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Sequence analysis of human T-cell leukemia proviral DNA revealed three open reading frames arranged at
a -1 position relative to one another. On the basis of homology to other retroviruses, these open reading frames
were assigned to the gag, pro, and pol genes. To characterize the primary protein products of these genes and
their modes of synthesis, a DNA clone of human T-cell leukemia virus type 2 was transcribed and translated
in vitro. Analysis of the viral proteins revealed three polyproteins with molecular masses of 58, 75, and 112
kilodaltons at relative frequencies of 100:13:0.9, respectively. These proteins were mapped on the viral genome
by both internal deletions and 3'-end truncations at gag, pro, and pol, respectively. The results indicate that
translation of the pol gene requires two independent frameshift events, and the readthrough frequencies at the
two frameshift sites appeared to be similar.

Sequence analysis of the proviral DNA of human T-cell
leukemia viruses (HTLV) has indicated a unique arrange-
ment of the gag and pol genes. While in most groups of
retroviruses these two adjacent genes are separated by only
a translation termination codon, an open reading frame
(ORF) with a coding capacity for a protein of either 22 or 29
kilodaltons (kDa) is found between the gag and pol genes of
HTLV types 2 and 1 (HTLV-2 and HTLV-1), respectively
(2, 8, 13, 16, 18). On the basis of sequence relatedness among
retroviruses, this ORF appears to code for the viral protease
and is therefore termed the pro gene. Expression of the
protease as part of the pol gene is modulated at the level of
translation by either of the following two mechanisms: (i) in
murine leukemia viruses by infrequent insertion of a glu-
tamine at an amber UAG codon present between the gag and
pol genes (9, 20) or (ii) through a ribosomal frameshift at a
defined site to read through two ORFs which are arranged at
-1 with respect to one another (4, 5, 7). Both translation
control mechanisms yield the Gag-Pol polyprotein and Gag
at ratios ranging from about 1:8 (human immunodeficiency
virus) to 1:20 (Rous sarcoma virus and murine leukemia
virus) (5, 7, 12). HTLV, bovine leukemia virus, and mouse
mammary tumor virus (MMTV) may represent yet a third
group of viruses with respect to expression of the pro and pol
genes (2, 3, 6, 11, 14, 18). Translation in vitro of MMTV
RNA, in fact, yielded three polyproteins which may repre-
sent Gag, Gag-Pro, and Gag-Pro-Pol. Expression of the pol
gene in MMTV appears to require two successive frameshift
events. The first shift in the reading frame generates the
Gag-Pro polyprotein, and the second leads to the synthesis
of Gag-Pro-Pol (3, 6, 11).
There is little experimental data with regard to the synthe-

sis ofHTLV proteins. In chronically HTLV-1-infected cells,
the 53-kDa gag polyprotein was detected but no Gag-Pro or
Gag-Pro-Pol products were observed (1).
To identify the HTLV-2 gene products, a proviral DNA

which compromises the putative ORFs of gag and pro and
part of that of pol (nucleotides 361 to 3633; 17, 18) was
inserted at the polylinker of pSP65 (10), giving rise to
plasmid pNM10 (Fig. 1). The plasmid was cleaved with
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endonuclease HindIlI at the polylinker, downstream from
the inserted HTLV-2 DNA, and served as a template in the
SP6 RNA polymerase transcription system (10). The result-
ing uniform-size 3.2-kilobase RNA (HIND-RNA) was added
to an in vitro rabbit reticulocyte translation system supple-
mented with [35S]methionine. Samples were withdrawn at
intervals, and polypeptides were resolved by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (Fig. 2). A
major product with an apparent molecular mass of 58 kDa
was observed after only 10 min of translation. The calculated
molecular mass of the protein encoded by the first ORF was
55 kDa. The 75-kDa product observed after 20 and 40 min of
translation may correspond to a fused protein with a calcu-
lated molecular mass of 76 kDa encoded by joining the first
two ORFs of HTLV-2. Since the HTLV-2 DNA was cleaved
at the XbaI restriction site (nucleotide 3633; Fig. 1), only
part of the third ORF is included in HIND-RNA. The
calculated size of the polyprotein encoded by the three
ORFs in pNM10 is 120 kDa. The minor polypeptide with an
apparent size of 112 kDa observed after 20 and 40 min of
translation corresponds in size to the three joined ORFs. In
addition to the translation products corresponding in size to
proteins expected from the HTLV-2 DNA sequence, other
polypeptides were observed (Fig. 2). The origin of these
bands is discussed below.
To map the three proteins described above on the HTLV-2

