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Abstract

S1D (residues 636-789) is a neutralizing epitope region on the spike protein (S) of porcine epidemic diarrhea virus (PEDV).
To accurately identify epitopes on S1D, the S1-phage library containing the gene encoding the S1D region of PEDV S protein
was micropanned by six specific monoclonal antibodies (McAbs) against the S1D region. These micropanned epitope regions
(MER) were focused on 696—779 amino acids of the S protein. To further map epitopes of the MER, seven overlapping mini-
fragments covering MER nucleotides were separately synthesized and expressed in Escherichia coli BL21 with a GST tag.
These mini-GST fusion proteins were scanned by ELISA and Western blotting with the six McAbs, and the result showed that
S1D5 (residues 744-759) and S1D6 (residues 756-771) are two linear epitopes of the PEDV S protein. The antisera of the
epitopes S1D5 and S1D6 could react with the native S protein of PEDV. Furthermore, Pepscan of the two linear epitopes
demonstrated that SS2 ("**YSNIGVCK’**) and SS6 ("**LQDGQVKI’"") are two core epitopes on S1D5 and S1D6, respectively,
located on the S protein of PEDV.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Porcine epidemic diarrhea (PED) is a highly
contagious, enteric disease of swine caused by porcine
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epidemic diarrhea virus (PEDV). The disease is
characterized by severe diarrhea, vomiting, dehydra-
tion, and death, and has a mortality rate of up to 90%
(Pensaert and Debouck, 1978; Timoney et al., 1998).
Since PED was first reported in Belgium and the UK in
1978, the disease has frequently broken out in many
swine-raising countries and has led to severe economic
losses in Asia, notably in China, Japan and Korea
(Chasey and Cartwright, 1978; Takahashi et al., 1983;
Kweon et al., 1993; Fan and Li, 2005).
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PEDV is an enveloped, positive-sense, single-
stranded RNA virus, which belongs to the genus
Coronavirus, in the family Coronaviridae, order
Nidovirales. The genome of PEDV is approximately
30 kb in length. Subgenomic mRNAs of PEDV are
transcribed from its genome RNA, and then are
translated to produce viral proteins such as spike
protein (S, 180-220 kDa), membrane protein (M, 27—
32 kDa) and nucleocapsid protein (N, 55-58 kDa)
(Egberink et al., 1988; Holmes, 2001; Brian and Baric,
2005). The S protein, a glycoprotein peplomer on the
viral surface, plays an important role in induction of
neutralizing antibodies, specific receptor binding and
cell membrane fusion (Duarte and Laude, 1994; Li
etal., 2007; Ma et al., 2005). These properties make the
S protein a suitable candidate for genetic engineering of
vaccines and diagnostic reagents.

Previously, we used antisera of PEDV to test the
antigenicity of four overlapping fragments spanning the
major immunodominant region (residues 1-789) of S
protein, and identified one antigenic determinant (S1D:
residues 636-789). The anti-S1D antibodies showed
neutralizing activity for PEDV-infected Vero cells (Sun
et al., 2007a). In order to provide some basis for the
development of vaccines and diagnostic reagents, it is
necessary to map the antigenic epitopes of the S1D
region and accurately determine important residues in
these epitopes. In this study, one micropanned epitope
region of S1D (MER: residues 696-779) was identified
by fd-tet phage display using six monoclonal antibodies
(McAbs). Further analysis of the MER was carried out
by ELISA, Western blotting and Pepscan using the six
McAbs. Two novel B cell epitopes, SS2 (residues 748—
755) and SS6 (residues 764—771), were identified in the
S protein of PEDV.

2. Materials and methods

2.1. Viruses, plasmid, bacterial strains and
expression vector

PEDV strain CV777 was kindly provided by
Pensaert MB. Plasmid DNA (pMD18-TS1) containing
the S gene (1-2367 bp) of PEDV strain CV777 had
been constructed previously (Sunetal., 2007b). A gene-
targeted fd-tet phage display library (S1-phage library)
containing DNA fragments ranging from approxi-

mately 50 to 400 bp of the gene encoding the S1 region
of PEDV S protein was established by our laboratory,
and the neutralizing epitope region S1D located in
S1 region of PEDV S protein (Sun et al., 2007a).
Escherichia coli strains MC1061 and K91BluKan, and
the phage display vector fUSE 1, were generous gifts
from Prof. George P. Smith, University of Missouri,
Columbia, USA.

