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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 ofMr 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 Mrs
33,000, 29,000, and 27,000, designated VP1, VP2, and VP3,
respectively, and additional peptides of Mrs 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 ofa 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):

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-C 5'.
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, pHAVi, pHAV8, 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
HAV 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 Mr
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 I-Pst I fragment of approximately 180 nucleotides. Of
these five, three were found to be identical and contained the
5'-terminal sequence shown in Fig. 2.
HAV Map. The genome of the independent HAV isolate

cloned in our laboratory has a restriction map substantially
different from that ofthe 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 et 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

Abbreviation: HAV, hepatitis A virus.
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1 2 3 4 5 6 7 FIG. 1. Restriction map of HAV clones.
(Upper) A composite map of the HAV cDNA
clones. Numbers represent kilobases from the 5'

ipHAV 16 end of the genome. (Lower) Individual clones
used to determine this map and their positions.

pHAV 1 The end positions of each clone and the extent of
overlap with neighboring clones were deter-

pHAV8 mined by nucleotide sequencing. o, Pst I;@0,
BamHI; *, HindIII; A, Sac I; 0, Xba I;um, EcoRI;

pHAV47 0, Sail .

nucleotide sequence polymorphisms exist among indepen- The 5'-terminal dinucleotide is U-U, as required for the
dent isolates, most of which are not reflected in changes of presumed linkage to a tyrosine residue on VPg (16, 17). The
the primary amino acid sequence. first 75 nucleotides of the sequence can be arranged in a stable
The 5' End. The sequence found at the, 5' terminus of the secondary structure comprising stems and loops. In addition,

HAV genome has several of the properties described for the 5'-terminal portion of the sequence displays long pyrimi-
other picornaviruses and in particular for poliovirus (14, 15). dine tracts (U+C repeats).- Both features have been observed

TTCAAGAGGGTCT CGGAGGTTTCCGGAGCCCCTCTTGGAAGCT CATGG GAGGGGACTTGATACCTCA CCGCCGTTTGCCTAGGCTATA GGCTAAATTTCCCTTTCCCTGTOCCTCCCTTATTTCCCTTTOCTTTGCTT GTAAAT (147)

ATTATTCTGCAGTTAGGTTCTTAACTGrTTTCTTAAGAAA C CAATTTACGCTTCGTCTCTT TTCCGGGTCTCCCTGCCTA GCT TGGCGTGCGCCGGGGGGCAACTCCTGTTA (294)94

10 20 30ftlAsnl Met Ser Lys Gln Gly Ilie Phe Gin Thr Val Gly Ser Gly Leu As p His Ile Lea Ser Leu Ala As p Ile Gin Giu Giu Gln Met Ile Gin Ser Sal Asp Arg Thr
ATG AAT ATG TCC A AACAA GA ATT TTC CAG ACT GTT 000 AGT 000 OTT GA C CAC ATC CTG TOT TTG GCA OAT ATT GAG GAA GAG CAA ATG ATT CAG TOO GTT GAT A GO ACT (844)

40 50 60 70
Ala Val Thr 010 Ala Ser T yr Phe Thr Ser Val As p Gin Ser Ser Val His Thr Ala Giu Vai 010 Ser His Gin Ile Gin Pro Leo L ys Thr Ser Val Asp Lys Pro Gly
GCA GTG ACTGGA GCT TCT TOCTTCACT TCT GrGA COAATCT TCA TT CAT ACT GCTGAG GTTGG TCAHCATCAA ATT GAA CCT TTG A AHACTCT TT GAT AAACCT GGT (955)

HO 90 100 110
Ser LiSLi s Thr Gin Gly Gin Lys Phe Phe Leou Ilie His Ser Ala Asp Try Lea Thr Thr His Ala Lea Phe His Gin Sal Ala Lys Leou Asp Sal Sal Lyes Lea Lea Tyr
TCT A GA A ACTAGGGG GAA AAG TTT TTCOCTGATT OAT TOT GOT GAT TO CTC ACT ACA OAT GOT CTC TTT OAT GAA OTT GCA AAA TTG GAT GTO OTG AA CTA CTG TAT (1066)

120 1 30 1 40
Ann Gin Gin Phe Ala Sal Gin G1y Leo Len, ArgTyr His Thr Tyr Ala Arg Phe Gly Ilie Gi Ilie Gin Sal Gin Ilie Ann Pro Thr Pro Phe Gin Gin 01 Gly Leou Ile
HAT GAG CHO TTT 000 GTC CAA GOT TTG TTG AG TA OAT ACA TAT GCA AGA TTT GGC ATT GAG ATT CAA OTT CAG ATA AAT COO ACA 000 TTT CAG CAA OGU GGA CTA ATT (1177)

