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Abstract

Based on a bioinformatics analysis of the Middle East respiratory syndrome coronavvirus (MERS-CoV) S
protein, we synthesized a panel of peptides coupled to keyhole limpet haemocyanin and used them to raise
antibodies in rabbits. In addition, the recombinant receptor-binding domain (RBD) was used to raise polyclonal
antibodies in mice. All of the antibodies raised by S-peptide immunisation were specific and sensitive for S
protein expressed in transfected cells in the indirect immunofluorescence assay or Western blotting. The RBD
efficiently elicited neutralizing antibodies against MERS-CoV by blocking viral entry at the binding step.
Furthermore, we found that the SP3 peptide, corresponding to amino-acid residues 736—761 of the S protein,
elicited robust neutralizing activities by blocking viral entry at the postbinding and membrane fusion steps. We
conclude that amino-acid residues 736-761 of the S protein carry neutralizing epitopes that may be used in the

development of vaccines and antiviral agents against MERS-CoV.

Introduction

IDDLE EAST RESPIRATORY SYNDROME CORONAVVIRUS

(MERS-CoV), a novel f coronavirus, was recently
identified as the causative agent of a severe acute respiratory
illness in humans in the Middle East (24). This finding has
raised serious concerns about the possibility of a pandemic
infection similar to that caused by severe acute respiratory
syndromecoronavirus (SARS-CoV) (2,20). As of 4 July
2014, there have been 827 confirmed cases of infection
with MERS-CoV, and 287 of the affected people died
(www.who.org). Cases have been linked to many regions of
Asia, Africa, Europe, and America. According to recent data,
people with a mild respiratory illness may be infected with
MERS-CoV; in some cases, the infected people have no re-
spiratory symptoms (5,20,21,23). Patients with a chronic
disease or compromised immune system have a higher risk of
becoming infected and/or developing complications
(2,5,20,21,26). There have been small clusters of infection in
several countries, suggesting that person-to-person trans-
mission is possible when close contact occurs (16,21). The

rapid identification of effective therapeutics is a high priority,
because there is currently no specific therapy or vaccine for
MERS-CoV and the resulting disease is severe with a high
case-fatality rate.

MERS-CoV belongs to the genus Betacoronavirus, in the
Family Coronaviridae, as SARS-CoV does. However, they
do not use the same host cell receptor for infection (14,19).
Complete genome sequencing indicated that this new virus
is the first lineage C Betacoronavirus species known to
infect humans (22). CoVs are positive-strand RNA viruses
(4). The virion comprises a nucleocapsid (N) core surrounded
by an envelope containing three membrane proteins: spike
(S), membrane, and envelope. The S protein of MERS-CoV,
a 1353-amino-acid type I membrane glycoprotein, is known
to be responsible for receptor binding (9,15,19,22), mem-
brane fusion (9a), and the induction of neutralising antibodies
(7-9,18). Although the S protein of MERS-CoV shares little
amino-acid identity with that of other CoVs (<30%) (22), it
shares common structural features with the S proteins of other
CoVs (11,15,22,23a). Its two components are S1, which
contains the receptor-binding domain (RBD) (7-9,15,18), and
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S2, which contains the fusion peptide (9a). Dipeptidyl pep-
tidase 4 (also known as CD26) was identified as a functional
receptor for MERS-CoV, and the structural basis of S/re-
ceptor engagement has been explored (15,19,20,21,23a). A
recent report, indeed, showed the presence of S-specific
neutralizing antibodies in MERS-CoV-infected patients
(20,21,26). Therefore, the S protein is recognized as the
primary target of neutralizing antibodies. Knowledge of the
antigenic determinants that can elicit neutralizing anti-
bodies could be beneficial for the development of a protective
vaccine.