2.2. Development of monoclonal antibodies
(McAbs)

The PEDV particles were purified by sucrose density
gradient centrifugation. Female 6-week-old BALB/c
mice were immunized with 50 g of purified PEDV
emulsified in complete Freund’s adjuvant (Sigma, St.
Louis, MO, USA). At 3-week intervals two boosters of
50 ng of purified PEDV emulsified in incomplete
Freund’s adjuvant (Sigma, St. Louis, MO, USA) were
administered, and mice were sacrificed 3 days after the
last booster inoculation. Spleen cells from immunized
mice were fused with SP2/0 myeloma cells using 50%
(v/v) of PEG1450 (Sigma, St. Louis, MO, USA), and
the fused cells were cultured in DMEM supplemented
with 20% FCS, HAT medium. Positive hybridoma
clones were selected by indirect ELISA using purified
S1D protein with a glutathione S-transferase (GST) tag
as coating antigen. The subtype of McAbs secreted by
the final hybridoma clones was identified using the SBA
Clonotyping™ System/HRP kit (SouthernBiotech,
Birmingham, AL, USA). Ascites fluid was produced
in primed BALB/c mice with incomplete Freund’s
adjuvant. Reactivity of the McAbs with the native S
protein was tested by ELISA and Western blotting.
Neutralizing activity of the McAbs was tested
according to the methods described by Hofmann and
Wyler (1989).

2.3. Micropanning of the S1-phage library with
McAbs

Ascites fluid containing six strains of McAbs, named
2C4,3G3, 5F8, 3G5, 6E6 and 3C3, was diluted to 1:200
in 0.1 M NaHCOj; (pH 9.6) and 100 pl of the dilution
was added to each well of the ELISA plate (Nunc,
Roskilde, Denmark). The ELISA plate was incubated at
4 °C for 12 h. The wells were then blocked with 5%
skimmed milk at 37 °C for 1 h. After washing three
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times with TBST (50 mM Tris-Cl pH 7.5, 150 mM
NaCl and 0.5% Tween 20), 100l S1-phages
(106 TUs) were added to each well and then incubated
at 37 °C for 1 h. After washing 10 times with TBST,
20 wl elution buffer (0.2 M glycine-HCI, pH 2.2) was
added to the wells and incubated at room temperature
for 10 min. Twenty microliters of elution buffer was
added to blank wells to serve as a mock eluate. Eluted
products were mixed with 4 pl neutralizing solution
(1 M Tris-Cl pH 9.1); 2 pl of the mixture was used for
TUs titration. Remnant elutes were used to infect 20 ml
of starved K91BluKan cells, and then binding-phages in
culture supernatant were purified by PEG8000/NaCl
(2.8%/0.55 M). The binding-phages were used for
micropanning as described above. After the third
binding-phages were titrated, 10 random clones of each
McAb were isolated. The DNA of infected cells from
the above single colonies was sequenced with primer:
fd-up 5-TTTTGGAGATTTTCA ACGTG-3', which
anneals at 1562-1581 bp of the fUSE 1 vector, to
identify phage containing the correct open reading
frame and the correct orientation of the S1D gene.

2.4. Phage ELISA

Two phage clones, which displayed 696-770
amino acids and 712-779 amino acids, were
designated as phage®® and phage’'?, respectively.
The overlapping region displayed by phage®®® and
phage’'? overlaid all other micropanned epitopes.
Phage®® and phage’'? were purified by PEG8000/
NaCl, and their TUs were titrated for standardization.
The ELISA plate wells were coated with 50 pl
purified phage®®® and phage’'? containing 10® TUs/
ml in coating buffer (50 mM Tris-Cl, 150 mM NaCl,
pH 9.0) and incubated at 4 °C for 12 h. After washing
the plate three times with TBST, 200 w1 of blocking
solution (5% skimmed milk in TBST) was added to
each well and incubated at 37 °C for 1 h, and then
100 .l of McAbs from ascites fluid diluted 1/200 was
added and incubated at 37 °C for 1 h. After washing
three times with TBST, 100 wl of HRP-conjugated
sheep anti-mouse IgG diluted 1/8000 in TBST was
added, and then incubated at 37 °C for 1 h. After the
addition of 100 pl substrate TMB solution and
incubation at room temperature for 10 min, the
reaction was stopped by 50 pl of 2 M H,SO,. The
absorbance at 450 nm was measured. Wild phage and

S1D recombinant protein were used as negative and
positive controls, respectively, and the mixtures of the
McAbs were used as their primary antibodies.

