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Foreword

SARS was the first new plague of the twenty-first century. Within months, it spread
worldwide from its “birthplace” in Guangdong Province, China, affecting over
8,000 people in 25 countries and territories across five continents. SARS exposed
the vulnerability of our modern globalised world to the spread of a new emerging
infection. SARS (or a similar new emerging disease) could neither have spread so
rapidly nor had such a great global impact even 50 years ago, and arguably, it was
itself a product of our global inter-connectedness. Increasing affluence and a
demand for wild-game as exotic food led to the development of large trade of
live animal and game animal markets where many species of wild and domestic
animals were co-housed, providing the ideal opportunities for inter-species trans-
mission of viruses and other microbes. Once such a virus jumped species and
attacked humans, the increased human mobility allowed the virus the opportunity
for rapid spread. An infected patient from Guangdong who stayed for one day at a
hotel in Hong Kong led to the transmission of the disease to 16 other guests who
travelled on to seed outbreaks of the disease in Toronto, Singapore, and Vietnam, as
well as within Hong Kong itself. The virus exploited the practices used in modern
intensive care of patients with severe respiratory disease and the weakness in
infection control practices within our health care systems to cause outbreaks within
hospitals, further amplifying the spread of the disease. Health-care itself has
become a two-edged sword.

While SARS exposed the vulnerabilities of the modern human condition, it also
highlighted the global capacity for a rapid public health and scientific response to an
emerging infectious disease threat. Public health and scientific responses succeeded
in identifying the causative agent, developing diagnostic tests, and interrupting the
spread of the outbreak. The complete virus genome was fully deciphered within
weeks and in the ensuing months and years saw an outpouring of scientific research
about the disease and its causative agent, the SARS coronavirus. The natural animal
reservoir (bats) and amplifier hosts were defined, the virus receptor on human cells
identified and novel antiviral drugs and candidate vaccines developed. This resur-
gence of attention on coronaviruses led to a much better scientific understanding
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about the biology of the coronaviruses in general, the discovery of two new
coronaviruses that cause human disease (NL-63 and HKU-1) and a range of
novel coronaviruses that infect animals.

The precursor of the SARS coronavirus still persists in its natural reservoir
host and whether this precursor virus will readapt to humans at some time in the
future remains unknown. However, the human adapted SARS coronavirus
remains in laboratories and may yet escape, either inadvertently or through
malicious action. We thus need to remain vigilant to the re-emergence of a
SARS-like disease. What is certain, however, is that we will be confronted with
other emerging infectious diseases in the decade ahead and that most of these
diseases will arise from an animal reservoir. Thus, the mechanisms of the
emergence of SARS serve as an excellent case-study to better understand how
viruses jump species-barriers to cause disease outbreaks in humans. The syn-
thetic reconstruction of an infectious bat-SARS-like precursor virus, the largest
life form to be created by synthetic biology to date, has provided an excellent
model for understanding such mechanisms. This book, which includes the
current understanding of the molecular biology of SARS coronavirus and its
applications to understanding pathogenesis, host responses, inter-species trans-
mission, therapeutics and vaccine design, is therefore timely.

J.S. Malik Peiris
The University of Hong Kong and HKU-Pasteur Research Centre
Hong Kong Special Administrative Region, China



Preface

The SARS outbreak took the whole world by surprise in November 2002. It was the
most unprecedented epidemic outbreak in recorded history and the first major new
infectious disease of this century, unusual in its high morbidity and mortality rates
and in strategically taking advantage of modern international travel to propagate
itself around the world. What followed was a global havoc created by this disease,
bringing the healthcare system of affected areas to a grinding halt, affecting
healthcare providers, disrupting scheduled emergency surgeries and vital treatment
to patients with serious conditions, overloading hospitals with infected cases,
forcing public events to be cancelled, and schools, and borders to be closed. The
economic impact on individuals and businesses was profound, downregulating
tourism, education, and employment.

The epidemic was completely different from all known traditional atypical types
of pneumonia because patients experienced lack of oxygen at the onset of the
disease and hence required the aid of modern respiratory equipment to breathe. This
syndrome was contagious enough to infect a substantial number of people widely
and easily. In our days of medical advancement and high technology, which has
subsequently led to increased life spans and longevity, a growing confidence had
emerged in mankind that it had now achieved the ability to overcome the most
complicated life-threatening situations. SARS shattered this confidence and made
us realize once again that there are hundreds of dangerous and virulent microorgan-
isms living on the other side of the border that can kill humans. What separates us
from them is only the species barrier.

This is not the first time the species barrier has been crossed. The SARS outbreak
was just another outbreak in South-East Asia, the breeding ground for notorious
viruses. The current novel HIN1 swine-flu outbreak that emerged from Mexico,
bird-flu H5N1 influenza in Hong Kong in 1996, human enterovirus 71 in Malaysia,
Taiwan, and Singapore in 1977, 1998, and 2000 respectively, and the Nipah virus in
Malaysia and Singapore in 1998, are all similar examples. The SARS outbreak was
a short-lived near-pandemic situation that originated in the Guangdong province of
south China in late 2002 and was efficiently contained by July 2003, with 8,096

vii
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known infected cases and 774 deaths (a case-fatality rate of 9.6%) infecting
individuals from 37 countries worldwide (mortality by age group: below 1% for
people aged 24 or younger, 6% for those aged 2544, 15% for those aged 45-64 and
more than 50% for those over 65). If SARS had not been fully contained, the world
would have faced a full-blown pandemic. We must not forget that SARS has not
been eradicated (e.g., smallpox). It is still present in its natural host reservoirs and
carries the threat and potential to return into the human population any time.

We were able to subvert a potentially explosive spread of the new coronavirus
(SARS-CoV) outbreak thanks to WHO’s global alert, getting together an emergency
network of 11 leading laboratories from 9 countries to investigate this new virus.
Within a short span of 1 month, these laboratories did a commendable job by
tracing the viral etiology and developing a diagnostic test. Over the years, much
has been learnt about this new SARS-CoV; however, our knowledge on the molecular
biology of SARS-CoV, its life-cycle, infection, and pathogenesis still remain
unclear. This virus is mysterious in its ways and this book looks at various molecular
aspects of this virus which help us in understanding these complexities.

Prior to the SARS outbreak, human coronaviruses were only associated with
mild diseases. SARS-related CoV became the first coronavirus to cause severe
disease in humans. In April 2003, the complete genome sequence of the SARS-CoV
was revealed. The genome contains unique 5° and 3° UTRs (untranslated regions)
containing higher-order structures which play essential roles in viral transcription
and replication, assisted by cellular proteins to perform RNA synthesis, a model
elegantly reviewed by Liu and Leibowitz in this book. The SARS-CoV genome
contains five major open reading frames (ORFs) that encode the replicase poly-
protein, the spike (S), envelope (E), and membrane (M) glycoproteins, and the
nucleocapsid protein (N). S binds species-specific host cell receptors and triggers a
fusion between the viral envelope and the cell membrane. Lambert’s chapter clearly
describes the basic cell biology of ACE2 and Péhlmann’s chapter elaborates on the
S-ACE2 interface. Receptor binding and the subsequent structural changes that
result have been described in detail by Beniac and Booth. The S protein is the
virulence factor in many different coronaviruses and the principal viral antigen that
elicits neutralizing antibody on behalf of the host. To study this, Chow’s lab has
undertaken whole transcriptome analysis of S transfected host cells and identified
novel pathways that become altered. Replicase proteins have been extensively
discussed in the chapters by Ziebuhr and Canard. Immediate early proteins, like
the RNA dependent RNA polymerase (RDRP) and proteases, are responsible for
preparing the infected cell for virus takeover. Dinman describes programmed -1
ribosomal frameshifting as an essential and unique feature of the virus for the
translation of these proteins. The overlapping polyproteins 1a and lab are exten-
sively cleaved by the internally encoded SARS-CoV proteases, Mpro, and PLpro
and are extensively discussed by Chang in his chapter. The N protein forms the
capsid and also plays several regulatory roles during viral pathogenesis which have
been described by Surjit and myself. Cell type specific apoptosis induction of host
cells by viral proteins has been elegantly described by Hermann Schiétzl et al. Three
chapters are dedicated to describe the current knowledge on accessory proteins by
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Pekosz, Sun, and Tan. Sheahan and Baric’s chapter and Li and Xu’s chapter
describe exhaustively the pathogenesis and protective immunity against SARS-
CoV in humans. Cell signaling and associated lung fibrosis due to TGF-/Smad
pathways are discussed in the chapters by Mizutani and Chen, respectively. The
importance and application of retroviral pseudotypes for highly pathogenic diseases
like SARS, using surrogates of the live virus for neutralization assays, has been
described by Nigel Temperton.

I wish to congratulate and thank all the contributing authors for the exhaustive
coverage of their respective subjects and publication of this book. We hope the
readers find this book a consolidated compilation of our current understanding of
the molecular biology of SARS-CoV.

International Centre for Genetic Sunil K. Lal
Engineering & Biotechnology,
New Delhi



Contents

Part I Viral Entry

1 Cellular Entry of the SARS Coronavirus: Implications for
Transmission, Pathogenicity and Antiviral Strategies .................... 3
Ilona Glowacka, Stephanie Bertram, and Stefan P6hlmann

2 The Cell Biology of the SARS Coronavirus Receptor,
Angiotensin-Converting Enzyme 2 ........ccciiiiiiiiiiiiiieiinninenannns 23
Daniel W. Lambert

3 Structural Molecular Insights into SARS Coronavirus Cellular
Attachment, Entry and Morphogenesis ............ccovviiiiiiiiiiiiinn, 31
Daniel R. Beniac and Timothy F. Booth

Part I Structures Involved in Viral Replication
and Gene Expression

4 RNA Higher-Order Structures Within the Coronavirus 5’ and 3’
Untranslated Regions and Their Roles in Viral Replication ............ 47
Pinghua Liu and Julian Leibowitz

5 Programmed —1 Ribosomal Frameshifting in SARS Coronavirus ...... 63
Jonathan D. Dinman

Part IIT  Viral Proteins
6 Expression and Functions of SARS Coronavirus

Replicative Proteins .........ccoovviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinne., 75
Rachel Ulferts, Isabelle Imbert, Bruno Canard, and John Ziebuhr

xi



Xii

10

11

12

Contents

SARS Coronavirus Replicative Enzymes: Structures
and MechaniSms .........ccoiiiiiiiiiiiiiiieieinenencncncncncnssasaannns 99
Isabelle Imbert, Rachel Ulferts, John Ziebuhr, and Bruno Canard

Quaternary Structure of the SARS Coronavirus Main Protease ..... 115
Gu-Gang Chang

The Nucleocapsid Protein of the SARS Coronavirus: Structure,
Function and Therapeutic Potential .............c.ccoviiiiiiiiiennne. 129
Milan Surjit and Sunil K. Lal

SARS Coronavirus Accessory Gene Expression and Function ........ 153
Scott R. Schaecher and Andrew Pekosz

SARS Accessory Proteins ORF3a and 9b and Their
Functional Analysis .......cocoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiennne 167
Wei Lu, Ke Xu, and Bing Sun

Molecular and Biochemical Characterization of the SARS-CoV
Accessory Proteins ORF8a, ORF8b and ORF8ab .................... 177
Choong-Tat Keng and Yee-Joo Tan

Part IV  Viral Pathogenesis and Host Inmune Response

13

14

15

16

17

SARS Coronavirus Pathogenesis and Therapeutic
Treatment Design ........coovviiiiiiiiiiiiiiiiiiiiiiiiiiiii i 195
Timothy P. Sheahan and Ralph S. Baric

Modulation of Host Cell Death by SARS Coronavirus Proteins ..... 231
Claudia Diemer, Martha Schneider, Hermann M. Schitzl,
and Sabine Gilch

SARS Coronavirus and Lung Fibrosis ...........ccciiiiiiiiiiiinen. 247
Wei Zuo, Xingang Zhao, and Ye-Guang Chen

Host Immune Responses to SARS Coronavirus in Humans .......... 259
Chris Ka-fai Li and Xiaoning Xu

The Use of Retroviral Pseudotypes for the Measurement
of Antibody Responses to SARS Coronavirus .........c.ccevvvveenns 279
Nigel James Temperton



Contents xiii

18 SARS Coronavirus Spike Protein Expression in HL-CZ
Human Promonocytic Cells: Monoclonal Antibody and
Cellular Transcriptomic AnalySes ........cceveeiieeiiuseeesensensecnes 289
T. Narasaraju, P.L. Soong, J. ter Meulen, J. Goudsmit,
and Vincent T.K. Chow

19 Signaling Pathways of SARS-CoV In Vitro and In Vivo ............. 305
Tetsuya Mizutani



Part I
Viral Entry



Chapter 1

Cellular Entry of the SARS Coronavirus:
Implications for Transmission, Pathogenicity
and Antiviral Strategies

Ilona Glowacka, Stephanie Bertram, and Stefan Pohlmann

Abstract A novel coronavirus was identified as the causative agent of the lung
disease severe acute respiratory syndrome (SARS). The outbreak of SARS in 2002/
2003 was associated with high morbidity and mortality and sparked international
research efforts to develop antiviral strategies. Many of these efforts focussed on
the viral surface protein spike (S), which facilitates the first indispensable step in the
viral replication cycle, infectious entry into target cells. For infectious cellular entry
to occur, the S protein must engage a cellular receptor, the carboxypeptidase
angiotensin-converting enzyme 2 (ACE2). The interface between ACE2 and S
protein, which has been characterized at the structural level, constitutes a key target
for vaccines and inhibitors, and is believed to be an important determinant of viral
pathogenesis and interspecies transmission. In this chapter, we will discuss how
SARS-S mediates cellular entry and we will review the implications of this process
for SARS coronavirus (SARS-CoV) transmission, disease development and anti-
viral intervention.

1.1 Introduction

The emergence of the severe acute respiratory syndrome coronavirus (SARS-CoV)
in Guangdong Province, China, in 2002, and its subsequent spread in Asia and
Canada clearly exemplified the vulnerability of societies and economies to a novel,
highly pathogenic respiratory agent (Stadler et al. 2003; Peiris et al. 2003b). The
outbreak, which was halted solely by the quarantine of exposed individuals and the
use of conventional prevention measures such as surgical masks, was paralleled by
an international, collaborative scientific effort to develop means for therapeutic and

S. Pohlmann (D<)

Institute of Virology, OE 5230, Hannover Medical School, Carl-Neuberg-Straie 1, 30625
Hannover, Germany

e-mail: poehlmann.stefan@mh-hannover.de

S.K. Lal (ed.), Molecular Biology of the SARS-Coronavirus, 3
DOI 10.1007/978-3-642-03683-5_1, © Springer-Verlag Berlin Heidelberg 2010
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preventive intervention (Peiris et al. 2004; Stadler and Rappuoli 2005). The basis
for the development of successful antiviral strategies is a thorough understanding of
the molecular biology underlying viral amplification and pathogenesis, and many
significant discoveries have been made in the SARS field since the identification of
the virus early in 2003 (Drosten et al. 2003; Ksiazek et al. 2003; Peiris et al. 2003a).
Several of these findings provided important insights into the structure and function
of the viral spike (S) protein, which is used by the virus as the key to bind and enter
host cells (Hofmann and Péhlmann 2004). The most well-known examples are the
identification of angiotensin-converting enzyme 2 (ACE2) as the host factor which
is engaged by the viral S protein for infectious entry into cells, and the elucidation
of the structure of the S protein receptor binding domain (RBD) in complex with
ACE2 (Li et al. 2003, 2005a). These findings have major implications not only for
vaccine and inhibitor development but also for our understanding of the SARS
zoonosis, since adaptation of SARS-S to robust usage of human ACE2 was proba-
bly of key importance for efficient SARS-CoV spread in humans (Li et al. 2005a,
2005c¢). In this chapter, we will discuss how SARS-CoV gains access to target cells
and how this process can be inhibited. In addition, we will review how the
molecular interactions underlying SARS-CoV entry impact viral pathogenesis
and interspecies transmission.

1.2 The Spike Protein: Key to the Host Cell

The SARS-Sprotein is a type I transmembrane protein, which comprises 1,255 amino
acids and contains 23 consensus signals for N-linked glycosylation (Hofmann and
Pohlmann 2004). S protein is synthesized in the secretory pathway of infected cells.
It contains an N-terminal signal sequence, which mediates import of the nascent
protein into the endoplasmatic reticulum, where the protein is folded and modified
with mannose-rich carbohydrates. Upon transport of the protein into the Golgi
apparatus, most, if not all, of the high-mannose carbohydrates are processed into
complex glycans (Nal et al. 2005). Evidence of O-glycosylation of SARS-S has not
been reported. A novel dibasic ER retrieval motif in the cytoplasmic tail of SARS-S
promotes accumulation of the S protein at the ER—Golgi intermediate compartment
and the Golgi region (McBride et al. 2007), the sites where progeny particles are
assembled (Stertz et al. 2007; Siu et al. 2008). Formation and budding of new
particles are driven by the membrane protein (M), the envelope protein (E) and the
nucleocapsid protein (N) (Huang et al. 2004; Hsieh et al. 2005; Siu et al. 2008);
interactions with the M protein might facilitate S protein incorporation into parti-
cles. Trimers of the S protein protrude from the viral envelope and provide virions
with a crown (Lat. corona) -like appearance, from which the name “coronaviruses”
is derived.

The domain organization of SARS-S resembles that of several well-characterized
viral membrane proteins, such as influenza virus hemagglutinin (HA) and human
immunodeficiency virus (HIV) envelope protein (Env) (Hofmann and P6hlmann 2004).
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These proteins employ comparable strategies to facilitate fusion of viral and host
cell membranes and are termed class I fusion proteins (Kielian and Rey 2006).
They are distinguished from class II fusion proteins (Kielian 2006), found, for
example, on flavi- and alphaviruses, by their distinct spatial organization and the
particular configuration of the functional elements required for fusion with target
cells: class I fusion proteins are inserted perpendicular to the viral membrane and
contain an N-terminal surface unit (SU) and a C-terminal transmembrane unit
(TM). The globular SU interacts with cellular receptors, while the TM promotes

3a 7a
Ieader 1a 1b EM6 8a N
_:I-III.
/ ks
| | SARS-CoV
[ | hCoV-229E
[ ] hCoV-NL63
v
] hCoV-0C43
A4
v
I P I | ABV
v
(NN Influenza-HA
A4
I ] HIV-gp160
[ Ssignal peptide | s2 [ HR2
Hl st [l Fusion peptide [l Transmembrane domain

Receptor-binding [l HR1 [0 cytoplasmic tail

Fig. 1.1 Domain organization of coronavirus S proteins (adapted from Hofmann and P6hlmann
2004). The position of the S protein open reading frame in the SARS-CoV genome is indicated in
the upper panel. Coronavirus S proteins exhibit a domain organization characteristic for class I
fusion proteins. The domain organization of prototype class I fusion proteins, the HIV envelope
protein, and the influenza virus HA is shown below. A signal peptide is located at the N terminus
and mediates import of the nascent protein into the secretory pathway of infected cells. The surface
unit S1 contains a receptor binding domain (RBD), which allows engagement of cellular receptors
for infectious entry. The transmembrane unit (S2) harbors functional elements pivotal to mem-
brane fusion: a fusion peptide, two helical regions, and a transmembrane domain. Proteolytic
cleavage into the S1 and S2 subunits by host-cell proteases is indicated by a triangular arrow.
AIBV: avian infectious bronchitis virus; hCoV: human CoV; HR: helical region; MHV: murine
hepatitis virus; SARS: severe acute respiratory syndrome
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fusion of the viral and host cell membrane (Kielian and Rey 2006). The latter
process depends on the presence of a fusion peptide and two helical regions (HR),
conserved elements which are intimately involved in the membrane fusion process
(Fig. 1.1), as discussed below. The S protein and the aforementioned fusion
proteins are adapted to usage by different cellular receptors. Therefore, the SU
(termed S1) of SARS-S does not exhibit appreciable sequence homology to the
respective sequences of other class I fusion proteins. In contrast, the functional
elements in TM, particularly the HRs, are conserved between different class I
fusion proteins. Consequently, the TM (termed S2) of SARS-S shares homology
with the corresponding sequences of other viral fusion proteins (Hofmann and
Pohlmann 2004), which has important implications for development of antiviral
strategies, as discussed below.

1.3 The Attachment Factors DC-SIGN and DC-SIGNR:
Enhancers or Inhibitors of SARS-CoV Infection?

The interaction of SARS-S with ACE2 is the first indispensable step in the entry
cascade, as discussed below. It needs to be noted, however, that SARS-S also binds
to other cell surface factors and these interactions, although being ultimately
dispensable for infectious entry, might profoundly alter infection efficiency.
Thus, it is well established that the calcium-dependent (C-type) lectin dendritic
cell-specific intercellular adhesion molecule-3 grabbing non-integrin (DC-SIGN,
CD209; Geijtenbeek et al. 2000) and the related protein DC-SIGNR (L-SIGN,
CD209L; Pohlmann et al. 2001; Bashirova et al. 2001) bind to SARS-S (Marzi
et al. 2004; Yang et al. 2004; Jeffers et al. 2004; Khoo et al. 2008) in a glycan-
dependent fashion (Shih et al. 2006; Han et al. 2007). DC-SIGNR was detected in
the lung on ACE2-positive, SARS-CoV-infected cells and on uninfected bystander
cells (Chan et al. 2006), while DC-SIGN expression was found to be induced upon
SARS-CoV infection (Yen et al. 2006), suggesting that these lectins might have
ample opportunity to capture SARS-CoV in infected individuals.

Despite the potentially important role of DC-SIGN/R in SARS-CoV infection,
the consequences of DC-SIGN/DC-SIGNR (collectively referred to as DC-SIGN/R)
engagement by SARS-S for viral infectivity are largely unclear. One group sug-
gested that DC-SIGN/R function as bona fide receptors which facilitate viral
entry into otherwise nonpermissive HeLa cells (Han et al. 2007). DC-SIGNR was
also identified in a functional screen for receptors used by SARS-CoV for cellular
entry (Jeffers et al. 2004), further suggesting that DC-SIGNR might support viral
entry, at least under certain conditions and probably with low efficiency. In
contrast, three other studies failed to detect an appreciable receptor function for
DC-SIGN/R but suggested that these proteins might enhance infectious entry into
ACE2-expressing cell lines (Marzi et al. 2004; Yang et al. 2004; Shih et al. 2006).
Finally, and in contrast to all aforementioned studies, Chan and co-workers
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provided evidence that DC-SIGNR plays a protective role in SARS-CoV infection
(Chan et al. 2006). Thus, it was demonstrated that DC-SIGNR-dependent uptake of
SARS-CoV into cell lines might lead to viral degradation and might thus reduce
viral infectivity for target cells (Chan et al. 2006). In agreement with this finding,
evidence was obtained that the combination of certain DC-SIGNR allelic variants,
which resulted in reduced SARS-CoV uptake in cell culture, was associated with
increased risk of SARS-CoV infection in humans (Chan et al. 2006), albeit these
findings are not undisputed (Tang et al. 2007; Zhi et al. 2007). In any case, most
functional studies described above have in common that they were carried out with
cell lines, which do not adequately model type II pneumocytes, the major targets of
SARS-CoV infection (Hamming et al. 2004; Ding et al. 2004; To and Lo 2004;
Mossel et al. 2008), and further work with primary lung epithelium is required to
help to elucidate the role of DC-SIGN/R in SARS-CoV infection. Notably, a single
study examined the impact of DC-SIGN/R-specific antibodies on viral spread in
primary human airway epithelium cultured at the air-liquid interface and observed
no inhibition (Sims et al. 2008), although it was not investigated if these lectins
were indeed expressed by the cells examined. Finally, it is worth mentioning that
SARS-S binds to lectins other than DC-SIGN/R, such as the C-type lectin LSECtin
(Gramberg et al. 2005) which is largely co-expressed with DC-SIGNR, and the
consequences of these interactions for viral amplification have not been deter-
mined. Collectively, it is clear that binding to DC-SIGN/R and related lectins has
the potential to modulate viral spread in vivo. It remains to be determined, however,
if lectin binding augments or suppresses viral replication. Recently described
knock-in mice for human DC-SIGN (Schaefer et al. 2008) or SIGNR1 (a murine
homologue of human DC-SIGN) knock-out mice (Lanoue et al. 2004) might be
useful to clarify these questions.

1.4 The Two Faces of ACE2: SARS-CoV Receptor
and Protector Against Lung Damage

In contrast to attachment factors, cellular receptors are indispensable for infectious
viral entry. In order to discover such factors, several laboratories used the soluble
SARS-S1 subunit for co-immunoprecipitation of cellular binding partners. A mile-
stone study by Li and colleagues identified the carboxypeptidase ACE2, an integral
part of the renin—angiotensin system (see below), as a high-affinity SARS-S inter-
actor (Li et al. 2003). Ectopic expression of ACE2 on barely permissive 293T cells
facilitated efficient SARS-S-dependent cell—cell and virus—cell fusion (Li et al.
2003), suggesting that ACE2 might play an important role in SARS-CoV entry.
Similar results were obtained by an independent study (Wang et al. 2004), which
used a comparable approach to identify cellular binding partners of SARS-S.
Subsequently, it was shown that endogenous expression of ACE2 correlates with
susceptibility to SARS-CoV infection of cell lines (Nie et al. 2004; Hofmann et al.
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2004a) and that ectopic expression of ACE2 facilitates SARS-S-driven infection of
otherwise nonsusceptible cells (Mossel et al. 2005). Moreover, it was demonstrated
that SARS-CoV infects ACE2-positive type II pneumocytes and ACE2-positive
cells in the intestinal epithelium (Hamming et al. 2004; Ding et al. 2004; To and Lo
2004; Chan et al. 2006; Mossel et al. 2008), albeit ACE2-independent infection of
target cells has also been suggested (Gu et al. 2005; Gu and Korteweg 2007).
Finally, knock-out of ACE2 in mice was found to largely abrogate susceptibility to
SARS-CoV infection (Kuba et al. 2005), indicating that ACE2 functions as a bona
fide SARS-CoV receptor, which is necessary and sufficient for infectious entry into
target cells.

1.4.1 The Structure of the Interface Between SARS-S and ACE?2

A thorough understanding of the interface between SARS-S and ACE2 is key to the
development of antiviral strategies targeting viral entry. The domains and amino
acid residues in SARS-S and ACE?2, which contribute to the efficient interaction of
these proteins, were initially mapped by mutagenic analyses. These studies identi-
fied amino acids 318-510 in SARS-S as an independently folded RBD, which binds
to ACE2 with higher affinity than the full length S protein (Xiao et al. 2003; Wong
et al. 2004; Babcock et al. 2004). The RBD was also shown to be the major target of
neutralizing antibodies (He et al. 2004a, 2004b, 2005), and several residues within
amino acids 450490 were suggested to be critical for optimal ACE2 engagement
(Wong et al. 2004; Li et al. 2005¢). In addition, exploitation of species-specific
differences in murine, rat and human ACE2 allowed the mapping of certain amino
acid residues, particularly L353, as important for receptor function (Li et al. 2004,
2005c¢). These results were supported and extended by the subsequent solution of
the structure of the RBD in complex with ACE2 (Li et al. 2005a): the RBD consists
of a core (a five-stranded antiparallel B-sheet), and an extended loop, which
contains all amino acids making contacts with ACE2. The extended loop, also
termed receptor-binding motif (RBM), comprises amino acids 424494 (Li et al.
2005a), and thus includes the residues defined by mutagenic analysis to be impor-
tant for SARS-S interactions with ACE2 (Wong et al. 2004; Li et al. 2005c). The
RBM contacts the N-terminal helix of ACE2 and the loop between helices o2 and
a3. Moreover, a portion of the RBM inserts between a short helix in ACE2 (amino
acids 329-333) and a B-hairpin at ACE2 residue L353, supporting the previously
postulated contribution of L353 to appropriate spike-receptor interactions (Li et al.
2005c¢). Conformational changes inherent to the peptidase activity of ACE2 do not
impact the availability of the S protein binding site (Li et al. 2005a), in agreement
with the observation that an ACE2 inhibitor which blocks peptidase activity and
arrests ACE2 in a closed conformation does not inhibit SARS-S-dependent entry
(Towler et al. 2004; Li et al. 2005¢). Collectively, the functional and structural
studies defined amino acids in SARS-S and ACE2, which facilitate the tight
association of these proteins. In addition, the results highlighted that natural variation
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of these sequences might have important implications for SARS-CoV transmission
and pathogenicity, as discussed below.

1.4.2 Sequence Variations at the SARS-S/ACE?2 Interface Might
Impact Viral Transmission and Pathogenicity

Horseshoe bats harbor SARS-CoV-related viruses and might constitute the natural
reservoir of SARS-CoV (Lau et al. 2005; Li et al. 2005b). However, the sequence
homology between bat and human viruses is limited (Lau et al. 2005; Li et al.
2005b). Thus, the S protein of animal viruses does not contain an RBM-like
sequence and does not use ACE2 for cellular entry (Ren et al. 2008). It is therefore
probable that SARS-CoV was introduced into the human population via an inter-
mediate host, and palm civets, which harbor viruses with high sequence homology
to human SARS-CoV, are possible candidates (Guan et al. 2003; Song et al. 2005).
Notably, the S proteins of human viruses from the 2002/2003 epidemic bind human
ACE2 with much higher efficiency than their palm civet counterparts (Li et al.
2005¢), indicating that efficient spread in humans required adaptation of the
SARS-S sequence. Indeed, sequence comparison revealed that the civet RBD
contains four amino acid changes relative to the human sequence. Two of these
changes are located outside the RBM and do not impact receptor interactions (Li
et al. 2005¢). In contrast, the remaining two changes, N (human) to K (palm civet)
at position 479 and T (human) to S (palm civet) at position 487, afflicted residues
making direct contact with ACE2 and significantly decreased binding to human
ACE2 (Liet al. 2005a, 2005¢). Thus, N479 and T487 might be required for efficient
spread in and between humans (Li et al. 2005a, 2005¢c; Li 2008). Interestingly,
viruses isolated from sporadic SARS cases in the winter of 2003/2004, which were
not associated with severe disease or human-to-human transmission, contained a
serine at position 487 (Li et al. 2005a), further indicating that this amino acid might
play a key role in human-to-human transmission and viral pathogenicity.