In this study, we aimed at identifying neutralizing epi-
topes in the MERS-CoV S protein that may be used for the
development of a vaccine or therapeutic agents against
MERS-CoV infection. Although a properly folded RBD
could be the most import target for neutralizing antibodies,
as demonstrated for SARS-CoV (6,10,13), the identification
of other neutralizing epitopes in the S could assist in the
development of a vaccine and therapeutics against MERS-
CoV infection. We synthesized peptides from different re-
gions of the MERS-CoV S protein based on a bioinformatics
analysis and used them to raise antibodies in rabbits. Re-
combinant RBD (rRBD) was used to raise polyclonal anti-
bodies in mice. The antisera were then tested in terms of
their ability to bind S protein derived from the transfection
of the codon-optimized S gene and their capacity to neu-
tralize MERS-CoV using an in vitro neutralizing assay
based on lentiviral pseudotyped particles expressing full-
length MERS-CoV S protein. We confirmed that the RBD
could efficiently elicit neutralizing antibodies against
MERS-CoV and is an essential target for vaccine develop-
ment. A novel neutralizing epitope corresponding to amino-
acid residues 736-761 of the S protein was also identified.

Materials and Methods
Cell lines and plasmids

BHK-21, Huh-7, and 293FT were cultured in Dulbecco’s
modified Eagle’s medium (Life Technologies) supple-
mented with 10% heat-inactivated fetal bovine serum (Hy-
Clone), penicillin (100U/mL), streptomycin (100 g/mL),
nonessential amino acids (0.1 mM), and L-glutamine
(2mM; Life Technologies).

The codon-optimized S gene of MERS-CoV derived from the
published sequence (GenBank accession number: JX869059)
was chemically synthesized (Qingke Bio-Tech Engineering
Service Co., Ltd.). The S expression plasmid was con-
structed by inserting the full-length S gene into pVRC (a gift
from Dr. Gary Nabel, VRC, NIH, USA) under the control of
the CMV promoter to produce pVRC-SY (nCoV).

pNL4-3R-.E-Luc (encoding a provirus containing lucif-
erase and HIV gag-pol), pVRC8304 (encoding the spike
glycoprotein of SARS-CoV), and pM.D (encoding the VSV-
G glycoprotein) were used to generate pseudoviruses and
have been described elsewhere (9a,10,18,24).

Synthesis of the rRBD and peptide panel

The amino-acid sequence of the MERS-CoV S protein
was downloaded from NCBI GenBank, and immunogenic
regions containing potential human B-cell epitopes were
predicted using BepiPred and ABCPred B (Table 1). The
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TABLE 1. DESIGN OF THE SYNTHESIZED PEPTIDES BASED
ON DATA FROM A PREVIOUS BIOINFORMATICS ANALYSIS

Method  Position Epitope Score

BCPred 509 DDRTEVPQLVNANQYSPCVS 0.979
530 VPSTVWEDGDYYRKQLSPLE 0. 848
738  LPDTPSTLTPRSVR

ABCred 509 DDRTEVPQLVNANQYS 0.8
532 STVWEDGDYYRKQLSP 0.97
736  CALPDTPSTLTPRSVR 0.89
748  RSVRSVPGEMRLAS 0.9

designated panel of SP2 (-1 and -2), SP3, and NP peptides
was synthesized with a cysteine residue added to the C
terminal using the solid-phase method (ZhongKeYaGuang
Co.) and dissolved in 5% dimethyl sulfoxide at 2 mg/mL. In
addition, the peptides were coupled to keyhole limpet hae-
mocyanin (KLH) at the N-terminus by the method of Lee
et al. (15a) and treated as previous described (21a). All
peptides were analyzed by high-performance liquid chro-
matography and mass spectroscopy to verify their identity.
The information of the S and N peptides used as the im-
munogens are listed in Table 2.

rRBD was prepared based on the coding sequence of
MERS-CoV RBD (GenBank accession number: JX869059;
spike residues 367-606) using the Bac-to-Bac Baculovirus
Expression System (Life Technologies) and purified on a
Superdex 200 column (GE Healthcare) as previously de-
scribed. The purified RBD of SARS-CoV (covering spike
residues 318-510 and expressed in HEK293T cells; a gift
from Dr. He Yuxian, Institute of Pathogen Biology, CAMS,
Beijing) was used for mouse immunization as a control
(Table 2).

