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We have determined the complete nucleotide sequence of an infectious cloned genome of ground squirrel
hepatitis virus (GSHV), a nonpathogenic member of the hepadnavirus group. The genome is 3,311 base pairs
long and contains the major open reading frames described for the related human and woodchuck hepatitis B
viruses (HBV and WHY, respectively). These reading frames include genes for the major structural proteins
(the surface and core antigens), unassigned open reading frames (A and B), the longer of which is presumed to
encode the viral DNA polymerase, and an open reading frame preceding and continuous with the surface
antigen gene. The arrangement of these open reading frames is similar to that encountered in the genomes of
HBYV and WHYV: all of the reading frames are encoded on the same strand, they are positioned in the same
fashion with respect to each other, and a large portion (at least 51%) of the genome can be translated in two
reading frames. Comparisons of the predicted translational products of the three mammalian hepadnaviruses
reveal 78 % amino acid homology between the proteins of GSHV and WHV and 43% homology between those
of GSHYV and HBYV. In addition, a perfect direct repeat of 10 to 11 base pairs, separated by ca. 46 to 223 base
pairs, is present in the three mammalian viruses and in duck hepatitis B virus; the position of the repeats near

the 5’ termini of the two strands of virion DNA suggests a role in viral replication.

Ground squirrel hepatitis virus (GSHV), a member of the
hepadnavirus group, provides a useful experimental model
for human hepatitis B virus (HBV) (17, 26). GSHV is similar
in many respects to HBV and the other known mammalian
hepadnavirus, woodchuck hepatitis virus (WHYV) (28). The
virus has a narrow host range and is highly hepatotropic (10,
16). Virus particles contain two major structural proteins,
the surface and core antigens (sAg and cAg, respectively),
both of which are cross-reactive with and biochemically
related to the analogous proteins of the other mammalian
hepadnaviruses (3, 5, 11, 17). Virion DNA is composed of
two strands that overlap at their 5’ ends: a full-length,
protein-linked strand (called the long or minus strand) of ca.
3.3 kilobases and a strand of variable length (called the short
or plus strand) that can be extended at its 3’ end by a virion-
associated DNA polymerase activity (9, 17, 24). The identi-
fied intracellular forms of viral DNA include both closed
circular duplex DNA and heterogenous partially single-
stranded species in which minus strands predominate over
plus strands (33). These forms suggest that GSHV may
follow the replication cycle proposed by Summers and
Mason (27), with DNA synthesis proceeding from an RNA
template. Despite these several similarities to other hepad-
naviruses, GSHYV is distinguished by its apparent lack of
pathogenic effect. Persistent infection for up to 3 years is
accompanied only by slight inflammatory changes in portal
triads (10, 16; unpublished data); to date there are no reports
of GSHV-associated hepatomas. HBV and WHYV, in con-
trast, are agents of overt acute and chronic hepatitis and are
probable factors in hepatic carcinogenesis (8, 26).

We have been studying GSHV as an experimentally
accessible model for replication of hepadnaviruses and as a
potentially useful reagent for identifying determinants of
pathogenicity. We have recently cloned the genomes of two
strains of GSHYV distinguishable on the basis of restriction
site polymorphisms (9). One of these cloned genomes, from
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GSHYV strain 27, has proved to be infectious when injected
directly into the livers of susceptible ground squirrels in the
form of monomeric and oligomeric circles C. Seeger, D.
Ganem, and H. E. Varmus, Proc. Natl. Acad. Sci. U.S.A.,
in press. We now report the complete nucleotide sequence of
the infectious genome, as determined by the dideoxynucleo-
tide method of Sanger and his colleagues (1, 22). The
sequence reveals that the three mammalian hepadnaviruses
contain the same number of coding domains arranged in a
similar fashion, with all of the genes, some of them overlap-
ping, encoded on the same strand of virion DNA. Further-
more, the deduced amino acid sequences are highly homolo-
gous to the corresponding products of HBV and WHV. A
number of features of the sequences suggest signals that may
be important in the replication and expression of the
genome.

MATERIALS AND METHODS

DNA clones. GSHV DNA clone pBA131 was obtained by
cloning an EcoRI digestion product of GSHV virion DNA,
after repair of the gapped region, in the lambda bacterio-
phage vector gtWES.B, followed by subcloning the viral
insert in pBR328 (9). The virion DNA was prepared from the
serum of an animal infected with a virus stock arbitrarily
named strain 27.

Nucleotide sequencing. The nucleotide sequencing reac-
tions were done by the method of Sanger et al. (22) with
modifications as described by Biggin et al. (1). For the
construction of Bal 31 fragments, the following protocol was
used. Replicative-form DNA from clone pRR12, consisting
of an M13mp8 vector with a full-length insert of GSHV DNA
from pBA131, was linearized at different sites within the
GSHY sequence (Xbal, Apal, Hincll, and Stul) and incubat-
ed with the exonuclease Bal 31 (0.1 U/ung of DNA; New
England Biolabs) for various times (1 to 20 min). The
reactions were stopped with a twofold molar excess of
EDTA over Ca®*, and the DNA was precipitated with
ethanol. The Bal 31-treated molecules were digested with
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Smal (which cuts within the mp8 polylinker sequence) and
ligated under conditions favoring the formation of circles.
The ligation mixture was then introduced into Escherichia
coli by CaCl,-mediated DNA transformation, and the result-
ing M13 phage was plaque purified. Deletion mutant DNAs
were used in the dideoxy sequencing reactions as previously
described (22).