The potential for zoonotic transmission of SARS-CoV might also be determined
by species-specific variations in the ACE2 sequence. Thus, murine and rat ACE2,
which do not (rat), or only inefficiently (murine), support SARS-S-driven entry
(Lietal. 2004, 2005c), contain a leucine (human) to histidine (mouse, rat) exchange
at position 353. This exchange impedes formation of robust contacts with T487 in
SARS-S and thereby prevents murine and rat ACE2 from efficiently supporting
SARS-S-driven cellular entry (Li et al. 2005a). In addition, the rat but not the
murine receptor contains a M82N exchange, which introduces a glycosylation
signal. The glycan added to N82 blocks the interaction with L472 in SARS-S and
further decreases receptor function, explaining why rat ACE2 is less capable of
supporting SARS-S-driven entry than murine ACE2 (Li et al. 2005a). These results,
in conjunction with the aforementioned variations in the RBD sequence, highlight
that the efficiency of the SARS-S interaction with ACE2 might be a critical
determinant of interspecies transmission of SARS-CoV.
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1.4.3 The Human Coronavirus NL63 Uses ACE2
for Cellular Entry

A novel human coronavirus, NL63, was discovered by two Dutch groups in the
aftermath of the SARS-CoV outbreak (van der Hoek et al. 2004; Fouchier et al.
2004). NL63 is a group I CoV and shows high sequence similarity to the long-
known human CoV 229E. The 229E virus, like all other group I viruses described at
the time of the NL63 discovery, uses CD13 (aminopeptidase N) as a receptor for
cellular entry (Hofmann and Péhlmann 2004). Considering the specificity of group
I viruses for CD13 and taking into account that the spike proteins of 229E and NL63
share 56% sequence identity (van der Hoek et al. 2004; Pyrc et al. 2004), it was
surprising that NL63 was shown to use ACE2 and not CD13 for cellular entry
(Hofmann et al. 2005). This finding raised the question of whether both viruses use
similar strategies to engage ACE2. Mapping studies revealed that an N-terminal
unique region in NL63-S, which was suspected to function as RBD, is in fact
dispensable for receptor engagement (Hofmann et al. 2006). In contrast, several
motifs within amino acids 232 and 684 were found to be required for ACE2 binding
within an initial study, and it was suggested that NL63-S might not harbor a single
continuous RBD (Hofmann et al. 2006). However, subsequent analyses narrowed
the region responsible for ACE2 binding to amino acids 301-643 and 476-616,
respectively, and a SARS-S RBM-like motif was identified in NL63-S (Li et al.
2007; Lin et al. 2008). Several amino acid substitutions in ACE2 were found to alter
ACE2 usage by SARS-S but not by NL63-S (Hofmann et al. 2006), indicating that
both S proteins might interact with different ACE2 surfaces. This interpretation is
not undisputed (Li et al. 2007) and solution of the structure of NL63-S in complex
with ACE2 might be required to clarify whether SARS-S and NL63-S recognize
ACE2 differentially. In any case, it is clear that both viruses employ different
mechanisms to activate membrane fusion once the S proteins have bound to
ACE2. Thus, it is believed that upon ACE2 engagement SARS-CoV is internalized
into endosomal vesicles, where the pH-dependent cellular protease cathepsin
L activates SARS-S by cleavage (Simmons et al. 2005). In contrast, low pH and
cathepsin activity seem to be largely dispensable for NL63-S-driven entry and it is
at present unclear how NL63-S-driven membrane fusion is triggered (Huang et al.
2006; Hofmann et al. 2006).

1.44 SARS Versus NL63: A Correlation Between ACE2
Downregulation and Viral Pathogenicity?

NL63 is a globally distributed pathogen which is acquired early in childhood and
does not usually cause severe disease (Pyrc et al. 2007). This observation contrasts
with the high pathogenicity of SARS-CoV and raises the question of which viral
factors determine disease severity. Again, S protein interactions with ACE2 might
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play a central role. Thus, a milestone discovery by Imai and colleagues indicated
that ACE2 expression protects against development of acute respiratory distress
syndrome (ARDS) (Imai et al. 2005). ACE2 is an integral component of the renin—
angiotensin system (RAS), a key regulator of blood pressure and, as demonstrated
by Imai and colleagues (Imai et al. 2005), lung function (Imai et al. 2008; Penninger
et al. 2008). Knock-down of ACE2 in a mouse model caused accumulation of
angiotensin II, which promoted development of ARDS by signaling via the AT1R
receptor (Imai et al. 2005, 2008; Penninger et al. 2008). Conversely, inhibition of
ATIR and application of soluble ACE2 protected against ARDS (Imai et al. 2005).
Interestingly, a soluble form of the S1 subunit of SARS-S was shown to down-
regulate ACE2 expression in vitro and in vivo (Kuba et al. 2005), indicating that
SARS-S engagement of ACE2 might promote SARS development even in the
absence of productive infection. The S protein of NL63 exhibits a markedly
reduced affinity for ACE2 compared to SARS-S (Mathewson et al. 2008) and
seems to engage the receptor in a different fashion (Hofmann et al. 2006), suggest-
ing that differential ACE2 downregulation by SARS-CoV and NL63 could contrib-
ute to the differential pathogenicity of these viruses. However, it is largely unclear
how SARS-CoV decreases ACE2 expression and the effect of NL63 on ACE2
levels has not been systematically investigated. Notably, a recent study indicates
that SARS-S might promote shedding of the ACE2 ectodomain by inducing ACE2
cleavage by TACE/ADAM17 (Fig. 1.2), a process that seems to be essential for

SARS-CoV
ANG1 ANG-(1-7) ; ?
Ny ANG2 j /ACEZ Cleavage
o @
ATIR AT2R >

MO ]

| Lung injury, SARS | <—| ACE2 Down-regulation |

Fig. 1.2 ACE2 downregulation by SARS-S might promote development of SARS (adapted from
Kuba et al. 2006). ACE and ACE2 are key components of the renin—angiotensin system. ACE
processes angiotensin I (ANG1) into angiotensin II (ANG2) and accumulation of ANG2 can
promote acute lung failure via angiotensin II type 1 receptor (AT1R). This process is prevented by
ACE2, which converts ANG2 into angiotensin 1-7 (ANG-(1-7)). The angiotensin II type 2 receptor
(AT2R) also exerts a protective function. The interactions of SARS-S with ACE2 drive infectious
entry but also induce downregulation of ACE2, possibly by promoting ACE2 cleavage by TACE/
ADAM17. Diminished ACE2 expression then facilitates SARS development. ACE: angiotensin-
converting enzyme; TACE: TNF-a converting enzyme; ADAM17: ADAM metallopeptidase
domain 17
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infectious entry (Haga et al. 2008). In contrast, NL63-S did not induce appreciable
ACE2 shedding (Haga et al. 2008). Thus, the previously observed ACE2 down-
regulation by SARS-S might have been due to proteolytic cleavage and dissociation
of the ectodomain rather than ACE2 internalization and degradation. However, it is
unclear if shedding of the ACE2 ectodomain actually exacerbates SARS develop-
ment, considering that soluble ACE2 protects against ARDS in a mouse model
(Imai et al. 2005).

1.5 Cleavage by Endosomal Cathepsin Proteases
Activates SARS-S

Class I fusion proteins usually require proteolytic cleavage to transit into an
activated state (Hofmann and P6hlmann 2004; Kielian and Rey 2006). However,
the strategies to accomplish proteolytic activation can vary. Many fusion proteins
are cleaved by subtilisin-like proteases in the secretory pathway of infected cells,
and proteolytically processed proteins are incorporated into virions. This applies to
the S proteins of most strains of murine hepatitis virus (MHV), a group II corona-
virus. The membrane fusion reaction is subsequently triggered by binding of the
cleaved S proteins to their cellular receptor, CEACAM-1 (Williams et al. 1991;
Nash and Buchmeier 1997; de Haan et al. 2004; Qiu et al. 2006). Consequently,
entry is pH-independent and encompasses fusion of the viral membrane with the
plasma membrane of target cells (Nash and Buchmeier 1997; de Haan et al. 2004;
Qiu et al. 2006). The influenza virus HA is either cleaved by subtilisin proteases in
the secretory pathway or by secreted proteases present in the lung lumen. However,
subsequent binding to the receptor determinant sialic acid does not trigger mem-
brane fusion but internalization into endosomal vesicles, where fusion is triggered
by low pH (Eckert and Kim 2001). Thus, infectious entry of influenza viruses is
pH-dependent and is facilitated by fusion of the viral membrane with endosomal
membranes (Eckert and Kim 2001).

The SARS-S protein employs a mixture of the entry strategies described above.
At present, there is no evidence for appreciable cleavage of SARS-S produced in
infected cells (Xiao et al. 2003; Yang et al. 2004; Simmons et al. 2004; Yao et al.
2004; Hofmann et al. 2004b), with the exception of a single report (Wu et al. 2004).
It has been documented that the presence of furin can augment SARS-S activity and
that a furin inhibitor blocks SARS-CoV infection (Bergeron et al. 2005; Follis et al.
2006). However, cleavage of SARS-S has not been detected under these conditions
(Bergeron et al. 2005; Follis et al. 2006). Instead, a seminal study by Simmons and
colleagues showed that SARS-S is activated by the endosomal, pH-dependent
protease cathepsin L upon uptake into target cells, and that cathepsin L activity is
essential for infectious entry (Simmons et al. 2005). Cathepsin B can also contribute
to SARS-S activation but seems to be of minor importance compared to cathepsin L
(Simmons et al. 2005). Importantly, appropriate SARS-S cleavage by cathepsin L
seems to require a modest conformational rearrangement of SARS-S (Simmons
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et al. 2005), which is induced upon binding to ACE2 (Beniac et al. 2007). Thus,
SARS-S-driven entry is pH-dependent and relies on fusion of viral and endosomal
membranes (Yang et al. 2004; Simmons et al. 2004, 2005; Hofmann et al. 2004b).
However, acidic conditions are required for cathepsin activity and have no trigger-
ing effect on SARS-S (Simmons et al. 2005).

The cathepsin L cleavage site in SARS-S was mapped to T678, when recombi-
nant proteins were employed (Bosch et al. 2008), but evidence that T678 is
important for SARS-CoV entry is lacking and cathepsin L-mediated cleavage of
virion-associated SARS-S in target cells remains to be demonstrated. It is also
unclear if cellular proteases other than cathepsin B and L can allow SARS-S-driven
entry into certain target cells. An activating function of factor Xa has recently been
suggested (Du et al. 2007) but the results await confirmation. Finally, it is notewor-
thy that engineered cleavage of SARS-S in virus-producing cells can ablate the
need for cathepsin activity in target cells (Watanabe et al. 2008). This finding
highlights the need to analyze if SARS-S is cleaved in primary lung cells and to
determine if cathepsin activity is indeed required for viral spread in vivo — infor-
mation pivotal to efforts aiming at the development of cathepsin inhibitors for
antiviral therapy.

1.6 Membrane Fusion is Driven by Conserved Elements
Located in the S2 Subunit of the SARS Spike Protein

The functional organization of SARS-S2 resembles that of the TMs of other class I
fusion proteins and SARS-S-driven membrane fusion reaction follows the prin-
ciples previously established for other class I fusion proteins (Hofmann and
Pohlmann 2004): membrane fusion commences by insertion of the fusion peptide
into the target cell membrane (Fig. 1.3). In this context, it is worth noting that
SARS-S, in contrast to, for example, HIV Env and influenza HA, contains an
“internal” fusion peptide, which does not constitute the N terminus of S2 but may
comprise amino acids 770-788 (Sainz et al. 2005). Upon fusion peptide insertion,
the S2 subunit is connected with the viral and the target cell membrane. Subse-
quently, the C-terminal HR (termed HR2) folds back onto the N-terminal HR
(termed HR1), forming an energetically stable six-helix bundle structure, in which
HR1 and HR?2 are oriented in an antiparallel fashion (Bosch et al. 2003; Tripet et al.
2004; Liu et al. 2004; Supekar et al. 2004; Ingallinella et al. 2004; Xu et al. 2004;
Hsu et al. 2004). Thereby, viral and target cell membranes are pulled into close
proximity, allowing the membranes to merge (Fig. 1.3). Peptides derived from
HR2, which bind to HR1 and block the formation of the six-helix bundle, are used
for therapy of HIV infection (Este and Telenti 2007). A similar approach was
successful for blockade of SARS-CoV spread in cell culture (Bosch et al. 2003;
Liu et al. 2004; Zhu et al. 2004; Yuan et al. 2004; Ni et al. 2005), but the inhibitors
developed were not as potent as those used to treat HIV infection. One reason
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SARS-CoV

i
\ Endosome, H Endosome, H'

clathrin-, caveolae-

independent? Fusi()n
CatL,
Sl
L ==
Cathepsin cleavage, Six-helix bundle
initiation of fusion formation
P d NS - Inhibition
h— .
HR2 peptide Of fus]on
Il S1 subunit [ HR2
—— Fusion peptide [ Transmembrane domain
B HR1 Cytoplasmic tail

Fig. 1.3 Cellular entry of SARS-CoV and its inhibition (adapted from Hofmann and P6hlmann
2004). The cellular entry of SARS-CoV commences by binding of the S protein to its receptor
ACE2. Bound virus is then taken up into target cells, possibly by a clathrin- and caveolae-
independent mechanism (Wang et al. 2008). The S protein is cleaved by the pH-dependent cellular
protease cathepsin L in endosomes, and cathepsin L activity is essential for infectious entry. The
membrane fusion reaction starts with the insertion of the fusion peptide into the target cell mem-
brane. Formation of the stable six-helix bundle structure brings the viral and the target cell
membrane into close proximity and is intimately associated with membrane fusion. The fusion
reaction can be inhibited by HR2-derived peptides, which bind into a groove on HR1 and thereby
prevent back-folding of HR2 onto HR1 and thus the formation of the six-helix bundle structure

for the decreased potency might be inherent to the cellular location of the mem-
brane fusion reaction: the HIV Env protein drives fusion with the plasma cell mem-
brane, and the target of the inhibitory peptides is readily accessible. In contrast,
SARS-CoV fuses with endosomal membranes, and inhibitors must be taken up into
endosomes to efficiently block the fusion reaction. Potentially, this could present a
significant hurdle to the development of fusion inhibitors for therapy of SARS-CoV
infection (Watanabe et al. 2008).
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1.7 Conclusions

The cellular entry of SARS-CoV is a multistep process which involves the forma-
tion of several transient intermediates. All structures participating in the entry
cascade are potential targets for inhibitors and the feasibility of several approaches
to prevent entry has already been demonstrated. The first step, SARS-S engagement
of ACE2, is an attractive target for both preventive and therapeutic approaches.
Thus, the immunization with the RBD has been shown to elicit neutralizing anti-
bodies (He et al. 2004a, 2005), and monoclonal RBD-specific antibodies which
exhibit potent antiviral effects in animal models have been identified (Sui et al.
2004, 2005; Rockx et al. 2007; Zhu et al. 2007). In addition, SARS-S binding to
ACE2 can be inhibited by nonpeptidic molecules targeting the receptor (Huentelman
et al. 2004), and soluble ACE2 was shown to block SARS-CoV infection (Hofmann
et al. 2004a) and to protect against ARDS (Kuba et al. 2005), making this approach
particularly promising. The S protein can also be targeted by lectins, which
bind glycans on the S protein and thereby block viral entry (van der Meer et al.
2007; Keyaerts et al. 2007), albeit issues concerning potential toxicity and anti-
genicity remain to be addressed. After binding to ACE2 and uptake into target
cells, the S protein must be activated by cathepsin L, and potent cathepsin L
inhibitors are available (Simmons et al. 2005). However, the role of cathepsin L
in viral spread in vivo remains to be assessed, and knock-out mice (Reinheckel et al.
2001) might be suitable tools for these endeavours. Finally, inhibitors of the fusion
reaction have been described (Bosch et al. 2003; Liu et al. 2004; Zhu et al. 2004;
Yuan et al. 2004; Ni et al. 2005), but optimization of available compounds and
generation of nonpeptidic compounds is desirable. In summary, the approaches
described above, particularly combinations thereof, should allow development of
compounds suitable for effectively preventing or combating future outbreaks of
SARS-CoV.
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Chapter 2
The Cell Biology of the SARS Coronavirus
Receptor, Angiotensin-Converting Enzyme 2

Daniel W. Lambert

Abstract The identification of angiotensin-converting enzyme 2 (ACE2) as a
cellular receptor for the SARS coronavirus (SARS-CoV) rejuvenated research
into what was regarded by some as a minor player in the renin—angiotensin system.
The discovery of its double life led to breathtaking advances in the understanding of
virtually all aspects of its biology, including its structure, physiological and patho-
physiological roles and cell biology. ACE2, like its well-known homologue, ACE,
is a metallopeptidase which resides on the cell surface of the epithelial, and
sometimes endothelial, cells of the heart, kidney, testes, lung and gastrointestinal
tract. It is a type I transmembrane protein with a large catalytic extracellular domain
which acts as both a peptidase and a viral receptor. This extracellular domain can be
cleaved from the cell surface by other peptidases, modulating its activity. The levels
of the enzyme on the cell surface are also thought to be regulated by internalisation
on S-protein binding and by clustering in membrane microdomains known as lipid
rafts. This chapter summarises the current understanding of how the cell biology of
ACE?2 is regulated and may influence and determine its function, and concludes by
discussing the future challenges and opportunities for studies of this increasingly
important enzyme.

2.1 Introduction

Angiotensin-converting enzyme 2 (ACE2) was first identified in 2000 simulta-
neously by two groups using distinct methodologies (Donoghue et al. 2000; Tipnis
et al. 2000). Its close mammalian homologue, angiotensin-converting enzyme
(ACE), is a well-characterised angiotensinase and prominent therapeutic target in
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hypertension, leading to a concentration of early studies of ACE2 on its substrate
specificities and role in the renin—angiotensin system (RAS). Like ACE, ACE2 is a
zinc metallopeptidase which is able to hydrolyse a wide variety of substrates. Of
these, the best studied in the context of ACE2 are angiotensin I (Ang I) and
angiotensin II (Ang II), peptides involved in regulating blood pressure and tissue
fibrosis. Although able to cleave both peptides, it has become clear that the
mitogenic and hypertensive peptide Ang II is the predominant physiological sub-
strate of ACE2, being cleaved to the vasodilatory peptide angiotensin-(1-7). This
suggested that ACE2 is therefore likely to have a beneficial role in cardiovascular
disease, a finding which slowed research efforts due to its unsuitability as a target
for conventional pharmacological intervention. The discovery of a role for ACE2 as
areceptor for the SARS coronavirus (SARS-CoV) (Li et al. 2005), however, led to a
reinvigoration and diversification of research effort toward understanding the tissue
distribution and cell biology of ACE2.

2.2 Clues from Homologous Proteins

ACE?2 is an 805-amino-acid glycoprotein bearing significant sequence homology in
its N-terminal domain to somatic ACE and in its cytoplasmic, C-terminal domain to
collectrin, also known as Tmem27 (Fig. 2.1). Analysis of the amino acid sequence
of ACE2 reveals a putative signal peptide and transmembrane domain, indicating
that it, like its homologue ACE, is expressed as a type I (N-terminal domain
extracellular) transmembrane protein. The extracellular domain shares significant
sequence identity with the equivalent region of ACE, but unlike somatic ACE,
contains only a single HEMGH zinc-binding catalytic motif, as is the case with the
germinal isoform of ACE (Fig. 2.1). The intracellular, carboxy-terminal region of
ACE2, however, shares no homology with ACE but instead closely resembles that
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Fig. 2.1 Alignment of ACE2 sequence with homologous proteins. Regions of homology are
indicated with shading. All four proteins contain signal peptides and transmembrane regions,
but collectrin contains no catalytic residues. ACE2 is homologous with both the N terminus of
somatic ACE and the C terminus of collectrin
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Fig. 2.2 Orientation of ACE2 and its homologues in the plasma membrane. ACE2 and its
homologues are type I membrane proteins, with an extracellular amino-terminal domain and an
intracellular carboxy-terminal domain. ACE2, somatic ACE and germinal ACE contain catalytic
sites (represented as “Pacman” shapes) in the extracellular domain; collectrin does not

of collectrin, a non-catalytic protein with a small extracellular domain expressed in
the kidney (Zhang et al. 2001) and pancreas (Fukui et al. 2005). This structure
suggests the possibility that ACE2 may represent a gene fusion product between
ACE and collectrin. The regions of homology between the four proteins are further
illustrated in Fig. 2.2, which illustrates the orientation of the proteins in the plasma
membrane.

The membrane localisation of ACE2 and ACE is in keeping with their roles in
the RAS, allowing their extracellular catalytic sites to cleave circulating angioten-
sin (and other) peptides. In polarised epithelial cells in culture, ACE2 is trafficked
predominantly to the apical membrane, with little detectable in the basolateral
compartment (Warner et al. 2005). Interestingly, ACE displays a different localisa-
tion, being equally distributed between apical and basolateral membrane compart-
ments. While the mechanisms responsible for this difference have yet to be
identified, it is likely that distinct targeting motifs may reside in the disparate
cytoplasmic domains of the two proteins. This suggestion is reinforced by the
primarily apical expression of collectrin (Zhang et al. 2001), which shares homol-
ogy in its cytoplasmic domain with ACE2 but not ACE, in collecting duct epithelial
cells in the kidney.

In vivo, ACE2 is expressed predominantly in the heart, kidneys and testes
(Tipnis et al. 2000), and to a lesser extent the lung and gastrointestinal tract, with
low levels detectable in most tissues (Hamming et al. 2004). In the heart, ACE2 is
expressed predominantly in cardiac myofibroblasts (Guy et al. 2008), cardiac
myocytes and endothelial cells (Burrell et al. 2005), although this distribution is
reported to vary between species. In the kidney, ACE2 is expressed in proximal and
distal tubular epithelial cells, with low levels detectable in the glomeruli. Immuno-
histochemical analysis demonstrates a predominantly membranous expression pat-
tern for ACE2 in these cells, with immunoreactivity strongest in the apical brush
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border (Brosnihan et al. 2003). These findings are in keeping with the observed
localisation in polarised kidney epithelial cells in culture (Warner et al. 2005). In
the lung ACE2 is primarily confined to the epithelium, with cell surface expression
detected in Clara and type II cells, but is also found in smooth muscle and
endothelial cells (Wiener et al. 2007). In lung epithelial cells grown in culture,
ACE?2 is expressed predominantly in the apical membrane compartment (Ren et al.
2006), in keeping with its role as a receptor for SARS-CoV.

2.3 Regulation of ACE2 Expression on the Cell Surface

The levels and function of cell-surface proteins may be controlled in a number of
ways, including modulation of gene expression, shedding of the protein from the
cell surface, internalisation and clustering in lipid microdomains within the plasma
membrane. This chapter will concentrate on the mechanisms regulating the levels
of the mature ACE2 protein on the cell surface.

2.3.1 Proteolytic Cleavage Secretion

Many membrane proteins, particularly type I transmembrane proteins, undergo a
proteolytic cleavage secretion event, more commonly referred to as “shedding,” in
which the ectodomain of the protein is cleaved by a proteinase, often a member of
the matrix metalloproteinase (MMP) or a disintegrin and metalloproteinase
(ADAM) families, and released into the extracellular milieu (illustrated in
Fig. 2.3) (Huovila et al. 2005). This process may serve to release a ligand, allowing
it to bind to its receptor (e.g., cytokines such as TNF-a), or simply to downregulate
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Fig. 2.3 Ectodomain shedding. Many transmembrane proteins, particularly those with an extra-
cellular amino-terminal domain, are subject to a “shedding” event in which an intramembrane
proteinase cleaves the juxtamembrane region of the target protein (a), releasing its ectodomain
into the extracellular milieu (b)
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the levels or activity of a protein on the cell surface. ACE2 (along with its
homologue ACE) is subject to such an ectodomain shedding event, releasing a
catalytically active ectodomain, a process regulated by protein kinase C activation
and involving a member of the ADAM family, TACE (TNF-a converting enzyme)
(Lambert et al. 2005, 2008). While the physiological significance of this shedding
event is not clear, increased levels of circulating ACE2 have been detected in
cardiovascular disease (Shaltout et al. 2008), and the ability of cleaved (soluble)
ACE2 to reduce SARS-CoV infectivity is well established (Li et al. 2003). Intrigu-
ingly, however, siRNA-mediated TACE downregulation reduces the ability of
SARS to infect Huh7 cells (Haga et al. 2008), suggesting the role of ACE2 shedding
in SARS infection is more complex than is readily apparent.

Commonly, the transmembrane regions of shed proteins are subsequently sub-
ject to further intramembrane cleavage, generating a short carboxy-terminal frag-
ment, a process termed regulated intramembrane proteolysis (RIP) (Medina and
Dotti 2003). It has been demonstrated for a number of proteins, most notably notch
and Alzheimer’s precursor protein (APP) but also the ACE2 homologue, ACE
(Fleming 2006), that this carboxy-terminal fragment is able to trigger signalling
events leading to changes in the expression of target genes. Whether such a
signalling mechanism occurs following ectodomain shedding of ACE2 remains to
be established. The cytoplasmic domain of ACE2 is known, however, to have a
regulatory role, both in terms of ectodomain shedding (Lambert et al. 2008) and
SARS infectivity (Haga et al. 2008). Association of the cytoplasmic tail with a
ubiquitous calcium-binding protein, calmodulin, reduces the release of its ectodo-
main suggesting a role for calmodulin in regulating ACE2 expression on the cell
surface. The role of the cytoplasmic domain on SARS infection is controversial;
Haga et al. (2008) recently reported that entry of SARS-CoV is dependent on the
presence of the cytoplasmic domain of ACE2, a finding in direct contrast to those of
Pohlmann et al. (2006) and Inoue et al. (2007) who suggest that entry is not
dependent on the presence of this domain. These differences remain to be resolved
but are likely due to the different experimental systems used.

2.3.2 The Role of Membrane Microdomains

It is thought that within the plane of plasma membranes, clusters of lipids such as
sphingolipids and cholesterol form microdomains often termed lipid rafts.
Although still somewhat controversial, a large body of evidence indicates that
lipid rafts influence signalling and protein—protein interactions by partitioning
and clustering proteins. Much of this evidence comes from studies in which cellular
cholesterol is depleted using agents such as methyl-f-cyclodextrin. Cholesterol
depletion alters the ability of a number of viruses to infect mammalian cells,
including SARS-CoV. Studies by Glende et al. (2008) have revealed cholesterol
dependence for SARS-CoV entry into cells on the presence of lipid rafts, possibly
due to clustering of ACE2 into these microdomains. Furthermore, it has been
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demonstrated that virus entry is mediated by internalisation of ACE2 upon
S-protein binding into endosomes by a clathrin- and caveolin-independent mecha-
nism involving lipid rafts (Wang et al. 2008). A degree of controversy remains
about the role of membrane microdomains in regulating SARS-CoV entry, how-
ever, as others have failed to detect ACE2 in lipid raft preparations (Warner et al.
2005). The reasons for these discrepancies remain unclear, but are likely to be due
to the use of heterologously- or endogenously-expressed ACE2 and/or differences
in lipid raft preparation methodologies.

2.4 Conclusions and Future Perspectives

The serendipitous discovery of ACE2 as the cellular receptor for SARS-CoV
rejuvenated studies analysing the cell biology of a protein previously thought by
some only to be a minor player in the RAS. This reinvigoration of research not only
led to important discoveries regarding the mechanisms regulating the expression of
ACE?2 at the cell surface, impacting on its function as the SARS-CoV receptor, but
also helped stimulate studies which revealed an unexpectedly significant role for
ACE2 in the RAS. Further work is required to fully elucidate the mechanisms
regulating the cell surface function of ACE2; it is likely to interact with as-yet-
unidentified proteins and may turn out to have intracellular signalling functions
which influence its function and the function of other proteins. At present, most of
the cell biological studies of ACE2 have been directed at analysing post-transcrip-
tional events regulating its function. Changes in the levels of ACE2, however, have
been identified in a wide variety of pathologies, suggesting that transcriptional and
post-transcriptional regulatory mechanisms may also have an important role.
Indeed, recent studies have indicated a number of pathways which may regulate
ACE2 at the molecular level. Whatever the focus of future studies turns out to be,
however, it seems unlikely that ACE2 has given up all its secrets yet.
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Chapter 3

Structural Molecular Insights into SARS
Coronavirus Cellular Attachment, Entry
and Morphogenesis

Daniel R. Beniac and Timothy F. Booth

Abstract Coronavirus spikes have the largest mass of any known viral spike
molecule. The spike is a type 1 viral fusion protein, a class of trimeric surface
glycoprotein proteins from diverse viral families that share many common struc-
tural and functional characteristics. Fusion proteins are mainly responsible for host
cell receptor recognition and subsequent membrane fusion, and may perform other
roles such as virus assembly and release via budding. The conformational changes
that occur in the spike of intact SARS coronavirus (SARS-CoV) when it binds to
the viral receptor, angiotensin-converting enzyme 2 (ACE2) are described. Clues to
the structural/functional relationships of membrane fusion have been made possible
by the development of viral purification and inactivation methods, along with cryo-
electron microscopy (cryo-EM) and three-dimensional (3D) image processing of
many different images containing multiple views of the spikes. These methods have
allowed study of the spikes while still attached to virions that are noninfectious, but
fusionally competent. The receptor-binding and fusion core domains within the
SARS-CoV spike have been precisely localized within the spike. Receptor binding
results in structural changes that have been observed in the spike molecule, and
these appear to be the initial step in viral membrane fusion. A working model for
the stepwise process of receptor binding, and subsequent membrane fusion in
SARS-CoV is presented. Uniquely, the large size of the SARS-CoV spike allows
structural changes to be observed by cryo-EM in the native state. This provides a
useful model for studying the basic process of membrane fusion in general, which
forms an essential part of the function of many cellular processes.
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3.1 Structure of SARS Coronavirus (SARS-CoV)

The earliest coronavirus isolates were identified from mammalian and avian
sources in the 1930s and 1940s (Beaudette and Hudson 1937; Doyle and Hutchings
1946; Cheevers and Daniels 1949). At this time, electron microscopy revealed
prominent large spikes on the surface of virions, whose resulting crown-like
appearance gave rise to the name coronavirus (Fig. 3.1). Coronaviruses have 4-5
structural proteins including the spike protein (S), envelope protein (E), membrane
protein (M), nucleocapsid protein (N), and members of the coronavirus phyloge-
netic subgroup 2a have a shorter S protein called hemagglutinin esterase (HE). The
SARS-CoV genome is unusually large at ~29.7 kb, and encodes 14 open reading
frames for several proteins, (Marra et al. 2003; Rota et al. 2003). On the interior, the
lipid envelope of SARS-CoV appears to have a gap observed as a low density in
three-dimensional (3D) structures (Fig. 3.2) and then a more dense layer, which is
presumably the surface of the nucleocapsid comprising mainly the N protein.
Details of how this nucleocapsid is organized are not clear; however, the N protein
is presumably anchored to the cytoplasmic side of the virion envelope via the

e

Fig. 3.1 EM images of y-irradiated SARS-CoV. Immuno-EM with 10 nm gold confirmed the
attachment of neutralizing antibodies to the spike (a, b), and the binding of soluble ACE2 to the
spike (¢). (d) SARS-CoV negative-stained with methylamine tungstate shows the virions to be
spherical/pleomorphic, with the spikes clearly visible from the side perspective. (e) Cryo-EM
provides additional details including the end-on perspective views of the spikes. (f) The central
section of an electron tomogram of a negative-stained SARS-CoV clearly shows the viral envelope
with Ehe spikes attached. (g) Schematic model of SARS-CoV. Scale bars: (black) 1,000 A, (white)
500 A
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Fig. 3.2 Image analysis was employed to investigate the spike of SARS-CoV. (a) Image average
of the virion clearly shows the lipid bilayer (Bi), a prominent gap (G), and the nucleocapsid (NC).
(b) 2D class averages of the spike (S) presenting end-on and side-view perspectives. (¢) 3D model
of SARS-CoV, with a wedge cut out of it to reveal the nucleocapsid. Legend: (S) spike, green; (Bi)
lipid bilayer, beige; (G) gap; (NC) nucleocapsid, red. Scale bar: 150 A

M protein, which is a low abundance protein and may account for the “gap” of low
density between the envelope and the nucleocapsid. Electron microscopic
examination shows no evidence for supercoiled RNA such as that seen in para-
myxoviruses and the interior appears amorphous by cryo-electron microscopy
(cryo-EM); hence the arrangement whereby the RNA may be bound to the nucleo-
capsid protein is not clear.