Generation of polyclonal antibodies against
immunogens in mice or rabbits

All animal experiments were conducted in accordance
with the Guidelines for Animal Experiments described
and approved by the Institutional Animal Care and Use
Committee of the Chinese Center for Disease Control and
Prevention.

The purified Rrbd (5 microgram per dose) was used to
immunize female Balb/c mice (6—8 weeks old). The rRBD
was supplemented with complete Freund’s adjuvant (CFA;
Sigma) for the first immunization and incomplete Freund’s
adjuvant (Sigma) for the second and third immunization.
The mice were immunized thrice at 3-week intervals and
monitored for seroconversion to the rRBD using an enzyme-
linked immunosorbent assay (ELISA). Purified HIV-1 P24
protein was also used to immunize mice following the same
protocol, to produce antisera of non-CoV as an irrelative
control to test the background of assay.

One milligram of each of the S peptides was mixed with
an equal volume of CFA and used as the formulation for
immunization. One New Zealand White rabbit (female
Balb/c, 6-8 weeks old) per group was immunized with the
formulations to raise antibodies against the respective S
peptides. The rabbits were given triple booster injections at
3 weeks after the initial immunization. Incomplete Freund’s
adjuvant instead of CFA was used in the formulations for
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TABLE 2. IMMUNOGENS AND GROUPINGS USED TO RAISE ANTISERA IN MICE OR RABBITS

Group Immunogens Domain or location of epitopes Antiserum
1 RBD (MERS-CoV) 367-606 aa of S Anti-RBD (EMC), from mice
2 RBD (SARS-CoV) 318-510 aa of S Anti-SARS (W624), from mice
3 P24 (HIV-1) Anti P24, from mice
4 SP2-1 (MERS-CoV) coupled to KLH; 509-530 aa of S Anti SP2, from rabbit
SP2-2 (MERS-CoV) coupled to KLH 529-554 aa of S
5 SP3 (MERS-CoV) coupled to KLH 731-761 aa of S Anti SP3, from rabbit
6 NP1 (MERS-CoV) coupled to KLH 201-218 aa of N Anti NP1, from rabbit

booster injections at 2-week intervals. The sera were sam-
pled for testing at 2 weeks after the last immunization.

Western blot analysis

293FT cells were transfected with individual S-expres-
sion plasmids using Lipofectamine 2000 reagent (Life
Technologies). At 36h post-transfection, the cells were
lysed in ice-cold RIPA buffer (50 mM Tris-HCI [pH 7.5],
150 mM NacCl, 1% Triton X-100, 0.1% SDS, and 0.5% so-
dium deoxycholate) supplemented with a protease inhibitor
mixture (Sigma). The lysates were kept on ice for 10 min,
centrifuged, and resolved by 6% SDS-PAGE. The proteins
were then transferred to a PVDF membrane (Bio-Rad),
blocked with 5% skim milk in PBST for 1 h, and then probed
with the indicated primary antibodies at an appropriate dilu-
tion overnight at 4°C. The next day, the membrane was in-
cubated with corresponding IRD Flour 800-labeled IgG
secondary antibodies (LI-COR Biosciences) and were scan-
ned by the Odyssey Infrared Imaging System (LI-COR
Biosciences).

Indirect immunofluorescence assay

An immunofluorescence assay (IFA) was used to detect
nCoV S glycoprotein expression in BHK cells. Briefly, BHK
cells cultured on coverslips were fixed in 4% formaldehyde,
permeabilized in 0.5% Triton X-100, blocked in 5% bovine
serum albumin in phosphate-buffered saline, and then pro-
bed with indicated primary antibodies for 1 h at room tem-
perature. After a wash, cells were incubated with their

respective Alexa Fluor 488-conjugated secondary antibodies
for another 1h. The cells were then washed and stained
with 4, 6-diamidino-2-phenylindole (DAPI) to detect nuclei.
Fluorescence images were obtained and analyzed using an
LSM 510 laser-scanning confocal microscope (Carl Zeiss).

Enzyme-linked immunosorbent assay

Testing for immunogen reactivity was performed using
the rRBD or various peptides as the antigen in an ELISA.
The ELISA procedure was carried out as previously de-
scribed (10,24).

