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ABSTRACT The RNA genome of human hepatitis A virus
(HAV) was molecularly cloned. Recombinant DNA clones
representing the entire HAV RNA were used to determine the
primary structure of the viral genome. The length of the viral
genome is 7478 nucleotides. An open reading frame starting at
nucleotide 734 and terminating at nucleotide 7415 encodes a
polyprotein of M, 251,940. Comparison of the HAV nucleotide
sequence with that of other picornaviruses has failed to reveal
detectable areas of homology. However, a computer analysis of
the putative amino acid sequence of HAV and poliovirus
demonstrated the existence of short areas of homology in virion
protein 3 (VP3) and throughout the carboxyl-terminal portion
of the polyproteins. In addition, extensive protein structural
homologies with poliovirus were detected.

Hepatitis A virus is a picornavirus belonging to the
enterovirus genus. The viral RNA is 7.5 kilobases long, is of
(+)-strand polarity, contains a poly(A) stretch at the 3’ end,
and may be covalently linked to a protein at the 5’ terminus
designated VPg (1-3). Evidence for virion proteins of M,s
33,000, 29,000, and 27,000, designated VP1, VP2, and VP3,
respectively, and additional peptides of M,s 22,000 and
10,000 has been presented (4-6).

Two recent reports have described the molecular cloning of
HAV-specific sequences (3, 7). We report here the molecular
cloning and the nucleotide sequence of the entire HAV
genome. The deduced amino acid sequence has been ana-
lyzed and compared to that of poliovirus. The sequence and
structural homologies between these two human picornavi-
ruses are discussed.

MATERIALS AND METHODS

Virus Isolation and Propagation. Several groups have
reported the successful isolation and growth in tissue culture
of HAV derived from both infected marmoset livers and
human fecal samples (8-12). We have established our own
isolate from the stools of a hepatitis A patient collected during
an epidemic outbreak in Los Angeles (kindly provided by J.
Rakela) according to published procedures (12). Viral RNA
was extracted from virions by published procedures that
included treatment with protease and extraction with
phenol/chloroform followed by precipitation with ethanol
3).

Molecular Cloning. Details of the procedures and specific
approaches used to obtain the entire HAV genome will be
reported elsewhere. Briefly, 3'-proximal clones were ob-
tained by screening recombinant cDNA libraries with the
probes containing the following sequences (3):
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HAV1 3" A-C-A-A-A-T-A-A-A-G-A-A-A-A-T-A-G-T-C-
A-T-T-T-A 5’
HAV2 3" A-T-G-T-C-T-G-A-A-T-T-T-A-G-A-A-T-A-C-

T-A-A-C-C-A-C-C5'.

Further portions of the genome were cloned by ‘‘walking™
techniques and by using the 5’'-terminal Pst I-Pst I fragment
derived from clone pHAV1307 (kindly provided to us by J.
Ticehurst, National Institutes of Health).

RESULTS AND DISCUSSION

Analysis of cDNA Clones. A set of four recombinant cDNA
clones representing the whole HAV genome was selected for
nucleotide sequencing studies. The four clones, termed
pHAV16,pHAV1, pHAVS, and pHAV47, were mapped with
restriction endonucleases, and the overlapping regions were
confirmed by cross-hybridization studies (Fig. 1). The total
length of the nonoverlapping portions of these clones added
up to approximately 7.5 kilobases, the reported length of the
HAYV genome (3).

The nucleotide sequence of the entire HAV genome
derived from the four cDNA clones is shown in Fig. 2.
According to this sequence, the HAV genome is 7478
nucleotides long. The heteropolymeric sequence is followed
by a poly(A) tract of undetermined length. A single open
reading frame starts with an AUG triplet at nucleotide 734
and terminates with an UGA codon at nucleotide 7415. The
polyprotein thus encoded is 2227 amino acids long, has a M,
of 251,940, and is divided into P1, P2, and P3 regions (13).

