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ABSTRACT Recombinant clones harboring retroviral DNA
were established. The nucleotide sequence of the central

and 3' region of the genome of the human spumaretrovirus
was determined. The 5’ end of the deduced protein sequence
was homologous to the endonuclease domain of retroviral
reverse transcriptases. A small intergenic region is followed
by a long open reading frame of 985 amino acid residues
that according to its genomic location and structural fea-
tures is a typical retroviral env gene. Surprisingly, the post-
env region contains two open reading frames that encodes
two nove! retroviral genes, termed bel-1 and bel-2. The 3'
LTR is 963 nucleotides long and contains the signal se-
quences characteristic for transcriptional requlation of re-

trovirus genomes.

INTRODUCTION

Spumaretroviruses, also called foamy viruses which consti-
tute the third subfamily of the retrovirus family have been isolated
from a number of mammalian species, including primates (1).

1This work was supported by the Deutsche Forschung-
gemeinschaft (Re 627/7).
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They seem to induce persistent infections in their natural hosts
without a recognizable pathological disease. They induce, how-
ever, charcteristic cytopathic effects that lead to the degenera-
tion of the infected cells. In contrast to the onco-, and lentivirus-
es, which have been characterized in detail, spumaretroviruses
have been neglected. There are a number of different reasons
why research on this subfamily has been neglected. The reasons
are the poor growth properties of the virus in cell culture and
in vivo and the apparent absence of pathological disease. In addi-
tion, there have been attempts to molecularly clone the virus
by different groups without much success. It turns out that the
genome of the foamy virus has structural features that makes
the molecular cloning difficult when standard cloning procedures
are used, e.qg. parts of the long terminal repeat sequences (U3)
have been found to be relatively unstable during this establish-
ment in bacterial plasmid vectors.

Furthermore, while molecular cloning the foamy virus ge-
nome, we happened to isolate a clone that contained part of a
human retrotransposon (2). Another unusual feature of the foamy
viral genome is its large size. To date, the genome of the human
spumaretrovirus (HSRV) that was isolated in 1971 by Achong
and Epstein (3) from a nasopharynx carcinoma patient and that
we work with exceeds even the lentiviral genomes in size. In
order to study the bioclogical role of foamy viruses and to ascer-
tain whether or not it really has no pathological role in vivo,
we decided to characterize the viral genome of HSRV in more
detail.

RESULTS

The stragey used for the molecular cloning of HSRV DNA
relies on two independent sources of viral DNA. As a source for
proviral and viral DNAs, HSRV-infected human embryonic lung
(HEL) cells were used to prepare DNA fragments that hybridized
to ““P-labeled DNA complimentary to HSRV DNA (cDNA). As
a second source, cDNA was separately synthesized from purified
HSRYV virions in larger amounts by using reverse transcriptase.
Subsequently, and separately, recombinant lambda clones were
constructed that harbored inserts of either viral or cDNA (4).
Those phage clones that hybridized to separately synthesized
cDNA were subcloned into bacterial plasmid vectors, e.q. pAT153
and pSP65. In this way, a number of recombinant plasmid clones
were established two of which (C55 and B52) were characterized
in more detail and will be described here. The molecular cloning
of the HSRV genome is the subject of a manuscript in preparation.
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1. Nucleotide Sequence Analysis

Recombinant clone C55 was characterized by restriction
mapping. It contained a 5.4 kbp insert of HSRV DNA that had
originally been cloned from ¢cDNA, and subcloned into the Hind III
sites of the bacterial plasmid pAT153. The detailed analysis re-
vealed that C55 DNA overlaps part of B52 DNA, a recombinant
clone that was established from viral DNA. Fig. 1 shows the re-
striction mapping of both recombinant clones that resulted in
a unique and unambiguous physical map. The determination of
the nucleotide sequence of C55 DNA allowed us to correlate
its physical map to its genetic map by analogy to other retroviral
genomes (Fig. 1).

In the following, the DNA sequence shown in fig. 2 will
be described starting from the 5' end.

