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Infection by severe acute respiratory syndrome coronavirus (SARS-CoV) is
initiated by specific interactions between the SARS-CoV spike (S) protein
and its receptor ACE2. In this report, we screened a peptide library
representing the SARS-CoV S protein sequence using a human immuno-
deficiency virus-based pseudotyping system to identify specific regions that
affect viral entry. One of the 169 peptides screened, peptide 9626 (S residues
217-234), inhibited SARS-CoV S-mediated entry of the pseudotyped virions
in 293T cells expressing a functional SARS-CoV receptor (human
angiotensin-converting enzyme 2) in a dose-dependent manner
(IC50~11 pM). Alanine scanning mutagenesis was performed to assess
the roles of individual residues within this region of S, which was
previously uncharacterized. The effects included significant reductions in
expression (K223A), viral incorporation (L218A, 1230A, and N232A), and
reduced viral entry (L224A, L226A, 1228A, T231A, and F233A). Taken
together, these results reveal a new region of the S protein that is crucial for
SARS-CoV entry.

© 2009 Elsevier Ltd. All rights reserved.
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Severe acute respiratory syndrome (SARS) is a
progressive pulmonary illness that was first reported
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from Guangdong Province, China, in 2003." A novel
pathogenic coronavirus was identified as the causa-
tive agent of SARS.>* Highly transmissible SARS
coronavirus (SARS-CoV) quickly spread from its
origin in South China to more than two dozen
countries in Asia, North and South America, and
Europe. Within a few months, the infectious disease
became a global emergency culminating to more
than 8000 cases reported worldwide, of which 10%
were fatal. Although the SARS outbreak of 2003 has
been controlled, there is currently no specific
therapeutic treatment available against SARS-CoV
infection. Targeted drug discovery of molecules
inhibiting SARS-CoV entry may offer the oppor-
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Fig. 1. Effect of S peptides in SARS-CoV S-mediated entry. A peptide library of S protein sequence consisting of 169
peptides total was obtained from National Institutes of Health AIDS Research and Reference Reagent Program. Each
peptide is 16-18 amino acids in length with 10 amino acids overlapping with the preceding peptide.*"** Peptides were
dissolved in phosphate-buffered saline without Ca** or Mg** to a final concentration of 1 mM. To examine the effect of
each peptide on SARS-CoV entry, we incubated each peptide with the pseudotyped virions possessing codon-optimized
S' at a final concentration of 50 uM at room temperature for 15 min. The mixture was then added to the 293T cells
transiently transfected with codon-optimized hACE2'* in 24-well plates and incubated for 16 h at 37 °C. Fresh media were
added to the cells 16 h postinfection. The cell lysates were analyzed for luciferase activity 48 h postinfection. The arrow
denotes inhibition observed by peptide 9626, which exhibited the best inhibition.

tunity to counter SARS-CoV pathogenesis at a  deficiency virus (HIV) gp120/gp41, and Ebola GP, is

critical stage in the virus life cycle. trimeric in its native state and mediates entry into
The spike (S) protein of SARS-CoV is a 1255-  susceptible target cells.”® The overall sequence
amino-acid, heavily glycosylated integral mem-  homology between SARS-CoV S and other known

brane protein, which, like other viral class I fusion CoV S proteins is low; however, the functional
proteins such as influenza HA, human immuno-  homology conveniently permits the differentiation
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of two distinct ectodomain regions heretofore
known as S1 and S2. For some coronaviruses, the S
protein is cleaved into these two subunits during
maturation and transport to the cell surface;”'°
however, this cleavage, as well as cleavage at other
nearby sites, apparently occurs during or after entry
in the case of SARS-CoV S."'™'* The S1 region is
responsible for binding to the receptor, human
angiotensin-converting enzyme 2 (hACE2).'* In
addition, molecules belonging to the L-SIGN family
have been suggested as receptors for SARS-CoV
entry.”” In the case of hACE2, a 193-amino-acid
fragment within S1 has been identified as the mini-
mum receptor-binding domain (RBD).'®'® The S2
region contains two characteristic motifs shared by
all class I fusion proteins, heptad repeats 1 and 2
(termed HR1 and HR2), which are involved in
subsequent fusion steps.®1? Interestingly, several
studies have demonstrated that peptides derived
from the HR2 motif can block SARS-CoV entry,
presumably by binding to HR1 of S2 and thereby
blocking formation of the “six-helix bundle”, in an
analogous mechanism to that of HIV HR2.5'%%