The sequence at the 3’ end of the genome was determined
from independent clones carrying the poly(A) 3'-terminal
sequence. The sequence at the 5’ end of the viral RNA was
derived from five independent clones that carried a terminal
Pst 1-Pst 1 fragment of approximately 180 nucleotides. Of
these five, three were found to be identical and contained the
5’'-terminal sequence shown in Fig. 2.

HAYV Map. The genome of the independent HAYV isolate
cloned in our laboratory has a restriction map substantially
different from that of the isolate cloned by Ticehurst et al. (3).
The observed differences may be due to single nucleotide
changes that do not substantially alter the primary amino acid
sequence and antigenic properties of the viral proteins. This
notion is supported by a comparison of the 3’-terminal 500
nucleotides of our sequence with the homologous sequence
reported by Ticehurst er al. (3). Only a single amino acid
difference at position 2159 (methionine for isoleucine) is
detected in this portion of the genome. In the same region
there are 24 nucleotide substitutions that do not alter the
amino acid sequence. Additional changes are present in the
3’ noncoding region of the viral RNA. We conclude that

in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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7 FiG. 1. Restriction map of HAV clones.
(Upper) A composite map of the HAV ¢cDNA
clones. Numbers represent kilobases from the 5’

—_— L pHAV47

pHAV 8
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nucleotide sequence polymorphisms exist among indepen-
dent isolates, most of which are not reflected in changes of

the primary amino acid sequence.

The 5’ End. The sequence found at the 5' terminus of the
HAYV genome has several of the properties described for
other picornaviruses and in particular for poliovirus (14, 15).

pHAV 16  end of the genome. (Lower) Individual clones
used to determine this map and their positions.
The end positions of each clone and the extent of
overlap with neighboring clones were deter-
mined by nucleotide sequencing. ¢, Pst I; @,
BamHI; e, HindIII; A, Sac1;®, Xbal;m, EcoRI;
0, Sal 1.

The 5'-terminal dinucleotide is U-U, as required for the
presumed linkage to a tyrosine residue on VPg (16, 17). The
first 75 nucleotides of the sequence can be arranged in a stable
secondary structure comprising stems and loops. In addition,
the 5’-terminal portion of the sequence displays long pyrimi-
dine tracts (U+C repeats). Both features have been observed

TTCAAGAGGGGT CT CCGGA GGTTT CCGGA GCCCCTCTTGGAAGT CCATGGT GAGGGGACTTGATACCT CACCGCCGTTTGCCTAGGCTATAGGCTAAATTTCCCTTTCCCTGT CCCTCCCTTATTTCCCTTTGT TTTGCTTGTAAAT (147)
ATTAATTCCTGCAGGTTCAGGGTTCTTTAATCTGTTTCTCTATAAGAACACT CAATTTTCACGCTTTCTGT CTTCTTT CTTCCAGGGCT CTCCCCTTGCCCTAGGCT CTGGCCGTTGCGCCCGGCGGGGTCAACTCCATGATTAGCA (294)
TOGA(tTGTAGGAGTCTAAATTMCmAGATGTTTGGGACGTCACC’I‘TGCAGTG'I'TAACTTG(X:TCTCATGAACC’I’CT’I‘TGATCTTCCACAAGGGGTAGGCTACGGGI‘GAAACCTCTTAGGCTMTACTTCTA‘I‘GAAGAGATGC (4u1)
TTTGGATAGGGTAACAGCGGCGGATATTGGT GAGTTGTTAAGACAAAAACCATT CAACGCCGGAGGA CTGGCT CTCATCCAGTGGATGCATT GAGT GGATT GATT GT CAGGGCT GT CT CTAGGTTTAATCTCAGACCTCTCTGTGCT (588)
TAGGGCAAACACCATTTGGCCTTAAATGGGATCCTGTGA GAGGGGGT CCCTCCATTGACAGCT GGACT GTTCTTTGGGGCCTTATGT GGT GTTTGCCT CTGAGGTACTCAGGGGCATTTAGGTTTTTCCTCATTCTTAAACAATA  (T733)
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(Fig. 2 continues on the next page.)
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Met
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Ile
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Phe
TTT A

kXi

Val Gl
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TCA
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Leu

