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Severe acute respiratory syndrome coronavirus
(SARS-CoV) is a recently identified human coronavi-
rus. The extremely high homology of the viral genomic
sequences between the viruses isolated from human
(huSARS-CoV) and those of palm civet origin (pcSARS-
CoV) suggested possible palm civet-to-human trans-
mission. Genetic analysis revealed that the spike (S)
protein of pcSARS-CoV and huSARS-CoV was sub-
jected to the strongest positive selection pressure dur-
ing transmission, and there were six amino acid resi-
dues within the receptor-binding domain of the S
protein being potentially important for SARS progres-
sion and tropism. Using the single-round infection as-
say, we found that a two-amino acid substitution
(N479K/T487S) of a huSARS-CoV for those of pcSARS-
CoV almost abolished its infection of human cells ex-
pressing the SARS-CoV receptor ACE2 but no effect
upon the infection of mouse ACE2 cells. Although sin-
gle substitution of these two residues had no effects on
the infectivity of huSARS-CoV, these recombinant S
proteins bound to human ACE2 with different levels of
reduced affinity, and the two-amino acid-substituted S
protein showed extremely low affinity. On the con-
trary, substitution of these two amino acid residues of
PcSARS-CoV for those of huSRAS-CoV made pcSARS-
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CoV capable of infecting human ACE2-expressing
cells. These results suggest that amino acid residues at
position 479 and 487 of the S protein are important
determinants for SARS-CoV tropism and animal-to-hu-
man transmission.

A novel coronavirus was identified as the etiological agent of
human severe acute respiratory syndrome (SARS)! and thus
designated SARS coronavirus (SARS-CoV) (1-4). The nucleo-
tide sequence of human SARS-CoV (huSARS-CoV) differs in a
great deal from all other known coronaviruses, and it is un-
likely that huSARS-CoV is derived from these known corona-
viruses (5, 6). An animal SARS-CoV was later isolated from
Himalayan palm civets (Paguma larvata) and a raccoon dog
(Nyctereutes procyonoides) at a live animal market of Shen-
zhen, Guangdong Province, China, and found to share the
nucleotide sequence with the human SARS-CoV by 99.8% (7).
Subsequent molecular epidemiological analysis indicates that
SARS-CoV from palm civet (pcSARS-CoV) and huSARS-CoV
are derived from a common ancestor (7-9). Single nucleotide
variation(s) in the spike (S) protein, especially mutations that
cause radical amino acid residue changes, have been found to
be critical for disease progression (8, 9). This may reflect how
the virus acquired the human cell tropism and its subsequent
adaptation to human host (10).

One of the major differences between SARS-CoV and other
previously defined coronavirus groups is reflected by the fact
that its S protein is not capable of utilizing any previously

! The abbreviations used are: SARS, severe acute respiratory syn-
drome; SARS-CoV SARS coronavirus; pcSARS-CoV, SARS-CoV-like vi-
rus from palm civet; huSARS-CoV, human SARS-CoV; S protein, spike
protein; ACE2, angiotensin-converting enzyme 2; RBD, receptor-bind-
ing domain; HP03, isolates from human patients of the 2002/2003
epidemic; HP04, isolates from human patients of the 2003/2004 out-
break; PCO03, isolates from palm civets of Shenzhen market in 2003;
PCO04, isolates from palm civets of Guangzhou market in 2004. FACS,
fluorescence-activated cell sorting; HIV-1, human immunodeficiency
virus, type 1; PBS, phosphate-buffered saline; CHAPSO, 3-[(3-cholami-
dopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonic acid; RT, re-
verse transcription.

