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The spike (S) glycoprotein of severe acute respiratory syndrome coronavirus (SARS-CoV) mediates the
receptor interaction and immune recognition and is considered a major target for vaccine design. However, its
antigenic and immunogenic properties remain to be elucidated. In this study, we immunized mice with
full-length S protein (FL-S) or its extracellular domain (EC-S) expressed by recombinant baculoviruses in
insect cells. We found that the immunized mice developed high titers of anti-S antibodies with potent
neutralizing activities against SARS pseudoviruses constructed with the S proteins of Tor2, GD03T13, and
SZ3, the representative strains of 2002 to 2003 and 2003 to 2004 human SARS-CoV and palm civet SARS-CoV,
respectively. These data suggest that the recombinant baculovirus-expressed S protein vaccines possess
excellent immunogenicity, thereby inducing highly potent neutralizing responses against human and animal
SARS-CoV variants. The antigenic structure of the S protein was characterized by a panel of 38 monoclonal
antibodies (MAbs) isolated from the immunized mice. The epitopes of most anti-S MAbs (32 of 38) were
localized within the S1 domain, and those of the remaining 6 MAbs were mapped to the S2 domain. Among the
anti-S1 MAbs, 17 MAbs targeted the N-terminal region (amino acids [aa] 12 to 327), 9 MAbs recognized the
receptor-binding domain (RBD; aa 318 to 510), and 6 MAbs reacted with the C-terminal region of S1 domain
that contains the major immunodominant site (aa 528 to 635). Strikingly, all of the RBD-specific MAbs had
potent neutralizing activity, 6 of which efficiently blocked the receptor binding, confirming that the RBD
contains the main neutralizing epitopes and that blockage of the receptor association is the major mechanism
of SARS-CoV neutralization. Five MAbs specific for the S1 N-terminal region exhibited moderate neutralizing
activity, but none of the MAbs reacting with the S2 domain and the major immunodominant site in S1 showed
neutralizing activity. All of the neutralizing MAbs recognize conformational epitopes. These data provide
important information for understanding the antigenicity and immunogenicity of S protein and for designing
SARS vaccines. This panel of anti-S MAbs can be used as tools for studying the structure and function of the
SARS-CoV S protein.

The sudden appearance of highly contagious severe acute
respiratory syndrome coronavirus (SARS-CoV) caused a
global epidemic in 2002 and 2003 (11, 29, 37, 41, 43), which
resulted in more than 8,000 cases, with a fatality rate of about
10%. After the outbreak was contained, several isolated infec-
tions were reported during 2003 to 2004 in the Guangzhou
region of China, which caused much less severe symptoms (35,
40, 44). The viruses isolated during the mild 2003 to 2004
outbreak, e.g., GD03T13 (GD03) and GZ03-02, are genetically
closer to palm civet SARS-CoV (e.g., SZ3 and SZ16) than
those predominating in the 2002 to 2003 outbreak, e.g., Tor2
and Urbani. The civets (Paguma larvata) may play a role in
both the major (2002 to 2003) and the minor (2003 to 2004)
SARS outbreaks and were initially considered an animal res-
ervoir for SARS-CoV (8, 14, 44). However, recent studies
suggest that the bats are the natural reservoir for the origin of
SARS-CoV and that the civets may have served as intermedi-
ate amplification hosts that enable SARS-CoV interspecies
transmission (30, 33). Therefore, SARS-CoV may reemerge
from the animal reservoirs after its adaptation to humans. In

preparedness, the need to develop an effective prophylactic
vaccine remains of high importance.

Similar to other coronaviruses, the spike (S) protein of
SARS-CoV is a large type I transmembrane glycoprotein with
multiple biological functions (13, 23, 24). The predicted S1
subunit corresponding to the region of amino acids (aa) 13 to
680 contains the minimal receptor-binding domain (RBD) and
mediates binding of the S protein to angiotensin-converting
enzyme 2 (ACE2), a functional receptor on susceptible cells (1,
10, 32, 42, 50). The predicted S2 subunit (aa 681 to 1255)
contains two heptad repeat regions (HR1 and HR2) and is
responsible for fusion between viral and cellular membranes
(3, 25, 36, 47). A second major feature of coronavirus S protein
is its capacity to induce neutralizing antibodies and protective
immunity, and it is thereby considered a major target for vac-
cine development. Several live virus and DNA vaccines ex-
pressing the S protein have been tested in preclinical studies
(2, 4–6, 51). However, recent reports have raised some serious
concerns over the full-length S protein-based immunogen,
since it may induce harmful immune or inflammatory re-
sponses (12, 38, 52). For example, a DNA vaccine that ex-
presses the full-length S protein (Urbani), the first vaccine
approved for clinical trial in the United States, induced anti-
bodies that neutralized the 2002 to 2003 human SARS-CoV

* Corresponding author. Mailing address: Lindsley F. Kimball Re-
search Institute, New York Blood Center, 310 East 67th Street, New
York, NY 10021. Phone: (212) 570-3366. Fax: (212) 570-3099. E-mail:
yhe@NYBloodcenter.org.

5757



strains but could not effectively neutralize the 2003 to 2004
human SARS-CoV isolates (28, 51, 52). Unexpectedly, these
antibodies even enhanced infection mediated by the S proteins
of palm civet SARS-CoV variants (52). It was also reported
that a recombinant vaccinia virus-expressed full-length S pro-
tein caused serious liver damage in challenged vaccinated fer-
rets (9, 49). Therefore, structural and functional characteriza-
tion of the SARS-CoV S protein remains a priority.

In the present study, the antigenicity and immunogenicity of
recombinant baculovirus-expressed S proteins have been finely
characterized. Our findings have significant impact for design-
ing a safe and effective SARS vaccine.

MATERIALS AND METHODS

Recombinant S proteins and synthetic peptides. The full-length S protein
(FL-S) and its extracellular domain (EC-S) truncated at amino acid 1190 of
SARS-CoV Urbani (GenBank accession number AY278741) were expressed in
expresSF� insect cells with recombinant baculovirus D3252 by the Protein Sci-
ences Corporation (Bridgeport, CT). The plasmids encoding truncated S frag-
ments corresponding to the S1 subunit (aa 12 to 672), the N-terminal domain (aa
12 to 327), and the receptor-binding domain (aa 318 to 510) of the 2002 to 2003
human SARS-CoV Tor2 (accession no. AY274119), fused with the Fc portion of
human immunoglobulin G1 (IgG1) (designated S1-Fc, NT-Fc, and RBD-Fc,
respectively), were kindly provided by M. Farzan at the Harvard Medical School
(Boston, MA) (50). Each of three recombinant S fusion proteins was expressed
in 293T cells transfected with the plasmid using Fugene 6 reagents (Boehringer
Mannheim, Indianapolis, IN) according to the manufacturer’s protocol and pu-
rified by protein A-Sepharose 4 fast flow (Amersham Biosciences, Piscataway,
NJ).

A set of 168 peptides spanning the entire sequence of the S protein of
SARS-CoV strain Tor2 (each peptide contains 17 residues, with 9 residues
overlapping with the adjacent peptides) were synthesized at Gene Gateway, LLC
(Hayward, CA), as previously described (20). A panel of 14 longer peptides that
overlap with the S1 subunit (aa 19 to 48, aa 278 to 312, aa 378 to 419, aa 511 to
552, aa 536 to 566, and aa 603 to 634) or S2 subunit (aa 823 to 856, aa 892 to 931,
aa 920 to 953, aa 975 to 1010, aa 981 to 1014, aa 1149 to 1186, aa 1152 to 1188,
and aa 1162 to 1198), with lengths ranging from 30 to 40 amino acids, were
synthesized at CytoMol Corp. (Mountain View, CA). A standard solid-phase
9-fluorenylmethoxy carbonyl method was used for peptide synthesis. Peptides
were purified to homogeneity (purity, �90%) by high-performance liquid chro-
matography and identified by laser desorption mass spectrometry.

Immunization of mice and generation of anti-S monoclonal antibodies
(MAbs). Four BALB/c mice (6 weeks old) per group were subcutaneously im-
munized with 20 �g of FL-S or EC-S proteins resuspended in phosphate-buffered
saline (PBS) plus MLP�TDM adjuvant (Sigma, Saint Louis, MO) and boosted
with 10 �g of the same antigen plus the MLP�TDM adjuvant at 3-week inter-
vals. Preimmune sera were collected before starting the immunization, and
antisera were collected 7 days after each boost. Sera were kept at 4°C before use.

