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Receptor recognition is a major determinant of the host range, cross-species infections, and pathogenesis
of the severe acute respiratory syndrome coronavirus (SARS-CoV). A defined receptor-binding domain
(RBD) in the SARS-CoV spike protein specifically recognizes its host receptor, angiotensin-converting
enzyme 2 (ACE2). This article reviews the latest knowledge about how RBDs from different SARS-CoV
strains interact with ACE2 from several animal species. Detailed research on these RBD/ACE2 interactions
has established important principles on host receptor adaptations, cross-species infections, and future
evolution of SARS-CoV. These principles may apply to other emerging animal viruses, including the
recently emerged Middle East respiratory syndrome coronavirus (MERS-CoV). This paper forms part of
a series of invited articles in Antiviral Research on “From SARS to MERS: 10 years of research on highly
pathogenic human coronaviruses”.

© 2013 Elsevier B.V. All rights reserved.

Contents

SO0 XN U WN =

—_

SARS COTONAVIIUS . .« ottt ittt ettt e e e e e et eaens
Spike protein and reCeptor . .......vuvt ettt
Structure of spike protein/receptor complexX .....................
Civet-to-human jump and human-to-human transmission. .........
Adaptations to human or civet receptor. ... ........c..vuveuuenenn.
Major species barriers between humans and mice, rats or bats. .. ...
Adaptations to MOUSe TeCePLOT . . .\ v vt ettt et ieeeaannn
Host range and cross-species infections. . .......................
Structure-based prediction of future evolution ...................
Comparison with MERS coronavirus. . ..........................
Concluding remarks. . ......ovtitie it e
Acknowledgments . . ...ttt e
References . . ... ..ottt e

1. SARS coronavirus

The severe acute respiratory syndrome (SARS) epidemic broke
out in 2002-2003 in southern China, and spread to other regions
of Asia and also to Europe and North America (Lee et al., 2003;
Yu et al,, 2004). It caused more than 8000 infections worldwide
with an approximately 10% fatality rate, along with huge economic
losses. SARS patients developed flu-like symptoms, often followed
by acute atypical pneumonia and respiratory failure. The epidemic
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was eventually controlled by conventional public health measures.
SARS briefly re-emerged in 2003-2004, causing 4 sporadic infec-
tions but no fatality or human-to-human transmission (Liang
et al,, 2004; Song et al., 2005). Since then, there have been no re-
ported cases of naturally occurring SARS. Because of the dramatic
fashion how it emerged and disappeared, SARS presents a unique
and puzzling case in the history of human epidemics.

A novel coronavirus, SARS coronavirus (SARS-CoV), was the eti-
ological agent of SARS (Ksiazek et al., 2003; Peiris et al., 2003). Cor-
onaviruses are a family of common, ancient, and diverse viruses
that infect many mammalian and avian species (Perlman and Net-
land, 2009). Coronavirus virions contain an envelope, a helical cap-
sid, and a single-stranded and positive-sense RNA genome with a
length of 27-32 kb; their genomes are the largest among all RNA
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Fig. 1. Structure of the SARS-CoV spike protein complexed with its receptor ACE2. (A) Schematic domain structure of SARS-CoV spike protein. NTD: N-terminal domain. RBM:
receptor-binding motif. TM: transmembrane anchor. IC: intracellular tail. (B) Overall structure of trimeric SARS-CoV spike protein complexed with ACE2, including both
schematic topology of the spike protein (left) and negative-stain electron micropic images of the spike protein ectodomain with (upper right) or without a bound ACE2 (lower
right). (C) Crystal structure of SARS-CoV RBD (i.e., S1 C-domain) complexed with ACE2. ACE2 is in green, RBD core structure in cyan, and RBM in red. Figure adapted from (Li

et al., 2006a, 2005a).