,—I

—X

>

>
—X
@
—®
—o0
X
—-—1L
>3

pol bel1
LU N —
eny bel2 IR

FIGURE 1. Restriction mapping of some enzymes (upper
part) and proposed genetic map of the central and 3' region of
the HSRV genome (lower part). H = Hind lll, R = EcoRI, A =
Hpal, X = Xbal, B = Bam HI, and C = Clal. The scale marks

500 bp.

a) The 3' pol and pol/env intergenic region. The nucleotide
sequence shown in fig. 2 starts with the Hind III site of C55 DNA.
The first 1032 nucleotides are homologous to the endonuclease
(integrase) domain of the pol genes of most retroviruses (4). The
deduced amino acid sequences show a relatively high degree of
homology of 21-31% to the corresponding protein sequences of
the retroviral reverse transcriptases (data not shown) (4).
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1 AAGCTTGCCA
107 GATATCCCAA
201 AATTGTGCTY
301 GYTAAACAAC
401 ATAAATTCTTY
3507 CCCCACTAAG
60t YYCACTYCTY
701 AAAATAGTGA

80

CYATAGCCCTY
GAAGAACTTTY
1007 TCAGGAGAGG
1101 CATCTTGGCA
1201 AAAATGAATA
1307 CAACTAGGAG
1401 YGYTTIGGTTY
1501 GTTTATCAAC
1601 GTGTATACTA
1701 YGCTAATTIG
1807 GGAGACCCTC
1901 AGGAGGGCCT
2001 TATTAGACCT
2101 GVACTATTCY
2201 CATCYIGGAAC
2301 CAGTVAAACCT
2401 GTTCCAGAAT
2501 CTAAATGTAG
2601 YYTYCCTYICC
2707 GGAATTGATA
200 ATCCCAAGTY
290V AAGGTCTATG
J001 GATCATGTAA
3107 AGACAATCCTY
7201 GAGAATTGCTY
1701 AAACATATTY
3401 TAATCAATAA
1501 TGGCAATAGE
3801 TIGGCAAGTT
IT0T TGGTTGCGOA
1801 AATAGAAGTC
3801 TGGATACAAC
4001 TATTTGGAAC
4101 GATTCCTACG
4201 AGCTGACTATY
4301 TTGAGGACAA
4401 GTATAGYGCA
4501 TGTATATTTYY
4801 GATCTGCTGY
4701 TCCTIGICCYY
4301 GACALCATGG
4901 ACTTGGAAGT
S00Y AGAATTATCA
S10Y TGTYTIGGTGT
8201 CATCGTATGG

$301 ATGCYTATCA

20
CCCAAGGAAG
ACAATATACA
CAAGCCCACA
TAGGACGC TG
TATTGACTAT
GCTCCTTICTA
CAACCTTTGE
TATAAMACGA
GTATTAAAAT
CTCTTTTACA
GTGLCTAGGC
ACAACAGAAC
AAGCGCATGA
AGATAAATTTY
TCATGCTTIG
CCTTACAGAC
TGAACCCCAT
ACACAAGAAG
GTGATCAAGA
TATAGCTGAT
GCAAAT TGGA
GTAGTGATCA
CTYCAGTATTG
GAATCTGTAA
GTGATGGATY
AGATGGGGAA
CCTATCTGTA
CAGTYTTATY
yeevecrree
GGGTATGCAC
TAACCTTAAT
TCTAGAAAGA
AGAAGTTTGG
ACTTGAATAA
GLAATGLTGTA
TCAGACACGA
CCACAGACTG
AGAAAGAT TG
ACATCCTCTG
AGCTAGCTGC

TGCCTYTTAGY

AAAAAGAAGA
TGC YGA&M

ACATCCTCAA
GAAAAGGCCTY
GYGATGCTGY
GITTATTATG
CCTGTGACA
TLAATGAGLC
TCACATGTCA
GATTCTAACT
TCTICCCTCTY
GAGCATGCGA

GGYTAAAAGS
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TTIATGTIGGTY
TATTTTYTAG
ATTTIGGLTCA
TCAACAGTGT
ATYGGACCTT
CTAGCGCAAC
TGAATGGGCA
CITTTAACTA
ATACTCCACA