Hybridomas producing anti-S MAbs were generated using standard protocols,
as previously described (17). Briefly, the splenocytes from the FL-S-immunized
mice were harvested and fused with SP2/0 myeloma cells. Cell culture superna-
tants from the wells containing hybridoma colonies were screened by enzyme-
linked immunosorbent assay (ELISA) using the FL-S as a coating antigen. Cells
from positive wells were expanded and retested. Cultures that remained positive
were subcloned to generate stable hybridoma cell lines. All MAbs were purified
from culture supernatants by protein A-Sepharose 4 fast flow (Amersham Bio-
sciences). The isotypes of MAbs were determined with a mouse monoclonal
antibody isotyping kit (Amersham Biosciences).

ELISA and binding competition. The reactivity of mouse sera or MAbs with
various antigens was determined by ELISA. Briefly, 0.5 �g/ml recombinant
protein was used to coat 96-well microtiter plates (Corning Costar, Acton, MA)
in 0.1 M carbonate buffer (pH 9.6) at 4°C overnight. After the plates were
blocked with 2% nonfat milk, serially diluted mouse sera or MAbs were added
and incubated at 37°C for 1 h, followed by three washes with PBS containing
0.1% Tween 20. Bound antibodies were detected with horseradish peroxidase-
conjugated goat anti-mouse IgG (Zymed Laboratories) at 37°C for 1 h, followed
by washes. The reaction was visualized by addition of the substrate 3,3�,5,5�-
tetramethylbenzidine, and absorbance at 450 nm was measured by an ELISA
plate reader (Tecan US, Research Triangle Park, NC). To determine the effect

of disulfide bond reduction on the binding of anti-S MAbs, an ELISA plate was
coated with recombinant FL-S or EC-S at a concentration of 0.5 �g/ml and then
treated for 1 h at 37°C with dithiothreitol at a concentration of 10 mM, followed
by washes. Then the wells were treated with 50 mM iodoacetamide for 1 h at
37°C. After washes, a standard ELISA was performed as described above.

A competitive ELISA was performed to determine the inhibitory activity of
the anti-S MAb on binding of the biotinylated MAbs to truncated S proteins.
Briefly, the wells of ELISA plates were coated with NT-Fc or RBD-Fc as
described above. A mixture containing 50 �g/ml of an unlabeled MAb and 1
�g/ml of a biotinylated MAb was added, followed by incubation at 37°C for 1 h.
Binding of the biotinylated MAbs was detected after addition of horseradish
peroxidase-conjugated streptavidin (Zymed Laboratories) and 3,3�,5,5�-tetra-
methylbenzidine sequentially. Biotinylation of MAbs was performed using the
EZ-link NHS-PEO solid-phase biotinylation kit (Pierce, Rockford, IL) according
to the manufacturer’s protocol.

Inhibition of RBD-Fc binding to the receptor ACE2 by MAbs. The inhibition
of anti-S MAbs on RBD-Fc binding to ACE2-expressing cells was measured by
flow cytometry as previously described (18, 21). Briefly, 106 293T/ACE2 cells
were detached, collected, and washed with Hanks’ balanced salt solution (Sigma,
St. Louis, MO). RBD-Fc was added to the cells to a final concentration of 1
�g/ml in the presence or absence of 50-�g/ml MAbs, followed by incubation at
room temperature for 30 min. Cells were washed with Hanks’ balanced salt
solution and incubated with anti-human IgG-fluorescein isothiocyanate conju-
gate (Zymed laboratories) at a 1:50 dilution at room temperature for an addi-
tional 30 min. After being washed, cells were fixed with 1% formaldehyde in PBS
and analyzed on a FACSCanto flow cytometer (BD Biosciences, Mountain View,
CA) using FACSDiva software.

Neutralization of SARS pseudoviruses. Plasmids encoding the S proteins cor-
responding to the SARS-CoV Tor2, GD03, or SZ3 isolate were provided by M.
Farzan at Harvard Medical School (34). The SARS-CoV pseudovirus system was
developed in our laboratory as previously described (18, 39). In brief, HEK293T
cells were cotransfected with a plasmid encoding the S protein and a plasmid
encoding the Env-defective, luciferase-expressing human immunodeficiency vi-
rus type 1 genome (pNL4-3.luc.RE) by using Fugene 6 reagents (Boehringer
Mannheim). Supernatants containing SARS pseudoviruses were harvested 48 h
posttransfection. The infectivity of each SARS pseudovirus was titrated and
adjusted to an equivalent luciferase unit (�10,000 relative light units [RLU]) and
used for single-cycle infection of human or civet ACE2-transfected 293T (293T/
ACE2) cells. Briefly, 293T/ACE2 cells were plated at 104 cells/well in 96-well
tissue culture plates and grown overnight. The supernatants containing pseudovi-
rus were preincubated with serially diluted antisera or MAbs at 37°C for 1 h
before addition to cells. The culture was refed with fresh medium 24 h later and
incubated for an additional 48 h. Cells were washed with PBS and lysed using
lysis reagent included in a luciferase kit (Promega, Madison, WI). Aliquots of
cell lysates were transferred to 96-well Costar flat-bottom luminometer plates
(Corning Costar, Corning, NY), followed by addition of luciferase substrate
(Promega). RLU were determined immediately in the Ultra 384 luminometer
(Tecan US).

RESULTS

Recombinant S proteins induced high titers of antibodies
that potently neutralized human and palm civet SARS-CoV
variants. To evaluate the immunogenicity of FL-S and EC-S,
which were expressed in expresSF� insect cells by recombinant
baculoviruses as protein vaccines, four mice were immunized
four times with the FL-S or EC-S in the presence of
MLP�TDM adjuvant. As shown in Fig. 1A and C, both groups
of mice developed significant antibody responses against the
corresponding immunogen after the first boosting immuniza-
tion, and their serum reactivity apparently increased with sub-
sequent boosts. The reactive titers of mouse antisera collected
after the third boost against the FL-S or EC-S were measured
by ELISA. As shown in Fig. 1B and D, the mouse antisera
bound to the FL-S or EC-S in a dose-dependent manner with
a mean end point titer of 1/218,700 or 1/256,000. This result
suggests that recombinant baculovirus-expressed FL-S and its
EC-S are highly immunogenic in mice.
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We then tested whether the mouse antisera induced by the
FL-S and EC-S had neutralizing activities against SARS
pseudoviruses, a key aspect for vaccine development. We pre-
viously developed a SARS pseudovirus system with the S se-
quence of 2002 to 2003 human SARS-CoV strain Tor2, which
effectively infects 293T cells expressing human ACE2 (18). As
shown in Fig. 2, both groups of mouse antisera potently neu-
tralized Tor2 pseudoviruses, with mean 50% neutralizing titers
(NT50) at 1/59,291 and 1/44,362, respectively. It was important
to know whether these two protein vaccines were able to elicit
antibodies that had broad neutralizing activity, considering
that the full-length S protein encoded by a DNA vaccine could
not induce antibodies capable of neutralizing heterologous iso-
lates (52). Using a similar approach, we therefore prepared the
pseudoviruses expressing the S proteins of 2003 to 2004 human
SARS-CoV isolate GD03 and civet SARS-CoV isolate SZ3. As
previously described (34), the GD03 and SZ3 pseudoviruses
infect target cells bearing human ACE2 and civet ACE2, re-
spectively. Each of these two pseudoviruses was incubated with
serially diluted mouse anti-S antisera to evaluate their sensi-
tivity to antibody-mediated neutralization. Markedly, both

mouse anti-FL-S and anti-EC-S serum samples could potently
neutralize GD03 (mean NT50, 1/60,931 and 1/55,992, respec-
tively) and SZ3 (mean NT50, 1/29,418 and 1/24,591, respec-
tively) pseudoviruses (Fig. 2). In contrast, none of the preim-
mune sera had neutralizing activity against any of the
pseudoviruses. Therefore, both FL-S and EC-S can induce
potent cross-reactive neutralizing antibodies against human
and civet SARS-CoV variants.

