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Fig. 1. Phylogenetic tree of the partial RNA polymerase region of the HEV genome. Twenty-four genotype 3 and 24 genotype
4 strains in Japan showed each significant cluster to have a high bootstrap value and to be distinct from other reference
sequences (USA, Canada and Japanese minor strains in genotype 3; Chinese strains in genotype 4). Genetic distances have
been transformed into a time scale of years by using estimates of the molecular clock (0-84 x 10™° nuclectide substitutions
per site year™"). Ten strains in bold are used for linear regression in Fig. 2. Strain names are followed by prefecture or city
names in Japan: Tok, Tokyo; Sai, Saitama; Sap, Sapporo; lwa, lwate; Kan, Kanagawa; Oki, Okinawa; Aom, Aomari; Nar, Nara;
Tot, Tottori; Nii, Niigata; Toc, Tochigi; Toy, Toyama. Asterisks indicate strains that were newly sequenced in this study.

Japan. In this study, we first estimated the evolutionary rate
of HEV by using Japan-indigenous genotype 3 and genotype
4 strains, which were phylogenetically distinct from the
other strains in foreign countries. Then, based on this evolu-
tionary rate, we traced the demographic history of HEV in
Japan.

For linear-regression analyses within significant clusters,
two independent datasets were applied: one was a Hyogo
cluster (genotype 3) with JMO-Hyo03L, JTH-Hyo03L, JSO-
Hyo03L, JYO-Hyo03L, JDEER-HyoO03L (these five isolates
were obtained in April 2003) and JBOAR1-Hyo04 (April
2004) (Takahashi ez al., 2004a), and another was a Sapporo
cluster (genotype 4) with JSM-Sap95 (March 1995), JKK-
Sap00 (November 2000), JYWSap02 (August 2002) and

JTS-Sap02 (September 2002) (Takahashi et al, 2004b).
GenBank accession numbers for these strains are given in
Fig. 1. To elucidate the epidemiological history of the HEV
population in Japan, 48 known and newly sequenced HEV
strains (n=24 for each of genotype 3 and 4) were used for
molecular-evolutionary analyses. The nucleotide sequences
of 28 strains for the molecular-clock analyses were deter-
mined in this study (the other 20 sequences dealt with in this
paper were available from GenBank).

Nucleic acids were extracted from serum samples (50 ul) by
using a commercial Smitest EX-R & D kit (Genome Science)
and precipitated in a 2 ml tube. The pellet was air-dried for
15 min and then suspended in 10 pl autoclaved distilled
water containing 10 U RNase inhibitor ml™' (TaKaRa
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Shuzo). A sequence spanning 821 nt in the RNA-dependent
RNA polymerase region (corresponding to nt 39614781 of
the prototype Burmese HEV strain; GenBank accession no.
M73218), including the GDD motif, was amplified by PCR
in three overlapping regions with 20-mer primers deduced
from known HEV sequences. Reverse transcription was
performed at 50 °C for 60 min with the Thermo-Script RT
system (Invitrogen), and the first- and second-round PCRs
were carried out in the presence of Platinum Taq DNA
Polymerase High Fidelity (Invitrogen). The final products
were sequenced in an ABI 377 DNA sequencer (PE Bio-
systems) with an ABI Prism BigDye kit (Applied Biosystems).
The sequences determined were utilized to confirm HEV
genotypes and to construct phylogenetic trees. The reli-
ability of the phylogenetic tree was assessed by bootstrap-
resampling tests.

A reconstructed tree was built on the RNA polymerase
region by using a heuristic maximum-likelihood (ML)
topology search with stepwise addition and nearest
neighbour-interchange algorithms. Tree likelihood scores
were calculated by using the HKY85 model (Hasegawa et al,,
1985) with the molecular clock enforced, using PAUP version
4.0b8. Using the estimated topology, all possible root posi-
tions were evaluated under a single-rate dated-tips (SRDT)
model with the computer software TipDate v1.2 and the
root thatyielded the highest likelihood was adopted (Rambaut,
2000). The program provided an ML estimate of the rate and
also the associated date of the most recent common ancestor
of the sequences, using a model that assumed a constant rate
of nucleotide substitution. The molecular clock was tested
by a likelihood-ratio test between the SRDT model and a
general unconstrained branch-length model [different-rate
(DR) model}.

For estimates of demographic history, a non-parametric
function N(1), also known as a skyline plot, was obtained by
transforming the coalescent intervals of an observed genea-
logy into a piecewise plot that represented an effective
population size through time (Pybus et al., 2001; Pybus &
Rambaut, 2002). A parametric ML was estimated by several
models with the computer software GENIE v3.5 to build a
statistical framework for inferring the demographic history
of a population on phylogenies reconstructed from sampled
DNA sequences (Pybus & Rambaut, 2002). This model
assumes a continuous epidemic process in which the viral
transmission parameters remain constant through time.
Model fitting was evaluated by likelihood-ratio tests of the
parametric ML estimates (Lemey et al., 2003; Pybus et al,
2003; Tanaka et al, 2005). Approximate 95 % confidence
intervals for the parameters were estimated by using the
likelihood-ratio test statistics.

A phylogenetic tree in the partia] RNA polymerase region of
the HEV genome is represented in Fig. 1. A functional gene,
such as the RNA polymerase gene, is suitable for molecular-
evolutionary analyses based on the neutral theory, because
the substitution of functional genes is based on the neutral
theory. The 24 genotype 3 and 24 genotype 4 strains in Japan

showed a significant cluster with a high bootstrap value,
which was the major Japanese cluster distinct from other
strains found in foreign countries by moleculir-evolutionary
analyses. Such a significant cluster is suitable for the
following coalescent analysis. Additionally, the tree topology
based on the RNA polymerase region, including functional
genes, was quite similar to that based on complete genomes
(data not shown).