GGAAMTTCGT

0
AATTGTAATA
AAGATGGCAA
CACCGGACGT
TTAATCACAA
TGCCACCTTC
TGTTAAATCT
AAGCGAAAGAG
AACTGCTAGY
YCAACTCTTA

ACTTCTTTAY

cracrverfiggeaccrcar

TGTAAGTATA
GGCACTTCAA
AGATATCTGC
TGACTATATC
TAGAAGGAT T
CCGGAACCCA
TAAAGAAGT T
ACAATATATA
CAATGCCCAT
CAACAAAGAG
ATTATATTCT
AAGAAAAGAG
TACTATTGAA
TTATAACAATY
ACTAAGAGAT
TAGAACAACA
CTCTCTAMANG
TATCCCAATG
TV ACAGGAGC
GGAAGCTACA
AGAATAGACT
TATATTATGY
TTGGAATGTY
GAGACTATAT
GTGATTGTCC
TCAGATCCCA
AGCTTTGAGS
GAGAAAGTAT
AGCAACAAAG
CTCTTGGGAT
arcadfagkc
CCTGAAAGAA
CATATTAAAC
CAGAGATTTT
AATACATGAT
CATAAACATC
TGTTTGAAAA
ATZArcacTa
GGTGGACCCY
TGCTGTCAGG
TGTGTTTCAA
TTACCGTAAA

GGCTGTAAAG

GATAATTTAA
AATACAACAA
TYTATACTYIG
CAGAATACAA
GCACGTYCCC
TAGTGRTGAA
STTAACTGAA
CATAGAAAAT
TACCAGGTTA
TAAATATGGA
AMATGGTATA
CTCTTCCGAA
TACTTCATAC
TCTAAGTGGA
GYCTGTATTA
GAAAAT TAGA
AATTTTCTTA
TTACTAGGGA
AGTGCAAACC
TYGCATGATA
GGACCTATAT
TAAACAAACC
GYCAATATAG
ATCTGCATCY
TGTICTGLGCY
CCATATGTTC
CACGACTGCC
AAMAGAGC AG
GACGTCTGGC
ACTTAAAGCC
TCCACCTCTG
AATICTCGAC
TGCAGGATTG
AAGGATGCCT
CCCATGLCCA
AMMGCGAAMMCTG
GCATCACAAG
TGCACCAACC
TCYGGGAAGA
CTGTAGACCS
GGTAATTTAT
GYAGATCTGY

CAGGGTGCTY

0
CCAAMMAAACC
AGTAAAGTT
GAAGCCACTC
ATGCTTCCAA
ACAGGGATAC
CTCAATGTAC
GTATACATTT
AGGAAGACCC
TTYTGGTATAG
ACCATCCATC
TGGCATAAAC
AACCTACTTIC
CTGTGACTGA
TYGVGCTACT
TGGAATAAGG
TTAGAATGCA
GGAGAGGGTC
ATGGTTAATG
GCTATCAAGA
CCATGCTGGA
CAAGCTAGAC
ATATAGAAAA
GGAT TGGAGT
TATTICCTTICY
TGCATATGCA
TCCYTTATGG
GATCAAGATT
ATTATACAGG
ACATTATACT
TTATCTCAAA
TATCTGVYTAT
GTCTAGTACY
CATAGTITCTC
GICACTTAGY
TGAGGACTGC
GAAGC TGTAA
CYAGCATCGY
AAATCTACAA
AT TGAAAGAG
CAGCAGCAGC
TATCCTAATA
SAATTCAGGA

GCCCCAGACG

GATCCCCACA
——

TYTACAGTTY
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AAACCTGGAT
TCCAGACCTG
TTTTAAAAAT
CAAAGCCTCT
CTATATGTATY
TCACTAGTAY
GGAATTCAGY
ACAAAGTGGT
ATYCAAATAC
CACCCCTCCA
CGTCTACTGT
TCATCAGAAT
ACAGCAGAAG
AGCTCAAGAG
ATATTCAGGY
GCATCCTGYY
CTAGGTICTYTT
AAGAAATGCA
AT TTGCAAAT
TTAACCTATA
TAGGAAGTTY
TACCATAGAA
TCYCAAGGTA
CTTTATGGGA
TCCATATGCT
GACAGTCCCG
ATGAAGTCTA
AACTCCTGTA
TCCTGTAATA
TATCAGATATY
GGAAGGAAT G
TGGC TACAAC
CCACAGCTAC
TAAATCAGCT
ACAAGACAAG
AAGAACCATT
GACTGYTAAT
CTAAGATTAC
CAAAAGCTGA
TICTGCTICTA
GGAGTAGGGG
CCTGCAGACY
ATATACCAAA
CCAGAGGAAA

