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Stocks of hybrid A phages carrying the complete integrated provirus of either
ml or HT1 Moloney murine sarcoma virus, as well as flanking host sequences,
frequently contain significant numbers of phages carrying a specific deletion. This
deletion arises from a recombination event between the terminally repeated
sequences in the provirus that deletes the unique Moloney murine sarcoma virus
sequences bracketed by the terminally repeated sequences. Physical mapping has
shown that the deletion phage retains one complete copy of the terminally
repeated sequence and the flanking mink host sequences. One such deletion,
AHTlr+, was used to characterize a mink genomic DNA sequence that contains
an HTI Moloney murine sarcoma virus integration site. This integration site
sequence from normal mink cells was also cloned into phage A. An analysis of the
heteroduplexes between the integration site and the AHTlr+ deletion indicated
that no major rearrangement of host sequences occurred upon integration of the
Moloney murine sarcoma provirus.

An obligatory intermediate in the life cycle of
retroviruses is the integration of proviral DNA
into the host genome (31, 36). The mechanism
and specificity of this event are of considerable
interest. By using restriction enzymes and hy-
bridization, many investigators have established
that retrovirus integration involves covalent
linkage of proviral DNA to host DNA. There is
evidence for both multiple and preferential sites
of integration in hosts (2, 10, 14, 16, 18, 28). The
portion of the viral DNA joined to cellular DNA
is not random, but rather is a terminally re-
peated sequence (TRS) near or at the mature
ends of the genome (14, 34). However, the meth-
ods used to establish these concepts do not allow
us to examine the structure of integrated DNA
at the nucleotide level. For this reason, we
cloned in bacteriophage A the integrated ge-
nomes of two related Moloney murine sarcoma
viruses (MSV), ml MSV and HT1 MSV (34).
The integrated forms of these viruses were iso-
lated from transformed mink cells to overcome
problems of related endogenous viruses in mouse
cells. In this report we show how cloned proviral
sequences provided us with tools to study in
some detail one site of MSV integration in the
mink genome. In particular, we describe a fre-
quently encountered deletion that occurs specif-
ically in the cloned fragments bearing integrated
MSV genomes.
We have shown that integrated ml and HT1

MSV proviruses have directly repeated terminal
sequences (34; G. F. Vande Woude, M. Oskars-
son, W. McClements, L. Enquist, D. Blair, P.
Fishinger, J. Maizel, and M. Sullivan, Cold
Spring Harbor Symp. Quant. Biol., in press)
which are apparently identical to the 600-base
pair (bp) terminal repeats in unintegrated Mo-
loney murine leukemia virus (M-MuLV) provi-
rus (11). Such terminally redundant sequences
have been reported in integrated and uninte-
grated avian proviruses (14, 24, 30). Restriction
maps of the EcoRI fragments inserted into Aml
and AHT1 are shown in Fig. 1 (34; Vande Woude
et al., in press). These maps show unique MSV
sequences bounded by direct TRS and the entire
MSV provirus flanked by mink host sequences.
The TRS should serve as substrates for gener-
alized recombination during replication of the
hybrid phages Aml and AHT1 in Escherichia
coli (3, 22). If during growth ofAMSV hybrids in
E. coli the MSV TRS participate in either an
intramolecular recombination event or an un-
equal crossing over between two phages, one
resultant recombinant phage would lose all of its
unique MSV sequences and retain one copy of
the repeat and the flanking mink sequences.
There was preliminary evidence for significant
amounts of phage with this type of deletion in
primary lysates of AHT1 and Aml. Therefore,
we tried to isolate and characterize these phage
deletions, which could be of use in our study of
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FIG. 1. Physical maps ofAHT1 and Aml. These maps show some of the restriction endonuclease sites in the
inserted EcoRI DNA fragments of AHT1 and Aml (34; Vande Woude et al., in press; McClements et al.,
manuscript in preparation). Additional PstI, BglII, and PvuII sites in the MSVand mink flanking sequences
are not shown. The solid horizontal lines represent the insert DNA, the heavy lines represent the cellular
mouse sequences known as "src," the cross-hatched rectangles are the terminal repeats, and the dashed lines
indicate parts of the AgtWESB vector arms.

MSV and the mechanism of retrovirus integra-
tion.