A striking feature of the SARS-CoV spike is its huge mass (~500 kD per trimer).
However, despite the size differences, the SARS-CoV spike performs the same
fundamental task in viral entry to the host cell as other smaller type 1 viral fusion
proteins, such as the influenza hemagglutinin (HA) (~220 kD per trimer). The
SARS-CoV spike can be subdivided into four structural domains (from N to
C terminus); two large external domains S1 and S2 are largely responsible for
receptor binding and membrane fusion, respectively. In most type 1 viral fusion
proteins the analogous peptides are generated by proteolysis of the spike precursor
during the maturation process in the host cell, yielding two peptides with the fusion
peptide on the N terminus of S2. In SARS-CoV the S1/S2 assignment is given based
on sequence homology to other viral fusion proteins, although there appears to be
no peptide cleavage. The final two small domains are comprised of a transmem-
brane domain, and a carboxyterminal cytoplasmic domain. The cell-surface mole-
cule angiotensin-converting enzyme 2 (ACE2) is the receptor for the SARS-CoV S
protein (Li et al. 2003) which is a relatively large macromolecule with a diameter of
70 A. By comparison, the receptor for influenza HA, sialic acid, is much smaller
with a 10 A diameter.

One of the challenges of achieving structural molecular studies with native
SARS-CoV is that it is classified as a biological safety level 3 organism, requiring
handling in containment. However, once it was shown that specimens could be
v-irradiated with a sufficient dose (2 Mrad) for viral inactivation, while still
preserving protein structure, it was possible to carry out cryo-EM of intact virions
and to obtain the 3D structure of the native, unfixed virions and the spike, using
single particle image processing and averaging from multiple images containing
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many different viewing angles of the molecule (Booth et al. 2005; Beniac et al.
2006). Immunolabeling showed that these virions were intact antigenically as well
as structurally (Fig. 3.1) and still able to bind to the SARS-CoV receptor, ACE2.

3.2 Structure of the Coronavirus Spike

Cryo-EM coupled with 3D single-particle image analysis has been used to deter-
mine the structure of the SARS-CoV spike, and positioning of the binding of ACE2
to the spike (Beniac et al. 2006, 2007). Spikes on the surface of virus particles are
readily imaged by cryo-EM in the frozen-hydrated native state (Fig. 3.1e). 3D
image processing was carried out on selected spikes using single-particle image
processing (Penczek et al. 1994; Frank et al. 1996; Beniac et al. 2006). The
structures of both the spike and the spike—ACE2 complex have been solved to
18.5 A resolution (Figs. 3.2 and 3.3; Beniac et al. 2006, 2007). The spike shows a
striking structure, being about 180 A in diameter and with three distinct lobes or
domains 50 A thick on each subunit of the trimer (similar in appearance to the
blades of a propeller), and a thin stalk connecting the spike to the viral envelope.
The blades are twisted at an angle of ~30° to the axis of symmetry, and are almost
certainly composed of the spike S1 domain.

Fig. 3.3 3D reconstructions presented as shaded surfaces are shown from the side (upper) and
end-on (lower) perspectives. Cryo-EM reconstruction of the SARS-CoV spike (a), and SARS-
CoV spike—ACE2 complex (b). (¢) The atomic resolution structures were docked within the
SARS-CoV spike—ACE2 3D reconstruction; PDB ID code: 2AJF (ACE2, blue; receptor-binding
domain, red), and 2FXP (yellow). The arrow points to the C terminus of ACE2. Color scheme:
ACE2, violet; spike, green; stalk, blue; envelope, beige; nucleocapsid, red. Scale bar: 100 A
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Fig. 3.4 The cryo-EM reconstruction of the SARS-CoV spike (a.f) was subtracted from the
SARS-CoV spike—~ACE2 complex (e,j). The positive component attributed to the SARS-CoV
spike in (b,g) indicates a rearrangement in the S2 core, and the positive component attributed
the SARS-CoV-ACE2 complex shows the addition of ACE2 and an exterior rearrangement in
S1 (d,i). The net difference map is presented in (c,h). The structures are presented from a side
perspective (a—e) and end-on perspective (f—j). The arrows in (f) and (j) illustrate the mass
reorganization that occurs in the central axis of the spike where one small central blob splits
into three nubs. In (af) the region on the spike adjacent to ACE2 which corresponds to the
receptor-binding domain has been highlighted with a dotted line and is colored purple. The color
scheme is the same as in Fig. 3.3. Scale bar: 100 A

ACE?2 binding does not result in a fundamental structural unfolding of the spike.
However, the overall height of the spike was reduced from 160 A to 150 A
following binding. When viewed end-on, the spike undergoes a rotation of ~5°
following binding, and the mass at the center of the axis of symmetry on the distal
end of the spike redistributes itself. These redistributions of mass were further
identified in difference maps between the two reconstructions (Fig. 3.4). Upon
ACE2 binding the spike undergoes a decondensation of mass around the central
axis (Fig. 3.4b,g; blue). This region is the putative location of the S2 domain. The
difference map for the bound spike (Fig. 3.4d,i) shows changes in both the ACE2
component (purple) and the outer edges of the three “blades” of the S1 domain
(green).

The precise location of ACE2 binding on the distal end of the spike is centered at
70 A from the central axis of the spike, with a 30 A gap between the axis of
symmetry and ACE2. One ACE2 molecule can bind to each of the three propeller-
like blades of the spike, making a structure 220 A high (Fig. 3.3b). Binding of more
than one ACE2 to each spike (on one or both of the other two propeller blades of
each trimer) is possible, hence binding of one ACE2 molecule does not stearically
hinder binding of additional ACE2 molecules.

The cryo-EM 3D structures of the spike and the spike—ACE2 complex, when
combined with the atomic resolution structures of the SARS-CoV spike receptor-
binding domain — ACE2 complex (Li et al. 2005a) and the heptad repeat pre- and
postfusion cores (Supekar et al. 2004; Hakansson-McReynolds et al. 2006), show
that the receptor-binding domain docks to the distal end of the spike with ACE2
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filling the extra mass on the spike (shown by the color violet in Fig. 3.3). The empty
upper region of the mass appears to be components of the second ACE2 and the Fc
component of the chimeric protein, and the location of the C-terminus of the docked
ACE2 was consistent with this interpretation.

3.3 Viral Membrane Fusion in SARS-CoV

Viral membrane fusion proteins are responsible both for binding to cellular recep-
tors, and the subsequent fusion of viral and cellular membranes. The paradigm for
type 1 fusion proteins consists of two heptad repeat regions, and a hydrophobic
fusion peptide (Dutch et al. 2000). This motif is present in SARS-CoV (Hakansson-
McReynolds et al. 2006) and other coronaviruses (Xu et al. 2004), as well as the
hemagglutinin (HA) of influenza (Skehel and Wiley 2000), gp21 of human T-cell
leukemia virus type 1 (Kobe et al. 1999), gp41 of HIV(Weissenhorn et al. 1997),
GP2 of Ebola (Weissenhorn et al. 1998; Malashkevich et al. 1999), and the fusion
protein of paramyxovirus (Zhao et al. 2000; Chen et al. 2001). Type 1 viral fusion
proteins can also be divided into two subtypes: those whose fusion mechanism is
low pH-dependent such as influenza HA, and those that are pH-independent like the
retroviral fusion proteins. In retroviruses, receptor binding itself can trigger fusion,
with temperature and redox conditions also influencing the fusion mechanism
(Hernandez et al. 1997; Damico et al. 1998). The SARS-CoV spike appears to be
insensitive to redox conditions (Fenouillet et al. 2007). Although the factors which
trigger fusion (endocytosis, pH sensitivity, single receptor vs. primary and core-
ceptor binding, redox change) differ amongst diverse virus families, all viral fusion
proteins are thought to share the same basic fusion mechanism (Baker et al. 1999;
Skehel and Wiley 2000; Dutch et al. 2000; Colman and Lawrence 2003; Dimitrov
2004; Hofmann and Pohlmann 2004).

The precise mechanisms by which type 1 viral fusion proteins gain access to the
host cell remain unknown. The hypothetical entry process includes several steps
that take place in sequence: receptor binding, fusion core rearrangement, fusion
peptide insertion in host cell membrane, refolding of heptad repeats, membrane
fusion, and finally viral nucleocapsid transfer (Earp et al. 2005).

3.4 Cellular Attachment and Entry of SARS-CoV

In most proposed models of membrane fusion it is postulated that the S1 domain or
analogous receptor-binding domains dissociate from the spike during the mem-
brane fusion process. This dynamic process was demonstrated for influenza HA by
Kemble et al. (1992) in their investigation where they engineered intermonomer
disulfide bonds between the HA S1 subunits. The result of this was that fusion
activity was impaired; however it could be restored under reducing conditions. It is
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probable that the SARS-CoV spike shares a similar mechanism, with the structural
changes detected by cryo-EM representing the initial step in this process.

By analogy with other type 1 viral fusion proteins, the fusion core of the SARS-
CoV spike is thought to undergo similar structural rearrangements during fusion.
The receptor-binding domain is localized in a position on the distal end of the
molecule, closer to the 3-fold axis than anticipated, yet still in a position that would
not impede these structural rearrangements. Putative mechanisms by which type 1
viral fusion proteins achieve membrane fusion have been proposed (Baker et al.
1999; Skehel and Wiley 2000; Dutch et al. 2000; Colman and Lawrence 2003;
Dimitrov 2004), but complete structural evidence for the role of intermediate
structures in these mechanisms has yet to be obtained. The structural biology of
this process has been best characterized for the influenza HA, and paramyxovirus
fusion protein (F) for which the prefusion and membrane fusion pH structures have
been determined by X-ray crystallography (Sauter et al. 1992; Bullough et al. 1994;
Skehel and Wiley 2000; Yin et al. 2005, 2006) (Fig. 3.5, inset). All of the
subsequent models for type 1 viral fusion proteins are based on the structural data
of these two fusion proteins. A drawback in all of these models is that they are based
on recombinant ectodomains that are not proven to exist as a component in the
complete molecule, and they lack both membrane-interacting residues and lipids
(Skehel and Wiley 2000). The cryo-EM structures of intact SARS-CoV spike bound
to native virion lipid envelopes are very instructive when atomic resolution frag-
ments are docked within the overall molecule, especially as the entire SARS-CoV
spike has proven to be a difficult subject for X-ray crystallography, and atomic
resolution data exist for only a few fragments of the SARS-CoV spike. This
structural data has been modeled into a scheme to propose a mechanism for
SARS-CoV spike-mediated membrane fusion (Figs. 3.5 and 3.6). In the initial
step the receptor-binding domain of the spike attaches to its human receptor
ACE2. At this point the fusion core is in the prefusion configuration with the
three heptad 2 repeats (HR2) forming a coiled-coil symmetric trimer at the center
of the stalk of the spike (Hakansson-McReynolds et al. 2006).

During the next step of the membrane fusion process the virus is internalized in
the cell by endocytosis and is exposed to a low pH environment, and may undergo
proteolytic cleavage between the S1 and S2 domains (Simmons et al. 2005). The
next step is fusion core rearrangement, so that the fusion peptide (FP) inserts into
the host cell membrane. In Fig. 3.5 this initial process is illustrated with models
MO0-M3, based on the atomic structure of the HR2 prefusion core, which begins to
collapse upon itself in model M3 in a manner similar to that which occurs with
influenza HA (Skehel and Wiley 2000). The inset in Fig. 3.5 illustrates this process
in HA by coloring segments of S2 to illustrate the rearrangement from MO to M3
that takes place. During this process we propose that the receptor-binding domain
still holds on to ACE2 so that the fully extended fusion peptide will be positioned to
penetrate through the host membrane. Our cryo-EM results show that it is possible
for the spike to attach to three ACE2 receptors at once; this may serve to hold on to
the host membrane like a tripod so as to accurately orientate the fusion core
(Fig. 3.7). In addition the 30 A gap between the axis of symmetry and ACE2
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Fig. 3.5 Seven models (M0-M6) are presented which show the hypothetical rearrangement of the
SARS-CoV fusion core which takes place during membrane fusion. For simplicity we show only
one of the three HR1/HR2 structures for each cylindrical model. Models were constructed based
on the structures for influenza HA, presented in the inset at the same scale. The cryo-EM, docked
ACE2-receptor-binding domain, and prefusion core (MO) and postfusion core (M6) structures
provided start and end points for modeling spike rearrangement. Five intermediate models
illustrate the “jack-knife” mechanism of the fusion core. The following color scheme was used:
cryo-EM surface: same as in Fig. 3.3. Ribbon structures: ACE2, white (C terminus blue; spike
receptor-binding domain, red; HR1, pink; HR2, yellow. Cylindrical models: FP, red; HR1, pink;
HR2, yellow. Scale bar: 100 A

provides sufficient space for fusion core rearrangement. Damico et al. (1998)
demonstrated that the kinetics of binding of the Rous sarcoma virus envelope
protein ectodomain to liposomes was not linear with respect to receptor concentra-
tion. This suggested that activation of the trimeric ectodomain favored binding to
multiple receptor monomers. One can therefore infer that other structurally homo-
logous viral envelope proteins can also bind multiple receptors, which may be a
general adaptation that provides the correct temporal and spatial arrangement to
bring about membrane fusion. The observation that the SARS-CoV spike could
bind three soluble ACE2 receptors provides three possible binding states with one,
two or three membrane-bound receptors attached to the spike. In Fig. 3.7 we present
these three states; with only one receptor bound the spike and virus have a wide
range of movement possible, whereas with two receptors bound the movement is
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a S protein: 1,255 amino acids 2BEZ.pdb : 119 amino acids
S1 S2 896-972 1142-1183

_EBD
323-375 382-502 1141-1183
2AJF.pdb: 174 amino acids 2FXP.pdb : 53 amino acids

Fig. 3.6 A schematic of the SARS-CoV spike protein with the location of the known atomic
structures is presented in (a). The following abbreviations are used: RBD, receptor-binding
domain; FP: fusion peptide; HR1: heptad repeat 1; HR2: heptad repeat 2; TM: transmembrane;
CY: cytoplasmic tail. There are several steps involved in viral entry; they can be broken down into
at least six components: (b) receptor targeting, (c¢) viral attachment, (d) fusion core rearrangement
and fusion peptide insertion, (e) fusion core refolding, (f) membrane fusion, and (g) nucleocapsid
transfer. In (b—g) the host membrane is represented using a shaded blue line. The color scheme
used is the same as in Figs. 3.3 and 3.5. Scale bar: 100 A

greatly restricted to motion in one plane only. Only in the case of three bound
receptors will the spike and its fusion core be arranged perpendicular to the cell
surface with minimal movement possible. At present it has not been demonstrated
that membrane fusion requires the fusion core to be oriented perpendicular to the
host cell membrane to function. However, one can hypothesize this based on the
orientation of ACE2 on the distal end of the SARS-CoV spike. It is interesting to
note that binding to three receptor molecules is the minimum number of binding
events required to achieve this perpendicular orientation in 3D space. This obser-
vation matches up with the conserved trimeric structures of type 1 fusion proteins
which are common amongst enveloped viruses, thus indicating that a possible
conserved structural-functional relationship may exist.
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Fig. 3.7 The binding of the SARS-CoV spike to multiple receptors is presented from three 90°
orthographic views (X, Y, and Z axes). When one receptor is bound there is a wide range of motion
possible (a). By binding two receptors the freedom of movement is greatly reduced to motion in
one plane (b). When three receptors are bound, the spike is positioned in such a way that
movement is restrained and the fusion core is perpendicular to the host cell membrane (c). The
host membrane is represented using a shaded blue surface (same as in Fig. 3.6), and the color
scheme used for the SARS-CoV spike is the same as in Fig. 3.3. Scale bar: 100 A

The next step in the membrane fusion process involves the refolding of the
fusion core back upon itself to adopt the postfusion configuration (Supekar et al.
2004) (Fig. 3.5; models M4—M6). In this configuration three heptad 1 repeats (HR1)
form a parallel coiled-coil trimer, and the three HR2 pack in an antiparallel fashion
in the hydrophobic grooves of the HR1 trimer. The result of this is that both the FP
and transmembrane regions of the spike are brought in close proximity to each
other, resulting in the host and viral membranes being in close contact. Each SARS-
CoV virion has an average of 65 spikes (Beniac et al. 2006). At this density, several
spikes would be close enough together to act in concert to disrupt the plasma
membrane and induce pore formation between viral and cellular membranes.
Opening of these pores would allow the SARS-CoV nucleocapsid to enter the
host cell cytoplasm, as shown in our model in Fig. 3.6. Multiple SARS-CoV
spike trimers may be involved in formation of the fusion pore, similar to the
situation in influenza, where it has been suggested that between three and six HA
trimers may be involved in the production of each fusion pore (Skehel and Wiley
2000). In Figs. 3.5 and 3.6 we have presented the ACE2-SARS:S1 domains as they
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were solved in this cryo-EM investigation, for the model of membrane fusion that
we present. For other fusion proteins like influenza HA1 and HIV GP120 it has been
modeled that the rearrangements upon membrane fusion are dramatic involving a
shedding of the above-mentioned domains. The cryo-EM investigations have
detected structural movement of S1 upon ACE2 binding, which could represent
the initial phase of this dramatic process that is postulated to occur in the course of
membrane fusion.

An analysis of the structure of the spike-receptor complex demonstrates how
SARS-CoV can adapt to utilize receptors from different species and how they may
evolve to gain specificity for new receptor types, in that there is redundancy and a
great deal of protein mass that can accommodate evolutionary changes. RNA
viruses have a high rate of mutation and recombination (Moya et al. 2004). In
SARS-CoV the spike is able to retain specific binding affinity for the ACE2 of
more than one host species, and rapid evolution to gain specificity for novel ACE2
species has been demonstrated (Li et al. 2005b, 2006). The large size of the spike
of coronaviruses may be related to the use of large host cell-surface molecules
such as ACE2 as specific receptors. Amongst the coronavirus family, specific cell-
surface receptors for the S protein are all in the range of 60—110 kD (Wentworth
and Holmes 2001). These large host receptor molecules are of course functionally
constrained and, in turn, relatively well conserved across species barriers. In
utilizing binding to a large receptor molecule, the spike S1 domain also acts as
a “spacer arm” holding the receptor far enough away from the threefold axis of
symmetry of the spike S2 domain to permit fusion core rearrangement and
subsequent membrane fusion. Such a property necessitates having a large spike
molecule. Moreover, multiple receptor binding can have functional significance,
enhancing the binding and entry of viruses. Cross-linking of adjacent host receptor
molecules could increase the affinity of the virus for its target cell, as well as
improving the kinetics of fusion. The SARS-CoV spike is a useful model system
for the investigation of type 1 viral fusion protein dynamics. Utilizing this system
for further research may lead to the possibility of developing broad-spectrum
antivirals that target conserved cell fusion mechanisms shared by diverse virus
families.
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Chapter 4

RNA Higher-Order Structures Within the
Coronavirus 5’ and 3’ Untranslated Regions
and Their Roles in Viral Replication

Pinghua Liu and Julian Leibowitz

Abstract The 5’ and 3’ untranslated regions (UTRs) of all coronaviruses contain
RNA higher-order structures which play essential roles in viral transcription and
replication. In this chapter we present our current knowledge of how those cis-
acting elements were defined and their functional roles in viral transcription and
replication. Cellular proteins which have been shown binding to those cis-acting
elements and potentially support the RNA discontinuous synthesis model are also
discussed. A conserved RNA structure model for the 5’ and 3’ UTRs of group
2 coronaviruses is presented with the known cellular protein binding sites.

4.1 Introduction

Coronaviruses are single-stranded, positive-sense, nonsegmented enveloped RNA
viruses belonging to the family Coronaviridae, one of the three families in the order
Nidovirales. They are the largest known RNA viruses with 27-31 kb genomes.
Coronaviruses are classified as group 1, 2, and 3 based on serologic relatedness,
genome organization and sequence similarity. Extensive phylogenetic comparisons
placed the SARS coronavirus (SARS-CoV) as an early branch of the group 2 cor-
onaviruses (Snijder et al. 2003). For all coronaviruses the 5’ two-thirds of the
genome comprise the replicase gene, and the 3’ genes encode structural proteins
and nonessential accessory proteins.

Coronaviruses infect cells by binding to specific receptors and enter cells by
direct membrane fusion at the plasma membrane or by an endocytotic mechanism
(Nash and Buchmeier 1997; Wang et al. 2008). SARS-CoV uses angiotension-
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converting enzyme 2 (ACE2) as its functional receptor (Li et al. 2003) and enters
cells through pH- and receptor-dependent endocytosis (Wang et al. 2008). Upon
entering the cytoplasm the virus particle is uncoated, releasing the RNA genome.
The viral genome directs the synthesis of two large polypeptides, ppla and pplab,
via a frameshifting mechanism involving a pseudoknot structure (Brierley et al.
1987). The resulting polypeptide contains a conserved array of functional domains,
which upon proteolytic processing results in 15—16 nonstructural proteins (nsp),
many of which are likely to be involved in either RNA synthesis or proteolytic
processing of the polyprotein precursors of nspl-16 (Snijder et al. 2003). The 3
one-third of the genome contains the genes for viral structural proteins and acces-
sory proteins. These genes are expressed by transcription of a 3’ coterminal nested
set of 7-9 mRNAs that also contain a common ~70-90 nucleotide (nt) 5’ leader
identical in sequence to the 5’ end of the genome (Lai et al. 1983, 1984; Spaan et al.
1982). The 3’ end of the leader sequence contains a short (6-8 nt) sequence, the
transcriptional regulatory sequence (TRS) also present in the genome just 5’ to the
coding sequence for each mRNA (Budzilowicz et al. 1985).

Subgenomic negative-sense RNAs that correspond to each subgenomic RNA are
found in infected cells (Sethna et al. 1989), as are replication intermediates contain-
ing subgenome-length negative strands (Sawicki and Sawicki 1990). In the cur-
rently accepted model, subgenomic mRNAs are transcribed from a complementary
set of subgenome-size minus-strand RNAs, produced by discontinuous minus-
strand synthesis. Molecular genetic studies with viruses containing mutations in
the TRS support a model where leader-body joining takes place during synthesis
of subgenomic negative-sense RNAs (Zuniga et al. 2004; Pasternak et al. 2001;
van Marle et al. 1999). Sense—antisense base-pairing interactions between short
conserved sequences play a key regulatory role in this process.

4.2 cis-Acting RNA Elements in Coronavirus Replication

The 5’ and 3’ untranslated regions (UTRs) of all coronavirus genomes contain
cis-acting sequences required for viral transcription and replication (Chang et al.
1994; Dalton et al. 2001; Izeta et al. 1999; Kim et al. 1993). Additional cis-acting
sequences such as packaging signals needed for assembly have been identified and
mapped to internal positions in the genome. Many of these cis-acting sequences
have been defined by studying defective interfering (DI) RNAs. These DI RNAs are
extensively deleted, retain their 5" and 3’ UTRs plus some additional genomic RNA,
and are replication competent in the presence of helper virus able to provide
replicase components in frans. Thus they retain cis-acting sequences needed for
genome replication. DI RNAs have also been used to study the cis-acting signals
needed for transcription (subgenomic mRNA synthesis) and for virion assembly.
Recently reverse genetic systems for a number of coronaviruses have been devel-
oped, enabling the study of coronavirus cis-acting sequences in the context of the
viral genome.
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4.2.1 The Transcription Regulatory Sequence

Coronavirus RNA transcription occurs in the cytoplasm. All the coronavirus
mRNASs have a common leader sequence at their 5’ ends (Spaan et al. 1982). The
leader sequence contains a transcription regulatory sequence (TRS-L) at its 3’ end.
This sequence motif constitutes part of the signal for subgenomic mRNA transcrip-
tion. Preceding every transcription unit on the viral genomic RNA are additional
transcription regulatory elements, named body transcription regulatory sequence
(TRS-B) (Budzilowicz et al. 1985). All coronavirus TRSs can be divided into
three sequence blocks, the core 6-8 nt sequence (CS), plus 5’ and 3’ flanking
sequences (Sola et al. 2005). The most frequently used CS for group 1 corona-
viruses is a hexamer (5'-CUAAAC-3'). For group 2 coronaviruses a heptameric
sequence, 5'-UCUAAAC-3' is the consensus sequence; it is almost identical to the
group I CS. Interestingly, SARS-CoV has a CS (5-ACGAAC-3’) which differs
from other group 2 coronaviruses (Marra et al. 2003; Rota et al. 2003). The CS for
group 3 coronaviruses is a divergent octamer, 5'-CUUAACAA-3’ (Alonso et al.
2002). The related arterivirus CS is 5'-UCAACU-3' and partially resembles the
infectious bronchitis virus (IBV) CS (van Marle et al. 1999).

Mutational analysis in a DI system found that the sequence flanking the CS-B
affected the efficiency of subgenomic DI RNA transcription and that CS-B was
necessary but not sufficient for the synthesis of the subgenomic DI RNA (Makino
et al. 1991). Further analysis of MHV subgenomic mRNA transcription revealed
that the 5’ leader sequence of MHYV serves as a cis-acting element required for the
transcription of subgenomic mRNAs (Liao and Lai 1994). Analysis of transmissible
gastroenteritis virus (TGEV) mRNA synthesis in a minigenome system showed that
the CS is essential for mediating a 100- to 1,000-fold increase in mRNA synthesis
(Alonso et al. 2002). However, the CS flanking sequences also influenced transcrip-
tion levels.

The functional importance of the TRS-L and TRS-B in the synthesis of sub-
genomic mRNA was shown by a mutagenesis study in equine arteritis virus (EAV),
a member of the related arterivirus genus, utilizing a reverse genetic system (van
Marle et al. 1999). Mutagenesis of the RNA 7 TRS-B significantly reduced its
transcription. In contrast, mutagenesis of TRS-L affected all subgenomic mRNA
transcription, and compensatory mutations in both TRS-L and RNA7 TRS-B
restored RNA 7 transcription. This evidence strongly supports the mechanism of
discontinuous minus-strand transcription. An additional comprehensive covariation
mutagenesis study of several EAV TRSs demonstrated that discontinuous RNA
synthesis depends not only on base-pairing between sense TRS-L and antisense
TRS-B, but also upon the primary sequence of the TRS-B (Pasternak et al. 2001).
While the TRS-L merely plays a targeting role for strand transfer, the TRS-B fulfills
multiple functions. The sequences of mRNA leader-body junctions of TRS mutants
strongly suggested the discontinuous step occurs during minus-strand synthesis.
The development of reverse genetic systems for several coronaviruses has allowed
a similar molecular genetic approach to investigating the role of the coronavirus
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TRS rather than using DI replicons. For TGEV, analysis of the role of TRS
demonstrated that the canonical CS-B was not absolutely required for the genera-
tion of subgenomic mRNAs, but its presence led to transcription levels at least
1,000-fold higher than those in its absence (Zuniga et al. 2004). A recent study in
SARS-CoV rewired the TRS circuit (Yount et al. 2006). Recombinant genomes
were constructed that contained mixtures of the wild-type and mutant regulatory
TRS. Viable viruses were isolated from wild-type and recombinant genomes con-
taining homogeneous transcription circuits; chimeras that contained mixed regu-
latory networks were invariantly lethal. In the lethal mutants the mixed TRS circuits
promoted inefficient subgenomic transcription from inappropriate start sites, result-
ing in truncated open reading frames (ORFs) and minimized viral structural protein
expression (Yount et al. 2006). This experiment provides further evidence for the
discontinuous synthesis of minus-strand RNAs and the key role of TRS-L and TRS-
B sequences in regulating subgenomic RNA synthesis.

In TGEV, there is a good correlation between subgenomic mRNA levels and
the free energy of TRS-L and TRS-B duplex formation except for subgenomic
mRNA N (Sola et al. 2005), leading the Enjuanes laboratory to seek additional
regulatory sequences. Recently, a 9-nt transcriptional enhancer sequence was
demonstrated 449 nts upstream of the TGEV N gene TRS core sequence (CS-N)
(Moreno et al. 2008). This enhancer sequence interacts with a complementary
sequence just upstream of CS-N, specifically increasing the accumulation of subge-
nomic mRNA N. This interaction is exclusively conserved in group 1a coronaviruses.

4.2.2 The 5 cis-Acting RNA Elements

5’ cis-acting elements have been defined for several coronaviruses using DI deletion
mapping analysis (Dalton et al. 2001; Chang et al. 1994; Izeta et al. 1999). A series
of studies with MHV DIs demonstrated that as little as 466 nts at the 5’ terminus
were needed for DI RNA replication (Kim et al. 1993; Kim and Makino 1995;
Luytjes et al. 1996). Similar analyses with a BCoV synthetic DI RNA indicated that
only the 5" 498 nts were needed for DI RNA replication. Currently, no SARS-CoV
5’ cis-acting elements have been defined by a deletion analysis.

The DI RNA deletion analyses cited above defined the minimal cis-acting
elements required for DI replication without further dissecting these sequences.
Chang et al. (1994) demonstrated that the BCoV 68 nt leader is a necessary part of
the 498 nt cis-acting signal for DI RNA replication. RNA higher-order structures
contained in group 2 coronaviruses 5 UTR were first predicted for BCoV using the
Mfold algorithm (Chang et al. 1994). Subsequently, enzymatic probing and func-
tional mutational analysis (Chang et al. 1996; Raman et al. 2003; Raman and
Brian 2005) defined four stem-loops, denoted I, II, III, and IV within the first
210 nts of BCoV. The predicted stem-loop I (nts 11-42) contains three contiguous
Waston—Crick base-pairs and a large 16 nt loop and is not conserved among group
2 coronaviruses (Chang et al. 1994). The predicted stem-loop II (nts 51-84) is a A—U
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base-pair-rich hairpin with a low free energy that folds the TRS into the terminal
loop. A poorly conserved stem-loop II homolog has been predicted in other cor-
onaviruses, and in EAV (van der Born et al. 2004; Raman and Brian 2005). Stem-
loop III (nts 97-116) is phylogenetically conserved and appears to have homologs in
coronavirus groups 1 and 3; enzymatic probing and mutational analysis in DI RNA
replication assays supports its existence (Raman et al. 2003). Stem-loop IV (nts
186-215), a bulged stem-loop, is also conserved amongst group 2 coronaviruses and
may have a homolog in group 1 and 3. However, the predicted stem-loop IV
homolog in SARS-CoV appears to be group 1-like (Raman and Brian 2005).
Stem-loop IV exists as a higher-order structure based on enzymatic probing and it
is required for DI RNA replication. Recently, two stem-loops, SLV (nts 239-310)
and SLVI (nts 311-340), extending into the nspl coding region were demonstrated
by RNase structure probing and sequence covariation among closely related group
2 coronaviruses. SLVI is required for DI RNA replication (Brown et al. 2007).

The recent establishment of reverse genetic systems for coronaviruses represent-
ing all of the coronavirus subgroups has facilitated the functional analysis of cis-
acting elements in the context of the whole genome. Recently, we proposed a
consensus secondary structural model of the 5’ 140 nts of the 5" UTR based on
nine representative coronaviruses (including SARS-CoV) from all three coronavi-
rus groups (Kang et al. 2006; Liu et al. 2007). The 5’ ~140 nts of the nine
coronaviruses genomes were predicted to fold into three major stem-loops, denoted
SL1, SL2, and SL4 (see Fig. 4.1). Some sequences were predicted to contain a
fourth stem-loop, SL3, which folds the TRS-L into a hairpin loop. SL1, SL2, and
SL4 were structurally conserved amongst all coronaviruses examined. SL3 is only
predicted to be stable for human coronavirus OC43 (HCoV-0OC43) and SARS-CoV.
It should be noted that SL1 and SL2 differ from the structures studied in BCoV
pDrep 1 RNA by the Brian group (Chang et al. 1996; Raman et al. 2003; Raman and
Brian 2005). However, SLIII in Brian’s model is almost identical with our SL4b
(Liu et al. 2007; Raman et al. 2003).