2.5. Expression of the micropanned epitope
region (MER)

Seven overlapping mini-fragments, which covered
the micropanned epitope regions (2085-2336 bp),
were separately synthesized according to the methods
described by (Table 1) Hua et al. (2004). These mini-
fragments were cloned into pGEX-6p-1 vector
(Amersham Pharmacia Biotech, New Jersey, USA),
and recombinant plasmids were transformed into E.
coli BL21. The fusion proteins expressed in E. coli
BL21 were purified according to the manufacturer’s
protocols (Pierce, Rockford, IL, USA). Using the
same procedure, GST protein was also purified for the
controlled trial.

2.6. ELISA of the recombinant proteins

The ELISA plate wells were coated with 1 pg/ml
purified recombinant protein in 0.1 M carbonate
buffer (pH 9.6) at 4 °C for 12 h and blocked with
5% skimmed milk at 37 °C for 1 h. After washing
three times with PBST, 100 .1 of McAbs from ascites
fluid, diluted 1/200, were added to the wells and
incubated at 37 °C for 1 h. The plates were washed
three times and incubated with 100 wl of HRP-
conjugated sheep anti-mouse IgG diluted 1/8000 in
TBST at 37 °C for 1h. Procedures of coloration,
termination and absorbance measurement were as for
the phage ELISA (Section 2.4).

2.7. Western blotting

The purified proteins and native S protein of
PEDV were separated by SDS-15% polyacrylamide
gel. After electrophoresis the separated proteins were
transferred to nitrocellulose membrane (NC). The
NC membranes were blocked with 5% skimmed milk
in PBS at 37 °C for 1h, and then incubated with
100 1 of McAbs from ascites fluid diluted 1/200 at
37 °C for 1 h. After washing three times with PBS,
the NC membrane was incubated with 100 pl of
HRP-conjugated sheep anti-mouse IgG diluted 1/
2000 in PBS at 37 °C for 1 h. The NC membrane was
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Table 1
Synthesized mini-fragments and deduced amino acid sequences

Deduced amino acid sequences *

9°pCSFSEQAAYVDDDIV!!

Mini-fragment names Sequences of synthesized mini-fragments (5’ — 3')

S1D1 (+) gatccccatgttctttttcagagcaggetgeatatgttgatgatgatatagtgtaag
(—) gggtacaagaaaaagtctcgtccgacgtatacaactactactatatcacattcaget

S1D2 (+) gatccgatgatatagtgggtgttatttctagtttgtctaactccacttttaactaag 7¥DDIVGVISSLSNSTEN?

(—) getactatatcacccacaataaagatcaaacagattgaggtgaaaattgattcaget

S1D3 (+) gatcctccacttttaacaatacctgggagttgectggtttcttctaccattcttaag 720STFNNTRELPGFFYHS”*

(—) gaggtgaaaattgttatggaccctcaacggaccaaagaagatggtaagaattcaget

S1D4 (+) gatccttctaccattctaatgatggetccaattgtacagagectgtgttggtgtaag 732FYHSNDGSNCTEPVLV’*

(—) gaagatggtaagattactaccgaggttaacatgtctcggacacaaccacattcaget

S1D5 (+) gatcccetgtgttggtgtatagtaacataggtgtetgtaaatctggeagtatttaag "4PVLVYSNIGVCKSGSI"™

(—) gggacacaaccacatatcattgtatccacagacatttagaccgtcataaattcagct

S1D6 (+) gatcctctggeagtattggetatgtcecacttcaggatggecaagtcaagatttaag 736SGSIGY VPLQDGQVKI"”!

