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Hepatitis E Virus (HEV): Molecular Cloning and Sequencing of the Full-Length Viral Genome
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We have recently described the cloning of a portion of the hepatitis E virus (HEV) and confirmed its etiologic associa-
tion with enterically transmitted (waterborne, epidemic) non-A, non-B hepatitis. The virus consists of a single-stranded,
positive-sense RNA genome of approximately 7.5 kb, with a polyadenylated 3’ end. We now report on the cloning and
nucleotide sequencing of an overlapping, contiguous set of cDNA clones representing the entire genome of the HEV
Burma strain [HEV(B)]. The largest open reading frame extends approximately 5 kb from the & end and contains the
RNA-directed RNA polymerase and nucleoside triphosphate binding motifs. The second major open reading frame
(ORF2) begins 37 bp downstream of the first and extends approximately 2 kb to the termination codon present 65 bp
from the 3' terminal stretch of poly(A) residues. ORF2 contains a consensus signal peptide sequence at its amino
terminus and a capsid-like region with a high content of basic amino acids similar to that seen with other virus capsid
proteins. A third open reading frame partially overlaps the first and second and encompasses only 369 bp. In addition to
the 7.5-kb full-length genomic transcript, two subgenomic polyadenylated messages of approximately 3.7 and 2.0 kb
were detected in infected liver using a probe from the 3 third of the genome. The genomic organization of the virus is
consistent with the 5' end encoding nonstructural and the 3’ end encoding the viral structural gene(s). The expression
strategy of the virus involves the use of three different open reading frames and at least three different transcripts. HEV
was previously determined to be a nonenveloped particle with a diameter of 27-34 nm. These findings on the genetic
organization and expression strategy of HEV suggest that it is the prototype human pathogen for a new class of RNA

virus or perhaps a separate genus within the Caliciviridae family. © 1991 Academic Press, Inc.

INTRODUCTION

Viral hepatitis results from infection with one of at
least four very different viral agents. Available serologi-
cal tests allow the diagnosis of acute hepatitis due to
infection with hepatitis A virus (HAV) and hepatitis B
virus (HBV). HBV is required for propagation of the
delta agent, or hepatitis D virus (HDV); this co-infection
results in a high proportion of cases progressing to
chronic active hepatitis. The clinical and diagnostic ex-
clusion of HAV and HBYV led to the recognition of other
viral hepatitides that were formerly grouped together
as non-A, non-B hepatitis NANBH) (Prince et al., 1974;
Feinstone et al., 1975; Tabor, 1985).

NANBH is caused by more than one viral agent and
can be transmitted by either parenteral or fecal/oral
routes (Bradley, 1990a; Reyes and Baroudy, 1991).
The cloning of a blood-borne agent, termed hepatitis C
virus {(HCV) by us and others led to the development of
a specific assay for circulating antibody to HCV (Choo
etal., 1989; Kuo et a/., 1989; Kubo et af., 1989; Maeno
et al., 1990; Reyes et af., 1991d). This assay predomi-

' To whom correspondence and reprint requests should be ad-
dressed at Molecular Virology Department, Genelabs Incorporated,
505 Penobscot Dr., Redwood City, CA 94063.

0042-6822/91 $3.00
Copyright © 1991 by Academic Press, Inc.
All rights of reproduction in any form reserved.

120

nantly detects infections at the chronic stage, but has
facilitated the identification of HCV as the cause of up
to 90% of parenterally transmitted NANBH. A second
epidemiologically distinct form of NANBH was shown
to occur in both epidemic and sporadic patterns in de-
veloping countries and is referred to as enterically
transmitted non-A, non-B hepatitis (ET-NANBH) due to
its water-borne mode of virus transmission and pre-
sumed enteric route of infection (Khuroo, 1980; Wong
et al., 1980). ET-NANBH has been documented in In-
dia, Pakistan, Burma, USSR, Costa Rica, Mexico, and
countries in Africa, where epidemic outbreaks can gen-
erally be traced to fecal contamination of drinking
water (Bradiey and Maynard, 1986; Bradiey, 1990b).
The causative viral agent was previously shown to pas-
sage successfully in cynomolgus macaques (cyno)
and tamarins with typical liver enzyme elevations and
recovery of morphologically similar 27- to 34-nm virus-
like particles from the feces of clinical specimens and
experimental animals (Balayan et al., 1983; Anjapa-
ridze et al., 1986; Bradley et al., 1987; Arankalle et a/.,
1988).

We recently reported the isolation of a partial cDNA
clone from the virus responsible for ET-NANBH, and
have termed the newly identified agent the hepatitis E
virus (HEV) (Reyes et al., 1990). The cione was from a
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Burma isolate of HEV and hybridized with cDNA made
from five other distinct geographic isolates. These mo-
lecular epidemiological findings are consistent with the
available serologic data based on the use of immune
electron microscopy and immunofluorescence block-
ing studies that indicate a single major agent is respon-
sible for the majority of ET-NANBH seen worldwide
{Purcell and Ticehurst, 1988; Bradley et al., 19883;
Krawczynski and Bradley, 1989). We now report on the
molecular cloning and sequencing of the complete
HEV (Burma; B) viral genome together with the de-
duced amino acid sequences of viral-encoded pro-
teins. General perspectives on the genetic organiza-
tion of the virus, as deduced from sequence and open
reading frame analyses, indicate that HEV bears some
similarity to the caliciviridae but may represent a new
class of nonenveloped RNA virus.

MATERIALS AND METHODS

RNA purification. Total cellular RNA was isolated
from normal and HEV(B)-infected cyno livers by the
guanidinium-LiCl precipitation method (Cathala et al.,
1983), and poly(A)* RNA was selected by one round of
oligo(dT) cellulose chromatography {Aviv and Leder,
1972).

cDNA library construction and screening. Synthesis
and screening of the infectious bile cDNA library had
previously been described (Reyes et al, 1990).
Oligo(dT)-, random hexamer-, and HEV sequence-spe-
cific oligomer-primed (primer A, see Fig. 1) cDNA were
synthesized using a commercially available cDNA syn-
thesis kit (Boehringer-Mannheim Biochemicals, Indian-
apolis, IN), ligated to EcoRl linker-adapters and cloned
into A gt10 (Stratagene, San Diego, CA). G-tailed cDNA
was made essentially as described before (Tam et al.,
1989). Briefly, first strand cDNA primed with HEV se-
quence-specific primer C (see Fig. 1) was tailed with
dGTP using terminal deoxynucleotidyl transferase. The
modified cDNA was then amplified in a polymerase
chain reaction (PCR) (Saiki et al., 1985; Mullis and Fa-
loona, 1987) employing the same synthetic HEV primer
and an oligo(dC) primer, both of which contained an
EcoRl cloning site at the &’ end. All four cDNA libraries
were screened with appropriate synthetic oligomer
probes (Applied Biosystems, Foster City, CA) de-
scribed under Results. Hybridizations were generally
performed in duplicate (using 2P kinased probes) at
42° in 30% formamide, 5X SSC, 56X Denhardt’s (0.1%
ficoll, 0.1% polyvinylpyrrolidone, 0.1% BSA), 60 mM
sodium phosphate, pH 7.0, and 50 ug/ml salmon
sperm DNA. After an overnight hybridization, filters
were washed three times with 0.2X SSC and 0.1%

SDS at 37-42° depending on the length of the oli-
gomer probe.