MATERIALS AND METHODS

Cells and viruses. The M-MuLV, MSV, and mink
cell lines used here have been described previously
(34).
DNA cloning procedures. The purification and

identification of specific fragments from the mink ge-
nome by RPC-5 chromatography and preparative gel
electrophoresis have been described elsewhere (32,
33). The AgtWESAXB vector system was used as de-
tailed previously (17). The growth of recombinant
DNA phages and subsequent isolation of phage DNA
were performed under P2-EK2 containment condi-
tions.
DNA analysis. Restriction endonuclease digestion

ofDNA with EcoRI (Boehringer Mannheim Corp.) or
XbaI and SacI (New England BioLabs) was done as
recommended by the manufacturers. Analytical com-
parisons of digested DNA were performed by electro-
phoresis in agarose gels (32, 33) or on acrylamide gels.
Blotting of DNA onto cellulose nitrate membranes
was as described by Southern (27). 3P-labeled M-
MuLV complementary DNA was prepared by the
endogenous reverse transcription reaction, as de-
scribed previously (34). Heteroduplex formation and
analysis have been described elsewhere (32).

Isolation of X hybrids carrying deletions. (i)
CsCl gradients. High-titer phage lysates prepared on
E. coli DP50supF (17, 34) were clarified by low-speed
centrifugation. A sample containing about 108 phage
was mixed with a marker phage solution containing
106 PFU of each marker. This solution was mixed with
enough solid CsCl to give a density of 1.5 g/ml and
was centrifuged to equilibrium in an SW56 rotor (20°C,
35,000 rpm, 20 h). About 50 fractions were collected in
tubes containing 0.5 ml of 0.05 M Tris (pH 7.4)-0.01
M MgSO4-0.01% gelatin. Fractions were assayed for
plaque-forming phage by standard methods.

(ii) EDTA treatment. Phage lysates were diluted
at least 50-fold into 0.02 M EDTA-0.02 M Tris (pH
7.4) and heated at 41°C for 15 min (20). The solution
was then made 0.05 M in MgSO4 by adding an appro-
priate volume of 1 M MgSO4. Phage surviving this
treatment were isolated, and their EDTA resistance
was confirmed. Virtually all isolates obtained in this
way contained deletions.

RESULTS
Isolation of a novel deletion of XMSV

phages. A specific deletion of AHT1 could be
found in every lysate of the hybrid phage. We
first noticed this in DNA preparations of AHT1
when total phage particles were purified by glyc-
erol sedimentation (34). When cleaved with
EcoRI, such DNA contained a 6.2-kilobase (kb)
fragment in addition to the 12.3-kb fragment
bearing the integrated HT1 MSV provirus. The
6.2-kb fragment could be detected even after
several cycles of single plaque isolation. The size
of the fragment was always 6.2 kb, but its abun-
dance varied from lysate to lysate. The constant
size of the 6.2-kb fragment in many independent
lysates strongly indicated that a specific deletion
was occurring within the inserted DNA.

Isolation of the phage carrying the small frag-
ment was accomplished by two independent pro-
cedures. In one, deleted phages, which were less
dense than parental phages, were separated by
isopycnic centrifugation in CsCl. In the other,
the lysates were treated with EDTA, which pref-
erentially ruptured phages with normal-sized A
DNA (49.5 kb) but left intact those phages with
smaller genomes (21). Both methods readily re-
vealed the presence of a novel phage in XHT1
lysates. Figure 2 shows the density distribution
of plaque-forming phages obtained by CsCl iso-
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FIG. 2. Density distribution of plaque-forming
phage in a lysate of AHTI by CsCl isopycnic centrif-
ugation. About 108 phage from one 75-ml lysate pre-
pared as described previously (24) were mixed with
two heteroimmune markerphages and centrifuged to
equilibrium as described in the text. The two marker
phages were A imm434 (48 kb) and A b538 imm434 c
Sam7 (39.8 kb). The marker phages could be distin-
guished from AHT1 phage by their immunity pheno-
types; imm434 phage grow on YMC(A) but not on
YMC(434), whereas immA phage (AHTI) grow on
YMC(434) but not on YMC(A). The two imm434
marker phages were distinguished as follows. A

imm434 produces turbid plaques, whereas A b538
imm434 c Sam7 produces clear plaques. Symbols: 0
and 0, density profile of the imm434 phage (0, clear
plaques; and , turbidplaques); A, immA phage from
the )HTJ lysate. The arrows indicate the peak posi-
tions for density calculations.

