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A 3,023-base nucleotide sequence of the M7 baboon endogenous virus genome,
spanning the 5' noncoding region as well as the entire gag gene and part of the pol
gene, is reported. Within the 562-base 5' noncoding region, a 21-base sequence
complementary to the OH terminus of tRNAPrO is located immediately down-
stream from the long terminal repeat. Amino acid sequences were deduced from
the 1,596 nucleotides comprising the gag gene, and the four structural gag
polypeptides, p12, p15, p30, and p10, appeared to be coded contiguously. Only
one termination codon interrupted the M7 gag and pol genes. The data suggest
that 55 additional amino acids may be attached to the NH2 terminus of the gag
precursor protein. However, such a sequence was not detected in virions or in
virus-infected cells. With the exception of the p15 region, nucleotide and amino
acid sequences of the gag and pol regions ofM7 virus exhibited strong homologies
to those of Moloney leukemia virus.

In replication-competent mammalian retrovi-
ruses, gene organization of the integrated provi-
ral DNA (5'-LTR-gag-pol-env-LTR-3'), where
LTR is the long terminal repeat, is colinear with
viral genomic RNA (3, 17). The 5' end of the
integrated proviral DNA encodes several func-
tions necessary for replication of the viral
genome and synthesis of viral proteins (3, 31, 35,
46). The gag gene of mammalian retroviruses
codes for four core proteins, whose functions
are not yet completely characterized (12, 22, 35,
38).
Noda et al. and Tamura et al. have previously

described cloning of the 8.2-kilobase-pair (kb)
proviral DNA of M7 baboon endogenous virus
and have reported the sequence of the 554-
nucleotide-long LTR of the provirus (23, 41).
Signals required for initiation and termination of
transcription of the viral genome were found to
be present in the LTR.

In this report I describe the nucleotide se-
quence from the LTR through the gag gene and
into the proximal region of the pol gene. The 5'
noncoding region of the provirus contains se-
quences for initiation of reverse transcription,
splicing of viral RNA, and initiation of protein
synthesis. In the gag and pol regions of M7,
nucleotide and amino acid sequences exhibit
considerable homology with corresponding re-
gions of Moloney murine leukemia virus (Mo-
MuLV) proviral DNA (37). Functionally impor-
tant regions appear to have been conserved
throughout long evolutionary periods. Interest-
ingly, however, the sequence of the p15 region

of the M7 gag gene does not seem to bear a close
relationship to the analogous region (p12) of Mo-
MuLV.

MATERIALS AND METHODS
Recombinant DNA. Circular M7 DNAs were cloned

into the phage vector Charon 28 (23). All analyses
were performed on fragments of the M7 DNA which
were derived from a recombinant phage, XBEV-11,
and subsequently cloned in pBR322. Detailed proce-
dures for preparation of the DNA fragments and
construction of the recombinant plasmids have been
described previously (41). Maps of the M7 DNA in
XBEV-11 and the subcloned fragments are shown in
Fig. 1.
Sequence analysis. I used three subcloned M7

DNAs, pBE-B8, pBE-SH, and pBE-L, as sources for
sequencing (Fig. 1) (41). Fine-structure maps of this
region and the sequencing strategies employed are
shown in Fig. 2 A and B. The chemical modification
methods for DNA sequencing used in these studies
were essentially those of Maxam and Gilbert (21).
Detailed conditions for chemical modification and
electrophoresis have been described previously (41).
After electrophoresis, the gels were dried, overlaid on
Kodak XAR-5 or XRP-1 X-ray film, and then exposed
at -40 or -80°C for appropriate periods.

