
Proc. Nati. Acad. Sci. USA
Vol. 82, pp. 2143-2147, April 1985
Medical Sciences

Sequence analysis of hepatitis A virus cDNA coding for capsid
proteins and RNA polymerase

(hepatitis A virus RNA/picornavirus/sequence homology)

BAHIGE M. BAROUDY*, JOHN R. TICEHURST*, THOMAS A. MIELE*, JACOB V. MAIZEL, JR.t,
ROBERT H. PURCELL*, AND STEPHEN M. FEINSTONE*
*Laboratory of Infectious Diseases, National Institute of Allergy and Infectious Diseases, and tLaboratory of Mathematical Biology, National Cancer
Institute, National Institutes of Health, Bethesda, MD 20205

Communicated by Robert M. Chanock, November 19, 1984

ABSTRACT We report here the nucleotide sequence cor-
responding to two large regions of the hepatitis A virus (HAV)
genome. These comprise a sequence of 3274 bases correspond-
ing to the 5' end of the genome, which includes the putative
capsid protein region of this picornavirus, and 1590 bases
corresponding to the 3' end of the genome, terminating in a
15-base poly(A) tract. These sequences revealed that HAV had
the characteristic genomic organization of picornaviruses: an
open reading frame beginning approximately 750 bases from
the 5' end of the RNA and a termination codon 60 bases from
the 3' poly(A) tract. The predicted amino acid sequences of
both regions have been compared to analogous regions previ-
ously determined for other picornaviruses. There was suf-
ficient homology to conclude that the 5' region of HAV codes
for capsid proteins and that the 3' region codes for an RNA
polymerase. However, these regions ofHAV were not found to
be closely related to analogous regions of poliovirus, enceph-
alomyocarditis virus, and foot and mouth disease virus.

Hepatitis A virus (HAV) has been classified as a picornavi-
rus (1) belonging to the genus Enterovirus (2). Although
picornaviruses express different pathogenic and epidemio-
logic characteristics, they share certain structural features.
They all have an RNA genome that is single stranded and
positive sense. Picornaviral genomes do not have the cap
structure usually found at the 5' end of eukaryotic mRNAs.
There is a virus-encoded protein, VPg, covalently linked to
the 5' end of the genome. A 3' poly(A) tract is virus encoded
and is not added by cellular mechanisms. The genome of
these viruses is translated into a single polypeptide from an
open reading frame that begins approximately 750 bases
from the 5' end of the RNA molecule and spans almost the
entire genome. This protein is cleaved subsequently by both
host- and virus-encoded proteolytic enzymes to yield func-
tional viral proteins. Surface antigens of picornaviruses are
present in the virion capsid, which is composed of proteins
VP1, VP2, VP3, and VP4 (3). While all of the described
features of HAV resemble those of other picornaviruses, it
has not yet been demonstrated that a VPg exists or that the
genome is translated into a single precursor polypeptide.

Wild-type virus was amplified in marmosets, and greater
than 99% of the genome was cloned as cDNA (4) to aid in the
study of the molecular and antigenic structure of HAV. We
report here the sequences corresponding to two large regions
of the genome: a sequence of 3274 bases corresponding to
the 5' end and that of 1590 bases corresponding to the 3' end
of HAV. These regions of the HAV genome have been
compared, using computer programs, to analogous regions

previously determined in other laboratories for other
picornaviruses.

MATERIALS AND METHODS
Plasmid Purification. HAV recombinant plasmids charac-

terized by Ticehurst et al. (4) were propagated and purified
by ethidium bromide/cesium chloride centrifugation (ref. 5,
pp. 86-94).
End Labeling and Sequencing of DNA Fragments. DNA

fragments (5-15 pmol) were labeled by using the Kleno'w
fragment of Escherichia coli DNA polymerase I (6), T4
polynucleotide kinase (ref. 5, pp. 122-124), or terminal
deoxynucleotidyltransferase (7). End-labeled DNA frag-
ments were cleaved asymmetrically with the appropriate
restriction enzymes, separated by electrophoresis on
agarose gels, and purified subsequently by the glass extrac-
tion method (8). The chemical method of Maxam and Gilbert
(9) was used to determine the sequence of these DNA
fragments.
Computer Analysis. Nucleotide sequences were stored and

analyzed in a VAX 11/750 computer. The SEQH program
(10) was used to determine locally homologous areas in
nucleotide sequences of HAV and other picornaviruses
(11-14). Several programs (10, 15, 16) were used to compare
predicted amino acid sequences ofHAV with those of other
picornaviruses (11-13, 17-19) and cowpea mosaic virus (20,
21). Visual alignment of multiple amino acid sequences was
made from the outputs of these protein homology programs
to identify possible post-translational cleavage sites within
the predicted amino acid sequences of HAV.

RESULTS
Sequence of the Capsid Region and 3' End of the HAV

Genome. We have partially sequenced the HAV recombi-
nant plasmids pHAVLB39, pHAVLB58, pHAVLB113,
pHAVLB228, pHAVL1307, and pHAVL1688 to arrive at the
sequence shown in Fig. 1. This sequence represents the
region of the genome encoding the putative capsid proteins
of HAV. Ninety-five percent of the sequence was obtained
on complementary strands, while the remainder was ob-
tained from multiple determinations on one strand.
The translation of the sequence shown in Fig. 1 from three

different frames revealed the existence of a long open
reading frame beginning with an isoleucine codon at position
707. Two methionine codons were found, beginning at
nucleotides 713 and 719, from where the open reading frame
extends to as far as sequence has been determined (position
3274). A polypyrimidine tract (nucleotides 690-704) is lo-
cated on the 5' side of the initiation codons.