pycnic centrifugation of a typical AHT1 lysate.
Marker phages of known densities and DNA
contents were included. A new peak of less dense
phage, representing about 40% of the total
plaque-forming particles, was observed. By com-
parison with marker phages, the genome size of
this new phage was about 42 to 43 kb, or about
6 kb smaller than AHT1. Phage were purified
from the light-density peak, and several single
plaque isolates were analyzed. As is shown be-
low, all isolates were identical and carried a 6.2-
kb EcoRI fragment between the two normal
AgtWES arms. These AHT1 recombination-de-
leted (AHTlr+) phage were stable and could be
propagated with no further changes. Phage with
6.2-kb inserts were also obtained as EDTA-re-
sistant survivors in AHT1 lysates.
The same type of unique deletion could be

detected in Aml stocks under special circum-
stances. Evidence for a specific deletion was
found in another recombinant phage, Amlff,

which was isolated at the same time as Aml and
carried in addition to the 7-kb fragment in Aml
a slightly larger EcoRI fragment from the mink
genome. When a lysate of Amlff was banded in
CsCl, a small peak that was less dense than the
bulk of the plaque-forming phages appeared
(data not shown). Several isolates of this less
dense peak were purified, and the DNA was
isolated. These phage are called Amlr+.
Analysis of XMSV deletions. DNAs from

the parental and deletion phages were analyzed
by restriction endonuclease EcoRI digestion.
Results of fractionation of these digests by aga-
rose gel electrophoresis are shown in Fig. 3.
Figure 3a shows the ethidium bromide-stained
gel; tracks 1 through 5 contained DNA from
XHT1, AHTlr+, Aml, Amlff, and Amlr+, respec-
tively. The three largest bands in each track (at
36, 22, and 14 kb) are the AgtWESB arms joined
by their sticky ends, the XgtWESB left arm, and
the AgtWESB right arm, respectively. The 12.3-
kb band in XHT1 (Fig. 3a, track 1) was missing
from AHTlr+ and was replaced by a 6.2-kb frag-
ment. This 6.2-kb fragment was also detected in
track 1, indicating that the amount of XHTlr+
was significant in the AHT1 phage population.
In the series of experiments with Aml (Fig. 3a,
tracks 3 through 5), a 7.0-kb fragment was ob-
served in Aml (track 3). This fragment, which
contained the ml MSV provirus, was also pres-
ent in Amlff (track 4), along with the additional,
slightly larger insert. In Xmlr+ (track 5) the
MSV-containing fragment was replaced by a
new EcoRI insert of approximately 2 kb,
whereas the larger, non-MSV insert remained
unchanged, providing evidence for the specificity
of this deletion event.
We next determined that the new, smaller

DNA inserts in AHTlr+ and Xmlr+ retained
some proviral sequences. The gel was analyzed
by the method of Southern (27), using 32P-la-
beled M-MuLV complementary DNA as a
probe. As expected, the probe hybridized to the
MSV sequences of M-MuLV origin in the 12.3-
kb fragment (Fig. 3b, track 1) and the 7-kb
fragments (Fig. 3b, tracks 3 and 4). The probe
also hybridized to the new 6.2-kb fragments
(tracks 1 and 2) and the 2-kb fragment (track 5).
No hybridization to the XgtWESB arms or to
the _7-kb non-MSV insert in Amlff or Xmlr+
was detected with this probe. Therefore, these
new DNA fragments retained M-MuLV-specific
sequences.
To determine which sequences were retained,

we formed heteroduplexes between the EcoRI
inserts of XHTlr+ and its progenitor, XHT1 (Fig.
4). Measurement of 20 molecules gave the sizes
of the two double-stranded segments as 3.46 t
0.30 and 2.62 ± 0.27 kb and the size of the single-
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FIG. 3. EcoRI analysis ofparental and recombination-deleted phage DNA. DNAs from AHTI, Aml, and
Amlff and from deleted phages (AHTlr', Am1r') were prepared, digested with EcoRI, and fractionated by
electrophoresis on a 0.7% agarose gel. Track 1, AHTI; track 2, XHT1r'; track 3, Aml; track 4, Amlff; track 5,
Amlr+. (a) Ethidium bromide-stained gel. (b) Autoradiogram of blotted gel in (a) hybridized with 32P-labeled
M-MuLV complementary DNA (specific activity -2 x 107 dpm/lg).

stranded loop as 6.2 0.29 kb. The size and
position of the deletion loop in this heteroduplex
support the idea that it is the unique MSV
sequences that are deleted from XHTlr+ (Fig.
1), whereas the flanking mink sequences are
retained, along with some sequences that hy-
bridize to M-MuLV complementary DNA. Un-
like a simple deletion loop that is fixed on the
heteroduplex, the position of the deletion loop
in these heteroduplexes shifts over a range of
approximately 800 bp, a range greater than that
expected from measurement error alone. Our
interpretation is as follows. The presence on one