To determine the evolutionary rate of HEV, the 48 Japan-
indigenous HEV strains (Fig. 1) were subjected to further
molecular-evolutionary analyses. The molecular-evolutionary
rate was estimated by two independent methods. In brief,
linear-regression analyses using highly similar strains, i.e. six
genotype 3 strains in Hyogo and four genotype 4 strains in
Sapporo, indicated that a molecular-evolutionary rate was

" (0-81-0-88) x 10~ nucleotide substitutions per site year '

(Fig. 2). Second, TipDate (v1.2) was used to compare the
DR model with the single-rate (SR) and SRDT models. The
SRDT model provided an adequate fit to the data (P>0-05;
see Supplementary Table S1,available in JGV Online). Based
on the SRDT model, the mean rate of nucleotide substitu-
tions was estimated to be (0-81-0-94) x 10> nucleotide
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Fig. 2. Linear-regression analyses within the partial RNA poly-
merase region for evolutionary rate of HEV. (&) The evolutionary
rate of genotype 3 in the Hyogo cluster is estimated to be
0-88 x 107° nucleotide substitutions per site year™'; (b) the
evolutionary rate of genolype 4 in the Sapporo cluster is
estimated to be 0-81x 107 nuclectide substitutions per site

year™'.
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substitutions per site year ', which was similar to the rate
for Hepatitis C virus (Ina et al., 1994; Tanaka et al., 2002).
When we used 0-84 x 10~ nucleotide substitutions per site
year™ ! which was based on all 48 sequences (24 genotype 3
and 24 genotype 4), the time of the most recent common
ancestor of Japan-indigenous genotype 3 was estimated to
be in the 1900s (95 % confidence interval, 1902-1917) and
that of genotype 4 was approximately in the 1880s (1881-
1898) (Fig. 1).

Based on the phylogenetic tree, the effective number of HEV
infections through time, N(1), was analysed by using a
skyline plot for the Japan-indigenous HEV strains. The
parameters for several models in GENIE v3.5 were examined
(see Supplementary Table S2, available in JGV Online).
Time t was then transformed to year by using the constant
rate (0-84 x 10> nucleotide substitutions per site year™ "),
assuming the collecting time to be the present. Fig. 3 shows
the skyline plots and population growth for the HEV strains,
according to a specific demographic model in GENIE v3.5

with three parameters and a piecewise-expansion growth
model, which was evaluated by likelihood-ratio testing (Ina
et al, 1994; Lemey et al,, 2003; Pybus et al,, 2003; Tanaka
et al, 2005). Qur estimates of the effective numbers of
HEV infections showed a transition from constant size to
exponential growth in the 1920s (95 % confidence interval,
1916-1930) among the genotype 3 population (Fig. 3a),
whereas the rapid exponential growth among the genotype 4
population was dated in the 1980s (1978—1990) (Fig. 3b).

Because the natural course of HEV infection in human
beings and animals is usually transient, not persistent as in
the cases of hepatitis B and C viruses, it is almost impossible
to estimate the molecular-evolutionary rate of HEV by using
serial samples from an individual host. However, even
though HEV does not persist in individual hosts, it could
persist in the community by hopping from host to host
successively. The first study attempting to estimate the
number of synonymous mutations per synonymous site (k)
of Hepatitis A virus (HAV) was reported by Sanchez et al.

Fig. 3. ML estimates of M) on the effective
number of (a) HEV genotype 3 and (b) HEV
genotype 4 infections in Japan. The para-
metric model is indicated by the grey line
and stepwise plots by the black line, which
represent corresponding non-parametric esti-
mates of N() (humber as a function of time).
Genetic distances have been transformed
into a time scale of years by using estimates
of the molecular clock in the partial RNA
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(2003). The estimated k; values from HAV strains isolated
from a clam-associated outbreak varied from 0-038 for VPO
to 0-29 for VP1. Similarly, we estimated the evolutionary
rate of HEV by using Japan-indigenous genotype 3 and
genotype 4 strains isolated over time. The rate was esti-
mated to be approximately 0-8 x 10~ nucleotide substitu-
tions per site year ' by two independent methods, which
was around half of our previously estimated rate (Takahashi
et al, 2004b). One of the reasons is that the molecular-
evolutionary rate would depend on estimated genes; the
previous report (Takahashi e al, 2004b) used complete
sequences, whereas this study used only RNA polymerase
sequences. Another reason is that the previous extrapolation
of substitution rate on pairwise (direct) comparisons can
give overestimates of the molecular clock and hence diver-
gent times of HEV species, as reported previously (Ina et al,
1994). Based on the molecular clock, we traced the demo-
graphic history of HEV in Japan and the indigenization time
was suggested to be similar (approx. 1900), but the spread
time was quite different, between HEV genotypes 3 and 4
(1920s versus 1980s). Interestingly, in addition, the evolu-
tionary growth of genotype 3 has been quite slow since the
1920s, whereas genotype 4 strains have spread rapidly in
Sapporo since the 1980s.

Zoonosis has been implicated in HEV transmission. The
first animal strain of HEV to be isolated and characterized
was a swine HEV from a pig in the USA in 1997 (Meng et al,,
1997). Since then, many swine HEV strains, which exhibit
extensive genetic heterogeneity, have been identified world-
wide and shown to be genetically related closely to strains
of human HEV (Chandler et al., 1999; Hsieh et al, 1999;
Huang et al., 2002; Okamoto et al., 2001; Wang et al., 2002).
Recent findings suggested an interspecies HEV transmission
between boar and deer in their wild life (Takahashi et al,
2004a) and that both animals might serve as an infection
source for human beings. More recently, wild mongoose was
newly added to the list of HEV-reservoir animals in Japan
(Nakamura et al., 2006). Notwithstanding the importance of
these wild animals, pigs for food must be the major reser-
voirs of HEV: a recent Japanese study indicated that anti-
HEV antibodies were detected in 1448 (58 %) of 2500 pigs
from 2 to 6 months of age at 25 commercial swine farms in
Japan (Takahashi et al,, 2003). The importance of transmis-
sion of HEV from pigs to humans was further supported by
a recent field study in Indonesia: Muslim people, for whom
it is a taboo to eat or contact pigs, were significantly less
frequently positive for anti-HEV than Hindu people (2-0 vs
20%) (Surya et al., 2005).

