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The nucleotide sequence of the human spumaretrovirus (HSRV) genome was determined. The 5’ long
terminal repeat region was analyzed by strong stop cDNA synthesis and S1 nuclease mapping. The length of
the RUS region was determined and found to be 346 nucleotides long. The 5’ long terminal repeat is 1,123 base
pairs long and is bound by an 18-base-pair primer-binding site complementary to the 3’ end of mammalian
lysine-1,2-specific tRNA. Open reading frames for gag and pol genes were identified. Surprisingly, the HSRV
gag protein does not contain the cysteine motif of the nucleic acid-binding proteins found in and typical of all
other retroviral gag proteins; instead the HSRV gag gene encodes a strongly basic protein reminiscent of those
of hepatitis B virus and retrotransposons. The carboxy-terminal part of the HSRV gag gene products encodes
a protease domain. The pol gene overlaps the gag gene and is postulated to be synthesized as a gag/pol precursor
via translational frameshifting analogous to that of Rous sarcoma virus, with 7 nucleotides immediately
upstream of the termination codens of gag conserved between the two viral genomes. The HSRV pol gene is
2,730 nucleotides long, and its deduced protein sequence is readily subdivided into three well-conserved
domains, the reverse transcriptase, the RNase H, and the integrase. Although the degree of homology of the
HSRYV reverse transcriptase domain is highest to that of murine leukemia virus, the HSRV genomic
organization is more similar to that of human and simian immunodeficiency viruses. The data justify classifying

the spumaretroviruses as a third subfamily of Retroviridae.

Spumaretroviruses (foamy viruses) make up the third
subfamily of exogenous retroviruses of animals and humans
(for a review, see reference 49). Spumaviruses have been
isolated from healthy animals and from animals with a
variety of diseases. Bovine foamy virus was isolated from
cattle with leukosis (20), feline foamy viruses were isolated
from cats with malignant lymphomas (33), and simian foamy
viruses were isolated from different monkeys with malignant
lymphomas (30, 35). Human spumaretroviruses (HSRVs)
have been isolated from various patients, including a patient
with a nasopharynx carcinoma (1) (this is the virus used for
this study), one case of chronic myeloid leukemia (52), one
case of toxic encephalopathy (2), and five cases of subacute
thyroiditis de Quervain (41, 50). Recently, a spumaretrovirus
was isolated from a patient with non-A, non-B hepatitis after
blood transfusion (28). No proven pathogenicity for any of
the isolates has been reported (49). Seroepidemiological data
indicate a natural prevalence of foamy virus infection among
men in certain parts of Africa and the Pacific (19, 25). There
is evidence for immunosuppression after onset of a persist-
ent infection with foamy viruses in experimental animals
(12). In cell culture, spumaretroviruses replicate rather
poorly, but cause cytopathic effects with the formation of
giant multinucleated cells and vacuoles in a wide range of
cells (12).

In the absence of molecular biological data on the struc-
ture of the spumaretroviral genomes, we decided to molec-
ularly clone spumaretroviral DNA and establish the primary
structure of one of its members. The primary structure of the
central and 3’ part of the HSRV genome that consists of the
env and three novel genes, bell, bel2, and bel3, has been
reported recently (7). This report focuses attention on the
structural elucidation of the 5’ long terminal repeat (LTR),
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the gag and pol genes, and on the phylogenetic relatedness
of HSRYV to the other subfamilies of Retroviridae as well as
on the unique features that set spumaretroviruses apart from
other known retroviruses.

MATERIALS AND METHODS

Cells and virus. Cells of human embryonic lung fibroblasts
(HEL) were prepared as described previously (5). Virus was
kindly provided by P. Loh, and infection of HEL cells was
done as described previously (7).

Construction of recombinant plasmids. The construction
and establishment of recombinant plasmids harboring HSRV
DNA inserts from HSRV-infected HEL cells has been
described previously. Selection, amplification, and purifica-
tion of the recombinant clones were done as described
previously (7, 32).

DNA sequence analysis. DNA fragments were digested
with restriction enzymes, purified by agarose gel electropho-
resis, and labeled at their 3’ ends with the Klenow fragment
of the Escherichia coli DNA polymerase I and an appropri-
ate [a->?P]deoxynucleoside triphosphate defined by the rec-
ognition sequence of the given endonuclease. Alternatively,
T4 polynucleotide kinase and [y-*?P]JATP were used for 5°
labeling. The labeled fragments were sequenced by the
method of Maxam and Gilbert (23). Computer analysis of the
sequence data was performed with the BSA program devised
by S. Suhai at the German Cancer Research Center, Heidel-
berg.

Strong stop cDNA analysis (endogenous reaction). HSRV
was purified by sucrose gradient centrifugation (7, 26).
Concentrated virus (20 wl) was incubated for 1 h at 37°C in 50
mM Tris hydrochloride (pH 7.8)-2 mM MnCl,-6 mM
MgCl,-10 mM dithiothreitol-0.02% Triton X-100-100 pM
each dATP, dGTP, TTP-100 pCi of [a->?P}JdCTP (specific
activity, 3,000 Ci/mmol)-100 pg of actinomycin D per ml.
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Fifteen minutes after the start of the reaction, dCTP (nonra-
dioactive) was added to a final concentration of 10 uM. The
reaction was stopped by the addition of 20 mM EDTA, 0.5%
sodium dodecyl sulfate, and 200 pg of pronase per ml (final
concentrations). After phenol and CHCI, extractions, the
ethanol-precipitated product was hydrolyzed with 0.3 M
NaOH for 1 h at 50°C in the presence of 3 mM EDTA. After
neutralization with 0.3 M HCI, the reaction products were
precipitated with ethanol and run on a 1% agarose gel.

