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Mapping of transcripts of the human foamy virus genome was carried out in permissive human embryonic
fibroblast cells by Northern blot hybridization and Si nuclease analysis. Since several splice sites that are
localized within a relatively narrow genomic region were detected, the polymerase chain reaction (PCR) was
employed, and cloning and sequencing of the splice site junctions of the corresponding viral cDNAs were
subsequently performed. All spumavirus transcripts have a common but relatively short leader RNA.
Genomic, singly spliced env mRNAs and several singly and multiply spliced subgenomic transcripts were
identified. The multiply spliced viral mRNAs consist of various exons located in the central or 3' part of the
viral genome. At least four novel gene products, termed Bet, Bes, Beo, and Bel3, are predicted to exist. The
poly(A) addition site that defines the boundary of the R and U5 region in the 3' long terminal repeat was
determined. The pattern of spumavirus splicing is more complex than that of oncoviruses and more similar to
that of lentiviruses. One of the characteristic features of spumavirus transcription is the existence of singly
spliced bell and bell mRNAs that alternatively are multiply spliced, thereby generating a complexity
comparable to, but different from, that of lentiviruses and from that of other known retroviruses. The complex
spumavirus transcriptional pattern ofhuman spumavirus and the coding potential of the 10 exons identified are
discussed.

Foamy viruses, or spumaviruses, constitute a distinct
group or subfamily of retroviruses that encode several novel
genes, called bel, some of which may correspond to the
regulatory genes tat, rev, and nefof the lentiviruses (10, 18,
21, 26). The bel genes are different from gag, pol, and env
and located between the env and the 3' long terminal repeat
(LTR) of the human spumaretrovirus (HSRV) genome. We
have previously reported on the molecular cloning and the
primary structure of HSRV, which was originally isolated
from a patient with nasopharyngeal carcinoma (1, 10, 15, 20).
Study of the expression strategy of HSRV is important for
understanding the life cycle and cytopathogenicity of the
virus. Mapping of foamy virus transcripts of the foamy virus
genome has not been conducted to date. To determine which
genes are expressed after wild-type virus infection of human
embryonic lung cells, transcription mapping was carried out
by Northern (RNA) blot hybridization, S1 nuclease analysis,
and polymerase chain reaction (PCR). Mapping and struc-
tural characterization of a surprisingly large number of
HSRV transcripts gives insight into the expression and
potential coding capacity of this subfamily of retroviruses.

MATERIALS AND METHODS
Preparation of RNA. Human embryonic lung fibroblast

(HEL) cells were prepared and infections were performed as
described previously (10). Total RNA was isolated from
HSRV-infected HEL cells at different times points after
infection, usually at the peak of the cytopathic effects. For
most experiments, total RNA harvested after 3 and 7 days
postinfection was prepared according to the guanidinium-
thiocyanate procedure as described by Chirgwin et al. (4).
Total RNA extracted from mock-infected HEL cells was
prepared by the same procedure and run as a control.

* Corresponding author.

Northern blot hybridizations. A 10 to 20-,ug sample ofRNA
was electrophoresed through a 1% agarose-2.2 M formalde-
hyde gel at a constant voltage of 80 V in a buffer consisting
of 20 mM MOPS (morpholinepropanesulfonic acid), 5 mM
sodium acetate, and 1 mM EDTA at pH 7.0. The gel was
washed with distilled water, treated with 50 mM NaOH for
30 min, and subsequently neutralized in 100 mM Tris hydro-
chloride (pH 7.4). The RNA was transferred to a nylon
membrane (GeneScreen Plus; NEN Corp.) overnight in 1Ox
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate).
The membrane was air dried, baked at 80°C, and prehybrid-
ized as suggested by the manufacturer. After 2 h the DNA
probe, randomly labeled according to the method of Fein-
berg and Vogelstein (9), was added, incubated overnight at
42°C, and washed as recommended by the manufacturer.
The nylon membrane was exposed to X-ray film at -70°C for
4 to 16 h.

S1 nuclease protection analysis. Appropriate DNA frag-
ments of different regions of the HSRV genome were pre-
pared from HSRV recombinant clones and labeled at either
the 5' or the 3' terminus according to standard procedures
(22). The viral DNA probes were heat denatured at 90°C and
hybridized with 10 to 20 ,ug of RNA, depending on the
percent G+C of the individual fragments (8). S1 nuclease
digestions were performed with 50 U of S1 nuclease (Boehr-
inger, Mannheim, Federal Republic of Germany) at 37°C for
1 h as described previously (22, 30). Since it is known that S1
nuclease cuts into A+T-rich regions at 37°C (3) and since the
HSRV genome is relatively A+T rich (10), S1 nuclease
digestions were also run at room temperature and at 4°C.
The reaction products were ethanol precipitated and ana-
lyzed on a 5% polyacrylamide-8 M urea gel. The DNA
fragments were used as probes and separately run as con-
trols.

