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Abstract

The spike (S) protein of severe acute respiratory syndrome-coronavirus (SARS-CoV) is a major virion structural protein. It plays

an important role in interaction with receptor and inducing neutralizing antibodies. In the study, six tentative antigenic epitopes (S1

S2 S3 S4 S5 S6) of the spike protein of SARS-CoV were predicted by bio-informatics analysis, and a multi-epitope chimeric gene of

S1–S2–S3–S4–S5–S6 was synthesized and fused to downstream GST gene in pGEX-6p-1. The Western blotting demonstrated that

SARS patient convalescent serum could recognize the recombinant fusion protein. A number of monoclonal antibodies were de-

veloped against the fusion protein. In further, the six predicted epitope genes were individually fused to GST of pGEX-6p-1 and

expressed in Escherichia coli BL21, respectively. Among six fusion peptides, S5 reacted with monoclonal antibody D3C5 and S2

reacted with monoclonal antibody D3D1 against spike protein of SARS-CoV. The epitopes recognized by monoclonal antibodies

D3C5 and D3D1 are linear, and correspond to 447–458 and 789–799 amino acids of spike protein of SARS-CoV, respectively.

Identification of antigenic epitope of spike protein of SARS-CoV could provide the basis for the development of immunity-based

prophylactic, therapeutic, and diagnostic techniques for the control of severe acute respiratory syndrome.

� 2004 Elsevier Inc. All rights reserved.
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Severe acute respiratory syndrome (SARS) first ap-

peared in Guangdong province, China, in Nov. 2002.

Then this disease spread to several other countries

around the world quickly and caused hundreds of

deaths. Based on the work of world SARS research net,

WHO declared a novel coronavirus is the pathogen of

SARS on 16th April 2003, and referred to it as severe
acute respiratory syndrome-coronavirus (SARS-CoV)

[1–3].

SARS-CoV is enveloped, positive-sense, ssRNA

virus. The genome of SARS-CoV is about 29.7 kb in

length, with 11 open reading frames, and the genomic

organization is similar to those of other coronaviruses

[4]. The gene sequence and amino acid sequence have

very low homology with any other known animal cor-
onaviruses [4–6]. Though recently SARS-CoV-like
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viruses were isolated from Himalayan palm civets [7],

these viruses have not been found in any animal or

human being before 2003. And the phylogenetic anal-

ysis indicated that the new virus is not related to the

known group 1, 2, and 3 coronaviruses and represents a

novel coronavirus [8]. So it is proposed as representing

a fourth group within the genus Coronavirus, the group
4 coronavirus. Based on available information of other

coronaviruses, the spike glycoprotein is the main viru-

lence factor of coronavirus [9]. Spike protein has mul-

tiple functions that are involved in specific receptor

binding, cell membrane fusion, and protease suscepti-

bility and activation. Spike protein has good antigenic-

ity and could induce neutralization antibodies. These

features make it be a suitable candidate for genetic
engineering subunit vaccine and diagnostic applications.

In order to develop some basis for prophylactic and

diagnostic use, it is important to map the epitopes of

spike protein. In the study, two antigenic epitopes were

identified by monoclonal antibodies.
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Materials and methods

Prediction of epitopes on spike protein. Spike protein sequence is

deduced from SARS-CoV genome of strain BJ01 (GenBank Accession

No. AY278488). Computerized algorithms were used to predict the

hydrophilicity [10], surface probability [11], antigenic index [12], and

secondary structure [13]. These analyses were performed with the bio-

computing software program Laser gene-DNASTAR. According to

the hydrophilicity, surface probability, antigenic index, and secondary

structure, six segments (designated as S1, S2, S3, S4, S5, and S6) that

possibly contain B-cell epitope were selected (Fig. 1).

