nuclei before reforming into separate cells, have not been observed to have plastids
(Yu et al. 1989), indicative of a possible non-plastidic function of AtABCB26. At
the transcriptional level, AtABCB26 does seem to be co-regulated with genes
encoding other plastid-targeted proteins, including AtABCF5 (PCC 0.73), which
provides correlative evidence for plastid localization (Hruz et al. 2008). It is
possible that AtABCB26 functions in more than one subcellular compartment.
AtABCB26 appears to form a small clade with homologs from both corn
(ZmABCB27) and rice (OsABCB24) (Pang et al. 2013), likely indicating func-
tional conservation in these species. Transcription of the rice homolog is increased
in response to drought and salt stresses (Xing et al. 2012). Unfortunately, gene
expression in sperm cells has not been reported in rice. Information about the
substrate(s) of AtABCB26 or its homologs is lacking. Arabidopsis containing
T-DNA insertions disrupting expression of AtABCB26 were investigated as a part
of the Chloroplast 2010 project, but no robust phenotypes were identified (Ajjawi
et al. 2010). Within Arabidopsis, AtABCB26 has a fairly close homolog;
AtABCB27/TAP2 (At5g39040) with 34.5 % identity in the functional region of
the proteins (Larkin et al. 2007a). AtABCB27 is a vacuolar protein involved in
aluminum toxicity resistance (Larsen et al. 2007), thus we could hypothesize that
AtABCB26 is involved in metal transport in the plastid. However, given the broad
substrate specificity of the ABC transporters, little weight could be placed on such a
hypothesis. The strongest conclusions that can be drawn are that AtABCB26 is
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likely in the plastid during most of the plant life cycle (proteomic data and found to
be co-regulated with multiple plastid genes), where it performs as yet undiscovered,
but likely conserved, functions.

A very similar conclusion can be reached for AtABCB28. Like the Arabidopsis
mutant abch26, Arabidopsis lacking functional AtABCB28 have no phenotype
uncovered by the Chloroplast 2010 project (Ajjawi et al. 2010). AtABC28 seems
to have moderately high expression in most tissues with the highest expression in
seeds. It is most closely co-regulated with At5g51020 (PCC 0.69), which encodes
CRL a plastid envelope AAA-ATPase involved in regulating leaf morphogenesis
(Hruz et al. 2008). It has no near homologs in Arabidopsis, but it forms a small
clade with those from rice (OsABCB26) and corn (ZmABCB23) (Pang et al. 2013),
indicative of functional conservation in land plants. In rice, the homologous gene
has high expression in ovaries and shoot tissues, which decreases during drought
and salt stresses. AtABCB28 is likely to be a plastidic transporter providing an
important, but not essential, function under the conditions tested.

AtABCB29 is the closest homolog in Arabidopsis to the lipid A transporter from
prokaryotes. Lipid A is the lipid portion of lipopolysaccharides, the major compo-
nent of the outer membrane of gram-negative bacteria. Although lipid A has not
been detected in plants, Arabidopsis has been shown to encode genes homologous
to those of the entire lipid A biosynthetic pathway (Li et al. 2011). At least one of
the Arabidopsis lipid A-synthesizing proteins, AtLPXA, can complement E. coli
with a temperature sensitive version of its homolog, [pxa (Joo et al. 2012). Because
lipid A has not been discovered in plants, it is hypothesized that the homologous
lipid A synthesis pathway has alternate substrates in plants, but these remain
undiscovered at this time. It is possible that AtABCB29 is part of a transport
mechanism for these undiscovered lipid A-like products or that it transports another
plastid lipid, many of which are trafficked by currently unknown mechanisms
(Andersson 2013). AtABCB29 is expressed in multiple tissues, most highly in
leaves and cotyledons and lowest in sperm cells (Hruz et al. 2008). It is coexpressed
with At5g38660 at a high PCC (0.84). At5g38660 is a gene involved in acclimation
of photosynthesis to the environment (APE!), and its coexpression with AtABCB29
is indicative that these genes have similar responses to photosynthetic stresses.
AtABCB29 forms a small clade with presumed homologs from rice (OsABCB27)
and corn (ZmABCB30). Interestingly, AtABCB29 was investigated for possible
metal transport into chloroplasts (Sudre 2009). In the study, AtABCB29 is con-
firmed to be a plastidic protein by fusion with YFP. Homozygous knockouts in
Arabidopsis are shown to have normal physiology unless they are grown on
cadmium or on low iron, and the AtABCB29 protein is shown to reduce cadmium
toxicity in yeast. These data support a direct role of AtABCB29 in metal transport
in chloroplasts, although the direction of transport and the specificity of AtABCB29
for cadmium versus other metals are not yet known. Again, this role may not
preclude additional roles of AtABCB29.
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7 AtABCC12

ABC proteins in the C subfamily are full size transporters with two TMDs and two
NBDs encoded by a single gene, though many proteins in the family have an
additional, third TMD at the N-terminus. A subset of the ABCC family members
is notable because they do not act as transporters in spite of having all the domains
necessary to do so (Verrier et al. 2008). In Arabidopsis, there is only one ABCC
family member for which multiple plastidic peptides have been identified,
AtABCC12/AtMRP12/AtMRP13 (Atl1g30410), see Fig. 1. AtABCCI12 peptides
have also been identified in the vacuole, which is the compartment where most of
the ABCC family members are located. Therefore, the location of AtABCC12
remains to be firmly established; it may be dual-localized to both compartments,
or one of the two current locations may have been identified erroneously.

AtABCCI12 has not been studied, and the significance of its possible plastid
localization is unclear. It has a very close homolog in Arabidopsis, AtABCCI11
(90.3 % identity at the amino acid level), though investigation of AtfABCCII
expression revealed that it does not have full-length transcripts and may be a
pseudogene (Kamimoto et al. 2009). In comparison, AtABCC12 is expressed at
moderate levels in most plant tissues with slightly higher expression in the roots
than shoots (Hruz et al. 2008; Kamimoto et al. 2009). It does seem to be upregulated
in response to pathogens, particularly Pseudomonas syringae pv. tomato (Wanke
and Kolukisaoglu 2010). Possibly because of the pervasiveness of AtABCC12 gene
expression, no closely co-regulated genes have been identified (highest PCC 0.57).
Most of the studied ABCC family members in plants are involved in sequestration
of glutathione-S conjugate and other metabolites into the vacuole, ultimately
providing strong pathogen resistance. They are also involved in chlorophyll catab-
olism (Lu et al. 1998), and it is possible that this effort would be assisted by a
plastid-localized chlorophyll-metabolite exporter. If such a function gave an adap-
tive advantage, AtABCC12 would be expected to form a conserved clade among
other land plant species; instead AtABCCI2 clusters more closely to other
Arabidopsis ABCCs (Pang et al. 2013). Currently, the relevance of AtABCC12 to
plastid biology, if any, remains ambiguous.

8 AtABCD2

The ABCD subfamily is one of the smallest ABC subfamilies in Arabidopsis with
only two members. The first of these is AtABCD1/AtPXA1/AtPMP2 (At4g39850),
a well-studied peroxisomal protein responsible for the import of fatty acids and
fatty acid-derived signaling molecules to the peroxisome (Baker et al. 2006). The
second member of the D subfamily is AtABCD2/AtPMP1 (At1g54350), a fused
ABC half transporter which is located in the plastid, see Fig. 1 and chapter
“Function of ABCBs in Light Signaling.”
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Based on the roles of AtABCD1, biological functions have been hypothesized
for AtABCD2, particularly fatty acid export from the plastid (Jouhet et al. 2007) but
also export of hormone precursors like oxo-phytodienoic acid (OPDA) and redis-
tribution of fat-soluble secondary metabolites like carotenoids and tocopherols.
Each of these functions is believed to be essential for plant growth. Correspond-
ingly, a relatively large number of investigators have ordered one or more of the
available Arabidopsis mutant lines homozygous for disruption of AtABCD?2 from
The Arabidopsis Information Resource. However, no publications have yet
referenced these lines, and in the Chloroplast 2010 based characterization of two
of these lines, no strong phenotypes were observed under the conditions tested
(Ajjawi et al. 2010). From other databases, it is known that AtABCD?2 transcription
levels are relatively higher in shoots, lower in roots, and it may be slightly
responsive to dark treatment (Hruz et al. 2008). Several genes have a high likeli-
hood of co-regulation at the transcriptional level, including At2g30390 (PCC 0.85)
encoding ferrochelatase 2, and At5g42310 (PCC 0.85) encoding a plastid pentatri-
copeptide repeat containing protein. This transcriptional information is not partic-
ularly revealing other than that the correlation to other plastid genes provides
corroboration for plastid localization of AtABCD?2. Perhaps the best conclusion
which can be drawn from available data is that none of the current predictions of
AtABCD?2 function are correct, and alternative hypotheses for the function of this
protein are awaiting verification.

9 AtABCF2 and 5

The F subfamily of ABC proteins is different from both multipartite prokaryotic
ABC proteins that have only one domain per gene and typical fused ABC trans-
porters that have TMDs and NBDs in a single gene. Instead, ABCF subfamily genes
encode two fused NBDs. They are conserved throughout eukaryotes, and though a
role in transport has yet to be discovered, at least one ABCF protein has been shown
to have an important regulatory role. In yeast and humans, ABCF1 mediates
cellular translation activity through activation of the eIF-2 alpha kinase (Tyzack
et al. 2000; Marton et al. 1997).

In Arabidopsis, two highly similar ABCF proteins are expected to be located in
the plastid: AtABCF2/AtGCN2 (At5g09930) and AtABCF5/AtGCN (At5g64840)
see Table 1 and Fig. 1. AtABCF2 and AtABCFS are highly similar at both the DNA
(81.7 % identity) and protein (82.2 % identity) level (Larkin et al. 2007b) and the
genes reside in a duplicated region of chromosome 5 in Arabidopsis (Arabidopsis
Genome 2000). However, the two genes seem to have discernible expression pro-
files. A recent investigation into promoter activity of genes from the AtABCF
subfamily using GUS fusion constructs showed that AtABCF5 was expressed in
most plant tissues, while A7ABCF2 was expressed primarily in the anthers (Kato
et al. 2009). Available microarray data confirm these differences and add the
observation of AtABCF2 expression in guard cells (Hruz et al. 2008). Arabidopsis
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T-DNA insertion mutants disrupting expression of either gene did not show phe-
notypes during normal growth conditions. It is possible that AtfABCF2 and
AtABCF5 expression patterns, although appearing unique in wild-type plants,
were altered enough in the mutant to allow functional complementation by the
remaining gene, which would imply identical function of the proteins. Corrobora-
tion for identical functions comes from phylogenetic studies with corn and rice in
which AtABCF2 and AtABCFS5 are shown to be more highly related than their
homologs, ZmABCF7 and OsABCF6 (Pang et al. 2013). As an alternate explana-
tion for the lack of visible phenotypes in the Arabidopsis mutants, AtABCF gene
functions may only be required during stress conditions (Kato et al. 2009). This
would be similar to the situation in yeast, where ABCF1 only modulates translation
under amino acid starvation conditions (Hinnebusch 1997).

Very little additional information can be mined from bioinformatic analyses.
AtABCF5 seems to be coexpressed with a high Pearson’s correlation coefficient
(PCC, 0.88) to At5g67030 (Hruz et al. 2008). This gene product, called ZEP or
ABAL, is an ABA-responsive zeaxanthin epoxidase associated with the chloroplast
thylakoid membrane. AtABCF2 has a high PCC (0.87) with At5g17830 when tissue
specific microarray data are analyzed (Hruz et al. 2008), however this gene has not
been studied. If we assume that, like their non-plant family members, plant ABCFs
are involved in regulation in response to stress, then there are certainly many highly
regulated processes in the plastid with unknown regulatory subunits. However,
there are too few data to predict which process is affected. Considering the
increasing focus on stress biology, potential regulators of stress responses, includ-
ing the ABCFs, are likely to become increasingly relevant.

10 The ABCG Subfamily in Plastids

The ABCG subfamily consists of “reverse orientation” transporters in which a NBD
precedes the TMD in the gene sequence of a fused transporter. There are two major
ABCG subgroups, the white—brown complex (WBC) half-transporter subgroup and
the pleiotropic drug resistance (PDR) full-transporter subgroup. The WBC sub-
group is found in all types of organisms, but the PDR subgroup is unique to plants
and fungi (Verrier et al. 2008; Crouzet et al. 2006). Two of the better studied WBC
members in Arabidopsis are known to be involved in cuticular lipid transport:
AtABCG11/COF1/DSO/WBCI11 (Atlgl17840) and AtABCGI12/CER5/AtWBC12
(At1g51500) (Pighin et al. 2004; Bird et al. 2007). A third WBC member has a
known role in kanamycin resistance, apparently by sequestration of the kanamycin
itself, AtABCG19/AtWBC19 (At3g55130) (Mentewab and Stewart 2005). In com-
parison, PDR subgroup transporters are proposed to be involved in both abiotic and
biotic stress responses AtABCG40/PDR12 (Atlg15520) (Crouzet et al. 2006) and
resistance to xenobiotics AtABCG37/PDR9 (At3g53480) (Ito and Gray 2006). It is
expected that other ABCG subfamily members in plants have diverse roles as the
subfamily has greatly expanded to have 43 members in Arabidopsis (Verrier
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et al. 2008), compared to less than ten members in vertebrates (Dean and Annilo
2005), where they are known for sterol transport and multidrug resistance (MDR).
Of the ABCG proteins in Arabidopsis, three are predicted to be localized to the
plastid: AtABCG7/WBC7 (At2g01320), AtABCG23/WBC23 (At5g19410), and
AtABCG35/PDR7 (Atlg15210), see Table 1 and Fig. 1.

AtABCG7 and AtABCG23 are both members of the WBC subgroup that have
not been specifically studied. Their functions are unknown as no obvious phenotype
is seen in Arabidopsis T-DNA insertion lines that abolish gene expression (Ajjawi
etal. 2010). AtABCG?7 has some level of expression in most tissues, with leaves and
stems having the highest expression and roots having the lowest expression (Hruz
et al. 2008). The protein clusters with OsSABCG1 and ZmABCG40 when analyzed
phylogenetically, likely indicating a conserved function among land plants (Pang
et al. 2013). When looking at tissue-specific expression datasets, AIABCG7 seems
to be co-expressed with several genes encoding other plastid proteins including a
plastid ribosomal protein, At3g63490 (PCC, 0.89), a fructose-bisphosphate aldolase
(FBA1), At2g21330 (PCC, 0.88), and a photosystem component, PSBY At1g67740
(PCC, 0.88) (Hruz et al. 2008), which support its plastidic localization. Unlike
AtABCG7, AtABCG23 has very low expression in most tissues included in publi-
cally available microarray data sets, with the highest expression being in roots,
stems, and hypocotyls. Also unlike AtABCG7, AtABCG23 seems to be coexpressed
with genes encoding non-plastidic transporters including a xanthine/uracil perme-
ase family protein At1g49960 (PCC, 0.85) and two other ABCG family transporters
AtABCG6 (PCC, 0.82) and AtABCG20 (PCC, 0.82) (Hruz et al. 2008). In fact,
AtABCG23 is one of the few ABC proteins for which no peptides have been
identified in proteomic studies, probably because of its low abundance. Therefore,
the lack of coexpression of its gene with genes encoding plastidic proteins could
indicate that the predicted targeting information is incorrect. AtABCG23 does seem
to have a conserved function among land plants, as it clusters with OsABCG13 and
ZmABC36 (Pang et al. 2013). Based on its gene expression in non-green tissues, it
is likely that if AtABCG23’s conserved function is plastidic, that its function is
necessary in non-photosynthetic tissues.

AtABCG35 is a member of the PDR subgroup, and there are proteomic data
supporting its localization to both the plastid and the plasma membrane (Table 1).
AtABCG35 phylogenetically clusters with AtABCG36/PDR8/PEN3 (Atl1g59870)
and AtABCG29/PDR1 (At3g16340) with which it shares 85 % or 71 % identity,
respectively (Larkin et al. 2007a). It then forms a small clade with ZmABCG4,
ZmABCGS8, ZmABCGI1, and OsABCG42 (Pang et al. 2013), indicating that gene
differentiations in this subgroup probably occurred recently. Both AtABCG35 and
AtABCG36 have some level of expression in most tissues with the highest expres-
sion levels in either roots, AtABCG35, or green tissues, AtABCG36. These two
genes also respond similarly to different stresses such as upregulation in response to
cyclohexamide and cold/dark treatments and downregulation in response to
abscisic acid and salt treatments (van den Brule and Smart 2002), all of which
corroborate a recent gene duplication event. AtABCG36 has been confirmed to be
involved in resistance to pathogens which enter by direct penetration, likely by
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transporting a fungal toxin (Stein et al. 2006). With the many similarities between
AtABCG35 and AtABCG36, it may be expected that AtABCG35 has a similar
function in resistance against biotic stress, but it is unclear how a similar activity
would be of use in the plastid. APABCG35 shares significant coexpression with
several genes encoding non-plastid proteins such as a mismatch specific endonu-
clease, At4g21600 (PCC 0.90), an AT rich DNA-binding protein, At2g45430 (PCC
0.90), and a scopolin beta-glucosidase At1g66270 (PCC 0.89), but none of this
information helps to further elucidate its function (Hruz et al. 2008).

11 AtABCI10 and AtABCI12

In this chapter we have already discussed in detail a number of the ABCI family
members, which are similar to the multigene ABC transporters. However, there are
two from which peptides have been identified in plastidic proteomic databases that
have yet to be discussed: AtABCI10/NAP13 (At4g33460) and AtABCI12/
MIL23.15 (At3g21580), see Table 1. Their function in plastids is unknown, and
they have not been specifically studied.

AtABCII0 is an NBD encoding gene of unknown function. The protein may be
associated with additional domains to make a functional transporter, or it may have
a function unassociated with transport, thus in Fig. 1, it is shown in the stroma as its
associations are unknown. The gene is more highly expressed in shoot than root
tissues with no exceptional expression peaks (Hruz et al. 2008). It is coexpressed
with At1g69390 (PCC 0.76) which encodes a plastid protein involved in chloroplast
replication and At2g42130 (PCC 0.74) which encodes a gene with unknown
function but which has a plastid lipid associated protein (PAP) domain. These
coexpressed genes are consistent with the proteomics results indicating a plastid
localization of AtABCI10. Phenotypes of Arabidopsis with T-DNA insertions that
disrupt gene function of AtABCII0 have not been reported. The gene is conserved
among land plants, forming a small clade with ZmABC16 and OsABCI6 (Pang
et al. 2013), implying a conserved, although unknown, function.

AtABCI12 has recently been assigned a new family designation as an “Energy-
Coupling Factor Transporter” or ECF (Neubauer et al. 2009). Related proteins have
three components, including two NBDs from the ABC transporter family and its
own transmembrane component which can be distinguished from those of the ABC
transporter family (Rodionov et al. 2009). AtABCI12 represents a transmembrane
component from the ECF family and seems to be the only representative of this
family in Arabidopsis. In spite of its singularity, T-DNA insertions in AtfABCII2
that disrupt gene function do not have strong growth phenotypes in Arabidopsis
(Ajjawi et al. 2010), implying that AtABCI12 is either not essential under standard
growth chamber conditions or that it has functional redundancy with another family
of transporters. ATABCII2 seems to be expressed most highly in sperm cells which
may indicate a function outside of plastids, with medium expression in shoot
tissues, and low expression in root tissues (Hruz et al. 2008). It is most closely
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coexpressed with At5g62840 (PCC 0.76) a gene encoding a plastid phosphoglyc-
erate mutase family protein and Atlgl4030 (PCC 0.75) encoding lysine
methyltransferase which methylates plastidic fructose 1,6-bisphosphate aldolases.
These coexpression data suggest a role for AtABCI12 related to plastidic carbon
usage. As an alternative substrate hypothesis, the ECF family has been studied in
association with transition metal and heme transport, and AtABCI12 could trans-
port metal ions or coordinated ions. Again, no data can yet confirm or deny these
hypotheses, and the function of AtABCI12 remains unknown, although of interest
due to its uniqueness.

12 Summary: Roles of ABC Proteins in Plastids

In this chapter, we have considered the various types of ABC proteins that are
plastid localized either based on proteomics, prediction or both. At least two
conclusions of interest can be drawn from the array of ABC proteins in the plastid.
First, in spite of its prokaryotic origin, the plastid contains many representatives of
the “eukaryotic” families of ABC proteins, including ABCB, ABCC, ABCD,
ABCF, and ABCG. This finding is in line with a recent review of the host origin
of all plastid transporters, which confirmed that eukaryotic inheritance is a common
theme among multiple transporter families (Tyra et al. 2007). Second, our under-
standing of transport by ABC proteins in the plastid is severely lacking in spite of
knowing molecules that require transport in the plastid and are therefore potential
ABC transporter substrates (Rolland et al. 2012). It seems likely that many of the
ABC transporters respond to stress conditions as Arabidopsis mutants do not have
strong phenotypes under standard conditions (abcf2, abcf5, abcbl4, abcbls,
abcb26, abcb28, abed2, abcil2, abcg7, and abcg35). Others are the major trans-
porter of a specific metabolite and have very strong phenotypes when mutated in
Arabidopsis (sufb, sufc, sufd, tgdl, tgd2, tgd3, abcill, and abci22). Surprisingly,
not even all of those with strong phenotypes have been well studied. Our current
understanding implies that ABC proteins in the plastid have essential roles in Fe-S
cluster formation (SUFB, C, and D), lipid transport (TGD]1, 2, and 3), and possibly
iron transport (AtABCI11, AtABCI22, and AtABCB29). Additional roles may
include, but cannot be limited to, IAA transport into or out of the plastid
(AtABCBI14 and 15), plastid transcription (ABCF2 and 5), pathogen resistance
(AtABCC12) and cadmium resistance (AtABCB29). At this time multiple ABC
proteins also exist with completely unknown functions (AtABCB26, AtABCB28,
AtABCD2, AtABCG7, AtABCG23, AtABCG35, AtABCI10, AtABCI12, and
AtABCIS). Future work on ABC proteins, particularly on those with unidentified
functions, is likely to match more of the predicted substrates of plastid transporters
with their transporter.
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ABCG Transporters and Their Role
in the Biotic Stress Response

Manuela Désirée Bienert, Amandine Baijot, and Marc Boutry

Abstract Pleiotropic drug resistance (PDR) transporters belong to subfamily G
of the ATP-Binding Cassette (ABC) family. Plant species contain approximately
15-20 PDR genes, the majority of which are still uncharacterized. However, several
PDR genes have been studied in more detail and it appears that most of them are
involved in the plant response to biotic as well as abiotic stress. In this chapter we
focus on those PDR genes that have shown to play a role in the plant resistance to
various pathogens. Characterization of PDR knockout or silenced mutants clearly
showed the major implication of those genes in the plant defense. However the
molecular function of the encoded transporters is still elusive because their sub-
strates have been identified only in a few cases. Another question that needs to be
resolved is whether plant PDRs are able, like some fungal or mammalian ABC
transporters, to translocate several structurally unrelated substrates.

1 Introduction

The natural environment provides living organisms with all essentialities, but the
environment also contains various kinds of stresses. For plants, water or nutrient
depletion as well as toxic compound accumulation are forms of abiotic stress
resulting in complex responses such as on sensory, transcriptional, and posttran-
scriptional levels enabling these sessile organisms to adapt to their environment.
Biotic stress is imposed by other living organisms and might considerably harm the
performance of the plant. The response of the plant to this type of stress is equally
complex and includes hormonal responses, transcriptional regulation of gene
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expression, posttranslational modifications of proteins, protein trafficking, and so
forth (Kumar 2013; Glombitza et al. 2004; Huang et al. 2011; Peer 2011; Atkinson
and Urwin 2012; Kosova et al. 2011; Sunkar 2010). Cells are the basic structural
and functional units of all known living organisms. They are separated from their
external environment by a membrane barrier, which enables the controlled trans-
location of molecules and metabolites between the inside and outside of the cell in
order to respond to various kinds of stresses. Different transport systems reside in
this membrane allowing exchanges on the cellular level and also between the
organism and its environment. One of the largest protein families known is the
ATP-binding cassette (ABC) family which is present in all known living organisms
from bacteria to humans (Henikoff et al. 1997; Kos and Ford 2009). The ABC
family comprises soluble and membrane-bound proteins, most of the latter being
transporters (Rea 2007). All members of the ABC family share a cytosolic domain
known as the ATP-binding cassette or the nucleotide-binding domain (NBD).
Besides NBDs, membrane-bound ABC transporters possess transmembrane
domains (TMDs), which are composed of several hydrophobic helices and which
are less conserved than NBDs. ABC transporters are minimally constituted of two
NBDs and two TMDs: the two NBDs supply the transport process with energy by
ATP binding and hydrolysis, whereas the two TMDs form the region involved in
substrate recognition and translocation through the membrane (Higgins 1992). The
ABC family consists of several subfamilies which differ in their structural organ-
ization. In contrast to other subfamilies, subfamily G is characterized by reverse
oriented motifs (NBD-TMD) and contains both half-size proteins, known as WBC
(white—brown complex) and full-size proteins, known as PDR (pleiotropic drug
resistance) transporters. Full-size ABCG/PDR transporters have to date only been
found in plants, fungi, oomycetes, brown algae, and slime molds (Kang et al. 2011).

In plants, a large number of full-size ABCG transporters have been identified
and organized into five distinct clusters (Crouzet et al. 2006; Fig. 1). SpABCG1/
SpTUR?2 from Spirodela polyrrhiza was the first plant ABCG transporter to be
identified (Smart and Fleming 1996) and was later suggested to be involved in the
biotic stress response (van den Brile et al. 2002). Although several ABCG isoforms
have been linked to the response to biotic and/or abiotic stress by now, the majority
of the isoforms have not been fully characterized yet (Table 1). Here we summarize
the advances made in identifying the expression and function of ABCG transporters
in relation to the complex response mechanisms of plants to biotic stress.

2 Two Nicotiana Isoforms, NpPDR1 and NtPDRI,
Are Involved in Pathogen Defense

Plants possess a large number of ABC transporters in comparison to other organ-
isms, such as mammals Rea (2007). These transporters have been found to function
in various physiological processes, playing for example a role in the extrusion of
metabolites before their concentration reaches cellular toxic levels. Looking at the
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Fig.1 Phylogenetic analysis of plant ABCG/PDR sequences. Full-length protein sequences of all
Arabidopsis thaliana and Oriza sativa PDR transporters as well as of PDR transporters from other
species mentioned in this chapter were aligned (T.Coffee) and a phylogenetic tree determined
(Maximum Likelihood) using Phylogeny.fr (www.phylogeny.fr; Dereeper et al., 2008) with
100 bootstrap replicates. The five clades numbered I-V are as in Crouzet et al. (2006). The
scale bar indicates the number of amino acid substitution per site. Accession numbers of
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high number of secondary metabolites that are synthesized upon the recognition of
biotic stress, it falls into place that ABC transporters are players in the complex
mechanism of plant defense. The first identified ABC transporter which was linked
to the biotic stress response is NpPDR1, formerly named NpABC1, which is an
ABCG/PDR transporter from Nicotiana plumbaginifolia (Jasinski et al. 2001). This
protein was identified under the assumption that ABC transporters are involved in
the secretion of metabolites under biotic stress conditions and that their expression
is regulated by various interrelated metabolic changes. In that particular study,
plants were treated with sclareolide, a close analog of the antifungal diterpene
sclareol which is produced at the leaf surface of Nicotiana species. The expression
of a 160 kD protein was induced under these conditions and was found to encode a
full-size ABCG transporter, NpPDR1 (Jasinski et al. 2001). Its expression was
shown to not only be induced by sclareolide but also by sclareol in
N. plumbaginifolia leaves and in cell cultures, and it was found to be localized to
the plasma membrane of the cell (Jasinski et al. 2001; Grec et al. 2003; Stukkens
et al. 2005). Along with the induction of NpPDR1 expression in cell cultures, the
cells acquired the ability to excrete radiolabeled sclareolide, supporting the hypo-
thesis that NpPDR1 is an active transporter of sclareol/sclareolide (Jasinski
et al. 2001). Sclareol is synthesized in the trichomes of Nicotiana ssp. (Guo and
Wagner 1995), which is also where NpPDR1 is expressed (Stukkens et al. 2005).
Secretion onto the leaf surface via the trichomes matches the distribution of sclareol
under biotic stress conditions, where it is believed to act as a protectant against
fungal invaders (Bailey et al. 1975; Stukkens et al. 2005).

As sclareol is considered to be a defense related secondary metabolite, the
influence of plant hormones that are related to the biotic stress response on
NpPDRI1 expression was tested. Whereas treatment with salicylic acid (SA) and
ethylene did not result in modulated NpPDR1 expression, treatment with methyl
jasmonate (MeJA) led to an increase in protein abundance (Grec et al. 2003). As a
plant hormone, MeJA initiates diverse metabolic processes in plants in response to
developmental or external signals. MeJA has been shown to induce diterpene
synthesis (Keinédnen et al. 2001), and it has also been shown to function as a signal
molecule playing a role in plant defense, particularly during herbivory and infes-
tation by necrotrophic pathogens (Schaller and Stintzi 2008). Infection of
N. plumbaginifolia by Botrytis cinerea, a necrotrophic fungus, induced the expres-
sion of NpPDRI1 in most leaf tissues, revealing a link between induced plant
defense and NpPDRI1 protein abundance (Stukkens et al. 2005). Most importantly,

Fig. 1 (continued) Arabidopsis thaliana (Aa, red) and Oriza sativa (Os, blue) full-size ABCG
(PDR) are given in Verrier et al. (2008). Solanaceae PDR are in green: Nicotiana tabacum
(Nt) PDR1 (Q76CU2), PDR3 (CAH39853), PDR5 (AFN42936); Nicotiana plumbaginifolia
(Np) PDR1 (Q949G3); Solanum tuberosum (St) PDR1 (AY165018), PDR2 (AY165019), PDR3
(AY165020), PDR4 (AY165021); Petunia hybrida (Ph) PDR1; PDR from other species are in
black: Catharanthus roseus (Cr) TPT2 (KC511771); Glycine max (Gm) PDR2 (CAKO03587);
Triticum aestivum (Ta) L34 (ADK62371); Spirodela polyrhiza (Sp) TUR2 (Z270524)
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silencing of NpPDRI by RNAi markedly increased the sensitivity of plants to
B. cinerea infection, providing the first demonstration of the role of an ABC
transporter in the biotic stress response (Stukkens et al. 2005). A possible explana-
tion for this is that an antimicrobial secondary metabolite, such as sclareol, is
excreted by NpPDR1 on the leaf surface whereas its export is limited in the
NpPDR]-silenced lines. Interestingly, NpPDR [ -silenced plants were spontaneously
infected by pathogens present in the greenhouse when grown under nonsterile
conditions, which occasionally also led to plant death, while the performance of
wild-type plants did not vary (Stukkens et al. 2005).

It is noteworthy that NpPDR1 expression is not only responsive to a single
diterpene but also shows induction after treatment with abietic acid and larixol, two
diterpenes that are structurally related to sclareol (Grec et al. 2003). Although the
original hypothesis was that expression of the transporter is induced by the presence
of its substrate (Jasinski et al. 2001), another possibility is that NpPDR1 expression
belongs to a general stress response, since the diterpenes that are added to the
medium are toxic for plant cells at certain concentrations. Though the substrate
spectrum of NpPDRI1 is not completely known to date, it is believed that sclareol
and/or a structurally related diterpene is secreted onto the surface of
N. plumbaginifolia leaves, thereby protecting the plant from pathogen infection.

In addition to trichomes, NpPDRU1 is constitutively expressed in plant roots and
petals (Stukkens et al. 2005). Soil-borne pathogens are major elicitors of biotic
stress below ground. Most root pathogens are necrotrophic meaning that they kill
their host (Okubara and Paulitz 2005). Roots of lines that are silenced in the
expression of NpPDRI were significantly more sensitive to infections by the
fungi B. cinerea, Fusarium oxysporum, and Rhizoctonia solani, and the oomycete
pathogen Phytophtora nicotianae. In the same manner, petals of NpPDRI-silenced
plants were more rapidly infected by B. cinerea than petals from wild-type
N. plumbaginifolia plants (Bultreys et al. 2009). This denotes that NpPDR1 plays
an important role in the response to pathogen attacks in roots in a similar manner to
above ground tissues, most likely by its ability to excrete a certain plant secondary
metabolite that is aiding in repelling pathogen invasion or in limiting its develop-
ment. Whether this metabolite is a diterpene is still unknown. Some ABC trans-
porters have a pleiotropic substrate specificity (Chufan et al. 2013). If this is the
case for NpPDRI, it is possible that it transports diterpenes at the leaf level and
other substrate/s in roots.

Sharing 84 % amino acid sequence identity, NtPDR] is the closest homologue of
NpPDRI in N. tabacum and in N. plumbaginifolia. However, they are not
orthologues since NtPDRI and NpPDRI orthologues (>98 % identity) were
found in both species. NtPDRI was originally identified in culture cells which
exhibited an induced expression after treatment with microbial elicitors or MeJA
(Sasabe et al. 2002). Supporting the hypothesis that NtPDR1 is involved in the
biotic stress response, elements in the transcription promoter, such as a GCC box,
W boxes, and JA-responsive elements have been identified (Schenke et al. 2003).
Recently, NtPDR1 was investigated in more detail. Its expression profile is similar,
at the organ level, to that of NpPDR1, being present in roots, leaves (particularly the
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epidermis), and flower organs. However, the expression of NtPDR1 and NpPDR1
differ at the cell type level. Indeed, NtPDRI1 is expressed in long trichomes on
leaves, stems, and petals (Crouzet et al. 2013). This is different from NpPDRI,
whose expression was determined in leaf and stem short trichomes and in the petal
epidermis instead of trichomes on flowers (Stukkens et al. 2005).

As mentioned above, NtPDR1 was shown to be induced by certain elicitors or
MelJA in culture cells (Sasabe et al. 2002). Confirming the induction of NtPDR1 by
MeJA in BY2 suspension cells, Crouzet et al. (2013) identified that the auxin
hormone naphthalene acid (NAA) and the diterpenes cembrene, sclareol, and
abietic acid also led to an increase in NtPDR1 expression while salicylic acid,
abscisic acid, gibberellic acid, the ethylene precursor 1-aminocyclopropane-1-
carboxlate, or the secondary metabolites berberine and quercetine did not. To
screen for substrates of NtPDR1, the protein was expressed in N. tabacum BY2
suspension cells and a range of secondary metabolites were added to the culture
medium. Based on the features of ABC transporters which mostly act as exporters,
and the fact that NtPDR1 is a plasma membrane-localized protein, the sensitivity of
the cells toward a certain metabolite was assayed. Cells overexpressing NtPDR1
were more resistant to the presence of the four diterpenes that were tested (sclareol,
manool, abietic acid, and dehydroabietic acid) when compared to the wild-type or
control cells, whereas none of the other metabolites that were tested led to a growth
difference between the wild-type and NtPDR1 overexpressing cell cultures
(Crouzet et al. 2013). Using a radiolabelled analog of the diterpene sclareol, direct
transport studies using these culture cells identified that NtPDR1 is truly a trans-
porter of sclareol and it is therefore believed that it plays a role in the plant defense
mechanism against biotic threats (Crouzet et al. 2013).

3 NtPDRS Is Involved in Herbivore Resistance

Herbivores, such as caterpillars, are major threats to plants and trigger plant defense
responses upon their attack (Heiling et al. 2010; Onkokesung et al. 2010). Upon
caterpillar feeding, the plant activates the synthesis of secondary metabolites which
function as chemical defense compounds (Kessler and Baldwin 2001; Steppuhn
et al. 2004). Increasing evidence suggests that secondary metabolite secretion into
the apoplast, onto the plant surface, or into the rhizosphere is connected to the
function of full size ABCG transporters, and it was proposed that these transporters
are involved in the secondary metabolite-based response against herbivores
(Kretzschmar et al. 2011). Following this hypothesis, an ABCG transporter from
N. tabacum, NtPDRS5, was tested for its involvement in herbivore resistance. The
protein is expressed at low levels in leaf tissues under standard growth conditions
and is induced after exposure to MeJA, suggesting that NtPDRS is involved in the
biotic stress response (Bienert et al. 2012). Treatment with MeJA leads to numerous
responses in plants and interestingly, it also elicits herbivore resistance in many
plant species (Baldwin 1998). To test whether NtPDR5 expression not only
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responds to treatment with a plant hormone but directly to the presence of a
herbivore, larvae of the N. tabacum specialist Manduca sexta were placed onto
N. tabacum plants. NtPDRS expression was strongly induced by M. sexta feeding,
but only in close proximity to the feeding site (Bienert et al. 2012). It is not clear
how this very strong but local expression can be explained, but it might be linked to
the physiological role of the protein under these conditions and the substrate that is
transported by NtPDRS in the damaged leaf area. The importance of NtPDRS5
expression under M. sexta feeding is striking as plants that are silenced in
NtPDRS5 expression allow much faster growth and development of the caterpillars
compared to larvae feeding on wild-type plants (Bienert et al. 2012).

In N. attenuata, a number of secondary metabolites have been shown to be
induced upon M. sexta feeding (e.g., nicotine or diterpene glycosides) (Steppuhn
et al. 2004; Heiling et al. 2010). In NtPDR5-silenced plants, none of the major
secondary metabolites that are known to function in caterpillar defense were
identified to be differentially regulated compared to wild-type plants under cater-
pillar feeding (Bienert et al. 2012). As the expression is only induced in close
proximity to the feeding site it might indicate that NtPDRS5 has an important
function directly at the wounded leaf area. Potentially, NtPDRS5 has a role in
deterring continuous feeding, or in the wound repair and healing to limit the
damage caused by the caterpillar. Taken together, this means that an important
metabolite that most likely represents the substrate of NtPDRS and which might be
an important factor in the defense response of N. tabacum to M. sexta feeding
remains to be identified.

4 An ABCG Transporter of Catharanthus roseus
Is a Catharanthine Transporter

Recently, an ABCG transporter from Catharanthus roseus, CrTPT2, was identified
and characterized. It is predominantly expressed in the epidermis of young leaves
and functions in the secretion of catharanthine on the leaf surface (Yu and De Luca
2013). The C. roseus epidermis of young leaves is an active place where synthesis
of many different secondary metabolites is taking place. Amongst those, various
monoterpenoid indol alkaloids are being synthesized, one of which is catharanthine
whose function is possibly related to herbivore feeding deterrence (Yu and De Luca
2013). Catharanthine accumulates in the wax exudates on the leaf surface where its
biological activity might be most potent (Roepke et al. 2010). Interestingly, silenc-
ing CrTPT2 resulted in a decreased catharathine level on the leaf surface, whereas
the concentration within the leaf increased by more than ten times (Yu and De Luca
2013; see chapter “Transport of monoterpenoid indole alkaloids in Catharanthus
roseus”).

CrTPT2 clusters phylogenetically with the ABCG transporters AtABCG32/
AtPDR4, OsSABCG31/OsPDR6, and HYABCG31/HvPDR6, which are known to be



148 M.D. Bienert et al.

involved in cuticle assembly. AtABCG32 is believed to export particular cutin
precursors from epidermal cells, and a HYABCG3 1 mutant exhibited a thin cuticule,
suggesting a reduced deposition of cutin on the leaf surface (Bessire et al. 2011;
Chen et al. 2011). The cuticle represents an important factor in creating a barrier
against pathogen invasion, and its proper composition contributes in defeating
pathogen attacks. As suggested for NpPDR1 and NtPDR1, CrTPT2 is an exporter
of a secondary metabolite onto the leaf surface, strengthening the idea that certain
ABC transporters are indeed important in the deposition of biologically active
metabolites onto the leaf surface, which for example aid in the defense against
biotic threats. Catharanthine is not only known as an important natural cancer drug
but also seems to have a defensive role in plants, as it is toxic to insects and inhibits
the growth of fungal spores (Roepke et al. 2010). Similar to NpPDRI, CrTPT2
expression is induced by MeJA (Yu and De Luca 2013) and also the abundance of
its substrate, catharanthine, is transcriptionally regulated by the jasmonate-
signaling pathway (Zhou et al. 2010) linking CrTPT2 expression and function to
the biotic stress response.

S ABCG Transporters in Arabidopsis thaliana
Are Involved in Biotic Stress Responses

Arabidopsis serves as a model plant for which a large number of molecular tools are
available. These tools are used to study numerous physiological processes in order
to gain insights into complex mechanisms. Genevestigator has been utilized to
identify genes involved in the biotic stress response, and more precisely to investi-
gate the transcriptional profile of various ABC transporters in response to jasmonic
acid (JA) and SA, two hormones that are well described in relation to the biotic
stress response. Hence, several ABCG transporters are upregulated in response to
the presence of JA or SA, suggesting that these transporters are linked to pathogen
defense and/or the interaction between plants and microorganisms (Kang
et al. 2011). Two of them have been characterized in detail and will be described
in the following.

6 AtABCG36/AtPDRS8 Accumulates at Pathogen Entry
Sites and Impacts Pathogen Resistance

AtABCG36/AtPDRS, also called PEN3, was shown to be a player in pathogen
defense in a forward genetic screen initiated to identify components in the nonhost
resistance of Arabidopsis (Stein et al. 2006). One of the mutants utilized in that
study which allowed the increased penetration of the barley powdery mildew
Blumeria graminis f. sp hordei was identified to carry a mutation in the ABCG
transporter AtABCG36/AtPDR8/PEN3 (Stein et al. 2006). AtABCG36/PEN3 is a
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plasma membrane-localized transporter and it was speculated that it is involved in
either the export of toxic compounds, thereby limiting fungal penetration or the
detoxification of fungal toxins. In addition to allowing a higher penetration rate,
the pen3 mutant showed an increased frequency in the formation of elongating
secondary hyphae. The decrease in nonhost resistance of the pen3 mutants was
further confirmed using other non-host pathogens, namely Plectosphaerella
cucumerina, Erysiphe pisi, and Phytophthora infestans. In all cases, infection of
the pen3 mutant resulted in an increased penetration rate compared to the wild type
suggesting that the mutation renders the entry of multiple nonhost pathogens
possible (Stein et al. 2006). Surprisingly, pen3 mutants exhibited increased resis-
tance towards the Arabidopsis powdery mildew which, when infecting pen3 plants,
was associated with an increase in chlorosis and necrosis (Stein et al. 2006).
Chlorotic and necrotic lesions on pen3 mutant plants were also observed after
infection with B. cinerea, P. cucumerina, and Phakopsora pachyrhizi (Stein
et al. 2006; Loehrer et al. 2008). Genetic crosses with different mutants revealed
that AtABCG36/PEN3 functions in a SA-dependent manner and that the SA
pathway is hyperactivated in the mutant (Stein et al. 2006). This is a probable
explanation for the increased resistance of the plants toward the Arabidopsis
powdery mildew infection, as the fungus is an obligate biotroph proliferating on
living tissues. In the same year, AtABCG36/PEN3 was shown to elevate the basal
plant defense against the bacterial pathogen Pseudomonas syringae pv. tomato
DC3000 (Kobae et al. 2006). However, this result was recently questioned by Xin
et al. (2013) who found that the pen3 mutant displayed decreased resistance against
the same bacterial strain (Xin et al. 2013). Whereas Kobae and coauthors identified
the pen3 mutant to have constitutive elevated expression of defense-related genes,
Xin and coauthors did not obtain the same result and highlighted that the increased
sensitivity of the pen3 mutants to abiotic and biotic stresses might under certain
growth conditions influence plant performance.

To gain more insights into the function of AtABCG36/PEN3 in relation to fungal
and bacterial infections, GFP was fused to AtABCG36/PEN3. The protein was
found to be constitutively present and equally distributed in epidermal and meso-
phyll cells under standard growth conditions (Stein et al. 2006; Xin et al. 2013;
Underwood and Somerville 2013). However, upon pathogen infection, PEN3-GFP
accumulated at the entry sites of the fungus B. graminis f. sp hordei and the
bacterium P. syringae pv. tomato DC3000 (Stein et al. 2006; Xin et al. 2013).
Similar to pathogens, the bacterial elicitor fig22 induced PEN3 expression and led
to a strong focal accumulation of PEN3-GFP, suggesting that AtABCG36/PEN3
accumulates at the bacterial entry site (Xin et al. 2013). This was confirmed, as
infection studies with a fluorescence-marker labeled bacterial strain showed that the
focal accumulation of PEN3-GFP was associated with the presence of the bacteria
(Xin et al. 2013). Flg22 is derived from the bacterial flagellin and is commonly used
as an elicitor of pathogen-associated molecular patterns (PAMP). Another PAMP is
hydrolyzed chitin, which is associated with the cell walls of fungal pathogens and
insects. It was recently shown that in addition to flg22, chitin is recruiting PEN3 to
the simulated pathogen detection sites by the perception of the elicitor signal
(Underwood and Somerville 2013). In agreement with this, AtABCG36/PEN3 is
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not targeted to particular sites in flagellin receptor and chitin receptor mutants in
response to treatment with the corresponding elicitor. This implies that specific
elicitor receptors are necessary for the focal accumulation of AtABCG36/PEN3 in
response to biotic stress (Underwood and Somerville 2013).

In wild-type plants, fig22 treatment leads to a typical defense-response in the
form of callose deposition on the cell surface (Clay et al. 2009). Interestingly, these
callose rings that are induced by flg22 colocalize to a large extent with the focally
accumulated PEN3-GFP protein (Underwood and Somerville 2013). In the pen3
mutant, callose deposition in response to flg22 treatment is impaired, which sup-
ports a positive role of AtABCG36/PEN3 in the resistance to bacterial pathogens
(Clay et al. 2009). Furthermore, treatment of pen3 plants with flg22 prior to
infection with P. syringae pv. tomato DC3000 increased the susceptibility toward
the bacteria compared to wild-type plants in which the priming increased the
resistance toward the pathogen (Xin et al. 2013). As the lack of AtABCG36/PEN3
in the mutants resulted in significantly reduced callose deposition upon flg22
treatment compared to the wild type, this might partially explain the lack of priming
effect by the elicitor in these plants.

How PEN3 specifically contributes to biotic stress resistance remains mysterious
as long as its specific substrate/s in this physiological context is/are not identified. It
was speculated that this ABCG transporter exports a fungal toxin or rather specific
antimicrobial metabolites (Stein et al. 2006). Identification of this/these metabolite/
s will aid in understanding how this transporter is able to impact pathogen resis-
tance and why focal accumulation is initiated upon infection. AtABCG36/PEN3 is
also required for callose deposition in response to bacterial elicitor treatment (Clay
et al. 2009). Callose deposition might influence pathogen proliferation, but in which
manner AtABCG36/PEN3 contributes to this process remains to be identified.

In addition to pathogen resistance, AtABCG36/PEN3 has been associated with
heavy metal resistance as a cadmium extrusion pump (Kim et al. 2007) and with the
export of the auxin precursor IBA (Strader and Bartel 2009; see chapter “IBA
Transport by PDR Proteins”). How cadmium and/or IBA could influence pathogen
resistance is not clear. In any case, AtABCG36/PEN3 belongs to the family of the
pleitropic drug resistance transporters, some of which are known to transport a large
variety of substrates with little common structure in yeast (Rogers et al. 2001).
Multiple substrate-binding sites in the cavity of the transporters might explain this
feature of this protein family across organisms and might indicate that AtABCG36/
PEN3 is a protein that has an impact on multiple physiological processes.

7 AtABC40/AtPDR12 Expression Is Regulated in Response
to Biotic Stress Signals

Inoculation by pathogens also impacts the gene expression of other ABC trans-
porters in Arabidopsis. ATABCG32/AtPDR4 has been shown to be downregulated
after infection with powdery mildew, whereas AtABCG40/AtPDR12 is upregulated
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(Nishimura et al. 2003; Stein et al. 2006). AtABCG40 was the first ABCG trans-
porter that was shown to be transcriptionally responsive to pathogen infections in
Arabidopsis. Inoculation with the incompatible fungal pathogen Alternaria
brassiciola, the compatible fungal pathogens Sclerotinia sclerotiorum and
F. oxysporum, and the compatible bacterial pathogen P. syringae pv. tomato
DC3000 resulted in an increase in AtABCG40 expression, suggesting that this
ABC transporter is involved in the biotic stress response (Campbell et al. 2003).
However, a knockout mutant in AtABCG40 did not display any altered susceptibil-
ity in response to pathogen inoculation (Campbell et al. 2003), implying that
AtABCG40 does not play a dominant role in the resistance toward the tested
pathogens. AtABCG40 is also transcriptionally regulated by treatment with the
antifungal diterpene sclareol (van den Brile and Smart 2002; Campbell
et al. 2003; Seo et al. 2012), and the AtfABCG40 mutant showed a reduced
germination rate and reduced root growth on media containing 50 pM sclareol
(Campbell et al. 2003). Therefore, AtABCG40 is likely to be involved in the
detoxification of sclareol from the plant which would explain why the mutant is
more sensitive to the metabolite than wild-type plants (Campbell et al. 2003).
Although Arabidopsis has not been shown to synthesize sclareol endogenously,
these findings might indicate that AtABCG40 is involved in the transport of an
antimicrobial secondary metabolite with a secondary structure similar to sclareol.

Recently, sclareol was shown to have an impact on resistance towards the soil-
borne bacterial pathogen Ralstonia solanacearum. Interestingly, pretreatment of
wild-type Arabidopsis plants with sclareol inhibited bacterial growth and this effect
was attenuated in A”ABCG40 knockout mutants (Seo et al. 2012). It appears that the
induction of AtABCG40 expression by sclareol is important for conferring resis-
tance towards bacterial infection in Arabidopsis. Sclareol and another labdane-type
diterpene, cis-abienol, were shown to be synthesized in N. tabacum upon
R. solanacearum infection, giving a direct hint that these secondary metabolites
play arole in the defense against this pathogen (Seo et al. 2012). Antimicrobials are
known to inhibit the growth of fungi as well as bacteria. Seo and coworkers were
able to show that treatment with sclareol prior to R. solanacearum infection
decreased not only bacterial proliferation on Arabidopsis but also on N. tabacum
and Solanum tuberosum plants without having direct antimicrobial activity on the
pathogen nor by changing its pathogenicity. Similarly to the AtABCG40 mutant,
silencing of NtPDRI, a close homologue of AfABCG40 in tobacco, attenuated the
priming of sclareol which limited the growth of bacteria on wild-type N. tabacum
plants (Seo et al. 2012). Since sclareol is also toxic for plant cells (Crouzet
et al. 2013), one hypothesis is that sclareol toxicity induces a stress response that
protects the plant against pathogens.

In addition to sclareol, AtABCG40 has been shown to transport abscisic acid
(ABA) (Kang et al. 2010; see chapter “ABA Transport by ABCG Transporter
Proteins”). Recently it was suggested, that the induction of AtfABCG40 gene
expression by sclareol influences ABA mobility by changing the abundance of
the transporter (Seo et al. 2012). Furthermore, the AtABCG40 knockout mutant has
been shown to be more sensitive to lead (Lee et al. 2005). The mutants contained a
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higher amount of lead after exposure compared to the wild type and grew slower on
lead containing media. By studying the role of glutathione in the ABC transporter
mutant background it became clear that ArABCG40 functions independently of the
glutathione detoxification pathway (Lee et al. 2005) and that there has to be an
additional mechanism of detoxification. The type of substrate AtABCG40 is
transporting in response to heavy metal stress remains to be elucidated, but it
might be yet another secondary metabolite different from ABA and sclareol.

In respect to pathogen resistance, lignin accumulation is a way for the plant to
defeat pathogen invasion (Raes et al. 2003). Interestingly, sclareol increased the
level of thioglycolic acid lignin, which might indicate that sclareol has a function in
respect to this physiological process (Seo et al. 2012). Indeed, an ABCG trans-
porter, AtABCG29/AtPDR1, was shown to transport p-coumaryl alcohol which is a
monolignol lignin precursor, across the plasma membrane (Alejandro et al. 2012).
It is possible that AtABCG40 might have a similar function in response to biotic
stress as AtABCG29. However, whether the different phenotypes of the AtABCG40
mutant can be related to a common substrate or whether this transporter has a role in
different physiological pathways due to its pleiotropic nature remains to be inves-
tigated in the future.