Abbreviations: EMC, encephalomyocarditis virus; FMDV, foot and
mouth disease virus; HAV, hepatitis A virus; PV, poliovirus.
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10 20 30 40 50 60 70 80 90 100 110 120
TTCCGGAGTCtCCTCTTGGAAGTCCAT¢OTGAGGCCACTTCATACCTCACCGCCCTTTGCCCTAGGCTATA¢GOCTAAATTTTC CCTTTCCCTTTTCCCTTTCCTATTCCC TTTGTtTTTCCTTO

130 140 150 160 170 180 190 200 210 220 230 240
TAAATATTAATTCCTGCAGGTTCACOCTTCTTAAATCTCTTTCTCTATAAGAACACTCATTTTTCACaCTTTC TOTCTTCTTTCTTCCAGGGCTCTCCCCTTGCCCTA6GCTCTOGCCGT

250 260 270 280 290 300 310 320 330 340 350 360
TGCGCCCGGCGGOGTCAACTCCATGATTAOCATCCAGCCTGTACGACTC TAAATTOGGOACACAGATOTTTCCAACGCTCACCTTGCCAGTGTTAACTTOGCTTTCATCAATC TCTTT¢ATCT

370 380 390 400 410 420 430 440 450 460 470 480
TCCACAAGCOCTAGGCCTACGCOOTGAAACCTCTTACGCTAATAC TTCTATCAACACATOCCTTCCATACCGTAACAGCGGCCOATATTGCTGACTT¢TTAAOACAAAAACC ATTCAACGCCC

490 500 510 520 530 540 550 560 570 580 590 600
CCAG6ACTCACTCTCATCCACTCCATCCATTCAOTC¢ATTCACTOTCACCCC TCTCTTTAOGCCTTAATTCCACACC TCTCTCTGCCTTAOCCCAAACATCATTTGCCCCTTAAATCCOATTC

610 620 630 640 650 660 670 680 690 700 710 720
TGTGAGAGGGGATCCCTCCATTOACAOCTCOACTOTTCTTTGC¢GCCCTTATCTOCTCTTTOCCTCT6AOOTACTCAOGGOCATTTAC6TTTTTCCTCATTCTTAAATAATAATOAACATO

MetAsnMet

730 740 750 760 770 780 790 800 810 820 830 840
TCTACACAACOTATTTTCC ACACT¢TTCGOACTCCTC TTOACCACATCC TCTCTTTCCCACACATTCAOCAACACCAAATGATTCAATCAGTTOATACCAC TCCAOTCACTGCTGCCTTCT
SerArgGlnGlyI 1 ePh*GlnThrVa l~iySer~l yLwuAspHis5lIl*LeuSerLeuAlaAsp I eGl u~lu~l u~ln~oll*tI lnSerValAspArgThrAlaVa lThrGlyAlaSer

650 860 870 880 890 900 910 920 930 940 950 960
TATTTTACTfTCTCTGGATCAATCTTCACTTCATACACCTGAGGTTGATCACACCAGOTTGAACC TTTGACAACCTCTGTTOATAAACCCGOTTCAAAOAAOACTCAGGCAGAOAAATTT
TyrPh *ThrSerVo lAsp¢ lnSerS~rValHis*ThrAla~l uVa l~lySer~i sGlnVal~l uPr oLouArgThrSerVa lAspLy sProC lySerLy sLys*ThrGl n~l y~luLy sPh e

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
TTCTT6ATTCATTCTGCAOATTGGCTTAC TACACATGCTCTTTTCCATGAAOTTGCCAAAATTGGATGTGGTGAAATTATTATACAATOACAOCATTTCCTCTTCAAOGOTTOTTCACATAC
PheLeuIl eHisSerAlaAsp TrpL*uThrThrHisAlaLeuPh.HisOuVa lAlaL sLeuAspValValLy sLouLeuTyrAsnOluClnPh.AlaVa 1lnOl yLsuLeuArgTyr

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
CATACATAT¢CAAOATTTCGCATTCAAATTC AAG;TTCACATAAACCCTACACCTTTCCAACACCC¢CCATTCATCTCTGCCTATOCTTCCTC¢TCACCACAGCCTATCCTTC TATAGCCATCA

li sThrTyrAlaoArgPho~lyII Glu I1 Ol~nVal~ln XlleAsnProThrProPh eGlnGlnGl y~lysLeuI1*Cy sAl abetV- lPro~l yAsp~l nSerTyr~lySerlIl1 AlaS~r

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
TTCACTCTTTATCCTCATCCTTTCTTAAATT¢CAATATTAACAATCT¢CTTACAATAAACCTTCCATTTATTTACACAACA¢CTGCCTTACCACTTTAAACATCCACAATACCCA¢TTTGC
LeuThrVa1TyrProHis*1yLuLeuAsnCy sAsnhI1AsnAinValVa1ArgI lLysVaIProPhI 1*TyrThrArgGl AlaTyrH1sPh.LysAspProGInTytrProVa1Trp