Neutralization assay

The LV-CoVpps (MERS-CoVpp and SARS-CoVpp)
were produced by the transfection of human embryonic
kidney 293FT cells using Fugen HD reagent (Roche) with a
combination of pNL4-3R-E-Luc and pVRC-SY (nCoV) or
pVRC8304. As a control, pVRC-SY (nCoV) was replaced
with pMD.G. The LV-CoVpps were harvested at 48h post-
transfection, and the virus titer (presented as the HIV p24
antigen concentration) was determined using the Vironostika
HIV-1 Antigen Microelisa System (BioMérieux).

To evaluate the neutralizing antibodies raised by the various
peptides in our panel, we produced LV-CoVpps that harbored a
luciferase reporter gene. To map the entry steps targeted by the
polyclonal antisera, we established two LV-CoVpp-based
neutralization assays to distinguish between antibody-
mediated interference during binding and postbinding events
by adapting a previously published method. In Protocol I,
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FIG. 1.

Schematic diagram of the Middle East respiratory syndrome coronavvirus (MERS-CoV) S protein and location of

the immunogens (rRBD and panel of peptides) used in this study. The codon-optimized full-length S coding gene was
inserted into the expression vector pVRC. SP, signal peptide (residues 1-18); RBD, receptor-binding domain (residues 367—
606); 7517, S1/S2 cleavage site; HR1, heptad repeat 1 (residues 992-1054); HR2, heptad repeat 2 (residues 1252-1286);
TM, transmembrane domain (residues 1296—1353); rRBD, recombinant RBD from the Bac-to-Bac system (indicated by a
gray box). The S peptides used in this study were SP2-1 (residues 509-530), SP2-2 (residues 529-554), and SP3 (residues
736-761) and are indicated by gray boxes.
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serially diluted sera after purification on a protein G column
were incubated with LV-CoVpps at 37°C for 1 h before binding
to the target cells, and the mixtures were then added to Huh7
cells for infection. After 48 h, the cells were lysed for a lucif-
erase activity assay. In Protocol I, LV-CoVpps were incubated
with Huh7 cells for 4 h at 4°C, and the antisera were then added
to the inoculum. In this assay, the antibody was added after the
binding of LV-CoVpp to the target cells, thus enabling us to
study the effect of the antibodies on viral entry at the post-
binding and fusion steps.

Normalized neutralizations were calculated as follows:

(relative luciferase units of pps with mock sera-relative
luciferase units of pps with immune serum in a given dilu-
tion)/relative luciferase units of pps with mock sera.

We performed a neutralization assay using 96-well plates,
and all experiments were carried out in triplicate.

Statistical analysis

Significant differences between the experimental and
control groups were evaluated by a one-way analysis of
variance using SPSS software (release 12.1; SPSS, Inc.).
Differences were considered significant at p <0.05.

Results

Generation of antisera against the rRBD
and panel of peptides

To determine the neutralizing epitopes on the S of
MERS-CoV, the rRBD and panel of S peptides (SP2-1,
SP2-2, and SP3) covering different regions were used as
antigens (Fig. 1) to raise polyclonal antibodies in mice and
rabbits, respectively. The RBD of SARS-CoV and two pep-
tides from the N of MERS-CoV were included as control
antigens (Table 2). Multiple booster injections were per-
formed in an attempt to increase the antibody titers and
specificity. All immunogens elicited high titers of IgG anti-
bodies specific for the respective antigens as detected by
ELISA (Fig. 2). The mean end-point titer of anti-RBD IgG in
the mice reached >1x10°, while that of the anti-S or -N
peptide IgGs in the rabbits reached 1x 10* after the last im-
munization. The antisera against the SP2 peptides in immu-
nized mice showed a very high binding capacity with the
RBD of MERS-CoV. No cross-reactivity was observed be-
tween the antisera against the RBD of MERS-CoV and the
RBD of SARS-CoV, or vice versa. In addition, the MERs-
CoV S-specific antiserum did not cross-react with the N
peptides.