RESULTS AND DISCUSSION

Generation of the substrates for sequencing. DNA from
GSHV clone pBA131, derived from virus strain 27, was
subcloned into the M13mp8 vector as (i) a full-length (3.3-
kilobase) EcoRI fragment, (ii) a series of subgenomic frag-
ments generated by cleavage with endonucleases known to
recognize one or two sites in GSHV DNA, and (iii) relatively
small fragments produced by complete digestion with either
Haelll or Sau3A, each an enzyme that recognizes several
hitherto unmapped sites in GSHV DNA. The regions se-
quenced from the useful subclones are diagrammed in Fig. 1.
To obtain genomic segments that were underrepresented in
the initial collection of subclones, we constructed deletion
mutants that brought the region to be sequenced close to the
cloning site in M13mp8. To do this, a recombinant (pRR12)
that carries the complete GSHV genome in the EcoRlI site of
M13mp8 was opened at different restriction sites within the
GSHYV region, treated for various periods of time with the
exonuclease Bal 31, cleaved with an enzyme specific for the
M13mp8 polylinker, religated, and recloned (for details see
above). This procedure produced a series of deletion mu-
tants with deletion endpoints at different distances from the
site of primary cleavage (Fig. 1). Over 70% of the genome
was sequenced with strands of both polarities, and the rest
was sequenced with at least two independent subclones.

Arrangement of the coding domains of GSHV DNA and
similarities to other genomes. The complete nucleotide se-
quence of GSHV DNA, 3,311 base pairs (bp) long, is
presented in Fig. 2. Several factors suggested that it would
be possible to recognize the coding domains of GSHV by
comparison of the GSHV DNA sequences with the pub-
lished sequences of HBV and WHV DNAs (6, 7, 20, 30): (i)
there is cross-hybridization among these genomes (9, 24),
and there are immunological cross-reactivity and common
peptides among their major antigens (sAg and cAg) (5, 11,
17); and (ii) previous DNA hybridization studies between
GSHYV and HBV indicated that the coding domains appear to
be similarly disposed on their genomes (9, 24).

When all of the possible initiation and termination codons
in GSHV DNA are displayed in the six potential reading
frames (Fig. 3A), four major translatable domains are evi-
dent; each of these is more than 300 bp long and contains an
initiation codon within 120 bp of the 5’ end of the open
reading frame. As anticipated, the identity of these four
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regions is apparent from comparisons of GSHV nucleotide
sequences with those of WHV and HBV; the positions and
identities of the open reading frames on the circular map of
GSHV DNA are diagrammed in Fig. 3B.

It is apparent that all of the four extended reading frames
are present on the same strand. The translatable strand, the
sequence of which is presented in Fig. 2, has the same
chemical polarity as the strand of virion DNA; thus, the
complementary template for GSHV mRNA is the minus
strand. As in the genomes of HBV and WHYV, the longest
open reading frame (called gene A, since its product has not
been identified) overlaps all or part of the other coding
domains, each in a different frame from the A gene. As a
consequence, at least 51% of the genome can be translated
from more than one reading frame. The shortest open frame,
called gene B, does not correspond to any known viral
protein but is homologous to similarly positioned domains in
the genomes of other hepadnaviruses (6, 7, 15, 20, 30). The
sAg gene is preceded by an extended open frame called pre-
S to conform with the nomenclature for other hepadnavi-
ruses.

We have chosen to number our sequence beginning with
the first nucleotide of the cAg gene, in the manner used for
HBYV by Valenzuela et al. (30), since the cAg gene is the only
coding region preceded by a sequence (11 bp long) that does
not appear to be translated. The sequence therefore ends, at
position 3311, at the end of this short noncoding region. The
relationship of this silent region to discontinuities in virion
DNA will be discussed below.

Overall, the determined nucleotide sequence of GSHV
DNA and the deduced amino acid sequences for the prod-
ucts of the major open reading frames display a striking
degree of homology with the corresponding sequences of
WHY (6): 82% of the nucleotides and 78% of the amino acids
are identical (Table 1). GSHV appears to be less closely
related to HBV (7, 20, 30), with 55% nucleotide and 46%
amino acid identity. Only scattered homology is evident
between GSHV DNA and protein and the recently deter-
mined sequences of duck hepatitis B virus (DHBV), and the
homology pattern of GSHV and DHBYV is not significantly
different from that of WHV and DHBV (15). Moreover, the
genetic organization of DHBYV is slightly different: the
reading frames of cAg and gene B are fused in DHBV DNA,
and gene A overlaps only the 5’ end of the fused B-cAg
domain (15).