This paper is available on line at http://www.jbc.org
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identified coronavirus receptors for the viral entry process (11—
18). Recently, it has been demonstrated that the SARS-CoV S
protein binds to the human angiotensin-converting enzyme 2
(ACE2) and then initiates the membrane fusion (16, 17). The S
protein can be divided into two structurally distinct domains
S1 and S2, and these two domains are responsible for receptor
binding and membrane fusion, respectively (17, 19, 20). An
193-amino acid fragment, corresponding to amino acid residues
318-510 of the S1 domain has been shown to bind to the
human ACE2 and efficiently block the S protein-mediated in-
fection (17, 20—22), which may be due to the steric hindrance to
the receptor-binding domain (RBD) of the S protein. Substitu-
tion of the acidic amino acid residues for alanine within the
RBD has been found to interfere with the interaction of S
protein to human ACE2 (20). Phylogenetic and molecular epi-
demiological studies suggest that the S protein has been under
the strongest positive selection during the early phases of an-
imal-to-human or human-to-human transmission (8, 9). These
studies have also revealed several nonsynonymous amino acid
residue variations within the RBD of the S protein, probably
important for the receptor binding (9).

In this study, we examined the effects of 6 nonsynonymous
amino acid residue variations upon SARS-CoV infection. We
found that amino acid residues at positions 479 and 487 were
essential for human ACE2-mediated huSARS-CoV infection.
These results suggest that the entry barrier from palm civet to
human would be compromised if these two amino acid residues
in the pcSARS-CoV S protein are substituted for those of
huSARS-CoV, individually or in combination. In addition,
these findings mandate the imposition of stricter control of
handling palm civets and other animals such as rodents to
carefully monitor the evolution of animal SARS-CoV.

MATERIALS AND METHODS

Sequence Collection—The S gene sequences of all SARS-CoV strains,
their origins, nomenclatures, GenBank™ accession numbers, and other
related information were described elsewhere (9). The following abbre-
viations were depicted as: PC, palm civet; HP, human patient; 03 and
04, for SARS cases in 2002/2003 and 2003/2004, respectively.

Plasmids—Mutant S genes were generated by site-directed muta-
genesis in the context of expression plasmid pTSh (17, 23, 24), which
contains the humanized BJO1 S gene using a QuikChange kit (Strata-
gene). To construct a series of the C-terminal Fc-S (amino acids 14-520)
genes, we amplified the coding sequences between the N-terminal 14
and 520 residues of the S protein from the full-length S gene and the
corresponding mutant S genes with primers: forward 5'-CGCGGATC-
CATGGATGCAATGAAGA-3’, reverse for 5'-CCGGAATTCGATCAGG-
TCGGTGC-3'. Then the PCR products were digested with BamHI and
Xbal and ligated to a modified pUR vector, which contains the signal
sequence of Tpa and the Fc fragemt of human IgG1. All plasmids were
confirmed by sequencing. The mouse ACE2 gene was amplified from a
mouse kidney cDNA library using three pairs of overlapping primers:
forward-1, 5'-GGATCCACCATGTCCAGCTCCTCCTGGCTCC-3';
reverse-1, 5'-GGGCAGGGAGGCATCCAGTGGGGC-3'; forward-2, 5'-
GCCCCACTGGATGCCTCCCTGCCC-3'; reverse-2, 5'-CATCCATATT-
CCTTGCTCCTACCAC-3’; forward-3, 5'-GTGGTAGGAGCAAGGAAT-
ATGGATG-3'; and reverse-3, 5'-CTAAAAGGAAGTCTGAGCATCATC-
GTCGAC-3'. The genes were then subcloned into the retrovirus vector
pBabe-puro (gift from Dr. Littman, New York University).

Cell Lines—HEK-293T cells (ATCC) were used to prepare
pseudotyped viruses. HeLa-F5 cells with a long terminal repeat inser-
tion were generated by our laboratory (17) expressed human ACE2
stably. Huh-7 cells were used in virus infection and S protein binding
assays. Mouse ACE2 (mACE2) gene was transduced into HeLa or
NIH/3T3 cells by retroviral vector pBabe-puro containing mouse ACE2
gene and selected in culture medium containing 5 pg/ml puromycin to
establish the mACE2-expressing cell lines. The expression of mACE2
protein was confirmed in these stable cell lines HeLa-mACE2 and
3T3-mACE2. All cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum.