DNA strand of one copy of the TRS (from
XHTlr+) and on the other strand of two copies
of the TRS (from AHT1) should form a loop that
can branch migrate, allowing a 600-bp shift.
Figures 4c and d show two forms of the branch
migrating loop that could arise in such hetero-
duplexes. The heavy lines represent the TRS.
Figure 4c shows the extreme case, in which one

AHT1 TRS is completely duplexed with the
single XHTlr+ TRS, whereas the other AHT1
TRS is entirely in the single-stranded loop. Fig-
ure 4d shows an intermediate case, in which
parts of both XHT1 TRS are duplexed. The
graphic representation of measured heterodu-
plexes in Fig. 5 illustrates this point. Each hori-
zontal line represents the normalized length of

the double-stranded segments ofone duplex, and
the ticks indicate the positions of the deletion
loop. The range of these positions is 0.13 of the
fractional length, which is equivalent to approx-
imately 800 bp. Within the experimental error,

these results are consistent with the branch mi-
gration expected in this type of heteroduplex
and indicate that AHTlr+ contains one copy of
the TRS.
The nature of the deletion in XHTlr+ was

characterized further by restriction endonucle-
ase mapping. The TRS of M-MuLV (11) and
MSV (34; Vande Woude et al., in press) contain
a pair of SacI and XbaI sites about 118 bp apart
(Fig. 1). Figure 6 shows an ethidium bromide-
stained polyacrylamide gel ofXHT1 and XHTlr+
digested with XbaI, SacI, and XbaI plus Sacl.
Figure 6 tracks 2 and 3 contained SacI-digested
AHT1 and XHTlr+, respectively; no small frag-
ments were resolved. Tracks 4 and 6 contained
XbaI-digested XHT1 and AHTlr+, respectively.
The 450-bp fragment in AHT1 came from the
region between the 3.4-kb XbaI site and the 3.9-
kb XbaI site at the leukemia-sarcoma sequence
joint (34; Vande Woude et al., in press) and was

missing from XHTlr+. Tracks 7 and 8 contained
SacI-XbaI double digests ofAHT1 and AHTIr+,
respectively. The three AHT1 fragments re-

solved in track 7 were (i) a 450-bp XbaI-XbaI

a.
1

kb

36-
22-i14-"- -t'

VOL. 35, 1980



HTI~~~~~'

5 Flank
3 Flan k

FIG. 4. Heteroduplex of,HTI and AHT1r' DNAs. DNAs from.HTJ and XHTJr4 were digested with
EcoRI before heteroduplexes were formed to eliminate the participation of A vector arms. (a) Heteroduplex.
Bar = 1 um. (b) Tracing of heteroduplex in (a). (c and d) Two schematic interpretations of the structure in (a)
and (b). The thickened lines represent the TRS.
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FIG. 5. Position of the single-stranded loop in
AHT1-XHT1r+ heteroduplex. The double-stranded
segments of 21 heteroduplexes of the inserted DNA
fragments ofXHT1 and XHTlr' were measured and
normalized to the mean length of 6.2 kb. For each
linear map the position of the single-stranded loop
(unique MSV sequences in AHTI) was determined
and is indicated by the tick mark. The range of
deletion loop positions shown on the scale line is 0.13
of the total length and is equivalent to approximately
800 bp.

fragment, (ii) a 421-bp SacI-XbaI fragment from
the 5' mink flanking sequence, and (iii) a 118-bp
XbaI-SacI fragment from the TRS. In AHTlr+
(Fig. 6, track 8), the 421-bp flank fragment and
the 118-bp TRS fragment were present, but the
450-bp XbaI fragment from the unique MSV
region was missing. The two Sacd sites (one in
the flank, one in the TRS) indicate that only
one copy of the TRS was present (Fig. 7). Thus,
the size of the XHTlr+ insert and its restriction
map suggest that only the flanking mink se-
quences and one copy of the TRS were retained.
Moreover, blot hybridization and heteroduplex
analysis are consistent with this interpretation.