8 Wheat PDR Transporters Confer Durable Resistance
Against Pathogens

Infections by fungi, bacteria, and viruses are important factors in agricultural
management and the development of modern agriculture. The introduction of
resistance genes in cultivars that are used for food and feed production is one of
the major goals of plant breeding. Many genes have been identified to play a role in
the resistance of crop plants to biotic stress. As demonstrated in a transcriptomic
study on wheat (Triticum aestivum) infected by the barley yellow dwarf virus, a
large number of genes are transcriptionally regulated upon infection (Wang
et al. 2013). Among these genes, ABCG transporters have been identified to be
upregulated and are therefore most likely linked to the biotic stress response.

In respect to pathogen resistance, the quantitative resistance marker Lr34 has
been intensively used in wheat breeding programs for over 100 years without losing
its efficiency (Kolmer et al. 2008). When compared to gene—gene resistance this
marker functions in the gene-durable resistance against multiple pathogens. Lr34
has been associated with conferring resistance to leaf rust (Puccinia triticina), stripe
rust (P. striiformis), stem rust (P. graminis), and powdery mildew (Blumeria
graminis), as well as with leaf tip necrosis (Dyck et al. 1966; Dyck 1987, 1991;
Mclntosh 1992; Singh 1992; Spielmeyer et al. 2005). In addition, it was also found
to be genetically associated with resistance to the spot blotch disease (Lillemo
et al. 2013). Lr34 has recently been identified to encode an ABC transporter of the
PDR subfamily (Krattinger et al. 2009). The resistant allele of Lr34 was shown to
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harbor two mutations leading to two amino acid substitutions in the first transmem-
brane domain which connects the two nucleotide-binding domains (Krattinger
et al. 2009). This may result in an altered structure, substrate specificity or affinity,
protein stability, or activity of the protein (Krattinger et al. 2013).

The expression of Lr34 during leaf tip necrosis is independent of pathogen
infection and is most apparent late in plant development. Indeed, a marker gene
that is expressed in relation to senescence, HvS40, was shown to correlate with leaf
tip necrosis and therefore with the expression of Lr34 (Krattinger et al. 2009). Thus,
it is possible that Lr34 plays a role during senescence-like processes, potentially via
the export of senescence-related compounds during leaf tip necrosis (Krattinger
et al. 2009; Risk et al. 2012).

Introducing the resistant Lr34 allele (Lr34res) in two leaf rust susceptible wheat
backgrounds resulted in leaf rust resistant plants comparable to plants carrying the
Lr34 resistant allele endogenously (Risk et al. 2012). Reduced colony growth and
smaller infection sites were seen in the susceptible backgrounds carrying the
transgene compared to the non-transformed control. In addition, Lr34-associated
induced leaf tip necrosis was also detected and it was suggested that elevated
Lr34res expression increases the symptoms of leaf tip necrosis (Risk et al. 2012).
Interestingly, these phenotypes were independent of an increased hypersensitive
response, altered callose deposition, or increased pathogenesis-related (PR) gene
expression in the transgenic line, suggesting that Lr34 functions independently of
these biotic stress responses. These experiments demonstrate that the expression of
the resistant allele carrying this ABCG transporter can be successfully introduced in
susceptible wheat varieties and can be utilized to reach the maximal efficiency of
this protein in plant breeding (Risk et al. 2012).

Wheat Lr34 has also been used to test its potential to confer broad-spectrum
resistance in barley (Hordeum vulgare) (Risk et al. 2013). Barley does not carry an
endogenous homolog or ortholog of Lr34 (Krattinger et al. 2011), making it an
interesting grass species to test the functionality of the wheat resistance gene in this
organism. The complete genomic sequence of Lr34res including the putative
promoter sequence and the native terminator was introduced into barley
cv. Golden Promise (Risk et al. 2013). Transgenic plants expressing the full-length
genomic Lr34res sequence showed a strong resistance against barely leaf rust and a
reduction in the severity of barley powdery mildew infections. Wheat stem rust is
also infectious on barley but grows more slowly. Barley plants expressing wheat
Lr34res were also infected with this pathogen, but the infection sites failed to grow
(Risk et al. 2013). Additionally, expression of wheat Lr34res in barley led to
elevated PR gene expression prior to infection by pathogens and the plants showed
symptoms of premature senescence, which is indicative of the leaf tip necrosis
phenotype seen in wheat (Risk et al. 2013). Gene expression analysis however
showed that the transgene expression throughout the plant growth cycle is compa-
rable to the Lr34res expression in transgenic wheat which does not show premature
senescence (Risk et al. 2012, 2013). This may indicate posttranscriptional regula-
tions of the protein in wheat that is absent in barley, which may be overcome by
using pathogen-inducible or cell type-specific promoters.
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In summary, these studies on wheat and barley nicely demonstrate that an ABCG
transporter can be used to gain pathogen resistance, not only in the endogenous host
species but also in related plant species. The substrate of Lr34 in the context of
senescence and pathogen resistance remains to be identified, but it is possible that
the pleiotropic features of ABCG transporters and the ability to transport multiple
substrates might explain the durable resistance phenotype that is associated with the
resistant allele of this gene.

9 Gene Expression of ABCG Transporters Is Regulated
Upon Biotic Stress and Hormone or Pathogen Treatment
in Various Plant Species

Since ABCG transporters have been associated with the biotic stress response,
several studies have shown that gene expression of certain ABCG transporters is
regulated in respect thereof. In 2001, an Oryza sativa (rice) ABC gene was found to
be transcriptionally regulated after infection by a blast fungus (Pyricularia grisea)
(Xiong et al. 2001). A thorough study on rice ABCG gene expression upon
treatment with different elicitors revealed that the response to treatment with JA
had an effect on the expression level of most members of this subfamily.
In particular, OsPDR9 was markedly induced by treatment with JA in rice roots
(Moons 2003, 2008). In addition, OsPDRI1, OsPDR3, OsPDRS5, OsPDRS, and
OsPDR17 are upregulated in their expression, suggesting that these genes play a
role in pathogen defense, wounding response, or the export of secondary meta-
bolites (Moons 2008). In this respect, OsPDR9 and OsPDRI17 were shown to be
transcriptionally upregulated in roots of a resistant rice variety that was infected
with the parasitic plant Striga hermonthica, while this was not the case for the
susceptible rice variety (Swarbrick et al. 2008).

Unlike JA, SA is associated with the local apoptotic hypersensitive response and
the establishment of systemic acquired resistance during pathogen attack. This
plant hormone greatly induced the expression of OsPDR20 and to a lesser extent
OsPDR3 (Moons 2008). As the constitutive expression of the ABCG genes in rice
roots is not common, it was suggested that ABCG gene expression is induced on
demand after a certain stimulus is sensed and the transporter and its function are
required.

In S. tuberosum (potato), four ABCG isoforms have been cloned and studied for
their response to biotic stress elicitors (Ruocco et al. 2011). Cell cultures were used
as a model system to investigate the expression patterns of the isoforms following
specific treatments. Low expression of StPDRI was observed throughout the
experiment, and none of the elicitors led to the induction of transcript abundance.
However, a decrease in expression was seen after treatment with B. cinerea cell
walls, 4,15-diacetoxyscirpenol, and sclareol. StPDR?2 exhibited increased expres-
sion after treatment with B. cinerea cell walls, sclareol, 2,4-dichlorophenoxyacetic
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acid, sulfometuron methyl, and sodium chloride. StPDR3 was constitutively
expressed and rather downregulated by most of the added compounds. The expres-
sion of StPDR4 was only slightly influenced throughout the experiments (Ruocco
et al. 2011). Most interestingly, infection of potato plants by P. infenstans led to the
tremendous upregulation of StPDR/ and StPDR2 expression in leaves at 48 h post
infection, and the timing of induction matched the necrotic phase of infection where
the transporters might potentially be important for the transport of a secondary
metabolite functional at this stage of the biotic stress response. Infection by
P. infestans can be divided into different phases; starting with the invasion followed
by a biotrophic phase and ending with a necrotic phase. A slight induction of
StPDR3 and StPDR4 was also observed throughout the experiment. Whereas the
StPDR3 transcript increased consistently over 48 h and then dropped again, expres-
sion of StPDR4 increased for up to 24 h, then decreased again, only to increase once
more at 96 h post infection. StPDR3 might accordingly play a role during the early
stages of infection, reaching its maximum at the successful establishment of the
necrotic phase, and StPDR4 might be important at both the early and very late
stages of infection. StPDR?2 is the most homologous isoform to NpPDRI, and its
induction by sclareol makes it the most promising candidate as a functional
transporter in the biotic stress response (Ruocco et al. 2011).

The expression of ABCG transporters has also been studied in legumes. The
identification of a soybean (Glycine max) ABCG transporter (GmPDR12) which is
induced by SA and MeJA is an indication that these transporters also play a role in
pathogen resistance in this plant species. GmPDR12 was identified in a screen for
genes that are induced by SA in soybean culture cells, and its promoter harbors
multiple sequences that are known to be important in genes that are involved in the
SA response pathway (Eichhorn et al. 2006). Hypothetically, the encoded protein is
involved in limiting pathogen infection by the transport of a secondary metabolite
that either strengthens the cell wall locally, or defeats pathogen invasion in another
way. However, the substrate/s of the transporter remains unknown, and further
insights into its specific functions will most certainly be gained by the identification
of such.

10 Desired Interactions Between Plants
and Microorganisms

Symbiosis between plants and beneficial microorganisms is a common feature seen
in nature. Flavonoids are secondary metabolites found in the root exudates of
legumes with the aim to attract rhizobia with the ability to fix atmospheric nitrogen
and deliver it to the plant. Genistein is one flavonoid found in the root exudate of
soybean that functions in the communication between the plant and symbiotic
rhizobia. Interestingly, genistein has been suggested to be a substrate of an ABC
transporter in soybean roots (Sugiyama et al. 2007, 2008).
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ABCG transporters of the half-size family were shown to be major contributors
for the establishment of a functional symbiosis between mycorrhiza fungi and
Medicago truncatula as well as O. sativa (Zhang et al. 2010; Gutjahr et al. 2012).
Strigolactones, which have been described to be of major importance in the root
exudates to promote fungal metabolism and hyphal branching (Akiyama
et al. 2005; Besserer et al. 2006), have been speculated to be a substrate of the
ABCG transporters STR and STR2 in M. truncatula (Zhang et al. 2010), but are
most likely not (Gutjahr et al. 2012). However, in Petunia hybrida one ABCG
transporter, PDR1, was shown to be regulated in its expression by colonization of
mycorrhiza fungi and treatment with a synthetic strigolactone analogue, GR24
(Kretzschmar et al. 2012). In an analysis of the root exudate of the PhPDRI
mutants, the strigolactone orobanchol was shown to be present in a lower quantity
compared to the wild type. Interestingly, the concentration of the compound in root
extracts did not differ from the wild type, suggesting that the secretion of this
molecule is impaired in the mutants, that the synthesis is driven to its maximal
extent, and that the reduced colonization phenotype of the mutants can be explained
by a lack of strigolactone exudation (Kretzschmar et al. 2012).

Additional information on the ABCG transporters that are involved in symbiotic
interactions can be found in chapter “Defence, symbiosis and ABCG transporters.”

11 Conclusion

While several ABC transporters seem to be involved in transporting toxic second-
ary metabolites that protect the plant against animals, insect herbivores, and
microorganisms, as well as in transporting signaling molecules important in the
establishment of symbiosis, it appears that the metabolites which are transported
vary according to the transporter and the species, reflecting the large diversity of
secondary metabolism in plants. The importance of ABCG transporters in confer-
ring resistance towards fungal, bacterial, and insect pathogens has been shown in
different ways ranging from gene expression analysis across various phenotypes, to
identifying substrates that function in the biotic stress response. Though the number
of characterized ABCG isoforms has increased over the last years (Table 1), the
substrate or substrate spectrum of the transporters remains largely unknown, which
represents a major bottleneck in understanding the physiological functions of these
proteins.

At the leaf level, much progress has been made in understanding the importance
of ABC transporters in the complex mechanism of the biotic stress response.
Though phenotypes point toward critical functions that are doubtlessly linked to
the transport of a plant metabolite to the plant—pathogen interface, little is known
about the actual compound that is involved in the process. Advances have been
made using cell cultures and applying different secondary metabolites that possibly
function in plant defense. However, relatively little success has until now been
achieved when studying the metabolite profiles or the exudates of ABC transporter
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mutants. It is still unclear whether plant ABC transporters, and PDR transporters in
particular, have this astonishing property similar to some animal and fungal ABC
transporters to transport a large range of structurally distinct substrates.

The plant root system is hidden below ground, but is extremely important for the
communication between plants themselves, plants and soil-borne pathogens, as
well as plants and symbiotic partners. ABCG transporters are largely expressed in
roots, and here the importance in secreting root exudates has been proven for some
Arabidopsis isoforms (Badri et al. 2009). One interesting avenue for further studies
would be to shed more light into secretion mechanisms happening below ground
that involve ABC transporter-mediated metabolite transport and that are important
for the edaphon.

Interestingly, ABC transporters were also identified to play important roles in
some plant pathogens. An ABC transporter from B. cinerea has for example been
shown to be important for the detoxification of the plant fungitoxin camalexin
which is secreted in response to abiotic and biotic stress in Arabidopsis (Stefanato
et al. 2009). Likewise, mutation of an ABC transporter of B. cinerea infecting
grapevine results in increased sensitivity to resveratrol, which acts as a plant
defense compound (Schoonbeek et al. 2001). This points toward a fine-tuned
mechanism to secrete defense or undesired molecules from endogenous cells,
involving ABC transporters in each partner of the interaction.

In conclusion, it is extremely fascinating that this transporter family is ubiqui-
tously utilized across organisms of different kingdoms, transporting metabolites to
keep the endogenous cells vital, and communicate between cells and between
organisms. Expanding the knowledge on the substrate spectrum of the individual
transporters will be indispensable to understanding the physiological impact of this
protein family and will certainly entail a deeper understanding of the transport
mechanisms occurring under biotic stress.

References

Alejandro S, Lee Y, Tohge T, Sudre D, Osorio S, Park J, Bovet L, Lee Y, Geldner N, Fernie AR,
Martinoia E (2012) AtABCG29 is a monolignol transporter involved in lignin biosynthesis.
Curr Biol 22:1207-1212

Akiyama K, Matsuzaki K, Hayashi H (2005) Plant sesquiterpenes induce hyphal branching in
arbuscular mycorrhizal fungi. Nature 435:824-827

Atkinson NJ, Urwin PE (2012) The interaction of plant biotic and abiotic stresses: from genes to
the field. J Exp Bot 63:3523-3543

Badri DV, Quintana N, El Kassis EG, Kim HK, Choi YH, Sugiyama A, Verpoorte R, Martinoia E,
Manter DK, Vivanco JM (2009) An ABC transporter mutation alters root exudation of
phytochemicals that provoke an overhaul of natural soil microbiota. Plant Physiol 151:
2006-2017

Bailey JA, Carter GA, Burden RS, Wain RL (1975) Control of rust diseases by diterpenes from
Nicotiana glutinosa. Nature 255:328-329

Baldwin IT (1998) Jasmonate-induced responses are costly but benefit plants under attack in native
populations. Proc Natl Acad Sci U S A 95:8113-8118



158 M.D. Bienert et al.

Besserer A, Puech-Pages V, Kiefer P, Gomez-Roldan V, Jauneau A, Roy S, Portais JC, Roux C,
Becard G, Sejalon-Delmas N (2006) Strigolactones stimulate arbuscular mycorrhizal fungi by
activating mitochondria. PLoS Biol 4:¢226

Bessire M, Borel S, Fabre G, Carraga L, Efremova N, Yephremov A, Cao Y, Jetter R, Jacquat AC,
Métraux JP, Nawrath C (2011) A member of the PLEIOTROPIC DRUG RESISTANCE family
of ATP binding cassette transporters is required for the formation of a functional cuticle in
Arabidopsis. Plant Cell 23:1958-1970

Bienert MD, Siegmund SEG, Drozak A, Trombik T, Bultreys A, Baldwin IT, Boutry M (2012) A
pleiotropic drug resistance transporter in Nicotiana tabacum is involved in defense against the
herbivore Manduca sexta. Plant J 72:745-757

Bultreys A, Trombik T, Drozak A, Boutry M (2009) Nicotiana plumbaginifolia plants silenced for
the ATP-binding cassette transporter gene NpPDR I show increased susceptibility to a group of
fungal and oomycete pathogens. Mol Plant Pathol 10:651-663

Campbell EJ, Schenk PM, Kazan K, Penninckx IA, Anderson JP, Maclean DJ, Cammue BP,
Ebert PR, Manners JM (2003) Pathogen-responsive expression of a putative ATP-binding
cassette transporter gene conferring resistance to the diterpenoid sclareol is regulated by
multiple defense signaling pathways in Arabidopsis. Plant Physiol 133:1272—-1284

Chen G, Komatsuda T, Ma JF, Nawrath C, Pourkheirandish M, Tagiri A, Hu YG, Sameri M, Li X,
Zhao X, Liu Y, Li C, Ma X, Wang A, Nair S, Wang N, Miyao A, Sakuma S, Yamaji N,
Zheng X, Nevo E (2011) An ATP-binding cassette subfamily G full transporter is essential for
the retention of leaf water in both wild barley and rice. Proc Natl Acad Sci U S A 108:
12354-12359

Chufan EE, Kapoor K, Sim HM, Singh S, Talele TT, Durell SR, Ambudkar SV (2013) Multiple
transport-active binding sites are available for a single substrate on human P-glycoprotein
(ABCB1). PLoS One 8:€82463

Clay NK, Adio AM, Denoux C, Jander G, Ausubel FM (2009) Glucosinolate metabolites required
for an Arabidopsis innate immune response. Science 323:95-101

Crouzet J, Trombik T, Fraysse AS, Boutry M (2006) Organization and function of the plant
pleiotropic drug resistance ABC transporter family. FEBS Lett 580:1123—-1130

Crouzet J, Roland J, Peeters E, Trombik T, Ducos E, Nader J, Boutry M (2013) NtPDR1, a plasma
membrane ABC transporter from Nicotiana tabacum, is involved in diterpene transport.
Plant Mol Biol 82:181-192

Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F, Dufayard JF, Guindon S,
Lefort V, Lescot M, Claverie JM, Gascuel O (2008) Phylogeny.fr: robust phylogenetic analysis
for the non-specialist. Nucleic Acids Res 36(Web Server issue):W465-469

Ducos E, Fraysse AS, Boutry M (2005) NtPDR3, an iron-deficiency inducible ABC transporter in
Nicotiana tabacum. FEBS Lett 579:6791-6795

Dyck PL, Samborsk DJ, Anderson RG (1966) Inheritance of adult-plant leaf rust resistance
derived from common wheat varieties exchange and Frontana. Can J Genet Cytol 8:665-671

Dyck PL (1987) The association of a gene for leaf rust resistance with the chromosome-7D
suppressor of stem rust resistance in common wheat. Genome 29:467-469

Dyck PL (1991) Genetics of adult-plant leaf rust resistance in Chinese Spring and sturdy Wheats.
Crop Sci 31:309-311

Eichhorn H, Klinghammer M, Becht P, Tenhaken R (2006) Isolation of a novel ABC-transporter
gene from soybean induced by salicylic acid. J Exp Bot 57:2193-2201

Fourcroy P, Sis6-Terraza P, Sudre D, Saviron M, Reyt G, Gaymard F, Abadia A, Abadia J,
Alvarez-Fernandez A, Briat JF (2014) Involvement of the ABCG37 transporter in secretion of
scopoletin and derivatives by Arabidopsis roots in response to iron deficiency. New Phytol
201:155-167

Galbiati M, Simoni L, Pavesi G, Cominelli E, Francia P, Vavasseur A, Nelson T, Bevan M,
Tonelli C (2008) Gene trap lines identify Arabidopsis genes expressed in stomatal guard cells.
Plant J 53:750-762



ABCG Transporters and Their Role in the Biotic Stress Response 159

Glombitza S, Dubuis PH, Thulke O, Welzl G, Bovet L, Gotz M, Affenzeller M, Geist B, Hehn A,
Asnaghi C, Ernst D, Seidlitz HK, Gundlach H, Mayer KF, Martinoia E, Werck-Reichhart D,
Mauch F, Schiffner AR (2004) Crosstalk and differential response to abiotic and biotic
stressors reflected at the transcriptional level of effector genes from secondary metabolism.
Plant Mol Biol 54:817-835

Grec S, Vanham D, de Ribaucourt JC, Purnelle B, Boutry M (2003) Identification of regulatory
sequence elements within the transcription promoter region of NpABCI, a gene encoding a
plant ABC transporter induced by diterpenes. Plant J 35:237-250

Guo Z, Wagner GJ (1995) Biosynthesis of labdenediol and sclareol in cell-free extracts from
trichomes of Nicotiana glutinosa. Planta 197:627-632

Gutjahr C, Radovanovic D, Geoffroy J, Zhang Q, Siegler H, Chiapello M, Casieri L, An K, An G,
Guiderdoni E, Kumar CS, Sundaresan V, Harrison MJ, Paszkowski U (2012) The half-size
ABC transporters STR1 and STR2 are indispensable for mycorrhizal arbuscule formation in
rice. Plant J 69:906-920

Heiling S, Schuman MC, Schoettner M, Mukerjee P, Berger B, Schneider B, Jassbi AR,
Baldwin IT (2010) Jasmonate and ppHsystemin regulate key Malonylation steps in the
biosynthesis of 17-Hydroxygeranyllinalool Diterpene Glycosides, an abundant and effective
direct defense against herbivores in Nicotiana attenuata. Plant Cell 22:273-292

Henikoff S, Greene EA, Pietrokovski S, Bork P, Attwood TK, Hood L (1997) Gene families: the
taxonomy of protein paralogs and chimeras. Science 278:609-614

Higgins CF (1992) ABC transporters: from microorganisms to man. Annu Rev Cell Biol 8:67-113

Huang C, Verrillo F, Renzone G, Arena S, Rocco M, Scaloni A, Marra M (2011) Response to
biotic and oxidative stress in Arabidopsis thaliana: analysis of variably phosphorylated pro-
teins. J Proteomics 74:1934-1949

Ito H, Gray WM (2006) A gain-of-function mutation in the Arabidopsis pleiotropic drug resistance
transporter PDRO confers resistance to auxinic herbicides. Plant Physiol 142:63-74

Jasinski M, Stukkens Y, Degand H, Purnelle B, Marchand-Brynaert J, Boutry M (2001) A plant
plasma membrane ATP binding cassette-type transporter is involved in antifungal terpenoid
secretion. Plant Cell 13:1095-1107

Kang J, Hwang JU, Lee M, Kim YY, Assmann SM, Martinoia E, Lee Y (2010) PDR-type
ABC transporter mediates cellular uptake of the phytohormone abscisic acid. Proc Natl Acad
Sci U S A 107:2355-2360

Kang J, Park J, Choi H, Burla B, Kretzschmar T, Lee Y, Martinoia E (2011) Plant ABC Trans-
porters. The Arabidopsis book/American Society of Plant Biologists 9:e0153

Keindnen M, Oldham NJ, Baldwin IT (2001) Rapid HPLC screening of jasmonate-induced
increases in tobacco alkaloids, phenolics, and diterpene glycosides in Nicotiana attenuata.
J Agric Food Chem 49:3553-3558

Kessler A, Baldwin IT (2001) Defensive function of herbivore-induced plant volatile emissions in
nature. Science 291:2141-2144

Kim DY, Bovet L, Maeshima M, Martinoia E, Lee Y (2007) The ABC transporter AtPDRS is a
cadmium extrusion pump conferring heavy metal resistance. Plant J 50:207-218

Kobae Y, Sekino T, Yoshioka H, Nakagawa T, Martinoia E, Maeshima M (2006) Loss of AtPDRS,
a plasma membrane ABC transporter of Arabidopsis thaliana, causes hypersensitive cell death
upon pathogen infection. Plant Cell Physiol 47:309-318

Kolmer JA, Singh RP, Garvin DF, Viccars L, William HM, Huerta-Espino J, Ogbonnaya FC,
Raman H, Orford S, Bariana HS, Lagudah ES (2008) Analysis of the Lr34/YrI8 rust resistance
region in wheat germplasm. Crop Sci 48:1841-1852

Kos V, Ford RC (2009) The ATP-binding cassette family: a structural perspective. Cell Mol Life
Sci 66:3111-3126

Kosova K, Vitamvas P, Prasil IT, Renaut J (2011) Plant proteome changes under abiotic stress—
contribution of proteomics studies to understanding plant stress response. J Proteomics 74:
1301-1322



160 M.D. Bienert et al.

Krattinger SG, Lagudah ES, Spielmeyer W, Singh RP, Huerta-Espino J, McFadden H, Bossolini E,
Selter LL, Keller B (2009) A putative ABC transporter confers durable resistance to multiple
fungal pathogens in wheat. Science 323:1360-1363

Krattinger SG, Lagudah ES, Wicker T, Risk JM, Ashton AR, Selter LL, Matsumoto T, Keller B
(2011) Lr34 multi-pathogen resistance ABC transporter: molecular analysis of homoeologous
and orthologous genes in hexaploid wheat and other grass species. Plant J 65:392—403

Krattinger SG, Jordan DR, Mace ES, Raghavan C, Luo MC, Keller B, Lagudah ES (2013) Recent
emergence of the wheat Lr34 multi-pathogen resistance: insights from haplotype analysis in
wheat, rice, sorghum and Aegilops tauschii. Theor Appl Genet 126:663—72

Kretzschmar T, Burla B, Lee Y, Martinoia E, Nagy R (2011) Functions of ABC transporters in
plants. Essays Biochem 50:145-160

Kretzschmar T, Kohlen W, Sasse J, Borghi L, Schlegel M, Bachelier JB, Reinhardt D, Bours R,
Bouwmeester HJ, Martinoia E (2012) A petunia ABC protein controls strigolactone-dependent
symbiotic signalling and branching. Nature 483:341-344

Kumar PP (2013) Regulation of biotic and abiotic stress responses by plant hormones. Plant Cell
Rep 32:943

Lee M, Lee K, Lee J, Noh EW, Lee Y (2005) AtPDRI12 contributes to lead resistance in
Arabidopsis. Plant Physiol 138:827-836

Lillemo M, Joshi AK, Prasad R, Chand R, Singh RP (2013) QTL for spot blotch resistance in bread
wheat line Saar co-locate to the biotrophic disease resistance loci Lr34 and Lr46. Theor Appl
Genet 126:711-719

Loehrer M, Langenbach C, Goellner K, Conrath U, Schaffrath U (2008) Characterization of
nonhost resistance of Arabidopsis to the Asian soybean rust. Mol Plant Microbe Interact
21:1421-1430

Mclntosh RA (1992) Close genetic linkage of genes conferring adult-plant resistance to leaf rust
and stripe rust in wheat. Plant Pathol 41:523-527

Molas ML, Kiss JZ, Correll MJ (2006) Gene profiling of the red light signalling pathways in roots.
J Exp Bot 57:3217-3229

Moons A (2003) Ospdr9, which encodes a PDR-type ABC transporter, is induced by heavy metals,
hypoxic stress and redox perturbations in rice roots. FEBS Lett 553:370-376

Moons A (2008) Transcriptional profiling of the PDR gene family in rice roots in response to plant
growth regulators, redox perturbations and weak organic acid stresses. Planta 229:53-71

Nishimura MT, Stein M, Hou BH, Vogel JP, Edwards H, Somerville SC (2003) Loss of a callose
synthase results in salicylic acid-dependent disease resistance. Science 301:969-972

Okubara PA, Paulitz TC (2005) Root defense responses to fungal pathogens: a molecular per-
spective. Plant Soil 274:215-226

Onkokesung N, Baldwin IT, Galis I (2010) The role of jasmonic acid and ethylene crosstalk in
direct defense of Nicotiana attenuata plants against chewing herbivores. Plant Signal Behav 5:
1305-1307

Peer WA (2011) Plasma membrane protein trafficking. In: Murphy AS, Schulz B, Peer WA (eds)
The plant plasma membrane, plant cell monographs, vol 19. Springer, Heidelberg, pp 31-56

Raes J, Rohde A, Christensen JH, Van de Peer Y, Boerjan W (2003) Genome-wide character-
ization of the lignification toolbox in Arabidopsis. Plant Physiol 133:1051-1071

Rea PA (2007) Plant ATP-binding cassette transporters. Annu Rev Plant Biol 58:347-375

Risk JM, Selter LL, Krattinger SG, Viccars LA, Richardson TM, Buesing G, Herren G,
Lagudah ES, Keller B (2012) Functional variability of the Lr34 durable resistance gene in
transgenic wheat. Plant Biotechnol J 10:477—487

Risk JM, Selter LL, Chauhan H, Krattinger SG, Kumlehn J, Hensel G, Viccars LA, Richardson
TM, Buesing G, Troller A, Lagudah ES, Keller B (2013) The wheat Lr34 gene provides
resistance against multiple fungal pathogens in barley. Plant Biotechnol J 11:847-854

Roepke J, Salim V, Wu M, Thamm AM, Murata J, Ploss K, Boland W, De Luca V (2010) Vinca
drug components accumulate exclusively in leaf exudates of Madagascar periwinkle.
Proc Natl Acad Sci U S A 107:15287-15292



ABCG Transporters and Their Role in the Biotic Stress Response 161

Rogers B, Decottignies A, Kolaczkowski M, Carvajal E, Balzi E, Goffeau A (2001) The pleio-
tropic drug ABC transporters from Saccharomyces cerevisiae. J] Mol Microbiol Biotechnol 3:
207-214

Ruocco M, Ambrosino P, Lanzuise S, Woo SL, Lorito M, Scala F (2011) Four potato () ABCG
transporters and their expression in response to abiotic factors and Phytophthora infestans
infection. J Plant Physiol 168:2225-2233

Ruzicka K, Strader LC, Bailly A, Yang H, Blakeslee J, Langowskia L, Nejedla E, Fujita H, Itoh H,
Syono K, Hejatko J, Gray WM, Martinoia E, Geisler M, Bartel B, Murphy AS, Friml J (2010)
Arabidopsis PIS1 encodes the ABCG37 transporter of auxinic compounds including the auxin
precursor indole-3-butyric acid. Proc Natl Acad Sci U S A 107:10749-10753

Sasabe M, Toyoda K, Shiraishi T, Inagaki Y, Ichinose Y (2002) cDNA cloning and character-
ization of tobacco ABC transporter: NtPDR] is a novel elicitor-responsive gene. FEBS Lett
518:164-168

Schaller A, Stintzi A (2008) Jasmonate biosynthesis and signaling for induced plant defense against
herbivory. In: Schaller A (ed) Induced plant resistance to herbivory. Springer, Heidelberg,
pp 349-366

Shang Y, Xiao J, Ma LL, Wang HY, Qi ZJ, Chen PD, Liu DJ, Wang XE (2009) Characterization of
a PDR type ABC transporter gene from wheat (Triticum aestivum L.). Chn Sci Bull 54:
3249-3257

Schenke D, Sasabe M, Toyoda K, Inagaki YS, Shiraishi T, Ichinose Y (2003) Genomic structure of
the NtPDRI gene, harboring the two miniature inverted-repeat transposable elements,
NtToyal and NtStowawayl01. Genes Genet Syst 78:409—418

Schoonbeek H, Del Sorbo G, De Waard MA (2001) The ABC transporter BcatrB affects the
sensitivity of Botrytis cinerea to the phytoalexin resveratrol and the fungicide fenpiclonil.
Mol Plant Microbe Interact 14:562-571

Seo S, Gomi K, Kaku H, Abe H, Seto H, Nakatsu S, Neya M, Kobayashi M, Nakaho K, Ichinose Y,
Mitsuhara I, Ohashi Y (2012) Identification of natural diterpenes that inhibit bacterial wilt
disease in tobacco, tomato and Arabidopsis. Plant Cell Physiol 53:1432-1444

Singh RP (1992) Genetic association of leaf rust resistance gene Lr34 with adult plant resistance to
stripe rust in bread wheat. Phytopathology 82:835-838

Smart CC, Fleming AJ (1996) Hormonal and environmental regulation of a plant PDR5-like
transporter. J Biol Chem 271:19351-19357

Spielmeyer W, McIntosh RA, Kolmer J, Lagudah ES (2005) Powdery mildew resistance and Lr34/
Yr18 genes for durable resistance to leaf and stripe rust cosegregate at a locus on the short arm
of chromosome 7D of wheat. Theor Appl Genet 111:731-735

Stefanato FL, Abou-Mansour E, Buchala A, Kretschmer M, Mosbach A, Hahn M, Bochet CG,
Meétraux JP, Schoonbeek HJ (2009) The ABC transporter BeatrB from Botrytis cinerea exports
camalexin and is a virulence factor on Arabidopsis thaliana. Plant J 58:499-510

Stein M, Dittgen J, Sanchez-Rodriguez C, Hou BH, Molina A, Schulze-Lefert P, Lipka V,
Somerville S (2006) Arabidopsis PEN3/PDRS, an ATP binding cassette transporter, contri-
butes to nonhost resistance to inappropriate pathogens that enter by direct penetration.
Plant Cell 18:731-746

Steppuhn A, Gase K, Krock B, Halitschke R, Baldwin IT (2004) Nicotine’s defensive function in
nature. PLoS Biol 2:E217

Strader LC, Bartel B (2009) The Arabidopsis PLEIOTROPIC DRUG RESISTANCES/ABCG36
ATP binding cassette transporter modulates sensitivity to the auxin precursor indole-3-butyric
acid. Plant Cell 21:1992-2007

Strader LC, Bartel B (2011) Transport and metabolism of the endogenous auxin precursor indole-
3-butyric acid. Mol Plant 4:477-486

Stukkens Y, Bultreys A, Grec S, Trombik T, Vanham D, Boutry M (2005) NpPDR1, a pleiotropic
drug resistance-type ATP-binding cassette transporter from Nicotiana plumbaginifolia, plays a
major role in plant pathogen defense. Plant Physiol 139:341-352



162 M.D. Bienert et al.

Sunkar R (2010) MicroRNAs with macro-effects on plant stress responses. Semin Cell Dev Biol
21:805-811

Sugiyama A, Shitan N, Yazaki K (2007) Involvement of a soybean ATP-binding cassette-type
transporter in the secretion of genistein, a signal flavonoid in legume-Rhizobium symbiosis.
Plant Physiol 144:2000-2008

Sugiyama A, Shitan N, Yazaki K (2008) Signaling from soybean roots to rhizobium: an
ATP-binding cassette-type transporter mediates genistein secretion. Plant Signal Behav 3:
38-40

Swarbrick PJ, Huang K, Liu G, Slate J, Press MC, Scholes JD (2008) Global patterns of gene
expression in rice cultivars undergoing a susceptible or resistant interaction with the parasitic
plant Striga hermonthica. New Phytol 179:515-529

Trombik T, Jasinski M, Crouzet J, Boutry M (2008) Identification of a cluster IV pleiotropic drug
resistance transporter gene expressed in the style of Nicotiana plumbaginifolia. Plant Mol Biol
66:165-175

Underwood W, Somerville SC (2013) Perception of conserved pathogen elicitors at the plasma
membrane leads to relocalization of the Arabidopsis PEN3 transporter. Proc Natl Acad Sci
U S A 110:12492-12497

van den Brile S, Muller A, Fleming AJ, Smart CC (2002) The ABC transporter SpTUR2 confers
resistance to the antifungal diterpene sclareol. Plant J 30:649-662

van den Brile S, Smart CC (2002) The plant PDR family of ABC transporters. Planta 216:95-106

Verrier PJ, Bird D, Burla B, Dassa E, Forestier C, Geisler M, Klein M, Kolukisaoglu U, Lee Y,
Martinoia E, Murphy A, Rea PA, Samuels L, Schulz B, Spalding EP, Yazaki K, Theodoulou
FL (2008) Plant ABC proteins - a unified nomenclature and update inventory. Trends Plant Sci
13:151-159

Wang X, Liu Y, Chen L, Zhao D, Wang X, Zhang Z (2013) Wheat resistome in response to barley
yellow dwarf virus infection. Funct Integr Genomics 13:155-165

XiJ, Xu P, Xiang CG (2012) Loss of AtPDRI11, a plasma membrane localized ABC transporter,
confers paraquat tolerance in Arabidopsis thaliana. Plant J 69:782-791

Xin XF, Nomura K, Underwood W, He SY (2013) Induction and suppression of PEN3 focal
accumulation during Pseudomonas syringae pv. tomato DC3000 infection of Arabidopsis.
Mol Plant Microbe Interact 26:861-867

Xiong L, Lee MW, Qi M, Yang Y (2001) Identification of defense-related rice genes by suppres-
sion subtractive hybridization and differential screening. Mol Plant Microbe Interact 14:
685-692

Yu F, De Luca V (2013) ATP-binding cassette transporter controls leaf surface secretion of
anticancer drug components in Catharanthus roseus. Proc Natl Acad Sci U S A 110:
15830-15835

Zhang Q, Blaylock LA, Harrison MJ (2010) Two Medicago truncatula half-ABC transporters are
essential for arbuscule development in arbuscular mycorrhizal symbiosis. Plant Cell 22:
1483-1497

Zhang R, Zhu J, Cao HZ, An YR, Huang JJ, Chen XH, Mohammed N, Afrin S, Luo ZY (2013a)
Molecular cloning and expression analysis of PDR1-like gene in ginseng subjected to salt and
cold stresses or hormonal treatment. Plant Physiol Biochem 71:203-211

Zhang R, Huang J, Zhu J, Xie X, Tang Q, Chen X, Luo J, Luo Z (2013b) Isolation and
characterization of a novel PDR-type ABC transporter gene PgPDR3 from Panax ginseng
C.A. Meyer induced by methyl jasmonate. Mol Biol Rep 40:6195-6204

Zhou ML, Zhu XM, Shao JR, Wu YM, Tang YX (2010) Transcriptional response of the
catharanthine biosynthesis pathway to methyl jasmonate/nitric oxide elicitation in
Catharanthus roseus hairy root culture. Appl Microbiol Biotechnol 88:737-750



Defence, Symbiosis and ABCG Transporters

Joanna Banasiak and Michat Jasinski

Abstract Plant genomes encode more than 100 ATP-binding cassette (ABC)
transporters, a number far exceeding those of other organisms. The membrane-
bound ABC transporters belonging to the G subfamily (ABCGs) can be categorised
by their distinctive topology and taxa distribution. ABCGs form the largest known
subfamily of ABC proteins, with 43 and 50 members in Arabidopsis and rice,
respectively. Collected experimental data have revealed the great functional diver-
sity of these proteins. The substrates known to be transferred by ABCGs, usually
through the plasma membrane, include surface lipids, plant hormones and second-
ary metabolites. Therefore, ABCGs are recognised as being important for plant
development as well as interactions with the environment. Historically, certain
members of the ABCG subfamily were considered as proteins that evolved to be
involved in pathogenic processes or biotic stress responses. However, recent dis-
coveries have demonstrated that the function of ABCGs in plants extends beyond
simply the secretion of anti-microbial molecules. Equally important as defence
against invaders are interactions of plants with microorganisms that are beneficial
to both partners. Such beneficial interactions include (1) symbiotic associations
with fungi of the phylum Glomeromycota, also known as arbuscular mycorrhizae
(AM) and (2) legume-rhizobia symbiosis (LRS). We have only just begun to
discover that plant ABC transporters are important modulators of symbioses,
but how they participate in these processes is unclear. Here, we provide basic
information regarding the members of the G subfamily of ABC transporters and
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position them in the context of the defence reactions and symbiotic associations of
plants, with special emphasis on legumes.

1 ABCGs as ABC Transporters

Aligning amino acid sequences and performing phylogenetic analyses have allowed
for most eukaryotic ABC proteins to be grouped into eight major subfamilies,
which are indicated with a simple, single-letter code (A—H; Verrier et al. 2008).
In addition, a subfamily unique to plants, subfamily (I), has been assigned and
contains ABCs that are absent from most animal genomes (Verrier et al. 2008). The
ABCG proteins share structural features that are common among all ABCs, such as
the presence of two characteristic modules, namely, (1) a hydrophobic trans-
membrane domain (TMD) and (2) a cytosolic region containing an ABC
transporter-specific nucleotide-binding domain (NBD). The latter is defined by
the presence of a unique amino acid sequence called an ABC signature
([LIVMFY]S[SGIGX3[RKA][LIVLMYA]X[LIVEM][AG]) (Rea 2007).

The building modules of ABCGs are present in the reverse orientation, with the
NBD domain approaching the amino terminal end of the protein. The reverse type
of topology is characteristic for, markedly expanded in plants, the subfamily G. The
expansion of ABCGs in plants appears to have been associated with taxon-specific
functional diversification (Verrier et al. 2008). ABCGs fall into two distinct groups:
(1) half-size transporters, formerly named the white brown complex (WBC) after
the homologues of the prototypical members of this family from Drosophila
melanogaster, which comprise only one NBD and TMD (NBD-TMD) and
(2) full-size transporters (formerly pleiotropic drug resistance transporters, or
PDRs), which contain two NBDs and two TMDs (NBD-TMD), (Crouzet
et al. 2006; Verrier et al. 2008; Kang et al. 2011). The half-size transporters require
dimerisation to form a functional ABC transporter, making them structural equi-
valents of the full-size transporters.

Two NBDs and two TMDs seem necessary to form a functional unit for the
translocation of various molecules through biological membranes (McFarlane
et al. 2010). Different dimer combinations exist, as predicted from mutant pheno-
types, and provide diverse substrates and perform multiple functions (Bird
et al. 2007). It is believed that full-size ABCGs originated from WBC gene
duplication (Crouzet et al. 2006). Currently, full-size ABCGs have been identified
only in plants, fungi, oomycetes, brown algae and slime moulds but not in animals
(Anjard et al. 2002; Tyler et al. 2006; Cock et al. 2010). The half-size G proteins
have been found more broadly in bacteria and eukaryotes. These proteins share the
reverse type of topology with the H subfamily of half-size ABC transporters;
however, the latter is unrelated to ABCGs and is absent in plants. The systematic
identification and interspecies sequence comparison of plant members of the G
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subfamily or solely full-size ABCGs have been conducted in Arabidopsis thaliana,
Oryza sativa, Lotus japonicus and Medicago truncatula (Sugiyama et al. 2006;
Verrier et al. 2008; Jasinski et al. 2009).

2 ABCG Substrates and Functional Diversity:
The Arabidopsis Case

Recent data collected for selected A. thaliana ABCGs positioned them as proteins
that translocate across biological membranes various molecules, such as abscisic
acid (ABA), p-coumaryl alcohol and various lipid precursors. These transport
activities have an impact on stomata functioning, lignin composition and cuticle
and pollen-wall formation. For example, the lack of the full size AtABCG40, which
is a guard cell ABA importer, caused a slower response of the stomata to ABA and
reduced drought tolerance (Kang et al. 2010). ABA is also transported by
AtABCG25, which is a half-size member of the G subfamily that functions as an
ABA exporter in the vascular bundle, where enzymes that biosynthesise this
hormone are expressed, and may be responsible for the delivery of ABA to the
extracellular environment (Kuromori et al. 2010). Another member of the full-size
ABCG subfamily, AtABCG29/PDR1, exhibits a high co-expression ratio with three
genes of the phenylpropanoid biosynthesis pathway and an expression pattern in
primary stems that is consistent with that of monolignol biosynthetic genes and
increased lignin content. Indeed, an analysis of the lignin constituents showed that,
in abcg29 mutants, p-hydroxyphenyl, guaiacol and syringyl, as well as a large
number of flavonoids and glucosinolates, were present in lower amounts. These
results suggested that AtABCG29 is a likely candidate for the transport of phenolic
compounds, and heterologous expression using yeasts and plants showed that
AtABCG29 is a p-coumaryl alcohol exporter (Alejandro et al. 2012).

Phenotype analyses of half-size atabgl and atabgl2 mutants revealed reduced
amounts of wax and cutin and only waxes in the cuticle, respectively (Bird
et al. 2007; Panikashvili et al. 2007). Bimolecular fluorescence complementation
(BiFC) assays that accompanied studies on AtABCG11/AtABCG12 demonstrated
that these proteins formed heterodimers, and only AtAGCG11 was able to form
homodimers (McFarlane et al. 2010). This finding suggests a partner selection
during the dimerisation process and possibly functional/substrate specialisation.
Finally, loss-of-function mutants of Arabidopsis ABCG26 showed a drastic decline
in seed production as a consequence of a defect in the transport of sporopollenin
precursors and, therefore, pollen maturation (Quilichini et al. 2010; Dou et al. 2011;
Choi et al. 2011; see also chapter “Transport of monoterpenoid indole alkaloids in
Catharanthus roseus”). Noted above, the exemplary activities of the G subfamily of
ABC transporters in Arabidopsis illustrate their functional/substrate diversity. It is
worth to emphasize that the identified transporter(s) represent also considerable
biotechnological targets that could potentially improve agricultural traits.
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3 Plants and Defence

Plants are repeatedly attacked by a wide range of pathogens that use a variety of
strategies to successfully infect the host. Most plants are able to effectively protect
themselves against undesirable colonisation. The first line of defence is non-specific
and consists of constitutive barriers, both structural (waxy cuticle) and chemical
(pre-formed secondary metabolites) (Dangl and Jones 2001). Plants also possess
defence mechanisms that are activated during pathogen attack and initiated by the
conserved, microbe-specific molecules referred to as microbe- or pathogen-
associated molecular patterns (MAMPs/PAMPs), otherwise known as the general
elicitors (Jones and Dangl 2006; Zipfel and Robatzek 2010). MAMPs/PAMPs are
recognised by the extracellular transmembrane receptors (pattern recognition
receptors—PRR) and trigger a non-specific, local immune response, termed
PAMP-triggered immunity (PTI). The latter includes (1) the activation of the
mitogen-activated protein kinase (MAP kinases) cascade and the transcriptional
rearrangement of defence-related genes (e.g. ABCG transporters and pathogenesis-
related (PR) proteins), (2) the generation of reactive oxygen species (ROS), (3) cell
wall reinforcement and (4) the production and accumulation of antimicrobial
compounds (phytoalexins) (Sasabe et al. 2002; Zipfel 2008). Pathogens capable
of overcoming the constitutive barrier and suppressing PTI are defined as adapted
(appropriate) pathogens (Aghnoum and Niks 2010; Ayliffe et al. 2011).

The second branch of the plant immune system constitutes effector-triggered
immunity (ETI), which is activated by the recognition of pathogen effectors
(avirulence factors) by plant resistance (R) proteins (Jones and Dangl 2006). It is
believed that ETI is a faster and stronger version of PTT and is a major component of
host resistance that effectively protects against race-specific pathogens. This immu-
nity is in contrast to the so-called non-host resistance that protects the plant against
a broad spectrum of pathogens. The non-host resistance is usually determined by
many genes and involves constitutive and induced basal defence responses (Lipka
et al. 2008; Jaulneau et al. 2010).

The phytohormones salicylic acid (SA), jasmonic acid (JA) and ethylene
(ET) act as defence signalling molecules. Depending on the lifestyle of the attacker,
different hormones can be used to adapt the plant response to particular pathogens.
Biotrophic pathogens are commonly sensitive to defence responses that are regu-
lated by SA, whereas necrotrophs are regulated by JA and ET (Pieterse et al. 2009).
Initially, the local defence response over time may extend to the entire plant and
leads to the emergence of systemic acquired resistance (SAR). The establishment of
SAR is associated with increased levels of SA. Another example of systemic
resistance is the induced systemic resistance (ISR) triggered by the so-called
plant growth-promoting rhizobacteria (PGPR), arbuscular mycorrhizal fungi and
certain synthetic compounds. ISR requires the hormonal signals JA and ET and a
faster or stronger activation of basal defence mechanisms when an induced plant is
exposed to pathogens (Pieterse et al. 2009).
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4 ABCGs Substrates and Defence

Historically, the major hallmark feature recognised as a consequence of the
research on the full-size ABCG subfamily in particular was the involvement of at
least certain members of the subfamily in plant-microbe interactions. It is believed
that certain full-size ABCG transporters participate in non-specific defence reac-
tions and confer non-host resistance. It has been shown that the expression of genes
encoding ABCG transporters is induced by non-adapted pathogens, stress hor-
mones (SA, JA, ET) and PAMPs. The dysfunction of these transporters increases
the susceptibility of plants towards non-adapted pathogen infections. The potential
defensive role of ABCGs is thought to be associated with the secretion of anti-
fungal/antibacterial secondary metabolites and/or signalling molecules (Stein
et al. 2006; Campbell et al. 2003; Sasabe et al. 2002).

A variety of low-molecular-weight compounds, called secondary metabolites,
are engaged in the plant response to biotic and abiotic stresses, play important roles
in the life cycle of the plants and mediate their interaction with the environment.
Among these compounds, terpenoids were the first to be defined as substrates for
plant ABCG transporters. The functional characterisation of NpPDR1/ABC1 of
Nicotiana plumbaginifolia, a plasma membrane full-size ABCG transporter,
revealed that its expression is highly induced by the tobacco-originated anti-fungal
diterpene sclareol, which represents a chemical and non-specific line of defence in
this plant. Transport assays with radiolabeled sclareolide, which is a structural
analogue of sclareol, strengthened the notion that terpenoids might be substrates
for full-size ABCGs (Jasinski et al. 2001). Recently, experiments in Nicotiana
tabacum BY?2 cells (cultivar Bright Yellow 2) overexpressing the plasma mem-
brane full-size NtPDR1 revealed that this ABCG confers tolerance of BY2 towards
several diterpenes, including sclareol, manool, abietic acid and dehydroabietic acid.
The NtPDR1-overexpressing BY2 lines were also more effective in the extrusion of
sclareol, manool and cembrene, as indicated by gas chromatography—mass spec-
trometry (GC-MS) method (Crouzet et al. 2013). Interestingly, several other
ABCGs seem to be involved in sclareol transport, notably, Arabidopsis AtPDR12
(Campbell et al. 2003) and SpTUR2 from Spirodela polyrhiza (van den Brule
et al. 2002); however, these plants do not produce endogenous sclareol.

In addition to defining the potential substrate spectra, studies on tobacco full-size
ABCGs have driven the idea that these transporters are key components of plant
defence. Indeed, preventing the expression of NpPDRI by RNAI interference
caused an increased sensitivity of tobacco to infection with several fungal patho-
gens, including Botrytis cinerea, Fusarium oxysporum f. sp. nicotianae,
F. oxysporum f. sp. melonis and Rhizoctonia solani, as well as to the oomycete
pathogen Phytophthora nicotianae (Stukkens et al. 2005; Bultreys et al. 2009).
Similarly, the silencing of NtPDRI expression caused increased susceptibility to
the bacterial pathogen Ralstonia solanacearum (Seo et al. 2012). Recently, PDR5/
ABCGS, which is a plasma membrane transporter from N. tabacum, has been
shown to be involved in resistance to the specialist herbivore Manduca sexta
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(Bienert et al. 2012). The proposed mode of action for participating in the second-
ary metabolite-based defence for tobacco ABCG transporters is the secretion/
deposition of pathogen-deterring compounds on the leaf surface (Jasinski
et al. 2001; Stukkens et al. 2005; Bienert et al. 2012).

The expression of several plant genes belonging to the full-size ABCG subfam-
ily is induced by pathogens, e.g. AtPDR12 (Campbell et al. 2003) and MtABCG10
(Jasinski et al. 2009); pathogen-derived elicitors/PAMPS, e.g. NtPDRI (Sasabe
et al. 2002), MtABCGI0 (Banasiak et al. 2013) and AtPDRS8 (Xin et al. 2013);
insects, e.g. NtPDRS, (Bienert et al. 2012); or plant hormones that are implicated in
the biotic stress response, such as SA and/or methyl jasmonate (MeJA). Notably,
the expression of OsPDR9, NpPDR1, NtPDR5 and PgPDR3 is induced by MeJA
(Grec et al. 2003; Moons 2008; Bienert et al. 2012; Zhang et al. 2013); AtPDRS8 and
OsPDR20 are induced by SA (Kobae et al. 2006; Stein et al. 2006; Moons 2008);
and GmPDR12 and AtPDR12 are induced by both agents (Campbell et al. 2003;
Eichhorn et al. 2006). Moreover, recent transcription profiling of Arabidopsis full-
size ABCGs revealed that half of them positively responded to JA and/or SA. When
half-size ABCGs were investigated, half of them were induced by JA but only
one-fourth were induced by SA (Kang et al. 2011).