Preparation of HIV-1 Pseudotyped Viruses—HIV-luc/SARS-
pseudotyped viruses were generated as described previously (23, 24).
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Briefly, 10 pug of pNL.4.3.Luc.E"R™ (HIV-luc) (25) and 10 ug of S gene
or its mutant-expressing plasmids were co-transfected into 2 X 10°
293T cells by the standard calcium phosphate precipitation method
(26). The medium was replaced 12 h after transfection. The cell culture
supernatant was collected 48 h after transfection, and the cell debris
was removed by passing through a 0.45-um filter (Millipore). The su-
pernatant was further purified by ultracentrifugation through a 20%
sucrose cushion at 50,000 X g for 90 min and assayed for p24 using a
Vironostika HIV-1 Antigen MicroELISA Kit (Biomerieux) (23, 27). The
purified viruses were stored and used as HIV-1-pseudotyped virus
stocks. 0.5 pg of p24 purified pseudotyped viruses were lysed in PBS
buffer containing 1% CHAPSO (Sigma), and lysate was separated on an
SDS-10% polyacrylamide gel and transferred to a nitrocellulose mem-
brane (Amersham Pharmacia). After blocking, the nitrocellulose mem-
brane was incubated with the rabbit anti-Spike protein sera diluted
1:200 in PBS-T (24). The alkaline phosphatase-labeled goat anti rabbit
immunoglobulin G (IgG) (Santa Cruz Biotechnology, 1:1000 dilution)
was used as the secondary antibody in the detection.

Infection Assay with HIV-luc/SARS-pseudotyped Virus—HIV-luc/
SARS-pseudotyped viruses equivalent to 1, 5, or 10 ng of HIV-1 p24
were used to infect target cells in a 96-well plates at a density of 8 X 102
cells/well. The medium was replaced 12 h post infection, and the cells
were allowed to culture for additional 36 h. The cells were then washed
and lysed with 30 ul of cell lysis buffer (Promega). Twenty microliters of
lysates were assayed using a Luciferase Assay System (Promega), and
the luciferase activity was determined in a Wallac Multilabel 1420
Counter (PerkinElmer Life Sciences).

Expression and Purification of Fc-S-(14-520) Fusion Protein—Plas-
mids expressing wild-type S protein and its mutants of BJ01 as fusion
proteins with the C terminus of the human Fc fragment were trans-
fected into 293T cells by the standard calcium phosphate precipitation
method. The cell culture supernatant was collected 48 h post transfec-
tion, and the soluble Fc-S fusion proteins were purified with protein
A-Sepharose beads (Invitrogen). The purity of the proteins were deter-
mined to be higher than 95% by SDS-PAGE followed by Coomassie Blue
staining and further confirmed by Western blot using an anti-human-
Fc-alkaline phosphatase antibody (Sigma).

Binding Assay and Flow Cytometry—HeLa-F5 cells were harvested
and resuspended in PBS containing 2 nM to 1 uM soluble wild-type S
protein and its mutant proteins. The mixtures were allowed to incubate
at 4 °C for 1 h and then washed with PBS. Cells were recovered by a
brief centrifugation and resuspended in 100 ul of PBS containing 10
png/ml an fluorescein isothiocyanate-conjugated anti-human IgG-Fc an-
tibody (Sigma), incubated at 4 °C for 1 h, and washed twice with PBS.
The binding of the S proteins to the cells were determined by a FAC-
Scan flow cytometer (MoFlo cytometer DAKO Cytomation, Denmark).