S1 nuclease protection analysis. The 5'-32P-labeled HindIII-
HinPI fragment of 708 base pairs (bp) was purified by
Sephadex G-75 chromatography. This DNA fragment was
used as a probe and run as a control. After denaturation and
strand separation, both strands of the HindIII-HinPI frag-
ment were separately hybridized to poly(A)* RNA from
HSRV-infected HEL cells at either 42 or 52°C for 12 h. S1
nuclease digestion was done at 37°C for 40 min with 10 to 400
U of S1 nuclease by the method of Weaver and Weissmann
(48). The reaction products were ethanol precipitated and
analyzed on a 1% agarose gel.

Materials. Labeled compounds were purchased from
Amersham Corp. (Arlington Heights, Ill.) and New England
Nuclear Corp. (Boston, Mass.), and enzymes were from
Boehringer Mannheim (Mannheim, Federal Republic of Ger-
many) or New England BioLabs, Inc. (Beverly, Mass.).

RESULTS

Nucleotide sequence analysis of pSPHSRV-B-C11 DNA.
The strategy used for determining the primary structure of
pSPHSRV-B-C11 (C11) DNA and the restriction maps for
some enzymes are given in Fig. 1. More than 95% of the
DNA sequence was determined for both strands, and vari-
ous multiple-cut restriction enzymes were used to verify the
sequence in addition to those shown in Fig. 1, in particular,
the enzymes Ddel, Sau3Al, Tagql, Styl, Avall, and Ndel.
The sequence was determined for C11 DNA from positions
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1 to 5340 to the Hindlll site (Fig. 1). Thus, those recombi-
nant clones that have been characterized previously (clones
D2 and C55) do overlap clone C11 (32). The 3’ HindIII site of
Fig. 1 coincides with the 5’ HindlIII site of the 3’ part of the
HSRYV DNA sequence reported previously (7).

The resulting nucleotide sequence of the viral DNA insert
of the recombinant clone C11 is shown in Fig. 2 with the
predicted protein sequences of the corresponding HSRV
gene products. Open reading frames (ORFs) longer than 100
amino acid residues were not found on the opposite strand,
consistent with other retroviral genomes. The DNA se-
quence presented in Fig. 2 includes the 5’ LTR, the primer-
binding site (PBS), the gag gene, and the main.part of the pol
gene. The main features of the sequence are discussed
starting from the 5’ end of this part of the HSRV DNA.

5’ LTR sequence. The first 1,123 nucleotides of C11 DNA
contain a number of key features of regulatory signals shown
to be required for retroviral replication and transcription. To
determine the length of the presumed RUS of the HSRV
sequence, we performed strong stop cDNA synthesis under
conditions of an endogenous reverse transcriptase reaction
using [a-*2P]dCTP. Detergent-disrupted HSRV was used as
the source of viral RNA that served as the template, and the
reaction products of reverse transcription were analyzed by
alkaline hydrolysis and subsequent agarose gel electropho-
resis. The experiment shown in Fig. 3A indicates that a DNA
fragment of 350 + 20 bp was resistant to NaOH hydrolysis
(marked by arrow, lane 3). In addition, a broad but smaller
DNA band of about 160 bp was also visible (lane 3) that was
probably formed by either premature abrogation during
cDNA synthesis or degradation of the product of strong stop
cDNA synthesis. A control experiment (lane 2) showed that
before the alkaline hydrolysis step, a fragment with lower
mobility was formed in the endogenous reaction and that it
was degraded by NaOH. This result demonstrates that RNA
served as the primer in the initiation step of the HSRV
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FIG. 1. Restriction maps of viral DNA insert of recombinant plasmid (PSPHSRV-B-C11) harboring HSRV-specific sequences and the
strategy for determining the nucleotide sequence. The upper part shows the 5’ part of the viral genome (5’ LTR, gag, and pol). The arrows
below the maps indicate the direction and extent of sequences determined for each fragment. The lower line represents the scale in kilobase
pairs (kbp). The pol gene is in the first and the gag gene is in the second reading frame.
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FIG. 2. DNA sequence of 5,340 bp of viral DNA insert of pPSPHSRV-B-C11. The cap site, TATA box, and poly(A) addition signal are
underlined. Direct repeats (AP-I-binding sites [17] and other putative enhancers) are marked by broken lines and arrows. The imperfect
inverted repeat at the ends of the 5' LTR is overlined by an arrow. The primer-binding site (pbs) is doubly underlined. The predicted amino
acid sequences encoded by the gag and pol genes of HSRV are shown below the DNA sequence. One of the potential start codons for the
gag protein is boxed. A small arrow (®) indicates the NH, terminus of the major core protein. Some of the strongly basic stretches of the
putative NABP are underlined. The conserved residues of the presumed HSRV protease are marked by double underlining. Stop codons are

TGTGGTGGAATGCCACTAGAAACTAGGGAAAACT AGGAGGAGAGTAT TACAGGGAAGGAAGT GAAGAACC TCGTGACCCAAATACTCCTGCTCCTCATAGACGTACCTGEGATGAGAGAS
mncﬁmncrc&rcnrcocTicrcccrcrc;&cnccmcérmncYAAAccnrmértArwchmgrciccwocMTM'n%AcncccscA
GAAAGATCAGAACAT TGA“GAGATGACTCAWTGAMT fAMmTMwTAY TG?GACCCCT’CAT 'G‘CYCAGGMGTG‘C TCAGA'G';ACCCT TCTAMAGCCAC
AGACAGTMAAATGTGT YAGCAC YTTATACAAYATTAYATCTGCT TMGCTATMT T YCACA"CYCAGTAGCTGY T TCA“M7CMCAMACM7GAYGA?GTMTCAYMGGAA
GTAGTT TMTAMTYMTMGYTYAYTAGT TATATAM?M'ATAWTNGTAYMWY YMGGTATGAGGTGTGTGGCYCMCACGTAGMTG&CMGMAATCYACTGT;
AYAGMMCCTCTA.AAGTYGCCCG;GGGAAGGTG;AGYGAGATc(.;AATCYT TCC"’ TMCGCAGAéAGCT TTT "A:TCCACTAGGG;YMYGTT TT;AG@ATACTA’ AG‘MTAG;
TTGATAGTT 'i' "MCAAYGA'}MYAGYAYA'AAWTAGY T 7CTAGA+ 7GTACGW_A-¢TCTYCACYACTC“TGCG%CMG‘GTGTACGAGACTC TéCAGGT TTGG"’MGMATAT“’