(—) gagaccgtcataaccgatacagggtgaagtcctaccggttcagttctaaattcaget

S1D7 (+) gatcccttcaggatggccaagtcaagattgcacccatggttactgggaatatttaag 7LQDGQVKIAPMVTGNI""

(—) ggaagtcctaccggttcagttctaacgtgggtaccaatgaccettataaattcaget

Note: (+) sign denotes sense strands and (—) sign denotes anti-sense strands. At 5" and 3’ terminal of each sense strand there is a sequence of
“gatcc” (underlined) and “g” (shading), respectively. And at 3’ and 5’ terminal of anti-sense strand there is a sequence of “g” (shading) and
“caget” (underlined), respectively. When the sense and anti-sense oligo-nucleotides annealed they would form a cohesive BamHI site at 5’
terminus and a cohesive Sall site at 3’ terminus. At the end of mini-fragment encoding gene there is an additional taa sequence to form a stop
codon (bold).

# Location of the polypeptides encoded by these mini-fragments based on the sequence of S protein of PEDV strain CV777 (GenBank

accession no. AF353511).

washed three times with PBST and then coloration
was carried out in 3,3’-diaminobenzidine (DAB)
substrate solution.

2.8. Analysis of immunogenicity of the epitopes
S1D5 and S1D6

The GST fusion proteins of the epitopes S1D5
and S1D6 were purified according to the manu-
facturer’s protocols. Female 8-week-old BALB/c
mice were immunized with 50 pg of purified fusion
proteins emulsified in complete Freund’s adjuvant
(Sigma, St. Louis, MO, USA). At 3-week intervals
two boosters of 50 pg of purified fusion proteins
emulsified in incomplete Freund’s adjuvant (Sigma,
St. Louis, MO, USA) were administered. Antiserum
of GST protein was also prepared for the controlled
trial using the same procedures. Three mice were
immunized with each protein. The antibody levels
were examined by ELISA using the S1D-GST
fusion protein as coating antigen (data not shown).
To further verify whether antibodies against the
epitopes S1D5 and S1D6 could reacted with native S

protein of PEDV, an ELISA was carried out using
the purified PEDV as coating antigen. In ELISA,
antisera of the epitopes S1D5 and S1D6 were
diluted 100 times with PBS for detection, other
procedures were as for ELISA of the recombinant
proteins (Section 2.6). Neutralizing activity of
antibodies against the epitopes S1D5 and S1D6
was tested according to the methods described by
Hofmann and Wyler (1989).

Table 2
Sequence of the synthesized peptides corresponding to the epitopes
S1D5 and S1D6

Names Amino acids sequences and location on S protein®
SS1 T#4pPVLVYSNI™!

SS2 748YSNIGVCK ™

SS3 S2GVCKSGSI™

SS4 7368GSIGY VP’

SS5 7°GYVPLQDG?’

SS6 74LQDGQVKI™"!

SS7 74pYLVYSNIGVCKSGSIGY VPLQDGQVKI""!

? Location of the synthesized peptides based on the sequence of S
protein of PEDV strain CV777 (GenBank accession no. AF353511).
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2.9. Pepscan of the epitopes S1D5 and S1D6

In order to identify core amino acids on the
epitopes S1D5 and S1D6, seven polypeptides were
synthesized by CL Bio-Scientific Co., Ltd. (XiAn,
China). Location and sequences of the synthetic
peptides are shown in Table 2. Six polypeptides (SS1—
SS6) with four overlapping amino acids covered the
epitope region of S1D5 and S1D6; the SS7 polypep-
tide comprised all the peptides (SS1-SS6). The
Pepscan procedure was as follows. The ELISA plate
wells were coated with the synthetic peptides in 0.1 M
carbonate buffer (pH 9.6) at 10 wg/ml at4 °C for 12 h.
Other operations were the same as the phage ELISA
(Section 2.4).

3. Results
3.1. Screening of S1-phage library with McAbs

Six McAbs against the S1D region were prepared
by lymphocyte hybridoma technique. All six McAbs
could reacted with the native spike protein of PEDV
and had no neutralizing activity for PEDV-infected
Vero cells (data not shown). The S1-phage library was

71

micropanned using the six McAbs against the S1D
region. Sixty phage clones, comprising 10 clones
selected randomly from the binding-phages of each
McAb, were sequenced by the dideoxy method. The
result showed that polypeptides displayed by 55 phage
clones (with the exception of five meaningless
sequences) were focused on amino acids 696-779
(MER) of the S protein. Further analysis of the MER
demonstrated that 30 phage clones displayed amino
acids 696-770 (SME I) and 25 phage clones displayed
amino acids 712-779 (SME 1II) (Fig. 1A). The
reactivity of the micropanned phage clones with the
McAbs was tested by ELISA. The result indicated that
phage®® and phage’'?, which displayed SME T and
SME 11, respectively, were both able to react with the
six McAbs (Fig. 1B and C). These results clearly
demonstrated that the crucial epitopes on the S1D
region were located within amino acids 696-779 of
the PEDV S protein.