Real-time PCR—The PRIMEREXPRESS software (version 2.0, Ap-
plied Biosystems) was used to design real-time RT-PCR primers with a
T, value of between 59 and 60 °C and an amplification product of 101
bp. For standardization of the amount of mRNA, expression of B-actin
in each sample was quantified. All PCR reactions were performed under
the following conditions: one cycle at 50 °C for 2 min, one cycle at 95 °C
for 10 min, then 45 cycles at 95 °C for 15 s and 60 °C for 1 min.
Real-time detection of the emission intensity of SYBR Green was per-
formed with an ABI prism 7000 sequence detector (Perkin-Elmer Ap-
plied Biosystems). We used an equivalent amount of cDNA sample,
which was derived from 40 ng of total RNA, for each PCR reaction.
Quantitative RT-PCR was performed three times, CT values were de-
termined using the AUTOANALYSE features of the Sequence Detec-
tion System software. The cDNA of HeLa cells was used as a negative
control. The value of the ACE2 expression was divided by that of the
B-actin in each sample. The primers were as follows: human ACE2 and
mouse ACE2 forward, 5'-TGAAAAAGTGGTGGGAGATGAAG-3’; hu-
man ACE2 reverse, 5-AAACATGGAACAGAGATGCGG-3’; mouse
ACE?2 reverse, 5'-GAAACATGGAACAGAGATGCAGG-3'; B-actin for-
ward, 5'-GCTCCATCCTGGCCTCG-3’; and B-actin reverse, 5'-CTAG-
AAGCATTTGCGGTGGAC-3'.

RESULTS

Six Putative Key Amino Acid Residues within the S Protein
RBD Were Identified Based on the Correlation between Nonsyn-
onymous Variations and the SARS-CoV Progression and Tro-
pism—We analyzed the phylogenetic relationship between the
amino acid sequence variations within the RBD of S protein
from 105 SARS-CoV isolates and the epidemiology of these
viruses (9). The amino acid sequences of all the huSARS-CoVs
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S2 domain I

MR TPPAENCYWPLNBYGFYTTEGIGYRRRPATV
M TPPAENCYWPLNBYGFYTTIGIG YREMPATV
N TPPAENCYWPLNBYGFYTTIGIG YRERPATV
B TPP. ‘NCYWPLHEYGFYTT!‘GIG RN PATV
B TPPACNCYWPLNEYGFYTTSGIGYRREPATV

B TPPAZNCYWPLNEYGFYTTSGIGYRREPATV

B TPPASNCYWPLNEeYGFYTTSGIGYRREPATV
B TPP. 'NCYWPLH!YGFYT SGIGYRREPATV
R TPP 'NCYWPLH&YGFYT*‘GIG MR FATV
SFSTHMM TPPARNCYWPLNEYGFYTTSGIGYREMPATV
B TPP 'NCYWPLEYGFYT*“GIG B PATV
B TPPARNCYWPLS EYGFYT#“GIG RN PATV
N TPPARNCYWPLEYGFYTTSGIGYREAPATV
B TPPARNCYWPLHEYGFYTTSGIGYRREPATV
B TPPARNCYWPL[{eYGFYTTSGIGYREEPATV
B TPP. 'NCYWPLK.I-‘YGFYTT!"GIG M PATV
N TPPAENCYWPLEBYGFYTTSGIGYREEPATV
N TPPAENCYWPLEKBYGFYTTSGIGYREEPATV
N TPPAENCYWPLEKBYGFYTTSGIGYREEPATV

TPPAENCYWPLEBYGFYTTSGIG PATV

Fic. 1. Sequence homology and diversity of the receptor-binding domain (RBD, amino acids 318-510) of the spike gene in palm
civet and human SARS-CoV. The sequences of all HP03 are identical in RBD except several earliest cases (GZ01/GZ02, ZS-A, ZS-B, and ZS-C)
at position 344 and some late cases (Singapore isolates) at residue 353. Thus, GZ02, BJ01, or TOR2 was used to represent general HP03. In the
diagram, PC represents palm civet and HP represents human patient. Both of them were suffixed with “03” or “04” to indicate the time when they
were isolated. The positions with variation were indicated at the top (344, 360, 472, 479, 480, and 487).