Synthetic oligodeoxynucleotide primers. Five sense primers
and eight antisense primers were used. The following prim-
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FIG. 1. (A) Organization of the HSRV genome. The viral ORFs are marked by differently hatched boxes. (B) The different exons are

represented by solid bars and numbered continuously. Numbers indicate the exact positions of the exons in the HSRV RNA genome. (C) The
positions of the amplification primers used are indicated and detailed in Materials and Methods. The splice acceptor of exon 10 was deduced
from oligomer hybridization.

ers are in the sense strand: SCP1 and SCP2 (21-mers) are
located in exon 1 of the HSRV genome at or downstream of
the start site of transcription (15), SE3 (20-mer) is located in
exon 4 of the env gene, SB1 (20-mer) is in exon 7 in the 5'
part of the bet gene, and S3P2 (18-mer) is located in exon 9.
The following primers are all in the antisense strand: EIA
(21-mer) is located in the 5' part of exons 4 and 5; VPA
(30-mer) is located in exon 6; B2A (20-mer) spans the splice
acceptor of exon 9; BlCA (20-mer), B2TA (19-mer), and
B3A1 (18-mer) are located within exons 8 and 9; B3A
(21-mer) is in exon 10; and DTA (20-mer) spans the poly(A)
addition site. The locations of the amplification primers are
shown in Fig. 1. The sequences and the exact nucleotide
positions of the primers in the RNA genome are as follows:
SCP1, 5'-GCTCTTCACTACTCGCTGCGT-3' (nucleotides
[nt] 3 to 23); SCP2, 5'-CGAGAGTGTACGAGACTCTCC-3'
(nt 24 to 44); SE3, 5'-TGCAGCAACAAAGGACGTCT-3'
(nt 8474 to 8493); SB1, 5'-GGAGAGCTGACTATTGCT
GA-3' (nt 8751 to 8770); S3P2, 5'-GGTATGAGGTGTGTG
GCT-3' (nt 10601 to 10618); ElA, 5'-CCAGGCCAATACTC
TTGAGCT-3' (nt 5906 to 5926); VPA, 5'-AGCTAGCTGTT
GTATCCAGGCAGGAGTATC-3' (nt 8445 to 8474); B2A,
5'-GGACCTTCTGAGCAACTGGT-3' (nt 9215 to 9234);
BlCA, 5'-ATCGATGGATCGTCTCCTGG-3' (nt 9312 to
9331); B2TA, 5'-GGTCCACCTGACATGTAAC-3' (nt 9464
to 9482); B3A1, 5'-TGATGCCAAGCACCCTGC-3' (nt 9885
to 9902); B3A, 5'-GAGGGAGTAGCGAATGAGGAC-3' (nt
10188 to 10208); and DTA, 5'-(T)1OGGTTCTCGAA-3' (nt
11012 to 11021). The primers SCP1 and SCP2 were used for
amplification of all subgenomic multiply spliced mRNAs.
The primer pair consisting of SCP1 and BlCA was used for
amplification of cDNA of exons 1, 7, and 9; the primer
combination of SCP1, SE3, and BlCA was used for exons 1,

6, 7, and 8; and the primer combination of SCP1, SE3, and
VPA was used for exons 1, 3, and 6. The primer pair
consisting of SCP1 and B2A was used for exons 1, 2, and 9;
the primer pair consisting of SB1 and B3A was used for
exons 6 and 10.

Reverse transcription of viral RNA and amplification of
cDNAs by PCR. HSRV DNA was synthesized with Moloney
murine leukemia virus reverse transcriptase for 1 h at 37°C
or with avian myeloblastosis virus reverse transcriptase for
60 min at 41°C from 5 ,ug of total RNA from HSRV-infected
cells under conditions specified by the manufacturers
(GIBCO, Karlsruhe, Federal Republic of Germany, and
Boehringer). Reverse transcriptions were started by adding
an antisense oligodeoxynucleotide (150 pmol; 20-mer) de-
rived from the 3' region of the HSRV genome and random
hexaoligodeoxynucleotides (0.5 ,ug per reaction; Pharmacia,
Freiburg, Federal Republic of Germany) according to the
method of Kinoshita et al. (14). Alternatively, reverse tran-
scriptions were started with random hexanucleotide primers
only, and the sense and antisense primers were added before
the PCR to avoid amplification of false priming events.
Concentrations of deoxynucleoside triphosphates were 2.5
mM in a reaction volume of 10 VLI. The reaction products
were denatured at 94°C for 5 min. Viral cDNAs were added
to a solution that contained (in 90 ,ul) 0.25 mM concentra-
tions of each of the four deoxynucleoside triphosphates, 150
pmol of a sense primer, and lOx Taq buffer. The PCR was
started by adding 2 U of Taq DNA polymerase (Cetus
Perkin-Elmer or Stratagene). Paraffin oil (50 ,ul [Merck]) was
layered on top of the reaction mixture. The reaction mixture
was incubated at 94, 55, and 72°C for 1, 2, and 3 min,
respectively. The cycle was repeated 35 times in a DNA
thermal cycler (Cetus Perkin-Elmer). Total RNA from unin-
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electrophoresis onto DEAE membranes (type NA45; Schle-
icher & Schuell), purified, and cloned into the polylinker site
of a Bluescript vector according to standard methods (22).
Larger and distinct DNA fragments were directly isolated
from agarose gels and purified. Some viral DNAs were
prechecked by restriction enzyme analysis. Nucleotide se-
quencing was performed by the method of Maxam and
Gilbert or the dideoxy-mediated chain termination method of
Sanger (22).
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FIG. 2. Northern blot hybridization with the 430-bp-long
HindIII-HindIII DNA subgenomic probe located in the 3' part of the
HSRV genome. The pockets, marked by an asterisk, were loaded
with total RNA (20 ,ug) from mock-infected HEL cells (lane 1) or

