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The structural glycoprotein E™s of classical swine fever virus (CSFV) is one of the
major antibody targets upon infection of pigs with the virus. Molecular dissection of
the structure of E™s would define the minimal immunodominant regions that induce
antibody responses after infection and may thus help design an effective diagnostic
reagent or vaccine. In this study, deletion analysis was made within amino acids (aa)
297 to 776 of the CSFV Alfort/187 polyprotein containing the large C-terminal portion
of the E™s protein (aa 27 to 227), the entire E1 protein (aa 1 to 195), and the N-terminal
portion of the E2 protein (aa 1 to 87). Various protein fragments with target deletions
from N- or/and C-terminal ends were constructed with pET30, expressed in
Escherichia coli and probed on Western blots with antisera from pigs infected with
CSFV. This has resulted in the identification within E™s of three overlapping anti-
genic regions: AR1(E™s,__ .- ,,5), AR2 (E™S__ o, 160) and AR3 (E™S,, ;09 599). N- or C-terminal
deletions as small as 3 residues introduced into these regions disrupt their reactivity
with antibodies, indicating that they are the minimum requirements for recognition
by pig antibodies. The three minimal antigenic regions correlated well with the
hydropathy profiles and the 3D structural model of E™s, Each individual region and a
protein fragment containing AR1, AR2 and AR3 reacted equally well with pig anti-
CSFV sera. Since variable and conserved sequences are present within the three
overlapping antigenic regions of E™s of different pestiviruses, specific serological
detection of CSFV infection or broad detection of pestivirus infections may be
achieved with the use of a single E™ region or a combination of two or three E™s
regions.
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structural glycoprotein.

Classical swine fever virus (CSFV) is an enveloped posi-
tive-stranded RNA virus (1) of the genus Pestivirus of the
Flaviviridae family (2). Other members classified into
this genus are bovine viral diarrhoea virus (BVDV) and
border disease virus of sheep (BDV). These viruses are
antigenically and genetically closely related. CSFV can
cause a highly contagious disease in pigs with substan-
tial economic loss. Like other members of the genus,
CSFYV contains a genome of approximately 12.5 kb with a
single large open reading frame that is translated to a
polyprotein precursor of approximately 4,000 amino
acids (aa). The polyprotein is cleaved co- and post-trans-
lationally by cellular and viral proteases into structural
proteins including C, E™s, E1, and E2, and nonstructural
proteins including NS2, NS3, NS4A, NS4B, NS5A and
NS5B (3).

The envelope glycoprotein E™ forms a disulfide-
bridged homodimer in the virion (4, 5). E™s is highly mod-
ified by N-linked glycosylation, which contributes about
50% to the molecular mass of E™s (6, 7). The C-terminal
region of E™ can translocate the full-length protein
across eukaryotic cell membranes (8). E™ can be found
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both on the surface of pestivirus-infected cells and in the
culture medium (6). The protein can bind to several cell
types and inhibits CSFV and BVDYV infection in cell cul-
ture, suggesting that E™s is involved in attachment to or
entry of the viruses into susceptible cells (9). The interac-
tion of E™s with the cell surface glycoaminoglycans
(heparan sulfate) contributes in part to the binding of the
virus to susceptible cells (10, 11). The E™ protein con-
tains ribonuclease activity (7, 12, 13), which is a unique
feature for a viral surface protein. Homology in two
stretches of the E™s sequence to members of the Rh/T2/S
RNase superfamily provides a structural basis for the
ribonuclease activity (5, 12). The biological function of
Em™s ribonuclease activity is not yet clear. Mutations in
E™s destroying the RNase activity give rise to viruses
that are more cytopathic in culture and are attenuated in
vivo (14, 15). Antibodies that inhibit ribonuclease activity
also tend to neutralize virus infectivity (7). The CSFV
Em™s is capable of inducing apotosis in lymphocytes of sev-
eral species (16); and although no data has been reported
to show that the RNase activity of E™s is related to its
toxicity, cytotoxicity is a feature of other soluble ribonu-
cleases (17).

Antibodies directed against E™s and E2 have been
demonstrated in infected animals (18-21). Monoclonal
antibodies to E™s (22) or E2 (23, 24) can neutralize virus
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Table 1. Primers used for molecular cloning.
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Primer?

SequenceP

Annealing sites (nucleotides)