In Arabidopsis, the importance of ABCGs for defence is exemplified by the fact
that the loss of a full-size plasma membrane transporter, known as AtPDRS
(synonyms PEN3, ABCG36), causes hypersensitive cell death upon infection
with the virulent bacterial pathogen Pseudomonas syringae (Kobae et al. 2006)
and results in susceptibility towards inappropriate pathogens (Blumeria graminis
f. sp. hordei, Erysiphe pisi, Phytophthora infestans) (Stein et al. 2006). Interest-
ingly, the infection process by pathogenic fungi and the treatment of Arabidopsis
with a bacterial elicitor such as the flagellin-derived peptide flg22 induces the
allocation of AtPDRS8 towards the site of infection (Stein et al. 2006; Xin
et al. 2013). This observation supports the idea that AtPDR8 exports a defence
compound(s) in a focal manner at attempted invasion sites. AtPDR8 accumulation/
recruitment requires its corresponding PRR receptors, namely, FLS2 (flagellin-
sensing 2) and CERKI1 (chitin elicitor receptor-like kinasel), but does not require
the BAK1 co-receptor (BRI1-associated receptor kinase 1) (Underwood and Som-
erville 2013). The focal accumulation of AtPDR8 shows differential sensitivity to
specific pharmacological inhibitors that affect the actin cytoskeleton, microtubules
or secretory trafficking, indicating distinct mechanisms for AtPDRS8 recruitment to
the host—pathogen interface. Focal accumulation requires actin but is not affected
by inhibitors of microtubule polymerisation or secretory trafficking (Underwood
and Somerville 2013).

A constitutive expression level that was not responsive to pathogen inoculation
was observed for another representative of full-size ABCG transporters that is
important for plant defence, known as Lr34 from Triticum aestivum (bread
wheat). The Lr34 (Leaf Rust 34) gene was identified as a functional allele that
confers durable resistance against Puccinia triticina, Puccinia striiformis and
B. graminis. Because of its durability and ability to restrict the growth of multiple
pathogens, Lr34 has become one of the most important, non-specific resistance



Defence, Symbiosis and ABCG Transporters 169

gene to multiple pathogens in wheat breeding, and it has been incorporated into
more than 50 % of wheat cultivars around the world (Krattinger et al. 2009).

ABCG transporters that are possibly involved in defence responses have been
identified in the representatives of legumes, which are the second-most important
crop family after grasses. To date, the systematic identification of the legume
ABCG members has been conducted in L. japonicus and M. truncatula (Sugiyama
et al. 2006; Jasinski et al. 2009). Most of the identified Medicago full-size G genes
are expressed in roots, and the number expressed in other organs is markedly
smaller (Jasinski et al. 2009). A similar observation was made by Sugiyama and
coworkers regarding the L. japonicus ABCG genes (Sugiyama et al. 2006). The
rhizosphere is a place of intense interactions with bacteria, fungi and insects as well
as other plants, and efficient transport through cellular membranes is necessary to
ensure the effective flow of different molecules (e.g. root exudates with defence or
signalling properties). Indeed, the dysfunction of root-expressed, full-size ABCG
transporters (AtABCG30/PDR2, AtABCG34/PDR6 and AtABCG35/AtPDR7)
results in a change in soil microflora, possibly as a consequence of altered root
exudate composition in the mutants (Badri et al. 2008, 2009).

Infection of M. truncatula roots with Fusarium culmorum, which is a
necrotrophic, soil-borne, pathogenic fungus, results in an increased transcript
accumulation of two full-size ABCGs, namely, MtABCG10 and MtABCG16. Both
transcripts also strongly accumulated in leaves infected with the host-specific
fungus Phoma medicaginis, suggesting a relation between their activation and
fungal infections. Interestingly, the expression of the MtABCGIO gene is also
upregulated in roots upon infection by the symbiotic bacteria Sinorhizobium
meliloti, and it can be hypothesised that certain legume ABCG proteins are
involved in plant—fungus interactions and in plant—symbiont associations. Accord-
ingly, several L. japonicus full-size ABCGs, which are homologues of MtABCG10,
were induced in roots infected with their symbiotic partner Mesorhizobium loti
(Sugiyama et al. 2006).

Further studies on the ABCG10 from M. truncatula revealed that its transcript
was present in the vascular tissue of different organs, and the corresponding protein
has been found in the plasma membrane. The expression of this transporter was also
upregulated upon the treatment of roots with PAMPs (fungal cell wall oligosaccha-
rides). The accumulation of MtABCGI0 mRNA followed that of transcripts of
genes that coded enzymes from the phenylpropanoid pathway, namely, phenylala-
nine ammonia-lyase (PAL) and isoflavone synthase (IFS), and the silencing of
MtABCGI0 in hairy roots resulted in a lower accumulation of a phenylpropanoid
pathway-derived phytoalexin medicarpin as well as its precursors, such as liquiriti-
genin and isoliquiritigenin (Banasiak et al. 2013). The phenylpropanoid pathway
products play a particular role in biotic stress responses. This multifaceted group of
plant secondary products can function as antimicrobial agents, UV protectants,
pollinator attractants, floral pigments and inducers of the nodulation genes in
symbiotic soil bacteria. Among these compounds, isoflavonoids are limited primar-
ily to the Leguminosae. Isoflavonoids are thought to represent the majority of the
phytoalexins that are produced by legume plants (Hassan and Mathesius 2012).
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For instance, soybean partial resistance to Fusarium solani seems to be associated
with the ability of soybean roots to produce phytoalexin glyceollin in response to
fungal infection (Lozovaya et al. 2004).

As a consequence of reduced amounts of medicarpin, infections of Medicago
roots with F. oxysporum, which is a root-infecting, non-specific pathogen, progress
faster in MtABCG10-silenced lines than in wild-type plants. The expression of
MtABCGI0 is not influenced by signalling molecules such as SA or MelJA, a
result that differs from the effect observed for other legume full-size members of
the ABCG subfamily, namely, PDR12, which was identified in soybean (G. max).
The expression of this gene has been rapidly induced by SA, but, to date, little is
known about the possible function(s) of GmPDRI2 in planta (Eichhorn
et al. 2000).

It is thought that in Medicago PAMPs cause the de novo synthesis of medicarpin
and that MeJA stimulates the release of its conjugate (glycosylated, malonylated)
precursors from the vacuole (Naoumkina et al. 2007; Farag et al. 2008).
MtABCGI10 is a plasma membrane transporter, and the expression of its
corresponding gene is highly induced by PAMPs but not MeJA. Silencing
the expression of this gene results in decreased amounts of free medicarpin
precursors (aglycones) but does not influence the levels of their conjugates.
Thus, MtABCG10 may be a modulator of Medicago phytoalexin levels during
the defence response that is associated with de novo synthesis (Banasiak
et al. 2013). The research on legume ABCGs, together with that on Arabidopsis
ABCG29, which is a p-coumaryl alcohol transporter (Alejandro et al. 2012),
suggest that members of the G subfamily can have a complex impact on phenolic
compounds in plants.

5 Plants and Symbioses

Many plant species establish interactions with microorganisms that are advanta-
geous to both partners. The best studied symbiotic associations include the legume—
rhizobia symbiosis (LRS) between legumes and nitrogen-fixing bacteria, which are
collectively called rhizobia, as well as arbuscular mycorrhizae (AM) between most
terrestrial plants and fungi of the phylum Glomeromycota (Oldroyd 2013). Whereas
AM fungi can colonise the majority of land plants (a few plant families have species
that do not form mycorrhizal associations, e.g. Brassicaceae, Chenopodiaceae),
root nodule symbiosis with rhizobia almost exclusively involves legumes
(Fabaceae). AM originated approximately 450 Ma ago (Kistner and Parniske
2002) and is thought to be essential for plant survival in harsh environments. As a
consequence of root colonisation by AM fungi, the plant gains access to nutrients
such as phosphorus (P), nitrogen (N), sulphur (S), zinc (Zn) and copper (Cu),
whereas, in LRS, the plant is provided with only nitrogen (N) (Prell and Poole
2006).
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The initial phase of symbioses represents a chemical dialogue between partners
prior to direct contact and root colonisation. Environmental factors such as N or P
shortages promote secretion of signalling molecules by plant roots, which leads to
the attraction of rhizobia or AM fungi. Plant secondary metabolites, including
flavonoids and the plant hormones strigolactones, play such an attractant role
(Oldroyd 2013). In turn, symbiotic partners release signalling molecules, such as
the rhizobial Nod factors and mycorrhizal Myc factor. These diffusible signals
represent lipochito-oligosaccharides (LCOs) are recognised by the host plants and
trigger a common symbiosis (SYM) pathway (Oldroyd 2013). The latter pathway is
composed of genes that encode, inter alia, a receptor kinase that is localised to the
plasma membrane, components of signal transduction to the nucleus and a nuclear
CCaMK (calcium and calmodulin-dependent protein kinase) (Parniske 2008;
Oldroyd et al. 2011; Singh and Parniske 2012). The activation of this pathway
results in the formation of nodules or promotes root invasion.

Flavonoids, which are released by plants to the rhizosphere during the
pre-symbiotic stage, function as chemo-attractants that concentrate the compatible
rhizobia at the root surface (Dharmatilake and Bauer 1992). Rhizobia enter the
plant root by infection threads that are formed as invaginations of the plant cell,
enabling the invasion of the rhizobia into the root tissue. Finally, nodules initiate
below the site of bacterial infection, and, in this specialised organ, rhizobia convert
atmospheric nitrogen effectively into ammonium.

Strigolactones are released from plant roots and stimulate hyphal branching in
AM fungi (Akiyama et al. 2005). These molecules stimulate AM fungal meta-
bolism (Besserer et al. 2006) and, at the same time, inhibit the growth of fungal
pathogens (Dor et al. 2011). The AM fungus colonises the plant root cortex through
intercellular hyphal growth, and tree-shaped structures called arbuscules are formed
in the inner root cortical cells.

6 ABCG Substrates and Symbioses

The initial steps of both beneficial types of interactions, LRS and AM, are
influenced by ABC transporters. Currently, the transporters involved in flavonoid
secretion into the rhizosphere are unknown, but biochemical analyses suggest that
plasma membrane ABC-type proteins can be implicated in the release of such
molecules. Genistein and daidzein are the major flavonoids in soybean root exu-
dates that act as legume-to-Rhizobium signal molecules (Kosslak et al. 1987; Smit
et al. 1992). Sugiyama and coworkers, using plasma membrane vesicles from
soybean, provided evidence that the export of genistein is ATP dependent. Based
on the type-specific inhibitors of membrane transporters that the authors used in this
work, it was suggested that a member of the G subfamily might be a candidate as a
genistein exporter. However, the recognition of the molecular nature of this trans-
porter remains undetermined (Sugiyama et al. 2007, 2008).
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Recently, it was proposed that an ABC protein belonging to the G subfamily, the
PDR1 from Petunia hybrida, participated in strigolactones exudation to the rhizo-
sphere (Kretzschmar et al. 2012). PhPDRI is expressed preferentially during P
starvation, a condition that favours AM. PhPDRI is localised to the plasma mem-
brane of sub-epidermal passage cells, which are the preferred entry point for AM
fungi. Additionally, the mRNA of PhPDRI increases after inoculation with the
mycorrhizal fungi Glomus intraradices as well as after treatment with the synthetic
strigolactone GR24. Moreover, the phpdrl mutants are defective in strigolactones
exudation from their roots, leading to reduced symbiotic association (Kretzschmar
et al. 2012).

The ABCG transporters also act at the later stages of AM symbiosis, i.e. during
arbuscule development. Arbuscules are surrounded by a peri-arbuscular membrane
(PAM), which is a continuation of the plant cell plasma membrane but with unique
protein composition and biological properties. One of the fundamental differences
that distinguish PAM is the presence of highly specific membrane transporters that
mediate the transport of nutrients and signalling molecules between AM partners
(Gaude et al. 2012). Half-size ABCG transporters (STR1 and STR2) were found to
be indispensable for arbuscule development in M. truncatula and O. sativa (Zhang
et al. 2010; Gutjahr et al. 2012). STRs are representatives of the ABCG subfamily
and are found in vascular plants but are absent in Arabidopsis and other species that
do not form mycorrhizal associations. Both STR genes are expressed constitutively
in vascular tissue. Upon mycorrhization, the level of STR mRNAs increases in
cortical cells containing arbuscules.

The dysfunction of STRs in M. truncatula and in O. sativa results in a stunted
arbuscule phenotype; however, hyphopodium formation and fungal entrance to the
cortex occur normally. Interestingly, the M. fruncatula str mutant is not deficient in
nodulation, suggesting that STRs function downstream of the common symbiosis
pathway. STR1 and STR2 form a heterodimer that is localised to the peri-
arbuscular membrane. It is thought that the STR1/STR2 complex releases
non-defined molecule(s) from the cortical cell to the peri-arbuscular apoplastic
space and thereby influences arbuscule growth. Researchers have suggested that
STR1/STR2 might transport signal molecules, locally required nutrients or pre-
cursors of plant-derived structural components that are essential for AM fungus
(Zhang et al. 2010; Gutjahr et al. 2012).

Large-scale transcriptomics of various legume species allow for the identifi-
cation of the genes encoding ABC transporters, the expression of which changes
temporally and spatially during AM- and/or LR-symbiotic associations. For
instance, a global gene expression analysis of M. truncatula roots inoculated with
the AM fungi G. intraradices and Glomus mosseae showed that the expression of
six genes encoding ABC transporters were induced by more than tenfold when
compared to non-inoculated roots (Hogekamp et al. 2011). Among these genes was
a half-size ABCG gene (Medicago GeneChip ID: Mtr.52071.1.S1_at/MtWBC5)
that was exclusively expressed in arbuscule-containing cells. The second-highest
upregulated ABCG gene upon Medicago root colonisation by Glomus. spp.
corresponded to the previously described AM-related STR2 (Zhang et al. 2010;
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Hogekamp et al. 2011). Similarly, when L. japonicus was inoculated with Glomus
margarita, homologues of the STR genes and MtWBC5 were found to be strongly
upregulated during AM symbiosis (Gutjahr et al. 2009).

In Medicago, it was shown that the expression of genes encoding full-size
ABCG transporters, possibly associated with defence reactions; for example,
MtABCG10 was significantly suppressed during later stages of mycorrhizal coloni-
sation. The presence of MtABCG10 in Medicago roots has been shown to be crucial
for isoflavonoid-derived phytoalexin biosynthesis and, consequently, the efficiency
of defence responses (Hogekamp et al. 2011; Banasiak et al. 2013). Defence
responses must be controlled upon root colonization and/or symbiotic partners
co-existence. Therefore, the suppression of MtABCGI10 is consistent with the
observation that transcripts of many defence- and stress-response genes are
down-regulated when the AM is completely established (Liu et al. 2003). More-
over, transcriptomic data concerning the early phase of AM demonstrate that the
expression of eight ABCG (e.g. MtWBC15 and MtPDR14) genes increased by at
least twofold in M. truncatula root epidermal cells that were contacted by
AM-fungal hyphopodia (Ortu et al. 2012).

Correspondingly, a number of transcriptomic studies have been conducted to
identify genes encoding transporters potentially involved in LR symbiosis. A
combination of Affymetrix Medicago GeneChips and laser-capture microdissection
was used to determine the Medicago gene expression profiles of specific cells/
tissues that were derived from different parts of the nodules (Limpens et al. 2013).
Medicago possesses indeterminate nodules (with a persistent meristem) in which
several zones can be distinguished based on morphology and function: zone I
consists of apical meristem; zone II is the infection zone, where rhizobia are
released from the infection threads to the plant cells and are subsequently
surrounded by the plant-derived symbiosome membrane; zone III is the fixation
zone, where plant cells containing nitrogen-fixing bacteria are located; and zone IV
is where the senescence of bacteria and host cells occurs (Oldroyd and Downie
2008).

Among the Medicago genes, especially those expressed in zone I, MtPDRI8
exhibits a greater than 13-fold change when compared to un-infected control tissue
(Limpens et al. 2013). Eleven ABC genes showed altered expression in zone 11, of
which three genes (e.g. MtPDRI0, MtPDR16, MtPDRI8) coded for the closest
homologues of the Arabidopsis defence-related, full-size transporters AtPDR12
and AtPDRS. Interestingly, the expression of these three Medicago homologues
in zone II was down regulated (Damiani et al. 2012). This observation supports the
hypothesis that the suppression of defence responses in infected cells is crucial for
rhizobia accommodation, similar to what was shown for AM symbiosis (Liu
et al. 2003; Kouchi et al. 2004). Moreover, nine genes coding ABC transporters,
two belonging to the ABCG subfamily, have been reported as particularly
expressed in the un-infected cells that were attached to symbiosomes that contain
cells in the fixation zone of nodules (Limpens et al. 2013). The proposed functions
of these cells are to support the metabolism of infected cells, to mediate the nutrient
exchange between the plant and the bacteroids and to protect infected cells from
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oxygen by producing the suberin barrier (Hartmann et al. 2002). High numbers of
upregulated ABC genes were found in cells containing symbiosomes; however,
none of them coded for ABCG transporters (Limpens et al. 2013).

Interestingly, among the ABC genes whose expression levels increased at least
twice under the influence of the Nod factor (early stage of LRS), three belong to the
ABCG subfamily (Czaja et al. 2012). All of these ABCGs are expressed exclusively
in roots and do not have close homologues in non-legume plant species. Based on
transcriptomic data, it can be assumed that ABCG transporters play a particular role
at the early stages of symbioses (partner recognition) and are then down-regulated
during colonisation (plant defensive response attenuation) finally these transporters
are responsible for efficient nutrient/signal exchange upon symbiotic partner co-
existence. Cumulatively, these characteristics illustrate the possible functional
diversity of the ABCG transporter subfamily at different stages of symbiotic
associations.

7 ABCG Distribution in Legumes

Legumes (Fabaceae) are the third-largest group of flowering plants (Young and
Bharti 2012). Because of their symbiosis with nitrogen-fixing bacteria and mycor-
rhizal associations, legumes are not dependent upon nitrogen fertilisers and can
efficiently acquire nutrients, especially phosphate, from the soil. The co-cultivation
of leguminous plants with other crops can increase the yield of the latter under
limited fertiliser input (Davis et al. 2012). Legumes are also an inexpensive source
of high-quality proteins for humans and animals as well as of natural substances
with medicinal properties, such as isoflavones (Dixon and Sumner 2003). The
economic importance of Fabaceae and their role in understanding symbiotic
associations, defence responses and the interplay between these two types of
interactions underlines the necessity of a model legume species for basic research.

M. truncatula, L. japonicus and G. max have been the subjects of extensive
genomic DNA sequencing over the past few years, making them suitable models for
(1) genome structure and transcriptional landscape studies, (2) finding syntenic
relationships among Fabaceae members and (3) gene discovery (Cannon 2013).
This knowledge has a profound impact on agriculture because it allows for associ-
ations between casual DNA sequences and particular phenotypes that are important
for crop production and/or symbiosis efficiency. One of the key issues in symbioses
is the chemical crosstalk between partners, which concerns pre-symbiotic inter-
actions as well as the later co-existence of symbionts. For instance, colonised plant
cells are highly compartmentalised and have a complex membrane system that is
specialised for the diverse functions in molecular communication and nutrient
exchange mediated by a set of transporters.

Genome sequencing projects of model legume plants have allowed for the
systematic identification and classification of genes encoding potential membrane
transporters and might facilitate the functional characterisation of these transporters
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in the near future (Sugiyama et al. 2006; Jasinski et al. 2009; Benedito et al. 2010).
Among the identified transporters are representatives of the ABCG protein family
(Figs. 1 and 2); in addition, in light of recently conducted experiments, including
microarrays, at least certain members of the G subfamily of ABC transporters
appear to be symbiosis related (Sugiyama et al. 2007, 2008; Zhang et al. 2010;
Limpens et al. 2013). Nonetheless, only a few transporters have been characterised
at the functional level (Zhang et al. 2010; Banasiak et al. 2013). Compared with
A. thaliana, which has 15 full-size ABCGs (PDRs), M. truncatula and G. max have
significantly more PDRs, with 24 and 29, respectively. Interestingly, the number of
WBC proteins, except for those in G. max, is similar among A. thaliana,
M. truncatula and L. japonicus (28, 25 and 24, respectively) (Sugiyama
et al. 2006; Verrier et al. 2008). The high number of ABCG transporter-coding
genes, especially those coding WBCs (52 members) in G. max, resulted from
whole-genome duplication events. Seventy-four per cent of G. max WBC genes
possess close paralogues that form gene pairs (Fig. 3), and this finding is consistent
with the observation that nearly 75 % of genes in this species are present in multiple
copies (Schmutz et al. 2010; Cannon 2013).

Phylogenetic analyses of ABCG transporters (both WBC and PDR, see Figs. 3
and 4) from M. truncatula, G. max and L. japonicus and those that do not form
symbiotic associations, such as Arabidopsis, revealed species-specific protein
expansions. This characteristic is exemplified by the following subgroups:
(1) A. thaliana (AtWBC1, 2, 6, and 16-20; AtPDR2 and 13-15),
(2) M. truncatula (MtWBC4-9; MtPDR1-4 and 20, 21) and (3) G. max
(GmWBC11-17; GmPDR1-3). Such high protein redundancy/clustering may indi-
cate that the duplication of certain ABCG genes has occurred as a result of
adaptation to new functions and/or the transport of new substrates.

Furthermore, a phylogenetic tree of the PDRs (Fig. 4) shows the presence of a
unique clade consisting exclusively of legume sequences. Interestingly, homo-
logues of transporters from this clade are also present in other legumes, e.g. Cicer
arietinum, but not in Arabidopsis or other non-legume plants for which genomic
sequences are available (e.g. Vitis vinifera, Cucumis sativus, Solanum
lycopersicum, O. sativa, Sorghum bicolor and Selaginella moellendorffii). This
observation supports the assumption of the “legume” nature of this clade and the
possible divergence that occurred after the appearance of Fabaceae. The clustering
of PDRs that are potentially associated with legume-specific functions is especially
apparent for M. truncatula. All nine Medicago genes (MtPDR1-6 and 20-22)
encoding PDRs that belong to the legume clade (Fig. 4) are located within 300 kb
of each other on chromosome 7. These PDRs show high amino acid identity among
their corresponding protein sequences (between 62 and 93 %), and the
corresponding genes have similar exon/intron patterns, indicating that they most
likely arose through tandem duplication, which is a well-known mechanism leading
to the evolution of multigene families in Medicago (Young et al. 2011; Cannon
2013). Among them are genes that are exclusively expressed in roots (e.g. MtPDR3,
MtPDR4) (Jasinski et al. 2009) and whose expression is upregulated by diffusible
signals from rhizobial bacteria (NOD factors) (e.g. MtPDR4, MtPDR20) (Czaja
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Medicago truncatula® Glycine max Lotus japonicus
Gene name Accession Gene name Accession Gene name  Accession Gene name Accession
MIWBC1/MISTR1  XP_003631132 GMWEBC1a/GmSTRIa XP_003530969 GmWBC15 XP_003531028 LWBCILJSTRT  chrd CMO042 2570.,2.d
MIWBC2MISTRZ XP_D03612949 GmWEBCIGmSTRIE XP_003525183 GmWBC16 XP_003532608 LWBC2LiSTR2 chr2. CMD177.350.r2.m
MIWBC3 XP_003617868 GMWBC2a/GmSTRZa  Glyma01g02440.1** GmMWEC17a  XP_003532610 Ljwaca chS, CMO180.730.,2.m
MIWBCA XP_003606172 GmWBC20/GmSTR2b  XP_003533431 GmWBCITL  XP_003541427 LjwBC4 chrl.CMO012.320.,2.m
MIWBCS XP_003608439a GMmWEC3a XP_003535589 GmWBC18a  Ghymal20g26160.1** LWBCS chr3. CMO111.5202.8
MIWBCE XP_003608439% GmWBC3b XP_003556131 GmWBC1Bb  XP_003536632 LiWBCE chrB LiT111F18.80.r2m
MIWBCT XP_003608436 GmWEC4a XP_003539614 GmWBC19a  XP_003537002 Lwacr chrl CMO029.820.,2.m
MIWBCS XP_003608435 GMWBCAD XP_003543218 GmWBC1Sb  XP_003541425 LiWBCE chr3.CM0590.360..2.d
MIWBCS XP_003608431 GMWECSa Glymal8g00280.1** GmWBC20a  XP_003538196 Lwacs chr2 CM0803.900.r2.a
MIWBC10 XP_003630284 GmWBCSE XP_003525127 GmWBC20b  XP_003540763
MIWBC11 XP_003607356 GmWECEa XP_003522483 GmWBCZ1 XP_003518585 Other species
MIWBG12 XP_003612480 | GmWECSED XP_003528053 ~ GmWBCZZa  XP Cordvime AcCaReion
MIWBC13 XP_D03625526 GmWBCTa XP_003540196 GmWBC2Zb  XP_003555441
MIWBC14 XP_003609516 GmMWEBCTE XP_003543454 GmWEBC23a  XP_003519840 CaSTR1 XP_D04503258
MINBCTS XP_003592180 GmMWECSa XP_003537734 GmWEBCZ3b  XP_003544606 CsSTR1 XP_004163819
MIWBC16 XP_003602630 GmWBCSL XP_003540269 GmWBC24 XP_003552000 WETR1 XP_0022TBR56
MIWBC17 XP_D03607359 GmWBC%a XP_003537732 GmWBC25a  XP_003521505 OsSTR1 NP_001063119
MIWBC18 XP_003607361 GmWECS: XP_003540615 GmWBC25b  XP_003553628 SbETR1 XP_002445326
MIWBC19 XP_003638054 GmWEC10a XP_003534067 GmWEBC28a  XP_003519082 CaSTR2 XP_D04512587
MIWBC20 XP_003591854 GmMWEC108 XP_003548275 GmWBC26b  XP_0D03535833 SbSTR2 XP_002458373
MIWBC21 XP_003591865 GmWEBC11a XP_003532606 GmWBC2Ta  XP_003535544 WETR2 CANE2TST
MIWBC22 XP_003590459 GmWEBCTIb XP_003543927 GmWECZTh  XP_003555426 0s5TR2 BAD3087TA
MIWBC23 XP_003625668 GmWEBEC12 XP_003531027 GmWEBC28a  XP_003535512
MIWBC24 XP_003592545 GmWBC13 XP_003543921 GMWBC28b  XP_003556255
MIWBC25 XP_003502758 GmWBC14a XP_003532607 GmWBC28a  XP_003517105

GMWBC14b XP_003543926 GmWEBCZSb  XP_003537T08

Fig. 1 Accession numbers of plant half-size ABCG proteins (WBCs). Medicago truncatula (Mt),
Glycine max (Gm), Cicer arietinum (Ca), Cucumis sativus (Cs), Vitis vinifera (Vv), Oryza sativa
(Os), Sorghum bicolour (Sb) accession numbers are from GenBank (http://www.ncbi.nlm.nih.gov/
genbank/). Lotus japonicus (Lj) accession numbers are from database miyakogusa.jp 2.5 (http://
www.kazusa.or.jp/lotus/). *MtWBC1-16 corresponds to MtABCGI1-16 in Zhang et al. (2010).
**G. max (Gm) accession numbers are from Glycine max Genome DB (http://www.plantgdb.org/

GmGDBY/)
Medicago truncatula® Glycine max Lotus faponicus
Gene name Accession Gene name Accession Gene name Accession Gene name Accession
MIPDR1 XP_003625399 GmPDR1a/GMPDR1Z™ NP_0D1237657 GmPDR1E  XP_003544291 | LjPDR1 chr1.CMO295.1190.r2.a
MIPDRZ XP_003625398 GmPDR1b XP_003553512 GmPDR19  XP_003551279 | LjPDR2 chr1.CMO295.1210.2.a
MIPDR3 XP_003625401 GmPDR2 XP_003553513 GmPDR20a XP_003550575 | LjPDR3 chr5.CMO345.1620.12.m
MIPDR4 XP_003625361 GmPDR3 XP_003553514 GmPDR20b XP_003528508 | LiPOR4 chr5.CMO345.1640.2.m
MIPDRS XP_003625405 GmPDR4a XP_D03550166 GmPDR21  XP_003550950 | LjPDRS chr3.CM0226.110.2.m
MIPDRE XP_003625403 GmPDRAb XP_D03545503 LiPORE chr3.CMOZ26.120.r2.m
MIPDRT XP_003568698 GmPDRSa XP_003526427 LjPDRT chr2.CMO346.80.12.m
MIPDRE XP_003568600 GmPDRSH XP_003522631 LiPORS chr3.CMO0213.540.12m
MIPDRY XP_003597816 GmPORE XP_003546230
MIPDR10  XP_003507619 GmPDRTa XP_003546218
MIPDR11  XP_D03587818 GmPDRTD XP_003543663 Othar spacies _
MPDR1Z  XP_0D3625772 GmPDRE XP_003528365 Gene name Accession
MIPDR13  XP_003625773 GmPDRS XP_003529755 NpPDR1 Q49G3.1
MIPOR14  XP_003625775 GmPOR10 XP_003546211 NpPDRZ Q2PCF1.1
MIPDR1S  XP_O03609B65 GmPDR11a XP_003549791 MIPDR1 QTecu2.1
MIPOR16 P 003627034 GmPOR11b XP_003524521 NIPDR3 QEW2T4.1
MIPDRI7  XP_003615634 GmPDR1Z XP_003520687 SpTURZ 0243671
MIFORIE  xp 003507663 GmPDR13 XP_003554421 PHPDR1 AFA43816.1
MIPDR19  XP_003609200 GmPDR14 XP_003520263
MIPDR20 xp_ou:;,szsgeg.xp 003625384 | GmPDR15a XP_003555459
MIPDR21  xP_003625365+XP_ 003625367 | GmPOR15b XP_003535502
MIPDR22  xp po36as5did GmPDR16a XP_003530098
MIPDRZ3  XP_003603455 GmPDR 16D XP_003531643
MIPDR24 XP_O036257TT GmPDRIT XP_003543626

Fig. 2 Accession numbers of plant full-size ABCG proteins (PDRs). Medicago truncatula (Mt),
Glycine max (Gm), Nicotiana plumbaginifolia (Np), Nicotiana tabacum (Nt), Spirodela polyrrhiza
(Sp), Petunia hybrida (Ph) accession numbers are from GenBank (http://www.ncbi.nlm.nih.gov/
genbank/). Lotus japonicus (Lj) accession numbers are from database miyakogusa.jp 2.5 (http://
www.kazusa.or.jp/lotus/). *MtPDR1-19 corresponds to MtABCG1-19 in Jasinski et al. (2009).
**In Eichhorn et al. (2006) GmPDR 1a is called GmPDR12
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Fig. 3 Unrooted phylogenetic tree of the half-size ABCG proteins (WBCs) of Arabidopsis
thaliana (At), Medicago truncatula (Mt), Glycine max (Gm), Lotus japonicus (Lj), with a focus
on STR1 and STR2 and their orthologs from Cicer arietinum (Ca), Cucumis sativus (Cs), Vitis
vinifera (Vv), Oryza sativa (Os), Sorghum bicolor (Sb) (broken borders). A. thaliana accession
numbers are from Verrier and associates (2008), other plants accession numbers are shown in
Fig. 1. The full-length protein sequences were aligned using CLUSTAL_W and the phylogenetic
tree was constructed using the neighbour-joining method

et al. 2012). In Medicago, a high level of DNA recombination has been associated
with gene clusters belonging to the multigene families that are related to biotic
interactions (Paape et al. 2012).

Within the WBC transporters, two independent and well-distinguished clades
that are characterised by the presence of STR1 and STR2 homologues can be found
(Fig. 3). Both clades can be considered AM-related because their members include
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Fig. 4 Unrooted phylogenetic tree of the full-size ABCG proteins (PDRs) of Arabidopsis thaliana
(At), Medicago truncatula (Mt), Glycine max (Gm), Lotus japonicus (Lj), Nicotiana
plumbaginifolia (Np), Nicotiana tabacum (Nt), Spirodela polyrrhiza (Sp), Petunia hybrida (Ph),
with focus on legume-specific clade described in the text (broken border). A. thaliana accession
numbers are from Verrier and associates (2008), other plants accession numbers are shown in
Fig. 2. The full-length protein sequences were aligned using CLUSTAL_W and the phylogenetic
tree was constructed using the neighbour-joining method

STR1 and STR2 from M. truncatula and O. sativa and were recognised as crucial
for mycorrhizal arbuscule development. Interestingly, these clades comprise only
one-to-one orthologues (no species-specific expansion) from different vascular
plants. These observations might indicate a functional conservation of these pro-
teins between members of the di- and monocotyledons and might hint at the
expected function of STRs in other plants (Zhang et al. 2010; Gutjahr et al. 2012).
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8 A Final Word

Important details concerning plant ABC transporters have as yet only been inves-
tigated in a few plants due to the favour of an experimental object, the basic interest
of researchers or by chance. We have only just begun to recognise these proteins in
legumes. It might be obligate to postulate that the redundancy of ABCG genes in
legumes is relevant for the recognition between symbiotic and pathogenic micro-
organisms and for establishing specific types of interactions. However, a precise
role of these transporters in symbioses and the transport of, e.g. signalling mole-
cules remain to be discovered. Studying membrane transporters contributes to the
understanding of how fluxes of molecules and their biosyntheses are integrated into
programs of plant cell/tissue specialisation that ensure their tight connection with
biological events such as defence responses or symbioses. It is likely that under-
standing transport processes in plants will result in an increased resistance towards
pathogens and in their more efficient nodulation and mycorrhization, which, in turn,
will increase the production of high-quality plant material without harming the
environment.
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ABC Proteins and Other Transporters
in Lotus japonicus and Glycine max

Kojiro Takanashi and Kazufumi Yazaki

Abstract Legume plants establish a symbiosis with nitrogen-fixing bacteria called
rhizobia to gain nitrogen nutrients directly from atmospheric N, via symbiotic
nitrogen fixation. This process annually provides approximately 33—46 million
tons of fixed nitrogen in agricultural systems. For the establishment and mainte-
nance of symbiotic nitrogen fixation a number of proteins, ions, and metabolites
including fixed-nitrogen and photosynthetic products are exchanged between host
plants and rhizobia across several membranes by a variety of transporters of both
host plants and rhizobia. Many research groups have so far identified various
enzymes and transporter proteins involved in the symbiosis over several decades.
In this chapter we review the current knowledge on ABC proteins in legumes,
especially related to symbiotic nitrogen fixation in determinate nodules represen-
tatively formed in Glycine max and Lotus japonicus. We also give an overview of
other plant transporters involved in symbiotic nitrogen fixation in these legume
plants.

1 Introduction

Legume plants develop a symbiotic organ called a nodule with nitrogen-fixing
rhizobia. In nodules, atmospheric N is converted to nitrogen nutrients via sym-
biotic nitrogen fixation (SNF), which provides in agricultural systems approxi-
mately 33—46 million tons of fixed nitrogen annually (Herridge et al. 2008). SNF
occurs in nodules, which develop from dedifferentiated root cells after infection by
species-specific rhizobia, where orchestrated gene expressions and exchange of
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chemical signals are involved (Murray 201 1; Oldroyd 2013). Rhizobia infected into
nodule cells via endocytosis transform into bacteroids surrounded by an inside-out
plant plasma membrane (PM), called the symbiosome membrane (SM), resulting in
the creation of a novel organelle termed a symbiosome (Goodchild and Bergersen
1966; Roth and Stacey 1989). In symbiosomes, atmospheric N, is reduced into
ammonia that is supplied to plants, and in turn, photosynthates are provided from
plants to bacteroids. The exchange of nitrogen and carbon metabolites is mediated
by crossing at least three membranes; the PM of infected cells, the SM, and the
bacteroid membrane, from the nodule vascular bundle to the bacteroid. This
suggests many membrane transport events are involved in SNF to exchange signals
and nutrients between a host legume and rhizobia. Indeed, a number of
transcriptome, proteome, and metabolome analyses have been done in both plants
and rhizobia and have revealed that various membrane transport molecules seem to
be relevant for SNF (Udvardi and Poole 2013).

There are two types of root nodules in legume plants and both have been
respectively investigated in detail (Sprent 2007). One of them, indeterminate
nodules formed on legumes such as Medicago truncatula and Pisum sativum are
initiated from the inner cortex, and the nodules have a persistent meristem that
allows continuous growth and infection. The indeterminate nodules can be divided
into four major zones, i.e., a persistent apical meristem (zone I), a bacterial
infection zone (zone II), a nitrogen-fixing zone (zone III), and a senescence zone
(zone IV) (Vasse et al. 1990). By contrast, the development of determinate nodules
(e.g., in legumes like Lotus japonicus and Glycine max) begins from the cell
divisions of the outer root cortex cell layer. These determinate nodules have a
defined lifespan and lose their central meristem as well as the ability to be
continuously infected upon maturation.

Hormones and proteins involved in the initiation, the development, and the
maintenance of nodules are different between these two types of nodules
(Mathesius 2008), implicating apparent differences in the regulation systems
between these nodule types. To date, genome sequences of five legumes were
published including M. truncatula with indeterminate nodules (Young
et al. 2011), and two legumes forming determinate nodules, L. japonicus and
G. max (Sato et al. 2008; Schmutz et al. 2010).

In this chapter we provide an overview of ABC proteins related to SNF in the
determinate nodule-forming legumes, L. japonicus and G. max. First, we introduce
a genome-wide analysis of ABC proteins in both Lotus and Glycine genomes, and
then we discuss possible functions of individual ABC proteins. We also describe
other transport systems, such as MATE (multidrug and toxic compound extrusion)-
type transporters, which are relevant for SNF in legume plants.
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2 ABC Proteins in the Genome of L. japonicus and G. max

Fabaceae is the third largest family of flowering plants, comprising more than
700 genera and 20,000 species, many of which have long been targets of breeding
because of their agronomic and industrial importance. Among them, L. japonicus
has been chosen as a representative model legume for genetic and physiological
studies because of its short life cycle (2-3 months), self-fertility, and relatively
small genome size (n =6, 472 Mb). Prior to the report of Lotus genome structure
and features (Sato et al. 2008), an inventory of Lotus ABC transporters was
provided with coverage of 67 % (315 Mb) of the whole genome, to obtain a general
feature of legume ABC transporters (Sugiyama et al. 2006). In this early study,
because most of the detected open reading frames were fragmental, a domain-based
clustering analysis was employed, in which the amino acid sequence of nucleotide
binding domains (NBDs) and transmembrane domains (TMDs) instead of the entire
proteins were used to cluster ABC protein fragments. At least 90 ABC transporter
genes were found from the determined genome, in which a high redundancy of
AtABCC14-like genes and AtABCG40-like genes were detected as a characteristic
feature of Lotus ABC proteins (although originally 91 ABC genes were found, one
gene in the SNC family was not counted in the present review according to the
nomenclature proposed in 2008 (Verrier et al. 2008)). Similarly, the high redun-
dancy of ArABCG40-like genes was also found in another model legume,
M. truncatula, which develops indeterminate-type nodules (Jasinski et al. 2009).

Neither a physiological role nor the protein function of AtABCC14 has yet been
reported in Arabidopsis, whereas AtABCG40 has been identified as a gene induced
by a fungal pathogen (Alternaria brassicicola) inoculation (Campbell et al. 2003).
AtABCG40 was later reported as an uptake transporter of the sesquiterpene plant
hormone, abscisic acid (Kang et al. 2010; see also chapter “ABC transporters and
heavy metals”). Recently, its ortholog in Petunia hybrida, PhPDR1 has been
suggested to function as a strigolactone exporter and to regulate the symbiosis of
arbuscular mycorrhizae (Kretzschmar et al. 2012). In addition, a Nicotiana
ortholog, NpPDR1, was reported to be involved in the secretion of sclareol, a
diterpene phytoalexin (Gomez et al. 2009), and a suppression of NpPDR] increased
the susceptibility to the plant pathogen, Botrytis cinerea (Stukkens et al. 2005).
Another tobacco ortholog, NtPDR1, was also reported to transport several
diterpenes including sclareol (Crouzet et al. 2013), suggesting that these ABCG
members are involved in defense responses against both abiotic and biotic stresses,
especially plant—microbe interaction (see also chapter “Plastidic ABC proteins”). In
the Lotus genome most of the ArABCG40-like genes were upregulated in the root by
inoculation with rhizobia, suggesting that this unique feature has an important role
related to SNF (Sugiyama et al. 2006). One of those AfABCG40-like genes was
designed as LJABCGI, which is described below.

Soybeans are one of the most important legumes as crops, representing 50 % of
the global crop legume area and 68 % of global production. In 2010, the genome
sequence of G. max var. Williams 82 was reported with the coverage of 85 %
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Table 1 Comparison of the ABC protein in plants

Genome
(Mb) ABCA ABCB ABCC ABCD ABCE ABCF ABCG ABCI Total Reference
G. max 1,115 7(06) 4909 39 5 2 11 108 (73) 21 242 This review
L. japonicus 472 3(h) 153 17 2(1) 1 6 36(24) 10 90 Sugiyama et al.
(2006)
Arabidopsis 125 12(11) 29(7) 15 2(1) 3 5 43 (28) 21 130  (Sanchez-Fernandez
et al. 2001;

Verrier et al.
2008)

Parentheses indicate the number of half-size ABC proteins for the subfamilies, in which both full-
and half-size members are classified as one group

(950 Mb) of the predicted genome (1.115 Mb), which revealed a highly duplicated
genome of the soybean, e.g., almost 75 % of genes were in multiple copies, due to
genome duplication events that occurred twice 13 and 59 million years ago
(Schmutz et al. 2010). To find the soybean-specific diversification in ABC trans-
porters, a domain-based clustering analysis was performed with a gene data set ver.
1.09 (http://www.phytozome.net/soybean.php), from which 262 predicted genes
were found to show high amino acid similarity with ABC proteins. Of those,
242 genes containing sequences of NBD and/or TMD were classified according
to the nomenclature unified by Verrier et al. (Verrier et al. 2008) (Table 1, Fig. 1a—d).
The total number is approximately double of those of Lotus and Arabidopsis
(Sanchez-Fernandez et al. 2001; Sugiyama et al. 2006), which apparently reflects
the larger genome size of Glycine. It is noteworthy that the high redundancy of
AtABCG40-like genes, which was found in the Lotus and Medicago genomes, was
also detected in the Glycine genome. Fourteen of 32 NBD1 sequences and nine
of 35 NBD2s were exclusively similar to AtABCG38 and AtABCG40 (Fig. 1c¢).
One full-size ABCG member in this clade, GmPDRI2, was previously reported as a
salicylic acid-induced gene in G. max var. Williams 82 cell suspension cultures
(Eichhorn et al. 2006), and its expression was also induced by methyl jasmonate,
suggesting that soybean ABC proteins in this clade are also involved in plant—-microbe
interaction as those of other plants. The higher redundancy of AtABCG40-like genes
in the legume genome is presumed to reflect a variety of the legume—microorganism
interaction, e.g., SNF and mycorrhizal symbiosis. The sequence of GmPDR12 was not
found in this analysis, and the highest similarity with 98 % was found in a sequence of
Glyma03g32520.1.

In the same ABCG subfamily, but in half-size members, 14 of 73 NBD genes
showed a high similarity with AtABCG11 (Fig. 1d), which is responsible for wax
load and thus, is proposed to transport wax components such as C29 alkanes and
cutin monomers (Bird et al. 2007; Luo et al. 2007; Panikashvili et al. 2007; Ukitsu
et al. 2007). Because this redundancy of AtABCG11-like genes was not detected in
the Lotus genome, where putative ABCG NBDs were dispersed on the phylogenetic
tree (Sugiyama et al. 2006), the redundancy of AtABCGI11-like genes may not be
related in SNF. A cluster of AtABCC14-like genes, another characteristic clade of
high redundancy observed in the Lotus genome, was not found in this analysis with
soybeans (Fig. 1b).
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Fig. 1 Domain-based clustering analyses of (a) ABCB, (b) ABCC, (c) full-size ABCG, and (d) half-
size ABCG in G. max and Arabidopsis genomes. Phylogenetic trees were generated with the amino
acid sequences of NBDs using MEGA 5.0 software (Tamura et al. 2011). N1 and N2 represent NBD1
and NBD2, respectively. ABC members of Arabidopsis are represented as the number
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3 Functions of ABC Proteins in Symbiosis with Rhizobia

3.1 ABC Proteins Mediate the Exchange of Signaling
Molecules Between Legume and Rhizobia

Nodule development in the legume is initiated by an exchange of chemical signals
between plant root cells and soil rhizobia, which is a determinant factor of species-
specific symbiosis. In nitrogen deficient conditions, legume plants release particular
flavonoids as the symbiosis signal into the root exudates, e.g., luteolin from alfalfa
(Medicago sativa), 7,4'-dihydroxyflavone and geraldone from white clover (Trifo-
lium repens), and daidzein and genistein from G. max (Djordjevic et al. 1987,
Kosslak et al. 1987; Peters et al. 1986; Redmond et al. 1986). These flavonoids
differ according to legume species, suggesting that a structurally different flavonoid
determines species-specific interaction between plant and rhizobia, at least in part.
The transport system of this flavonoid secretion was biochemically analyzed using
membrane vesicles of soybean root and revealed that the transport characteristics
are typical for those of ABC transporters (Sugiyama et al. 2007). Genistein was
transported in an ATP-dependent manner, while its transport was inhibited by
vanadate, a general inhibitor for ABC transporters and P-type ATPases. The
genistein transport was not influenced by other inhibitors such as bafilomycin
Al and gramicidin D, which act as ionophores to destroy the electrochemical
gradient across the membrane, on which secondary transport depends. Out of the
ABC transporters, ABCG members were suggested particularly to mediate the
genistein secretion from soybean root because no inhibitors of ABCB and ABCC
affected genistein transport (Sugiyama et al. 2007). It is of interest that the gluco-
side of isoflavones genistin and daidzin (7-O-glycoside of genistein and daidzein,
respectively) as well as their 6”-O-malonyled compounds (6”-O-malonylgenistin
and 6”-O-malonyldaidzin) were not transported in an ATP-dependent manner.
However, an abundance of malonylated and nonmalonylated genistin and daidzin
were detected in a soybean root exudate (Pueppke et al. 1998). The existence of an
apoplastic soybean f-glucosidase, GmICHG, which hydrolyzes the B-glucosidic
linkage of glucosides suggests the involvement of other transport systems of these
flavonoids across PM (Suzuki et al. 2006).

A MATE-type transporter family that constitutes one of the largest transporter
families, e.g., 56 genes in Arabidopsis genome and at least 100 members in G. max,
is one candidate responsible for the secretion of those hydrophilic flavonoid glu-
cosides. Because the MATE family transports a broad range of substrates, some of
which, e.g., alkaloid and phenylpropanoid, overlap with those of the ABC protein
family (Alejandro et al. 2012; Otani et al. 2005; Shitan et al. 2003; Tsuyama
et al. 2013), the existence of coordinated regulation of metabolite dynamics by
ABC and MATE transporters is suggested. Several MATE transporters have also
been reported to mediate the flavonoid accumulation into the vacuole. AtTT12 from
Arabidopsis and MtMATEL! of M. truncatula transport cyanidin 3-O-glucoside and
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epicatechin 3’-O-glucoside in yeast (Marinova et al. 2007; Zhao and Dixon 2009),
and both are the precursors of proanthocyanidins. In the grapevine, two MATE
members, VVAMI1 and VvVAM3, accumulate acylated cyanidin 3-O-glucoside into
the vacuole (Gomez et al. 2009). By contrast, MATE transporters involved in the
flavonoid efflux at the PM have not been reported so far; however, recent study by
Tsuyama et al. suggested the existence of an H"-antiporter-coupled vesicle trans-
port system into an apoplast (Tsuyama et al. 2013). This type of transport system
might function in the secretion of flavonoid glucoside in legume roots. Some genes
encoding AtTT12-like MATE transporters are expressed highly in Glycine roots
(Libault et al. 2010); thus, it will be interesting to determine their membrane
localization and transport substrate in detail.

In response to plant-secreted flavonoids, which bind to the NodD receptor,
rhizobia produce and release Nod factors that are lipochitooligosaccharide deri-
vatives containing various species-specific modifications especially in the side
chain, which are essential for the specific host-rhizobia interactions (Egelhoff
and Long 1985; Fisher and Long 1992; Mulligan and Long 1985; Rossen
et al. 1985). The secretion of Nod factors from rhizobia is mediated by a bacterial
type ABC transporter that consists of the products of nodl and nodJ genes (McKay
and Djordjevic 1993; Spaink et al. 1995), both of which construct an operon
together with the genes of Nod factor biosynthesis, nodA, nodB, and nodC (Bulawa
and Wasco 1991; Lerouge et al. 1990; Schmidt et al. 1988). Because a low level of
secretion of Nod factor was detected in the nodJ mutant, some involvement of other
transporters, e.g., nolFGHI, is also suggested (Saier et al. 1994).

3.2 ABC Proteins Functions in the Mature Phase
of Determinate Nodules

After perception of Nod factors by plant root hair cells, a curling of the root hair
cells is triggered, and then rhizobia can penetrate into the cortical cells through
elongation of an infection thread, which successively causes cortical cell division.
During nodule developments, both plant cells and rhizobia differentiate concert-
edly, resulting in the formation of both infected and uninfected plant cells in a
pavement pattern inside the nodule. Then, fixed nitrogen was supplied to the plant
from the rhizobia in SM in infected cells, and the plant provided reduced carbon and
all other nutrients necessary for symbiotic-bacteria, in turn (Oldroyd et al. 2011;
Udvardi and Poole 2013).

To understand the metabolite dynamics in Lotus nodules, tissue-specific
transcriptome analysis has been recently performed using laser microdissection
(Takanashi et al. 2012b). Three tissues, i.e., infection zone (IFZ), nodule paren-
chyma (NP), and nodule cortex (NC), were isolated from the sections of matured
nodules (Fig. 2a—¢), and each expressing gene was identified by microarray ana-
lyses. Totally, 1,425 genes were found in the nodule, of which approximately 65 %
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f IFZ: 883
1425 genes

NP: 826 NC: 1083

Fig. 2 Isolation of three tissues from the cross-sections of L. japonicus nodules using laser
microdissection. Cross-section of a nodule (a) before and (b) after LM. (c¢) Infection zone (IFZ),
(d) nodule parenchyma (NP), and (e) nodule inner cortex (NC). (f) The number of genes
expressing in IFZ, NP, and NC. (Figures were taken from Takanashi et al. 2012b)

genes were expressed in a tissue-specific manner (Fig. 2f). From this analysis, nine
ABC proteins were detected; five ABC genes showed IFZ-specific expression and
two genes were NC-specific, whereas the other four ABC proteins were expressed
ubiquitously in nodules, some of which were reported previously as genes induced
in SNF (Kouchi et al. 2004; Sugiyama et al. 2006).

One of the IFZ-specific ABC proteins was LjABCB1, which has a high amino
acid similarity with AtABCB4 (67 %) and AtABCB21 (68 %), both of which were
reported as auxin transporters in Arabidopsis root (Cho et al. 2007, 2012;
Kamimoto et al. 2012; Lewis et al. 2007a, b; Santelia et al. 2005; Terasaka
et al. 2005). Expression of LjABCBI was induced only in the uninfected cells
adjacent to the infected cells in the late nodulation stage (Takanashi et al. 2012a).
The same expression was previously observed in a GUS-trapped line, FATA
MORGANA (Buzas et al. 2005). When expressed in yeast, LJABCB1 showed
TAA efflux activity, but the transport activity was much less than in those of
AtABCB21 (Kamimoto et al. 2012; Takanashi et al. 2012a). During nodule devel-
opment, auxin is first accumulated in the proliferating root cortical cells, where
rhizobia are infected. Then auxin accumulation is detected in the dividing cortical
cells of the nodule primordia, and finally at the vascular bundle in the matured
nodules (Pacios-Bras et al. 2003; Suzaki et al. 2012; Takanashi et al. 2011). Upon
the treatment of synthetic inhibitors of auxin transport during nodule development,
the formation of both the nodule vascular bundle and lenticels were clearly
inhibited (Takanashi et al. 2011). Because RNAi transformants of LjABCBI
showed no visible phenotype difference, the physiological function of the
LjABCBI is still to be investigated. However, it is noteworthy that LjABCBI
expression was highly induced in Fix" mutant nodules such as fen/ and senl,
which have a mutation in a homocitrate synthase and vacuolar iron transport-like
gene, respectively (Hakoyama et al. 2009; Suganuma et al. 2003). Considering the
higher expression of LJABCBI in Fix” mutants with the restricted expression of
LjABCB/Iin uninfected cells adjacent to infected cells, it is suggested that LJABCB1
is involved in the maturation and maintenance of infected cells. To clarify the
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physiological function of LJABCBI, it will be necessary to visualize local auxin
dynamics with higher resolution during nodule development.