viruses. They were named “coronavirus” because of the large spike
protein molecules on the virus surface that give the virions a
crown-like shape (corona in Latin means crown) (Fig. 1A, B).
Coronaviruses can be classified into at least three major genera,
o, B, and y (Gonzaalez et al., 2003). Six coronaviruses are currently
known to infect humans. The first five are NL63 and 229E from
a-genus, and 0C43, HKU1, and SARS-CoV from B-genus (Perlman
and Netland, 2009). A new member of B-genus, the Middle East
respiratory syndrome coronavirus (MERS-CoV), has recently
emerged from the Middle East and infected at least 88 people with
a mortality rate of more than 50% (de Groot et al., 2013; Holmes
and Dominguez, 2013; Zaki et al., 2012). In the past coronaviruses
were considered to be mild human viral pathogens that only cause
self-resolving respiratory diseases in humans. The emergence of
SARS-CoV and MERS-CoV has changed this conception.

SARS-CoV infects a wide variety of animal species, including hu-
mans, palm civets, monkeys, domestic cats, ferrets, hamsters, rac-
coon dogs, and bats (Li et al., 2006¢) (Fig. 2A). It is believed that
bats harbor the precursors of SARS-CoV and thus are the natural
reservoir for the virus (Lau et al., 2005; Li et al., 2005b). In addition,
palm civets played a key role in the spread of SARS-CoV to humans
and thus were the interim reservoir or amplifying host for the virus
(Gonzaalez et al., 2003; Li et al., 2005b; Li et al., 2006¢; Shi and Hu,
2008). Not all animals can be efficiently infected by SARS-CoV. For
example, rats are resistant to SARS-CoV infections, while mice can
be infected by SARS-CoV only inefficiently (Li et al., 2004; Subbarao
et al., 2004). On the other hand, various strains of SARS-CoV have
been isolated from different hosts at different times (Fig. 2B). These
SARS-CoV strains include hTor02 (human strain isolated during the
2002-2003 SARS outbreak) (Marra et al., 2003), cSz02 (civet strain
isolated from marketplace palm civets during the 2002-2003 SARS
outbreak) (Guan et al., 2003), hcGd03 (human and civet strain iso-
lated during the 2003-2004 sporadic SARS infections) (Song et al.,
2005), and cGdO5 (civet strain isolated from wild civets in 2005)
(Liu et al., 2007), hHae08 (human strain after adaptation to cul-
tured human cells) (Sheahan et al., 2008b), and bHKUOS5 (bat strain
isolated in 2005) (Lau et al., 2005). The large number of hosts and

identification of the viral strains from different hosts make SARS-
CoV an excellent model system for understanding host ranges
and cross-species infections of emerging animal viruses.

2. Spike protein and receptor

The envelope-anchored trimeric spike protein mediates corona-
virus entry into host cells by binding to its host receptor and sub-
sequently fusing host and viral membranes (Bosch et al., 2003;
Gallagher and Buchmeier, 2001). The spike protein consists of
three segments, an ectodomain, a single-pass membrane anchor,
and a short intracellular tail (Fig. 1A). The ectodomain can be di-
vided into a receptor-binding S1 subunit and a membrane-fusion
S2 subunit. S1 contains two independent domains, an N-terminal
domain (NTD) and a C-domain (Li, 2012). Depending on the virus,
either NTD or C-domain (occasionally both) binds to a host recep-
tor and functions as a receptor-binding domain (RBD) (Breslin
et al., 2003; Godet et al., 1994; Krempl et al., 1997; Kubo et al.,
1994; Lin et al., 2008). Coronaviruses recognize a variety of cell-
surface molecules as their host receptors, including proteins, sug-
ars, and heparan sulfate (Perlman and Netland, 2009). How they
evolved to do so has been revealed by structural studies of corona-
virus RBD/receptor interactions (Chen and Li, 2013; Chen et al.,
2012; Li, 2012; Li et al., 2005a; Peng et al.,, 2011; Peng et al.,
2012; Reguera et al., 2012; Wu et al., 2011; Wu et al., 2009). The
S1 C-domain of SARS-CoV is the RBD that recognizes host angion-
tensin-converting enzyme 2 (ACE2) as its receptor (Babcock et al.,
2004; Li et al., 2003; Sui et al., 2004; Wong et al., 2004; Xiao et al.,
2003). The SARS-CoV RBD is also a major target of neutralizing
antibodies (He et al., 2006; He et al., 2005; He et al., 2004; Huang
et al., 2006; Prabakaran et al., 2006). ACE2 is a zinc-dependent pep-
tidase that functions in the renin-angiotensin pathway and regu-
lates blood pressure (Donoghue et al., 2000; Yagil and Yagil,
2003). However, the physiological function of ACE2 is not related
to its role as the SARS-CoV receptor (Li et al., 2005b). ACE2 contains
an N-terminal peptidase domain and a C-terminal collectrin do-
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Fig. 2. Receptor and RBD residues that play important roles in the host range and cross-species infections of SARS-CoV. (A) Alignment of ACE2 residues from different animal
species that are critical for the host range of SARS-CoV. The GenBank accession numbers are AY623811 (human ACE2), AY881174 (civet ACE2), AY881244 (rat ACE2),