Forward primers

P68 5-GGATCCGCAGAAGCTTGCATGGGATCTG-3' 1251-1272
P133 5'-ACAGGATCCTGGTACAATATAGACCCCTG-3' 1424-1443
P134 5-ACAGGATCCGACGTCAACGTGGTCACCCA-3’ 1535-1554
P135 5-ACAGGATCCGTGGAGGATATCTTGTATGG-3’ 1655-1674
P167 5-ACAGGATCCGAGTGCGCTGTGACTTGTAG-3' 1499-1518
P170 5-ACAGGATCCGTGACTTGTAGGTATGATAA-3’ 1508-1527
P171 5-ACAGGATCCAGGTATGATAAAGATGCTGA-3’ 1517-1536
P172 5-ACAGGATCCAAAGATGCTGACGTCAACGT-3' 1526-1545
P179 5-ACAGGATCCATGAATAGAACCCAAGCAAA-3’ 1454-1473
P216 5-ACAGGATCCGCCACAGACACGGAACTGAA-3’ 1310-1329
P217 5-ACAGGATCCAACTATACGTGCTGTAAGTT-3' 1367-1386
Reverse primers
P69 5-CTCGAGGGTCCCGTCGAACAGGAGCTCG-3' 2680-2701
P116 5-ACACTCGAGAAAGGAACCTGCCACGCA-3’ 2582-2599
P117 5-ACACTCGAGTGATGATATTGCGTACCTGTA-3’ 24622482
P118 5-ACACTCGAGGAGGAATGCCGTGGTTGATGC-3’ 23422362
P119 5'-ACACTCGAGAGCCACCTTGGTTTCATATG-3' 2244-2263
P120 5'-ACACTCGAGTGTGTCACAGCCTTCAGGTTC-3' 2123-2143
P131 5-ACACTCGAGTACATTACAGTAAGGTGATAG-3' 1856-1876
P132 5-ACACTCGAGTTGCCTCCCGAGCCAAGATG-3' 1776-1795
P140 5'-ACACTCGAGTATAGTGTTGGTCATTCCAT-3’' 1725-1744
P141 5-ACACTCGAGGAGCAAACTGCCGCACTCAT-3' 1680-1699
P142 5'-ACACTCGAGGGAAACATTGAAATTACATG-3' 1635-1654
P143 5-ACACTCGAGAGAAAAATTTTTTCCTTTCT-3' 1590-1609
P144 5-ACACTCGAGGTTTCTGGCCTGGGTGACCA-3’ 1545-1564
P145 5-ACACTCGAGCCTACAAGTCACAGCGCACT-3’ 1500-1519
P163 5-ACACTCGAGTTTTCCTTTCTTGCAGCCGG-3' 1581-1600
P164 5-ACACTCGAGCTTGCAGCCGGTCAGGGTTG-3' 1572-1591
P165 5-ACACTCGAGGGTCAGGGTTGTTGGCCTGT-3' 1563-1582
P166 5-ACACTCGAGGTTGACGTCAGCATCTTTAT-3’ 1524-1543
P218 5-ACACTCGAGTTTGCTTCTACCCTCCAACC-3’ 1815-1834

2Primers are synthesized based on the sequence of the CSFV strain Alfort/187 genome (29) (GenBank accession
No. X87939). PRestriction enzyme sites (BamHI, Xhol, and HindIII) incorporated at 5’ ends or contained in the

genome sequence are underlined.

infectivity, and both proteins can confer protective immu-
nity to pigs (25-27). The antigenic sites or regions of the
pestivirus E™s are not well defined, except that the C-
terminal end (37mer peptide) was shown, based on its
probable independent folding and good exposure in the
modular structure of E™S, to bind antibodies in sera from
infected animals (18). In this study, various truncated
forms of the CSFV E™ protein were expressed in
Escherichia coli and these recombinant products used to
map the binding regions of E™s for pig antibodies elicited
during infection. This has allowed for the definition of an
immunodominant region composed of three overlapping
immunogenic regions on E™$, which may thus have the
potential for diagnostic applications.

MATERIALS AND METHODS

Materials—E. coli strain INVaF’, DH5a, pCR2.1 vec-
tor, and Tag DNA polymerase were obtained from Invit-
rogen (Carlsbad, CA) while E. coli BL21(DE3)pLysS and
pPET30 vectors were purchased from Novagen (Madison,
WI). The anti-histidine tag monoclonal antibody was
obtained from QIAGEN (Santa Clarita, CA). Expand
Long Template PCR system (Taqg and Pwo DNA poly-

merase mixture) was obtained from Roche Diagnostics
(Laval, Quebec, Canada), and other molecular biology
reagents were purchased from New England Biolabs
(Mississauga, Ontario, Canada). The Wizard PCR Preps
DNA purification system, the Wizard Plus Minipreps
DNA purification system, M-MLV reverse transcriptase,
and rRNasin were from Promega (Madison, WI). The
GenElute Plasmid Minipreps kit was supplied by Sigma
(Oakville, Ontario, Canada). All chemicals were of com-
mercially available analytical grade. Classical swine
fever virus (CSFV) antisera were obtained from experi-
mentally infected swine (28).

RNA Extraction—Total RNA was extracted from a 75-
cm? flask of PK15 cells (monolayer), which had been
infected with CSFV strain Alfort/187 for 3 days, using a
TriPure isolation reagent (Roche Diagnostics) according
to the manufacturer’s instructions. The RNA pellet was
dissolved in diethylpyrocarbonate (DEPC)-treated RNase-
free water (50 pl) and stored frozen (—80°C) until use.

Synthesis and Cloning of CSFV ¢cDNA by RT-PCR—
c¢DNA was derived from the total RNA with reverse tran-
scriptase. Briefly, the RNA material (20 pul) was mixed
with 10 pl of random hexamer (0.5 mg/ml) and 137.5 pul of
H,0, heated at 70°C for 5 min, and cooled on ice. Then M-
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Encoded Reactivity with pig Fig. 1. Schematic representation

Construct Polypeptide anti-CSFV serum of deletion constructs and their
encoded products used to map

PET68-69 —— E™,.»mEIE2, ND the antigenic regions on E™s,

- E™ E1E2 Interactions of the recombinant pro-
pET68-116 aa 27227 22153 ND . . .