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
OAATTOACAATTAOAOTTTCCTCAGAATTAAATATTOCCACACGAATTCA¢CTTATACTTCACTCAATCTTTTAOCTAGATTTACAGATTTGGAGTTGCATGGATTAACTCCTCTTTCT
CGIuLeuTh rI1*Ar gVal1TrpSer~l uLeuAsn Il Cl "Thr~lyfiThrSerAlaTyrThrSerLeuAsnVa lLouAlaAr gPh *ThrAspLeu~l uLouHisGal LouThrPr oL*uS~r

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
ACACAAATCATCAGAAATGAATTTACCOTCAOTACTACT6AOAATCTacTCAATcTOTCAAATTATGAA"TGCCAACAGCCAAACATCTCTTTTGCCTTTC4ATCACOAA¢ATTCGAAATC T
ThrGl nMletMbltAr gAsna 1uPh *Ar gVa lSrThrThr l uAsnVa lVal1AsnLou~erAsnTy rC luAspA laArgAl1aLysMP~etSerPh *A1L*LuAsp~l nC 1uAs pTr pLysS*Sr

1570 1580 1590 1800 1610 1620 1630 1640 1650 1660 1670 1680
GATCCGCTCCCAGGGTGTGGGATCAAAATTAC TCATTTTACTACTTCOACATCTATTCCAACTTTOOCTOCTCAOTTTCCATTTATGCCTTCAOACTCACTTOOTCAACAAATTAAA¢TT
AspPr oSwrG~nlnC1y~l yO 1y I1Lys I Thr~is*Ph eThrThrTrpThrSer Il1 ProThrLeuAl-Aloa lnPhoPr oPh *AsnAlaSerAspS~rV- 101yGlnl n Il1eLy sV 1

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
ATTCCACTTGACCCATATTTTTTCCAAATGACAAATAC6AATCCTGACCAAAAATGTATAACT¢CTTTGOCTTCTATTTO1 CAGATOTTTTGTTTTTGGAGAQGAGATCTTOTCTTTGAT
I 1 ProValAspProTyrPh ePh~Glnk~tThrAsnThrAsnPr oAspG lnLy sCyslIl1 ThrAlaLeuAlaS~r Il1 Cy sGlnM"Ph *CysPh *TrpArg~lyAspL*uVa lPh *Asp

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
TTTCAAGTTTTTCCCACCAAATATCATTCAGGTAGATTACTGTTTTOTTTTGTTCCTGCAATGAGCTAATACATCTTTCTG¢AATCACATTAAAOCAACCAACTACTGCCTCCTTOTCCA
Ph eG1nVa lPh eProThrLysTyrHi sSer~l yAr9LeuLeuPh eCy sPheVa lPro~lywAsn~l uLeulIl1 AspVa lSer~l y Il1ThrLeuLy sGlrAlaThrTh rAlaProCy sAla

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
CTAATOGATATTACAGGAGTGCAGTCAC TTTG:AGATTTCGTGTTCCCTG06ATTTCTCACACTCC TTACAGAGTGAACAGGTATACAAAGTCAGCACATCAGAAAGGTOAGTAC ACTCCC
Va1MtAspIl1ThrOlyVallnSerThrLeuArgPheArgValProTrp I1.SerAspThrProTyrArgValAsnArgTyrThrLysSerAlaHisQGnLysGly~luTyrThrAla

2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160
ATT¢CGAACCTTATTCTCTArTTCTTATAACAGATTGACCTCTCCTTCTAACGTTGCCTTCCCATOTCACACTOAATOTTTATCTTTCAOCAATTAACTTGCAATCTTTTOCTCCTCTTTAT
I 1Q yLys*L-uI 1e*ValTyrCvsTyr~snArgLeuThre1rProSerAsnValAlar.Hi.sVa lArgValAsnValTyrLeuSerAlaI leAsnLeuG1 uCysPh*AlaProLouTyr

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
CAT¢CTATOGATCTTACTACACAAGTTGGAGATGATTCT60ACOTTTTTCAACAACACTTTCTACAOAACAGAATOTTCCAOATCCCCAAGTTGGTATAACAACCATCAAACATTTOAAA
H isAlaHetAspVal1Th rThr~lnVa101lyAspAspS-r~l y~lyPh eSerThrThrV-alSorThr~luOlnAsnValProAspProG 1nV lG l y I 1ThrThrMetLy sAs pLeuLy s

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
¢GAAAAGCCTAACAGAGGCAAAATGGATGTTTCAGGAGTACAAGC:ACCTCTCC¢AGCCTATCACAACAATT6AC6ATCCAGTTTTAGCCAAAOAAACTACCTCACACATTTCCTCAATTOAAA
GlyLysAlaAsnArg~lyLysM"1tAspValSer~lywValGlnAlaProaVl~l yAlaIlleThrThr I loluAspProVa lLeuAlaLy sLysValPro~luThrPhePro~luLouLy s

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2310 2520
CCTOGAGAATCCGAGACATACATCAOATCATATOTCCATCTACAAGTTTATOCCAACCTCTCATTTCTTCT¢CACTTTTACATTCAATTCAAATAATAAACACTACACATTTCCTATAACC
Pro~l y~luSerArgHi sTh rSerAspHi sPetSer Il1eTyrLy sPh eMt~etlyArgSerH isPh eLouCy sTh rPh eThrPh eAsnSerAsnAsnLy s~luTyrTh rPh ePr oI1 Th r