5'UTR

[]
3‘,““ PABP mAconitase/HSPs

Fig. 4.1 Conserved RNA higher-order structural model within the 5" and 3’ UTRs of group 2
coronaviruses. Proteins binding to the positive-strand RNA are shown as solid symbols; proteins
binding to the minus-strand RNA are shown as open symbols
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Although the full MHV and SARS-CoV 5’ UTRs are significantly different in
terms of sequences and predicted secondary structures, the SARS-CoV SL1, SL2,
and SL4 can functionally replace their MHV counterparts in the MHV genome and
produce viable chimeric viruses (Kang et al. 2006). However, MHV chimeras
containing the complete SARS-CoV 5 UTR or the SARS-CoV SL3 were not
viable. Replacing the SARS-CoV TRS with the MHV TRS in the MHV/5" UTR
SARS-CoV chimera permitted the synthesis of minus-strand genomic RNA but did
not support the production of positive- or minus-strand subgenomic RNA7. This
study supports the idea that SL.1, SL2, and SL4 are conserved and interchangeable
within the same group without affecting viral viability.

A detailed mutational and biophysical study of MHV SLI1 revealed that this
stem-loop is functionally and structurally bipartite. SL1 contains one or more
noncanonical base-pairs in the central portion of the stem. In MHV, two pyrimidine—
pyrimidine base-pairs are present in the middle of SL1, as demonstrated by
NMR studies (Liu et al. 2007). These noncanonical base-pairs divide the SL1
helical stem into upper and lower segments. The upper region of SL1 is required
to be base-paired; mutations that disrupted base-pairing of this region were not
viable or severely impaired (Li et al. 2008). Combining both sets of mutations in the
upper region of SL1 restored the base-pairing and yielded a viable virus comparable
to the wild-type virus in its growth phenotype. In contrast, mutations in the lower
region of SL1 that destroyed base-pairing were viable, and genomes with com-
pensatory mutations predicted to restore base-pairing were nonviable. Deletion of a
bulged or extruded A in the lower portion of the stem (mutation AA35), a mutation
that increased the thermal stability of the lower portion of the SL1 helix, was
strongly selected against. AA35-containing viruses were rapidly replaced by viruses
containing destabilizing second-site mutations near AA35. Additionally, mutations
that increased the stability of the lower portion of SL1 were lethal, suggesting that
structural lability in the lower portion of the SL1 stem was required. Thermal
denaturation and imino proton exchange experiments further demonstrated that
the lower half of SL1 is unstable. SL1 second-site mutants also contained an
additional second-site mutation, A29G or A78G, in their 3’ UTR, providing genetic
evidence for an interaction between the 5’ and 3’ UTRs. Thus we hypothesized
that the base of SL1 has an optimized lability required to mediate a physical
interaction between the 5" UTR and the 3’ UTR (Li et al. 2008). These data, plus
the observed defects in subgenomic RNA synthesis in our nonviable SL1 mutants,
are consistent with the genome circularization model for coronavirus transcription
put forward by Zuniga et al. (2004) and suggest that replication complexes and
transcription complexes have different structural requirements in the 5 UTR.

SL2 is the most conserved secondary structure in the 5" UTRs of all corona-
viruses examined (Liu et al. 2007). Except for the core TRS leader sequence,
the (C/U)UUG(U/C) sequence encompassing the predicted SL2 loop is the most
conserved contiguous run of nucleotides in the entire 5 UTR and contains
features of a canonical U-turn motif, in which the middle 3 nts of the loop, UNR
(Up®N,;®R,,), form a triloop that stacks on a Y:Y, Y:A, or G:A noncanonical
base-pair. The basic structural feature of the canonical U-turn is a sharp turn in the
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phosphate backbone between Uy and N1, with Uj engaged in two critical hydrogen
bonds: the Uy imino proton donates a hydrogen bond to the nonbridging phosphate
oxygen following R,,, and the U, 2’-OH proton donates a hydrogen bond to the N7
of R2. NMR studies of SL2 indicated that the U, imino proton donates a hydrogen
bond in SL2, consistent with a U-turn structure. However, there was no evidence for
the predicted noncanonical pyrimidine—pyrimidine base-pair between positions 47
and 51. Additional NMR studies indicate that U51 was extruded from the loop and
that the Watson—Crick faces of C47 and G50 were in apposition (Li and Giedroc,
unpublished). Formation of the stem was required for virus viability, although the
sequence of the stem was unimportant (Liu et al. 2007). Replacing U48 with either
cytosine or adenosine was lethal, consistent with a UNR loop structure for SL2 (Liu
et al. 2007). However, viruses containing a U48G mutation were viable and
replicated almost as well as wild-type virus. NMR studies indicated that a guanine
at position 48 engaged in a hydrogen bond, similar to that observed for U48.
Mutagenesis of U49 and U51 demonstrated that any nucleotide can function in
these positions, whereas the G at position 50 is required (Liu et al. 2007; Liu et al.
2009). RT-PCR analyses of cells electroporated with genomes containing lethal
mutations in SL2 demonstrate that SL2 is required for subgenomic RNA synthesis,
as was SL1. Taken together the functional and structural data suggests that SL2
more closely resembles a YNMG-like tetraloop than a U-turn. Additional NMR
studies should provide an atomic resolution structure to determine the preise
geometry of the loop.

4.2.3 The 3’ cis-Acting RNA Elements

Experiments to dissect the cis-acting elements in the coronavirus 3’ UTR have
generated a comprehensive view of cis-acting elements in this region. Initial DI
deletion analyses found that the minimal 3’ terminus sequence required to support
MHYV DI RNA replication is 436 nts, a region containing part of the upstream N
gene and the entire 301 nt 3’ UTR (Lin and Lai 1993; Luytjes et al. 1996). For
TGEV and IBV, the minimal sequence requirements were 492 nts and 338 nts
respectively, and did not include any part of the N gene (Mendez et al. 1996; Dalton
et al. 2001). It was later confirmed this was also true for MHV, as a recombinant
virus containing the N gene translocated into an upstream genomic position was
viable (Goebel et al. 2004a). For MHV, the differing conclusions resulting from DI
assays and intact virus may reflect the fact that DI assays are inherently competition
assays with wild-type genomes and thus may be more sensitive at detecting minor
decreases in relative fitness then assays with infectious viruses that focus on
recovering viable viruses. This was clearly true in experiments in which DI
RNAs carrying mutations at the 3’ end failed to replicate at detectable levels, but
recombinant viruses with these same mutations were viable with only modestly
impaired replication phenotypes (Johnson et al. 2005). A deletion analysis utilizing
a DI RNA replicon defined the minimum sequence needed for minus-strand RNA
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synthesis as the 3’-most 55 nts plus the poly(A) tail (Lin et al. 1994). Spangnolo
and Hogue demonstrated that the poly(A) tail was required for DI replication,
although as little as five As would suffice to initiate replication (Spagnolo and
Hogue 2000).

Genetic and enzymatic probing of MHV and BCoV 3’ UTR secondary structure
demonstrated the presence of three RNA secondary structures (Fig. 4.1) (Hsue
and Masters 1997). The 5’-most of these, a 68 nt bulged stem-loop immediately
downstream of the N gene stop codon, was predicted to be absolutely conserved in
MHYV, BCoV, HCoV-0OC43, and bovine enteric coronavirus. This stem-loop was
further characterized biochemically, and mutagenesis demonstrated that it was
essential for DI RNA and for viral replication (Hsue et al. 2000). A 54 nt hairpin-
type pseudoknot 3’ to the 68 nt bulged stem-loop was first found to be required for
DI RNA replication in the 3’ UTR of BCoV (Williams et al. 1999). This pseudoknot
is phylogenetically conserved among coronaviruses, including the SARS-CoV
(Goebel et al. 2004b), both in location and in shape but only partially in nucleotide
sequence. In a later study with MHV (Goebel et al. 2004a), this pseudoknot was
demonstrated to partially overlap with the bulged stem-loop, such that the last part
of the bulged stem-loop overlaps with stem 1 of the pseudoknot; thus these two
structures cannot be formed simultaneously. This finding led to the proposal that the
bulged stem-loop and the pseudoknot are components of a molecular switch that
regulate viral RNA synthesis (Goebel et al. 2004a).

The third RNA secondary structure, a complex multiple stem-loop structure, is
further downstream in the MHV 3’ UTR. This structure was predicted by computer-
assisted analysis of the last 166 nts of the genome 3’ to the pseudoknot using the
Mfold algorithm (Liu et al. 2001). Enzymatic probing of RNA secondary structure
supported the existence of the predicted long bulged stem-loop encompassing nts
143-68 and with a second stem-loop from nts 67 to 52. Within the long stem-loop, a
conserved bulged-stem structure (nts 142—132 and nts 79—68) also present in BCoV
was identified by covariation analysis. Site-directed mutagenesis and DI RNA
replication assays indicated that the long bulged-stem loop between nts 143 and
68 plays an important role in DI RNA replication. Similar assays to examine the
shorter stem-loop between nts 67 and 52 failed to provide evidence for a role in DI
replication (Liu et al. 2001). The long bulged stem-loop contains an octanucleotide
sequence, 5'-GGAAGAGC-3’' (nts 81-74 in MHV), that is conserved in the 3' UTR
of coronaviruses from all three groups, and thus might have important biological
functions.

Further analysis of the long bulged stem-loop revealed that although the octa-
nucleotide sequence is almost universally conserved in coronaviruses, the remain-
der of this complex stem-loop resides in a hypervariable region (HVR) of the
3/ UTR that is poorly conserved in group 2 coronaviruses. An extensive mutational
analysis of the HVR was carried out by deletion, rearrangements, and point muta-
tions (Goebel et al. 2007). All these mutations have only modest effects on viral
replication, indicating that the HVR is not essential for viral RNA synthesis. This
result differs from the results obtained in DI systems by Liu et al. (2001) and by Lin
et al. (1994). Since the most extensive HVR mutant deleted nts 30170, it is clear
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that not all 55 nts are required for minus-strand replication. A possible explanation
for these discrepancies is the inherent competitive nature of DI replication assays
greatly increasing the effects of mutations that are only moderately deleterious in
the context of the intact genome. The HVR deletion mutant was highly attenuated
in mice, suggesting that the HVR might play a significant role in viral pathogenesis
(Goebel et al. 2007). However, it should be kept in mind that the HVR deletion
virus grew to a titer 2—3-fold less than that of wild-type virus in cell culture, making
the interpretation of its effect on pathogenesis difficult.

Most recently, multiple second-site revertants of the pseudoknot were recovered
by characterizing an unstable mutant Alb391, with a 6 nt insertion of AACAAG in
loop 1 of the pseudoknot of MHV 3’ UTR. These second-site suppressor mutations
were localized to two separate regions of the genome: one group of mutations was
mapped to nsp8 and nsp9 and the second group mapped to the extreme 3’ end of the
genome. These observations led the authors to point out that coronavirus replicase
gene products might interact with the 3’ end of the genome, and that the loop 1 of
the pseudoknot has the potential to base-pair with the extreme end of the genome
(Zust et al. 2008). This observation is supported by structural predictions, phyloge-
netic conservation of the interaction amongst all known group 2 coronaviruses, and
the ability of a drastically minimized truncation mutant AHVR3 in which all
sequences between nts 29 and 171 were replaced by a tetraloop capping the helix
downstream of pseudoknot stem 2 (Zust et al. 2008). However, this base-pairing
interaction has not yet been demonstrated biochemically or by mutagenesis.

Interestingly, the 3’ UTR stem-loop structures of the group 2 coronaviruses seem to
be different from both group 1 and group 3 coronaviruses. All the group 1 corona-
viruses contain a highly conserved pseudoknot (Williams et al. 1999), but there is no
bulged stem-loop structure in the 3’ UTR. The group 3 coronaviruses have a highly
conserved and functionally essential stem-loop (Dalton et al. 2001), but only a poor
candidate for the pseudoknot structure can be found nearby (Williams et al. 1999).
Only the group 2 coronaviruses have both the pseudoknot and the bulged stem-loop in
close proximity and they all overlap in the same fashion. Despite their primary
sequence divergence among the 3’ UTRs of group 2 coronaviruses, the secondary
structures are all highly conserved and functionally equivalent, as shown by the
replication of a BCoV DI RNA in the presence of various group 2 helper viruses
(Wu et al. 2003), and by the isolation of chimeras in which the 3’ UTRs of BCoV and
SARS-CoV, both group 2 coronaviruses, replaced their MHV counterpart without
affecting viral viability (Hsue and Masters 1997; Goebel et al. 2004b). However, the
MHYV 3’ UTR cannot be replaced with either the group 1 TGEV 3’ UTR or the group 3
IBV 3’ UTR (Hsue and Masters 1997; Goebel et al. 2004b).

4.2.4 Proteins Binding to the 5' and 3’ cis-Acting Elements

Although exactly how a coronavirus synthesizes its RNAs is still unclear, there
is increasing evidence that coronavirus discontinuous synthesis of subgenomic
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mRNA:s is directed by cis-acting sequences present on the viral RNAs with the help
of trans-acting factors encoded by the virus, as well as cellular proteins. Although it
has been demonstrated that continuous protein synthesis is required for viral RNA
synthesis (Sawicki and Sawicki 1986), little is known as to which viral and cellular
proteins are involved in viral RNA transcription and replication.

The current discontinuous RNA synthesis model proposes that the TRS-L
sequence is brought into close proximity to sequences located at the 3’ end of the
genomic RNA through RNA-RNA, or RNA-protein and protein—protein interac-
tions. Indeed, several cellular proteins have been shown to interact with the 5" and 3’
ends of the coronavirus genome (see Fig. 4.1). At the 3’ end of the coronavirus
genome, the 73 kDa cytoplasmic poly(A) binding protein (PABP) binds to the poly
(A) tail (Spagnolo and Hogue 2000). A series of host proteins were found to bind to
the MHV 3’-most 42 nt RNA probe using RNase protection/gel mobility shift and
UV cross-linking assays (Yu and Leibowitz 1995a, 1995b). Further analysis
revealed that these proteins include mitochondrial aconitase and the chaperones
mitochondrial HSP70, HSP60, and HSP40 (Nanda et al. 2004; Nanda and Leibowitz
2001). DI replication assays suggested that proteins binding to both the poly(A)
tail and the last 42 nts of the MHV genome had a role in replication. Mutations in
the 3/(+)42 host protein binding element had a deleterious effect on the accumula-
tion of DI RNA, and when the same mutations were introduced into the MHV
genome, one mutant was found to be nonviable. This mutant had a defect in
subgenomic mRNA synthesis which points to a potential role for sequences at the
extreme 3’ end of the MHV genome in subgenomic RNA synthesis (Johnson et al.
2005), a finding consistent with the model proposed by the Enjuanes group (Zuniga
et al. 2004). Polypyrimidine tract-binding (PTB) protein was shown to bind to two
regions of the MHV 3’ UTR, a strong PTB binding site was mapped to nts 53-149,
and another weak binding site was mapped to nts 270-307 on the complementary
strand of the 3' UTR (Huang and Lai 1999). Since a number of these binding sites
are deleted in the replication competent HVR mutant virus discussed above, it is
unlikely that most of these proteins are required for viral replication (Goebel et al.
2007).

The viral protein N binds to the TRS-L specifically and with high affinity
(Nelson et al. 2000). It has been suggested that N protein binding to TRS-L favors
translation of viral RNAs (Tahara et al. 1998) and may also play a role in MHV
RNA synthesis (Li et al. 1999). Recently, BCoV NSP1 was shown to bind three
5" UTR and one 3’ UTR-located cis-replication stem-loops and may function to
regulate viral genome translation or replication (Gustin et al. 2009). Another
cellular protein, the heterogeneous nuclear ribonucleoprotein (hnRNP) Al was
demonstrated to bind to the MHV minus-strand leader and TRS-B complementary
sequences through immunoprecipitation after UV cross-linking and by in vitro
binding assays with recombinant protein (Li et al. 1997). hnRNP A1l was shown
to have two binding sites at the MHV 3’ end and these binding sites are com-
plementary to the sites on the minus-strand RNA that bind PTB (Huang and
Lai 2001). Mutations that affect PTB binding to the negative strand of the 3
UTR also inhibited hnRNP A1 binding on the positive strand, indicating a possible
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relationship between these two proteins. Furthermore, both hnRNP Al and PTB
bind to the complementary strands at the 5’ end of MHV RNA. Based on these
observations, it was proposed that hnRNP A1-PTB interactions provide a molecu-
lar mechanism for potential 5'-3’ cross-talk in MHV RNA, which may be important
for RNA replication and transcription. However, the role of hnRNP Al in viral
replication is controversial. Paul Masters’ group (Shen and Masters 2001) tested the
role of hnRNP Al in viral transcription and replication by inserting a high-affinity
hnRNP Al binding site in place of, or adjacent to, an intergenic sequence in the
MHYV genome. This inserted hnRNP A1 binding site was not able to functionally
replace or enhance transcription from the intergenic sequence. Additionally, MHV
was able to replicate normally and synthesize normal levels of genome and sub-
genomic RNAs in cells lacking hnRNP A1, suggesting that hnRNP A1l is not
required for MHV discontinuous transcription or genome replication. However, it
was subsequently shown that other members of the hnRNP family can substitute for
hnRNAP A1 (Choi et al. 2004).

A recent study also showed that a cytoplasmic host factor is indispensable for
SARS-CoV in vitro RNA synthesis, although this host factor has not yet been
identified (van Hemert et al. 2008). How these and other potential cellular proteins
interact with the coronavirus 5’ and 3’ cis-acting elements to initiate and support
genomic and subgenomic RNA synthesis is a long unanswered interesting question.

4.3 Future Directions

There is a paucity of data demonstrating viral proteins binding to specific cis-acting
sequences in the coronavirus genome, with the exception of the N protein to TRS-L
discussed above. Although there is genetic evidence for nsp8 and nsp9 interacting
with the 3’ UTR (Zust et al. 2008), there is no data defining precisely where these
proteins bind, nor is there any evidence as to how any other replicase components
bind to the genome. We anticipate that research over the next few years will answer
these questions and clarify how the various virus and host proteins function in viral
replication.
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Chapter 5
Programmed —1 Ribosomal Frameshifting
in SARS Coronavirus

Jonathan D. Dinman

Abstract In coronaviruses such as the SARS coronavirus (SARS-CoV), pro-
grammed —1 ribosomal frameshifting (—1 PRF) is used to direct the synthesis of
immediate early proteins, e.g., RNA-dependent RNA polymerase (RDRP) and
proteases, that are thought to prepare the infected cell for takeover by the virus.
Unlike other RNA viruses which make their structural proteins first, this class of
proteins is synthesized after —1 PRF, from subgenomic mRNAs produced
subsequent to production of RDRP. Also unique among the coronaviruses is the
inclusion of mRNA structural elements that do not appear to be essential for
frameshifting. Understanding the differences between —1 PRF signals from coro-
naviruses and other viruses will enhance our understanding of —1 PRF in general,
and will be instructive in designing new classes of antiviral therapeutics. In this
chapter we summarize current knowledge and add additional insight to the function
of the programmed —1 ribosomal frameshift signal present in the SARS-associated
coronavirus.

5.1 Introduction

The emergence of a new infectious disease, known as severe acute respiratory
syndrome (SARS), became a global concern following an outbreak in southern
China in late 2002. The World Health Organization released a global alert on the 12
March 2003 and at the close of the epidemic more than 8,000 people had been
infected in 29 countries (reviewed in Lai 2003; Stadler et al. 2003). The mortality
rate was approximately 10%, and morbidity was significantly greater (Stadler et al.
2003 and references within).
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An international effort resulted in the rapid sequencing of many isolates, the first
two published on May 1, 2003 (Marra et al. 2003; Rota et al. 2003). Using various
portions of those sequences, phylogenetic analyses were performed with corona-
viruses from the three previously described groups. The initial unrooted trees
suggested that the SARS-CoV represented a new group (Holmes 2003; Lai 2003).
Subsequent analyses using rooted trees indicated that the SARS-CoV is most likely
an early split from the group 2 lineage (Stadler et al. 2003; Lio and Goldman 2004;
Snijder et al. 2003). Although a body of research has been performed on some of the
related viruses that impact economically important industries, and comparisons
have been made based on the relationships, actual analysis of the SARS-CoV is
more limited because of its recent emergence. Although there are no approved
antiviral drugs that are highly effective against SARS-CoV, this virus has many
unique steps in its replication that could be targeted (Holmes 2003). Various
options for preventing additional outbreaks of the disease are addressed in other
chapters in this book: these include methods of prevention, limiting spread, and
targeting the virus after infection. Post-infection targets have been effective in
limiting replication of other RNA viruses including HIV; for example, protease
inhibitors are designed to target an early part of the viral lifecycle. In both HIV and
SARS-CoV, polyproteins are synthesized as a consequence of programmed —1
ribosomal frameshift (-1 PRF) events, and the polyproteins are subsequently
autocatalytically cleaved by their encoded proteases.

5.2 Programmed -1 Ribosomal Frameshifting

Programmed —1 ribosomal frameshifting is a mechanism in which cis-acting ele-
ments in the mRNA direct elongating ribosomes to shift reading frame by 1 base in
the 5’ direction. The use of a —1 PRF mechanism for expression of a viral gene was
first published in 1985 for the Rous sarcoma virus (Jacks and Varmus 1985) and
subsequently for other retroviruses (Jacks et al. 1988b). The first complete corona-
virus sequence was published in 1987 (Boursnell et al. 1987) and later that year
Brierley and co-workers used an in vitro translation system to demonstrate that a —1
PRF mechanism was used to translate ORFlab (Brierley et al. 1987). The IBV
frameshift signal was further analyzed by Brierley and co-workers and in the
following years became one of the best characterized —1 PRF signals.

The —1 PREF signal can be broken down into three discrete parts: the “slippery
site,” a linker region, and a downstream stimulatory region of mRNA secondary
structure, typically an mRNA pseudoknot (reviewed in Baranov et al. 2002; Brier-
ley 1995; Dinman and Berry 2006). Mutagenesis studies from many different
laboratories have demonstrated that the primary sequence of the slippery site and
its placement in relation to the incoming translational reading frame is critical: it
must be X XXY YYZ (codons are shown in the incoming or O-frame) where X is a
stretch of three identical nucleotides, Y is either AAA or UUU, and Z is A, C, or U.
Although less is known about the linker region, whose length and base composition



5 Programmed —1 Ribosomal Frameshifting in SARS Coronavirus 65

’ Pseudoknot melted out, tRNAs slip 1 basein -1 (57)
Ribcioms pauzes translocation oceurs, direction. Re-pair non-
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translation resumes in -1 frame wobble bases

Fig. 5.1 Model of programmed —1 ribosomal frameshifting. An elongating ribosome is forced to
pause by a strong mRNA secondary structure such as a pseudoknot. The length of the linker is such
that the ribosomal A- and P-site bound aminoacyl- (aa-) and peptidyl-tRNAs are positioned over
the slippery site. The sequence of the slippery site allows for re-pairing of the tRNAs to the —1
frame codons after they “simultaneously slip” by one base in the 5’ direction along the mRNA.
Subsequent denaturation of the downstream mRNA secondary structure allows the ribosome to
continue elongation of the nascent polypeptide in the new translational reading frame

varies, these parameters are thought to be important for determining the extent of —1
PRF in a virus-specific manner. The function of the downstream secondary struc-
ture is to induce elongating ribosomes to pause, a critical step for efficient —1 PRF to
occur. The generally accepted mechanism of —1 PRF is as follows: (1) the mRNA
secondary structure forces elongating ribosomes to pause, and the length of the
linker is such that the ribosomal A- and P-site bound aminoacyl- (aa-) and peptidyl-
tRNAs are positioned over the slippery site; (2) the sequence of the slippery site
allows for re-pairing of the tRNAs to the —1 frame codons after they “simulta-
neously slip” by one base in the 5’ direction along the mRNA; (3) subsequent
melting of the downstream mRNA secondary structure allows the ribosome to
continue elongation of the nascent polypeptide in the new translational reading
frame. This is diagrammed in Fig. 5.1.

5.3 Programmed Frameshifting Rates and Virus Propagation

In the best characterized examples of RNA viruses that utilize programmed ribo-
somal frameshifting (e.g., most retroviruses, totiviruses, and Ty elements), the open
reading frame (ORF) encoding the major viral nucleocapsid proteins (e.g., Gag) is
located at the 5" end of the mRNA whereas the ORFs encoding proteins with
enzymatic functions (typically Pro and Pol) are located 3’ of, and out of frame
with, the Gag ORF. The mRNAs transcribed from these viral templates contain two
overlapping ORFs. The enzymatic proteins are only translated as a result of a
programmed ribosomal frameshift event that occurs with an efficiency of 1-40%
depending on the specific virus and assay system employed (reviewed in Brierley
1995). Thus, the majority of translational events result in the production of the Gag
protein, while a minority of frameshifts yield viral enzymatic proteins. The ratio
of Gag to Gag—pol synthesized in viruses as a consequence of programmed
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frameshifting varies between a narrow window of 20:1 to 60:1 (reviewed in
Farabaugh 1997).

The importance of maintaining this precise ratio on viral propagation has been
demonstrated using two endogenous viruses of the yeast Saccharomyces cerevi-
siae and with two retroviruses (reviewed in Dinman et al. 1998). Small alterations
in programmed frameshifting efficiencies promote rapid loss of the yeast dsRNA
L—-A “killer” virus, and in inhibition of HIV-1 replication (reviewed in Dinman
and Berry 2006). Similarly, increasing or decreasing the efficiency of the +1
ribosomal frameshift in the Ty/ retrotransposable element of yeast results in
reduced retrotranspostion frequencies (reviewed in Dinman 1995). In L-A,
Gag—pol dimerization nucleates formation of the virus particle (reviewed in
Wickner 1996). Increasing the amount of Gag—pol protein synthesized may
cause too many particles to initiate nonproductively while producing too little
may prevent efficient dimerization (Dinman and Wickner 1992). Proteolytic
processing of the TyA-TyB (Gag—pol equivalent) polyprotein of Ty/ is more
akin to the situation observed in retroviruses. In Ty/, increasing the amount of
Gag—pol protein synthesized inhibited proteolytic processing of the polyprotein
(Kawakami et al. 1993). As a consequence, formation of the mature forms of
RNase H, integrase and reverse transcriptase is blocked (Kawakami et al. 1993).
Similarly, changing the ratio of Gag to Gag—pol proteins in retroviruses like HIV
or Moloney murine leukemia virus interferes with virus particle formation
(reviewed in Baranov et al. 2002; Brierley 1995; Dinman and Berry 2006). In
these cases, over-expression of the Gag—pol protein results in inefficient proces-
sing of the polyprotein and inhibition of virus production. To summarize, viral
PRF efficiencies have been finely tuned to deliver the precise ratios of proteins
required for efficient viral particle assembly: too much or too little frameshifting
alters this ratio, with detrimental consequences. Based on these studies, it has been
proposed that —1 may be a viable target for prevention of viral propagation
(reviewed in Dinman et al. 1998).

5.4 Different Models, Different Assay Systems,
Different Results

A number of models have been proposed to describe the mechanism by which —1
PRF occurs (Farabaugh 1996; Jacks et al. 1988a; Leger et al. 2007; Namy et al.
2006; Plant et al. 2003; Takyar et al. 2005; Weiss et al. 1989). All the models posit
that the stimulatory element causes a pause in translation and that base-pairing is
required at the non-wobble positions of at least two tRNA molecules to the mRNA
after the frameshift. Differences arise in the timing of the frameshift: after peptide
bond formation, before peptide bond formation, and before accommodation of
the aminoacyl-tRNA. While there is strong genetic and biochemical evidence
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supporting a co-accommodation/prepeptidyltransfer model of —1 PRF, a co-trans-
locational model is more intuitive, and there is both genetic and structural evidence
supporting this concept as well (reviewed in Dinman and Berry 2006). When
—1 PREF is kinetically modeled in the context of the translation elongation cycle,
it becomes clear that —1 PRF is simply an endpoint that is potentially achievable
through a number of different kinetic pathways. Indeed, the identification of two
distinct frameshift products by protein sequencing supports the hypothesis that
frameshifting can occur in least two distinct phases of the elongation cycle (Jacks
etal. 1988b). A complicating issue is the use of a large variety of assay systems that
are used by different laboratories to monitor —1 PRF. For example, prokaryotic,
yeast, plant and mammalian ribosomes decipher coronavirus frameshift signals
quite differently from one another (Brierley et al. 1997; Plant and Dinman 2006).
Thus a suitable system must be used to draw purposeful conclusions from in vitro
analyses of —1 PRF.

5.5 The Biology of -1 PRF in SARS-CoV is Different

In contrast to the examples discussed above, the genomic organization of corona-
viruses is different. Instead of encoding viral structural proteins, the upstream ORF
appears to encode immediate early proteins with enzymatic functions (e.g., pro-
teases) thought to be involved in preparing the infected cell for takeover by the
virus. These gene arrangements can be viewed in SARS-CoV genome maps
elsewhere in this book. Similar to the viruses discussed above, a frameshift from
this ORF directs ribosomes into a downstream ORF that encodes the viral RNA-
dependent RNA polymerase (RDRP)) along with other enzymes thought to play
roles in replication. Once synthesized, this RDRP is used to produce a subgenomic
mRNA (in addition to the antigenomic and subsequently new genomic RNAs),
from which the viral structural proteins are synthesized. Thus, the biology of
frameshifting is significantly different in coronaviruses. At present, we do not
know if frameshifting rates play an important role in virus replication, and if so,
we do not know what that role may be. The availability of a fully infectious reverse
genetics system (Almazan et al. 2006; Yount et al. 2003) and of a noninfectious
replicon (Almazan et al. 2006) are currently serving as the foundations for research
into these questions in our laboratory. One hypothesis that we are currently testing
is that, similar to a model proposed for barley yellow dwarf virus (Barry and Miller
2002), —1 PRF in SARS-CoV may be involved in regulating the frequency of
elongating ribosomes from the 3’ end of the mRNA or (+) strand, which in turn
would affect the availability of this end to the viral replicase for (—) strand
synthesis. Thus, we speculate that agents that alter —1 PRF efficiency in SARS-
CoV may also have antiviral activities by interfering with the switch from protein
synthesis to viral genome replication.
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5.6 A Unique Feature of the SARS-CoV Frameshift Signal:
A Three-Stemmed mRNA Pseudoknot

As discussed above, —1 PRF signals are usually composed of a slippery site and a
stimulatory structure separated by a short spacer region. The rules describing
slippery sites appear to be conserved among all eukaryotic viruses, and it also
appears that the nucleotides surrounding the heptameric slippery site may affect
frameshifting efficiencies, albeit to a lesser extent. Experiments altering the spacer
region between the slippery site and stimulatory element affect frameshifting
frequencies, suggesting that there might be some optimal spacer sequence.

Where the coronaviruses in general, and SARS-CoV in particular, deviate from
other viral —1 PRF signals is in the nature of their downstream stimulatory signals.
While an mRNA stem-loop structure was first postulated to stimulate —1 PRF in
HIV-1 (Jacks et al. 1988b), studies of IBV provided the first evidence for an H-type
pseudoknot structure as a stimulatory elements (Brierley et al. 1989). Subsequently
H-type pseudoknots were identified as the general rule in a number of frameshift
signals of other plant and animal viruses. H-type pseudoknots are so called because
they are composed of two coaxially stacked stem-loops where the second stem is
formed by base-pairing between sequence in the loop of the first stem-loop, and
additional downstream sequence (Fig. 5.2a). Given that SARS-CoV is a coronavi-
rus, that coronaviruses use —1 PRF, and the general consensus that viral -1 PRF
signals contain H-type pseudoknots, the first published analysis of the SARS-CoV —
1 PRF signal depicted an H-type pseudoknot (Thiel et al. 2003). Simultaneously,
our laboratory applied a computational analysis pipeline designed to identify —1
PRF signals from genomic databases to the SARS-CoV —1 PRF signal. This
analysis identified the presence of a third stem-loop structure located 3’ of the
end of the first stem, and 5 of the 3’ half of the second stem (Fig. 5.2b). Molecular
genetics, biochemical and biophysical studies confirmed the existence of this
“three-stemmed pseudoknot,” and phylogenetic analyses revealed that this general
feature is conserved among most coronaviruses (Plant et al. 2005). At the same
time, two other groups of researchers used computational and molecular genetics
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methods to identify the three-stemmed pseudoknot in the SARS-CoV —1 PRF signal
(Baranov et al. 2005; Ramos et al. 2004).