Isolation of anti-S MAbs and localization of their epitopes
with truncated S proteins. To characterize the antigenic prop-
erties of S protein, we generated a panel of 38 anti-S MAbs by
fusing splenocytes from the FL-S-immunized mice with Sp2/0
myeloma cells and then screening hybridomas using the FL-S
as an antigen (Table 1). All of the MAbs reacted with both
FL-S and EC-S, suggesting that they target the extracellular
domain of S protein. Of them, 21 anti-S MAbs were reactive
with native FL-S and EC-S but not with dithiothreitol-reduced
FL-S and EC-S, suggesting that they were directed against
putative disulfide bond-dependent conformational epitopes ex-
pressed on the S protein (designated Conf). Thirteen of the
anti-S MAbs were directed against putative linear epitopes,

FIG. 1. Induction of anti-S antibodies in mice immunized with S proteins. (A) Antibody responses of mice immunized with FL-S. Sera were
tested by ELISA at a 1/100 dilution. (B) Titers of mouse anti-FL-S sera, collected after the third boost, binding to the FL-S. (C) Antibody responses
of mice immunized with EC-S. Sera were tested by ELISA at a 1/100 dilution. (D) Titers of mouse anti-EC-S sera, collected after the third boost,
binding to the EC-S. OD450, optical density at 450 nm.
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since they recognized both native and reduced FL-S and EC-S.
The remaining 4 anti-S MAbs (109D7, 120B11, 121E9, and
102B11) bound strongly to the native and weakly to the re-
duced S proteins, suggesting that they can react with both
conformational and linear epitopes (designated Conf/linear),
which may be dependent on the disulfide bonds. All of the
MAbs also significantly reacted with the purified SARS-CoV
lysate, as measured by ELISA, and with the S protein ex-
pressed on the transfected 293T cells, as measured by flow
cytometry (data not shown), implying that these anti-S MAbs

recognize the epitopes presented on the native S protein.
Therefore, the recombinant baculovirus-expressed S proteins
may maintain their native antigenic structures to induce anti-
body responses in vaccinated hosts.

Seventeen anti-S MAbs reacted with the truncated protein
NT-Fc (Table 2), suggesting that their epitopes locate in the
N-terminal region of the S1 subunit (S1-NT, aa 12 to 327).
Of them, 11 MAbs recognized the conformation-dependent
epitopes, 3 MAbs (114E3, 115H2, and 116F8) recognized lin-
ear epitopes, and 3 MAbs targeted the Conf/linear epitopes.

FIG. 2. Potent neutralization of SARS pseudovirus infection by mouse anti-S antibodies. The infectivity of each SARS pseudovirus was assessed
by luciferase reporter gene expression (RLU) and adjusted to an equivalent titer for use. Infection of HEK293 cells expressing human ACE2 or
palm civet ACE2 by SARS pseudoviruses (Tor2, GD03, or SZ3) was determined in the presence of mouse anti-FL-S or anti-EC-S sera in a series
of threefold dilutions. Percent neutralization was calculated by the reduction in luciferase activity relative to values achieved in the absence of sera
for each sample, and the average values were plotted.
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Nine anti-S MAbs reacted with both S1-Fc and RBD-Fc, indi-
cating that their epitopes are presented in the RBD (aa 318 to
510) in the S1 subunit. Interestingly, all of these were directed
against the conformation-dependent epitopes. The epitopes of
6 anti-S MAbs that recognized the reduced S proteins might
locate in the C-terminal region of the S1 subunit (S1-CT, aa
511 to 672) since they reacted with S1-Fc but not with S1-
NT-Fc or S1-RBD-Fc. The other 6 anti-S MAbs could not
react with any of the truncated S1 proteins (S1-Fc, S1-NT-Fc,
and S1-RBD-Fc), suggesting that they might target the S2
subunit. Therefore, the epitope specificity of all 38 anti-S
MAbs could be initially determined with these truncated S
proteins. Noticeably, S1-Fc, a molecule previously used for the
identification of the SARS-CoV receptor and receptor-binding
domain (32, 50), reacted with the anti-RBD MAbs but not with
the anti-S1-NT MAbs that recognize the putative conforma-
tional epitopes, implying that the N-terminal region of this
protein may not be correctly folded. Further characterization

of the structure of S1-Fc will help to elucidate its antigenic
integrity.

Mapping of the anti-S MAbs that recognize the linear
epitopes by synthetic peptides. Thirteen of the 38 anti-S MAbs
reacted with the reduced S proteins, suggesting that their
epitopes might be mapped by synthetic peptides. We previ-
ously synthesized a set of 168 peptides that overlap the entire
S protein sequence to identify the immunodominant sites of
the SARS-CoV (20). In the present study, these peptides were
used as probes to localize the epitopes for the anti-S MAbs
that recognized the linear sequences, and the reactive peptides
in ELISA are presented in Table 3. The epitopes of three
MAbs that recognized the linear sequences in S1-NT were

TABLE 1. Reactivity of anti-S MAbs with S proteins in ELISA

MAb

OD450 of antigena

Epitope
FL-S Reduced

FL-S EC-S Reduced
EC-S

101E7 2.44 0.08 2.58 0.01 Conf
101F10 4.51 3.91 4.51 4.51 Linear
102A12 4.56 0.04 4.51 0.15 Conf
102B11 2.64 0.45 1.83 0.72 Conf/linear
102D7 2.75 2.38 2.00 2.06 Linear
103D1 3.66 0.01 4.13 0.00 Conf
103D3 4.52 0.03 4.52 0.22 Conf
103F2 4.67 2.72 5.21 4.51 Linear
104D4 3.73 3.66 4.51 4.52 Linear
104F10 2.86 0.00 2.92 0.00 Conf
106B3 2.98 0.04 4.19 0.05 Conf
106C5 3.06 0.03 4.52 0.07 Conf
106C7 2.87 0.01 3.66 0.03 Conf
106H2 3.67 0.00 4.51 0.01 Conf
108G2 3.04 1.92 2.83 2.08 Linear
109B4 2.99 0.00 3.35 0.01 Conf
109D7 3.16 0.66 3.38 0.56 Conf/linear
109G7 3.26 0.02 4.51 0.02 Conf
111E3 2.99 0.04 4.13 0.09 Conf
111A7 3.63 4.52 4.52 4.52 Linear
112B7 3.69 0.00 4.02 0.00 Conf
112D5 3.43 0.05 5.51 0.05 Conf
112F9 2.66 0.01 2.66 0.01 Conf
112H6 3.39 0.05 4.51 0.05 Conf
113G3 3.22 0.01 3.56 0.01 Conf
114E3 2.98 1.58 2.88 1.83 Linear
114F7 1.71 1.32 2.43 1.86 Linear
114G5 2.03 2.12 2.65 3.32 Linear
115H2 3.54 1.26 3.25 1.15 Linear
116F8 3.85 2.51 4.44 3.06 Linear
117F7 2.70 0.07 2.93 0.01 Conf
119F6 3.71 3.77 3.36 3.52 Linear
119F8 2.72 0.00 2.96 0.00 Conf
120B11 3.34 0.57 3.30 0.47 Conf/linear
120D9 2.94 0.07 2.35 0.02 Conf
121E9 3.19 0.85 2.68 0.60 Conf/linear
121B8 4.81 3.94 4.51 4.51 Linear
121D7 3.19 0.01 4.67 0.00 Conf

a ELISA plates were coated with antigens at 0.5 �g/ml, and MAbs were tested
at 10 �g/ml. An optical density at 450 nm (OD450) of �0.2 was considered a
positive reaction and is highlighted in boldface type.

TABLE 2. Localization of epitopes for anti-S MAbs with truncated
S proteins by ELISA

Epitope MAb
OD450 of truncated S proteina

S1-Fc NT-Fc RBD-Fc

S1-NT linear 114E3 0.65 3.67 0.00
115H2 0.55 3.75 0.01
116F8 1.40 3.48 0.01

S1-NT Conf 101E7 0.11 2.07 0.02
103D1 0.01 2.78 0.01
104F10 0.01 1.11 0.01
106B3 0.06 2.86 0.05
109B4 0.00 2.10 0.01
111E3 0.17 2.67 0.01
112D5 0.05 2.95 0.02
112F9 0.04 3.39 0.04
112H6 0.03 2.43 0.05
113G3 0.01 2.22 0.01
120D9 0.08 3.44 0.01

S1-NT Conf/linear 109D7 0.48 3.51 0.01
120B11 0.39 3.44 0.01
121E9 0.28 3.38 0.02

S1-RBD Conf 102A12 3.25 0.01 3.23
103D3 3.54 0.00 3.74
106C5 2.84 0.01 3.32
106C7 1.77 0.00 1.93
106H2 1.38 0.00 3.16
109G7 1.94 0.03 3.45
112B7 1.22 0.00 2.91
119F8 0.74 0.02 1.67
121D7 1.49 0.00 2.89

