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Nucleotide sequence analysis of the env gene and its flanking
regions of the human spumaretrovirus reveals two novel genes
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Recombinant clones that represent the 3' part of the genome
of the human spumaretrovirus (foamy virus) were establish-
ed from viral DNA and from DNA complementary to viral
RNA. The recombinant clones were characterized by blot
hybridizations and nucleotide sequence analysis. The deduc-
ed protein sequence of the clones at their 5' ends was found
to be homologous to the 3' domain of retroviral reverse trans-
criptases. Downstream of a small intergenic pol-env region
a long open reading frame of 985 amino acid residues was
identified that according to its genomic location, size, gly-
cosylation signals, and hydrophobicity profile closely
resembles the lentiviral env genes. The spumaretroviral env
gene is followed by two open reading frames, termed bel-l
and bel-2 which are located between env and the long ter-
minal repeat region. The long terminal repeat of 1259 nucleo-
tides is preceded by a polypurine tract and contains the
canonical signal sequences characteristic for transcriptional
regulation of retroviruses. The provisional classification of
the spumaretrovirus subfamily is discussed.
Key words: foamy retrovirus/DNA sequence/reverse transcript-
ase/transmembrane protein

Introduction
Retroviruses are a family of eukaryotic, single-stranded RNA
viruses that replicate through a DNA intermediate, the provirus
(Temin, 1976). Retroviruses are the only RNA viruses known
to cause cancer and have so far been found in most vertebrates
(for review see Weiss et al., 1982). They have been classified
into three subfamilies: the onco-, lenti-, and spumaviruses. While
members of the oncoviruses and quite recently the lentiviruses
have been studied in many laboratories, spumaviruses, also called
foamy viruses, have not been characterized in detail (Weiss et

al., 1982). Their phylogenetic relatedness to the other sub-
families, and particularly to the human T-cell lymphotropic retro-
viruses (HTLV-I, HTLV-II) and the human immunodeficiency
viruses (HIV), the AIDS viruses, is unknown. In addition, the
study of a possible relationship of spumaviruses to human disease
has been hampered by their notoriously poor growth properties
in tissue cultures. There have been reports (Scolnick et al., 1970;
Liu et al., 1977) on the reverse transcriptase from simian foamy
virus isolates and on the viral RNA from a human isolate (Loh
and Matsuura, 1981). The first human spumaretrovirus (HSRV)
was isolated from a patient with a nasopharyngeal carcinoma by
Achong et al. (1971) and it is this virus strain that was used for
this study. In several other instances, spumaviruses were isolated
from patients with various diseases; no proven pathogenicity for
any of the isolates has been reported (Weiss et al., 1982).
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The aim of this work was to gain more insight into the struc-
ture and function of foamy viruses. To this end, molecular clon-
ing of viral DNA and cDNA was performed. As a first and
fundamental step the resulting recombinant DNA clones were
characterized by nucleotide sequence analysis to elucidate the
primary structure of the central and the 3' region of the genome
of this interesting virus and to determine whether or not novel
genes are encoded by the HSRV genome as well as the anticipated
retroviral genes. Another objective of this study was to establish
molecular clones specific for HSRV for screening DNAs from
human patients who suffer from diseases that are suspected to
have an unknown viral etiology.

Results
Identification of molecular clones containing HSRV-specific se-
quences
Two approaches were used for the molecular cloning of HSRV-
specific DNA. In the first, recombinant plasmids were con-
structed from viral DNA using genomic DNA of HSRV-infected
human embryonic lung (HEL) cells that was digested with
BamHI. The resulting BamHI DNA fragments were inserted in-
to the BamHI site of the plasmid vector pAT153 (Twigg and
Sheratt, 1980). One of the resulting recombinant clones termed
pHSRV-B52 (B52) hybridized to HSRV cDNA and was char-
acterized in detail. As a second approach, recombinant X phage
clones were established using the HindIII digests of cDNA that
had been synthesized from virions of HSRV. One of the resulting
recombinant X clones was subcloned into the HindIlI site of
pAT153 and termed pHSRV-H-C55 (C55).
The 5.4-kbp insert of the recombinant plasmid C55 hybridiz-

ed to the 32P-labeled insert of B52 DNA of 2.2 kbp and vice
versa (Figure 1, lanes 9-11). Restriction enzyme analysis unam-
biguously demonstrated that the viral inserts share a common
region of 817 bp that is located at the 3' end of the C55 insert
and at the 5' end of the B52 insert as marked by arrows in Figure
lB and is also shown in Figure 2.
To demonstrate that those recombinant plasmids that had been

established from viral DNA and that hybridized to cDNA in fact
contained sequences specific for HSRV, blot hybridization ex-

periments were performed using B52 and C55 DNAs and human
genomic DNAs from uninfected and HSRV-infected HEL cells.
The results shown in Figure 1 (A-E, lanes 1-8) clearly indicate
that only DNAs from HSRV-infected cells gave positive
hybridization signals (lanes 5-8), whereas DNA from uninfected
cells (lanes 1-4) were negative indicating that the inserts of B52
and C55 have specific DNA sequences homologous to sequences
of infected cells as expected e.g. for an infection by an exogenous
retrovirus.
The results of the restriction analysis of viral DNA sequences

of both recombinant plasmids are in complete agreement with
the physical maps shown in Figure 2 and clearly demonstrated
that the 3' HindIl site of clone C55 is located 817 nucleotides
downstream of the BamHI site at the C55/B52 boundary (Figures
1 and 2).
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Fig. 1. Southern blot hybridizations of HSRV-specific DNA derived from recombinant plasmids pHSRV-B52 and pHSRV-H-C55 to each other and to DNAs
from uninfected and HSRV-infected HEL cells. DNAs (5 jig) from uninfected (lanes 1-4) and from HSRV-infected HEL cells lanes 5-8) were analyzed
undigested (lanes 1 and 5); digested with BamHI (lanes 2 and 6), HindIII (lanes 4 and 8) and double-digested with BamHIlHindIII (lanes 3 and 7). DNAs of
pHSRV-H-C55 (lanes 9 and 10) and of pHSRV-B52 (lanes 11 and 12) were cleaved with HindIll (9 and 11) and double-digested with BamHI/HindIll (lanes
10 and 12). DNAs were separated electrophoretically on a 0.8% agarose gel. Unlabeled and 32P-labeled X DNA digested with HindIII (Ml); MluI (M2),
EcoRI (M3), and ClaI (M4) served as markers and a control for electrophoretic transfer of DNA fragments to nitrocellulose filter. A, ethidium bromide
staining; B and C, autoradiograph of the same gel after hybridization to 32P-labeled insert of recombinant pHSRV-B52; and in D and E to the 32P-labeled
insert of recombinant pHSRV-C55 at different times of exposure (B and D, 20 h; C and E, 72 h). Arrows mark the position of the 816-bp hybridizing DNA
fragments of the region common to both recombinants.