of the 2002—2003 pandemic (HP03) were almost identical in the
RBD except amino acid residue 344 of several early SARS cases
(GZ01/GZ02, ZS-A, ZS-B, and ZS-C) and amino acid residue
353 of some late SARS cases (Singapore isolates). Thus, we
used GZ02, BJ01, and TOR2 as the HP03 representatives of the
early, middle, and late phases of the 2002/2003 epidemic, re-
spectively (8). We also compared the amino acid sequences of
four pcSARS-CoV strains isolated from the Shenzhen market
in 2003 (PCO03) (7-9), ten pcSARS-CoV strains from the Guang-
zhou market in 2004 (PC04) (9), and three huSARS-CoV
strains from the 2003-2004 outbreak (HP04) (9) (Fig. 1). No-
tably, there were six nonsynonymous variations located in the
RBD region occurring either in pcSARS-CoV or early phase
huSARS-CoVs, and they were amino acid residues at position
344, 360, 472, 479, 480, and 487 (Fig. 1). These variations can
be categorized into three groups. The first group included those
at residues 344, 360 and 487, which were identical in all iso-
lates except HP03 (K344/F360/T487 in HP03 while R344/S360/
S487 in others). The second group contained the variations at
residues 472 and 480. These variations occurred at different
times of virus isolation but not from different hosts, i.e. resi-
dues Pro-472 and Gly-480 in HP04 and PCO04 and residues
Leu-472 and Asp-480 in HP03 and PCO03. The third group
included residue 479, the one with the greatest diversity rep-
resented by lysine, arginine, or asparagine in pcSARS-CoV but
only asparagine in huSARS-CoV. The amino acid sequence
analyses indicated that PC03, PC04, and HP04 had greater
similarity to each other than to the HP03, and that HP04
appeared nearly identical to the PC04. This result is in accord-
ance with a previous report (9). The three-dimensional struc-
ture of the S protein has been successfully simulated (Protein

Data Bank code 1T7G) (28) and predicted to have these six
amino acids exposed at the surface of the S1 domain (9, 28).
Combinatorial Substitution of Two Key Residues (N479K/
T4878S) in the S Protein RBD of huSARS-CoV Greatly Interferes
with the Human-ACE2-mediated Pseudotyped Virus Entry—To
determine the relationship between the variations of these
amino acids and the SARS-CoV infectivity, we substituted each
of these six amino acid residues of the huSARS-CoV S protein
for those of pcSARS-CoV S protein. HIV-luc and plasmids ex-
pressing wild-type S protein (BJ01) or its mutants of huSARS-
CoV were co-transfected into 293T cells to prepare HIV-luc/
SARS-pseudotyped viruses. The pseudotyped viruses in the
supernatant were normalized by the p24 protein, and the vi-
ruses equivalent to 10 ng of p24 were used to infect the human
ACE2-expressing cells: HeLa-F5 (17, 23, 24, 29). To ensure that
these substitutions did not alter the subcellular localization of
the S protein, we determined the cell surface expression of S
proteins using the convalescent SARS patients’ serum followed
by the FACS analysis. The results showed that these substitu-
tions did not affect the expression of S proteins (data not
shown). We then performed the single-round infection assay
using the pseudotyped viruses. The results showed that none of
the single substitutions had any effects on huSARS-CoV infec-
tion of HeLa-F5 cells expressing the human ACE2 (Fig. 24).
We then made a number of two-amino acid residue substi-
tutions and multiple amino acid residue substitutions of
huSARS-CoV S protein for those of pcSARS-CoV S protein and
determined their effects on huSARS-CoV infection. The results
showed that all except the two-amino acid substitution at po-
sitions 479 and 487 (N479K/T487S) had no significant effect on
huSARS-CoV infection, whereas N479K/T487S substitution al-
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Fic. 2. The infectivity of pseudotyped viruses bearing a panel of huSARS-CoV S proteins with individual or combinatorial
substitution of K344R, F360S, N479K, D480G, and T487S. These mutated S genes were constructed based on the S gene of BJ01 isolate. The
substituted positions are marked with asterisks. All pseudotyped virus’ stocks were normalized by HIV core antigen p24, and 10 ng/well was used
for infection assay. Luciferase activity was determined 48 h after infection, and they were displayed as means = S.D. of four parallel wells. Three
independent experiments were done to confirm the results. A, the infectivity of various pseudotyped viruses to HeLa-F5 cells and HeLa cells.
Pseudotyped virus bearing BJ0O1 S protein was used as positive control (first column). env-, pseudotyped virus without envelope protein. B, the
infectivity of these pseudotyped viruses to HeLa-mACE2 cells and HeLa cells. C, relative human and mouse ACE2 mRNA expression examined

