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ABSTRACT Hepatitis E virus is responsible for both spo-
radic and epidemic hepatitis in developing countries. The
nonenveloped virus is 27-34 nm in diameter and has been
shown to contain a single-strand, positive-sense, polyadenyl-
ylated RNA genome of -7.5 kilobases. The nucleotide sequence
of the Burma strain of hepatitis E virus has been reported and
three open reading frames (ORFs) have been identified. The
deduced amino acid sequence from each of these ORFs was
used to synthesize overlapping peptides (decamers overlapping
at every fourth amino acid) on a solid phase. These peptides
were then tested in an ELISA with pooled acute-phase sera
from known cases of enterically transmitted non-A, non-B
hepatitis collected in the Sudan. Linear B-cell epitopes were
identified in all three ORFs. Epitopes were identified through-
out the polyprotein encoded by ORF1, but they appeared to be
particularly concentrated in the region of the RNA-dependent
RNA polymerase. Distinct epitopes were identified in the
presumed structural protein encoded by ORF2, and one epi-
tope was identified dose to the carboxyl terminus of the protein
encoded by ORF3. These data precisely pinpoint linear B-cell
epitopes recognized by antibodies from patients with acute
hepatitis E and identify an antibody response directed against
the RNA-dependent RNA polymerase.

A major form of non-A, non-B hepatitis is the enterically
transmitted (ET-NANB) form that is known to frequently
occur in developing countries. Outbreaks of ET-NANB
hepatitis in Asia (1-3), USSR (4), Costa Rica and Mexico (5),
and several African nations (6) have generally been traced to
contaminated water (7, 8). Males and females appear to be
equally affected, and the clinical course is similar to that of
classic hepatitis A except for a high mortality rate (10-20%o)
in pregnant women (9, 10). There is no evidence of chronic
hepatitis following acute ET-NANB hepatitis (11).

Virus-like particles with a diameter of 27-34 nm have been
recovered from the stools of patients with ET-NANB hepa-
titis (10-12). The viral agent has been serially transmitted in
cynomolgus macaques (13-15), and a partial cDNA clone
from the responsible virus was isolated from infected cyno-
molgus bile (15). The hepatitis E virus (HEV) appears to be
distantly related to known positive-strand RNA viruses (16)
and has a genome of -7.5 kilobases (kb) that contains three
open reading frames (ORFs) encoding viral proteins (17).
ORF1, the largest of the three, extends -5 kb from the 5' end.
ORF2, the next largest, begins 37 base pairs (bp) downstream
ofORF1 and extends "2 kb to the termination codon present
65 bp from the 3'-terminal stretch of adenosine residues.
ORF3 partially overlaps ORF1 and ORF2 and contains only
369 bp (17). ORF1 is believed to encode nonstructural

proteins including an RNA-dependent RNA polymerase
(RDRP) (15, 16) and a helicase-like region believed to pro-
mote the unwinding of DNA-RNA duplexes, which are
required for genome replication, recombination, repair, and
transcription of viral genes (16). ORF2 encodes a protein with
a signal peptide at its amino terminus and a capsid-like
protein region with a high content of basic amino acids (17).
ORF3 overlaps both ORF1 and ORF2, and its expression as
well as that of ORF2 presumably involves subgenomic tran-
scripts that are coterminal with the 3' end ofthe virus (17, 18).
To identify immunologically relevant epitopes ofHEV, we

synthesized overlapping peptides on a solid phase, based on
the deduced amino acid sequences of the three ORFs ofHEV
(Burma; B) (17). The peptides were then tested for reactivity
with sera derived from documented cases of acute hepatitis
E from the Sudan (19). The present study demonstrates that
the human B-cell response to HEV in acutely infected
humans is directed against both nonstructural and structural
proteins of the virus and includes a prominent response
directed against the RDRP. The precisely identified epitopes
may be important in designing serological tests for diagnosing
acute infection and might represent determinants that are
critical for monitoring the immunologic response and out-
come of infection with HEV.

MATERIALS AND METHODS
Synthesis of Overlapping Peptides. The method of Geysen

et al. (20) was used in this synthesis. Briefly, decamers
overlapping by every four amino acids were synthesized on
polypropylene pin heads (Cambridge Research Biochemi-
cals, Northwich, U.K.). All peptides were synthesized in
duplicate. The amino acids used were pentafluorophenyl
esters of 9-fluorenylmethoxycarbonyl derivatives. The
blocks, each containing 96 polypropylene pin heads, were
immersed in dimethylformamide (DMF) (Baxter Healthcare,
Burdick and Jackson Div., Muskegon, MI) for 5 min followed
by deprotection in 20% piperidine in DMF for an hour. The
blocks were then washed in 1% acetic acid (Mallinckrodt) in
DMF for 5 min followed by a similar wash in DMF. After four
washes in methanol, the blocks were air-dried for an hour.
Prior to the addition of amino acids at a concentration of 30
mM, the blocks were allowed to sit in DMF for 5 min. The
amino acid derivatives were dissolved in an equimolar solu-
tion of 1-hydroxybenzotriazole (Sigma) in DMF. One hun-
dred microliters of the desired amino acids was dispensed
into appropriate wells of polypropylene microtiter plates,
which were then incubated overnight at room temperature.