2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
TTGTCTTCAACCTCTAATCCTCCTCATGCTTTOCCATCAACAC TGACGI'GGTTTTTCAACTTCTTTCAGTTGTATAGAGGGCCTTTACATCTCACAATTATTATTACACGA¢CAACTGAT
LeuSerSerThrSerAsnProProHis~lyIJL*uProSerThrLeuArgTrpPhePh&AsnLeuPh eGlnL1uTyrArgGlyProLeuAspLouThrIle1.I1.1 leThril yAlaThrAsp

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
CTACATOGCATGGCCCTCOTTCACTCCAGTAGCTCTTGCCGCTTCATAC TCCTTCGoTAGAGAAGGAGTCAaC TTTGTC TATTOACTACAAAACTGCCTCTTOCAGCTGTCAGATTTAACACA
Va1AspQlyuMtAlaTrpPheThrProValGlyLeuAlaValAspThrProTrpVa101uLgsG1uS.rAlaLeuSer1 I 1eAspTyrLysThrAlaLeulyAlaVa lArgPh*AsnThr

2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880
AGOACAACACOGAACATTCACATTACATTACCATCCTATTCTTATTTATATGCT6TGTCTGOAGCACTGGATGGTTTGG¢GQ1ACAAGACAGATTCTACATTTGOA'TTGGTTTC TATTCAO
Ar gArgThr¢ 1yAsn IleG 1n I1eArgLouProTrpTyr~erTyrLeuTyrAlaVa lSorGl1yAl1aLeuAspGl1yLeuGl1y'spLy sTh rAsp!;erThrPh eGl1yLeuVa1Sor lI C1n

2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
ATTOCAAATTACAATCATTCTGATCAATACTTCTCTTTTAOTTGTTATTTOTCTCTCACAGAACAATCAGAGTTTTATTTTC CCAGAGCTCCATTCAACTCAAATGCCATGTTATCCAC T
I 1eAlaAsnTy rAsnHisSerAspCluTyrLeuSerPh.SerCUsTy rLouSerVa 1ThrGluGInSerGluPheTyrPheProArgAlaProLeuAsnSerAsnA1anetLeuSerThr

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120
OAATCAATCATAGACAGAATTCCAGCTOGAGACTTOGACTCATCAOTGCATOATCCTACATCAGAGGAAGATAAAACATTTCAGAGTCATATACAATCC ACCAACCCATATAAACAAC TC
¢1 uSerMetP~etSerArg Il1eA1 aAla~lyIAspLeuGl uSerSerValAspAspProAr gSer~l tsGl1uAspLy sArgPh eGl1uSerHi s l G1uCy sArgLy sPr oTy rLy sG1uLeu

3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240
AGATTACAAGTTGGAAACLAAAGACTCLAAGTATCCTCAGGAA6AATTGTCAAATOAACTACuTTCCACCCCCAGAAAATGAAGGGACTGTTTTCACAAGCCCAAAATTTCI TTTTTTAT
ArgLeuGl uVal101yLy sG 1nAr gLouLy sTyrAlaGlnGl1uGl1uLeuSerAsnGl1uVa1 LeuPr oPr oProAr gL-y sM2 tLy sGl1yLeuPh eSerGl nAlaLys5Il1eSerLeuPh eTyr

3250 3260 3270
ACTGAGGAGCATGAAATAATGAAGTTTTCCToo
ThrGluGluHi sGluI leMetLysPheSerTrp

FIG. 1. (Legend appears at the bottom of the next page.)
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t0 20 30 40 50 40 70 s0 90 100 110 120
ACTCAA^ACTOTTCCA^AATATOTOATTCOG CC^OTTGAAT ^GQATO^TGAAA OTQ TTPCTCAGOT~TC^ATGAATOTOOGTCTTC^ACGCTTTrTAG ATCCCC^TT
ThrOln~l u~etPh *C n~sn Il1 *spLysLysl t1*C1uSerGlntr Il1 *"tLysVal101uPheThrO lnCysSerMet~snV IV1V-l*rLys*ThrLeuPheArgLysSerProlIle

130 140 150 140 170 130 190 200 210 220 230 240
TATCATCACATTGATA^AcCTCATTAATrTTTCCTGC^ cTATGCCCTTC^ACTATGATCCrcTGcrTGTorTcTTTccroorrCToAAGTATCATTACCTATTGTAA^AoccA
Tyr~is*Hi sIl1e~spLys*ThrMlt I losnPh *Pro~l-^laletProPhS*SrLys lal-Iu I I spProM t~laValtetLouSerLysTyr~orLouPro II V-a11 ul ~uPro

250 260 270 280 290 300 310 320 330 340 350 360
CAGOATTATAAACACCC TTC^ATTTTTTAT^Tc TA^ATATGCCT^AACTCAGTTAGTTGTTGATTT TTTAATCTTO^TATO&CCATTACACCGCCCCAGCAATTGATGC TATC
C1 u~sp TyrLys~l uAlaS~r llPhoTyr~ln~snLyslIl1eVaI ClyLys*ThrGl nL-uV 1Val~spPhwLou~spLeuipMet~la I 1hrbrolylalProclyII A^Sp~la I 1e