EF408740 (mouse ACE2), and GQ999937 (bat ACE2). *

refers to an N-linked glycosylation site at the indicated position. (B) Alignment of RBD residues from different SARS-CoV

strains that have undergone naturally selected mutations. The GenBank accession numbers are AAP41037 (hTor02 spike), AY304488 (cSz02 genome), AAS10463 (hcGd03
spike), ABF68956 (cHbOS5 spike), and AAY88866 (bHKUOS5 spike). (C) Distribution of the above RBD residues at the interface of SARS-CoV RBD and ACE2. Figure adapted from

(Li, 2008; Wu et al., 2012).

main. The peptidase domain has a claw-like structure with two
lobes. The enzymatic active site of ACE2 is buried in a deep cavity
between the two lobes (Towler et al., 2004). The binding interac-
tions between SARS-CoV RBD and ACE2 largely determine the host
range and cross-species infections of SARS-CoV and hence are the
focus of this review.

Several lines of research have established receptor recognition
as one of the major species barriers between humans and animals
for SARS-CoV infection. That is, whether a host is susceptible to
SARS-CoV is largely determined by the binding affinity between
SARS-CoV RBD and host ACE2 in the initial step of viral attachment.
First, epidemiologic and biochemical studies show that the infec-
tivity of different SARS-CoV strains in host cells is positively corre-
lated with the binding affinity between the RBD of each strain and
ACE2 expressed by the host cell (Li et al., 2005b; Qu et al., 2005;
Song et al., 2005). Second, cell biology studies show that SARS-
CoV infects mouse cells inefficiently because of the poor binding
affinity between murine ACE2 and SARS-CoV. In contrast, mouse
cells that express human ACE2 on their surface are highly suscep-
tible to SARS-CoV (Moore et al., 2004). Moreover, currently known
bat SARS-CoV strains do not infect human cells (Ren et al., 2008).
However, when their RBD is replaced with the RBD from a human
SARS-CoV strain, the synthetic recombinant bat SARS-CoV strain
infects human cells efficiently (Becker et al., 2008). Third, animal
studies show that mice are not effective hosts for SARS-CoV, but
transgenic mice that express human ACE2 become good hosts for
SARS-CoV (McCray et al., 2007; Tseng et al., 2007). Fourth, reverse
genetics studies show that synthetically reconstructed civet
SARS-CoV strains depend completely on ACE2 for entry and
infection (Sheahan et al., 2008a; Sheahan et al., 2008b). Therefore,
all evidence so far has identified receptor recognition as an

important limiting step for the cross-species infections of SARS-
CoV.