Isolation, cloning, and characterization
of an HT1 MSV integration site. A DNA
sequence that carries a potential integration site
for HT1 MSV was detected in a two-dimensional
analysis of EcoRI-digested normal mink ge-
nomic DNA by using XHT1 as a hybridization
probe (Fig. 3) (34). Vande Woude et al. (34;
Vande Woude et al., in press) identified this
fragment as one carrying the HT1 integration
site based on the following findings: (i) it hybrid-
ized to the AHT1 probe but not to the Aml
probe; and (ii) its size (5.6 kb) was the sum of
the sequences flanking integrated HT1 MSV.
This specific fragment was further enriched

by preparative gel electrophoresis and was
cloned in AgtWES.XB, as previously described

(34; Vande Woude et al., in press). Of 5,000
plaques examined, 3 hybridized with the inserted
fragment from AHT1. These were purified, and
the DNA was characterized. All hybrids carried
an identical 5.6-kb EcoRI fragment. The recom-
binant phage studied most extensively is called
AFHT1. Restriction endonuclease mapping of
this fragment revealed the same Sacd, BamHI,
XhoI, and KpnI sites as those mapped in the 5'
mink sequences flanking integrated HT1 MSV
(data not shown) (Fig. 1).
Direct evidence that AFHT1 carries the HT1

integration site was obtained by using the novel
deletion mutant AHTlr+. Heteroduplexes were
formed between EcoRI-digested XFHT1 and
AHTlr+ DNAs (Fig. 8). The two fragments were
homologous except for a small deletion bubble
(620 ± 90 bases) which was 3.46 ± 0.14 kb from
one end and 2.14 ± 0.06 kb from the other end.
From its size and position, this deletion loop
appears to represent the entire single copy of
the MSV terminal repeat in XHTlr+. From this
result we conclude that the 5.6-kb sequence is
coextensive with the flanking mink sequences in
XHTlr+, which are in turn coextensive with the
flanking mink sequences in XHT1. Thus, the 5.6-
kb fragment carries the sequence used by HT1
MSV for integration. At this level of resolution,
it appears that the provirus can integrate by
simple insertion. It also appears that the normal
integration site does not contain any extensive
sequence homology with the MSV TRS.

DISCUSSION
High-frequency spontaneous deletions of

XMSV hybrids. During lytic growth, sponta-
neous deletions of A occur normally at a fre-
quency of about 1 in 106 to 107 phage (37). The
endpoints of these deletions can be more or less
random unless the phage integration-excision
system is active (15). In this system, deletions
are more frequent, and one end of the deletion
is often at the phage attachment site. The
XgtWES vector used in this work is missing the
integration-excision system, as well as the
phage-encoded general recombination functions
(red), so no A-promoted site-specific deletions
are expected in recombinant phages (17). As we
show here, one class of deletion mutation oc-
curred frequently in stocks of XMSV hybrids.
This result was not unexpected because restric-
tion endonuclease mapping of Xml and AHT1
indicated that the integrated ml and HT1 MSV
proviruses were bracketed by TRS. Homologous
repeating units of this type are known to be
substrates for the general recombination sys-
tems of E. coli (3, 22). Because the TRS were
direct and not inverted, homologous recombi-
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FIG. 6. Restriction endonuclease analysis of AHT1 and AHTlr+. AHTI DNA (tracks 2, 4, and 7) and
XHT1r+ DNA (tracks 3, 6, and 8) were digested with SacI (tracks 2 and 3), XbaI (tracks 4 and 6), and XbaI
plus SacI (tracks 7 and 8). Tracks 1, 5, and 9 contained HaeIII-digested 4X replicative form DNA as a size
standard. Digested DNAs were fractionated on a 10% acrylamide gel and stained with ethidium bromide.
Because of the low level of DNA, the 118-bp XbaI-SacI fragment in AHT1r+ (track 8) is difficult to detect in
photographic reproductions.
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FIG. 7. Physical maps ofAM1r+ and XHT1r+. See
legend to Fig. 1.

nation between them in an intramolecular event
or in an intermolecular event by unequal cross-
ing over was predicted to generate phages that
lost the DNA between the repeats. (Duplications
can also be generated by unequal crossing over,
but the phage DNA carrying such duplications
would be too large to be packaged into viable
phage particles.) Indeed, our characterization of
several such AMSV deletions gave credence to
this idea. However, preliminary experiments in-
dicate that these same deletions of AMSV hy-
brids may occur in recombination-deficient
recA - hosts (unpublished data). Although the
mechanism of excision is not known, these dele-
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deleted phage could be detected. When an ad-
ditional unrelated EcoRI fragment was inserted
into Aml (Xmlff), lysates of the resulting phage
contained Xmlr+ in detectable quantities, al-
though never at the levels observed for XHT1.
The reason for these differences involves at least
the following three factors: the size of DNA
capable of being encapsidated by XgtWES, the
selective growth advantage of one AgtWES hy-
brid over another during mixed growth, and the
time of occurrence of the deletion event. The
smallest EcoRI fragment that can be inserted in
XgtWES and produce a viable phage is between
2 and 3 kb (Enquist, unpublished data; A.
Skalka, personal communication; J. Davison,
personal communication). This accounts for our
inability to find Amlr+ in Xml stocks, because
the loss of about 5 kb from Aml makes the phage
DNA too short to be packaged in a stable form.
When the 43-kb Aml genome was enlarged to 50
kb (Amlff), the 45-kb Xmlr+ deletion was readily
detected.
The seemingly higher frequency of deletion