— . b teins with the antiserum from an
pET68-117 _ E™. 0 E1E2,, N experimentally CSFV-infected pig at
pET68-118 E™nmEl, e ND 44 dpi are analyzed by Western
pET68-119 - E™ . EL, Blots and the results indicated by +

T e + (specific reaction showing bands of
pET68-120 - | DRpupe 03 B + similar intensity), — (reaction not
pET68-131 E™, 50K, + detected) and ND (reaction not
pET68-132 L E™,, o + determined). The consensus region

ET68-140 L E™ among the antibody-reactive E™ms
P i L] ki + fragments is indicated by a shaded
PET68-141 - E™ s + box. Deleted residues are repre-
pET68-142 — E™, 0 + sented by a thin line.
pET68-143 ‘ E™ e +
pET68-163 - | D -
pET68-164 — Emn 27-139 -

PET68-165 E™, s -
pET68-166 i E -
PET68-145 = | DR -

ET133-131 | DR ) B +
: E
pET167-131 | DERPRP ) B +
pET170'131 — Emu 112—227E1u 17 -
pET171-131 Emnus-mElnm -
pET172-131 | DR 1) I -
pET134-131 — Emn 121-227E1n 17 -

PET135-131 bt E™iamBl, 10 -

MLV reverse transcriptase reaction buffer (50 pl, 5x),
dNTP (12.5 ul, 10 mM), rRNasin (10 pl, 30 U/ul) and M-
MLV reverse transcriptase (10 pl, 200 U/ul) were added,
and the mixture was incubated at 37°C for 1 h. The
reverse transcriptase reaction was terminated by heating
at 95°C for 5 min. The ¢cDNA thus synthesized was used
as template to amplify a DNA fragment corresponding to
nucleotides 1251 to 2701 of the CSFV strain Alfort/187
genome (29) (GenBank accession number X87939) by
PCR with primers P68 and P69 (Table 1) in a 50-pl vol-
ume (1x buffer 1; 1.75 mM Mg?*; 0.4 mM for each of
dATP, dCTP, dGTP and dTTP; 0.5 uM of each primer; 12
ul of template; 1 pl of Tag and Pwo DNA polymerase mix-
ture) using the Expand Long Template PCR System
(Roche Diagnostics). Reaction mixtures were incubated
in a GeneAmp PCR system 9700 thermocycler (Perkin
Elmer, Foster City, CA) for 2 min at 94°C , followed by 40
cycles of amplification at 94°C for 30 s, 56°C for 45 s, and
72°C for 4 min and a final extension for 10 min at 72°C.
The PCR product (about 1,450 bp) was purified with the
Wizard PCR Preps DNA purification system and ligated
into pCR2.1 to create pCR68-69.

Creation of Deletion Constructs—All DNA manipula-
tions were performed according to established procedures
(30). pET68-69 was generated by subcloning a ~1.45 kb
BamHI-Xhol fragment of pCR68-69 into the BamHI and
Xhol sites of pET30c. This expression construct contains
the CSFV sequence (nt 1251 to 2701) coding for the C-ter-
minal portion of the E™s protein (aa 27 to 227), the entire
E1 protein (aa 1 to 195), and the N-terminal portion of
the E2 protein (aa 1 to 87), corresponding to aa 294 to 776
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of the CSFV polyprotein. All deletion constructs were cre-
ated by amplification of a desired CFSV region from
pCR68-69 using PCR as described above with oligonucle-
otide primers listed in Table 1 and cloning into pET30a or
pET30c at either the BamHI and Xhol sites or the Hin-
dIII and Xhol sites. These constructs, named according to
the primers used in PCR, are: pET68-116, pET68-117,
pET68-118, pET68-119, pET68-120, pET68-131, pET68-
132, pET68-140, pET68-141, pET68-142, pET68-143,
pET68-144, pET68-145, pET68-163, pET68-164, pET68-
165, pET68-166, pET133-131, pET134-131, pET135-131,
pET167-131, pET167-142, pET167-143, pET179-143,
pET179-142, pET133-142, pET217-142, pET216-142,
pET167-141, pET167-140, pET167-132, pET167-218,
and pET133-218. The constructs were propagated in E.
coli strain INVoF’' and introduced into E. coli
BL21(DE3)pLysS for expression of deletion proteins. All
constructs were sequenced using an automatic sequencer
to ensure that the inserted gene segments were correct
and in frame at the fusion point. Each recombinant pro-
tein has an N-terminal fusion of 49-58 residues, includ-
ing a six-histidine tag, and an additional fusion of eight
residues at the C-terminal end.

Expression of Truncated CSFV Proteins, SDS-PAGE
and Western Blotting—E. coli strain BL21(DE3)pLysS
cells harboring the expression constructs were induced to
express recombinant proteins with 1 mM IPTG as
described (19).Whole cell proteins from induced cells
were analysed by SDS-PAGE and Western blotting.
Briefly, SDS-PAGE was performed by the method
described by Laemmli (31), using a 4% stacking gel and a
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Fig. 2. Western blot analysis of the products expressed from
several selected C-terminal deletion constructs (A) and N-
terminal deletion constructs (B). The total proteins from the
cells of each E. coli clone equivalent to 1 ml of culture with an Az, of
0.2 were analyzed by SDS-PAGE followed by Western blotting
probed with an anti-CSFV serum (1:250 dilution) from an experi-
mentally infected pig at 44 dpi. Panel A: Lane 1, pET68-131,
expressing E™S,, o7 907E1,, 1_7; Lane 2, pET68-132, expressing E™s,,
97907, Liane 3, pET68-140, expressing E™s o, 1q); Lane 4, pET68-
142, expressing E™,, 57 160; Lane 5, pET68-143, expressing E™s__ o,
15 Lane 6, pET68-144, expressing E™s,, »; 13, Panel B: Lane 1,
molecular weight standards; Lane 2, pET68-131, expressing E™s,,
97-207E 14, 13 Lane 3, pET133-131, expressing E™,, g4 971, 15
Lane 4, pET167-131, expressing E™S, 109 00;El,, 1 7; Lane 5,
pET170-131, expressing E™S,, 115 90;E1,, 1_7; Lane 6, pET134-131,
expressing E™S_ 5, 50;E1,, ;. The numbers on the left side of the
blots indicate the molecular mass of the standards in kilodaltons.