Primer extension analysis. Primer extension studies
were carried out using oligonucleotide primers kinased
to a specific activity greater than 3 X 10° cpm/ug with
[v-**P]ATP (ICN Radiochemicals, Irvine, CA) essen-
tially as described (McKnight et a/., 1981). Extension
products were separated on a 8% polyacrylamide-8 M
urea sequencing gel that was subsequently dried and
autoradiographed. The sequences forthe HEV primers
used in these studies are:

Primer A: 5-CCCGATAAGCAGCCTCAAGCCTC-3

Primer B: 5-CCGCGTACACACTAACCCCCCGGC-
CAATAATTCACGCTGG-3

Primer C: 5-CAAGCTGGCGAGGTTGCATTAGG-3'

Primer D: 5-ACAGCATTCGCCAGGGCAGAGTT-3'

Northern blot analysis. Four micrograms of HEV(B)-
infected cyno liver poly(A)* RNA was eléctrophoresed
on a 1.2% agarose gel containing 2.2 M formaldehyde
and transferred onto a nitrocellulose filter. The filter
was hybridized under high stringency conditions with a
radiolabeled BET6-1 EcoR! fragment insert (5 X 10°
CpM/pg).

DNA nucleotide sequencing. DNA sequencing was
performed by the dideoxynucleotide method (Sanger
et al., 1977) using 7-deaza-dGTP (Pharmacia, Piscata-
way, NJ). All sequencing reactions were carried out on
both strands using Bluescript plasmid (Stratagene, San
Diego, CA) subclones obtained from HEV Xgt10 phage
clones. Appropriate overlapping subfragments were
exploited wherever possible, or adjoining dissimilar-
end subclones were employed for unambiguous orien-
tation. Sequencing primers were commercially avail-
able or synthesized based on derived HEV sequences.
7-deaza-dGTP eliminated areas of compression due to
the high G + C content of the viral genome (see Re-
sults).

Computer analyses of nucleotide and amino acid se-
quences. Computer programs for manipulation of nu-
cleic acid and protein sequences were obtained from
Intelligenetics (Mountain View, CA).

RESULTS
cDNA clone derivation

A partial HEV cDNA clone, ET1.1, was isolated by
differential screening of a cDNA library constructed
from infectious bile collected from a third-passage
cyno inoculated with subpassaged fecal suspensions
originally derived from Burma patients with well-de-
fined ET-NANBH (Reyes et al., 1990). Bile was chosen
as the RNA source for cDNA synthesis because it con-
tained relatively large numbers of virus particles when
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Fig. 1. Schematic representation of hepatitis E virus (HEV) cDNA clones. HEV cDNA clones were identified from libraries made from randomly
primed cyno bile (solid square), or from cyno liver after priming by oligo-dT (solid circle), random sequence hexamers (open circle) and HEV-se-
quence specific oligonucleotides (open square). The designations given to the various clones are indicated together with their sizes and relative
position and overlap along the ~7.5 kb genome. A and B represent synthetic oligonucleotides used for the generation and screening, respec-
tively, of specifically primed cDNA libraries. The anchor PCR strategy using G-tailing and PCR (primer C) was used in the synthesis of primer
extension libraries for the extreme 5’ end. The procedure yielded numerous clones by hybridization with primer D, of which BET-EXPCR2 is a
representative example. Primer extension studies confirmed the 5’ extent of the viral genome (see Fig. 2). The BET1 clone contained a long
stretch of poly(A) residues at its 3’ end indicating its position at the 3’ terminus of the viral genome.

compared with fecal preparations. It was also ex-
pected that the lower sequence complexity would en-
hance the sensitivity of the differential (plus/minus)
screening protocol used for clone identification. ET1.1
contained a 1.3-kb EcoRI fragment that was exoge-
nous to both human and cyno genomic DNA and spe-
cifically hybridized to cDNA derived only from infected
sources (Reyes et al., 1990). Oligonucleotides based
on the end sequences of ET1.1 were used as hybridiza-
tion probes to rescreen the original bile-derived cDNA
library. The largest identified clone, BET6-1, contained
a 2.6-kb EcoRl insert. Restriction mapping revealed
that the original ET1.1 clone was contained within the
larger BET6-1 (Fig. 1; Fry et al., 1391).

The same end-probe strategy was used with oligonu-
cleotides derived from BET6-1 to screen oligo(dT)-
primed and random hexamer-primed HEV(B)-infected
cyno liver cDNA libraries. A collection of overlapping
clones was identified from both libraries {Fig. 1). One of
the oligo(dT)-primed clones, BET1 contained two
EcoRl fragments that comprised 2.4 kb in total length.
The authenticity of the EcoRl site was strengthened by
its presence in another clone, BET4, isolated from the
random-primed cDNA library. A long poly(A) stretch of
~150-200 adenosine residues was located at the 3'
end of BET1 confirming the original observation that
genomic RNA could be selected on oligo-dT cellulose
(Reyes, 1991a). This result indicated that the 3’ end of
the viral genome was present in the BET1 clone.

The &' end of the viral genome was isolated from a
cDNA library made by primer extension using a syn-
thetic 23-bp oligonucleotide complementary to the 5’
end of clone BETS (primer A, see Fig. 1). One of two
positive clones identified by an oligonucleotide probe
{primer B), located 5’ to the specific primer, was clone
BET-SP1. This clone contained a single large insert of
2.6 kb. With the acquisition of BET-SP1, the composite
cDNA map (omitting overlaps) spanned approximately
7.4 kb from the 5’ end of BET-SP1 to the polyadenyl-
ated 3’ end of clone BET1; in good agreement with the
maximum length of HEV RNA as detected on Northern
blots. The 5’ end of BET-SP1 was therefore believed to
be in close proximity to the putative 5' end of the viral
genome.

Primer extension analysis and 5’ end cloning

Primer extension studies using poly(A)-selected RNA
from infected cyno liver were performed in order to
firmly establish the distance from the existing 5’ end of
BET-SP1 to the end of the genome (Fig. 2). Two spe-
cific oligonucleotide primers (primers C and D, see Fig.
1) were synthesized 143 and 72 bp from the %' end of
BET-SP1 and used to prime cDNA synthesis after 3P
labeling their 5" ends with polynucleotide kinase. The
resulting extension products for each synthesis reac-
tion were, respectively, 50 and 51 bp longer than the
expected product, thereby suggesting that the 5' end
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FiGg. 2. Primer extension studies establish the 5" end of the HEV
genome. Primer extension was performed using poly(A) RNA from
uninfected (U) and infected (i) cyno liver. Two different HEV-specific
oligonucleotide primers were used after being labeled with %2p:
primer D located 72 bp downstream from the 5 end of the clone
BET-SP1 and primer C located 143 bp from the 5’ end of BET-SP1
(bottom of figure). The extension reaction product synthesized using
primer C is indicated under A where a unique fragment of 194 nu-
cleotides was observed in only the infected RNA source. A similarly
unique band of 122 nucleotides was found with primer D (under B).
The lengths of the extension products were consistent with the &'
end of cione BET-SP1 mapping ~50 bp downstream of the 5’ end of
the viral genome. No specific bands were observed for the unin-
fected controls. The upper band present in both the infected and
uninfected samples (see A) resulted from oligonucleotide C priming
of an RNA unrelated to HEV.

of BET-SP1 was about 50 nucleotides from the 5 end
of the virus (Fig. 2).