formation by XHT1 compared with Xmlff may
reflect some selective advantage ofAHTlr+ over
XHT1 that Xmlr+ does not enjoy over Amlff.
Because lysates are made by multiple rounds of
growth and not by single cycle infection, any
small advantage would be amplified in the final
yield. What this advantage is remains to be seen.
Although these deleted phages can be useful

tools, our experience should be a caveat to oth-
ers. The effects ofE. coli recombination on other
cloned sequences have been documented (9, 22).
Not only do repeated sequences recombine when
propagated in recombination proficient E. coli
strains, but some sequences, such as certain sat-
ellite DNA sequences (4) and perhaps the TRS
of MSV provirus, recombine in recombination-
deficient strains.
HT1 MSV integration site. As a first step

toward understanding the integration of retro-
viruses, we characterized an HT1 MSV integra-
tion site by heteroduplex analysis and restriction
enzyme cleavage. At this level of resolution, we
found no major rearrangement ofhost sequences
caused by integration of the provirus. Since the
heteroduplex between the XHTlr+ and AFHT1
inserts shows a simple deletion loop, the integra-
tion site does not appear to have any sequences
that are lost when the provirus integrates. The
size of the deletion loop (620 + 90 bases) is equal
to the size of the TRS, and this suggests that
there is no host sequence homologous to the
TRS or that if there is, it is quite small. This is
consistent with the results of Varmus et al. (35),
who could not detect repeat-like sequences in
avian hosts by using 3' and 5' sequences of avian

retroviruses as probes. It also appears that the
proviral sequence is not perturbed upon integra-
tion. Restriction maps of the TRS in integrated
MSV proviruses (34; Vande Woude et al., in
press) and in unintegrated M-MuLV provirus
(11) are identical. Furthermore, a comparison of
the restriction maps of unintegrated M-MuLV
(11) and MSV 124 (1, 8; D. Dina, personal com-
munication) with integrated ml and HT1 MSV
shows the unintegrated and integrated provi-
ruses to be coextensive. These data indicate that
the provirus integrates by simply inserting into
the host genome, thus splitting the existing se-
quence. However, we would not be able to detect
subtle rearrangements or the loss or gain of
small sequences by the techniques which we
employed. Our current efforts to sequence the
TRS and flanking host and normal DNAs should
detect any such subtlety. A sequence analysis of
the TRS of ml MSV (R. Dhar, W. L. Mc-
Clements, L. W. Enquist, and G. F. Vande
Woude, Proc. Natl. Acad. Sci. U.S.A., in press)
revealed several structural features similar to
those of procaryotic transposable elements (5, 6,
12, 13). These features and the TRS-specific,
high-frequency deletion reported here may pro-
vide evidence for an IS-like function for TRS in
E. coli. An analogy between retrovirus integra-
tion and bacterial transposition has been sug-
gested previously (30; Vande Woude et al., in
press). For example, the fusion of one replicon
bearing a single transposable element with a
second replicon (25, 26) generates a structure
indistinguishable from that of integrated ml or
HT1 MSV, namely, unique sequences bracketed
by two directly repeated copies of the transpos-
able element. If retrovirus integration is trans-
position-like, the unintegrated small circle pro-
virus with its single TRS (29; Vande Woude et
al., in press) could be a substrate for integration.
Recent evidence from yeast (7) and Drosophila
(23, 29) for the transposition of sequences brack-
eted by direct repeats suggests that transposition
(and integration) mediated by directly repeated
sequences may be a common phenomenon in
eucaryotes. Thus, models proposed for transpo-
sition in procaryotes (5, 25) may provide insight
into the mechanism of retrovirus integration.
The cloned MSV proviruses and the nornal
integration site should help elucidate this mech-
anism by providing substrates for sequence anal-
ysis and in vitro integration studies.
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