12% resolving gel in a Bio-Rad minigel apparatus (Bio-
Rad, Mississauga, Ontario, Canada). The proteins were
analyzed either through staining with Coomassie Blue or
by use of Western blotting. For Western blots, the pro-
teins were transferred to nitrocellulose membranes using
a Bio-Rad Trans-Blot SD semi-dry transfer cell. The blots
were probed with mouse anti-histidine tag mAb or CSFV
antisera from experimentally infected pigs (19). Bound
antibodies were detected by using horseradish peroxi-
dase (HRP)—conjugated goat anti-mouse IgG (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) or
HRP-conjugated rabbit anti—swine IgG antibodies (ICN
Pharmaceuticals Inc., Aurora, OH) and a 4-chloro-1-
naphthol-H,0, substrate kit (Bio-Rad) according to the
manufacturer’s instructions.

RESULTS

Mapping of Antibody Binding Sites on E™ by C-termi-
nal deletions—The CSFV protein-coding sequence in
pCR68-69 was used as a PCR template to generate a
number of expression constructs with defined deletions
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from the C-terminal end (Fig. 1). The focus of this work is
to define linear antigenic regions on E™s. Western blots
probed with anti-histidine monoclonal antibody (anti-His
mADb) failed to detect the expression of protein fragments
encoded by pET68-116, pET68-117 and pET68-118. All
other constructs were found to produce recombinant
proteins detected by anti-His mAb. Further deletions
from the C-terminal end resulted in an increase in the
level of protein expression for the protein fragments
B8 o 01-007E L 111360 E™%0a 272278100 12960 B0 97907 L0 175
Ems 97907 E™ 00 2721000 E™ a0 271750 E™ 00 272160, a0 E™ 0 97_145.
These fragments showed consistently strong reactions
with the antiserum from a pig infected with CSFV. The
reaction with the CSFV antiserum was essentially lost
with a further deletion from the C-terminal end of
E™s,, 57 145- Fragments that did not react with the CSFV
antiserum include E™S , o7 1a0, ES o0 10e and E™S o0 445
Figure 2A presents the Western blot results summariz-
ing the reaction of several C-terminally truncated pro-
teins with the CSFV antiserum. The region of 15 aa resi-
dues deleted from E™s, o, to E™,, o 15 was
investigated more closely through serial deletions of 3 aa
residues at a time by constructing E™_, 97 149, E™,. 97 159
and E™S_, o;_136. These three constructs expressed the pro-
tein fragments that were recognized by anti-His mAb and
had an apparent molecular weight close to the predicted
size, but none were detected by the CSFV antiserum on
Western blots. Thus, the truncated E™s retains the reac-
tivity with the CSFV antiserum until its C-terminal end
is deleted beyond Ser!45. The whole-cell protein samples
provided convenient internal negative controls for West-
ern blots, as the non-specific binding of the antisera or
monoclonal antibodies to irrelevant proteins (i.e., E. coli
proteins) was seen to be negligible compared to the bind-
ing to recombinant protein products.

Mapping of Antibody Binding Sites on E™ by N-Termi-
nal Deletion—As C-terminally deleted proteins such as
Ems | 97907E1,, 1_; appeared to be expressed more effi-
ciently in E. coli cells than the larger fragments, N-
terminal deletions were performed to generate various
protein fragments containing the same C-terminal end as
Ems 97 907E1,, 17 (Fig. 1). This C-terminal end was cho-
sen because the antibody-reactive region had been shown
to be located upstream; thus the amino acid sequences
downstream could be deleted with confidence that an
intact antigenic region is maintained. Sequences of 12 to
47 residues were serially deleted from the N-terminus,
resulting in four protein fragments, E™S, ¢4 07Kl 17,
Em™ o 100-207E Laa 17 ™00 191907810 17 and B8 161 997E 15, 1 7.
The reactivity with the CSFV antiserum was retained in
the former two fragments and clearly lost in the latter
two. The area between the N-terminal ends of E™S__ 49 997
El,, i ; and E™,, 191 99;E1,, 17 Wwas then more closely
examined through serial deletions of 3 aa residues at
a time to produce three protein fragments, E™S, 15997
El 10 E™ g 115007E 150 17 and E™ ;115 90,801, ;7. None of
these proteins was found to react significantly with the
CSFV antiserum. Figure 2B shows an example of West-
ern blotting results for the reactivity of several N-termi-
nally truncated proteins with the CSFV antiserum. It
was noted that the E™,, o7 50/E1,, 1 ;and E™S g4 00:E1,, 1 7
preparations contained additional smaller immunoreac-
tive protein bands (Fig. 2B), which may have resulted
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from proteolytic degradation. These deletion experiments
indicate that a N-terminally truncated E™ retains its
reactivity with the CSFV antiserum until a deletion
exceeds Glul®,