LjABCBI1, a member belonging to the Lotus-specific ABCG clade as described
above, was also found in the tissue-specific transcriptome analysis as an
NC-specific ABC gene (Takanashi et al. 2012b). This full-size ABCG transporter
was first reported as a transiently induced gene at 4-7days after inoculation of
rhizobia from time-course transcriptome analysis (Kouchi et al. 2004). LjABCGI
was expressed in the primary root tip, steles of lateral roots, the root-nodule
junction, and the nodule parenchyma (Sugiyama and Yazaki, unpublished result).
The transport assay revealed that LJABCG1 does not transport sclareol (Sugiyama
and Yazaki, unpublished result), the substrates of LJABCGI1 orthologs in Nicotiana
(Jasinski et al. 2001). Recently it has been reported that the silencing of
MtABCG10, an ortholog of LjABCGlin M. truncatula, decreased flavonoid con-
tents both in root tissues and root exudate (Banasiak et al. 2013; see also chapter
“Defence, symbiosis and ABCG transporters”), suggesting that flavonoids are one
of the candidates of transported substrates for LJABCG]1. The fact that LjABCGI
and flavonoid biosynthesis genes showed similar spatiotemporal expression pattern
also support this idea (Kouchi et al. 2004; Takanashi et al. 2012b).

The rhizobia ABC transporter also functions in the matured nodule to promote
SNF. The ModABC transporter of B. japonicum mediates high-affinity molybdate
uptake, and mod mutants reduced the nitrogenase activity in symbiosis with soy-
beans under a Mo-deficient condition (Delgado et al. 2006). This reduction of Mo
content became severer when sulfate was supplied to the growth medium of
soybean symbiont, suggesting the existence of a Mo uptake system mediated by a
sulfate transporter. Mo is an element absolutely necessary for SNF because nitro-
genase, the key enzyme for nitrogen fixation, is a molybdenum—iron requiring
protein, which has a heterometal center (FeMo cofactor) as the catalytic site
(Dixon and Kahn 2004). The legume protein responsible for Mo transport on either
PM or SM in nodules has not yet been identified. Some metal transporters found in
IFZ from tissue-specific transcriptome analysis probably mediate Mo uptake into
the symbiosome.

4 Other Transporters Functioning in Lotus and Glycine
Nodules

In addition to ABC transporters, a number of transporter genes are expected to
function in matured nodules. In fact, a MATE-type protein, Li]MATE]1, was found
from the tissue-specific transcriptome analysis to be expressed in IFZ (Takanashi
et al. 2012b). LjMATEI] transports citrate when expressed in Xenopus oocyte, and
when expression of LJMATE] was silenced in L. japonicus, nitrogenase activity and
leghemoglobin expression were significantly reduced compared to control plants,
apparently due to less iron accumulation in IFZ. By contrast, increased iron



ABC Proteins and Other Transporters in Lotus japonicus and Glycine max 195

deposition was observed in the nodule-root junction and the nodule vascular bundle
in LiMATE1-silencing plants, suggesting that the efflux of citrate into the apoplast
by LjMATEI is important for iron translocation from the vascular bundle to IFZ
(Takanashi et al. 2013). To confirm this idea, the membrane localization of
LjMATEI]1 is to be determined. Iron translocation is of a special importance in
nodules, especially in infected cells, because nitrogenase requires iron for an active
site of MoFe protein, and also for another component, the iron protein that functions
as an ATP-dependent electron donor to MoFe protein (Dixon and Kahn 2004). Iron,
as well as nitrogenase, is essential for other proteins such as ferredoxin, cyto-
chrome, and leghemoglobin for their activities (Appleby 1984; Dixon and Kahn
2004). In fact, approximately 44 % of the iron within soybean plants is estimated to
be in the nodule (Burton et al. 1998). To date, only one iron transporter has been
reported in relation to SNF. GmDMT1, a NRAMP (natural resistance-associated
macrophage protein) transporter of G. max, was identified to transport ferrous iron
at SM into the symbiosome (Kaiser et al. 2003). For more detail, mechanisms of
iron uptake and translocation in legume nodules have been summarized in a recent
review (Brear et al. 2013).

Transport mechanisms of primary metabolites and ions across SM were studied
biochemically using isolated symbiosome from soybeans in the 1990s (LeVier
et al. 1996; Tyerman et al. 1995; Udvardi and Day 1989; Udvardi et al. 1988,
1990, 1991), and to identify the proteins involved in those, the proteome analyses of
SM were performed in several legume species (Catalano et al. 2004; Panter
et al. 2000; Saalbach et al. 2002; Wienkoop and Saalbach 2003), which indicated
that a variety of transporters function on SM, including ABC proteins. To the date
no ABC transporters on SM have been investigated; however, several transporters
have been reported with forward and reverse genetic approaches, e.g., a sulfate
transporter, LjSST1, from L. japonicus (Krusell et al. 2005), a zinc transporter
(GmZIP1) from soybeans (Moreau et al. 2002), and anion transporters of both Lotus
(LjN70) and the soybean (GmN70) (Szczyglowski et al. 1998; Vincill et al. 2005).
Very recently, the membrane localization of a vacuolar iron transporter LjSEN1
was determined to be at the SM (T. Hakoyama, personal communication). Because
mutation in the LjSENI gene causes a severe fix- phenotype, the characterization of
its transport substrate is of high interest (Hakoyama et al. 2012). Although the
detailed membrane localization has not been determined, an ammonium trans-
porter, LjAMT2;1 (Simon-Rosin et al. 2003), and a K* transporter LjKUP
(Desbrosses et al. 2004) are characterized to function also in the infected cells of
L. japonicus. As a transporter potentially involved in the carbon supply for bacte-
roids, LjSUT4 was also reported, which belongs a type-IIl sucrose transporter
family localized at the tonoplast of L. japonicus nodule, and takes up a range of
glucosides including sucrose into cytosol according to the proton gradient
(Flemetakis et al. 2003; Reinders et al. 2008).
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Initiation of SNF During SNF

Uninfected cell
LIABCBT

ModABC

Symbiosome

LiSEN1

LiN70 / GmN70

“"Nod factor

Infected cell

Fig. 3 A proposed model of ABC proteins and other transporters functioning in SNF

5 Conclusions

Because of the agronomical importance of legume crops, investigation of SNF
mechanisms in legumes has been of great interest for many decades. In particular,
the transport of metabolites between legume plants and rhizobia has been one of the
focuses of intense research. This chapter focused on such transporter molecules,
mostly featuring ABC proteins, involved in SNF mainly in G. max and L. japonicus
as representatives of determinate nodule-forming legumes (Fig. 3).

Although a variety of metabolites and ions are exchanged during the develop-
ment and function of SNF, only a few ABC proteins have been analyzed to date.
This seems to be due to the difficulties in supposition and identification of the
transport substrates of ABC proteins because of their restricted substrate specific-
ities for their own metabolites and also of the low correlation between the amino
acid sequence similarity and the type of native substrates. Moreover, recent work by
Yu and De Luca (2013) revealed that the translocation of catharanthine, an inter-
mediate in the biosynthesis of the monoterpene indole alkaloid, is also mediated by
the ABC transporter in Catharanthus roseus (Yu and De Luca 2013), indicating the
necessity of a comprehensive understanding of metabolite dynamics for transporter
studies. Drawing the metabolic pathways in nodules with higher spatial and tem-
poral resolutions using recently established systems, e.g., an imaging mass spec-
trometry technique (Yoshimura et al. 2012) and a real-time radioisotope imaging
system (Kanno et al. 2012), are ways to understand metabolite dynamics in the
nodules, which will facilitate the characterization of more transporters including
ABC proteins functioning in SNF.
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Monocot ABC Transporters

YanXia Xu and YanHua Qi

Abstract The ABC transporter family is large and widespread in all organisms. In
plants, this family is usually highly expanded with more than 100 ABC transporters
that can be divided into eight subfamilies (ABCA-ABCG and ABCI). Significant
progress has been made in the structural and functional characterization of ABC
genes in the last 20 years, not only in dicots but also in monocots.

In this review, we focused on the research of ABC transporter in monocots.
ABCB genes of maize and sorghum play an important role in stalk growth through
modulating polar auxin transport. ZmABCC3 and ZmABCC4 function in anthocy-
anin transport. Additionally, ZmABCC4 and its homologous genes in soybean and
rice are involved in phytic acid accumulation. Wheat ABCG transporter LR34 was
associated with robust and durable resistance to the diseases, whereas barley ABCG
transporter, HvABCG31, plays an essential role in leaf water conservation associ-
ated to the cutin formation. Rice ABCG15 plays an important role in the transport
of anther cuticle and sporopollenin precursors whereas ABCGS is involved in
controlling shoot branching. OsSTAR1 and OsSTAR2 are members of ABCI
subfamily with implications in aluminum toxicity response. Compared to this, little
is know about the members of ABCA, ABCD, ABCE, ABCF, and ABCI sub-
families in monocots.

Eukaryotic ABC transporters consist of two hydrophobic transmembrane
domains (TMDs) contributing to the substrate translocation pathway and two
nucleotide-binding domains (NBDs) involved in ATP binding. TMDs contain
several membrane-spanning «-helices and NBDs contain several highly conserved
motifs: Walker A, Walker B, ABC signature, H loop, and the Q loop. Prokaryotic
ABC importers have a fifth domain: the substrate-binding protein (SBP) responsible
for the substrate specificity of ABC importers (Higgins and Linton, Nat Struct Mol
Biol 11:918-926, 2004).
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On the basis of sequence similarity, protein size (full, half or quarter molecule),
orientation (forward or reverse pattern), and the presence or absence of idiotypic
transmembrane and/or linker domains, the plant ABC proteins can be divided into
8 subfamilies (ABCA-ABCG and ABCI) according to Verrier et al. (Trends Plant
Sci 13:151-159, 2008) who introduced the systematical nomenclature for plants
ABC proteins.

1 ABCA Subfamily

Several members of ABCA subfamily in mammalian are associated with severe
health disorders, such as Tangier disease T1, familial high-density lipoprotein
deficiency, Stargardt disease-1, age-related macular degeneration, and retinitis
pigmentosa (Vasiliou et al. 2009). However, there is only little information on
plant members of this subfamily.

Re-annotation of the Arabidopsis and rice reveals a difference between the two
species. The ABCA subfamily of Arabidopsis is composed of 12 members of which
11 are half-molecular ABCA genes (alias ATH) and one is a full-length ABCA
gene (alias AOH), while the rice ABCA subfamily is constituted by six half-size
ABCA genes (ATH), lacking full-length ABCA gene (Jasinski et al. 2003; Garcia
et al. 2004). Blast analysis of five plant species genomes (total 35 plants in
Arabidopsis, Sorghum bicolor, Zea mays, Oryza sativa and Vitis vinifera) displayed
that full-length ABCA genes (AOHs) existed in all embryophytes except monocot
grasses, not only rice but also sorghum and maize (Pang et al. 2013). This may
indicate a gene lose event when the monocot/dicot split, considering that AOH
orthologues have been found in Physcomitrella patens, a moss that be the repre-
sentative of the basal land plants (Rensing et al. 2008). ATH is the only half-size
plant ABC transporter category not represented in yeast. However, although the
studies of ABCAs in animals are intensive, there is not much known in plants. The
only thing we know about plant ABCAs is that NaCl can reduce the expression of
AtATH14 and AtATHI1S5 based on transcriptome analyses of root transporters
(Maathuis et al. 2003).

2 ABCB Subfamily

The subfamily B of plant ABC transporter consists of four subgroups of proteins,
full-molecule multidrug-resistance/p-glycoprotein (MDR/PGP) proteins, half-
molecule transporter associated with antigen processing (TAP) proteins, half-
molecule ABC transporter of the mitochondria (ATM) proteins, and half-molecule
lipid A-like exporter putative (LLP) proteins (Verrier et al. 2008). ABCBs are the
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second largest subfamily of ABC proteins in plants and they have been verified to
play a crucial role in many key developmental events in plants (Rea 2007; Kang
et al. 2011). Plant ABCB genes were initially described to regulate hypocotyl cell
elongation under dim light in 1998 (Sidler et al. 1998) and have since been widely
studied in plants (see chapters “Monocot ABC transporters”, “Structure-function of
plant ABC-transporters”, “It takes more than two to tango: Regulation of plant
ABC transporters”, “Evolution of transport directionality in ABCBs”, “Trafficking
of ABCB-type auxin transporters”, “Function of ABCBs in light signaling”).

AtABCB1 and AtABCB19 are the best-studied examples of the ABCB trans-
porters in Arabidopsis. Data obtained in experiments with atpgpl9 mutants and
overexpression lines provided first evidence that AtABCB19/AtPGP19/MDRI is a
putative auxin efflux carrier (Noh et al. 2001). First, AtPGP19 was shown to be
induced by TAA (Noh et al. 2001). Second, loss-of-function mutants for AtPGP19
gene displayed an auxin-related phenotypes: epinastic cotyledons, curled leaves,
dwarf shoots, and reduced apical dominance. The phenotypes could be rescued by
molecular complementation of the atpgpl/9 mutants (Noh et al. 2001). Third,
AtPGP19 could bind tightly and specifically to the auxin transport inhibitor
1-naphthylphthalamic acid (NPA), and the effect of the AtPGPI9 mutations on
TAA transport could be mimicked in wild type by NPA treatment (Noh et al. 2001).
Last, the root hairs of AtPGP19 overexpression lines was shorter than that of wild
type when taking advantage of the root hair cell system that could be used to study
the activity of auxin transporter (Cho et al. 2007) and AtABCB19 was localized to
the plasma membrane and expressed in special tissues such as the endodermis and
the pericycle of roots (Lewis et al. 2007; Wu et al. 2007). The most direct
biochemical evidences for auxin efflux function of AtPGP19 has been obtained
by Bouchard et al. (2006), who characterized AtABCB19 in Hela cells and plant
protoplasts. The two systems proved that AtABCB19 functions as an ATP-driven
auxin efflux transporter.

For now, in the Arabidopsis ABCB family, only nine ABCB genes (AtABCBI,
AtABCB4, AtABCB14, AtABCB19, AtABCB21, AtABCB23, AtABCB24,
AtABCB25, and AtABCB27) have been functionally characterized. Of them, two
are auxin efflux transporters (mentioned above): AtABCB19 and AtABCBI1 (Sidler
et al. 1998; Noh et al. 2001; Geisler et al. 2003, 2005; Wang et al. 2013a); two are
facultative auxin im/exporters: AtABCB4 and AtABCB21 (Terasaka et al. 2005;
Kamimoto et al. 2012; Kubes et al. 2012); one is malate uptake transporter:
AtABCB14 (Lee et al. 2008) and three are involved in iron homeostasis:
AtABCB23, AtABCB24, AtABCB25 (AtABCB2S5 is recently reported to be also
involved in heavy metal resistance and molybdenum cofactor biosynthesis (Kim
et al. 2006; Chen et al. 2007; Bernard et al. 2009; Teschner et al. 2010)) and one is
important for Al sequestration: AtABCB27 (Larsen et al. 2007).

Rice, maize, and sorghum are three of the most important cereal crops, providing
a food staple to a large human population and livestock in the world. Along with the
completion of sequencing of the entire genomes of the above species, people have
gained a primary understanding of ABCBs’ classification, basic structure, typical
function, evolution track, and expression profiles in these species (Jasinski
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et al. 2003; Shen et al. 2010; Pang et al. 2013). Even so, little is known about their
real biological function.

Regarding the function of ABCBs in monocotyledons, there is a small number of
evidence that they also involve in the transport of IAA, aluminum toXicity
responses, and calcium homeostasis. Barley HvMDR?2 was first cloned and prelim-
inarily characterized (Davies et al. 1997). Davies et al. (1997) reported that
HvMDR?2 was expressed at low levels in both barley roots and leaves, but they
didn’t report the detailed function about HvMDR?2. Later, wheat TaMDR1 was
reported to plausible function in Al toxicity responses and calcium homeostasis,
because TaMDRI1 was induced in wheat root apices by aluminum and the Al
concentration required for the induction was lower in the Al-sensitive cultivar
than in the Al-tolerant cultivar; and TaMDRI1 was also induced by the inhibitors
of calcium channels and the reduced content of calcium ion (Sasaki et al. 2002).
Further detailed evidence for ABCB function in monocotyledon was provided by
Multani et al. (2003) demonstrating that the defect of MDR genes in maize and
sorghum resulted in impaired auxin transport, thereby leading to a dwarf phenotype
as shown by the brachytic2 and dwarfing3 mutants (Multani et al. 2003; Knoller
etal. 2010) (Fig. 1). Additionally, recent evidence has also shown that ABCB/PGP-
like gene products play a key role in regulation of the direction of auxin transport
after blue light perception by photl in maize (Matsuda et al. 2011). Protein—protein
interactions and phosphorylations are key events in that respect, which have
become the field of increasing research interest in Arabidopsis in the recent years
(Geisler et al. 2003, 2004; Bouchard et al. 2006; Bailly et al. 2008; Wu et al. 2010;
Christie et al. 2011; Henrichs et al. 2012; Wang et al. 2013a). Therefore it is
reasonbale to assume that similar mechanisms will be reported also in monocots
in the future.

3 ABCC Subfamily

The ABCC subfamily is also called multidrug resistance-associated protein (MRPs)
subfamily and is roughly similar to MDRSs in protein structure. They differ in the
N-terminal region where ABCCs/MRPs have an extremely hydrophobic N-terminal
extension (NTE or TMDO0) with unknown function, but MDRs do not (Klein
et al. 2006). The subfamily C of Arabidopsis, rice and maize contains 15 (denoted
AtABCC1-15), 17 (denoted OsABCC1-17) and 13 (denoted ZmABCC1-13) mem-
bers, respectively, all of which appear to be full-size ABC proteins (Verrier
et al. 2008; Pang et al. 2013).

The human HsABCC1 protein was reported to catalyze the transport of gluta-
thione (GSH) conjugates (GS-conjugates). In analogy to the research on human
ABCC, many early studies of plant ABCCs focused on the transport of
GS-conjugates (N-ethylmaleimide-GS and S-(2,4-dinitrophenyl)-G) and the
glutathionated  chloroacetanilide  herbicide  (metolachlor-GS)  (Martinoia
et al. 1993; Li et al. 1995; see Chap. “ABC transporters and heavy metals”). As
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WT dw3

Fig. 1 brachytic2 (br2) and dwarfing 3 (dw3) mutants with a defect in ABCB genes in maize
(a) and sorghum (b) display a dwarf phenotype resulted from impaired auxin transport. Images
were taken from Multani et al. (2003)

early as the report of functional characterizing maize bronze-2 gene, published in
1995, researchers suggested a possible connection between ABCC genes and the
vacuolar transport of anthocyanin (Marrs et al. 1995). The bronze-2 (bz2) mutant
was defective in the accumulation of the anthocyanin in its vacuolar, resulting in a
bronze color in tissues. Given that previous studies indicated that GS-conjugates
were good substrate for ABCC in vitro, the involvement of ABCC in the vacuolar
transport of anthocyanin in vivo was presumed. This speculation was confirmed by
the research on AtMRP1 and AtMRP2 (Lu et al. 1997, 1998).

ZmMRP3 and ZmMRP4 were the best identified genes of ABC family in
monocot plants and also the first for whom the in vivo transport of a specific
endogenous substrate was described. A mutant line for ZmMRP3 exhibited a
distinct pigmentation phenotype in the adult plant, consistent with the
mislocalization of pigment and reduced anthocyanin content. Moreover,
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ZmMRP3 was localized in the tonoplast at where anthocyanin transport occurs and
its promoter is regulated by the maize anthocyanin transcription factors, all of these
suggested that ZmMRP3 function on anthocyanin transport. ZmMRP4 is also
involved in the same function (Goodman et al. 2004).

Later, several mutations have been isolated in this gene ZmMRP4 resulting in a
reduction of phytic acid content and an equivalent increasing of available phosphate
content, more importantly, no any significant reduction in seed dry weight (Raboy
2007; Shi et al. 2007; Badone et al. 2010; Cerino Badone et al. 2012). ZmMRP4’s
involving in phytic acid accumulation has a profound significance. Cereal grains,
like sorghum, maize, rice, and wheat, contain large quantities of phytic acid
(inositol hexaphosphate), which provides essential myo-inositol and phosphorus
required during seed germination and seedling growth. But phytic acid cannot be
digested efficiently by non-ruminants, effecting agriculture. On the other hand,
phytic acid chelates divalent cations, such as Fe**, Mn**, Mg**, Zn**, and Ca*",
having an impact on human health. ZmMRP4’s involvement in phytic acid accu-
mulation provides a profitable and environmentally friendly approach to engineer-
ing and breeding low-phytate varieties (Raboy 2007).

In addition, suppression of the homologous genes in soybean and rice led to a
similar alteration in the content of phytic acid and free phosphate (Shi et al. 2007;
Xu et al. 2009), suggesting a conserved function for this gene in plants.

4 ABCD Subfamily

The yeast and animal ABCD subfamily (also known as peroxisomal membrane
protein (PMP)) contain forward-oriented, half-molecule ABC transporters that
catalyze the transport of long-chain acylcoenzyme A substrates (Wanders
et al. 2007; see also chapter “Plant peroxisomal ABC transporters: flexible and
unusual”). In plants, the ABCD subfamily consists of half-size and full-size ABC
transporters. The Arabidopsis genome encodes two members of ABCDs, compar-
ing to three and four members in the rice and maize genome, respectively (Pang
et al. 2013). Of them, one member of Arabidopsis, two member of rice, and two
member of maize are full-size, a feature that is exceptional in eukaryotes. Plant
ABCD transporters were supposed to function on transport of the long-chain fatty
acids across the peroxisomal membrane (Hettema and Tabak 2000).

AtABCDI1 is the best-characterized ABCD transporter in plants. Several lines of
evidence indicated that, AtABCDI is responsible for importing a lot of substrates,
such as fatty acyl-CoA, precursors of auxin and jasmonic acid and acetate (Russell
et al. 2000; Zolman et al. 2001; Footitt et al. 2002; Hayashi et al. 2002; Theodoulou
et al. 2005; Hooks et al. 2007; Dietrich et al. 2009; Nyathi et al. 2010). However,
functions of these transporters in monocots are not yet reported, but some data from
researchers are useful to speculate on their putative function. For example,
OsABCDI is highly homologous to cyanobacterial ABC transporters, which were
involved in the export of toxic cyclic peptide-polyketides (Tillett et al. 2000).
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Phylogenetic analysis between five species (Arabidopsis, rice, sorghum, maize, and
grape) showed that monocots have evolved two exclusive branches of genes and
these genes are highly conservative across monocot species, suggesting that ABCD
genes in these branches have similar function across monocot species that is
different from Arabidopsis. ZmABCD4 and ZmABCDI1 are prominently expressed
in growing points, while ZmABCD2 was distributed to leaf tissue. ZmABCD3
exhibits primary expression at later seedling stage, similar to that in Arabidopsis
(Pang et al. 2013).

5 ABCE/ABCF Subfamily

With 3/5 members in Arabidopsis, 2/5 members in rice and 2/7 members in maize
(Pang et al. 2013), the plant ABCE and ABCF proteins are classified into soluble
ABC proteins and do not adhere to any membrane (Karcher et al. 2005). Plant
ABCE subfamily (alias rnase-L inhibitor (RLI) subfamily) characterized by a
ferredoxin iron—sulphur centre in the N-terminal ABC domain has been implicated
to play a key role in the transcription events and the posttranslational events (Bisbal
et al. 2000; Zimmerman et al. 2002; Braz et al. 2004; Chen et al. 2006; Bessard
et al. 2009). And plant ABCF subfamily is also known as regulation of gene
expression (REG) subfamily that has been implicated to regulate the gene expres-
sion (Winans et al. 1988; Marton et al. 1997; Liu et al. 2001). However, nothing is
reported on the function of members of both subfamilies in monocots until now.

6 ABCG Subfamily

The ABCG subfamily constitutes the largest subfamily of ABCs in plants (43 mem-
bers in Arabidopsis, 51 members in rice and 54 members in maize) and it contains
the reverse-oriented full-sized pleiotropic drug resistance homologs (PDRs) and
half-sized white—brown complex homolog proteins (WBCs) (Verrier et al. 2008;
Pang et al. 2013).

Since the first functional characterization of an ABCG gene, the Spirodela
polyrrhiza TUR2 gene, a large number of studies on plant ABCGs have been
conducted (van den Brule et al. 2002). Expression and function of plant ABCG
gene is predominantly studied in Arabidopsis and they function variously, such as
in the export and translocation of sporopollenin precursors (AtABCG26)
(Quilichini et al. 2010; Choi et al. 2011; Dou et al. 2011; see chapter “Exine Export
In Pollen” for details); lipid export (AtABCGI11, AtABCGI12, AtABCGI13,
AtABCG32) (Pighin et al. 2004; Bird et al. 2007; Panikashvili et al. 2007, 2010,
2011; Bessire et al. 2011); ABA responses (AtABCG25, AtABCG40 and
AtABCG22) (Kang et al. 2010; Kuromori et al. 2010, 2011); heavy metal resistance
and pathogen defense (AtABCG36) (Kobae et al. 2006; Kim et al. 2007); plant
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Fig. 2 A wheat ABCG transporter, leaf rust resistance34 (LR34), is involved in resistance to leaf
rust. (a) Lr34 confers a partial slow-rusting resistance. Left: the resistant line Jupateco R; right: the
susceptible near-isogenic line Jupateco S. (b) Flag leaves infected by leaf rust. Left: Jupateco R
(three leaves); right: Jupateco S (three leaves). (¢) Lr34 is associated with leaf tip necrosis. Left:
the resistant near-isogenic line Arina Lr34; right: -Lr34 Swiss winter wheat cultivar Arina. Images
were taken from Krattinger et al. (2009)

kanamycin resistance (AtABCG19) (Mentewab and Stewart 2005); and paraquat
tolerance (AtABCG39) (Xi et al. 2012).

Studies in the dicotyledonous models, Arabidopsis and tobacco, were usually
applied to homologous monocotyledonous agricultural crops, because these pre-
cious studies are useful for future breeding for high-yielding agricultural crops. In
the rice genome, the expression of OsPDR9 and OsPDR20 was prominently
induced by jasmonic acid and salicylic acid, respectively, suggesting a role in
pathogen defense, whereas OsPDR3 and OsPDR6’s induction by abscisic acid
indicated a role in water deficit responses (Moons 2008). In addition, OsABCG43
was Cd inducible and OsPDR9 was also markedly induced by heavy metals,
hypoxic stress and redox perturbations, indicating a role in abiotic stress responses
(Moons 2003; Oda et al. 2011).

Functional characterizations of ABCG genes in monocots were also reported. A
wheat ABCG transporter, leaf rust resistance34 (LR34), was associated with robust
and durable resistance to the diseases of wheat: leaf rust (Fig. 2), stripe rust, and
powdery mildew (Krattinger et al. 2009). The naturally occurring wild barley
mutant eibil is one of the most drought-sensitive mutants in the world that suffered
from a severe level of water loss and defective cuticle and this gene for this
mutation was mapped to be a member of ABCG subfamily, HvABCG31,
suggesting that HYABCG31 play an important role in leaf water conservation
associated to the cutin formation (Chen et al. 2004, 2009a, b, 2011).

For WBCs, a very recent report indicated that the rice ABCG15 may play an
essential role in the transport of rice anther cuticle and sporopollenin precursors
(Qin et al. 2013). Cereals such as rice and wheat are different from Arabidopsis in
pollen structure. For example, tapetum cells have orbicules and an orbicular wall
and pollen exine has free space between the tectum and nexine that are absent in
Arabidopsis. Thus, mutation of genes result in the defective phenotypes in these
sites will make it better and unique to character the monocot. Mutation in ABCG15
led to a phenotype of small and white anthers lacking mature pollen, lipidic cuticle,
orbicules, and pollen exine and the number of wax components and aliphatic cutin
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monomers in anther cuticle was significantly reduced, indicating a role in
postmeiotic anther and pollen development (Qin et al. 2013). Additionally,
OsABCGS was suggested to control shoot branching by promoting the outgrowth
of lateral shoots, by the analysis of rice reduced culm number 1 (rcnl) mutants that
displayed a phenotype of prominently reduced culm number, even no any tiller after
growth for 50 days (Yasuno et al. 2009).

7 ABCI Subfamily

The ABCI subfamily is composed of five subfamilies: (1) iron—sulphur center
biogenesis proteins (ISBs), which have been demonstrated to be widely involved
in Fe-S biosynthesis processes, metabolic reactions, signaling sensing, electron
transfer, tissue senescence, regulation of gene expression, and embryo development
(Kou et al. 2012; Pang et al. 2013). (2) Cytochrome ¢ maturation proteins (CCMs),
which have been reported to be responsible for cytochrome ¢ maturation though
interacting with the inner mitochondrial membrane (facing the mitochondrial
matrix) and forming hetero-couples (Rayapuram et al. 2007, 2008). (3) Trigalacto-
syldiacylglycerol proteins (TGDs), which have been involved in polar lipid trans-
port (Wang et al. 2012, 2013b), and (4) cobalt transport-associated proteins
(CBYs), which have been found to participate in the cobalt transport system
(Pang et al. 2013) and unknown function proteins (NOs), which have been
suggested to contribute to Al detoxification (Larsen et al. 2005; Huang
et al. 2009, 2010).

Plant ABCI subfamily contains only soluble proteins, just like ABCE and ABCF
subfamily. But ABCI subfamily is usually shorter in amino acid sequences, because
of only one ATP-binding domain. Functions of monocotyledonous ABClIs are
poorly understood. There are two genes functionally reported, OsSTARI1 (for
sensitive to Al rhizotoxicityl) and OsSTAR?2. Disruption of either gene led to
hypersensitivity to aluminum toxicity. OsSTAR1 encodes a nucleotide-binding
domain and OsSTAR2 encodes a transmembrane domain of the transporter,
which are homologous to bacterial-type ABC transporters. Coexpression of
OsSTAR1 and OsSTAR?2 in Xenopus laevis oocytes displayed an efflux activity
for UDP-glucose (Huang et al. 2009).

8 Outlook

Genetic and biochemical approaches have revealed a wealth of information on plant
ABC transporters, including their structure, regulating factors, and function in plant
growth and developmental processes. The range of processes in which members of
the eight subfamilies of plant ABC transporters have been implicated encompasses
polar auxin transport, alkaloid transport, lipid catabolism, xenobiotic detoxification,
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stomatal function, disease resistance, and ion regulation (Martinoia et al. 2002; Rea
2007). However, of the 130 ABC transporters annotated in the Arabidopsis genome,
only ~20 have been functionally characterized partially due to the overlapping
functions between the members (Kang et al. 2011). The number of members that
have been functionally characterized in monocotyledons is much smaller. How-
ever, it is reasonable to assume that many monocotyledonous ABC transporters
function similar to their Arabidopsis counterparts. On the other side, there are
important differences between monocots and dicots, such as fruit structure and
pollen formation. Mutation of genes in these functions might uncover of monocot-
specific ABC transporter functionalities.

The research on monocotyledonous agricultural crops is relatively difficult but
valuable. Overlapping functions of members of plant ABC transporters makes it
difficult to reveal real function of the genes when using single mutants. Therefore
double or multiple mutants and comparative analysis of gene expression patterns
and subcellular localizations of the members in every subfamily will be interesting
to pursue in the future. These precious studies then can be applied to future breeding
for high-yielding agricultural crops serving human benefits: a member of maize
ABCC transporters, ZmMRP4 and its homologous genes in soybean and rice play
an essential role in phytic acid accumulation and this study can provide a profitable
and environmentally friendly approach to engineer and breed low-phytate varieties.
Analogously, a member of wheat ABCG transporters, LR34 was associated with
resistance to various wheat diseases and a member of barley ABCG transporters,
HvABCG3l, is involved in leaf water conservation. These studies can provide an
important reference for breeding disease-resistant and drought-resistant varieties.
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Abstract The ABC-transporter protein superfamily assures the crossmembrane
transport of a broad variety of substrates in all living forms. In plants, they
contribute greatly to most of the cellular functions, ranging from nutrient exchange
to secondary metabolites or hormonal control. This transport mechanism is solely
energized by the consumption of two ATP molecules per transport cycle. The
elegant transmission interface linking the ATP hydrolysis to the selective translo-
cation of solute across lipid layers was recently revealed thanks to structural
information gained by crystallography studies. The simple modular organization
of these transporters and the degree of homology between them argue for a
conserved association of a functional RecA-/F1-ATPase-like nucleotide-binding
dimer providing the energy stroke sufficient to alternatively reorganize a trans-
membrane module that selects and vectorially drives solutes. The helices forming
this transmembrane domain essentially create a pore with successive opening and
closing sequences exhibiting different substrate affinities at each side of the mem-
brane. Therefore, the surface residues forming this translocation chamber define the
function of each transporter and their careful analysis may prove useful to elucidate
the ABC-machinery. The need to understand the way these proteins function is not
only driven by clinical issues such as the multidrug resistance phenomenon but as
well by the promise to control key cellular events in diverse organisms. Manipula-
tion of plant genes altering ACB-transporters functions has already brought encour-
aging perspectives in miscellaneous research areas from phytoremediation to plant
architecture modification.
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1 Selective Molecular Pumps

ATP-binding cassette (ABC) transporters are universally found in all phyla, from
prokaryotes to humans (Higgins 1992; Hrycyna and Gottesman 1998), and consti-
tute one of the largest and most conserved protein superfamilies (Holland and
Blight 1999; Isenbarger et al. 2008; Holland 2011). These integral proteins function
in the vectorial translocation of substrates across intra- and extracellular mem-
branes and are believed to utilize ATP binding and hydrolysis to energize the
conformational changes required for this transport mechanism. Decades of focused
research have revealed the astonishing diversity of tasks imputed to
ABC-transporters within the life cycle of organisms, ranging from nutrient uptake,
lipid trafficking, and maintenance of osmotic homeostasis to cell division and
development (Higgins 1992; Holland and Blight 1999; Martinoia et al. 2002;
Kretzschmar et al. 2011; Dean and Annilo 2005). Typically these functions are
achieved through the specific transport of substrates inferring that
ABC-transporters hold a certain degree of specificity in the recognition of their
ligands. However, most of the efforts to characterize the structure-to-function
relationships inside this large protein family have been driven by the urge to
elucidate major human health issues. Among those a subset of human
ABC-transporters, namely ABCB1 (P-glycoprotein/Multi Drug Resistance 1),
ABCC1 (Multidrug Resistance-associated Protein 1) and ABCG2 (Breast Cancer
Resistance Protein) have been associated with the multidrug resistance (MDR)
phenotype in cancer cells that developed resistance to chemotherapeutic drugs
(Sharom 2008; Holland 2011). Thereafter, ABC-transporters have been viewed
through the prism of MDR despite the fact that the broad ligand specificity exerted
by MDR-associated proteins and their apparent role in extruding xenobiotics does
not accurately portray the diverse family members.

The growing number of characterized microbial, animal, and plant
ABC-transporters, both at the molecular and biochemical levels, has on one hand
continuously unveiled their functional variety but, on the other hand, revealed a
common protein structural design (Kretzschmar et al. 2011; Verrier et al. 2008;
Dean and Annilo 2005). Given the large number of ABC genes present in living
organisms (e.g., 65 in E. coli, 57 in Drosophila, 48 in human, and 120 in
Arabidopsis), one can wonder how these conserved structural features accommo-
date diverse ligand selectivity.

To date, there is no structural data available specific for plant ABC architectures.
The difficult task to crystallize these large membrane proteins has been slowing our
understanding of their mechanism for decades and each newly reported structure
generates a broad enthusiasm for the interpretation of former datasets and the
formulation of new mechanistic concepts or evolutionary perspectives. In the recent
years crystallographic data eventually exposed the full structure of key ABC trans-
porters. Besides prokaryote-specific ABC importers greatly helped in appreciating
the subtlety of the molecular events driving the consumption of ATP energy to the
coupling of the allosteric transport coordination. Two particular milestones have
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cast light onto eukaryotic, and indirectly also onto plant, structural ABC design.
Publication of the S. aureus Sav1866 (Dawson and Locher 2006) and of the murine
multidrug exporter ABCB1/MDRI1A (Aller et al. 2009) provided a framework for
analyzing the central specialization of plant ABC transporters to their substrates.

The need in a reliable system to address nutrients or secondary metabolites to the
desired cellular compartments reflects the sessile habit of these organisms. Given
the absence of a central nervous system based on rapid electric pulses, plants
developed a very elegant chemical communication apparatus to timely and pre-
cisely deliver the information. This is then no surprise that plant ABC-transporters
participate in critical processes in growth and development, from hormonal control
to plant architecture achievement (Martinoia et al. 2002; Kretzschmar et al. 2011).
The strong substrate-specificity expressed by plant ABC-proteins is therefore a
great asset to study the structure-to-function relationships of the transport cycle of
such pumps (Geisler et al. 2005). Plant ABC-transporters display sufficient
sequence homology to the published crystallized proteins to attempt robust in silico
modeling and further analysis of the spatial distribution of key residues in the ACB
catalytic cycle (Kretzschmar et al. 2011; Bailly et al. 2012).

2 A Millions-Year Core Architecture

The core architecture of ABC-transporters consists of a conserved arrangement of
two transmembrane domains (TMDs) and two cytosolic nucleotide-binding
domains (NBDs, ATP-binding cassettes). Functional transporters can be encoded
by one or several discrete genes, translated into one, two or four polypeptides which
eventually assemble into mono-, di-, or tetramers (Fig. 1). Prokaryotic
ABC-importers comprise a supplementary periplasmic-binding protein that cap-
tures the targeted substrate from the extracellular environment and delivers it to the
TMDs, thus reflecting their prevailing function in primary metabolites uptake.
Early studies demonstrating the involvement of eukaryotic ABC-transporters in
detoxification processes led to the concept that these proteins exclusively extrude
substrates from the cytosol. However, eukaryotic ABC-transporters are found in
most cell membranes (Dean and Annilo 2005; Kretzschmar et al. 2011) and at least
two plant ABC-transporters members of the B-subfamily can also act as importers,
referred to as facultative im/exporters (see Chap. 14 Evolution of transport
directionality in ABCBs, Shitan et al. 2003; Kubes et al. 2011). To date, it is
not known if this particular import mechanism can be extended to other
ABC-exporters, so we will cautiously hereafter use the term exporter to distinguish
these proteins from the prokaryotic ABC-importer type. Yet, this import mecha-
nism is not incompatible with the prevailing concept of ABC-transport mechanism
in eukaryotes.
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Fig.1 Canonical ABC-transporter architectures. ABC-importers (/eft) and exporters (right) share
a common structural organization. In their ATP-bound state, the two nucleotide-binding domains
(in purple and yellow) form a tight dimer serving as a socket for the pack of a-helices forming the
transmembrane domains (in green and blue) open to the outer medium. In this state, exporters
achieve the extrusion of solutes, while importers accept the uptake substrate from the periplasmic-
binding protein (in pink)

2.1 The Nucleotide-Binding Fold: A Universal Engine
Fueled with Universal Gas

Original crystal structures showed that soluble NBDs in the ATP-bound state
formed a closed head-to-tail dimer with two nucleotides bound at its interface
(Fig. 2), while nucleotide-free NBDs were spatially disconnected. From these
observations emerged the so-called switch model in which each NBD monomer
binds a molecule of ATP leading to a closed NBD dimer and consecutive hydrolysis
of two nucleotides (Higgins and Linton 2004; Holland and Blight 1999).
Posthydrolysis, the NBD monomers separate and release ADP and Pi. The exact
timing of ATP binding to each NBD is yet not entirely clear and both possibilities of
simultaneous or alternative binding of the nucleotides are currently debated (Jones
and George 2013; George and Jones 2012; Hollenstein et al. 2007). Nonetheless, it
is assumed that cyclic opening and closing of the NBD dimer drives the conforma-
tional changes in TMDs that grant substrate translocation. The collection of
nucleotide-bound or -free soluble NBD dimers and full ABC-transporters structures
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Fig. 2 The nucleotide-binding fold: a conserved life energizer. (a) Pseudosymmetry of the NBD
dimer in the nucleotide-bound state. The principal functional segments participating in
ATP-binding and hydrolysis are highlighted in discrete colors. Nucleotides are represented as
red sticks. (b) Detailed residue conservation status of the NBD dimer. Note the high conservation
of signature motifs at the nucleotide interface. Conservation scores were calculated based on the
positional sequence alignment of 21 different prokaryotic and eukaryotic NDB crystal structures
using the ConSurf server (http://consurf.tau.ac.il). (¢) Same as (b), one NBD monomer is
represented as ribbons and the opposite monomer as spheres. The NBD dimer was slightly tilted
to visualize the remarkable conservation status of the NBD-NBD interface. In contrast, residues
exposed to the hydrophilic medium display high variability
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available to date has questioned this canonical view (Jones et al. 2009), although
without completely rejecting it. Indeed, the various degrees of separation between
NBD monomers observed in these crystal data are probably incompatible with a
model where the sole energy of ATP binding would be sufficient to bring the two
halves of the sandwich dimer together (Jones et al. 2009; Jones and George 2013;
George and Jones 2012; Holland 2011; Verhalen and Wilkens 2011). Thus, until
further evidence, it appears reasonable to hypothesize that, in its cellular context,
the structural movements between the open and closed NBD dimers of an integral
ABC-transporter are probably restrained to the lowest energy cost.

It is important to state here that plant NBDs are not much different from other
kingdom NBDs and apparently perform the same described ancestral function
(Isenbarger et al. 2008). In regard to the essential motifs to perform ABC catalytic
cycle, linear alignments of plant ABC-transporter polypeptides clearly show a high
functional conservation (Fig. 2). Typically, each NBD can be subdivided into two
subdomains. The alpha-beta subdomain 1 includes a RecA-/F1-ATPase-like
nucleotide-binding region comprising the Walker A (or P-loop, GXXGXGKS/T)
and Walker B (JJJJDE) motifs (X = any and J = aliphatic residue) common to all
ATP-binding proteins and a characteristic ABC-ATPase beta-subdomain. The
a-helical subdomain 2 contains the ABC-signature motif (LSGGQ) and displays
a flexible attachment to subdomain 1. The head-to-tail orientation of the NBD
dimer defines two composite sites for ATP binding formed by the Walker A and
Walker B motifs of one monomer and the ABC-signature stretch of the other
monomer. In addition to these motifs, several functionally conserved residues
coordinately participate in the binding and hydrolysis of ATP. Although the exact
mechanism of ATP hydrolysis is still controversial (George and Jones 2012; Jones
et al. 2009), the following events are supported by biochemical and structural
evidence: (1) a conserved aromatic residue in the A-loop preceding the Walker A
motif builds a ring-stacking interaction with the adenosine ring of the nucleotide,
thus positioning it in the catalytic site; (2) residues from the Walker A motif,
especially the highly conserved lysine, form hydrogen bonds with the oxygen
atoms of ATP B- and y-phosphates further coordinated with waters and a Mg>*
ion; (3) in addition, the Walker B conserved aspartate forms hydrogen bonds to the
catalytic Mg**ion, thus supporting the geometry of the catalytic site; (4) backbone
amide groups of glycine and side chain of serine residues from the ABC-signature
motif drive a positive charge dipole to the nucleotide y-phosphate, in analogy to
interdomain arginine fingers found in other P-loop ATPases; (5) the conserved
histidine contained in the Switch region (or H-loop) as well interacts with the
nucleotide y-phosphate and the opposite Walker A and D-loop (SALD) glutamate
following the Walker B motif. Therefore the Switch region and D-loop stretches
represent the interface of the tight coupling of nucleotide binding and NBD
dimerization and may exert a regulatory function in the catalytic site. Conforma-
tional changes in these regions may alter the orientation of critical residues in and
affect communication between the active sites. Indeed, once nucleotide phosphates
are properly bound and its y-phosphate presented to the attacking water and
coordinating Mg?*, a catalytic base is required to favor the hydrolytic reaction.



Structure—Function of Plant ABC-Transporters 225

The Walker B terminal glutamate and the Switch region histidine are currently seen
as favorite candidates, but the conserved glutamine defining the Q-loop stretch that
connects the ATP core and a-subdomains could potentially perform this role.

It is now clear that substrate import or export across the TMDs is allosterically
coupled to ATP binding/hydrolysis, though a detailed mechanism is still pending
(Jones and George 2013; Procko et al. 2009). The Q-loop participates in the
interface with the TMDs and conformational changes in this region during the
catalytic cycle and could thus potentially engage its conserved glutamine in the
hydrolytic active site or disengage it following ATP hydrolysis. Such a movement
could be involved in transmitting structural changes between TMDs and NBDs via
the coupling helices described hereafter. A second exporter-specific feature that
may participate in NBD-TMD transmission interface is the presence of a conserved
glutamate from the X-loop motif in each NBD, shown to cross-contact the TMD
coupling helices in the nucleotide-bound state (Hollenstein et al. 2007; Dawson and
Locher 2006). While the ultraconserved NBD engines propel and presumably
control the transport cycle, they do not directly participate in substrate recognition.
This task is sustained by the less obvious structural function of the TMDs.

2.2 The Transmembrane Domains Build Selective
Translocation Chambers

The TMDs comprise cytosolic and membrane spanning regions and define the
solvent-filled transmembrane aperture containing the substrate-binding sites. The
TMD helices considerably extend further than the predicted membrane spans into
the cytoplasm and these cytosolic regions, referred to as intracytoplasmic loops
(ICLs, Fig. 3), describe a physical interface between TMDs and NBDs believed to
couple ATP binding/hydrolysis with the recognition of substrates and their trans-
location (Jones and George 2013; Hollenstein et al. 2007).

The canonical arrangement of TMDs is of two modules of six hydrophobic
transmembrane helices within ABC-transporters, but this number can vary in
ABC-importer types and the ABCC/Multidrug resistance-associated protein trans-
porters family (Klein et al. 2006; Tusnady et al. 2006; Kretzschmar et al. 2011) that
exhibits a supplementary N-terminal module termed TMDO. The function of this
additional transmembrane domain is to date unknown in plant transporters but was
suggested to be involved in protein targeting (Mason and Michaelis 2002; Westlake
et al. 2005) and could therefore be linked to the exclusive vacuolar localization of
these proteins. However, TMDs are loosely conserved in sequence and length and
this apparent diversification could represent the rationale for their diverse substrate
specificity. Indeed, in functional ABC-transporters the two TMD modules form a
gated translocation chamber that alternatively separate each side of the membrane
during the catalytic cycle, thus preventing passive diffusion of substrates (Fig. 4;
Bailly et al. 2012).
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TMD

ICL

NBD

Fig. 3 Cartoon representation of an ABCB homology model based on the Sav1866 outward-
facing structure 2HYD. Each covalently bound NBD-TMD module is highlighted in similar
colors. In silico prediction of the linker domain bridging the two modules is highlighted in orange.
Right, solely the software-predicted membrane- spanning regions (black) and coupling helices
(blue) are emphasized for clarity. Nucleotides are represented as red sticks

Currently available ABC-transporter crystal structures display transmembrane
folds with apparent structural discrepancies (Jones et al. 2009, Fig. 5). Obviously,
bacterial importers show large helix bundles that form either wide or narrow
chambers within the membrane and differ greatly from the TMD arrangements in
exporters. Structures from the Staphylococcus aureus multidrug exporter Sav1866
(Dawson and Locher 2006), the E. coliMsbA lipid flippase (Ward et al. 2007), the
mouse multidrug exporter ABCB1/MDRI1A (Aller et al. 2009), the C. elegans
ABCB1/MDRI1 (Jin et al. 2012) and the human mitochondrial exporter ABCB10
(Shintre et al. 2013) each exhibit the double six transmembrane helices arrange-
ment forming large V-shaped funnels in both outward- and inward-facing confor-
mations (Fig. 5). These exporters are close and functionally related homologs and
represent to date the only basis to apprehend the structural design of eukaryotic
ABC-transporters.

It is generally expected that ABC-transporters have evolved from a common
ancestor protein (Isenbarger et al. 2008; Verrier et al. 2008; Fisher et al. 2012) with
maintained general structure and mechanism that developed to accommodate
different substrates. The diverse transmembrane structures obtained through crys-
tallographic studies suggest distinct spatial constraints to embed these membrane-
spanning regions into lipid bilayers but phylogenetic classification of TMDs
revealed good correlations between linear sequences. It was as well established
that the bacterial importers’ architecture separated from exporter-like architectures
in a single event before the separation between prokaryotic and eukaryotic organ-
isms (Saurin et al. 1999). Therefore, it is tempting to assume that evolution has
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Fig. 4 The transmembrane helices packing in the inward-facing (/eft) and outward-facing (right)
conformations of ABC-exporters define a solvent-accessible space (orange volumes) respectively
granting exclusive entrance and exit to substrates across the membrane bilayer. Solvent access
paths were calculated using the Mole software (http://mole.chemi.muni.cz)

favored adaptation to novel substrate uptake or export functions from pre-existing,
efficient mechanisms. The size of particular TMD sets does not fully correlate with
transport specificity; obviously bulky substrates should be accommodated in trans-
location chambers large enough to sterically accept the molecules (Locher
et al. 2002). But functional analysis of transporters, especially plant exporters,
revealed that closely related transmembrane pores can translocate substrates of
various dimensions (Bikadi et al. 2011; Gutmann et al. 2010; Geisler et al. 2005;
Bouchard et al. 2006). Moreover, the lengths of TMDs seem to play no critical role
in bacterial ABC-uptake since the periplasmic-binding protein selects for the
imported substrate. The key for ligand recognition probably lies then within the
intrinsic distribution of residues defining the walls of each TMD cavity.

Despite growing collections of ABC-type sequences obtained from a large
spectrum of species it is to date practically impossible to de novo predict a function
for a given transporter. The reverse analysis, namely defining a substrate-
recognition area within the translocation chamber for a known ligand, remains
also very challenging. Most of the work conducted so far with metadata from linear
sequences and crystallographic coordinates has been restricted to phylogenetic
reconstruction and confirmation of previously obtained biological evidence, mainly
in the scope of MDR (Procko et al. 2009; Sharom 2008). The difficulties are
manifold: first, the number of ABC-transporter genes without assigned function
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Fig. 5 Currently available crystal structures of full ABC-transporters representative of the
different nucleotide-binding states and catalytic conformations. Dissimilar polypeptide chains
are displayed in discrete colors. The differences in TMD organization and length between exporter
(top) and importer (bottom) architectures are easily perceived. The identity of nucleotide analogs
trapped into each protein crystal is given in brackets

remains enormous (in Arabidopsis about 20 out of 130 have been functionally
analyzed) and suitable model systems, carefully designed experimental setups and
long-term efforts are required to try elucidating the naturally transported ligand.
Second, very similar orthologous transporters may achieve different functions in
their respective organisms, as it was demonstrated for ABCB1 that functions as a
multidrug exporter in mammals or in the export of the essential phytohormone,
auxin, in plants. Third, the shape and dimensions of ABC translocation chambers
are a challenge by themselves and cannot be seen as typical substrate-binding
enzymatic pockets. Finally, the ABC-transporter structural design is certainly
very dynamic and spatial residue distribution within the cavity at different time
points of the catalytic cycle may represent very dissimilar landscapes over short
time lapses. However, these issues and the knowledge gathered so far allow
hypotheses to be drawn and partially tackled.