with total RNA (20 ,ug) from HSRV-infected cells 48 h (lanes 2 and
3) or 14 days after infection (lane 4). The numbers indicate the
relative sizes of HSRV mRNAs in kilobases. The 11-kb mRNA
species corresponds to genomic mRNA, the 5.4-kb species corre-
sponds to singly spliced env, the 3.5- to 2.1-kb mRNAs correspond
to singly and multiply spliced species of bell, bet, and bel2, and the
1.8-kb transcript corresponds to singly spliced bel2. The time of
exposure was 16 h.

fected HEL cells was run as a control under the same
conditions but did not result in any HSRV-specific DNA
bands. PCR products were analyzed on agarose gels by
visualization with ethidium bromide or by hybridization to
an oligodeoxynucleotide located in the exon. PCR-amplified
DNA bands in the range of 150 to 500 bp were isolated by
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RESULTS
Northern blot analysis of viral RNAs. To initially map the

viral transcripts, total RNA was extracted from HSRV-
infected HEL cells by the guanidinium-thiocyanate method
(4) and fractionated on denaturing gels. After electrophore-
sis, RNA was transferred to a nylon membrane and hybrid-
ized with a cDNA probe from the 3' part of the HSRV
genome. At least five species of viral mRNAs were detected,
as shown in Fig. 2: a genomic RNA of 11.0 kb, subgenomic
env mRNAs of approximately 5.4-kb, several subgenomic
transcripts ranging in size from 2.1 to 3.4 kb, and an mRNA
of 1.8 kb that was shown by S1 nuclease analysis and PCR to
correspond to the singly spliced bel2 transcript (see below
and Table 1). It is noteworthy that the 2.1- to 3.4-kb viral
transcripts were relatively abundant and independent of the
time of harvest and the DNA probe used, leaving the
possibility that other species of viral RNAs might be con-
tained within this broad band. When DNA probes covering
the central part of env or even extending into the carboxy-
terminal region of pol were used, the small discrete mRNA
species were still detectable (data not shown). This indicates
that exons from these regions contribute to the small HSRV
transcripts and that more precise methods for mapping that
are capable of higher resolution had to be used.

S1 nuclease protection analysis of viral mRNAs. To char-
acterize the viral transcripts in more detail, S1 nuclease
experiments were performed with 5'- and 3'-labeled DNA
probes derived from the central and 3' part of the HSRV
genome. When, for instance, and EcoRI-HpaI DNA frag-
ment of 1,080 bp (probe C [Fig. 3]) was labeled at the 5' HpaI
site with polynucleotide kinase and [_y-32P]ATP, hybridized
to total RNA from HSRV-infected HEL cells and (separate-
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FIG. 3. Overview of subgenomic probes used for S1 nuclease protection analysis. The solid boxes show the locations and sizes of
subgenomic probes. The probes are described in detail in Materials and Methods and in Table 1. Probes larger than 5 kb that correspond to
recombinant plasmids described previously (10, 15) were omitted.
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FIG. 4. Si nuclease analysis of the splice acceptor of the HSRV
env RNA. The 1,080-bp-long EcoRI-HpaI probe C (Fig. 3) was
labeled at the 5' terminus and hybridized to 20 ,ug of total RNA from
infected (lane 1) and uninfected (lane 2) HEL cells and digested with
Si nuclease as described in Materials and Methods. Lane 3 was
loaded with an aliquot of probe DNA and lane 4 was loaded with
Hinfl DNA fragments of pBR322 as markers (sizes given in base
pairs on the right), and all of the lanes were analyzed on a 5%
polyacrylamide-8 M urea gel. The thin arrow and the triangle mark
protected fragments of 1,080 and 570 bp protected by genomic and
env RNA, respectively. Note the faint band of 770 bp between the
two intense bands that corresponds to the second env RNA tran-
script with a 5' extension as discussed in Results.

ly) to RNA from mock-infected HEL cells, and subsequently
digested with Si nuclease, two bands of 1,080 and 570 bp
protected against Si nuclease were detected in RNA pre-
pared from virus-infected but not from uninfected cells (Fig.
4). The first band corresponds to genomic RNA, whereas the
second one derives from the env-specific transcript. This
results in a splice acceptor site for the env mRNA around nt
5714 on the HSRV RNA genome map (15). In addition, a
faint, 770-bp-long band migrating between the two intense
bands was detected (Fig. 4, lane 1). This band was probably
protected against Si nuclease by an env transcript that has a
5' extension of about 240 bp compared with the regular env

transcript, which does not possess the 5' extension. Its lower
intensity could reflect the possibility that less of the second
mRNA than of the env transcripts was present, since the
same acceptor site is used by both exons 3 and 4, as shown
by PCR (see below). The second env transcript encodes the
same HSRV Env protein as the first env mRNA encodes.
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FIG. 5. Si nuclease analysis of the splice acceptor of the bell
mRNA. End-labeled probe H (Fig. 3) was hybridized to 20 or 2 p.g
of total RNA from infected HEL cells (lanes 1 and 2, respectively)
and to 20 jig of total RNA from uninfected HEL cells (lane 3) and
digested with Si nuclease as descnibed in Materials and Methods.
Lane 4 contains an aliquot of probe H DNA, and lane 5 contains
marker DNAs as described in the legend to Fig. 4. The arrow and
triangle indicate 430- and 240-bp fragments protected by genomic
and bell mRNAs, respectively.