Abbreviations: ORF, open reading frame; ET-NANB hepatitis,
enterically transmitted non-A, non-B hepatitis; HEV, hepatitis E
virus; RDRP, RNA-dependent RNA polymerase.
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The following day, after the blocks were washed once in
DMF and four times in methanol and air-dried as previously,
deprotection was performed. The above steps were repeated
until the desired number of amino acids had been added. The
N-terminal amino group was then acetylated in DMF con-

taining 10% acetic anhydride (Sigma) and 2% diisopropyl-
ethylamine (Sigma). After an incubation of 90 min at room
temperature, the peptides were deblocked for 4 hr in triflu-
oroacetic acid (Sigma) containing 2.5% phenol (Sigma) and
2.5% 1,2-ethanedithiol (Sigma). This was followed by washes
in dichloromethane (Aldrich) and in dichloromethane con-
taining 5% diisopropylethylamine. The blocks were then
air-dried and rinsed in distilled water and in methanol
(Mallinckrodt). After air-drying, the blocks were stored in
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FIG. 1. Graphical representation of reactive epitopes encoded by
the three ORFs. An epitope was considered reactive if (i) the optical
density resulting from the interaction of pooled sera from patients
with acute hepatitis E and peptide was .3-fold higher than the
interaction of the same peptide with the pooled control sera and (ii)
the peptide was adjacent to at least one other peptide that met the
same criterion. ORF1 encodes a protein of 1693 amino acids, ORF2
encodes a protein of 660 amino acids, and ORF3 encodes a protein
of 123 amino acids.

silica gel for at least 18 hr at room temperature prior to storage
at -200C. To monitor the synthesis, peptides with amino acid
sequences PLAQ and GLAQ were simultaneously synthe-
sized on control pins.
Human Sera. Serum samples from 11 Sudanese pediatric

patients (14 years of age or less) with acute hepatitis E
diagnosed by a Western blot assay (19) were pooled and
tested for reactivity to the overlapping peptides described
above. Serum samples from 11 control patients in the same
study (19) with no evidence of acute hepatitis E (as deter-
mined by Western blot assay) were also pooled and served as
a negative control.

Testing ofHuman Sera by ELISA. The blocks were allowed
to reach ambient temperature before incubation for an hour
at 370C in blocking reagent [5% bovine serum albumin
(Calbiochem), 0.05% Tween 20 (Sigma), and 0.05% sodium
azide (Fisher) in phosphate-buffered saline (PBS, pH 7.2;
GIBCO)]. The blocks were incubated overnight with the
appropriate serum sample (1: 100 dilution in blocking reagent)
or with PBS at 40C. All pooled sera were tested against the
duplicate syntheses. The PLAQ and GLAQ pins were tested
with commercially available murine sera (Cambridge Re-
search Biochemicals).
The following day the blocks were washed four times in

PBS (pH 7.2) containing 0.05% Tween 20 and 0.05% sodium
azide (wash buffer) and incubated for an hour at 370C with
alkaline phosphatase labeled goat anti-human IgG + IgM at
a 1:1000 dilution in the wash buffer. The PLAQ and GLAQ
pins received a similarly labeled goat anti-mouse IgG at a
1:1000 dilution. The blocks were once again washed as
described earlier and the color was developed by using a
commercially available phosphatase substrate kit (Kirke-
gaard and Perry Laboratories, Gaithersburg, MD). The in-
tensity of the color reaction was determined on the UVmax
(Molecular devices) at 405 nm. The readings obtained for
peptides incubated with PBS were then deducted from the
corresponding readings obtained with the serum samples.

Sonication of Blocks. After use, the blocks were washed in
PBS for 5 min prior to sonication at 47 kHz and 60'C in
sodium phosphate buffer (pH 7.2) containing 1% SDS (Sigma)
and 0.1% 2-mercaptoethanol (Sigma) for 40 min. Sonication

Table 1. Protein regions of HEV recognized by antibodies from
acute cases of ET-NANB hepatitis

Amino acids
Peptide position Sequence
ORF1

1 169-182 MSPSDVAEAMFRHG
2 221-234 YEGDTSAGYNHDVS
3 461-474 TAIRKALSKFCCFM
4 597-618 SQSTMAAGPFSLTYAASAAGLE
5 901-914 AWERNHRPGDELYL
6 1185-1198 DAPGLLREVGISDA
7 1205-1222 LAGGEIGHQRPSVIPRGN
8 1237-1254 CQISAFHQLAEELGHRPV
9 1285-1362 TFELTDIVHCRMAAPSQRKAVLST-

LVGRYGGRTKLYNASHSDVRDSLA-
RFIPAIGPVQVTTCELYELVEAMVE-
KGQDG

10 1377-1410 RITFFQKDCNKF-TTGETIAHGKVGQ-
GISAWSKTF

11 1421-1446 IEKAILALLPQGVFYGDAFDDTVFSA
12 1505-1518 PKESLRGFWKKHSG

ORF2
1 25-38 PSGRRRGRRSGGSG
2 341-354 LTITTAATRFMKDLY
3 517-530 TKVTLDGRPLSTIQ

ORF3
1 105-122 PSAPPLPHVVDLPQLGPR
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was followed by four washes in water and one wash in
methanol at 60TC. The blocks were then air-dried for an hour
prior to storage at -200C.