2.2.1 A Conserved Backbone That Supports Numerous Functions

Despite the remarkable conservation of NBD folds and the credible conservation of
the energy-transmitting NBD-TMD interface, is there a population of conserved
residues that maintained the common ABC transmembrane architecture over evo-
lution times? A simple amino acid sequence alignment analysis including all ABCB
proteins from six plant species mapped on an ABCB structural model tends to show
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Fig. 6 Structural conservation in plant ABCB architectures. Color-coded ribbon (/eft) and sphere
(right) representations of the conservation status of all ABCB proteins found in six separated plant
species (Arabidopsis tahliana, Populus trichocarpa, Brachypodium distachyon, Oryza sativa, Zea
mays, and Vitis vininfera). Full-length sequences were obtained from the Aramemnon database
(aramemnon.botanik.uni-koeln.de) and conservation scores were calculated using the ConSurf
server (http://consurf.tau.ac.il) and mapped on an inward-facing ABCB homology model. Note the
apparent low conservation of surface residues compared to residues buried in the protein’s core.
Besides the preserved nucleotide-binding folds, sphere representation of the most conserved
residues (center) reveals that both the NBD-TMD interface and o-helices essential rigid body
constituents are shared between discrete ABCB transporters

that core hydrophobic residues buried within the membrane-spanning helices
support a shared build among transporters with unrelated apparent functions
(Fig. 6). In contrast, residues exposed to the intracellular medium display no
evident conservation patterns (Fig. 7). Therefore these amino acids could be seen
as the most promising candidates holding substrate selectivity. Careful analysis of
conservation motifs in the translocation chamber of a given transporter with defined
substrate specificity, assuming that its function has been maintained in evolutionary
distant species, would be a good starting point to explore the structure to function
relationship in solute transport. The coevolution of core residues building the ABC
consensus architecture has been recently assessed in mammalian B and C ABC
subfamilies (Gulyas-Kovacs 2012) with similar output: distinct amino acid pairs
coevolved to maintain rigid body-like constituents of the transporters structure and
preserve key elements assuring conformational reshuffling. This simple line of
work could be extended to larger or narrower phylogenetic groups and help
understanding the gain in ABC selectivity under evolution pressure.
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Fig. 7 Cytosolic view of the inward-facing TMD translocation chamber and its residue conser-
vation according to data presented in Fig. 6. Top, cartoon representation helps in appreciating the
backbone conservation status; NBDs have been omitted for clarity. Bottom, spherical surface
representation of surface residues facing the cytosolic medium. Note that the proximal, highly
conserved residues at the entry of the chamber define the coupling helices

2.2.2 The Substrate Recognition Competence Lies in a Limited Number
of Chamber Surface Residues

A differential approach using mammalian and plant ABCB1 (or the close plant
homolog ABCB19; Geisler and Murphy 2006) sequences and molecular models has
been previously attempted (Bailly et al. 2012). From the high sequence conserva-
tion status of both human and Arabidopsis orthologs (=40 % identity, ~70 %
homology), the authors postulated that the observed different recognition compe-
tence toward substrates, bulky hydrophobic, and small organic acidic compounds,
respectively, could be hold by residues exposed to the transmembrane cavity.
Therefore, sequence analysis, robust comparative homology modeling of a variety
of plant and mammalian ABCB1 proteins, and exhaustive in silico docking simu-
lations were performed to deduce kingdom-specific substrate-binding domains. On
one hand, mammalian ABCB1 sequences displayed a strong and large spatial
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conservation of chamber hydrophobic residues in line with the polyspecific sub-
strate recognition proposed for HsABCB1 (Aller et al. 2009; Klepsch et al. 2011),
thus suggesting the recent evolution of multidrug export in mammalian proteins
(Fisher et al. 2012). On the other hand, the auxin transport function of plant
ABCB1/19 transporters has been inherited from primary land plant species, infer-
ring the early specialization of plant ABCB auxin exporters (Knoller et al. 2010). In
this study, intrakingdom conserved polar residues, not shared between plant and
animal exporters, appeared to correlate well with plant ABCB preferential sites in
drug-binding computer simulations. Moreover, these putative ligand-binding
regions suggested a rationale for the observed solute-selectivity in transport exper-
iments (Bailly et al. 2012). Computation of surface electrostatics revealed a pro-
nounced level of divergence in electrostatic properties correlating with the discrete
substrate specificities of the transporters as reported earlier for different ABCB
subfamily members (Flanagan and Huber 2007). This network of electrostatic
interactions at the walls of the translocation chamber is anticipated to provide a
basis for the substrate specificity in this region. Analogous efforts have been
performed with human ABCBI1 to reconcile structural information, in silico pre-
dictions, and biochemical evidence (Aller et al. 2009; Klepsch et al. 2011; Bikadi
et al. 2011); nevertheless, despite the convincing methodology of comparative
metadata analysis, the information collected in such studies await experimental
validation.

2.2.3 A Very Large Chamber for Rather Small Ligands

The size of the translocation chamber can be addressed in a different angle,
independently from the actual functional volume prevailing in vivo. Indeed, so
far only hydrophobic substrates bound within the region of the translocation
chamber aligned with the outer lipid layer of the membrane were recorded in
crystallographic data. As depicted in Fig. 4, ABCB inward-facing conformers do
not grant access from the outer membrane leaflet or the outer medium to the
substrate. However, lipids and at least partially hydrophobic substrates would be
allowed to cross loosely packed transmembrane helices and enter putative
substrate-binding sites from the inner leaflet (Aller et al. 2009). In the published
mouse ABCBI1 structure, drugs with these properties (the cyclic peptides QZ59-
RRR and QZ59-SSS; Aller et al. 2009; Li et al. 2014) were snapshot at the very top
of the transport cavity, therefore virtually nested around residues in plane with the
outer membrane leaflet. Remarkably, these residues overlap with other biochemi-
cally determined drug-binding sites such as for verapamil in human ABCBI1
(Li et al. 2014; Loo and Clarke 2001). This transport route is consistent with
older data suggesting that ABC-type pumps can function as hydrophobic vacuum
cleaners, directly clearing lipid-partitioned substrates out of the membrane
(Higgins and Gottesman 1992; Sharom et al. 2005). While this model fits well the
multidrug exporters’ features, it requires more efforts to be adapted to transporters
extruding hydrophilic drugs. However, taking the plant ABCBI as an illustration,
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this general feature cannot be currently excluded and a certain logic in the distri-
bution of solutes can be imagined. The pK, (4.75) of the prominent auxin indole-3-
acetic acid (IAA) drives the hormone from the acidic apoplast into the plant cell
cytoplasm via lipophilic diffusion and is thought to be mainly trapped in its anionic
state in this neutral compartment (Peer et al. 2011). In silico docking simulations
nested TAA-binding in regions of the translocation cavity analogous to murine
ABCBI experimental substrate-binding regions (Bailly et al. 2012), therefore, in
a scenario where the auxin anion is not the actual substrate and would not enter the
cytosolic face of the transporter, a portion of the protonated form of the hormone
transiting through the membrane bilayer could become available to entry sites in the
membrane-spanning regions. It is yet too early to advocate for a unique, membrane-
mediated mode of delivery of substrates into eukaryotic ABC cavities and the
diversity of transported solutes known so far is a challenging pitfall for prediction
software or mutagenesis designs. The possibility remains that each ABC solute type
displays an exclusive entry path, but the structural and functional conservation
within the transporters’ family over evolution times does not sustain this idea.

2.24 A Hollow Ligand-Binding Site

The apparent structural reshuffling of the TMDs suggested by the available crys-
tallographic data and supported by biochemical evidence (Moradi and Tajkhorshid
2013; Wise 2012) implies that ligand-binding sites in the inward- and outward-
facing conformations of the transporters may not be equivalent. Residues defining a
binding site in one initial conformer may be sufficiently modified in the final
conformation to not accept the substrate anymore. Figure 8 depicts the transmem-
brane arrangements and the putative preferential binding site for auxin in plant
ABCBI proteins in both states. Key residues participating in this binding pocket in
the inward-facing conformer are displaced away from the substrate-accepting cove
in the outward-facing conformer and eventually face the outer medium, get hidden
in the TMD hydrophobic core or buried into the lipid bilayer. Consequently, the
binding site vanishes and putative protein—ligand interactions are expected to be
disrupted. The TMD movements initiated by the coupling of substrate and nucle-
otide binding are therefore directly altering the transporter molecular affinity for its
ligand, thus achieving a cycle of sequential specific recognition and release of the
transported ligand. This mechanism elegantly describes the unidirectional transport
of the solute across the membrane barrier.

3 A Well-Accepted but Highly Debated Mechanism

ABC-proteins functioning as pumps require at least three distinct structural features
that have been observed in crystallographic data. First, the transporter should
contain an opening big enough to admit the translocated substrate and that
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inward-facing outward-facing

Fig. 8 The TMD reorganization induces changes in substrate affinities for each conformer.
External view of the A. thaliana ABCB1 transmembrane domain inward- (/eff) and outward-
facing (right) conformation (Bailly et al. 2012). The three residues represented as sticks protruding
from two transmembrane helices (cylinders) describe a putative inward-facing pocket for auxin
(red sticks). This site coordination fades away in the outward-facing conformer along with the
large transmembrane helices movements, thus characterizing the substrate extrusion step

segregates it from the medium. Second, the protein should adopt a minimum of two
conformations to sequentially expose its opening to both sides of a given mem-
brane. Finally substrate-binding sites within the opening should display different
affinities towards the substrate in the two conformations (Jardetzky 1966; Moradi
and Tajkhorshid 2013; Hollenstein et al. 2007). Regardless of the structural dis-
crepancies observed in the transmembrane folds of ABC importers and exporters,
this elementary mechanism can be extended to virtually all ABC-transporters and
differences in transport specificity would only call for an adaptation of binding sites
within the translocation chamber.

The current views of ABC-transport mechanism (Hollenstein et al. 2007,
Holland 2011; Jones and George 2013) start with substrate entry into the proteins’
cavity open to the delivery side (Doshi and van Veen 2013). This cavity is sealed to
the other side of the lipid bilayer and so does not represent a pore but can rather be
seen as a double-door entrance. Therefore transport of the substrate across the
membrane implicates structural rearrangements of the TMDs that lead to closing
at the delivery side and subsequent or coordinated opening at the opposite side of
the bilayer. This motion is supported by the ATP-driven closure of the NBD dimer
interface that brings the portion of the TMDs that formed the entry door close
together in a movement that has been compared to forceps levers (Chen et al. 2003).
The allosteric transition needed to perform such rearrangements of transmembrane
helices has been suggested to be mediated by the ICL regions of the TMDs that do
not partition into the lipid bilayer but extend into the medium and directly interact
with NBDs.

In detail, these polar segments, which are significantly longer in exporters,
generally consist of a long—short—long a-helices sequence that loops between
transmembrane segments into the inner compartment. The short helix, also
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known as coupling helix (CHX), directly penetrates into the cove formed by the two
NBD subdomains, thus interacting with segments critical to ATP hydrolysis such as
the Q-loop (Dawson and Locher 2006; Hollenstein et al. 2007). Therefore the ICLs
largely constitute the TMD-NBD interfacial region that transduces the structural
changes between the two observed conformations in response to ATP binding/
hydrolysis in the NBDs and substrate binding in the TMDs.

Whereas ABC-importers possess per module only one bona fide coupling helix
that contacts the contiguous NBD, exporters architectures exhibit a second ICL
coupling helix in each TMD that exclusively cross-contacts with the NBD from the
opposite monomer (Dawson and Locher 2006; Loo et al. 2013). This domain
swapping therefore maintains the two protomers in solid imbrications where the
soluble extension of the sixth transmembrane helix and the first ICL from one
protomer combine with the second ICL from the opposite protomer to create a
stable globular domain principally associated with the NBD following the sixth
transmembrane helix. Moreover, transmembrane helices four and five contact
helices from the opposite protomer, shaping the translocation chamber in a distinc-
tive V closed to the outer space. Following nucleotide binding and NBD dimer
formation, the ICL domains get closer thus shutting the former inner entry side and
switch the TMD conformation to the inverse V shape exposing the newly formed
cavity to the outer. After extrusion of the solute, ATP-hydrolysis and dissociation of
the NBD dimer weakens the hydrogen and salt-bridge interactions between the
X-loops of NBDs and the ICL bundles of TMDs leading to a reopening of the
transporter cavity to the inner side and closure to the outer (Loo et al. 2005; Sharom
et al. 2005; Higgins and Gottesman 1992). This event resets the transport cycle to its
initial substrate- and nucleotide-accepting state, so one can imagine that a vectorial,
dynamic pathway for the substrate is selectively maintained during the transport
sequence.

Although molecular dynamics simulations have been performed to evaluate the
transition switch between the inward- and outward-facing conformations in
exporter structures (Moradi and Tajkhorshid 2013; Weng et al. 2012; Ma and
Biggin 2013), the trajectories of allosteric changes occurring in the opening and
closing of the TMD and the exact coupling to NBD movements remain elusive. In
the export mechanism suggested by the Sav1866 and MsbA nucleotide-bound
structures, subtle translational shifts of NBD monomers along the interface of the
NBD dimer are combined to a movement that twists the TMD modules from one
conformation to the other (Hollenstein et al. 2007; Dawson and Locher 2007).
Recent data from ABCB structures obtained in the nucleotide-free state revealed
large gaps between the NBDs (Shintre et al. 2013; Jin et al. 2012; Aller et al. 2009),
thus supporting a model with broad NBD movements and drastic TMD
rearrangements during the catalytic cycle. Moreover, the recently revised mouse
ABCBI structure showed no major conformational difference with or without
bound substrate (Aller et al. 2009), inferring that substrate-binding energies are
not sufficient to promote TMD reorganizations and questioning how substrate
recognition would promote ATP binding at all. However the same gapped confor-
mations were observed for human ABCB10 structures in nucleotide-bound states
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(Shintre et al. 2013). Therefore the proposed mechanism in which ATP binding
provides the free energy to tightly close the NBD dimer and perform the power
stroke of the transport cycle has to be carefully assessed and has possibly been
biased by the use of conformation-trapping ATP analogs. The observed distances
and orientations between NBD monomers in apo-state structures seem incompati-
ble with a closure solely generated by electrostatic forces changes driven by
nucleotide binding or hydrolysis. Certain sets of biochemical evidence, including
cysteine cross-linking experiments in human ABCB1 (Zolnerciks et al. 2007; Doshi
et al. 2010), vanadate trapping (Qu et al. 2003), and solvent accessibility assess-
ments (Grote et al. 2008) tended to demonstrate that NBDs do not fully dissociate
during the catalytic cycle. Yet they contradict the observed nucleotide-free struc-
tures of ABC-exporters. Additional evidence, ideally coordinates representing
different transition steps in the catalytic cycle of the same transporter, are needed
to fully elucidate the detailed functioning of these very ancient machineries. One
certainty is that the strong structural and functional homology found in all
ABC-transporters at and surrounding the ATP-hydrolytic site argues for a common
principle where crosstalks between the NBD and TMD modules transmit the
information through the ICL interface, with a probable direct read or control of
the nucleotide-binding site status by coupling helices like it was proposed by
molecular dynamics simulations (Ma and Biggin 2013; Moradi and Tajkhorshid
2013; Weng et al. 2012).

4 ABC-Pump: A Sensitive Machine?

The ancient origin of ABC-transporters and their broad range of functions allow us
to speculate on the multiple layers of control applied on such fundamental machin-
ery for life forms. Beside transcriptional, translational, and posttranslational
regulations controlling ABC activity (discussed in Chap. 13), physical parameters
directly linked to the membrane targeting of these proteins may greatly influence
their activity. The inconsistency of NBD positions in the apo-state and nucleotide-
bound ABC conformers questions the solidity of protein coordinates obtained in the
rigid and densely packed crystal environment when compared to the in situ fluid
and dynamic behavior of a living membrane. It is known from early experimental
work on mammalian transporters that the cellular membrane properties can greatly
affect the kinetics of the ABC-proteins (dos Santos et al. 2007; Beck et al. 2013;
Aanismaa and Seelig 2007). Factors influencing membrane fluidity such as lipid
content (Fenyvesi et al. 2008), cytoskeleton components (Bacso et al. 2004), or
integral/interacting proteins may thus impact the packing and rearrangements of the
transporter TMDs during the transport-cycle (Aanismaa et al. 2008) and could partic-
ipate in the functional integrity of the protein in its natural context. Furthermore a
model in which phospholipids and membrane sterols directly participate in the binding
of ABC-exporters substrates has been proposed (Kimura et al. 2007). This “choles-
terol fill-in” model suggested that ABC proteins transporting either hydrophobic or
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hydrophilic molecules may share analogous substrate binding sites that concomitantly
recognize lipids or sterols. Thus these amphiphilic components could fill the empty
space in the translocation chamber and help accommodate small substrates in the
binding site, independently of their size or polarity. This conception is supported by
the positive modulation of Arabidopsis ABCB19 activity and membrane stability by
structural sterols (Titapiwatanakun and Murphy 2009; Rojas-Pierce et al. 2007). Since
several ABC-transporters are known to translocate membrane constituents (Tarling
2013; King and Sharom 2012), the hypothesis in which substrates partitioning in the
lipid bilayer could follow the lipid transport is not irrational in a thermodynamic point
of view. Such a mechanism would provide an explanation for the observed differences
in substrate preferences exerted by very close transporters and would partially agree
with the sensitivity of ABCB activity to membrane cholesterol contents (Fenyvesi
et al. 2008). It is well accepted that the size of the ABC translocation chamber would
allow for multiple substrates to be simultaneously transported during the catalytic
cycle and this concept was retained in the case of plant ABCB1/19 (Bailly et al. 2012).
If this multiple small substrates-binding step would actually occur in a definite region
of the transporter cavity analogous to large substrates binding sites, one could suggest
that this event could mimic larger drugs recognition and impact more drastically the
electrostatic environment than single compound binding. However, no crystallo-
graphic data yet supported this concept.

Finally, even though the amount and quality of data collected on ABC super-
structures, one puzzling question remains unanswered: what would be the function
of the so called linker domain in mono-peptidic ABC transporters? This stretch
bridging the first NBD module to the second TMD module has no equivalency in
importer structures and is absent in close prokaryotic dimers. However, its rather
short size, enrichment in phosphorylation motifs, and good conservation among
homologs and orthologs suggest that it does not represent a loose segment devoid of
function. Cleavage of the human ABCBI1 linker did not alter its overall structure or
nucleotide hydrolysis activity but impacted ligand specificity (Sato et al. 2009). It
was further demonstrated that linker phosphorylation promoted efflux activity in
Arabidopsis ABCBI1, while its removal blocked transport entirely (Henrichs
et al. 2012). Hence, it was proposed that the linker region guarantees the tight
coupling between ATP binding/hydrolysis and substrate recognition, presumably
by interfering with the conformational changes of the catalytic cycle (Henrichs
et al. 2012; Sato et al. 2009). Intriguingly, the spatial configuration of this segment
was never trapped into protein crystals and de novo modeling of the linker domain
using different algorithms often predicts a short connection path from the first NBD
to the second TMD through the region of the cavity more distal to the membrane.
Although it would be extremely surprising that the linker domain participates in the
binding of substrates, it is obvious that it represents another layer of control of ABC
function and selectivity in higher organisms.



Structure—Function of Plant ABC-Transporters 237

5 Outlook

The large number of plant ABC-transporters and their frequent functional redun-
dancy represent an exceptional opportunity to gain more insights in the elegant
mechanism of these ancestral pumps. Plant species are an ideal source of material
for acquiring genomic data and biochemical evidence, for they are a mature, fast-
generated system for mutagenesis, gene expression, and propose robust methods to
study solute transport at the organ, cellular, and subcellular levels. Lastly, plant
species are probably the best examples of Life’s extreme potential to adapt to its
environment at the lowest cost; a potential reflected in the conservation of a core
ABC-transport structure adjusted to multiple molecular functions.
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It Takes More Than Two to Tango:
Regulation of Plant ABC Transporters

Markus Geisler

Abstract ABC transporters require a tight regulation of their transport activity as
they often distribute substrates that are either toxic or of metabolic or developmental
function. Moreover in contrast to secondary active transporters or channels they
represent in energetic terms rather inefficient ATP-consuming nano-machines.

The regulation of mammalian ABC transporters has been deeply investigated in
the last three decades because malfunction of many ABC transporters is causing
socially and economically relevant diseases. However, despite their striking over-
representation and their emerging important developmental and physiological
function, surprisingly few is so far known on the regulation of plant ABCs.
Therefore, in this chapter we have compared our recent knowledge on plant and
non-plant ABC transporters in respect to their post-transcriptional regulation.
Despite the limited information on plant ABC regulation it becomes more and
more clear that many—if not all—regulatory mechanisms found for mammalian
ABC transporters are also found in plants. We highlight in more detail some
interesting examples on Arabidopsis ABCB regulation where plant research pro-
vided a deep and integrated understanding of ABC regulation that might serve as a
blueprint for clinical research.

1 Introduction

Most members of the ATP-binding cassette (ABC) transporter superfamily function
as primary active (ATP-dependent) efflux pumps of a variety of substrates, includ-
ing metabolic products, sugars, vitamins, metal ions, peptides, lipids, hormones,
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sterols, and various endogenous and xenobiotic drugs (Linton 2007). Functionality
of ABC transporters is provided by a minimum of four domains to form a functional
transporter: two transmembrane domains (TMDs), thought to define substrate
specificity and two nucleotide-binding domains (NBDs) shown to hydrolyze
ATP, finally releasing the bound substrate during the reaction cycle (Linton 2007;
see also chapter “Monocot ABC Transporters”).

For a minimum of two reasons, ABC transporters require a tight regulation of
their transport activity: First, they distribute substrates that are partially either
toxic or of metabolic or even developmental function. And second, in contrast to
secondary active transporters or channels they represent in energetic terms rather
inefficient ATP-consuming nano-machines, because of their rather inappropriate
ATP/substrate ratio (Linton 2007). However, the regulation of mammalian ABC
transporters has been deeply investigated in the last three decades due to other
reasons: malfunction of many ABC transporters is causing socially and economi-
cally relevant diseases. For example, point mutations in the ABCC protein, Cystic
Fibrosis Conductance Regulator (CFTR/ABCC?7), functioning as an ion channel
that transports chloride and thiocyanate ions across epithelial cell membranes, lead
to cystic fibrosis (Cant et al. 2014). Other ABCC genes encode for sulfonylurea
receptors (SUR), which are the molecular targets of the sulfonylurea class of
antidiabetic drugs whose mechanism of action is to promote insulin release from
pancreatic beta cells. The SUR1 protein encoded by the ABCCS gene is associated
with congenital hyperinsulinism and susceptibility to type-2 diabetes (Seino
et al. 2012). Another disease, X-linked adrenoleukodystrophy (X-ALD), is an
inherited metabolic storage disorder characterised by impaired peroxisomal
B-oxidation. The accumulation of very long chain fatty acids (VLCFAs) was
found to be due to a mutation of the ABCDI gene, which encodes an ABC
transporter known as adrenoleukodystrophy protein (ALDP; Morita and Imanaka
2012; see chapter “Plant Peroxisomal ABC Transporters: Flexible and Unusual” for
details). Some mutated ABC transporters cause human disorders related to lipid
transport and metabolism, including Tangier and Stargardt disease (Quazi and
Molday 2011). Further many ABC transporters are indirectly responsible for a
range of other inherited human diseases along with both bacterial and eukaryotic
(including human) development of resistance to multiple drugs, causing pleiotropic
(PDR) or multidrug resistance (MDR) phenomena. The most-studied ABC is
probably human ABCB1/PGP1/MDR1 whose in vivo function and substrate is
remarkably still unclear (Ambudkar et al. 2003; Modok et al. 2006; Calcagno
et al. 2007; Sauna et al. 2007). However, upon its overexpression in cancer cells,
ABCBI1 (beside other ABCC-type transporters) is mainly responsible for its tragic
role in exporting administered cytotoxic drugs, leading often to multi drug resis-
tance (MDR) phenomena and finally to chemotherapeutic failure (Higgins 2007).

The superfamily of ABC transporters is highly expanded in the model plant
Arabidopsis (Theodoulou 2000; Sanchez-Fernandez et al. 2001; Martinoia
et al. 2002; Rea 2007; Verrier et al. 2008; 125 MB; >120 ABC transporters) and
other plant species (Martinoia et al. 2002; Jasinski et al. 2003; Verrier et al. 2008) in
comparison to multicellular organisms of comparable genome size. For example,
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the genome of Drosophila (120 MB) encodes for 51 ABC transporters, C. elegans
(97 MB) reveals 48, while the larger human genome (3.150 MB) contains only
47 ABC transporter genes (Verrier et al. 2008). Currently, gene duplication events
(Jasinski et al. 2003), an evolutionary “need” due to the high number of plant
secondary compounds (Martinoia et al. 2002), their sessile lifestyle and their ability
for post-embryogenetic development (Kepinski and Leyser 2005) are being
discussed. The latter is supported by the finding that plant members of different
ABC transporter subclasses have been shown to be implicated directly or indirectly
in the transport of different plant hormones over the plant plasma membrane:
several members of the Arabidopsis ABCB and ABCG subfamilies, have been
shown to be implicated in transport of the auxins, [AA (Noh et al. 2001; Geisler
et al. 2005; Bouchard et al. 2006; Geisler and Murphy 2006; Bailly et al. 2008;
Yang and Murphy 2009) and IBA (Ruzicka et al. 2010). Moreover, full and half-
size members of the ABCG family were shown to transport the hormone abscisic
acid (ABA; Kang et al. 2010; Kuromori et al. 2010; see chapter “ABA Transport by
ABCG Transporter Proteins”), and finally, recently, a full-size PDR member of the
Petunia ABCG family was suggested to transport the hormone strigolactone
(Kretzschmar et al. 2012).

Mammalian and yeast ABC proteins have been investigated on multiple levels of
transporter regulation including transcriptional (activators and repressors), post-
transcriptional (splice variants), chromosomal (epigenetic modifications), trans-
lational (mRNA stability), and posttranslational (alteration of proteins)
modifications. However, despite their over-representation and their important
developmental and physiological function requiring an obvious tight regulatory
control, surprisingly few is so far known on the regulation of plant ABCs, both on
the posttranscriptional and on the transcriptional level. Therefore, in this chapter we
will focus on the posttranscriptional regulation of plant ABC transporters in respect
to their cellular trafficking, their proteolysis, their composition of surrounding
membrane, their protein—protein interactions, their protein phosphorylation, and
fine-regulation by modulatory drugs. We will compare the recent knowledge on
plant and non-plant ABCs allowing us to judge if plants have acquired plant-
specific regulatory pathways.

2 Cellular Trafficking

Like for all membrane transporters, the ER is the starting point of ABC proteins to
enter the secretory pathway, which is best understood for human ABCB1 and
ABCC7/CFTR. After correct folding in the ER, which is assisted by a range of
folding factors and chaperones, including heat shock proteins, the ABCs move to
the Golgi, where posttranscriptional modifications occur in the trans-Golgi network
(TGN). The TGN is also the branching point between PM and endocytic pathway
destinations. From there ABC transporter-containing vesicles are moved along the
actin cytoskeleton directly to the PM or to endosomal pools (Kipp and Arias 2000).
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ABC transporters undergo a dynamic endocytosis and cycling between an
intracellular endosomal pool and the plasma membrane (Kipp and Arias 2000),
which is again actin but not microtubule-dependent. Rab GTPases are involved in
protein trafficking and recycling (Lam et al. 2012). Although, the exact role of Rab
proteins in ABC trafficking and cycling is unclear, however, they most probably
function in providing ABC polarity in polarized cells (see also chapter “Trafficking
of ABCB-Type Auxin Transporters” for details).

The entire significance of extensive ABCs trafficking in endocytic and post-
Golgi compartments may not yet be fully understood, however, it allows for
posttranslational folding, maturation, quality control, and ER-associated degrada-
tion (ERAD). For example, FKBP38 was shown to be involved in maturation and
enhancement of the steady-state level of CFTR and the voltage-dependent delayed
rectifier potassium channel (HERG) that is responsible for the long QT syndrome
(Walker et al. 2007). FKBP38 is a member of the FK506-binding proteins (FKBPs)
that constitute a family of proteins that catalyze the cis—trans interconversion of
peptide bonds preceding a proline residue. The prolyl isomerization is important for
both de novo folding of nascent polypeptide chains and the regulation of activities
of mature client proteins (Banasavadi-Siddegowda et al. 2011). FKBP52, a close
FKBP homolog, is involved in the regulation of steroid receptor trafficking between
the cytoplasm and the nucleus (Storer et al. 2011).

So far only the trafficking routes of ABCBs (ABCB1, ABCB4, and ABCB19)
and ABCGs (ABCG37/PIS1) have been investigated in detail in plants. ABCBI,
ABCB4, and ABCB19 localize predominantly symmetrically at the plasma mem-
brane (PM) and require the activity of the FKBP42, TWISTED DWARF1 (TWD1),
for PM presence and activity (Wu et al. 2010; Wang et al. 2013; see below). In
addition, the secretory pathway of ABCB19 to the PM is regulated by GNL1
(Titapiwatanakun et al. 2009), a BFA-insensitive ARF-GEF that functions in
COPI-coated vesicle formation and vesicle—cytoskeleton interactions in the secre-
tory pathway (Geldner et al. 2004). Compared to the well-investigated and dynamic
endosomal cycling of PIN proteins (Jurgens and Geldner 2007; Feraru and Friml
2008; Kleine-Vehn and Friml 2008), the trafficking routes of ABCBs have not yet
been understood in detail but ABCBs seem to be less dynamic, which is mainly
judged upon treatments with the fungal toxin brefeldin A (BFA), forcing PM
proteins into endosomal aggregates. In contrast to ABCBI, that is rapidly found
in endosomal compartments (BFA bodies; (Wang et al. 2013)), ABCB4 and
ABCBI19 associate strongly in the PM and show reduced recycling features
between the PM and early endosomes in comparison to ABCB1 or also PIN1 and
PIN2 (Titapiwatanakun et al. 2009). ABCB4 slowly endocytoses to the vacuole via
Sorting Nexinl (SNX1), and the pathway is GNOM independent but actin depen-
dent (Cho and Cho 2012).

Like for mammalian ABCBs, also the actin cytoskeleton is providing the frame
for vesicle secretion. ABCB19 localization is not strikingly affected by the actin
inhibitor, Latrunculin B (Titapiwatanakun et al. 2009), but it affects ABCB4
endocytosis and targeting to the PM. However, intracellular aggregation of
ABCBA4 after treatment with Cytochalasin D is less sensitive than for PINs, which
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might be due to a less dynamic ABCB4 trafficking (Cho and Cho 2012; for further
details see chapter “Trafficking of ABCB-Type Auxin Transporters”).

The finding that ABCB1, ABCB19, and ABCB4—but not PIN1 or PIN2—
(Bouchard et al. 2006; Wu et al. 2010; Wang et al. 2013) are delocalized to the
ER and widely degraded in rwdl argues for a conserved function between FKBP38
and TWD1/FKBP42 in respect to PM secretion and/or protein stabilization. Inter-
estingly, both FKBPs were found to be associated with the ER chaperone, HSP90
(Kamphausen et al. 2002; Geisler et al. 2003), and for both proteins a chaperone
function has been demonstrated (Kamphausen et al. 2002; Banasavadi-Siddegowda
et al. 2011). An Hsp70-Hsp90 chaperone system is well studied in the context of
the conformational activation of a steroid receptor, which is required for its
hormone binding (Czar et al. 1997). FKBP52, like FKBP38 and FKBP42, a
tetratricopeptide repeat (TPR)-containing immunophilin, binds Hsp90 through its
TPR domain. The fact that Hsp90 plays an important role in the maturation of
both CFTR (Skach 2006) and the HERG channel (Peterson et al. 2012) and the
association of plant and mammalian TWDI orthologs with Hsp90, raises the
possibility that a similar FKBP-Hsp90 chaperone system might facilitate confor-
mational maturation of the interacting ABC transporters as well.

However, CFTR posttranslational folding but not CFTR synthesis was shown to
be dependent on the FKBP38 PPIase activity (Banasavadi-Siddegowda et al. 2011).
Moreover, the interaction of FKBP38 with Hsp90 through the TPR domain nega-
tively impacts CFTR synthesis and its posttranslational folding. Further experi-
ments will show if such a suggested pro-folding effect for FKBP38 in CFTR
biogenesis mediated largely through its PPlase activity and regulated by Hsp90
holds also true for TWDI1 (see Fig. 2).

The molecular mechanisms for regulatory ABCB modules in respect to protein—
protein interaction/modulatory drugs and protein phosphorylation are summarized
in more detail below.

Unlike IAA transporters of the PIN and ABCB families, ABCG37/PDR9/PIS1
and its homolog ABCG36/PDRS/PEN3 reside at lateral, outermost root plasma
membrane domains where they act redundantly in export of the auxin and IAA
precursor, IBA (Strader and Bartel 2009, 2011; Ruzicka et al. 2010). Delivery to
this outer polar domain depends on ARF-GEF and actin function but does not
require known molecular components of the apical or basal targeting. The outer
polar delivery is, in contrast to known basal and apical cargo delivery mechanism in
plants, mediated by polar secretion (Langowski et al. 2010). Interestingly, expres-
sion of ABCG36 (PEN3-GFP) in the root epidermis at the lateral, outward-facing
domain matches perfectly that of TWDI co-localized using anti-TWD1 (Bailly
et al. 2013; Wang et al. 2013). Moreover, upon BFA treatment ABCG336 and
TWDI1 were found on the same endosomal compartment. If these findings simply
reflect a lateral co-localization or functional interaction is unclear.

In summary, it appears that plant ABC trafficking and recycling, although less
understood in comparison to their mammalian orthologs, employ overlapping
pathways and components but are also partially distinct. This might be at least
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partially connected to their reduced cellular polarity but also based on the fact that
work on mammalian ABCs is mostly achieved using polarized cell lines.

3 Proteolysis

Misfolded human ABCBI1 can be rapidly degraded and degradation of misfolded
proteins is proteasome mediated (Loo and Clarke 1997), presumably by
ER-associated protein degradation (ERAD). Mammalian ABCB substrates,
such as cyclosporin A, that bind the drug-binding sites and facilitate conversion
of misfolded intermediates into a more native conformation rescue misfolded
ABCBs (Loo and Clarke 1997). As mentioned above, chaperones, such as
FKBPs, have a significant impact on ERAD degradation of ABC transporters,
shown for CFTR (Banasavadi-Siddegowda et al. 2011).

In this respect, the finding that Arabidopsis ABCBs are not only delocalized to
the ER in twdl (Wu et al. 2010; Wang et al. 2013) but also heavily degraded (Wang
et al. 2013) was highly interesting. As a result, the rwdl mutant shows a strong
reduction of polar auxin transport activity compared to the wild type (Geisler
et al. 2003; Bailly et al. 2013). However, these findings imply an analogous,
ERAD-like ABCB degradation that however awaits confirmation. This effect
shown for B1, B4 and B19 seems to be specific as other PM proteins, including
PIN1 and PIN2, were shown to be not affected (Bouchard et al. 2006; Wu
et al. 2010; Wang et al. 2013). Proteolytic ABCB turnover may also play a role
in the stabilization of PIN1 associated with ABCB19-containing membrane sub-
domains, as PINI is more resistant to degradation in those fractions
(Titapiwatanakun and Murphy 2009).

4 Membrane Lipid Composition

It has been widely accepted that the plasma membrane is not a uniform phospho-
lipid bilayer but instead is composed of distinct and specialized regions with
varying proportions of lipids and proteins. Such small microdomains of 10-
200 nm that are sphingolipid- and cholesterol-enriched are called “lipid rafts”
(Laude and Prior 2004). Because lipid rafts are less fluid and more resistant to
solubilization by nonionic detergents, such as Triton X-100, they are also referred
to as detergent-resistant micelles (DRMs). A row of mammalian ABC transporters
(including ABCB1/PGP1, ABCGS5, ABCC2/MRP2, ABCB2/MDR2, BCRP,
ABCDI1, ABCCl, and ABCG2) has been reported on those membrane
microdomains or to colocalize with lipid-raft markers (Bacso et al. 2004; Li and
Prinz 2004; Radeva et al. 2005; dos Santos et al. 2007; Ismair et al. 2009; Klappe
et al. 2009; Yun et al. 2013).
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The lipid environment was demonstrated to alter the activity of ABC trans-
porters. Cholesterol is important for maintaining the order and packing of lipids and
proteins in membrane rafts. Therefore, a common approach to studying membrane
compartmentalization is to assess transporter function under cholesterol-depleted
conditions. For example, reduced membrane cholesterol lowers BCRP (Storch
et al. 2007) and ABCB1 (dos Santos et al. 2007) transporter activity in
overexpressing cell lines. How cholesterol depletion influences transporter function
is not clear, but may involve protein—protein interactions within the membrane,
modulation of transporter transmembrane domains, disassembly of membrane rafts,
or interference of transporter binding to lipophilic substrates (Storch et al. 2007).

As such the lipid composition of biological membranes is closely related to the
function of mammalian ABCBs (Dos Santos et al. 2007). Therefore it was of
interest that using proteomic approaches, ABCB (together with PIN) proteins
have been found on detergent-resistant membrane (DRM) fractions from
Arabidopsis that are enriched in sterols as well as glucosylceramide (Borner
et al. 2005; Titapiwatanakun et al. 2009).

However, current work in this respect has mainly focused on Arabidopsis
ABCB19 shown to function coordinately with PINT1 to drive long-distance transport
of the phytohormone auxin from the shoot to the root apex. ABCB19 exhibits a
predominantly apolar plasma membrane (PM) localization and stabilizes PIN1
when the two proteins co-occur (Titapiwatanakun and Murphy 2009). Biochemical
evidence associated ABCB19 and PIN1 with sterol- and sphingolipid-enriched PM
fractions and mutants deficient in structural sterols and sphingolipids exhibited
abcb19 mutant-like phenotypes. ABCB19 imaging provided evidence that sterols
function in trafficking of ABCB19 from the trans-Golgi network to the PM (Yang
et al. 2013). These concepts are indirectly supported by the finding that mutants
lacking a functional STEROL METHYLTRANSFERASE 1 (SMT1), required for
the first step of sterol biosynthesis, show a drastic phenotype including disturbed
cell polarity, auxin distribution, embryo development, and incorrect PIN1 and PIN3
(but not AUX1) locations (Willemsen et al. 2003).

The importance of sterols in defining the proper membrane environment was
also used to explain the difficulties to functionally express ABCB19 (or PIN1) in
heterologous systems, such as in baker’s yeast (Petrasek et al. 2006; Blakeslee
et al. 2007). However, Schizosaccharomyces pombe was recently found to be
suitable for the expression of ABCB19 as a fully active transporter
(Titapiwatanakun et al. 2009; Titapiwatanakun and Murphy 2009; Yang and
Murphy 2009). This is thought to be due to the presence of plant-like sterol-
enriched microdomains in S. pombe, which are not found in S. cerevisiae or
Xenopus oocytes.

Future studies into the functional significance of ABC transporter expression in
membrane rafts should provide insight into the complex membrane organization
and compartmentalization of the plasma membrane.
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5 Glycosylation

Glycosylation is the posttranslational protein modification of covalent sugars to
proteins. This is typically performed in the rough endoplasmic reticulum and the
Golgi apparatus and can occur at the amide side chain of asparagine (N-linked
glycosylation) and at the hydroxyl side chain (O-linked glycosylation). Block of
glycosylation can induce improper protein folding, protein degradation, impaired
cellular trafficking to the cell surface, and altered transporter activity. For example,
apically expressed efflux transporters ABCC2/MRP2, ABCG2/BCRP and ABCB1/
MDRI1 (Sinko et al. 2003; Diop and Hrycyna 2005; Mohrmann et al. 2005) were
shown to be regulated by glycosylation and cellular trafficking.

Compared to that, nothing is known about the impact of plant ABC transporter
glycosylation, which needs obviously to be addressed.

6 Protein—Protein Interactions

Protein—protein interactions (PPIs) regulate virtually all cellular processes by
promoting appropriate cellular localization, activity, or stability of regulatory
partners. When it comes to regulation of transport processes, especially
ATP-driven ones, PPIs are thought to provide a quick and economic mode of
temporal and spatial control of transport.

In the last decade, whole genome protein interaction maps (interactomes) pro-
viding a broad-based look at the functional and regulatory associations within the
cell have been launched and completed for some model organisms, including
S. cerevisiae, D. melanogaster, C. elegans (Lievens et al. 2010). However in
these studies, PPIs between membrane proteins have been found to be under-
represented, most probably due to their hydrophobicity usually causing trouble in
GAL4-based yeast-two hybrid (Y2H) systems. Also in proteomics studies that are
currently being used widely in order to analyze co-immunoprecipitations (co-IPs),
the need of detergent solubilization obviously results in the destruction but also
creation of PPIs.

Therefore, several groups in the transport and ABC transporter field have
launched individual small-scale PPI projects that focused on a limited subset of
(ABC) transporters (Paumi et al. 2007, 2009) or interacting signaling components
(Lalonde et al. 2008, 2010). A pioneer work in the ABC field was provided by the
groups of Susan Michaelis and Igor Stagljar who developed a modified version of
the split-ubiquitin membrane yeast two-hybrid (MYTH) technology using
genomically integrated “bait” constructs, hence the designation iIMYTH. iMYTH
in a library-screening format resulted in the identification of six potential
interacting partners of the yeast ABC transporter ABCC, yeast cadmium factor
(YCF1) (Paumi et al. 2007). In a follow-up paper, they provided the ABC
interactome of yeast by analyzing the 19 of all 22 yeast ABC transporters predicted
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to have cytosolic termini, a requirement for MYTH (Snider et al. 2013). An
unexpected outcome was the large number of functionally diverse interactors
suggesting that ABC transporters have a more general involvement in cellular
processes than previously suspected. Further, one interesting observation in the
interactome was the tendency of full-size ABC transporters to interact with one
another and the association of several ABC transporters with two major yeast zinc
transport proteins (for details, see below).

Investigations of clinically relevant ABC transporters have early on focused on
their regulation because this knowledge might provide us once with an option to
treat diseases caused with their malfunction. In contrast, work on plant ABC
transporters has with a few exceptions centered mainly around their physiological
characterizations in respect to their substrate specificity, which is most cases was
already puzzling enough. In respect to PPIs, work on ABC transporters has been
mainly limited to the interaction with the FKBP42, TWISTED DWARF1 (TWD1),
and with permease-like members of the PIN-FORMED (PIN) family in respect to
auxin transport.

6.1 ABC Transporter-FKBP Interactions

6.1.1 ABCB-FKPB Interactions

First evidence that FKBPs might be involved in ABCB regulation by means of PPI
was provided by the Heitman lab showing that yeast FKBP12 regulates MDR-like
ABC transporter, MDR3, in yeast (Hemenway and Heitman 1996). This overall
concept is supported by several other studies: FKBP12 is a subunit and inhibits
basal signaling of two intracellular calcium release channels, the inositol 1,4,5-
trisphosphate and ryanodin receptor (Cameron et al. 1995; Timerman et al. 1995).

Several plant ABC transporters were isolated in a yeast two hybrid screen for
putative interactors using the soluble portion of TWD1 as bait in order to under-
stand the pleiotropic developmental growth phenotype of rwdl, characterized by a
dwarf plant size, reduced cell elongation, disoriented growth of all organs, and
misshapen (twisted) epidermal cells (Geisler et al. 2003). The rational to do so was
based on the fact that TWD1 owns no detectable PPIase activity using standard test
substrates but contains three repetitions of a so-called tetratricopeptide repeat (TPR;
Geisler et al. 2003). This qualified TWDI1 as a multidomain (high-molecular
weight) FKBP, containing typically up to three N-terminal putative FK506-binding
domains (FKBDs), typically followed by a TPR domain and a calmodulin-binding
domain (both known to mediate protein—protein interactions to heat-shock proteins
and calmodulin, respectively (Geisler and Bailly 2008). Both calmodulin and
HSP90 in vitro binding to TWDI1 was demonstrated although the physiological
relevance of these interactions is entirely unclear.

The two-hybrid screen for TWDI interactors resulted, beside HSP90 in the
identification of C-terminal nucleotide binding domains (NBDs) of ABCB1 and
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members of the ABCC/MRP family (see below). TWD1-ABCBI1 interaction was
verified by using in vitro pull-down assays, NPA affinity chromatography, Co-IP
(Geisler et al. 2003) and Bioluminescence Resonance Energy Transfer in yeast
(BRET; Bailly et al. 2008; Wang et al. 2013). Mapping of interacting domains
demonstrated unexpectedly that not the C-terminal TPR domain but the N-terminal
putative PPlase domain (FKBD) provided this interaction (Geisler et al. 2003).
Interaction was not affected by immunosuppressant drugs, suggesting, together
with the absence of a detectable PPlase activity, an evolutionary shift of function
toward protein—protein interaction (Geisler et al. 2003; Geisler and Bailly 2007).
Both interaction and putative ABCB regulation are provided by the N-terminal
FKBD, as the soluble FKBD upon coexpression (or SCFKBP12) in yeast can
functionally replace the full-length TWD1 (Bailly et al. 2008).

Initially due to a non-detectable PPlase activity for TWD1 (Geisler et al. 2003),
TWDI1 was thought to stabilize ABCs functionally by interaction with their
C-terminal NBDs (Geisler et al. 2003, 2004). A puzzling finding was however
that coexpression of ABCB1 with TWDI1 (but not with Arabidopsis FKBP12) in
yeast reduced ABCB1 TAA export activity to vector control levels as shown by
transport and growth assays (Bouchard et al. 2006). This was surprising as it is the
opposite of what one would have expected from previous in planta data, where
auxin transport in twdl was reduced to abcbl abcbl9 level (Geisler et al. 2003)
being in line with overlapping phenotypes (Bailly et al. 2008, 2013; Geisler
et al. 2003) TWDI1 has also a negative impact on ABCBI1 activity when
co-expressed in the heterologous plant system N. benthamiana (Henrichs
et al. 2012). However, in mammalian HeLa cells, TWD1 has an activating effect
on ABCBI, suggesting that a third factor might be absent in yeast and tobacco
(Bouchard et al. 2006). An alternative explanation is that TWD1 might compete for
ABCBI activation by high levels of yeast (or tobacco) FKBP12, the first shown to
activate ABCB1 and mouse ABCB3/MDR3 (Hemenway and Heitman 1996).
Assuming higher affinity and/or abundance of heterologous FKBP12 compared to
TWDI, this would result in a net reduction of ABCBI1-mediated auxin transport
(Bailly et al. 2008; Henrichs et al. 2012). This concept is supported by the recent
finding that yeast FKBP12 is able to widely complement twdl (Henrichs
et al. 2012). A third but not exclusive explanation was given by the finding that
TWDI1 serves as a platform for recruiting the AGC kinase, PINOID (PID), shown to
phosphorylate ABCB in planta. Interestingly, phosphorylation sites and their
impact on auxin efflux vary with the presence of TWDI1, which again is dependent
on the choice of expression systems (for details, see Fig. 1 below).

An unexpected finding in respect to the ABCB1-TWDI interaction was that
coexpression in tobacco and different heterologous expression systems altered the
capacity of ABCBI1 to export the native auxin, IAA, but not to the synthetic auxin,
1-NAA, or the diffusion control, benzoic acid (Bouchard et al. 2006; Henrichs
et al. 2012; Bailly et al. 2013). The molecular reasons for this specificity filter-like
action of TWDI are entirely unclear but the data suggest that enhancing the ABCB-
TWDI1 ratio might lead to a gain of substrate specificity, the opposite what might
take place during multidrug resistance-related phenomena.
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PM

Fig. 1 Model featuring the interaction of TWD1/FKBP42 with plant ABCB and ABCC trans-
porters. Proposed protein interactions between ABCB (blue) and ABCC (green) and the FKBP42,
TWDI (grey) on the plasma (PM) and vacuolar membrane (VM), respectively. Note that inter-
actions occur between NBD2s of ABCBs (Geisler et al. 2003) and ABCCs (Geisler et al. 2004) but
that interacting domains of TWD1 are FKBD and TPR domains, respectively. Interaction between
ABCB1 and TWDI1 is disrupted by NPA, thought to bind to the NBD-ICL interphase of ABCBs
(Kim et al. 2010) or the FKBD of TWDI (Bailly et al. 2008). This effect can be mimicked by
binding of flavonols (Flav), such as quercetin, thought to bind to the NBDs of ABCBs (Peer
et al. 2004). The AGC kinase PINOID (PID) was shown to phosphorylate ABCB1 at S634 of the
linker resulting in inhibition of ABCB activity and NPA binding (—). In the presence of TWDI,
ABCBI phosphorylation by PID at an unknown residue results in ABCBI1 activation (+) (Henrichs
et al. 2012). Note, that flavonoids bind to ABCBs and PID (but not to TWDI) resulting in
inhibition of transport by ABCB1 and ABCBI1 phosphorylation, respectively

Employing different tools it appears that TWDI in analogy to its mammalian
ortholog, FKBP38 (Shirane and Nakayama 2003; Edlich and Lucke 2011) resides
on multiple subcellular compartments, including the ER, the PM, and the vacuole
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(Kamphausen et al. 2002; Geisler et al. 2003, 2014; Wu et al. 2010; Henrichs
et al. 2012; Bailly et al. 2013; Wang et al. 2013). Interestingly, based on the finding
that B1, B4- and B19-GFP are retained on the ER in twdl, a chaperone function
independent of a PPlase activity for TWDI1 in plasma membrane secretion of
ABCBs was re-proposed (Wu et al. 2010). Later it was shown that ER retention
was accompanied by protein degradation in twdl (Wang et al. 2013), resembling
the overall role of FKBP38 in maturation and enhancement of CFTR steady-state
levels (see above). These findings are in agreement with two alternative scenarios
that are obviously not exclusive: absence of ABCB activity on the PM is caused
either (1) by a lack of TWD1 chaperon function required for ABCB secretion from
the ER to the PM, or, (2) by a block of ABCB activation/stabilization on the PM by
a so far unclear mechanism. As a result, inactive ABCBs would be removed from
the plasma membrane, and thus ER locations represented degradation locations.

6.1.2 ABCC-FKPB Interactions

As mentioned above, the ABCC protein, CFTR/ABCC?7, is known to interact with a
wide and growing array of protein partners in vivo that are critical for its channel
activity (Monterisi et al. 2013). Such partner proteins include cytoskeletal proteins,
other transporters and channels, receptors, kinases, and phosphatases (Li and Naren
2011). In the C-terminal region of CFTR, the interactions occur via a PDZ motif,
providing direct interaction with at least six different PDZ scaffolding proteins.

In that respect it is important to recall that TWD1 has been shown to functionally
interact with vacuolar ABCC1/MRP1 and ABCC2/MRP2 (Geisler et al. 2004).
Importantly, using electron microscopy on HA-TWDI plants, TWD1 has, beside its
PM and ER locations, additionally been localized to the tonoplast (Kamphausen
et al. 2002) and TWDI-ABCCI interaction was verified by co-IP (Geisler
et al. 2004). Unlike ABCB1, ABCCI binds to the C-terminal tetratricopeptide
repeat domain of TWD1, while domain mapping proved that TWD1 binds to a
motif of AtMRP1 that resembles calmodulin-binding motifs. Interestingly, TWD1
was found to bind to isolated vacuoles and had a significant impact on the uptake of
well-known substrates of vacuolar ABCCs, metolachlor-GS and estradiol-beta-
glucuronide, as the in vivo substrates were not known at the time point of this
study (Geisler et al. 2004). Currently they are seen as phytochelatin transporters
providing resistance to arsenic, cadmium, and mercury (Park et al. 2012). However,
the described transport activities might be evolutionary conserved, ABCC-intrinsic
activities. Therefore, these transport capacities do not strictly exclude an involve-
ment in vacuolar auxin transport, especially as the vacuole has recently been
characterized as a further auxinic compartment (Ranocha et al. 2013).

The crystal structure of the TWD1 FKBD and the full-length protein without
membrane anchor have been determined (Granzin et al. 2006; Weiergraber
et al. 2006). Moreover, the NMR structure of the TWD1 FKBD has been released
(Burgardt et al. 2012). Based on these, in silico-modeling of the protein—protein
interaction with key interacting partners, ABCB1 and ABCCI, has facilitated the
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prediction of docking sites at the molecular level. Although the docking domains of
TWDI1 that interact with the nucleotide-binding fold of ABCB- and ABCC-like
ABC transporters are different (FKBD and TPR, respectively), both interactions
involve overlapping surface areas on the transporters, suggesting a new paradigm
for the regulation of ABC transporter activity (Granzin et al. 2006). Although it
should be mentioned that this concept awaits experimental verification and harbors
some technical problems: the MsbA structure used as a scaffold for NBD2 posi-
tioning had to be retracted due to software problems (Miller 2006). Moreover,
docking distances were based on a C-terminal (class I) anchoring of TWD1 while
newer data support a perpendicular, in-plane orientation of the membrane anchor
(Scheidt et al. 2007; Bailly et al. 2013). However, our own work employing robust
ABCB1 homology models (Bailly et al. 2011) that are based on the crystal structure
of multidrug efflux pump Sav1866 (Dawson and Locher 2007) support a similar
docking of the TWDI FKBD domain to the NBD2 surface. Interestingly, the
predicted ABCB1 docking surface is in direct vicinity to the A-loop, an essential
mechanistic component of ABCs’ canonical RecA-like ATPase subdomain and
involved in ATP binding and hydrolysis, respectively.

Co-crystallization of TWD1 with interacting partners will be the method of
choice to understand FKBP protein—protein interactions at the molecular level.