RESULTS

Sequencing strategy. Sequences downstream
from the 3' end of the M7 baboon virus LTR,
extending through the entire gag gene and into
the pol region, were analyzed. These sequences
were derived from three different recombinant
plasmids. The first, pBE-B8, contained two non-
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FIG. 1. Restriction map of provirus DNA cloned in XBEV-11 and fragments contained in subclones used in
this study. Sites for EcoRI (A), BamHI (0), BglII (C), XhoI (D), SaII (0), PstI (O), and HindIII (A) are
indicated.

contiguous BamHI fragments, a 3.2-kb fragment
containing tandem LTRs and a second 1.0-kb
fragment (Fig. 1) (41). These two fragments were
situated in the proviral genome such that they
bracketed a 160-base-pair (bp) BamHI fragment
not present in pBE-B8. The sequence of this
160-bp fragment was derived from pBE-L, a
second recombinant plasmid which carries an
EcoRI-SalI fragment encompassing the smaller
sequence (Fig. 1). Based on the known sizes of
other retroviral gag genes (13, 37, 40, 45), that of
M7 should extend from the LTR to a point no
further in the 3' direction than the single HindIll
site shown in Fig. 1. Thus, analysis of a third
recombinant plasmid, pBE-SH, which contains
a 1.5-kb fragment from the SalI to the HindlIl
site, should be sufficient to complete the se-
quence of the M7 gag gene. Detailed strategies
for sequencing are summarized in Fig. 2B, In
Fig. 2A, the sites of four restriction endonucle-
ases as determined by sequence analysis are also
shown.

A

Nucleotide sequence of the gag-pol region ofM7
provirus. The nucleotide sequence of 2,469
bases, extending from the 3' end of the M7 to the
region near the unique HindlIl site, is shown in
Fig. 3. The nucleotides are numbered from the
first T residue just downstream from the LTR
and represent the positive strand, which corre-
sponds to the viral genomic RNA. The LTR
sequence is also presented and numbered nega-
tively from 3' end. Functionally important re-
gions for transcription of the viral RNA (CAT
box, TATA box, polyadenylation and termina-
tion signals, and a putative capping site) are
shown in Fig. 3 and have been described previ-
ously (41). The sites of several restriction endo-
nucleases which recognize 4- or 6-bp sequences
are shown in Fig. 2 and 3. A potential target
sequence for recombination within the gag re-
gion, ATAA (position 1,780), has been previous-
ly described (42). Finally, a 21-bp stretch of
DNA, from positions 1 to 21, is complementary
to the OH terminus of tRNAPrO.

1 Kb
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FIG. 2. Detailed map of the 5'-distal region of M7 provirus DNA and strategy for sequencing of this region.
(A) Maps of the DNA froni the LTR to the HindIll site of the XBEV-11 insert. Recognition sites for HapII, Hinfl,
DdeI, and Sau96I as determined by sequencing are indicated by vertical lines. (B) Arrows, whose positions
correspond to the maps shown in (A), indicate DNA stretches determined in this study. +, Same polarity as that
of the viral genome.
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Open reading frames for M7 gag protein. To
determine the amino acid structure of the M7
gag gene product, I searched for open se-
quences in all three reading frames in the nucleo-
tides downstream from the putative capping site
at position -133 (Fig. 3; Table 1). There are
numerous ATG initiation codones. The three
termination codons, amber (TAG), opal (TGA),
and ochre (TAA), appear at many sites in read-
ing frames 2 and 3, but only rarely in reading
frame 1. Therefore, only reading frame 1 is able
to encode a significantly large polypeptide. Ac-
cordingly, only the amino acid sequence de-
duced from reading frame 1 is shown in Fig. 3.

Several lines of evidence have suggested that
the order of polypeptides in the M7 gag polypro-
tein is NH2-p12-p15-p30-p10-COOH (2, 25, 39).
In addition, Copeland et al. (8) have determined
the amino and carboxy termini of thes M7 gag
peptides. From these previous data, I was able
to determine the termini of each gag peptide and
have indicated these in Fig. 3. The amino acid
sequences predicted from the nucleotide se-
quence shown in Fig. 3 are generally consistent
with the findings of Copeland et al., although
mismatchings of several amino acids were ob-
served.

If the ATG codon at position 262 is assumed
to be the initiation site for gag gene translation,
then the calculated molecular weight of the
peptide coded by this sequence should be ap-
proximately 12,000. In addition, the base se-
quences in the NH2 terminus of the M7 gag
seem to be partially homologous to those of Mo-
MuLV (see Fig. 4). Hence, I assumed that the
ATG codon at position 430 is the translation
initiation codon for the M7 gag protein and that
the open reading frame comprising the entire M7
gag protein is 1,596 bases in length. The region
from the postulated capping site at positions
-133 to +429 is, therefore, considered to be the
5' noncoding region of this virus. The identities
of the first and last amino acid residues of the
gag polyprotein could not be determined with
certainty in this study, since such gag precursor
polyproteins may lose several amino acids from
both amino and carboxy termini during process-
ing (12, 18, 37, 47). The structure of the mature
M7 gag proteins are discussed in more detail
below.
A second long open reading frame was found

in the DNA stretch immediately downstream
from the amber termination codon of the gag
gene at position 2,026. This second open reading
frame would appear to code for the pol protein.