Nucleotide sequence analysis of pHSRV-H-C55 and pHSRV-
H-B52

The strategy used for determining the primary structures of B52
and C55 DNA and restriction maps for some enzymes are given
in Figure 2. More than 95% of the DNA sequence was deter-
mined for both strands and various multiple-cut restriction en-
zymes in addition to those shown in Figure 2 were used to verify
the sequence, in particular the enzymes TaqI, BstEH, MaeH,
DdeI, Hinfl, and Sau3A I were used for sequencing in addition
to those shown in Figure 2. The sequence was determined for
B52 DNA (from nucleotide position 4549 to 6755, Figure 3) at

which it terminates. Since restriction fine mapping had revealed
that recombinant clone C55 is co-linear with clone B52, overlaps
it and extends the B52 sequence into the 5' direction (Figures
2 and 3), the 5' part of the sequence (position 1-4549) shown
in Figure 3 was derived from C55 DNA. The region common
to both viral inserts comprises 817 bp (from the BamHI at 4548
to the HindIII site at 5365, Figure 3).
The resulting nucleotide sequence of the viral DNA inserts of

both recombinants are shown in Figure 3 with the predicted amino
acid sequences of the corresponding HSRV gene products. Open
reading frames longer than 129 amino acid residues were not
present on the opposite strand, consistent with other retroviruses.
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Fig. 2. Restriction maps of DNA viral inserts of two recombinant plasmids (pHSRV-H-C55 and pHSRV-B52) harboring HSRV-specific sequences and the
strategy for determining the nucleotide sequence. The upper part shows the viral genes (pol, SI, env, bel I and 2 and LTR) corresponding to the inserts of
two recombinant plasmids C55 and B52 that overlap in the bel region. Restriction maps of both viral inserts are given for some of those enzymes used for
sequencing. The arrows below the maps indicate the direction and extent of sequences determined for each fragment. The lower line represents the scale in
kbp. The filled circle in the recombinant B52 marks the BamHI site of pAT153 that was partially deleted, probably during molecular cloning of unintegrated
linear HSRV DNA. This assumption is supported by the nucleotide sequence analysis of B52 DNA which indicated that the 3' terminus of B52 DNA
coincided with the 3' end of the viral DNA genome (see Figure 3).

The nucleotide sequence presented in Figure 3 includes the 3'
domain of the pol gene, the entire env of HSRV along with its
5' and 3' flanking regions. The main features of the sequence

are presented starting from the 5' to the 3' end of the viral
genome.

3'-pol endonuclease (integrase) sequences

Starting from the HindU site (nucleotides 1-6 in Figure 3), an

uninterrupted reading frame runs to nucleotide 1030. The cor-

responding protein sequence is homologous to the 3' domain of
the reverse transcriptases from other retroviruses. Counting iden-
tical amino acid residues, degrees of homologies range from 22
and 23% to 30.5% when compared to the 3' domains of VIV,
HIV and Mo-MLV reverse transcriptases (Shinnick et al., 1981;
Sonigo et al., 1985; Ratner et al., 1985; Wain-Hobson et al.,
1985). At the nucleotide level, the degree of homology was found
to be 46.1, 46.5 and 48.0% in comparison to VIV, MLV and
HIV. The direct comparison between the corresponding retro-
viral proteins and the HSRV sequence shown in Figure 4 reveals
that virtually all amino acid residues conserved in HIV, VIV,
and MLV are found to be invariant in this part of the HSRV
pol gene product (identities are marked by asterisks). If similar
amino acid residues are taken into account an even higher
homology of47.3-55.2% is reached for HIV and MLV, respec-

tively.
pol-env intergenic region

Computer analysis of the carboxy terminal region of the pol gene
identifies a short reading frame of a hypothetical HSRV protein
that starts at nucleotide position 888 and continues for 107 amino
acid residues (Figure 3) in a reading frame different from that
of pol. In analogy to the EIV genome that potentially codes for

a short protein in the pol-env intergenic region (Rushlow et al.,
1986), the corresponding HSRV gene product is designated as

Si. This hypothetical protein would be required to be synthesiz-
ed from a spliced RNA. SI of HSRV does not show any

homology to the SI of EIV, nor to any other retroviral proteins.
Its sequence has three glycosylation signals of the type Asn-X-
(Ser/Thr). The 5' part of the HSRV SI overlaps the COOH-
terminal region of the HSRV pol gene by 141 nucleotides and
its termination codon is located at nucleotide 1209, thus overlap-
ping the HSRV env region that lies in a different frame when
compared to either SI or pol (Figure 3).

env gene

The major open reading frame of C55 DNA begins at nucleo-
tide 1141 and extends for 995 codons, terminating with TAG
at 4126 (Figure 3). The second start codon ATG for env is located
11 triplets in, and its flanking sequences conform to those of a

typical initiator (Kozak, 1984). Thus, the HSRV env precursor
would have a mol. wt of 113 kd, very close to that of the VIV
env precursor reported to be 115 kd (Sonigo et al., 1985). This
unusually long open reading frame clearly is the viral envelope
gene, since its protein sequence has three hydrophobic regions,
14 potential N-linked glycosylation sites of the type Asn-X-
Ser/Thr, and last but not least a proteolytic cleavage signal Arg-
Lys-Arg-Arg typical of retroviral env protein sequences (Seiki
et al., 1983). Closer examination of the HSRV env protein se-

quences shows that the first 62 amino acid residues after the in-
itiator Met at 1171 are predominantly hydrophilic in character
resembling in that respect the env precursors of VIV and mouse

mammary tumor virus (MMTV) (Majors and Varmus, 1983;
Redmond and Dickson, 1983; Sonigo et al., 1985). The first
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~AT1-.':A.AGTATCATTATTCArrTCATTTATA.AAO,GATACi-CAACAAATA
I