After several failed attempts at cloning the remaining
5" end sequences by oligonucleotide hybridization of
specifically primed cDNA libraries, an alternative ex-
pansion/enrichment procedure of PCR amplification of

specifically primed G-tailed cDNA was applied (Tam et
al., 1989). An aliquot of the amplified material was
EcoRI digested, electrophoresed, blotted, and probed
with a &' internal HEV oligomer (primer D). This hybrid-
ization study confirmed the amplification of the desired
HEV extension products {data not shown). This same
DNA, after preparative gel electrophoresis, was recov-
ered and ligated into Agt10. The specific priming pro-
cedure (followed by PCR amplification) resulted in a
high percentage (over 10%) of HEV-positive recombi-
nants in the enriched library. BET-EXPCR2 is a repre-
sentative clone from over 50 analyzed; all of these
were 50 bp in length and therefore in agreement with
the primer extension experiment. The isalation of BET-
EXPCR2 completed the HEV genomic cDNA c¢loning.

HEV genome sequencing and analysis

The entire nucleotide and deduced amino acid se-
quence of HEV are presented in Fig. 3. The nucleotide
composition of the HEV genomic RNA is 17% A, 32%
C, 26% G, and 25% U, conferring an overall G + C
content of 58%. Sequence homology to any nucleotide
sequences contained in the GenBank database couid
not be detected when the HEV sequence was
searched in either the forward or reverse orientation.
Only two regions were identified that had homology
with previously described nonstructural gene elements
present in other positive strand RNA viruses (see be-
low; Fry et al., 1991).

Using the COD RNY sequence analysis program, the
~7.2-kb of HEV sequence, exclusive of the 3’ poly(A)
tract, was analyzed for the presence of open reading
frames (ORF) in the six possibie translationframes (Fig.
4). The identification of the RNA-dependent RNA poly-
merase in the original ET1.1 clone (Reyes et al., 1990)
and strand-specific probe hybridization (Reyes et al.,
1991b) established the positive-sense orientation of
the HEV genome. A representation of the potential
ORFs and stop codons in the three positive-polarity
frames is presented in Fig. 4a. Two large potential
ORFs were found in the first and second reading
frames. ORF1 begins at the 5’ end of the viral. genome
after 27 bp of apparent noncoding sequence at the 5'
end, and then extends 5079 bp before termination at
nucleotide position 5107. The second. major ORF
(ORF2) begins at nucleotide position 5147 and extends
1980 bp before terminating 85 bp upstream of the
poly(A) tail. The termination of ORF1 and the transition
into ORF2 was confirmed by sequencing the region in
guestion five times using two different HEV sequence-
specific primers. The sequence of a second clone in
this region yielded the same results. Furthermore,
cDNA clones isolated directly from infected human
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AGGCAGACCACATATGTGGTCGATGCCAIGGAGGCOCATCXGTTTATTAAGGCTCCTGGCATCACTACTGCTAT ArcdrciaciachoctcancToToRcCTooRGARTGAT

vV VRP HSQIE N M _Q Q F R P EV I Q R I
GTGGTAGTTAGGCCTTTTCTCTC TTGAGATCCTCATTAACCTAATGCAACCTCGCCAGCTTGTTTTCCGCCCCGAGGT'I'TTCTGGAATCATCCCATCCAGCGTGTCATC

H N R AR S G A H PR R P
CATAACGAGCTGGAGC T'I’ACTWCGC&OO&:TCCGGCCGCTGTCTTGAAATTGGOGCCCATOCCCGCTCAATAMTGATMTCCTMTGTGGTCCACCGCTGCTTCCTCCGCCCTGTT

G R Q R Y P TR G P A A R R S ALRGTLP D T LD GF §
GGGCGTGATGTTCAGOGCTGGTATACTGCTOCCAC CGCGGGCCGETGCTAATTGCCGGCGTTCCGCGCT@GCWGCTTCCCGCTGCTGACCGCACTTACTGCCTCGACGGGTTTTCT

G C F P AETGT I ALY S L H s P VAEAMTEFTREH M R L H
GGCTGTAACTTTCCOGCCGAGACTGGCATCGCCCTCTACTCCCTTCATGATATGTCACCATCTGATGTC@CGAGGCCATGTTCCGOCATGGTATGACGCGGCTCTATGCCGCCCTCCAT

PG T Y R T D G R R . 4 G N
CTTCCGCCTGAGGTCCTGCTGCOCCCTGGCACATATOGCACCGCATCGTATTTGCTAATTCATGACGGTAGGCGCGTTGT&;TGACGTATGAGGGTGATACTAGTGCTGGTTACAACCAC

D V R S W IR K VvV T L I ERVRAIG H L I A AP
GATGTCTCCAACTTGCGCTCCTGGATTAGAACCACCMGGTTACCGGAGACCATCCCCTCGTTATCGAGCGGGTTAGGGCCAITGGCTGCCACTTTGTTCTCTTGCTCACGGCAGCCCCG

P Y PR S TEV P G G L P T 8 T K T
GAGCCATCACCTATGCIITTATGTTCCTTACCCCCGGTCTACCGAGGTCTATGTCCGATCGATCTTCWCCC@GTGGCACCCCTTCCTTATTCCCAACCTCATGCTCCACTAAGTCGACC

F L D A L R
TI’CCATGCTGTCCCTGCCCATATTTGGGACCGTCTTATGCTGTTCGGGGCCACCTTGGATGACCXAGCCTTTTGCTGCTCCCGTTTAATGACCTACCTTCGCGGCATTAGCIACAAGGTC

T L V N E N A S E D AL L C Q R YL R T Q 1
ACTGTTGGTADCCTTGTGGCTMTGMGGCTGGAATGCCTCTGAGGACGCCCTCACAGCTGTTATCAC'.I.'GCC@CTACCTTAOCATTTGCCACCAGCGGTATCICCGCACCCAGGCTATA