CYTGGGAACA

TAAGATGGGA TCCTGAAGTT

TICTCTTIGTYY
CCTCGGCAGA
CYCYYTGGAA
GGTTTATGGA
ATTTGCTAAT
GAAGGGGCAA
ATGCAATGAG

GGCATCACCT

Fig.
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GCAGAGTTGG
AAGGOGT T AA
TQCCAACCTT
GGTCCTATTC
TAGTAGTTGY
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ACTCCTTATC
ATGACCTATY
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GeCTCCTCTC
ACTTAAGGTG
GGCACCACCA
GAACAAAT TA
TATTGGCCTG
ATTAGGACCT
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TTATATTCCY
CAAAACGAGC
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ATAGGAAAAG
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GGACAATTGA
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CAAGGAATTG
TCATICTCTY
CTGAGTGAGC
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GTACTGATGA
GCAAGAACAA
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ACAAAGCTTT
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80
ATCAATTATT
AATTATTCCC
TATTGGTGGC
TAAGACCAGA
TGATGGAATG
AGGTGATTC
ACCCCCAMG
GCCTIGTTGTA
AATCAAGATA
GTYTCCTGGTC
TTGAATCCAA
A?GACACYGC
TACTGGACAT
GATGTTTTTA
GTAATAGACT
TGGAGG TAAA
GATGATTAAT
GATGTAATGA
TAAAATATAA
TATYTGGGAT
AGCAGCCTGA
GGTTTCTGCTY
GTTTAGAGAA
AATTTTACTA
GGAGAAGTAA
TGATTTTGGY
CAAGAACGCA
CYAATGCAAG
AAGAAGTGTY
AALCTTACAGC
AACATTTGCA
GAAATCTGAT
ATTGGATTAY
CTCATGTAAC
ATGTGATGTG
AATCCTCTGA
CATGCTTTICG
TGGAATTATY
CYGGACATTC
GTAACTTITYY
GGTTATTICTY
TIGTTIGGCCC
AATGTIGTGTC
ACTCTGTAMA
GACCCTGACY
TAAAATATAA
AGAAGGTCCA
ATCGATAATG
GGCTACTTGA
CICTGGGTICA
AGAAATGTTYT
AAACATGGC
ATGGAGATAG

GCAGTTTCATY

0
ACAGGGTCAT
CCTCAGTCAG
CAAATATGAG
TAGQCCTCAA
ACAGGATTCA
ACTCTGATCA
TGGTAGTAAG
CAACTTIGCTY
CACTTGACTT
TCCTGTTIGTY
GGACTGTTGY
AACAATGGAT
TCAAAATGAA
GYTTGVATAY
GGAATGTTAC
TATGACTAGT
TCAGAAAACA
TTGACTTTGA
AGAACCCAAA
TACTATATTA
GACAAATCAA
TAATAAACTA
ATCAATGTGY
AAGATATGAT
GAAGAATGAA
TATYTAGCAY
AAATAGCTTC
AGCYTITTGTA
GATAATAACT
AAGGAATATA
TACACATTTG
GATGAGATGA
ATTATGAATY
TATAGCTCAY
GTAAAGATAG
AAAACGGAAG
ACTGGACTTY
GCAAMMATCA
ACGAGGGAGA
ATCTGGGACT
ATAT TTAAGA
TGAAAATGCC
TTATCATGCA
AGACTTATTY
GVTVYTATYIGT
ACCCCTCAGA
AAACCAAGAT
AGTCATGTGC
AGAGTCCAGC
GGTGAACATT
GACATTGATYT
TGTGCAGACT
GGGTGATGCA

AGAACCATTA

o
TATATAAAAG }
ACAGACAMMA
AAAGGA TGTG
AMCCTTTTG
CTTGGTTATA
AGGTGCAGCA 3
GTGGAAAGGA
TAAACAACAC
GACCAGAGAA
GGCCAATTGG
TATTTTGGAC ‘
CATTTGGAAA ]
GAAGTACAAC
TGTTAATCAT
TCAAAGAGE T
ATTCCACAAG
TYGCTAATAA
AATTCCTTTA
CCGTGGCCTA
AAGTGGAGAG
TGTTAGTCATY
AATAACCTTA
TAGATATCTG
TTCTCAGTTG
AAAGAAGAAA
ACCAAAAGAA
TAMGCATAT £
QGCCTAATAG
ATACTAAGTY
TTTATTAAGG
AATCATTTGA
AAGTAATAAA
GGTTATACCY
CCTTATGAAA
TGCAGCCTTG
TYATCVGGTYTY
AAMAGGC CAC
AAGGGATAMA
TACTCCTACC
GCCCAAGGAA
TIGTATCATG
GGAGAGGGAG |
TATAAAGAAA)
TATGTGGATT