Expression and Antigenicity of Recombinant Proteins
Containing the Consensus Sequence Defined by Antibody-
Reactive E™ Fragments—N- and C-terminal deletion
experiments suggest that a 37 aa common sequence
present in all the immunoreactive fragments (Fig. 1)
between Glul® and Ser!# of E™s constitutes a major anti-
genic region. The common sequence, embedded in the
protein fragment E™s__ ;. 145 and in a slightly larger frag-
ment E™S,, 1 160 Was expressed from pET167-143 and
pET167-142 respectively and tested for reactivity with
the CSFV antiserum. Both polypeptides were expressed
in abundance, as evidenced by the strong reaction to anti-
His mAb; surprisingly, neither protein reacted with the
CSFV antiserum (Fig. 3, A and B). When both E™s_ ;0 145
and E™ . 140_160 Were further analyzed by Western blots
probed with 16 different CSFV antisera, a similar result
was noted. An example of a Western blot probed with one
of the 16 different CSFV antisera is shown in Fig. 3C; the
antiserum reacted with a larger E™ fragment, E™,, o7 507,
and a truncated E2 (19) but not with E™s_, ;00 140-

Localization of QOverlapping Antigenic Regions on

ms—The findings that E™s_, ;4 145 did not react with the
CSFV antiserum while E™S 04 50;E1,. 7, a larger pro-
tein fragment containing the same N-terminus as the
former (Fig. 1), reacted well with a number of different
CSFV pig antisera (data not shown) indicate that the
addition of a 88-aa CSFV sequence to the C-terminus of
E™s,, 109_145 can restore the reactivity of the protein with
the CSFV antisera. To determine the minimum C-termi-
nal addition required for the restoration of antigenicity,
the C-terminal end was extended from E™s,, ;o 145 by
13-17 residues at a time. Five such protein fragments,
E™ e 100-1600 E™%a 100175, E™a0 100-1000 E™aa 109207 and
E™s_ . 109-200» Were expressed from pET167-142, pET167-
141, pET167-140, pET167-132 and pET167-218 (Fig. 4),
respectively, and tested for reactivity with a CSFV
antiserum on Western blots. The antigenic property was
restored only with E™S_, 1,9 990, Which reacted with a sim-
ilar intensity to the larger fragment E™S, 49 50;E1,, 17
(Fig. 5A). Another finding that E™S , o7 145, with the same
C-terminus as E™S ;49 145, Teacted well with the CSFV
antiserum (Fig. 1) indicates that the antigenicity of
Ems 09145 can be restored by adding a 82-aa CSFV
sequence at its N-terminal end. Four proteins, E*™S_, o, 145,
Ernsaa 84-145> Emsaa 65-145> and Emsaa 46-145> Were expressed
from pET179-143, pET133-143, pET217-143, and pET216-
143 (Fig. 4), respectively, and analyzed with a pig CSFV
antiserum to determine the minimum N-terminal addi-
tion required for the restoration of antigenicity. The
immunological reactivity was achieved with E™S,, ¢ 145,
and E™s,, 4 .5 (Fig. 5B). Similar N-terminal addition
experiments were conducted with E™S ;00 1¢0. Four
protein fragments, E™5,, 9, 160, £, 84 160, B4 65-160, and
Em™s . 46-160 Were expressed from pET179-142, pET133-
142, pET217-142, and pET216-142 (Fig. 4), respectively;
all the proteins but E™ o 15, reacted with the anti-
CSFV serum (Fig. 5C). These experiments have identi-
fied three overlapping antigenic regions in E™ which
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Fig. 3. Western blot analysis of the two recombinant proteins
containing the consensus region defined by immunoreac-
tive E™ fragments. The total proteins from the cells of each E.
coli clone (pET167-143 and pET167-142) equivalent to 1 ml of cul-
ture with an Az, of 0.2 were analyzed by SDS-PAGE followed by
Western blotting probed with anti-His mAb at 0.05 pg/ml (A) and
with an anti-CSFV serum (B) at 1:250 dilution from an experimen-
tally infected pig at 44 dpi. The E™s,, 1,9_160 €xpressed from pET167-
142 was also analyzed with 16 different antisera from experimen-
tally CSFV-infected pigs. An example of a Western blot probed with
one of the 16 different CSFV antisera (C) is shown, i.e. the CSFV
antiserum from an experimentally infected pig at 166 dpi. Panels A
and B: Lane 1, purified truncated E2 (0.5 ng), expressed from
pETE2AB as a positive control (19); Lane 2, E™S 109 145, expressed
from pET167-143; Lane 3, E™S,, 149_160, €Xpressed from pET167-142.
Panel C: Lane 1, molecular weight standards; Lane 2, E™,, 109 1605
expressed from pET167-142; Lane 3, E™S, o, 507, expressed from
pET68-132; Lane 4, purified truncated E2 (0.5 pg), expressed from
pETE2AB as a positive control (19). The numbers on the left side of
the blots indicate the molecular mass of the standards in kilodaltons.

span 156 residues: antigenic region 1 (AR1) covering
Asn®_Ser!45, AR2 encompassing Trp%*—Ser!%’, and AR3
spanning Glu!®-Lys?20 (Fig. 4). Individually, the three
regions react similarly with CSFV antisera (Fig. 5). In
contrast, the fragment E™S__ o, ;-5, which is located within
this 156-aa region yet does not contain the complete
sequence of any region, showed no reaction with the
CSFV antiserum (Fig. 4).