Characterization of full-length S expression
in transfected cells by Western blotting and IFA

The specificity of the sera induced by the rRBD and SP
peptides was further confirmed by Western blotting and IFA
using recombinant S proteins from 293FT and BHK cells
transfected with pVRC-SY (nCoV) (Fig. 3).

All antisera raised against the rRBD or SP2 and SP3
peptides recognized a dominant band with a size of
~200kDa in pVRC-SY (nCoV)-transfected 293FTcell
lysates, as expected from the full-length monomeric S
protein (Fig. 3A). In addition, two major bands with a size
of ~130-170kDa were detected by the anti-RBD and anti-
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SP sera, most likely representing the unglycosylated form
of the S protein and glycosylated form of S1, demon-
strating that the MERS-CoV S may be cleaved to S1 and
S2. Our data also showed several smaller low-molecular-
weight products, suggesting that S1 or S2 was further
cleaved. These were S-specific bands, because they were
not detected in mock-transfected cells. The antiserum from
N-peptide immunization in rabbits was used for Western
blotting, but no specific band was observed (data not
shown). This result indicates that all antibodies raised
against the rRBD and S peptides bound specifically to the S
of MERS-CoV.

To further investigate whether these polyclonal antibodies
could specifically bind to the native S protein and to identify
the location of S expression, a confocal IFA was used to
analyze S expression in BHK cells transfected with pVRC-
SY. Binding of the antisera to S protein in the cytoplasm and
on the cell surface was detected, suggesting that these
polyclonal antibodies recognized the properly folded, ma-
ture form of MERS-CoV S.

Neutralizing activity against MERS-CoV was elicited
by the rRBD and peptide targeting amino-acid
residues 736761 of the S protein

After determining that all of the polyclonal antibodies
against the rRBD and S peptides could recognize the native
form of MERs-CoV S protein, we further tested their neu-
tralizing activities.

To assess the neutralizing capacity of the antisera after
the last bleed from rabbits injected with SP2 (SP2-1 and -2,
targeting residues 509-554 of the S protein), SP3 (targeting
residues 731-761 of the S protein), and NP (targeting
residues of the N protein), MERS-CoVpp was premixed
1:1 with the indicated dilution of antiserum before inocu-
lation into Huh-7 cells. Luciferase activity was then ex-
amined at 48 h postinfection (Fig. 4). Only the antiserum
from rabbits injected with SP3 showed neutralizing activ-
ity, and the titer of NT50 reached 50% neutralization at a
1:100 dilution. A recent report indicated that the RBD
could be an important target for neutralizing antibodies; we
confirmed that rRBD elicited robust neutralizing antibodies
against MERS-CoV in mice (Fig. 5), reaching 100% neu-
tralization at a 1:100 dilution. However, the rabbit antise-
rum against SP2 (located at the C-terminus of the RBD)
did not show neutralizing activity. In addition, a CD
analysis of the SP2-1 and -2 peptides showed that they
were linear (data not shown).

To test the specificity of the neutralizing antibodies
elicited by the rRBD and SP3, we obtained the antiserum
(W624) induced by the RBD of SARS-CoV-immunized
mice and evaluated the cross-reactivity between the anti-
serum and two CoVpps (MERSpp and SARSpp). Our re-
sults indicate that the antiserum against the rRBD and SP3
of MERS-CoV could effectively neutralize an MERSpp
infection in vitro, while it did not neutralize an SARSpp
infection (Fig. 5). In contrast, the antiserum (W624) from
the SARS-CoV RBD effectively neutralized an SARSpp
infection in vitro, while it did not neutralize an MERSpp
infection. These results suggest that the neutralizing anti-
bodies induced by the rRBD and SP3 of MERS-CoV were
specific and did not cross-neutralize SARS-CoV.
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FIG. 2. The immunization of mice with the RBD or rabbits with peptide-keyhole limpet hemocyanin (KLH) conjugates
induced immunogen-specific serum IgG antibodies. The results are presented as the mean A450 =*standard error (SE) of
triplicate experiments per group as detected by an ELISA using serial dilutions of the sera and indicated antigens. The
antigen-specific IgG binding ability of pooled serum samples was determined by an rRBD ELISA (A-C), SP2 peptide
ELISA (D), SP3 peptide ELISA (E), and N peptide ELISA (F).