genome, the DNA was cleaved within each of the three
putative gag, pro, and pol genes before in vitro transcription
(Fig. 3). Restriction endonuclease NcoI cleaved within the
putative gag gene to give rise to a 1.1-kilobase transcript
(NCO-RNA). Transcription of pNM10 after cleavage with
endonuclease Narl gave rise to 1.9-kilobase RNA (NAR-
RNA) with the 3' end located within the putative pro ORF.
An RNA of 2.4 kilobases was obtained following transcrip-
tion of pNM10 cleaved with endonuclease NdeI within the
putative pol gene (NDE-RNA). Homogeneous RNA species
were obtained with a common 5' end initiated at the SP6
promoter and 3' ends terminated at the corresponding re-
striction enzyme cleavage sites of the template DNA (Fig.
3A). If the three polypeptides described above initiate at the
same AUG codon, translation of the truncated RNAs is
expected to yield shorter polypeptides (Fig. 3B). Translation
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FIG. 1. Physical map of HTLV-2 provirus. Numbers indicate nucleotides from the beginning of the 5' long terminal repeat (LTR) (18). The
translation termination codons of gag, pro, and pol are indicated as on the mRNA. The HTLV-2 DNA fragment bordered by the BamnHI
(nucleotide 361) and Xbal (nucleotide 3633) restriction sites was isolated from clone XMOISA (17) and inserted into pSP65 (bottom line). The
endonucleases used are indicated above their restriction sites.

of NCO-RNA should yield a 30-kDa protein. In fact, a
protein with an apparent mass of 35 kDa replaced the 58-kDa
Gag protein (compare lanes 1 and 4). This novel product
migrated more slowly than the 34-kDa protein, which ap-
peared to be initiated at an internal AUG codon within the
gag gene (compare lanes 1 and 1' with lanes 2, 3, and 4). The
discrepancy between the apparent 35-kDa polypeptide and
the calculated 30-kDa polypeptide may be due to nonlinear
migration of high- and low-molecular-weight proteins.

Translation of NAR-RNA is expected to yield a 58-kDa
intact Gag protein and a truncated Gag-Pro protein of 64
kDa. The 58- and 68-kDa proteins (Fig. 3B, lane 2) appear to
correspond in size to the two expected proteins.
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FIG. 2. Translation kinetics of RNA transcribed from HTLV-2
proviral DNA. Plasmid pNM10 was cleaved in the polylinker with
endonuclease HindlIl and transcribed by SP6 RNA polymerase (New
England BioLabs, Inc.) in the presence of ribonucleotide triphos-
phates (Promega Biotec) (10). HIND-RNA (2 ng) was denaturated for
2 min at 68°C and translated in 25 p.l of nuclease-treated rabbit
reticulocyte lysate (Promega Biotec) supplemented with [35S]methio-
nine (50 jiCi; Amersham Corp). Following translation, samples (10 ,ul
each) were withdrawn after 5, 10, 20, and 40 min for analysis on a
sodium dodecyl sulfate-10% polyacrylamide gel. Lanes: C, transla-
tion (40 min) without added exogenous mRNA; M, molecular mass
markers (sizes are indicated in kilodaltons on the right). The putative
gene products Gag (G), Gag-Pro (GP), and Gag-Pro-Pol (GPP) are

indicated. Scanning of autoradiograms was performed on several time
exposures of each gel autoradiogram by using a computerized pho-
toscanner (620 Video Densitometer; Bio-Rad Laboratories).

Translation through the three ORFs in NDE-RNA yielded
a truncated Gag-Pro-Pol polyprotein of 102 kDa (lane 3)
which replaced the 112-kDa protein product of HIND-RNA
(Fig. 3B, lane 4). The barely visible 112-kDa band (lane 4,
arrow) is identical to the protein shown in Fig. 2 (lanes 20
and 40, GPP). In addition, a full-length 75-kDa Gag-Pro
fusion protein and a 58-kDa Gag polypeptide were evident
after translation of NDE-RNA (Fig. 3B, lane 4).

Thus, translation of RNAs truncated within each of the
three ORFs enabled us to correlate the translation products
with the HTLV-2 gag, pro, and pol genes.