using quantitative RT-PCR. The amount of mRNA expression of human ACE2 or mouse ACE2 was divided by that of B-actin in each sample to
normalize the value. Quantitative RT-PCR was performed three times. The cDNA of HeLa cells was used as a negative control.
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most completely inhibited the viral infection (Fig. 24). Similar
results were obtained when only 1 or 5 ng of p24 equivalent
viruses were used in the infection, suggesting that the inhibi-
tion by the N479K/T487S substitution was not caused by the
possible overdose of viruses. No pseudotyped virus bearing S
protein variant showed infectivity to HeLa cells. The mouse
ACE2 protein has been shown to mediate the SARS-CoV entry
(22). Thus, we cloned the mouse ACE2 gene and stably ex-
pressed it in HeLa cells (HeLa-mACE2) as a target cell control.
As expected, the results showed that none of the single or
double amino acid substitutions had any effects on huSARS-
CoV infection of these mouse cells (Fig. 2B). The different
effects of the N479K/T487S double substitution on huSARS-
CoV infection of HeLa-F5 and HeLa-mACE2 cells was not due
to different levels of ACE2 expression between these two types
of cells, because the real-time RT-PCR results showed that the
ACE2 expression was comparable in these cells (Fig. 2C).

The Greatly Reduced Infectivity Mediated with the N479K/
T487S-substituted huSARS-CoV S Protein Is Correlated with
Its Decreased Binding Affinity to the Human ACE2—To deter-
mine whether the inhibitory effects of the N479K/T487S double
substitution on huSARS-CoV infection studied by the single-
round infection assay (17, 23, 24, 29) resulted from the inability
of the N479K/T487S S protein to bind to human ACE2, we
expressed five soluble fragments containing either the single or
the double substitutions of the huSARS-CoV S protein, i.e.
Sna79K STas7s, and Snarormas7s- We also expressed the wild-
type Sgjo; and another single substitution Sps60g as controls.
We fused these proteins with the human Fc fragment to facil-
itate protein purification. These proteins were expressed at an
expected molecular mass of 97 kDa and a comparable level in
mammalian cells, as assessed by SDS-PAGE and Western blot
using an anti-human-Fc-alkaline phosphatase antibody (Fig.
3A). To compare the binding ability of these S proteins to
human ACEZ2, HeLa-F5 cells were incubated with these pro-
teins, and the binding affinity was analyzed through FACS.
The binding affinity of S protein at 100 nM was Sgy9; =~ Spsgos >
Stas7s = Snaror = Snarorsmagrs (Fig. 3B). The binding kinetics of
the corresponding S proteins was established with a series of S
protein concentrations ranging from 2 nm to 1 um (Fig. 3C), and the
relative affinity appeared similarly to the results above (Fig. 3B).
The binding kinetics of Spg405 Was nearly identical to that of Sgj¢;-
Stus7s had a significantly lower affinity than Sgj,; in the low
concentration range but appeared to be almost similar to the level
of Sgjo; at a high S protein concentration (0.5 um). The affinity of
Sna7ok remained much lower than that of Sp,g7¢ at all concentra-
tions tested and had no detectable binding when the S protein
concentration was below 60 nM. Sy47ox/T457s Showed undetectable
binding ability even when the S protein concentration reached
1 pm.