150 lA60 1 70 180
Oyn Ala Met Val Pro Gy Asp Gin Ser Tyr 010 Ser Ilie Ala ler Len T1w Sal T r Pro His 01y Le Leou Ann Cys Ann Ilie Ann Ann Val Val Arg Ile Lys Sal Pro
TT 000 ATO OCT OCT OCT GAO CAA AGT TAT GOT TCA ATA OCA TOO TTG ACT OTT T T OCT OAT GGT CTG TTA AAT 700 HAT ATC AAC AAT 0TH OTT AG ATA AAG OCT CCA (1288)

1 90 200 21 0 220
Phe Ile T yr Thr Ar OyAla T yr His Phe Lyn Any Pro Gin Tyr Pro Sal Try Gin Leou Tr Ile Arg Sal Tr Ser Gin Len Ann Ilie Gy Thr Gly Thr Ser Ala 7Tyr
TTT ATTTTAOTACTAuGO OCT77I CAT TTT AAA GAT CCA CAG TAO CCA OT TGG0 GAA TTG ACA ATCOA GA OTT TOGt TCA GAG TTG HAT ATT 0GA ACA GGA ACT TCA GOT TAO (1355)

230 240 Ar nn250
Thr Ser Len Ann Sal Len Ala Arg Phe Thr An~ Len Glu Leu His 01ly Len Thr Pro Len Ser Thr GnetMet Ag GinGlShe Arg Vol Ser Thr Thr Glu Ann Sal
ACT TCA OTO HAT GTC TTA GOT AGO 777 ACA GA~ TTG GAG 770 OAT GGA 7TH ACT OCT CTT TOT ACA OAG ATG ATG AGA AAT GAA TTT AGO OTC AGT HOT ACT GHA AAT OTT (1510)

260 270 280 290
Sal Ann Len Ser Ann T yr Gin An Ala Arg Ala Liys Met Ser She Ala Len Any Gin Gin As~ Trg L ys Ser Any Pro Ser Gin 01yyGy 011yIle L ys Ile Thr His Phe
OTAAA77 TA AT ATGA CAGCA AGO GCA AHA ATG TOT 777 007 770 GAT CAO GAA GAI TG HA G TCT OAT 007 700 OAA GOT GOT OHATAAHTATOT77(61

r300 31 0 320 330
TrT rTr Thr Ser Ile Pro Thr Lou Ala Ala Gin Phe Pro Phe Ann Ala Ser Any Ser Val 012 Gin Gin Ile L ys Sal Ile Pro Sal Any Pro T yr Phe PA. Gin Met

ACT AOO TO ACA TOO ATT OOA ACO 7TH GOT GOT CAG TTT COA TTT AAT GOT TCA GAT TCA OTT GGA CHA CAA ATT HA OTT ATT CCA OTO GAO OOA TAO 777 770 CAA ATG (1732)

340 350 360 370
Thr Asp Thr Ann Pro An Gin Lys Oyn Ole Thr Ala Len Ala Ser Ile Oyn Gin Met Phe Oys Phe Trp Arg 01 As Len Val She Any Phe Gin Sal PAM Pro Thr Lye
ACA AAC HOT HAT CCT CAT OHA AAA TGT ATA ACT 000 770 000 TOT ATT TO GAG ATG 770 TOO 777 TOG AG 008 OAT CTT OTT 777 GAT 777 OAG OTT 777 CCA ACC AHA (1843)

380 390 400
Tyr His Ser Gly Arg Len Len She Oy Phe Sal Pro Gly Ann Glu Len Ile Any Sal 71w 01 yIlie Thr Len L ys Gin Ala Thr 71w Ala Pro 0ys Ala Sal Met Any Ile
TAT OAT TCA GOT A GA CTG TTG TTT TO TT77GTT OOT 000 HAT GAO TTA ATA OAT OTT ACT OGA ATT ACA TTA AAAHCAOCA ACT ACT OCT CCT TGT GCA OTO ATG GAO ATT (1954)

410 420 430 440
Thr Gly Val Gin Ser Thr Len Arg Phe Ar Val Pro Try Ole Ser Any Thr PinTyrAr Sal Ann Ar~g Tyr Thr Liys Ser Ala His Gin Lys Gly Gin Tyr Thr Ala Ile
AGACA GOTO CAG TOA AOO TTG A GA TTT OCT OTT 007 TO ATT TOT GAT ACA OC TT717 OGITO AAT HO TAO HOG AA 7 OCA GOA OAT CAA A AA OCT GAG TAO ACT GCC ATT (2065)