AA21 G--CCArA..TTT.,~TAT.ATACAAACA-rr r

Ly,3LuAlaTrGinGySerTrV&IVlAsnCsAsnT rLysL sPfoA nLeuApAleG uLeuApr..ILtuLeGinGlHisTy ileLyGIyTyP.oLyGinTyThr RI

121TATTTAA.Ar-AA-TAAOTT,(AACTAGf,AA

PheTuAte&ThrLeueuLAIa'leAt&AsnLeuTIrTrpTrpPoAsnetAMyss,sVILsiLeulPeeThPoyHPGlyr CyrC.1nGnCyLeulVa1eThrgAsnASerASnIeysAlerg RI

321 CTTTCTATTCTAAGACTCAGATAG;ACTCAAAACTT:TAATTTTCATAAT ,,C:TT:,AITTA-eGAACTTTTTA AITGTAGAT

G1yro1eLtArPr,AspfqFr.-Il-L,PrchespL-5PePeuAplnAreAsT r.ljGTyroLeeuroPrhefhrG-ytnfeyTyrLheuTrVheutCarOSeIVeHAspGryetS R3

AThSrGyPheTh rTrpLeuTrProThrLysAtaIyGnerThrSergArgaThrVaLyuSerLeuAsnVuLeuThSr*Aa RrLsiitHseApGnlAet

PheThLeuSerThrheeAValSerCusrpATaLysGIuArGI.yGnlueHsLeGVuPheaerThrPASroTyrHiProAGnSrgTrHySeLySProSeThlurV8LeLyssnSeIAspAfLysArg R3

LeueuTrLyLeueuolGyAtPr,ThL)~Tip)rApLeLeProal'.'3AsnLeuALaLeulArnAsnThryrePrPrcoVarLeuLysTyrThrProisGInLeuLeu RI

ALySererAfLs1HstArISrTrSerroVlVaSlTyGThnLeuV4tArArhrGtIlyTfpLeGYLeuG1LeuLeu*ecApeGnsCtGuVllPohArAgsL*h RI
LeGluLeSrhLuaSryCsrPo*elGnlAgaAarPolaeLurPorTpiLsrSeTr LuyVleAnrAgR3

1441 TGAAATGAATAAATGCGCATGGAGGCACTCAAGAATACACACTGATGTACTGACAGCAGAAGCGAACAAATTATCTGACGACATCAAAGATTGCAACG"TACACCAATAGT.CAr&ACATAAATTT

TrpAsnLysAspI leGlnValLeuGlyPrcVail IeAspTrpAsnVatThrGlnArgAlaVatTyrGlnProLeuGtnThrArgArgl eAtaArgSerLeuArgMetGl.nH4isProVaI RI

SerGIuAsnI leAlaAsnAsnAtaAsnLeuThrGlnGluValLysLysLeuLeuThrGtuMetValAsnGluGluMetGlnSerLeuSerAspValMet eAspPheGIuI IeProLeu RI

1801 GAACTGGTAGAATTTCTGAAGTTAGATGAATTATATAAAAAACCACGGCTAGGGCTTGTA
GIyAspProArgAspGIn'GIuGtnTyr IteHasArgLysCy5TyrGInGIuPheAlaAsnCysTyrLeuVatLysTyrLysGIuProLysProTrpProLysGtuGtyLeul IeAIaAsp RI

GtnAtaArgLeuGtySerPheTyr eProSerSerLeuAfgGlnltIeAznValSerHisVatLeuPheCysSerAspGlnLeuTyrSerLysTrpTyrAsnliteGIuAsnThrlI eGlu RI

2161 ^^GGGTTTCTAAATAAACTAACGACTATTrAGAA,:A,.-TTCGAGTI.A:TTTAG,TAAT,TT.aTAAA

VaiProGluCysAspGl yPheTyrAsnAsnSerLysTrpMetHi sMe tHi sProTyrAl aCysAr gPheTrpAr gSerLysLysAsnGl uLysGi uGItuThrLysCysArgAspGlyGl u RI

AspGtnAspTyrGluValTyrSerLeuTyrGlnGluArgLysIl eAIaSerLysAtaTyrGIyl IeAspThrValLeuPheSerLeuLysAsnPheLeuAsnTyrThrGlyThrProVaI RI

AsnGIuMetProAsnAIaArgAIaPheVaiGtyLeuI IeAspProLysPheProProSerTyrProAsnVaIThrArgG.IuHisTyrThrSerCysAsnAsnArgLysArgAr4SerVat RI

ArgpHiAsVpTrpThrLeuMetSrSerAlThrTrLeuHGsApleSerVLMetGGnuGcyMetPheAGlaValGynHti5LeLHisThrHisLeuAlrsnHLeuLTyrThrMetLeLesGLuAhr Rl

HrsSerSerProThrAlaThrAlaTrpGlul leGlyLeuTyrTyrGtuLeuVatI IeProLysH,slIIeTyrLeuAsnAsnTrpAsnValVatAsnrl eGlyHisLeuValLysSerAla RI

3361GGCATATATACAACCTCTTAAATATAAATTAAATTTTTSA.-T-AGAT4AAGAAATTTAAGGTG

VatLsIVliPoyGysSreAphSrsCsrVlrAatAaalLysiurPe GnoAnroeLssGyeTreVI RI

3601 TTGGCAAGTTCCACAGACTGTCAGATCCCACCATATGTTCCTAGCA TC'GTGACTTAT AAAC-T-AGTTGA-T1A:TAA,,CArT-rT1GA,.AI,Tr
LeuAlaerSerhrAspysr,tl[eProroTyralPro erile alThrV [Asn"ltjThThrSeCy,sPhr4tyL uAspP eLy,s r..gPrLeuVaAtaGlG(uArLeu RR

3721GTTACAGCGCATTCATA.TACCTTrTGATATGAAACAGGTAATGATAACTTGGAGAAACGA
SerPhGluPrArgLeProAsLeuGlLeuArLeuPrHisLeVal-iylieleAtaL sl(eL sGlyleLysleGluV lThfS rSer,~lyGiSerilLysGtGin RR

