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Foamy viruses, or spumaviruses, are distinct members of the Retroviridae. Here we have characterized the
long terminal repeat of the feline, or cat, foamy virus by determining the locations of the transcriptional start
site and the poly(A) addition site. The splice donor and splice acceptor sites of the subgenomic mRNA
responsible for Pro-Pol protein expression were identified by nucleotide sequencing of the corresponding
cDNAs. The leader exon of the feline foamy virus is 57 nucleotides long. The splice acceptor of the subgenomic
pol mRNA was found to be located in gag. The location of the splice acceptor of the human foamy virus pol
mRNA was confirmed to map in gag. The pol splice acceptor site in gag of the cat foamy virus is located further
downstream than that of human foamy virus.

Foamy viruses are unique among retroviruses in their mode
of pol gene expression. The human foamy virus (HFV) Pro-Pol
polyprotein is not synthesized as a Gag-Pol fusion protein by
translational frameshifting or stop codon suppression as in
other retroviruses analyzed (1, 2, 4, 10). Instead, the HFV
Pro-Pol protein is expressed by translational initiation at the
first Met residue in the pol gene independently of Gag protein
expression (4). Recently, a spliced HFV pol mRNA was iden-
tified (10). The novel splice acceptor (SA) of the pol mRNA
located in gag 492 nucleotides (nt) upstream of the Pro-Pol
start codon is joined to the splice donor (SD) of the HFV
leader exon. In addition, experiments with a mutant SA of the
pol mRNA showed that this splice site is absolutely required
for Pol expression and viral infectivity (10). The presence and
utilization of a subgenomic spliced transcript for pol gene ex-
pression have not been observed for any other retrovirus an-
alyzed to date (1).
In this report we characterize the long terminal repeat

(LTR) by defining the precise locations of the cap site, the
major SD site in the 59 LTR, and the poly(A) addition site of
the genome of the feline foamy virus (FeFV) isolate FUV (3).
Importantly, a spliced pol-specific transcript was identified and
characterized in FeFV-infected cells. In addition, we confirm
that the SA of the corresponding HFV pol mRNA is located in
gag as reported previously (10). Our data suggest that Pro-Pol
protein expression of different foamy viruses is directed by a
spliced pol transcript.
To analyze whether a spliced subgenomic pol mRNA is

present in productively FeFV-infected cells, total RNAs were
extracted from FeFV-infected Crandell feline kidney (CRFK)
cells 3 days after infection. A Qiagen (Hilden, Germany)
RNAeasy kit was used as described by the manufacturer. To
prepare cDNA, about 20 mg of RNA was reverse transcribed

(Superscript reverse transcriptase [RT]; Gibco BRL,
Karlsruhe, Germany) at 428C for 45 min with the antisense
primer p-4 (59-ATATACATCTCCTTCCTGCGTTCC-39),
which is located in the FeFV pol gene (Fig. 1A and 2B). The
sequences of the primers used in this study were derived from
partial FeFV genomic DNA clones. Reaction products of
cDNA synthesis were amplified by PCR with sense primer c-1
(59-TTGGCTGCGTCCAGGGTGAGATTGA-39) (Fig. 2B),
located in the predicted RNA leader exon, and antisense
primer p-4 (Fig. 1A) under annealing conditions at 538C for
30 s; the elongation time was 2 min and 20 s at 688C for each
cycle with the PCR Expand system, which was used as de-
scribed by the manufacturer (Boehringer, Mannheim, Germa-
ny). The PCR was run for 30 cycles. Two PCR products with
sizes of about 2,000 and 500 bp were obtained (Fig. 2A) and
cloned into the SrfI site of the pCR-Script vector (Stratagene,
Heidelberg, Germany). The FeFV insert of 2,000 bp represents
cDNA of genomic origin. The nucleotide sequence of the 500-
bp-long FeFV cDNA fragment is shown in Fig. 2B. The se-
quence identifies the FeFV pol mRNA splice site junction as
59-GACTCTCCAGCTTGGAGAG-39, which results from
joining the splice donor, 59-GACTCTCCAGCTTGG2GTAA
-39 (the arrow marks the exon-intron border in Fig. 2C at
position 57 downstream of the cap site), to the splice acceptor
at position 1567 (59-GTTCCCGAACAG2AG-39) (Fig. 2C).
A comparison of the characteristics of the FeFV and HFV gag
genes is shown in Table 1. This pol SA site is located in the 39
part of the gag region of the FeFV DNA genome. This FeFV
splice site sequence was determined from five independent
recombinant plasmid clones. In a single case, a G instead of an
A residue was found in the first position of the splice acceptor
(59-GACTCTCCAGCTTGGGGAG-39). The sequences of the
identified FeFV SA and SD sites correspond to those of es-
tablished consensus sequences and those reported for HFV
(Fig. 2C).
The spliced FeFV transcripts contain an AUG codon 299 nt