450 460 470 480
Slio l al 7Tyr Cy Tyr Ann Ara Len Thr Ser Pro Ser Ann Sal Ala Ser His Sal Ar Sal Ann Sal 7yr Len Ser Ala Ile Ann Len Gin C s Phe Ala Pro
OGAGT TOT TAT TOVT TAT HAAOA CTG HOT TOT 007 TOT AAT OTT GCC TCT OAT OTT A aGA TT AAT OTT 717 CTT TOA GOA ATT HAT 770 GAA TOT 777 OCT 007 (2176)

490 IC500 510
Len T r His Ala Met Any Sal 71w Thr Glnf~ai Gly Any Any Ser Gly Gly Phe Ser Thr Thr Val Ser Thr Gin Gin Ann Sal Pro Anp Pro Gin Sal Gly Ole Thw 71w
OTT TA OAT 007 ATG GAT GTT ACT ACA OAG OTT OG GAT GAT TOA OGA GOT TTC0 TCA ACA ACA OTT TOT ACA GAOGCAO A AT OTT OCT GAT 000 CAA OTT 000 ATA ACA ACO (2287)

520 530 540 550
Met Ara Asp Le Ly GIy Lys Ala Ann Ar8l LysMet Asp Val Ser 01y Sal Gin Ala Pro Arg 01y Ser Tyr Gin Gin Gin Len Ann Any Pro Sal Lou Ala Ljy Lyn
ATG AGOAT 7TH HAN A A GCOAAT AG GGA AAG ATG OAT OTT TCA GGA OTOOHAA GOA CCT OCT 000 AGO TAT CAGOCAA CAA TTG HAAGOAT CCA OTT TTA GCA HAG AAA (2398)

560 570 580 590
Sal Pro Gin 71w Phe Pro Gin Len LysPro 01 Gin Ser Arg His Thr Ser Any His Met Ser Ile Tyr Lys Phe Met 01 Arg Ser His PA. Len Cys Thr P8.71wr Phe
OTA OCT GAG AGA 777 OCT GAA 770 HAG OCT 0GA GAG TOO A GACAT ACA TCA CAT GAOC ATG TOT ATT TAT AAA 770 ATO OGU AGO TCT OAT 777 TTO TOO ACT 777 ACT 770 (2509)

600 610 620
Ann Ser Ann Ann Lys Gin 7yr 71w PA. Pro Ilie 71w Len Ser Ser 71w Ser Ann Pro Pro His 010 Len Pro Ser 71w Len Arg Try Phe Phe Ann Lon Phe Gin Len Tyr
HAT TCA HAT AAT AAA GAO 710 ACA 777 OOA ATA ACO CTG TOT 700 ACT TOT HAT OCT OCT OAT GOT 7TH COH TOH AOH TTA AGO 700 770 TTC AAT 770 777 CGA 770 TAT (2620)

630 640 650 660
AuyPoLuAnp Len Thr Ile Ilie Ilie Thr Gy Ala Thr Anp Sal Anp Gly Met Ala Try Phe Thr Pro Sal Gly Len Ala Sal Any Pro Try Sal Gin Lye Gin Ser
AGGACA TTG 7THT AGA ATT ATA ATC AGA OGA GOC HOT GAT GTG GAT GOT 000 700 777T ACT CCA GTG 000 077 GOT GTO GAO OCT 70 OTG GAA AH GAO TCA (2731)

670 680 690 700
Ala Len Ser Ile An Tyr L yn Thr Ala Len Gly Ala Sal Ar PA. Ann Thr Aru AuTra1w01 Ann Ilie Gin Ilie Arg Lon Pro Tr Tyr Ser Tyr Len Tyr Ala Sal Ser
OCT 770 707 ATT CAT TAT AAA ACT 000 OTT GGA OCT OTTA GA 777 AAT ACA AG AG AGA GAHAC ATT CAAHATT AGA 770 COG TOO TT TOT TAT 770 TAT 000 GTG TOT (2842)

710 720 730 740
Gl:Aae AsG0 Le Gly Asy Lye Thr Any Ser Thr Phe 01ly Lon Phe Lon Phe Gin Ilie Ala Ann Tyr Ann His Ser A i y e e A e y e

GCA OGA OOCAT 00077 000GGG GAT AAGAGA OAT TCT AOA 777 GGA 770 777 CTA 770 GAOG ATT GCA AAT TACOAT OAT TCT GACAA TAT TTG 700 TTC HOT TOT 717 770 (2953)
750 760 770