Immunological Characterization of the E™ Fragments
Containing Overlapping Antigenic Regions—The protein
Ems_ es 160, €xpressed from pET217-142, reacts consist-
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Reactivity with pig
anti-CSFV serum

Fig. 4. Fine mapping of overlap-
ping antigenic regions on Em™s
with deletion constructs. The
encoded protein products were ana-
lyzed by Western blots probed with
the antiserum from an experimen-
tally CSFV-infected pig at 44 dpi,
and the results are indicated by +
(specific reaction showing bands of
similar intensity) and — (reaction
not detected). The three overlapping
antigenic regions are boxed and the
consensus region shaded. Deleted
residues are indicated by a thin line.

+ + o+ +

+ + 4+

Construct Pfl;:)z;l):i(:ie
pET68-142 | DR
pET216-142 E™ 0
pET217-142 E™ a0
pET133-142 | DN
pET179-142 | DR
pET167-142 E™ 160
pET68-143 E™ e
pET216-143 | D
pET217-143 | D
pET133-143 | DR
pET179-143 | DA
pET167-143 E™ ises
pET167-141 | D
pET167-140 | DR
pET167-132 | D
pET167-218 | DR
pET167-131 E™ i0anBluss
pET179-141 E™ e

ently with various CSFV antisera (Figs. 5C and 6). As
this polypeptide spans the complete sequences of AR1
and 2, it was of interest to determine how the other com-
binations of regions would react with various anti-CSFV
sera. The protein fragment E™_, ¢, oo Was produced from
the construct pET133-218 to cover AR2 and 3, and was
found to react in a consistent manner with 14 out of 16
different pig anti-CSFV sera, representing a range of ani-
mals and days post-infection. One such Western blot is
presented in Fig. 6. Similarly, the protein E™s, ¢ 50,
expressed from pET217-218 and containing the complete
sequences of AR1, 2 and 3, reacted strongly with various
CSFV antisera (Fig. 6).

DISCUSSION

This study reports the use of established recombinant
DNA techniques to dissect the CSFV structural protein
E™s in order to define the protein antigenic architecture
responsible for eliciting antibody responses during the
virus infection. A strategy that had successfully been
used for the definition of a minimal antigenic region on
the CSFV E2 protein (19) was applied to the construction
of various deletions of the CSFV E™s. Based on the reac-
tivity of various E™s deletion mutants (Fig. 1) with a pig
anti-CSFV antiserum, a consensus sequence of 37 resi-
dues (Glul®—Ser!45) on E™ was identified. Surprisingly,
an E™s fragment consisting of the consensus sequence

showed no reaction with the antiserum. Possible expla-
nations for this are that the consensus sequence may
contain only a partial antigenic region or that it may be
an antigenic region containing conformational epitopes.
A proposed 3D model of E™s (5) predicts this cysteine-rich
consensus region to be on a large surface-exposed loop
between helix 6 and helix 7. The likelihood of two
disulfide bonds existing in this region when the protein is
in its native form favors the probability of this sequence
containing a conformational epitope. By adding a mini-
mum sequence of E™s to either the N- or C-terminal end
of the consensus sequence, the reactivity of E™ frag-
ments with the CSFV antiserum was successfully
restored. This has led to the first identification of three
overlapping linear antigenic regions on E™s;: AR1 (Asn®—
Ser!45), AR2 (Trp8*-Ser!®) and AR3 (Glu!®-Lys220), These
are the minimal antigenic regions required for binding
pig anti-CSFV antibodies, since small N- or C-terminal
deletions introduced into the regions disrupt their reac-
tivity with the pig anti-CSFV antiserum (Figs. 1 and Fig.
4). Such deletions include 1YECA!!! and 4NFS145, Reac-
tivity of various E™s fragments including AR1, AR2 and
AR3 with a number of sera serially collected from CSFV-
infected pigs was also demonstrated by enzyme-linked
immunosorbent assay (ELISA) and further confirmed the
significance of the current findings (32). Recently Lange-
dijk et al. (18), on the basis of probable independent fold-
ing and good exposure in the modular structure of E™s,
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Fig. 5. Restoration of the immunological reactivity of E™s
109-145 DY C-terminal expansion (A) and by N-terminal expan-
sion (B), and E™S,, ;0 160 by N-terminal expansion (C). The
total proteins from the cells of each E. coli clone equivalent to 1 ml
of culture with an Ay, of 0.2 were analyzed by SDS-PAGE followed
by Western blotting probed with an anti-CSFV serum (1:250 dilu-
tion) from an experimentally infected pig at 44 dpi. Panel A: Lane 1,
molecular weight standards; Lane 2, E™,, 109 150, €xpressed from
pET167-142; Lane 3, E™ , 149 175 expressed from pET167-141; Lane
4, E™ . 109-190» €xpressed from pET167-140; Lane 5, E™S_, 149 597,
expressed from pET167-132; Lane 6, E™,, 109 999, €xpressed from
pET167-218, Lane 7, E™S,, 149 50;E1,,; 7, expressed from pET167-
131. Panel B: Lane 1, E™S__ ;,9_145, €xpressed from pET167-143; Lane
2, E™S, o4 145, expressed from pET179-143; Lane 3, E™,, ¢ 145,
expressed from pET133-143; Lane 4, E™s ¢ 145, expressed from
pET217-143; Lane 5, E™s, ;¢ 1,s, expressed from pET216-143; Lane
6, E™S,. 97145, expressed from pET68-143. Panel C: Lane 1, E™,, ;00
160> €xpressed from pET167-142; Lane 2, E™s_ o, .4, expressed from
pET179-142; Lane 3, E™s,, ¢4 160, expressed from pET133-142; Lane
4, E™ . e5_160, €xpressed from pET217—-142; Lane 5, E™ ¢ 160,
expressed from pET216-142; Lane 6, E™S,, 47 160, €xpressed from
pET68-142. The numbers on the left side of the blots indicate the
molecular mass of the standards in kilodaltons.