downstream of the SA site that is located at the 59 end of the
uninterrupted pol reading frame. The length of the FeFV Pro-
Pol protein is similar to that of HFV (Table 1). Its degree of
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homology to the HFV Pro-Pol sequence of 60.6% is higher
than that of Gag, as expected. The location of the FeFV pol SA
is different from but similar to that of the corresponding SA
site of HFV pol mRNA (reference 10; see also Table 1). By
analogy, we conclude that the spliced FeFV mRNA has the
capacity to direct the synthesis of the FeFV Pro-Pol protein.
To map the transcriptional start site of LTR-derived FeFV

mRNAs, cDNA synthesis was performed with antisense primer
p-4 located in pol. Reactions were performed with Superscript
RT (Gibco BRL) as described by the supplier and total RNAs
obtained 5 days after infection of CRFK cells with FeFV.
Reaction products were denatured and chilled on ice, and
RNAs were digested with RNase A and Escherichia coli RNase

H (15 min at 558C). The cDNA was purified by chromatogra-
phy (PCR purification kit; Qiagen), and this was followed by
tailing with dC residues of the 39 end of the cDNA by terminal
deoxynucleotide transferase (59-race kit; Gibco BRL). The dC-
tailed cDNA was amplified by PCR with the oligo(dG) anchor
sense primer complementary to the poly(C) tail and the anti-
sense pol primer p-3 (59-TTGCTGCCTAACAGGTTCTTCT
CC-39). PCR conditions were as described above. Major reac-
tion products of about 2,000 and 500 nt were obtained and
reamplified in a nested PCR with the oligo(dG) anchor sense
primer and primer b-1 (59-AACTGTCGTGGCCTATACCTG
GG-39) located downstream of the 59 LTR SD (Fig. 1A). The
resulting PCR product of about 350 nt was cloned into the

FIG. 1. (A) Structure of the FeFV 59 LTR and flanking sequences showing the locations of the SD and SA sites. The cap site is marked by a bent arrow. The
locations and orientations of DNA primers used are indicated by arrows. The subgenomic spliced pol mRNA and the FeFV genomic RNA are symbolized by shaded
and filled boxes, respectively. (B) Nucleotide sequences of the FeFV LTR and the adjacent primer binding site (PBS) (boxed). The borders of the U3, R, and U5 regions
are indicated, the TATA motif is boxed and in italic type, the cap site defines the 59 end of R (in boldface italic type), the major splice donor is marked with a vertical
arrow, the poly(A) addition site is underlined and in italic type, and the poly(A) addition signal is double underlined.
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pCRII vector (Invitrogen, Leek, The Netherlands). The DNAs
of three independent clones were used for direct sequencing by
PCR (Thermosequenase; Amersham, Braunschweig, Germany)
with the 59-terminally 32P-labelled primer a-0 (59-AAGCTGG
AGAGTCTCAATCTCACCCTGGACGC-39). The results of
a sequencing reaction of three independent clones are shown
in Fig. 3 with the deduced FeFV sequence of the sense strand
in the 59 to 39 orientation (from top to bottom), starting at the
marked G residue (see also Fig. 2B). The flanking sequences
around this G residue are highly homologous to those of other
foamy virus cap sites. Additionally, a TATA box consensus
sequence is at an appropriate distance from this G residue
(Fig. 1B). Primer extension experiments confirmed that the
LTR transcriptional start site is the G nucleotide at proviral
DNA position 1071 (Fig. 1B). Since the SD is located at nt
position 57 downstream of the cap site, the FeFV mRNA
leader exon is 57 nt in size, 6 nt larger than that of HFV (Table
1). The complete FeFV LTR sequence with the major land-
marks is shown in Fig. 1B. The landmarks of both viral LTRs
are compared in Table 1.