Ser Sal Thr Olu Gin Ser Gin Phe 7Tyr Phe Pro Arg Ala Pro Len Ann Ser Ann Ala Met Len Ser Thr Gin Ser Met Met Ser Ar Ilie Ala Ala 01 Anp Len Gin Ser
TOT OTC AGA GAG CAA TCA GAG 770 TAT 777 OCT AGCA GOT OCA TTA AAT TCA HAT GOT ATG TTG 700 ACT CAA TOO 870 ATG ACT A CAHTT GCA OCT GCA GAC 770 GAO TCA (3064)

780 790 800 810
SerSalAnyAny Pro Ae ler Oin Gin Any Ar ArPhe Gin Ser Ams Ile Gin Cy Ar Ly ProTyr LysGlu Lon Arg Lon Gin Sal Gly Lyn Gin Are LenL yn Tyr

TGA GTG CAT CAT 000 AC TCA GAO GAO CAT AG AG 777 GAO ACT OAT ATA GAA TOT HOGAA CGA 710 AAA CAA 770 ACA CTG GAG OTT 000 AAA AHA CA CTCAHA TAT (3175)
820 830

P A 840 850
Ala Gln Gin Gin Len Ser Ann Gin Sal Len Pro Pro Pro Ar Lyn Met LiynGly Len Phe Ser Gin#Ala Lye Ile Ser Len Phe Tyr Thr Gin Gin Him Gin Ile Met L
GOTCA GAO A GAG TTA TCA HAT GAA GTG 077 CGA OCT 007 AGO AH T A 0 T 7 O A C H 7 O TTT77 TAT ACT CAG GAG OAT CAA ATA ATG HAG (26

860 870 880
Phe Ser TRy Are Gly Sal Thr Ala Any Thr Are Ala Len Are Ar Phe 01y P8e Ser Len Ala Ala GyyArg Ser Val Try Thr Len Gin Met Any Ala Gly Sal Len Thr
7TTT CT TO0A GGA GTO HOAT GOT CATACT AG GOT 770 AG AG 777 GGA TTCOTCTOCTGOCT GOCT TAGA AOCTOGTGO ACT CTTCGAAATGOGAT GOOCAG CTT CTT ACT (3397)

890 900 910 920
Gly Arg Len Ilie Arg Len Ann Ansp Gin Lye Try 71w Gin Met Lye An Any Lye Ile Sal Ser Len Ilie Gin Lye Phe 71w Ser Ann Lye Tyr Tr p Ser Lye Sal Ann Phe
GGA AGA TTGOATC CGA 770 HAT CAT GAO AAA TO ACA GAA ATG HAG CAT CAT~ HAG ATT CrT7TCA TTA ATT GAA HAG 770 HAOH AGC HAT AHA TAT TO TOT AHA OTG HAT 777 (3508)

930 940 950 960
Pro Hin 01Y Met Leu ASn Leu Glu Glu Ile Ala Ala Asn Ser Lys ASp Phe Pro Asn Met Ser Glu Thr Asp Leu C0s Phe Leu Leu His Try Leu Ann Pro Lys Lys Ile
CCA CAT CGA ATG TTG CAT CTT GAA CAA ATT GCT GCC AAT TCT AAG GAT TTT CCA AAT ATC TCT GAG ACA GAT TTG TGT TTC CTG TTA CAT TGG CTA AAT CCA A G AAA ATC (3619)

28
970 980 2B 990

Asn Leu Ala Ann Are Met Leu Gl0 Leu Ser 01Y Val Gln Glu Ile Lys Glu Gln 10 Val G1y Leu Ile Ala Glu CY9 Arg Thr Phe Leu Asn Ser Ile Ala G01 Thr Leu
AAT TTA GCA GAT AUA ATG CTT GGA TTG TCT GGA CTG CAG GAA ATT AAG GAA CACGCTGTT GGA CTC ATA GCA GAG TCT AGA ACT TTC TTG GAT TCT ATT GCT 000 ACT TTG (3730)

(Fig. 2 continues on the next page.)



Biochemistry: Najarian et al. Proc. Natl. Acad. Sci. USA 82 (1985) 2629

1000 1 01 0 1 020 1 030
Lys Ser Met Met Phe Giy Phe His His Ser Gal Thr Gal Glu Ile Ile Ass Thr Gal Lea Cys Pie Gal Lys Ser Gly Ile Leu Lea Tyr Val Ile Gin Gin Lea Ass Gin
AAA TCT ATG ATG TTT 000 TTT OAT 007 TOTGTCCT 0 T 0HOTAT(T TT TOT TTT OTT HAG AT IGA ATC 070 CTT TAT GTC OTO COO 000 TTG 000 000 (3001)