The deduced amino acid sequences presented in Fig. 2 do
not take into account the possibilities (i) that RNA splicing
might occur to remove sequences within open reading
frames or to join sequences from different frames, (ii) that
initiation of protein synthesis might occur at sites other than
the first AUG in each region, and (iii) that proteins may be
proteolytically processed during or after synthesis. Howev-
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FIG. 1. Strategy for nucleotide sequencing. The sequenced regions of GSHV DNA are shown in relation to strategically important
restriction sites, with the genome opened at the single EcoRlI site at position 972. The illustrated restriction sites were. used before Bal 31
treatment of pRR12 as described in the text. The arrows denote the direction of synthesis in the M13 sequencing reactions.
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IMet'lyrta.\PheHisIeuCYSIeuValPheAlacysVa].Pro@sP:o‘]hrValGlnAlaSezLysIeuCysLeu
ATGTATCTTTTTCACCTGTGOC TTGTTTT TGOC TGTG TTOCATGTOC TACTG TTCAAGOCTOCAAGC TGTGOCTT

5
GlyTrpLeuTrpAspMetAsplleAspProTyr LysGluPheGlySer Ser TyrGlnLeuLeuAsnPheLeuPro
GGATGGCTTTGRGACATGGACATAGATOOC TR TAAAGAATTTGG TTCTTCTTATCAGTTGTTGAATTTTCTTCCT

150
LeuAspPhePheProAspLeuAsnAlaleuValAspThrAlaAlaAl aleuTyrGluGluGluLeuThrGlyArg
mwmmmmmmmmmmcmn;%

GluHisCysSerProHisHisThrAlaIleArgGlnAlaleuvValCysTrpGluGluLeuThrArgleulleThr
GAGCATTGTTCTCCTCATCATACTGC TATTAGACAGGOC TTAGTGTGTTGGGAAGAATTAAC TAGATTAATTACA

300
TrpMetSerGluAsnThr ThrGluGluValArgArgIleIleValAspHisValAsnAsnThr TrpGlyLeulys
TGGATGAGTGAAAATACAACAGAAGAAGTTAGAAGAATTATTGITGATCATGTCAATAATACTTGGGGACTTAAA
375

ValArgGlnThr LeuTrpPheHisLeuSerCysLeuThr PheGlyGlnHisThrValGlnGluPheleuvValSer
GTAAGACAGACTTTATGGTTTCATTTATCATGTCTTA CTTTTGGACAACACACAGTTCAAGAATTTTTGGTTAGT
450

A
MetHisProPheTyrGlnleuPheArgAsnIle
PheGlyValTrpIleArgThrProAlaProTyrArgProP aProIleLeuSer ThrLeuProGluHis
TTTGGAGTATGGATTAGAACTOCAGCTOCTTATAS \TGCACOCATTTTATCAACTCTTOOGGAACAT

525

GlnSerLeuGlyGluGluGluValGl nGluLeuLeuGlyProProGluAspAlaleuProLeuLeuAlaGlyGlu
ThrVallleArgArgArgGlyGlySerArgAlaAl aArgSer ProArgArgArgThr ProSer ProArgArgArg
ACAGTCATTAGGAGAAGAGGAGG TTCAAGAGC TGCTAGG TOOCOOOGAAGAOGC ACTOOC TCTOC TOGCAGGAGA

600
GlyLeuAsnHisArgValAlaAspAlaLeuAsnLeuGlnLeuProThrAlaAspleuGluTrpIleHisLysThr
ArgSerGlnSerProArgArgArgArgSerGlnSerProAlaSer AsnCysOP
AGGTCTCAATCACOGOGTOGCAGAOGCTC TCAATCTOCAGC TTOCAACTGC TGATTTGGAGTGGATTCATARGAC
675
AsnVallleThrGlylLeuTyrSer ThrGlnThrGluLysPheAsnCysAsnTrpLysGlnProvalPheProLys

AAATGTTATTACAGGTTTGTATTCTACTCAAACAGAAAAATTTAATTGTRACTGGAAACAACCTGTATTTOOCAA
750

IleHisLeuAspAsnAsnLeuPheGlnLysLeuGluAsnTyr PheGlyProLeuThr Thr AsnGluLysArgArg

AATCCATCTGGATAATAATTTATTOC AARAGTTGGAGAATTATT TTGGACCTTTAACTACTAATGAAAAAAGGAG
825

LeulysLeuValPheProAlaArgPhePheProAsnAlaThr LysTyrPheProleuLeulysGlyIleLysAsp

ACTAAARCTTGTATTTCOCAGCTAGATTCTTOCCAAATGC TACCAAATATTTTOCTTTACTTAAAGGAATAAAAGA
900

LysTyrProAsnTyrThrIleGluHisPhePheAlaAlaAlaAsnTyr LeuTrpThrLeuTrpGluSerGlyIle

TAAATATOCTAATTATACTATAGAACACTTTTTTGC TGCAGCARATTATTTATGGACATTGTGGGAATCAGGAAT
975

LeuTyr LeuArgLysAsnGInThr Thr LeuThr PheArgGlyLysProTyr Ser TrpGluH isArgGlnLeuGlu