Our molecular-evolutionary analyses suggested that HEV
entered Japan around 1900. If we have traced the origin of
Japan-indigenous HEV correctly back to about 100 years
ago, what happened at that time in relevance to HEV’s
indigenization? Several kinds of Yorkshire pig were
imported for the first time in the history of Japan from
the UK in 1900, by the Japanese government’s policy to
introduce excellent domestic animals for food in Western

countries to Japan, as a measure to nutritionally strengthen
the people {especially soldiers) of this formerly vegetarian
country. Since then, the Yorkshire pigs have been pro-
pagated in Japan and, in the 1930s, thousands of pigs were
reported all over Japan (http://okayama.lin.go.jp/history/
2-3-1-2.htm), suggesting that the domestic spread of HEV
might have been associated with the popularization of pigs
for food in Japan. Indeed, a previous phylogenetic analysis
of a 304 bp nucleotide sequence (ORF2) obtained from the
two UK swine strains showed a close relationship with
Japanese swine strains in genotype 3 (Banks et al, 2004),
indicating that Japanese genotype 3 may have been imported
from the UK. On the other hand, Japanese genotype 4 strains
were related phylogenetically to Asian strains in Taiwan and
China.As the HEV found in wild boars livingin the Iriomote
Island, near Taiwan, was of genotype4 (unpublished results),

" the source of Japanese genotype 4 might be from Taiwan or

the mainland of China. Note that a phylogenetic analysis
showed that the Japanese swine and human HEV strains
segregated into four clusters [three genotype 3 clusters (one
major Japanese and two minor clusters) and one genotype 4
cluster], with the highest nucleotide identity being 94-4-
100% between swine and human strains in each cluster
{Takahashi et al., 2003), suggesting that swine have served as
one of the most important reservoirs for HEV to be trans-
mitted to humans. The possible risk factor for transmission
of HEV was to have eaten uncooked or undercooked pig
liver and/or intestine 1-2 months before the onset of
hepatitis E in Hokkaido, Japan (Mizuo et al, 2005). Such
eating habits, which are particularly unique to those living in
Holkkaido (Sapporo is one of the big cities there) in recent
decades, might be one of the reasons that HEV has been
widespread in this area since 1990, as supported by our
molecular-evolutionary analyses in this study.

In conclusion, based on our present data, the indigenization
and domestic spread of HEV in Japan are proposed to have
been associated with the importation and popularization of
pigs for food in Japan. However, there still remains a possi-
bility of different scenarios. Another animal(s) might have
carried the virus to Japan: for example, mongoose was
imported from India to Japan in 1910 (Nakamura et al,
2006).
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Hepatitis E virus (HEV) is a noncultivable virus that causes acute liver failure in humans. The virus’s major
capsid protein is encoded by an open reading frame 2 (ORF2) gene. When the recombinant protein consisting
of amino acid (aa) residues 112 to 660 of ORF2 is expressed with a recombinant baculovirus, the protein
self-assembles into virus-like particles (VLPs) (T.-C. Li, Y. Yamakawa, K. Suzuki, M. Tatsumi, M. A. Razak,
T. Uchida, N. Takeda, and T. Miyamura, J. Virol. 71:7207-7213, 1997). VLPs can be found in the culture
medium of infected Tn5 cells but not in that of Sf9 cells, and the major VLPs have lost the C-terminal 52 aa.
To investigate the protein requirement for HEV VLP formation, we prepared 14 baculovirus recombinants to
express the capsid proteins truncated at the N terminus, the C terminus, or both. The capsid protein consisting
of aa residues 112 to 608 formed VLPs in SI9 cells, suggesting that particle formation is dependent on the
modification process of the ORF2 protein. In the present study, electron cryomicroscopy and image processing
of VLPs produced in Sf9 and Tn5 cells indicated that they possess the same configurations and structures.
Empty VLPs were found in both Tn5 and Sf9 cells infected with the recombinant containing an N-terminal
truncation up to aa residue 125 and C-terminal to aa residue 601, demonstrating that the aa residues 126 to
601 are the essential elements required for the initiation of VLP assembly. The recombinant HEV VLPs are
potential mucesal vaccine carrier vehicles for the presentation of foreign antigenic epitopes and may also serve
as vectors for the delivery of genes to mucosal tissue for DNA vaccination and gene therapy. The results of the
present study provide useful information for constructing recombinant HEV VLPs having novel functions.

Hepatitis E virus (HEV), which causes severe acute liver
failure, belongs to the genus Hepevirus in the family Hepeviri-
dae (22). HEV contains an approximately 7.2-kb single-
stranded positive-sense RNA molecule (21). The RNA is 3'
polyadenylated and includes three open reading frames
(ORF). ORF1, mapped in the 5’ half of the genome, encodes
viral nonstructural proteins (7, 12). ORF2, located at the 3’
terminus of the genome, encodes a protein-forming viral cap-
sid (11, 25). ORF3, mapped between ORF1 and ORF2, en-
codes a 13.5-kDa protein that is associated with the membrane
as well as with the cytoskeleton fraction (27). This protein is
shown to be phosphorylated by the cellular mitogen-activated
protein kinase (6, 8). The ORF3 protein may have a regulatory
function (6, 8). Ever since HEV was first discovered in 1980
and visualized by immune electron microscopy in 1983 (2),
many efforts have been made, using different expression sys-
tems, to express the structural protein (5, 11, 17, 26). It is
particularly important to characterize the viral protein because
so far no practical cell culture system for growing HEV is
available. Only one neutralization epitope has been identified;
it maps between amino acids 578 and 607 of the ORF2 protein
{pORF2) (18).

* Corresponding author. Mailing address: Department of Virology
II, National Institute of Infectious Diseases, Gakuen 4-7-1, Musashi-
Murayama, Tokyo 208-0011, Japan. Phone: (81)-42-561-0771. Fax:
(81)-42-561-4729. E-mail: litc@nih.go.jp.

The expression of foreign proteins in baculovirus systems
opens the prospect of studying HEV capsid assembly, since
virus-like particles (VLPs) of pronounced spikes on the surface
can be formed with the recombinant protein expressed with
this system (11, 25). This VLP is capable of inducing systemic
and mucosal immune responses in experimental animals (9).
With an oral inoculation of 10 mg of recombinant HEV VLPs,
cynomolgus monkeys can develop anti-HEV immunoglobulin
M (IgM), IgG, and IgA responses and protect against HEV
infection (10). All these data suggest that VLPs are a candidate
HEV vaccine.