The neutralizing antibodies induced by the rRBD
and SP3 targeted MERS-CoVpp entry
at different steps

To map the entry steps targeted by the neutralizing anti-
sera, we developed two MERSpp-based neutralization assays
to allow us to distinguish between the binding and post-
binding stages of infection. As described in the Materials and
Methods, inhibitory antibodies were added before the binding
of MERSpp to the target cells in Protocol I while antibodies
were added after MERSpp binding to the target cells in
Protocol II. As expected for antibodies targeting entry me-
diated by receptor-binding events, the relative neutralizing
activity of anti-rRBD at a 1:50 dilution when added before

binding (Protocol I) was significantly higher than that when
added postbinding (Protocol II). However, no marked dif-
ference in the relative neutralizing activity of anti-SP3 at a
1:50 dilution was shown between Protocols I and II (Fig. 6).
These data suggest that the anti-SP3 antibodies inhibited
MERSpp entry during the postbinding and fusion process, in
contrast to the anti-RBD antibodies.

Discussion

The development of an effective vaccine and therapeutics
against MERS-CoV infection is urgently needed (12,20).
Neutralizing antibody responses often provide a first-line
adaptive defense against infection by limiting virus entry and
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FIG. 3. Expression of the MERS-CoV S protein in 293FT
and BHK cells using antisera against the immunogens used
in this study. Samples were derived from 293FT or BHK
cells transiently transfected with pVRC-SY or pVRC8304
(indicated as Mock). (A) Western blot showing S-protein
expression. 293FT cells were transfected with pVRC-SY(n-
CoV). Thirty-six hours later, cell lysates were prepared and
Western blots were performed by using the indicated antiserum.
Asterisks indicate the correct bands of S protein. (B) Immuno-
fluorescence assay (IFA) of pVRC-SY(nCoV)-transfected BHK
cells. Cells were fixed, permeabilized, and stained for either the S
protein using the indicated antibody, or chromatin using a 4, 6-
diamidino-2-phenylindole (DAPI) stain. The first row represents
S protein, and the second row represents the chromatin. Cells
were analyzed by confocal microscopy using a 100x objective,
and representative images are shown.

spread (3,12,20). The S protein of coronaviruses is not only
the main determinant of tropism (14,19), but also the major
antigenic target for neutralizing antibody induction (3,6
10,12,13). Therefore, it has been used as an immunogen for
vaccine development. So far, little is known about the neu-
tralizing epitopes and capacity of the MERS-CoV S protein.
In this study, we found that the RBD and amino acids 736—
761 of the MERS-CoV S protein induced neutralizing anti-
bodies, representing potential targets for the inhibition of
MERS-CoV entry at different steps. These findings have
important implications not only for understanding the process
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FIG. 4. Neutralization assay to screen the rabbit antisera
raised by peptide immunization. MERSpp was premixed 1:1
with the indicated dilution of sera at 37°C before inoculation
into Huh-7 cells, and the infection efficacy was monitored at
48 h postinfection (Protocol I). The normalized neutraliza-
tion was calculated as described in Materials and Methods.
The experiment was carried out in triplicate; data from one
representative case are shown. Error bars indicate the SE of
the mean.

and mechanism of neutralization, but also for the design of
novel strategies to block MERS-CoV infection.

We first assessed the immunogenicity and reactive spec-
ificity of the RBD and panel of peptide-KLH conjugates as
immunogens in mice and rabbits. An ELISA-based analysis
of the serum IgG responses against the immunogens re-
vealed that the RBD was more immunogenic in BALB/c
mice than were the peptide-KLH conjugates in rabbits.
Robust immunogen-specific IgG responses were obtained
after several immunizations. Western blotting and confocal
IFA indicated that the antiserum might bind most efficiently
to the MERS-CoV S protein expressed in the cytoplasm and
on the membrane; the size of the full-length monomeric S
and S1 proteins detected is in agreement with our expecta-
tions and published data (18,25). This study also suggests
that the MERS-CoV S protein undergoes stepwise cleavage
to generate S1 and S2. However, further study is needed to
identify the exact cleavage site and to determine whether the
cleavage is cell dependent and tissue specific.