In order to determine the location of the poly(A) addition
site of the spliced FeFV pol mRNA, RT-PCR experiments
were carried out. cDNA synthesis was started with an oli-
go(dT)15 primer and carried out with 20 mg of total cell RNA
from CRFK cells harvested 5 days after FeFV infection. PCR
amplifications were done with oligo(dT)15 and the sense
primer i-1 (59-GGAAAGCAATGTTTGGCTCAC-39) located
at the 59 end of the FeFV U3 region (Fig. 1A). Specific am-
plification products of about 1,200 bp in length were cloned
into the pCRII plasmid (Invitrogen) and analyzed by DNA
sequencing. We obtained four independent clones that termi-
nated in the following FeFV cDNA sequence (in the sense
orientation): 59-AAAATTAAATAAATTGGCTTTTCTTTCA
CTCAAAAAn-39. The poly(A) addition signal is in boldface
type, and the poly(A) tail is underlined. This result indicates

FIG. 3. Determination of the location of the FeFV cap site. cDNA molecules
from RNA of FeFV-infected CRFK cells were cloned into the vector pCRII
(clones p59-race-1 to p59-race-3) and directly sequenced by PCR with the anti-
sense primer a-0 located directly upstream of the FeFV SD in the leader exon
(Fig. 1). The dideoxy termination nucleotides (ddG, ddA, ddT, and ddC) used
are indicated. The deduced DNA sequence of the sense strand, from top to
bottom, of three independent clones is shown at the right margin. The sequence
starts with G nucleotides derived from the 59-race procedure. The 59-terminal G
residue of the FeFV mRNAs is marked.

TABLE 1. Characteristics of FeFV and HFV genes

Genomic region

Size (bp) of indicated
region in: Homology (%)

(FeFV/HFV)
FeFV HFV

LTR 1,353 1,121 40.1
U3 1,070 777 39.6
R 134 190 57.0
U5 149 154 36.0
mRNA leader exon 57 51
pol intron 1,151 1,796
pol 59 UTRa 355 543
Gag 514b 648b 39.1
Pol 1,156b 1,143b 60.6

a 59 UTR, 59 untranslated region of the mRNA.
b Size in amino acid residues.

FIG. 2. PCR amplification and sequence analysis of the FeFV pol mRNA.
(A) Agarose gel electrophoresis of FeFV cDNAs corresponding to genomic
(upper arrow) and subgenomic pol (lower arrow) mRNA obtained by RT-PCR
of total RNA from FeFV-infected CRFK cells (lane 2) but not from mock-
infected cells (lane 1). Sizes of DNAmarkers (lane M, 1-kbp ladder; Gibco BRL)
comigrating with the cDNAs of genomic (2,000 bp) and pol (500 bp) mRNAs are
indicated. Minor PCR products obtained with RNAs from FeFV-infected cells
did not hybridize to different FeFV genomic DNA probes (data not shown). (B)
Nucleotide sequence of the 59 part of the spliced FeFV pol mRNA. The splice
site junction is in boldface type and underlined. Sequences corresponding to
primers c-1 and p-4 are in italics. The first AUG codon of the pol reading frame
is double underlined. The 59-terminal nucleotides of the polmRNA derived from
the experiment shown in Fig. 3 are in the lowercase letters. The G base at
position 1 is the cap site (boldface). (C) Comparison of the consensus splice site
sequences with those of the FeFV and HFV SDs and the pol SA. Arrows mark
the exon-intron borders.
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that the poly(A) addition site is located 134 nt downstream of
the cap site and defines the 134-nt-long R region of the FeFV
LTR. The size of the FeFV R region is shorter than those of
simian foamy viruses of type 1 and type 3, which are 171 and
217 nt long, respectively (7, 9).
To show that spliced FeFV pol transcripts terminate at this

site in the 39 LTR, cDNA synthesis was employed with anti-
sense primer a-1 (59-T15GAGTGAAAGAAAAGCCAATTT
ATTT-39), which extends from the poly(A) tail into the R
region. cDNA synthesis with the poly(A) primer a-1 was per-
formed with Expand RT (Boehringer) according to the instruc-
tions of the manufacturer. The reaction products were sub-
jected to PCR amplification with sense primer c-1 and
antisense primer p-4. The amplified cDNAs of 2,000 and 500 nt
corresponded to the unspliced genomic and the spliced pol
transcripts described above, since control amplifications em-
ploying RNAs that had not been reverse transcribed did not
result in these reaction products. The identities of the cDNAs
of 2,000 and 500 nt were proven by DNA hybridization with a
FeFV pol cDNA probe, demonstrating that FeFV pol RNAs
terminate at the poly(A) addition site in the 39 LTR.
In parallel, cDNA products of approximately 8.5 and 7.5 kbp

