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Sequences in the human genome with homology to the murine mammary tumor virus (MMTYV) pol gene were
isolated from a human phage library. Ten clones with extensive pol homology were shown to define five separate
loci. These loci share common sequences immediately adjacent to the pol-like segments and, in addition,
contain a related repeat element which bounds this region. This organization is suggestive of a proviral
structure. We estimate that the human genome contains 30 to 40 copies of these pol-related sequences. The pol
region of one of the cloned segments (HM16) and the complete MMTYV pol gene were sequenced and compared.
The nucleotide homology between these pol sequences is 52% and is concentrated in the terminal regions. The
MMTY pol gene contains a single long open reading frame encoding 899 amino acids and is demarcated from
the partially overlapping putative gag gene by termination codons and a shift in translational reading frame.
The pol sequence of HM16 is multiply terminated but does contain open reading frames which encode 370, 105,
and 112 amino acid residues in separate reading frames. We deduced a composite pol protein sequence for
HM16 by aligning it to the MMTYV pol gene and then compared these sequences with other retroviral pol protein
sequences. Conserved sequences occur in both the amino and carboxyl regions which lie within the polymerase

and endonuclease domains of pol, respectively.

The human genome carries multiple copies of retrovirus-
related sequences which were identified through their ho-
mology with mammalian type C (3, 28-31, 36, 37, 44) or type
B (6, 27) retroviruses. Several of the type C sequences have
a proviral structure (31, 37, 48), although other organizations
are observed (48), and a comparison of partial sequence
information indicates that they are all related to each other
(31). Distinct from this group is the family of sequences
originally detected by their homology to the murine type B
virus, murine mammary tumor virus (MMTV) (6, 27). We
refer to these MMTV-related sequences as the HM family.
The single characterized member of this family also has a
provirus-like structure and displays a mosaic homology to
type A, B, and D retroviruses (5).

The functional significance of these human endogenous
proviral elements is not known. Those that have been
characterized apparently did not result from a recent retro-
viral infection, since the 5’ and 3’ long terminal repeat (LTR)
regions show sequence heterogeneity with respect to each
other (30, 31, 48), and in at least one instance, the genomic
location of the provirus was conserved in the chimpanzee
genome (3). Furthermore, these proviral sequences could
not encode a fully competent retrovirus since limited se-
quence determination within the structural genes reveals
inappropriate termination signals (3, 31). However, some of
the retrovirus-related sequences are transcriptively active.
Rabson et al. (33) observed subgenomic RNA transcripts in
various human tissues, although the sense of these tran-
scripts was not established.

We were intrigued by the possibility of a functional
polymerase (reverse transcriptase) activity derived from a
human endogenous provirus. It has been suggested that such
an activity could be responsible for the generation of pseu-
dogenes and the expansion of repeat DNA families such as
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Alu and Kpn (44). Also, there is recent evidence of reverse
transcription of transposable elements in both yeasts and
drosophila (reviewed in reference 1). We chose to charac-
terize the pol region of the MMTV-related family because of
the relatively strong homology these sequences demon-
strated to the MMTYV pol gene. We describe here the general
organization of several members of this family in which the
pol-related sequence is colinear with the MMTV gene and
present the complete sequence of one such member. For
appropriate comparison, we sequenced the entire MMTV
pol gene, only a portion of which was previously reported (7,
35), and further discuss its organization within the viral
genome.

MATERIALS AND METHODS

Plasmids and DNA fragment probes. Plasmids pMTVP-1,
pMTVP-2, pMTVP-3, and pMTVP-4 (Fig. 1), PstI subclones
of the MMTYV GR40 provirus (16), were kindly provided by
B. Groner and N. Hynes (Ludwig Institute for Cancer
Research, Bern, Switzerland). The 1.3-kilobase (kb) Bgl/II-
EcoRI and 1.1-kb EcoRI-Pstl fragments spanning the pol
region in pMTVP-3 were subcloned into pBR322 to yield
plasmids pMM3-2 and pMM3-1, respectively (Fig. 1). For the
pMM3-2 construction, pBR322 was first modified by the
insertion of a BglII linker at the unique Nrul site (J. Young,
Smith Kline & French Laboratories). The inserts from these
plasmids were subsequently cleaved with Aval or HindIII to
yield four fragments spanning the pol region (designated a to
d in Fig. 1) which were purified by polyacrylamide gel
electrophoresis and electroelution. Plasmids and DNA
fragments were 3?P labeled by nick translation (38) to a
specific activity of 1 x 10%to 3 x 10® dpm/ug for use as probes.