The VLPs produced from Tn5 cells appear as T=1 icosahe-
dral particles, which are composed of 60 copies of truncated
pORF?2 (25). The protein contains two distinctive domains: the
shell (S) domain forms the semiclosed icosahedral shell, while
the protrusion (P) domain interacts with the neighboring pro-
teins to form the protrusion. The projection of T=1 recombi-
nant HEV VLPs appears as spikes decorated with spherical
rings (25), which fits with the morphology obtained from neg-
atively stained HEV native virions. The diameter of these
VLPs, 27 nm, is less than that reported for partially purified
native virions (16). However, VLPs retain the antigenicity of
the native HEV virion by designated antigenic sites at the P
domain and by the capsid connection at the S domain. The
particles appear empty, with no significant RNA-like density
inside. The N-terminal region of pORF2 is rich in positively
charged amino acid residues and may interact with RNA mol-
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TABLE 1. Oligonucleotides used in the construction of baculovirus recombinants
}iecombl.n ant Forward primer® Reverse primer?
aculovirus

Ac[nl11}

Ac|nl111c52]
Acfn111c58]
Acfn111c59]
Ac[n111c60]
Ac[nl11c64]
Ac[nl11c72]

Ac[c52] CAGGATCCATGCGCCCTCGGCCTATTTTGTTGCTGCT
Acfni23] AAGGATCCATGGATGTCGACTCTCGCGGCGCCATCTT
Ac[n124] AAGGATCCATGGTCGACTCTCGCGGCGCCATCTT
Ac[n125] AAGGATCCATGGACTCTCGCGGCGCCATCTTGCG
Ac[n126] AAGGATCCATETCTCGCGGCGCCATCTTGCGCCG
Ac[n130} CAGGATCCATGATCTTGCGCCGGCAGTATAATCTATC

Ac[n125¢59] AAGGATCCATGGACTCTCGCGGCGCCATCTTGCG

AAGGATCCATGGCGGTCGCTCCAGCCCATGACACCCCGCCAGT
AAGGATCCATGGCGGTCGCTCCAGCCCATGACACCCCGCCAGT
AAGGATCCATGGCGGTCGCTCCAGCCCATGACACCCCGCCAGT
AAGGATCCATGGCGGTCGCTCCAGCCCATGACACCCCGCCAGT
AAGGATCCATGEGCGGTCGCTCCAGCCCATGACACCCCGCCAGT
AAGGATCCATEGCGGTCGCTCCAGCCCATGACACCCCGCCAGT
AARGGATCCATGGCGGTCGCTCCAGCCCATGACACCCCGCCAGT

GGTCTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
AATCTAGACTATGCTAGCGCAGAGTGGGGGGCTAARA
AATCTAGACTAGGCTAAAACAGCAACCGCAGAGATGG
AATCTAGACTATAAAACAGCAACCGCAGAGATGGAGA
AATCTAGACTAAACAGCAACCGCAGAGATGGAGACGG
AATCTAGACTAAGAGATGGAGACGGGACCAGCACCCA
AATCTAGACTAACCCAGGCTAGTGGTGTAAGTGGAAA
AATCTAGACTATGCTAGCGCAGAGTGGGGGGCTARAA
GGTCTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
GGTCTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
GGTCTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
GGTCTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
GGICTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
AATCTAGACTATAAAACAGCAACCGCAGAGATGGAGA

¢ BamHI (underlined) and an initiation codon (bold) are indicated.
® Xbal (underlined) and a stop codon (bold) are indicated.

ecules (21). Thus, the deletion of the N-terminal 111 amino
acid (aa) residues and the insufficient volume of the central
cavity may lead to the failure of RNA encapsidation (25).

Cell type dependence in the VLP formation of the recom-
binant capsid protein was observed when aa residues 112 to
660 of ORF2 were expressed with a recombinant baculovirus in
two insect cell lines, TnS and Sf9. In Tn5 cells, two major
bands, having molecular masses of 58 kDa (58K} and 53 kDa
(53K), were found in the cell lysate, while a peptide in the
VLPs comprising a 53K protein was found in the culture me-
dium. The 53K protein has been designated as either the 50K
or 54K protein in previous studies (9, 11). In Sf9 celis, an
additional peptide with a size between that of 58K and that of
53K was found in the cell lysate. However, no VLP was recov-
ered from the culture medium. In TnS cells, terminal sequenc-
ing revealed that 58K and 53K proteins have the same first 15
aa in the N terminus and that a posttranslation cleavage by
cellular protease(s) occurred at the pORF2 C termini and
converted 58K into 53K. An independent but similar observa-
tion was obtained when pORF2 of the Pakistani strain was
expressed in S{9 cells (17) where several immunoactive pro-
teins were detected in the cell lysate, and a 53K protein was
secreted into the culture medium, but no VLP was found.
Further investigation of pPORF?2 expression in Sf9 and TnS5 cells
may allow us to understand the mechanism underlying the
subunit assembly and particle formation of the recombinant
HEV capsid.

We analyzed particle formation with pORF2 containing a
series of truncated deletions at the N- and/or C-terminal re-
gion. In both Sf9 and Tn5 cells, amino acid residues 126 to 601
appeared to form the pORF2 core structure and were capable
of self-assembling into VLPs, These results indicated that the
cell dependence on particle formation is due to the difference
between Sf9 and Tn5 cells in the modification process of
pORF2.

MATERIALS AND METHODS

Generation of recombinant baculoviruses and expression of capsid proteins.
DNA fragments encoding the N- and/or C-terminal aa-truncated pORF2 were
amplified by PCR using plasmid pHEVS5134/7161 as a template. Plasmid
pHEVS5134/7161 containing a full-length genotype 1 (G1) HEV pORF2 was