3 84*1 ATTGAAAGAGCAAAArC TGAGCTCC T T GAC T GGIAr:AT TrArGAGGGArAAGTArT Trt rTrrGGATACAACAGCTAXCTr ArA:C A.ACAAA .GACrGTTrTGCC;oAG.CA-rCA; T TCrTGr T_-TA
IeGluArgAI sLysAI aGIuLeuLeuArgLeuAsp "tleH11sGl~uGI yASpThrPr ;AI aTrplI eGl.nGInLeuAI sAIaAI aThrLysAspVaI TrpPr oAI aAIsaAIaSerAI aLeu RI

3961 tAAGC.AAT TGGTAACTT T TTATC TGGGAC TGCC:CAAGCGAATATTTGGAACTGCC T TTAGTC Te TTGGGATACTTAAAGCCTATCC-TAA TAG3GAGTAGGGGTCAT TCTCT TG,TTATTCT TGinGlyileGtyAsnPheLeuSerGIyThrAIaG.InGiIRtPheGIyThrAIaPheSerLeuLeu.ir,TyrLeuLysProIIeLeulIe,.aIGIyVaiIeLeuLeuVatIeLeu RI
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4081ATATTTAAGATT-TTAT-ATG5ATTCCTACGAAAAAGAAGAAT-:ATAG-CTeA T,-T'#>AATTA -AG 7T -A'AA-r TT A T A -tT TT T SAAAATiccc<GAGAGAGGAG
ItePheLysIleValSerTrplleProThrLysLysLysASnGin*** Ri

. ...

4 2 01 AGC TGAC TAT TGCTGAGGAACC TGAAAGAAAAT^CCTCGA¢GC C C AGACf>AT ATACCAAAAGAGAAGT 'AAATGTGTGTCT TA T'AT 'C AT ATAAAGAAA T T GAG J]A'AAAr ATCC T(AA
LeuLeuLeuA9gA5nLeuLysGIuAsnProArgArgPrArgArTyrrThrLy-ArgGIu'VaILysC-ys.'aI SerTyrH ,sAaTyrLys5l uIuI ecuAspLysH sPrcGIr Rl

4 32o1 C-ATAT TAAAC T'CAG5AT TGGATrC'CACAI:CCAG~AGai.AAATGA,:.TAAG-,TCA Tr:TGTAAAA .-,A:T TAT T TTATt T5',-AT TrTATAST5r-.Ar-.AAAA > Sr.,CTCAGAGAT T TTAAG(:AT5_,,-T
H sI IeLysLeuGInAspTrp IteProThrProGtuGIuMetSerLysSerLeuCysLysArgLeuI IeLeuC)51c ,LeuT, r'erAt aGluLysAl aSerGIul IeLeuArgMetPro R1

*4 441 TTTACAGT TTCTTGGGAACAATCAGATAC TGAC--C TGAC TGT T TTAT TGTAArr,eTATAt AT.STATAT T T Te-TATr-.( T [.,TA.ATAC ATr ATe 'v'AT5r-ee_-AT AAr,AT > ',-ATICrTGAAGT T
PheThrValSerTrpGlu'>lnSerAspThrAspPr ~Asp ysPheI leVal:SerTyrThrrysl lePher-ysA5pAalasal eF1tsAspProMetPr: teAr gTr pA5pFr ,-Iu.1uai RI

*4561 GGAAT TTGGGTAAAATATAAA(-CCC TCAGJAGGAAT TG:T TG ATC T _,-TI: T :T TTAT TATrrATAAA A T AAtA-AAA^ T'.,T T- TrCT Tr rTTAAA- r T T -TA ^ -A .T T'.- T_:AGAA5G,-TCZA
Gl y IIeTrpVal LysTyrLy sPr sLeuAr gGI y Ieva 151 ,SCerAI aVa IPhe IeMetHi sLysF#" s.1 nAr gAsnCysSer Leu ;o Ly5Pr oSer Thr :-e r CJ~SCer,:. u'> yPro° RI

A5n IeAsnPr oSe rGIuGItuLeuLeuAspLeuLeuCy5LeuLeuCy5 IeAsnls IeL y51'.uTh rVa lLeuLeuLeuAsnLeuL euPr oVa 1A 1ar nL ysVaI Gltn R2

*468 1 AAACCAAGACC TAG--GCA^ 5ATrc-T5TcrCT T :C TGTG<ACATGT TTGAAAAGCATCACAAG¢C-TCGGCA5A.AACGACCCA5r.A'Ar>A TCr ATCr.ATA.AT f. A5TCAT rT 'S'T T CAGTA5-T
LySProArgProArgH sAspProValLeuArgCysAspMetPheGluLysHisHisLysProArgGlnLysArgProArgArgArgSer IeAspAsnGluSerCysAlaSerSerSer R1
AsnGInAspLeuGlyThr eLeuSerPheAlaValThrCysLeuLysSer IeThrrSerLeuGlyArgAsnAspProGlyAspAspProSer IIe4eetSerH sVaILeuProVaIVaI R2

*480O1 GACACCATGGTCAATGAGCCATGATCAC TATGCACCAACCCTCTTTGGAATCCTTGACCGCTACTAT A5-5GCTArTTGAAGAGTrCAGCAAr T A-CrAAAC T T + -AA ZT T A _A T TCA

ThrProTrpSerMetSerH sAspHisTyrAIaProThrLeuPheGilyIIyeLeuAspArgTyrTyrGltnKilyTyrLeuLySePe At aT'-rTy r .1nThr Tr pLsPheThrCysG1n R.

