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Mutants with lesions engineered into the 3' region of the pol gene of murine leukemia virus (MLV), the region
that encodes p40P"1, have allowed us to define a function that is required for the normal integration of retroviral
DNA. Two such mutants, MLV-SF1, which bears a single missense mutation (L. A. Donehower and H. E.
Varmus, Proc. Natl. Acad. Sci. USA 81:6461-6465, 1984), and MLV-SF2, which has a frameshift mutation at
the same site, have been used to explore the consequences of integration deficiencies. Pseudotypes that were
formed with viral proteins supplied by these mutants and a replication-defective genome that carried a
selectable genetic marker induced colony formation at least 100-fold less efficiently than did pseudotypes that
were formed with proteins encoded by wild-type helper virus. Most of the proviruses from the mutant
pseudotypes were manifestly aberrant when they were analyzed by mapping with restriction enzymes. Rare
proviruses that appeared to be normal by restriction enzyme mapping were molecularly cloned and subjected
to more detailed study. Two proviruses resulting from infection with the MLV-SF1 pseudotype were identical
or nearly identical to wild-type MLV proviruses. Two base pairs were missing from the ends of the long
terminal repeats at the host-viral junctions, and 4- or 5-base-pair duplications of host DNA flanked the
proviruses. Thus, the missense mutant appears to retain a low level of normal integration activity. Four
proviruses from cells that were infected with the MLV-SF2 pseudotype were flanked on both sides by viral DNA
of either helper or vector origin, with a single long terminal repeat at each end of the intact vector DNA and
with irregular junctions of viral and host DNAs. These results are most simply explained by the nonspecific
integration of dimeric or trimeric forms of viral DNA, which may arise during infection by replicative or
recombinational mechanisms.

During infection by retroviruses, the retrovirus RNA
genomes are copied to form linear duplex DNA with long
terminal repeats (LTRs). Conversion of linear DNA to
covalently closed circles with one or two LTRs is followed
by integration of viral DNA into host chromosomes, perhaps
at random, producing a provirus that differs from linear
DNA only by the loss of 2 base pairs (bp) from the termini of
the LTRs (for a review, see reference 36). Results of genetic
studies have indicated that the integration mechanism de-
pends on at least two viral components: a function encoded
in the 3' portion of the pol reading frame (7, 24, 27) and a
short sequence (called the circle junction) that includes a
palindrome that is centered at the boundary between two
LTRs in the larger species of monomeric circular DNA (5,
22, 23). Although the precise biochemical attributes of the
integration function have not been determined, it is generally
assumed to be responsible for accurate cutting of the prox-
imal precursor to the provirus within the circle junction
sequence and for staggered cleavage of chromosomal DNA
to generate short duplications of 4, 5, or 6 bp that flank the
provirus (36).
These assumptions have received partial support from

results of enzymatic studies of the products of the avian and
murine virus pol genes. The avian reverse transcriptase and
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a cleavage product called pp32PoI (15) nick single- and
double-stranded circular DNAs preferentially near or at the
correct sites within the circle junction sequence (8, 9, 14),
and endonuclease activity has been attributed to a 46-
kilodalton product of the 3' end of the murine leukemia virus
(MLV) pol gene (p46POI) (17, 21).
We used site-directed mutagenesis of the pol gene of the

Moloney strain of MLV (Mo-MLV) to define the integration
function and examine the consequences of its deficiency (7).
A missense mutation that changes a highly conserved argi-
nine to cysteine at amino acid 114 of p46P" incapacitates the
replication competence of MLV. The mutated viral DNA
can direct the synthesis of intact virus particles (MLV-SF1)
that retain reverse transcriptase activity in vivo and in vitro,
but little or no correct integration of newly synthesized viral
DNA occurs. Because MLV-SF1 can synthesize pol pro-
teins of normal size that may retain some integration func-
tions, we also engineered a frameshift mutation at the same
position in the pol gene. As expected, the new mutant DNA
also generated particles (MLV-SF2) that behaved similarly
to MLV-SF1.
Because it is difficult to detect and characterize rare

integration events that may follow infection with MLV-SF1
or MLV-SF2, we used these mutants as helper viruses to
generate pseudotypes with replication-defective MLV vec-
tors carrying selectable markers, such as the herpes simplex
virus (HSV) thymidine kinase gene (tk) or the bacterial
neomycin phosphotransferase gene (neo). Under these con-
ditions it is possible to isolate an occasional infected cell that
contains proviral DNA that is synthesized and integrated
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under the influence of the products of mutant pol genes (7);
suitable proviruses can be molecularly cloned from such
cells for further analysis.
By using this approach, we show here that MLV-SF1 is a

slightly leaky mutant, because correct or nearly correct
integration occurs at a low frequency. In contrast, no correct
integrations were encountered with MLV-SF2 pseudotypes.
However, we found several examples of vector DNA that
appeared to have been integrated into chromosomal DNA as
part of vector and helper DNA oligomers that were formed.
The oligomeric precursors may be similar to the dimeric and
trimeric closed circular forms of avian sarcoma virus DNA
that have been reported previously to exist at low abundance
in acutely infected cells (12, 18), and the existence of
heterotrimers raises intriguing questions about the composi-
tion of retroviral RNA in infectious particles.