Construction of a multi-epitope gene. A chimeric gene containing

S1–S6 was constructed by lining up the six segments. The sequence of

chimeric gene is as follows: ctgggatccaatactaggaacattgatgctacttcaactgg

taattataatggaccgggaaagcttaggccctttgagagagacatatctaatgtgggaccgggag

attccgttcgagatcctaaaacatctgaaatattaggaccgggagctgaacaggatcgcaacaca

cgtgaagtgttcggaccgggacctgaccctctaaagccaactaagaggtcttttggaccgggaaa

aaatcatacatcaccagatgttgatcttggcgacatttcactcgagcgg. Between segments

there is a Gly–Pro–Gly encoding sequence (in italic) predicted to en-

hance the visability of each possible epitope. A BamHI site and XhoI

site (in bold) were added to the 50 and 30 ends, respectively. And three

extra protective nucleotides were then added to both ends. The chimeric

gene was synthesized by TaKaRa Biotechnology (Dalian, China).

Expression of synthesized epitopes. The chimeric gene was inserted

into the cloning sites (BamHI and XhoI) of the expression vector
Table 1

Synthesized oligo-nucleotide and deduced peptides

Oligo names Sequences of synthesized oligoes

S1 50-gatccaatactaggaacattgatgctacttcaactggtaattat

S2 50-gatccaagcttaggccctttgagagagacatatctaatgtgta

S2-1 50-gatccaagcttaggccctttgagagagacatataac-30

S2-2 50-gatcccttaggccctttgagagagacatatcttaac-30

S2-3 50-gatccaggccctttgagagagacatatctaattaac-30

S2-4 50-gatccccctttgagagagacatatctaatgtgtaac-30

S3 50-gatccgattccgttcgagatcctaaaacatctgaaatattataa

S4 50-gatccgctgaacaggatcgcaacacacgtgaagtgttctaac

S5 50-gatcccctgaccctctaaagccaactaagaggtctttttaac-3

S5-1 50-gatcccctgaccctctaaagccaactaagaggtaac-30

S5-2 50-gatccgaccctctaaagccaactaagaggtcttaac-30

S5-3 50-gatcccctctaaagccaactaagaggtctttttaac-30

S6 50-gatccaaaaatcatacatcaccagatgttgatcttggcgacat

Note. The sequences illustrated are all sense strands. At 50 and 30 termin

respectively. And at 30 and 50 terminal of antisense strand (sequence not show

antisense oligo-nucleotides annealed they would form a cohesive BamHI site

peptide encoding gene there is an additional taa sequence to form a stop co
a Stands for amino acid.

Fig. 1. Schematic diagram of relative location of selected spike protein segm

(amino acid residues 1–1255). The arrow refers to the selected peptide. The

location are indicated. From N to C terminal the selected peptide is named

represents a series 9AA long and 8AA overlap peptide covering the S2 and
pGEX-6p-1 (Invitrogen). The inserts in three recombinant plasmids

were sequenced. The confirmed recombinant plasmid was trans-

formed into Escherichia coli strain BL21. And the expressed chimeric

peptide with a GST tag was purified by glutathione–Sepharose 4B

RediPack Column affinity chromatography according to the manu-

facturer’s instructions (Amersham–Pharmacia Biotech). And the

bound fusion protein was eluted with glutathione elution buffer (10mM

reduced glutathione, 50mM Tris–HCl, pH 8.0) for further analysis.

The six segments and sub-segments derived from S2 and S5 (Table 1)

were separately synthesized and cloned into pGEX-6p-1. The re-

combinant plasmids harboring the individual segment were trans-

formed into E. coli BL21. The expressed fusion peptides were used for

immune reactivity analysis by ELISA and Western blotting.

Development of monoclonal antibody (McAb). Female, 4- to 6-

week-old, BALB/c mice were purchased from Experimental Animal

Center of Harbin Veterinary Research Institute, Chinese Academy of

Agricultural Sciences. Mice were immunized with 250lg fusion protein

in 0.5ml emulsion with complete Freund’s adjuvant. Two booster in-

jections with the same dose of emulsion each as the first immunization

were given at 2-week intervals. One day after the last injection, the

spleens were surgically removed from the mice.