AAGC TATACA ame

TIGTIG@
CTAGGCACGA
TICCAGTAGY
AACCTACCAA
CAGTTTTATA
CAGGYCCTGA ",‘
AGGACATGGT E
GCTY TGCAATY l

YGGCAGACTT
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Fig. 2 (continued)

-
S401 CACCAATCCT AGGATTGGAG AAGGACATCT YGCTCATGAT TACCAAGCAG CTATGGAAGC TTATGGACCT CAGAGAGGAA gvucw GAGGGTGTGG

5501 TGGAATGTCA CTAGAAACCA GGGAAMACAA GGAGGAGAGT ATTACAGGGA AGGAGGTGAA GAACCTCATT ACCCAAMATAC TCCTGCTCCT CATAGACGTA

5601 CCTGGGATGA GAGACACAAG GTTCTTAMAT TGTCCTCATT CGCTACTCCC TCTGACATCE AACGCIRBAC TACTAAAGCA TIGCCTTATG GO TGGAAAGT

§701 GGTCACCGAA AGCGGAAATG ATTATACTAG CCGCAGAAAG ATCAGAACAT TGACAGAGAT GACTCAGGAT GAMATTAGAA AAAGG TGGGA AAGTGGATAT

5801 TGTGACCCCTY TCATTGACTC AGGAAGTGAC TCAGATGGAC CCTTCTAAAA GCCACAGACA GTAAAAATGT GTTAGCACTT TATACAATAT TATATCTGCT

3901 TAAGCTATAG AAGCTTITCAC ATACTCAGTANGCTGTTTCAC AATCAACAAA ACAATGATGA TGTAATCATA AGGAAGTAGT TTAAAATAGG TTAAGTAAGT

6001 TTACTGCAGT AGATAAYCCC TGGGGAGGAT CTGGCTCTGT AAGCTGGAAC AGCAATGTTT TCAGTTCCAA TCCTCTCAAA GGAGAACCAG AGGGATGATG

6101 TGTTAGTYTCA AATCCCATTA TCCTCATGGT TCCCTTTTCC ATAGTTTACT ATATTAATTT AAGGATAAGG TATAAGGAT! AAGGTATGAG GTGTGIGGCT

6201 CAACACGTAG GGTGACAAGA AAATCTACTG TAATAGGACA CAACACCTCT AMAGTTGCCC GTGGGAAGGT GAAGTGAGAT CGAATCTTTC CTTAACGCAG puu
-

6301 ACAGCTTITTT ATCCACTAGG GATAATGTTT TAAGGAATAC TATAGTAATA GATTGATAGT TTTAACAATG ATAGAAATAG !.AYATAAGGA TAGTIICTAG

840 ATYGTACGGG AGGCTCTTCA CTACTCGCTG CGTCGAGAGT GTACGAGACT CTCCAGGTTT GGTAAGAAAT ATTTTATATT GTTATAATGY TACTATGATC

8301 CATTAACACT CTGCTTATAG ATTGTAAGGG TGATTGCAAT GCTTTCYGCA TAAMACTTTG GITTTCTTIGY TMTC:AT_A:. :_CCGACITGA TTCGAGAACC

8001 AACTCCTATA TTATTGTICTC TTITTATACTT TATTAAGTAA AAGGATTTGT ATATTAGCCT VTGCTAAGGGA GACATCTAGT GATATAAGTG TGAACTACAC

8701 TTATCTYAAA TGATGTAACT CCTTAGGATA ATCAATATAC AAMATTCCAT QACAA >

FIGURE 2. Nucleotide sequence of the HSRV DNA. The
sequence starts with the Hind IIl site at position 1 as the 5' ter-
minus and extends to the end of the 3' LTR. Gene locations are
given at the right margin. Stop codons are boxed, the putative
env initiator is marked by horizontal arrow; potential splice accep-
tor sites for the bel genes are indicated by vertical arrowheads.
The polypurine tract upstream of the 3' LTR is doubly underlined.
The TATA-box and the polyA-addition signal is marked by a broken
line. Cleavage sites for the restriction enzymes shown in fig. 1

are underiined.