In summary, the above comparison argues for a conserved function between
FKBP38 and TWD1/FKBP42 in respect to PM secretion and/or protein stabiliza-
tion of ABCBs and possibly also on ABCCs, although the latter has not yet been
demonstrated. However, the final mode of TWDI1 chaperon action on ABCB
secretion, stabilization, or activation as well as the contribution of a yet not
demonstrated PPIase activity is still entirely unclear. For CFTR posttranslational
folding but not CFTR synthesis the FKBP38 PPlase activity was shown to be
essential (Banasavadi-Siddegowda et al. 2011). In any case, a comparison of
twdl with bl b4 bl9 plants might provide new insights. Moreover, recently also
the closest homologue of ABCB4, ABCB21, was shown to function like B4 as
facultative auxin im/exporter (Kamimoto et al. 2012). In that respect an analysis of
TWDI1-B4/B21 interaction is highly desirable. Another open question is the rele-
vance of TWDI1 membrane anchoring, which was suggested to increase the prob-
ability of contacts by reducing the spatiality of TWDI1 diffusion thereby restraining
the mobility of TWDI1 and serving as a means to decouple the regulation of
transporters located on different membranes (Scheidt et al. 2007). This was indi-
rectly supported by the finding that expression of TWD1 lacking its IPM lead to
enhanced ABCB-mediated auxin export resulting in elevated cell elongation and
hypermorphism (Bailly et al. 2013).

6.2 ABC Transporter-Transporter Interactions

Different ABC transporters have been shown to function primarily as regulators of
other transporters, including antiporters and channels. The-best investigated



254 M. Geisler

example is probably the human sulfonylurea receptor (SUR/ABCC?7) that regulates
activity of the potassium ATP channel, KATP (Bessadok et al. 2011). KATP is
particularly important in the regulation of insulin secretion from pancreatic cells
and SUR is indispensable for normal channel function. SUR mutations thus
increase the susceptibility to diabetes, myocardial infarction, and heart failure
(Seino et al. 2012).

Recently, the functional association of several yeast plasma membrane ABCG
transporters with two major yeast zinc transport proteins, ZRC1, a vacuolar H*/zinc
uptake antiporter, and ZRT1, a plasma membrane-localized, high- affinity zinc
uptake transporter of unclear energization, was reported (Snider et al. 2013). Addi-
tionally iMYTH screens detected six new physical associations between ABCG
transporters and confirmed three previously reported interactions.

Pharmacological evidence using sulfonylurea and potassium channel openers
indicated the presence of CFTR- and SUR-type membrane proteins in the plasma
membrane of plant guard cells (Leonhardt et al. 1999). Arabidopsis ABCC5/MRP5
was suggested to be directly involved in ion channel regulation and to represent a
plant homologue of CFTR or SUR based on the findings that ABCCS binds
glibenclamide [66] and that stomata of abcc5 mutants are insensitive to
glibenclamide (Klein et al. 2003). In tobacco guard cell protoplasts ectopically
expressing AtMRP5, the activity of the slow (S-type) anion channel was consi-
stently reduced. In summary these results indicated that a plant ABC transporter can
directly regulate ion channels most probably at the level of the S-type anion
channel.

Previous work established that Arabidopsis ABCB and permease-like PIN pro-
teins are able to function as independent auxin export catalysts (Petrasek
et al. 2006). However, subcellular co-localization, yeast-two hybrid interaction
and co-immunoprecipitation analyses provided clear evidence for distinct
ABCB1,19-PIN1,2 pairings (Blakeslee et al. 2007; Rojas-Pierce et al. 2007; Kim
et al. 2010). As was the case for ABCB/TWDI pairs, interaction of ABCBs and
PINs employ the C-terminal NBDs of the ABCBs binding the central cytoplasmic
PIN loops (Blakeslee et al. 2007).

Co-expression of ABCBs in HeLa cells with PIN1 increased export,
NPA-sensitivity and substrate specificity of B1/B19, while PIN2 had only signifi-
cant effects on ABCB specificity (Blakeslee et al. 2007). Based on interaction and
transport studies, there was no indication for functional ABCB interaction with
putative H+/IAA antiporter, AUX1 (Blakeslee et al. 2007). However, functional
co-expression of PIN1 reversed the import direction of ABCB4 in HeLa cells, while
PIN2 enhanced ABCB4 activity (Blakeslee et al. 2007). However, trials to verify
PIN-ABCB4 interaction failed sofar (Titapiwatanakun et al. 2009).

In summary, these data provide evidence for tissue-specific ABCB-PIN pairings
that function interactively. In these, PIN proteins seem to add a vectorial dimension
to ABCB-mediated non-polar cellular auxin export required for PAT. Functional
interaction was supported by synergistic abcbl9 pinl plant phenotypes and abcbl
abcbl9 pin2 root agravitropism (Blakeslee et al. 2007). Not surprisingly these
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interactions correlate with their proposed overlapping functions in apical and
basipetal auxin transport, respectively.

Beside heterodimerization of half-size transporters (McFarlane et al. 2010), no
functional interaction between ABC transporters has been described in plants, but
based on the above findings might be very likely.

Taken together, these findings suggest that the tendency of full-size ABC trans-
porters to interact with one another and with other transporters appears more
frequently than thought. Therefore, physical interactions between full-size trans-
porters could serve as an important form of regulation and communication.
Changes in the amount of one transporter, for example, in response to altered
environmental conditions, would cause a shift in the binding equilibrium between
transporters, acting as a means of rapidly altering transporter activity. It is tempting
to speculate that ABC transporters may have a general role as functional regulators
of membrane proteins in addition to their known transport roles. Further study of
the plant ABC interactome will help elucidating whether such regulation is a
common occurrence and what regulatory mechanisms are used.

7 Protein Phosphorylation

Protein phosphorylation is one of the most common and efficient mechanisms of
post-translational transporter regulation in the cell. Putative phosphorylation sites
have been identified in members of almost every ABC transporter subfamily from
yeast to man (Stolarczyk et al. 2011). Therefore, it is reasonable to assume that all
ABC transporters are regulated by phosphorylation because this mode provides
cells with a simple, low energy, fast, and efficient way to change transporter
function (Stolarczyk et al. 2011). In that respect, it is not surprising that abnormal
phosphorylation is associated with many human diseases and conditions and many
diseases occur as the result of mutated phosphorylation sites (Stolarczyk
et al. 2011).

The linker region between NBD1 and MSD2 of ABCC7/CFTR is extensively
phosphorylated and is thus referred to as the regulatory domain (R domain) and
ABCCT7 regulation via kinase-mediated phosphorylation is probably the most
extensively characterized. ABCC7 function appears to be regulated by phosphor-
ylation within NBD1 by PKC, and by extensive PKA- and PKC-mediated phos-
phorylation within the R domain (Dahan et al. 2001; Bozoky et al. 2013).
Importantly, detailed analysis of the phosphorylation sites suggests that phosphor-
ylation directly and indirectly is affected by previous phosphorylation events.

A combination of NMR, computational studies and three dimensional
cryomicroscopy indicate that phosphorylation of the R domain results in a confor-
mational change that pushes the R domain away from the core and NBDs which
results in an increase in the apparent size/radius of the protein (Gadsby et al. 2006).
Alternatively, it was suggested that R domain phosphorylation prevents
“compacting” of the ABCC7 protein and opens the core to accept ions for transport
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(Kanelis et al. 2010, 2011). These findings provide important insight into the
overall role of phosphorylation in the regulation of all ABC transporters as similar
domains are found in other ABC transporters and are referred to here as the “R-like”
or “linker” domain.

Phosphorylation of ABCA1 implicated in cholesterol efflux and Tangier disease
suggested a role for phosphorylation in the regulation of ABCAI1 protein activity
and stabilization/degradation. ABCC8/SUR1 and ABCC9/SUR2 are phosphory-
lated by inducing activation of the KATP channel (Giblin et al. 2002). However, the
mechanism by which phosphorylation of ABCC8 and ABCC9 is determining the
interaction and regulation of Kir6.2 and thus KATP channel activity is still
unknown.

Several lines of clinical evidence suggest ABCBs as general targets for phos-
phorylation dependent regulation in a so-called linker region connecting the N- and
C-terminal NBDs of ABCBs. It is now apparent that ABCBI1 is likely phosphory-
lated by a number of kinases, including PKC and PKA, regulating the drug transport
and ATPase properties (Szabo et al. 1997). However, a number of conflicting
studies have been published as to the role of phosphorylation in regulating
ABCBI1 function and yet no clear consensus has been reached (Rumsby
et al. 1998). It is important to note that a large number of studies have shown that
many of the known inhibitors of PKA, PKC, and many other kinases are both
substrates and/or inhibitors of ABCB1 function (Rumsby et al. 1998). There is
increasing evidence that the same is true for some of the ABCC and ABCG
subfamilies of transporters.

Employing different phospho-proteomic approaches, plant ABC proteins have
recently shown to be phosphorylated (Nuhse et al. 2004; de la Fuente van Bentem
et al. 2006; Peck 2006; Benschop et al. 2007) but the functional significance for
only two ABCBs has been analyzed in detail.

The AGC4 kinase, PHOTROPIN1 (photl) was shown to interact with both
NBDs of ABCB19 but not with the NBD2 of ABCB1 (Christie et al. 2011).
Using co-expression in HeLa cells, auxin efflux activity of ABCB19 but not of
B1 was shown to be specifically inhibited by phot1 co-expression, in a mode that is
dependent on the photl kinase activity and that is accelerated by light irradiation.
However, although in vitro phosphorylation experiments verified ABCB19 as phot1
kinase substrate, phosphorylated domains and residues remained exclusive.

Using co-immunoprecipitation and LC-MS/MS analysis, the AGC3 kinase
PINOID (PID) was identified as a valid partner in interaction with TWD1 (Henrichs
et al. 2012). In vitro experiments and yeast expression analyses indicated that PID
specifically modulates ABCB 1-mediated auxin efflux in an action that is dependent
on its kinase activity. Co-transfection in tobacco revealed that PID enhances
ABCB1-mediated auxin efflux in the absence of TWDI1, while PID had a negative
impact on ABCB1 in yeast. Interestingly, triple ABCBI1/PID/TWDI
co-transfection in tobacco revealed that PID blocks ABCB1-mediated auxin efflux
in the presence of TWDI (see Fig. 1), suggesting that TWD1 might function as a
recruiting factor for ABCB1 phosphorylation. The fact that ABCB1 phosphoryla-
tion in the presence of TWDI has the opposite effect on ABCBI1 transport capacity
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than TWD1-ABCBI interaction per se argues for the idea that protein phosphory-
lation is not the primary mode of TWDI1 activation. Obviously, both modes of
ABCBI1 regulation—directly via TWDI interaction or by PID phosphorylation—
might also take place in parallel or in competition, resulting in fine-tuning of ABCB
activity as reported for mammalian ABCBs. Alternatively, ABCB1 phosphory-
lation in the presence of TWD1 might disrupt TWD1-ABCBI interaction leading
to ABCBI1 inhibition (see below).

S634 was identified as a key residue of the regulatory ABCB1 linker, which was
verified by mutation analyses in yeast and tobacco (Henrichs et al. 2012). In the
absence of TWDI1, PID does phosphorylate S634, resulting in ABCBI1 activation.
On the other hand, negative ABCB1 regulation in the presence of TWD1 argues for
a second, PID-specific ABCB1 phosphorylation site that does not essentially need
to be part of the linker.

In summary, these two analogous sets of data on ABCB19 and ABCB1 regu-
lation by AGC kinases, photl (Christie et al. 2011) and PID (Henrichs et al. 2012),
imply that AGC kinases have a direct impact on auxin efflux (ABCB) activity.
Although phosphorylated residues in ABCB19 by photl have not yet been identi-
fied and a photl-TWDI interaction has not been proven (see Fig. 2), indicate an
analogous mode of action: in the presence of TWDI, phosphorylation events
catalyzed by photl and PID lead to an inhibition of ABCB activity. However,
currently it is unclear if ABCB phosphorylation alters ABCB-TWDI1 interaction,
which would be a plausible ratio for a loss of functionality.

In conclusion, although the development of highly sensitive phosphoproteomic
techniques has greatly improved our ability to identify sites of ABC transporter
phosphorylation, it remained extremely difficult to investigate the impact of these
phosphorylation sites by biochemical means. Therefore alternative tools, especially
structure modeling tools are available to further address how phosphorylation
regulates ABC transporter function. Finally, the identification of kinases (and
phosphatases) that regulate ABC transporter function represents another major
challenge but work on plant ABCB might suggest that protein—protein interaction
analyses may aid in the development of novel kinase inhibitor-based therapies that
will more effectively treat ABC transporter-related diseases.

8 Modulatory Drugs

MDR reversal agents (also termed chemosensitizers) are modulatory drugs that
bock ABC transporter activity by (1) direct interaction with the ATP-binding site,
drug binding sites or other ABCB domains that are critical for its transport function;
(2) modulation of ABCB expression; (3) modulation of ABCB activity via inhibi-
tion of its post-translational modifications; and (4) indirect modulation of ABCB
transport activities by other systems, such as regulatory components (Shapiro and
Ling 1995). They comprise a diverse group of substances, which includes calcium
and sodium channel blockers, calmodulin antagonists, local anesthetics, steroidal
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Fig. 2 Comparison of regulation of human ABCC7/CFTR and Arabidopsis ABCB1/PGP1 by
FKBPs. The presence and auxin (IAA) export activity of ABCBI is controlled by functional
interaction between FKBP42/TWDI1 and ABCBI1 diagnosed on the plasma membrane (PM).
ABCBI functionally interacts with PIN-like, secondary active auxin exporters (exemplified by
PIN2). In the absence of FKBP42/TWDI1 (-FKBP42), ABCBI is retained on the ER and conse-
cutively degraded suggesting a chaperon-like function for FKBP42/TWD1. In analogy, the human
ortholog of FKBP42, FKBP38, was shown to chaperone ABCC7/CFTR to the PM, where it
functionally interacts with bicarbonate (HCO; )-chloride (Cl7) exchanger, SLC26, leading to
enhanced bicarbonate and thus fluid secretion. Note that CFTR—SLC26 interaction is promoted by
PDZ protein binding the C-termini of both partners (not shown here), which has not been shown
for ABCBs. Further, that phosphorylation of both linker and R-domains of ABCB1 and ABCC7 by
the AGC kinase, PINOID, and PKA, respectively, was shown to affect transport activity, while so
far only for ABCC7-SLC26 interaction was shown to be enhanced

and structurally related compounds, immunosuppressive agents, protein kinase
inhibitors, detergents, indole alkaloids, and macrolide compounds (Breier
et al. 2013). Analyses of the individual mode of actions of these modulatory
drugs are often hindered by the fact that many of these modulatory drugs have
often an effect on several of the mechanisms listed above and are even often
themselves ABCB substrates.

Considerable efforts have been undertaken to identify new chemosensitizing
agents for better treatment of human cancers. In that respect, flavonoids represent
an interesting group of plant polyphenols that are found frequently in our daily diets
and herbal products. Flavonols, such as quercetin and kaempferol, mainly present in
leafy vegetables, are the most abundant flavonoids in foods. Naturally occurring
flavonoids are glycosylated but aglycones are more potent antioxidants than their
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corresponding glycosides (Williams et al. 2004). High intake of flavonoid com-
pounds has been associated with a variety of human health benefits, including
prevention of cancer, cardiovascular diseases, and osteoporosis.

Various mechanisms for the interaction of ABC transporters with flavonoids
have been reported: a number of studies have demonstrated inhibition of ABC
transporters by flavonoids (Morris and Zhang 2006) probably by mimicking ATP
and competing for ABCB nucleotide binding domains (Conseil et al. 1998). On the
other hand, flavonoids are themselves substrates of ABC transporters, making them
competitive inhibitors toward other substrates (Morris and Zhang 2006). Moreover,
some studies have even reported a stimulation of ABC transport activity. Therefore,
finding a way to avoid harmful drug—flavonoid interactions mediated by these
transporters has proven difficult. Nevertheless, flavonoids, such as genistein and
quercetin, were shown to block ABCB1/PGP1 and BCRP transport, thereby
increasing the intracellular accumulation of anticancer drugs, such as rhodamine
123, daunorubicin, paclitaxel, and vinblastine, making them promising candidates
for co-administration with anticancer drugs.

Recently non-biochemical, in silico approaches have been shown to isolate
modulatory drugs that have the potential to interfere with ABC transporter activities
or even to revert mutational loss-of-function. In a very interesting structure-based
virtual screening to identify new low-molecular-weight compounds that bind to
CFTRAFSOx, a compound was identified and shown to correct for the CFTRAP%
trafficking defect. Interestingly, the compound was shown to bind to NBD1 of
CFTR*™% but also to disrupt keratin8-CFTR*™% interaction (Odolczyk
et al. 2013).

Flavonoids were suggested to act as PAT regulators, initially based on their
ability to compete with NPA for transporter binding sites (Brown et al. 2001). This
concept was further supported by auxin-related phenotypes of Arabidopsis mutants
with altered flavonoid levels (Buer and Djordjevic 2009), although fundamental
physiological and developmental processes occur in the absence of flavonoids.
Aglycone molecules, such as quercetin and kaempferol, have been shown to inhibit
PAT and consequently to enhance localized auxin accumulation (Brown
et al. 2001). Currently they are seen as transport regulators or modulators (Peer
and Murphy 2007); nevertheless, the mechanisms by which flavonoids interfere
with auxin efflux components were for a long time unclear.

Things are complicated by the finding that aglycone flavonoids, like naringenin,
dihydro-kaempferol, and dihydro-quercetin are taken up at the root tip and travel
long distances via cell-to-cell movement to distal tissues, followed by conversion to
quercetin and kaempferol (Buer et al. 2007). Usage of inhibitors suggested that
ABCC transporter facilitated flavonoid movement away from the application site.
Indeed, ABCC were suggested as vacuolar importers for glycosylated flavonoids,
however, their molecular identity remains unknown (Klein et al. 2006).

In analogy to mammalian ABC transporters, ABCB1, ABCB4 and ABCB19
were shown to be inhibited by nM concentrations of the aglycone flavonol,
querectin, while uM NPA concentrations were needed to cause a similar effect
(Geisler et al. 2005; Terasaka et al. 2005; Bailly et al. 2008). Together with the
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finding that ABCB1 and ABCB19 (jointly with TWDI1) have been identified by
NPA chromatography (Noh et al. 2001; Murphy et al. 2002; Geisler et al. 2003) and
shown to bind NPA (Kim et al. 2010; Bailly et al. 2008; Rojas-Pierce et al. 2007)
this indicates that ABCB-type auxin transporters are inhibited by NPA binding.

By means of chemical genomics, another auxin efflux inhibitor, termed BUM
(2-[4-(diethylamino)-2-hydroxybenzoyl]benzoic acid), was identified by its poten-
tial to efficiently block auxin-regulated plant physiology and development (Kim
et al. 2010). Based on computational binding, NPA was suggested to dock to
pockets that are flanked by coupling helices and Q loops of NBD1 and NBD2 at
the NBD-ICL interface (Kim et al. 2010). Mutational analyses of these regions
supported the idea that NPA blocks efficiently the main mechanistic of the trans-
porter during transition of conformational changes between the NBDs and the ICLs.

Interestingly, using a yeast-based BRET (Bioluminescence resonance energy
transfer) system NPA and BUM, but not competitive ATIs (such as TIBA or CPD),
were shown to disrupt TWDI1-ABCBI interaction (Bailly et al. 2008; Kim
et al. 2010). Further, all flavonoids tested disrupted the interaction as well with
the flavonol, quercetin, being the most efficient. Mutant analysis indicated that the
TWD1 FKBD is responsible for both interaction and drug regulation of ABCBI.
Interestingly, the TWD1 FKBD binds NPA but not quercetin itself, suggesting that
disruption is caused by quercetin binding to ABCBs (Bailly et al. 2008; Kim
et al. 2010).

These data suggest a novel mode of drug-mediated regulation of ABCB activity
via an interacting FKBP. The TWD1 FKBD owns a receptor-like function and is
therefore capable of integrating negative (ATI) inputs on ABCBI1 (see Fig. 3). In
silico docking of NPA on the crystal structure of the FKBD provides indication for
an ATI-binding pocket that is interestingly overlapping with surfaces thought to
dock to the ABCB1 NBD2 (Granzin et al. 2006) providing a mechanistic ratio for
disruption of TWD1-ABCB interaction.

Although individual binding affinities for TWD1 and ABCBs have not yet been
determined, these data are in agreement with the current concept that the efflux
complex consists of at least two proteins: a membrane-embedded low-affinity
(transporter) and a peripheral, high-affinity NPA-binding regulatory subunit
(Morris 2000; Luschnig 2001; Petrasek et al. 2003).

9 ABC Transporter Interaction, Phosphorylation,
and Secretion are Interconnected by the FKBP42,
TWISTED DWARF1

A whole series of data imply that plant ABCB activity is regulated by
interconnected feedback-loops (see Fig. 3). In a protein—protein interaction loop,
distinct ABCB-PIN and ABCB-TWDI pairings of a putative multiprotein auxin
efflux complex are building the basis for a plastic control of auxin streams during
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Fig. 3 FKBP42/TWDI is the central element of ABCB regulation. In a protein—protein interac-
tion loop, TWD1 and PIN proteins positively (+) contribute to ABCB-mediated auxin transport by
protein—protein interaction. ATIs, such as flavonols, disrupt ABCB1-TWDI interaction probably
by binding to ABCBI1 resulting in transport inhibition. Arrows denote positive and bars negative
regulation at the transport level. In a polarity loop (dashed line; Benjamins and Scheres 2008), PIN
polarity is coordinated by the phosphorylation status of PINs controlled by PID/PP2A action.
Moreover, PID was shown to control also PIN and ABCB transport activity; the latter involves
interaction with TWD1. Note that a negative impact of PID on TWDI-ABCBI1 interaction by
ABCBI1 phosphorylation has not yet been demonstrated. Figure modified from Geisler and
Henrichs (2013)

PAT (Geisler et al. 2014). Currently it is unclear if this includes a direct TWD1—
PIN interaction, which was suggested based on the finding that in planta BRET
analyses revealed a weak but significant PIN1-TWDI1 interaction (Wang
et al. 2013). However, in contrast to ABCBs expression and locatlization, PIN1
and PIN2 are unchanged in twdl (Bouchard et al. 2006; Wu et al. 2010).

Recent findings now suggest that ABCB interaction and PIN polarity loops
(Benjamins and Scheres 2008) are interconnected via the action of AGC kinases,
exemplified here by PID (Fig. 3): beside decoding PIN polarity (Michniewicz
et al. 2007) and regulating PIN activity (Wang et al. 2012), PID also interacts
with TWDI, thus negatively regulating ABCBI1 activity (Henrichs et al. 2012).

Interestingly, modulatory drugs that act as ATIs, such as quercetin (but not
NPA), are able to interfere with both interaction and polarity loops on different
levels: by (1) direct inhibition of ABCB activity, (2) disrupting TWD1-ABCB
interaction, and (3) inhibition of PID itself has an indirect impact on ABCB1
phosphorylation/activity or PIN polarity. As such, these partially opposite effects
reflect pretty well the complexity of flavonol action on ABCB activity, which might
result from combinatory effects on ABCB activity, its interaction with TWD1 and
PID and additionally on PIN gene expression and cellular trafficking (Peer
et al. 2001, 2004; Peer and Murphy 2006; Santelia et al. 2008).

In summary it appears that individual ABCBs and regulatory proteins interact
interfere and regulate each other in order to allow a fine-tuning of ABCB-mediated
auxin distribution pattern. TWDI1 is apparently the central and integrative element
of ABCB PPI and phosphorylation feedback loops controlling ABCB activity:
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TWDI directly interacts and stabilizes as a chaperone ABCB ER-to-PM secretion
(Wu et al. 2010; Wang et al. 2013) and controls by recruiting the AGC kinase, PID,
the phosphorylation status and thus activity of ABCB1. As such, especially in light
of the unequal ABCB-TWDI stoichiometry, initial models of fixed ABCB-TWD1
complexes (Geisler et al. 2003) have become less unlikely. However a transient
ABCB-TWDI interaction on the PM and a chaperone-like role for TWDI is
perfectly inline with the suggestion that the membrane-attached NPA-binding
protein is required for auxin efflux transporter positioning (Gil et al. 2001).

However, at present it is unclear if ABCB1 phosphorylation by PID in the
presence of TWDI is causing disruption of TWD1-ABCB interaction. Further, it
is currently unknown if ABCB phosphorylation by PID has an influence on ABCB
secretion or protein stability.

10 Conclusion and Outlook

In this chapter we have compared the recent knowledge on plant and non-plant
post-transcriptional ABC transporter regulation. Despite the limited information on
plant ABC regulation it becomes more and more evident that many regulatory
mechanisms—especially on the level of PPI, protein phosphorylation and protein
secretion—found for mammalian ABC transporters are also conserved in plants.
We have focused our attention in more detail on members of the Arabidopsis
ABCB that function in vivo as specific transporters of the plant hormone auxin,
and that in respect to their regulation have been analyzed in greater detail.

As pointed out above, the FKBP, TWDI, is a central element of ABCB regu-
lation. A comparison with the functionality of the human ortholog of TWDI,
FKBP38, indicates that many features, like degradation of their targets in their
absence, are conserved between ABCC7/CFTR (see Fig. 2) and ABCB1/PGP1,
although both transporters belong to different subclasses. In this respect it is worth
to recall that TWD1 interacts and thus might regulate also ABCC-like transporters
on the plant vacuole (Geisler et al. 2004).

This dual activity on two different organelles is also found for human FKBP38
that besides acting as CFTR chaperon, functions as a scavenger of anti-apoptotic
proteins on the mitochondrial outer membrane (Shirane and Nakayama 2003).
Interestingly, both anti-apoptotic function of HsSFKBP38 and CFTR regulation are
under control by calmodulin activating the cis—trans peptidyl-prolyl isomerase
(PPIase) activity of HsFKBP38 (Edlich et al. 2005, 2007). Taking the human
FKBP38 as a paradigm, it seems likely that a steric change of ABCBs
(or interacting AGC kinases) is induced by calcium-dependent binding of
calmodulin-like proteins that might affect directly or indirectly (via PID) ABCB
activity. However, such a PPlase activity has been proven to be absent in TWD1
(Geisler et al. 2003), suggesting a different mode of action.

On the other hand, the role of FKBP38-mediated recruitment of CFTR phos-
phorylating kinases, such as PKA or PKC, has not yet been investigated. Likewise,
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the physical interaction between CFTR and FKBP38 awaits to our knowledge still
its confirmation.

Moreover, decades of auxin transport research have provided us with a set of
highly potent ABCB inhibitors that block at least plant ABCBs at the sub-micro-
molar level. Unfortunately, these have not yet been tested for their potential as
inhibitors of mammalian ABCBs.

Finally, using an evolutionary-structural approach recently evidence was pro-
vided why plant ABCBs own a higher degree of substrate specificity in comparison
to their mammalian counterparts: outward-facing amino acids of putative auxin
hotspots in the central cavity formed by transmembrane helices overlap with known
mammalian substrate-binding domains but show a plant-kingdom-specific, high
degree of conservation (Bailly et al. 2011). Related to this it was shown that TWD]1
does not only modulate ABCBI1 activity but also substrate specificity. Loss-of
TWDI in Arabidopsis affects IAA but not NAA export, while co-expression of
ABCB1 with TWDI in yeast affects IAA but not NAA export (Bailly et al. 2013).
The underlying mechanism is unclear but two plausible causalities might be of
interest for clinical ABCB research: first, loss-of substrate specificity in cancer lines
might be caused by massive over-production of ABCB resulting in an obvious
mismatch in the ABCB-FKBP ratio, which again might lead to unspecific ABCBs
and thus MDR. And second, and related to the first point, interaction of TWD1/
FKBP42 with the NBD2 of ABCB1 might cause an unequal inhibition of NBDs
inside the ABCB molecule that might correlate with a change in substrate
specificity.
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Evolution of Transport Directionality
in ABCBs

Mark K. Jenness and Angus S. Murphy

Abstract Plant ATP-binding cassette subfamily B/P-glycoprotein/multidrug resis-
tance (ABCB/PGP/MDR) proteins mediate the transport of a variety aliphatic and
amphipathic substrates across the plasma membrane. An unexpected characteristic
of some plant ABCBs that is not seen in animal homologs is uptake transport
activity. However, in the best studied example of this phenomenon, the ABCB4
auxin transporter is associated with uptake only when intracellular auxin concen-
trations are low and exhibits canonical efflux activity when internal auxin concen-
trations increase. Physiological and biochemical characterizations of ABCB4
indicate that the protein serves as a homeostatic regulator and suggest evolutionary
origins of the phenomenon. In this chapter we will review early transport studies
and the discovery of putative uptake transporters in plants, the functional and
structural evolution of these transporters, and what is known about the mechanisms
of uptake and conditional uptake/efflux. Further, we will explore issues with
homologous or heterologous unicellular systems and how these studies may have
led to a mischaracterization of uptake transporters. A re-evaluation of current
transport data and new ABCB mediated transport model will also be discussed.

1 Introduction

ATP-binding cassette (ABC) transporters form a ubiquitous super-family of pro-
teins that utilize the energy from ATP hydrolysis to drive the transport of a variety
of substrates across membrane bilayers. Found throughout the bacterial, animal and
plant kingdoms, ABC transporters function in cellular detoxification (Martinoia
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et al. 2002), nutrient uptake (Singh and Rohm 2008), secretion of extracellular
coating components (Qin et al. 2013), and transport of lipids and hormones
(reviewed in Kang et al. 2011). The B-subclass of ABCs has been extensively
characterized due to the association of P-glycoprotein (ABCB1/MDR1) and related
ABCBs with polyspecific export of hydrophobic drug/xenobiotic efflux in animals.
ABCB transporters can function either as full-length transporters or as homo- or
hetero-dimers of transporters associated with antigen processing (TAPs) type half
transporters (Chapter “Structure—Function of Plant ABC-Transporters”). All full-
length ABCB transporters described to date are plasma membrane (PM) localized
and are oriented with their 12 transmembrane helices (TMHs) spanning the PM and
two nucleotide-binding domains (NBDs) extending into the cytosol. Solutions of
crystal structures and functional analyses have shown that ABCB transporters can
exist in either an inward/cytoplasmic facing or an outward/extracellular/apoplast
facing state (Dawson and Locher 2007; Aller et al. 2009). An alternating access
model of ABCB transport states that ATP hydrolysis causes conformation changes
that shift transporters between these orientations, allowing for substrate binding and
release across the PM (Zou and McHaourab 2009).

In plants, ABC transporters have been shown to function in the accumulation of
secondary metabolites (Shitan et al. 2003, 2013; Stukkens et al. 2005), xenobiotic
detoxification (Martinoia et al. 2002; Lee et al. 2005; Frelet-Barrand et al. 2008),
transport of lipids to the cuticle (Pighin et al. 2004; Panikashvili et al. 2007; Luo
et al. 2007), stomata aperture regulation (Lee et al. 2008), and transport of the
phytohormones auxin (reviewed in Peer et al. 2011), abscisic acid (Kuromori
et al. 2010), and cytokinin (Zhang et al. 2014). ABCB transporters were initially
discovered in deduced amino acid sequence comparisons of mammalian ABCBI,
under the premise that plant ABCBs would exhibit functions similar to mammalian
ABCBI in cellular detoxification (Dudler and Hertig 1992). However, subsequent
biochemical studies have shown that plant ABCBs exhibit a much narrower sub-
strate specificity compared to their mammalian homologs, and their roles in detox-
ification are minimal (reviewed in Conte and Loyd 2011). Instead, detoxification
involving ABCs primarily involves ABCC/MRPs located at the tonoplast and a
subset of ABCG/PDRs (Chapter “ABC Transporters and Heavy Metals”).

The best characterized plant ABCBs are the Arabidopsis auxin efflux trans-
porters ABCB1 and ABCB19, which mobilize the primary auxin indole-3-acetic
acid (IAA) and contribute to the long distance polar transport of auxin from the
shoot apex to the roots. ABCB1 is primarily localized apolarly in the shoot and root
meristems (Sidler et al. 1998; Geisler et al. 2005; Mravec et al. 2009) and basally
(top) in the cortex and endodermis in the boundary between the elongation and
maturation zones of the root (Geisler et al. 2005). ABCB19 is primarily localized
apolarly in the shoot apex, bundle sheath cells in shoots, cortical and stellar cells in
the root, epidermal cells near the root apex, and also in cotyledons and anther
filaments (Blakeslee et al. 2007; Wu et al. 2007; Lewis et al. 2009; Titapiwatanakun
and Murphy 2009). abcbl and abcbl9 single mutants show ~25 % and >50 %
reductions in rootward auxin transport (Noh et al. 2001; Blakeslee et al. 2007), and
double mutants are reduced by ~70 % (Blakeslee et al. 2007). Phenotypes
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consistent with this reduction in long distance rootward auxin transport include
epinastic cotyledons, decreased inflorescence height, loss of apical dominance,
increased lateral branching, reduced lateral root formation, and reduced stamen
filaments (Noh et al. 2001, 2003; Geisler et al. 2005; Lewis et al. 2007).

Another well-characterized Arabidopsis ABCB auxin transporter is ABCB4,
which exhibits efflux activity similar to ABCB1 and 19 at higher intracellular
auxin concentrations, but mediates auxin uptake activity when internal auxin levels
are very low (Terasaka et al. 2005; Yang and Murphy 2009; Kubes et al. 2012). A
highly similar paralog, ABCB21, appears to exhibit similar activities (Kamimoto
et al. 2012). Plant ABCB uptake activity is not limited to auxin transporters, as
alkaloid uptake has been associated with Coptis japonica ABCB1/MDRI1 (Shitan
et al. 2003), and Arabidopsis ABCB 14 has been shown to function in malate/citrate
uptake (Lee et al. 2008). This chapter will review the discoveries of plant ABCB
transporters with uptake activity, their apparent functional divergence from
exporters, structural features that are unique in putative uptake transporters, and
the currently accepted mechanism of uptake and conditional transport directional-
ity. Additionally, uptake transporter data will be re-evaluated and a new model of
controlled ABCB mediated efflux will be discussed.

2 Discovery of Plant ABCB Uptake Transporters

Coptis japonica ABCB1 The first reported putative ABCB uptake transporter was
ABCB1/MDRI1 from Coptis japonica (Shitan et al. 2003). Berberine, an alkaloid
with strong antimicrobial properties and medicinal uses, is synthesized in the
C. japonica root and accumulates in the rhizomes. In cultured C. japonica cells
and xenopus oocytes expressing CJABCB1, endogenous and exogenous berberine
were shown to be actively taken up by cells via a mechanism that is ATP-dependent
and sensitive to inhibitors of mammalian ABCBI1. Further, oocytes and Saccharo-
myces cerevisiae expressing CJABCB1 accumulated the berberine precursor
reticuline and showed increased sensitivity to the mutagen 4-nitroquinoline
N-oxide respectively. These results suggest that CGABCB1 mediates berberine
uptake from the root into the rhizome and appears to exhibit a preference for
berberine-like alkaloids. A study by the same group has recently shown that another
ABCB isoform from Coptis japonica (CJABCB2) has nearly identical characteris-
tics (Shitan et al. 2013).

Arabidopsis thaliana ABCB4 A second plant ABCB transporter with apparent
uptake activity was subsequently described by several groups (Santelia et al. 2005;
Terasaka et al. 2005). ABCB4 was reported to function primarily in the lateral root
cap, root epidermis, and mature root cortical cells (Santelia et al. 2005; Terasaka
et al. 2005). ABCB4 was reported to be apolarly localized in the root cap and
basally (top) localized in the epidermis (Terasaka et al. 2005) Analysis of abcb4
mutants showed light and sucrose-dependent root phenotypes. On 0.5-1 % sucrose
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and under moderate light (100-120 uE), abcb4 mutants exhibited reductions in
primary root length and lateral root number (Terasaka et al. 2005). When grown
under high light or on >1.5 % sucrose, abchb4 mutants showed an increase in
primary root length, lateral root number, and root hair length (Santelia
et al. 2005; Terasaka et al. 2005). Auxin transport assays and free IAA quantitations
revealed that abcb4 mutants had reduced basipetal auxin movement from the root
tip (Santelia et al. 2005; Terasaka et al. 2005). Rootward auxin transport from the
shoot apex in abch4 mutants was not different from wild type; however,
overexpression increased auxin transport (Terasaka et al. 2005). Expression of
ABCB4 in Saccharomyces cerevisiae resulted in hypersensitivity to IAA and the
toxic auxin analog 5-fluoroindole, suggesting a role in auxin uptake (Santelia
et al. 2005). Consistent with this result, expression in mammalian HeLa cells
resulted in a net increase in auxin accumulation and, surprisingly, treatment with
NPA reverted apparent uptake to efflux (Terasaka et al. 2005). This reversion
correlated to an increase in intracellular IAA and was the first report of substrate
concentration-dependent regulation of ABCB activity.

A subsequent study of ABCB4 (Lewis et al. 2007) confirmed previous reports
that abcb4 mutant roots exhibit reduced shootward auxin transport, but no changes
in rootward auxin transport activity. It was expected that this reduction in
shootward auxin transport from the root tip would result in a reduction in
gravitropic bending, as is the case in mutants of the auxin efflux carrier PIN2
(Chen et al. 1998). However, consistent with the earlier report from Terasaka
et al. (2005), no reduction in gravitropic bending was observed and, instead, a
small enhancement of gravitropic bending was reported. Visualization of DR5:GFP
revealed auxin distributions in the abcb4 root apex and elongation zone were less
discrete than wild type.

The elongated root hair phenotype of abch4 mutants was further examined in
Cho et al. (2007). This study showed that overexpression of ABCB4 under the
control of a root hair-specific promoter (PE7) caused a decrease in root hair
elongation similar to what was observed with overexpression of PIN efflux carriers
in root hairs. Further, overexpression of the AUXI auxin uptake transporter
enhanced root hair length. Although subsequent work has shown that PE7 is not
exclusive to root hairs (Kubes et al. 2012), these results indicated that the primary
function of ABCB4 in roots hairs is auxin efflux. The same study corroborated
ABCB4-mediated efflux of the artificial auxin 1-naphtalene acetic acid (NAA)
when ABCB4 was overexpressed in tobacco BY-2 cells (Cho et al. 2007).

Yang and Murphy (2009) provided a detailed characterization of the transport
activity of ABCB4 expressed in Schizosaccharomyces pombe. S. pombe cells
expressing ABCB4 showed initial IAA accumulation followed by IAA export,
confirming the substrate-dependent switch to efflux observed in Terasaka
et al. (2005). Doubling the amount of exogenous IAA doubled the initial amount
of IAA accumulation and decreased the time for reversion to export. This result was
consistent with reports of variability in abcb4 phenotypes under conditions that
alter auxin homeostasis and auxin transport (Gray et al. 1998; Geisler et al. 2005;
Santelia et al. 2005; Terasaka et al. 2005; Cho et al. 2007; Lewis et al. 2007). This
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Fig. 1 ABCB4 regulates root hair elongation in Arabidopsis (5-day-old Arabidopsis seedlings).
(a) Treatment with increasing indole-3-acetic-acid (IAA) concentrations inhibits root hair elon-
gation. Mean lengths and SD from the first ten root hairs measured starting 1.5 mm from the root
apex (ten seedling pools, n = 3). *P < 0.05. (b) Root hairs in a region 1.5 mm above theabcb4 root
apex are consistently longer than in the wild type. Bar = 100 pm. (¢) Visualization of ABCB4pro:
ABCB4-GFP shows a signal at the plasma membrane in atrichoblast (a) and trichoblast (t) cells in
light-grown seedlings acclimated to dim light. Bar = 10 pm. Figure taken from Kubes et al. (2012)

same study also showed that 2,4-dichlorophenoxyacetic acid (2,4-D) inhibits
ABCB4-mediated uptake activity. This observation raised questions about assays
of ABCB4 conducted in BY-2, as BY-2 cells are regularly grown in media
containing the synthetic auxin 2,4-D. The presence of 2,4-D in the assays reported
by Cho et al. (2007) may have obscured uptake activity by elevating the intracel-
lular auxin to levels where reversion to export would have already occurred.

In the most recent report of ABCB4, Kubes et al. (2012) reported that auxin
uptake into the root tip and that basipetal auxin transport in abch4 mutants is
reduced, which is consistent with previous findings (Santelia et al. 2005; Terasaka
et al. 2005; Lewis et al. 2007). Additionally, roots of abcb4 mutants accumulate less
auxin than wild type initially and switch to net accumulation after incubation with
TAA. Consistent with Santelia et al. (2005) and Cho et al. (2007), root hairs in abcb4
mutants are longer and addition of increasing exogenous auxin increases root hair
length (Fig. 1). Further investigation of root hair phenotypes was not perused as
expression of ABCB4 under the root hair-specific promoter PE7 and auxin quanti-
tation in root hairs were not successful. Expression in BY-2 suggests ABCB4
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exhibits weak uptake activity. However, this result could not be investigated
further, as lipophilic and AUXI1/LAX-mediated 2,4-D uptake could not be
inhibited, even after inhibition of AUX1 by 2-naphthoxyacetic acid (2-NOA).
Expression of ABCB4 in S. pombe and HeLa cells produced similar
concentration-dependent kinetics to those reported previously (Terasaka
et al. 2005; Yang and Murphy 2009) and verified 2,4-D as a substrate for ABCB4
mediated uptake and inhibition of efflux activity.

From these combined results, it is evident that ABCB4 regulates cellular auxin
levels primarily in the root epidermis by mediating auxin uptake when intracellular
auxin levels are low and reverts to efflux when auxin concentration is increased.

Arabidopsis thaliana ABCB14 and ABCB21 Only two other ABCB transporters
have been described to exhibit uptake activity. ABCB14 is expressed primarily in
guard cells, where it regulates stomata closing in response to increased levels of
CO, and exogenously applied malate (Lee et al. 2008). ABCBI4 expressed in
S. cerevisiae and HeL a cells suggest that malate is taken up into the cells and that
uptake activity is sensitive to the ABCB transporter inhibitors vanadate, verapamil,
and cyclosporine A. Malate uptake was competed for by fumarate, and to a lesser
extent succinate and citrate, suggesting a decrease in specificity compared to
ABCB19. ABCB21, the closest homolog to ABCB4, is expressed on the abaxial
side of leaves, in lateral organ junctions in shoots, and in root pericycle cells
(Kamimoto et al. 2012). Expression in Arabidopsis protoplasts shows IAA and
NAA export, though IAA appears to be the preferred substrate. ABCB21, like
ABCBA4, shows increased 5-FI sensitivity when expressed in S. cerevisiae. Assays
in yeast expressing ABCB21 showed apparent IAA uptake when external TAA
levels are high, and preloading with IAA returned IAA accumulation back down to
control levels. Further, assays conducted with preloaded yeast cells and low exter-
nal IAA showed net efflux activity. These results suggest that ABCB21 functions
like ABCB4 in an intracellular auxin concentration-dependent manner.

3 Phylogeny of Putative Uptake Transporters
and Functional Divergence

The Arabidopsis genome contains 21 full-length ABCB transporters. Phylogenetic
analysis of these transporters reveals that they cluster into five clades (Fig. 2;
Knoller et al. 2010). The auxin exporters ABCB1 and ABCB19 are found within
clade II and are the only Arabidopsis transporters within this group. Clade I
contains the malate/citrate uptake transporter ABCB14 along with ABCBI13,
ABCB2, and ABCB10. The function of the latter three transporters remains
unknown; however, expression of ABCB2 in S. pombe suggests it is not a primary
auxin transporter (Yang and Murphy 2009). Although grouped within the same
clade, ABCB14 is clearly distinct from ABCB1 and ABCB19. No data for clade III
or clade IV, which contain ABCB6, ABCB20, and ABCB15-18, have been
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Fig. 2 Phylogenetic tree of plant ABCB transporters, including sequences from Arabidopsis,
Vitis, Populus, Carica, Sorghum, Zea, Oryza, Brachypodium, and Physcomitrella. The phyloge-
netic tree can be divided into five clades (I-V). Branch numbers represent bootstrap values.
Species names are colour coded for monocots (green) and dicots (red). Subclade Ib and Ila lie
outside the Physcomitrella root (yellow shaded subclades). Figure taken from Knéller et al. (2010)

published to date. Preliminary studies of RNAi knockdowns of ABCB15-18 reveal
that they may play roles in auxin transport and/or transport regulation
(unpublished), but high sequence similarity of these genes due to duplication has
made isolation and analysis of mutants difficult. The concentration dependent
uptake/efflux auxin transporters ABCB4 and ABCB21 group together within
clade V. The paralogous sets of ABCB3/5, ABCB11/12 and ABCB7/9 also group
within clade V. ABCB11 has been shown to function in rootward auxin transport
(Kaneda et al. 2011), however, the kinetics of ABCB11-mediated transport remain
unknown. This data, along with biochemical and structure/function analyses, sug-
gest a functional divergence of some ABCB transporters that cannot be predicted by
sequence comparison alone (Knéller et al. 2010; Yang and Murphy 2009; Bailly
et al. 2012).
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4 Structural Features Unique to Putative Uptake
Transporters

Crystal structures of a number of ABCB transporters have been elucidated, includ-
ing Staphylococcus aureus Sav1866 and murine ABCB1 (Dawson and Locher
2007; Aller et al. 2009). These multidrug efflux transporters represent what are
generally accepted as the resting states of efflux transporters (MmABCB1) and
putative uptake transporters, or the substrate release state of exporters (Sav1866).
No crystal structures have been determined for any plant ABCB transporter,
however, homology modeling has provided valuable insight into unique structural
features found in putative uptake transporters that are missing in the efflux specific
transporters ABCB1 and ABCB19.

Structural models threaded on Sav1866 and MmABCB1 reveal that plant ABCB
transporters share a common architecture (Yang and Murphy 2009; Bailly
et al. 2012). Further, putative uptake ABCB transporters share better sequence
alignments with crystal structures of exporters than prokaryotic importers, which
suggest an exporter-like overall architecture. A predicted N-terminal coiled-coil
domain is found in the structures of ABCB4, ABCB14, ABCB21, and CjABCBI,
but not seen in the exporters ABCB1 or ABCB19. More detailed analysis of
ABCB4 reveals that the hydrophobic region of transmembrane helix 4 (TMH4) is
shifted inward, likely imbedding the apoplastic end of TM3 and TM4 within the
PM. Additionally, this shift could change the distance between intracellular loop
2 (ILC2) and NBD2, which may rearrange the TMDs enough to alter transport
directionality. Another coiled-coil domain is found in ABCB4 within the linker
region connecting NBD1 and TMD?2. This feature is not seen in the putative
importers CJABCB1, ABCB14, and ABCB21 nor in the exporters ABCB1 or
ABCB19. This suggests a specific role in regulating ABCB4 activity and not a
general transport directionality mechanism. The function of these domains is
unknown but may play a role in protein interactions and/or regulating transport
properties. Obviously, the function of these features needs to be biochemically
analyzed and is of utmost importance for understanding ABCB transporter function
and regulation.

In addition to these structural features, analysis of substrate docking reveals
kingdom-specific putative substrate binding sites within the TMDs. Docking of
IAA to ABCB19, ABCBI1, and ABCB4 in their outward facing states identified two
putative substrate binding sites within the TMDs and associated with the inner
leaflet of the PM (Yang and Murphy 2009; Bailly et al. 2012). ABCB4, however,
had an additional binding site formed by TMHS5 and 8 at the PM inner leaflet-
cytosol interface not present in ABCB19. The proposed role of this additional site,
which would explain the apparent “transport direction reversibility” seen with
ABCB4 and ABCB21 will be discussed below.
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5 Mechanism of Uptake and Conditional ‘“Reversibility”

To date, no ABCB transporters with uptake activity have been reported in animals.
Bacterial ABC transporters mediate the uptake of a number of primary metabolites,
including maltose, vitamin B12, and histidine (reviewed in Linton and Higgins
2006). However, prokaryotic ABC uptake transporters are structurally and mech-
anistically dissimilar to eukaryotic transporters. In general, prokaryotic importers,
such as the maltose importer MalFGK,, have an associated periplasmic or cell-
surface-associated substrate binding protein required for uptake activity (reviewed
in George and Jones 2014). These binding proteins have high affinity and allow for
substrate-specific and unidirectional transport.

Plant ABCB transporters probably do not have associated binding proteins and
their specificities lie within the binding sites found within the TMDs. Substrate
docking simulations of IAA with ABCB1, ABCB19 and ABCB4 reveal binding
sites associated with the outer and inner leaflets of the PM. Detailed analyses of
mammalian ABCBI1 propose that a general hydrophobic-binding pocket associated
primarily with the outer leaflet of the PM is responsible for the polyspecific
exclusion of hydrophobic chemotherapy drugs. Similar binding positions are
found in the exporters ABCB1 and ABCB19, however, surface electrostatic poten-
tials at these positions differ (Bailly et al. 2012). This may explain the increased
specificity in plant transporters compared to mammalian homologs. Docking sim-
ulations with outward facing models of ABCB4 and 14 also predict binding sites at
these positions that may play roles in substrate binding and uptake. However, these
sites have yet to be tested biochemically. Simulations have also identified two
substrate binding sites associated with the inner leaflet of the PM for exporters and
putative uptake transporters. These sites are not present in mammalian ABCB1 and
likely also contribute to substrate specificity.

In addition to these sites the putative uptake transporter ABCB4 also contains a
third inner-leaflet-associated binding site not found in exporters (Yang and Murphy
2009). This site is predicted to function as a regulatory site that can control the
switch between apparent uptake and efflux activity. In this model, at low intracel-
lular auxin concentrations, the regulatory binding site is unoccupied and ABCB4 is
open to the apoplast. In this state ABCB4 has been predicted to mediate auxin
uptake. Upon increased intracellular auxin levels, via putative transporter-mediated
or endogenous uptake, and/or passive diffusion, the site is predicted to become
occupied by auxin, inducing a conformation change in ABCB4 to inward/cytosol
facing and allowing for export activity to occur. This concentration-dependent
regulation or efflux activation appears to be unique to ABCB4, as ABCB1 and
ABCB19 actually show increased efflux activity when auxin levels decrease
(Geisler et al. 2005; Bouchard et al. 2006).
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6 Re-Evaluation of the Data: Truly Reversible or Simply
Control of Efflux?

While only a handful of ABCB transporters have been characterized to date,
enough data has been produced to force us to ask a critical question: do ABCB
transporters actually function in substrate uptake? While it is impossible to know
for certain at this time a number of key concepts from ABCB4 suggest that this is
not the case.

Increased free IAA levels in the root apex of abch4 mutants and apolar locali-
zation of ABCB4 in the root tip is consistent with a role in auxin export out of the
root tip to the epidermis (Santelia et al. 2005; Terasaka et al. 2005). In gravitropism
assays abcb4 mutants show enhanced gravitropic bending and more diffuse auxin
accumulations in the epidermis (Lewis et al. 2007), while pin2 exhibits reduced
bending and auxin accumulation at the root tip (Chen et al. 1998). This, along with
the basal localization of ABCB4 in the elongation zone of the epidermis, (Terasaka
et al. 2005) is consistent with a role in restricting auxin to the elongation zone until
it is no longer needed for cell elongation. Basipetal auxin transport from the root tip
is reduced in abcb4 mutants (Terasaka et al. 2005; Lewis et al. 2007; Kubes
et al. 2012), also supporting a role in efflux. In trichoblast-forming epidermal
cells, ABCB4 on the PM increases as the root hair elongates and decreases after
elongation stops, and abch4 mutants exhibit longer root hairs than wild type (Kubes
et al. 2012). This suggests that ABCB4 is involved in efflux and removal of auxin
from root hairs when root hair elongation is complete.

Studies in Arabidopsis roots reveal that uptake into the root tip is reduced in
abcb4 mutants (Santelia et al. 2005; Kubes et al. 2012) and that overexpression is
not different than wild type (Kubes et al. 2012). Further, auxin uptake into the
epidermis distal to the root tip, where auxin levels are decreased and ABCB4 would
be expected to function as an uptake transporter, is not different in abcb4 mutants
(Santelia et al. 2005). These results suggest that the difference in apparent ABCB4-
mediated uptake into the root apex is a consequence of an altered auxin gradient
between the root tip and elongation zone.