Interestingly, efficient frameshifting was observed when the third stem was
deleted from the SARS-CoV pseudoknot, or when a similar region was deleted
from the IBV stimulatory structure, suggesting that these regions are not required
for —1 PRF per se (Brierley et al. 1991; Plant et al. 2005). However, it is clear from
mutational analyses that when the third stem is present, it has an effect on —1 PRF
(Baranov et al. 2005; Plant et al. 2005). It is also possible that the third stem may
function as a binding site for a trans-acting factor that may have a role in regulating
—1 PRF efficiency, or in some other aspect of the viral life cycle. Current research in
our laboratory is focused on determining the biological role of the third stem with
regard to the biology of SARS-CoV. Preliminary studies from our laboratory
suggest that stabilization of the terminal loop of this stem, perhaps through dimer-
ization, is critical for maintaining high levels of frameshifting. In addition, it has
been shown that sequence upstream of the core frameshift signal has been shown to
have an inhibitory effect on —1 PRF efficiency in SARS-CoV (Su et al. 2005). This
sequence has the potential to form an extensive secondary structure. Although the
effect of this region has been suggested to directly affect —1 PREF rates, it is also
possible that its role may be indirect, e.g., by causing a fraction of translating
ribosomes to dissociate from the mRNA before reaching the —1 PRF signal. Indeed,
unpublished data from our laboratory indicate that this is indeed correct. To
summarize, although core essential elements of the frameshift signal have been
defined, we have just begun to scratch the surface with regard to our understanding
of the influence of additional features influencing —1 PRF and the biology of SARS-
CoV.

5.7 A Second PRF Signal in SARS-CoV?

A second potential PRF signal has also been identified in SARS-CoV (Wang et al.
2006). This is found in a series of variants of the ORF3a containing stretches of 7
—U residues located 14 nt downstream of initiation codon. Interestingly, runs of
both 7 and 8 uridines were able to promote efficient —1 and +1 frameshifting
respectively. Substitution of these polyU sequences for the native —1 PRF signal
between ORF1la and ORF1b promoted efficient frameshifting even in the absence
of a functional downstream pseudoknot structure, suggesting that hepta- and octo-
uridine stretches can function as efficient frameshift elements by themselves. While
interesting, these observations should be considered in light of two caveats. First,
the notion that long stretches of identical nucleotides can promote ribosomal
slippage is not new (reviewed in Atkins et al. 1991). Second, the hepta- and octa-
U variants of ORF3a may simply be cloning artifacts consequent to reverse
transcriptase slippage during the generation of RT-PCR products, and thus may
not have any true biological significance. Thus, while provocative, the jury is still
out with respect to the presence of a second PRF signal in SARS-CoV.



70 J.D. Dinman

5.8 Summary and Perspectives

While progress has been made on elucidating the mechanism of —1 PRF and the
RNA sequences involved in coronaviruses, the requirement for —1 PRF in the life
cycle remains obscure. For other viruses —1 PRF efficiency directly determines the
ratios between viral structural and enzymatic proteins. In contrast, —1 PRF in
SARS-CoV would appear to affect the relative ratios between immediate early
proteins, e.g., proteases and other uncharacterized proteins, with the viral replicase
and enzymes that modify RNA. The downstream effect of —1 PRF on the abundance
of coat proteins compared to viral RNA in coronaviruses has yet to be determined.

The reason for the presence of a third stem in the SARS-CoV -1 PRF signal also
remains a mystery. Unpublished observations in our laboratory suggest that some
alterations to the third stem in the SARS coronavirus pseudoknot inhibit virus
infectivity without dramatically affecting frameshifting frequency. We have also
identified a few proteins encoded by the SARS-CoV subgenomic RNAs that appear
to interact with the SARS pseudoknot. This suggests that this region is vital for
some part of the virus life cycle other than —1 PRF. Ongoing studies are focused on
addressing this question.

An additional research challenge is the production of mutations that have a
moderate affect on —1 PRF; these will provide the tools to probe more deeply into
the biology of frameshifting in SARS-CoV. As these mutant viruses and replicons
become available we will be able to correlate the efficiency of frameshifting with
production of genomic and subgenomic RNAs and viral titers. It is expected that
some of these mutations will result in defects that will give insight into the function
of the extraneous sequence within the frameshift signal, and that this insight will
provide an alternative starting point for dissecting the coronavirus replication
system.
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Chapter 6
Expression and Functions of SARS Coronavirus
Replicative Proteins

Rachel Ulferts, Isabelle Imbert, Bruno Canard, and John Ziebuhr

Abstract The discovery of a previously unknown coronavirus as the causative
agent of the SARS epidemic in 2002/2003 stimulated a large number of studies into
the molecular biology of SARS coronavirus (SARS-CoV) and related viruses. This
research has provided significant new insight into the functions and activities of the
coronavirus replicase—transcriptase complex, a multiprotein complex that directs
coordinated processes of both continuous and discontinuous RNA synthesis to
replicate and transcribe the large coronavirus genome, a single-stranded, positive-
sense RNA of ~30 kb. In this chapter, we review our current understanding of the
expression and functions of key replicative enzymes, such as RNA polymerases,
helicase, ribonucleases, ribose-2'-O-methyltransferase and other replicase gene-
encoded proteins involved in genome expression, virus—host interactions and
other processes. Collectively, these recent studies reveal fascinating details of an
enzymatic machinery that, in the RNA virus world, is unparalleled in terms of the
number and nature of virally encoded activities involved in virus replication and
host interactions.

6.1 Introduction

Coronaviruses and their closest relatives from the order Nidovirales have excep-
tionally large RNA genomes of about 30 kb and synthesize an extensive set of
5'-leader-containing, subgenome-length RNAs. The synthesis of these RNAs is
mediated by the viral replicase—transcriptase complex (RTC), a large multisubunit
complex that is comprised of more than a dozen proteins encoded by the viral
replicase gene and other proteins. The RTC includes the key replicative proteins of
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the virus, such as RNA-dependent RNA polymerase (RdRp) and helicase activities,
as well as enzymes that are thought to be involved in the processing and modifica-
tion of viral and/or cellular RNAs, such as primase, endoribonuclease, exoribonu-
clease and ribose-2'-O-methyltransferase activities (for recent reviews, see Masters
2006; Ziebuhr 2005, 2008). The RTC is anchored through three replicase-gene
encoded integral membrane proteins to intracellular membranes derived from the
endoplasmic reticulum (Knoops et al. 2008; Masters 2006; Ziebuhr and Snijder
2007). Besides proteins encoded by the replicase gene, the RTC contains the
nucleocapsid (N) protein (Almazan et al. 2004; Schelle et al. 2005) and several
cellular factors, which have not been characterized in great detail (Shi and Lai
2005; van Hemert et al. 2008). It is becoming increasingly clear that the coronavirus
replicase gene also encodes proteins that are not essential for viral RNA synthesis
but are involved in viral pathogenicity and specific virus—host interactions (see
below).

The single-stranded, positive-sense RNA genome of coronaviruses fulfills a
double role, serving as an mRNA for the expression of the replicase gene and a
template for the synthesis of genome- and subgenome-length minus-strand RNAs.
A large part of the genome (about two-thirds) is occupied by the replicase gene,
which consists of two (slightly) overlapping open reading frames (ORF) located in
the 5’-proximal region of the viral genome RNA. The remaining 3’-terminal third of
the genome is dedicated to encoding the four major structural proteins of the virus
(S, E, M, and N) and a varying number of so-called accessory proteins (Fig. 6.1).
Compared to other coronaviruses, SARS coronavirus (SARS-CoV) encodes an
unusually large number of accessory proteins, some of which are involved in
counteracting antiviral host responses (Chap. 4). The ORFs located downstream
of the SARS-CoV replicase gene are expressed from eight subgenomic (sg) RNAs
(Thiel et al. 2003) (Fig. 6.1). A peculiarity of the sgRNAs produced by corona-
viruses and some other nidoviruses is that both the plus-strand genome RNA and all
plus-strand sgRNAs share a short, so-called leader sequence at their 5" ends, whose
functional relevance is currently unknown (Spaan et al. 1983). It has been specu-
lated that the minus-strand complement of the leader sequence (present at the 3’
ends of all minus-strand RNAs) might facilitate initiation of plus-strand RNA
synthesis. Alternatively, the leader might promote the translation of sgRNAs, for
example through the presence of sequence elements required for efficient recogni-
tion by the viral capping apparatus or other mechanisms enhancing translation
initiation. The precise mechanism used to join the “leader” and “body” sequences
of sgRNAs (which are located more than 20 kb apart in the genome) is unknown but
is generally accepted to involve a discontinuous step during sg minus-strand RNA
synthesis and be guided by complementary base-pairing between transcription-
regulating sequences (for recent reviews, see Pasternak et al. 2006; Sawicki et al.
2007). The specific requirements for maintaining genome RNAs of an unparalleled
size and synthesizing sg minus-strand RNAs in a discontinuous manner are
reflected by an exceptional complexity of the protein machinery involved in viral
RNA synthesis, which will be the topic of this review. With few exceptions, the
proteins and mechanisms involved in genome replication and transcription are
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conserved among SARS-CoV and other coronaviruses. In this chapter, we will
review recent work on the SARS-CoV RTC and refer to related work on other
coronaviruses as appropriate.

6.2 Organization and Expression of the Coronavirus
Replicase Gene

The SARS-CoV replicase gene contains more than 21,000 nucleotides and is
comprised of two ORFs called ORFla and ORF1b (Fig. 6.1) (Marra et al. 2003;
Rota et al. 2003; Thiel et al. 2003). Upon infection of the cell, ORFs la and 1b are
translated into two large polyproteins, ppla and pplab, of approximately 490 and
790 kDa, respectively. Polyprotein lab is a C-terminally extended version of ppla;
pplab expression requires a programmed (—1) ribosomal frameshift prior to termi-
nation of ORF1la translation, resulting in continuation of translation in the ORF1b
reading frame (Thiel et al. 2003). Frameshifting depends on two cis-acting RNA
elements, a “slippery” heptanucleotide sequence and an RNA pseudoknot structure
(see Chap. 6 for details). Based on in vitro translation experiments, it has been
estimated that frameshifting occurs in roughly 30% of translation events (Brierley
1995; Dos Ramos et al. 2004; Herold and Siddell 1993; Namy et al. 2006). This
results in a considerably higher amount of ORFla-encoded proteins compared to
ORFl1b-encoded proteins, which is likely to be of biological relevance as the
frameshifting mechanism is conserved in coronaviruses and other nidoviruses.
SARS-CoV ppla and pplab are co- and post-translationally processed by two
proteases, a papain-like protease (PLP®) and the main protease (MP™, nsp5),
resulting in 16 mature products called nonstructural proteins (nsps) 1-16

Fig. 6.1 SARS coronavirus (SARS-CoV) genome organization and expression. (a) Open reading
frames in the SARS-CoV genome. The replicase gene is comprised of two large open reading
frames (ORFs) which are shown in black. (b) RNAs produced in SARS-CoV-infected cells. The
5'-terminal ORF(s) expressed from specific RNAs is/are shown as boxes. The small black box
indicates the 5'-leader sequence present on each of the viral RNAs. The replicase gene (ORFs la
and 1b) are shown in black. To the right, SARS-CoV genomic and subgenomic RNAs as detected
by Northern blotting using a 3’ end-specific probe are shown together with information on sizes (in
kilobases) and names of proteins expressed from these RNAs. (¢) Overview of the domain
organization and proteolytic processing of the SARS-CoV replicase polyproteins, ppla
(486 kDa) and pplab (790 kDa). For comparison, the mouse hepatitis virus (MHV)-A59 replicase
polyproteins are shown. The processing end-products of ppla are designated nonstructural pro-
teins (nsps) 1 to nspll and those of pplab are designated nspl to nspl0 and nspl2 to nspl6.
Cleavage sites that are processed by the viral main protease, MP™, are indicated by grey arrow-
heads; sites that are processed by the papain-like proteases 1 and 2 (PL1 and PL2), are indicated by
white and black arrowheads, respectively. Ac, acidic domain; A, ADRP (ADP-ribose-1"-phos-
phatase); SUD, SARS-CoV unique domain; NAB, nucleic acid-binding domain; Rp, noncanonical
RNA polymerase (putative primase); RdRp, RNA-dependent RNA polymerase; TM1, TM2, TM3,
transmembrane domains 1, 2, and 3, respectively; HEL, helicase; ExoN, 3'-to-5" exoribonuclease;
NeU, NendoU (nidoviral uridylate-specific endoribonuclease); MT, ribose-2'-O-methyltransferase



6 Expression and Functions of SARS Coronavirus Replicative Proteins 79

(Harcourt et al. 2004; Prentice et al. 2004; Snijder et al. 2003; Thiel et al. 2003). The
PLP™ domain is part of nsp3 and processes the nsp1l2, nsp2I3 and nsp3/4 cleavage
sites. The MP™ cleaves the C-terminal part of ppla/lab at the remaining 11 sites
(Fig. 6.1), releasing the most conserved proteins of the coronavirus RTC. The
individual cleavage sites are thought to be processed with varying efficiencies,
resulting in the presence of some reasonably stable intermediates. This has been
studied in some detail for the proteins released by the PLP™ activity (Harcourt et al.
2004). While the nsp112 and nsp3l4 sites are rapidly processed, the nsp2I3 site was
found to be cleaved at a lower rate, giving rise to a relatively long-lived nsp2-3
intermediate in infected cells. The rapid cleavage of the nsp3I4 site results in fast
separation of the domains processed by PLP™ and those processed by MP™. Even
though an initial study of the nonstructural proteins in SARS-CoV-infected cells
failed to detect processing intermediates (Prentice et al. 2004), the cleavage of
interdomain junctions by MP™ is also thought to occur at varying rates (Fan et al.
2004). This is supported by data obtained for mouse hepatitis virus (MHV),
showing that nsp4—10 is a relatively stable processing intermediate (Schiller et al.
1998). In addition to the sequence of the individual cleavage sites, the efficiency of
processing appears to be influenced by the secondary structure of the substrate
(Fan et al. 2005, 2004). Thus, cleavage of peptides with a high propensity to form
B-sheets is enhanced, consistent with the substrate binding mode observed in crystal
structures of MP™ in complex with inhibitors (Anand et al. 2003; Yang et al. 2003,
2005).

It is generally accepted that processing intermediates fulfil important functions
that, in some cases, differ from those of the fully processed proteins. This strategy is
commonly employed by plus-strand RNA viruses to expand the functional reper-
toire of the relatively small number of protein domains present in viral polyproteins
(Dougherty and Semler 1993; Palmenberg 1990). The idea of different functions
being associated with precursors and final processing products, respectively, is
supported by the fact that coronavirus RNA synthesis requires ongoing protein
synthesis, with minus-strand synthesis declining more rapidly than positive-strand
synthesis after inhibition of translation by cycloheximide (Sawicki and Sawicki
1986).

6.3 Functions and Activities of Replicase Gene-Encoded
Nonstructural Proteins

6.3.1 ORFl1la-Encoded Nonstructural Proteins 1-11

The proteins processed from the N-terminal regions of the coronavirus replicative
polyproteins 1a/lab are highly divergent among coronaviruses. nspl proteins from
group 1 and group 2 coronaviruses, respectively, are not evidently related to each
other, whereas group 3 coronaviruses lack an nspl-counterpart altogether, making
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nsp2 the most N-terminal processing product in this case. The significant sequence
diversity is also evident when nspl proteins from the same group (1 or 2) are
compared with each other (Almeida et al. 2007; Connor and Roper 2007; Snijder
et al. 2003). A nuclear magnetic resonance structure was reported for SARS-CoV
nspl (Almeida et al. 2007). The protein has a complex B-barrel fold flanked by
disordered N- and C-terminal domains (see Chap.18 for details) and lacks statisti-
cally significant structural similarity to other cellular or viral proteins. Although the
protein is not required for replication of SARS-CoV and MHYV in cell culture
(Brockway and Denison 2005;Wathelet et al. 2007; Ziist et al. 2007), there is
increasing evidence to suggest that the protein has important functions in vivo.
SARS-CoV nspl was suggested to counteract cellular innate immune responses by
inhibiting IFN signaling pathways, and recombinant SARS-CoV with an attenuat-
ing mutation in nspl was found to decrease the ability of the virus to replicate in
cells with an intact IFN response (Wathelet et al. 2007). Narayanan and co-workers
(Narayanan et al. 2008) reported that another SARS-CoV nspl mutant, but not the
wild-type virus, induced high levels of INF-f3, suggesting that nspl may also have a
role in type I IFN induction, which contradicts findings reported earlier by others
(Wathelet et al. 2007; Ziist et al. 2007). Characterization of an MHV mutant
expressing a C-terminally truncated form of nspl showed that the protein is a
major pathogenicity factor of this virus (Ziist et al. 2007). There is evidence to
suggest that MHV nsp1 is involved in counteracting type I IFN signaling and/or the
antiviral activities of IFN-induced proteins, whereas a role in suppression of IFN
induction seems less likely.

Furthermore, SARS-CoV nspl was shown to (1) promote host mRNA degrada-
tion, (2) inhibit cellular translation (Kamitani et al. 2006; Narayanan et al. 2008)
and (3) affect cell cycling (Wathelet et al. 2007). MHV nspl was reported to
colocalize (and interact) with other subunits of the viral replicase—transcriptase at
the site of viral RNA synthesis but appears to migrate to virion assembly sites at a
later stage of infection (Brockway et al. 2004). It remains to be seen if this
relocalization is linked to distinct functions of nspl at different stages of the
replication cycle of MHV and, possibly, other coronaviruses.

For nsp2, no specific function has yet been identified. It has been suggested that
nsp2 is a component of SARS-CoV virions (Neuman et al. 2008). The protein is not
essential for replication in vitro as deletion of the entire nsp2 coding sequence was
tolerated in both SARS-CoV and MHV (Graham et al. 2005). nsp2 deletion mutants
grew to slightly reduced titers and RNA synthesis was diminished by about 50%,
with all RNA species being equally affected. More recently, it was shown that the
replication defects observed in MHV nsp2 deletion mutants could not be compen-
sated by nsp2 expressed from either a subgenomic RNA or from a C-proximal
position in the replicase polyprotein, when inserted between nspl3 and nspl4
(Gadlage et al. 2008).

nsp3 is a large, membrane-anchored multidomain protein. Despite significant
sequence diversity among coronavirus nsp3 proteins, up to 16 putative functional
domains, including ubiquitin-like, metal-binding, nucleic acid-binding, RNA chap-
erone-like, poly(ADP)-ribose-binding, protease, transmembrane (TM) and other



6 Expression and Functions of SARS Coronavirus Replicative Proteins 81

conserved domains have been identified in nsp3 (Neuman et al. 2008; Ziebuhr et al.
2001). nsp3 has been proposed to be a major “hub” for protein—protein and protein—
RNA interactions between viral and (possibly) cellular macromolecules (Imbert
et al. 2008; Neuman et al. 2008). Many of the domains are common to all
coronaviruses while some are group- or species-specific (Neuman et al. 2008;
Snijder et al. 2003; Ziebuhr et al. 2001).

Among the conserved domains are papain-like proteases (PLPs) that cleave the
N-terminal part of the polyproteins at up to three sites (Fig. 6.1). While most
coronaviruses possess two PLP™s (PL1P™ and PL2P™), SARS-CoV and IBV encode
only one active PLP™, which are orthologues of the PL2P™ of other coronaviruses
(Snijder et al. 2003; Thiel et al. 2003; Ziebuhr et al. 2001). The SARS-CoV PLP™
employs a Cys—His—Asp catalytic triad and exhibits a narrow substrate specificity,
with all three processing sites conforming to the consensus sequence LXGG
(Harcourt et al. 2004; Thiel et al. 2003). Besides its important role in ppla/pplab
processing, the SARS-CoV PLP™ has deubiquitinating activity (Barretto et al. 2005;
Lindner et al. 2005) and shares structural features with cellular ubiquitin-specific
proteases (see Chap. 18 for details) (Ratia et al. 2006; Sulea et al. 2005). The PL2P™
homolog of HCoV-NL63, a group 1b coronavirus, also has ubiquitin-specific
protease activity (Chen et al. 2007b), suggesting that this activity may be of general
biological relevance to the coronavirus life cycle. SARS-CoV PLP™ removes
ubiquitin and ubiquitin-like modifiers (Ubl) from fusion proteins and debranches
polyubiquitin chains, with a marked preference for Lys-48- over Lys-63-conjugated
chains (Lindner et al. 2007). The C-terminal residues of ubiquitin and the ubiquitin-
like modifier ISG15, LRLRGG, match the consensus sequence of SARS-CoV PLP™
cleavage sites in ppla/pplab very well (Harcourt et al. 2004; Thiel et al. 2003).
SARS-CoV PLP™ is able to distinguish between ISG15 and ubiquitin and preferen-
tially cleaves ISG15-modified proteins. The exact mode of recognition of Ubl
modifiers by PLP™ is not known but might involve interactions between the Zn>*
ribbon domain connecting the o and  subdomains of the PLP* and the B-grasp fold
of ubiquitin and additional, currently unknown, interactions. The deubiquitinating
and deISGylating activities of PLP™ have been speculated to be involved in (1)
protecting viral and/or cellular proteins from degradation and (2) counteracting
innate immune responses (Lindner et al. 2007; Sulea et al. 2005). Recently, PLP™
was shown to inhibit IFN signaling by binding to IRF-3 and interfering with its
hyperphosphorylation, dimerization and nuclear translocation (Devaraj et al. 2007).
Surprisingly, the inhibition of IFN response was not abrogated by substitution of
PLP™ active-site residues, suggesting that the protease/deubiquitylase activity of
PLP™ was not involved. Slightly contrasting data were reported by Zheng and co-
workers (Zheng et al. 2008). In this case, the reduction of the type I INF response
induced by vesicular stomatitis virus was dependent on the proteolytic activity of
the SARS-CoV PLP™,

Another nsp3 domain is the ADP-ribose 1” phosphatase (ADRP) domain (also
called X domain or macro domain) (Fig. 6.1). The domain is conserved across
members of the genera Coronavirus, Torovirus and Bafinivirus (Draker et al.
2006; Schiitze et al. 2006) and several other plus-strand RNA viruses
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(Gorbalenya et al. 1991). Viral ADRPs are related to a large family of macro
domain proteins found in many cellular organisms. The protein family is named
after the nonhistone domain of macroH2A histones. Macro domain proteins share
a conserved fold and bind to (and, in some cases, process) a range of substrates
related to ADP-ribose (Karras et al. 2005). Several members of the macro domain
family have been shown to (1) bind poly(ADP)-ribose and/or poly(A) RNA and (2)
hydrolyze ADP-ribose-1"-phosphate (Egloff et al. 2006; Karras et al. 2005;
Neuvonen and Ahola 2009; Putics et al. 2005, 2006; Saikatendu et al. 2005; Xu
et al. 2009). The ADRP domains of HCoV-229E, SARS-CoV and transmissible
gastroenteritis virus (TGEV) have been shown to hydrolyze ADP-ribose-1"-
phosphate to yield ADP-ribose and inorganic phosphate (Egloff et al. 2006; Karras
et al. 2005; Neuvonen and Ahola 2009; Putics et al. 2005, 2006; Saikatendu et al.
2005; Xu et al. 2009). The molecular mechanisms of the dephosphorylation
reaction have not been elucidated but are thought to differ from other phosphatases
as there is no sequence and/or structural similarity between the respective
enzymes (Allen et al. 2003; Egloff et al. 2006). Based on the structure of corona-
virus ADRPs in complex with ADP-ribose, two conserved residues (Asn and His)
were proposed to be important for activity (Egloff et al. 2006; Saikatendu et al.
2005; Xu et al. 2009). Substitutions of these residues by alanine abolished ADRP
activity activity in an in vitro assay, supporting their critical role (Egloff et al.
2006; Putics et al. 2005).

The biological role of the ADRP in the coronavirus life cycle has not been
established. Characterization of an HCoV-229E mutant (HCoV-229E-N1305A)
expressing an inactive ADRP revealed no apparent defects in virus reproduction
and RNA synthesis in a cell culture system (Putics et al. 2005). Similar observations
were made for the corresponding MHV-AS59 mutant (MHV-N1348A) (Eriksson
et al. 2008), confirming that ADRP activity is dispensable for coronavirus replica-
tion in vitro. However, when characterized in vivo, the MHV-N1348 A mutant was
found to be attenuated. At high infection doses, the mutant and wild-type viruses
replicated to similar titers in the liver of C57BL/6 mice but, in contrast to wild-type
virus, the N1348A mutant failed to cause severe liver pathology. Similar observa-
tions were made in C57BL/6 IFNAR™™ mice, arguing against a major role of the
ADREP activity in counteracting IFN-o host responses. The underlying mechanisms
for the observed low pathogenicity of the MHV-N1348 A mutant in the liver have
not been identified conclusively but may be linked to a reduced expression of
proinflammatory cytokines, in particular IL-6. The data support the biological
relevance of the catalytic activity of coronavirus ADRP domains which, on the
basis of in vitro observations, has previously been questioned by others (Egloff
et al. 2006; Neuvonen and Ahola 2009). The biologically relevant substrate(s) of
the ADRP domains of SARS-CoV and other coronaviruses remain(s) to be identi-
fied. There is increasing evidence to suggest that macro domains have evolved
different functionalities using a conserved fold and may have more than one
activity which might not necessarily be mutually exclusive in any one domain. A
striking example to support this idea is the recent identification of another macro
domain within the SARS-CoV nsp3, located downstream of the ADRP (Chatterjee
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et al. 2009) and representing the central domain (SUD-M) of the SARS-CoV unique
domain (SUD). On the basis of the NMR structure of SUD-M the ADRP was
identified as the closest structural homolog of SUD-M, even though the sequence
similarity between the two domains is very low (5% identical residues). It is
tempting to speculate that the SUD-M domain may have evolved from ADRP
through gene duplication, similar to what was previously proposed for the two
paralogous PLP"® domains found in many coronaviruses (Ziebuhr et al. 2001). SUD-
M was found to bind to single-stranded poly(A)-RNA while others (Tan et al. 2007)
had previously reported a poly(dG)/poly(G)-binding activity for SUD. The reasons
for these differences are currently unclear but might be due to the different domain
boundaries of the proteins characterized in the two studies. The full-length SUD has
also been shown to have metal-binding activity (Neuman et al. 2008) which likely
resides in the N-terminal part of the protein and involves some of the six conserved
cysteine residues (SARS-CoV nsp3 positions 393, 456, 492, 507, 550, and 623) and
two conserved histidine residues (positions 539 and 613).

Additional domains with nucleic acid-binding activity are present in SARS-CoV
nsp3 and probably other coronaviruses. The bacterially-expressed N-terminal
domain of nsp3 consistently copurified with nucleic acids (Serrano et al. 2007).
The N-terminal region of nsp3 is particularly rich in acidic residues and is therefore
also referred to as acidic (Ac) domain (Ziebuhr et al. 2001). The domain is
conserved in all coronaviruses but exhibits a low degree of sequence identity
(Serrano et al. 2007). The NMR structure of the Ac domain revealed an N-terminal
ubiquitin-like fold (residues 1-112) followed by a disordered tail particularly rich
in glutamic acid residues (Serrano et al. 2007). The N-terminal globular domain
differs from the ubiquitin-like fold by an elongated a2 helix and the presence of two
additional helices, a3 and 3,,, which are important for RNA binding. The protein
was found to preferentially bind (G)AU(A) sequences.

A further domain linked to RNA binding was identified in SARS-CoV nsp3 just
downstream of the PLP™® (Neuman et al. 2008). This domain, named nucleic acid-
binding domain (NAB), is conserved in group 2 and 3 (but not in group 1)
coronaviruses. Bacterially-expressed NAB exhibited ATP-independent double-
stranded nucleic acid-unwinding activity, consistent with a possible chaperone
function.

Coronavirus replication takes place at virus-induced double membrane vesicles
(DMVs) (Gosert et al. 2002; Knoops et al. 2008). The TM domain present in nsp3
(Neuman et al. 2008; Snijder et al. 2003; Ziebuhr et al. 2001), along with TM
domains in nsp4 and nsp6, is thought to be involved in tethering the viral replica-
tion—transcription complex to intracellular membranes. The topology of the SARS-
CoV nsp3 TM domain was recently determined (Oostra et al. 2008). The data
suggest that the N- and C-termini are located in the cytoplasm, thus placing the
PLP™ at the same face of the membrane as all its cleavage sites in ppla/pplab. The
domain traverses the membrane twice, while the third, central, predicted transmem-
brane helix does not appear to function as such. By analogy with the TM domains
located in the equine arteritis virus nsp2 and nsp3 proteins (Snijder et al. 2001),
whose role in DMV formation has been established earlier, Oostra and co-workers
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(Oostra et al. 2007, 2008) suggest that DMV formation in SARS-CoV infected cells
is mediated by nsp3 and nsp4. They further hypothesize that the central non-TM
hydrophobic domain might play an important role in this process by dipping into
the membrane and inducing curvature of the membranes.

nsp4 is a tetra-spanning membrane protein (Oostra et al. 2008). Both termini are
located in the cytoplasm (Oostra et al. 2007). TM helices 1 and 2 are connected by a
long lumenal loop that is N-glycosylated (Oostra et al. 2007). The presumed critical
role of nsp4 in DMV formation is supported by studies using a temperature-
sensitive mutant of MHV-AS59 in which substitution of the nsp4 Asn-258 residue
with Thr led to impaired DMV formation, while polyprotein processing was not
affected (Clementz et al. 2008). The critical role of nsp4, including its transmem-
brane-spanning regions 1-3, in coronavirus replication has been established in a
recent reverse genetics study using MHV-AS9 (Sparks et al. 2007). The study also
showed that the C-terminal nsp4 residues Lys-398 to Thr-492 are dispensable for
MHV replication.

nsp5 is the viral main protease (MP™). It cleaves at 11 sites in the central and C-
terminal ppla/pplab regions (Thiel et al. 2003; Ziebuhr et al. 1995; Ziebuhr et al.
2000). Because of its prominent role in ppla/pplab processing and the large body
of structural and biochemical information available for this enzyme, the MP™ is
considered an attractive target for the development of antivirals. The enzyme is
distantly related to the 3C proteases of picornaviruses (hence its traditional name
“3C-like protease,” 3CLP™) but diverged significantly from these viral homologs
(Gorbalenya et al. 1989b). For example, in place of the typical Cys—His—Asp/Glu
catalytic triad of picornaviral 3C proteases, the coronavirus MP™ employs a Cys—
His catalytic dyad (Anand et al. 2003, 2002; Tan et al. 2005; Xue et al. 2008; Yang
et al. 2003, 2005; Zhao et al. 2008). A water molecule was found to occupy the
position of the third member of the catalytic triad in coronavirus MP™ structures and
it has been suggested that this water molecule might stabilize the protonated His
during catalysis. In common with many cellular and viral chymotrypsin-like pro-
teases, coronavirus MP™ has a two-B-barrel fold which, in the coronavirus enzymes,
is linked to a unique a-helical domain at the C-terminus (Anand et al. 2002). MP*®
forms homodimers (Anand et al. 2003, 2002; Yang et al. 2003). Dimerization
mainly occurs through interactions between the C-terminal domains of the two
protomers in the dimer as well as a stretch of N-terminal residues (N-finger) (see
Chap. 9 for details). Dimerization is generally believed to be a prerequisite for
trans-processing activity. The dimeric structure is another feature that sets the
coronavirus MP™ apart from 3C proteases which function as monomers. Over the
past few years a large number of studies have provided significant insight into
the structural details and dynamics of MP™ dimerization and their functional
consequences. For a review of this work, the reader is referred to Chap. 9.

nspb6 is another TM protein. Both the N- and C-terminus are located cytoplasmi-
cally (Oostra et al. 2008), indicating an even number of TM helices and thus placing
the MP™ on the same face of the membrane as all its substrates. The protein has
seven putative TM helices. To satisfy the observed Nepgo—Cendo localization of the
protein, Oostra and co-workers (2008) proposed that only six of the predicted TM
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helices function as such in the context of the full-length protein and helix 6 or
possibly helix 7 might not traverse the membrane. Further, it has been suggested
that the nonmembrane-spanning helix may act as interaction platform for other
replicase components or aid in the formation of DMVs. The function of nsp6
remains to be characterized.

nsp8 was recently reported to be a second “noncanonical” RNA-dependent RNA
polymerase (Imbert et al. 2006) (see Chap. 18). The protein synthesizes short
oligonucleotides of up to 6 nts and requires an RNA template and metal ions for
activity. RNA synthesis was sequence specific, with a preference for the internal 5'-
(G/U)CC-3' trinucleotide sequence as site of initiation, but exhibited a relatively
low fidelity and processivity. nsp8 is well conserved among coronaviruses. The
noncanonical RdRp is therefore suggested to be an essential enzymatic activity
involved in RNA synthesis in all coronaviruses and, possibly, other related nido-
viruses. Imbert and co-workers (Imbert et al. 2006) hypothesized that nsp8 could
act as a primase that produces RNA primers which are then extended by the main
RdRp, nsp12, in a mechanism reminiscent of DNA replication.

nsp8 was shown to interact with nsp7 and together these proteins form a
hexadecameric ring structure consisting of eight copies of each protein as shown
by X-ray crystallography (Zhai et al. 2005). The complex encircles a channel with a
diameter of ~30 A that is lined with positively-charged residues (for details, see
Chap. 18). Addition of nsp7 to the primase activity assay did not increase the
primase activity. However, nsp8 exhibits a low thermostability and nsp7 might
therefore act as a stabilizing mortar (Imbert et al. 2006; Zhai et al. 2005).