CTA
a860
K}
AXA
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at
Cys Ar;
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Thr Met
G

Lxs
ARR ACA AT

Leu Ser
A TTA TCT
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AAT GTA GTC
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TCC

Cys Thr
T{'l' ACG
Ile
ATT

1790
Ala Met
GCT ATG

Ala
GCT

Met
ATG

Met
ATG

Pro
CCA

Met
ATG

Ser L
TCC
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Ile Leu Asg
CTT GA

Gln Asn
CA, ATA

A AAC

Gln
CT CAG

Val
GIT

AeE

Val
GTT

As
GA

&

Val
GTT

Phe
TTT

Leu
TTA

Asj

GA' AT

Phe
TTT

Val
GIT

Gln
CAA

Glu L
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Thr
ACC

s Leu
TTG

Leu Ile Tr|
TTA ATT TG
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TTT ACA
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TTG GAT GAA

Cys Pro Lys
Tél' Ccca AKA
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1

Pro Ala
CCA GCT ATC
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3 TTA
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Thr
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Met Tyr
ATG TXT

i
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Ile
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A CTT
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CT

2080
Cys Tyr Gly Asp Asp Val
T 787 e ol & &F o ¢
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Ala Thr Ser Ala Asp Lys
GCC ACC TCA GCT GA? AXA

Ser Leu

Lxs Thr Ile Tr|
ARG ACA ATT TGE TCT TTG

Leu
TTG

=

Leu
TTG AA

Ile
ATT

Asn

AAT AR

Ile

Ala
GCT T ATA GT'

Phe
T
2110
s
1

Ary
A

Leu

Asn
CTT

AAT GTG

Leu

W

Pro
cCT

Pro
ccT
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Ala Tr
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Met

Ala
GCA ATG

AGT AA

r Glu

;XT GAG e

TTC

Tyr Gin L P Tyr Phe
TAT CAG AXA TTT TXT TAT TTT
2227

Leu

Hge et

Val Gln Ser C
GTT CAG TCC T

s Leu
TTG

Cys Phe 1le
Tél' TTC ATT

Translated Mol. Weight = 251,940
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Asn
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er Ar,
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G ARG CC

Ser Asn

Val Leu Cés
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Cys
T

Trp Leu Ar
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xs Asg gle

r Gln Lys
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GTC CAC

1240
Ser I
TCA

®

1
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1

s

1

o
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GTT GAA

Met As,

G

r
A

Gg GIT GCT GTG

t
G

10
Thr
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Met

t
G

Leu
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AeE
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T TCA

Ala

G GCT
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CA? GAA
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Phe
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e
C
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AAT

Ile
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A

C

ATG GAG
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1020
Phe
TTT

-

e
ATA

Gln Gln Leu
CAA CAA TTG

Asn Gln

Lys Ser Gl
X AAC CAA (3841)

GTT AAG AGT GGi
é06oc
er

TCA TET

Cys Ser
Té!' TCA
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Ile Leu Leu Tyr Val
ATC CTG CTT TXT GTC
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Leu Glu
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L s Val Phe

T TTT

Ser Lys
TCC ARA

Met
ATG
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A ACA

Val
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TCA GTT ATT GIT TTT (3952)
1110
Ile
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GG’
Gl }1001_
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AXS As Asn

Ile
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e Phe Lys
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CAA AXA
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THE RXE 6B &2

Ile Glu Lxs Ala
ATA GAA ARA GCC
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Ile Leu
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AAT
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iR e e
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Ile Glu
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R
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A
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CAA
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Ile
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Glu Asg
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A
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Phe
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Ile
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L s Asn Asn Asg
A AAT CCT CAC AAT GA
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Ile
ATA GCl
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Pro
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Ile Ser
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Ala
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1470
Ala Ala Va

Gé{ Gl
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A AAT
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Val
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Phe
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Phe
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Thr
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CAA