S R EREBER Q S WLFEIKTSGTR I Q E F Y
TCCAAGGGGATGCGTCGTCTGGAACGGGAGCATGCOCAGAAGTT‘I'ATAACACGOCTCTACAGCTGGCTCTTOGAGAAGTCCGGOCGTGATTACATCCCTGGCCGTCAGTTGGAGTTCTAC
A Q C R G F H L L F D A P CRBH L K F
GCCCAGTGCAGGCGCTGGCTCTCCGCCGGCT'I‘TCATCTTGATCCACGGGTGTTGGTTTTTGACGAGTCGGCCCCCTGCCATTGTAGGACCGCGATCCGTAAGGCGCTCTCAAAGTTTTGC
C FMEKWILGOQETCTT CTFTL QPAEGAVGDOQGHTDNTEATYTETGT STIDVDUPATE
TGCTTCATGAAGTGGCTTGGTCAGGAGTGCACCTGCTTCCT TCAGCCTGCAGAAGGCGCCGTCGGCGACCAGGGTCATGATAATGAAGCCTATGAGGGGTCCGATGTTGACCCTGCTGAG
S A I S DI SGSYVYVY PGTALOQEPTLYQATLT DTILTE PATETIVATRAGRTLTAT
TCCGCCATTAGTGACATATCTGGGTCCTATGTCGTCCCTGGCACTGCCCTCCMCCGCTCTACCAGGCCCTCGATCTOCCCGCTGAGATTGTGGCTCGCGCGGGCCGGCTGACCGCCACA
Q Vv G R I D C T L L N K R T S F V T G PERHN
GTAMGGTCTCCCAGGTOGATGGGCGGATCGATTGCGAGACCCTTCTTGGTAACAAAACCTTTCGCACGTCGTTCGTTGACGGGGCGGTCTTAGAGACCAATGGCCCAGAGCGCCACAAT

F D Q T M A T Y A S A A G L E R Y V G L D HR v
CTCTCCT'ICGATGCCAGTCAGAGCACTATGGCCGCTGGOCCTTTCAGTCTCACCTATGCCGCCTCTGCAGCTGGGCTGGAGGTGCGCTATGTTGCTGCCGGGCTTGACCATCGGGCGGTT

F A P GVSPRSAPGE VT ATFT CSALYZYRTFNIREAQRUHESTLTIGNTLWTFH
TTTGCCCCCGGTGTTTCACCCCGGTCAGCCCCCGGCGAGGTTACCGCCTTCTGCTCTGCCCTATACAGGT TTAACCGTGAGGCCCAGCGCCATTCGCTGATCGGTAACTTATGGTTCCAT
P EGL I GLVFAZPT FSPGUHUVWESANZPV FCGET STTLTZYTRTITMWSTETVTDAV
CCTGAGGGACTCAT TGGCCTCTTCGCCCCGTITI TCGCCCGGGCATGTT TGGGAGTCGGCTAATCCATTCTGTGGCGAGAGCACACTT TACACCCGTACTTGGTCGGAGGT TGATGCCGTC
s s PARPDULGFMSETZPSTIPSRAATT PTTLAAZPTLPPPAPTDTPSPPEP
TCTAGTCCAGCCCGGCCTGACTTAGGTTTTATGTCTGAGCCTTCTATACCTAGTAGGGCCGCCACGCCTACCCTGGCGGCCCCTCTACCCCCCCCTGCACCGGACCCTICCCCCCCTCCC
S A P ALAEU®PASG ATAG A AZPATITHI QT ARUBRA BRLTILTEFEFTTYUPDGSKVTF
TCTGCCCCGGCGCTTGCTGAGCLCGGCTTCTGGCGCTACCGCCGGGGCCCCGGCCATAACTCACCAGACGGCCCGGCACCGCCGCCTGCTCTTCACCTACCCGGATGGCTCTAAGGTATTC
A G SLFESTOCTUWILVNASNTYVDHIRPGG GG GTLT CHATFVYOQRYPASTFTDA
GCCGGCTCGCTGTTCGAGTCGACATGCACGTGGCTCGTTAACGCGTCTAATGTTGACCACCGCCCTGGCGGCGGGCT TTGCCATGCATTTTACCAAAGGTACCCCGCCTCCTTTGATGCT
A S FVM®RDGAAAYTLTPRU®PTITIHAYVYAPGDTYT RTULEU HNZPI KT RTLTEAA ALY
GCCTCTTTTGTGATGCGCGACGGCGCGGCCGCGTACACACTAACCCCCCGGCCAATAATTCACGCTGTCGCCCCTGATTATAGGT TGGAACATAACCCAAAGAGGCTTGAGGCTGCTTAT
RETT CSZRLGT AAYPLLGTGTIVYOQVZ®PTIOGT?P ST FTDAWETRUNUHRTPGIDE
CGGGAAACTTGCTCCCGCCTCGGCACCGCTGCATACCCGCTCCTCGGGACCGGCATATACCAGGTGCCGATCGGCCCCAGTTTTGACGCCTGGGAGCGGAACCACCGCCCCGGGGATGAG
L Yy L PELAARMWT FEA ANRZPTIRUPTILTTITTET DT YVARTANTILATITETLTDS A
TTGTACCTTCCTGAGCTTGCTGCCAGATGGTT TGAGGCCAATAGGCCGACCCGCCCGACTCTCACTATAACTGAGGATGT TGCACGGACAGCGAATCTGGCCATCGAGCTTGACTCAGCC
T DVGRACAGCRTYTPGVVQYQTFTAGYVY PGS GKSRSTITOQATDUVTD
ACAGATGTCGGCCGGGCCTGTGCCGGCTGTCGGGTCACCCCCGGCGTIGTTCAGTACCAGT I TACTGCAGGTGTGCCTGGATCCGGCAAGTCCCGCTCTATCACCCAAGCCGATGTGGAC
vVVvyvy Vv ePTRETLT RNAWRTIRRGT FAAFTT PHTAARTVYVTA QG RTIRUYVYVTITDTEA
GTTGTCGTGGTCCCGACGCGTGAGT TGCGTAATGCCTGGCGCCGTCGCGGCTT TGCTGCTTTTACCCCGCATACTGCCGCCAGAGTCACCCAGGGGCGCCGGGTTGTCATTGATGAGGCT
P S L PPHLTLLTLIUEMOQRAATV VHTLTLGT D PNIOQTITPATITDTFTETHA AGTLV P A
CCATCCCTCCCCCCTCACCTGCTGCTGCTCCACATGCAGCGGGCCGCCACCGTCCACCT TCTTGGCGACCCCAACCAGATCCCAGCCATCGACTTTGAGCACGCTGGGCTCGTCCCCGCC
I R PDLGPTSWWHUYVTHRMWPADTYVYCTETLTIRGAYPMTIOQTTSRUVILR
ATCAGGCCCGACTTAGGCCCCACCTCCTGGTGGCATGTTACCCATCGCTGGCCTGCGGATGTATGCGAGCTCATCCGTGGTGCATACCCCATGATCCAGACCACTAGCCGGGTTCTCCGT
S L F WG EPAVGQKTLV YV FTQA AAIKTPANPGS VT VHEAQGATTYTTET
TCGTTGTTCTGGGGTGAGCCTGCCGTCGGECAGAAACTAGTGT TCACCCAGGCGGCCAAGCCCGCCAACCCCGGCTCAGTGACGGTCCACGAGGCGCAGGGCGCTACCTACACGGAGACC
T I I AT ADA®RGTLTIOQSSRAHATIVALTRIUETTET KT CV VTITIDAZPGTLTLTR
ACTATTATTGCCACAGCAGATGCCCGGGGCCTTATTCAGTCGTCTCGGGCTCATGCCAT TGTTGCTCTGACGCGCCACACTGAGAAGTGCGTCATCAT TGACGCACCAGGCCTGCTICGC
EVGISDATIVNUNTFT FLAGGETIGHI O®R®PSYVIPRTGNZPTDANTVYTDTTLA
GAGGTGGGCATCTCCGATGCAATCGTTAATAACTTTTTCCTCGCTGGTGGCGAAAT TGGTCACCAGCGCCCATCAGT TATTCCCCGTGGCAACCCTGACGCCAATGTTGACACCCTGGCT
A FPPSCQTISAFHAOQULA AETEVLGEBERUZPVPYVAAVLPPCEPETLTEQ QG GTLL
GCCTTCCCGCCGTCTTGCCAGATTAGTGCCT TCCATCAGTTGGCTGAGGAGCT TGGCCACAGACCTGTCCCTGTTGCAGCTGTTCTACCACCCTGCCCCGAGCTCGAACAGGGCCTTCTC
Y LPQETLTTOCDU SUVVTV FETLTUDTIUVHCIRMAAPSG OQRIEKA AVLTSTTLUVG
TACCTGCCCCAGGAGCTCACCACCTGTGATAGTGTCGTAACATTTGAATTAACAGACATTGTGCACTGCCGCATGGCCGCCCCGAGCCAGCGCAAGGCCGTGCTGTCCACACTCGTGGGC
R Y G GRTIXKTULYNA ASUHSTD VRDSTLART FTIZPAIGEPVYVYQVTTT CTETLYTETL
CGCTACGGCGGTCGCACAAAGCTCTACAATGCTTCCCACTCTGATGTTCGCGACTCTCTCGCCCGT TTTATCCCGGCCATTGGCCCCGTACAGGT TACAACTTGTGAAT TGTACGAGCTA
VEAMVYVETZ KGQDGSAVLETVLUDTZLT CNTRD VS RTITV FTFOQOIEKTDTCNIEKTFEFTTG
GTGGAGGCCAIGGTCGAGAAGGGCCAGGAIGGCTCCGCCGTCCTTGAGCTTGATCTTTGCMCCGTGACGTGTCCAGGATCACCTTCTTCCAGAAAGATTGTAACAAGTTCACCACAGGT
ETTIAHBGTI KV G S X T F C Q
GAGACCATTGCCCATGGTAAAGTGGGC! TCTCGGCCTGOAQCAMACCTTCTGCGOCCTCTTTGGCCCTTGGTTCCGCGCTATTGAGMGGCTATTCTGGCCCTGCTCCCTCAG