TTATATTGTTATMTGTTACTATGATCCAT"MCACTC"GCTTAYAGATTGTAAGGGTGAYTGCMTGC+TTCTGCATAAAACTT"GGT%TTCTTGTTAATCAATAAAC&GACTYGATT&

GAGAACCTACTCATATATTATTGTCTCTTTTATACTTTATTAAGTAAAA TTTGTATATTAGCCTY TGCTAAGGGAGACATCTAGTGATATAAGTGTGAACTACACTTATCTTAAATGA
TGTMCTCCTYAGGATMTCMTATACAAA:TTCCATGACMYTGGCGCCCAACGTGGG&CTCGAATATAAGTCGGGYT'.fATTTGTAAA'.ITATCCCYAG'GGACCTCCGA&CATAGCGGGA
——

GGCA?ATMMGCCMTAMC@CTTCAGGAAGTAATGTTGAAGAA'IATGAACTTGATGTTGAAGCTCYGGYYGYMTTYTMGAGATAGAMTATACCMGAAATéCTTTACAYGé
anucfAluSevGIySevAsnv.IGIuGluTthluLtuA:pV.lGluA!nLouvalvallleLeuAngspAngsnlaeProArgAsanoLeun'scly

AGMGTTATAGGTCTTCGCCTTACTGAAGGAYGGTGGOGACMATTGAGAGATTTCAGA“"GGYACGTCTMTATTACAAG.ATGATGAYA;TMCTTTACAGAGACCTA’GATATGAGG"’
GluVallteGlyLeuArgLeuThrGIuGlyTrpTrpGlyGinileGluArgPheGinMetValAr gLeulleLeuGinAspAspAspAsSNGluProLeuGInArgProArgTyrGluval

MTACMCGAGCTGTAMCCCTCATACMYGTTTATGAYATCAGGACCATTAGCTGAAC“'YCAATTA(K:&TTTCAGGAT T"AGAT“TAC&TGAAGGTCCATTGAGGTTY&‘YCCATTGG&
1teGinArgAiavalAsnProHisThrMetPheMet ! ieSerGlyProLeuAlaGluLeuGinLeuAl aPheGl nAsplLeuAsplLeuProGluGlyProLeuArgPheGlyProLeuAla

MATGGACATTATGTTCMGGAGATCCYTATAGTAGTTCTTACAGACCAGTMCMTGGCCWAGC&CAMTGACYAGAGATGAAC:TGGAAGAYGTiCTTAATACTéAMGTGAAA+
AsnGlyHisTyrValGinGlyAspProTyrSerSerSerTyrArgProvalThrMetAtaGluThrAlaGinMetThrAr 9AsSpPGluLeuGluAspVatlLeuAsnThrGinSerGlulle

AGAAATTCAAATGATAAATTTATTGGAGT TGTATGAAGT TGAAACTAGAGCTCT TAGAAGACAAT TAGCT GAGAGATCTAGTACAGGGCAAGGAGGAATATCCCCAGGAGCTCCTCGTTC
GlutleGinMet!leAsnLeuleuGluleuTyrGluVaiGluThrArgAlsLeuArgArgGinLeuAl aGluArgSerSerThiGlyGInGlyGly!leSerProGlyAlaProArgSer

TCGACCACCAGTAAGCAGCTTCTCAGGGT TA AAGTTTGCCCTCTAYACCTGGGATYCATCCCAGGGCACCTTCACCY&CMGGGCMCYTCTACTCC&GGAMTATT&CYTGGAGYY"{
ArgProProvalSerSerPheSerGiyLeJProSerLeuProSer)leProGlylleHisProArgAlsProSerProProAr 9AlaThrSerThrProGtyAsnileProTrpSerLeu

AGG‘GAYGAYA&CCACCTTCATCTAGTTTYCCTGGACCCTCTCMCCTCGYGYTTCT"iCCA1CCGGGAMTCCTTTT&TTGAAGMGAAGGTCATAGACCTAGATCC&AGTCYAGAGA
GlyAspAspSerProProSerSerSerPheProGlyProSerGInProArgvaiSerPheHisProGlyAsnProPheValGluGluGluGl yHisArgProArgSerGinSerargGlu

AAGGAGAAGAGAAATTCTTCCTGCTCCTGTACCGTCAGCACCTCCTATGAT TCAGTATATACCAGTACCACC TCCACCACCGAT TGGCACGGT TATACCTATTCAGCATATCAGATCTGT
ArgArgArgGlulteLeuProAlsProvalProSerAlsProProMet | 1eGl nTyritleProvValProProProProProl 1eGlyThrvallleProlleGinHis | leArgServal

AACTGGAGAGCCTCCTAGAAACCCAAGAGAAATACCAAT TTGGCTAGGACGAAATGCTCCTGCTATAGATGGAGTGT TCCCTGT TACAACACCGGATCTAAGATGCAGAAT AAT TAATGE
ThrGlyGluProProArgAsnProArgGlulleProlleTrpLeuGlyArgAsnAlsProAlsl eAspGlyVeiPheProvalThrTheProAspLeuAr 9CysArgilelleAsnAls

TATACTWYATTWTATCAT TAACCCCTGGAGACTGTTTAACATGGGACTCAGCAGTAQCCACCTTATTTATTAGAACCCATGGAACTTTTCCAATGCATCAGCTTGGAAA
IleLeuGlyGlyAsnileGlylLeuSerLeuThrProGlyAspCysLeuThrTrpAspSerAtaVatlAlaThrLeuPhelleAr 9ThrHisGlyThrPheProMetH:sGinLeuGlyAsn