Hybridizations and plaque screening. DNA fragments in
agarose gels were transferred to nitrocellulose by a depurina-
tion modification (51) of the procedure described by South-
ern (47). Filters were baked for 4 h at 80°C under vacuum
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FIG. 1. (A) Restriction endonuclease map of the endogenous
MMTYV provirus GR40 (16). The approximate position of the genes
for gag, pol, env, and LTR are indicated above the map, and regions
subcloned into pBR322 are shown below. Fragments purified from
plasmids pMM3-2 (a and b), pMM3-1 (¢ and d), and pMTVP-3 (e) are
indicated by brackets. Restriction sites are Aval (A), Bglll (B2),
HindIlI (H), EcoRI (E), and Pstl (P). The Aval and BgllII sites are
not unique in the genome and are shown to indicate regions covered
by probes a, b, and e. (B) Identification of clones containing
sequences related to the MMTYV polymerase-coding region. DNAs
(100 ng) from recombinant clones (1 to 38, A, E) of a Charon 4A
library of human fetal liver DNA were spotted onto nitrocellulose
filters and probed with MMTYV fragments a through d under lowered
stringency conditions (see Materials and Methods). Results are
shown for fragments a, c, and d; no hybridization was observed with
fragment b. The 5.2-kb Pstl gag-pol fragment (500 pg) of MMTV
(isolated from plasmid pMTVP-3) was used as a positive control
(PC). Films were exposed for 16 h at —70°C with an intensifying
screen. Based on the signal intensities relative to PC, clones 6, 7, 8,
11, 16, 21, 24, 32, 36, and 38 were selected for further character-
ization.

and blocked for 4 to 6 h at 65°C in 6x SSPE (0.9 M NaCl, 60
mM NaPO, [pH 7.4], 6 mM EDTA) containing 0.04%
polyvinylpyrrolidone 360, 0.08% Ficoll 400, and 0.04% bo-
vine serum albumin. Hybridizations were carried out in 6X
SSPE for 16 h at 65°C (stringent conditions) or 53°C (lowered
stringency conditions) at probe concentrations of approxi-
mately 10 ng/ml. Filters were washed in 2x SSPE containing
0.05% sodium dodecyl sulfate at 65°C (stringent conditions)
or 53°C (lowered stringency conditions).

Clones of a Charon 4A library of human fetal liver DNA
(21) were screened for MMTV-related polymerase se-
quences by plaque hybridization (2) under lowered strin-
gency conditions with the 5.2-kb PstI gag-pol fragment of
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clone pMTVP-3 described above. Of the 9 x 10° plaques
screened, 39 strongly hybridized to the gag-pol prabe, with
an additional 119 plaques yielding weak hybridization sig-
nals. All of the 39 strongly hybridizing plaques and 5 of the
weakly hybridizing plaques were chosen for further study.

DNA sequencing. Fragments for sequencing were 5’ end
labeled with [y->*P]ATP and polynucleotide kinase and se-
quenced by the chemical cleavage method of Maxam and
Gilbert (26).

Cell lines and tissue specimens. Cell lines used were HeLa,
HL-60 (8), GM1056 (Epstein-Barr virus-transformed B cell;
B. Bloom, Columbia University), and the breast tumor lines
MCF7 (46) and 47-D (18). Surgical breast tumor specimen J-1
was kindly provided by T. Ohno (Tokyo Jikei University,
Tokyo, Japan), and placental tissues were obtained from C.
Crum (Columbia University). DNA was extracted from
tissues (after pulverizing in liquid N,) and cell lines by lysis
in 1% sodium dodecyl sulfate, overnight incubation at 37°C
with 0.1 mg of pronase per ml, phenol extraction, and
ethanol precipitation.

Quantitation of homology among retroviral polymerases.
The pol protein regions of Rous sarcoma virus (RSV) (42),
Moloney murine leukemia virus (MMLYV) (45), human adult
T-cell leukemia virus (HTLV I) (43), lymphoadenopathy-
associated virus (LAV) (52), MMTYV, and clone 16 of the
HM family were aligned with each other according to the
program of Kanehisa (17). Regions of conserved sequence
with few gaps were noted among these pol proteins at the
amino and carboxyl termini. Based on these alighments, we
arbitrarily divided the pol protein sequence into conserved
amino and carboxyl domains separated by a less-conserved
middle domain. These regions are listed with respect to
nucleotide sequence number in Table 1. The corresponding
residues in the MMTYV protein sequence are 21 to 234 and
611 to 751 (see Fig. 6) for the amino and carboxyl regions,
respectively. The distance scores obtained by alignment of
these regions with each other were divided by the score
obtained from self-alignment to obtain the percentage values
shown in the table.