Splenocytes were fused with SP2/0 myeloma cells and washed twice

with DMEM. Fused cells were then mixed in a 15ml conical tube and

1ml of 50% (v/v) PEG was added over 1min with gentle stirring. The

mixture was then centrifuged at 400g for 5min. The fused cell pellet
AAa sequence (location)

aattaac-30 NTRNIDATSTGNYN (424–437)

ac-30 KLRPFERDISNV (447–458)

KLRPFERDI (447–455)

LRPFERDIS (448–456)

RPFERDISN (449–457)

PFERDISNV (450–458)

c-30 DSVRDPKTSEIL (560–571)

-30 AEQDRNTREVF (754–764)
0 PDPLKPTKRSF (789–799)

PDPLKPTKR (789–797)

DPLKPTKRS (790–798)

PLKPTKRSF (791–799)

ttcataac-30 KNHTSPDVDLGDIS (1139–1152)

al of each sense strand there is a sequence of gatcc and c (in italics),

n) there is a sequence of g and gagct, respectively. When the sense and

at 50 terminus and a cohesive XhoI site at 30 terminus. At the end of

don (in bold).

ents. The box represents the whole length of SARS-CoV spike protein

black bars represent the selected peptide segment and the length and

from S1 to S6. Below S2 and S5 there each has a subset bar, which

S5.
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was re-suspended in DMEM supplemented with 15% FCS, HAT

medium, and hybridoma clones were screened by ELISA for McAbs

that bound fused protein but not GST protein. Selected clones were

subcloned by limiting dilution. Final hybridoma clones were isotyped

using an isotyping kit from Roche Diagnostics. Ascites fluids were

produced in pristine-primed BALB/c mice. Hybridoma cell lines were

grown in RPMI 1640 medium with 10% heat-inactivated FCS. En-

zyme-linked immunosorbent assay (ELISA) and Western blot assays

were used to measure the activity and specificity of the antibodies.

Enzyme-linked immunosorbent assay. Ninety-six-cell microtiter

plates were coated with purified fusion protein or bacterial sonicates in

0.1M carbonate buffer (pH 9.6) of 10lg/ml at 4 �C overnight and

blocked with 5% skimmed milk for 3 h. After blocking the plates were

washed three times with PBST (PBS with 0.1% Tween 20). In binding

assay, the plates were incubated with the supernatant of cultured cell

or diluted ascites fluids at 37 �C for 1 h followed by washing three times

with PBST. Bound antibodies were determined with horseradish per-

oxidase (HRP)-coupled goat anti-mouse IgG (sigma) and color was

subsequently developed with O-phenylenediamine dihydrochloride

(sigma) and hydrogen peroxide. The reaction was stopped with 2M

H2SO4 and the absorbance was measured at 490 nm by microplate

autoreader (Bio-Rad).

Western blotting. Cell lyses or proteins were mixed with an equal

volume of sample loading buffer (50mM Tris–HCl, pH 6.8, 100mM

DTT, 2% SDS, 0.1% bromophenol blue, and 10% glycerol), separated

by SDS–polyacrylamide gel electrophoresis (PAGE) with 12% poly-

acrylamide gels. For immunoblotting, proteins were transferred from

SDS–polyacrylamide gel to nitrocellulose membrane. Non-specific

antibody-binding sites were blocked with 5% skimmed milk in PBS

overnight at 4 �C. The membranes were incubated with primary anti-

body at 37 �C for 1 h. After incubation with primary antibody the

membrane was washed three times with PBST (10min each time). The

blot was then probed with a 1:5000 dilution of secondary antibody for

1 h at 37 �C. The secondary antibody is HRP-conjugated goat anti-

mouse immunoglobulin G (IgG, sigma) or HRP-conjugated goat anti-

human IgG (Beijing Zhongshang Biotechnology) or alkaline phos-

phatase (AP) conjugated rabbit anti-chicken IgG (Sigma). Then the

membrane was washed three times with PBST and developed with the

HRP developer solution or AP developer solution.
Fig. 2. Western blotting analysis of multi-epitope fusion peptide and

epitope S2 and S5. GST fused multi-epitope chimeric protein strongly

reactive with convalescent and immunized chicken sera (A); epitope S2

reactive with immunized chicken sera but weakly reactive with con-

valescent sera (as arrow refer) (B).
Results

The multi-epitope peptide is reactive to sera of SARS

patients and immunized chickens

The expressed multi-epitope peptide was strongly

reactive to sera from a SARS convalescent patient of
Fig. 3. Western blotting analysis of recombinant fusion peptides with