TGTAATAAMWTAGTTGATCAAGMGGAGTGGCAACAGCATATACTTTG(K'.AATGATGCTTTCTGGA(‘AAAATTAT&MTTAGTTT&TGGAATAAT:!AGAGGATATiYGCCTGGACA
ValiteLysGlylleValAspGInGluGlyVelAlaThrAlaTyrThrLeuGlyMetMetLeuSerGlyGinAsnTyrGlinLeuvelSerGly!lelleAr gGlyTyrLeuProGlyGin

AGCTGTAGYMCY@ATTACAACAGCGTT?AGACCAAGAAATAGAYMYCMACMWCYTTTATTCMCATCTMATGCTGTATATGAMTTTT‘GGCCTTMTGCCAW
AlaVaiVaiThrAlaLeuGInGInArgLeuAspGinGlul leASpASNGINThrArgAlaGIuThrPhel leGIinHIsLeuAsnAlaVelTyrGlulleLeuGlyLeuAsnAlsAr 9Gly

ACAAAGTATACGTGCTTCAGTGACTCCTCAACCCCGACCATCCAGAGGTAGAGGT CGAGGT CAAMATACT TCTAGACCCTC TCAAGGACCAGE TAATAGCGGGCGGGGACGACAGCGCCE
GinSerileArgAlaSerValThrProGl nFloAchroScriﬁl_zAr 9GlyArgGlyGinAsnThrSerArgProSerGinGlyProAlaAsnSerGlyArgGlyArgGinArgPro

TGCTYCTGGYMMTCTAGTACTCMTCMAAN:AA@TMTTTAAATCMGGAGGAYATMTCTTCGACCCCGTA&TTACCAACC;CMAGGTAC&GAMACG
AlsSerGlyGinSerAsnArgGlySerSerTheGINASNGINASNGINASPASNLEUASNGINGlyGlyTyrAsnLeuArgProArgThrTyrGInProGinAr 9TyrGlyGlyGlyArg
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————

CAGACCAGCTGCTGGTCGCGGAGGAAGAGGT. WcmmTCATOCMTGCYGGTWTCACGCGCTGTCMTACCGTNW GCCACGTCCTCCACA@TGA
ArgProAlsAlaGlyArgGlyGlyArgGlyAsnH:sAsnArgAsnGinArgSerSerGlyAlaGlyAspSerArgAtlaVatAsnThrVvalThrGinSerAlaThrSerSerThrAspGlu

ATCCTCTTWTGTTACAGCCGCT TCCWGGAYWCTAMTTGTTAGCCCACYGGGATTQGGGGCMCMTMCT TGYATTCCTWGTT T TT"AGAAGATGAACAACC
SerSerSerAlaValThrAlsAlaSerGlyArgileLysGlyThrLysLeuLeuAlaHisTrpAspSerGlyAlaThrileThrCysileProGluSerPheLeuGluAspGluGinPro

TAT’WTTTMTMTTCATWAACMMTGTTTAYTATGTAACCTTTAA‘;GTTW MAMTGATAMTYC"CCTTATGAGYA
TleLystLysThrLeulleLysThrileHisGtyGluLysGINnGinAsnVeiTyrTyrVailThrPheLysVallLysGlyArgLysVeiGluAlaGluValitleAlaSerProTyrGluTyr

TAT TTTGCTGTCGCCAA(‘AGATGTTCCT TGGTTMCACAGCAACCACYTCAGYTAACMTT TTAGTTCCTCT TCWTATCWWTCYTM&TMWT&TCT TCCAGAAGA
IleLeuLeuSerProThrAspValProTrpLeuThrGInGinProLeuGinLeuThrileLeuVa(ProLeuGInGluTyrGinGluLys!leLeuSerLysThrAlaLeuProGluAsp

YCMCAMTTMCTTGTTTG“'CA&GTATG&C’MTCTATGGéAﬂCATTMTCA‘GTCGNCATAGMAMTYAGGCCACATMTATAGCMCTGGTGA?TATCC?CC
GinLysGInGinLeuLysThrLeuPheValLysTyrAspAsnLeuTrpGlinHisTrpGluAsSnGInValGlyHisArgLys!ileArgProHisAsniteAlsThrGlyAspTyrProPro

YCGCCCTCA‘AAAACMTATCCTAT TAATCCTAAGGCAAAGCCAGTATACAAAT TGTAATAGATGACT TAT TGAAACAAGGGGTGT TAACGCCTCAAAATAGTACAATGAATACACCAGTG
GlyLysAtaSeriileGinilevallleAspAspLeuLeuLysGInGlyValLeuThrProGinAsnSerThrMetAsnThrProval
ArgProGinLysGinTyrProlileAsnProlysAlslysProvalTyrLysLeu®*®

TAYCCTGTT&CTAMCCAGATGGAAGGTWTGGTA*TAGATYAYAGAGAAGTAMTAAAACTAYTCCATTAACAGCTGCCCAAMCCAACACTCTGCTGGTATTTYA@:TACTATT
TyrProvValProLysProAspGlyArgTrpArgMetVaileuAspTyrArgGluvValAsnLysThriteProLeuThrAlaAlsGinAsnGInHisSerAlasGlylleLeuAlsThrile

GTTAGACAAAAATATAAAACTACCTTAGAT TTAGCTAATGGAT TTTGGGCTCATCCTATTACACCAGAATCTTATTGGTTAACAGCATTTACCTGGCAAGGTAAACAGTATTGTTGGACA
ValArgGinLysTyrLysThrThrLeuAspLeuAl sAsnGlyPheTrpAlaHisProlleThrProGluSerTyrTrpLeuThrAlaPheThrTrpGInGlyLysGinTyrCysTrpThr

OGTCYTCCTéMMATTTT+WTMTWTTGTTTMTQYG;AGTAGAYTT",CTAAAAGAMTCCCTMTGTACMGTGTATGTTGATGATATATATTTMGCCATGA"GAT
ArgLeuProGInGlyPheLeuAsnSerProAlaLeuPheThrAlsAspValValAspLeuLeulysGlulteProAsnvelGinValTyrValAspAspltleTyrteuSerHisAspAsp