4921 GGTGGACCCTTCTGGGAAGAGGTTTATGG.AGACTCAATTTTTGGGTCC¢-CCCTCTGGG',TCAGGTGJAACATTCAJTT TTATAAGAATTATC AC-ATTCTAACTTGCTGTCAG-CTGTAGACCC
ValAspProSerGlyLysArgPheMetGluThrGInPheTrpVatProProLeuGtyGInValAsn IIeGI nPheTyrLysAsnTyrTln eLeuThrCysCysGInAI aValAspPro R2

S5O0*1 ATTTGCTAATATTTTTCATGGTACTGATGAAGAAATGT TTGACAT TGATTCAGGTCC TGAT';T TTGGTGT TC'TC ^'TCT T TGTGT TTCAAGGTAAT TTATGAAGGGGCAATGGGCf^AAAA
PheAI oAsnlItePheHi sGIyThrA5pGI uGI uketPheA5pl 1eAspSerGtlyPr oAspVa ITrpCySCerPr _SerLeu'yXsPheLysVa IIeTy rGI u51yAItaMetGItyG-I nLys >2

5 16 1 GCAGACAAAAAACATGGCTGTGCAGAC TAGGACATGGT,-ATCr TATGG--GAGCATGC<>AT TACC-fjTAAA,- TAI-ATC-TGTATI,-.AATGAGAI:AAI-GAAAAGAAAACCCTTAT5.GAG.ATAG
GlnGluGI nLysThrTrpLeuCysAr gLeuGI yHi sGIyHi sArgMe tGI yAIaCy5AspTyrAr gLysVa(lAspLeuTyrAI aMe tAr gGI nGI yLysGI uAsnPr oTyrGI yAspAr g R2

5 28i1 GG;GTGATGCAGCTTTGCAATATGCTTATCAGGTTAAAAGGGGC TGTAAAGCAGGG--TGC TTGGCATCACC TG-T Ar-T TAAC TACAAAGC T T T rrAGT TTCATAGAAC' AT TATrGCAGAC^T T
GlyAspAtaAIaLeuGInTyrALaTyrGinValLysArgGIyCysLysAIa'lyCysLeuAtaSerPr 'VaILeuAsnTyrLy5AIa Leu.I nPheHisArgThr leMetAlaAspPhe R2

54*01 CACCAATCC TAGGA TTG.GAGAAGGACATCTTt rC Tr ATGGr.t TACC:AA~r CAI-C TATGGAArrCT TAT:G^ACC T^ArAGA<AGGAAG-T AAZG :A'A,:- ~:G T .-T Gf AT rTCAC TA-SAAA,C¢A
ThrAsnProArgl IeGtGluGlPyHsLeuA2aHisGtyTyrGInAtaAlaMetGluAlaTyrGtyProGnArgGlySerAsnG uGtuArgVFTrpTrpAsnVatThrArgAsnGl n |P2

5521 GGGAAAAGGGGAGAGTATTACAGGGAAGGAGGTGAAGAACCTCATTTACCCAAATACTCCTGCTCCTCATAGACGTACCTGGGATGAGAGACACAAGGTTCTTAAATT'GTC C- TCrATT
GlyLysGInGlyGlyGIuTyrTyrArgGIuGIyGItyGIuGIuProHzTy,rPrsAsnThrPrcAI 3PrH15sArgArgThrTrpAspr uArgH5sLysValLeuLysLeuSerSerPhe R2

564 1 CGCTACTCCCTCTGACATCCAACGCTG.AACTACTA.AAI:;CATTGrr-TTATr-GCTrTGG ArT S:T'_AC:-.AAA cr,'-:AAATrsATTATACTAG-.(r.rJrA,-AtAAAT^:A,-AACATTGACAG.ArAT
A1aThrProSerAspIIeGInAr9g R2

PPT2.. ..

6121

5 T6 1 GACTCAGGATGAAATTAGAAAAAG.GTGGGAAAGTG.GATAT TGT .;AC ^' C T TCAT TG-,ACTCAGr-AAG-T GAC TC AG-ATrGACC^(T TC TAAAAG--CCACAGA(:AGTAAAAATGTGT TAGCACT T

Si5 81 TATACAATATTATATC TGCTTAAGC TATAGAAGC rTTTCACATAC T' AG-TAGC TGTTTCA_AATCAAC AAAACAATGATGATGrTAATrATAAGGAAGTAriT TTAAAA T A -T T AAG-TAAGT

60O01 TTACTGCAGTAGATAATC-CTGGG.GAGGATt TG.GCTCTGTAAG;CT GGAAC:AG _AATGT TT T:A-AGTTCCAATCe Te TCAAAGG-AG-AA,¢- rA J.A,-,GATsA T'.T ,:T TAG:T T'APAAT' r'- AT TA

S t2 1 TC rTCATGGTTCCCT TTTCCATAGTTTACTATAT TAAT TTAAGGATAAG-GTATAAGGAT TAAGGT ATG.AGGTGTGTGGC-TCAAC ACG5TAGGGT G-AC AAG--AAAATC TA _TGT AATAG-GACA

e 2 41 CAACACCTCTA.AAGTTGCCC<iTGGGAAGGTGAAGTGAGATCGA.AT - T T T<7T TAAC-';¢tAGACA(S- T TT T TAT' n:A,_ TA(-GGaATAATT T T TAA',-,GAAT AC TAT AG-TAATAGAT Tr,ATAGT

e 3 e1 TT TAACAATG.ATAGAAATAGTATATAAGGATAGTTTC TAGAT T ,TAC, fiG(-A(-.'-.T,-T T a -TA,-T,- (--T-,i--,T ,-A .A(,-T TA,- -,Aer,A, T- Tr(f,-A ,:T TTTr-T AA, ,AAAT AT T TT AT AT T

6481 GTTATAATGTTACTATGATCCATTAACACCTCTACTTATAGAT.T:,TAATr'TTTCATTACAATIACCTTTTT'TIATAAAAeTTT jJTTTT -TTi TTAAT

6601 AACTCCTATATTATTGTCTCTTTTATACTTTATTAAGTAAAAGGATTTGTATATTAGCOTTGCTAAGGGAGACAT'TACTGATATAAcTOT ,AACTAf AACTTATrTTAAAT',ATGTAA T J

6721 CC TTAGGATAATCAATATACAAAATTCCATGAgAA

Fig. 3. DNA sequences of 6755 bp of viral inserts of pHSRV-H-C55 and B52. The predicted amino acid sequences encoded by the pol, SI, env, bel 1, and
bel 2 genes of HSRV are shown below the DNA sequence. One of the potential start codons for the ens' protein is boxed, and three of its hydrophobic
regions corresponding to the signal peptide, the fusion sequence, and the transmembrane sequence are underlined. Stop codons are marked by three asterisks.
The proteolytic cleavage signal for generating the outer membrane and the transmembrane protein of ens' is indicated by vertical arrows above and below the
cleavage site. Small thick vertical arrows mark potential splice acceptor sites for the bel genes. Horizontal small thick arrows indicate the inverted repeats at
the start and end of the LTR. The polypurine tracts (PPT) are underlined, a potential poly(A) addition signal is boxed, the putative cap site is doubly
underlined and the TATA box is marked by a broken line.