3.2. Mapping of the MER with McAbs by Western
blotting and ELISA

To further identify epitopes on MER, seven over-
lapping mini-fragments (Table 1) were expressed in E.
coli BL21 with a GST tag, and then these recombinant
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Fig. 1. The result of micropanning of the S1-phage library and the reactivity of phage®®® and phage’'? with McAbs. Schematic diagram of the
micropanned epitope region (MER) located in the PEDV S protein. (A) Gray histogram represents the whole MER, which includes two
overlapping regions, SME I and SME II. (B) The result of the phage®*® ELISA. (C) The result of the phage’'> ELISA.
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proteins were purified (Fig. 2A). The reactivity of the
purified proteins with the six McAbs was detected by
ELISA and Western blotting, respectively. Using
Western blotting, the S1D5-GST protein showed a
strong reaction with McAbs 2C4, 3C3 and S5SF8

Aw 1 2 3
116
66.2
45
35

25

12.4 -
14.4

(Fig. 2B), and the S1D6-GST protein showed a strong
reaction with McAbs 3G3, 6E6 and 3G5 (Fig. 2C). The
results of the ELISA were in accordance with those of
Western blotting (Fig. 2D). These results indicated
that S1D5 ("**PVLVYSNIGVCKSGSI*®) and
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Fig. 2. Purification of the recombinant proteins and detection of their antigenicity for McAbs by Western blotting and ELISA. (A)
Electrophoresis pattern of the purified recombinant protein on SDS-15% polyacrylamide gel. Lanes: (1) protein marker; (2-8) purified
proteins of SID1-GST, S1D2-GST, S1D3-GST, S1D4-GST, S1D5-GST, S1D6-GST and S1D7-GST, respectively. (B) Western blotting analysis
of the recombinant proteins with McAbs 2C4 (B1), 3C3 (B2) and 5F8 (B3). Lanes: (1-9) SID1-GST, S1D2-GST, S1D3-GST, S1D4-GST, S1D5-
GST, S1D6-GST, S1D7-GST, GST and PEDV, respectively. (C) Western blotting analysis of the recombinant proteins with McAbs 3G3 (C1),
6E6 (C2) and 3G5 (C3). Lanes: (1-9) SID1-GST, S1D2-GST, S1D3-GST, S1D4-GST, S1D5-GST, S1D6-GST, S1D7-GST, GST and PEDV,
respectively. (D) Detection of reactivity of the recombinant proteins with six McAbs by ELISA.
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Fig. 3. Reactivity of antisera against the epitopes S1D5 and S1D6
with PEDV by ELISA.

S1D6 (°SGSIGYVPLQDGQVKI"") are two linear
epitopes of the PEDV S protein.

3.3. Immunogenicity of the epitopes SID5 and
SID6

To detect immunogenicity of the epitopes S1D5
and S1D6, BALB/c mice were immunized using the
GST fusion protein S1D5 and S1D6. After immuniza-
tion three times, antibodies against the epitopes S1D5
and S1D6 could react with native S protein of PEDV in
ELISA (Fig. 3). But the antibodies induced by the
epitopes S1D5 and S1D6 had no neutralizing activity
for PEDV-infected Vero cells (data not shown).

3.4. Minimization of the epitopes SID5 and S1D6
with McAbs by Pepscan

In order to identify core amino acids on the epitopes
S1D5 and S1D6, Pepscan of seven synthesized peptides
(Table 2) was carried out with the six McAbs. In ELISA,
the SS2 polypeptide was recognized by McAbs 2C4,
5F8 and 3C3; the SS6 polypeptide was recognized by
McAbs 6E6, 3G5 and 3G3; and the SS7 polypeptide
showed a strong reaction with all the McAbs. These

3G5

BMeEs [H 204

i 363

data demonstrate that SS2 ("**YSNIGVCK’*%) and SS6
(764LQDGQVKI771) are core amino acids of the epito-
pes S1D5 and S1D6, respectively (Fig. 4).