Phe
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3
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Ile
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Leu Val
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Pro Val
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&
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s

a
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Ile
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Glu
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Y
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Asn
AAT
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Ar,
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Met
ATG
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o
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Ala Gl
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Trp

TGG (5395)

Phe Tyr

TTT TXC fre

TTC

Gl

1281
Ak ccf ca

Thr
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Ser
TCA

Ile
ATT

Rt

1660
Glu Ala Thr

Rt
GAA ARA GCC ACT

Leu Val
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Ser
TCA G

i &
HE &

1700
Asn Gln Ser
AAT CAG TCC

a
(5506)

Ile Pro L.
ATT cCC
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Ile
ATT TCT

s Phe Ar
TTT A

& &

Pro
T CCT

Phe
TTT

Ile
ATT

3
")

Asp Ile Asg Val
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1690
Met Cys
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TTA ARG ATG
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CAT

L
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Val Thr
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1760

He

Leu
TTA
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TCA ATA
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TCA
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1770

Thr Met
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3
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t Phe Gl

1
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(5940)
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Ile
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Asn
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Phe Pro
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a
GCA (6051)

.
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TTT TXT

1850
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4

Ile
ATT
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Ile
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Leu Phe
TTA

Thr
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Leu Leu
TT AAT

G CTG
AdE

Leu
TTG

(6384)

Leu
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Val Lys rg Ala As)
TTG A GTT AXA GCC ATT GA’ GCT (6495)
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Pro As,
[

CT GA

Pro
CCA

Asn
AAT

Phe His
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GGG TTT CAC

Phe Ser Ala Phe As% A‘\:‘l;g Jer
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GAT TTC TCT GCT TTT GA
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Thr Ile Ile Tyr
ACT ATC ATT T

Hr i

Ile
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ATT GG
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Pro Ph
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e Met Ile Ar
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TTT ATG ATT GA,

A GCA

B
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Ser L
TCT

2060
Val
GTG

His Val
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2030
Tyr Asn Cys Cys
CAACT TE GTT

3 HE &
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AAT

Ser
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Phe Gl
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Lys Phe
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AAT CTT

As|
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i
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A GAA

Gly Gln Lys
GGX CAG ARA

2140
Asn Leu
AAT TTG GTG

Val Gln Phe
GTT CAA G TTC

2130
Ser

val Asg Glu
GTA GA (7050)

Gl Thr

ACT
2170

Glu Gln Asn
GAG CAG AAT

HE A%

Phe
TTT

Leu
TTG

u Glu

Ge G AT

2180
Phe Met His
T TTT ATG CA

Ile

Phe
cT ATT

TTC (1161)

Phe

Glu Asn Ala Gln Trg Phe Jég
GAG TTT AAT GCT CAG TGG TTT G T GG (7272)

Glu

Met
GAA

ATG

Phe T T As|

o MR rXr ﬁi TER TR ACE MREAT P W

E 7t <73&3)

er OP
TCA TGA TTTGTTTAAACAAATTTTCTTACTCTTTCTGAGGTTTGTTTATTTCTTTTGT CCGCTAACTAAAAAAAAAAAAAAAA (T48Y)

F1G. 2. Nucleotide sequence of the HAV genome and the predicted amino acid sequence. Arrows indicate the putative cleavage sites for
the HAYV polyprotein as determined by comparative structural analysis of poliovirus and HAV. The putative cleavage site between regions 1C
and 1D (VP1 and VP4) could not be predicted by this analysis. The nomenclature used for the HAV putative polypeptides is the one recommended
by Rueckert and Wimmer (13). Clone pHAV1 contains a deletion of 21 nucleotides. The sequence between nucleotide 3529 and nucleotide 3551

was independently derived from another HAV clone.

in poliovirus (14, 15). The role of these sequences in the viral
life cycle has not been determined.

The Coding Sequence. A leader sequence, 733 nucleotides
long, precedes the first candidate AUG start codon. This
triplet opens a 2227-amino-acid-long reading frame. A second
AUG, two amino acids downstream, is part of the same
reading frame and also could serve as an initiation codon (18).
The putative HAV polyprotein translated from the nucleotide

sequence has an M; of 251,940, once more in good agreement
with data reported for poliovirus (14, 15).