DISCUSSION

Primer binding site for reverse transcription.
Retroviral RNA is transcribed into DNA by

reverse transcriptase, whose primer is a cellular
tRNA which binds to a site near the 5' end of the
viral genome (27, 32, 43). In an earlier publica-
tion (41), I reported that the 14 bases at the end
of the M7 LTR could hybridize with the OH
terminal sequences of tRNAP'r. In the present
study, I confirmed the previous findings and
showed that the tRNAPrO binding site actually
consists of 21 bases, positions 1 to 21 (Fig. 3). In
murine retroviruses (29, 37, 44, 45), 17 bases
have been identified as the primer binding site
for tRNAPrO.

Sequences for splicing in the 5' noncoding
region. Subgenomic mRNAs of retroviruses
have been detected which represent spliced
products consisting of a leader sequence derived
from the 5' end of the viral genome joined to the
coding regions of the env or src gene (16, 30, 48).
Subgenomic 20S RNA has also been detected in
M7-infected human cells (unpublished data).
The 5' noncoding region of the viral genome was
observed to harbor signal sequences for splicing.
One DNA stretch, TCAGGTACT, was located
at positions 122 to 130 in the middle of the 5'
noncoding region and resembled the consensus
sequences for the splicing donor, AG/GTRAG
or TCAG/C (5, 36). M7 RNA may be spliced
from this site to the 5' end of the env coding
region. No sequences for splicing were detected
in the LTR. It has been suggested that Mo-
MuLV and Moloney murine sarcoma virus each
have a splicing donor sequence about 70 bp
downstream from the LTR (29, 37, 45). In the
case of Rous sarcoma virus (9, 15, 40), the
region from the capping site to the donor site
preceding the gag gene has been shown to be the
leader sequence of the viral RNA. Acceptor
sequences for splicing are located at positions 56
and 260, although the significance of the pres-
ence of these sequences in the 5' noncoding
region is not clear at present.

Initiation site for translation of the gag gene. As
described above, three ATG codons were detect-
ed at positions 262, 402, and 410 in the region
preceding the gag gene (Fig. 3), although the
actual initiation codon for the gag precursor
polyprotein of the M7 virus is located at position
430. These findings are unexpected; in eucaryot-
ic cells, ribosomes bind at or near the 5' end of
mRNA and then "travel" downstream to the
first AUG codon, where translation is initiated
(20). Similar, apparently superfluous, initiation
codons have, however, been detected in other
viral RNAs including Mo-MuLV (19, 37, 40).
A glycosylated gag precursor of Mo-MuLV,
gPr8Vag, which is larger than the major precur-
sor of the gag polyprotein, Pr65, has been
detected previously (11, 33). This gPr8W'ag of
Mo-MuLV contains an additional polypeptide
chain of unknown function at the amino termi-
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TABLE 1. Analysis of open reading frames in the
5'-distal region of M7 DNA'

Initiation Termination codon
Reading codon
frame ATG TAG TGA TAA

(amber) (opal) (ochre)
1 262 175

429
631

1,551
1,579
1,620
2,197
2,242

2 410
647
818

1,052
1,250
1,325
1,354
1,409
1,352
1,700
2,366
2,405
2,450

3 402
531
567

2,205
2,274

205
2,026

-107
119
323
512
767

1,214
1,370
1,630
1,645
1,682
1,715
1,853
1,907
2,009
2,078
2,231
2,357

183
1,425
1,773
1,974

20
260
263
287
461
467

1,201
1,211
1,856
2,132
2,246
2,387

-13
312
411
594
819
987

1,251
1,410
1,583
1,860
2,013
2,271
2,406
2,421

149
443

1,280
1,508
1,517
1,651
1,718
1,718
1,826
2,066
2,309

-82
-22
-7
417
618
801
870

1,155
1,170
1,743
1,902
1,911
2,211
2,226

a All of the initiation and termination codons from
the capping site to the A residue at position 2,469 are
listed. Numbers indicate the position of the initial base
of each codon. Designation of frames 1, 2, and 3 is
shown in Fig. 3.