Fia. 3. Complete nucleotide and deduced amino acid sequence of HEV. The full-length nucleotide sequence of the HEV (Burma) genome is
presented. The first methionine residue found within each of the three forward open reading frames (ORFs) was taken as the start of the ORF and
used as the basis for the ORF amino acid numbering scheme whereby the amino acids in each translated ORF are prefixed by the number of that
ORF (1, 2, or 3). Within ORF1, the conserved motifs for the NTP binding site and the Mg+2 binding site of the helicase RNA or DNA-dependent
NTPase activity are underlined. The canonical GDD (gly-asp-asp) tripeptide sequence found in all viral RNA-dependent RNA polymerases is
marked with an (*} at amino acid position 1560 of ORF1. The hydrophobic stretch of amino acids, marking a putative signal peptide, is
highlighted at the beginning of ORF2. Note the overlap of ORF3 with the major 5 ORF1 and the 3' ORF2. The GenBank accession number for this

sequence is M73218.
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G F Y D F D DT VVF S A AV A AAKASMVYFEMNDTFSETFUDSTOQNNTF 1-1471
ecrsrcrrrncscmarmc‘rtmmmrmmmmmmﬂmmnrmmnmmcmecAsurmnr 4440
S L G L ECAIMETETCGMPOQWTULTIM®RILYHTLTIHRTSAW Q AP K E S L R G 1-1511
TCTCTGGGTCTAGAGTGTGCTATTATGGAGGAGTGTGGGATGCCGCAGTGGCTCATCCGCCTGTATCACCTTA TAAGG‘ICTG:GTGGATCTTGCAGGCCOCGMGGAGTCTCTGCGAGGG 4560
- -
F W K K HS GEPGTTLTLWN N vV I T HC YDV F RDVF Q V A A F K G D 1-1551
TTTTGGAAGAAACACTCCGGTGAGCCCGGCACTCT marmrmmmnnmanmn ATGACTTCCGCGATTTTCAGGTGGCTGCCTTTAAAGGTGAT 4680
-
D S I VLCSEY S P G A AV LI AGCGLIEKTULIKTVYVTDTFTRP 1-1591
GATTCGATAGTGCTTTGCAGTGAGTA' TCG TGCTGTCCTGATCGCCGGCTGTGGC TTGAAGT TGAAGGTAGA tTCCGCX:CGA‘rCGGTTTGTATGCAGGTGTTGTG 4800
VAPGLGALPDVVR!AGRLT!KIHGPGP!RAEQI.R A S D F 1-1631
GTGGCCCCCGGCCT TGGCGCGC TCCCTGATGT TGTGCGC T TCGCCGGCCGGC TTACCGAGAAGAAT TGGGGCCCTGGCCCTGAGCGGGCGGAGCAGC TCOGCCTCGCTGTTAGTGATTTC 4920
LR KLTNVAQMCVYVDVVYVSRY G VS PGLVHNTLTIGMLQQ D G K 1-1671
cmmmmmmmmﬁmmrmmnumrmmmrm ?GATTGGCATGCTACAGGCTGTTGCTGATGGCMG 5040
| -oRF3--->
M N NM S F A APMGSRUPCALG 3-18
M A P R 2-5
A HFTESUVKPUVLDIULTMNUSTILU CRUVYVEZ 4_-cnrz--> 1-1683
GCACATTTCACTGAGTCAGTAAAACCAGTGCTCGACT TGACMA!TCMTCTTGTGTMMMTGAATMTGTCTTTT&:TGCGCCCATGGGTTCGCGACCA GCGCCCTCGGCC 5160
RPVSRLAAVVGGA AVPAVVSGVT 3-58
i o QPSGRRRGRRSGGSGGGF G D R 2-45
WWTTCMMTWTTTCTMTGACCG 5280
GLII.SPSQSPIl-‘IQPTESPPHSPLIPGLDLVFANPPDHS 3-98
D S Q P F A I PY I HPTNPTFAPDUVTAAWAGA RQPARPLGSZBS
GGTTGAHCNMCTTOGCM?CCCC!ATATEAWTWMWTGGACCTCGTGTTCGCCAMLLWLLUACCAL TCGGCTC 5400
PLGVTRPSAPPLPBVVDLPQLGPRRZ 3-123
D Q AQ R P AV A S RRRZPTTAG AAUPTLT AV AP A T P D 2-125
CGCTT@GNWWGTMWTCGTWTWWTAADCGCGGMTCOGGCCCATGACACCCCGCCAGTGCCTGATGT 5520
D S R G A I L RRQ N L S T S P L S V ATG TN L L Y A P L S P L L P 2-165
CGACTCCCGCGGCGCCATC TG:GCC(KIAGTATMCCTATCAACATCTCOCCTTACCTCTTCCGTGGOCACCGG:ACTAACCTGGTTCTTTATGCCGCCCCTCT'IAC-TCCGCTTTTACC 5640
L Q G T N TH M AT E A S N Y A Q R AT I R YR P L P N G G Y 2-205
CC'l‘TCA.GGAOGG:ACCMTACCCATATMTGGCCACGBMG:TTCTMTTATGCCCAGTACCGGGTTGCCCGTGCCACMTCCGTTACCGCCCGCTGGTCCCCMTGCTGTCGG(.uGTTA 5760
I § I F WPQTTTT®PTSVDMNS D R I L VQ PGI S E L 2-245
CGCCATC‘l‘CCATCTCA‘l"I'CTGECCACAGAOCACCACCACCG'JGACGTOCGTTGATATGAATTCMTMOCTCGAOSGATGTTCGTATTTTAGTCCAGCCCGGCA'I‘AGCCTCTGAGCTTGT 5880
I P S ERLHBHYRNOOQGWHR SV ETSGV AETEEAWATSGLVMILTCTIUHGS L V 2-285
GATCCCAAGTGAGCGCCTACACTATCGTAACCAAGGC TGGCGCTCCGTCGAGACCTCTGGGG TGGC TGAGGAGGAGGCTACCTCTGGTCTTGTTATGCTTTGCATACATGGCTCACTCGT 6000
N S YT NTUPYTGALGLTULUDT FALTETLTETFRNLTUPGNTNTRUYVS RY § § 2-325
MATTCCTATACTMTACACOCTATACOGSTGCOCTOGGGCTGTTG;ACTTTGOCCTTGAGCTTGAGTTTCGCAAOCTTACCCCCGGTMCACCMTACGCGGGTCTCCCG‘ITATTCCAG 6120
T ARHRULUBRRGADGTAETLTTTA T R FMKDULY T S G V G E 2-365
CA.CTGCTCGCCACCGCCTTCGTCGWGTGDGGACGGGACTWTCACCACCJ\CGGCTGCTACCCCX:TTTATGAAGGACCTCTATTTTACIAGTACTMTGGTG"'CGGTGAGATCGG 6240
R G I AL TLVFNULADTULULGGLPTTETULTIS S G G Q L F Y S R P S N 2-405
CCGCGCISATAC‘CCCTCACCCTGTTCAACCTTGCTGACACTCTmTG:CGACAGMTTGATTTCGTCGG:TGGTCEGCCAGCTGTTC‘I‘ACTCCCGTCCCGTTGTCTCAGCCM 6360
G E K L Y T § E Q Q G I A I P HDIDULGEG ST RV VI Q DY D N 2-445