RESULTS

Isolation of human pol gene sequences. The organization of
the MMTV GR40 provirus (16) is shown schematically in
Fig. 1A. The position of the LTR, gag, pol, and env genes is
based on partial sequence data for this and related MMTV
genomes (12, 14, 23, 35) and on sequence data presented
herein. Under lowered stringency hybridization conditions,
fragments cross-reactive with the MMTV genome are ob-
served in Southern blots of human DNA (6, 27). This
homology is limited almost exclusively to the viral pol gene
(6, 27; see below). To isolate these pol-related human
sequences, we screened a human phage library (21) with an
MMTYV gag-pol probe (insert of plasmid pMTVP-3; Fig. 1A)
as described above. To identify positive phage clones which
contained potentially complete pol genes, we screened each
of the 39 strongly hybridizing clones and 5 of the weakly
hybridizing clones by DNA dot-blot analysis for homology
to the amino and carboxyl domains of the MMTYV pol gene
(plasmids pMM3-2 and pMM3-1, respectively). Of these
phage clones, 21 hybridized with both probes (data not
shown). The extent of pol homology in these clones was
further assessed by dot-blot hybridization with four
nonoverlapping fragments (a through d; Fig. 1A) of the
MMTYV pol gene. Most of the clones annealed to a variable
extent with three of the fragments (a, ¢, and d), but none
hybridized with fragment b (Fig. 1B). A similar result was
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FIG. 2. Restriction enzyme maps and orientation of five unique pol-related clones. (A) Restriction enzyme maps were obtained by single
and combination digests with the indicated enzymes: BamHI (B), EcoRI (E), and Hindlll (H). EcoRI fragments which hybridized with MMTV
pol probes a, ¢, and d are indicated as solid bars. In HM6, the 0.7-kb EcoRI fragment annealed with probe a, and the 3.7-kb fragment annealed
with probes ¢ and d. In clone HM8, the 1.9-kb fragment (containing the Hindlll site) annealed with a and c, whereas the 1.6-kb fragment
annealed only with d. (B) EcoRlI digests of each clone were probed under stringent conditions with the 0.9-kb (I) and 1.8-kb (II) EcoRI-HindIII
fragments bordering the pol region in HM16. The film was exposed for 16 h. Fragments which annealed with probe I or II are indicated in
panel A by wavy lines and hatched bars, respectively. The clones were oriented with respect to each other on the basis of which fragment
annealed with probe 1. This orientation was verified for HM6 and HM8 by the pattern of hybridization of the pol-related EcoRI fragments to
MMTYV probes a, ¢, and d (above) and for HM16 by sequence comparison with MMTYV (see Fig. 4). Migration of molecular size markers (in

kilodaltons) is indicated to the left of the figure.

obtained by using the same b-region fragment from the C3H
exogenous strain of MMTYV (13), indicating that this lack of
homology was not an artifact associated with the GR40
endogenous provirus (data not shown). We discuss the
absence of b-fragment homology in the later section on
nucleic acid sequence comparison. Ten clones, enumerated
in the legend to Fig. 1, whose relative homology to probes a,
¢, and d paralleled that of a fragment containing the complete
MMTYV pol gene (Fig. 1B) were selected for further analysis.

Characterization of human pol clones. Restriction endonu-
clease maps were derived for each of the 10 selected clones.
Comparison of the maps revealed that these clones were
derived from at least five distinct loci. Representative mem-
bers of each of these loci are shown in Fig. 2. As determined

by hybridization with the MMTYV pol fragments a, ¢, and d,
the region of pol homology in each of these clones was
limited to a single or two adjacent EcoRI fragments spanning
2.9 to 3.8 kb (Fig. 2). A previously described member
(HLM-2) of this repeat family, distinct on the basis of
restriction maps from the clones in Fig. 2, showed weak
homology to MMTYV gag and env probes (6). Thus, we tested
the 21 phage clones from the intermediate pol screen for
homology to the LTR, env, and gag regions of MMTV GR40
(plasmids pMTVP-1 and pMTVP-4 and fragment e [Fig. 1],
respectively). By DNA dot-blot analysis under lowered
stringency conditions, about half the clones hybridized with
the gag fragment, but the intensity was less than 5% of that
observed with the pol probes (data not shown). None of the
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FIG. 3. Identification and quantitation of sequences in human DNA hybridizing with the pol and 3’ border fragments of HM16. (A) DNA
(10 to 15 pg) from J-1 (lanes 1 to 3) and placental (lane 4) tissues and from the 47-D (lane 5), GM1056 (lane 6), and HeLa (lane 7) cell lines
was digested with EcoRI (lanes 3 to 7), HindIIl (lane 1) or BamHI (lane 2), electrophoresed on a 0.6% agarose gel, transferred to
nitrocellulose, and hybridized under stringent conditions to the 1.5-kb EcoRI-EcoRV pol fragment of pHM16E. The migration of molecular
size markers (kilodaltons) is indicated to the right of the figure. (B) DNA from J-1 (20 pg, lanes 2 and 6) and pHMI16E (95, 190, 380, and 480
pgin lanes 3, 4, 5, and 7, respectively) was digested with EcoRlI, electrophoresed on a 0.8% agarose gel, and processed as in panel A. In the
presence of 10 pg of EcoRI-digested chick carrier DNA, the 3.7-kb EcoRI fragment of pHM16E (95 pg) comigrates with the 3.7 to 3.8-kb band
of J-1 (lane 1). Assuming a human haploid size of 3.2 X 10° bp, the amounts of pHM16E in lanes 3, 4, 5, and 7 correspond to 2, 4, 8, and 10
copies of pol sequence per 20 pg of cellular DNA. The estimated copy number of each of the major pol-related EcoRI fragments of J-1 is
indicated on the right margin. From the relative intensities of the 3.7- and 3.8-kb fragments (panel C, lane 5), we estimate that the 3.7/3.8-kb
doublet represents about 10 and 6 copies, respectively. Film exposure was 2 days in both panels A and B. (C) DNA (10 pg) from cell line
GM1056 (lanes 1, 2, and 5) and clone HM16 (lanes 3 and 4) was digested with EcoRI (lanes 1, 3, and 5) or HindIIl (lanes 2 and 4),
electrophoresed on a 0.8% agarose gel, and transferred to nitrocellulose. Lanes 1 to 4 were hybridized under stringent conditions to the 2.3-kb
EcoRI-HindlIl fragment bordering the 3’ repeat region of HM16 (probe III, Fig. 2A). Lane 5 was hybridized under stringent conditions to the
1.5-kb EcoRI-EcoRV pol fragment of pHM16E. Film exposure was 3 days for lanes 1, 2, and 5; 4 h for lanes 3 and 4. Molecular size markers