4. Discussion

PEDV is an important pathogen causing viral
diarrhea in the swine industry (Carvajal et al., 1995;
Chae et al., 2000). Although much research has been
carried out on the general characteristics of PEDV, few
reports have been published on the functions of the
PEDV structural proteins, especially S protein. Like
those of other coronaviruses, the PEDV S protein plays
an important role in inducing neutralizing antibodies
(Duarte and Laude, 1994; Kang et al., 2006). Therefore,
the screening and identification of antigenic epitopes on
the PEDV S protein is essential for developing epitope-
based vaccines and diagnostic reagents.

In this study, phage display and Pepscan methods
were adapted for mapping epitopes of the neutralizing
epitope region (S1D, residues 636-789) of the PEDV
S protein. First, one epitope region (MER) was
identified on the S1D region of PEDV S protein by
phage display. Epitopes could not be determined
accurately because the inserts expressed on the surface
of the recombinant phages were overlength (approxi-
mately 200-300 bp). Second, more accurate identifi-
cation of the epitopes was performed based on the
method described by Hua, and two linear epitopes,
S1D5 and S1D6, were determined in the MER (Hua
etal., 2004). Antibodies against the epitopes S1D5 and
S1D6 could react with native S protein of PEDV in
ELISA, but the antibodies induced by the epitopes
SID5 and S1D6 had no neutralizing activity for
PEDV-infected Vero cells. The epitopes S1D5 and
S1D6 are 16 amino acids in length and have four

dsrs Bacs

Fig. 4. Pepscan of the epitopes SID5 and S1D6 with McAbs.
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overlapping amino acids. Generally, linear epitopes
are short stretches of the primary structure of proteins
and consist of six to nine or more continuous amino
acid residues. The Pepscan method was used to
identify core amino acids on epitopes S1D5 and S1D6,
the result showed that the core amino acids were
located at amino acids 748-755 (SS2) and amino acids
764-771 (SS6), respectively. It was found that
epitopes SS2 and SS6 were adjacent to epitope
S1P3 (residues 697—742) in the primary structure of S
protein. The epitope S1P3 was identified previously by
phage display using native antisera against PEDV
(Sun et al., 2007b). This result suggests that epitopes
SS2, SS6 and S1P3 represent a considerable immu-
nodominant region of PEDV S protein.

In the case of PEDYV, the S protein could not be
cleaved into S1 and S2 subunits, due to a lack of
proteolytic cleavage sites (Duarte and Laude, 1994;
Park et al., 2006; Yeo et al., 2003). However, the S1
domain (residues 1-789) and the S2 domain (residues
790-1383) have been artificially defined by the
conserved nonamer and the GxCx motifs at the
position of S protein cleavage sites in coronavirus
group II members (Follis et al., 2006). Based on bio-
informatics analysis of the S protein structure of other
coronaviruses, the S1 domain is thought to form the
spherical head of the S protein, and is easily accessible
to neutralizing antibodies. The S2 domain forms the
stem portion and trans-membrane structure of the S
protein, and it seldom induces antibodies because of
the inaccessibility of this region in intact virions
(Holmes, 2001; Wu et al., 2004; De Haan et al., 20006).
The epitopes SS2 and SS6 are presumed to be located
in the spherical head of the S protein of PEDV.

Recently, Chang reported one neutralizing epitope
region (residues 499-638) on the S protein of PEDV
(Chang et al., 2002). In addition, Cruz recently
identified a mocking epitope ('***GPRLQPY'*"*) that
has antigenic similarities with PEDV neutralizing
epitopes (Cruz et al., 2006). The epitopes SS2 and SS6
reported here are located in different regions of these
epitopes, as identified formerly, and they represent two
novel B cell antigenic epitopes of PEDV S protein.
The results of this study will provide some basic
information for further characterization of the anti-
genic structure of PEDV S protein, and identified
epitopes have a potential use for developing diagnostic
reagents and effective vaccines for PEDV.
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