To date, most studies on SARS-CoV entry have
been focused on the roles of the RBD in S1 and the
HR1 and HR2 motifs in S2. In this report, using an
HIV-based pseudotyping system, we have identi-
fied a small region within S1, distinct from the RBD,
that inhibits SARS S-mediated entry when added
exogenously and plays a critical role in SARS-CoV
function. Elucidation of the role of this region in
SARS-CoV entry may shed light on the entry
mechanism of SARS-CoV and, moreover, aid in
developing therapeutic treatments against SARS-
CoV infection and pathogenesis.

In order to identify functionally important regions
of SARS-CoV S, we used a SARS-CoV S/HIV
pseudotyping system to determine whether peptides
representing portions of the S protein might inhibit
virus entry. For these experiments, HIV-SARS S
pseudoparticles were produced by co-transfecting
293T cells with SARS-CoV S DNA and an HIV vector
containing the luciferase reporter gene. The pseudo-
typed virions were used to challenge 293T cells
transiently transfected with hACE2 DNA. At 2 days
post-transduction, luciferase accumulations pro-
vided readouts of S protein-mediated viral entry.
293T cells, previously reported to have endogenous
hACE2,'® supported S pseudotyped virus entry,
with a luciferase activity 100-fold higher than that
obtained by transduction with non-pseudotyped
HIV cores. Transfection with hACE2 increased
susceptibility to HIV-SARS S an additional 100-
fold (or >10* higher than background, data not
shown); thus, all subsequent studies used cells
transfected with hACE2. We further noted that the
luciferase levels of the cells infected by the S
pseudotyped virions increased as more hACE2
DNA was used in the transfection, while the
luciferase levels of the cells infected by the VSV-G
pseudotyped virions, which utilize a different
receptor and are used as controls, were not affected
(data not shown).

One hundred sixty-nine peptides, which together
represent overlapping regions of the entire S
protein,”** were individually screened for their
effects on transduction. In each case, the peptides
were incubated with the diluted pseudotyped
virions at a final peptide concentration of 50 pM,
mixtures were then incubated with the 293T-ACE2
transfectants, media were changed after 16 h, and
the luciferase activities were determined 2 days
later. Among the 169 peptides analyzed, only
peptide 9626 (sequence=TLKPIFKLPLGINITNFR)
was able to block entry of the S/HIV virions into the
target cells by ~80% at a concentration of 50 pM
(Fig. 1). Seven other peptides (peptides 9649, 9665,
9689, 9700, 9705, 9708, and 9713) blocked S
pseudotyped viral entry into 293T-hACE2 cells by
up to 40% at a concentration of 50 uM in the initial
screen (Fig. 1); however, none of these peptides
showed a dose-dependent inhibition on viral entry
in the second-round screening. Thus, only peptide
9626 was considered for further analysis. As shown
in Fig. 2, when 293T cells transiently transfected
with hACE2 were used as target cells, a dose-
dependent inhibition by peptide 9626 on viral entry
was observed with an ICsy of ~11 pM. Under the
identical conditions, recombinant S2-HR2 protein
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Fig. 2. Analysis of the effects of peptide 9626 on SARS-
CoV S-mediated entry. Peptide 9626 (TLKPIFKLPLGINI-
TNFR) was synthesized by the Protein Research Resources
Laboratory of the Research Resources Center (University
of Illinois at Chicago). The peptide was preincubated with
1/8 diluted S pseudotyped virions at room temperature
for 15 min at the indicated concentrations prior to infection
of 293T cells transiently transfected with hACE2 (10 pg
plasmid /100 mm plate). Cell lysates were collected 48 h
postinfection and measured for luciferase activity. The
curve represents a fit to the equation %entry=100/(1+
[peptide] /ICs). Error bars represent the standard devia-
tions of three separate experiments performed from
transfection to luciferase detection. Note that no inhibitory
effects were observed for VSVG/HIV entry at a peptide
concentration of 50 pM.
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Fig. 3. Entry effects of alanine substitution mutants of the S protein. Entry of the mutated 1/8 diluted S pseudotyped
viruses into 293T cells transiently transfected with hACE2 (10 pg/100 mm plate) measured by luciferase activities. Error
bars represent the standard deviation of three separate experiments performed from transfection to luciferase detection.