(kilodaltons) are shown on the right.

clones hybridized with the env or LTR probes. The HLM-2
clone did not show homology with the LTR of MMTV, but
is bounded by two short repeat sequences of about 1 kb (6)
which hybridize with the squirrel monkey virus genome (5).
Subsequent sequence characterization of these repeats has
revealed an LTR-like organization (R. Callahan, personal
communication). We searched for such repeat structures
among the clones shown in Fig. 2 by probing Southern blots
of these clones with the 0.9- and 1.8-kb EcoRI-HindIII
fragments bordering the pol region of HM16 (probes I and II,
Fig. 2). In all but clone HM32, the 1.8-kb probe II annealed
to fragments on either side of the pol region, indicating the
presence of repeat sequences. The spacing of these repeats
within 6 to 8 kb around the pol region and their lack of
hybridization with the common human repeat elements Alu
and Kpn (data not shown) was suggestive of LTR-like
sequences in a proviral context. The presence of LTR-like
elements within these regions is further suggested by their
hybridization with the repeat elements of HLM-2 (R. Cal-
lahan, personal communication). Probe I, 5’ to the pol region
of HM16, annealed with similarly positioned fragments in all
five clones (Fig. 2A). The hybridization to two noncontigu-
ous fragments in clones HM6 and HM38 may have resulted
from rearrangements in this region. A rearrangement in HM6
is also suggested from a comparison of more detailed restric-

tion maps of the HM6, -16, and -38 pol regions. When
orientated as described below, these clones share several
similarly positioned sites throughout the pol region except in
the 3’ segment of HM6, which diverges from HM16 and
HM38 about 1 kb beyond the internal EcoRI site (data not
shown).

The orientation of the pol region in HM16 was determined
through sequence comparison with the MMTV pol gene
(Fig. 2A). In this alignment, the 0.9-kb EcoRI-HindIII frag-
ment (probe I) of HM16 lies within the gag region of the
putative provirus. Clones HM6, -8, -32, and -38 were then
aligned with HM16 on the basis of: (i) the EcoRI fragment
bordering the pol region which hybridized with probe I (Fig.
2) and (ii) the homology of the MMTYV pol gene subregion
probes (a, c, and d) to EcoRI fragments within the pol region
(clones HM6 and -8; see the legend to Fig. 2).

To determine whether the homology among these clones
extended beyond the repeat regions, we used as a probe the
2.3-kb EcoRI-HindIIl fragment immediately 3’ to probe II
(probe III, Fig. 2). This probe did not anneal with HM6,
HM36 (a clone overlapping HM6), or HMS8, clones which
contain or appear to contain sequences 3’ or 5’ to the
repeated elements. Thus, the proviral-like element of HM16
is embedded in different genomic sequences than those of
HMS6 and -8.
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FIG. 4. Sequencing strategies for clone pHM16E and the MMTYV polymerase-coding region. Restriction sites used for sequencing both
clone pHMI16E and the MMTV polymerase-coding region are shown. Arrows indicate direction and extent of sequencing from each site.