CCTAM&G&ATGYTCMTTAMGTGYY'lMTTTTACTACAGGCAGOATATGTAGTATCTYTGAAAMATCAGAAATYGGTCAMMACTGTAGAATYYTYAGGATYYMT
ProLysGluHisVeiGInGinLeuGluLysValPheGinlleLeuLeuGinAlaGlyTyrVaiValSerLeulLysLysSerGlutleGiyGinLysThrValGluPhelLeuGlyPheAsn

ATTACYMTCGTG&CCTM&ACTTTTMMCTGTTMATATTACTCCTCCMMGACTTMAGCMTTACMAGCATAT"AMATTGTTAMTTTTGCTAGAMT
IteTheLysGluGlyArgGlyLeuThrAspThrPhelLysThriysLeuLeuAsniieThrProProLysAspLeulysGinLeuGinSeriteLeuGlyLeuLeuAsnPheAlaArgAsn

TTTATACCTAATTTTGCTGAACTGGTACAACCATTATACAAT TTAATAGCCTCAGCAAAAGGCAAATATAT TGAGTGGTCTGAAGAAAATACTAAACAAT TAAATATGGTAATAGAAGCA
PhelieProAsnPheAlsGluLeuValGinProLeuTyrAsnLeul leAlaSerAlalysGlyLysTyriieGluTrpSerGluGluAsnThriysGinLeuAsnMetVallleGluAla

T TAAACACT&CCTCTMTT ilmf TACCAGAA&ANACTGG+MT TmTéAATACTYCTéCATCAGCAGGATATGYMGATAT TATAATGAGACTGGTAAAAAGCCTATT a
R1

LeuAsnThrAlaSerAsnLeuGluGluArgLeuProGluGinArgLeuValillelysValAsnThrSerProSerAlaGlyTyrValArgTyrTyrAsnGluThrGlylLysLysProlle

ATGTACCTAAATTATGTG‘T"V YYCCAMGC;W?TAAAAT"TTCYATG"TMCTATTAACTACMTGCACAMGCCT"AATYAAGGCTATGGAT TTGGCCATGGGACAAGAAATA
MetTyrLeuAsnTyrVaiPheSerLysAlsGluLeulysPheSerMetLeuGlulysLeulLeuThrTheMetHisLysAlasleul leLysAlaMetAsplLeuAl aMetGlyGInGlulle

7TAGTTTAT;GTCCCATTG+ATCTAT@C+M7MYCCA&+A€WT TTACCCATTAGATGGATAACATGGATGACTTATTTAGAAGATCCAAGAATCCAA
LeuValTyrSerProllevaiSerMetThrLyslleGinLysThrProLeuProGluArgLysAlsLeuProlleArgTrplleThrTrpMetThrTyrLeuGluAspProArglieGin

TTTCATTATGATAAMACCT TACCAGAACT TAAGCATAT TCCAGATGTATATACATCTAGTCAGTCTCCTGT TAMACATCCT TCTCAATATGAAGGAGTGT TTTATACTGATGGCTCGGCE
PheHisTyrAspLysThrLeuProGluLeutlysHisileProAspValTyrThrSerSerGinSerProvalLysHisProSerGInTyrGluGlyValPheTyrThrAspGlySerAlas

ATCAAMGTC.CTGAYCCTMAA+AATGCTGGCATGGGAATAG%ACATGCC‘CATMCYWTATCAAGTTTTGAAYCMTGG?CMTA&CAC TAGGTAATCATACTGCT
lleLysSerProAspProThrLysSerAsnAsnAlaGlyMetGlyileValHisAlaThrTyrLysProGluTyrGinValLeuAsnGinTrpSerileProLeuGlyAsnHisThrAls

CAGATNCT‘QAMTAGCTG&AGY TGAAT T+GCCTGTAMAMOCTTYAA;AATACCT%TCCTGTAT TAGTTATAACTGATAGTTTCTATGTAGCAGAAAGTGCTAATAAAGAATTACCA
GinMetAlaGlulleAlaAlaVe!GluPheAlasCysLysLysAlaleuLys!leProGlyProvaiLeuVallleThrAspSerPheTyrValAiaGluSerAlasAsnLysGluLeuPro

TACTM%CTMTGGGT:rTGTTMTM"TMCTCTTAAACATATCTCCAMTWMTCTATTG:TMTGTTTATCTATMCCMATTACTATTCAACATGAAMA
TyrTrpLysSerAsnGlyPheValAsnAsnLysLysLysProLeuLysHislleSerLysTrpLysSeriileAlaGluCysLeuSerMetLysProAsplieThrileGinHisGluLys

GGCATCAGCCTACAAATACCAGTATTCATACTGAAAGGCAATGCCCTAGCAGATAAGCTT
GlylleSerLeuGinlieProvaiPhelleLeulLysGlyAsnAlaLeuAlsAspLysLeu

marked by asterisks.
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FIG. 3. (A) Strong stop cDNA synthesis. Endogenously synthe-
sized strong stop cDNA was run on a 1% agarose gel before (lane 2)
and after (lane 3) treatment with 0.3 M NaOH. HindIll DNA
fragments (lane 1) and Pstl fragments (lane 4) from lambda DNA
served as markers. The arrow is described in the text. (B) S1
nuclease protection analysis and strong stop cDNA synthesis. The
experiments were performed as described in the legend for panel A.
Lanes 1 to 3 were loaded with decreasing concentrations of the
32p.Jabeled reaction products of the S1 nuclease analyses. The thin
arrows mark the actual lengths of the protected DNA fragments
from the HinPI site within the PBS to the cap sites of the HSRV
LTR. The sequence ladders were obtained by using the 708-bp
HindllI-HinPI DNA fragment that overlaps the RUS5 region on both
flanking regions. Lane 9 was loaded with the 3?P-labeled product of
the strong stop cDNA synthesis. The thick arrow marks the reaction
products of strong stop cDNA synthesis that are 346 and 344 + 1 bp
in size.

endogenous reverse transcriptase reaction, as shown before
for other retroviruses (6, 9, 10, 42, 47).