S1-CT linear 101F10 1.99 0.00 0.09
103F2 1.58 0.03 0.03
104D4 2.06 0.00 0.01
111A7 2.24 0.00 0.01
114G5 0.30 0.00 0.01
121B8 1.89 0.01 0.01

S2 linear 114F7 0.00 0.00 0.02
102D7 0.01 0.00 0.01
119F6 0.02 0.00 0.00
108G2 0.02 0.00 0.01

S2 Conf 117F7 0.16 0.01 0.02

S2 Conf/linear 102B11 0.00 0.01 0.01

a ELISA plates were coated with antigens at 0.5 �g/ml, and MAbs were tested
at 10 �g/ml. An optical density at 450 nm (OD450) of �0.2 was considered a
positive reaction and is highlighted in boldface type.
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mapped to the peptide sequence from aa 236 to 253. In the
control, none of the MAbs that recognized the Conf or Conf/
linear epitopes reacted with the peptides. Interestingly, all six
MAbs targeting S1-CT were mapped to the previously identi-
fied major immunodominant site (site IV, aa 528 to 635). MAb
114G5 reacted with the peptide sequence from aa 528 to 545,
and the other five anti-S1-CT MAbs (101F10, 103F2, 104D4,
111A7, and 121B8) reacted with two overlapping peptide se-
quences, aa 544 to 558 and aa 549 to 566. The epitopes of this
group of MAbs were further mapped by two longer peptides
that overlap site IV (aa 511 to 552 and aa 536 to 566). As
shown in Fig. 3, MAb 114G5 reacted strongly with the peptide
sequences aa 511 to 552 and aa 536 to 566, suggesting that the
overlapped sequence (GVLTPSSKRFQPFQQFG) is its
epitope. In comparison, five anti-S1-CT MAbs that reacted
with the peptide sequences from aa 544 to 558 and aa 549 to
566 also reacted with aa 536 to 566 but not with aa 511 to 552,
indicating that the overlapped shorter sequence (QQFGRDV

SDF) is a core of their epitopes. The epitopes for two anti-S2
MAbs (102D7 and 119F6) were also localized by the peptides.
102D7 reacted with two overlapping peptides from aa 807 to
823 and aa 814 to 831, which are located in the N-terminal
region of the S2 subunit (S2-NT); 119F6 recognized the pep-
tide sequence from aa 1125 to 1141, which is located in the
C-terminal region of the S2 subunit (S2-CT). Although two of
the other four probable anti-S2 MAbs (108G2 and 114F7)
reacted with the reduced S proteins, their epitopes could not
be mapped with the peptides, including those longer peptides
derived from the S2 subunit (aa 823 to 856, aa 892 to 931, aa
920 to 953, aa 975 to 1010, aa 981 to 1014, aa 1149 to 1186, aa
1152 to 1188, and aa 1162 to 1198). Further localization for
their epitopes is needed.

Mapping of the anti-S MAbs that recognize the conforma-
tional epitopes by binding competition assays. First, the epitopes
for the anti-S1-NT MAbs that depend on the disulfide bonds were
characterized by binding competition assays (Table 4). One of
the MAbs (103D1) was initially biotinylated, and its binding
activity to NT-Fc was measured in the presence or absence of
each of 17 anti-S1-NT MAbs. Three MAbs recognizing the
linear epitopes mapped by the peptides described above were
also included in the binding competition assays as a control. As
shown in Table 4, half of the anti-S1-NT MAbs (7 of 14)
competed with biotinylated 103D1, suggesting that their
epitopes may be identical or overlapped. Another 3 of the
noncompeting MAbs (111E3, 112F9, and 120D9) were subse-
quently biotinylated and similarly tested with the binding com-
petition assays. Four of the 7 MAbs that competed with the
biotinylated 103D1 also blocked binding of the biotinylated
112F9 and 120D9 to the NT-Fc and were designated as a
separate group. Thus, the 14 conformation-specific MAbs
against S1-NT were divided into five distinct competition
groups (designated NT I to V). Interestingly, three linear
epitope-specific MAbs (114E3, 115H2, and 116F8) signifi-
cantly competed with the biotinylated 112F9 and 120D9, sug-
gesting that aa 236 to 253 have been complicated in the con-
stitution of the conformational epitopes for 112F9 and 120D9.

FIG. 3. Reactivity of anti-S1-CT MAbs with the peptides from aa
511 to 552 and aa 536 to 566 measured by ELISA. Coating was done
with each of the peptides at 5 �g/ml, and the MAbs were tested at 10
�g/ml. OD450, optical density at 450 nm.

TABLE 3. Mapping of anti-S MAbs targeting linear epitopes by peptide-based ELISA

MAb
OD450 of S peptide from aaa:

236–253 528–545 544–558 549–566 807–823 814–831 1125–1141

Anti-S1-NT
114E3 0.43 0.01 0.03 0.01 0.02 0.02 0.03
115H2 1.25 0.02 0.03 0.02 0.03 0 0
116F8 1.26 0.03 0.01 0.02 0.03 0.01 0.02

Anti-S1-CT
114G5 0 0.41 0.01 0.02 0 �0.01 0.01
101F10 �0.01 0.01 2.71 2.94 0.02 0 �0.01
103F2 0.04 0.03 2.65 2.86 0.03 0.03 0.02
104D4 0.01 0.03 2.71 2.79 0.02 0.03 0.01
111A7 0.02 0.03 2.89 3.03 0.01 0.03 0.02
121B8 0.02 0.03 2.51 2.89 0.02 0 �0.01

Anti-S2-NT 102D7 0.02 0.03 0 0.01 3.16 2.87 0.03

Anti-S2-CT 119F6 0.02 0.03 0.01 0.02 0.03 0.01 0.59

a ELISA plates were coated with each of the peptides at 5 �g/ml, and MAbs were tested at 10 �g/ml. An optical density at 450 nm (OD450) of �0.2 was considered
a positive reaction and is highlighted in boldface type.
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Similarly, three anti-RBD MAbs (102A12, 119F8, and
121D7) were sequentially biotinylated and used in binding
competition assays (Table 5). This allowed 9 anti-RBD MAbs
to be divided into three distinct competition groups (desig-
nated RBD I to III). Interestingly, a group of three RBD I
MAbs (102A12, 106C5, and 112B7) could significantly en-
hance the binding of biotinylated 121D7 to RBD-Fc, which
was efficiently blocked by a group of RBD III MAbs. These
data suggest that RBD I and RBD III are two independent
conformational epitopes, but binding of the RBD I MAbs to
the RBD I epitope may result in the increased exposure of the
RBD III epitope, which becomes more accessible to the RBD III
MAbs.

Potent inhibition of receptor binding and S protein-medi-
ated virus entry by the MAbs that target the RBD of S protein.
The S protein of SARS-CoV mediates receptor binding through
its RBD. We previously demonstrated that some of the anti-
RBD MAbs could efficiently block receptor binding (17). We
tested whether newly isolated 9 RBD-specific MAbs can in-
hibit the binding of RBD-Fc to cell-associated ACE2 by flow
cytometry. As shown in Fig. 4, RBD-Fc could bind to ACE2-
expressed 293T cells, but the binding could be effectively
inhibited by all three RBD I MAbs (102A12, 106C5, and
112B7) and by three MAbs from the RBD III group (106H2,
109G7, and 121D7). However, two anti-RBD MAbs corre-
sponding to the competitive group RBD II (103D3 and
119F8) and one of the RBD III group, similarly to the
control MAbs targeting the S1-NT, S1-CT, or S2 region
(Table 6), had no significant inhibitory effects on receptor
binding. These results indicate that the RBD I and RBD III

MAbs may target the epitopes overlapping the receptor-
binding motif (aa 424 to 494) (31) or that their binding can
trigger conformational changes on the RBD.

Immunization of mice with the recombinant S proteins in-
duced high titers of antibodies that potently neutralized SARS-
CoV. It was important to determine the antigenic epitopes that
mediate the neutralizing and nonneutralizing antibody re-
sponses. Each of the anti-S MAbs isolated from the immunized
mice was tested for neutralizing activity against SARS
pseudovirus (Tor2). Surprisingly, only anti-RBD MAbs had
potent neutralizing activity, with a 50% neutralization dose
(ND50) ranging from 0.01 to 2.25 �g/ml (Table 6). Several
MAbs targeting the conformational epitope in the N-terminal
region of the S1 subunit (conformational S1-NT II and III)
neutralized the pseudovirus with much lower activity (ND50

values were in a range of 24.78 to 46.82 �g/ml). None of the
MAbs directed against the linear or Conf/linear epitopes in the
S1-NT, S1-CT, and S2 regions and that target the conforma-
tional S1-NT I, VI, and V epitopes had neutralizing activity at
concentrations up to 50 �g/ml (Fig. 5). This result provides
direct evidence to support the finding that the RBD of S
protein is a major target of neutralizing antibodies.