1000 1050 1060 1070
As~ Gila His Ser His Ilie Ilie Gly Lea Lea Org al Met sn T yr 01a ispIlie 010 CysSer Vol Ilie Ser Cys ily Lys Val Pie Ser Lys Met Lea Glu Tir Val Pie

000 000CA TOT 000 ATA OTT GGT TTO TTG 000 OTT iTO OAT TOT 000 lOT OTT 000 TOT TOO OTT OTT TOO TOT GOOOO OTT TTT TOO 000 ATG TTA 000 000 OTT TTT (3052)
2C 1000 1090 1100 1110

Ass Trp GlnrMet Oso Ser Org Met Met Gla Lea Org Thr 01n Ser Pie Ser Ass Trp LeAOr Osplie Cys Ser 110 Ilie Thr Ilie Pie Lys Ser Pie Ly AspAla Ile
OAT TO 000 ATG GAT TOT 000 ATG ATGOG00 CTG 000 HOT 000 000 TTO TOT OAT TOO TTA 00 00TA OTT TOGT 000 000 OTT OCT OTT TTT 000 AGO TTT 000G GA 0 TA(03

1120 1130 11H0
T~rTrpLeuTyrThrLy Lea f s Phe Tr Cia Val Ass Tyr Gb Ls L s LysAsp Ilie Lea One Ilie Lea Lys isp Ass Gln Gin Lys Ilie Ola Lys Ala Ilie Gla
TTTGTTATAT A 000N TTG 0X 0G00 TTT TAT 000 GTA OAT TOT 000 000 000 000 GAT OTT CTT AiT OTT OT 00 00TA OAT 000 00 000A OTA 000 000 000 OTT 000 (4174)

1150 1160 1170 1100
Gia Ala is p Ass Pie Cys Ilie Lea ls Ilie Gls Osp Gal Gla Lys Pie isp Gin Tyr GinLy 010 Vol Asp Lea Ilie Gin Lys Lea Or Tho' Val His Ser Met Ala Gin
000 000 000 OAT TTT TOO OTT TTO 000 OTT 000 GAT GTA 000 000 TTT GAT 000 TATT000 000 000 OTT OAT TTA ATA 000 000 OTO 000 AOT GOC CAT TOO ATG 000G 000 10205)

1190 1200 1210 1220
Hal Asp Pro Ass Leu GAI Val His Lea leo' Pro Lea Or Os y sIlie Ala Org Val His Gin Lys Lea Lys Ass Lea Gly Ser Ilie Ass Gin Ala Met Val Thr Org Cs
GOrT 000 000 OAT TTG 00OTG O TOTOCTGTC00 T0O A00 00 GOC 000 000 000 CTOC 000 AAT OTT 000 TOT 070 OAT 000 000 ATG 070 000 00TG (0306)

1230 1200 1250
Giu Pro Val Vol Cs Tr Lea Tyr 01~ L s Or Gly 01 Gly Lys leo' Lea Thr Ser Ilie Ala Lea Ala Tir Lys Ilie Cys Lys His Tyr Gly Val Glo Pro Glo Lxs Ass
000 000 GOT GOT 700707T TTG TAT 000 00 00 00000 000000000AG TTG AOT TOO OTT 000 770 000 000 00 077T TOT 000 000C TAT OGO GOT 000 COT 000 AO OAT (0507)

1260 1270 1200 12900
Ile Tyr Tsr Lys Pro Hal Ala Ser Asp Tyr Trp Asp 010 Tyr le~r Gly Oln Lea Gal Cys Ile Ile Osp OspIlie Oly Gin Ass Tir 7T OrspGb OsA Trp Ser Os p Pie
OTT TCAO C00000 COT GOG 000 700 007 TAT TOG 00T 000 70 AGO000 000 770 GOT TOO 077 077 007 007 OTT 000 COO 000 000 000 C00 000 00 700~700 007 707T (0610)

1300 1310 1 320 1330
Cgs Gin Lea Val Ser 01y Coys Pro Met Or Lea Ass Met Ala Ser Lea Ola Gla Lys Gly Org His Pie Ser leo' Pro Pie Ilie Ilie Ala Thr Ser Ass Try Ser Ass Pro

000A 770 GOG TOO 700TG COO 070 00 770 007 070 007 TOT 070 000 000 00 00000 007 777TT TOO TOCT COT 777 070 070 000 AOOT TOO 007 700 700 007 COO (0729)