The 3' pol region is followed by a relatively short intergenic
sequence of 127 nucleatides. It is at this location that a long
open reading frame (orf) coding for 995 amino acid residues is
identified. This long orf lies in a frame different from that of
the pol gene product and will be described below in detail. Over-
lapping the pol gene and the long orf in the third reading frame
a short orf (S1) of only 87 amino acids was found. Since it is so
short and not homologous to any of the other lentiviral genes
that have been described to occur at a comparable genetic loca-
tion including the S1 gene of equine infectious anemia virus (EIV)

(5) we consider it unlikely that S1 of HSRYV is expressed.
The env gene. There are three initiation codons in the first

70 nucleotides of the major long open reading frame that opens
at position 1141 (Fig. 2). Only the second ATG and its neighboring
sequences conform to those of a typical eukaryotic initiator (6).
This initiator is located at position 1171, eleven tripletts inside
the major orf that according to its size and to certain peculiar
but typical structural features is the HSRV env precursor protein.
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It extends for 985 codons to position 4126 where it stops (fig. 3).
Its hydrophobicity profile was calculated according to Kyte and
Doolittle (7) and is shown in fig. 4. There are two long hydropho-
bic domains and at least one that is less hydrophobic that deserve
to be described. The first hydrophobic region corresponds to the
signal peptide, since it is located close to the NH,-terminus of
the env precursor. It is of interest that the first 62 amino acids
residues after the initiator at 1171 are clearly hydrophilic in
character as is the case for the env precursors of visna virus
(VIV) and mouse mammary tumour virus (MMTV) which are of
similar lengths and hydrophilicity (8-11). The proper signal peptide
comprises residues 74 to 87 (see fig. 3). There is a strongly basic
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FIGURE 3. Deduced amino acid sequence of the HSRV env
gene. The methionine residue that initiates the env precursor
is marked by a flag. Hydrophobic regions are underlined, sites
for N-linked glycosylations are boxed. The proteolytic cleavage
sites for generating the OMP and TMP is marked by a vertical
arrow.
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FIGURE 4. Hydropathic profile of the HSRV env precursor
polypeptide. The hydrophilic (upper) and hydrophobic (lower)
profile was calculated using a 5-amino acid-window size (7). Paten-
tial N-linked glycosylation sites are marked with arrows in the
upper part. The two thick arrows in the lower part mark the poten-
tial processing sites of the env precursor into the mature OMP
and TMP. The horizontal arrow indicates the transmembrane

peptide.

sequence Arg-lLys-Arg-Arg (fig. 3 and 4) that represents the site
for proteolytic processing of the HSRV env precursor into the
outer membrane protein (OMP) and into the transmembrane pro-
tein (TMP). TMP is located at the carboxy terminus of the env
polypeptide (12).

This proteolytic cleavage site is followed by a second less
hydrophobic region that corresponds to the so-called fusion pep-
tide region of other retroviral TMPs (13). The third, carboxyter-

minal, hydrophobic domain of the HSRV env protein is 37 residues
long and shows a remarkable resemblance to the corresponding

transmembrane domains of HIV-1 and VIV (14,8).
The molecular weight of the OMP of HSRV is predicted

to be 53.7 kd, whereas that of a related simian foamy virus type 1
was found to be 70 kd (15). However, this comparison does not
take into account the varying degree of glycosylation of these

env proteins.
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There are 14 potential glycoslyation signals of the type
Asn-X-Ser/Thr in the env precursor protein sequence of HSRV
(fig. 4). All but three are found in the OMP part of the env pro-
tein. The number and distribution of these signal sites resemble
the pattern found in other retroviral env protein sequences, and
particularly the lentiviruses, HIV, VIV, and EIV. As anticipated,
there is little, if any homology at the level of amino acids, but
it is worth mentioning that on the nucleotide level the degree
of homology of the HSRV env gene to the VIV env gene is 52.1%.