in size were amplified by PCR with a sense primer located in
the leader exon and an antisense primer derived from the 59
end of the 39 LTR (data not shown). These products likely
represent the unspliced genomic and the spliced pol mRNAs.
To determine the location of the HFV subgenomic pol

mRNA SA site, total RNA was extracted from HFV-infected
BHK cells 2 to 3 days postinfection; cDNA was prepared with
the antisense primer 3198a (59-TTGCCCCTGAATCCCAGT
GGGC-39) located downstream of the pol start codon (6).
PCRs with sense primer 781s (59-CTCTTCACTACTCGCTG
CGTCG-39) located in the HFV LTR leader exon and anti-
sense primer 3198a were performed as described above, result-
ing in a 600-bp DNA product. The product was reamplified
with sense primer 803s (59-GCGGCTGTAACAGCTGAAGA
GG-39) and cloned into the pCRII vector. Sequences of four
different recombinant clones were obtained, all of which con-
tained the following sequence: 59-AGAGTGTACGAGACTC
TCCAGGTTTGGCCTTAATGCCAGAGGACAAAGTATA
C-39 (the splice site junction is in boldface type, and the
nucleotides underlined are part of HFV leader RNA exon 1).
In the HFV pol transcript the SD at position 51 (with nt 1 as
the HFV cap site) is linked to the SA at position 1834. This
result confirms the locations of the SD and SA sites as reported
by Yu et al. (10). When total RNA extracted five days postin-
fection was used, a cDNA fragment of the HFV pol mRNA
was detected after the first PCR round, in addition to products
corresponding to genomic RNA. However, spliced transcripts
resulting from cryptic splice sites were not found.
In this study it was shown that a subgenomic, spliced mRNA

species that has the potential to direct the expression of the
FeFV Pro-Pol polyprotein is present in productively FeFV-
infected CRFK cells. This FeFV mRNA species seems to be
the counterpart of the corresponding HFV transcript that di-
rects pol gene expression (10). Furthermore, we confirm that
this spliced pol transcript is present in HFV-infected cells.
Because of the different RT-PCR conditions, this transcript
was not detected in an earlier report (4).
Our data indicate that the utilization of a spliced pol mRNA

is a general feature of spumavirus gene expression, since mem-

bers of the Spumavirinae as distantly related as HFVs and
FeFVs have similar mechanisms for Pro-Pol expression. This
conclusion is supported by the fact that the first Met residue of
the pol gene is conserved among the known foamy viruses. The
first Met residue seems to function as the start codon of the
spumaviral Pro-Pol polyprotein. Although the general mecha-
nisms of Pro-Pol expression appear to be similar in HFVs and
FeFVs, significant differences remain. It is noteworthy that the
precise locations of the SA sites of the FeFV and HFV pol
transcripts are different. The HFV SA is located 492 nt up-
stream of the pol AUG initiation codon, whereas the corre-
sponding FeFV SA is located only 299 nt upstream of the pol
gene. Whether these differences in the lengths of the resulting
untranslated pol leaders (Table 1) influence the level of Pro-
Pol expression is unknown.
The presence and utilization of a spliced pol transcript

clearly set spumaviruses apart from other retroviruses, since
the latter express the pol gene as a Gag-Pol fusion protein. It
thus appears that foamy viruses (i) have developed basically
different mechanisms of gene expression, i.e., a Gag-indepen-
dent expression of pol by a spliced transcript, and (ii) use an
active internal promoter that may also be used by other com-
plex retroviruses as a pathway of viral gene expression (5, 8).
Whether some of these features of foamy virus replication,
e.g., the unique mechanism of Pro-Pol expression and synthesis
of premature proviral DNA in virions (10), are functionally
linked remains to be clarified.
Nucleotide sequence accession number. The accession num-

ber at the EMBL data bank of the nucleotide sequences re-
ported here is X98741.
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