The structure of SARS-CoV nsp9 was solved by two groups (Egloff et al. 2004;
Sutton et al. 2004). A distant structural relationship with domain II of the MP" was
noted, suggesting that both proteins may be evolutionary related and thus represent
another example of domain duplication in the coronavirus replicase, similar to what
was discussed above for coronavirus PLP™ and macro domains. Furthermore, nsp9
is structurally related to proteins containing an oligosaccharide/oligonucleotide-
binding (OB) fold, although the connectivity of the individual secondary structural
elements differs in nsp9. A large proportion of OB-fold proteins bind nucleic acids
and SARS-CoV nsp9 was confirmed to also bind ssSRNA. Binding of ssRNA by
nsp9 was unspecific but specificity might possibly be attained by interaction with
other viral or cellular proteins. Sutton and co-workers (2004) showed that SARS-
CoV nsp9 interacts with nsp8 in an analytical ultracentrifugation analysis. The
experiment further suggested that this interaction might help stabilize an otherwise
disordered domain of nsp8. nsp9 forms dimers through the interaction of parallel
a-helices that contain a GXXXG protein—protein interaction motif (Miknis et al.
2009). Substitutions of either of the Gly residues with Glu disrupted dimer forma-
tion while RNA binding was only marginally affected. Viable SARS-CoV mutants
carrying either mutation could not be recovered, suggesting that nsp9 dimerization
is critical for virus replication.

nsp10 is another small replicase protein with RNA-binding activity. Two studies
analyzing the structure of nspl0 described a single-domain protein that contains
two Zn**-fingers (Joseph et al. 2006; Su et al. 2006). nspl0 was shown to bind
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single- and double-stranded RNA and DNA with low affinity and no apparent
specificity. nspl0 interacts with nsp9 as shown by cross-linking (Joseph et al.
2006) and in a GST-pulldown assay (Imbert et al. 2008). As nsp9, in turn, interacts
with nsp8 and nsp8 forms a complex with nsp7 and all these proteins are involved in
homotypic interactions (see above and Chap. 18), it is tempting to believe that these
proteins form a multiprotein complex that, in the course of infection, undergoes
structural rearrangements (possibly due to MP*°-mediated cleavages), thereby acti-
vating, modulating or inactivating specific RTC function(s) as required at the
various steps of viral RNA synthesis.

Consistent with the presumed key role of M™® processing in the formation of a
functional RTC, viable MHV mutants could not be recovered if cleavage at the
nsp718, nsp8l9 or nsp10I11(12) sites was abolished (Deming et al. 2007). Disruption
of proteolytic processing at the nsp9l10 site gave rise to an attenuated, but viable
phenotype. The MHV nsp9I10 cleavage site mutant restored near wild-type growth
kinetics after serial passaging which was not caused by restoration of processing at
the nsp9110 site but by a number of compensatory mutations at distant positions in
the viral genome. This suggests that nsp9—10 can function as a fusion protein,
though efficient replication requires adaptation of the virus. The functional role of
the specific changes identified in some of the recovered viruses remain to be
characterized.

nspl1 forms the C-terminal part of ppla. SARS-CoV nspl1 is an oligopeptide of
13 residues. It is produced if no programmed frameshift occurs at the “slippery
sequence” (see Chap. 6), leading to translation termination at the ORFla stop
codon. nspl1 shares its N-terminal amino acids (upstream of the frameshift site)
with nsp12. Most of the nspl1 coding sequence overlaps with the RNA sequence
involved in frameshifting and the nsp12 coding sequence, posing severe constraints
on the nspl1 sequence and arguing against a functional role of nsp11. The protein
has also not been detected in infected cells.

pro

6.3.2 ORF1b-Encoded Nonstructural Proteins 12-16

The RNA-dependent RNA polymerase (RdRp, nsp12) is the most conserved pro-
tein of the coronavirus replicase—transcriptase. Expression of nsp12 (and all other
ORFlb-encoded proteins) requires ribosomal frameshifting, implying that
nsp12-16 are produced at significantly lower levels compared to ORFla-encoded
functions. SARS-CoV nspl2 is a protein of 932 residues. The actual catalytic
domain containing the conserved RdRp motifs (Gorbalenya et al. 1989b; Koonin
1991) occupies the C-terminal region (C-terminal domain, CTD) of nsp12 while the
N-terminal domain (NTD) spanning the first 375 amino acids has no known
counterpart in other RdRps (Xu et al. 2003). Xu and co-workers (2003) proposed
a three-dimensional (3D) homology model for the SARS-CoV nspl12 CTD. This
model showed the characteristic cupped right hand palm—finger—thumb structure
encircling a nucleic acid-binding tunnel. The RdRp activity of nsp12 was recently
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confirmed by showing that bacterially-expressed nspl2 is able to extend an oligo
(U) primer hybridized to a poly(A)-template (Cheng et al. 2005).

SARS-CoV nspl3 is a multidomain protein of 601 amino acid residues. The
N-terminal region contains a zinc-binding domain (ZBD) while a helicase domain
featuring the typical conserved morifs of superfamily 1 helicases is present in the
C-terminal half (Gorbalenya et al. 1989a, 1989b). The ZBD contains 12 conserved
cysteine and histidine residues that are predicted to form a binuclear Zn**-binding
cluster (Seybert et al. 2005; van Dinten et al. 2000). It is conserved in all nido-
viruses and is critical for helicase activity in vitro (Seybert et al. 2005) and RNA
synthesis of HCoV-229E in cell culture (Hertzig and Ziebuhr, unpublished). Coro-
navirus helicases (including SARS-CoV nsp13) were shown to unwind RNA and
DNA duplexes in a 5'-to-3 direction with respect to the single-stranded RNA they
initially bind to (Ivanov and Ziebuhr 2004; Ivanov et al. 2004a; Seybert et al. 2000;
Tanner et al. 2003). Translocation of nsp13 along RNA (and concomitant duplex
unwinding) is fueled by NTP or dNTP hydrolysis. Consistent with many other
helicases, the nspl3-associated NTPase/dNTPase activity is stimulated by nucleic
acids (Heusipp et al. 1997). Additionally, nsp13 exhibits RNA 5'-triphosphatase
activity which was proposed to catalyze the first step of the 5’'-capping reaction of
viral RNAs (Ivanov and Ziebuhr 2004; Ivanov et al. 2004a).

The N-terminal part of nspl4 contains a 3/-to-5’ exoribonuclease (ExoN)
domain. ExoN is related to the DEDD superfamily of exonucleases (Zuo and
Deutscher 2001) but carries an additional putative Zn>*-finger structure that is
inserted between the conserved motifs II and III (Snijder et al. 2003). The ExoN
activity of SARS-CoV nsp14 was demonstrated in vitro and shown to be specific for
single-stranded and double-stranded RNA (Minskaia et al. 2006). The protein was
shown to require metal ions for activity and isothermic titration calorimetry data
suggest that nsp14 binds two Mg”* ions per molecule (Chen et al. 2007a). This data,
together with the profound reduction of activity upon substitution of putative metal
ion-coordinating residues (Minskaia et al. 2006), suggests that catalysis occurs
through a two-metal-ion mechanism similar to that used by many cellular enzymes
mediating phosphoryltransfer reactions (Beese and Steitz 1991).

It has been proposed that coronaviruses and other nidoviruses with genome
sizes of about 30 kb have evolved specific mechanisms to replicate their large
RNA genomes. The argument is that, in the absence of such mechanisms, the
intrinsically error-prone RdRps of RNA viruses would cross a (postulated) thresh-
old of nucleotide misincorporations above which the survival of a given virus
population becomes impossible. The question of how coronaviruses are able to
maintain their exceptionally large RNA genomes has not been resolved but a
number of recent observations suggest that nspl4 was critically involved in the
evolution of these large genomes. First, coronaviruses were shown to encode a
3'-to-5’ ExoN that is related to cellular enzymes involved in proof-reading
mechanisms during cellular DNA replication. Second, the ExoN activity is not
conserved in nidoviruses with much smaller genomes (i.e., Arteriviridae), even
though the ppla/pplab domain organization is otherwise very well conserved
among small and large nidoviruses (Gorbalenya et al. 2006; Snijder et al. 2003).
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Third, ExoN activity was found to be essential for HCoV-229E replication in cell
culture (Minskaia et al. 2006). Transfection of genome-length RNAs containing
substitutions of ExoN active-site residues failed to produce viable virus. Northern
blot analysis of viral RNA in transfected cells revealed a severe reduction in
genome replication, an altered molar ratio of sgRNAs and aberrant migration of
two sgRNAs in some of the mutants (Minskaia et al. 2006). Consistent with these
data, deletion of the ExoN domain from a SARS-CoV replicon was reported to
abolish RNA synthesis and substitution of a putative ExoN active-site residue
reduced genome replication and transcription about 10-fold in this system (Almazan
et al. 2006). Fourth, the characterization of MHV-A59 ExoN active-site mutants
revealed defects in viral RNA synthesis and rapid accumulation of mutations across
the genome (Eckerle et al. 2007). The authors calculated that, during passage (and
under strong selection pressure), MHV-A59 ExoN mutants accumulated approxi-
mately 15-fold more substitutions than the wild-type virus. The data obtained in
these studies are consistent with the proposed role of ExoN in increasing the fidelity
of the coronavirus RdRp, although there is still no direct proof for this specific
function.

Coronaviruses encode a second conserved ribonuclease, NendoU (Nidoviral
endoribonuclease, specific for U), which is located within nspl5 (Snijder et al.
2003). The domain is conserved not only in coronaviruses but also in all other
members of the order Nidovirales. NendoU homologs could not be identified in any
other RNA virus, which makes the domain a genetic marker of nidoviruses (Ivanov
et al. 2004b). SARS-CoV nspl5 was shown to be an endoribonuclease that cleaves
preferentially 3’ of uridylates and generates 2'-3’ cyclic phosphate ends (Bhardwaj
et al. 2004; Ivanov et al. 2004b). The activity is significantly enhanced by Mn**
while addition of Mg?* or Ca** only had minor effects on activity. The structure of
SARS-CoV nspl5 revealed a novel fold (see Chap. 18). In spite of unrelated
structures and lack of sequence similarity, nspl5 and RNaseA were proposed to
use the same catalytic mechanism (Ricagno et al. 2006). Residues forming the
catalytic triad of bovine RNase A (His-12, Lys-41, His-119) could be superimposed
with His/Lys residues known to be critical for activity of SARS-CoV nsp15 (Ivanov
et al. 2004b) and both RNaseA and SARS-CoV NendoU generate 2'-3’ cyclic
phosphate ends, suggesting that endoribonucleolytic cleavage by NendoU proceeds
through the same catalytic mechanism (Ricagno et al. 2006). The proposed
RNaseA-like catalytic mechanism does not involve metal ions and therefore the
observed stimulatory effects of Mn?* on NendoU activities of several (but not all)
coronaviruses (Bhardwaj et al. 2004; Cao et al. 2008; Ivanov et al. 2004b; Xu et al.
2006) cannot readily be reconciled with a role in catalysis. Based on intrinsic
tryptophan fluorescence data, Bhardwaj and co-workers (2004) suggested that
Mn?* ions induce specific conformational changes in the protein that might promote
its nuclease activity. However, the available crystal structure information does not
provide evidence for the presence of Mn>* ion-binding sites in any of the coronavi-
rus NendoUs studied (Ricagno et al. 2006; Xu et al. 2006). More recently, it was
suggested that Mn>" jons increase the RNA-binding activity of NendoU (Bhardwaj
et al. 2006).
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Coronavirus NendoUs form hexamers consisting of a dimer of trimers in crystals
and in solution (see Chap. 18). Amino acid substitutions that interfere with hexa-
merization were reported to reduce the nucleolytic activity and RNA affinity of
SARS-CoV NendoU, suggesting that hexamerization is critically involved in activ-
ity (Guarino et al. 2005). However, the presence of six independent active sites in
the NendoU crystal structure, together with relatively minor differences in the K,
and k., values determined for monomeric and hexameric MHV NendoU (Xu et al.
2006) and the fact that maltose-binding protein—NendoU fusion proteins that are
unable to form hexamers possess endoribonucleolytic activity (Ivanov et al. 2004b)
suggest that hexamerization may not be essential for activity. It therefore remains
possible that NendoU may be active prior to its proteolytic release from pplab, for
example in the context of NendoU-containing processing intermediates or the full-
length polyprotein.

The role of NendoU in the coronavirus life cycle is not well understood. Reverse
genetics data obtained for HCoV-229E (Ivanov et al. 2004b) and MHV (Kang et al.
2007) suggest that NendoU activity is not essential for viral replication. Substitu-
tions of NendoU active-site His and Lys residues in MHV were shown to cause
subtle defects in sgRNA accumulation and reduce virus titers by about 10-fold.
Substitutions of a conserved Asp residue abolished viral RNA synthesis, both in
HCoV-229E and MHV (Ivanov et al. 2004b; Kang et al. 2007). Both structural
information and biochemical data suggest that this particular residue may have an
important structural role, suggesting that the observed defects in viral replication
may be due to misfolding of nsp15 or other ppla/pplab subunits rather than caused
by the lack of NendoU activity. More studies are needed to understand the function
of the conserved NendoU activity in nidoviral replication.

NendoU belongs to a family of proteins that is prototyped by a cellular endo-
ribonuclease, called XendoU, from Xenopus laevis (Laneve et al. 2003). XendoU is
a poly(U)-specific endoribonuclease that, together with ExoN and methyltransfer-
ase (MT) activities, is involved in the processing of intron-encoded small nucleolar
(sno) RNAs and site-specific RNA methylation pathways in X. laevis oocytes
(Laneve et al. 2003). It has been suggested (but not yet explored experimentally)
that a similar set of activities associated with coronavirus nspl4 (ExoN), nspl5
(NendoU) and nsp16 (MT), which are coexpressed in the C-proximal pplab region,
may be involved in related RNA-processing and methylation pathways (Snijder
et al. 2003).

The most C-terminal processing product of pplab, nsp16, has been proposed to
be related to the RrmlJ/Fts] family of S-adenosyl-methionine-dependent ribose-
2'-O-methyltransferases (Feder et al. 2003; Snijder et al. 2003). The predicted MT
activity was recently confirmed for nspl6 of feline coronavirus (FCoV) (Decroly
et al. 2008). FCoV nsp16 was shown to methylate "*GpppAC, at the ribose-2'-O
moiety of the adenosine, converting a cap-0 to a cap-1 structure. The domain is
critically involved in coronavirus replication as deletion or ablation of expression
of nspl6 abolished RNA synthesis in SARS-CoV (Almazan et al. 2006) and
HCoV-229E (Hertzig, Schelle and Ziebuhr, unpublished data) while substitution
of one of the residues forming the catalytic tetrad reduced sgRNA synthesis about
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10-fold in a SARS-CoV replicon system (Almazan et al. 2006). The 5'-cap
structure is known to be critically important for the stability of cellular mRNAs
and translation initiation (reviewed in Shuman 2001). The cellular capping appa-
ratus is located in the nucleus, implying that viruses that replicate in the cytoplasm
need to either provide all the enzymes required to produce RNA cap structures or
employ alternative mechanisms, such as cap snatching (Plotch et al. 1981). In
eukaryotic cells, the production of 7MerppG2/0MeN(2/0Me) cap-1 (and cap-2)
structures is achieved through four consecutive enzymatic reactions: (1) removal
of the RNA 5’ y-phosphate by an RNA 5'-triphosphatase, (2) transfer of GMP to
the remaining 5" diphosphate end by a guanylyltransferase, (3) methylation of the
guanine at the N7 position by a guanine-N7-methyltransferase, resulting in a cap-
0 structure, (4) methylation of ribose-2'-O-moieties of the first (and second)
nucleotide of the mRNA by a ribose-2'-O-methyltransferase, resulting in cap-1
and cap-2 structures, respectively (Langberg and Moss 1981; Shuman 2001).
Coronaviral RNAs are modified at the 5'-end, probably with a cap structure (Lai
et al. 1982), and it seems reasonable to suggest that the nsp16-associated ribose-2'-
O-methyltransferase activity catalyzes the conversion of cap-0 into cap-1 struc-
tures whereas the nsp13-associated RNA 5'-triphosphatase activity might catalyze
the first step of 5'-cap formation (Ivanov and Ziebuhr 2004; Ivanov et al. 2004a).
Homologs of cellular guanylyltransferase and guanine-N7-methyltransferases
have not been identified in coronaviruses and it remains to be seen what viral or
cellular proteins/activities mediate the two remaining reactions, namely GMP
transfer and guanine-N7 methylation, to synthesize RNA cap structures on coro-
navirus RNAs. While some + RNA viruses, such as alphaviruses, encode all four
required activities (reviewed in Salonen et al. 2005), other viruses use one and the
same domain to perform two different reactions. For example, the West Nile virus
MT methylates at both the guanine N7 position and the ribose-2'-O moiety using
an interesting substrate-repositioning mechanism and a single S-adenosylmethio-
nine-binding site (Dong et al. 2008). While FCoV nspl6 had no guanine-
N7-methyltransferase activity and did not bind unmethylated GpppAC,, (Decroly
et al. 2008) the authors point out that recognition of unmethylated, guanylylated
RNA might depend on regulatory RNA elements located further downstream in
the RNA, similar to what was described for flaviviruses (Dong et al. 2007; Ray
et al. 2006).

6.4 Future Directions

The emergence of SARS-CoV led to a renewed interest in coronavirology and
recent years saw a significant increase in research involving this family of viruses.
Many of the previously predicted coronavirus replicase gene-encoded enzyme
activities were characterized by biochemical and structural approaches using
viral proteins expressed in heterologous systems (Ziebuhr 2008). In a few cases,
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structural studies informed subsequent biochemical studies, resulting in the identi-
fication of RNA-binding domains and other functions (Egloff et al. 2004; Joseph
et al. 2006; Zhai et al. 2005).

Most of the biochemical and structural studies reported over the past years
involved isolated nsps or subdomains of these proteins rather than multidomain
complexes. Although these studies provided invaluable new insight into structure—
function relationships of many of these proteins, there is hardly any information
regarding the quarternary structure(s) and subunit compositions of replicase and/or
transcriptase complexes catalyzing specific reactions during viral RNA synthesis.
For example, very little is known about the special factors and macromolecular
interactions involved in discontinuous minus-strand RNA synthesis, a unique
feature of coronaviruses and several other nidoviruses. Similarly, the replication
and maintenance of the exceptionally large coronavirus genome is likely to involve
the concerted action of replicase gene-encoded nsps, possibly including processing
precursors and intermediates as pointed out above. The physical and functional
interactions between the various components of the replicase—transcriptase proba-
bly undergo significant changes in the course of the viral replication cycle, further
complicating the characterization of these complexes. Despite these major techni-
cal challenges, recent studies increasingly try to elucidate the functions and struc-
tures of complexes involving two or more proteins (Zhai et al. 2005). Also, the
availability of reverse genetics systems for several coronaviruses has greatly
facilitated the characterization of specific protein functions and critical interactions
between domains encoded by very different regions of the replicase gene (Donaldson
et al. 2007).

The recently established method for purification of entire functional (membrane-
bound) RTCs (van Hemert et al. 2008) presents exciting new possibilities to study
coronavirus RNA synthesis. Advanced imaging techniques including cryo-electron
microscopy have provided fascinating new insight into key structures involved in
virus replication. For example, cryo-electron microscopy of ribosomes stalled at a
specific stage of frameshifting provided a glimpse of how the structure of the
mRNA template affects ribosome function to mediate this frameshift (Namy et al.
2006), and electron tomography of SARS-CoV-infected cells provided a 3D view
of the unique continuous reticulovesicular network, the formation of which is
induced by the virus (Knoops et al. 2008). However, much remains to be studied
to understand how the virus coaxes the cell to produce these structures. The precise
role of these membrane structures in virus replication and, possibly, immune
evasion need to be characterized in more detail.

Further progress has been made in our understanding of the interactions of the
virus with the host cell, especially with regard to innate immune responses to
coronavirus infections and the role of specific viral proteins in counteracting
these antiviral host responses. The understanding of these pathways in combination
with biochemical, structural and genetic approaches will continue to provide
exciting insights into virus replication and virus—host interactions and form the
basis for the development of antiviral drugs and new and better coronavirus
vaccines.
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Chapter 7
SARS Coronavirus Replicative Enzymes:
Structures and Mechanisms

Isabelle Imbert, Rachel Ulferts, John Ziebuhr, and Bruno Canard

Abstract The SARS coronavirus (SARS-CoV) replicase gene encodes 16 non-
structural proteins (nsps) with multiple enzymatic activities. Several of these
enzymes are common components of replication complexes of other plus-strand
RNA viruses, such as picornavirus 3C-like protease, papain-like protease, RNA-
dependent RNA polymerase, RNA helicase, and ribose 2'-O-methyltransferase
activities, while others such as exoribonuclease, endoribonuclease, and adenosine
diphosphate-ribose 1”-phosphatase activities, are rarely or not conserved in viruses
outside the order Nidovirales. The latter enzymes are believed to be involved in
unique metabolic pathways used by coronaviruses to (1) replicate and transcribe
their extremely large RNA genomes, and (2) interfere with cellular functions and
antiviral host responses.

Since the global outbreak of SARS in 2003, major efforts have been made to
elucidate the structures of the protein components of the SARS-CoV replication/
transcription complex. Thus, in less than 5 years, the structures of as many as 16
SARS-CoV proteins or functional domains have been determined. Remarkably,
eight of these 16 structures had novel folds, illustrating the uniqueness of the
coronavirus replicative machinery. Furthermore, several new protein functions
and potential drug targets have been identified in these studies. Current structural
studies mainly focus on the few remaining proteins for which no structural infor-
mation is available and larger protein complexes comprised of different nsps. The
studies aim at obtaining detailed information on the functions and macromolecular
assembly of the coronavirus replication/transcription machinery which, over a long
period of time, may be used to develop selective antiviral drugs. This chapter
reviews structural information on the SARS-CoV macro domain (ADRP) as well
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asnsps 7, 8,9, and 15 and summarizes our current knowledge of active-site residues
and intermolecular interactions of these proteins.

7.1 The ADP-Ribose-1"-Phosphatase Domain

The SARS coronavirus (SARS-CoV) ADP-ribose-1”-phosphatase (ADRP) is part
of nonstructural protein nsp3, a large multidomain protein of 1,922 amino acids
(Snijder et al. 2003; Thiel et al. 2003). The protein is thought to contain at least
seven domains: (1) N-terminal Glu/Asp-rich domain (acidic domain, AD); (2)
ADRP domain (also called macro domain or X domain); (3) SUD (for “SARS-
CoV unique domain,” not conserved in other coronaviruses); (4) papain-like prote-
ase (PLP™), which cleaves the viral polyproteins at three N-proximal sites and also
has deubiquitinating activity (Barretto et al. 2005; Harcourt et al. 2004; Lindner
et al. 2005; Ratia et al. 2006; Thiel et al. 2003); (5) an uncharacterized domain
possibly extending the papain-like protease domain (termed PLnc for papain-like
noncanonical); (6) a transmembrane domain (Kanjanahaluethai et al. 2007) in the
N-terminal region of the Y domain (Ziebuhr et al. 2001); and (7) the remainder of
the Y domain which includes a number of conserved metal-binding residues.

Macro domains are conserved in a wide variety of bacteria, archaea and eukar-
yotes. The name macro domain refers to the early finding that members of this
group of proteins are related to the nonhistone domain of the histone macroH2A
(Pehrson and Fried 1992). Macro domains are also conserved in a number of
positive-strand RNA viruses, including specific genera of the Nidovirales, members
of the Togaviridae, Rubella virus and Hepatitis E virus (HEV) (Gorbalenya et al.
1991; Snijder et al. 2003). The biological role of macro domains in the life cycle of
positive-strand RNA viruses has not been resolved. ADRP is a side-product of
cellular pre-tRNA splicing, a pathway seemingly unrelated to viral RNA replica-
tion. ADRP activity was first identified for a macro domain homolog from yeast
using a proteomics approach (Martzen et al. 1999) and subsequently demonstrated
for other related proteins including homologs from three coronaviruses, HCoV-
229E, TGEV, and SARS-CoV, as well as alphaviruses and HEV (Egloff et al. 2006;
Putics et al. 2005, 2006). Inactivation of macro domain-associated ADRP activity
in HCoV-229E did not affect viral genome replication and subgenomic RNA
synthesis in cell culture, suggesting that the activity, which is conserved across
members of the Coronaviridae, may have important functions in vivo, for example
in evading antiviral host responses (Putics et al. 2005).

The structure of the SARS-CoV macro domain has been determined at 1.8 A
resolution, both in the apo form and in complex with ADP-ribose (Egloff et al.
2006; Saikatendu et al. 2005) (Fig. 7.1). To date, the catalytic residues of the
coronavirus macro domain have not been well defined. Only one absolutely con-
served Asn residue (N41, Fig. 7.1a) could be implicated in ADRP activity whereas
other residues in the vicinity of the catalytic center are not conserved and therefore
less likely to be critically involved in catalysis. Similar to archaebacterial macro
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N41

ADP-ribose

ADP-ribose

Fig. 7.1 Crystal structure of the SARS-CoV nsp3 macro domain (from Egloff et al. 2006; PDB
2FAV). (a) Ribbon representation of the SARS-CoV macro domain in complex with ADP-ribose.
Shown is the only conserved residue whose mutation abrogates activity in all homologs studied so
far (N41). (b) Surface potential analysis (blue, positive charge; red, negative charge) of the whole
domain showing the presumed active site accommodating an ADP-ribose molecule. Images were
generated using PYMOL
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domains, SARS-CoV and several other RNA virus macro domains were shown to
have poly(ADP-ribose)-binding activities (Egloff et al. 2006). A possible binding
mode for poly(ADP-ribose) which does not appear to involve a charged groove
(Fig. 7.1b) has been modeled by Egloff et al. (2006). The significance of the
observed poly(ADP-ribose)-binding activity and the biologically relevant sub-
strates of RNA virus macro domains are currently not clear and remain to be
studied in more detail.

7.2 The nsp7-nsp8—nsp9-nsp10 Cistron

The nsp7 to nspl0 proteins are encoded by the 3’-terminal ORFla region. The
proteins are highly conserved amongst members of the genus Coronavirus and,
albeit to a lesser extent, members of other genera within the Coronaviridae family.
Interestingly, the proteins encoded in the equivalent 3’-terminal ORFla region of
arterivirus genomes do not appear to be closely related to the coronavirus nsp7 to
nspl0 proteins (Pasternak et al. 2006), which may indicate differences in the
structures, functions and subunit compositions of replication/transcription com-
plexes between the various families within the order Nidovirales. Using a reverse
genetics approach, nsp 7, 8, 9, and 10 were shown to be essential for replication of
murine hepatitis virus (MHYV) in cell culture (Deming et al. 2007). Deletion of any
of the four proteins abolished RNA synthesis and, consequently, production of
infectious virus progeny (Deming et al. 2007). The precise functions of the proteins
in viral replication remain to be characterized.

7.2.1 The nsp7 Protein

Nsp7 is a small protein of about 10 kDa that is well conserved in coronaviruses but
has no detectable homolog outside the Coronaviridae. The SARS-CoV nsp7 struc-
ture was solved by NMR (Peti et al. 2005). The protein features a single domain
with a novel fold comprised of five helical secondary structures (Fig. 7.2a) whose
mutual positions are stabilized by a number of interhelical side-chain interactions.
The residues involved in these interactions are predominantly hydrophobic; they
form two interdigitated layers that hold the helices together and thus stabilize the
fold. The surface charge distribution is asymmetrical (Fig. 7.2b) and both surfaces
may be involved in protein—protein interactions.

In infected cells, coronavirus nsp7 and/or nsp7-containing precursors localize to
cytoplasmic membrane structures which are thought to be the sites of viral replica-
tion (Bost et al. 2000; Ng et al. 2001). SARS-CoV nsp7 was shown to dimerize and
interact with nsp5, nsp8 (see below), nsp9 and nsp13 (von Brunn et al. 2007; Zhai
et al. 2005). Furthermore, the MHV nsp7 was shown to interact specifically with
nspl and nsp10 (Brockway et al. 2004).
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Fig. 7.2 Views of the a
solution structure of SARS-
CoV nsp7 (from Peti et al.
2005; PDB 1YSY).