DISCUSSION

Antigenic and immunogenic characterization of the SARS-
CoV is highly important for developing a safe and effective
SARS vaccine. In this study, the antigenic and immunogenic
properties of SARS-CoV S protein expressed by recombinant
baculovirus have been finely characterized by generation of
polyclonal and monoclonal antibodies and determination of
their epitopes and neutralizing activities. We found that both
FL-S and its EC-S were able to induce high titers of neutral-
izing antibodies in immunized mice. Importantly, the mouse
antibodies potently neutralized not only the SARS pseudovirus
constructed with the S protein of Tor2, a SARS-CoV strain
isolated during the severe 2002 to 2003 SARS outbreak, but
also those of GD03 and SZ3, the SARS-CoV isolates obtained
during the mild 2003 to 3004 outbreak and from palm civets.
These data are consistent with our recent findings that a panel

TABLE 4. Mapping of anti-S MAbs targeting the S1-NT by binding
competition assaysa

Group Competing
MAb

% Inhibition of binding by
biotinylated MAb:

103D1 111E3 112F9 120D9

S1-NT-I 103D1 82.75 25.27 �0.10 5.51
109B4 58.59 24.47 �10.16 9.37
113G3 59.19 24.60 �0.74 8.39

S1-NT-II 120D9 87.34 �12.14 59.09 96.81
109D7 49.59 �5.93 73.88 97.16
120B11 49.42 �17.07 72.97 96.70
121E9 48.83 �40.66 66.13 96.35

S1-NT-III 106B3 �10.83 90.58 2.36 8.95
111E3 3.22 89.40 �3.05 5.44
112D5 �36.58 87.75 �2.32 �3.31
112H6 7.48 86.32 4.23 7.74

S1-NT-IV 101E7 15.67 6.03 40.22 3.35
112F9 2.86 7.10 96.50 29.56

S1-NT-V 104F10 31.58 12.85 �3.71 3.76

S1-NT linear 114E3 25.15 5.90 54.26 92.98
115H2 27.03 �19.54 60.03 98.01
116F8 32.49 �21.40 72.74 98.21

a Competing MAbs were tested at 100 �g/ml for the ability to block binding of
the biotinylated MAbs to NT-Fc by ELISA. Greater than 40% inhibition was
considered positive competition (values are shown in boldface type). Negative
numbers indicate increased binding of the biotinylated reagent.

TABLE 5. Mapping of anti-S MAbs targeting S1-RBD by binding
competition assaysa

Group Competing MAb

% Inhibition of binding by
biotinylated MAb:

102A12 119F8 121D7

S1-RBD-I 102A12 98.85 12.37 �213.26
106C5 96.00 9.63 �108.06
112B7 89.18 5.30 �131.89

S1-RBD-II 103D3 �18.56 95.07 4.52
119F8 �28.16 87.67 �3.21

S1-RBD-III 106C7 �26.06 �4.80 91.27
106H2 1.62 19.34 96.32
109G7 �2.23 11.93 98.25
121D7 14.11 30.25 97.97

a Competing MAbs were tested at 100 �g/ml for the ability to block binding of
the biotinylated MAbs to RBD-Fc by ELISA. Greater than 40% inhibition was
considered positive competition (values are shown in boldface type). Negative
numbers indicate increased binding of the biotinylated reagent.
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of RBD-induced MAbs can recognize the putative conforma-
tional epitopes in the RBDs derived from Tor2, GD03, and
SZ3 and potently cross-neutralize the virions pseudotyped with
S proteins of these human and civet SARS-CoV strains (22).
These data suggest that the S protein can induce cross-neu-
tralizing antibodies against human and animal SARS-CoV
variants, a key aspect for SARS vaccine development.

Since the emergence of the SARS epidemic, a number of
candidate vaccines comprising the S proteins expressed by at-
tenuated viruses or DNA vectors have been tested in preclin-
ical studies (2, 4–6, 51). These immunogens are effective in
terms of their capacities to induce neutralizing antibodies and
protective immunity against the 2002 to 2003 human SARS-
CoV isolates. However, limited information is available about
whether the antibodies induced by these S protein-based vac-
cines can neutralize heterologous SARS-CoV, e.g., GD03 and
SZ3. An ideal SARS vaccine should elicit cross-reactive neu-
tralizing antibodies that confer broad protection against vari-
ant isolates. Recently, it was reported that a DNA vaccine that
expresses the full-length S protein (Urbani) induced antibodies
that neutralized the 2002 to 2003 human SARS-CoV isolates
but were not effective in neutralizing the 2003 to 2004 human
SARS-CoV isolates and even enhanced infection mediated by
the S proteins of palm civet SARS-CoV (52), raising some
serious concerns about the breadth and efficacy of immune
protection induced by S protein-based vaccines. Molecular
characterization of the SARS-CoV has revealed evolving het-
erogeneity among isolates. The S protein, which not only me-
diates receptor binding but also is a major antigen to induce
neutralizing antibodies, shows some degree of variation (up to

17 substitutions) in its 1,255-aa sequence from early to late
outbreak phases (7). It is possible that the SARS-CoV strains
with genetic diversity may escape neutralization by antibodies
targeting the S protein. However, our present study indicates
that recombinant baculovirus-expressed S protein vaccines can
elicit potent cross-neutralizing antibodies against SARS-CoV
variants, suggesting that the difference in S sequences may not
significantly confer the antibody-mediated enhancement of the
civet SARS-CoV. Indeed, a modified DNA vaccine encoding a
secreted form of S protein, truncated at amino acid 1153,
induced antibodies that failed to cause the enhancement of the
civet SARS-CoV infection (52). Therefore, a SARS vaccine
based on the S protein sequence of one SARS-CoV strain may
provide protection against multiple SARS-CoV variants with
distinct genotypes and phenotypes.

The antigenic structure of S protein has been characterized
with a panel of 38 anti-S MAbs isolated from the FL-S-immu-
nized mice. The data suggest that the S1 subunit of S protein
is a major antigenic site to induce antibody responses. We
previously identified five linear immunodominant epitopes in
the S protein, and four of them were located in the S1 subunit
(20). Similar to the S protein of other coronavirus, the S1
subunit of SARS-CoV S protein is a peripheral fragment of the
global viral envelope and is well exposed to the immune sys-
tem, whereas the S2 subunit is a membrane-spanning fragment
that may be buried within viral envelope glycoprotein in the
native state and thus results in lower immunogenicity. There-
fore, the S1 subunit of S protein not only contains the receptor-
binding motif (RBM) but also is a major antigen to induce

FIG. 4. Inhibition of RBD-Fc binding to cell-associated human ACE2 expressed on 293T/ACE2 cells measured by flow cytometry. RBD-Fc was
used at 1 �g/ml, and MAbs were used at 50 �g/ml. The percent inhibition was calculated for each MAb. FITC, fluorescein isothiocyanate.
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immune responses, whereas the main function of the S2 sub-
unit is membrane fusion between virus and cells.

Strikingly, only the MAbs that target the RBD had potent
neutralizing activity against the SARS pseudovirus, indicating
further that the major mechanism of SARS-CoV neutraliza-
tion is through blocking the receptor association. We have
recently demonstrated that the RBD of SARS-CoV S protein
is a major target of neutralizing antibodies induced by viral
infection and vaccination and that it contains multiple confor-

mation-dependent neutralizing epitopes (17–19, 21). Chen et
al. have recently shown that a recombinant modified vaccinia
virus Ankara expressing the S protein of SARS-CoV induces
protective neutralizing antibodies that primarily target the
RBD (6). Depletion of the RBD-specific antibodies from the
immune sera of SARS patients or vaccinated animals could
remove the majority of neutralizing activity (6, 21). Outstand-
ingly, most of the SARS-CoV-neutralizing MAbs isolated so
far are directed against the RBD of S protein (21, 45, 46, 48).
The epitopes of nine newly isolated anti-RBD MAbs were
mapped by binding competition to three conformational
groups, which may confer polyclonal antibody-mediated potent
virus-neutralizing activity. The antigenic heterogeneity of the
RBD may depend on its complex tertiary conformations. Crys-
tal structure of the RBD complexed with human ACE2 reveals
that the RBD contains several loops formed between cysteines
and that aa 424 to 494 constitute the RBM (31). Six of the 9
novel anti-RBD neutralizing MAbs were able to efficiently
block the receptor binding, suggesting that the RBM is a key
site for neutralizing antibodies. The structural and functional
coincidence of the major neutralizing epitopes and the recep-
tor-binding site of the S protein validate our proposal that the
RBD can be developed as an effective SARS subunit vaccine
(16, 26). Furthermore, we have recently demonstrated that
independently folded RBD can induce antibodies that potently
neutralize human and animal SARS-CoV variants. Therefore,
the RBD-based vaccine may be superior to the full-length S
protein in terms of its safety and efficacy.