described previously (11). The primers used in the construction of baculovirus
recombinants are shown in Table 1. Amplified DNA fragments were purified by
using a QIAGEN PCR purification kit (QLAGEN, Valencia, CA), digested with
restriction enzymes, and ligated with baculovirus transfer vector pVL1393
(Pharmingen, San Diego, CA). An insect cell line derived from Spodoptera
frugiperda (519) (19) (Riken Cell Bank, Tsukuba, Japan) was cotransfected with
a linearized wild-type Autographa californica nuclear polyhedrosis virus DNA
(Pharmingen), and the transfer vectors were cotransfected by the Lipofectin-
mediated method as specified by the manufacturer (Gibco BRL, Gaithersburg,
MD). The cells were incubated at 26.5°C in TC-100 medium (Gibco BRL)
supplemented with 8% fetal bovine serum and 0.26% Bacto tryptose phosphate
broth (Difco Laboratories, Detroit, MI). The proteins in the culture medium and
cell lysate were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and analyzed by Western blot assay using serum from a
patient with acute hepatitis E (11). Each recombinant virus was plaque purified
three times. The baculovirus recombinants thus obtained were designated as
Ac[nl11], Acn111c52], Ac[n111c58], Ac[n111c59], Ac[nil1c60], Ac[nl1lc64],
Acfnl11c72], Ac[c52], Ac[n123], Ac[n124], Ac[n125], Ac[n126], Ac[n130], and
Ac[n125c59]; a schematic diagram is shown in Fig. 1. Both insect Sf9 and TnS
cells, the latter from a Trichoplusia ni insect cell line, BT-Tn-5B1-4 (Invitrogen,
San Diego, CA), were infected with recombinant baculoviruses at a multiplicity
of infection of 10 and incubated for 5 days at 26.5°C as previously described (11,
23).

Purification of VLPs. The culture medium was harvested on day 5 after
infection. The intact cells, cell debris, and progeny baculoviruses were removed
by centrifugation at 10,000 X g for 90 min. The supernatant was then spun at
25,000 rpm for 2 h in a Beckman SW28 rotor, The resulting pellet was resus-
pended in 4.5 ml EX-CELL 405 at 4°C overnight. After mixing with 1.96 g of
CsCl, the sample was centrifuged at 35,000 rpm for 24 h at 4°C in a Beckman
SW50.1 rotor. The visible white band (at a density of 1.285 g/mi) was harvested
by puncturing the tubes with a 21-gauge needle, diluted with EX-CELL 405
medium, and then centrifuged again in a Beckman TLA45 rotor at 45,000 rpm
(125,000 X g) for 2 h to remove CsCl. The VLPs were placed on a carbon-coated
grid, and the proteins were allowed to be absorbed into the grid for 5 min. After
being rinsed with distilled water, the sample was stained with a 1% aqueous
uranyl acetate solution and examined with a Hitachi H-7000 electron microscope
operating at 75 kV.

Terminal amine acid sequence analysis. The VLPs were further purified by 5
t0 ~30% sucrose gradient centrifugation at 35,000 rpm for 2 h in a Beckman
SW50.1 rotor, The visible white band was harvested as described above, diluted
with EX-CELL 405, and again centrifuged at 45,000 rpm for 2 h in a Beckman
TLASS rotor to precipitate the VLPs. N-terminal aa microsequencing was car-
ried out using 100 pmol of the protein by Edman automated degradation on an
Applied Biosystems model 477 protein sequencer, and C-terminal aa sequencing
was performed by Applied Biosystems.

SDS-PAGE and Western blot analysis. Dispersed insect cells were incubated
for 20 min at room temperature to allow the cells to attach to cuiture flasks in
TC-100 (S cells) or EX-CELL 405 (Tn5 cells) medium. The culture medium
was removed, and the cells were infected with the recombinant baculoviruses at
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FIG. 1. Genome organization of HEV and schematic diagram of recombinant baculovirus vectors, DNA fragments encoding N- and C-terminal
aa-truncated ORF2 were prepared by PCR with the primers listed in Table 1 and were used to construct 14 recombinant baculoviruses. Full-length
pORF?2 consisted of 660 aa. The N- and C-terminal aa numbers of the truncated protein are indicated.

a multiplicity of infection of 10. Virus adsorption was carried out for 1 h at room
temperature, and then the cells were incubated at 26.5°C. The proteins in the cell
lysate and in the culture medium were separated by 10% SDS-PAGE and stained
with Coomassie blue, For Western blotting, the proteins in the SDS-PAGE gel
were electrophoretically transferred onto a nitrocellulose membrane. The mem-
brane was then blocked with 5% skim milk in 50 mM Tris-HCI (pH 7.4)-150 mM
NaCl and reacted with a patient’s serum from an acute phase. Human IgG
antibody was detected by using alkaline phosphatase-conjugated goat anti-hu-
man immunoglobulin (1:1,000 dilution) (DAKO A/S, Copenhagen, Denmark).
Nitroblue tetrazolium chloride and 5-bromo-4-chioro-3-indolyl phosphate P-
toluidine were used as coloring agents (Bio-Rad Laboratories).

Cryo-electron microscopy (cryo-EM) and image reconstruction. A 3-pl drop
of purified HEV VLP (1 mg/ml) was applied onto holey carbon film. After
extra solution was wiped away with filter paper, the grid was rapidly plunged into
liquid ethane surrounded by liquid nitrogen. Thus embedded in a thin layer of
vitrified ice, the specimen was then transferred via a Gatan 626 cryo-transfer
system to a Philips CM120 microscope. The specimen was observed at liquid
nitrogen temperature and photographed at a magnification of 45,000, Each area
was photographed twice, with defocus levels of 1 wm and 3 wm, respectively. The
electron dose of each exposure was less than 10 electrons/A2. The selected
electron micrographs were digitized with a Zeiss scanner at a step size of 14 jum,
corresponding to 3.1 A at the specimen. The images were reconstructed accord-
ing to icosahedral symmetry with Fourier-Basel procedures (4, 28). Briefly, the
particle orientation and center of each image were estimated with the EMPFT
program, where the structure of Tn5-produced HEV VLP was used as the initial
model (1). The first reconstruction was generated {rom selected images and used
as a model to refine the oricntation and center paramcters. After itinerant runs
of EMPFT, the parameters were stable and appeared unchanged from one
EMPFT run to another. The final reconstruction was computed by combining
353 images at a resolution of 23 A. The surface-rendering map was generated
with the NAG Explorer program combined with custom-created modules.

Mass spectrometry. The mass spectrometry experiment was done with a Re-
flex T[T mass spectrometer from Bruker, equipped with gridless delayed extrac-
tion. The samples were mixed with an equal volume of a saturated solution of
sinapinic acid (Sigma Chemical Co., St. Louis, MO) in 33% (vol/vol) acetonitrile
and 0.1% (volivol) trifluoroacetic acid. On the target plate, a thin layer was
prepared with a saturated solution of sinapinic acid in ethanol. A sample volume
of 0.5 ! was applied to a thin layer of sinapinic acid and ailowed to crystallize.
Data were acquired in the linear instrument mode. Data were processed and
evaluated by XMASS software from Bruker.