TCTATATTTAAGAAAARATCAGACAACTCTCACTTITTAGAGG TAAACCATATTCTTGGGAACACAGACAGCTAGA
1050

pre-S
tGlyAsnAsnIleLysValThr PheAspProAsnLysLeuAlaAlaTrpTrpProThrValGlyThr
GlnH YGInGlnHisLysSerAsnIleArgSerGlnGlnIleSerCysMetValAlaAsnSerGlyAsn

TGGGCAACAACATAAARGTAACATTCGATCOCAACAAATTAGC TGCATGG TGGOCAACAGTGGGAA
1125

Tyr Tyr Thr ProThr Thr ThrValThr AsnProAlallePhelysProGly IleTyrGlnThr ThrSer Leulys
LeuLeuTyrThrHisTyrHisArgAspLysSerSerAsnIleGlnThrArgAsnLeuSerAspAsnValPhelLys

CTTATTATACACCCAC TRCCACOGTGACAAATOCAGCAATATTCAAACCAGGAATTTATCAGACAAOGTCTTTAA
1200

FIG. 2

FIG. 2. Nucleotide sequence of GSHV DNA. The sequence is arranged to begin with the first ATG of the open reading frame for cAg: it
ends at nucleotide 3311 in the noncoding region. The four major open reading frames on the plus strand are bracketed. and the deduced amino
acid sequences are presented at their corresponding positions.
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AsnProLysAsnGlnGlnGluLeuAspAlalleLeuMetThrArgTyr LysGluIleAspTrpAspAsnTrpGln
LysSerLysGluSerThrArgValArgCysTyrThr TyrAspLysIleGlnArgAsnArgleuGlyGlnleuAla

AARATOCAAAGAATCAACAAGAGTTAGATGC TATACTTATGACAAGATACARAGARATAGATTGGGACAATTGGC
1275

GlyPheProValAsnGIlnArgLeuProValSer AsnAsnAsnProProSerGlyGlnArgAlaGluThrPheGlu
ArgIleProCysGluSerLysAlaProSerGluGlnGlnGlnSerSerLeuArgSer Ly sGlyArgAspPheArg

AAGGATTOOCTGTGAATCAAAGGCTOCCAGTGAGCARCARCAATOCTOOCTCAGGTCAAAGGGCAGAGACTTTICG
1350

IlelysSerArgProIleIleValProGlyIleArgAspIlleProArgGlyIleValProProGlnThrProSer
AsnGlnIleGlnAlaTyrAsnSerSerArgAsnLysGlyTyr Thr Thr TrpHisSerThrThrSerAspSerIle

ARATCAAATOCAGGOCTATAATAGTTOCAGGAATAAGGGATATACCACGTGGCATAG TACCACCTCAGACTCCAT
1425

AsnArgAspGlnArgArgLysProThr ProLeuThr ProProLevArgAspThrHisProHisLeuThrMetlys
GlnSerGlySerLysLysLysThrHisThrSerAsnSerSerPheGluArgHisThrProSerPheAspAsnGlu

OCAATOGGGATCAAAGARGAARACCCACACCTC TAACTCCTOCTTTGAGAGACACACACCCTCATTTGACAATGA
1500

AsnGInThrGlyHisLeuGlnGlyPheAlaGluGlyLeuArgAlaLeuThr Thr Ser AspHisHisAsnSerAla
LysSerAspArgSerProAl aGlyIleCysArgGlyThrGluSerSerAsnHisLeuArgSerSerGlnLeuCys

TyrGlyAspProPheThr Thr LeuSerProvalValProThrValSer Thr ThrLeuSerProProLeuThrIle
LeuTrpArgSerPheTyr TyrThr LysProCysGlyThr TyrCysLeuHisHisI1eValSerSerI1eAspAsp

CCTATGGAGATOCTTTTAC TACAC TARGOCCTGTGG TACC TACTGTCTOCACCACATTGTCTCCTCCATTGACGA
1650

GlyAspProValleuSerThrGlyMetSerProSerGlyLeuleuGlyLeuLeuAlaGlyLeuGlnValvValTyr
TrpGlyProCysThrPheAspGlyAspValThrIleArgSer ProArgThr ProArgArgIleThrGlyGlyIle

TTGGGGACCC TGTA

PheLeuTrpThrLysIleLeuThr IleAlaGl nSerLeuAspTrpTrpTrpThrSerLeuSerPheProGlyGly
PheLeuValAspLysAsnProTyrAsnSer SerGluSer ArgLeuValValAspPheSerGlnPheSerArgGly

ATTTCTTGTGGACAAAAATCC TTACAATAGC TCAGAGTCTAGACTGG TGG TGGACTTCTCTCAGTTTTOCAGEGG
1800

IleProGluCysThrGlyGlnAsnLeuGlnPheGInThrCysLysHisleuProThr SerCysProProThrCys
HisSerArgValHisTrpProLysPheAlaValProAsnLeuGlnThrleuAlaAsnLeuleuSerThrAsnLeu

GCATTOOOGAGTGCACTGGOCAARATTTGCAG TTOCARACCTGCAARCACTTGOCARCCTCTTGTCCACCARCCT
1875

AsnGlyPheArgTrpMetTyr LeuArgArgPheIleIleTyrLeuleuValleuLeuLeuPheLeuThrPheLeu
GlnTrpleuSerLeuAspValSerAlaAlaPheTyrHisIleProValSerProAlaAlaValProHisPheLeu