Measuring transport directionality at the cellular level (i.e., uptake or efflux) in
planta is not yet possible with modern techniques. Instead, transport assays using
homologous or heterologous unicellular systems are performed. The issue here lies
with what is actually measured in these systems: when apparent uptake is observed
in assays, what is actually being measured is total cellular accumulation; a combi-
nation of endogenous and putative transporter mediated uptake, substrate embed-
ded within the PM, and substrate bound to the transporter. In no case can we
specifically separate uptake transport activity. If ABCB4 is initially open toward
the apoplast, as current models suggest, then binding of substrates to the transporter
and/or collection of extracellular substrate and partitioning into the PM without
actual active substrate uptake may occur. This would support findings that putative
uptake is less specific than export activity, and that uptake activity is low (Yang and
Murphy 2009; Kubes et al. 2012).
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This suggests that, rather than ABCB4 being a conditionally reversible trans-
porter, ABCB4 export activity is regulated by intracellular auxin concentrations
(Fig. 3). In this model ABCB4 would remain in its outward facing “resting state” at
low intracellular auxin concentrations. ABCB4 would not actively uptake auxin;
however, auxin could accumulate within the cell via lipophilic diffusion and
endogenous auxin transport. Collection of auxin from the apoplast by binding to
ABCB4 exposed to the apoplast and partitioning into the PM may increase diffu-
sion rates and cellular accumulation, hence the apparent uptake activity observed.
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When threshold levels of intracellular auxin are reached, the third inner leaflet
binding site becomes occupied and conformational changes in ABCB4 allow for
export activity to begin. This controlled efflux would allow for the formation of
auxin maxima and downstream auxin signaling events to occur and hold off export
until auxin is no longer needed for physiological responses. Additionally, this
regulation would also conserve energy, as ATP utilization would only occur
when needed. This model likely applies to ABCB21 as well. Homologous and
heterologous expression data show that ABCB4 and ABCB21 behave in a very
similar manner. The lack of characterization in plants, however, makes the inter-
pretation and physiological relevance of this data difficult to interpret.

While studies have only shown apparent uptake activity, it is suspected that
CjABCBI functions in a similar concentration-dependent manner as ABCB4.
Studies characterizing berberine uptake activity in CJABCBI1 has been conducted
in C. japonica cell cultures, xenopus oocytes, and yeast (Shitan et al. 2003).
Berberine, however, is toxic to S. cerevisiae and, like what is seen with ABCB4,
this toxicity may obscure efflux activity. Assays of xenopus oocytes incubated in
the presence of berberine or preloaded with berberine showed cells expressing
CjABCB1 accumulated and retained more berberine than controls. In both of
these cases levels of intracellular berberine may not have reached the threshold
needed to activate export activity.

The model proposed for accumulation and controlled export of amphipathic
substrates by Arabidopsis ABCB4 and ABCB21 may not be applicable to simple
organic acids such as malate and citrate that are associated with Arabidopsis
ABCB14 (Lee et al. 2008). Malate and citrate are highly soluble and not expected
to interact with binding sites associated with the models of substrate accumulation
proposed herein. Ongoing structural and mutational analyses are required to
develop testable models of ABCB14 activity.

7 Conclusion

ABCB transporters with apparent uptake activity are, thus far, unique to the plant
kingdom and serve vital roles in regulating plant growth and development. High
sequence similarity and shared overall architecture throughout the ABCB protein
family suggest a functional divergence from export-specific transporters. Several
structural features are unique to these transporters and may function in regulating
protein—protein interactions, substrate specificity, and transport activity. In partic-
ular, models identify a putative regulatory substrate-binding site that may alter
transporter conformation and control the concentration dependent shift from appar-
ent uptake to efflux.

Data suggests that some ABCB transporters have apparent uptake activity,
however, experimental limitations of plant- and non-plant-based systems make
this observation less than conclusive. The example provided by ABCB4 suggests
that the uptake activity seen in homologous and heterologous unicellular systems
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may be an increase in accumulation by transporter-assisted diffusion or simply
substrate bound to the outward facing and overexpressed transporter. This suggests
that, rather than having “reversible” uptake and efflux activity, ABCB4 export is
regulated by intracellular auxin concentrations and may contribute to
ATP-independent auxin accumulation. Characterization of additional transporters
with differing substrates, as well as indepth structural modelling and mutational
analyses are needed to provide a better understanding of the mechanisms and
regulation of substrate transport in ABCB transporters.

References

Aller SG, Yu J, Ward A, Weng Y, Chittaboina S, Zhuo R, Harrell PM, Trinh YT, Zhang Q,
Urbatsch IL, Chang G (2009) Structure of P-glycoprotein reveals a molecular basis for poly-
specific drug binding. Science 323:1718-1722

Bailly A, Yang H, Martinoia E, Geisler M, Murphy AS (2012) Plant lessons: exploring ABCB
functionality through structural modeling. Front Plant Sci 2:108

Blakeslee JJ, Bandyopadhyay A, Lee OR, Mravec J, Titapiwatanakun B, Sauer M, Makam SN,
Cheng Y, Bouchard R, Adamec J, Geisler M, Nagashima A, Sakai T, Martinoia E, Friml J, Peer
WA, Murphy AS (2007) Interactions among PIN-FORMED and P-glycoprotein auxin trans-
porters in Arabidopsis. Plant Cell 19:131-147

Bouchard R, Bailly A, Blakeslee JJ, Oehring SC, Vincenzetti V, Lee OR, Paponov I, Palme K,
Mancuso S, Murphy AS, Schulz B, Geisler M (2006) Immunophilin-like TWISTED DWARF1
modulates auxin efflux activities of Arabidopsis P-glycoproteins. J Biol Chem
281:30603-30612

Chen RJ, Hilson P, Sedbrook J, Rosen E, Caspar T, Masson PH (1998) The Arabidopsis thaliana
AGRAVITROPIC 1 gene encodes a component of the polar-auxin-transport efflux carrier. Proc
Natl Acad Sci U S A 95:15112-15117

Cho M, Lee SH, Cho H (2007) P-glycoprotein4 displays auxin efflux transporter-like action in
Arabidopsis root hair cells and tobacco cells. Plant Cell 19:3930-3943

Conte S, Loyd AM (2011) Exploring multiple drug and herbicide resistance in plants—Spotlight
on transporter proteins. Plant Sci 180:196-203

Dawson RJP, Locher KP (2007) Structure of the multidrug ABC transporter sav1866 from
Staphylococcus aureusin complex with AMP-PNP. FEBS Lett 581:935-938

Dudler R, Hertig C (1992) Structure of an mdr-like gene from Arabidopsis thaliana evolutionary
implications. J Biol Chem 267:5882-5888

Frelet-Barrand A, Kolukisaoglu HU, Plaza S, Riiffer M, Azevedo L, Hortensteiner S, Marinova K,
Weder B, Schulz B, Klein M (2008) Comparative mutant analysis of Arabidopsis ABCC-Type
ABC transporters: AtMRP2 contributes to detoxification, vacuolar organic anion transport and
chlorophyll degradation. Plant Cell Physiol 49:557-569

Geisler M, Blakeslee JJ, Bouchard R, Lee OR, Vincenzetti V, Bandyopadhyay A, Titapiwa-
tanakunB PWA, Bailly A, Richards EL, Ejendal KFK, Smith AP, Baroux C, Grossniklaus U,
Miiller A, Hrycyna CA, Dudler R, Murphy AS, Martinoia E (2005) Cellular efflux of auxin
catalyzed by the Arabidopsis MDR/PGP transporter AtPGP1. Plant J 44:179-194

George M, Jones P (2014) Bacterial ABC transporters: structure and function. In: Remaut H,
Fronzes R (eds) Bacterial membranes: structural and molecular biology. Caister Academic
Press, Norfolk, VA

Gray WM, Ostin A, Sandberg G, Romano CP, Estelle M (1998) High temperature promotes auxin-
mediated hypocotyl elongation in Arabidopsis. Proc Natl Acad of Sci U S A 95:7197-7202



284 MK. Jenness and A.S. Murphy

Kamimoto Y, Terasaka K, Hamamoto M, Takanashi K, Fukuda S, Shitan N, Sugiyama A,
Suzuki H, Shibata D, Wang B, Pollmann S, Geisler M, Yazaki K (2012) Arabidopsis
ABCB21 is a facultative auxin importer/exporter regulated by cytoplasmic auxin concentra-
tions. Plant Cell Physiol 53:2090-2100

Kaneda M, Schuetz M, Lin BSP, Chanis C, Hamberger B, Western TL, Ehlting J, Samuels AL
(2011) ABC transporters coordinately expressed during lignification of Arabidopsisstems
include a set of ABCBs associated with auxin transport. J Exp Bot 62:2063-2077

Kang J, Park J, Choi H, Burla B, Kretzschmar T, Lee Y, Martinoia E (2011) Plant ABC trans-
porters. Arabidopsis Book 9:¢0153

Knoller AS, Blakeslee JJ, Richards EL, Peer WA, Murphy AS (2010) Brachytic2/ZmABCB1
functions in IAA export from intercalary meristems. J Exp Bot 61:3689-3696

Kube$s M, Yang H, Richter GL, Cheng Y, Mtodzinska E, Wang X, Blakeslee JJ, Carraro N,
Petrasek J, Zazimalova E, Hoyerova K, Peer WA, Murphy AS (2012) The Arabidopsis
concentration-dependent influx/efflux transporter ABCB4 regulates cellular auxin levels in
the root epidermis. Plant J 69:640-654

Kuromori T, Miyaji T, Yabuuchi H, Shimizu H, Sugimoto E, Kamiya A, Moriyama Y, Shinozaki
K (2010) ABC transporter AtABCG25 is involved in abscisic acid transport and responses.
Proc Natl Acad Sci U S A 107:2361-2366

Lee M, Lee K, Lee J, Noh EW, Lee Y (2005) AtPDRI12 contributes to lead resistance in
Arabidopsis. Plant Physiol 138:827-836

Lee M, Choi Y, Burla B, Kim Y-Y, Jeon B, Maeshima M, Yoo J-Y, Martinoia E, Lee Y (2008) The
ABC transporter AtABCB14 is a malate importer and modulates stomatal response to CO2.
Nat Cell Biol 10:1217-1223

Lewis DR, Miller ND, Splitt BL, Wu GS, Spalding EP (2007) Separating the roles of acropetal and
basipetal auxin transport on gravitropism with mutations in two Arabidopsis Multidrug Resis-
tance-Like ABC transporter genes. Plant Cell 19:1838-1850

Lewis DR, Wu G, Lyung K, Spalding EP (2009) Auxin transport into cotyledons and cotyledon
growth depend similarly on the ABCB19 Multidrug resistance-like transporter. Plant J
60:91-101

Linton KJ, Higgins CF (2006) Structure and function of ABC transporters: the ATP switch
provides flexible control. Eur J Physiol 453:555-567

Luo B, Xue XY, Hu WL, Wang LJ, Chen XY (2007) An ABC transporter gene of Arabidopsis
thaliana, AtWBC11, is involved in cuticle development and prevention of organ fusion. Plant
Cell Physiol 48:1790-1802

Martinoia E, Klein M, Geisler M, Bovet L, Forestier C, Kolukisaoglu U, Muller-Réber B, Schulz B
(2002) Multifunctionality of plant ABC transporters — more than just detoxifiers. Planta
214:345-355

Mravec J, Skiipa P, Bailly A, Hoyerova K, Krecek P, Bielach A, Petrasek J, Zhang J, Gaykova V,
Stierhof Y-D, Dobrev PI, Schwarzerova K, Rolcik J, Seifertova D, Luschnig C, Benkova E,
Zazimalova E, Geisler M, Friml J (2009) Subcellular homeostasis of phytohormone auxin is
mediated by the ER-localized PINS5 transporter. Nature 459:1136-1140

Noh B, Murphy AS, Spalding EP (2001) Multidrug resistance-like genes of Arabidops is required
for auxin transport and auxin-mediated development. Plant Cell 13:2441-2454

Noh B, Bandyopadhyay A, Peer WA, Spalding EP, Murphy AS (2003) Enhanced gravi- and
phototropism in plant mdr mutants mislocalizing the auxin efflux protein PIN1. Nature
423:999-1002

Panikashvili D, Savaldi-Goldstein S, Mandel T, Yifhar T, Franke RB, Hofer R, Schreiber L,
Chory J, Aharoni A (2007) The Arabidopsis DESPERADO/AtWBCI11 transporter is required
for cutin and wax secretion. Plant Physiol 145:1345-1360

Peer WA, Blakeslee JJ, Yang H, Murphy AS (2011) Seven things we think we know about auxin
transport. Mol Plant 4:487-504

Pighin JA, Zheng H, Balakshin LJ, Goodman IP, Western TL, Jetter R, Kunst L, Samuels AL
(2004) Plant cuticular lipid export requires an ABC transporter. Science 306:702-704



Evolution of Transport Directionality in ABCBs 285

Qin P, Tu B, Wang Y, Deng L, Quilichini TD, Li T, Wang H, Ma B, Li S (2013) ABCG15 encodes
an ABC transporter protein, and is essential for post-meiotic anther and pollen exine develop-
ment in Rice. Plant Cell Physiol 54:138—154

Santelia D, Vincenzetti V, Azzarello E, Bovet L, Fukao Y, Diichtig P, Mancuso S, Martinoia E,
Geisler M (2005) MDR-like ABC transporter AtPGP4 is involved in auxin-mediated lateral
root and root hair development. FEBS Lett 579:5399-5406

Shitan N, Bazin I, Dan K, Obata K, Kigawa K, Ueda K, Sato F, Forestier C, Yazaki K (2003)
Involvement of CjMDRI1, a plant multidrug-resistance-type ATP-binding cassette protein, in
alkaloid transport in Coptis japonica. Proc Natl Acad Sci U S A 100:751-756

Shitan N, Dalmas F, Dan K, Kato N, Ueda K, Sato F, Forestier C, Yazaki K (2013) Characteri-
zation of Coptis japonica CJABCB2, an ATP-binding cassette protein involved in alkaloid
transport. Phytochemistry 91:109-116

Sidler M, Hassa P, Hasan S, Ringli C, Dudler R (1998) Involvement of an ABC transporter in a
developmental pathway regulating hypocotyl cell elongation in the light. Plant Cell
10:1623-1636

Singh B, Rohm KH (2008) Characterization of a Pseudofdetoxmonas putida ABC transporter
(AatJMQP) required for acidic amino acid uptake: biochemical properties and regulation by
the Aau two-component system. Microbiology 154:797-809

Stukkens Y, Bultreys A, Grec S, Trombik T, Vanham D, Boutry M (2005) NpPDR1, a pleiotropic
drug resistance-type ATP-binding cassette transporter from Nicotiana plumbaginifolia, plays a
major role in plant pathogen defense. Plant Physiol 139:341-352

Terasaka K, Blakeslee JJ, Titapiwatanakun B, Peer WA, Bandyopadhyay A, Makam SN, Lee OR,
Richards EL, Murphy AS, Sato F, Yazaki K (2005) PGP4, an ATP binding cassette
P-glycoprotein, catalyzes auxin transport in Arabidopsis thaliana roots. Plant Cell
17:2922-2939

Titapiwatanakun B, Murphy AS (2009) Post-transcriptional regulation of auxin transport proteins:
cellular trafficking, protein phosphorylation, protein maturation, ubiquitination, and membrane
composition. J Exp Bot 60:1093-1107

Wu G, Lewis DR, Spalding EP (2007) Mutations in Arabidopsis Multidrug Resistance-Like ABC
transporters separate the roles of acropetal and basipetal auxin transport in lateral root
development. Plant Cell 19:1826-1837

Yang H, Murphy AS (2009) Functional expression and characterization of Arabidopsis ABCB,
AUX 1 and PIN auxin transporters in Schizosaccharomyces pombe. Plant J 59:179-191

Zhang K, Novak O, Wei Z, Gou M, Zhang X, Yu Y, Yang H, Cai Y, Strnad M, Liu CJ (2014)
Arabidopsis ABCG14 protein controls the acropetal translocation of root-synthesized cytoki-
nins. Nat Commun 5. doi:10.1038/ncomms4274

Zou P, McHaourab HS (2009) Alternating access of the putative substrate-binding chamber in the
ABC transporter MsbA. J Mol Biol 393:574-585


http://dx.doi.org/10.1038/ncomms4274

Trafficking of ABCB-type Auxin
Transporters

Ok Ran Lee and Misuk Cho

Abstract Trafficking of membrane proteins in plants is important for cellular
homeostasis, cell-cell communication, and signaling. Identifying plant-specific
endosomal components in exocytosis and endocytosis pathways has led to many
advances in studies of plant membrane protein trafficking. The Arabidopsis
ATP-binding cassette protein subfamily B (ABCB/PGP/MDR) family includes
21 genes and some of them mediate auxin distribution, but little is known about
their intracellular trafficking. Among Arabidopsis ABCB proteins, only trafficking
of ABCBI1, ABCB4, and ABCB19 has been reported. ABCB1, ABCB4, and
ABCB19 are localized symmetrically at the plasma membrane (PM) in most tissues
and require TWISTED DWARF1 (TWD1) for PM targeting. In addition, the
secretory pathway of ABCBI19 to the PM is regulated by GNLI1 at the Golgi
which shows low abundance of ABCB19 in gn//. ABCB4 and ABCB19 associate
strongly in the PM and show non-dynamic and non-recycling features between the
PM and early endosomes. ABCB4 slowly endocytoses to the vacuole via SNX1,
and the pathway is GNOM independent but actin dependent. The role of ABCB19
and ABCB4 suggests that ABCB19 localization in the detergent resistant mem-
brane contributes to PIN1 stabilization at the PM and that non-dynamic trafficking
of ABCB4 may be involved in basal auxin homeostasis in cells.
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1 Introduction

Some plant membrane proteins are delivered to the sites of their action and retained
at specific membrane domains and are occasionally recycled back or turned over by
endomembrane trafficking mechanism upon internalization from the plasma mem-
brane (PM). Trafficking of PM proteins in plants has been a recent focus, which
explains the adaptability and flexibility of plants in response to various environ-
mental changes to compensate their sessile lifestyle. Thus, membrane trafficking or
the movement of membrane materials between the PM and endomembrane com-
partments is fundamentally necessary for cellular homeostasis, cell—cell communi-
cation, and external signal perception and transduction. In Arabidopsis, detailed
intracellular trafficking studies of PM proteins have been performed with
PIN-FORMED (PIN) auxin efflux carriers (mainly PIN1 and PIN2), the
brassinosteroid receptor (BRI1), and the boron transporter (BOR1) (Geldner
et al. 2003, 2007; Takano et al. 2010). However, the trafficking pathway of the
ATP-binding cassette protein subfamily B proteins (ABABs) is barely understood.
We summarize general information about the intracellular trafficking pathways in
plant systems and then discuss the distinct trafficking pathway of ABCBs.

2 Membrane Trafficking

Membrane protein trafficking involves exocytosis/secretion and endocytosis.
Biosynthesized membrane proteins in the endoplasmic reticulum (ER) and Golgi
are delivered to the PM or to the lytic or storage vacuole and returned to the ER by
sorting at the Golgi apparatus. Endocytosis is the process by which membrane
proteins at the PM undergo constitutive recycling between the early endosome
(EE) and the PM and traffic to the lytic vacuole for degradation or to the Golgi for
sorting. The endomembrane system is conserved throughout eukaryotes and con-
sists of the ER, the Golgi apparatus, endosomes and lytic compartments. In plants,
the components of biosynthetic (secretory) and endocytic pathways are still not
clearly defined. ER and Golgi stacks appear to behave as one dynamic system for
the exchange of molecules (Brandizzi et al. 2002) without showing any intermedi-
ate compartments (Neumann et al. 2003). Plant endosomes are differently orga-
nized and there is also a unique part, which makes it difficult to apply knowledge
from animal and yeast cells to plants. In animal and yeast cells, endosomes are
divided into four classes based on their function: early, recycling, intermediate, and
late endosomes. However, only early and late endosomes have been reported in
plants. The typical tubule-vesicular early endosomes found in mammals have not
been observed in plants, instead, the trans-Golgi network (TGN) is defined as an EE
in which the endocytic marker FM4-64 reaches their first after a few minutes and
serves as a major sorting station for the exocytic and endocytic pathways (Dettmer
et al. 2006; Lam et al. 2007, 2009). EE is thought to be where PM proteins reach by



Trafficking of ABCB-type Auxin Transporters 289

endocytosis and move back to the PM. VHA-al and Rab-A2/A3 GTPase are
co-localized with TGN. The prevacuolar compartment (PVC) and multi vesicular
compartment (MVC) are classified into late endosomes (LE) for sorting for degra-
dation and retrieval to the TGN (Otegui and Spitzer 2008). Plant trafficking studies
started by searching for homologs of animal and yeast endosome components. This
misled to some components being located in the same endosomes where they are
found in animal and yeast cells. For example, Rab GTPases regulate vesicle
formation, transport, and fusion in early endosomes of animal cells (Zerial and
McBride 2001). However, three Rab5-like proteins such as RHAI1/AtRabF2a,
ARA7/AtRabF2b, and ARA6/AtRabF1 are localized in LE in Arabidopsis (Kotzer
et al. 2004; Haas et al. 2007). GNOM is one of the unique parts for plants. GNOM
belongs to the Golgi BFA-resistant factor (GBF) family closed to GNOM LIKE
1 (GNL1) which is known for formation of COPI at the Golgi (Richter et al. 2007).
GNOM appears to have ancestral function but is located in endosomes that merged
with neither TGN nor LE, evolving extra for PIN recycling (Geldner et al. 2003).

3 The Exocytosis/Secretory Pathway

Exocytosis is the process by which proteins, lipids, and other molecules are
delivered to the plasma membrane. This process usually starts from the ER, past
the Golgi, TGN, and ends up with vesicle docking to and fusion with the
PM. Fusion of the exocytic vesicle with the PM is part of the last step of exocytosis:
vesicular cargo release and incorporation of membrane proteins and lipids into the
membrane occurs. For proper targeting of newly synthesized proteins from the ER
to the final destination requires vesicular trafficking and regulators such as RAB
family proteins, ADP-ribosylation factor, RHO proteins of the Ras superfamly, and
different type of soluble N-ethylmaleimide-sensitive factor adaptors (SNARE:;
Jirgens 2004). Several types of vesicles including clathrin-coated vesicles
(CCVs) and exocysts have been reported, and vesicle formation usually requires
the adaptor protein (AP) complex to form CCVs, whereas vesicle fusion requires
the SNARE complex.

4 Endocytosis

PM proteins in the endocytic pathway, endocytose from PM to EE and they move
back to the PM for recycling and/or subsequently to the LE leading to the vacuole
for degradation, in which TGN plays a role as a central sorting station for secretory,
recycling, and degradation pathways. PVC/MVB/LE is a place for sorting PM
proteins for degradation and mediates recycling vacuolar cargo receptors between
LE and TGN. Following endocytosis, plasma membrane proteins, nutrient, lipids,
peptide hormones, growth factors, and other extracellular molecules and fluids are
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taken into cells. Thus, endocytosis is a crucial process for protein transport,
membrane protein recycling, and cell signaling. Although several endocytic path-
ways (reviewed by Doherty and McMahon 2009) such as clathrin-mediated,
caveolae/lipid raft-mediated, clathrin- and caveolae-independent fluid-phase endo-
cytosis and phagocytosis are described in yeast and animals, knowledge in plants is
very limited to only clathrin-mediated (Geldner et al. 2003) or clathrin-independent
endocytosis (Samaj et al. 2004; Onelli et al. 2008).

Once internalized from the PM, the proteins are destined to recycle back to the
PM or to the vacuole for degradation. Auxin-efflux carriers such as PIN1 and PIN2,
brassinosteroid receptor (BRI1), and boron transporter (BOR1) appear constitu-
tively following the recycling pathway (Geldner et al. 2003, 2007; Takano
et al. 2010). The first constitutive endocytic recycling of PM proteins in plant was
revealed for PIN1 via a pharmacological approach using the fungal macrocyclic
lactone brefeldin A (BFA) (Steinmann et al. 1999; Geldner et al. 2001, 2003). BFA
is an inhibitor of protein trafficking by preventing guanine-nucleotide exchange
factors for the ADP-ribosylation factor GTPase (ARF-GEFs). BFA allows endocy-
tosis from the PM but blocks flow back to the PM, which results in intracellular
aggregation (BFA compartments). Thus, rapidly recycling proteins such as PINs,
BRI1, and BOR1 accumulated in BFA-induced compartments. In case of PIN1, a
molecular target of BFA is the ARF-GEF GNOM that is functionally associated
with endosomes. Treatment of BFA trapped PIN1 with GNOM in BFA compart-
ments by reducing PM localization (Geldner et al. 2003). This indicates that PIN1
undergoes constitutive recycling and the process is mediated by GNOM.

PIN2 endocytosis appears to be affected by GNL1, a BFA-insensitive ARF-GEF
that has a conserved function in ER-to-Golgi trafficking. GNLI is not involved in
endosomal recycling pathway as GNOM is and there is no evidence that GNL1 and
GNOM work in trafficking other PIN proteins. PIN2, BRI1, and an auxin influx
carrier AUX1 are trafficking via a GNOM-independent endosomal trafficking
regulator such as SYP61/VHA-al (Robert et al. 2008). The PIN2 protein distribu-
tion was dependent on SORTING NEXIN1 (SNX1), a component of the conserved
retromer complex, which is sensitive to wortmannin, an inhibitor of phosphatidy-
linositol-3-kinase (PI3K) (Jaillais et al. 2006). PIN2 requires BFA-sensitive
ARF-GEF other than GNOM for proper targeting of PIN2 into the lytic vacuole
by gravity for degradation and PIN2 following recycling pathway via retromer
components SNX1 and VACUOLAR PROTEIN SORTING29 (VPS29) from a
PVC (Kleine-Vehn et al. 2008).
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5 Intracellular Trafficking of Auxin-Transporting ABCB
Proteins

5.1 Plant ABCBs

ABCB proteins are integral membrane proteins in which two transmembrane
domains (TMD) span a pore inside the phospholipid bilayer. They also contain
two cytosolic domains, the nucleotide-binding folds (NBF) that provide energy by
binding and hydrolysis of ATP (Martinoia et al. 2002). ABCB proteins organize
into two similar halves of TMD-NBF, which are connected by a linker domain
(Geisler and Murphy 2006). Most studies on plant ABCB proteins have focused on
determining their function but only five Arabidopsis ABCB proteins among 21 have
had their function characterized (Cho and Cho 2013). Thus, investigations into their
intracellular trafficking transporters are relatively less concerned.

The study of intracellular trafficking of ABCB proteins in Arabidopsis has been
carried out with auxin transporters such as ABCB1 (PGP1), ABCB4 (PGP4/
MDR4), and ABCB19 (PGP19/MDR1). In auxin biology, subcellular localization
of PIN proteins changes dynamically in response to developmental and environ-
mental cues. How do PIN proteins change their subcellular localization patterns? It
is known that establishing a morphogen gradient by polar localized transporters and
signal transduction from external cells is dependent on highly regulated intracellu-
lar trafficking. Furthermore, knowing that dynamic changes of PINs subcellular
localization link with constitutive recycling between the PM and endosomes, plant
intracellular trafficking of membrane proteins has been intensively studied
with PINs.

ABCB proteins localize mainly in a non-polar manner in the PM but in some
tissues polar localization is observed (Geisler et al. 2005; Terasaka et al. 2005;
Blakeslee et al. 2007; Cho et al. 2007; Wu et al. 2007), although dynamic shifts in
localization have not been demonstrated. ABCB1 proteins localize in the shoot and
root apical meristem symmetrically, but polar localization is observed in mature
cortical and endodermal cells in the distal elongation zone of the root (Geisler
et al. 2005). The ABCB19 signal pattern at the PM in root seems to be tissue
specific: more rootward signals in the epidermis, cortex and stele, and apolar signals
in the pericycle, endodermis, and immature vascular cells (Blakeslee et al. 2007).
However, GFP-ABCB19 expression is restricted to the stele and symmetrically
localized according to signal observations with ProABCBI19:GFP-ABCBI9,
whereas GFP-ABCB19 signals in cortical cells are symmetrical or nonsymme-
trically distributed where the cells are located (Wu et al. 2007). ABCB4 is
expressed in the root epidermis and lateral root cap (Terasaka et al. 2005). Although
immunohistochemical analyses show polar localization in restricted root regions,
the ABCB4-GFP signal is evenly distributed in the same region as well ABCB4 in
other regions of the root (Cho et al. 2007).



292 O.R. Lee and M. Cho

Because ABCB proteins have auxin-transporting activity, people wondered how
ABCB proteins cooperatively work with PIN proteins, although PIN proteins
appear to be sufficient to generate auxin maximum. It was tested whether PIN
subcellular localization and trafficking was affected in ABCBs loss of function
mutants in an attempt to understand ABCB function during auxin transport. Addi-
tionally, ABCBs role in auxin transport is suggested through a comparative study of
ABCB trafficking with that of PINs.

5.2 Regulation of the Secretory Pathway

Although plant secretory pathway is largely unknown, the roles of TWISTED
DWARFI1 (TWD1) and GNLI1 in the ABCB transporter secretory pathway has
been suggested (Titapiwatanakun et al. 2009; Wu et al. 2010; Wang et al. 2013)
(Fig. 1).

TWDI is a FKBP-type immunophilin containing multidomains such as a
peptidyl-propyl isomerase (PPI)-like domain, tetratricopeptide repeat domain, a
calmodulin domain, and a hydrophobic region (He et al. 2004; Geisler and Bailly
2007; see chapter “It Takes More Than Two to Tango: Regulation of Plant ABC
Transporters”). TWDI interacts with the cytosolic C terminus of ABCBI and
ABCBI19 and is thought to be involved in protein folding and maturation through
PPI activity and interaction with an HSP90 chaperone (Barik 2006). The C-terminal
in-plane membrane anchored immunophilin (Bailly et al. 2013), TWDI was
co-purified with NPA-binding complexes when ABCB1, ABCB4, and ABCB19
were identified in high-affinity NPA binding fractions of DRM microdomains in
Arabidopsis (Murphy et al. 2002). TWDI1 was likely localized in the PM and is
required for proper functioning of ABCB1 and ABCB19 auxin efflux activity
(Bouchard et al. 2006; Geisler et al. 2003). However, a recent report described
that TWD1 was not detected in the DRM and the existence of a GPI anchor in the
protein could not be confirmed biochemically (Geisler et al. 2003; Titapiwatanakun
et al. 2009; Wu et al. 2010). Moreover, ER localization of TWDI1 has been
demonstrated (Wu et al. 2010; Wang et al. 2013). Interestingly, ABCB1, ABCB4,
and ABCB19 proteins were retained in the ER under a twdl background, and could
not be delivered to the PM, whereas localization of PIN2 was not affected (Bou-
chard et al. 2006; Wu et al. 2010; Wang et al. 2013). In the twdl mutant, ABCB19 is
not functional at the PM and shows reduction of polar auxin transport activity to
14 % of the wild type (Geisler et al. 2003). According to the fitting X-ray structure
of TWDI, the nucleotide-binding domain (NBD) of the ABCB C terminus, which is
conserved throughout all ABCB groups, is a possible site to interact (Granzin
et al. 2006). Interestingly, PIN1 and PIN2 apparently are not delocalized in twdl
(Bouchard et al. 2006; Wu et al. 2010). However, whether TWD1 specifically
affects PM targeting of ABCB1, ABCB4, and ABCBI19 or is also involved in the
release of other ABCB proteins from the ER to the targeting organs remains an
intriguing question.
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Fig. 1 Overview of intracellular trafficking of auxin-transporting ABCBs. Arabidopsis ABCBI1,
ABCB4, and ABCB19 among ABCBs are known as auxin transporters. They are evenly distrib-
uted at the PM in most tissues. TWD1 facilitates the release of ABCBs from ER and GNL1
regulates the secretion of ABCB19 to the PM. ABCB4 and ABCB19 are not constitutively
recycled between the EE and the PM. ABCB4 endocytoses slowly to the vacuole via SNXI.
Endocytosis of ABCB4 is mediated by the BFA-sensitive ARF-GEF. BFA inhibits recycling
between the PM and EE as well as between EE and PVC/MVB/LE. WM interrupts vacuolar
targeting. ABCB ATP binding cassette B, ARF-GEF guanine-nucleotide exchange factors for the
ADP-ribosylation factor GTPase, BFA Brefeldin A, EE early endosome, ER endoplasmic reticu-
lum, GNLI GNOM LIKE 1, LE late endosome, MVB multivesicular bodies, PVC pre-vacuolar
compartments, SNX/ SORTING NEXIN 1, TGN trans-Golgi network, TWD 1 TWISTED DWARF
1, WM wortmannin

GNL is an ARF-GEF that functions in COPI-coated vesicle formation and
vesicle—cytoskeleton interactions in the secretory pathway (D’Souza-Schorey and
Chavrier 2006; Geldner 2004). In Arabidopsis, only GBF and BIG families are
known for ARF-GEFs. BFA-sensitive ARF-GEF, GNOM is the first characterized
GBF but is required for endocytic recycling of PIN proteins from endosomes to the
PM (Geldner et al. 2001). GNLI1, the closest to GNOM, mainly performs the
ancestral GBF function, although GNOM can substitute for the GNL1 function.
GNLI1 is a BFA-resistant ARF-GEF and is involved in the integrity of the Golgi and
ER-Golgi trafficking in the secretory pathway by acting at the Golgi (Richter
et al. 2007). The Golgi is usually intact in response to BFA, but in the absence of
GNL1, the Golgi becomes sensitive to BFA and merges with the ER during BFA
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treatment (Teh and Moore 2007). However, how this ancestral GBF function affects
protein trafficking to the targeting organ has been hardly demonstrated. Instead,
PIN2 endocytosis was selectively blocked in the gn/l mutant (Teh and Moore
2007). ABCB19 abundance on the PM was reduced in gn// without changes in
subcellular localization, suggesting that ABCB19 trafficking from the ER to Golgi
where modification and maturation occur may be mediated by GNL1, which mainly
regulates the abundance of ABCB19 at the PM (Titapiwatanakun et al. 2009).

5.3 ABCBs Endocytic Pathway

Studies about the ABCB protein endocytic pathway have focused on both recycling
events and the degradation pathway (Fig. 1). Endocytic recycling is required for
formation of polar localization, signal transduction, and reuse of PM proteins. For
example, PIN proteins constitutively undergo endocytosis to the endosomes and are
retargeted to the PM. This renders the PIN protein quickly transcytosed to other PM
and changes the direction of the polar auxin maximum in response to developmen-
tal and environmental cues. BFA, a fungal toxin has been used as a chemical to test
whether PM proteins undergo recycling. In Arabidopsis, BFA-sensitive ARF-GEEF,
GNOM unusually localizes in distinct endosomes, and BFA compartments contain
TGN/EE including the GNOM-localized endosomes. BFA effects differ depending
on tissue, time, and concentration, which vary in the contents of BFA compart-
ments. In short-term BFA treatments (50 pM for 30 min) tested recycling of
ABCB19 and ABCBI1, ABCB19 did not form endosomal aggregation during
short-term BFA treatment, whereas ABCB1 displays BFA compartments under
the same condition (Titapiwatanakun et al. 2009). However, ABCB19 generated
aggregations after 90 min treatment with 20 pM BFA (Wu et al. 2010; Wang
et al. 2013) and ABCB4 formed BFA compartments at a low concentration
(10 uM; Cho et al. 2007). ABCB4 aggregation in response to BFA in the back-
ground of a BFA-resistant GNOM™®°_myc line showed that BFA sensitivity of
ABCB4 trafficking is GNOM independent but requires other ARF-GEFs. More-
over, ABCB19 and ABCB4 sensitivities to BFA are different compared with that of
PIN1 and PIN2. Namely, their PM abundance is less affected by BFA. BFA was
thought to aggregate the endocytosed PM proteins that move to TGN, then to
recycle to the PM whereas newly synthesized PM proteins are not significantly
affected (Grebe et al. 2003). However, TGN is not only a recycling point for the PM
but also for vacuolar-sorting receptors (VSRs) from the PVC to the TGN, which is
included in BFA compartments (Niemes et al. 2010). Thus, whether formation of
BFA compartments is accepted as an explanation for recycling should be carefully
considered. Fluorescence recovery after photo bleaching (FRAP) analysis and
tracing UV-induced green to red photoconvertible protein (Kaede) seem to be
more reliable methods to test recycling of PM proteins (Ando et al. 2002; Sprague
and McNally 2005). Fluorescence recovery time of ABCB4-GFP is proportional to
the photobleached PM areas: ABCB4-GFP signals were recovered by lateral
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diffusion rather than delivery from the intracellular pools. In addition, red-Kaede-
ABCB4 in BFA-induced compartments did not appear in the PM after
photoconversion and washout (Cho et al. 2012). FRAP analysis and ABCB4
fused with Kaede showed that a large portion of ABCB4 is stably anchored in the
PM and does not undergo recycling.

Endocytosed ABCB4 merged with Sorting Nexin 1 (SNX1) that also colocalized
with aggregation of ABCB4 after treatment with BFA. SNX1 was defined as a
PVC/MVB/LE and colocalized with another LE marker RABF2b (ARA7) follow-
ing treatment with wortmannin (Jaillais et al. 2008). However, the subcellular
localization of SNX1 remains controversial. Several groups have reported that
SNX1 localizes to the PVC (Jaillais et al. 2008; Kleine-Vehn et al. 2008), whereas
another group showed partial colocalization of SNX1 with both PVC and TGN
(Phan et al. 2008). Specific localization of SNX1 to TGN has been recently reported
as the recycling point for VSRs from the PVC to the TGN (Niemes et al. 2010). PM
proteins in LE destined for degradation. Dark treatment showed that ABCB4
traffics to the vacuole where degradation likely occurs. The meaning for the
existence of ABCB4 in SNX1 needs to be addressed. However, ABCB4 seems to
degrade via SNX1 to the vacuole but, interestingly, no other LE localized ARA7
and RHA1 merged with ABCB4. Wortmannin treatment, a PI-3 kinase inhibitor,
blocks ABCB4 trafficking to the vacuole and results in dilated vesicles (Cho
et al. 2012).

The prominent feature of ABCB4 trafficking is a slow and nondynamic traffick-
ing to the vacuole, which is consistent with nonpolar and stationary PM localization
of proteins. Only a small portion of ABCB4s appear to be involved in endocytic
degradation pathway and most are retained in the PM. ABCB19 apparently has
similar characteristics. ABCB1, ABCB4, and ABCB19 found in the DRM of the
PM where CI18 fatty acids, glucosylceramide, and sitosterol are enriched
(Titapiwatanakun et al. 2009). In the MDCK cell line, glycosylphosphatidylinositol
(GPI)-anchored proteins and transmembrane proteins that associate with DRM are
preferentially targeted to the apical side (Brown and London 1998; Simons and
Ikonen 1997). In addition, PGP/ABCB and GPI-anchored proteins play a role in
DRM maintenance important for formation of multiprotein complexes in mammals
(Borner et al. 2005). Although some observation of asymmetrical localization of
ABCBs might be related to DRM localization, ABCB19 in DRMs seems to be
crucial for PIN trafficking and proper auxin transport. ABCB19 is solely detected in
DRM and PIN1 localizes both in DRM and Triton-X100-soluble fractions. There-
fore, ABCB19 seems to affect PIN1 trafficking by maintaining the DRM and/or by
the interaction with PIN1 in the DRM. In the absence of ABCB19, PIN1 trafficking
was disturbed. For example, some PIN1 proteins after BFA washout are not
restored to the PM. As a result, ABCB19 regulates the auxin stream by interrupting
PIN stability in the DRM (Titapiwatanakun et al. 2009). This may result in more
severely defected shoot basipetal IAA transport in abcbl9 and abcb19/abebl than
in pinl-7 (Blakeslee et al. 2007). The role of stable and persistent residence of
ABCB4 in the PM was hypothesized that ABCB4 may be appropriate for basal
auxin transport to maintain the homeostatic cellular auxin level, whereas dynamic
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intracellular trafficking of PINs regulates directional auxin transport in response to
internal and environmental cues. For example, PIN2 is localized shootward in root
epidermal cells facilitating basipetal auxin transport and root gravitropism (Blilou
et al. 2005). In contrast, ABCB4 is expressed symmetrically in the root epidermis
and may supply auxin for the epidermal cells to maintain the basal auxin concen-
tration necessary for their growth and other auxin-mediated fundamental events.

5.4 The Role of the Cytoskeleton in ABCB Trafficking

The cytoskeleton is involved in intracellular trafficking of membrane proteins.
Actin and microtubules provide a framework for cells as well as a road network
for membrane protein trafficking (Apodaca 2001). PIN cycling is dependent on
actin but is independent of microtubules. Treatment of actin with a depolymerizing
agent induces some intracellular dots without changes in polar PIN localization and
inhibits the BFA effect on PIN cycling (Geldner et al. 2001).

ABCB19 localization is not strikingly affected by the actin inhibitor,
latrunculin B, or the microtubule inhibitor, oryzalin (Titapiwatanakun
et al. 2009). However, actin is involved in ABCB4 endocytosis, as well as targeting
of ABCB4 to the PM. But intracellular aggregation of ABCB4 after treatment with
cytochalasin D is less sensitive than for PINs, which might be due to a less dynamic
ABCB4 trafficking (Cho et al. 2012). TIBA (2,3,5-triiodobenzoic acid), a weak
auxin and auxin transport inhibitor, also inhibits endocytosis and vesicle motility by
interfering with actin stabilization (Dhonukshe et al. 2008). TIBA does not change
localization of ABCBA4 but it interrupts the action of BFA on ABCB4. Microtubules
did not significantly affect ABCB4 trafficking as shown with the microtubule-
disrupting agent oryzalin (Cho et al. 2012).

6 Trafficking of Mammalian MDR/PGPs

The trafficking pathways of Arabidopsis ABCB orthologs have slightly different
targeting routes along cell types but their association with the endosomal reservoir
to regulate abundance in common. Newly synthesized rat MDR1 and MDR2 in
hepatocytes move rapidly via the Golgi directly to the apical bile canalicular
membrane (Kipp and Arias 2000) compared with another ABC transporter, sister
of p-glycoprotein (SPGP), targeting the bile canaliculus through endosomal com-
partments after release from the Golgi (Kipp et al. 2001). The abundance of MDR at
the bile canaliculus increases due to second messenger AMP and the bile salt
taurocholate even though protein synthesis is inhibited. This observation suggests
that intracellular pools exist between the bile canalicular membrane and lysosome
in the degradation pathway (Kipp et al. 2001) and that MDR cycles between them
after reaching the bile canaliculus. ABCA1 and human MDRI1/P-gp are also
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associated with the endosomal compartment and undergo recycling with the PM
(Santamarina-Fojo et al. 2001; Kim et al. 1997). Interestingly, when functional P-
gp-EGFP is stably transfected into human breast cancer MCF-7 cells, newly
synthesized P-gp-EGFP is delivered to the PM via early endosomes. Subsequently,
P-gp-EGFP at the PM moves to the early endosomes and to the lysosome for the
degradation (Fu and Roufogalis 2007).

cAMP-induced MDR trafficking is analogous to the insulin-responsive glucose
transporter 4 (GLUT4), which moves from intracellular pool to the PM in response
to cAMP and insulin (Pessin et al. 1999). PI3K also regulates recruitment of the
ABC transporter from the intracellular pool to the bile canalicular membrane after
activation by taurocholate as well as ABC transport function. Treatment with the
PI3K inhibitor, wortmannin prior to taurocholate, prevents trafficking from the
intracellular pool to the bile canalicular membrane and reduces bile secretion
(Misra et al. 1999). Intracellular trafficking of P-gp-EGFP is actin dependent and
less affected by microtubules. Applying the actin depolymerizing agents, cytocha-
lasin D and latrunculin B, causes intracellular retention of P-gp-EGFP (Fu and
Roufogalis 2007).

7 Conclusion and Future Prospects

Plant ABCB trafficking has been primarily investigated for Arabidopsis PM auxin
transporters, ABCB1, ABCB4, and ABCBI19. Identification of plant endosomal
components and their different organization shows that the plant trafficking path-
ways are partially distinct from that of mammalian ABCBs. Although mammalian
ABCB proteins undergo recycling, Arabidopsis ABCB19 and ABCB4 retain
widely on the PM and ABCB4 endocytoses slowly to the vacuole. The trafficking
pathway of these proteins was investigated to understand the role of ABCB proteins
in auxin transport and particularly their relationship with PINs. While polar local-
ization of PIN proteins and the dynamic changes are linked to recycling events,
ABCB proteins localize in a nonpolar manner and their trafficking is less dynamic
compared with that of PINs. Although the contribution of ABCB proteins to PIN
stabilization and basal auxin homeostasis in cells has been suggested, how they
work together remains to be elucidated in detail.

In this chapter, we focused on three ABCB auxin transporters localized in the
PM. However, some other ABCB proteins localize to the membrane of diverse
cellular organs such as vacuoles, chloroplasts, or mitochondria (Kang et al. 2011)
and we are unaware of the functions and subcellular localization of many other
ABCB proteins. Studies of intracellular trafficking provide insight into how ABCB
proteins move to the target membrane and endocytose for degradation and how both
trafficking pathways are regulated. This information is helpful to develop a strategy
to modulate spatial and temporal distribution of ABCB proteins, which is important
to control their functions for further applications.
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Function of ABCBs in Light Signaling

Tatsuya Sakai, Yukiko Uehara, and Akitomo Nagashima

Abstract Light signaling controls the growth and development of plants through
regulating gene expression and the action of phytohormones including auxin.
Among 21 full-size ATP-binding cassette protein subfamily B (ABCB) genes in
the Arabidopsis thaliana genome, ABCBI9/PGPI9/MDRI (P-GLYCOPRO-
TEINI9/MULTIDRUG RESISTANCEI) and its closest homolog ABCBI/PGP1
encode auxin transporters, and these functions have been well studied in the light
responses of plants. They are involved not only in photomorphogenesis including
inhibition of hypocotyl elongation and apical hook opening but also in
photomovements including phototropic responses and light-induced randomization
of hypocotyl growth orientation. Here, we review the functional regulation of
ABCBI9 by light signaling, and then discuss the functions of ABCBI9 and
ABCB] for each light response.

T. Sakai (<)

Laboratory of Plant Molecular Genetics, Graduate School of Science and Technology, Niigata
University, 8050 Ikarashi-ninocho, Nishi-ku, Niigata 950-2181, Japan

e-mail: tsakai@gs.niigata-u.ac.jp

Y. Uehara

Biomass Research Platform Team, Biomass Engineering Program Cooperation Division,
Center for Sustainable Resource Science, 1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama,
Kanagawa 230-0045, Japan

A. Nagashima
Functional Plant Research Unit, National Institute of Agrobiological Sciences, 2-1-2
Kannondai, Tsukuba, Ibaraki 305-8602, Japan

M. Geisler (ed.), Plant ABC Transporters, Signaling and Communication in Plants 22, 301
DOI 10.1007/978-3-319-06511-3_16, © Springer International Publishing Switzerland 2014


mailto:tsakai@gs.niigata-u.ac.jp

302 T. Sakai et al.
1 Light Regulation of ABCB19 Function

Light signaling controls ABCBI9 expression in Arabidopsis thalianal seedlings.
Noh et al. (2001) prepared transgenic plants expressing the -glucuronidase (GUS)
reporter gene driven by the ABCBI9 promoter and observed its expression patterns
in Arabidopsis seedlings. GUS staining was observed in the whole hypocotyl—
excluding cotyledons—of 5-day-old etiolated seedlings grown in darkness. On the
other hand, in de-etiolated seedlings grown under continuous white light
(WL) conditions at 80 pmol m s~ ', GUS staining was observed in the cotyledons,
shoot apex, and apical region of hypocotyls, but not in other hypocotyl regions. In
situ hybridization using an ABCBI9 antisense probe and immunostaining using
anti-ABCB19 antibodies also indicated that ABCBI9 is expressed in the whole
hypocotyl of dark-grown seedlings and in cotyledonary nodes and the upper
hypocotyl of WL-grown seedlings, and that it is increasingly restricted to vascular
tissue in hypocotyl regions distal to the node in WL-grown seedlings (Blakeslee
et al. 2007). Nagashima et al. (2008a) examined the effects of red and blue light
(RL and BL) exposure on ABCBI9 expression by northern blot and immunoblot
analyses. Three-day-old seedlings grown under RL and BL conditions at
50 pmol m~2 s~ exhibited remarkable reductions in the transcript and protein
levels of ABCBI9 in comparison with dark-grown etiolated seedlings. When
3-day-old etiolated seedlings were irradiated with RL or BL at 50 pmol m > s~
for 4 h, the amounts of ABCB19 proteins were decreased by half in the upper
portions of the hypocotyls. These RL and BL effects depended on the RL photo-
receptors phytochrome A (phyA) and phyB and the BL photoreceptors
cryptochrome 1 (cryl) and cry2, respectively. These results suggest that such
types of light irradiation lead to the suppression of ABCBI9 transcription via phy
and cry and reduce its expression in the hypocotyls. As its expression is also auxin
responsive (Noh et al. 2001) and light controls the auxin level in Arabidopsis
seedlings (Nagashima et al. 2008a; Halliday et al. 2009; Christie et al. 2011),
light signaling might also control ABCB/9 expression by regulating auxin levels.

In many cases, types of light irradiation lead to the suppression of ABCBI9
expression in hypocotyls and whole seedlings. However, there are also reports
showing that ABCBI9 expression is unaffected by types of light irradiation under
some experimental conditions. A northern blot analysis by Lin and Wang (2005)
showed that the transcripts were reduced in 4-day-old seedlings grown under
far-red light (FR) at 0.5 pmol m > s™' but not under RL at 30 pmol m 2 s~ or
BL at 5 pmol m % s, compared with dark-grown etiolated seedlings. Expression
analysis of the ABCB19 promoter::GFP-ABCB19 fusion gene by Wu et al. (2010a)
indicated that the green fluorescent protein (GFP) signal was remarkably reduced in
the hypocotyl elongation zone of 2-day-old etiolated seedlings by BL irradiation at
50 pmol m % s~ ! for 5 h but not by RL irradiation at 100 pmol m 2 s~ '. Although
the exact reason is unclear, growth conditions of seedlings (e.g., age of seedlings
and growth medium) and/or the fluence rates of light might influence ABCBI9
expression.
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BL signals also modulate the function of the ABCB protein through its phos-
phorylation. Christie et al. (2011) reported that an activation of the BL photorecep-
tor phototropin 1 (photl; see also chapter “Structure—Function of Plant
ABC-Transporters”), which harbors a Ser/Thr-type kinase domain and belongs to
the AGCVIII protein kinase family with PINOID (PID), WAG, and D6PK (Robert
and Offringa 2008; Sakai and Haga 2012), leads to the suppression of basipetal
auxin transport in hypocotyls and that photl directly phosphorylates ABCB19
protein in vitro and suppresses its auxin transport activity in HeLa cells. Photl
binds to ABCB19 directly in etiolated seedlings, but BL irradiation disrupts this
interaction, suggesting that photl inhibits the activity of ABCB19 transiently as an
early event of BL effects. Further, coimmunoprecipitation analysis indicated that
BL irradiation caused an attenuation of interactions between ABCB19 and an
immunophilin-like protein, TWISTED DWARF1 (TWD1), in wild-type seedlings
in a phot1-dependent manner (Christie et al. 2011). This interaction is necessary for
the auxin export activity of ABCB19 (Geisler et al. 2003; Bailly et al. 2008; Wu
et al. 2010b). Thus, phosphorylation of ABCB19 by photl likely inhibits its
interaction with TWD1 and its auxin transport activity. Another AGCVIII kinase,
PID, phosphorylates ABCB1 and modulates its auxin transport activities (Henrichs
et al. 2012). Phosphorylation of ABCB19 and ABCB1 by AGCVIII kinases might
be among the underlying mechanisms controlling its auxin transport activities (see
chapter “It Takes More Than Two to Tango: Regulation of Plant ABC
Transporters”).

There are also other possibilities for the ways in which types of light can regulate
the function of ABCB19. For example, flavonoid accumulation caused by strong
light and ultraviolet irradiation can affect the activities of ABCB transporters
(Taylor and Grotewold 2005; Petrussa et al. 2013). Flavonoids seem to disrupt
the interaction between ABCB transporters and TWDI1 and inhibit these auxin
transport activities (Bailly et al. 2008). However, the roles of flavonoids in light
signal and auxin function have not yet been examined thoroughly. Alterations of
ABCB subcellular localizations in response to light have also not been reported. At
least, the cellular localization of GFP-ABCB19 fusion proteins is apolar in both
hypocotyls of dark-grown etiolated and WL-grown de-etiolated seedlings
(Wu et al. 2010a), and types of light irradiation have no effect on the subcellular
localization of ABCB19.