Multiplicity of the HM family. To examine the heteroge-
neity and copy number of the MMTYV pol-related sequences
in human DNA, we utilized a 1.5-kb EcoRI-EcoRYV fragment
from the pol region of HM16 (see Fig. 4) as a probe. This
probe spans most of the pol region but lacks the 3’ sequences
defined by MMTYV fragment d (Fig. 1) and does not detect
fragments such as the 3’ 1.6-kb EcoRI segment of HMS.
Major pol fragments of 3.7 to 3.8, 2.9, 2.6, and 1.9 kb as well
as several weak bands are apparent in EcoRI digests of
human genomic DNA (Fig. 3A). Overexposure of this and
other DNA blots revealed at least 15 distinct fragments (Fig.
3C, lane 5). This same pattern was observed in each of the
five human DNA samples we examined (Fig. 3A). Similar
fragments are detected with MMTV genomic or gag-pol-
region probes under conditions of reduced stringency (6, 27;
unpublished observations). Most of these major EcoRI frag-
ments are represented in the clones described in Fig. 2; for
example, the 3.7-, 3.8-, and 1.9-kb bands comigrate with the
pol fragments of HM16 (Fig. 3B), HM6, and HM8 (data not
shown), respectively. Thus, we presume that each contains
a relatively complete pol region. By quantitation relative to
the cloned HM16 pol region, these fragments each corre-
spond to between 1 and 16 copies of pol sequence, as
indicated in the margin of Fig. 3B. Similar results were
obtained for digests of genomic DNA with other restriction
enzymes. A family of pol-related fragments of various inten-
sities was seen in both HindIII and BamHI digests (Fig. 3A).
Many of the major HindIII fragments were also represented
in the pol regions in our phage clones (e.g., the 6-kb band
comigrates with the pol fragment of HM16). The placement
of BamHI sites in our clones precludes a similar comparison
with the genomic BamHI digests. From these results we
estimate that the HM family contains about 30 to 40 copies

with relatively complete pol regions and that they fall within
several groups based on common restriction patterns.

To further investigate the genomic organization of the pol
family represented by HM16, we probed genomic digests
with probe III (Fig. 2A) which borders the 3’ repeat region in
HM16. Digestion with EcoRI resulted in a prominent 2.7-kb
band which comigrated with the corresponding fragment of
HM16 (Fig. 3C). By quantitation relative to a plasmid clone,
we estimate that there are about eight copies of this fragment
per haploid genome (data not shown), a value similar to that
for the 3.7-kb pol segment of HM16 (see the legend to Fig.
3B). Similarly, digestion with BamHI plus EcoRI gave rise to
a prominent 2.4-kb fragment as predicted from the map of
HM16 (data not shown). In contrast, digestion with HindIII
gave the predicted 2.5-kb fragment, but in addition, frag-
ments of 4.7, 3.6, and 2.1 kb as well as several weakly
hybridizing fragments were also evident (Fig. 3C). The
intensities of each of the major HindIIl bands were about
one-third that of the 2.7-kb EcoRI band. The multiple
HindIII fragments probably do not reflect allelic polymor-
phism since identical patterns were observed with two other
human DNA samples. These results indicate that the multi-
plicity of the 3.7-kb EcoRI family stems in part from dupli-
cation of the HM16 provirus-like element together with the
flanking sequence. The members of this family are not
identical, as indicated by heterogeneity in the HindIII sites
in the region flanking the 3’ repeat. Finally, we note that
probe III displayed weak hybridization to multiple fragments
in each of the above genomic digests, suggesting that this
region contains a moderately repeated sequence. This se-
quence is not related to the Alu or Kpn families since probes
to these families do not hybridize to HM16.

Sequencing and comparison of HM16 and MMTYV pol genes.

FIG. 5. Nucleotide sequence and alignment of clone pHM16E and the MMTV polymerase-coding region. Sequences of clone pHM16E
and the polymerase-coding region of MMTYV are shown aligned by the program of Wilbur and Lipman (53), using a k-tuple size of 3, a window
size of 20, and a gap penalty of 7. M, MMTV; H, human sequence. Breaks in the sequences represent gaps created by the alignment program.
The ORF of the MMTYV pol gene begins at nucleotide 1 and continues to the end of the sequence. Boxed regions indicate potential splice

acceptor sites at the 5’ end of the MMTV sequence.
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To address the organization and potential functionality of the
human pol sequence, we sequenced the pol region of HM16
and, for comparison, the complete pol gene of the MMTV
endogenous GR40 provirus. The 3.7-kb EcoRI pol fragment
of HM16 was subcloned into the EcoRlI site of pBR322 to
yield plasmid pHM16E. Restriction nuclease mapping and
Southern blot analysis with the MMTYV pol fragments a, c,
and d further localized the region of pol homology in
pHMI6E to a 2.1-kb EcoRI-Pstl fragment (Fig. 4). The
restriction maps and sequencing strategy for the 2.1-kb
human and 2.7-kb MMTYV pol genes are shown in Fig. 4. The
complete sequences are compared in Fig. S.