GCAATGRCTTTOGCTGGATG TATCTGOGGOGTTTTATCATATACCTG TTAGTOCTGCTGCTG TTCCTCACTTICT
1950

LeuValLeuleuAspTrpLysGlyleuLeuProValCysPraMetMetProAlaThrGluThr ThrValAsnCys
ValGlySerProGlylLeuGluArgPheAl aSerCysMetSerHisAspAlaSerAsnArgAsnAsnSerLysLeu

TGTTGGTTCTOCTGGATTGGAAAGG TTTGC TTCCTG TATGTOOCATGATGCCAGCARCAGAAACAACAGTARATT
2025

ArgGlnCysThrIleSer AlaGlnAspThrPheThr Thr ProTyr CysCysCysleuLysProThrAlaGlyAsn
GlnThrMetHisHisIleCysSerArgHisLeuTyrAsnThrLeuleuleuleuPheLysThrTyrGlyArgLys

GCAGACAATGCACCATATCTGCTCAAGACACCTTTACARCACC TTACTGCTGTTGTTTAAARCCTACGGCAGGAA
2100

CysThrCysTrpProlleProSerSerTrpAlaleuGlySer TyrLeuTrpGluTrpAlaleuAlaArgPheSer
LeuHisLeuleuAlaHisProPhelleMetGlyPheArgLysleuProMetGlyValGlyLeuSerProPheLeu

ATTGCACTTGTTGGCOCATOOCTTCATCATGGGCTT TAGGAAGC TACC TATGGGAGTGGGOCTTAGCOOGTTICT
2175

FIG. 2B.
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mmmnmmmmmmyne&rmmmxm
LeuAlaGlnPheThr SerAl aLeuThr SerMetValArgArgAsnPheProHisCysLeuAlaPheAlaTyrMe

CTTGGCT AGT TTAC TAGTGOOC TTACTTCAA TGG T TAGGAGGAATTTCOCTCACTG TTTGGCTTTIGCTTATAT
2250

MetIleTrpPheTrpGlyProValleuMetSerIleLeuProProPhelleProllePheAlaLeuPhePheleu
AsphAspLeuValleuGlyAlaArgSerTyrGluHisLeuThrAlavalTyrSerHisIleCysSerValPheleu

GGATGATTTGGTTTTGGGEE000GTIC T TATGAGCATC TTROOGCOGTTTATTOOCATATTTGCTCTGT TTTTCT
2325

IleTrpAlaTyrIleCC
AspLeuGlyTleHisLeuAsnValGluLysThrLysTrpTrpGlyHisThr LeuisPheMetGlyTyrThrIle

TGATTTGGGCATACATC TARATGTGGAAAAARC TAARTGGTGGGGTCACACTTTACACTTCATGGGCTATACCAT
2400

AsnGlyAlaGlyValleuProGlnAspLysHisValHisLysValThr Thr TyrLeuLysSer IleProlleAsn

TAATGG TGCAGGAGTGTIACCTCAAGATAAACATGTACATAAAGTRACRACATACTTARAATCTATTOCTATIAA
2475

GlnProLeuAspTyr LysIleCysGluArgLeuThrGlyIleLeuAsnTyrValAlaProPheThr LysCysGly

TCAACOCTTAGATTATAAAATA TGTGARAGG TTGACGGGC ATTCTTAATTATGTTGCTOCTITTACCAAATGTGG
2550

TyrAlaAlaleuLeuProLeuTyrGlnAlaIleAlaSerHisThrAlaPheValPheSerSerLeuTyrlysAsn

TTATGCTGCTITACTGOC TTTATATCAAGCTATT GC TTCTCATACTGC TTTTGTTTTCTOCTOCTIATATARAAA
2625

TrpLeuLeuSer LeuTyrGlyGluLeuTrpProvValAlaArgGlnArgGlyValvValCysSerValPheAlaAsp
CTGGTTACTGTCACTTTATGG TGAGTTGTGG000G TTGOC AGACAACG TGG TGTGG TGTGC TCTGTGTTTGC TGA
2700

AlaThr ProThr GLyTrpGlyIleCysThr ThrCysGlnLeuIleSerGlyThrPheGlyPheSerLeuProIle

OGCAACTOOCACTGG TTGGGECATTTGCACCACCTGTCAACTCAT TTCOGG TACTTTOGGTTTCTCACTTOOGAT
2775

AlaThrAlaGluLeuTleAlaAlaCysLeuAlaArgCysTrpThrGlyAlaArgLeuLeuGlyThrAspAsnSer
TACTACOGOGGAGCTTATAGOOGOC TAOC TTGC TOGC TRC TOGACAGGAGC TOGG TTGTTGGGCACTGATAACTC

2850

ValValleuSerGlyLysLeuThrSer TrpLeuLeuAlaCysValAlaAsnTrpIlleLeuArgGlyThr
tAlaAlaArgLeuCysCysGlnleuAspSerSerArgAsp
CGTGGTOCTCTOOGG TAAGC TRACTTCG! TOGOCTGTGTTGOCAACTGGATTCTTOGOGGGAC
' 2925