3. Structure of spike protein/receptor complex

In a series of studies, my colleagues and I have investigated the
interactions between the SARS-CoV spike protein and ACE2 via a
combination of electron microscopic and X-ray crystallographic
approaches. We first collected negative-stain electron microscopic
images of the SARS-CoV spike protein ectodomain, and showed
that it is a clove-shaped trimer with three individual S1 heads
and a trimeric S2 stalk (Fig. 1B) Li et al., 2006a). ACE2 binds to
the tip of the trimeric spike protein ectodomain where the S1 C-do-
main is located. S1 NTD is probably underneath the C-domain.
These data motivated us to construct a schematic model of the
SARS-CoV invasion machinery to demonstrate the spatial relation-
ships among the different parts of the spike protein and receptor
(Fig. 1B). We then determined the crystal structure of SARS-CoV
RBD complexed with human ACE2 (Fig. 1C) (Li et al., 2005a,
2006b). The structure shows that SARS-CoV RBD contains two sub-
domains, a core structure and an extended loop. The core structure
is a five-stranded anti-parallel B-sheet, with several short connect-
ing a-helices. The extended loop lies on one edge of the core struc-
ture, and presents a gently concave surface to interact with the N-
terminal lobe of the ACE2 peptidase domain. Because this extended
loop makes all the contact with ACE2, it has been termed “recep-
tor-binding motif” (RBM) (Fig. 2C) (Li et al., 2005a). Overall, 14
RBM residues directly contact 18 ACE2 residues. These structural
studies have provided a structural platform for understanding
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how the spike/ACE2 interactions determine the cross-species
infections and human-to-human transmission of SARS-CoV.

4. Civet-to-human jump and human-to-human transmission

To understand the civet-to-human jump and human-to-human
transmission of SARS-CoV, we determined more crystal structures
of the interfaces between various SARS-CoV strains and human
(hACE2) or civet ACE2 (cACE2) (Fig. 3) (Li, 2008). Residue 479 is
an asparagine in human epidemic viral strain hTor02, but a lysine
in civet viral strain ¢Sz02 (Figs. 2B, 3A, C). hACE2 Lys31 forms a salt
bridge with hACE2 Glu35 in a hydrophobic environment (Fig. 3A).
¢Sz02 Lys479 would competes with Lys31 for Glu35 as a salt bridge
partner, destabilizing the binding interface. Hence viral mutation
K479N increases the RBD/hACE2 binding affinity. The reason why
cACE2, not hACE2, can accommodate Lys479 is because cACE2
Thr31 cannot form a salt bridge with Glu35, making Glu35 avail-
able to form a salt bridge with cSz02 Lys479 (Fig. 3C). Thus civet
viral strains with Lys479 have high affinity for cACE2, but not
hACE2. Therefore, mutation K479N in SARS-CoV RBD played an
important role in the civet-to-human jump of SARS-CoV.

On the other hand, residue 487 is a threonine in hTro02, but a
serine in cSz02 (Figs. 2B, 3B, D). Lys353 forms a salt bridge with
hACE2 Asp38 in a hydrophobic environment. Formation of the salt
bridge requires support from the methyl group of Thr487 (Fig. 3B).
Hence mutation T487S decreases the RBD/hACE?2 affinity. The low-
pathogenicity human viral strain hcGdO3 contains Ser487, explain-
ing why it had failed to transmit from human to human. In
comparison, cACE2 Glu38 has a longer side chain than hACE2
Asp38, and can form a salt bridge with Lys353 in the absence of
the support from residue 487 (Fig. 3D). Thus civet viral strains with
Ser487 can transmit from civets to civets, but not from humans to
humans. Therefore, mutation S487T in SARS-CoV RBD facilitated
human-to-human transmission of SARS-CoV.

Overall, our studies suggest that two residue changes between
civet and human ACE2, T31K and E38D, present major species bar-
riers between the two species for SARS-CoV infections (Fig. 3A).
These critical residue changes occur at or near two virus-binding
hotspots on ACE2, one centering on residue 31 (hotspot-31) and
the other on residue 353 (hotspot-353). As a result, early civet
SARS-CoV isolates were unable to infect human cells because they

Human ACE2

A ) Human ACE2 B

hTor02

D Civet ACE2

¢Sz02 and heGd03

Fig. 3. Structural basis for the civet-to-human jump and human-to-human
transmission of SARS-CoV. (A)-(D) Structural details of the interfaces between
ACE2 from human or civet and RBD from different viral strains. Figure adapted from
(Li, 2008).

were not adapted to the two virus-binding hotspots on human
ACE2, and SARS-CoV has evolved to gain sustained infectivity for
human cells through stepwise adaptation mutations at residues
479 and 487 in its RBD. Mutation at residue 479 likely determines
whether SARS-CoV can infect humans, whereas mutation at resi-
due 487 largely determines whether SARS-CoV can maintain sus-
tained infections in humans.