Figure 5 shows that two bands of about 430 and 240 bp
were protected against Si nuclease digestion by an Nhel-
BamHl DNA fragment (probe H [Fig. 3]); these bands
correspond to genomic and to bell mRNA, respectively.
This result locates the bell splice acceptor at approximately
position 8646 on the HSRV RNA map. The splice acceptor is
in excellent agreement with the canonical consensus se-
quences established for splice sites (24). Table 1 compiles
the results obtained with a number of DNA probes used for
Si nuclease protection analysis. The sizes of the protected
RNA exons allowed us to assign several splice sites to
distinct genomic positions (Table 1) such as those of the env,
bet, bell, and bel2 transcripts. Those bands that were found
to be protected against Si nuclease digestion but could not
be confirmed by PCR were additionally digested at a lower
temperature. In these cases, it was found that the bands
were not protected at 40C, and close inspection of the
neighboring sequences revealed that they were A+T rich.
Consequently, these bands were not incorporated as splice
sites into Table 1.

J. VIROL.
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TABLE 1. End-labeled DNA probes for Si nuclease protection analyses and assignment of splice sites

Restriction sites of Size Labeled Size(s) of RNA(s) Genomic location(s) Assignments of Splice site
DNA probe (bp) end protected (bp)a of splice sitesb gene productsc confirmed by

EcoRI, Hpald 1,080 5' 570 5714; SA Env Yes
EcoRI, HinPId 560 5' 360, 280 5407, 5478; SA exon 3 (Bet) Yes
NheI, BamHId 430 5' 240 8646; SA Bell Yes
EcoRI,d BgIIl 1,080 3' 210 8920; SD Bet, exon 7 Yes
EcoRI, HindIIId 1,220 5' 710 9220; SA Bel 2 Yes
BamHI, Ncold 255 5' 145 9220; SA Bel 2 (Bet) Yes
BamHI, HindIIld 814 5' 680 9220; SA Bel 2 (Bet) Yes
Nhel,d Clal 858 3' 58 8527; SD Bet Yes

a Protected RNA fragments derived from genomic RNA are not included.
b SA, Splice acceptor; SD, splice donor.
c Gene products in parentheses indicate subsequent ORFs as derived from PCR clones.
dRadiolabeled 3' or 5' terminus.

It was found that when DNA fragments prepared from
recombinant clone B52 (10, 20) were used, a 137-bp-long
DNA sequence located proximal to the 5' end of the 3' LTR
did not protect any spumavirus RNAs against Si nuclease
digestion. This result was not obtained with any of the other
foamy viral recombinant plasmids that did protect viral
RNA. This indicates that only clone B52 contains a short
insertion of nonviral DNA sequences, as previously as-
sumed (15, 19). In view of the relatively high complexity of
the pattern of HSRV transcription, it was necessary to
employ the PCR method, which allows amplification of viral
cDNAs present in minute amounts. Subsequent molecular
cloning followed by nucleotide sequence analysis exactly
determines the splice sites.

Synthesis of HSRV cDNA and amplification by PCR. To
determine precisely the structure of the splice site junctions
of subgenomic viral transcripts, cDNA was synthesized by
using either murine leukemia virus or avian myeloblastosis
virus reverse transcriptase from total RNA that had been
prepared from HSRV-infected HEL cells. Oligonucleotides
located in the 3' or the central region of the virus genome
served as primers during cDNA synthesis (Fig. 1). After heat
denaturation, viral cDNAs were directly amplified in the
same tube by adding Taq DNA polymerase and a sense
primer located in the R region of the HSRV 5' LTR imme-
diately downstream of the transcription start site, as deter-
mined previously (15). Primers located in exon 1 and in the
3' region were selected, since these exons are probably
present in most viral transcripts. The PCR cycle was carried
out as described in Materials and Methods and repeated 35
times. The PCR products were analyzed on agarose gels,
stained with ethidium bromide, isolated, and purified accord-
ing to standard techniques. Figure 6 illustrates the result of
PCR products obtained in the presence and absence of
random hexadeoxynucleotides. It is obvious that when ran-
dom primers were present during reverse transcription and
PCR, distinct and identifiable reaction products of viral
origin were obtained with a lower overall background. In this
case, all four DNA bands (marked in Fig. 6) were success-
fully cloned into the polylinker site of a Bluescript vector.
Nucleotide sequencing of the viral inserts confirmed the
origin and the presence of splice site junctions of two
different env mRNa species and of bet and bel2 transcripts.
Table 2 presents the primer pairs that were used for the
amplification of viral cDNAs and the resulting exon combi-
nations that form the mature HSRV transcripts.
An essential result was the determination of the length of

the leader RNA sequence that is common to all HSRV

transcripts. The first splice donor site was found to be
located at nt 51 downstream of the cap site with the RNA
sequence UUG/GUU, consistent with donor site consensus
sequences (24). This RNA leader represents exon 1, as
shown schematically in Fig. 8, which contains an overview
of the various exons identified. Although experiments with
various oligomer primers located in the gag region were
performed, only exon 1 was found.