Substitution of Amino Acid Residues Lys-479 and Ser-487 in
the Typical pcSARS-CoV S Protein RBD to Asn-479 and Thr-
487, Individually or in Combination, Enhanced the Human-
ACE2-mediated Pseudotyped Virus Entry—To further deter-
mine the roles of these two amino acid substitution at positions
479 and 487 in SARS-CoV infection and transmission, we sub-
stituted these two amino acids of SZ3 S protein for those of
huSARS-CoV S protein and determined their effects on infec-
tion to human ACEZ2-expressing cells. Two single individual
amino acid substitutions were included. SZ3 and BJ01 S pro-
teins were used as controls. Similarly, we performed the single-
round infection in HeLa-F5 cells with these S protein-
pseudotyped viruses and S protein incorporation in the virions
were determined (Fig. 4A). The infection results showed that,
compared with the wild-type SZ3, the two single amino acid

Spike Protein Mutations against Interspecies Transmission

substitutions and the double amino acid substitution greatly
increased pcSARS-CoV infection, although less efficiently than
the case mediated by the BJO1 S protein (Fig. 4B).

DISCUSSION

Two years after the emergence of SARS, the origin of SARS-
CoV is still a research conundrum. Although molecular epide-
miological and phylogenetic studies indicated that SARS-CoV
is a virus of animal origin and SARS is a zoonotic disease (7-9),
the mechanism by which the SARS-CoV evolved in its hosts,
animal and human, as well as transmitted from animal (e.g.
palm civet) to human, is still unknown.

It is clear that the S gene experienced the strongest positive
selection among all genes of SARS-CoV to adapt to its hosts,
and the majority of the nonsynonymous variations in the S
gene are located within the S1 domain (9). Of these variations,
this study indicated that 6 residues in the ACE2 RBD are
particularly interesting due to the possibility of being respon-
sible for the entry barrier between pcSARS-CoV and huSARS-
CoV. The biological implication of these variations is the sig-
nificant difference in antibody neutralization of various kinds
of pseudotyped lentiviruses expressing S proteins of different
hosts, or different epidemic phases (31). These observations
have logically led to the hypothesis that the mutations in the
RBD are essential for the zoonotic tropism.

In this study, the effects of the RBD variations on SARS-CoV
infectivity in human cells were investigated employing the
HIV/SARS-pseudotyped viruses (17, 23, 24, 29). The N479K/
T487S double substitutions dramatically reduced the infectiv-
ity of pseudotyped virus to only 0.1% of BJ0O1, whereas any
single substitutions or double substitutions with or of the other
4 residues had no obvious effects (Fig. 2). These results inferred
that any variation in one of the two substitutions is essential
for receptor binding and viral entry into the human ACE2-
expressing cells. This loss-of-function observation was substan-
tiated with a gain-of-function experiment by substituting
amino acid residues Lys-479 and Ser-487 in the typical
pcSARS-CoV S protein RBD to Asn-479 and Thr-487, individ-
ually or in combination. The results showed that, compared
with the wild-type SZ3, both the two single amino acid substi-
tutions and the double amino acid substitution greatly en-
hanced the human ACE2-mediated pseudotyped virus entry of
the pcSARS-CoV infection, although less efficiently than the
case mediated by the BJO1 S protein (Fig. 4B). Thus we clearly
demonstrated that a typical pcSARS-CoV (SZ3) S protein with
limited variations of critical amino acid residues (K479N
and/or S487T) in the RBD acquired the ability to utilizing
human ACE2 as a receptor with high efficiency.