370 380 390 400 410 420 430 440 450 460 470 480
^ACATOCATTCATC TCCTAOTTTCC TTATCTCCAACCQ^^CTTGACC^AAACAGATTTAATTTGCTTCGATCA^TGOTTTATTOC TCOCATTCATCC^AG^TTGGC T CAGC^ATC
AsnM~et~spSerS rPr o~rgPhePr oTgrV- l C lnC1yLys*LauTh rLyistr ^s pLeu I 1 Tr pLeu~s pC 1u~snC1yLouLeuLouC 1yV-alHi*Pro~rgLeu l l n~rg I1e

490 500 510 520 530 540 550 560 570 580 590 60C
TTATTC ^AACTOTCATCATGCAAAATTGTTrcTGATrTTGC^TGTTCTTTTTACAACCTrorccAAc rATzrTToCCATTAGA^CCTGTTOGATCCA^ACACOC TATTGAT
LeuPh eAsnThrV- IMettltCl u~snCgsSerirpLou~spValV-alPh *Thr ThrCgysPr oLys^sp~l uLeuArgPr oLeu~l uLys*V-lLeuGl1uSerLysThrArg~l- Il1 Asp

610 620 630 640 650 660 670 680 690 700 710 720
CC TTGTCC TCTCATTAC TC^TTTTCTOC CC^TOTATTGOC CTCCZC TATTAGTTATTTTCAT TTG^TCC GTTTCCATAC GOTGTTCCTATTOOATATCC TGATACACAC
AlaCsProLou~spTyrSerlIlILeuCystrg~tetTy rTrpGl yPro~la I eSerTyirPhoHisLeu~snProOlyPho~isThrGlyVo l~laIle~ly IllAspPro~spbrg~ln

730 740 750 760 770 780 790 8o0 810 820 830 840
TGOGATGATTATT TT^^C^ATQAATTCGOAGAT5GTTGGTCTTCTTTAATTrcTCTCTOCTTTTGATCC TACTCTTAOTCCATrTTTCATTOGG^CAbOTAC^TCATCACT
Tr pAspOIuL-uPh eLysThrM*"tI1 ArlPh *1glyspVa 1 1GlLeu~spLeu~spPhoSerAl&Pb *Asp l-SerLouSerProPh-le t I1 ArgOl ublaGly~rglIl1etMetSer

850 840 870 880 890 900 910 920 930 940 950 960
G^C T^kTCTroZACTCCATCCCATTTT¢OCCACbOCTCTTTCA^TAC TATCATTTATTCCA^^OCATTTCC TGTATAACTCTTCTTACCATCTC TOTCOTTC ATGCCC TCTCTC TCC T
Cl uL-uSer~l sTh rProSerH isPh *C1 yThrAlaLou Il1 *snThrlIl1ll1 TyirSerLysHi *LouLauTyir^snCs Cy sTyr~is*VlCysCl ySornetProSer~l ySerPro

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
TOTACACCTTTGCTAATTC ATTATTAATAATGTCA^TTTCTATTATCTCTTTTCCAAGATATTTCCOAGCTrcCAOTTCTTrT^GCTTCTTTrrTTCTCTcTTorrccrATGAAcT
CysThrAlaLeuLou~snStr IleIle^sn~snV l~snLouTy rTgrV lPheSerLysIl1 Pho~lygLgsSerProVo lPh*Ph *CgsGlnAlaoeuLys I leLuCys yry~l y~p

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
¢ATOTTTTAATAGTTTTC TC TCGA^ATCTTCACATTGATAATC:TTGATTTCATTGG^CAAAA^ATTGTACATG^CTTTZAAACTTGOCATC^CAGCTACTTCTGCTGCA^TGTA
AspValLoulI eVo lPhtSerAr9^spVaIGln Ile~sp~snLeu~spLeulIl1*C1y~lnLys I V- IspCIluPhoLysLysLou~l yletThrAlaThrStrAla^spLys*^snV I

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
CCCTCACTC_^CCACTTTCQGATGCTTTCTCATAAOATCTTTC^TTCTGrOrTCGGGTAGA CTTA T^CCTCCTOTTTCGG^^^^TTGGTO~CTT^TArCATOCCAGA
Pr oC 1nLeuLy*Pr oV lStr~l uLeuThrPh *LouLys*^rgSorPhe~nL *uV ICIu~sp~rg II*ArgPr o~laI 1*Sor~l uLysTh r I1 TrpSorLeu Il1A*^lTrpo ntrg

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
OGTSCCOCTAGTTTrCACCbCTTT£AG^^TGCTC GTOOTTTCCTTTTATGCATCCCTATG^GTTTTATCAGATTTTATTATTTTCTTCAOTCCTOTTTCGA^CCAACTGATA
Ser~snAl-Cl uPh *C1uGl n^snLou~l u^snAlaGl nTrpPh *^lPh *MetHi*C 1yTyir~l uPh*Tyr~l nLys*Ph *TyrTyrPhoVo lGlnSerCysLau~l uLf *C1ulme tlI

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
GAT^CFACQTTATCTTATC^TTCOTOO^GAATG^CATTTTATGACCAOTGTTTCATTTOTO^C:TTTCATOATTTGTTT AACAZATTTTCTTAATTTC TC^OCTTTGTTTATTT
GluTyrArgLouLysSerTyrsApTrpTrpAlrfetlrgPh.TyrAsp01nCysPh.llCysAspLe uSr * PhaVal

1570 1580 1590
CTTTTATCACTAAATAAAAAA^AAAAAAAA

FIG. 2. Nucleotide and predicted amino acid sequence of cloned HAV cDNA corresponding to the 3' end of HAV RNA. The poly(A) tract
(nucleotides 1576-1590) was followed by poly(C) and the Pst I site of pBR322 in plasmids pHAVLB24 and pHAVLB93. The predicted amino acid
sequence is shown below the nucleotide sequence until termination codons (*, nucleotides 1513-1515 and 1522-1524). A portion of this
sequence was previously reported (4).