MATERIALS AND METHODS

Cells and viruses. Rat-2 cells (34) were grown in Dulbecco
modified Eagle medium containing 10% fetal calf serum.
COS-7 cells (11) were obtained from R. Tjian (University of
California, Berkeley) via W. Lee (University of California,
San Francisco) and grown in Dulbecco modified Eagle
medium supplemented with 10% fetal calf serum and 3 g of
glucose per liter. The cells that produced MLV were ob-
tained by transfection of plasmid pZAP into rat-2 cells (7),
and the medium was harvested from confluent virus-
producing cells. Mutant viruses were sometimes concen-
trated by pelleting at 24,000 rpm in an SW27 rotor for 90 min.
Infections with mutant MLVs were carried out with 5 to 10
ml of virus stock on plates (diameter, 100 mm) of semi-
confluent cells in the presence of 8 ,ug of polybrene (Aldrich
Chemical Co., Inc., Milwaukee, Wis.) per ml. Thymidine
kinase-positive (TK+) transformants were selected in me-
dium containing hypoxanthine, aminopterin, and thymidine
(25). G418-resistant colonies were selected in medium con-
taining 250 to 300 jig of G418 (GIBCO Laboratories, Grand
Island, N.Y.) per ml.
Cloned DNAs. pMLV-KT contains an integrated Mo-MLV

provirus in which the pol-env region is replaced by the HSV
tk gene in the opposite transcriptional orientation to the LTR
(32). pZIPneoSVX (1) was obtained from C. Cepko. pFG5
contains the HSV tk BamHI fragment (4). p8.2 is a clone of
circular MLV DNA with one LTR opened at the HindlIl site
(29), and pZAP is a clone containing an infectious Mo-MLV
provirus (32).

Generation of an SstII frameshift mutant in pZAP. SstII-
digested pZAP was incubated with 7 U of T4 DNA polymer-
ase (Bethesda Research Laboratories, Gaithersburg, Md.)
for 2 min without deoxynucleotides; and then dATP, dCTP,
dGTP, and TTP (75 p.M each) were added for 30 min at 37°C.
Reactions were carried out in 50 mM Tris acetate (pH 7.9),
50 mM potassium acetate, 5 mM magnesium acetate, and 2
mM dithiothreitol. The DNA was extracted with phenol
followed by ethanol precipitation and was religated with 4 x
105 U of T4 ligase (New England BioLabs, Inc., Beverly,
Mass.) for 3 h at 20°C. Escherichia coli HB101 was trans-
formed by this DNA, and plasmids from transformants were
screened for SstII resistance.
DNA transfection. DNA transfections were carried out as

described by Graham and Van der Eb (13). pMLV-KT or
pZIPneoSVX (300 ng each) and 3 ,ug of pZAP or mutagen-
ized derivatives of pZAP and 8 pug of salmon sperm DNA
were cotransfected as calcium phosphate precipitates onto
106 rat-2 cells for 8 h.

reverse
trnssriptase p46

LT R gag pol t env LTR
Sst II

Mo-M L V GT GCATCG........
.'VhlArgGly His Arg.

MLV-SF1 .GTCTGCGGGCATCGG--..--...-.-.......
..........cy.

M L V-SF2.-. GTCC__GGGCATCG.........57 bases.--TAA
.- A rgAlaSer-----1 9a.:----.term.

FIG. 1. Nature of the mutations in MLV-SF1 and MLV-SF2.
The diagram shows an Mo-MLV provirus with LTRs (open boxes)
encompassing the three retroviral coding domains; the position of
the solitary SstII site and the regions of pol encoding reverse
transcriptase and p46 (the integration function) are indicated. Rele-
vant nucleotide and deduced amino acid (a.a.) sequences are shown
below for the wild-type and the two mutant viruses. The SstII site
(at positions 4949 to 4954 of the Mo-MLV sequence [28]) is
underlined, and the altered nucleotides are highlighted; see text for
further explanations.

COS-7 cell fusion rescue of provirus and flanking DNA
sequences. A total of 106 G418-resistant cells and 106 COS-7
cells were mixed and plated onto a dish (diameter, 100 mm).
After incubation for 2 days, the cells were fused by 50%
(wt/vol) of polyethylene glycol 4000 (Merck & Co., Inc.,
Rahway, N.J.) in Dulbecco modified Eagle medium for 1 min
at room temperature and washed 4 times with phosphate-
buffered saline. The fused cells were incubated for an
additional 3 days, unintegrated DNA from these cells was
prepared as described by Hirt (16), the DNA was transfected
onto E. coli HB101 (19), and kanamycin-resistant colonies
were selected. Plasmid DNA from these colonies was ana-
lyzed by mapping with restriction enzymes, which were used
according to specifications of the manufacturers.
DNA sequencing. DNA sequencing was done as described

by Maxam and Gilbert (20) or Sanger et al. (26) with 20-base
oligonucleotide primers for sequences near the ends ofMLV
LTRs (TGTATTTTTCCATGCCTTGC) and (TCCGACT
TGTGGTCTCGCTG); the primers were purchased from the
University of California, San Francisco, Biomolecular Re-
source Center.