identified a 37 aa C-terminal region (aa 191-227), which
was recognized by antibodies elicited by pestivirus infec-
tions in pigs. An ELISA, based on a peptide containing
the C-terminal 37 residues, was developed for the sero-
logical diagnosis of CSFV infection. The three antigenic

Vol. 136, No. 6, 2004

o AR1
AR2 oo
Construct Encode‘d
Polypeptide
pET217-142 TTT E™ e
pET133-218 E™ o
pET217-218 TTT E™
Reactivity with pig
anti-CSFV serum
kDa 1 2 3 4 5
113
or | Y
499 | BN
35.1 | e
28.4 A’
[ —— M‘
L -
203 | w— —ho

Fig. 6. Detection of the E™s , .. ... fragment containing AR1
and AR2, the E™s,, ¢, »,, fragment containing AR2 and AR3,
and the E™S, .- .., fragment containing AR1, AR2 and AR3
with antisera from experimentally CSFV-infected pigs. The
total proteins from the cells of each E. coli clone equivalent to 1 ml
of culture with an Ay, of 0.2 were analyzed by SDS-PAGE followed
by Western blotting probed with various CSFV antisera. Here is
shown one example of a Western blot probed with CSFV antiserum
from an experimentally infected pig at 56 dpi. Lane 1, molecular
weight standards; Lane 2, purified truncated E2 (0.5 pg), expressed
from pETE2AB (19) as a positive control; Lane 3, E™S,, ¢ 160,
expressed from pET217-142; Lane 4, E™S,, ¢4 599, €xpressed from
pET133-218; Lane 5, E™s_ < oo, expressed from pET217-218. The
location of AR1, AR2 and AR3 and the expression constructs are
shown above the Western blot.

regions identified here are at least twofold larger than
the C-terminal regions of 37 residues reported by Lange-
dijk et al. (18). These regions are unique in that AR1 and
AR2 are located in the central region of E™S, completely
separated from the C-terminal antigenic region (aa 191—
227). AR3 is located in the C-terminal half of the protein
and overlaps with the C-terminal antigenic region
(aa 191-227) by 30 residues. Preliminary data (not shown
here) demonstrated that the E™S,, ;190 fragment contain-
ing two overlapping antigenic regions and excluding the
C-terminal region (aa 191-227) of Langedijk et al. (18)
reacted on Western blots with 24 of 31 different pig anti-
CSFV sera, representing a range of animals and days
post infection. This indicates that at least two of the anti-
genic regions identified are novel and distinct from previ-
ously published B-cell epitopes. Interestingly, the consen-
sus region of the three antigenic regions contained one
complete T-cell epitope and one partial T-cell epitope
sequence described previously (33). The overlap of B- and
T-cell epitopes in the same protein region has been dem-
onstrated for other viral antigens (34) and the CSFV E2
protein (33, 35).
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CSFV Alfort/187 NYTCCKLORHEWNKHGWCNWYNIDPWIQLMNRTQANLAEGPPAKECAVTCRYDKDADVNV 124
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BDV BD78 ..... R FH.E.R.W...K..N..T..Q.LR.......... E.EL.I
X818 ... Revevennn D N W...Kooonn T Eooooae, F..E..I.I
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I
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BDV BD78 ..... ) V.LDR....K..... V.FKE.D..NM. .E..IQIL.
X818 ... 3 K.ooo.. 8 F..N..S..F...... V..
AR3 <h
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2
GPE= i i i ittt ittt et i i i
Brescia = ....... 2
BVDV NADL .L..SL.G....T.KL.T K..G.L..K..NK
Osloss «e..8L.S....T.KL.T...... KKL. .K..NK
SD-1 .V..SL.S....T.KL.T K..G.L..K..NK
BDV BD78 Al G..V.T.KL.T...K..G.L..K..NK..
X818 NooVeeoooee. KL..... K..G.M..K..HK.