We have also obtained the entire sequence of pHAVLB93,
a plasmid that maps at the 3' end of the genome (Fig. 2). The
first 105 bases shown in Fig. 2 were obtained from the partial
sequence of pHAVLB24, a clone that contains sequences
which extend upstream from those found in pHAVLB93. A
poly(A) tract of 15 bases is found at one end of pHAVLB93
and presumably represents the 3' end of HAV RNA. This
poly(A) tract is 51 bases downstream from two closely
spaced termination codons, which are preceded by 1512
bases in an open reading frame that is expected to be
continuous with the one described above from the 5' end of
the genome. These termination codons are believed to be
approximately 6700 bases downstream from the beginning of
the reading frame.
Computer Analysis. Available nucleotide sequences from

the 5' untranslated regions of poliovirus (PV) type 1 (743
bases, ref. 12), encephalomyocarditis virus (EMC) (205
bases, ref. 13), and foot and mouth disease virus (FMDV)
type 01K (724 bases, ref. 14) were compared by using the
SEQH program (10) with the analogous region determined
for HAV. Locally homologous areas detected were no
greater than 20 bases (data not shown).
The predicted amino acid sequence of the 5' region of

HAV (Fig. 1) was compared with the sequences of the capsid
protein regions of PV type 1 (11, 12), EMC (13), and FMDV
type A10 (18) to search for areas of homology. By using
graphic matrix analysis (15), homology was demonstrated
between EMC and FMDV in VP1 and among PV, EMC, and
FMDV in VP2, VP3, and the amino terminus of VP4 (ref. 22;
data with EMC not shown). In contrast, graphic matrices or

the SEQHP program (10) revealed less homology between
HAV and PV, EMC, or FMDV. Homology was most
evident between HAV and PV in VP3 (Fig. 3A) and between
HAV and FMDV in VP2 (Fig. 3B). It was concluded from
graphic matrices that VP4 of HAV is probably shorter than
known VP4 proteins (69 amino acids) and that there is
probably no leader protein like the leader proteins of EMC
(13) and FMDV (14, 18, 23).
An attempt was made to position amino and carboxyl

termini of putative HAV capsid proteins by amino acid
sequence homology. In PV, the virus-encoded protease
cleaves between glutamine and glycine at the VP2-VP3 and
VP3-VP1 junctions (11, 12) and a similar mechanism has
been proposed for maturation of these proteins in other
picornaviruses (13, 14, 18, 23). However, none of the
dipeptides that are known to demarcate the junctions
VP2-VP3 and VP3-VP1 were found in the HAV sequences
that aligned with those of PV, EMC, and FMDV. Although
HAV sequences aligned with known cleavage sites so that
glutamine could be proposed as the carboxyl terminus of
both VP2 and VP3, the amino acids that follow, methionine
and valine (Fig. 1, nucleotides 1448-1450 and 2186-2188),
are atypical (data not shown). The two capsid proteins of
cowpea mosaic virus, a comovirus that shares many
genomic characteristics with the picornaviruses, are cleaved
between glutamine and methionine (20), but there was no

significant homology between these capsid proteins and
those of the picornaviruses by graphic matrix analysis (data
not shown).
The known cleavage sites for VP4-VP2 and VP1-P2 are

FIG. 1 (on preceding page). Nucleotide and predicted amino acid sequence of cloned HAV cDNA corresponding to the putative capsid
protein region of HAV. Nucleotide 1 is 20-30 bases from the 5' terminus of HAV RNA (estimated from cDNA primer extension, unpublished
data). In the first 706 nucleotides 10 Met codons are found. The longest peptide encoded is 26 amino acids (nucleotides 306-383). After the Met
codon at nucleotide 713 an open reading frame extends to nucleotide 3274. This region codes for a polypeptide, 854 amino acids in length, shown
below the nucleotide sequence. The nucleotide C determined at position 849 in pHAVLB39 was T in pHAVLB113, resulting in an Ile codon. The
nucleotide G determined at position 2174 in pHAVLB39 and pHAVLB58 was A in pHAVL1307, resulting in an Ile codon.
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A. PV (VP3, carboxy portion, and VP1, amino portion) and HAV