SerPheCysTyrValProSer AlaAspAsnProAlaAspleuProSerArgGlyLeuLeuProAlaleuArgPro
ValleuLeuLeuArgProLeuArgGlyGlnProSer Gl yProSerValSerGlyThrSerAlaGlySerProSer
GICCTTCTG T TRACGTO00CTOOGOGGACAAOOCAGOGGACCTTOOGTCTOGGGGACTTCTGOOGGCTCTCOGTCC

3000
LeuProLeuLeuArgPheArgProvValThrLysArgIleSer LeuTrpAlaAlaSerProProvValSer ThrArg
SerAlaAlaSerAlaPheSerSerGlyHisGlnAlaAsplleProValGlyArgLeuProAlaCysPheTyrSer
TCTGOORCTTCTGOG TTTTOGSTCOGGTCACCARGOGGA TRTOOCTGTGGGC0GCCTCOCOGCCTGTTICTACTCG
3075
ArgProValArgValAlaTrpAlaSer ProValGlnThrCysGluProTrpIleProProOP
SerAl aGlyProCysCysLeuGlyPheThrCysAlaAspLeuArg ThrMetAspSerThrValAsnPheValPro
TORGO0GETOOG TG TTGC TTGGGC T TCACC TETGCAGACTTGOGAACCATGGATTCCACOGTGAACTTTGTACCC
3150

nwmuawmgsmmmmccmmpmeﬁgmmmnmgmm:
m&mmmmmmmmmm
3225
LeuTrpGluGluGlyIlelleAspProArgLeulysLeuPheValLeuGlyGlyCysArgHisLysTyrMetOP
TTATGGGAGGAGGG TATCATGGATOC TAGGC TGAAATTATTTGTATTAGGAGGCTGTRGGCATAAATACATGTGA
3300

ATGCTGGAATC
31

FIG. 2C.
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er, our knowledge of the transcriptional and translational
programs of hepadnaviruses is primitive, and none of these
possibilities has been excluded. Evidence for initiation of
protein synthesis within the pre-S and sAg regions, for
example, will be considered below.

sAg gene and pre-S region. We have assigned the beginning
of the region coding for the structural ground squirrel
hepatitis sAg (GSHsAg) protein to nucleotide 1677, although

TABLE 1. Amino acid homologies among mammalian
hepadnavirus proteins

% Amino acid identities

Length % Total between“:
Gene (amino coding

acids) capacity GSHV and GSHYV and

WHV HBV

cAg 218 13 92 68
A 881 53 76 45
Pre-S 206 12 71 17
sAg 222 13 90 61
B 138 8 71 33
Total 1,665 100 78 46

“ The amino acid homology between the deduced protein sequences of
GSHYV and WHYV (6) and GSHV and HBV (30) is summarized for each coding
domain.

FIG. 3. Distribution of open reading frames in GSHV DNA. (A)
Distribution of termination codon (marks above the horizontal line)
and initiation codon (marks below the line) in the three potential
translation frames of each strand of GSHV DNA. Each strand is
presented in a 5’ to 3’ direction. (B) Positions of the four major open
reading frames on the plus strand with respect to the estimated
positions of the nick in the minus strand and the gap in the plus
strand of GSHV (9, 24). Numbers for the map positions are based
upon the convention described in the legend to Fig. 2 and in the text.
The protein linked to the 5’ end of minus-strand DNA is indicated by
a closed circle.

the amino terminus of GSHsAg has not been directly deter-
mined. This assignment would produce a protein of 222
amino acids, consistent with the apparent molecular weight
of the major component of GSHsAg isolated from the sera
of infected animals (23,000) (11). The predicted GSHsAg is
highly homologous to woodchuck hepatitis sAg (WHsAg),
with 90% amino acid identity. GSHsAg appears to be less
closely related to hepatitis B sAg (HBsAg), with 61% amino
acid identity; however, comparison with the directly deter-
mined amino terminus of HBsAg supports the assignment of
the amino terminus of GSHsAg (21). A major portion of
mature GSHsAg, like WHsAg and HBsAg, is believed to be
glycosylated (11). Only one consensus site for glycosylation
(Asn-Cys-Thr) is found in the predicted protein sequence for
mature GSHsAg at position 2100 (Fig. 2). This sequence is
conserved in WHsAg and HBsAg, though HBsAg contains
two other potential glycosylation sites.