Several additional translation products were seen in the
autoradiograms presented in Fig. 2 and 3B. Two of these
products are endogenous reticulocyte proteins on the basis
of the translation reactions without addition of exogenous
RNA (Fig. 2 and 3B, lanes C). Several reasons may account
for other relatively short polypeptides observed in the auto-
radiograms: (i) initiation at internal AUG codons, (ii) early
quitting of nascent polypeptide chains, and (iii) posttransla-
tion proteolysis. On the basis of sequence analysis of the
viral genome, translation starting at the first internal AUG
codon within gag should yield the 34-kDa polypeptide (Fig.
3B).
The high-molecular-weight products, the putative Gag-

Pro-Pol and Gag-Pro polyproteins, are produced in relatively
small amounts compared with the Gag polypeptide (Fig. 2
and 3B). The reticulocyte cell-free system is relatively
inefficient in translating high-molecular-weight proteins be-
cause of early quitting. The apparent ratio of these three
translation products may be due to inefficiency of the retic-
ulocyte translation system, or it may reflect an inherent
property of the HTLV-2 mRNA which controls the ratio of
these three products. To differentiate between these possi-
bilities, a DNA fragment located between two unique SacII
endonuclease restriction sites was removed (Fig. 1), gener-
ating an internal deletion within the gag gene (pNM1OA).
Assuming that the three polypeptides initiate at the initiation
codon of the gag ORF, the internal deletion within gag
should similarly reduce the sizes of all three polypeptides. In
fact, RNA transcribed from pNM1OA linearized with
HindIII in the polylinker (SAC-RNA) yielded the following
three polyproteins with reduced molecular masses: Gag
at 48 kDa, Gag-Pro at 63 kDa, and Gag-Pro-Pol at 96 kDa
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FIG. 3. Mapping of HTLV-2 gene products by translation of RNAs truncated at each of the three reading frames. (A) Electrophoresis on
agarose gel (1%) of RNA species which were transcribed from pNM10 cleaved with the restriction endonucleases indicated on the left. Lanes:
1, NdeI; 2, Narl; 3, NcoI; 4, HindlIl. 28S and 18S rRNAs were used as molecular mass markers. (B) Translation products of the RNA species
shown in panel A were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Lanes: 1 and 1', NCO-RNA (lane 1' illustrates
the same autoradiogram but after a shorter exposure); 2, NAR-RNA; 3, NDE-RNA; 4, HIND-RNA; C, control translation without exogenous
mRNA; M, molecular mass markers (sizes are indicated in kilodaltons on the right). The gene products and their truncated forms are indicated
by arrows originating at G (Gag), GP (Gag-Pro), and GPP (Gag-Pro-Pol).

(Fig. 4, lane 2). The finding that the three polyproteins were
similarly reduced in size because of the deletion in gag
(compare lanes 1 and 2) indicates that these products start at
the same initiation codon and confirms the identification of
the HTLV-2 Gag, Gag-Pro, and Gag-Pro-Pol polyproteins.
Furthermore, Fig. 4, lanes 1 and 2, and analysis of the
autoradiograms by scanning (data not shown) showed that
the internal deletion in gag did not increase the relative
amounts of the Gag-Pro and Gag-Pro-Pol polyproteins.
Thus, it may be concluded that differences in the relative
amounts of the three polypeptides reflect an inherent prop-
erty rather than the effect of distance from the initiation
codon. Sequence analysis of HTLV-2 DNA indicated that