(a) Ribbon presentation of the
SARS-CoV nsp7 NMR
structure. (b) The surface
shows the electrostatic
potential (blue, positive
charge; red, negative charge).
Images were generated

using PYMOL

7.2.2 The nsp8 Protein

The protein has a molecular mass of about 22 kDa and is conserved among the
various genera of the family Coronaviridae. It has interesting functional and
structural properties. Initial crystallization trials of bacterially expressed SARS-
CoV nsp8 remained unsuccessful until 2005, when the crystal structure of SARS-
CoV nsp8 in complex with SARS-CoV nsp7 was solved (Zhai et al. 2005). The
crystal structure revealed a hexadecameric complex composed of eight molecules
of nsp8 and eight molecules of nsp7 (Fig. 7.3a). This so-called nsp7-nsp8 super-
complex has an intricate hollow cylindrical structure with an inner diameter of
about 30 A. Most of the nsp8 residues that face the interior of the channel are highly
conserved among coronaviruses. The inner dimensions and electrostatic properties
enable the cylindrical nsp7—nsp8 structure to encircle and interact with nucleic
acid. Interactions with dsRNA were demonstrated for nsp8 (but not nsp7) by
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electrophoretic mobility shift assays and critical residues involved in RNA binding
were identified by mutagenesis.

The a-helical fold seen in the previously reported NMR solution structure of
nsp7 (Peti et al. 2005) was also seen in the crystal structure, where nsp7 was part of
a complex with Nsp8. nsp8 was found to possess a novel fold with two slightly
different conformations. One of the conformations was described as a “golf-club”-
like structure composed of an N-terminal a-helical “shaft” domain and a C-termi-
nal, mixed o/ “head” domain (Fig. 7.3b). The second conformation was described
as resembling a golf club with a bent shaft, whereas the rest of the structure
(particularly, the head domain) is very similar to the first structure (Fig. 7.3b).
The eight nsp8 molecules constitute the framework of a large protein complex
made up of “bricks” (nsp8) and “mortar” (nsp7), with nsp7 filling some of the
remaining space between individual nsp8 molecules, thereby stabilizing the struc-
ture of the complex. Despite a number of intricate interactions between nsp7 and
nsp8, the absence of nsp7 is not generally thought to markedly change the overall
shape of the structure. On the basis of the architecture and electrostatic properties of
the complex it was suggested that nsp7—nsp8 might function as a processivity
factor, similar to bacterial ($,-clamp) or eukaryotic DNA polymerase processivity
factors, such as PCNA (proliferating cell nuclear antigen).

This hypothesis was supported and significantly extended by data demonstrating
that SARS-CoV nsp8 represents a second, noncanonical RNA-dependent RNA
polymerase (RdRp) (Imbert et al. 2006). A recombinant form of the SARS-CoV
nsp8 proved to be capable of synthesizing short oligonucleotides (<6 residues). It
had relatively low fidelity and strongly preferred RNA with a 5'-(G/U)CC-3'
trinucleotide consensus sequence as a template. Three charged/polar residues,
Lys-58, Lys-82 and Ser-85, all of them located in the N-terminal domain, were
found to be essential for activity and may be part of a network of residues that
catalyzes the phosphoryl transfer reaction. A structure and activity-based model of
the nsp8-associated RdRp activity is presented in Fig. 7.3c,d. The structure of the
C-terminal “head” domain of nsp8 appears to be distantly related to the catalytic
palm subdomain of RNA virus RdRps. Moreover, it was shown that the “canonical”
coronavirus RdRp domain residing in nsp12 contains a conserved sequence, called
motif G, that is usually found in primer-dependent RNA polymerases (Gorbalenya
et al. 2002). Taken together, the available information suggests that nsp8 may
function as a primase to catalyze the synthesis of RNA primers to be used by the
primer-dependent coronavirus nsp12 RdRp.

Fig. 7.3 Different views of the SARS-CoV nsp7—nsp8 supercomplex (from Zhai et al. 2005; PDB
2AHM). (a) Structure of the nsp7—nsp8 hexadecamer supercomplex. Nsp7 and the two conforma-
tions of nsp8 are colored green, blue, and orange, respectively. (b) The two alternative nsp8
conformations. (¢) Model of two nsp8 monomers in complex with a ssRNA template (5'-UAGC-
3/) and two nucleotides (GTP and CTP). RNA template, GTP, and CTP are shown by a stick
model. Two amino acid residues, Lys-58 and Arg-75, whose substitution abolished activity are
represented in yellow. The two first NTPs incorporated (GTP in +1 and CTP in +2) are indicated.
(d) The surface is colored according to electrostatic potential (blue, positive charge; red, negative
charge). Images were generated using PYMOL
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The presumed central role of nsp8 in coronavirus replication gains additional
support by data suggesting that nsp8 interacts with a large number of SARS-CoV
replicative proteins, including nsp2, nsp5 (3CLP™), nsp6, nsp7, nsp8, nsp9, nsp12
(RdRp), nsp13 (helicase), and nspl4 (exoribonuclease) (Imbert et al. 2008; von
Brunn et al. 2007). Finally, an elegant MHV reverse genetics study provided
evidence to suggest interactions between nsp8 (and also nsp9) with the
3'untranslated region, which is consistent with the proposed role of these proteins
in coronavirus RNA synthesis, possibly the initiation of minus-strand RNA synthe-
sis (Zust et al. 2008).

7.2.3 The nsp9 Protein

Crystal structures of nsp9, a protein of about 13 kDa, were solved simultaneously in
two laboratories in 2004, one to a resolution of 2.7 A (Egloff et al. 2004) and the
other to 2.8 A (Sutton et al. 2004). The studies consistently established that nsp9 is a
single-strand RNA/DNA binding protein. The structure of SARS-CoV nsp9 has a
central core comprised of seven B-strands. The core is flanked by a C-terminal
a-helix and an N-terminal extension (Fig. 7.4a). X-ray crystallography, dynamic
light scattering, analytical ultracentrifugation and GST pull-down experiments
indicate that nsp9 forms dimers in solution (Campanacci et al. 2003; Imbert et al.
2008; Sutton et al. 2004). RNA binding by nsp9 has been suggested to involve the
loops of the B-barrel domain while the C-terminal B-hairpin and helix, which are
well conserved across coronaviruses, are probably involved in dimerization and
interactions with other proteins. Database searches did not reveal structural homo-
logs for nsp9 (Egloff et al. 2004). However, the short six-stranded B-barrel of nsp9
includes an open five-stranded barrel that is reminiscent of the five-stranded B-barrel
structure of oligosaccharide/oligonucleotide-binding (OB)-fold proteins. About
two-thirds of the proteins belonging to this protein superfamily are nucleic acid-
binding proteins (Arcus 2002). As in OB-fold proteins, SARS-CoV nsp9 appears to
bind nucleic acids by using a network of positively charged amino acids for binding
the phosphate backbone of the substrate, whereas several exposed aromatic residues
probably make additional stacking interactions with nucleobases (Fig. 7.4b). The
nucleic acid-binding properties of nsp9 were subsequently confirmed by surface
plasmon resonance, fluorescence quenching studies (Egloff et al. 2004) and electro-
phoretic mobility shift assays (Sutton et al. 2004). To date, there is no evidence to
suggest that the nucleic acid-binding activity of nsp9 is sequence-specific.
SARS-CoV nsp9 was shown to interact with nsp6, nsp7 and nsp8 (von Brunn
et al. 2007). Nsp9/nsp8 interactions were confirmed by a number of methods,
including analytical ultracentrifugation, yeast two-hybrid data, GST pull-down
and co-immunoprecipitation experiments, suggesting quite stable interactions
between the two proteins. Moreover, the structural disorder of the nsp8 N-terminal
region in solution has been reported to decrease when nsp9 was added to a solution
containing nsp8 (Sutton et al. 2004). On the basis of the nsp7—nsp8 hexadecameric
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a

Fig. 7.4 Ribbon representation of SARS-CoV nsp9 (from Egloff et al. 2004; PDB 1QZ8). (a) One
molecule of the dimer is yellow and the other is blue. (b) Electrostatic surface potential of nsp9 is
colored according to electrostatic potential (blue, positive charge; red, negative charge). Images
were generated using PYMOL

structure (see Sect. 7.2.2), it was suggested that the most probable nsp9 binding site
is formed by the N-terminal 50 residues of nsp8. This part of the structure is close to
the entrance of the central pore and appears to be quite flexible, as indicated by the
lack of electron density for these residues. Both the nsp9 structure and tryptophan
fluorescence quenching data suggest that ssSRNA is wrapped around the nsp9 dimer
(Egloff et al. 2004). It has been speculated that nsp9 dimers bind to single-stranded
nascent and template strands as they emerge from the channel of the nsp7-nsp8
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complex at a time when stable secondary structures have not yet formed, thereby
protecting ssRNAs from ribonucleolytic cleavage.

7.2.4 The nspl0 Protein

Nsp10 is well conserved among coronaviruses. In the polyprotein 1a, the protein is
located upstream of nspll, a short 13-residue peptide encoded by the 3’-terminal
nucleotides of ORF1a. Nsp10 is thought to have an essential role in viral replica-
tion. It was shown that a MHV temperature-sensitive mutant carrying a nonsynon-
ymous mutation in the nsp10 coding sequence has a defect in minus-strand RNA
synthesis at the nonpermissive temperature (Sawicki et al. 2005; Siddell et al.
2001). Crystallization of nsplO revealed monomers and homodimers (Joseph

N

Fig. 7.5 Ribbon diagram of SARS-CoV nspl0 (from Joseph et al. 2006; PDB 2FYG). Residues
coordinating the two Zn** ions are shown as sticks and pink balls, respectively. Atoms are colored
as follows: green, carbon; blue, nitrogen; red, oxygen; orange, sulfur
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et al. 2006) whereas a complex dodecameric structure was observed when nsp10
was expressed and crystallized as a fusion with nspl1 (Su et al. 2006). The nsp10
monomer consists of a pair of antiparallel N-terminal helices stacked against an
irregular B-sheet, a coil-rich C-terminus, and two zinc fingers (Fig. 7.5). Nsp10
represents a novel fold and is the first structural representative of this family of zinc
finger proteins. The zinc finger motifs are strictly conserved in coronaviruses,
supporting their essential role in viral replication.

It is currently unclear whether or not the nsp10 dodecameric structure seen in
one of the structural studies is of biological relevance. The relevance has been
questioned for several reasons. First, site-directed mutagenesis of the nsp10—nspl1
cleavage site in the MHV genome generated nonviable viruses, indicating that
3CLP™-mediated cleavage at this site is essential for viral replication (Deming
et al. 2007). Second, the monomer structure has an intact second zinc finger
which appears to stabilize the structure of the C-terminal tail of nsp10. By contrast,
in the dodecamer structure, the second zinc finger lacks the C-proximal cysteine
residue, resulting in local disorder at the nspl0 carboxyl terminus. Finally, sub-
stitutions of residues predicted to be crucial for the dodecamer formation did not
cause a lethal phenotype in MHV (Donaldson et al. 2007).

Gel shift assays indicate that nsp10 binds single- and double-stranded RNA and
DNA with low affinity and without obvious sequence specificity (Joseph et al. 2006).
SARS-CoV nsp10 was shown to interact with nsp9 (Su et al. 2006). It also interacts
strongly with nspl4 and nspl6 and, to a lesser extent, with nsp8 (Imbert et al.
2008). The precise role of nspl0 within the coronavirus replication/transcription
complex remains to be identified.

7.3 The Endoribonuclease, nsp15

The uridylate-specific endoribonuclease (nspl5 or NendoU) is conserved in all
members of the Nidovirales but no other virus, which makes the protein a major
genetic marker of this group of viruses (Gorbalenya et al. 2006; Ivanov et al. 2004a).
Distantly-related homologs of NendoU were also identified in some prokaryotes and
eukaryotes, where they form a small protein family prototyped by XendoU, a
Xenopus laevis endoribonuclease involved in the nucleolytic processing of intron-
encoded box C/D U16 small nucleolar RNAs (Laneve et al. 2003; Snijder et al.
2003). Mainly on the basis of this sequence relationship, it has been speculated that
NendoU may (also) have cellular substrates and it should be interesting to investi-
gate whether NendoU is involved in producing small regulatory RNAs (similar to
the small nucleolar RNAs produced by XendoU). Nspl5 activity is significantly
stimulated by manganese ions and the enzyme generates 2’3’ cyclic phosphate ends
(Ivanov et al. 2004a). It is generally accepted that nsp15 functions as a homohex-
amer, even though the enzyme has some activity as a monomer (Guarino et al. 2005;
Ivanov et al. 2004a; Joseph et al. 2007; Ricagno et al. 2006). NendoU cleaves
downstream of uridylates, both in single and double-stranded RNA. The sequence
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Fig. 7.6 Structure of SARS-CoV nsp15 endoribonuclease (from Ricagno et al. 2006; PDB 2H85).
(a) Cartoon representation of the nspl5 monomer. The structure consists of three domains:
N-terminal domain (at1-¢2), central domain (0:3—B8), and C-terminal domain (x:6—14). Second-
ary structures are colored as follows: red, a-helices; yellow, B-sheets; and green, loops. (b) A view
of the nspl5 hexamer. In the trimer shown in the foreground, the subdomains of one of the
monomers are colored as follows: green, N-terminal domain; yellow, central domain; and red,
C-terminal domain. The other two molecules are shown in blue and magenta

context of the uridylate has been shown to affect cleavage efficiency and differential
cleavage efficiencies have been reported for base-paired and nonbase-paired uridy-
lates, respectively (Bhardwaj et al. 2006; Ivanov et al. 2004a).

Nspl5 crystal structures have been reported for SARS-CoV (Fig. 7.6) (Joseph
et al. 2007; Ricagno et al. 2006; Bhardwaj et al. 2008) and MHV (Xu et al. 2006).
Nspl5 exhibits a unique fold and assembles into a toric hexameric structure
(Fig. 7.6b) with a central pore and six potentially active catalytic sites at the
periphery. Unlike the situation in the nsp7-nsp8 complex, the diameter of the
central pore seen in the nspl5 hexamer is too small to accommodate RNA.
Furthermore, this part of the structure does not appear to interact with RNA
(Bhardwaj et al. 2006; Ricagno et al. 2006). Each protomer contains nine a-helices
and 21 B-strands (Fig. 7.6a). Alanine substitutions of highly conserved residues
demonstrated that the C-terminal domain contains the active site. There are striking
similarities between the active site residues of nsp15 and RNase A, suggesting that
the enzymes use common catalytic mechanisms, although they are not related in
their tertiary structures (Ricagno et al. 2006). The general acid—base mechanism
used by coronavirus NendoUs probably involves His-234, His-249, and Lys-289
(SARS-CoV nspl5 numbering). Additional conserved residues likely involved in
substrate specificity have been identified by X-ray crytallography and site-directed
mutagenesis (Bhardwaj et al. 2008; Ricagno et al. 2006).

The overall architecture of coronavirus NendoUs suggests that the protein might
be tethered to other partners connecting this hexameric assembly to the viral
replication complex and, potentially, cellular structures. Consistent with this idea,
NendoU has been implicated in coronavirus and arterivirus RNA synthesis and/or
the production of virus progeny (Ivanov et al. 2004a; Kang et al. 2007; Posthuma
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et al. 2006) and interactions between SARS-CoV nsp15 and nsp3, nsp8§, nsp9, and
nspl2 have been reported (Imbert et al. 2008). Although endonucleases are ubiqui-
tous enzymes that are involved in many aspects of RNA metabolism, they
are extremely rare in the RNA virus world, with only very few exceptions (e.g.,
in orthomyxo-, pesti-, and retroviruses). Although the precise role of the enzyme
in the viral life cycle and its biologically relevant substrates remain to be identified,
it seems reasonable to think that NendoU acts as part of a larger protein complex
and that nucleolytic activity and substrate specificity are tightly regulated by
additional factors to minimize uncontrolled nucleolytic cleavage of viral and
cellular RNAs.

7.4 Conclusion

The SARS outbreak in 2003 sparked significant new interest in the molecular
biology and biochemistry of coronavirus replication. A multitude of structural
and functional studies into SARS-CoV replicative enzymes have been published
over the past few years, giving a major boost to coronavirus and, more generally,
nidovirus research. Interestingly, in several instances, crystal structures of corona-
virus proteins have uncovered new biochemical and enzymatic activities, thus
opening up new vistas for future studies and stimulating exciting biochemical and
genetic studies into the biological functions of specific coronavirus nonstructural
proteins. Also, the SARS-CoV structural work has been extremely rewarding for
crystallographers interested in novel folds and original enzymes. There are still
major challenges ahead, mainly with respect to ORFl1b-encoded proteins. For
example, there is still no crystal structure available for the special type of primer-
dependent RNA polymerases encoded by coronaviruses. Also studies of the zinc-
binding domain-containing superfamily 1 helicase (Ivanov et al. 2004b) and 3'-5’
exonuclease (Minskaia et al. 2006) domains residing in nsp13 and nspl4, respec-
tively, and the functionally interesting nsp16 2’-O-methyltransferase (Decroly et al.
2008) promise to reveal exciting new structural and functional insight. Undoubt-
edly, these upcoming structures will greatly stimulate coronavirus (nidovirus)
research and perhaps even reveal novel and truly unique RNA processing pathways
involved in the replication of these viruses.
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Chapter 8
Quaternary Structure of the SARS Coronavirus
Main Protease

Gu-Gang Chang

Abstract The maturation of the SARS coronavirus (CoV) involves the autoclea-
vage of polyproteins la and lab by a main protease and papain-like protease. The
functional unit of the main protease is a dimer in which each subunit has a Cys145—
His41 catalytic dyad, with His41 acting as a general base. There is also a close
correlation between dimer formation and the enzyme catalytic activity. A flip-flop
mechanism is proposed for the main protease, in which the two subunits are used
alternately in acylation and deacylation. Both the main protease and the papain-like
protease are ideal targets for rational drug design strategies against SARS-CoV.
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8.1 Introduction

In 2003, an atypical and highly contagious pneumonia, severe acute respiratory
syndrome (SARS), caused a global health crisis. After a worldwide intensive
investigation, a specific novel form of human coronavirus (CoV), denoted SARS-
CoV, was identified as the pathogenic agent behind this epidemic (Peiris et al.
2004). The maturation and production of the infectious progeny of SARS-CoV
involves proteolytic processing of the virus polyproteins by a main protease (Mpro)
(also called 3CLpro because of its 3'-proximal chymotrypsin-like catalytic domain)
and a papain-like protease (PLpro).

This chapter summarizes the present knowledge of the structure and function of
the SARS-CoV Mpro protein. Particular attention is paid to the quaternary structure
of this protease, as the catalytically active form of this enzyme is a dimer. The
structure and function of PLpro is also touched upon briefly. The current state of
play in anti-SARS drug development strategies that target Mpro is discussed in the
chapter following (Chap. 9).

8.2 Molecular Biology of the SARS-CoV Polyproteins

The genomic organization of SARS-CoV is similar to that of other coronaviruses,
but phylogenetic analysis and sequence comparisons of the viral proteins indicate
that SARS-CoV is in fact different from any of the previously characterized viruses
of this type (Tanner et al. 2003; Eickmann et al. 2003). Coronaviruses are enve-
loped positive-sense, single-strand RNA viruses. The genome length of SARS-CoV
is around 30,000 nucleotides and its replicase gene encodes two overlapping
polyproteins, polyprotein la (ppla) (486 kDa) and polyprotein lab (la + 1b)
(790 kDa) (Fig. 8.1a). These polyproteins are extensively cleaved by the internally
encoded SARS-CoV proteases, Mpro and PLpro.

The 33.8-kDa Mpro plays a major role in the proteolytic processing of the virion
polyproteins and cleaves ppla at seven sites and pplb at four sites (Fig. 8.1a). The
35-kDa protease PLpro cleaves ppla at three sites. These autoprocessing reactions
result in the maturation of 16 nonstructural proteins (nsp), including those that are
common to the replication of plus-strand RNA viruses: the RNA-dependent RNA
polymerase at nspl2 and helicase at nspl13. The Mpro and PLpro enzymes are
themselves located at nsp5 and nsp3, respectively.

These proteases are involved in the viral life cycle, the maturation of the pre-
capsid, and in the production of infectious virions. Viral protease inhibitors would
thus be predicted to have great clinical potential in the treatment of the associated
infectious diseases (Krausslich and Wimmer 1988; Tong 2002). The structure—
function relationship of these proteases has therefore received much recent attention
in the search for an effective anti-SARS-CoV agent (Anand et al. 2003; Yang et al.
2005; Wei et al. 2006; Lai et al. 2006; Liang 2006; Bartlam et al. 2008).
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Fig. 8.1 Polyproteins of SARS-CoV. (a) Autoprocessing of polyprotein 1a and lab (la + 1b) by
Mpro occurs at 11 sites (green triangles) and of PLpro at three sites (yellow triangles) resulting in
the maturation of 16 non-structural proteins (nsp). The locations of the Mpro and PLpro enzymes
are at nsp 5 and 3, respectively. (b) Substrate specificity of Mpro and PLpro. Redundant residue
positions are labeled with an X

8.3 Structure of the SARS-CoV Main Protease

8.3.1 Three-Dimensional Structure of the SARS-CoV
Main Protease

Mpro was the first of the SARS-CoV proteins to have its three-dimensional
structure solved by crystallography (Fig. 8.2) (Yang et al. 2003; Bartlam et al.
2005, 2007). This protease is a homodimer in which the two subunits are
arranged perpendicularly to each other (Fig. 8.3a). Each protomer of SARS-
CoV Mpro comprises 13 strands and 11 helices distributed among three distinct
structural domains. The first two domains (residues 8—101 for domain I and 102—
184 for domain II) have an antiparallel B-barrel structure, which has a folding
scaffold similar to other viral chymotrypsin-like proteases (Anand et al. 2002;
Hegyi et al. 2002; Ziebuhr et al. 2003). Each subunit also has its own substrate
binding site with a His41-Cys145 catalytic dyad located at the interface between
domains I and II. However, unlike chymotrypsin, the active site of SARS-CoV
Mpro contains a catalytic cysteinyl residue instead of a seryl residue. Further-
more, SARS-CoV Mpro contains an extra domain (III) consisting of five
a-helices (residues 201-306), which is a specific feature of coronavirus main
proteases. This helical domain III is linked to domain II by a long loop (residues
185-200) (Fig. 8.2a).

The catalytic N-terminal domain (I + II) and C-terminal domain III of SARS-
CoV Mpro can fold independently. The N-terminal domain (I + II) without domain
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Fig. 8.2 Structure of SARS-CoV Mpro. (a) Ribbon presentation of the SARS-CoV Mpro dimer
(pdb code: 1Z1J). Domains I (blue) and II (green) constitute a chymotrypsin-like folding scaffold
with a catalytic dyad comprising His41 and Cys145 (alanine in 1Z1J) shown using a bond-and-ball
model (red). This catalytic domain is linked to an extra domain III (red) by a long loop (yellow).
The N-finger (magenta) of subunit A protrudes into the active site region of subunit B, which is
shown in gray. (b) Structural analysis of Mpro. The primary amino acid sequence is displayed
along with secondary structural elements, crystallographic contact, and hydropathy. Panel (a) was
generated using MacPymol (DeLano 2002) and panel (b) with ENDscript (Gouet et al. 2003)

IITI folds into a structure that is indistinguishable from the intact chymotrypsin-like
fold but is enzymatically inactive (Chang et al. 2007). The extra domain III of
SARS-CoV Mpro increases the structural stability of the catalytic domain. This
may be achieved by increasing the folding rate of domains I and II, which would
thus increase the overall stability of the protein. Furthermore, domain III is related
to the quaternary structure of Mpro, which has important functional implications for
this enzyme.
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8.3.2 Quaternary Structure of the SARS-CoV Main Protease

A coronavirus Mpro (from transmissible gastroenteritis virus) was the first viral
protease shown to be dimeric, both in its crystal form and in solution (Anand et al.
2002). Significantly, SARS-CoV Mpro also exists as a dimer in solution (Chou et al.
2004) and both its N- and C-terminal residues are involved in dimer formation. The
N-terminal finger (N-finger, containing residues 1-7) of subunit A extends from
domain I toward domain III and forms intensive interactions with subunit B. The
side chain of Arg4 at the N-finger fits into a pocket of subunit B and forms a salt
bridge with Glu290 that constitutes one of the major interactions between the two
subunits (Chou et al. 2004). In addition, the subunit interfacial region of the enzyme
contains many hydrophobic interactions and hydrogen bonds (Fig. 8.3b). The
interactions between the N-terminus and the other monomer play an important
role in maintaining the active site integrity of the dimer (Lin et al. 2008; Chen et al.
2008b; Zhong et al. 2008). Importantly, the dimeric form of SARS-CoV Mpro is the
biologically functional form of this enzyme (Anand et al. 2002; Shi et al. 2008) and
dissociation of the subunits yields enzymatically inactive monomers (Shi et al.
2004; Fan et al. 2004; Chang et al. 2007).

The functional role of the N-terminus and C-terminus of Mpro has been
evaluated by truncation and mutation studies. Both N-terminal and C-terminal
regions are involved in the activity of this enzyme as well as in its dimerization.
N-terminal truncation of the whole N-finger results in almost complete loss of
enzymatic activity (Hsu et al. 2005b). Critical N-terminal amino acid residues to
Arg4 and C-terminal to GIn299 have been identified as those involved in dime-
rization, thus generating the correct conformation of the active site (Hsu et al.
2005b; Lin et al. 2008). The C-terminal helical domain interacts with the active
site of another protomer in the dimer and switches the enzyme molecule from the
inactive form to the active form (Shi et al. 2004). Hsu et al. (2005a) have proposed
an autocleavage mechanism, which explains the dimeric nature of the mature
enzyme.

8.4 Enzyme Activity-Assay for the SARS-CoV Main Protease

The hydrolytic activity of Mpro can be assayed by its ability to cleave a peptide
substrate. A procedure to separate the substrate and product peptides by high
performance liquid chromatography has now been developed (Fan et al. 2004).
The reaction is monitored by the formation of products peaks from the substrate
peak and this method is thus very useful in the identification of cleaved peptide
products. However, this procedure is very labor-intensive and thus not suitable for
high throughput screening protocols.

Various fluorescence-based methods have also been developed for Mpro in
which the enzyme activity can be assayed using an internally quenched fluorogenic
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substrate peptide (e.g., ortho-aminobenzoic acid-peptide-2,4-dinitrophenyl amide)
(Chou et al. 2004). Enhanced fluorescence due to cleavage of the peptide can be
monitored at 420 nm with excitation at 362 nm using a luminescence spectrometer.
For precise quantitation, a calibration curve under identical conditions should be
constructed with equal amounts of hydrolytic products.

Alternatively, colorimetric methods (e.g., p-nitroanilide-peptide based assays)
have been adopted for use in an Mpro assay (Huang et al. 2004). The chromophore
p-nitroanilide has a known absorbance that is conductive to quantitation. In addi-
tion, colorimetric assay methods do not require inner filter effect corrections, which
are essential for fluorimetric assays, and photometric devices are less expensive.

Fluorimetric analysis is generally at least 10-fold more sensitive than a colori-
metric-based assay. However, its intrinsic insensitivity is in fact a distinct advan-
tage of using colorimetric analysis for Mpro. In the case of Mpro activity, to
confirm a direct correlation between the quaternary structure of the protease and
its enzyme activity, a method that can simultaneously monitor protein dissociation
and enzyme inactivation is highly desirable. Analytical ultracentrifugation with a
band-forming centerpiece is ideal for this task (Harding and Rowe 1996). The
substrate is diluted in buffer and loaded into the ultracentrifuge cell. Deuterium
oxide, sucrose, or glycerol can be used to increase the density of this substrate
solution. The band-forming centerpiece has small drilled-out holes to accommodate
the enzyme solution, which is separated from the substrate before the application of
the centrifugal force. Upon commencing centrifugation, the enzyme solution,
which is less dense than the substrate solution, will form a thin layer on top of
the separation column. The enzymatic reaction will start at the bound interface.
During ultracentrifugation, the separation of monomer and dimer bands can be
monitored by UV absorption, whereas the enzyme activity levels can be assessed by
the absorption at 405 nm if p-nitroanilide-peptide is used. The advantage of then
using a colorimetric detector is that the k., value of Mpro is low enough to allow
large amounts of protein to be used. If fluorogenic substrates are used, the sensiti-
vity of enzymatic reaction will be such that the protein levels may be below the
threshold of detection.

The Mpro protease is an ideal model for the analysis of the correlation between
quaternary structure and enzyme activity (Barrila et al. 2006; Shi and Song 2006).
This is due partly to the fact that it is a relatively simple dimeric system and that it
has only a moderate catalytic efficiency. To date, no activity has been detected for
the Mpro monomer.

striped line is proportional to the number of atomic contacts. (¢) Surface potential of the contacting
regions. Upper panels show the interfacial region within a 10 A distance of subunits A and B. In
the lower panels, the hollow regions represent the direct contact regions in subunits A and B.
Positively charged areas are shown in blue and negatively charged areas in red. Panel (a) was
generated using MacPymol (DeLano 2002), panel (b) with PdbSum (Laskowski et al. 2005), and
panel (¢) with Spock (Christopher 1998)
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8.5 Catalytic Mechanism of the SARS-CoV Main Protease

SARS-CoV Mpro cleaves ppla at 11 sites containing the canonical Leu—Gln—|—
(Ala/Ser) sequence (Fig. 8.1b). The first step in this process involves binding of the
substrate at the enzyme active center, which forms a Michaelis complex. An
electrostatic trigger mediated by Cys145 at the susceptible peptide bond initiates
the chemical reaction. Acylation of the sulthydryl group of this cysteine results in a
covalent link between the C-terminal moiety of the substrate and the SH group and
the release of the N-terminal moiety (Fig. 8.4a). Finally, deacylation and release of
the C-terminal moiety completes the reaction (Solowiej et al. 2008).

The —SH group of Cys145 is ion-paired with a nearby histidine residue (His41).
This forms the catalytic dyad (Cysl145-His41), which differs from most serine
proteases that have a catalytic Ser—His—Asp triad in their active sites. In Mpro, a
stable water molecule occupies the Asp position of the typical serine protease triad
and this molecule might play a role in stabilizing the imidazolium ring during
catalysis (Bartlam et al. 2005). Mutations at the catalytic dyad residues (H41A and
C145A) almost completely abolish enzymatic activity and these mutant enzymes
exist exclusively as dimers (Huang et al. 2004; Chang et al. 2007). However,
mutation of Cys145 to Ser results in a partially active enzyme. These results are
consistent with the notion that in the chemical mechanism underlying Mpro acti-
vity, His41 acts as a general base during the deacylation step and that the catalytic
dyad involving Cys145 and His41 is left uncharged (Huang et al. 2004; Solowiej
et al. 2008).

The rate-limiting step for Mpro hydrolysis is the covalent deacylation step.
There is a close correlation here between the kinetic parameters and subunit
dissociation constant. Mpro subunit dissociation affects catalysis but not substrate
binding (Lin et al. 2008). Molecular dynamic simulations have also demonstrated
an asymmetric dimer and inactivation of the enzyme after dissociation (Tan et al.
2005; Chen et al. 2006; Zheng et al. 2007). Crystal structures of the monomeric
Mpro provide direct structural evidence for the catalytic incompetence of the
dissociated monomer (Chen et al. 2008a; Shi et al. 2008).

An association—activation—catalysis—dissociation mechanism has been proposed
for Mpro enzyme activity control (Chen et al. 2005). The catalytically competent
conformation in one protomer is induced only upon dimer formation. Under
physiological conditions, Mpro exists as an asymmetric dimer that might have a
half-site acylation—deacylation catalytic cycle; i.e., when one subunit is in the
active acylated form, the other is in the deacylated form. The dimer is the essential
functional unit of this protease that regulates catalytic turnover.