Alignment of the human and MMTV polymerase se-
quences by the program of Wilbur and Lipman (53) revealed
an overall nucleotide match of 52%. Several regions of
strong homology were apparent in both the 5’ and 3’ thirds of
the human sequence, whereas none occurred in the middle
portion. This localization of homology is consistent with the
failure of MMTYV probe b to hybridize with the phage clones
shown in Fig. 1. In each of the regions aligning with probes
a, ¢, and d, the overall nucleotide homology was 54 to 56%,
whereas in the region aligning with probe b, the homology
was only 46%.

Comparison of the predicted human and MMTYV pol pro-
teins. More relevant to the potential function of these genes
is a comparison of their encoded protein products. The
MMTV pol region has a single open reading frame (ORF)
encoding 899 amino acids extending between termination
codons at —3 and 2698 in the sequence in Fig. 5. The
121-base-pair (bp) sequence upstream of the 5' termination
site is open in only one reading frame, and this frame differs
from that of the pol gene. This presumed gag reading frame
overlaps 13 bp of the pol region and terminates with a
tandem (TGATAG) stop signal. Thus, in MMTYV, the gag
and pol coding sequences are in different reading frames and
are further interrupted by termination signals.

In contrast, the 2.1-kb human sequence contains 47, 42,
and 23 termination signals in reading frames 1, 2, and 3
respectively. However, each frame contains a single major
ORF: bp 93 to 1202, 370 amino acids in frame 3; bp 1460 to
1795, 112 amino acids in frame 2; and bp 1765 to 2079, 105
amino acids in frame 1. These three major ORFs are largely
nonoverlapping and together span most of the human se-
quence. Comparison of the human sequence, translated in all
three reading frames, with the predicted MMTV pol protein
identified regions of homology which largely coincided with
these ORFs. These results suggested that the putative hu-
man pol gene was extensively disrupted by frameshift mu-
tation. To facilitate protein comparisons, nucleotide inser-
tions or deletions were introduced into the pol region of
HMA16 at three positions (see the legend to Fig. 6) to produce
an essentially contiguous protein sequence. The resultant
composite human protein sequence and its comparison to
the predicted MMTYV and published RSV polymerases are
shown in Fig. 6.

For HM16 and MMTYV, the overall amino acid homology
is 52%. Consistent with the nucleic acid alignment, the
amino acid homology is markedly clustered in the amino and
carboxyl termini. The homology (including conservative
substitutions) in these regions, as well as in the less-
conserved middle region, is quantitated in Table 1. Segments
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of greater than 70% identity occur at residues 1 through 26,
46 through 55, 72 through 93, and 174 through 196 in the
amino domain and at residues 557 through 593, 615 through
628, and 644 through 664 in the carboxyl domain of HM16.

Comparison with other retroviral pol protein sequences.
The predicted MMTV and composite HM16 pol protein
sequences were compared with those of mammalian
(MMLYV) are avian (RSV) type C and HTLV I and LAV
retroviruses. As summarized in Table 1, conservation of the
terminal domains is common to all these pol genes, but both
HM16 and MMTYV have the greatest homology with RSV.
The protein sequence alignment of RSV pol with HM16 and
MMTYV is shown in Fig. 6. Within the terminal domains, the
pattern of conserved residues closely resembles that be-
tween HM16 and MMTYV. Others have pointed out blocks of
conserved sequences in comparisons of retroviral pol genes
with each other (7, 32, 40, 49) and with other polymerases
which transcribe RNA to DNA (41, 49). However, alignment
of all the pol genes listed in Table 1 reveals only a few
invariant amino acids. The largest block of consecutive
identical or closely conserved amino acids is four, and this
occurs twice, at positions 153 through 156 and 700 through
703 of the MMTYV sequence (Fig. 6).

DISCUSSION

Phage clones hybridizing to the MMTV pol gene were
isolated from a human phage library. These clones contained
sequences homologous to the amino or carboxyl regions or
both of MMTYV pol, although none annealed with a probe
from the middle of the MMTV gene. Ten clones with
extensive homology to the MMTV pol region were further
characterized. These clones defined five distinct genomic
loci and contained most of the major MMTV pol-related
EcoRI fragments identified in the human genome. The pol
region at one locus, contained in phage HM16, and the
complete MMTYV pol gene were sequenced and compared.
MMTV pol contained a single ORF encoding 899 amino
acids and was in a different reading frame from the upstream,
putative gag region. The human pol sequence was multiply
interrupted in all three reading frames, but a composite
protein sequence was derived by alignment of the ORF with
MMTYV pol. Features of the human and MMTYV pol genes are
discussed below.