To determine precisely the location of the cap site, 32P-
labeled strong stop cDNA was synthesized as described
above, extracted, and analyzed on a 5% polyacrylamide gel.
The lengths of the reaction products of strong stop cDNA
synthesis were determined by electrophoresing them next to
DNA sequence ladders obtained from the HindIII-HinPI
DNA fragment (central lanes in Fig. 3B) on the same gel.
Two DNA bands were detected (lane 9 in Fig. 3B), one of
which was predominant. According to this result, lengths of
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346 and 344 * 1 bp were obtained for RUS. These values are
consistent with those obtained from the S1 nuclease protec-
tion analysis (see below). Furthermore, this result enables us
to assign the cap sites to nucleotide positions 778 and 780 in
the sequence shown in Fig. 2. To confirm this result, we
performed S1 nuclease protection experiments using a 708-
bp HindIlI-HinPI DNA fragment of clone C11 DNA that was
hybridized to HSRV RNA. After S1 nuclease treatment,
only one of the two strands hybridized to poly(A)* HSRV
RNA. A nuclease-resistant fragment of about 350 bp was
obtained (data not shown). This value reflects the size of the
DNA-RNA hybrid that is protected against S1 nuclease
digestion. This size is consistent with the size found by
strong stop cDNA synthesis as described above.

It follows that the 5' LTR of the HSRV has to be
subdivided into a U3 region of 777 nucleotides and a R plus
US region of 346 nucleotides. The cap site is preceded by a
multiple but perfect TATATA box at —31 and followed by a
consensus poly(A) signal sequence at positions 943 to 948.
From analogy to the LTRs of other retroviruses, this results
in a length of R = 196 and of US = 150 nucleotides (Fig. 2).
The U3 region contains some direct and indirect repeats,
some of which resemble enhancer elements found in other
retroviruses (4, 34). The 3’ boundary of the 5’ LTR is defined
by a stretch of 18 nucleotides that are complementary to the
corresponding nucleotides at the 3’ end of the lysine-1,2-
specific tRNA of mammals (29). The highest degree of
similarity of the PBS, the primer for minus-strand HSRV
DNA synthesis, is to that of visna virus (39).

Most retroviral LTRs are bounded by a perfect terminal
inverted repeat of 11 to 12 bp; however, the HSRV LTR is
bounded by a perfect inverted repeat of only 3 bp, or an
imperfect repeat of 11 bp with nine identities similar to that
of simian immunodeficiency virus (11) (Fig. 2). There are
several other repeats, either direct or indirect ones, that
have been marked in Fig. 2 the precise function of which is
not known as yet, but they could play a role during integra-
tion (46). There are two nucleotides, AT, between the 3’ end
of the S ' LTR and the PBS (Fig. 2). The 5’ LTR and its 3’
adjacent region exhibit features analogous to those of other
retroviruses, particularly to the lentiviral LTRs. Compared
with the HSRV 3’ LTR (7), there are a number of point
mutations, deletions, and insertions in the upstream LTR.
The greatest difference was an insertion of 158 nucleotides in
the downstream LTR between nucleotides 510 and 511 (Fig.
2). At exactly the same position, the 5’ LTR has instead 21
nucleotides that differ completely from the downstream
LTR. Since both LTR sequences were derived from recom-
binant clones established from viral DNA, the step at which
the insertion (or deletion) occurred remains obscure. How-
ever, the presence of a tetranucleotide sequence, TTTA,
that occurs at both ends of the 158-nucleotide insertion of the
3’ LTR (7) argues for an insertion into the downstream LTR.

gag gene. Downstream of the PBS of HSRYV, precisely 99
nucleotides from the 3’ boundary of the 5’ LTR, a long
uninterrupted reading frame of 2,436 nucleotides runs to two
terminators at positions 3656 to 3661 (Fig. 2). The first start
codon (ATG) of this ORF is located two triplets in, and its
flanking sequences conform to those of a typical initiator
(15). Consequently, the HSRV gag precursor would have a
molecular size of 90 kilodaltons, slightly larger than those of
most of other retroviruses. It is assumed that the gag
precursor and the gag/pol precursor are processed by the
retrovirus-encoded protease. The HSRV protease is presum-
ably located in the COOH-terminal region of the gag gene,
since there is some similarity between other retroviral pro-
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QPRPSRGRGRGANTSRPS HSRV( 1)
PQRYGGGRGRRWNDNTNN HSRV(2)
GRGGRGNHNRNQRSSGAG HSRV(3)
RDGNQGRRPGKGL SSGPW RSV(3)
GLCYTCGSPGHYQAQCPK RSV(1)
ERCQLCNGMGHNAKQCRK RSV(2)
DQCAYCKEKGHWAKDCPK MLV(1)
GCCFKCGKKGHFAKNCHE  MPMV(1)
GLCPRCKRGKHWANECKS MPMV (2)
FKCWNCGKEGHSARQCRA  HIV-2(1)
QGCWKCGKPGH IMTNCPR HIV=-2(2)
QPCFRCGKVGHWSRDCTQ  HTLV-2(1)
GPCPLCQDPSHWKRDCPQ  HTLV-2(2)

FIG. 4. Amino acid sequences within the NABP of retroviral gag
genes. Sequences duplicated within any one NABP are denoted (1)
and (2). The region denoted as RSV (3) is located immediately
downstream of that of RSV (2). Identities are marked by asterisks.
The one-letter code for abbreviating amino acids is used.

tease sequences (45) and this limited region of the HSRV gag
gene (Fig. 2). Furthermore, some of the conserved se-
quences within the HSRV protease (Asp-Ser-Gly-Ala-Thr)
can be aligned with the active site residues of cellular acid
proteases (24, 45).