5. Adaptations to human or civet receptor

The structural analysis above has focused on two RBM muta-
tions, K479N and S487T, which played critical roles in SARS-CoV’s
evolution to overcome major species barriers between palm civets
and humans for cross-species infections. However, a number of
other RBM mutations have been isolated from different SARS-
CoV strains, and these mutations are distributed at 5 positions in
the RBM: 442, 472, and 480, as well as 479 and 487 (Fig. 2B, C).
To examine why these RBM mutations were naturally selected,
we investigated the impact of each mutation on receptor binding
using a combination of biochemical, virological, and crystallo-
graphic methods (Wu et al, 2012). Using surface plasmon
resonance and pseudotyped viral infection assays, we found that
each of these mutations enhances the binding affinity of RBD to
either human ACE2 or civet ACE2 (Fig. 4A). By determining the
crystal structures of mutant SARS-CoV RBDs complexed with hu-
man or civet ACE2, we showed that these mutations all surround
the two virus-binding hotspots on ACE2, hotspot-31 and hotspot-
353 (Fig. 4B). As discussed earlier, both of these hotspots consist
of a critical salt bridge that is buried in a hydrophobic environment
(Fig. 4B). In this environment, the salt bridges not only provide a
significant amount of energy for the virus/receptor binding interac-
tion, but also fill critical voids in the hydrophobic stacking interac-
tions at the virus/receptor binding interface. Consequently, each of
the RBM mutations in different SARS-CoV strains enhances viral

A Residuesin SARS-CoV adaptation to SARS-CoV adaptation
SARS-CoV RBD | humanACE2 to civetACE2
442 Y—F F——Y
472 P—L—F F——sL+—P
479 K—N N&———K—R

K——R

480 G——D D——G
487 S— T S — T

M82 ACE2
L79
F28
. 14 : L472

hTor02

Fig. 4. Structural basis for SARS-CoV adaptations to human or civet receptor. (A)
Summary of host receptor adaptation by SARS-CoV. Listed are adaptations of RBM
residues to human or civet ACE2. Arrows point from less well adapted residues to
better adapted residues. Double arrows connect equally well adapted residues. (B)
Detailed structure of the hTor02 RBD/human ACE2 interface. ACE2 residues are in
green, SARS-CoV residues that underwent mutation are in magenta, and SARS-CoV
residues that played significant roles in the mutations are in cyan. Figure adapted
from (Wu et al., 2012).
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interactions with either human or civet ACE2 by strengthening the
hotspot structures (Fig. 4A). For example, residue 31 is a lysine in
human ACE2, and RBD residue Tyr442 has partial steric clash with
the side chain of Lys31 and thereby decreases viral binding affinity
with human ACE2 (Figs. 3A, 4B). RBD residue Phe442 relieves this
steric clash and strengthens the structure of hotspot-31, and thus
is a viral adaptation to human ACE2. On the other hand, residue
31 is a threonine in civet ACE2, and RBD residue Tyr442 forms a
hydrogen bond with Thr31 and thereby increases viral binding
affinity with civet ACE2 (Figs. 3C, 4B). Thus RBD residue Tyr442
is a viral adaptation to civet ACE2. Similarly, we have elucidated
the structural basis for all of the other RBM mutations that were
viral adaptations to either human or civet ACE2 (Fig. 4A). These
studies elucidate comprehensive and detailed mechanisms for
SARS-CoV adaptations to human or civet receptor, and provide
valuable knowledge about the evolutionary strategies that viruses
may take for host receptor adaptations.