PV: LSLSPASDPRLSHTMLGEILNYYTHWAGSLKFTF LFCGSKMATGKLLVSYAPPGA DPPKKR KEAMLGTHVIWDI G

HAV: FQMTNTNPDQKCITALASICQMFCFWRGDLVFDFQVF PTKYHSGRLLFCFVPGNELIDVSGITLKQATTAPCAVMDITG

LQSSCTMVVPWISNSTYR QTIDDSFTE GGY IS VF Y QTRIVVPLSTPREMDILGFVSACNDFSVRLLRDTTHIE
** ** * * * * * * * **0* *

QKALAQGLGQMLESM IDNTVRETVGAATSRDALPNTEASGPTHSKEIPALTAVETGATNPLVPSDTVQT RHVVQHRSR
* * * * * * * * * **

B. FMDV (VP4, carboxy terminus, and VP2) and HAV

FMDV: TGLFGAL LADKKTEETTLLEDRILTTRNGHTTSTTQSSVGVTYGYSTEEDHVAGPNTSGLETRWQAERFFKKFLFDW
** * *A* * ** * ** **** * **** **

HAV SGLDHILSLADIEEEQMIQSVDRTAVTGASYFTSVDQSSVHTAEVGSHQVEPLRTSVDKP GSKKTQGEKFFLIHSADWL

TTDKPFGYLTKLELPTD HHGVFG HLVDSY AYMRNGWDVEVCAVGNQFNGGCLLVAMVPEWKAFDTREKYQLTLFPHQ
** * ** * * *0** * * * * **** ** **

TTHALFHEVAKLDVVKLLYNEQFAVQGLLRYHTYARFGIEIQVQINPTPFQQGGLICAMVPGDQSYGSIAS LTVYPHG

FISPRTNMTAHITVPYL GVNRYDQYKKIK P WTLVVMVLSPLTVSN TAA PQIKVYANIAPTYVHVAGELPSK EG
* 0*0* * * * ** *0** * * * * * *

LLNCNINNVVRIKVPFIYTRGAY HFKDPQYPVWELTIRVWSELNIGTGTSAYTSLNVLARFTDLELHGLTPLSTQHMRN

FIG. 3. Comparison of selected amino acid sequences. Se-
quences were determined by the SEQHP computer program (10),
using standard parameters (BIAS = 0, DEL = 8). Amino acids are

denoted by single-letter abbreviations and conserved amino acids by
asterisks. (A) PV type 1 sequence obtained from refs. 11 and 12,
amino acids 425-650, with the cleavage site between VP3 and VP1
(Gln578-Gly579) indicated by a line over the letters. HAV sequence
predicted from Fig. 1, nucleotides 1703-2416. (B) FMDV type A10
sequence obtained from ref. 18, amino acids 164-391, with the
cleavage sites between VP4 and VP2 (Ala 72-Asp'73) and between
VP2 and VP3 (GluIIC-GlyI9l) indicated by lines over the letters.
HAV sequence predicted from Fig. 1, nucleotides 752-1459.

thought to be cleaved by a host-encoded protease. The
sequence Leu-Ala-Asp, found at the VP4-VP2 junction in
EMC and FMDV, was identified in HAV (Fig. 1, nucleotides
776-784) within a region that aligned with the VP4-VP2 site
of FMDV (Fig. 3B), PV, and EMC. If Ala-Asp is used to
demarcate VP4 and VP2 of HAV, VP4 would be smaller in
size than determined by electrophoretic analysis (1) but its
predicted length of 23 amino acids would be consistent with

EMC

D

EMC

PV

Proc. Natl. Acad. Sci. USA 82 (1985)

the analysis of graphic matrices. Alignment for the VP1-P2
junction was more difficult to establish because of greater
divergence in this region, but it is likely that the entire
sequence encoding VP1 has been determined.
Graphic matrix analysis was also used to compare the

predicted amino acid sequence of the 3' region ofHAV (Fig.
2) with analogous sequences of other picornaviruses (Fig. 4).
This region is known to encode an RNA polymerase, 3DI
(terminology of Rueckert and Wimmer, ref. 25). Sequences
of PV, EMC, and FMDV (Fig. 4 D, E, and F) demonstrated
extensive homology among these viruses throughout this
region. On the other hand, this region of HAV showed less
homology to the previously determined 3DPol sequences
(Fig. 4 A, B, and C). Although data from the computer
programs allowed us to say that the complete sequence for
the putative HAV RNA polymerase had been determined,
alignment of this region demonstrated that HAV does not
have either of the dipeptides (Gln-Gly or Glu-Gly, see legend
to Fig. 4) thought to be cleaved by the viral protease between
3CPr0 and 31)PO. It is possible that an atypical dipeptide,
either Glu-Ser or Gln-Arg (Fig. 2, bases 37-49), is recognized
in HAV. Within the putative 3DPOI sequence of HAV, there
is an amino acid segment (Ile-Leu-Cys-Tyr-Gly-Asp-Asp-
Val-Leu-Ile, predicted from nucleotides 1063-1092 in Fig. 2)
that is highly conserved in picornaviruses and among RNA-
dependent nucleic acid polymerases in general (A. C.
Palmenberg, personal communication; ref. 26).

DISCUSSION
The size and organization of the HAV genome resemble
those of other picornaviruses. In our laboratory HAV RNA
has consistently comigrated with PV RNA and 7.5-kilobase
marker DNA when analyzed by electrophor'esis after de-
naturation with glyoxal/dimethyl sulfoxide, in agreement
with the size estimated from the sum of overlapping cloned
and primer-extended cDNAs (4). Unlike the larger genomes
of aphthoviruses and cardioviruses, HAV RNA lacks the
poly(C) region found near the 5' end and probably has
insufficient coding capacity for a nonstructural protein at the
amino terminus of the capsid protein region.