Certain unusual features are found in the protein sequence
of the HSRV gag gene products. Unexpectedly, the retro-
viral nucleic acid-binding protein (NABP) with its character-
istic and periodic cysteine motif (n, n + 3, n + 13, with
glycine and histidine residues at positions n + 7 and n + 8,
respectively) is not present in the HSRV gag gene sequence.
Instead, a strongly basic protein sequence is identified at a
genomic location (between the p30 and the HSRV protease)

10 20 30

40
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corresponding to the NABP of other retroviruses. Its pre-
dominant feature is an equidistantly spaced internal peptide
repeat of 18 residues with similar amino acid residues (Fig.
4). The degree of similarity between the two HSRV peptides
is 33.3% (lines 1 and 2 in Fig. 4), and it reaches 72.2% when
similar amino acid residues are taken into account. Like
most retroviruses, the Rous sarcoma virus (RSV) gag gene
encodes an NABP (p12) that contains two complete sets of
the cysteine motif (n, n + 3, n + 13) (36). Five residues after
the second set, RSV NABP has a glycine motif with the
same distance pattern (n, n + 3, n + 13) as the HSRV
NABP. This RSV glycine motif (Fig. 4, line 3) was also
identified in the HSRV gag gene and is located 39 residues
upstream of the conserved DSGAT box of the protease, at a
genomic position found in other retroviral gag genes. Figure
4 depicts the level of similarity between the RSV third set—
the glycine motif—and the HSRV glycine motif (lines 3 and
4) that is 27.8% for identical amino acid residues (72.2% for
similar residues). In this context, the experiments of Goff
and Lobel (8) are relevant. They showed by linker insertion
mutagenesis that the NABP of murine leukemia virus (MLV)
tolerates these insertions, since the resulting virus was
perfectly viable (8). The absence of the cysteine motif in the
HSRYV gag sequence emphasizes the strongly basic charac-
ter of all retroviral NABP sequences, particularly in the
absence of strong data that the cysteine residues are required
for biological activity.

Another interesting feature in the primary structure of
the HSRV gag and pol genes is in the overlap region
between them. The pol gene of HSRV overlaps by 22
nucleotides the gag gene that ends with TAATAG (Fig. 2).
Since seven nucleotides (ACAAATTGTAATAG) upstream
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_FIG. 5. Region of homologous protein sequences of the reverse transcriptase domains of the pol gene products of HSRV, Mo-MLV,
HTLV-II, MPMV, RSV, and HIV-1. Amino acid residues identical for all six retroviral reverse transcriptase domains are marked by asterisks
and by open circles when five or four of six residues are identical. Gaps were introduced to maximize homology. The one-letter code for
abbreviating amino acids is used. Boundaries were set with respect to the HSRV sequence from positions 3634 to 4203 (Fig. 2). The
boundaries at the carboxy termini of all other retroviral reverse transcriptases were taken from reference 39.
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TABLE 1. Sequence similarity of the reverse transcriptase
domain of retroviruses

% Sequence identity with:
HSRV Mo-MLV HTLV-II MPMV RSV HIV-1 HIV-2 VIV?®

Retrovirus

HSRV 34.3 30.6 28.4 287 29.5 269 29.8
Mo-MLV 346 310 33.0 28.1 29.8 263
HTLV-II 40.1 39.2 33.7 35.1 308
MPMV 48.5 33.3 36.2 35.5
RSV 38.6 36.7 33.5
HIV-1 63.2 51.0
HIV-2 50.0

“ The percentage of sequence identity value shown for each pair of
retroviruses was obtained from the pairwise amino acid sequence alignments.
b VIV, Visna virus.

of the double terminators of the HSRV gag sequence exactly
match the corresponding nucleotides of the RSV gag se-
quence ACAAATTTATAG, and since Jacks and Varmus
(13) showed that the RSV pol gene is expressed by transla-
tional frame shifting, we assume that the HSRV gag/pol
products are synthesized in the same way. This assumption
is supported by the fact that the nucleotides that surround
the first ATG of the pol ORF are not those of a typical
initiator codon (15).

pol gene. The second long ORF is undoubtedly that of pol,
since the well-conserved amino acid sequences of the re-
verse transcriptase, the RNase H, and the integrase (endo-
nuclease) domain can be readily identified (Fig. 2 and 5) (7).
This subdivision into three domains with identifiable enzy-
matic activities and an intermediate region, termed the
tether, located between the reverse transcriptase domain
and . the RNase H region is clearly consistent with the
suggested alignment of pol genes by Varmus (46) and John-
son et al. (14). The value deduced from the HSRV nucleotide
sequence predicts for the pol protein 908 amino acid resi-
dues, corresponding to 102 kilodaltons which add up to 193
kilodaltons if the gag/pol precursor is synthesized by trans-
lational frameshifting. Subsequent processing by the HSRV
protease would result in at least six different polypeptides,
among them four gag-derived structural proteins and two pol
gene products, the reverse transcriptase proper and the
integrase.

The degrees of homology between the HSRV reverse
transcriptase domain and those of other retroviruses ranged
from 34.3% (Moloney MLV [Mo-MLYV])), 31.0% (human
T-cell leukemia virus type I [HTLV-I]), and 29.5% (human
immunodeficiency virus type 1 [HIV-1]) to 28.4% Mason-
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Pfizer monkey virus [MPMV]) (Table 1). This relatively high
homology to MLV is consistent with the fact that the cation
requirement for the purified reverse transcriptase from
foamy viruses is much more biased for Mn?* than for Mg?*
in the endogenous reaction (18, 27). To compare the con-
served part of the reverse transcriptase domain, we selected
sequences from those retroviruses that belong to three
subfamilies (so that at least one member of the oncoviruses,
lentiviruses, and spumaviruses was included). In addition,
reverse transcriptase sequences from members of other
groups (RSV, MPMV) were also included in the comparison
shown in Fig. 5. The comparison reveals that residues
located in regions shown to be functionally essential (16) are
conserved in all retroviruses including HSRV (31, 37-40).
Surprisingly, however, it was necessary to introduce two
major gaps into the HSRV sequence for this multiple se-
quence comparison to achieve optimum alignment. These
HSRYV specific gaps were 7 and S amino residues long and
located very close to those residues proven to be required
for enzymatic activity (16). The comparison shows that the
HSRV reverse transcriptase domain is clearly related to
those of other retroviruses but that it is distinct, indicating
the particular place of HSRV as a member of the third
subfamily of Retroviridae. This result was supported by an
analysis in which a pairwise comparison between the pol
region of HSRYV and that of the other members of different
retrovirus groups or subfamilies was performed (Table 1).
The lentiviruses are clearly classified by their relatively high
amino acid identity of over 50% as reported previously from
different laboratories (3, 31, 39, 40). The HTLV-bovine
leukemia virus group viruses also seem to constitute a
subfamily of their own as judged by the high degree of
homology of over 70% between individual members (3). The
D-type viruses, exemplified by MPMV, can readily be
grouped together as another subfamily with high homologies
(~90%) among their members, such as squirrel monkey
retrovirus and simian retrovirus types 1 and 2 (44). A fourth
subfamily is formed by the oncoviruses with Mo-MLYV as the
prototype; AKR murine leukemia virus and reticuloendothe-
liosis virus among others obviously belong into this subfam-
ily.