6. Major species barriers between humans and mice, rats or bats

We further extended our structural analysis to the interactions
between SARS-CoV RBD and ACE2 from mouse, rat and bat. Using
human ACE2 as the reference molecule, we identified key residue
changes in these ACE2 molecules that disfavor SARS-CoV binding
(Fig. 2A, Fig. 5). First, mouse ACE2 contains a critical K353H residue
change. A histidine at the 353 position of ACE2 does not fit into the
virus/receptor binding interface as well as a lysine (Fig. 5A). Conse-
quently, mice support SARS-CoV infections inefficiently. Second,
rat ACE2 contains two residue changes that disfavor SARS-CoV
binding. In addition to the K353H residue change as in mouse
ACE2, rat ACE2 also contains an M82N residue change, which intro-
duces a glycosylation site. A glycan at the 82 position of ACE2
would lead to steric interference with SARS-CoV binding
(Fig. 5B). Consequently, rats are resistant to SARS-CoV infections.
Third, a number of ACE2 molecules have been isolated from differ-
ent bat species with diverse amino acid sequences (Hou et al.,
2010). None of these bat ACE2 molecules functions as an effective
receptor for currently known SARS-CoV strains. Among them, ACE2
from Daubenton’s bat supports SARS-CoV infections at low levels.
Compared with human ACE2, Daubenton’s bat ACE2 contains three

Rat ACE2

A Rat ACE2 and mouse ACE2 B
4

|.M82->N82 (glycosylation) |

Leud72 '

hTor02 hTor02

C

Bat ACE2 Bat ACE2

Y41->H41

E35->K35

N479

hTor02

Fig. 5. Structural basis for the major species barriers between humans and mice,
rats, or bats for SARS-CoV infections. (A)-(D) Structural details of the interfaces
between ACE2 from mouse, rat or bat and RBD from human SARS-CoV strain
hTor02. Figure adapted from (Hou et al., 2010; Li et al., 2005a).

critical residue changes, K31N, E35K, and Y41H. The K31N and
E35K residue changes may turn the K31-E35 salt bridge to a weak-
er N31-K35 hydrogen bond (Fig. 5C), whereas the Y41H residue
change likely weakens the support for the K353-D38 salt bridge
because histidine is a poorer hydrophobic stacker than tyrosine
(Fig. 5D). Thus these residue changes in Daubenton’s bat ACE2 de-
crease the RBD/ACE2 binding affinity. Overall, our studies have
identified critical residue changes between human ACE2 and
mouse, rat, or bat ACE2 that serve as major species barriers for
SARS-CoV infections.

7. Adaptations to mouse receptor

SARS-CoV adaptations to mouse ACE2 have been explored (Fri-
eman et al., 2012; Roberts et al., 2007). Although human SARS-CoV
strains did not infect mice efficiently, they could adapt to mice
through serial passage in the respiratory tract of young mice and
cause lethal diseases. A number of mutations were identified in
these mouse-adapted SARS-CoV strains. Nearly all of these
mutations are located in the RBM region of the spike protein and
surround the two virus-binding hotspots on mouse ACE2. Although
biochemical and structural studies have not been done to charac-
terize the impact of these mutations on receptor binding, these
mutations presumably enhance the binding of the RBD to mouse
ACE2. For example, a Y436H mutation repeatedly emerged during
SARS-CoV adaptations to mice. At the interface of hTor02 RBD and
human ACE2, RBD Tyr436 forms a hydrogen bond with hACE2
Asp38, providing support to the K353-D38 salt bridge at hotspot-
353 (Fig. 4B). In mouse ACE2, residue 353 is a histidine, which is
unlikely to form a salt bridge with Asp38. Instead, RBD His436 in
the mouse-adapted SARS-CoV strains may form a strong hydrogen
bond with Asp38, partially compensating for the loss of the K353-
D38 salt bridge. Detailed mechanisms of these mouse-adapted
SARS-CoV mutations still wait to be characterized by structural
and biochemical studies.