RESULTS

C-terminal 52-amino-acid deletion is necessary for forma-
tion of VLPs in Sf9 cells. To understand the mechanism un-
derlying VLP formation in Sf9 and Tn5 cells, we prepared a
series of baculovirus recombinants expressing pORF2 with dif-
ferent deletions at the N- and/or C-terminal region (Table 1
and Fig. 1). The cell lysate and culture medium of infected
insect cells were analyzed by Western blotting. In a previous
study, the N-terminal 111 aa-truncated HEV pORF2 was ex-
pressed by a recombinant baculovirus, Ac[n111], in both insect
cells (11). Two major proteins, ~58K and ~53K, were de-
tected in both cell lysates. The 53K protein was released into
cell culture medium and assembled into VLPs in Tn5 cells but
not in S9 celis (11).

Analysis of the N- and C-terminal aa sequences of the VLPs
revealed that the N terminus was at aa residue 112 and the C
terminus ended at aa residue 608, indicating that the C-termi-
nal 52 aa of ORF2 were deleted. The protein that forms VLPs
contains 497 amino acids (112 to ~608), and its molecular
mass was about 53K. An N-terminal 111 aa- and C-terminal 52
aa-truncated construct, Ac[n111c52], was generated, and the
protein was expressed in both Sf9 and Tn5 cells. As expected,
a single 53K protein was found in both 59 and Tn5 cell lysates
(Fig. 2, Ac[n111c52] lanes in Sf9 and Tn5). Interestingly, these
53K proteins were released into both culture media as VLPs,
as observed by electron microscopy (Fig. 3). The particle ap-
peared empty and homogenous in size. Therefore, C-terminal
truncation to aa residue 608 is crucial for particle formation
and release into Sf9 cells.

Ac[n111¢58] and Ac[nl11c59] encode truncated pORF2s
with an N-terminal 111-aa deletion and respective C-terminal
deletions of 58 and 59 aa. The expressed proteins migrated to
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FIG. 2. Western blot assay of truncated pORF2 expressed in Sf9
and Tn5 cells. Eight recombinant baculoviruses, Ac[nill],
Ac[n111c52], Ac[n111c58], Ac[n111c59], Ac[n111c60], Ac[n1llc64],
Ac[nl11ic72], and Ac[c52], were used to infect the insect cells. Ten
microliters of the culture medium (right column) and 5 pl of the cell
lysate (left column) were separated by 10% SDS-PAGE, and HEV-
specific proteins were detected by Western blot analysis using the
serum of a patient with acute hepatitis E. M, molecular weight mark-
ers; W, wild-type baculovirus-infected cells.

a position similar to that of 53K and appeared in both cell
lysates as well as in the culture medium (Fig. 2); both were also
assembled into VLPs (data not shown). In contrast, truncated
pORF2Z from Ac[n111c60], Ac[n111c64], and Ac[n111c72] was
not released into the culture medium to detectable levels, and
VLP was not formed even though protein expression remained
similar to those of the other constructs (Fig. 2). Instead, a

FIG. 3. EM of the HEV VLPs generated in Tn5 (A) and Sf9
(B) cells with recombinant baculovirus Ac[n111¢52]. The VLPs were
stained with 2% uranyl acetate. Bar, 100 nm.

J. VIROL.

protein with a molecular mass of 42 kDa was detected in both
of the cell lysates as well as in the culture medium by Western
blot analysis. When pORF2 with a C-terminal 52-aa deletion
was expressed with a recombinant baculovirus, A¢[c52], two
major proteins, 65K and ~53K, were observed in infected Tn3
and Sf9 cell lysates 5 days postinfection (p.i.). However, these
two proteins were not detected in their culture media (Fig. 2,
Ac[c52] lanes in Sf9 and Tn$5). These results indicated that aa
residues before 601 were essential to the formation of VLPs.

VLPs produced in Sf9 and Tu5 cells possess the same con-
figurations and structures. The morphology of the VLPs gen-
erated in Sf9 cells appeared to be similar to that generated in
TnS5 cells, as observed in the negatively stained particles (Fig.
3). To investigate the structural properties of these two re-
leased VLPs, we performed cryo-electron microscopy and im-
age processing using VLPs produced in Tn5 cells. The electron
cryomicrographs showed that the particle projected as a spiky
hollow sphere, indicating that no RNA-like density was packed
inside the capsid (Fig. 4A). The image processing was done
according to the icosahedral procedure, The rotational sym-
metry of 522 was applied to reconstruct the final three-dimen-
sional structure. The reconstructed VLP displayed a T=1 sur-
face lattice with protruding density located at each of 30
twofold axes (Fig. 4B). The VLP was composed of 60 copies of
pORF2, and the protruding density consisted of dimerie, pro-
jecting domains from twofold-related peptides. The particle
diameter was 270 A, measured from the three-dimensional
reconstruction. The protein shell was 85 A thick at the twofold
axes. A channel can be observed under each protruding den-
sity. The protruding density was about 43 /f high, and the
twofold platform was 56 A in the long axes (data not shown).
The threefold-related dimers formed a regular triangle, and
the dimer-dimer distance was 76 A measured from center to
center (Fig. 4B). Molecular interactions at the icosahedral
threefold region appeared much stronger than those at the
fivefold region. There was no significant difference in radial
density distribution between Tn5- and Sf9-produced VLPs
(Fig. 4C).

We further determined the composition of the particles ob-
tained from Sf9 and Tn5 cells using mass spectrometry (Fig. 5).
HEV VLPs produced from Tn5 and 59 cells with recombinant
baculovirus Ac{n111c52] were analyzed. In both cases, the ma-
jor density peak was monitored at the position corresponding
to a mass of 53 kDa. The peak was symmetrically distributed,
and a shoulder tip can be found in both cases. The shoulder tip
was about 1 kDa larger than the main density peak. The signals
further confirmed that the molecular mass of truncated
pOREF2 was 53 kDa, disregarding the production cell lines.