Fig. 7. Hydropathy profiles for the CSFV Alfort/187 E™s pro-
tein (A) and comparison of the CSFV Alfort/187 E™s sequence
containing the three overlapping antigenic regions with the
corresponding regions from other strains of pestiviruses (B).
Both Hopp-Woods and Kyte-Doolittle plots were generated using a
scanning window size of 8 amino acids. Bars above the profiles mark
the location of three identified overlapping antigenic regions AR1
(B, 65-145), AR2 (E™,, g4 160) and AR3 (E™5,, 149 99p). The E™s
sequences are from CSFV strains Alfort/187 (29) (GenBank acces-
sion No. X87939), ALD (39) (GenBank accession No. D49532), GPE-

It is interesting to note that several protein fragments
(B0 119 9978 g0 17 B0 115 9098105 17, E™ 00 118 997 100 19,
EmS o 191-007E 150 1.9, and E™S,, 161 557E 1., 1 ) containing the
C-terminal antigenic region (37 residues) were incapable
of reacting with the pig anti-CSFV serum (Fig. 1). This

(39) (GenBank accession No. D49533), and Brescia (40) (GenBank
accession No. M31768); BVDV strains NADL (41), Osloss (42) (Gen-
Bank accession No. M96687), and SD-1 (43) (GenBank accession No.
M96751); and BDV strains BD78 (44) (GenBank accession No.
U18330), and X818 (45) (GenBank accession No. AF037405). Amino
acid residues that match exactly those of the CSFV Alfort/187 Ems
are represented as dots. The three identified overlapping antigenic
regions AR1 (E™,, g5_145), AR2 (E™5, g4 140) and AR3 (E™,, 109 99) are
indicated by arrows. Potential N-linked glycosylation sites N-X-S/T
and one of the two E™s RNase active-sites are underlined.

result contrasts with the finding of Langedijk et al. (18).
One possible explanation for this discrepancy is the pres-
ence of conformational epitope(s) in the C-terminal anti-
genic region (37 residues), which is destroyed under the
denaturing conditions of SDS-PAGE used in the present

J. Biochem.
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study. To further investigate this possibility, E™S,, 151 997
E1,, .7, a protein fragment containing the C-terminal
antigenic region (37 residues), was purified by eluting
from a Ni-agarose column under non-denaturing condi-
tions as described (19) and used in ELISA to detect
serum antibodies from CSFV-infected pigs. The protein
fragment immobilized on an ELISA plate is capable of
reacting with anti-CSFV antisera (32). This result pro-
vides experimental evidence for the presence of confor-
mational epitope(s) in the C-terminal antigenic region
(37 residues).

Antigenic sites are typically located in the areas of
greatest local hydrophilicity. The hydropathy profiles of
Ems were constructed by the methods of Kyte-Doolittle
(36) and by the approach of Hopp-Woods (37) to inspect
how well the three identified antigenic regions correlate
with the local hydrophilicity of the protein (Fig. 7A). Both
methods predict a consensus hydrophilic area in the cen-
tral part of the protein where two of the three regions are
located. The third region has its two ends situated in
highly hydrophilic areas with the central part in a less
hydrophilic area. Thus, the three antigenic regions iden-
tified by the experimental approaches are consistent with
the E™s hydropathy profiles. The recent 3D model of Ems
(5), built based on disulfide bond connectivity and homol-
ogy modeling, reveals some surface-exposed structures or
areas within the three identified overlapping antigenic
regions, which are consistent with the present experi-
mental data and may represent the interface of antibody
binding.

Examination of the three overlapping antigenic
regions reveals the presence of two to three potential N-
linked glycosylation sites in each antigenic region (Fig.
7B). This implies that the three overlapping regions are
important immunogenic sites. However, the experimen-
tal data has demonstrated that the binding of expressed
regions to pig anti-CSFV antibodies appears to be inde-
pendent of glycosylation, as E. coli does not have glyco-
sylation capability. Also the C-terminal antigenic region
(37 residues) contains no glycosylation sites but reacts
with CSFV antisera (18). Thus, the E. coli expression sys-
tem is appropriate for defining E™ antigenic regions that
will help design small peptide antigens necessary for the
development of diagnostic tests such as fluorescence
polarization assay (38). The biological function of Ems
ribonuclease activity is not yet understood. Mutations in
Ems eliminating the RNase activity give rise to viruses
that are more cytopathic in culture and are attenuated in
vivo (14, 15). Antibodies that inhibit ribonuclease activity
also tend to neutralize virus infectivity (7). AR1 contains
one complete RNase active site (12), which partially over-
laps with AR2. It would be interesting to see if antibodies
directed against this active site are neutralizing, as this
would provide further evidence at the structural level of
a correlation between the antibody inhibitory effect on
Ems RNase activity and the antibody neutralization of
virus infectivity.

The study has successfully identified three unique
overlapping regions on E™s which are targeted by anti-
bodies during CSFV infection. These regions may thus
have the potential for use in diagnostic applications as
shown in a recent study (32). Comparison of the
sequences accommodating the three overlapping anti-

Vol. 136, No. 6, 2004

genic regions from different strains of pestiviruses (29,
39—45) (Fig. 7B) reveals that (i) these antigentic regions
are highly conserved among CSFV strains; (ii) ARI1 is
more conserved in both terminal regions among the
strains of pestiviruses with a variable central region; (iii)
AR2 is variable in both terminal regions with a conserved
stretch near the C-terminal end among the strains of pes-
tiviruses; and (iv) AR3 is variable in the C-terminal
region among the strains of petstiviruses with a rela-
tively conserved N-terminal end. This suggests that
while AR1 is less specific and may be capable of detecting
a pestivirus infection, AR2 and AR3 may prove to be
more specific for the detection of CSFV infection.
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