The proposed flip-flop mechanism for Mpro is shown in Fig. 8.4b, which may
account for the kinetics and structural information available for this enzyme. The
two subunits are used alternately in acylation and deacylation reactions whereby
binding at subunit A induces the deacylation at subunit B and vice versa. Mpro is
thus proposed to be regulated by negative cooperativity.
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Fig. 8.4 Reaction mechanism of SARS-CoV Mpro. (a) Catalytic mechanism of Mpro. The
binding of a peptide substrate to the active site forms a Michaelis complex. The peptide substrate
is then cleaved at the Gln—Ala (or GIn—Ser) peptide bond. The N-terminal half peptide is released
as the first product whereas the C-terminal half acylates the active site Cys145 residue. The
acylated intermediate is then deacylated, releasing the C-terminal peptide, and this completes
the catalytic cycle. His41 acts as a catalytic general base in the deacylation step. (b) A proposed
flip-flop mechanism for the possible role of the Mpro quaternary structure in the regulation of its
activity. The active subunit is indicated by the circle, and the inactive subunit is shown as a square.
Only one of the two subunits is catalytically active at any one time and the two subunits thus exist
in an alternate active—inactive cycle. Substrate binding at one subunit induces the deacylation of

the other
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8.6 Structure and Function of the SARS-CoV
Papain-Like Protease

In addition to Mpro, SARS-CoV expresses a papain-like protease (PLpro) that
cleaves polyprotein la at three sites harboring the canonical Leu—(Lys/Asn)-Gly—
Gly—|—(Ala/Lys) sequence (Fig. 8.1b). The tertiary structure of PLpro reveals a
distant relationship to the papain family of cysteine proteases (Ratia et al. 2006).
The catalytic triad of this enzyme (Cys112-His273—Asp287) also has a broad range
of pH optima that is characteristic of the thiolate—imidazolium ion pair that exists
also in other papain-like cysteine proteases (Storer and Ménard 1994; Han et al.
2005).

The functional unit of PLpro is a monomer comprising four structural domains
(Fig. 8.5). A zinc atom is bound at the finger domain and the active site is located at
the interface of the palm and thumb domains. A special feature of PLpro is its
ubiquitin-like domain, and indeed SARS-CoV PLpro has been shown to possess
deubiquitination activity (Barretto et al. 2005; Lindner et al. 2005, 2007). This dual-
functional role makes PLpro another viable target for the development of anti-
SARS drugs.

Thiocarbonyl-containing analogs (6-mercaptopurine and 6-thioguanine) have
been demonstrated to be PLpro active site-directed compounds (Chou et al. 2008)
that bind with high affinity, block the essential sulthydryl group after binding, and
thereby prevent subunit acylation and block enzyme activity. These thiopurine
compounds are currently used clinically to treat children with acute lymphoblastic
or myeloblastic leukemia (Pui and Evans 1998; Elion 1989) and the adverse
toxicities of these drugs are well documented. These thiopurine analogs are impor-
tant potential lead compounds for the development of anti-SARS-CoV agents in the
near future.

8.7 Conclusions

The maturation of SARS-CoV involves two viral proteases, Mpro and PLpro. Mpro
has a Cysl45-His41 catalytic dyad at its active center with His41 acting as a
general base. In addition, the functional unit of Mpro is a dimer and there is a
close correlation between dimer formation and catalytic activity. A flip-flop mech-
anism is proposed for Mpro in which its two subunits are alternately used in
acylation and deacylation steps. The subunit interfacial region of the main protease
is an ideal target for rational drug design in the future treatment of SARS-CoV.
Inhibitors of PLpro are also potential avenues for developing anti-SARS therapies.
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Fig. 8.5 Structure of SARS-CoV PLpro. (a) Ribbon diagram of SARS-CoV PLpro (pdb code:
2FER) is shown in rainbow colors from the N-terminus (blue) to C-terminus (red). The catalytic
triad (Cys112-His273—-Asp287) and the Zn atom are highlighted using a sphere model. (b) Amino
acid sequence and other structural annotations. The key for these structural features of PLpro is
shown below the panel. Panel (a) was generated using MacPymol (DeLano 2002) and panel (b)
with PdbSum (Laskowski et al. 2005)
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Chapter 9

The Nucleocapsid Protein of the SARS
Coronavirus: Structure, Function

and Therapeutic Potential

Milan Surjit and Sunil K. Lal

Abstract As in other coronaviruses, the nucleocapsid protein is one of the core
components of the SARS coronavirus (CoV). It oligomerizes to form a closed
capsule, inside which the genomic RNA is securely stored thus providing the
SARS-CoV genome with its first line of defense from the harsh conditions of the
host environment and aiding in replication and propagation of the virus. In addition
to this function, several reports have suggested that the SARS-CoV nucleocapsid
protein modulates various host cellular processes, so as to make the internal milieu
of the host more conducive for survival of the virus. This article will analyze and
discuss the available literature regarding these different properties of the nucleo-
capsid protein. Towards the end of the article, we will also discuss some recent
reports regarding the possible clinically relevant use of the nucleocapsid protein, as
a candidate diagnostic tool and vaccine against SARS-CoV infection.

9.1 Introduction

By definition, nucleocapsid is a viral protein coat that surrounds the genome (either
DNA or RNA). Nucleocapsid protein is the major constituent of a viral nucleocap-
sid. It is capable of associating with itself and with the genome, thus packaging the
genome inside a closed cavity. In some viruses, nucleocapsid protein may also be
assisted by other viral cofactors to form the capsid. However, in coronaviruses
(including SARS-CoV), the nucleocapsid protein alone is capable of forming the
capsid. The primary advantage of the virus for encoding the nucleocapsid protein is
that the latter encloses and protects the viral genome from coming into direct
contact with the harsh environment in the host. In fact, in some simple viruses
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like hepatitis E virus and polio virus, the nucleocapsid protein is the only coat that
protects the genome from the outside world. However, in complex viruses, like
hepatitis B virus and coronaviruses (including SARS-CoV), the nucleocapsid is
covered by an additional coat composed of other viral proteins (spike protein is a
major component of this coat). Besides this property, nucleocapsid proteins of
several viruses have been demonstrated to play multiple regulatory roles during
viral pathogenesis. They are equipped with specific structural motifs and/or signa-
ture sequences, by which they associate with other viral/ host factors and skew the
host cellular machinery in such a manner that it becomes more favorable for the
survival of the virus. Nucleocapsid protein is also one of the most abundantly
expressed viral proteins and it is the major antigen recognized by convalescent
antisera. Hence, it is tempting to evaluate its potential as a candidate diagnostic tool
or vaccine against the virus.

Therefore, understanding the properties of the nucleocapsid protein is of utmost
importance to any virologist in order to understand the biology of the virus and
develop effective tools to control the infection. Since the identification and isolation
of SARS-CoV in 2003, several laboratories around the world have focussed their
research on characterization of various properties of the nucleocapsid protein. An
indirect measure of the curiosity among SARS-CoV researchers to study the
nucleocapsid protein is revealed from the fact that in PubMed the number of
SARS-CoV research publications focussed on nucleocapsid protein is second
only to those on spike protein. Evidence accumulated from these articles has helped
us gain substantial understanding of the properties of this protein. In this article, we
will provide a comprehensive description of all the different properties of the
nucleocapsid protein, as established by independent workers from several labora-
tories. We will conclude this article with the discussion of some of the remaining
challenges in this field that need to be addressed in future.

9.2 N-Protein: Structure and Composition

The nucleocapsid (N) protein is encoded by the ninth ORF of SARS-CoV. The
same ORF also codes for another unique accessory protein called ORF9b, though in
a different reading frame, whose function is yet to be defined. The N-protein is a
46-kDa protein composed of 422 amino acids (Rota et al. 2003). Its N-terminal
region consists mostly of positively charged amino acids, which are responsible for
RNA binding. A lysine-rich region is present between amino acids 373 and 390 at
the C-terminus, which is predicted to be the nuclear localization signal. Besides
these, an SR-rich motif is present in the middle region encompassing amino acids
177-207. Biophysical studies done by Chang et al. (2006) have suggested that this
protein is composed of two independent structural domains and a linker region. The
first domain is present at the N-terminus, inside the putative RNA binding domain,
and the second domain consists of the C-terminal region that is capable of self-
association. Between these two structural domains, there lies a highly disordered
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Fig. 9.1 Structure of the SARS-CoV nucleocapsid protein. A schematic diagram showing differ-
ent domains identified to date. The numbers 1-422 correspond to the length in amino acids of the N
gene. GKEE represents the sumoylation motif (lysine residue). KEL is the RXL motif, responsible
for binding with cyclin D, and SPAR is the motif that gets phosphorylated by the cyclin-CDK
complex (serine residue). S177 is the serine 177 residue that gets phosphorylated by GSK3

region, which serves as a linker. This region has been reported to interact with the
membrane (M) protein and human cellular hnRNPA protein (Fang et al. 2006; Luo
et al. 2005). Besides, this region is also predicted to be a hot spot for phosphoryla-
tion. Hence, in summary, the N-protein can be classified into three distinct regions
(Fig. 9.1), which may serve completely different functions during different stages
of the viral life-cycle. A similar mode of organization has been reported for other
coronavirus nucleocapsid proteins.

9.3 Stability of the N-Protein

In-vitro thermodynamic studies done by Luo et al. (2004b) using purified recombi-
nant N-protein have shown it to be stable between pH 7 and 10, with maximum
conformational stability near pH 9. Further, it was observed to undergo irreversible
thermal-induced denaturation. It starts to unfold at 35°C and is completely dena-
tured at 55°C (Wang et al. 2004). However, denaturation of the N-protein induced
by chemicals such as urea or guanidium chloride is a reversible process.

9.4 Posttranslational Modification

As in other coronavirus N-proteins, SARS-CoV N-protein has been predicted and
later experimentally proven to undergo various posttranslational modifications such
as acetylation, phosphorylation, and sumoylation.

Acetylation is the first modification of the N-protein to be experimentally
proven. By mass spectrometric analysis of convalescent sera from several SARS
patients, it has been shown that the N-terminal methionine of N is removed and all
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other methionines are oxidized and the resulting N-terminal serine is acetylated.
However, the functional relevance of this modification, if any, remains to be
elucidated (Krokhin et al. 2003).

Another unique modification of the N-protein is its ability to become sumoy-
lated. Studies done by Li et al. (2005a) have clearly established that heterologously
expressed N in mammalian cells is sumoylated. Using a site-directed mutagenesis
approach, the sumoylation motif has been mapped to the 62nd lysine residue, which
is present in a putative sumo-modification domain (GK®’EE). Their data further
suggests that sumoylation may play a key role in modulating homo-oligomeriza-
tion, nucleolar translocation and cell-cycle deregulatory property of the N-protein.
Further experimental support regarding sumoylation of N-protein came from
another independent study carried out by Fan et al. (2006) wherein they have
demonstrated an association between the N-protein and Hubc9, which is a ubiquitin-
conjugating enzyme of the sumoylation system. They have also mapped the
interaction domain to the SR-rich motif, which is in agreement with the earlier
report. However, they failed to detect the involvement of the GKEE motif in
mediating this interaction (Fan et al. 2006).

Initially, the SARS-CoV N-protein was predicted to be heavily phosphorylated.
Later on, from results obtained in our laboratory as well as by other researchers, it is
now clear that the N-protein is a substrate of multiple cellular kinases. First
experimental evidence for the phosphorylation status of the N-protein came from
the study done by Zakhartchouk et al. (2005) in which, using [**Porthophosphate
labelling, they were able to observe phosphorylation of adenovirus-vector-
expressed N-protein in 293T cells. Further studies done in our laboratory clearly
confirmed this observation. The majority of the N-protein was found to be phos-
phorylated at its serine residues (although the involvement of threonine and tyro-
sine residues could not be detected; they may be occurring in vivo). In addition,
using a variety of biochemical assays, it was proved that, at least in vitro, the
N-protein could become phosphorylated by mitogen-activated protein kinase (MAP
kinase), cyclin-dependent kinase (CDK), glycogen synthase kinase 3 (GSK3), and
casein kinase 2 (CK2). Also, this data provided preliminary indication regarding
phosphorylation-dependent nucleo-cytoplasmic shuttling of the N-protein (Surjit
et al. 2005). A recent report published by Wu et al. (2008) has further confirmed that
N-protein is a substrate of GSK3 enzyme, both in vitro and in vivo. Using a variety
of biochemical and genetic assays, it was clearly demonstrated that serine 177
residue of N-protein was phosphorylated by GSK3. An antibody specific to phos-
pho 177 residue of the N-protein could efficiently detect the phospho N-protein
both in vitro and in SARS-CoV infected cells. Interestingly, biochemically
mediated inhibition of GSK3 activity in SARS-CoV infected cells also leads to
around 80% reduction in viral titer and subsequent induction of a virus-induced
cytopathic effect. The authors proposed that GSK3 may be a major regulator of
SARS-CoV replication, possibly by virtue of its ability to phosphorylate the
N-protein. However, phosphorylation of other viral and/or host proteins by GSK3
may also be a determinant of the observed cytopathic effect.
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9.5 Localization of the N-Protein

In contrast to the N-protein of many other coronaviruses, the SARS-CoV N-protein
is predominantly distributed in the cytoplasm, when expressed heterologously or in
infected cells (Surjit et al. 2005; You et al. 2005; Rowland et al. 2005). In infected
cells, a few cells exhibited nucleolar localization (You et al. 2005). As reported by
You et al. (2005), the N-protein contains pat4, pat7 and bipartite-type nuclear
localization signals. It has also been predicted to possess a potential CRM-1-
dependent nuclear export signal. However, no clear experimental evidence could
be obtained regarding the involvement of these signature sequences in regulating the
localization of the N-protein. Interestingly, studies done in our laboratory revealed
that the majority of N-protein localized to the nucleus in serum-starved cells. This
phenomenon could be reproducibly observed both in biochemical fractionation as
well as immunofluorescence studies. In addition, treatment of cells with specific
inhibitors of different cellular kinases such as CK2 inhibitor and CDK inhibitor
resulted in retention of a fraction of the N-protein in the nucleus, whereas GSK3 and
MAPK inhibitor had very little effect. Further, N-protein was found to be efficiently
phosphorylated by the cyclin—-CDK complex, which is known to be active only in
the nucleus. The N-protein was also found to associate with 14-3-3 protein in a
phospho-specific manner and inhibition of the 14-3-30 protein level by siRNA
resulted in nuclear accumulation of the N-protein. Although these experiments are
too preliminary to conclusively provide any answer regarding the intracellular
localization of N-protein, nevertheless they do provide substantial clues regarding
the physical presence of the N-protein in the nucleus, under certain circumstances,
which may be a very dynamic phenomenon. Another study done by Timani et al.
(2005) using different deletion mutants of the N-protein fused to EGFP showed that
the N-terminal of N-protein, which contains the NLS 1 (aa 38—44), localizes to the
nucleus, whereas the C-terminal region containing both NLS 2 (aa 257-265) and
NLS 3 (aa 369-390) localizes to the cytoplasm and nucleolus. Using a combination
of different deletion mutants, they concluded that the N-protein may act as a shuttle
protein between cytoplasm—nucleus and nucleolus. Taken together, all these results
further suggest that the N-protein per se has the physical ability to localize to the
nucleus. Whether this localization is regulated through phosphorylation-mediated
activation of a potential NLS or piggy-backing by association with another cellular
nuclear protein or through any other mechanism remains to be established.

9.6 Genome Encapsidation: Primary Function of a Viral
Capsid Protein

Being the capsid protein, the primary function of the N-protein is to package the
genomic RNA in a protective covering. In order to achieve this structure, the
N-protein must be equipped with two different characteristic properties; such as
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(1) being able to recognize the genomic RNA and associate with it, and (2) self-
associate into an oligomer to form the capsid. The N-protein of SARS-CoV has
been experimentally proven to possess these properties in vitro, as discussed below.

9.6.1 Recognition and Binding with the Genomic RNA

The first experimental evidence regarding the RNA binding property of the
N-protein came from the work of Huang et al. (2004), in which, by NMR studies,
they proved the ability of the N-terminal domain to associate with several viral 3’
untranslated RNA sequences. Additionally, Chen et al. (2007) reported the presence
of another RNA binding domain at the C-terminal region (residues 248-365) of the
N-protein, which was proposed to be a stronger interaction than that at the N
terminus. Based on structural analysis of the RNA—protein interaction, they have
further suggested that the genomic RNA is packaged in a helical manner by the
N-protein. In another report published by Luo et al. (2006), the RNA binding motif
of the N-protein was mapped to amino acid residues 363—-382. In summary, the RNA
binding ability of the N-protein was attributed to its two distinct structural domains:
the N-terminal domain (residues 45—-181) and the C-terminal dimerization domain
(residues 248-365). These two domains are spatially separated by long stretches of
disordered region. A recent study done by Chang et al. (2008) has demonstrated
RNA binding ability of these disordered regions. They have proposed that different
RNA binding domains of the N-protein may cooperate to enhance the overall RNA
binding efficiency of the N-protein and may also serve as interaction hubs for the
association of N-protein with other viral and/or host nucleic acid and/or proteins.

Perhaps the most convincing proof to date regarding the ability of the N-protein
to package the genomic RNA came from the work of Hsieh et al. (2005). They have
established a system to produce SARS-CoV VLPs by cotransfection of spike,
membrane, and envelope and nucleocapsid cDNAs into Vero E6 cells. While
testing the packaging of an RNA-bearing GFP fused to SARS-CoV packaging
signal into this particle, they observed that presence of the N-protein is an absolute
requirement. However, the N-protein was not essential for the assembly of the
empty particle per se. Further, by performing a filter binding assay using recombi-
nant N-protein, they were able to identify two independent RNA binding domains
in the N-protein; one at the N terminus (aa 1-235) and the other at the C terminus
(aa 236-384). These results are in agreement with previous findings and further
suggest that these two regions may be functional in vivo. Future experiments using
a model infection system will confirm these observations.

9.6.2 Formation of the Capsid

One of the most crucial properties required by the N-protein for genome encapsida-
tion is its ability to self-associate. Therefore, many laboratories have focused on
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characterizing this phenomenon, with an eye on developing possible interference
strategies that may help in limiting virus propagation.

Initial studies done in our laboratory using a yeast two-hybrid assay revealed that
N-protein is able to self-associate through its C-terminal amino acid 209 residues
(Surjit et al. 2004a). A parallel study done by He et al. (2004) using the mammalian
two-hybrid system and sucrose gradient fractionation also proved the ability of the
N-protein to self-associate to form an oligomer. They further mapped the interaction
region to amino acid 184—196 residues, encompassing the SR-rich motif. However,
there were some discrepancies regarding the interaction domain mapped in these
two studies. Later on, extensive biophysical and biochemical analysis done by
Chen’s laboratory (Yu et al. 2005, 2006) and Jiang’s laboratory (Luo et al. 2006,
2005) have enriched our understanding of the oligomerization process of the N-
protein. In summary, the SR-rich motif does possess binding affinity, but this is
specific for the central region (aa 211-290) of another molecule of N-protein,
instead of the SR-rich motif itself. The C-terminal region (aa 283-422) possesses
binding affinity for itself and to associate into a dimer, trimer, tetramer or hexamer,
in a concentration-dependent manner. The essential sequence for oligomerization of
the N-protein was identified to be residues 343—402. Interestingly, this region also
encompasses the RNA binding motif of the N-protein, which prompts us to specu-
late that there might be mutual interplay between RNA binding and oligomerization
activities of the N-protein. Further, the oligomerization was observed to be inde-
pendent of electrostatic interactions and addition of single strand DNA to the
reaction mixture containing tetramers of the N-protein promoted oligomerization.
Thus, it has been proposed that once the tetramer is formed by protein—protein
interaction between nucleocapsid molecules, binding with genomic RNA prompts
further assembly of the complete nucleocapsid structure.

9.7 Perturbation of Host Cellular Process by the N-Protein

Besides being the capsid protein of the virus, the N-protein of many coronaviruses
is known to double up as a regulatory protein. The N-protein of the SARS-CoV too
has been shown to modulate the host cellular machinery in vitro, thereby indicating
its possible regulatory role during its viral life-cycle. Some of the major cellular
processes perturbed by heterologous expression of the N-protein are discussed
below.

9.7.1 Deregulation of Host Cell Cycle

Three different groups have reported the ability of the N-protein to interfere with
the host cell cycle in vitro. Work done by Li et al. (2005a, 2005b) proved that
mutation of the sumoylation motif in the N-protein leads to cell cycle arrest.
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Work done in our laboratory has shown the inhibition of S phase progression in
cells expressing the N-protein (Surjit et al. 2006). Further, S-phase specific gene
products like cyclin E and CDK?2 were found to be downregulated in SARS-CoV
infected cell lysate, which suggested that the observed phenomenon may be
relevant in vivo. In an attempt to further characterize the mechanism of cell
cycle blockage induced by the N-protein, several biochemical and mutational
analysis were carried out. Results thus obtained demonstrated that the N-protein
directly inhibits the activity of the cyclin—~CDK complex, resulting in hypopho-
sphorylation of retinoblastoma protein with a concomitant downregulation of
E2F1-mediated transactivation. Analysis of RXL and CDK phosphorylation
mutant N-protein identified the mechanisms of inhibition of CDK4 and CDK2
activity to be different. Whereas the N-protein could directly bind to cyclin D and
inhibit the activity of the CDK4—cyclinD complex, inhibition of CDK2 activity
appeared to be achieved in two different ways: indirectly by downregulation of
protein levels of CDK2, cyclin E, and cyclin A, and by direct binding of N-protein
to the CDK2-cyclin complex.

A third piee of evidence supporting the ability of N-protein to deregulate the host
cycle came from the work of Zhou et al. (2008). They observed slower transition
from S to G2/M phase and slower growth rate in N-protein-expressing 293T cells.
They also observed a similar phenomenon in human peripheral blood lymphocyte
and K 562 cells infected with a retrovirus expressing SARS-CoV N-protein.

9.7.2 Inhibition of Host Cell Cytokinesis

While searching for interaction partners for the C terminus of N-protein (aa 251-422)
by following a yeast two-hybrid library screening approach, Zhou et al. (2008)
discovered human elongation factor 1 alpha (EFla) as a candidate partner. The
specificity of the interaction was confirmed by various in-vitro and in-vivo assays.
Further, expression of N-protein induced aggregation of EF1la. It is known that the
majority of cellular EFla is bound to F-actin and promotes F-actin bundling, which
is a key event during cytokinesis (Kurasawa et al. 1996; Yang et al. 1990). Hence,
the authors tested whether N-protein-induced aggregation of EF1a affected F-actin
bundling and cytokinesis. As expected, they observed significantly fewer F-actin
bundles in N-protein-expressing cells. In fact, a similar F-actin distribution pattern
was also observed by Surjit et al. (2004b) in COS-1 cells. Further, the authors
observed multinucleated cells in N-protein-expressing cells at a later time point
(72 h post-transfection), indicating inhibition of cytokinesis in those cells. Specific-
ity of the above data has been confirmed by the use of different deletion mutants of
the N-protein, in which only the C-terminal domain of the N-protein (responsible for
binding with EFla) was able to reproduce the above results. Thus, it has been
suggested that EFla binding by the N-protein leads to its aggregation, resulting in
inhibition of F-actin bundling and subsequent blocking of cytokinesis.
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9.7.3 Inhibition of Host Cell Translation Machinery

EF1a is known to play a key role during the peptide elongation stage of translation.
Therefore, it is an attractive candidate for pathogen proteins to manipulate its
activity in order to skew the host translation machinery. For example, HIV-type 1
gag polyprotein has been shown to interact with EFla and impair translation
in vitro (Cimarelli and Luban 1999). Since Zhou et al. (2008) observed an interac-
tion between EFla and SARS-CoV N-protein, they further tested whether it inter-
fered with the host translation machinery. Indeed, presence of the N-protein
inhibited total cellular translation, both in vitro and in vivo, in a dose-dependent
manner. Moreover, exogenous addition of excess EF1o could reverse the N-protein-
induced translation inhibition, thus suggesting that N-protein exerts its effect by
interfering with EFla function. However, it remains to be confirmed whether a
similar effect is recapitulated in vivo.

9.7.4 Inhibition of Interferon Production

Production of interferon (IFN) is one of the primary host defense mechanisms.
However, SARS-CoV infection does not result in IFN production. Nevertheless,
pretreatment of cells with IFN blocks SARS-CoV infection (Spiegel et al. 2005;
Zheng et al. 2004). Based on this observation, Palese’s laboratory has studied the
IFN inhibitory property of different SARS-CoV proteins, which revealed that
ORF3, ORF6 as well as the N-protein have the ability to independently inhibit
IFN production through different mechanisms. The N-protein was found to inhibit
the activity of IRF3 and NFkB in host cells, resulting in inhibition of IFN synthesis.
IRF3 activity was also blocked by ORF3, ORF6 proteins, but inhibition of NFkB
activity was a property unique to the N-protein. In addition, ORF3, ORF6 pro-
teins were able to block STAT1 activity through different mechanisms (Kopecky-
Bromberg et al. 2007). All these data suggest that SARS-CoV may employ multiple
factors to check the activity of the host immune system and N-protein may be one of
the major partners in this process. It may be possible that these different factors act
independently during different stages of the viral life cycle. In that case, regulatory
activity of the N-protein will be as indispensible as its structural activity.

9.7.5 Modulation of TGF 3 Signaling Pathway

During the SARS outbreak, a large number of patients developed severe inflamma-
tion of the lungs, which subsequently led to acute respiratory distress syndrome
(Ding et al. 2003; Nicholls et al. 2003). Acute respiratory distress syndrome is
characterized by pulmonary fibrosis, which results in lung failure and subsequent
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death of the patient. The TGFp signaling pathway plays a critical role in pulmonary
fibrosis (Roberts et al. 2006; Border and Noble 1994). It enhances the expression of
extracellular matrix (ECM) proteins, accelerates the secretion of protease inhibitors
and reduces the secretion of proteases, thereby leading to deposition of ECM
proteins. TGFf may also induce pulmonary fibrosis directly by stimulating chemo-
tactic migration and proliferation of fibroblasts as well as by fibroblast-myofibro-
blast transition. Hence, it is worth speculating that some of the SARS-CoV encoded
factors may be modulating the TGF signaling pathway. In fact, proteins of several
other viruses, such as hepatitis C virus core, NS3 and NS5 protein, adenovirus E1A,
human papilloma virus E7, human T-lymphotropic virus Tax and Epstein—Barr
virus LMP1, have been reported to modulate the TGFf pathway. In general, these
proteins directly bind with smad proteins and alter the innate signaling pathway.

Interestingly, a recent report published by Zhao et al. (2008) revealed that
N-protein of SARS-CoV also interacts with smad3 and modulates the activity of
the TGFP pathway. By performing a smad binding element (SBE)-driven reporter
assay, RT-PCR and immunohistological analysis of TGFf target genes such as
PAI-1 (plasminogen activator inhibitor 1) and collagen in a variety of cell lines and
SARS patients, the authors have clearly proved that N-protein indeed enhanced
the activity of the TGFp signaling pathway. Further, they observed that the effect of
N-protein on TGFf signaling was mediated through smad3 only (independent of
the involvement of smad4). While trying to unravel the mechanism behind this
phenomenon, they observed that N-protein specifically associated with the MH2
domain of smad3 (stronger binding affinity for phospho smad3) interrupted the
interaction between smad3 and smad4, and enhanced the interaction between
smad3 and transcriptional coactivator p300 in a dose-dependent manner. To further
confirm the above data, they performed a chromatin immunoprecipitation assay
at the SBE region of PAI-1 promoter in HPL1 cells and detected the presence of
N-protein in the complex of smad3 and p300. Interestingly, however, N-protein
inhibited TGFB-induced apoptosis of HPL1 cells (it is a well established fact that
smad3 activation induces apoptosis of HPL1 cells). Thus, N-protein appears to
employ a clever mechanism whereby, on the one hand, it enhances the activity of
the TGFp signaling pathway, thus leading to enhanced expression of a subset of
genes (such as ECM protein coding genes), and on the other hand, it blocks the
programmed cell death of the host cell. It would be interesting to unravel the
mechanism behind this unique property of the N-protein.

9.7.6 Upregulation of COX2 Production

Another major proinflammatory factor induced during viral infection is the cyclo-
oxygenase-2 (COX2) protein. Using 293T cells expressing the N-protein, Yan et al.
(2006) have shown that expression of the N-protein leads to upregulation of COX2
protein production in a transcriptional manner. They have further demonstrated that
the N-protein directly binds to the NFkB response element present in the COX2
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promoter through a 68 aa residue binding domain (aa 136-204) and activates its
transcription.

Although the N-protein is known to associate with stretches of nucleic acids, to
date there is no other documentation or prediction of its sequence-specific DNA
binding activity (as a transcription factor). In such a scenario, the above observa-
tion, if reproducible in vivo, may really be a unique property of the N-protein and
may further add to the established regulatory functions of the N-protein.

9.7.7 Upregulation of AP1 Activity

Exogenously expressed N-protein has been reported to enhance the DNA bind-
ing activity of c-fos, ATF-2, CREB-1, and fos B in an ELISA-based assay,
thus suggesting an increase in AP1 activity in these cells (He et al. 2003). The
mechanistic details and functional significance of this phenomenon remain to be
elucidated.

9.7.8 Induction of Apoptosis

Earlier work done in our laboratory has shown that N-protein, when expressed in
Cos-1 monkey kidney cells, induces apoptosis in the absence of growth factors.
Attempts to understand the mechanism of programmed cell death revealed that the
N-protein downmodulated the activity of prosurvival factors such as extracellular
regulated kinase, Akt and bcl 2, and upregulated the activity of proapoptotic factors
like caspase-3 and caspase-7 (Surjit et al. 2004b). However, this phenomenon was
not observed in another cell line of epithelial lineage (huh7). The above observation
was further confirmed by Zhang et al. (2007). They reported that serum starvation-
induced apoptosis of N-protein-expressing COS-1 cells involved activation of
mitochondrial pathway. Another elegant study done by Diemer et al. (2008)
has further extended our understanding regarding the apoptotic property of the
N-protein. Through a series of experiments involving both a model infection system
of SARS-CoV and transient transfection of N-protein, the authors have confirmed
that N-protein induces an intrinsic apoptotic pathway resulting in activation of
caspase-9, which further leads to activation of caspase-3 and -6. Their data further
revealed that these activated caspases cleave the N-protein at residues 400 and 403
and that nuclear localization of N-protein is an absolute requirement for cleavage.
In addition, the authors have reported that the apoptosis-inducing ability of the
N-protein is highly cell type specific. Only in cells where N-protein localizes to
both nucleus and cytoplasm (Vero E6 and A549 cells), is it able to activate caspase
and become cleaved; however, in cell lines where it localizes to the cytoplasm only
(Caco2 and N-2a cells), no activation of caspase is observed. It remains to be
studied whether this phenomenon is actually recapitulated in vivo.
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9.7.9 Upregulation of Prothrombinase (hfgl2) Gene
Transcription

A recent report by Han et al. (2008) revealed that, of all the SARS-CoV structural
proteins, only N-protein specifically induced the transcription of prothrombinase
gene in THP-1 and Vero cells. By performing luciferase reporter assay of hfgl2
promoter in N-protein-expressing cells and electrophoretic mobility shift assay
using N-protein-transfected cell lysate, they demonstrated that N-protein expres-
sion induced the binding of transcription factor C/EBPu to its cognate response
element present in /fgl2 promoter, leading to enhanced transcription of Afgl2 gene.
Since lungs of SARS patients have been shown to contain high amount of fibrin, the
authors proposed that N-protein-mediated enhanced production of prothrombinase
gene may contribute to the development of thrombosis in SARS patients.

9.7.10 Association with Host Cell Proteins

Luo et al. (2005) have reported the interaction between hnRNPA1 and N-protein by
using a variety of biochemical and genetic assays. The