Essential N-terminal amino acids for VLP formation. De-
letion of the N-terminal 111 residues is necessary for particle
formation, which is consistent with our previous observation
(11). The subsequent question is how many amino acids can be
removed from pORF2 N termini without changing its capabil-
ity to form VLPs. We made five constructs to express proteins
with 123-, 124-, 125-, 126-, and 130-aa deletions at the N
terminus by using five recombinant baculoviruses: Ac[n123],
Ac[ni24], Ac[n125], Ac[n126], and Ac[n130], respectively. As
shown in Fig. 6, three proteins, having molecular masses of 58
to 51 kDa, were detected by Western blotting in both cell
lysates at 5 days p.i., and the largest bands (58 to ~57K) were
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FIG. 4. HEV VLP structures determined by cryo-electron microscopy and image reconstruction. (A) Cryo-electron micrograph of ice-
embedded HEV VLPs produced from Tn5 and Sf9 cells. The bar corresponds to 100 nm. (B) Surface-shaded representation of HEV VLP
structures viewed along icosahedral twofold axes. VLPs from both Tn5 (left panel) and Sf9 (right panel) cells were color coded according to the
radius, as indicated in the scale bar. The adjacent protruding spikes remain at equal distances of 76A (white lines). The asterisks mark the positions
of three adjacent icosahedral fivefold axes. (C) Sequential radial density projections generated from the twofold-oriented density map at
corresponding radii. The protein density appears as the light color, while the background density is black.

thought to be the primary translation products encoded by culture medium, where VLP formation occurred in Ac[n123]-,
N-terminal 123, 124, 125, 126, and 130 aa-truncated ORF2. In Ac[n124}-, and Ac[n125}-infected Tn5 cells (data not shown).
Tn5 cells, a C-terminal 52-aa-deleted product, about 51K pro- Although the 51K protein was released into the culture me-
tein, was the major protein to be efficiently released into the dium, no VLP formation occurred in Ac[n126}- or Ac[n130]-
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F1G. 5. Mass spectra from purified HEV VLPs displayed as the counts of isotope abundance (a.i.) versus mass/charge values (m/z). HEV VLPs
produced from Tn5 (top panel) and Sf9 (bottom panel) cells with recombinant baculovirus Ac[n111c52] gave consistent mass spectra in which the
abundant elements show similar m/z values at 53,000, 107,000, and 160,000.

infected Tn5 cells. In contrast, the 51K protein was not re-
leased into the culture medium in infected Sf9 cells (Fig. 6).
These results demonstrated that aa residues after 125 were
essential to the formation of VLPs.

When Ac[nl125¢59], an N-terminal 125 aa- and C-terminal
59 aa-truncated recombinant baculovirus, was expressed in Sf9
and TnS5 cells, the 51K protein was detected in both cell lysates
and the culture media, where VLP formation occurred in both
insect cell types (Fig. 6). This confirmed our observation that a
C-terminal deletion of 52 to 59 amino acids was required for
particle formation when Sf9 cells were used.

DISCUSSION

HEV is enigmatic due to the virus’s inability to grow in
conventional cell culture. Large quantities of the HEV capsid
protein carrying antigenicity and immunogenicity comparable
to those of the native virion have been generated for a long
time, because the capsid protein is a key molecule for the
diagnosis of hepatitis E as well as for vaccine development.

We previously found that when an N-terminal 111 aa-trun-

cated ORF?2 protein was expressed in Tn5 and Sf9 cells, two
major peptides, having molecular masses of 58 and 53 kDa,
were generated in both cells, and only the 53-kDa protein
generated in Tn5 cells was released into culture medium and
self-assembled into VLPs (11). The 58K protein presented the
primary translation product, and the 53K protein is a process-
ing product from the 58K protein. In this study, we examined
the difference between Tn5 and S9 cells in HEV ORF2 gene
expression and found that when a recombinant baculovirus
(Ac[n111c52]) harboring a construct of the C-terminal 52-aa
deletion was used, no difference between Sf9 and Tn5 cells in
protein translation and particle formation was found. The ob-
servation that Ac[nl11] failed to produce VLPs in Sf9 cells
raised a question about the posttranslation modification in
insect cells. In Tn5 cells, the levels of protein expression by
Ac{n111] and Ac[n111c52] appeared to be similar. Therefore,
it is likely that the 58K protein was incorrectly processed in S{9
cells, thus affecting VLP assembly.

In addition, when Sf9 insect cells were infected with
Ac[nl111), the expressed proteins were localized in the cyto-
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FIG. 6. Expression of N-terminally truncated pORF2 in Sf9 and
Tn5 cells infected with Ac[n123], Ac[n124], Ac[n125], Ac[n126],
Ac[n130}, and Ac[n125¢59]. A Western blot assay was carried out as
described in the legend to Fig. 2. Ac[n111} was included for the ex-
pression of the 58K and 53K proteins. M, molecular weight markers;
W, wild-type baculovirus-infected cells.

plasm and observed as inclusion-like bodies (one to four struc-
tures per cell) by EM (25). In contrast, when Sf9 cells were
infected with Ac[n111c52], there were no inclusion-like bodies
(data not shown), and the expressed proteins were localized
evenly in the cytoplasm. Concomitantly, expressed protein was
poorly detected in the culture medium from Ac[nll11]-infected
Sf9 cells at 3 days p.i., whereas a large amount of the 53K
protein was detected in the culture medium from Ac[n111¢52]-
infected Sf9 cells. These findings suggest that the C-terminal aa
of ORF2 might affect the localization, and subsequently the
release, of the capsid protein from the insect cells. However,
we do not yet know whether the VLPs form before release in
infected cells or after release in culture medium.

The presence of Leu60l in pORF2 is important for the
formation of HEV VLPs. A protein with a longer (580 to 610)
deletion of aa residues was aberrant in protein folding; this
may reduce the ORF2 homo-oligomerization (24). The pre-
diction of the secondary structure based on protein sequence
suggests two B-strand motifs in the region between aa 580 and
601 (580 to ~589 and 593 to ~601). The failure in the particle
assembly with Ac[n111c60] is due to incomplete formation of
this B-strand motif. Although aa 111 to 601 and aa 111 to 602
formed VLPs, the yield of each of these was about 10 to 20%
of the yields of aa 111 to 660 (data not shown). This is in
contrast to the fact that the levels of protein expression inside
the cells were similar in these constructs. This observation
further confirmed that stability of the C-terminal g-strand mo-
tif is essential for VLP assembly.