1300 1350 1360
Ser Pro Lys Tir Gal 7yr Hal L s Gla Ala Ilie Os~ Or Or Lea His Pie L s Gal Ola Gal Lys Pro Ala Ser Pie Pie Lys Ass Pro His Ass Asp Met Lea Ass Val
AGO 000 AAO 000 077 TAT GOT AO 00 000OCTT GA~ CGf AGI OTT 007 777 A0G OT 000 077 AAA COT 007 700 777 777 AAA AAT COT 000 007 GAT 070 TTG OAT OTT (0000)

1370 1300 1390 14000
Ass Lea Ala Lys Thr Ass Osp Ala Ilie Lys Asp Met Ser Cys Gal As p Lea Ilie Met Asp Oly His Ass Ilie Ser Lea Met Os p Lea Lea Ser Ser Lea Gal Met Thr Gal

10410 1020 P3,3A 1430 1400
Gia IleAOrgt Gin Asn Met Ser Gla Pie Met Gla Lea Try Ser Giln~~vIle Ser Os~ As~ Asp Ass Asp Ser Ala Val Ala Glu Pie Pie GIs Ser Pie Pro Ser GIp

1050 1000 1070 1400
Glu Pro Ser Ass Trp Lys Lea Ser Ser Pie Pie Gin Ser Gal Tir Hon His Lys Trp Hal Ala Hal 000 Ala Ala Gal 010 Ilie Lea Oly Val Lea Hal 01ly Gy Trp Pie
000 000 700 007 700 000 770 707 007 777 770 000 TOT GOC 007 007 000 000 700 GOT GOT rO 000 007 000 GOT 000 077 OTT 000 OTO OTT GOG 000000 700 777 (5173)

3B 1490 1500 3C 1510
Hal Tyr Lys HisTPhe ber Org Los Gla Giu Glu Pro Ilie Pro Ala Glu Gly Gal Tyr His Gly Hal Thr Lys Pro Lys Gral Ise Lys Lea OspAla Os p Pro Val Gla

-1520 1530 1500 1950
ler' Gin ler' Thr Lea Gl Ilie Ala 01G e alO Ass Lea Gal Ols Pie 010 Gal 010 Ola Ly s Ass 01yC sVal Org r o e s l e 1 a
700 000 700 AOT 070 000 070 000 000 770 OTT 000000A 007 070 OTT 000 777 000 OTT OGOTG000000HOT 000 9 TGAOTG000AG00070070007007 000G GOG 000)5395)

1500 1570 1500 1590
psA Trp Lea Lea Gal Pro Ser His Ala Tyr Lys Pie Glu Lys Hop Tyr Glu Met Met Olu Pie Tyr Pie Ass Or 010 010 Thr Tyr 7Tyr Ser Ilie Ser Ala 010 Asn

1600 1610 1020
Hal Hal Ilie Gin Ser Lea As p 01 010 Pie Gin As p Gal Vol Lea Met Lys Val Pro 1w Ile PrH Lys Pie Org A Ile Thr Gin His Pie lie Ly L s 01 As Gal
OTT OTT 077 000 707 770 007 GOG 000 777 00000 GOT GOT 770 070 HOG OTT 007 000 077 CCC 000 777 0000 077 GOT00 7 7 0 Ool0~OO(67

1630 1640 1650 1660
Pro Org Ala Lea Hon Org Leo 01a Thr Leu Hal Thr Thr Gal Ann 010 Thr Pro Met Lea Ilie Ser Ola 010 Pro Lea Lys Met Glu Glu Lys Ala Tho' Tyr Hal His Ly
COTA0000077000700070 000 000770 OTO 000 000GOT 007 000 007 COT 070 70 077 TOT 000000 000C770000 070 000 000 000 000GOCTAOC GOT007T000A (5720

1670
3D 1600 1690 1700

Lis Ass Oso 010 Tir Thr Gal is pLea Thr Gal An pG0n90A10 Tr' Org Gly Lys 012 Glu 010 Lea Pro 010 Met Co 010 Gly 010 Lea Gal Ser Ser Ass Gin Ser Ile
007A 007 007 007 000 OTT 007 770 HOT GTA 007 COG 000 700 000 00 00 GOT 000 GOT OTT COT 000 070 TOT GOT 000 000 070 OT TOO TOO OAT COG TOO 070 (5039)

1710 1720 1730
Gin Ass Ala Ilie Lea 010 Ile His Vol Ala 010 010 Hon Ser Ilie Lea Gal Ala Lys Lea Hal Thr Gin Gbu Met Pie Gin Ass Ilie Os p Los Lys Ile Gbu Ser Gin Org
000 007 000 077 770 007 077 COT OTT GOT 000 000 000 700 070 OTT GOG 000 000 OTO 077 AGO 000 000 070 777 000 000 077GA00 00 00 07 000GA AGO 000 000 (5900)