Linear and conformational epitopes in the N-terminal re-
gion of S protein (S1-NT) have been characterized by 17 spe-
cific MAbs. Only four of them, which were mapped to the
conformational epitopes, possessed moderate neutralizing ac-
tivity, suggesting that this region is not a major target for
neutralizing antibodies. Six anti-S MAbs were mapped to the
C-terminal region of the S1 subunit, which overlaps the previ-
ously characterized major liner immunodominant site (site IV)
(20). None of them had neutralizing activity against the SARS
pseudovirus. However, it was reported that two MAbs (S34
and S84) that mapped to the overlapping aa 548 to 567 could
effectively neutralize SARS-CoV (54). Whether this location

FIG. 5. Localization of the neutralizing and nonneutralizing
epitopes for the anti-S MAbs.

TABLE 6. Neutralization activity of anti-S MAbs against SARS
pseudovirus (Tor2)

Epitope MAb
Inhibition of

ACE2
bindinga

ND50 (�g/ml)

S1-NT (linear) 114E3 � �50
115H2 ND �50
116F8 ND �50

S1-NT-I (Conf) 103D1 � �50
109B4 ND �50
113G3 ND �50

S1-NT-II (Conf) 120D9 � 24.78

S1-NT-II (Conf/linear) 109D7 ND �50
120B11 ND �50
121E9 ND �50

S1-NT-III (Conf) 106B3 � 25.64
111E3 ND 33.56
112D5 ND 46.82
112H6 ND 27.98

S1-NT-IV (Conf) 101E7 � �50
112F9 ND �50

S1-NT-V (Conf) 104F10 ND �50

S1-RBD-I (Conf) 102A12 � 0.02
106C5 � 0.20
112B7 � 0.05

S1-RBD-II (Conf) 103D3 � 0.01
119F8 � 1.56

S1-RBD-III (Conf) 106C7 � 0.20
106H2 � 0.10
109G7 � 2.25
121D7 � 0.01

S1-CT (linear) 101F10 ND �50
103F2 � �50
104D4 ND �50
111A7 ND �50
114G5 ND �50
121B8 ND �50

S2 (linear) 114F7 � �50
102D7 ND �50
119F6 ND �50
108G2 ND �50

S2 (Conf) 117F7 ND �50

S2 (Conf/linear) 102B11 � �50

a ND, not done; � and �, inhibition and noninhibition of receptor binding,
respectively.
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contains a linear neutralizing epitope needs to be further in-
vestigated. We have recently demonstrated that two longer
peptides (aa 511 to 552 and 536 to 566) that overlap the above
immunodominant epitope can induce high titers of antibodies
in immunized rabbits, but rabbit antibodies have no neutraliz-
ing activity against either SARS-CoV or pseudovirus (data not
shown). In this study, six anti-S2 MAbs were also isolated and
characterized, but none of them had neutralizing activity. We
are in the process of expressing a panel of truncated proteins
that overlap the S2 sequence to finely localize their epitopes.
But it is obvious that the S2 subunit is not a major antigen to
induce protective antibodies, although several lines of evidence
suggest that it may contain neutralizing epitopes (27, 53). It
was reported that the S2 subunit could induce high levels of
total IgG in immunized mice but little neutralizing antibodies
against infection by SARS-CoV (15).

In summary, the significance of the present study is three-
fold. First, it is first to show that recombinant S protein vac-
cines can induce cross-neutralizing antibodies against human
and animal SARS-CoV. Second, it indicates further that the
RBD of S protein not only is a functional site to mediate
receptor binding and virus entry but also contains major neu-
tralizing epitopes and thereby can serve a critical target for
developing SARS vaccines. Third, this panel of anti-S MAbs
will provide important tools for studying the structure and
function of SARS-CoV S protein.

ACKNOWLEDGMENTS

We thank Michael Farzan for providing plasmids encoding the S
proteins. We also thank the Protein Sciences Corporation for provid-
ing recombinant baculovirus-expressed S proteins.

REFERENCES

1. Babcock, G. J., D. J. Esshaki, W. D. Thomas, Jr., and D. M. Ambrosino.
2004. Amino acids 270 to 510 of the severe acute respiratory syndrome
coronavirus spike protein are required for interaction with receptor. J. Virol.
78:4552–4560.

2. Bisht, H., A. Roberts, L. Vogel, A. Bukreyev, P. L. Collins, B. R. Murphy, K.
Subbarao, and B. Moss. 2004. Severe acute respiratory syndrome coronavi-
rus spike protein expressed by attenuated vaccinia virus protectively immu-
nizes mice. Proc. Natl. Acad. Sci. USA 101:6641–6646.

3. Bosch, B. J., B. E. Martina, R. van der Zee, J. Lepault, B. J. Haijema, C.
Versluis, A. J. Heck, R. De Groot, A. D. Osterhaus, and P. J. Rottier. 2004.
Severe acute respiratory syndrome coronavirus (SARS-CoV) infection inhi-
bition using spike protein heptad repeat-derived peptides. Proc. Natl. Acad.
Sci. USA 101:8455–8460.

4. Buchholz, U. J., A. Bukreyev, L. Yang, E. W. Lamirande, B. R. Murphy, K.
Subbarao, and P. L. Collins. 2004. Contributions of the structural proteins of
severe acute respiratory syndrome coronavirus to protective immunity. Proc.
Natl. Acad. Sci. USA 101:9804–9809.

5. Bukreyev, A., E. W. Lamirande, U. J. Buchholz, L. N. Vogel, W. R. Elkins, M.
St. Claire, B. R. Murphy, K. Subbarao, and P. L. Collins. 2004. Mucosal
immunisation of African green monkeys (Cercopithecus aethiops) with an
attenuated parainfluenza virus expressing the SARS coronavirus spike pro-
tein for the prevention of SARS. Lancet 363:2122–2127.

6. Chen, Z., L. Zhang, C. Qin, L. Ba, C. E. Yi, F. Zhang, Q. Wei, T. He, W. Yu,
J. Yu, H. Gao, X. Tu, A. Gettie, M. Farzan, K. Y. Yuen, and D. D. Ho. 2005.
Recombinant modified vaccinia virus Ankara expressing the spike glycopro-
tein of severe acute respiratory syndrome coronavirus induces protective
neutralizing antibodies primarily targeting the receptor binding region. J. Vi-
rol. 79:2678–2688.

7. Chinese SARS Molecular Epidemiology Consortium. 2004. Molecular evo-
lution of the SARS coronavirus during the course of the SARS epidemic in
China. Science 303:1666–1669.

8. Cyranoski, D., and A. Abbott. 2003. Virus detectives seek source of SARS in
China’s wild animals. Nature 423:467.

9. Czub, M., H. Weingartl, S. Czub, R. He, and J. Cao. 2005. Evaluation of
modified vaccinia virus Ankara based recombinant SARS vaccine in ferrets.
Vaccine 23:2273–2279.

10. Dimitrov, D. S. 2003. The secret life of ACE2 as a receptor for the SARS
virus. Cell 115:652–653.

11. Drosten, C., S. Gunther, W. Preiser, S. van der Werf, H. R. Brodt, S. Becker,
H. Rabenau, M. Panning, L. Kolesnikova, R. A. Fouchier, A. Berger, A. M.
Burguiere, J. Cinatl, M. Eickmann, N. Escriou, K. Grywna, S. Kramme, J. C.
Manuguerra, S. Muller, V. Rickerts, M. Sturmer, S. Vieth, H. D. Klenk, A. D.
Osterhaus, H. Schmitz, and H. W. Doerr. 2003. Identification of a novel
coronavirus in patients with severe acute respiratory syndrome. N. Engl.
J. Med. 348:1967–1976.