Human HM pol gene family. Recent characterization of
one member of this family, HLM-2, revealed a proviral
structure which displayed a mosaic pattern of homology to
different regions of type A, B, and D retroviruses (5). The
pol sequences at four of the loci we describe in Fig. 2 are
bounded within 6 to 8 kb by sequences homologous to the
LTR element of HLM-2, and hence, we presume that they
are also proviral in nature. The fifth locus appears to be
rearranged in this respect. From comparison of restriction
patterns, HLM-2 is not included among our five representa-
tive clones but does share several similarly positioned sites
with HM16. The provirus-like sequences at the five loci have
dissimilar restriction maps, but they are closely related as
judged by the homology among their repeat regions and
within and 5’ to the pol region. However, sequences outside
the 3’ repeat in HM16 do not occur in HM6 or -8. The
different EcoRI fragments encompassing the pol regions of

FIG. 6. Comparison of MMTV, RSV, and clone pHM16E (composite) amino acid sequences. For alignment purposes, a composite protein
sequence for pHM16E was generated by deleting G at nucleotide 122 and inserting a T after nucleotides 1473 and 1793 of the sequence shown
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in Fig. 4. The corresponding positions in the protein sequence are circled in this figure. This composite sequence and the predicted protein
sequences of the polymerase-coding region of MMTV and RSV (42) were aligned by using the program of Kanehisa (17). Breaks in the
sequences represent gaps introduced by the alignment program. Exact amino acid matches between sequences are indicated by an asterisk.
Matches between RSV and the human sequence which do not also match the MMTYV sequence are indicated by an asterisk above the RSV

sequence. Black boxes represent stop codons.
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TABLE 1. Percent amino acid sequence conservation among
retroviral polymerase-coding regions®

Nucleo- % Sequence conservation with:

Region tides Virus MMTV RSV HTLVI MMLV LAV
Amino 61-702 MMTV 55 38 29 30
2-478 HMI16 51 45 38 18 31
2539-3138 RSV 55 40 33 32
2584-3201 HTLVI 41 44 32 30
2757-3416 MMLV 29 32 29 23
2153-2788 LAV 30 30 28 23
Middle 703-1830 MMTV 12 11 5 8
479-1603 HM16 40 14 10 4 8
3184-4308 RSV 12 8 6 4
3202-4377 HTLV 1 11 8 5 5
3417-4871 MMLV 4 4 4 4
2789-3874 LAV 8 4 6 5
Carboxyl 1831-2253 MMTV 38 27 26 20
1604-2026 HM16 56 36 24 25 20
4309-4722 RSV 40 20 17 15
4378-4746 HTLV 1 31 23 29 14
4872-5309 MMLV 25 16 24 13
3875-4270 LAV 22 15 13 14

¢ See Materials and Methods. The comparisons are presented horizontally
with the identity and position of the sequence listed in the left column.

these clones account for four of the five major pol-related
EcoRI fragments observed in digests of human DNA. How-
ever, most of these fragments are present in multiple copies
and in toto represent 30 to 40 copies of relatively intact pol
genes per haploid genome. Utilizing the 3’ border fragment
of HM16, we observed that this multiplicity extended be-
yond the provirus-like element into flanking sequence. It
thus appears that the HM family was generated by a combi-
nation of independent integrations or transpositions of a
provirus-like element, subsequent genomic duplication of
some regions encompassing these elements, and other rear-
rangements. Given the multiplicity of the HM family, the
isolation of identical or apparently overlapping clones in our
library screen is puzzling. At present, we presume this
resulted from the preferential growth of some phage clones
during amplification of the library.

It seems unlikely that any of the pol genes of the HM
family encode a functional protein. The pol sequence of
HM16 is multiply interrupted, and in many other clones the
pol gene regions are rearranged (K. Deen, unpublished
observations). Also, the recently sequenced pol region of
HLM-2 contains termination signals in all three reading
frames (R. Callahan, personal communication). Comparison
of HM16 with the published sequence of the 3’ region of
HLM-2 (5) revealed a 90% nucleotide homology which,
however, translates into only a 66% amino acid match. The
multiple termination signals, rearrangements, and protein
sequence misalignments are consistent with the mutational
decay of nonconserved provirus-like elements. This exten-
sive mutation, together with the common restriction patterns
observed for pol and flanking sequences in all human sam-
ples, implies that these elements are ancient residents of the
genome, perhaps predating the evolution of the human
species.

MMTYV pol gene. The sequence of the 3’ half of the MMTV
polymerase-coding region was previously reported (7, 35).
The sequence determined here closely agrees with that of
Redmond and Dickson (35) with the exception of insertions
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of a CC doublet at position 1914, a G at position 2011, and a
second CC doublet at position 2435. The first two insertions,
which are in agreement with the sequence of Chiu et al. (7),
result in a frameshift, involving 32 amino acids, from that
predicted by the Redmond and Dickson sequence. The third
insertion creates a frameshift which extends the polymerase
OREF 164 nucleotides beyond the previously reported termi-
nation codon at position 2535 (35). This frameshift does not
affect the predicted ORF of the MMTYV envelope gene which
begins at position 2486 (23). With this additional 164 nucle-
otides, the total ORF of the MMTV polymerase-coding
region is 2697 nucleotides, which could encode an 899-amino
acid protein with a calculated molecular size of 102
kilodaltons (kDa).