Although the coding domain for mature GSHsAg is likely
to commence with nucleotide 1677, there are several reasons
to suppose that translation of the sAg domain may be
initiated, at least in part, at other sites. (i) The sAg region is
preceded by the pre-S region, an open reading frame of 206
codons that includes initiation codons at positions 1059,
1239, and 1497. (ii) Pre-S domains of similar length are found
in all four hepatitis B virus genomes, although the pre-S
region is less highly conserved than most others (Table 1).
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(The pre-S protein sequences of GSHYV and HBV show only
17% identity, and they differ in length by 44 amino acids as a
result of internal deletions or additions.) (iii) Proteins larger
than mature sAg, with shared peptides and immunological
reactivity, have been found in hepadnavirus particles (4, 14,
23, 25). The most prominent of these proteins has a molecu-
lar weight of ca. 31,000 (25) and has been proposed as a
contributor to host cell tropism by its binding to polyalbumin
(14). A protein of ca. 30,000 molecular weight could be
initiated from the start codon positioned 60 codons from the
5" end of the GSHsAg region, at nucleotide 1497. Moreover,
synthesis of the major mRNA for HBsAg commences within
the pre-S region near the final initiation codon in the pre-S
region, the codon likely to be used to initiate the 31,000-
molecular-weight protein (2; 24a).

cAg gene. The open reading frame for ground squirrel
hepatitis cAg (GSHcAg) was identified on the basis of the
homology between its deduced amino acid sequences and
the sequences of hepatitis B cAg (HBcAg) and woodchuck
hepatitis cAg (WHcAg). The gene for HBcAg was unambig-
uously identified by production of antigen in E. coli trans-
formed by portions of HBV DNA (20). The cAg gene
encodes the most highly conserved protein sequence (Table
1). However, the amino terminus of this protein cannot be
unambiguously assigned since two initiation codons (at
positions 1 and 91) are present near the 5’ end of the open
reading frame; we have arbitrarily assumed that the first of
these is used.

The predicted molecular weight of cAg is 24,000 (or 21,000
if the second ATG is the initiation site); both values are
compatible with the molecular weight of 20,500 estimated
from polyacrylamide electrophoresis (5). The deduced se-
quence of cAg is rich in basic amino acids at the carboxyl
terminus (16 of 40), as is the case for WHcAg and HBcAg.
The structure of cAg mRNA and the mechanism by which
the expression of cAg is regulated are not understood. It is
notable that the initiation site for cAg synthesis is preceded
by the only nontranslated portion of the genomes of mamma-
lian hepadnaviruses and that the cAg gene would be at the 5’
end of the linear molecule formed by denaturation of the
cohesive 5’ termini in virion DNA. However, the signifi-
cance of these features is uncertain, particularly since the
predicted linear species has not been observed; moreover,
the most likely template for RN A synthesis in infected cells
appears to be covalently closed circular DNA (31).

Gene B. All three of the mammalian hepadnaviruses retain
an open reading frame ca. 500 nucleotides long preceding the
cAg genes. This region, arbitrarily called gene B (or X),
begins with the ATG at position 2884 in the GSHV genome
and ends at position 3300, 11 nucleotides before the start of
the cAg gene. In the genome of DHBYV, the cAg gene is
continuous with the open frame for gene B, suggesting that
the B gene product and cAg might be synthesized as a fusion
protein (15). A polypeptide 138 amino acids long is deduced
from the B domain of GSHV; the sequence of the putative
product is somewhat less conserved than those of other viral
proteins, with 71% identity between GSHV and WHYV and
33% identity between GSHV and HBV B proteins. One
possible function for the B gene might be to encode the
protein found linked to mature (9, 12, 18) and nascent (18)
minus-strand DNA; this protein may serve as a primer for
minus-strand DNA synthesis (18, 27). However, such no-
tions are at present purely speculative.

Gene A. The largest open reading frame in the genomes of
all the hepadnaviruses, including GSHYV, is also unassigned,
but it seems likely to encode a protein containing the DNA
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polymerase activity described in virions (9, 13, 24) and in
cytoplasmic cores (27). In the GSHV genome, this long
reading frame, called gene A, begins at position 494, in the
middle of the cAg gene, extends through all of the pre-S
region and the sAg gene, and ends in the middle of gene B at
position 3139. In all of these overlapping regions, gene A is
read in a different frame than is the coincident coding
domain. As a result, 51% of the genome is translatable in two
reading frames, with gene A itself covering 80% of the
genome and competent to encode a protein of 881 amino
acids (molecular weight, 96,900).

We have examined the amino acid sequence similarities
among the predicted gene A products of the three mammali-
an hepadnaviruses, expecting to find that overlapping read-
ing frames promote conservation of sequence (Table 2).
However, the regions of gene A interposed between two
alternative coding regions were no less conserved than were
the overlapping regions (e.g., the least identity was found in
the region of gene A that overlaps the pre-S region). Further-
more, the components of the gene A product were not more
conserved than were the alternative products, except in the
region of overlap between gene A and gene B. Nor was gene
A better conserved overall than were the others. For in-
stance, the cAg gene was more highly conserved than was
gene A, as judged, in particular, by a comparison between
GSHYV and HBV (Table 1). The degree of divergence of gene
A may be influenced by the functional domains of its
product, especially if the gene proves to encode a DNA
polymerase responsive to an RNA or DNA template. Toh et
al. have identified a region of gene A, overlapping the sAg
genes of HBV and WHYV, that encodes a polypeptide region
homologous to portions of the reverse transcriptase of
murine and avian retroviruses and to a portion of a putative
RNA-directed DNA polymerase of cauliflower mosaic virus
(29). This domain is somewhat more conserved than are the
other domains of the gene A product when the GSHV
protein sequence is compared with that of HBV (Table 2).
However, the GSHV and WHYV proteins are generally so
similar, except in the region of gene A that overlaps with pre-
S, that no significant statements about functional potential
can be made.