monoclonal antibodies. E. coli with plasmids individually expressing

S1 (lane 1), S2 (lane 2), S3 (lane 3), S4 (lane 4), S5 (lane 5), S6 (lane 6),

and GST (lane 7) were sonicated and the total cell lysates were ana-

lyzed by SDS–PAGE (A). After transfer of the gel to nitrocellulose

membranes, Western blotting analysis was performed with monoclonal

antibodies D3D1 (B) and D3C5 (C), respectively. S2 and S5 were

recognized by monoclonal antibodies D3D1 (B) and D3C5 (C),

respectively.



932 R. Hua et al. / Biochemical and Biophysical Research Communications 319 (2004) 929–935
Guangdong province and chickens immunized with in-
activated vaccine made of SARS-CoV Strain BJ01 in

Western blotting (Fig. 2A). Dr. Ming Liao and Dr.

Guihong Zhang (Southern China Agricultural Univer-

sity) donated the SARS convalescent sera. And the

SARS group of Harbin Veterinary Research Institute of

Chinese Academy of Agricultural Sciences provided

immunized chicken sera. The reactivity of six individual

fused peptides was also tested by Western blotting with
chicken sera and convalescent sera. The result demon-

strated that only S2 is reactive, and the signal of S2 to

convalescent sera is weak (Fig. 2B).

Two epitopes identified by McAbs

A number of McAbs against the multi-epitope peptide

were developed and only two McAbs showed immune

reactivity to individually expressed peptides. Epitope S2

(KLRPFERDISNV), locating at 447–458AA of spike

protein, was specifically recognized by McAb D3D1 in

Western blotting (Fig. 3B) and ELISA (Fig. 4A), and

epitope S5 (PDPLKPTKRSF), locating at 789–799AA
Fig. 4. Detection of recombinant fusion peptides with McAbs by ELISA.

containing GST or GST-fused epitopes. After blocking with skimmed milk,

followed by adding secondary antibody HRP-coupled goat anti-mouse IgG.

D3C5 (C), respectively. GST-S2 and its derivatives were detected with McAb

D3C5 (D).
of spike protein, was specifically recognized by McAb
D3C5 inWestern blotting (Fig. 3C) andELISA (Fig. 4C).

Minimizing of epitopes recognized by McAbs

In order to further minimize the epitopes (S2 and S5)
recognized by McAbs D3D1 and D3C5, four sub-seg-

ments derived from S2 and three sub-segments derived

from S5 (see Table 1) were synthesized and expressed in

a fusion form with GST, respectively. Each sub-segment

is 27 nucleotides in length, which encodes 9 amino acids.

In ELISA, GST-S2-1 showed strong reaction with

McAb D3D1 as GST-S2 did, but GST-S2-2 and GST-

S2-3 only showed weak reaction with D3D1, GST-S2-4
completely lost reactivity to the McAb (Fig. 4B). The

results demonstrated that S2-1 with 9 amino acids:

KLRPFERDI (at 447–455AA of spike protein) is the

core sequence of the epitope S2. During determination

the reactivity between the three shortened S5 sub-seg-

ments and McAb D3C5 by ELISA, only GST-S5-1 re-

acted with D3C5 as strong as GST-S5, GST-S5-2

reacted weakly, and GST-S5-3 lost reactivity. These
Ninety-six-cell microtiter plates were coated with bacterial sonicates

monoclonal antibodies D3D1 (A,B) and D3C5 (C,D) were added, and

GST and GST-S1 to GST-S6 were detected with McAb D3D1 (A) and

D3D1 (B), and GST-S5 and its derivatives were detected with McAb



Fig. 5. Detection of S2 or S5 and their derivatives with McAbs by Western blotting. (A) SDS–PAGE analysis of S2 (lane 1) and S2-1 (lane 2), S2-2

(lane 3), S2-3 (lane 4), S2-4 (lane 5), and GST (lane 6). (B) Western blotting was performed on nitrocellulose membrane being transferred from SDS–

PAGE gel (A) with McAb D3D1. The number of lane is corresponding to the left figure (A). (C) SDS–PAGE analysis of S5 (lane 1) and S5-1 (lane 2),

S5-2 (lane 3), S5-3 (lane 4), and GST (lane 5). (D) Western blotting was performed on nitrocellulose membrane being transferred from SDS–PAGE

gel (C) with McAb D3C5. The number of lane is corresponding to the left figure (C). M stands for protein marker.
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results clearly demonstrated that S5-1 with 9 amino acids,
PDPLKPTKR, located at 789–797AA of spike protein

of SARS-CoV is the core sequence of the epitope S5.