Ml 2

FIG. 6. PCR amplification of HSRV transcripts from viral RNA
by reverse transcription and subsequent DNA amplification. Re-
verse transcription of 5 ,ug of total RNA from HSRV-infected HEL
cells was done with primers ElA and B2A in the absence (lane 1)
and in the presence (lane 2) of random hexamers as described in
Materials and Methods (13). Viral cDNAs were subjected to 35
cycles of PCR amplification with Taq DNA polymerase in the
presence of the sense primer SCP1. The PCR products were
analyzed on a 1% agarose gel, visualized by staining with ethidium
bromide, and isolated as described in Materials and Methods. The
arrows mark the positions of viral cDNA fragments containing
splice site junctions between exon 1 and exon 3 (the env mRNA
species with a 5' extension [solid triangle]), exon 1 and exons 6 and
7 (bet [thick long arrow]), exon 1 and exon 5 (env [thick short
arrow]), and exon 1 and exon 9 (bel2 [thin arrow]). Lane M contains
lambda HindIII DNA fragments as markers.
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TABLE 2. HSRV splice site junctions determined by
PCR and nucleotide sequencing

Combination Assignment Size of clone
Primer pair of exons of mRNAs sequenced

identified (bp)

SCP1 + ElA l and 5 env 300
SCP1 + ElA 1 and 4 enva 500
SCP1 + VPA 1, 3, and 6 bet 350
E2S + BlCA 6, 7, and 9 bet 450
SCP1 + B2A 1, 7, and 9 bet 350
SCP2 + BlCA 1, 7, and 9 bet 500
SCP1 + B2TA 1, 7, and 9 bet 600
SCP1 + BlCA 1 and 9 bel2 200
SCP1 + B3A1 1 and 8 bell 1,300
SE3 + BlCA 6, 7, and 9 bet 300
SB1 + BlCA 7 and 9 bet 300
S3P2 + DTA None Poly(A) addition site 400
SCP1 + B2A 1, 2, and 9 bel2 150
SB1 + B3A 7 and 1ob bel3, beo 420

a This env transcript refers to the second mRNA shown in Fig. 4 and 6.
bThis exon combination was identified by oligomer hybridization.

The determination of the primary structure of the viral
cDNA inserts obtained by PCR revealed 10 different splice
site junctions utilized in the generation of the various sub-
genomic transcripts, namely, those for the env, bell, bet,
bel2, and bel3 gene products and for the noncoding exons 1,
2, 3, and 6, as shown in Table 2 and Fig. 1, which also
includes the precise nucleotide positions of all exons identi-
fied. The data obtained were compared with the splice sites
from Si nuclease protection experiments. In almost all
cases, this kind of analysis resulted in an unambiguous
assignment of the different exons to their corresponding
genomic locations. In some cases, restriction enzyme anal-
ysis was used to assign splice sites unambiguously to ge-
nomic locations that had been determined before by se-
quencing related molecular clones, e.g., exon 7 of the
multiply spliced bet species (Table 2). The two BamHI sites
that are located in the bell region were particularly useful. It
was, furthermore, necessary to use a labeled oligodeoxynu-
cleotide as a probe to identify the bel3 transcript (Fig. 7),
indicating that the bel3 mRNA is not an abundant species.
The splicing sites detected (Table 2) would join exon 7 and
exon 10, i.e., the amino-terminal region of bell provides the
basic stretch of amino acids that is combined with the bel3
coding region, which contains a leucine heptad repeat.

Figure 8 summarizes the salient features of the HSRV
transcripts and the deduced protein-coding regions of the
different exons. The bell and bel2 genes are either singly or
multiply spliced. At least three of the exons identified have
the potential to code for novel gene products (Fig. 9). These
were termed bes and bet. The first is a truncated version that
consists of the last 93 amino acid residues of the carboxy-
terminal part of bell (Fig. 9A). The corrected protein se-
quence (10a) of the putative bell gene product is also shown
in Fig. 9A. Bet encompasses 88 amino acid residues of the
amino-terminal region of the bell open reading frame (ORF)
derived from exon 7 (Fig. 8), which is subsequently spliced
into an acceptor site located in the central part of the bel2
coding region, exon 8. This results in a putative protein of
480 amino acids for Bet (Fig. 9C). The deduced Bel2 protein
sequence is shown in Fig. 9B.