TGGCGA.GCCGACTGTTAA.GTTGTATACATCTGTAGAGMTCK:TCAGCAEATAAGG}TATTGCMTCCC(EATGACATTGACCTCGGAGMTCTCGTGTGGTTATTCAGGATTA"GATM 6480
Q E Q DRPTUPS P APSRUPF S V LR A T Y D Q S T Y 2-485
CCAACAIGAACAAGATCG.‘ECGACGCCTTCTCCAGCCCCATCG‘:GCCCTTTCTCTG'I‘CCTTCGAETMTGATGTGCTTTGGCTCTCTCTCA.CCGCTGCCGAGTATGACCAGTCCACTTA 6600
G S S TG P VY V S D S VT LV NV ATGAQA R S L D T K T L D R P 2-525
TGGCTCTTCGACTGGCCCAGTTTATGTTTCTGACTCTGTGACCTTGGTTAA ‘I‘GTTGCGACCGGCG:GCAGGCCGTTGCCCGGTCGCTCGATTGGACCMGGTCACACTTGACGGTCGCCC 6720
L S Q Q VvV L P LR G K W E A GTT G Y P Y N Y NTT 2-565
CCTCTCCACCATCCAGCAG?ACTCGAAGADCTTCTTTGTCCTGOCG:TCCGCGGTMGCTC'I'CTTTCTGGGADGCAGGCACAACTMAGCCGGGTACCCTTATMTTATMCACCACTGC 6840
S D Q L LV EWNAAGHRVYATISTYTTS STULG G P S I S L P H S 2-605
TAGCGACCAACTGCHGTCGAGMTGCCGCCGGGCAOCGEGTCGCTAHTCCMTTACMCACTAGCCTGGGTGCTGGTCCCGTCTCCATTTCTGCGGTTGCCGTTTTAGCCCCCCACTC 6960
A L A LLEUDTULUDYYPATRAH P E CR P L Q Q 2-645
TGCGCTAGCATTGCTTGAGGATACCTTGGACT, ACCCTGCCCGCOCCCATACTTTTGATGATTTCTGCCCAGAGTGCCGCCCCCTTGGCCTTCAGGGCTGCGCTTTCCAGTCTA\,TGTCGC 7080
E L R L K MKV 2-660
TGA.GCTTCEGCGCCTTAAGATGAAGG GGGTMMC?CGGGAGTTGTAGTTTATTTGCTTGTGCCCCCCTTCTT'.I‘C'I‘G‘I'TGCTTATTTCTCATTTCTGCGTTCCGC GCTCCCTGAAAAAA 7200
AAAAAAAN
Fig. 3-—Continued
feces of an altogether different strain (Mexico) demon- ble 1). The overall frequencies for HEV and HCV are

strated the same shift in open reading frame (Huang et similar (~58% G + C), but differ markedly from that of
al., 1991, data not shown). A third positive-polarity HAV (37% G + C). The relatively high G + C content

reading frame of 369 bp (ORF3) overlaps both ORF1 results in a higher overall frequency. of codons contain-
and ORF2 and was found by independent experiments ing G + C throughout the HEV coding sequence. This
to encode an immunoreactive epitope recognized by contrasts with the CG dinucleotide discrimination in
sera from HEV-infected humans and animals (Yar- the second and third position that has been noted in

bough et a/., 1991; Reyes et al, 1991b}. No ORFs human coding sequences (Nussinov, 1881}). There ap-
greater than 590 bp were identified by computer pears to be a slight selection for codons ending in C,

search of the negative-polarity RNA strand (Fig. 4b). which is also seen with HCV; however, the discrimina-
The nucleotide frequencies at each codon position tion against codons ending in A is far more apparent
were also analyzed and a comparison was made with (~9%) and is a unique feature of HEV when compared

two other hepatotropic positive-strand RNA viruses (Ta- to HAV and HCV. The third position discrimination
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Fic. 4. Open reading frame analysis and hydrophilicity plot. Computer generated open reading frame analysis of the entire HEV nucleotide
sequence is presented in both the forward (a) and reverse directions (b). The positions of aif termination codons are depicted by arrows. The
three forward ORFs are numbered 1, 2, and 3 and those on the opposite strand similarly labeled. The forward (positive-sense) orientation was
defined by strand-specific hybridization of genomic RNA (Reyes et al., 1991b) and the identification of consensus sequence motifs related to
nonstructural gene products in ORF1 (Kamer and Argos, 1984). The horizontal line running through the various ORFs indicates that ORF with the
highest probability of encoding protein as predicted by the algorithm devised by Shepherd based on the RNY codon analysis in all three ORFs
(Shepherd, 1981). The hydrophilicity plot of ORF2 is presented in (c). The dotted line plotted at the —5 value on the y-axis represents the midpoint
with hydrophobic domains above and hydrophilic domains below the dotted line. Note the large hydrophobic region at the beginning of the
sequence that marks the putative signal sequence highlighted in Fig. 3.

against A is shared by the structural ORF region of
another positive-strand RNA virus, rubella virus, where
the frequency of A is only 7% (Frey and Marr, 1988).
HEV and HCV are also similar in their apparent prefer-
ence for G in the first coding position (35 and 33%,
respectively).