1700 1750 1760 1770
Ile Met Lys Val Gla Pie Thr Gls Cnsler Met Hon Gal Vol Ser Lys Thr Lea Pie Orty Ser Pro Ilie His His His Ole Asp Lys Tir Met Ile Ann Pie Pro Ala
070 070 000 GOG 000 777 HOCT COO 9GOC70 070 007AT GOATC 700 000 000 OTT 777A000000 HT CCC 077 007 000 COO 077 007000 000 070 007 007 777 COT 000 (6051)

1700 1790 1000 1010
Ala Met Pro Pie Ser Lys Ala Olu Ale OspPro Met Ala Met Met Lea Ser Ly Tyr Ser Lea Pro Ilie Gal Gia Gin Pro Gbu Asp Tyr Lys Glu Ala Ser Hal Pie Tyr
007 070 COT 770 TOT 000 GOT 000 077 007 000 070 GOT 070 070 770 700 00 70 000A 070 007 ATT GOO 00 000AACA A00000 0070 000 00 007 000T GOT 777 707 (6162)

1020 1030 1800 1050
Gin Ass Lys Ole Hal Oly Lys Tir Oln Lea Val Asp Asp Pie Lea Os p Lea Os p Met Ala Ilie Thr 010 Ala Pro 010 Ilie Onsp Ala Ilie Ass Met Osp Ser leo' Pro 01
000 000 000 070 070 000 000 007 COO 070 GOT GAT 000 777 770 007 OTT 007 070 GOT 070 000 000 GOT 000 00007 007OACT 070 007070007700TC TOT COT Gd (6273)

1060 1070 1800
Pie Pro 7Tyr Gal Ols Gbu Lys Lea Tir Los Org As p Lea Ilie Try Lea As p Glu Ass 010 Lea Lea Lea 010 Hal His Pro Org Lea Ala Gin Org Ilie Lea Pie Ann Tir
777 COT TAT OTT 000 000 000 770 000 00 00 007 770 077 TOO 770 007 000 007 GOTT770 070 77000 GOT 000 000 000 770 000 000 000 077 770 777 007 AGO (6300)

1890 1900 1910 1920
Hal Met Met Gbu Asn Cys Ser Asp Leo AspVal Vol Pie Thr Tir Cys Pro Lys OspGIa Leo Or Pro Lea Gin Lys Gal Leo Gbu Ser Ly Tir Org Ala Ilie As p Ala
GTC 07007 000 007AA TOT TOT 000 770 007 GOT 077 770 000 OCT TOT 000A A~G00000 000 7700 000 070 000000GTGOT A070 A00A70A000 000 A A00077007076095)

1930 1900 1950 1960
C~ Pro Leo As 7 r Too' Ilie Leo Cys Or Met 7yr Try GOy Pro 01a Ilie leo' Tyr Pie His Leo sns Pro Gly Pie His 01w 010 Vaol Ala Ilie Oly Ilie Onsp Pro AnspT9COT TOG GA~ 4T 000 007 070 TOGT 00 070 TAT 000 OGG 000 OCT 070 007 700 700 C00 770 007 000 000 777 000 000 GO GTGOT007 077 000 07000 COT CA7 (6606)

1970 1900 1990
Org Ols Try Asp Glu Lea Pie Los Tio' Met Ilie Org Pie Gly Os p Gal 010 Lea As p Lea Asp Pie Ser Ala Pie AspAla Ser Lea Ser Pro Pie Met Ilie Org Ola Ala
000 000 700 007 000 770 700 00 00 070 070 000 777 000 007GA GOT GO CT007 007 770 00007 TOC CT00 000 007 000 HOT OTT HO 000 770 070 007 000 000 000GC (6717)

2000 2010 2020 2030
Gb AOrglie Met Seo' Gbu Lea Ser Oly 71w Pro Ser His Pie 010 Tho' Ala Lea Ilie Ann To' Ilie Ilie Tyr Ser Lys His Lea Lea Tyr Ann Cyn Co' Tyr His Hal Cys
007 000 070 000 AG 000 770 TOT 000 000 000 TOT 007 777 000 ACA GCTOCTOTOOCAT ACT ATCOOTT THOTCT ANACATOCTOO T GT COACOTGT~TG T TCAT GTOT)TT 6828)

2000 2050 2060 2070
GI Seo' Met Pro Ser 010 leo' Pro Cys Too' Ala Lea Leo Ass Ser Ilie Ile Ass Ass Ilie Ash Lea Tyr Tyr Gal Pie Ser Lys Ilie Pie Gly Lys leo' Pro Val Pie Pie