nus. By analogy, the region from position 262 to
429 in M7 DNA may encode amino acids in
addition to the major gag precursor, Pr68, which
may be eliminated during the maturation process
of the gag protein. Alternatively, a splicing
event between an acceptor-like sequence at po-
sition 415, CCTAAG, and a donor sequence at
122, TCAG/GTAC, may occur. If this is the
case, the mRNA encoding the viral proteins

might be different from the genomic RNA pres-
ent in M7 virions.

Characteristics of M7 gag peptides as deduced
from DNA sequence analysis. The polypeptide
structure of the mature M7 gag precursor is
NH2-p12-p15-p30-p10-COOH (2, 25, 39). The
NH2-terminal amino acid of p12 is modified in
vivo (8), and its identity has not yet been deter-
mined. On the other hand, the gag gene of Mo-
MuLV contiguously encodes the protein NH2-
p15-p12-p30-p10-COOH. As shown below in
Fig. 4, the nucleotide sequence in the p12 region
of M7 is strongly homologous to that in the p15
region of Mo-MuLV. The initial amino acid of
the p15 region is glycine. From the sequence
data shown in Fig. 3, the first amino acid of the
mature M7 p12 is glycine. The molecular weight
of the M7 p12, as estimated from its predicted
amino acid sequence, is 11,900.
The second gag polypeptide, p15, is a phos-

phoprotein and may be associated with the geno-
mic RNA in the M7 virion (26, 34). Peptide p12
of Mo-MuLV is also a phosphoprotein, with a
molecular weight of 9,200. Interestingly, the
estimated molecular weight of M7 p15 is 11,600.
I suggest that the p15 of M7 is either linked with
chemical groups which give the protein a more
positive charge or that the protein has an unusu-
al configuration, thus accounting for this appar-
ent discrepancy.
The major structural protein of the virion core

is p30. Several groups have reported the base
and amino acid sequences in the p30 region of
M7 (7, 8, 24, 25), and the present results are
consistent with these reports.
The fourth peptide derived from the M7 gag

precursor is p10. The carboxy-terminal amino
acid of this peptide is reported to be leucine (8),
and the codon at either position 2,002 or 2,008 in
the DNA sequence of Fig. 3 could encode this
residue. Based on similarities of the amino acid
sequences observed between the M7 and Mo-
MuLV gag polyproteins (Fig. 4), I propose that
the carboxy-terminal leucine of the M7 plO is
derived from the codon at position 2,002 and is
followed by a threonine-leucine sequence. Sev-
eral other residues are apparently fost from the
carboxy end of the original gag precursor mole-
cule.
Thus, based on the observations reported

here, the entire M7 gag polyprotein gene is 1,572
bases in length. The four M7 gag polypeptides
are coded in a contiguous manner from a single
open reading frame.

I have analyzed the content of basic or hydro-
phobic amino acids in each of four M7 polypep-
tides. The amino-terminal peptide of retrovi-
ruses is generally very hydrophobic (1, 10). In
fact, a stretch of hydrophobic amino acids was
detected in the M7 p12 region beginning at

J. VIROL.
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FIG. 4. Homologies of nucleotide and amino acid sequences between M7 and Mo-MuLV. Nucleotide (A) and
amino acid (B) sequences in the 5'-distal region of the M7 DNA were compared with those of Mo-MuLV by
computer analysis. The homologous regions in these two viruses are illustrated. Sequence commonalities were

calculated within each stretch of 24 bases (A) or of eight amino acids (B). (A) Regions of base sequences with
75% or greater commonality, solid boxes; those with 58 to 74% commonality, horizontally lined boxes; those
with 57% or less commonality, open boxes. (B) Regions of amino acid sequences with 63% or greater

commonality, solid boxes; those with 38 to 62% commonality, horizontally lined boxes; those with 37% or less
commonality, open boxes.