12. Enserink, M. 2004. Infectious diseases. One year after outbreak, SARS virus
yields some secrets. Science 304:1097.

13. Gallagher, T. M., and M. J. Buchmeier. 2001. Coronavirus spike proteins in
viral entry and pathogenesis. Virology 279:371–374.

14. Guan, Y., B. J. Zheng, Y. Q. He, X. L. Liu, Z. X. Zhuang, C. L. Cheung, S. W.
Luo, P. H. Li, L. J. Zhang, Y. J. Guan, K. M. Butt, K. L. Wong, K. W. Chan,
W. Lim, K. F. Shortridge, K. Y. Yuen, J. S. Peiris, and L. L. Poon. 2003.
Isolation and characterization of viruses related to the SARS coronavirus
from animals in southern China. Science 302:276–278.

15. Guo, Y., S. Sun, K. Wang, S. Zhang, W. Zhu, and Z. Chen. 2005. Elicitation
of immunity in mice after immunization with the S2 subunit of the severe
acute respiratory syndrome coronavirus. DNA Cell Biol. 24:510–515.

16. He, Y., and S. Jiang. 2005. Vaccine design for severe acute respiratory
syndrome coronavirus. Viral Immunol. 18:327–332.

17. He, Y., H. Lu, P. Siddiqui, Y. Zhou, and S. Jiang. 2005. Receptor-binding
domain of SARS coronavirus spike protein contains multiple conformational-
dependant epitopes that induce highly potent neutralizing antibodies. J.
Immunol. 174:4908–4915.

18. He, Y., Y. Zhou, S. Liu, Z. Kou, W. Li, M. Farzan, and S. Jiang. 2004.
Receptor-binding domain of SARS-CoV spike protein induces highly potent
neutralizing antibodies: implication for developing subunit vaccine. Bio-
chem. Biophys. Res. Commun. 324:773–781.

19. He, Y., Y. Zhou, P. Siddiqui, and S. Jiang. 2004. Inactivated SARS-CoV
vaccine elicits high titers of spike protein-specific antibodies that block re-
ceptor binding and virus entry. Biochem. Biophys. Res. Commun. 325:445–
452.

20. He, Y., Y. Zhou, H. Wu, B. Luo, J. Chen, W. Li, and S. Jiang. 2004. Identi-
fication of immunodominant sites on the spike protein of severe acute
respiratory syndrome (SARS) coronavirus: implication for developing SARS
diagnostics and vaccines. J. Immunol. 173:4050–4057.

21. He, Y., Q. Zhu, S. Liu, Y. Zhou, B. Yang, J. Li, and S. Jiang. 2005. Identi-
fication of a critical neutralization determinant of severe acute respiratory
syndrome (SARS)-associated coronavirus: importance for designing SARS
vaccines. Virology 334:74–82.

22. He, Y., et al. J. Immunol., in press.
23. Hofmann, H., and S. Pohlmann. 2004. Cellular entry of the SARS corona-

virus. Trends Microbiol. 12:466–472.
24. Holmes, K. V. 2003. SARS-associated coronavirus. N. Engl. J. Med. 348:

1948–1951.
25. Ingallinella, P., E. Bianchi, M. Finotto, G. Cantoni, D. M. Eckert, V. M.

Supekar, C. Bruckmann, A. Carfi, and A. Pessi. 2004. Structural character-
ization of the fusion-active complex of severe acute respiratory syndrome
(SARS) coronavirus. Proc. Natl. Acad. Sci. USA 101:8709–8714.

26. Jiang, S., Y. He, and S. Liu. 2005. SARS vaccine development. Emerg.
Infect. Dis. 11:1016–1020.

27. Keng, C. T., A. Zhang, S. Shen, K. M. Lip, B. C. Fielding, T. H. Tan, C. F.
Chou, C. B. Loh, S. Wang, J. Fu, X. Yang, S. G. Lim, W. Hong, and Y. J. Tan.
2005. Amino acids 1055 to 1192 in the s2 region of severe acute respiratory
syndrome coronavirus s protein induce neutralizing antibodies: implications
for the development of vaccines and antiviral agents. J. Virol. 79:3289–3296.

28. Kong, W. P., L. Xu, K. Stadler, J. B. Ulmer, S. Abrignani, R. Rappuoli, and
G. J. Nabel. 2005. Modulation of the immune response to the severe acute
respiratory syndrome spike glycoprotein by gene-based and inactivated virus
immunization. J. Virol. 79:13915–13923.

29. Ksiazek, T. G., D. Erdman, C. S. Goldsmith, S. R. Zaki, T. Peret, S. Emery,
S. Tong, C. Urbani, J. A. Comer, W. Lim, P. E. Rollin, S. F. Dowell, A. E.
Ling, C. D. Humphrey, W. J. Shieh, J. Guarner, C. D. Paddock, P. Rota, B.
Fields, J. DeRisi, J. Y. Yang, N. Cox, J. M. Hughes, J. W. LeDuc, W. J.
Bellini, and L. J. Anderson. 2003. A novel coronavirus associated with severe
acute respiratory syndrome. N. Engl. J. Med. 348:1953–1966.

30. Lau, S. K., P. C. Woo, K. S. Li, Y. Huang, H. W. Tsoi, B. H. Wong, S. S.
Wong, S. Y. Leung, K. H. Chan, and K. Y. Yuen. 2005. Severe acute respi-
ratory syndrome coronavirus-like virus in Chinese horseshoe bats. Proc. Natl.
Acad. Sci. USA 102:14040–14045.

31. Li, F., W. Li, M. Farzan, and S. C. Harrison. 2005. Structure of SARS
coronavirus spike receptor-binding domain complexed with receptor. Sci-
ence 309:1864–1868.

32. Li, W., M. J. Moore, N. Vasilieva, J. Sui, S. K. Wong, M. A. Berne, M.
Somasundaran, J. L. Sullivan, K. Luzuriaga, T. C. Greenough, H. Choe, and
M. Farzan. 2003. Angiotensin-converting enzyme 2 is a functional receptor
for the SARS coronavirus. Nature 426:450–454.

33. Li, W., Z. Shi, M. Yu, W. Ren, C. Smith, J. H. Epstein, H. Wang, G. Crameri,
Z. Hu, H. Zhang, J. Zhang, J. McEachern, H. Field, P. Daszak, B. T. Eaton,
S. Zhang, and L. F. Wang. 2005. Bats are natural reservoirs of SARS-like
coronaviruses. Science 310:676–679.

5766 HE ET AL. J. VIROL.



34. Li, W., C. Zhang, J. Sui, J. H. Kuhn, M. J. Moore, S. Luo, S. K. Wong, I. C.
Huang, K. Xu, N. Vasilieva, A. Murakami, Y. He, W. A. Marasco, Y. Guan,
H. Choe, and M. Farzan. 2005. Receptor and viral determinants of SARS-
coronavirus adaptation to human ACE2. EMBO J. 24:1634–1643.

35. Liang, G., Q. Chen, J. Xu, Y. Liu, W. Lim, J. S. Peiris, L. J. Anderson, L.
Ruan, H. Li, B. Kan, B. Di, P. Cheng, K. H. Chan, D. D. Erdman, S. Gu, X.
Yan, W. Liang, D. Zhou, L. Haynes, S. Duan, X. Zhang, H. Zheng, Y. Gao,
S. Tong, D. Li, L. Fang, P. Qin, and W. Xu. 2004. Laboratory diagnosis of
four recent sporadic cases of community-acquired SARS, Guangdong Prov-
ince, China. Emerg. Infect. Dis. 10:1774–1781.

36. Liu, S., G. Xiao, Y. Chen, Y. He, J. Niu, C. R. Escalante, H. Xiong, J. Farmar,
A. K. Debnath, P. Tien, and S. Jiang. 2004. Interaction between heptad
repeat 1 and 2 regions in spike protein of SARS-associated coronavirus:
implications for virus fusogenic mechanism and identification of fusion in-
hibitors. Lancet 363:938–947.