8. Host range and cross-species infections

The structural analysis reviewed above allowed us to summa-
rize the host range and cross-species infections of SARS-CoV
(Fig. 6). Bat cells do not support efficient infections of civet or hu-
man SARS-CoV strains because of residue changes (e.g. K31N,
E35K, and Y41H) in their ACE2. However, given the diversities of
bat ACE2 molecules, it is possible that future studies will identify
a bat ACE2 that supports SARS-CoV infections. On the other hand,
currently known bat SARS-CoV strains cannot jump from bats to ci-
vets or humans because of truncations in their RBMs (Fig. 2B). Sig-
nificant evolution would be needed for these RBMs to acquire
sufficient binding affinity for civet or human ACE2. Once SARS-
CoV had jumped from bats to civets, it underwent further muta-
tions in civets. The first K479N mutation allowed SARS-CoV to
jump from civets to humans and the second S487T mutation al-
lowed SARS-CoV to transmit from human to human, leading to
the severe SARS outbreak in 2002-2003. In the following year,
SARS-CoV only acquired the K479N mutation, but not the S487T
mutation, leading to the sporadic SARS infections with no hu-
man-to-human transmission. Mice support SARS-CoV infection at
low levels because of the K353H residue change in their ACE2,
and rats are resistant to SARS-CoV infection because of the
K353H and M82N double residue changes. In sum, critical residue
changes in animal ACE2 molecules present species barriers for
SARS-CoV infections. Through natural evolutions of its RBD at
key positions, SARS-CoV overcame the species barriers between
some animal species (e.g., between bats and civets and between ci-
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SARS: Where did it come from?

Bats: the natural

reservoir? )
o Mice
Evolution
of RBM (+)
Palm civets: ; ’
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escapees

H353 (-)
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Humans: the S487T (+) KA79N (+) © Rats
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2002-2003 - over 8000
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2003-2004 — 4 infections;
no fatality; no human-
human transmission

Fig. 6. Summary of host range and cross-species infections of SARS-CoV. RBD mutations that overcame species barriers for the cross-species infections of SARS-CoV are in red
and labeled as “+". Residue changes in ACE2 that form species barriers and disfavor the cross-species infections of SARS-CoV are in green and labeled as “-".
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Fig. 7. Structure-based prediction of future SARS-CoV evolution. Listed are SARS-CoV strains, critical RBD residues, and binding affinities for human or civet ACE2. Arrows
suggest directions of SARS-CoV evolution.

vets and humans), but not others (e.g., between civets and mice or hACE2-adapted residues (Phe-442, Phe-472, Asn-479, Asp-480,

between civets and rats). and Thr-487). It has exceptionally high affinity for hACE2, but
lower affinity for cACE2. A form of RBD optimized to bind civet
9. Structure-based prediction of future evolution ACE2 (civet-optimized form) contains all of the cACE2-adapted

residues (Tyr-442, Pro-472, Arg-479, Gly-480, and Thr-487). It
Predictions of future evolution of a virus are a difficult, if not possesses exceptional.ly high. affinity for cACE2, and importantly.
completely impossible, task. However, our detailed structural anal-  also harbors substantial affinity for hACE2. To our knowledge, this
ysis of the host receptor adaptation mutations in SARS-Cov RBD ~ Was the first and has been the only case of knowledge-based pre-
has allowed us to predict, design, and test optimized SARS-CoV diction of viral evolution that leads to improved receptor-binding
RBDs that may resemble future evolved forms of the virus affinities.
(Fig. 7) (Wu et al., 2012). For example, a form of RBD optimized Will SARS come back? If it does, in what form will it be back?
to bind human ACE2 (human-optimized form) contains all of the ~ Our studies suggest that if SARS-CoV were given the opportunity
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to keep infecting humans and evolving in human cells, hTor02 RBD
might evolve into the human-optimized form by acquiring two
mutations at the 442 and 472 positions (Fig. 7). Luckily, however,
SARS-CoV has been absent in humans since 2003-2004. Neverthe-
less, SARS-CoV could still be infecting and evolving in wild palm ci-
vets. In fact, the cHbO5 strain was isolated from wild palm civets in
2005 (Liu et al., 2007), two years after the SARS epidemic. Addi-
tionally, the cHbO5 strain appears to be significantly better adapted
to civet ACE2 than the ¢Sz02 strain isolated during the SARS epi-
demic, having acquired mutations at positions 472, 479, and 480
(Fig. 2B, Fig. 4A, Fig. 7). Alarmingly, the cHbO5 strain is only one
mutation (S487T) away from evolving into the civet-
optimized form with substantial affinity for human ACE2 (Fig. 7).
Overall, our research provides a molecular and structural blueprint
for tracking and predicting future SARS-CoV evolution in animals,
which helps prevent and control potential future SARS outbreaks
in the human population.