2  Functions of ABCB1 and ABCB19
in Photomorphogenesis

Jensen et al. (1998) reported an inhibitory effect of the auxin transport inhibitor
I-naphthylphthalamic acid (NPA) on hypocotyl elongation in de-etiolated seed-
lings under continuous WL conditions but not in etiolated seedlings under darkness.
This finding suggests that auxin transport activity has a more important role in
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elongation responses in light-grown seedlings than in dark-grown seedlings of
Arabidopsis. Noh et al. (2001) presented direct evidence that ABCB1 and
ABCB19 participate in basipetal auxin transport in hypocotyls, suggesting that
they are involved in hypocotyl elongation under light exposure conditions. In
agreement with this scenario, abcbl and abcbl9 mutants show some impairments
of hypocotyl elongation under light conditions compared with dark conditions. Lin
and Wang (2005) reported that 4-day-old seedlings of abchl and abcbl9 mutants
grown under the continuous irradiation of FR, RL, and BL show shorter hypocotyls
than in wild-type seedlings but that mutant seedlings grown under darkness show
similar patterns of hypocotyl elongations as the wild type. Sidler et al. (1998)
reported that expression of the ABCBI antisense cDNA and overexpression of the
ABCBI gene caused either suppression or enhancement of hypocotyl elongation,
respectively, in 14- to 19-day-old seedlings grown under continuous WL, FR, RL,
and BL. Wu et al. (2010a) reported that a loss-of-function mutation of ABCB19 and
overexpression of the ABCB19 gene caused suppression or enhancement of hypo-
cotyl elongation, respectively, in 7-day-old seedlings grown under continuous
RL. Although (against expectation) the abcbl9 mutants showed almost the same
degree of hypocotyl elongation as wild-type seedlings under continuous BL expo-
sure, the ABCBI9-overexpressing lines showed longer hypocotyls
(Wu et al. 2010a). These effects were observed under light irradiations with
moderate fluence rates (WL at 20 pmol m 2 s~! RL at 25-50 pmol m 2 s~! BL
at 5-15 pmol m~?2 s~! and FR at 0.05-05 pmol m 2 s_l), but not under weak or
strong light irradiation (Sidler et al. 1998; Noh et al. 2001; Lin and Wang 2005).
The abcbl abcbl9 double mutants show a dwarf phenotype and a suppression of
hypocotyl elongation in both light-grown and dark-grown seedlings (Noh
et al. 2001; Geisler et al. 2003), suggesting that their auxin transport activities
play some roles in hypocotyl elongation in both light-grown and dark-grown
Arabidopsis seedlings. However, further contributions of ABCB1 and ABCB19
to hypocotyl elongation are probably generated under light irradiations with mod-
erate fluence rates. Thus, the activities of ABCB1 and ABCB19 act in hypocotyl
elongation positively, and their contributions to hypocotyl elongation can increase
under light conditions in a fluence rate-dependent manner.

How do ABCB1 and ABCB19 function in hypocotyl elongation of seedlings?
Auxin levels are closely tied to hypocotyl elongation in Arabidopsis seedlings.
Thus, auxin overproduction in Arabidopsis mutants including yucca (Zhao
et al. 2001), surl/rooty (Boerjan et al. 1995; King et al. 1995), sur2/red (Delarue
et al. 1998), and cytochrome P450 CYP79B2-overexpressing lines (Zhao
et al. 2002) show long hypocotyl phenotypes, and an auxin biosynthesis mutant
taal/sav3 shows a short hypocotyl phenotype under light conditions (Tao
et al. 2008). As the abcbl9 mutant seedlings show low indole-3-acetic acid (IAA)
levels (Bailly et al. 2008; Nagashima et al. 2008a; Christie et al. 2011) and the
ABCBI9-overexpressing lines likely show higher IAA levels in hypocotyls/aerial
parts of seedlings (Wu et al. 2010a), those alterations might lead to short or long
hypocotyls in respective mutant lines. It is not known why the degree of depen-
dence on ABCB1 and ABCB19 is increased in hypocotyl elongation responses by
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light irradiation patterns. This anomaly is similar to the question of why auxin
transport activity has a more important role in elongation responses in light-grown
seedlings than in dark-grown seedlings of Arabidopsis (Jensen et al. 1998). A
negative effect of light irradiation on ABCBI9 expression does not appear to be
involved in this light response, because it rather seems to reduce the degree of
dependence on ABCB19. As irradiation with both RL and BL decreases auxin
levels in aerial parts of Arabidopsis seedlings (Nagashima et al. 2008a), the auxin
supply from shoot/cotyledon to the hypocotyl elongation zone by ABCB1 and
ABCB19 might have more important roles in the elongation responses of hypo-
cotyls in light-grown seedlings.

ABCBI1 and ABCB19 also appear to be involved in other forms of photomor-
phogenesis in addition to hypocotyl elongation. Thus, abcbl9 mutants showed a
similar cotyledon size to that of wild-type seedlings before germination, but showed
slow postgermination cotyledon expansion under light conditions (Lewis
et al. 2009). WL irradiation induces ABCB19 expression in cotyledons and petioles
(Noh et al. 2001), and its auxin transport activities in cotyledons and petioles likely
contribute to cotyledon expansion (Lewis et al. 2009). ABCB1 and ABCB19 are
also involved in the hook opening of photomorphogenesis. Although the abchl9
single mutants showed normal formation and opening of hooks, the abcbl abchl9
hook was not as tightly closed in darkness as wild type, and it opened more slowly
in response to BL irradiation (Wu et al. 2010a). Auxin asymmetrically accumulates
in the concave side of the hook, enduring its differential growth in etiolated
seedlings (auxin leads to the suppression of cell elongation in the concave side of
the hook), and light irradiation dissipates this asymmetric distribution as the hook
opens (Li et al. 2004; Wu et al. 2010a). ABCB1 and ABCB19 probably function in
the establishment and dissipation of the asymmetric auxin distribution in hooks of
etiolated Arabidopsis seedlings.

Lin and Wang (2005) reported that the contents of chlorophyll and anthocyanin
were slightly decreased in abchl9 seedlings. However, their data were based on
individual seedlings, which have small cotyledons and hypocotyls, as described
above. Thus, the abcbl9 mutation might indirectly decrease the contents of chlo-
rophyll and anthocyanin through growth reductions in the seedlings. They also
reported that the transcription levels of several light-responsive genes including
RBCS (encoding the small subunit of ribulose-1,5-bisphosphate carboxylase),
CAB3 (encoding the chlorophyll a/b-binding protein), and CHS (encoding chalcone
synthase, required for anthocyanin accumulation) decreased in abcbl and abcbl9
seedlings under FR conditions. However, those decreases were also observed in
dark-grown seedlings, and it is difficult to establish whether ABCB1 and ABCB19
have direct roles in the transcriptional regulation of such light-responsive genes.
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3 Function of ABCB19 in Phototropism

Phototropism allows plants to change their growth direction in response to the
location of the light source (for reviews see Sakai and Haga 2012; Christie and
Murphy 2013). The Cholodny—Went theory suggests that asymmetric auxin distri-
bution occurs in response to unilateral light irradiation as the result of lateral auxin
movement and causes differential growth on the two sides of the plant organ
leading to bending. In Arabidopsis seedlings, unilateral BL irradiation causes
positive hypocotyl phototropism and negative root phototropism. The BL photore-
ceptors photl and phot2 are essential to induce such phototropic responses (Sakai
and Haga 2012; Christie and Murphy 2013), and asymmetric auxin distribution
caused by unilateral BL irradiation occurs in a phot signal-dependent manner (Haga
et al. 2005). There are two important auxin transporters now known to cause the
asymmetric auxin distribution in response to BL irradiation. One is
PIN-FORMED?3 (PIN3), of which the proteins show an apolar localization in
endodermal cells under dark conditions and are greatly decreased in the outer
lateral side of the endodermal cells on the BL-irradiated hypocotyl side in a
photl-dependent manner (Ding et al. 2011). Such polarization in the irradiated
hypocotyl side appears to redirect auxin back into the vasculature and to block the
auxin flow from the vasculature to the outer cell layers, and leads to an asymmetric
auxin distribution. Genetic analyses have suggested that PIN1, PIN4, and PIN7 also
play some roles in hypocotyl phototropism in addition to PIN3 (Haga and Sakai
2012; Willige et al. 2013), although their specific functions in phototropism are
unknown. The other transporter is ABCB19, which modulates phototropic
responses.

ABCBI1 and ABCB19 are necessary for basipetal auxin transport in hypocotyls
(Noh et al. 2001), and inhibition of basipetal auxin transport by NPA leads to the
suppression of phototropic responses (Friml et al. 2002; Nagashima et al. 2008b).
This suggests that ABCB1 and ABCB19 play important roles in hypocotyl photot-
ropism. However, hypocotyl phototropism even in the abcbl abcbl9 double and
twdl mutants, in addition to the abchl9 mutants, appears normal (Nagashima
et al. 2008a). Rather, etiolated abcbl9 seedlings exhibited larger hypocotyl curva-
tures than wild-type seedlings when treated with unilateral BL irradiation at
0.07 pmol m ™% s~ (Noh et al. 2003). Pulse-induced, first-positive phototropism
of etiolated hypocotyls, continuous light-induced phototropism of dark-acclimated
de-etiolated hypocotyls, and root phototropism were all enhanced by the abchl9
mutation (Christie et al. 2011; Haga and Sakai 2012; Wan et al. 2012), suggesting
that the presence of ABCB19 inhibits phototropic responses in Arabidopsis seed-
lings in any conditions. Additional mutations of abcbhl abcb4, pinl, pin3, or pin3
pin7 did not influence its effect of enhancing phototropic responses (Nagashima
et al. 2008b; Christie et al. 2011; Haga and Sakai 2012). These results strongly
suggest that basipetal auxin transport through ABCB1 and ABCB19 is unnecessary
for hypocotyl phototropism; rather, ABCB19 suppresses it independently of other
auxin transporters.
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Christie et al. (2011) have revealed one of the molecular functions of ABCB19
in hypocotyl phototropism. They observed an alteration of the auxin distribution
pattern in hypocotyls of dark-acclimated, de-etiolated seedlings in response to
phototropic stimuli. They found that unilateral BL irradiation led to the suppression
of basipetal auxin transport in the vasculature of hypocotyls in a photl-dependent
manner and to an increase in auxin accumulation in the epidermal tissues of the
shaded side of upper hypocotyls. The phot1 BL photoreceptor kinase physically and
transiently interacted with ABCB19 in vivo, directly phosphorylated it in vitro, and
inhibited its auxin transport activity in coexpressing HelLa cells (Christie
et al. 2011), suggesting that activation of phot1 leads to the suppression of basipetal
auxin transport through phosphorylation of ABCB19 and an inhibition of its
activity. Photl inhibition of ABCB19 or a defect in ABCB19 causes auxin accu-
mulation in the shoot apex, which probably increases the asymmetric auxin distri-
butions caused by the subsequent lateral auxin fluxes.

There are still questions remaining on the roles of ABCB19 and PINs in
basipetal auxin transport and in lateral auxin fluxes during phototropic responses.
PIN1 appears to function coordinately with ABCB19 in basipetal auxin transport in
the hypocotyl (Noh et al. 2003; Blakeslee et al. 2007), and the growth rate of pinl
hypocotyls is lower than that in wild-type seedlings (Haga and Sakai 2012), like
that of abcbl9 (Christie et al. 2011). However, mutations cause the opposite effects
in hypocotyl phototropism (Haga and Sakai 2012). Whether the pin/ mutants show
auxin accumulation in the shoot apex requires further study. Moreover, the molec-
ular mechanisms of lateral auxin fluxes in the shoot apex remain unclear. Because
the phototropic responses are impaired severely in hypocotyls of the pinl pin3 pin7
and pin3 pind pin7 triple mutants (Haga and Sakai 2012; Willige et al. 2013), PIN
auxin transporters might function redundantly in lateral auxin fluxes. Interestingly,
NPA inhibits the phototropic responses in hypocotyls in an ABCB19-dependent
manner (Nagashima et al. 2008b), suggesting that NPA inhibits the asymmetric
auxin distribution in hypocotyl phototropism through ABCB19. ABCB19 physi-
cally interacts with PIN proteins and modulates these auxin transport activities
(Blakeslee et al. 2007; Titapiwatanakun et al. 2009), so it might also suppress
lateral auxin fluxes of PINs under the presence of NPA. Furthermore, Wan
et al. (2012) reported that abchl9 mutants also exhibited enhanced phototropic
root curvature. Molecular function of ABCB19 in root phototropism should also be
examined in future studies.

4 Function of ABCB19 in the Straight Growth
of Hypocotyls

Irradiation with RL leads to a randomization of hypocotyl growth orientation,
which is dependent on phyA and phyB (Robson and Smith 1996; Hangarter
1997). Irradiation with BL also leads to a similar alteration of hypocotyl growth
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in a phyA-, cryl-, and cry2-dependent manner in conjunction with defects in the
activities of the phototropins (Lariguet and Fankhauser 2004; Ohgishi et al. 2004).
Our group isolated the flabby mutant, which exhibits enhanced hypocotyl bending
induced by activations of phy and/or cry in Arabidopsis, and revealed that the
FLABBY gene encodes ABCB19 (Nagashima et al. 2008a). Taken together with the
enhancing effects of the ABCBI9 mutation on phototropic and gravitropic hypo-
cotyl curvatures (Noh et al. 2003), these results strongly suggest that ABCB19
contributes to the suppression of differential growth and to maintenance of the
straight growth of hypocotyls. Thus, phy and cry appear to induce a randomization
of hypocotyl growth orientation by two distinct ways: One is through to be the
suppression of hypocotyl gravitropism (Robson and Smith 1996; Hangarter 1997;
Lariguet and Fankhauser 2004; Ohgishi et al. 2004). Supporting this model, RL
irradiation led to the conversion of starch-filled gravity-sensing endodermal amy-
loplasts to other plastids with chloroplastic or etioplastic features, which caused the
suppression of hypocotyl gravitropism in Arabidopsis (Kim et al. 2011). The other
possibility is the release from a straight growth pattern. Phy and cry both suppress
the expression of ABCBI9 that contributes to the straight growth of hypocotyls as
mentioned above. Gibberellin also seems to contribute to the straight growth of
Arabidopsis hypocotyls, and phy and cry suppress its effect by the reduction of
gibberellin and by other unknown mechanisms, at least under BL conditions
(Tsuchida-Mayama et al. 2010). These functions of phy and cry probably enhance
not only a randomization of hypocotyl growth orientation under RL conditions but
also phototropic responses of hypocotyls under BL conditions.

The abcb19 mutants exhibit enhanced hypocotyl bending under RL conditions at
a large dynamic range of fluence rates from 0.01 to 10 pmol m > s~ ' (Nagashima
et al. 2008a). Although the abchl single mutants do not show any abnormal
phenotypes, both the abcbl abcbl9 double mutant and the twdl single mutant
exhibited a remarkable level of hypocotyl bending compared with the abchl9
single mutant, and often displayed coil-like hypocotyl structures under RL condi-
tions (Nagashima et al. 2008a). In addition, even in the dark, abchl abchl9 and
twdl mutants exhibited enhanced wavy or distorted hypocotyls (Nagashima
et al. 2008a). These data suggest that ABCB19 and ABCBI partially share a
function in the straight growth of hypocotyls and that TWD1 is involved in both
processes.

The coil-like hypocotyl growth of abcbl abcbl9 and twdl mutants under RL
conditions clearly suggests the presence of some mechanisms promoting hypocotyl
bending, in addition to suppression of the gravitropic response and the straight
growth of hypocotyls (Nagashima et al. 2008a). When 2-day-old etiolated wild-
type seedlings were irradiated with RL at 10 pmol m 2 s~ ', their hypocotyls started
to bend toward the abaxial side of the hypocotyl hook (Fig. 1). This continued for at
least 6 h after the start of RL irradiation, and then the growth direction became
unclear because of hook opening and, probably, the suppression of hypocotyl
gravitropism (Fig. 1). The abcbhl9 mutants exhibited enhancement of directional
hypocotyl bending (Fig. 1). Expression analysis of the auxin reporter gene DR5::
GUS suggested that auxin accumulates asymmetrically not only in the concave
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Fig. 1 Red light-induced hypocotyl bending of etiolated wild-type Arabidopsis seedlings and the
abcbl9 mutant. Two-day-old etiolated seedlings were irradiated with red light at 10 pmol m 25",
Frequencies (%) of hypocotyl curvatures at intervals of 30° are indicated by the lengths of the bars
(6081 seedlings were measured in each experiment)

region of the apical hook of etiolated seedlings (Li et al. 2004) but also in the
adaxial side of hypocotyls extended toward the elongation zone (Nagashima
et al. 2008a, b). Irradiation with RL releases hypocotyls from the gravitropic
response and straight growth, and auxin accumulating in the adaxial side of the
hook might lead to cell elongation in the adaxial side and promote bending of the
hypocotyl toward the abaxial side of the hook in wild-type seedlings. Excess auxin
in the adaxial side of the hypocotyl elongation zone may lead to enhanced hypo-
cotyl bending in abcbhl9 mutants.

5 Conclusions

Light signaling controls ABCBI9 expression and its auxin transport activity. Inter-
estingly, the expression of the ABCB19 protein is suppressed not only by light
stimulation but also by gravistimulation (Nagashima et al. 2008a). Plants can
modulate the auxin transport activities of ABCB19 in response to various environ-
mental stimuli and alter their growth patterns. ABCB1 and ABCB19 have dual
functions in auxin transport: they are both auxin transporters directly and modula-
tors of PIN auxin transporters. It will be interesting to find out whether ABCB19
modulates activities of other PINs, especially PIN3 and PIN7, for further under-
standing of the relationship between light and auxin transport.
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IBA Transport by PDR Proteins

Marta Michniewicz, Samantha K. Powers, and Lucia C. Strader

Abstract Indole-3-butyric acid (IBA) is an important contributor to auxin homeo-
stasis and blocking IBA conversion to the active auxin indole-3-acetic acid (IAA)
results in an array of developmental defects. Similar to IAA, IBA movement within
the plant is mediated by carriers, many of which remain unidentified. In this
chapter, we discuss roles for IBA in plant development, roles for PLEIOTROPIC
DRUG RESISTANCE (PDR) members of the ABCG family in IBA transport, and
missing transporters required for IBA movement.

1 Coordinated Plant Development Requires Spatial
and Temporal Concentrations of Auxin

In plants, endogenous phytohormone-signaling molecules mediate essential com-
munications between cells and tissues. These naturally occurring signals are
indispensible for all stages of plant growth and development. Auxin is a prominent
plant hormone that regulates cell division and cell elongation to affect plant growth
and development (reviewed in Woodward and Bartel 2005). The most abundant and
the best-studied naturally occurring active auxin is indole-3-acetic acid (IAA).
Decades of study demonstrate that IAA concentration and distribution underpins
a broad variety of plant developmental mechanisms and environmental responses
ranging from basic cellular processes, such as cell elongation and differential
growth, to developmental milestones, such as embryogenesis and organogenesis
(reviewed in Perrot-Rechenmann 2010; Sauer et al. 2013). Thus, the establishment
of optimum auxin concentration gradients in certain organs, tissues, and cell types
is necessary for proper plant development.
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Interestingly, only a small portion of auxin exists as the free, active signaling
molecule. JAA homeostasis is tightly regulated by the combination of de novo
synthesis (Ljung et al. 2002; Ljung 2013), use of storage forms, and by auxin
transport (reviewed in Woodward and Bartel 2005; Normanly 2010; Korasick
et al. 2013). The contributions of each of these auxin sources may vary by tissue
or in response to various environmental or developmental stimuli. One of the
contributors to the pool of free active IAA is naturally occurring auxin precursor,
indole-3-butyric acid (IBA).

2  Does IBA Occur Naturally in Plants?

IBA was first described as a synthetic compound affecting auxin-regulated pro-
cesses; IBA application induces root initiation, influence leaf epinasty, cell divi-
sion, and stem bending (Zimmerman and Wilcoxon 1935). Nearly 20 years after the
discovery of IBA as a “synthetic auxin,” Blommaert and colleagues (1954) dem-
onstrated that IBA is an endogenous compound in potato tubers using paper
chromatography. Since its initial discovery in potato tubers, IBA has been identified
as an endogenous compound in diverse plant species (reviewed in Korasick
et al. 2013), including pea epicotyls and cotyledons, cypress leaves, maize leaves,
kernels and coleoptiles, tobacco leaves, and Arabidopsis seedlings. The presence of
IBA in variety of plants suggest conserved role for this molecule in auxin
homeostasis.

Although IBA has been identified as an endogenous compound in many species,
the presence of IBA in Arabidopsis, Populus, and wheat was recently questioned
because it was not detected by GC mass spectrometry in tissues from these plants
(Novak et al. 2012). Further complicating identification of IBA in plant tissues,
reported IBA concentrations are often at a reduced level compared to IAA concen-
trations (Sutter and Cohen 1992; Ludwig-Miiller et al. 1993, 1997) and IBA levels
vary with tissue and growth conditions (Epstein et al. 1989; Ludwig-Miiller
et al. 1993, 1997). Also, kernels of one maize variety have considerable amount
of IBA, whereas IBA was not detectable from kernels of another maize variety
(Epstein et al. 1989; Ludwig-Miiller et al. 1997), suggesting that IBA also varies by
accession. These differences in reported IBA concentrations reflect either true
biological differences in IBA accumulation or they may reflect differences in
extraction and analysis techniques used to analyze IBA levels. In particular, using
Arabidopsis as an example, it is difficult to understand why some methods fail to
detect IBA (Novak et al. 2012), others methods detect IBA at low levels (Ludwig-
Miiller et al. 1993; Strader et al. 2010; Liu et al. 2012b), and IBA-to-IAA conver-
sion mutants display decreased auxin levels (Strader et al. 2011), suggesting that
IBA is a major contributor to the auxin pool (see below). Clearly, more research
will be necessary to resolve these issues.
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3 Many IBA Responses Require IBA-to-IAA Conversion

IBA and TAA are nearly identical compounds; however, IBA has a four-carbon side
chain, whereas the active auxin IAA has a two-carbon side chain (Fig. 1). In many
plants, the longer side chain of IBA molecule is shortened to produce IAA
(reviewed in Strader and Bartel 2011). Peroxisomal IBA-to-IAA conversion is a
multistep process similar to fatty acid p-oxidation (Zolman et al. 2000; Strader
et al. 2010). Peroxisomal enzymes that appear to be dedicated to IBA p-oxidation
include predicted short-chain dehydrogenase/reductase INDOLE-3-BUTYRIC
ACID RESPONSEI1 (IBR1; Zolman et al. 2008), the acyl-CoA dehydrogenase/
oxidase-like IBR3 (Zolman et al. 2007), the predicted enoyl-CoA hydratase IBR10
(Zolman et al. 2008), and ENOYL-COA HYDRATASE2 (ECH2; Strader
et al. 2011). Mutants defective in genes encoding these enzymes display resistance
to the inhibitory effects of IBA on root elongation and wild-type sensitivity to the
active auxin IAA (Zolman et al. 2007, 2008; Strader et al. 2011); consistent with
their potential roles in IBA-to-IAA conversion.

IBA-derived auxin contributes to many plant developmental phenotypes. Anal-
ysis of higher order IBA conversion mutants revealed decreased free IAA levels,
cotyledon expansion defects, root hair expansion defects, reduced apical hook
curvature, decreased lateral root production, smaller root meristems, and delayed
development in seedlings (Zolman et al. 2008; Strader et al. 2010, 2011). Addi-
tionally, Tognetti and colleagues (2010) demonstrated that removing decreasing
free IBA levels by overexpressing UGT74E?2 results in increased shoot branching
and improved drought and salt tolerance in mature plants. Additionally, treating
seedlings with the small molecule naxillin stimulates IBA-to-IAA conversion to
result in increased lateral root production (De Rybel et al. 2012). The diverse and
severe developmental consequences of altering IBA homeostasis suggest that IBA
is a major contributor to the active auxin pool and that IBA-derived auxin impacts
many major auxin-related developmental processes.

4 Can IBA Act Also Independently of Its Conversion
to IAA?

In many species, IBA is more effective than IAA or synthetic auxins in promoting
lateral root and adventitious root formation, causing speculation that IBA itself can
act as a signaling molecule in these processes (reviewed in Ludwig-Miiller 2000).
However, IBA cannot induce lateral roots in Arabidopsis mutants defective in IBA-
to-IAA conversion (Zolman et al. 2000, 2007, 2008; Strader et al. 2011), suggesting
that the effects of IBA on lateral root induction are through its conversion to IAA.
Intriguingly, a recent report suggests that both the IBA-derived auxin and the nitric
oxide produced in the peroxisomal IBA-to-IAA conversion process contribute to
lateral root induction in Arabidopsis and maize (Schlicht et al. 2013). This nitric
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Fig. 1 Structures of the naturally-occurring active auxin IAA (indole-3-acetic acid) and the
naturally occurring auxin precursor IBA (indole-3-butyric acid)

oxide produced during IBA-to-IAA conversion may account for the increased
effectiveness of IBA compared to other auxins in inducing lateral roots. In addition,
the stability of IBA against degradation (Nordstrom et al. 1991) may contribute to
efficiency of IBA promotion of lateral root formation. Although IBA has previously
been speculated to be an active lateral root promotion compound, it seems likely
that the lateral root initiation observed after IBA application is caused by
IBA-derived IAA.

IBA effects on lateral root promotion appear to be through its conversion to
active auxin; however, it may be possible that IBA acts as an active signaling
molecule under other circumstances. At this point, genetic data in Arabidopsis
suggest that the auxin activity of IBA depends fully on its conversion to IAA
(reviewed in Strader and Bartel 2011; Spiess and Zolman 2013). In particular,
exogenous IBA application to IBA conversion mutants fails to affect seedling
growth (Zolman et al. 2007, 2008; Strader et al. 2011), suggesting that, at least in
the seedling assays performed, IBA is an inert plant growth regulator unless
converted to IAA. Despite evidence that IBA acts through its conversion to TAA,
particular stresses induce IBA synthesis and consequently increase the endogenous
content of IBA but not IAA (Ludwig-Miiller et al. 1995b), suggesting that IBA, but
not IAA, plays aroles in response to these stresses. In addition, inoculation of maize
roots with an arbuscular mycorrhizal fungus leads to elevated IBA, but not TAA,
levels (Ludwig-Miiller et al. 1997). Although evidence thus far suggests that IBA
plays no developmental role in Arabidopsis outside of its conversion to IAA, it is
conceivable that IBA may act as a signaling compound under certain, yet
undiscovered circumstances.

S IBA Transport

Auxin distribution throughout the plant body is achieved by polar cell-to-cell auxin
transport in tissues expressing auxin influx and efflux transporters (reviewed in
Michniewicz et al. 2007a; Peer et al. 2011). The question arises whether IBA is also
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transported throughout plant body and whether IBA transport is similar to IAA
transport.

6 Long Distance IBA Transport

Simple bioassay experiments were the first to demonstrate long distance transport
of IBA. Early studies demonstrated that application of IBA in one part of the plant
affected not only growth of nearby tissues but also auxin-regulated processes
distant from the side of IBA application (Zimmerman and Wilcoxon 1935; Went
and White 1938; Leopold and Lam 1961; Yang and Davies 1999). These initial
observations of IBA effects distant from the application site were later followed
with radiolabeled IBA tracking in the plant. Acropetal and basipetal [H]IBA
movement was detected in Cleopatra mandarin midrib sections (Epstein and
Sagee 1992) and in Arabidopsis stem cuttings (Ludwig-Miiller et al. 1995a). In
addition, Rashotte and colleagues (2003) performed a detailed comparison study of
radiolabeled IBA and IAA transport in different Arabidopsis tissues, demonstrating
that, similar to IAA, roots transport IBA both basipetally (toward the shoot) and
acropetally (toward the root tip) and hypocotyls move IBA basipetally (toward the
root) but not acropetally (toward the apex). In contrast, inflorescence stems, which
transport IAA basipetally, fail to transport IBA (Rashotte et al. 2003). Although
these studies provided the first evidence of long distance IBA transport, such
interpretation is complicated if we take into consideration IBA-to-IAA metabolism
and IBA conjugation to amino acids and sugars (reviewed in Korasick et al. 2013)
as well as the fact that radioactive assays alone cannot distinguish between [*H]IBA
and its metabolites.

To address concerns about IBA metabolism during transport assays, later studies
examined the identity of molecules after the completion of these transport assays
(Razicka et al. 2010; Liu et al. 2012a). Using high-performance liquid chromatog-
raphy (HPLC) analysis, Ruzicka and colleagues (2010) determined that [3H]IBA
application to Arabidopsis root columella cells resulted in identification of ["HJIAA
4 mm above the root tip 2 hours later, consistent with a previous report that
Arabidopsis seedlings can convert IBA to IAA after an hour incubation (Strader
et al. 2010). Recently, detailed studies utilizing gas chromatography-mass spec-
trometry (GC-MS) in Arabidopsis hypocotyl and maize coleoptile sections ele-
gantly demonstrated that most of the applied IBA was converted to IAA or ester-
linked IBA during transport (Liu et al. 2012a), consistent with a previous report that
IBA is metabolized to a polar compound during transport through midrib sections
of Cleopatra mandarin (Epstein and Sagee 1992). These studies suggest that the
majority of transported IBA is in the form of IBA conjugates or IBA-derived [AA;
however, a small amount of free IBA appears to be transported in Arabidopsis
cotyledons and maize coleoptiles (Liu et al. 2012a). The directional transport of
IBA (or IBA conjugates) in different tissues suggests the existence of active IBA
transporters and the differences between IBA and IAA transport suggests that IBA
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might use transporters distinct from those of IAA. More detailed studies of IBA
transport and IBA transport carriers will be necessary to resolve the exact IBA form
carried from cell-to-cell in long distance movement.

7 Many IAA Transporters Do not Transport IBA

IAA enters the cell through the influx carriers and leaves the cell through the efflux
carriers to create a net direction flow of auxin through plant tissues (reviewed in
Michniewicz et al. 2007a; Peer et al. 2011). This directional TAA distribution
allows for local accumulation of auxin to drive developmental processes (reviewed
in Vieten et al. 2007). Well-known IAA transporters include amino acid permease-
like AUXIN RESISTANTI1 (AUX1) mediating IAA influx (Bennett et al. 1996;
Yang et al. 2006) and two classes of IAA efflux carriers: the family of
PIN-FORMED (PIN) proteins and the MULTIDRUG RESISTANCE/GLYCO-
PROTEIN (PGP) class of ATP-Binding Cassette (ABC) transporters (reviewed in
Petrasek and Friml 2009). Although IBA is nearly identical to IAA (Fig. 1), IBA
and IAA do not appear to share uptake carriers.

IBA uptake in Arabidopsis is a saturable process (Ludwig-Miiller et al. 1995a;
Rashotte et al. 2003), suggesting that IBA uptake is mediated by carriers rather than
passive diffusion. Acropetal and basipetal IBA transport in Arabidopsis roots
(Rashotte et al. 2003) and IBA accumulation in excised root tips (Strader and
Bartel 2009) are unaltered in aux/ mutants, suggesting that AUX1 is unlikely to
be the IBA uptake carrier. Additionally, IBA does not competitively inhibit [*H]
IAA uptake when AUXI is heterologously expressed in Xenopus oocytes (Yang
et al. 2006). However, aux! mutants, which are resistant to IAA (Marchant
et al. 1999; Yang et al. 2006), are also moderately resistant to IBA (Zolman
et al. 2000). This aux! IBA resistance may suggest for dual transport activity of
AUX1; however, it is likely that the observed IBA resistance in aux/ likely stems
from aux! resistance to IBA-derived IAA given the abovementioned evidence that
IBA is unlikely to be an AUX1 substrate. Although it is unlikely that AUX1 itself is
responsible for IBA uptake, one of the AUX1 family members, consisting of LIKE
AUX1 (LAX1), LAX2, AND LAX3 (Swarup et al. 2008), may act as the IBA
uptake carrier. For example, IBA displays slight competitive activity against IAA in
uptake assays with LAX3 expressed in Xenopus oocytes (Swarup et al. 2008).
Future research will be necessary to reveal whether a member of the AUX1 family
or some other transporter is responsible for carrier-mediated IBA uptake.

The IBA efflux appears to depend on transporters independent from the PIN and
ABCB protein families, which efflux IAA. The polar auxin transport inhibitors
naphthylphthalamic acid (NPA) and 2,3,5-triiodobenzoic acid (TIBA), which block
IAA efflux and consequently reduce polar transport of IAA (Thomson et al. 1973;
Cande and Ray 1976), do not block IBA transport (Rashotte et al. 2003), suggesting
that IBA and IAA efflux are through separate mechanisms. In addition, pin2 mutant
roots bend into agar containing the PIN2 substrates IAA and NAA (Utsuno
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et al. 1998) because the inability of pin2 mutants to redistribute IAA and NAA
results in a local accumulation on the agar side of the root to cause the root to bend.
However, pin2 mutant roots do not bend toward the agar containing IBA (Poupart
and Waddell 2000; Zolman et al. 2000), suggesting that IBA is not a PIN2 substrate
and IBA redistribution is functioning in pin2. Additionally, basipetal IBA transport
is unchanged in pin2 mutant roots (Rashotte et al. 2003), suggesting that PIN2 is not
required for IBA transport. Finally, no examined heterologously expressed IAA
transporter, including PIN2, PIN7, ABCB1, and ABCBI19, displays IBA efflux
activity (Ruzicka et al. 2010). Collectively, these data suggest that IBA transport
is facilitated by carriers independent of those used for IAA transport.

8 Does IBA Has its own Transporters?

IBA undergoes both intercellular (between cells) and intracellular (within the cell)
transport into peroxisomes for conversion to the active auxin IAA. Energy-driven
active transporters function in both of these IBA transport processes.

9 The ABC Transporter PXA1 May Transport IBA
into Peroxisomes

IBA is converted into IAA thorough peroxisomal B-oxidation (reviewed in Strader
and Bartel 2011; Spiess and Zolman 2013). Thus, to initiate IBA-to-IAA conver-
sion, IBA needs to be imported into peroxisomes. The carrier that moves IBA into
the peroxisome is likely the peroxisomal ABC transporter PEROXISOMAL ABC
TRANSPORTER1/ABCD1 (PXA1/ABCDI; see chapter “Plant peroxisomal ABC
transporters: flexible and unusual”). Evidence to support PXAl-mediated IBA
transport into the peroxisome include: (1) the Arabidopsis PXA1 protein resembles
two yeast peroxisomal ABC transporters and four human peroxisomal ABC trans-
porters (Zolman et al. 2001); (2) Arabidopsis pxal loss-of-function mutants are
IBA-resistant (Zolman et al. 2001); (3) and Arabidopsis pxal loss-of-function
mutants do not efficiently convert IBA to IAA (Strader et al. 2010). At least some
pxal mutant phenotypes, including lateral root formation (Zolman et al. 2001) and
stamen filament elongation (Footitt et al. 2007), are rescued by exogenous auxin
application, suggesting that loss of the PXAI1 transporter reduces IBA-to-IAA
conversion. Interestingly, in addition to importing IBA into peroxisomes, PXA1
also likely transports fatty acids (reviewed in Linka and Weber 2010) and jasmonic
acid precursors into peroxisomes (Theodoulou et al. 2005) for p-oxidation.

After IBA is transported into the peroxisome through the activities of PXA1 and
B-oxidized into IAA through the activities of peroxisomal enzymes (see above),
IBA-derived IAA would need to be released from the peroxisome by yet unknown
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TAA transporter(s). Intriguingly, recent studies demonstrate that PIN family mem-
bers localize not only to the plasma membrane but also to internal membranes such
as the endoplasmic reticulum (Mravec et al. 2009; Ganguly et al. 2010). Thus far,
no PIN proteins have been associated with the peroxisome; however, it is possible
that peroxisomal IAA effluxer(s) may be members of the PIN or perhaps some other
protein family.

10 The PDR Proteins ABCG36 and ABCG37 Serve
as IBA Efflux Transporters

Distinct carriers facilitate IBA and TAA transport (Fig. 2). Despite of extensive
knowledge about IAA transport and its active transporters, little is known about
IBA movement and IBA carriers. The first two transporters identified to facilitate
IBA efflux from cells are the ABCG36/PDR8/PEN3 and ABCG37/PDR9/PIS1
proteins which belong to the PLEIOTROPIC DRUG RESISTRANCE (PDR)
subclade of the ABCG family of ATP-BINDING CASSETTE transporters
(reviewed in Strader and Bartel 2011).

Arabidopsis loss-of-function mutations in ABCG36 (Strader and Bartel 2009) or
ABCG37 (Strader et al. 2008; Ruzicka et al. 2010) result in hypersensitivity to
exogenous IBA, but not to IAA, in root elongation and lateral root production
assays. Because both abcg36 and abcg37 are defective in transporters that often
efflux substrates, and because both mutants display IBA hypersensitivity, this raises
the possibility that the ABCG36 and ABCG37 transporters act to efflux IBA.
Supporting the possibility that ABCG36 and ABCG37 efflux IBA, abcg36 and
abcg37 mutant root tips hyperaccumulate [PH]IBA, but not [PH]IAA, consistent
with the IBA and IAA mutant response data (Strader et al. 2008; Strader and Bartel
2009). This [PH]IBA accumulation data suggests that ABCG36 and ABCG37
promote IBA efflux from the root tip. Further, heterologous expression of
ABCG37 directly demonstrate ABCG37 IBA efflux activity; Schizosaccharomyces
pombe cells expressing ABCG37 accumulate significant less [’H]IBA than controls,
whereas [°HJIAA transport was unchanged compared to control cells (Razic¢ka
et al. 2010). In addition, mammalian HeLa cells expressing ABCG37 export [°H]
IBA and [*H]2,4-D (Ruzi¢ka et al. 2010), consistent with IBA and 2,4-D acting as
ABCG37 substrates. Although no direct evidence exists that ABCG36 acts as an
IBA efflux carrier, the IBA hypersensitivity of abcg36 mutants (Strader and Bartel
2009) combined with the IBA efflux activity of its homologue ABCG37 (Razicka
et al. 2010) support the possibility that IBA is an ABCG36 substrate.

Additionally, ABCG36 and ABG37 seem to work, at least in some aspects,
redundantly. Both abcg36 (Strader and Bartel 2009) and abcg37 (Strader
et al. 2008) mutants are hypersensitive to IBA in root elongation assays and
hyperaccumulate [*H]IBA in simplified transport assays, whereas the abcg36
abcg37 double mutant displays greater IBA hypersensitivity and greater ["THJIBA
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accumulation than either parent (Ruzicka et al. 2010). These data suggest that
ABCG36 and ABCG37 act redundantly as exporters of IBA from cells. In
Arabidopsis, the PLEIOTROPIC DRUG RESISTRANCE (PDR) subclade of the
ABCG family of ABC transporters includes 15 members (reviewed in van den
Brule and Smart 2002; Crouzet et al. 2006; Verrier et al. 2008). Intriguingly,
ABCG36 and ABCG37 are not one another’s closest homologue (Fig. 2a) and are
only 53 % identical at the amino acid level. Because both abcg36 and abcg37
mutants display hypersensitivity to the synthetic auxin precursor 2,4-DB (Strader
et al. 2008; Strader and Bartel 2009), we examined insertional alleles in additional
PDR genes and found that the abcg29/pdrl and abcg33/pdr5 mutants also display
hypersensitivity to 2,4-DB (Fig. 2b), suggesting that ABCG29 and ABCG33 in
addition to the previously described ABCG36 (Strader and Bartel 2009) and
ABCG37 (Ito and Gray 2006; Strader et al. 2008; Razicka et al. 2010), may play
roles in transport of auxin-related molecules.

Transport assays and physiological studies indicate that ABCG36 and ABCG37
efflux IBA, but not IAA, from plant cells. However, many members of the PDR
transporter family display broad substrates specificity, raising the possibility that
ABCG36 and ABCG37 may also serve as a more general efflux carriers.
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11 Do ABCG36 and ABCG37 Efflux Exclusively IBA?

Although both ABCG36 and ABCG37 likely efflux IBA but not IAA, it is possible
that they also transport additional substrates. Many PDR-type transporters have
broad substrate ranges (reviewed in van den Brule and Smart 2002; Crouzet
et al. 2006; Verrier et al. 2008) and plant PDR-type ABCG transporters are unlikely
to be exceptions. For example, ABCG37 displays broad substrate specificity for
various auxinic compounds. abcg37 mutants display increased sensitivity to many
auxinic compounds including synthetic auxins (2,4-D and 2-NOA) and inhibitors of
auxin transport such as 1-NOA, NPA, PBA, and TIBA (Fujita and Syono 1997; Ito
and Gray 2006; Razicka et al. 2010). Additionally, abcg37 mutant root tips
hyperaccumulate not only IBA (Strader et al. 2008) but also 2,4-D and NPA (Ito
and Gray 2006) in simplified auxin transport assays and abcg37 protoplasts export
significantly less IBA, 2,4-D, and NPA than wild type protoplasts (Ruzicka
et al. 2010), suggesting that those molecules may serve as ABCG37 substrates.
Moreover, the heterologous expression of ABCG37 in HeLa cells conferred signif-
icant IBA and 2.4-D export activity (Razicka et al. 2010). Intriguingly, although
ABCG36 and ABCG37 may use multiple auxinic compounds as substrates, neither
transporter appears to have transport activity on the active auxin IAA, suggesting
that their broad substrate specificity is limited.

Notably, ABCG36 and ABCG37 have functions additional to serving as an IBA
transporter. Fourcroy and colleagues recently reported that the ABCG37 gene is
upregulated in response to iron deficiency and abcg37 mutant roots are impaired in
coumarin export, suggesting that ABCG37 is required for the coumarin compound
secretion (Fourcroy et al. 2014). In addition, ABCG36 expression is upregulated by
cadmium and lead treatment and ABCG36 can serve as an efflux carrier of
cadmium and cadmium conjugates in Arabiodpsis (Kim et al. 2007). ABCG36
has been also implicated in pathogen responses. The Arabidopsis abcg36 loss-of-
function mutants exhibited increased sensitivity to some non-host pathogens as well
as decreased sensitivity to the Arabidopsis pathogens (Kobae et al. 2006; Stein
et al. 2006). Moreover, abcg36 mutant shoots accumulate less extracellular callose
but hyperaccumulate glucosinolate and camalexin in response to pathogens and
their elicitors (Bednarek et al. 2009; Clay et al. 2009). Thus, the ABCG36 and
ABCG37 transporters appear to have roles in many aspects of plant growth and
environmental responses.

12 ABCG36 and ABCG37 Transporters are Polarly
Localized Proteins in Root Epidermal Cells

ABCG36 and ABCG37 are enriched at the plasma membrane of the outermost sides
of lateral root cap and epidermal cells (Fig. 3; Strader and Bartel 2009; Langowski
et al. 2010; Razicka et al. 2010). Additionally, both proteins also show plasma-
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Fig. 3 Confocal images of ABCG36 and ABCG37 localization in 5-day-old Arabidopsis roots.
ABCG36-GFP (pen3-1 carrying PEN3:PEN3-GFP; Stein et al. 2006) and GFP-ABCG37 (pisi-1
carrying 35S:GFP-ABCG37; Langowski et al. 2010) both localize to the Outer Polar Domain of
root epidermal and lateral root cap cells (Langowski et al. 2010; Ruzicka et al. 2010). (a, b, d, e)
Confocal images of GFP-ABCG37, which accumulates within epidermal and lateral root cap cells
(a) and magnification of root epidermal cells reveals the polar, outward facing localization of
ABCG37 (b, d). (e) Magnification of the lateral root cap shows GFP-ABCG37 localization along
the outer edges of the lateral root cap cells regardless of the position and the apical-basal axis of the
cells. (¢) Confocal image of ABCG36-GFP displaying localization to the Outer Lateral Domain of
epidermal and lateral root cap cells

membrane localization in root hairs (Langowski et al. 2010) and ABCG36 is
restricted to the plasma membrane of leaf epidermal cells (Kobae et al. 2006;
Stein et al. 2006). ABCG36 and ABCG37 localization and activity on IBA efflux
are consistent with observed high-auxin root and cotyledon phenotypes of abcg36
(Strader and Bartel 2009) and abcg37 (Ruzicka et al. 2010) mutants, suggesting that
ABCG36 and ABCG37 act to reduce auxin levels in the epidermal layer.

The remarkable enrichment of ABCG36 and ABCG37 at the outer face of root
epidermal cells suggests that these efflux carriers promote extrusion of IBA into the
rhizosphere (Fig. 3). Detailed studies by Langowski and colleagues (2010), dem-
onstrated that both ABCG36 and ABCG37 transporters are polarly localized to the
cell sides facing the root environment regardless of the position and the apical-basal
axis of the cells (Fig. 3). Previously defined polar domains of epidermal plant cells
include the apical (upper) side enriched in the PIN2 IAA efflux carrier localization
and the basal (lower) domain enriched in the ectopically expressed PIN1 IAA efflux
carrier (Fig. 4; reviewed in Dettmer and Friml 2011). This polar outward localiza-
tion of ABCG36 and ABCG37 suggests a novel, distinct, third polar domain within
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Fig. 4 Cartoon representation of an Arabidopsis root with a magnified epidermal cell layer. The
four polar domains of root epidermal cells are marked by different proteins as PIN2 (apical
domain; light green), ectopically expressed PIN1 (basal domain; dark green), BOR1 (inner lateral
domain; blue), ABCG36 and ABCG37 (outer lateral domain; red) all localize in a polar fashion
within those cells (reviewed in Strader and Bartel 2009)

epidermal cells that defines the plant interface with its environment. This new polar
interface has been termed the “outer lateral domain” (OLD).

Although processes underlying apical and basal polar targeting of protein cargos
are well studied, the mechanisms of polar delivery to the lateral side of epidermal
cells remain elusive. Intriguingly, many factors required for apical or basal polar
localization, such as the ARF GEF GNOM (Geldner et al. 2003; Kleine-Vehn
et al. 2006), the actin cytoskeleton (Kleine-Vehn and Friml 2008), BFA-sensitive
endocytosis (reviewed in Donaldson and Jackson 2000; Kleine-Vehn and Friml
2008), AXR4 (Hobbie and Estelle 1995; Dharmasiri et al. 2006), the protein kinase
PINOID (Friml et al. 2004), and the protein phosphatase PP2A (Michniewicz
et al. 2007b), are not required for the maintaining of IBA transporters in the outer
polar domain (Langowski et al. 2010). Because OLD localization appears to be
unaffected by altering factors that disrupt apical and basal polar localization
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(Langowski et al. 2010), proteins are likely targeted to the OLD by a distinct yet-to-
be-identified mechanism.

13 Why Do ABCG36 and ABCG37 Transporters Localize
to the OLD?

The purpose for ABCG36 and ABCG37 extrusion of IBA is not yet understood;
however, there are few attractive possibilities for how this IBA efflux could be used
by the plant. For example, ABCG36 and ABCG37 may localize to the OLD to limit
auxin levels in certain cell types. Consistent with this possibility, abcg36 and
abcg37 mutants display developmental phenotypes indicative of high auxin levels
in certain cell types. For example, both abcg36 (Strader and Bartel 2009) and
abcg37 (Ruzicka et al. 2010) loss-of-function mutants display longer root hairs
than wild type and abcg36 mutant seedlings display also enlarged cotyledons
(Strader and Bartel 2009). Importantly, these cell expansion phenotypes suggesting
elevated auxin levels in abcg36 are suppressed when abcg36 is combined with
IBA-to-IAA conversion mutants (Strader et al. 2010), suggesting that these cell
expansion phenotypes result from increased IBA-derived TAA.

Alternatively, ABCG36 and ABCG37 localization of at the outermost side of
root epidermal cells may allow for efflux of compounds, such as IBA or other
substrates, into the rhizosphere to participate in plant—-microbe or plant—plant
interactions. Interestingly, some microorganisms found in soil produce phytohor-
mones to directly enhance plant growth. Azospirillum spp. for example, secretes
auxin, cytokinins, and gibberellins (reviewed in Bais et al. 2006). This auxin
production by bacteria, combined with the IBA extrusion by plants, raises the
possibility that root exudates could supply the pool of precursors for microbes to
produce active IAA. A more detailed understanding of IBA roles in plant develop-
ment and microbe interactions will be necessary to begin to understand the effects
of IBA efflux by PDR family members on plant growth and environmental
responses.

14 Do Other Proteins Display OLD Polar Localization?

The OLD defines the interface between plant and its environment in both above-
and belowground tissues. Thus, the OLD exists not only in root but also in aerial
portions of the plant as the epidermal domain in leaf and stem tissues that interacts
with the environment. This crucial domain likely provides a barrier for selective
uptake of nutrients, extrusion of toxic compounds, and exchange of hormonal
signals and is the first membrane to encounter abiotic and biotic stresses. Thus
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far, only a few proteins have been identified to reside at the OLD of epidermal cells
(Fig. 4).

In addition to ABCG36 and ABCG37, the boron efflux transporter BOR4 (Miwa
et al. 2007) and the boron uptake carrier NPI5;1 (Takano et al. 2010) also localize to
the OLD of root epidermal cells (Fig. 4). Intriguingly, the FK506 binding protein42
TWISTED DWARF1 (TWD1; Bailly et al. 2008) is enriched at the outward-facing
side of root epidermal cells (Wang et al. 2013). The ABCG32/PDR4/PERMEABLE
CUTICLEI transporter is also enriched at the outward face of epidermal cells of
expanding rosette leaves, top stem segments and petals exports cutin precursors to
form the cuticular layer (Bessire et al. 2011). Because several examined PDR
members of the ABCG family, including PDR4/ABCG32 (Bessire et al. 2011),
PDR8/ABCG36 (Strader and Bartel 2009), and PDR9/ABCG37 (Langowski
et al. 2010; Ruzicka et al. 2010), are enriched at that OLD, we hypothesize that
additional PDR family members will also likely localize to this domain.

15 Are There Additional IBA Transporters?

The active auxin IAA and the auxin precursor IBA appear to use independent
transport systems (Fig. 5). Despite broad knowledge about IAA influx and efflux
carriers, our understanding of IBA movement is still elusive.

Thus far, only two IBA efflux carriers, ABCG36 (Strader and Bartel 2009) and
ABCG37 (Strader et al. 2008; Razicka et al. 2010), have been reported. Both
ABCG36 and ABCG37 proteins localize at the plasma membrane of the outermost
sides of root epidermal cells and both likely efflux IBA into the rhizosphere (Strader
et al. 2008; Strader and Bartel 2009; Langowski et al. 2010; RaZicka et al. 2010).
Because these efflux carriers are enriched at the plant—environment interface, they
are unlikely to be involved in long-distance IBA movement within the plant.
Additionally, abcg37 mutants do not display defects in long-distance IBA move-
ment (Ruzicka et al. 2010). Thus, IBA efflux carriers that may mediate transport
other than extrusion outside the plant remain unidentified.

Further missing from our understanding of IBA movement are IBA influx
carriers. IBA uptake is a saturable process (Ludwig-Miiller et al. 1995a; Rashotte
et al. 2003), suggesting that IBA uptake is carrier mediated. One possible candidate
for the IBA uptake carrier may be the unidentified RIB1 protein because ribl
mutants display IBA resistance (Poupart and Waddell 2000) and altered IBA (but
not IAA) transport (Poupart et al. 2005).

In summary, several aspects of IBA need clarification. Many putative IBA
transporters remain unidentified, including the IBA influx carrier and IBA efflux
carriers required for long-distance transport. Additionally, the carrier to efflux
IBA-derived IAA from the peroxisome is unknown. At the moment, it seems that
the bulk of IBA movement through hypocotyls is in the form of conjugates; future
research will be needed to determine whether IBA or IBA conjugates move long-
distance through roots. It seems certain that identifying these transporters and
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Fig. 5 Cellular model illustrating the complex network of IAA and IBA transporters. The IAA
movement and its carriers are marked in green, whereas the IBA pathway and its known or
predicted transporters are marked in red. In addition, protonated IAA can cross the plasma
membrane and enter the cell through simple diffusion (not included in the scheme)

clarifying whether IBA or IBA conjugates are moved long distance will illuminate
our understanding of roles for IBA-derived auxin and IBA transport in plant
development.
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