700 070ATGOC TOT 000 TOT 007 000 000 GOT 070 070 OAT 000 007 077 007 007 077 000 OTG TAO OAT GOG 777 OCT 00 07 777 000000U TOT 000A GOT 700 777 (6939)
2000 2090 2100

CnsOln Ala Lea Org Ilie Lea Cn Too' 010 AspsOnpVal Lea Ale Gal Pie leo' Org spVal Gin Ale Asp Ass Leo Os p Leo Ilie 010 Sin LI 5lie Val Os p Gbu Pie
TT 000 007 770 000 000AT COO TO9T00 000 007 007 OTTG070 07 GTT 777 000 A 00G00 GOT 000 077 000 007 OTT 000 TT070700 000 000A7AT OTA 007 000 700 (7050)

2110 2120 2130 21400
L~sL~sLeuGlyMetThro' l010 Soleo' 010 As WpL snVs al Pro Gln Leo Los Pro Hal Ser Ola Leo Thr Pie Leo L on Org leo' Pie Ann Leo Vol OGo Asp Org Ile
AAAA CT GGC 000 000 000 000TC GOTGAT000 0 GTO OGOC 000 OTO 00 000 GTTCGO70 000 07000 770 OTO 000000 707T 07 000 700T TO 000 007000A 077 (7161)

2150 2160 2170 21800
Ar~Pro 010 Ole Ser Gio Lys Too' Ilie To'p leo' Leu Met 010 Try Gin o'g leo' Ann Ala Gbu Pie Gla Gln Ass Leo Gla Ass Aia Gin To'p Pie Ala Pie Met His 010

COT 000 070 000 000 000 000 007 000 TOT 700 000 007 000 000 000 007 000 GOT 000 77 000 000 007 770 000 000AA GOT 000 701 777 007 777 000 007 000 (7272)

2190 2200 2210 2220
Tyr Gbu Pie Tyr Gin Lys Pie Tyr To r Pe Gab Gln Ser Cys Leo Gbu Lys Gbu Met Ile Gbu Tyr Or Leo Lys leo' Too' Onp TryP Trp Or Met Org Pie Tyr Asp Ole
TT 000G 070 TOT 000 00 777 007 700 777 GOT COOTC GTOOGG000 00 00 000 000 000 000 707 000 OTT 000 TOTTTG T AuAGAUTTT00G070000A0007770 000 (7303)

2227
C s Pie Ilie Cn Os p Leo Ser OP
700r 077AT TOT 00 OTT 700 000 TTTGOTOTAAACAAATTTOCTTACTOTTTCT00GAGOTTTOTTO TCTOTTOTOTCCGCTAACTAOAAH AAAAAAAAOA (7000)

Translated Mob. Weight = 2519400

FIG. 2. Nucleotide sequence of the HAV genome and the predicted amino acid sequence. Arrows indicate the putative cleavage sites for
the HAV polyprotein as determined by comparative structural analysis of poliovirus and HAV. The putative cleavage site between regions iC
and iD (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 pHAVi 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 sequence has an M, of 251,940, once more in good agreement
life cycle has not been determined, with data reported for poliovirus (14, 15).
The Coding Sequence. A leader sequence, 733 nucleotides The HAV Polyprotein. Since no precise information is

long, precedes the first candidate AUG start codon. This available on HAV-coded structural and nonstructural pro-
triplet opens a 2227-amino-acid-long reading frame. A second teins, we have attempted to analyze the HAV coding se-
AUG, two amino acids downstream, is part of the same quence and derive some mapping information by compara-
reading frame and also could serve as an initiation codon (18). tive studies with poliovirus. A direct comparison of the
The putative HAV polyprotein translated from the nucleotide nucleotide sequence of HAV and poliovirus failed to reveal
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FIG. 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: (t) the potential for helix or the a-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 (ii) 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 and Hii such that a peak represents a region of high hydrophilicity; = = =, curve showing the mixing of the three parameters such

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. (A) 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 ofHAV 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 1 sheets) have been found to correspond often to major
antigenic sites (13, 19, 20).
HAV and poliovirus polyproteins were compared by using

a computer program that displays nonstructural and
hydrophilic properties ofpolypeptides (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;
HAV, 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 Gln-Gly amino acid pair. Fig. 4B represents the matched
homologous region on HAV. In a position quite close to the
Gln-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 IIIa 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
HAV region. A long hydrophobic stretch (20 amino acids)
precedes the Gln-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 Gln-Gly pair in poliovirus and possibly
by the Gln-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

virion structural and nonstructural proteins. All gene prod-
ucts identified for poliovirus appear to have homologs in
HAV 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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