10. Comparison with MERS coronavirus

The newly emerged MERS-CoV shares clinical and genetic fea-
tures with SARS-CoV. Like SARS-CoV, MERS-CoV often causes acute
pneumonia and renal failure in patients. In addition, MERS-CoV also
belongs to the B-genus and its S1 C-domain has been identified to be
the RBD (Du et al., 2013; Mou et al., 2013). But unlike SARS-CoV,
MERS-CoV uses dipeptidyl peptidase 4 (DPP4) as its receptor (Raj
etal.,2013). Crystal structures of MERS-CoV RBD have recently been
determined, either by itself or in complex with its receptor DPP4
(Chen et al., 2013; Lu et al,, 2013; Wang et al., 2013). MERS-CoV
RBD also contains a core structure and an accessory subdomain,
the latter of which functions as RBM. The core structures of MERS-
CoV and SARS-CoV RBDs are highly similar, but their RBMs are mark-
edly different, resulting in recognition of different receptors. Like
SARS-CoV, MERS-CoV also likely originated from bats because the
genomic sequence of MERS-CoV is closely related to those of certain
bat coronaviruses (Annan et al., 2013; Holmes and Dominguez,
2013; Lau et al., 2013). Moreover, MERS-CoV is able to infect both
human and bat cells and appears to recognize both human and bat
DPP4 molecules. These findings suggest that MERS-CoV may be able
to transmit from bats to humans and then from human to human
with little or no adaptation in its RBD. Details of the host range
and cross-species infections of MERS-CoV will need to be character-
ized by future genetic, biochemical, and structural studies.

11. Concluding remarks

Research on SARS-CoV/receptor interactions has elucidated the
structural basis for the cross-species infections and human-to-hu-
man transmission of SARS-CoV, and has also provided a structural
framework for monitoring and predicting future SARS-CoV evolu-
tion in animals. These studies have established several important
principles on host receptor adaptations and cross-species infec-
tions of viruses. First, one or a few seemingly trivial mutations at
the receptor-binding surface of a virus may lead to dramatic epi-
demic outcomes by facilitating cross-species infections and hu-
man-to-human transmission of the virus. Second, one or a few
residue changes in the virus-binding region of a host receptor pro-
tein may determine the host’s fate and role in a viral epidemic by
presenting species barriers for viral infections. Third, predictions of
future viral evolution may be possible if virus/receptor interactions
can be understood in great structural detail. These principles may
apply to other emerging animal viruses, including the newly
emerged MERS-CoV.

What are the remaining important questions regarding the host
range and cross-species infections of SARS-CoV? First, what recep-

tor do currently known bat SARS-CoV strains use when they infect
bat cells? To solve this problem, it will be important to determine
whether the bat receptor is an unidentified form of bat ACE2 or an
entirely new receptor. Second, what is the detailed structural
mechanism by which bat SARS-CoV strains adapted to civet ACE2
for the critical bat-to-civet jump? It is possible that none of the
currently known bat SARS-CoV strains was able to adapt to civet
or human ACE2 owing to the significant differences between their
RBDs and the RBDs from the civet or human SARS-CoV strains.
Thus, currently known bat SARS-CoV strains were unlikely to be
the immediate precursors of the civet or human SARS-CoV strains
that caused the 2002-2003 SARS epidemic. Instead, there may ex-
ist one or several hitherto unidentified bat SARS-CoV strains that
not only use bat ACE2 as their receptor, but can also adapt to
and recognize civet ACE2 with relative ease. Hence, finding these
bat SARS-CoV strains will fill in an important missing link associ-
ated with the SARS epidemic. In sum, as the natural reservoir for
SARS-CoV, MERS-CoV and many other coronaviruses, bats should
be carefully studied for how they support coronavirus infections
and how coronaviruses may jump from bats to other animal spe-
cies and pose threats to humans.
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