10 2(1 30 40 50 60 70 80 90 100

1 HNKWHQD--AVSLHLEF -------- GIPRTAAEC)IVQQCDVCQENKMPSTLRGSINKR -----G IDHWQVDYTHY-----EDKI ILVWVETNSGLIYAER VISNAENDO
1 HQKYHSNWRAMSDF-----------NLPPVVAKQIVASCDKCQLK--GQAMHGQVDCSF----GI --WQLDCTHL ----EG-KVILVAVHVASGYIEAEV LAV ENDO
1 HQLTHLSFSKMKALLERSHSPYYMLt4RDRTL-KtJITETCKACAQVNASKSAVKQGTRVRGHRPGT-HWE IDFTE IKPGLYGYKYLLVF IDTFSGWIEAFP MLV ENDO
1 HNLAHTGREAT--LLK- IANLYWWPNMRKDVVKQLGR-CQQCLNHNASNKASGP LRPDRPQKPFDKFF IDY IGPLPPSQGYLYVLVVVDGMTGFTWLYP HSRV ENDO

H H A L N K C C G R G W D T G K LV V SG A CONSENSUS

80 VKGETGQEFRVQTMV.WYAMFAPKS--LOSDNGPAFVAESTQLLMKYLGI EHTTGI PWNPQSQALVERTHQTLKN VI SNAENDO

77 IPAETGQETAYFLLKLAGRWPVKT--IHTDNGSNFTSTTVKAACWWAGIKQEFGIPYIPQSQGVVESMNKELKK LAV ENDO

99 TKKETAKVVTKKLLEEIFPRFGMPQVLGTDNGPAFVSKVSGTVADLLGIDWKLHCAYRPGSSGQVERMNRT IKE MLV ENDO

97 KAPSTSATVVS-LtJVLTSIAIPKV--IHSDQGAAFTSSTFAEWAKERGIHLEFSTPY'HPQSSGKVERKNSDIKR HSRV ENDO

... * .* *,**4 a* *s * *

ET L K DNG AF S G PY PaS VER N K CONSENSUS

Fig. 4. Region of homologous protein sequences of the endonuclease domains of the reverse transcriptase of VIV, HIV (LAV-isolate), Mo-MLV, and HSRV.
Amino acid residues identical for all four retroviral reverse transcriptase domains are marked by asterisks, and by points when three out of four residues are

identical. Gaps were introduced to maximize homology. The one-letter code for abbreviating amino acids is used.
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Fig. 5. Base composition of coding strands of MLV, VIV, HIV, and HSRV
3' pol-env regions. The (G + C) molar content was computed by using a
window size of 100 bases. All sequences begin with the endonuclease
domain of the pol gene and end at the 3' LTR.

hydrophobic region of the HSRV env is identified by the hydro-
pathic profile (Kyte and Doolittle, 1982) and comprises 24 amino
acids (residues 64-87, Figure 3) that presumably is the signal
peptide. A second less hydrophobic region of the HSRV env of
17 residues is preceded by the typically basic sequence Arg-Lys-
Arg-Arg. Similar sequences occur in most retroviral env precur-
sor molecules and represent the sites of cleavage by a cellular
protease that give rise to an outer membrane (OMP) (or exter-
nal glycoprotein) and a carboxy-terminal transmembrane protein
(TMP) (Seiki et al., 1983; Coffin, 1986). The third hydrophobic
region of 36 residues probably corresponds to the transmembrane
domain (Figure 3). It is interrupted by one Lys residue as is the
case in the corresponding domains of the HIV env (Ratner et
al., 1985; Wain-Hobson et al., 1985).
The mol. wts of foamy viral glycoprotein precursors are

unknown. The single report by Benzair et al. (1985) of a major
env glycoprotein of simian foamy virus type 1 of 70 kd cannot
directly be compared to the OMP of the HSRV, since the un-

modified protein sequence predicts a value of 53.7 kd. However,
the value of 53.7 kd is consistent with the reported one, since
it is a general characteristic for most retrovirus that the mol. wts
calculated from gene sequences are lower when compared to the
values determined by SDS -PAGE (Rushlow et al., 1986). The
relatively high apparent mol. wts for retroviral glycoproteins
analyzed by SDS -PAGE have been explained by the effects of
protein glycosylation on migration in polyacrylamide gels
(Rushlow et al., 1986). This holds also true for the mature OMP
of HSRV that contains 12 potential glycosylation signals which
would account for the difference in mol. wts neglecting that a
spumavirus from a different species was used in that report (Ben-
zair et al., 1985).
Most of the glycosylation sites are located in the NH2-terminal