purified from Escherichia coli gave an ICs, value To further explore the role of S protein residues
greater than 50 pM.® Interestingly, peptides  217-234, which correspond to the sequence of
screened in the present study that correspond to  peptide 9626, in viral entry, we generated a deletion
52-HR2 sequence were not inhibitory, presumably =~ mutant of this region (A9626) and 15 alanine
due to their relatively small size with respect to  substitution mutants of individual residues within
recombinant S2-HR2® (18 residues versus 53 resi-  this region. Each of these mutants was characterized
dues, respectively). In contrast, peptide 9626 is a  for protein expression, incorporation into HIV
significantly better entry inhibitor than S2-HR2;  virions, and ability to mediate viral entry. The results
however, in contrast to S2-HR2, the mechanism of are shown in Fig. 3 and summarized in Table 1.
inhibition is currently unknown. For example, the =~ Mutant A9626 was expressed normally in 293T cells,
peptide could presumably inhibit entry by binding  as determined by Western blot; however, it could not
to S, hACE2, or an unknown co-receptor. Finally, it ~ be detected on HIV virions, and thus, it was com-
is important to note that peptide 9626 is a relatively =~ pletely defective in mediating viral entry in 293T-
poor entry inhibitor with respect to peptides based = hACE2 (Table 1). Among the 15 substitution mutants
on the HIV HR2 sequence, which exhibit ICsp in the = of the S protein, mutant K223A disrupted expression
low nanomolar range.23 (or, alternatively, stability) and mutants L218A,

Table 1. Summary of SARS-CoV S mutants

Mutant® Entry (%)b Expression® Incorporation®
wt 100+16 +++ +++
A9626 0+0 +++ -
L218A 0+0 +++ -
K219A 59+1 +++ +++
1221A 106+11 +++ +++
F222A 56+1 +++ +++
K223A 0+0 - -
L224A 35+2 +++ +++
L226A 17+1 +++ +++
G227A 53+3 +++ +++
1228A 19+1 +++ +++
N229A 101+4 +4++ +++
1230A 0+0 +++ -
T231A 17+0 +++ +++
N232A 56+1 +++ +
F233A 440 +4++ +++
R234A 81+1 +4+ +++

# Deletion and alanine substitution mutants of the S protein were generated by two-step PCR using HiPFU (Stratagene Inc.). The
mutations were confirmed by sequencing the full-length S gene (Urbani Strain). T217 was not substituted with alanine because it is the
first residue of the peptide sequence; P220 and P225 were not substituted with alanine because the substitution was deemed too radical of
a change.