position 703 (Fig. 3). These amino acids may
assume a salient position on the external surface
of the protein molecule where they may be more

readily associated with the envelope of the viri-
on. The second gag protein of mammalian retro-
viruses, corresponding to p15 of of M7 virus, is
moderately acidic, whereas the fourth polypep-
tide, corresponding to plO of M7 virus, is known
to be highly basic (10, 14, 39). The present
results are consistent with these findings. Based
on the content of hydrophobic amino acids, the
p15 of M7 and the p12 of Mo-MuLV appear to be
the most hydrophobic gag proteins. However,
these peptides do not exhibit hydrophobicity
(10). Conceivably, the tertiary structure of these
peptides is responsible for this property.
Coding region for M7 reverse transcriptase.

The pol gene of retroviruses is usually located
directly downstream from the gag gene (6). I

found a long open reading frame in M7 DNA
following an amber termination codon at posi-
tion 2,026. This appears to constitute part of the
coding region of the pol gene of this virus.
Significant amino acid and base homologies in
the NH2 termini of the reverse transcfiptases
(RTs) of M7 and Mo-MuLV were observed (see
Fig. 4), and these homologies also suggest a

reading frame for pol starting at position 2.029.

Although an ATG codon is located at position
2,197, it apparently does not code for the first
amino acid of the RT molecule. The Mo-MuLV
RT is initially synthesized as a large precursor
protein, Pr180 (28, 46), encoded by the gag-pol
region. Only one amber termination codon inter-
rupts the gag and pol genes of Mo-MuLV, and a

read-through mechanism bypassing this UAG
codon appears to play an important role in the
synthesis of Mo-MuLV RT. I suggest that a

similar read-through mechanism is involved in
the synthesis of the corresponding M7 enzyme.

Nucleotide and amino acid sequence homologies
between M7 and Mo-MuLV. Mo-MuLV is a

prototype for mammalian type C retroviruses,
and its complete base sequence has been report-
ed previously (37). Using computer analysis, I
examined homologies in the base and amino acid
sequences between these two viruses (Fig. 4).
Base sequences in the regions of p12, p30, plO,
and the 5'-distal portion of the pol gene are 50,
59, 60, and 59% homologous, respectively. A
similar degree of homology (50 to 65%) was

observed between the corresponding amino acid
sequences of these viruses. I suggest that the 5'

coding regions of retroviruses have been con-

served throughout a long evolutionary period.
Bonner et al. (4) recently obtained similar results
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for the other retroviral genomes. Conservation
of base and amino acid sequences in the proxi-
mal p30 region (>80%) is not surprising, since
these major core proteins are known to be
serologically related to each other (10, 38).
Amino acids at the amino and carboxy termini

for each of the four gag polypeptides ofM7 virus
are similar to those of Mo-MuLV except at the
junction of p12-p1S (Fig. 4). These sequences
may be highly conserved because they are es-
sential for cleavage of the gag precursor mole-
cule. Amino acid and base sequences at the
junction of p12-p1S in M7 virus are completely
different from those at the corresponding junc-
tion (p15-p12) in Mo-MuLV. Moreover, the p15
region of M7 does not have any significant
homologies to the p12 region of Mo-MuLV.
Barbacid et al. (2) have suggested that, in the M7
virus, the cleavage site between the p12 and p15
polypeptides has shifted toward the 5' terminus
of the viral genome. The data from this report
support this assumption. I suggest that if, as
some studies indicate (34), the p15 phosphopro-
tein of M7 acts by binding to its homologous
RNA genome, then structural variations ob-
served among retroviral phosphoproteins may
reflect a requirement for retaining a degree of
binding specificity to their homologous viral
genome.
As shown in Fig. 4, the 5' noncoding region of

M7 virus, comprising about 150 bases immedi-
ately upstream from the p12-coding region,
shows homologies of 55 and 35% in base se-
quence and amino acid sequence, respectively,
to Mo-LuLV. This region could encode some
viral proteins which have not as yet been identi-
fied, as suggested by Mo-MuLV (37). A poten-
tial initiation codon (ATG) for such a protein can
be found 171 bases upstream from the p12 region
of M7.
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