half of the env sequence (Figure 3). This pattern agrees well with
that of HIV (Ratner et al., 1985; Wain-Hobson, 1985), EIV
(Rushlow et al., 1986), and VIV (Sonigo et al., 1985) and is
consistent with models for retroviral env structures and its inter-
action with the cytoplasmic membrane in which the OMP is the
externally exposed major glycoprotein whereas TMP, as the
smaller env protein, forms the more sequestered transmembrane
component (Bolognesi et al., 1978; Lenz et al., 1982; Seiki et
al., 1983). At the nucleotide level, the degree of homology of
the HSRV env gene is highest to the VIV gene with 52.1 and
48.7% to HIV (LAV). For comparison, the corresponding match
for HIV and VIV is 51.4%, close to the value reported above.
Sequences between env and the 3' LTR (bel 1 and 2)
Analysis of the post-env region of HSRV identifies two open
reading frames, termed bel I and bel 2 which are 205 and 364
amino acid residues long (Figure 3). Probably, both putative pro-
teins coded by these open reading frames would have to be
generated from spliced viral RNAs. Candidates for the
corresponding splice acceptor sites are marked by vertical ar-
rows in Figure 3. Particularly, the second one conforms well
to the consensus splice acceptor signals that are also found in
the HT'LV genome for mRNAs from which the px proteins are
derived and in which the corresponding initiator codon is located
on a RNA leader sequence that is derived from the 5' part of
the genome (Shimotohno et al., 1984). Alternatively, shorter ver-
sions of the bel proteins might be initiated from the correspon-
ding first initiator codons (Figure 3). Striking homologies to
known proteins recorded in the NBRF-PIR protein sequence data
base were not found. However, the overall structure of the bel
proteins are quite interesting. Bel I has 10 Cys residues, 2
glycosylation signals, and a strongly basic region of 13 residues
proximal to its COOH terminus, whereas bel 2 has 12 Cys
residues, one glycosylation signal, and an extremely hydrophilic
stretch of amino acid residues proximal to its COOH terminus.
The LTR region
The 3' last 1259 nucleotides of the B52 DNA sequence contain
a number of key features of regulatory signals shown to be re-
quired for retroviral replication and transcription. There is a
characteristic sequence, AGAGAGGAAGTAACGAGGAGA-
GGG, the polypurine tract (Figure 3), that defines the 5' boundary
of the HSRV LTR and is found in all retroviral genomes at this
location and is the putative primer for plus strand DNA synthesis
of retroviruses. Within the 3' presumed LTR there is one poly(A)
addition signal AATAAA (position 6576-6581) which perfectly
matches the canonical consensus sequence. If the location of the
poly(A) signal is assumed to be non-variant with respect to the
polyadenylation site of HSRV, one can draw an analogy to the
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DNA sequence of env gene of human spumaretrovirus

LTRs of HIV and VIV (Ratner et al., 1985; Sonigo et al., 1985)
and place the polyadenylation site 24 bp downstream of the po-
ly(A) addition signal at CA (position 6600). Similar arguments
indicate that the cap site starts with a G close to position 6412.
A perfect and multiple TATATA box precedes the presumptive
RNA initiation site by 31 bp. Thus, the HSRV LTR can be sub-
divided into three regions. The R and U5 regions were calculated
to be 189 and 154 bp, respectively. The U3 region was estimated
to be 916 bp long. Restriction fine mapping of another recom-
binant clone that was derived from viral DNA and that contain-
ed sequences from the 5' region of the HSRV genome resulted
in DNA fragment sizes that were consistent with those obtained
with the 3' LTR sequences from B52 DNA (R.M.Flugel, un-
published observation).
Although the HSRV LTR is unusually long, open reading

frames for encoding proteins of > 70 amino acid residues were
not found. Furthermore, the HSRV LTR had little if any sequence
homology to the LTRs of other retroviruses, in particular to those
of HIV-I, HTLV-II, VIV, MMTV, and HIV-2 (Fasel et al.,
1982; Kennedy et al., 1982; Ratner et al., 1985; Shimotohno
et al., 1985; Sonigo et al., 1985; Clavel et al., 1986). In addi-
tion, no significant sequence homology was found to human endo-
genous retrovirus-like sequences including the 968-bp long LTR
sequence of human endogenous retroviral HERV genes (Ono,
1986).
There are 12 octamer sequences, six nonamers and one de-

camer that form direct repeats within the LTR. The indirect
repeats include a decamer at positions 6646 and 6743 with a loop
size of 78 bp and two octamers with a relatively small loop size
of 34 and 5 bp, respectively. The significance of these repeats
with respect to the regulation of transcription remains to be
elucidated.
A comparison of the base composition of the HSRV-coding

strand in the 3' pol-env region with those of three other retro-
viruses, namely HIV, visna virus (VIV), and murine leukemia
virus (Mo-MLV) is presented in Figure 5. In the 3' pol-env
region the coding strands of the lentiviruses VIV and HIV, and
of HSRV have a very high adenine + thymidine content of
>60-62 mole percent and HSRV having 61.7 percent which
contrasts with that of oncoviruses, MLV has a higher G + C
percent as shown for comparison in the upper panel of Figure
5. Thus, the HSRV 3' pol-env region shares a low G + C con-
tent with all other lentiviruses, including equine infectious anemia
virus (EIV) (Stephens et al., 1986; Rushlow et al., 1986).

Discussion
The organization of the coding sequences of the central and 3'
half of the HSRV genome is 5' pol (endonuclease)-env-bel
I -bel 2 -LTR 3' as judged by protein sequence homology with
the endonuclese domains of other retroviral reverse transcriptases.
The 3' pol domain of HSRV is homologous to the correspond-
ing regions of retroviral reverse transcriptases. Counting iden-
tities only, the degree of protein homology is 22% for HIV. It
is interesting that this homology is 30% for the MLV pol endo-
nuclease domain. However, it is remarkable that in a comparison
of this HSRV sequence with those of two lentiviruses HIV and
VIV and one oncovirus, MLV, those amino acid residues well
known to be conserved can be aligned so that these residues are
invariant, including two of each equidistantly spaced His and Cys
residues, forming a 'finger', as postulated by Johnson et al.
(1986). This homology exemplifies the close structural relatedness

between this part of the HSRV genome and the corresponding
genes of other retroviruses. The significance of this homology
is underscored when similar amino acid residues are taken into
account which results in a degree of homology of 47-55%.
The reading frame of the HSRV pol gene does not overlap

that of the env gene and in this respect HSRV appears to resemble
the lentiviruses, HIV, VIV, and EIV, but is clearly different from
the oncoviruses, the D- and B-type viruses (Sonigo et al., 1986),
and the HTLV group all of which have overlapping pollenv genes
(Weiss et al., 1985). It is of interest that the HSRV intergenic
region does not seem to have a gene equivalent to either the sor
genes of HIV or VIV (Arya and Gallo, 1986). Instead HSRV
encodes a small gene, SI, that partially overlaps the carboxy-
terminal part of the pol and the amino-terminal end of env,
whereas the remainder of SI is encoded by the HSRV pol-env
intergenic region reminiscent of the SI of EIV (Rushlow et al.,
1986).The exceptionally long env gene of HSRV of at least 985
residues has a counterpart in the VIV env reported to consist of
983 amino acid residues, not taking the stop codon within the
TMP of the VIV env into account (Sonigo et al., 1985). Unlike
most retroviruses but like lentiviruses, the TMP of the HSRV
env gene does not contain the immunosuppressive domain of
Cianciolo (1985; Sonigo et al., 1986). While the overall struc-
tural similarities between the env genes of HSRV and VIV are
striking, the post-env region of the HSRV genome is completely
different in size and sequence from that of the VIV genome.
Two novel genes, bel I and bel 2, of 205 and 364 amino acid