37. Marra, M. A., S. J. Jones, C. R. Astell, R. A. Holt, A. Brooks-Wilson, Y. S.
Butterfield, J. Khattra, J. K. Asano, S. A. Barber, S. Y. Chan, A. Cloutier,
S. M. Coughlin, D. Freeman, N. Girn, O. L. Griffith, S. R. Leach, M. Mayo,
H. McDonald, S. B. Montgomery, P. K. Pandoh, A. S. Petrescu, A. G.
Robertson, J. E. Schein, A. Siddiqui, D. E. Smailus, J. M. Stott, G. S. Yang,
F. Plummer, A. Andonov, H. Artsob, N. Bastien, K. Bernard, T. F. Booth, D.
Bowness, M. Czub, M. Drebot, L. Fernando, R. Flick, M. Garbutt, M. Gray,
A. Grolla, S. Jones, H. Feldmann, A. Meyers, A. Kabani, Y. Li, S. Normand,
U. Stroher, G. A. Tipples, S. Tyler, R. Vogrig, D. Ward, B. Watson, R. C.
Brunham, M. Krajden, M. Petric, D. M. Skowronski, C. Upton, and R. L.
Roper. 2003. The genome sequence of the SARS-associated coronavirus.
Science 300:1399–1404.

38. Marshall, E., and M. Enserink. 2004. Medicine. Caution urged on SARS
vaccines. Science 303:944–946.

39. Moore, M. J., T. Dorfman, W. Li, S. K. Wong, Y. Li, J. H. Kuhn, J. Coderre,
N. Vasilieva, Z. Han, T. C. Greenough, M. Farzan, and H. Choe. 2004.
Retroviruses pseudotyped with the severe acute respiratory syndrome coro-
navirus spike protein efficiently infect cells expressing angiotensin-converting
enzyme 2. J. Virol. 78:10628–10635.

40. Peiris, J. S., Y. Guan, and K. Y. Yuen. 2004. Severe acute respiratory
syndrome. Nat. Med. 10:S88–S97.

41. Peiris, J. S., S. T. Lai, L. L. Poon, Y. Guan, L. Y. Yam, W. Lim, J. Nicholls,
W. K. Yee, W. W. Yan, M. T. Cheung, V. C. Cheng, K. H. Chan, D. N. Tsang,
R. W. Yung, T. K. Ng, and K. Y. Yuen. 2003. Coronavirus as a possible cause
of severe acute respiratory syndrome. Lancet 361:1319–1325.

42. Prabakaran, P., X. Xiao, and D. S. Dimitrov. 2004. A model of the ACE2
structure and function as a SARS-CoV receptor. Biochem. Biophys. Res.
Commun. 314:235–241.

43. Rota, P. A., M. S. Oberste, S. S. Monroe, W. A. Nix, R. Campagnoli, J. P.
Icenogle, S. Penaranda, B. Bankamp, K. Maher, M. H. Chen, S. Tong, A.
Tamin, L. Lowe, M. Frace, J. L. DeRisi, Q. Chen, D. Wang, D. D. Erdman,
T. C. Peret, C. Burns, T. G. Ksiazek, P. E. Rollin, A. Sanchez, S. Liffick, B.
Holloway, J. Limor, K. McCaustland, M. Olsen-Rasmussen, R. Fouchier, S.
Gunther, A. D. Osterhaus, C. Drosten, M. A. Pallansch, L. J. Anderson, and
W. J. Bellini. 2003. Characterization of a novel coronavirus associated with
severe acute respiratory syndrome. Science 300:1394–1399.

44. Song, H. D., C. C. Tu, G. W. Zhang, S. Y. Wang, K. Zheng, L. C. Lei, Q. X.
Chen, Y. W. Gao, H. Q. Zhou, H. Xiang, H. J. Zheng, S. W. Chern, F. Cheng,

C. M. Pan, H. Xuan, S. J. Chen, H. M. Luo, D. H. Zhou, Y. F. Liu, J. F. He,
P. Z. Qin, L. H. Li, Y. Q. Ren, W. J. Liang, Y. D. Yu, L. Anderson, M. Wang,
R. H. Xu, X. W. Wu, H. Y. Zheng, J. D. Chen, G. Liang, Y. Gao, M. Liao, L.
Fang, L. Y. Jiang, H. Li, F. Chen, B. Di, L. J. He, J. Y. Lin, S. Tong, X. Kong,
L. Du, P. Hao, H. Tang, A. Bernini, X. J. Yu, O. Spiga, Z. M. Guo, H. Y. Pan,
W. Z. He, J. C. Manuguerra, A. Fontanet, A. Danchin, N. Niccolai, Y. X. Li,
C. I. Wu, and G. P. Zhao. 2005. Cross-host evolution of severe acute respi-
ratory syndrome coronavirus in palm civet and human. Proc. Natl. Acad. Sci.
USA 102:2430–2435.

45. Sui, J., W. Li, A. Murakami, A. Tamin, L. J. Matthews, S. K. Wong, M. J.
Moore, A. S. Tallarico, M. Olurinde, H. Choe, L. J. Anderson, W. J. Bellini,
M. Farzan, and W. A. Marasco. 2004. Potent neutralization of severe acute
respiratory syndrome (SARS) coronavirus by a human mAb to S1 protein
that blocks receptor association. Proc. Natl. Acad. Sci. USA 101:2536–2541.

46. ter Meulen, J., A. B. Bakker, E. N. van den Brink, G. J. Weverling, B. E.
Martina, B. L. Haagmans, T. Kuiken, J. de Kruif, W. Preiser, W. Spaan,
H. R. Gelderblom, J. Goudsmit, and A. D. Osterhaus. 2004. Human mono-
clonal antibody as prophylaxis for SARS coronavirus infection in ferrets.
Lancet 363:2139–2141.

47. Tripet, B., M. W. Howard, M. Jobling, R. K. Holmes, K. V. Holmes, and R. S.
Hodges. 2004. Structural characterization of the SARS-coronavirus spike S
fusion protein core. J. Biol. Chem. 279:20836–20849.

48. van den Brink, E. N., J. ter Meulen, F. Cox, M. A. Jongeneelen, A. Thijsse,
M. Throsby, W. E. Marissen, P. M. Rood, A. B. Bakker, H. R. Gelderblom,
B. E. Martina, A. D. Osterhaus, W. Preiser, H. W. Doerr, J. de Kruif, and J.
Goudsmit. 2005. Molecular and biological characterization of human mono-
clonal antibodies binding to the spike and nucleocapsid proteins of severe
acute respiratory syndrome coronavirus. J. Virol. 79:1635–1644.

49. Weingartl, H., M. Czub, S. Czub, J. Neufeld, P. Marszal, J. Gren, G. Smith,
S. Jones, R. Proulx, Y. Deschambault, E. Grudeski, A. Andonov, R. He, Y. Li,
J. Copps, A. Grolla, D. Dick, J. Berry, S. Ganske, L. Manning, and J. Cao.
2004. Immunization with modified vaccinia virus Ankara-based recombinant
vaccine against severe acute respiratory syndrome is associated with en-
hanced hepatitis in ferrets. J. Virol. 78:12672–12676.

50. Wong, S. K., W. Li, M. J. Moore, H. Choe, and M. Farzan. 2004. A 193-
amino acid fragment of the SARS coronavirus S protein efficiently binds
angiotensin-converting enzyme 2. J. Biol. Chem. 279:3197–3201.

51. Yang, Z. Y., W. P. Kong, Y. Huang, A. Roberts, B. R. Murphy, K. Subbarao,
and G. J. Nabel. 2004. A DNA vaccine induces SARS coronavirus neutral-
ization and protective immunity in mice. Nature 428:561–564.

52. Yang, Z. Y., H. C. Werner, W. P. Kong, K. Leung, E. Traggiai, A. Lanzavecchia,
and G. J. Nabel. 2005. Evasion of antibody neutralization in emerging severe
acute respiratory syndrome coronaviruses. Proc. Natl. Acad. Sci. USA 102:
797–801.

53. Zhang, H., G. Wang, J. Li, Y. Nie, X. Shi, G. Lian, W. Wang, X. Yin, Y. Zhao,
X. Qu, M. Ding, and H. Deng. 2004. Identification of an antigenic determi-
nant on the S2 domain of the severe acute respiratory syndrome coronavirus
spike glycoprotein capable of inducing neutralizing antibodies. J. Virol. 78:
6938–6945.

54. Zhou, T., H. Wang, D. Luo, T. Rowe, Z. Wang, R. J. Hogan, S. Qiu, R. J.
Bunzel, G. Huang, V. Mishra, T. G. Voss, R. Kimberly, and M. Luo. 2004. An
exposed domain in the severe acute respiratory syndrome coronavirus spike
protein induces neutralizing antibodies. J. Virol. 78:7217–7226.

VOL. 80, 2006 CHARACTERIZATION OF SARS-CoV S PROTEIN 5767