Genomic organization and expression strategy

The computer translation of the partial nucleotide
sequence from clone ET1.1 led to the detection of a
conserved amino acid motif recognized in all positive-
strand RNA viruses (Reyes et al., 1990; Fry et al,

1991). The canonical Gly-Asp-Asp (GDD) tripeptide
(amino acids 1550-1552, identified by asterisks in Fig.
3) is believed to encode a portion of the RNA-depen-
dent RNA polymerase (RDRP) gene critical to viral repli-
cation (Kamer and Argos, 1984). Translation of the
complete ORF1 revealed a second region 5 10 the
RDRP gene bearing similarity to another nonstructural
gene product (Fry et al., 1991). Two well-conserved
sequence motifs have been found in association with
purine nucleoside triphosphate (NTP)-binding activity
(Gentry, 1985; Strauss and Strauss, 1988). The first,
site A (G/AXXXXGKS/T), is represented in the HEV se-
quence by GYPGSGKS at amino acid position 975-982
(underlined in Fig. 3). A version of the second NTP-
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TABLE 1

NuUCLEOTIDE FREQUENCIES AT CODON POSITIONS IN HEV ORFs

Nucleotide frequencies

A C G U
HA HC HE HA HC HE HA HC HE HA HC HE
Overall 0.30 0.20 0.17 0.15 0.31 0.32 0.22 0.28 0.26 0.33 0.21 0.25
1st Position 0.31 0.24 0.19 0.14 0.23 0.28 0.30 0.33 0.35 0.25 0.19 0.18
2nd Position 0.32 0.22 0.23 0.22 0.29 0.32 0.15 0.22 0.19 0.31 0.27 0.26
3rd Position 0.28 0.14 0.09 0.10 0.39 0.37 0.20 0.30 0.25 0.42 0.17 0.29

Note. The overall nucleotide composition of the genome (Overall) as well as frequencies in each of the three codon positions (1st through 3rd)
are presented for three different hepatotropic RNA viruses: HA, hepatitis A virus; HC, hepatitis C virus; HE, hepatitis E virus.

binding motif, site B (DEAD), occurs approximately 46
amino acids downstream (3') from site A and is repre-
sented in HEV by the partially conserved amino acid
sequence DEAP at position 1029-1032 (undertined in
Fig. 3). The latter site is believed to interact with the
Mg+2 cation of the Mg-NTP complex for RNA- or
DNA-dependent NTPase activity. A superfamily of heli-
cases involved in replication, recombination, and DNA
repair has been described with consensus features
similar to those described here for NTP-binding (Gor-
balenya et al., 1989). These nonstructural gene similari-
ties are seen in other geographically distinct isolates of
HEV (Fry et al., 1991) and may indicate a putative heli-
case function for this region. The localization of an
NTP-binding domain and the RDRP gene to ORF1 is
consistent with a genomic organization where the non-
structural genes are expressed from the 5’ end of the
viral genome.

Translation of the second major open reading frame,
ORF2, indicated a novel polypeptide not present in the
PIR protein database. The hydropathicity plot of the
sequence indicated a large hydrophobic domain at the
amino terminus of ORF2 followed by a hydrophilic
electropositive peak (Fig. 4c). The hydrophobic region
marks a typical signal sequence (amino acids 5 to 22)
and contains a potential cleavage site (PA/PPP) as pre-
dicted by the Intelligenetics eukaryotic secretory signal
sequence program. In ORF2, between residues 22 and
322, nearly 10% of the amino acids are arginine con-
ferring a high isoelectric point {(p/ = 10.35) to the first
half of the ORF2 polypeptide. The basic charge of cap-
sid proteins is believed to indicate their involvement in
the encapsidation of the genomic transcript by effec-
tively neutralizing the electronegatively charged RNA
(Dalgarno et a/., 1983; Rice et al., 1985). The mecha-
nism of capsid assembly in HEV, and the exact nature
of the membrane targeting (if any) of the ORF2 polypep-
tide, will require further study. Such studies will be facil-

itated by the availability of an appropriate in vitro propa-
gation system for HEV and immunospecific anti-HEV
reagents.

The utilization of ORF2 was substantiated by the in-
dependent isolation of a ¢DNA clone by immuno-
screening of a Agt11 cDNA expression library made
from the HEV (Mexico) isolate (Yarbough et al., 1991).
That Agt11 clone mapped to the 3’ end of ORF2. These
same experiments identified a second cDNA epitope
clone that was localized to ORF3: the third positive-po-
larity open reading frame that overlaps both ORF1 and
ORF2. The fact that sera from acutely infected humans
and animals detected HEV antigens encoded by ORF2
and ORF3 confirmed their expression and established
that the virus utilized all three positive-polarity reading
frames. The presence of a consensus signal sequence
motif in ORF2, together with the immunodominant ser-
oreactivity of an identified epitope (Yarbough et al.,
1991), suggested that the viral structural protein(s)
were encoded by this region of the genome.

The mechanism by which ORF2 and ORF3 are ex-
pressed was suggested by a Northern blot hybridiza-
tion using the BET6-1 clone as probe (Fig. 5). In addi-
tion to the previously identified poly(A) transcript of
~7.5 kb, the probe also hybridized to subgenomic
messages of 2.0 and 3.7 kb present in the infected
cyno liver. Itis of note that ET1.1 did not originally iden-
tify these subgenomic messages (Reyes et al.,, 1990)
and other Northern blot studies using probes lpcated 5/
to ET1.1 also did not hybridize to these viral-specific
transcripts (data not shown). These same subgenomic
messages were identified in poly{A)-selected RNA from
HEV(M)-infected cyno liver when the epitope-encoding
clones were used as probes (Yarbough et al., 1991).
The ORF2 epitope is located at the extreme 3 end of
that reading frame (Yarbough et al, 1891), therefore
indicating that these messages may be co-terminal
with the 3’ end of the viral genomic transcript. It is pos-
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FiG. 5. Northern blot analysis of HEV (Burma)-infected cyno liver
RNA. Three HEV transcripts were detected using the 2.6-kb EcoRl
insert from BET6-1 as probe. Numbers to the left represent the sizes
of the three hybridizing RNA species as determined relative to RNA
size markers. HEV cDNA probes were negative against similarly pre-
pared RNA from uninfected liver (data not shown).

sible that these polyadenylated subgenomic mes-
sages are used in the expression of ORF2 and ORF3.