The HAV Polyprotein. Since no precise information is
available on HAV-coded structural and nonstructural pro-
teins, we have attempted to analyze the HAV coding se-
quence and derive some mapping information by compara-
tive studies with poliovirus. A direct comparison of the
nucleotide sequence of HAV and poliovirus failed to reveal
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FiG.3. Dot-matrix analysis of homology between the amino acid
sequence of HAV and of poliovirus. The amino acid sequences of the
two viruses were compared, starting at amino acid 1000. The
computer program used a window of five amino acids with a filter of
four matches out of five. Amino acids having similar properties were
equated as follows: Thr=Ser; Tyr=Phe; Val=Leu=Ile; Asp=Glu;
Lys=Arg; and Asn=Gln.

any detectable homology.
To verify the accuracy of the putative reading frame
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throughout the HAV genome, two separate analyses of the
sequence were conducted. First, the codon usage in the HAV
open reading frame was examined and found to be consistent
with that reported for poliovirus (15) and other human genes.
In addition, the codon usage within the HAV sequence itself
was checked by comparing consecutive blocks of 1,000
nucleotides through the entire genome. No inconsistencies
were observed in this internal comparison, leading to the
conclusion that the nucleotide sequence encodes the correct
polyprotein in every part of the HAV genome, and no
substantial areas of frameshift have been introduced by
sequencing errors. Second, the amino acid sequences of
HAV and poliovirus were compared. A single area of
homology was detected within the amino-terminal 1000
amino acids of the two viruses. The amino acid sequence of
this region from the two viruses is:

Poliovirus Val-Pro-Trp-lIle-Ser-Asn-Ser-Thr-Xaa-Tyr-Arg
507

HAV Val-Pro-Trp-lle-Ser-Asp-Xaa-Thr-Pro-Tyr-Arg
418

The positions of this homology stretch in the protein se-
quence (poliovirus amino acid 508, HAV amino acid 418)
indicates that HAV has undergone approximately a 300-
nucleotide shift in the position of this sequence compared to

VA : ! NG N z A\
len*Val t His*Phe GIn?Val
487 1464

F1G. 4. Structural analysis of selected regions of HAV and poliovirus. The structural profile was computed by using a combination of
structure and hydrophilicity. Three parameters were mixed: (i) the potential for helix or the B-sheet formation of the individual residues (19,
21) (values greater than 1.0 were scored as structure positive, and the higher one was selected; below 1.0, the lower value was selected), (ii)
the hydrophilicity index of the residue (20), and (iii) the average hydrophilicity index of the four surrounding residues. Each parameter was
normalized to affect the final curve evenly. Curves were corrected by averaging over seven residues. ..... , Curve showing the mixing of
parameters ii and iii such that a peak represents a region of high hydrophilicity; ===, curve showing the mixing of the three parameters sqch
that a peak represents a region of high hydrophilicity and lack of structural features. Arrows with numbers indicate the position of the first amino
acid shown on the viral polyprotein. Each dot of the grid represents one residue, and each grid space contains 20 residues. Known cleavage
positions for poliovirus and putative ones for HAV are indicated by arrows and amino acid pairs. (4) Poliovirus VP1. (B) HAV VP1. (C)
Poliovirus VPg. (D) HAV VPg.
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poliovirus. Taking into account that both polyproteins start
within a few nucleotides on the respective genomes, we
conclude that the initial portion of region P1 in HAV has
undergone a small deletion.

A comparison of the second half of HAV and poliovirus
polyproteins (amino acids 1000-2200) is shown in Fig. 3. Here
a number of homologous stretches were identified, indicating
a higher degree of conservation in this part of the viral
genome. Our data indicate that the portions of the HAV
genome that, by analogy with poliovirus, are expected to
code for the enzymes involved in viral replication are more
highly conserved than the regions coding for the virion
proteins and viral antigenic determinants. The finding of
short regions of homology throughout the second part of the
two genomes supports the notion that the HAV open reading
frame is correctly identified by the nucleotide sequence.