At present, nothing is known about the mechanism of
expression of genes A and B.

Short direct repeats in the vicinity of the 5’ ends of virion
DNA. The life cycle of hepatitis B viruses is demonstrably
complex—the genome passes through several forms of DNA
and RNA, and overlapping coding domains are apparently
expressed with differing efficiency—yet there is little infor-

TABLE 2. Amino acid homologies between gene A segments of
mammalian hepadnaviruses

% Amino acid identities

. Length % Total etween?’:
Gene 4 qvlerrlappmg (amigno coding >
with: acids) capacity GSHV GSHV
and WHV and HBV
cAg 53 6 92 36
cAg-pre-S interval 136 15 75 43
Pre-S 205 23 45 11
S 222 25 87 67
S-B interval 180 20 91 54
B 85 10 92 58
Total 881 100 76 45

“ See Table 1, footnote a.
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211 bp
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GSHV CTTGGGC M AGAC— — — Il ——— T "I',TQ&Q GIGC CTIG———
WHV CTTGGTCG TCACCI’GTGC W——-n—""—‘—ﬁ' TCACCTGTEC CTTG———
HBV ACTICGC Tiéaccicroc AGGT——2nP=—am TTCACCICTGE  CTAA———
DHBV TITICCA TACACCCCICTC (o p—— ——GAAT'ngi_'éAccccrcrgcn -

FIG. 4. Direct repeats in hepatitis B virus genomes. The 10- or 11-nucleotide direct repeats in homologous regions of the genomes of GSHV,
WHYV, and HBV are shown (underlined) with some adjacent sequences and the distances between the repeats. Also shown are related direct
repeats from the genome of DHBV DNA (19); these have been shown to reside in the vicinity of the 5’ ends of plus and minus strands (dotted
underlinings on the left and right sides, respectively). In all cases, the plus-strand sequence is shown (5’ to 3’ from left to right), and the
numbering is based upon the assignment of position 1 to the first nucleotide of the first initiation codon in the cAg open reading frame of the

mammalian viruses and in DHBYV as described by Mandart et al. (15).

mation about the viral signals that regulate the cycle. With
the help of a computer program, we have searched the
sequence of GSHV DNA for dyad symmetries and direct
repeats. Of the several short repeats observed, one set of 11
bp, beginning at positions 10 and 3099 (Fig. 4), is particularly
intriguing for several reasons. (i) A similar set of 10- or 11-bp
repeats is present in the corresponding regions of WHV and
HBYV DNAs (Fig. 4). (ii) The repeated sequences are sepa-
rated by a distance of 211 to 223 bp, the approximate length
of the cohesive 5’ ends of plus and minus strands in virion
DNA, and the locations of the sequences are near the
predicted ends of the two strands. (iii) In the DHBV genome,
a similar 12-bp direct repeat is separated by only 46 bp, again
the approximate length of the cohesive ends of virion DNA,
and the 5’ termini of plus and minus strands have been
mapped within or adjacent to the direct repeats (Fig. 4) (19).

One striking property of the direct repeats that emerges
from the comparison in Fig. 4 is the retention of identity
between the two sequences in each genome despite base
differences between the repeat sequences in different ge-
nomes. This phenomenon suggests either that some crucial
event requires exact identity or that the direct repeats are
regenerated during each replication cycle from a single copy
of the repeat. The latter explanation applies, for example, to
the regeneration of exact long terminal repeats in retrovirus
DNA from unique sequences in viral RNA during each
round of replication (32).

Conclusions. The nucleotide sequences of the genomes of
all four of the known hepatitis B viruses have now been
determined (6, 7, 15, 20, 30). The results reveal a class of
viruses with similar strategies for maximizing the coding
potential of their small genomes and with an apparent
requirement for elaborate mechanisms of gene expression.
Despite the obvious medical importance of the hepadnavi-
ruses, there is little understanding of these mechanisms;
furthermore, only some of the protein products of the
conserved coding domains have been identified.

A major finding in our study is the high degree of homolo-
gy between the genomes and protein products of GSHV and
WHYV. Nevertheless, the two viruses differ markedly with
respect to pathogenicity, whereas the two pathogenic virus-
es, WHV and HBV, are less closely related than are WHV
and GSHV. Furthermore, all regions of amino acid homolo-
gy between WHYV and HBYV are also shared with GSHV.
Thus, subtle variations between WHV and GSHV genes or
different host responses to infection seem likely to account
for the apparent differences in virulence. We have recently
demonstrated infection of ground squirrels with GSHV DNA
from this sequenced clone (Seeger et al., in press). Thus, it
may be possible to elucidate possible genetic differences
between GSHV and WHYV by the construction of recombi-

nant clones and the subsequent infection of either ground
squirrels or woodchucks with the recombinant molecules. In
addition, it should be possible to assess the functional
significance of the specific regions of the viral genome,
including the unassigned reading frames A and B and the
direct repeats, by examining the infectivity of viral DNA
after site-directed mutagenesis in vitro.
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