The reverse transcriptase isolated from MMTYV is reported
to be a single polypeptide of 100 kDa (11) or a complex of a
90 kDa subunit and a 50 kDa subunit (19, 24). Polymerase
and RNase H activities of the enzyme have been character-
ized, but they have not been mapped within the MMTYV pol
gene. However, the conserved homology among MMTYV and
other retroviral pol genes (Table 1) permits tentative deduc-
tions about the functional organization of MMTYV pol. On the
basis of the relatively close homology to the RSV pol gene,
we suggest that the amino terminus of the MMTYV reverse
transcriptase is positioned about 3 bases downstream of the
gag reading frame tandem termination codon. The RNase H
active site probably lies within the strongly conserved initial
200 to 250 residues, whereas the polymerase site probably
encompasses or is strongly influenced by additional down-
stream sequences (20, 22). An endonuclease activity has not
been reported for MMTV; however, a region homologous to
the endonuclease domain of RSV (15) begins at about
residue 585 and includes the strongly conserved 3’ regions of
the pol gene. Because the RSV and MMTYV sequences are
not conserved at the amino terminus of the RSV endonucle-
ase (proline at position 573 in Fig. 6), we cannot predict
where or whether the carboxyl domain is cleaved in MMTV.
However, processing as in RSV would yield a 66-kDa
amino-terminal fragment which together with the predicted
full-length 102-kDa polypeptide is similar to reported
subunits of MMTYV reverse transcriptase (19, 24).

MMTYV gag-pol junction. In retroviruses, the pol protein is
translated as a gag-pol precursor from genomic-length RNA
(9). However, an emerging common feature among retrovi-
ruses and provirus-like transposable elements is a translation
block between the major gag and pol reading frames (re-
viewed in reference 50). The position and nature of this
block vary in different retroviruses. Translational suppres-
sion or cryptic RNA splicing have been proposed as solu-
tions to the dilemma of these internal termination signals (42,
45). In either case, the process must be relatively inefficient
because the gag precursor is synthesized at much higher
levels than the gag-pol polyprotein (9). Translation of the
putative gag-pol junction in MMTYV requires suppression of
at least one stop codon as well as a shift in reading frame.
The single in-frame stop codon intervening between gag and
pol in MMLYV is suppressed in vivo (54). Also, inefficient in
vitro translation of a gag-pol fusion product has been re-
ported with viral RNA from MMTYV (10) and RSV (T. Jacks
and H. Varmus, personal communication). Since in RSV, as
in MMTV, gag and pol are in different reading frames, these
results suggest that the gag-pol polyprotein is synthesized
via frameshift suppression, for which precedent exists in
bacteria and yeasts (reviewed in reference 39). Alterna-
tively, the translational block could be removed by splicing
out a short RNA segment. For example, a minor RNA
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species in which a 282-bp deletion within the gag region
created a new ORF was recently discovered in RSV-infected
cells (4). A search for consensus splice signals in our MMTV
sequence revealed possible acceptor sites at the 5’ end of
pol, but there are no appropriately positioned donor sites
within the 121 bp that we sequenced upstream of the pol
OREF (Fig. 5).

Retroviral pol gene phylogeny. The pol gene is the most
conserved sequence among retroviruses, and this homology
is particularly concentrated in the amino- and carboxyl-
terminal regions (Table 1). Previous comparisons of .the
conserved carboxyl sequences suggested a divergence of the
mammalian type C viruses from other retroviruses (7, 40)
and led to a proposed phylogenetic tree (40). The data
summarized in Table 1 extend these comparisons to the
more conserved amino-terminal region and include the re-
cently reported LAV (HTLV III) sequence (34, 52). The
patterned relationship suggested by the carboxyl (endonu-
clease) region (40) is generally sustained by the relative
homologies at the amino terminus. MMTV pol is most
similar to the deduced composite sequence for HM16 as
emphasized by the homology within the middle region.
Among other retroviruses, the closest relatives of MMTV
are the avian type C viruses (RSV) and the mammalian type
D squirrel monkey virus (5). HTLV 1 is more distant,
followed by the mammalian type C viruses (MMLYV) and
LAV, which appear as distant from each other as either is
from MMTYV. These results, together with published data (7,
40), suggest that there are at least three divergent groups of
retroviruses: (i) mammalian types A, B (MMTYV), and D
(squirrel monkey virus), avian type C, and HTLV I plus its
close relative, bovine leukemia virus (40); (ii) mammalian
type C; and (iii) LAV (HTLYV III). However, this conclusion
must be tempered by the relatively low homology within the
conserved domains, the limited size of these domains, and
the potentially chimeric nature of retroviruses.
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