Finally, it is possible that exon 7 is alternatively spliced
into an acceptor site located in the bel3 region (Table 2).
Hybridization with oligodeoxynucleotide probes from the

1 2

4.3_
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-0.56-

012-

FIG. 7. PCR amplification of HSRV transcripts from viral RNA
by reverse transcription and DNA amplification. Reverse transcrip-
tion of 5 ,ug of total RNA from chronically infected HEL cells was
done with random hexamer primers. Viral cDNAs were amplified as
described in the legend to Fig. 6, except that primers SB1 and B3A
were used. The PCR products were analyzed as described in the
legend to Fig. 6 and probed with a labeled 20-mer, 5'-TCCTAGGA
TTGGAGAAGGAC-3' (nt 9963 to 9982). The arrow marks exons 7
and 10 of the bel3 transcript of 420 bp. Numbers on the left indicate
sizes of lambda HindIlI DNA marker fragments in kilobases.

central part ruled out the possibility that exons 2 and 3
participate in the synthesis of the bel3 mRNA. Two gene
products, Bel3 and Beo, can be generated through this
splicing; like Bet, they share the amino-terminal domain of
the Bell protein (Fig. 8). The Bel3 protein sequence (Fig.
9E) is noteworthy, since it displays all of the hallmarks of a
leucine zipper protein (29). The second protein, termed Beo
(derived from Bell and Bel2) consists of the Bell amino-
terminal domain and the carboxy-terminal part of Bel2 (Fig.
9D).
To determine the poly(A) addition site, an antisense

20-mer primer that consisted of an oligo(dT)10 plus a de-
camer of the sequence located directly upstream of the
presumed poly(A) site was used (primer DTA [Fig. 1]). A
viral cDNA of 400 bp that upon nucleotide sequencing
revealed the expected short stretch of poly(dA) that was
covalently linked to the DNA sequence directly upstream of
this site was obtained; thus, the foamy virus poly(A) addition
site was unambiguously identified at position 11021 (Table
2). It is consistent with a recently published report on that of
the closely related simian foamy virus type 1 (SFV-1) (17).

DISCUSSION

The results of mapping splice sites of HSRV transcripts
reveal features that are common to and different from other
known retroviruses. Starting with similarities, it was found
that there is a leader RNA common to all HSRV transcripts.
The size of HSRV exon 1 was determined to be 51 bases,
which is surpringly short with respect to the overall size of
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FIG. 8. Overview of the HSRV genomic organization and the corresponding exons and ORFs. The hatched boxes mark the different viral
genes. The solid boxes indicate the different exons that are numbered from the 5' end to the 3' end. The singly and multiply spliced mRNAs
contain ORFs that are marked by correspondingly hatched boxes to emphasize their coding capacities. Putative splicing of exon 7 to exon
10 was determined by oligomer hybridization.

the HSRV LTR. In fact, the HSRV exon 1 is the shortest
leader RNA of all known retroviruses (31).
The spumavirus env mRNAs are singly spliced like those

of all other retrovirus env messages. Three different splice
acceptors were found upstream of the HSRV env transcript
(Fig. 8). Two of the three upstream acceptor sites are
utilized, so that two env mRNAs of slightly different size
exist, similar to the env transcripts of visna virus (7). This
was verified by S1 nuclease analysis and PCR. The first
upstream splice acceptor, at position 5407 (Fig. 1), generates
an mRNA that is spliced out at donor site 5453, and this exon
2 is then spliced into exon 9 for the expression of one of the
bel2 transcripts (Fig. 9). Exon 2 does not contain an AUG
codon, and thus it does not seem to contribute to the
protein-coding potential of the mature transcript.
A more complex transcriptional pattern was found with

the acceptor at position 5478 which is common to exons 3
and 4 (Fig. 1). Splicing processes form an mRNA that may
run through to the poly(A) addition site, thereby generating
a second env transcript, exon 4; alternatively, the donor site
at 5679 serves for the expression of exon 3 (Fig. 8). Exon 3
is subsequently spliced into exon 6, which is then spliced
into exon 7, which expresses the first domain of the bet gene
product (Fig. 9). This was demonstrated by sequencing a
viral cDNA clone obtained by PCR. Again, as discussed
above for exon 2, exons 3 and 6 do not encode an initiator;
thus, a novel gene product does not appear to be expressed.
This is in agreement with recent sequence data which show
that the Si regions of different HSRV recombinant clones do

not possess an ORF. This result is also consistent with
sequence data from the closely related SFV-1, which does
not code for an Si gene product (18). Another similarity
exists between spumaviruses and lentiviruses in that the
novel regulatory genes tat and rev of human immunodefi-
ciency virus (HIV) and their putative spumavirus counter-
parts bell, bel2, and bet of HSRV are multiply spliced (6,
23). In the case of the HSRV genes, some splicing events
utilize exons positioned upstream from env or from within
the env gene. But here the similarity stops, since all of the
protein-coding potential of bell, bel2, and bet stems from
downstream of the HSRV env gene, in contrast to the
protein-coding potential of the regulatory genes of the lenti-
viruses. Actually, in the pol-env overlap region, the splicing
pattern is more similar to that of the human T-cell lympho-
tropic virus (HTLV) group of retroviruses.
The bell splice acceptor is common to exons 7, 8, and 10.