The N-terminal 111-aa-deletion was found to be essential
for cellular membrane dissociation of pORF2 expressed in
insect cells (17, 24). We extended the N-terminal deletion up
to Val125 without altering the ability to form HEV VLPs (Fig.
6). The ORF?2 protein exhibits two-domain folding (25), with a
domain organization similar to those of the norovirus (NV)
capsid protein (15) and the tomato bushy stunt virus capsid
protein (14). The N-terminal aa residues 112 to 125 may be the
arm region extending from the S domain into the particle
interior. In NV, the N-terminal region appeared to serve as a
switch controlling the § domain configuration in the assembly
process (3). Removal of the first 20 amino acids did not affect
NV-like particle self-assembly, but a longer deletion at the
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N-terminal region did (3). Thus, residues 112 to 125 are puta-
tively located in the HEV virion interior and may regulate VLP
assembly.

Tn5 and Sf9 are insect cell lines that are commonly used in
recombinant protein expression. The TnS cell is becoming
more and more popular because it yields higher quantities of
tissue factor than Sf9. Under optimum conditions, Tn5 cells
produce 28-fold more secreted soluble tissue factor than Sf9
cells on a per-cell basis (23). In this paper, we report the
difference between Tn3 and Sf9 cells in a protein synthesis
system. The ORF2 protein underwent posttranslation cleav-
age, which is crucial for HEV VLP assembly. Although the
HEYV virion assembly mechanism remains unclear, our data
indicate that the region consisting of ORF2 residues 126 to 601
is the kernel element for the monomer-monomer interaction
and thus initiates VLP assembly.

Recombinant HEV VLPs themselves can be candidates for
parenteral as well as oral hepatitis E vaccines (9, 10), and these
VLPs have potential as mucosal vaccine carrier vehicles for the
presentation of foreign antigenic epitopes through oral admin-
istration (13). Furthermore, HEV VLPs can be a vector for
gene delivery to mucosal tissue for the purposes of DNA vac-
cination and gene therapy (20). The results of the present study
provide the basic tool to construct VLPs having novel fune-
tions.
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Serum samples collected from 68 patients (age, mean * the standard deviation [SD], 56.3 = 12.8 years) at
admission who were subsequently molecularly diagnosed as having hepatitis E and from 2,781 individuals who
were assumed not to have been recently infected with hepatitis E virus (HEV; negative controls; 52.9 + 18.9
years), were tested for immunoglobulin M (IgM) and IgA classes of antibodies to HEV (anti-HEV) by in-house
solid-phase enzyme immunoassay with recombinant open reading frame 2 protein expressed in the pupae of
silkworm as the antigen probe. The 68 patients with hepatitis E had both anti-HEV IgM and anti-HEV IgA.
Among the 2,781 controls, 16 (0.6%) had anti-HEV IgM alone and 4 (0.1%) had anti-HEV IgA alone: these
IgA/IgM anti-HEV-positive individuals were not only negative for HEV RNA but lack IgG anti-HEV antibody
as well (at least in most of the cases). Periodic serum samples obtained from 15 patients with hepatitis E were
tested for HEV RNA, anti-HEV IgM, and anti-HEV IgA. Although HEV RNA was detectable in the serum until
7 to 40 (21.4 = 9.7) days after disease onset, both IgM and IgA anti-HEV antibodies were detectable until 37,
55, or 62 days after disease onset in three patients and up through the end of the observation period (50 to 144
days) in 12 patients. These results indicate that detection of anti-HEV IgA alone or along with anti-HEV IgM
is useful for serological diagnosis of hepatitis E with increased specificity and longer duration of positivity than

that by RNA detection.

Hepatitis E, the major form of enterically transmitted
non-A, non-B hepatitis, is caused by hepatitis E virus (HEV).
HEYV is transmitted primarily by the fecal-oral route. Water-
borne epidemics are characteristic of hepatitis E in developing
regions of Africa, the Middle East, and Southeast and Central
Asia, where sanitation conditions are suboptimal; one epi-
demic has also been documented in North America (Mexico)
(32). HEV-associated hepatitis also occurs among individuals
in industrialized countries with no history of travel to areas
where HEV is endemic (6, 9, 18, 25, 36, 37, 39, 41, 52, 54).
Recently, accumulating lines of evidence indicate that hepatitis
E is a zoonosis, and pigs or other animals may act as reservoirs
for HEV infection in humans (9, 15, 20-24, 27, 39, 42, 45, 56).
A significant proportion of healthy individuals in industrialized
countries where hepatitis E is not endemic are seropositive for
HEYV antibodies (8, 19, 46). Therefore, several epidemiological
questions remain unanswered. The success of future studies on
clinical and subclinical HEV infection not only in developing
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countries but also in industrialized countries will greatly de-
pend on the availability of assays that are sensitive and specific.

HEV was recently classified as the sole member of the genus
Hepevirus in the family Hepeviridae. The genome of HEV is a
7.2-kb, positive-sense, single-stranded RNA. It contains a short
5' untranslated region, three open reading frames (ORFs;
ORF1, ORF2 and ORF?3), and a short 3' untranslated region
terminated by a poly(A) tract (12, 34, 44, 53). ORF1 encodes
nonstructural proteins, ORF2 encodes the capsid protein, and
ORF?3 encodes a cytoskeleton-associated phosphoprotein. Ex-
tensive diversity has been noted among HEV isolates, and
HEY sequences have been classified into four major genotypes

genotypes 1 to 4) (37). In Japan, polyphyletic HEV strains of

genotype 3 or 4 or both have been isolated from patients with
sporadic acute or fulminant hepatitis E who had no history of
travel to countries where this virus is endemic (1, 25, 30, 40, 41,
56).

The immunoglobulin M (IgM) class of antibody against
HEV (anti-HEV IgM) is used as a reliable and sensitive
marker of recent HEV infection (2-4, 38). However, the spec-
ificity of the solid-phase assay for anti-HEV IgM has been
questioned in some cases, particularly in patients with IgM-
rheumatoid factors in the serum, which have activity against
the Fe portion of IgG directed to HEV antigen and may elicit