The bel-1 and bel-2 sequences. The post-env region of HSRV
is unusually long. It encompasses 1663 nucleotides (fig. 2), ranging
from the end of the env gene to the start of the 3' LTR. Two
open reading frames are identified in this region that are 205
(bel-1) and 364 (bel-2) amino acid residues long (fig. 5 and 6).
It is interesting that both putative bel genes could be generated
from spliced viral mMRNAs or alternatively could start from ini-
tiators, resulting in slightly smaller versions of the predicted
polypeptides. The presumed splice acceptor sites conform to
those that are found in the HTLV-1 genome for mRNAs from
which the px or tat proteins are derived and in which the corre-
sponding initiator codon is located on a RNA leader sequence
that is derived from the 5' end of the genome (16,17).

The deduced protein sequences are interesting for a number
of different reasons. With respect to their genomic location they
could correspond to either the x genes of HTLV-I and Il or the
3'-orf of HIV. Alternatively, they can be compared to v-oncogenes
of oncoviruses. It is noteworthy that bel-1 and bel-2 do not show
any significant homology to any protein sequences of the NBFR
protein data bank. On the other hand, they display some structural
peculiarities (Fig. 5 and 6). Both are relatively rich in cysteine
residues (there are 10 cysteine residues in bel-1 and 12 cys resi-
dues in bel-2), and have either one (bel-2) or two (bel-1) glycosy-
lation signals, properties that are reminiscent of certain hormone
sequences. The bel-2 has one Arg-Gly-Asp sequence, a versatile
cell recognition signal that is crucial for interacting with its
cell surface receptor (18). Furthermore, both bel sequences possess
potential phosphorylation sites of the type Arg-Arg-Ser or -Thr.
Finally, on the other hand, both putative genes show remarkably
long stretches of strong basic residues that are reminiscent of
similar regions in the tat proteins of HIV (16). It remains to be
studied if the bel genes are expressed and what functions they
possess.
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1 LLLRANLKENP RRPRRYTKRE VKCVSYHAYK EI|EDKHPQHI

41 KLQDWIPTPE EMSKSLCKRL ILCGLYSAEK ASE |LRMPFT
81 VSWEQSDTDP DCFIVSYTC| FCDAVIHDPM P |RWDPEVGI
121 WVKYKPLRG! VGSAVF IMHK HQRNCSLVKP STSCSEGPKP

i
181 RPRHDPVLRC DMFEKHHKPR QKRPRRRS ID [NESICASSSDT

201 MVNEP*

FIGURE 5. Amino acid sequence of the bel-1 coding region.
The thick vertical arrow marks the position of the splice acceptor
site corresponding to that shown in fig. 2. N-linked glycosyla-
tion sites are boxed; cysteine residues are underlined. The strong-
ly basic amino acid stretches is doubly underlined.

The LTR Region

There are 107 nucleotides between the termination codon
of the bel-2 open reading frame and the start of the 3' LTR.
The LTR sequence is 963 nucleotides long and is located at the
3" end of the B52 DNA. It contains a number of key features of
regulatory signals shown to be required for retroviral replica-
tion and transcription. There is a characteristic sequence, AGAA
AAAGGTGGGAAAG, 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 LLTR there
is one poly(A)-addition signal AATAAA (position 6576 to 6581)
which perfectly matches the canonical consensus sequence. If
the location of the poly(A)-signal is assumed to be nonvariant
with respect to the polyadenylation-site of HSRV, one can draw
an analogy to the LTRs of HIV and VIV (14,8), and place the poly-
adenylation site 24 bp downstream of the poly(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 mul-
tiple TATATA-box precedes the presumptive RNA initiation
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PSLCFKVIYE GAMGRKQEQK
DLYAMRQGKE NPYGDRGDAA
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RRTWDERHKY LKLSSFATPS

361 DIQR¥*

bel-2

FIGURE 6. Amino acid sequence of the bel-2 gene. The
thick arrow marks the position of the splice acceptor site as
shown in -fig. 2. The cell recognition Arg-Gly-Asp (RGD) (18)
is doubly underlined. A putative N-linked glycosylation signal
is boxed and cysteine residues are underlined.