1 2 C

synthesis of the Gag-Pro-Pol polyprotein requires two frame-
shift events, one between gag and pro and the other between
pro and pol. We investigated whether readthrough at the
pro-pol junction is dependent upon the first readthrough
event at gag-pro. Cleavage of pNM10 with restriction endo-
nuclease BspMII deleted a DNA fragment of 377 base pairs
which comprises the gag-pro junction, including the gag
translation termination codon (plasmid pNM1OB; Fig. 5).
This deletion joined the gag and pro ORFs to produce only
two potential products; a 60-kDa Gag-Pro protein and a
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FIG. 4. Mapping of HTLV-2 gene products by translation of
RNA deleted within the gag gene. Plasmid pNM10 was deleted of
309 base pairs within the gag gene by endonuclease SacII
(pNM1OA) and linearized with endonuclease HindIll in the poly-
linker for transcription in the SP6 polymerase system (SAC-RNA).
Lanes: 1, translation products of HIND-RNA (made with pNM10
[Fig. 2]); 2, translation products of SAC-RNA; C, control without
exogenous mRNA; M, molecular mass markers (sizes are indicated
in kilodaltons on the right). The decreases in the sizes of the
polypeptides due to SacII endonuclease deletion are indicated by
arrows originating at Gag (G), Gag-Pro (GP), and Gag-Pro-Pol
(GPP).
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FIG. 5. Expression of pol gene in RNA deleted for the gag-pro
junction. Plasmid pNM10 was cleaved twice by endonuclease
BspMll to delete 377 base pairs at the gag-pro junction, including
the gag translation termination codon (pNM1OB [Fig. 1]). Plasmid
pNM1OB was linearized for transcription with endonuclease HindlIl
in the polylinker (BSP-RNA) or with endonuclease NdeI within the
pol gene (BSP-RNA-NDE). The RNAs were translated, and the
proteins were resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The proteins Gag (G), Gag-Pro (GP), and
Gag-Pro-Pol (GPP) made of HIND-RNA (plasmid pNM10) are
indicated in lane 1. The corresponding internally deleted gene
products Gag-Pro and Gag-Pro-Pol are made of BSP-RNA (lane 2)
and BSP-RNA-NDE (lane 3) are indicated by arrows between the
lanes. Lane C contained a control without exogenous mRNA.
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104-kDa Gag-Pro-Pol readthrough product. In fact, transla-
tion of plasmid pNM1OB linearized for transcription with
HindIII in the polylinker (BSP-RNA) yielded two products
of 61 and 91 kDa (Fig. 5, lane 2). This indicates that the
second frameshift event is qualitatively independent of the
first. Analysis of the autoradiogram presented in Fig. 5 was
complicated, since the 91-kDa protein comigrated with an
endogenous reticulocyte translation product (Fig. 5, faint
band in lane C). To overcome this problem, pNM1OB DNA
was cleaved within the pol gene with restriction endonu-
clease NdeI (Fig. 1). As expected, translation of plasmid
pNM1OB linearized with NdeI within the pol gene (BSP-
RNA-NDE) yielded a 61-kDa Gag-Pro product and a poly-
protein of 81 kDa (lane 3) which replaced the 91-kDa
Gag-Pro-Pol product (lane 2).
The frequencies of readthrough may potentially be dic-

tated by rates of translation at the region proximal to the
frameshift site. On the basis of this assumption, it is ex-
pected that translation of BSP-RNA-NDE deleted of the gag
pro junction would produce elevated levels of the pol prod-
uct compared with those produced by HIND-RNA, in which
only 10 to 12% of the ribosomes migrated from pro to pol
(Fig. 2). Indeed, scanning of autoradiograms at various
exposure times in repeated experiments indicated about 27%
readthrough at the pro-pol junction of BSP-RNA-NDE (Fig.
5). These results suggest that readthrough efficiency is
affected to some degree by translation rates at the region
upstream of the ORF junction.

Is there a consensus signal for the two translation frame-
shifts in HTLV-2? The sequence at the junction of gag-pro in
MMTV, HTLV-1, HTLV-2, and bovine leukemia virus is
characterized by the presence of a consensus sequence,
AAAAAAC, adjacent to the UAA termination codon (2, 6,
14, 18). On the other hand, no common features are apparent
at the overlap of the pro and pol genes of these four viruses;
any of the three termination codons separate these two
ORFs, and a consensus sequence, UUUA, is found adjacent
to the termination codon in three of these viruses. In
HTLV-1 a similar sequence is located 156 nucleotides up-
stream of the termination codon (4). Although no obvious
common signals for the two frameshift events in HTLV-2
were observed, our work indicates that similar readthrough
frequencies are dictated at the two junctions when they are
located in tandem.

In some viruses, such as Rous sarcoma virus, a sequence
with a potential of forming an RNA stem-and-loop structure
was shown to be involved in the frameshift event (4).
However, in other viruses, such as human immunodefi-
ciency virus, it was demonstrated that frame shifting is not
dependent on stem-and-loop structures (19). In HTLV-2, the
two different homopolymeric sequences described above are
followed by a sequence with a potential of forming a stem-
and-loop structure. Thus, HTLV-2 presents an experimental
system for analysis of the role of such structures in the two
frameshift events.
The following three strategies are used by retroviruses for

expression of the pol gene: (i) occasional insertion of a
glutamine at the nonsense codon, as in murine leukemia virus
(20); (ii) changing a reading frame in Rous sarcoma virus and
human immunodeficiency virus (4, 5, 7, 15); (iii) shifting twice
the reading of translation frames in MMTV (6) and HTLV-2.
Although different readthrough mechanisms are used by Rous
sarcoma virus and murine leukemia virus, the relative
amounts of the Pol and Gag proteins produced in vitro and in
chronically infected cells are similar at 5 to 10% (4, 7, 12). Our
in vitro experiments with HTLV-2 RNA indicate that two

translation frameshift events are required for the synthesis of
Pol, and therefore the relative amounts of Pol and Gag are
only about 1:100. It would be of interest to determine whether
this ratio also holds in virus-infected cells.
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