residues are presumably derived from spliced HSRV mRNAs.
The bel protein sequences are rich in cysteine residues, possess
glycosylation signals of the type Asn-X-Thr/Ser, and have strong-
ly basic stretches, so that they could be compared to growth fac-
tors, hormone receptors and other components of the cellular
signal chain. Alternatively, they might function as trans-acting
transcriptional activators as recently reported for HIV (Sodroski
et al., 1985; Rosen et al., 1986) and HTLV-I (Fujisawa et al.,
1985).
Since there is no obvious homology of the bel sequences to

any of the known retroviral sequences including the 3' orf of
HIV, the tat genes of HTLV-I, II, and BLV, and the orf of the
MMTV LTR, it seems that HSRV is different from previously
well characterized retroviruses. This conclusion seems to be rein-
forced by the finding that the homology of the HSRV 3' pol do-
main to that of MLV is somewhat greater than to those of the
lentiviruses. Furthermore, the region between the HSRV env and
the 3' LTR is of extraordinary length when compared to all other
retroviruses. On the other hand, the fact that the primer binding
site of HSRV closely resembled that of VIV, HIV and of caprine
arthritis encephalitis virus (Sherman et al., 1986) (tRNA-lys, our
unpublished data) clearly indicates that HSRV is closely related
to the lentivirus subfamily. The relatively high adenine plus
thymine content of the central and 3' part of the HSRV genome
is strikingly similar to that of lentiviruses. Taken together, one
can conclude that HSRV is a member of a retrovirus subfamily
that is different from oncoviruses, but also different from other
groups such as type D, type B retroviruses and the HLTV/BLV
group. However, a final and definite phylogenetic placement has
to take the 5' pol and gag sequences of the HSRV genome into
account.
Of potentially great interest are the bel genes, that are located

in a genomic region in which either viral oncogenes or tat genes
have been found. Further analyses of these genes and their
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putative gene products have to be performed to learn more about
their functions.

Materials and methods
Cells and virus
Cells of human embryonic lung fibroblasts were prepared as described previous-
ly (Flugel et al., 1987). Virus was kindly provided by Dr P.Loh and infection
of HEL cells was carried out as described (Loh and Matsuura, 1981).
Construction of recombinant plasmids
As source for viral DNA, total DNA from HSRV-infected HEL cells was ex-
tracted, deproteinized, and run on a 0.8% low-melting agarose gel. After stain-
ing with ethidium bromide, DNA bands were divided into five fractions (A-E)
and isolated from agarose. Aliquots of the resulting DNA bands were rerun and
visualized by ethidium bromide staining. The discrete and highly intense DNA
bands of fraction B were isolated and digested with various restriction enzymes,
including BamHI. A BamHI RNA fragment of 2.2 kbp highly enriched for viral
DNA was isolated and used for molecular cloning. Recombinant plasmids con-
taining this BamHI DNA fragment were constructed using the plasmid vector
pAT153 (Twigg and Sheratt, 1980). Recombinant X clones were established from
cDNA by inserting the HindIII digest of cDNA into the corresponding sites of
the X vector NMI 149 (Murray, 1983). The recombinant X clones were subclon-
ed into the plasmid vector pAT153. Selection, amplification, and purification of
the recombinants were carried out as described previously (Koch et al., 1977).
The molecular cloning of the HSRV genome is the subject of a manuscript in
preparation (A.Rethwilm et al.).
Preparation of cDNA
HSRV was grown on HEL cells and purified by sucrose gradient centrifugation.
For synthesis of cDNA for molecular cloning, the procedure of Rothenberg and
Baltimore (1976) was followed for the first strand, and the method of Gubler
and Hoffmann (1983) was used for the second strand. Alternatively, HSRV from
clarified HEL cell supernatants was purified by two sucrose gradient centrifuga-
tions. Synthesis of cDNA for hybridization probes was carried out according to
Yoshida et al. (1982) using oligodeoxynucleotide primers provided by Dr John
Taylor, Fox Chase Cancer Center, Philadelphia (Taylor et al., 1976).
DNA sequence analysis
DNA fragments were digested with restriction enzymes, purified by agarose gel
electrophoresis and labeled at their 3' ends with the Klenow fragment of the
Escherichia coli DNA polymerase I and an appropriate [a -32P]dNTP defined
by the recognition sequence of the given endonuclease. Alternatively, T4
polynucleotide kinase and [-y-32P]ATP were used for labeling. The labeled
fragments were sequenced according to the method of Maxam and Gilbert (1977).
More than 95% of the sequence was done for both strands. Analysis of the se-
quence data was performed using the BSA program deviced by Dr S.Suhai at
the German Cancer Research Center, Heidelberg.
Nucleic acid hybridization
DNA was cleaved by different restriction enzymes, separated by agarose slab
gel electrophoresis, electrophoretically transferred to nitrocellulose paper, and
hybridized according to Southern (1975). Aliquots (1 jig) of individual DNAs
were labeled in vitro as described by Rigby et al. (1977). Each sample (50 1l)
contained 100 AtCi of [cr-32P]dATP and [a-32P]dCTP (3000-5000 Ci/mmol).
Materials
Labeled compounds were purchased from Amersham and New England Nuclear.
Enzymes from Boehringer or from New England Biolabs.
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Note added in proof
These sequence data have been submitted to the EMBL/GenBank Data libraries
under the accession number Y00070.
Another open reading frame, termed bel-3, of 167 amino acids runs from

nucleotide 5250 to 5751. The protein sequence did not show any significant
homology to the sequences available in the data banks. The bel-2 gene product
contains one Arg-Gly-Asp sequence, a cell recognition signal crucial for interac-
ting with its cell surface receptor, [Ruoshlat,E. and Pierschbacher,M.D. (1986)
Cell, 44, 517-518].