RESULTS
Pooled sera from patients with acute hepatitis E were termed
"reactive" with a particular peptide only if (i) the optical
density resulting from the interaction of the sera and peptide
was >3-fold higher than the interaction of the same peptide
with the pooled control sera and (ii) the peptide was adjacent

to at least one other peptide that met the same criterion. Since
adjacent peptides overlapped by four amino acids, significant
reactivity directed against two adjacent peptides strongly
suggests the presence of an epitope that is common to both
peptides.

Fig. 1 depicts the optical densities at 405 nm obtained for
the reactive peptides of one of the duplicate syntheses.
Reactivity with antibodies is localized to epitopes contained
within 12 discrete regions of the polyprotein encoded by
ORF1, to three discrete regions of the presumed structural
protein encoded by ORF2, and to one discrete region of the
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FIG. 2. Hydropathy profiles of proteins encoded by ORFi (A), ORF2 (B), and ORF3 (C). Positions of the 16 regions reactive with pooled
serum from patients with ET-NANBH are indicated below each profile. Positive values on the ordinate indicate hydrophobicity (phob); negative
values indicate hydrophilicity (phil).
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presumed structural protein encoded by ORF3. The se-
quence of each of these regions is listed in Table 1.
The hydropathy profiles (21) ofthe proteins encoded by the

three ORFs are shown in Fig. 2. Analysis of each of the 16
reactive regions described in Table 1 indicates that each
region contains at least one hydrophilic locus.

DISCUSSION
The present study precisely defines linear human B-cell
epitopes on proteins encoded by HEV by examining the
reactivities of synthetic peptides with pooled sera obtained
from patients with acute infection. The presence of at least
one hydrophilic site in each of the 16 reactive regions
identified in the present study is consistent with our current
understanding of the structure of B-cell epitopes (21). Fur-
thermore, comparison of the sequences of each of these
epitopes with a protein data base (Swiss-Prot, August 1991)
suggests that these epitopes are unique to HEV with only
minor homologies to previously reported proteins. A previ-
ous study examined the reactivities of sera from acutely
infected patients with recombinant HEV proteins expressed
in Escherichia coli (18, 19). The epitope on the structural
protein encoded by ORF3 (amino acids 105-122) identified in
the present study is located within an epitope (amino acids
91-123) identified on a protein expressed by the recombinant
Agtll clone 406.4-2(B) (18). However, a prominent epitope
defined in the ORF2-encoded structural protein (amino acids
613-660) expressed by the recombinant Agtll clone 406.3-
2(B) (18) was not identified in the present study. The absence
of reactivity to peptides synthesized in this region of ORF2
in the present study may be due to the lack of a proper
conformation required for recognition of this epitope or,
alternatively, to type-specific immune responses to geo-
graphically different strains of HEV. The present study is
somewhat limited because it identifies linear epitopes only
and not conformational epitopes. Since HEV cannot be
propagated in vitro and because of the scarcity of viral
particles in stool samples from infected individuals (3), it is
not possible at the present time to map conformational
epitopes that may be encoded by the virus.
Based on homologies of nonstructural proteins encoded by

other viruses, it is hypothesized that ORF1 encodes non-
structural viral proteins, including a helicase (16, 17) and an
adjacent RDRP (15-17). Although the gene encoding the
RDRP is located 3' to the helicase gene (17), it has not been
precisely determined where the helicase gene ends and where
the RDRP begins. The identification of consensus proteolytic
sites (26) suggests that the RDRP begins approximately at
amino acid 1207 of the deduced protein encoded by ORFi.
This would place a very concentrated region of human B-cell
epitopes (amino acids 1207-1446) entirely within the RDRP.
Although an antibody response directed against an RDRP
(the "virus infection-associated" or VIA antigen) has been
described in a guinea pig model of infection with foot-and-
mouth-disease virus (22), a prominent acute human antibody
response directed against an RDRP has not been described;
nor is it clear why the acute immune response should target
the RDRP. In the guinea pig model of infection with foot-
and-mouth-disease virus, viral replication in vivo was clearly
required for the generation of antibodies against the VIA
antigen (23). Perhaps the prominent response against the
RDRP represents a nonprotective response against a highly
antigenic region of the polyprotein, or perhaps antigens
derived from this region are processed and appear on the

surface of infected cells to serve as antigenic sites for various
antibody-dependent antiviral immune mechanisms such as
antibody-dependent cytotoxicity (24). Alternatively, the
RDRP may be virion-associated as has been described for
other viruses (25). Confirmation of these hypotheses awaits
the ability to propagate HEV in vitro.
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