site by 31 bp. Thus, the HSRV LTR can be subdivided into three
regions. The R and U5 regions were calculated to be 193 and
154 bp, respectively. The U3 region was estimated to be 616
bp long. Restriction fine mapping of another recombinant clone
that was derived from viral DNA and that contained 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. Fligel, unpublished observation).
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Although the HSRV LTR is unusually long, open reading
frames for encoding proteins of more than 30 amino acid residues
were not found. Furthermore, the HSRV LTR has little if any
sequence homology to the LTRs of other retrovirus, in particular
to those of HIV-1, HTLV-II, VIV, MMTYV, and HIV-2 (14,17,18,10,19).
In addition, no significant sequence homology was found to human
endogenous retrovirus-like sequences including the 968 bp long
LTR sequence of human endogenous retroviral HERV genes (20).

There are ten octamer sequences and six nonamers that
form direct repeats within the LTR. The indirect repeats include
a decamer at position 6646 and 6743 with a loop size of 78 bp
and two octamers with a relatively small loop size of 34 and
> bp, respectively. The significance of these repeats with respect
to the regulation of transcription remains to be elucidated.

DISCUSSION

There are a number of common as well as distinguishing
features when the HSRV genome is compared to the genomes
of other retroviruses. In general, the characteristics typical for
a retrovirus have been readily identified in foamy viruses in the
past. It has an RNA genome composed of two subunits and a virion
reverse transcriptase, concomitant with a RNAse H activity
(1, and references cited therein). The fact that we succeeded
in molecular cloning proviral DNA from HSRV-infected human
cells and that we can sequence across the 5' LTR into the cellular
flanking regions unambiguously proves that HSRV integrates
into the host DNA. Furthermore, the protein sequences deduced
from the DNA sequence of the HSRV pol gene and their compari-
son with the corresponding reverse transcriptase domains of other
retroviruses clearly show that the HSRV pol gene product can
be subdivided into a RNAse H and an endonuclease (integrase)
domain.

Furthermore, the HSRV genome contains 3' to the pol gene
an env gene, that is about as long as the env genes of lentiviruses.
Although the primary structure of the HSRV env gene is unique,
its overall structural organization and hydropathic profile is that
of a typical retroviral env gene. It is rich in cysteine residues,
contains many glycosylation sites, a signal peptide at its NHZ-
terminus, and a proteolytic processing site of the same type as
HIV-1 and VIV env gene products, that generates the mature
env proteins that are essential for the budding process and neces-
sary for the attachment of infectious virus to the surface recep-

tors of the host cell.
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On the other hand, spumaretroviruses seem to have proper-
ties that set them apart from the other subfamilies of retrovirus-
es, namely from the onco- and lentiviruses, and from other mem-
bers of the retrovirus family, e.g. the HTLV/BLV and the D-
and B-type viruses. The large size of the HSRV genome can be
accounted for in broad terms, since the different genes (gag,
pol, env) and genomic regions (LTR and post-env) were found
to be of a correspondingly greater size. The LTR is quite large,
with a size of 963 bp as are the gag, pol, and env genes. Moreover,
the bel coding regions that are located in the post-env part of
the HSRV genome are unique with respect to size when compared
to other retroviral genomes. Apparently, HSRV does not have
a sor gene like HIV-1 and VIV do.

In conclusion, HS5RV has a unique genomic structure that
differs from those of other retroviruses in certain respects. A
final and definitive phylogenetic placement will be possible when
the 5' part of the HSRV DNA sequence will be determined which
is currently underway. The fascinating aspect of the elucidating
functions for the bel coding regions will allow to determine whether
or not they can be correlated with the regulation of foamy virus
expression. It will be of interest to study what regions of the
HSRV genome are responsible for the cytopathic effects and
to find out if foamy viruses cause a human disease.
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CORRECTION

The nucleotide sequence analysis of another recombinant

clone of proviral DNA of HSRYV revealed that the LTR region
is longer by 298 bp. This results in a total length of 1216 bp
for the LTR, with a U3 region of 814 bp. Correspondingly, the
3' LTR overlaps the bel-2 gene by 53 nucleotides, so that the
polypurine tract at position 5472 to 5496 has to be postulated
to be primer for plus strand DNA synthesis in analogy to all
other retroviruses.

Accordingly, the 3'-LTR regions shown in fig. 1 and 2 should

be redrawn to represent the overlap into the bel-2 part of the
HSRYV genome.