As shown in previous reports, the CoVs S protein is
critical for target cell entry and harbors both linear and
conformational epitopes for neutralization (1,6,9,10,13).
However, the exact site and precise entry step targeted by
neutralizing antibodies has not yet been defined, especially
for MERS-CoV. The RBD of MERS-CoV is a key func-
tional domain in the S protein, which is responsible for virus
binding to receptors on target cells and that may contain
neutralizing epitopes (8,9,13,15,18,20). We found that the
rRBD (covering residues 367-605 of the S) elicited robust
neutralizing antibodies against MERS-CoV in immunized
mice by blocking viral entry at the binding step. These data
are consistent with those in recent reports and confirm that
the RBD of MERS-CoV is an ideal immunogen for vaccine
development (7-9,12,18). We also found that antiserum
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FIG. 5. Specificity of the neutralization activity of the antisera used in this study. MERSpp or SARSpp was premixed 1:1
with the indicated dilution of antisera at 37°C before inoculation into Huh-7 cells, and the infection efficacy was monitored at
48h postinfection (Protocol I). The normalized neutralization was calculated as described in Materials and Methods. The
experiment was carried out in triplicate; data from one representative case are shown. Error bars indicate the SE of the mean.

induced by the SP2 peptide (targeting residues 509-554 of the
S), which is located at the binding interface of the RBD ac-
cording to recent crystallization data (15,23a), did not elicit
potent neutralizing antibodies in immunized rabbits; however,
high titers of binding antibodies to the RBD were observed. We
suggest that the lack of neutralizing activity of the antiserum
against SP2 could be due to the linear conformation of these
immunogens. These data also suggest that the conformation of
the RBD is essential for the induction of neutralizing activity,
and that non-neutralizing immunodominant epitopes exist in
the RBD of the MERS-CoV S protein.

This is the first linear neutralizing epitope located outside
of the RBD in the S protein of MERS-CoV to be reported.
This novel epitope targeting residues 736—761 is located at a
possible proteocleavage site on the MERS-CoV S protein
(15,20,22). We further demonstrated that the neutralizing
activity induced by the SP3 peptide was specific for the
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FIG. 6. Inhibition of an MERSpp infection by anti-RBD

and -SP3 neutralizing antibodies at different steps. The ex-
periment was performed as described in Materials and
Methods. Briefly, antisera were added before the binding of
MERSpp to Huh-7 cells in Protocol I, while antisera were
added after MERSpp binding to target cells in Protocol II. The
mean values* SE of a representative experiment performed
in triplicate are shown. Statistically significant differences
(p<0.01, t-test) in neutralization between Protocols I and II
are indicated (*).

postbinding and membrane fusion steps of MERS infection.
Our data are consistent with a previous report on SARS-
CoV (17), which indicated that human monoclonal antibody
(5H10) directed to proteolytic cleavage site (791-805 amino
acid) in S neutralized the virus in a rhesus macaque SARS
model. Since multiple neutralizing epitopes have been
identified on the S protein of SARS-CoV and envelope of
HIV-1 (3,10,13,17), it is not unusual to find more than one
neutralizing epitope on the MERS-CoV S protein.

In summary, a panel of S peptides based on bioinfor-
matics predictions was confirmed to be immunogenic in this
study. The RBD of the S protein of MERS-CoV could ef-
ficiently elicit neutralizing antibodies that targeted viral
binding. Furthermore, we found a novel linear epitope that
targeted amino-acid residues 736-761 of the S protein and
which elicited robust neutralization by blocking viral entry
at the postbinding and membrane fusion steps. We conclude
that the amino-acid residues 736-761 of the S protein carry
neutralizing epitopes that may be used to develop vaccines
and antiviral agents against MERS-CoV.
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