Exon 7 contains the amino-terminal part of the ORF for the
first domain of the bet gene product. It is spliced out at donor
site 8920 (Fig. 1) and joined to the acceptor site at position
9220. The resulting protein, Bet (for Bell and Bel two), has
a remarkable sequence in that it joins features of the Bell
sequence with that of the body of Bel2 (Fig. 9C).
Exon 8 contains the complete bell coding region. Figure

9A shows the corrected sequence that has extensions at both
the amino and carboxy termini (10, 10a). Although it has a

segmental protein sequence homology to that of the trans-
activator protein Tat of HIV type 2 (16), bell differs mark-
edly from tat in that it can be singly spliced. There is
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A.

MDSYEKEESV ASTSGIQDLQ TLSELVGPEN AGEGELTIAE EPEENPRRPR RYTKREVKCV 60

SYHAYKEIED KHPQHIKLQD WIPTPEEMSK SLCKRLILCG LYSAEKASEI LRMPFTVSWE 120

QSDTDPDCFI VSYTCIFCDA VIHDPMPIRW DPEVGIWVKY KPLRGIVGSA VFIMHKHQRN 180

CSLVKPSTSC SEGPKPBPRH DPVLRCDtSFE KHHKERQKRP REBSIDNESC ASSSDTMANE 240

PGSLCTNPLW NPGPLLSGLL EESSNLPNLE VHMSGGPFWE EVYGDSILGP PSGSGEHSVL 300

S.
MSHVLPVVTP WPMSQDHYAP TLVGILDRYY QGYLKSPATY QTWKFTCQVD PSGKRFMETQ 60

FWVPPLGQVN IQFYKNYQIL TCCQAVDPFA NIFHGTDEEM FDIDSGPDVW CSPSLCFKVI 120

YEGAMGQKQE QKTWLCRLGH GHRMGACDYR RVDLYAMRQG KENPYGDRGD AALQYAYQVK 180

RGCKAGCLAS PVLNYKALQF HRTIMADFTN PRIGEGHLAH GYQAAMEAYG PQRGSNEERV 240

WWNVTRNQGK QGGEYYREGG EEPHYPNTPA PHRRTWDERHLKVLKLSSFAT PSDIQRWATK 300

ALPYGWKVVT ESGNDYTSRA KIRTLTEMTQ DEIBKRMIESG YCDPFIDSGS DSDGPF 356

C.

MDSYEKEESV ASTSGIQDLQ TLSELVGPEN AGEGELTIAE EPEENPRRPR RYTKEVKCV 60

SYHAYKEIED KHPQHIKLQD WIPTPEEPIA QKVQNQDLGT ILSFAVTCLK SITSLGRNDP 120

GDDPSIgHV LPVVTPWPMS QDHYAPTLVG ILDRYYQGYL KSPATYQTWK FTCQVDPSGK 180

RFMETQFWVP PLGQVNIQFY KNYQILTCCQ AVDPFANIFH GTDEEMFDID SGPDVWCSPS 240

LCFKVIYEGA MGQKQEQKTW LCRLGHGHMG ACDYRRVDLY AMRQGKENPY GDRGDAALQY 300

AYQVKRGCKA GCLASPVLNY KALQFHRTIM ADFTNPRIGE GHLAHYQAAM EAYGPQRGSN 360

EERVWWNVTR NQGKQGGEYY REGGEEPHYP NTPAPHRRTW DERHKVLKLS SFATPSDIQR 420

WATKALPYGW KVVTESGNDY TSRRKIRTLT EMTQDEIRKR WESGYCDPFI DSGSDSGPF 480

D.

MDSYEKEESV ASTSGIQDLQ TLSELVGPEN AGEGELTIAE EPEENPRRPR RYTKREVKCV 60
SYHAYKEIED KHPQHIKLQD WIPTPEE4I MADFTNPRIG GEGHLAHYQA AMEAYGPQRG 120
SNEERVWWNV TRNQGKQGGE YYREGGEEPH YPNTPAPHR TWDERHKVLK LSSFATPSDI 180
QRWATKALPY GWKVVTESGN DYTSRRKIRT LTEMTQDEIR KRWESGYCDP FIDSGSDSDG 240
PF 242

Z.
MDSYEKEESV ASTSGIQDLQ TLSELVGPEN AGEGELTIAE EPEENPREPR RYTKREVKCV 60
SYHAYKEIED KHPQHIKLQD WIPTPEEM4L WQTSPILGLE KDILLMVTKQ LWKLMDLREE 120
VTRRGCGGMS LETRENKEES ITGKEVKNLI TQILLLLIDV PGMRDTRFLN CPHSLLPLTS 180
NAELLKHCLM AGKWSPKAEM IILAAERSEH 210

FIG. 9. ORFs deduced from sequencing PCR-amplified HSRV
cDNAs. (A) Sequence of the bell gene product. Putative nuclear
localization signals are underlined. The initiator for the putative Bes
protein sequence is in boldface. (B) Sequence of the bel2 gene
product. Putative nuclear localization signals are underlined. (C)
Sequence of the bet gene product. The bell domain is in italics.
Putative nuclear or nucleolar localization signals are underlined.
The arrowhead marks the splice site junction of the corresponding
viral mRNAs. The Met initiator of Bel 2 that is present within Bet is
boxed. (D) Sequence of the putative beo putative gene product. (E)
Sequence of the bel3 gene product. The leucine heptad repeats are
marked by boldface underlining. Amino acid residues 122 to 210 in
italics are homologous to the HIV type 2 Tat protein sequence, as
reported previously (16).