Structural Comparison of HAYV and Poliovirus Polyproteins.
A number of recent reports on protein structure have indi-
cated that proteins carrying out homologous functions but
with little or no sequence homology do display considerable
‘“‘structural’’ similarities. Among these, areas of high
hydrophilicity devoid of structural features (i.e., a helices
and B sheets) have been found to correspond often to major
antigenic sites (13, 19, 20).

HAYV and poliovirus polyproteins were compared by using
a computer program that displays nonstructural and
hydrophilic properties of polypeptides (Fig. 4). Highly similar
profiles were obtained throughout the entire polyprotein.
Examples of these similarities for regions of interest are
shown in Fig. 4. The short region of amino acid homology
between HAV and poliovirus (poliovirus, amino acid 507,
HAYV, amino acid 418) was used to match the two sequences.

Fig. 4A shows the amino-terminal portion of poliovirus
VP1. The cleavage site between VP3 and VP1 is identified by
the GIn-Gly amino acid pair. Fig. 4B represents the matched
homologous region on HAV. In a position quite close to the
GIn-Gly cleavage pair on poliovirus, a Gln-Val pair is found
on HAV. We think that this is a likely candidate for the
cleavage site between VP3 and VP1 of HAV. The overall
structural and hydrophilicity profiles of the two proteins are
quite similar. ‘‘Peaks’’ representing putative areas of struc-
tural homology have been identified with corresponding
roman numerals. Areas III and V of poliovirus represent
major antigenic sites of VP1 (22-25). One tentative conclu-
sion that can be drawn from this analysis is that, if these
structurally homologous regions serve similar functions in
the two viruses, then areas IIla and Va of HAV should
represent potential major antigenic sites for this virus.

Another area of striking similarity is shown in Fig. 4 C and
D. These areas represent polio’s VPg and the homologous
HAYV region. A long hydrophobic stretch (20 amino acids)
precedes the GIn-Gly cleavage site in poliovirus (Fig. 4C). A
similar region is found in HAV; by matching this region and
areas VI-VIa in the two viruses, one can infer that the HAV
VPg should start around the His-Phe residues shown in Fig.
4D. This is followed by areas VII-VIIa and VIII-VIIIa, also
displaying a high degree of structural homology. The end of
VPg is marked by a GIn-Gly pair in poliovirus and possibly
by the GIn-Val pair in HAV. If these cleavage sites of HAV
VPg are correct, the resulting protein is 23 amino acids long
(poliovirus VPg is 22 amino acids long) and contains a
tyrosine residue at position 1499 (see Fig. 2), which can
mediate the protein nucleic acid linkage at the 5’ end of the
genomic RNA.

Using the same criteria of structural homology for com-
parison, we have attempted to map the rest of the HAV
polyprotein with respect to the known poliovirus poly-
protein-processing sites. Tentative boundaries for the P1, P2,
and P3 regions have been identified and are shown in Fig. 2.
Similarly, major putative cleavage sites are shown for the
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virion structural and nonstructural proteins. All gene prod-
ucts identified for poliovirus appear to have homologs in
HAYV at very similar positions except for VP4, which as a
consequence of the 100-amino acid shift in the VP1 position
as discussed, may not be encoded as the first protein in P1 but
rather as the last one, following VP1. In general, with the
exception of one VPg cleavage site (His-Phe), potential
cleavage sites have a glutamine/hydrophobic amino acid
pair.

It is important to stress that all of the cleavage sites
indicated in Fig. 2 are tentative and that, in the absence of
specific protein size and sequence data, no firm identifica-
tions are possible. However, we believe that this kind of
analysis provides us with good working hypotheses for future
experimentation. For example, tentative identification of
VP1 coding sequences and putative antigenic sites can now
be experimentally tested by the use of synthetic peptides in
a manner analogous to that used for poliovirus. In addition,
expression of individual portions of the HAV genome in
microorganisms may provide us with specific gene products
for detailed immunological studies.
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