The overall genomic organization of HSRYV is diagrammat-
ically represented in Fig. 6. The total genome size as well as
the three extra bel genes set HSRV apart from other estab-
lished subfamilies and groups of Retroviridae. This report
together with the first report (7) complete the nucleotide
sequence analysis of the HSRV genome. Thus, the overall
genetic organization of HSRV is 5’ LTR, gag-prt, pol, S1,
env, bell, bel2, bel3, 3' LTR, and by and large it resembles
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FIG. 6. Organization of the HSRV provirus. Vertical bars represent stop codons in the three reading frames. bell, bel2, and bel3 are the
OREFs as described in reference 7. The boundaries of the 5’ LTR were taken from Fig. 2, and those of the 3’ LTR were from reference 7. Scale
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more those of the acquired immunodeficiency syndrome
viruses than other retroviruses (51).

DISCUSSION

In the present studies, the nucleotide sequence of the 5’
part of the HSRV genome was determined and analyzed.
The resulting primary structure of the HSRV DNA and the
deduced amino acid sequences includes the 5' LTR, the gag
gene and the major part of the pol gene.

The 5’ LTR was characterized by determining the site of
initiation of transcription by strong stop cDNA synthesis and
S1 nuclease mapping. These analyses revealed that two start
sites for viral transcription are used and placed the corre-
sponding cap sites at nucleotides 778 and 780 of the 5' LTR
of HSRV. It is interesting that the U3 region of HSRV
contains three repeats of the core consensus DNA sequence,
TGACTCA, that is recognized by a recently identified
human transactivator protein, a transcription factor termed
AP-I1(17), at —447, —459, and —514. Furthermore, there are
additional direct repeat sequences in the U3 region that
could serve as enhancer elements.

The 5’ LTR is followed by a PBS, downstream of which a
leader sequence of 82 nucleotides precedes the first initiator
codon of the gag protein sequence. The ORF for the HSRV
gag protein comprises 811 amino acid residues. The protein
sequence of the presumed gag precursor has several inter-
esting features. Instead of the standard retroviral NABP
with typical cysteine motifs, it contains regions of short,
strongly basic domains that are predicted to bind to nucleic
acids. A second distinct property of the HSRV gag protein is
the presence of a proteaselike domain at the COOH terminus
of the precursor. A similar genetic arrangement has been
found in the RSV gag precursor.

The 3’ end of the HSRV gag gene overlaps the 5’ part of
the pol gene by a short stretch of 22 nucleotides. Since part
of this nucleotide region is identical to the corresponding site
in the RSV genome for which a translational frameshift has
been shown (13), we postulate a similar mechanism for the
biosynthesis of the HSRV gag/pol precursor. As to the pol
gene product itself, it is of great phylogenetic interest that
the HSRYV reverse transcriptase domain has a relatively high
degree of homology to the corresponding sequences of other
retroviruses, although it is, nonetheless, distinct.

Different criteria have been used to divide the family
Retroviridae into three subfamilies, the oncoviruses, the
lentiviruses, and the spumaretroviruses (21). This classifica-
tion was mainly based on the length and sequence of strong
stop cDNA (10), on the nature of the PBS, and on phyloge-
netic trees that were constructed by using either the reverse
transcriptase or the integrase domain of retroviruses (3, 24,
39, 40).

With these criteria at hand and the data reported here on
the structure of the HSRV genome, one expects that spu-
maretroviruses could be readily classified. However, prob-
lems that are inherent to the complex evolution of retrovi-
ruses have been emphasized recently and involved several
different lineages connected by recombination (43).

At first sight, the HSRYV reverse transcriptase and inte-
grase domains have a higher degree of homology to those of
the oncovirus MLV, apparently indicating that HSRV could
belong to the oncovirus subfamily. However, the MLV
gehome is about 3 kilobases smaller, and it does not resem-
ble at all that of HSRYV in other regions, e.g., the LTR, gag,
and env sequences.

On the other hand, the HSRV genome seems to encode
potential new genes in its 3’ part. The bel genes have a
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limited protein similarity of 28 and 20% to the corresponding
tat and 3’ orf gene products of HIV-2 (22). The presence of
the extra bel genes argues for a relatedness to lentiviruses
which is supported by the identity of 21 nucleotides of the
HSRV PBS to the visna virus PBS (39). However, the
reverse transcriptase domain of HSRV is clearly less related
to that of the lentiviruses. For similar reasons, spumaretro-
viruses do not fit into the D-type and HTLV-bovine leuke-
mia virus group of retroviruses. It is thus difficult to group
foamy viruses into any of the previously established and
characterized subfamilies or groups.

In conclusion, the criteria previously used for the classi-
fication of retroviruses lead to the contradictory result of
placing HSRYV into two different subfamilies, the lentiviruses
and the oncoviruses. This paradox and the fact that the gag
protein sequence of HSRV has unique features taken to-
gether with the overall genomic organization strongly indi-
cate that HSRV is a member of a separate subfamily
different from other subfamilies and groups of Retroviridae.
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