We also demonstrated that these double substitutions inter-
fered with the interaction between S protein and human ACE2,
because the huSARS-CoV Syy7ox/msas7s Protein displayed no
detectable binding affinity to human ACE2 at the concentra-
tion up to 1 um. Although the individual single mutations of
these two residues had no significant decrease in the viral
entry, their binding affinity toward ACE2 was significantly
reduced (Fig. 3C). Particularly, the Sy,79x protein demon-
strated extremely low binding affinity, whereas the Sy g,5 pro-
tein still had moderate binding capability, although signifi-
cantly lower than that of Sg;,;. The phenotypic discrepancies
between the entry of pseudotyped virus and the S protein-
ACE2 binding affinity may be due to the difference in the
sensitivities of the tests on one hand and the distinction in
intrinsic mechanisms of the two processes on the other hand.
For the latter, the binding of the virions to the susceptible cells
is multivalent, and the entry of the pseudotyped virus is a
complex stepwise process, whereas the monomeric or oligo-
meric soluble S protein is likely to bind to the human ACE2
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and they were displayed as means * S.D. of four parallel wells. Three
independent experiments were done to confirm the results.
Pseudotyped virus bearing BJO1 S protein was used as positive control
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with lower affinity. Similar phenomena were observed in her-
pes simplex 1 virus (32).

It is particularly interesting to consider these biochemical
data with the molecular epidemiological data known so far
(7-9). The Sg497/5457 Protein naturally exists in all isolates of
PCO03 and one isolate of PC04. Although most isolates of PC04
had the Sg 79,5457 Protein, they should have similar phenotypes
like other viruses from palm civets that carry the Sg,79/5457
protein, due to the similar biochemical properties of the two
basic amino acids, Lys and Arg. Considering that these double
amino acid-substituted viruses had extremely low viral entry
ability and receptor binding affinity specifically toward ACE2-
expressing human cells, it is not surprising that workers who
handled or had close contact with PC03 showed no SARS-like
syndrome, although they may have positive antiserum against
SARS-CoV (7). These results strongly suggest that the co-
existence of Lys/Arg-479 and Ser-487 functions as the entry
barrier for animal-to-human transmission of the SARS-CoV.

The maintenance of this entry barrier requires the conser-
vation of both Lys-479 and Ser-487. Proved by our results,
once one substitution at positions 479 or 487 occurred in
animal SARS-CoV, the virus could greatly increase its affin-
ity toward the human receptor ACE2 and even cross the
species barrier to cause animal-to-human transmission. All
the viral isolates of HP04 had a genome very close to that of
PCO04; in particular, they all had the Sy479/5457 Protein as did
the four PC04 isolates (9).

Unlike Asn-479, Thr-487 did not exist in any other natural
SARS-CoV isolates except HP03. In fact, all the virus isolates of
HPO3, from the earliest strains that have been detected so far,
had the same Sy,79/1457 Protein. Because of the high human
ACE2 binding affinity of the Sgj,; protein and all HP03 iso-
lates exclusively containing the Thr-487 residue, we propose
that the S, g, amino acid switch may reflect the virus adapta-
tion to human host and that the presence of the Sy479/1457
protein is essential for causing the pandemic, i.e. the successful
transition from animal-to-human transmission to human-to-
human transmission.

Spike Protein Mutations against Interspecies Transmission

Our data support the claim that it is not difficult to overcome
the entry barrier between animal and human and that palm
civet may serve as a favorable incubator. Proper identification
of the 479 and 487 critical residues are not only significant in
biochemical studies of ligand-receptor binding but are also
important for monitoring public health. The existence of
Sn479/s4g7 in both HP04 and PC04 reveals a dangerous signal.
It manifests that some isolates in palm civet have already
evolved to acquire the ability to cross the entry barrier between
palm civets and humans. Consistent with this, it is significant
to emphasize that the inhibition of the pseudotyped virus in-
fection caused by the N479K/T487S double substitution of
huSARS-CoV S protein was human-specific, because the de-
crease of infectivity could be observed only in human ACE2-
expressing cells and not in cells expressing mouse ACE2 (Fig.
2). Although one early study has showed that the mouse ACE2
is a relative poor receptor (7), our data showed that the high
level and sustained expression of mouse ACE2 was capable of
supporting SARS-CoV-pseudotyped virus entry. These results
are in accordance with the finding from the animal model study
that mouse can be efficiently infected by huSARS-CoV (33). We
believe that the potential intermediate host position of rodents
for SARS-CoV should be carefully studied as a reasonable
extrapolation of these experimental findings.
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