DISCUSSION

ET-NANBH has been well-documented in both spo-
radic and epidemic outbreaks throughout the develop-
ing world. Hepatitis E virus has been established as the
major causative agent of ET-NANBH by the associa-
tion of HEV-specific sequences with human speci-
mens derived from six geographically diverse epi-
demics and also through the detection of these same
sequences in various specimens derived from experi-
mentally infected animals (Reyes et al., 1990). HEV
viral particles recovered from infected patients are simi-
lar to those recovered from infected primates. The
virus contains a single-strand, positive-sense RNA ge-
nome of approximately 7.5 kb. The nucleotide se-
quence described here comprises 7194 bases exclud-
ing the poly(A) tail. If the 3’ stretch of adenosine resi-
dues (at least 160-200 nucleotides) is included, the
determined sequence agrees well with the genome
size originally estimated by Northern hybridization stud-
ies (Reyes et al., 1990).

Open reading frame analysis of the nucleotide se-
quence revealed two major positive-polarity ORFs. A
portion of ORF1 appears to encode the RDRP gene of
the virus. The highly conserved amino acid residues,
including the invariant GDD tripeptide found in all posi-

tive-strand animal and plant RNA viruses, can be lo-
cated in the deduced amino acid sequence (Reyes et
al., 1990; Fry et al., 1991). Additional evidence for the
encoded polyprotein having a function in viral replica-
tion is provided by the presence of conserved motifs
involved in purine NTPase activity found in a variety of
cellular and viral helicases (Geider and Hoffman-Ber-
ling, 1981). These helicases promote the unwinding of
DNA, RNA, or DNA-RNA duplexes required for genome
replication, recombination, repair, and transcription.
The deduced amino acid sequence of ORF2 suggests
that it encodes a capsid-like peptide following the ca-
nonical signal sequence at its 5’ end. ORF2 would ap-
pear to be the major ORF encoding the viral structural
protein(s}.

An identified immunoreactive epitope in ORF3 indi-
cates that the virus utilizes all three positive-polarity
frames for encoding viral proteins {Yarbough et al.,
1991; Reyes et al., 1991¢). This pattern of gene ex-
pression employed by HEV has not been described in
the various families of single-stranded positive-sense,
nonenveloped RNA viruses affecting humans or ani-
mals. Among the enveloped RNA viruses, the struc-
tural proteins of rubella virus and certain alphaviruses
are found in a different reading frame from those en-
coding the nonstructural proteins and are also ex-
pressed from a subgenomic 3’ end transcript (Ou et al.,
1982). The presence of HEV-specific subgenomic
RNAs iocalized to the 3' one-third of the genome sug-
gests that these may be the transcripts from which
these 3' end ORFs are expressed and is indicative of a
unique expression strategy among nonenveloped posi-
tive-sense RNA viruses infecting humans. The mecha-
nism by which these subgenomic transcripts are gen-
erated is unknown. The differential abundance of the
various messages (i.e., 7.6 kb > 2 kb > 3.7 kb; see Fig.
5)does, however, suggest active transcriptional regula-
tion rather than genomic RNA fragmentation as the
means by which these subgenomic messages are
generated. This would in turn imply the existence of an
internal RNA initiation sequence and expression from
the anti-genomic strand. Experiments are currently in
progress to map the 5’ ends of these subgenomic tran-
scripts. We at this time, however, cannot exclude other
mechanisms of expression for ORF2 and ORF3 includ-
ing frameshifting or internal transiation initiation, al-
though there is little evidence for the latter among
other positive-sense RNA viruses (Morch and Haenni,
1987). It is also possible that complex RNA splicing
could account for these subgenomic messages al-
though there is evidence that Northern hybridization
probes from the extreme &' end failed to detect hybrid-
ization to the 3.7- and 2.0-kb messages (A. W. Tam,
unreported).
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[ NONSTRUCTURAL ] STRUCTURAL _ }AAAA(n)
HELI POL  / IRE iRE
ss
GENOME SUBGENOMIC
ORGANIZATION ENVELOPE RNA(s) POLY-A
HEPATITIS E VIRUS 5'-NS-S-3' NO TWO YES
CALICIVIRIDAE 5'-NS-$-3' NO YES YES
PICORNAVIRIDAE 5-S-NS-3' NO NO YES
TOGAVIRIDAE 5"-NS-S-3' YES ONE YES
FLAVIVIRIDAE 5-S-NS-3' YES NO NO
CORONAVIRIDAE 5'-NS-5-3' YES MULTIPLE YES

Fia. 6. HEV genomic organization: The proposed organization of the HEV genome is presented with the nonstructural genes encoded by the 5’
ORF1 and the structural genes located at the 3’ end of the genome (ORF2 and possibly ORF3). The genomic organization, nature of the virus
particle {enveloped or nonenveloped), presence of subgenomic messages, and the presence of a 3’ terminal poly{A}) addition is compared for the
various positive-sense, single-stranded RNA virus families. The relative locations of the various virus sequence motifs is also indicated, including
the: HEL, putative helicase motit or NTP binding domain; POL, RNA-directed RNA polymerase; SS, signal sequence; IRE, immunoreactive
epitope. S, structural gene coding region; NS, nonstructural gene coding region.

It is postulated from the proposed genomic organiza-
tion of HEV, as presented in Fig. 6, that the nonstruc-
tural viral proteins are translated from the full-length
genomic RNA. The 5’ nonstructural/3’ structural geno-
mic organization of HEV is similar to that found in the
alphavirus, rubivirus, and coronavirus families {see Fig.
8). There is an absence of any significant homology
with these enveloped viruses at both the nucleotide
and amino acid levels (excluding the canonical amino
acid residues noted above for the nonstructural gene
products). Immune electron microscopy has clearly
established that the virions of HEV are 27- to 34-nm
nonenveloped viral particles and are therefore clearly
distinguished from these enveloped viruses. Picorna-
viruses are small nonenveloped, single-stranded, posi-
tive-sense, polyadenylated RNA viruses. The various
members of the picornaviridae, however, exhibit vastly
different genomic organization (Siddell, 1987). HEV
has been shown to be unrelated antigenically and bio-
physically to picornaviruses (Arankalle, 1988).

it was previously hypothesized that HEV is calici-
virus-like based on the biophysical characterization of
viral particles (Bradley and Balayan, 1988; Bradiey et
al., 1988a,b). Recently the nucleotide sequence of a
large portion of the nonstructural gene region of feline
calicivirus {FCV) has become available for comparison
to HEV {Neill, 1990). Aithough having a similar overall
genomic organization to that of HEV with 5-nonstruc-
tural and 3'-structural genes, it is clear that FCV shares
a higher degree of siriiarity with picornaviruses in the
recognized nonstructural gene motifs. The proposed
gene order for the nonstructural polypeptides in FCV is
2C {NTP-binding), 3C (cysteine protease), followed by
the 3D gene (RDRP). The distance between the NTP-

binding site motif A and the GDD triplet of the RDRP is
1100 amino acids in FCV compared to the 568 amino
acids in HEV. In addition there is no evidence in the
HEV sequence for an intervening cysteine protease-
like region as recognized in FCV. These findings would
further suggests that HEV represents either the proto-
type member of an as yet unclassified novel virus fam-
ily or perhaps a separate genus within the caliciviridae.
It is too early, however, 1o propose a definitive classifi-
cation of HEV beyond the hypothesis presented here
based on the proposed genetic organization and ex-
pression strategy of the virus.
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