The results from Western blotting analysis were

coincidental to that of ELISA (Fig. 5), indicating that

the two epitopes recognized by McAbs were all linear

epitopes.
Discussion

SARS-CoV is a newly appeared coronavirus. Though

tens of the viruses have been isolated and genomically

sequenced, little is known about the virus, such as the

nature host of the virus, the mechanism of pathogenesis,

and the structure and function of proteins encoded by

the viral genome. Based on information of other coro-
navirus, the spike protein plays an important role in cell

tropism, specific binding with receptor, cell membrane

fusion, and inducing neutralization antibodies [9]. Epi-

topes are the important antigenic elements of virus

structural proteins, which are functional in inducing
antibody production and cell-mediated immunity
against viruses. Therefore, epitopes are the basis of de-

veloping epitope-based vaccines and diagnostic.

In this study, with a panel of McAbs, two epitopes

S2 and S5 of SARS-CoV were identified; they located

at 447–458 and 789–799AA on spike protein, respec-

tively. Epitope is the defined region of an antigen re-

active with the corresponding antibody. There are

linear and conformational epitopes, linear epitopes are
short stretches of the primary structure of the protein

and consist of 6–9 or more continuous amino acid

residues. Conformational epitopes consist of several

amino acid residues that are discrete in the primary

sequence but assemble to form an antigenic determi-

nant on the tertiary structure of the native protein. In

this study, McAbs D3C5 and D3D1 effectively detected

S5 and S2, respectively, in denatured gels (SDS–
PAGE). The results indicated that the epitopes S2 and

S5 recognized by D3C5 and D3D1 are linear epitopes.

Further we examined the reactivity of two McAbs to

the 9AA length subsets of S5 and S2, the precise

locations of two epitopes were confirmed.



934 R. Hua et al. / Biochemical and Biophysical Research Communications 319 (2004) 929–935
In Western blotting analysis, epitope S2 was reactive
with immunized chicken sera. This indicated that

epitope S2 is a major epitope in chicken sera. In this

report epitope S2 is weakly reactive with convalescent

sera. Whether epitope S2 is a major epitope in human

needs further investigation. We did not test the reac-

tivity of epitope S2 to more convalescent sera.

By bio-informatics analysis, the amino acids from 1

to 769 formed the spherical head of the spike protein.
And the rest of the segment from 770 to 1225 formed the

stem portion and trans-membrane structure of spike

protein. So the epitope S5 located in stem portion and

epitope S2 located in spherical head of the spike protein.

Recently, Li et al. [14] have identified that angiotensin-

converting enzyme 2 (ACE2) is a functional receptor for

the SARS coronavirus. Following this report, Xiao et al.

[15] cloned, expressed, and characterized the full-length
and various soluble fragments of the S glycoprotein of

SARS-CoV (Tor2 isolate). They found that fragments

containing the N-terminal amino acid residues 17–537

and 272–537 but not 17–276 bound specifically to Vero

E6 cells and purified soluble receptor ACE2. And they

confirmed that the receptor-binding domain is located

between amino acid residues 303 and 537. Further more,

Wong et al. [16] recently reported that a 193-amino-acid
fragment of the S protein (residues 318–510) bound

ACE2 more efficiently than did the full S1 domain

(residues 12–672). And the residue 454 (aspartic acid) is

unmutationable in the receptor binding reactivity. The

epitope S2 (447–458) we identified here locates spang in

receptor binding domain. So our results could provide

useful information for further analyzing the function of

spike protein and prophylaxis of SARS.
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