P HIV pseudotyped virions with SARS-CoV S protein were produced by co-transfecting the cDNAs of wild type or mutant S genes
with an envelope-deficient HIV vector (pNL4—3—LuC—R7E724’25) into 293T cells (producer cells) by a modified Caz(PO.), method.?°

¢ The expression of the S protein in producer cells (293T) and its incorporation into the HIV virions were analyzed by Western blot
using a rabbit polyclonal antibody against the HR2 region generated in this study. Briefly, the coding region of the HR2 domain
(HTSPDVDLGDISGINASSVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQYIK) was PCR-amplified using the full-length wild-type
SARS-CoV S cDNA as the template. The amplified DNA fragment was digested with restriction endonucleases, cloned into pGEX-4T-1
(Amersham Biosciences), and confirmed by DNA sequencing. HR2 protein was expressed in E. coli strain BL21 as glutathione S-transferase
fusion protein and purified using a glutathione affinity column following a previous protocol.”” Rabbit polyclonal antibodies against HR2
region were generated using HR2-glutathione S-transferase as the antigen (Animal Pharm).
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1230A, and N232A disrupted incorporation into
virions, and thus, they were impaired or unable to
mediate efficient viral entry (Fig. 3; Table 1). These
results suggest that deletion of the peptide 9626
region or these four individual substitutions result in
structural alterations of S, which adversely affected
its oligomerization, transport to cell surfaces, accu-
mulation at HIV budding sites, and/or stability. In
contrast, the remaining 11 mutants did not adversely
affect protein accumulation or viral incorporation
(Table 1), suggesting that these mutations did not
grossly disrupt the overall native conformation of
the S protein. Interestingly, mutants L226A, 1228A,
T231A, and F233A, and to a less extent, mutant
L224A, were defective in mediating efficient viral
entry (Fig. 3; Table 1). In contrast, the remaining 6
mutants (K219A, 1221A, F222A, G227A, N229A, and
R234A) exhibited comparable entry to the wild-type
S protein (defined as supporting >50% of entry with
respect to the wild-type). Taken together, these
results demonstrate that residues 217-234 of S play
critical roles in S structure and in mediating efficient
viral entry.

The SARS-CoV S protein, which contains more
than 1200 amino acids in length, like the S proteins of
other coronaviruses,” is among the largest class I
fusion proteins of enveloped viruses. Based on the
knowledge of S proteins from other coronaviruses,
as well as other viral glycoproteins, previously re-
ported studies on the SARS-CoV S-mediated viral
entry have been largely focused on three distinct
regions or domains: the RBD of S1 (ACE2-binding
region) and the heptad repeats HR1 and HR?2 of S2.
Indeed, as shown in Fig. 4, structures have been
determined for each of these domains.”***’ In this
report, we have provided evidence to demonstrate
that S1 residues 217-234, which are distinct from the
RBD, play important roles in S function. The
importance of this region was initially implicated
by screening of an overlapping library of peptides
corresponding to SARS-CoV S protein using an HIV-
based pseudotyping system and subsequently
demonstrating dose-dependent inhibition by one
peptide with an ICsp~11 uM (Figs. 1 and 2). As

shown in Fig. 4, the region corresponding to peptide
9626 is approximately 90 amino acids N-terminal to
the hACE2 binding domain.'® One possibility is that
this region plays a structural role in proper folding
and overall conformation of the S protein, and thus,
the observed effects are indirect. However, this is
unlikely because many of the substitution mutations
within this region did not adversely affect S protein
expression in the cells or incorporation into virions
(Table 1), suggesting that the overall conformation of
the S protein was not greatly altered. On the con-
trary, we envision that this region or domain of the S
protein plays an active role in receptor-binding and /
or post-binding steps of SARS-CoV entry. For
example, this region of S1 may directly interact
with the RBD to modulate binding between the S
protein and hACE2, although the X-ray structure of
the SARS-CoV RBD in complex with the hACE2
peptidase domain® argues against this interpreta-
tion. Alternatively, this region may interact with
other regions of S (e.g., S2 heptad repeats) to in-
fluence the membrane fusion process in viral entry.
Finally, this region of the S protein could be involved
in interactions with a different surface molecule
other than hACE2 in mediating SARS-CoV entry.
Elucidation of the exact role of this region or domain
in S protein function should reveal mechanistic
insights into SARS-CoV entry and further aid in the
design of novel therapeutic treatments against
SARS-CoV infection and pathogenesis.
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