evidence from transient expression assays that foamy vi-
ruses encode a transcriptional transactivator (13a, 18). Fur-
thermore, the segmental but significant protein homology of
the exon 1 domain of HIV type 2 tat to the bell gene product
(16) indicates that this is probably the HSRV transactivator.
Consistent with this hypothesis is the finding that the Bell
protein occurs in the nuclei of infected cells (unpublished
data). Experiments with an infectious HSRV recombinant
DNA clone into which small deletions in the bell gene had
been constructed completely abolished its infectivity, indi-
cating that the bell gene is essential for virus replication
(14b). On the other hand, it is remarkable that HSRV also
generates bell and bel2 transcripts that are singly spliced.
This is a characteristic feature of spumaviruses that is shared
by lentiviruses; it was just recently reported that certain
lentivirus genes can be singly spliced (2, 6, 12, 28). It was
reported that even within the lentivirus group, the splicing
patterns have different degrees of complexity (6). It is,
furthermore, noteworthy that the bel2 transcripts are either
singly or multiply spliced, apparently giving rise to the same
gene products. In contrast, the bell mRNAs in their multiply
spliced form lead to the protein-coding sequence of bet.
Figure 9 presents the five ORFs deduced from the mapping

and sequencing data. A fascinating aspect of the Bell and
Bet sequences is the presence of characteristic stretches of
basic amino acids typical for nuclear localization (5, 13, 23).
Since the first 88 amino acid residues of Bell are linked to
three ORFs of the novel gene products, namely, Bet, Beo,
and Bel3, the strongly basic residues from 47 to 54 are all
contained within the amino-terminal regions of the HSRV
gene products (Fig. 9A, C, D, and E). It is of interest that the
entire Bel2 sequence is contained within the Bet sequence
(Fig. 9B and C). Formally, it may be possible that Bel2 or
Bet has a function similar to that of Rex of HTLV and Rev
of the lentiviruses, which have signal sequences for nuclear
or nucleolar localization (25, 27); however, the functions of
Bel2 and Bet remain to be determined. Since analysis of
retrovirus mutants has played a critical role in the under-
standing of the complex viral life cycle (11), site-directed
mutagenesis will be an important tool in clarifying the
functions of the different HSRV genes in transcription and
replication.
Exon 9, which codes for the putative Bel2 protein, in

addition can encode a truncated form of the Bell gene
product, called Bes (for Bell short version). The first AUG
initiator that occurs in any of the ORFs in the singly spliced
bel2 mRNA species would be the most likely candidate for
bes expression, since other initiator codons are present in all
other bell and bet transcripts. It remains unknown from
which bel2 transcript bes is expressed, if it is expressed at
all. Because of its bicistronic nature, exon 9 seems to be
similar to the HTLV type I exon that encodes the Tax and
Rex proteins (31). The use of centrally located exons and the
presence of 3' overlapping genes in HSRV is comparable to
the situation in HTLV type I.
To detect bel3-specific mRNA, PCR experiments with

different combinations of sense and antisense primers, the
latter located in the bel3 region, were carried out. It was
found by oligomer hybridization that exon 7 could be spliced
into exon 10. The two resulting novel gene products, Bel3
and Beo, have a common Bell domain, so that antisera
against Bell would react with both Bel3 and Beo but reacted
with proteins of molecular sizes corresponding to those of
Bell and Bes (our unpublished data). The Bel3 protein
sequence contains an interesting motif, a leucine zipper with
a basic stretch located upstream of the leucine heptad repeat
(29). We assume that Bel3 protein forms homo- or het-
erodimers or both and, in addition, binds to DNA. It is of
interest in this context that SFV-1 does not possess an ORF
for bel3 (14a), indicating a significant difference between
HSRV and SFV-1.

In contrast to lentiviruses, spumaviruses apparently do
not encode viral proteins in the region between pol and env
that are analogous to vif, vpr, vpu, and vpx, although two
exons were identified in this region. It remains to be seen
whether the various bel coding regions identified here take
over similar functions.
What might be the advantage for HSRV to develop alter-

native mRNAs for the same protein sequence? Although
experimental evidence is not available, it could be that the
extra noncoding exons regulate the amounts of the various
gene products. From a phylogenetic viewpoint, spumavi-
ruses may represent a structure intermediate between the
HTLV-bovine leukemia virus group and the lentiviruses.
The HSRV splice donor and acceptor sites are in general

consistent with the general consensus sequence for splice
sites in eucaryotic cells (24), with the exception of the splice
donor 5453. However, similar anomalous splice sites were
reported recently for HIV type 1 (23). The splice sites in the
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HSRV genome identified here are all conserved in that part
of the SFV-1 sequence that has been published (17).
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ADDENDUM

The changes in the HSRV genome sequence that were
identified by resequencing an infectious HSRV DNA clone
were described previously (lOa).
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