FMDV

F

FMDV

I kHA

FIG. 4. Comparison of predicted amino acid sequences from the picornavirus genome regions coding for RNA polymerase. Graphic analysis
(15) was performed by using the mutation data matrix of Dayhoff (24) with a window size of 25 and a minimum score of 15. The marks on the
axes indicate intervals of 10 amino acid residues. The origin of each graph is located in the upper left corner. Sequences used were as follows:
PV type 1 (A, D, and E), residues 1700-2207 (11, 12); EMC (B, D, and F), residues 1780-2290 (13); FMDV type A12 (C, E, and F), residues 1-471
(19); and HAV (A, B, and C), amino acids 1-504 predicted from bases 1-1512 in Fig. 2. The known or proposed cleavage sites between 3CPW
and 3DP"' are as follows: in PV, Gln1747-Gly'748; in EMC, Gln1830-Gly1831; and in FMDV type A12, Glul-Gly2. Sequence from the analogous
region of rhinovirus type 2 (17), which has a proposed cleavage site of Gln-Gly, was highly homologous to PV and, similar to the patterns shown
here for PV, was also homologous to the other picornaviral sequences (22). Less, but probably significant, relatedness was detected when this
analysis was used to compare the predicted amino acid residues of cowpea mosaic virus bottom-component RNA (21) with those of PV type
1 or HAV (data not shown). The nucleotide sequence of HAV from Fig. 2 was also translated to the other two reading frames and compared
by graphic analysis with PV and FMDV; there was no homology detected (data not shown).
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As in other picornavirus genomes, a single long open
reading frame begins over 700 nucleotides from the 5'
terminus of HAV. No function has yet been discovered for
the untranslated region, although its presence is required for
production of PV after transfection of cells with cloned PV
type 1 cDNA (27). Mutations in this area appear to affect the
virulence of PV type 3J The sequence of this region is highly
conserved among the serotypes of PV (28) and, in addition,
between PV and coxsackievirus B3.§ There was no signifi-
cant homology between this region of the HAV genome and
analogous sequences available from PV, EMC, and FMDV.
Approximately 740 bases from the 5' end of the genome, two
initiation codons were found in the sequence ATA ATG
AAC ATG T (Fig. 1, nucleotides 710-722); these initiation
codons are surrounded by consensus nucleotides (italicized),
described by Kozak (29) as preferred for initiation of eukary-
otic translation. In addition, the pyrimidine-rich region near
the methionine codons is similar to that described in FMDV
(23) and found in PV (11, 12) and EMC (13).
Because the HAV genome appears to be translated as a

large polyprotein, comparison of known picornaviral amino
acid sequences with those predicted for HAV was used in an
attempt to define amino and carboxyl termini of HAV
proteins. Greater sequence divergence in areas analogous to
those that encode capsid proteins as compared with the
putative RNA polymerase region was not surprising, be-
cause the viral capsid defines immunologic differences be-
tween picornaviruses. HAV may utilize Ala-Asp for host-
mediated cleavage between VP4 and VP2 in a manner similar
to EMC and FMDV. The dipeptides previously shown (or
thought) to be cleaved by picornaviral proteases were absent
from the predicted amino acid sequences ofHAV that were
aligned to sequences in the vicinity of previously established
picornaviral cleavage sites. These data suggest that HAV
uses different amino acid sequences or mechanisms in its
post-translational cleavage scheme. The possible use of an
atypical dipeptide, Gln-Val, at the VP3-VP1 cleavage site is
supported by limited amino acid sequence data (30).

In general, the HAV genome is organized most like the
genomes of the enteroviruses and rhinoviruses. However,
the nucleotide sequence at the 5' end is unlike any of the
sequences already determined, with the exception of the
pyrimidine-rich region found near the initiation codons as in
PV, EMCV, and FMDV. Although there is sufficient homol-
ogy in the predicted proteins to allow alignment and predic-
tion of putative cleavage areas, the proteins of HAV appear
to be more different from those of other picornaviruses than
the latter appear to be when compared with each other.

After this manuscript was submitted, an additional se-
quence extending to the 5' end of the HAV genome was
determined from a cloned cDNA that was obtained by
extension of a primer from pHAVLB113 (Nco I to Nci I,
nucleotides 23-246 in Fig. 1). The 22 nucleotides from the
HAV 5' terminus that were missing from Fig. 1 are 5'-T-T-
C-A-A-G-A-G-G-G-G-T-C-T-C-C-G-G-G-A-A-T-3'. This se-
quence is in close agreement with, but not identical to, that

tAlmond, J. W., Westrop, G. D., Stanway, G., Cann, A. J., Minor,
P. D., Evans, D. M. A. & Schild, G. C. Sixth International Con-
gress of Virology, Sept. 1-7, 1984, Sendai, Japan, p. 138 (abstr. no.

P8-13).

§Tracy, S., Chapman, N. C. & Liu, H. Sixth International Congress
of Virology, Sept. 1-7, 1984, Sendai, Japan, p. 204 (abstr. no.
P31-5).

obtained by D. Dina (personal communication) from a dif-
ferent strain of HAV.

We greatly appreciate John Owens' participation in developing
and running computer programs, the technical assistance of Taylor
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prior to publication.
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