RESULTS
MLV-SF1, a missense mutant in p46P°, can occasionally

mediate normal integration and hence appears leaky. We have
reported previously (7) that an arginine to cysteine alteration
at amino acid 114 of the 46-kilodalton protein encoded by the
3' region of MLV pol (Fig. 1) impairs the ability of the
resulting virus (MLV-SF1) to integrate viral DNA, although
apparently normal unintegrated forms of viral DNA are
synthesized at near normal efficiency. A pseudotype virus,
MLV-KT (MLV-SF1), which is composed of the RNA
genome of an MLV vector bearing the HSV tk gene in an
opposing orientation and viral proteins encoded by the p46P°o
mutant, was more than 100-fold less effective than the
pseudotypes that were formed with wild-type helper proteins
in converting TK- rat-2 cells to a TK+ phenotype (Table 1).
Moreover, in about 70% of the occasional TK+ colonies, the
vector DNA was structurally abnormal as gauged with
restriction enzymes, implying aberrant integration (7).
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TABLE 1. Efficiency of infection by the integrase-deficient
pseudotype MLV-KT (MLV-SF2) is markedly impaired"

No. of TK+ No. of colonies containing
Virus stock No.lof/te potentially normalcolonies/plate MLV-KT provirus/total

MLV-KT (Mo-MLV) 100-125 16/16
MLV-KT (MLV-SF1) 0-3 6/16
MLV-KT (MLV-SF2) 0-3 6/15

"pMLV-KT DNA was cotransfected into rat-2 cells with pZAP (wild type),
pMLV-SF1, or pMLV-SF2 DNA. TK+ cells were pooled and propagated to
collect stocks of viral pseudotypes. Culture medium (5 ml) with similar levels
of reverse transcriptase activity was used to infect 106 rat-2 cells per dish
(diameter, 100 mm). TK+ colonies were selected in medium containing
hypoxanthine, aminopterin, and thymidine and were counted after 7 to 10
days. To determine the number of colonies that contained potentially normal
MLV-KT proviruses, DNA from 15 or 16 colonies was analyzed (Fig. 2; see
also Fig. 5 in reference 7).

To determine whether viral DNA in the remaining colo-
nies was also integrated abnormally, with differences from
wild-type proviruses that could not be detected by mapping
with whole-cell DNA, we isolated molecular clones of DNA
encompassing the virus-host junctions in two TK+ colonies.
DNA sequencing procedures were then applied to look for
the signs that are characteristic of normal MLV integration
events: the joining of viral DNA to host DNA at sites 2 bp
from the ends of the LTRs and the duplication of 4 bp of host
DNA (36). In both cases the correspondence between the
determined sequences and those published previously for
the LTR of Mo-MLV (6, 28, 35) disappeared exactly 2 bp
from the distal ends of the LTRs, implying that the correct
sites in viral DNA were used for integration of both provi-
ruses (Table 2). In one of the cells, the same 4-bp sequence,
presumably of host origin, was present on both sides of the
provirus; in the other, identical 5-bp sequences were found
flanking the provirus. We conclude that the MLV-SF1
mutant is slightly leaky, encoding a protein with a slightly
altered sequence that can inefficiently mediate correct, or
nearly correct, integration. (The significance of the poten-
tially abnormal 5-bp duplication of host DNA is considered
below.)
MLV-SF2, a frameshift mutant in p46P"", has a phenotype

similar to that of the missense mutant MLV-SF1. Because
MLV-SF1 appeared to be a leaky mutant, we introduced a
more radical change into the p46P"" domain, thinking that a
null mutation would allow us to examine the possibility that
other cellular or viral functions might inefficiently comple-
ment an integration deficiency. We therefore engineered a
frameshift mutation at the solitary SstII site within the p46P"
domain of pZAP, an infectious clone of Mo-MLV DNA (32),
by using the exonuclease activity of T4 bacteriophage DNA
polymerase to remove the two overhanging 3' nucleotides at
each end of the cleaved SstII site, religating the DNA, and

isolating plasmids that lack the SstII site (see above). The
expected mutation (Fig. 1) was confirmed by nucleotide
sequencing (data not shown). By shifting the reading frame
at this position, translation terminated 22 codons after the
mutation, producing protein that contained only one-fourth
the information that is encoded in p46P"".
The mutated plasmid pMLV-SF2 was introduced into

rat-2 (TK-) cells by cotransfection with an HSV tk plasmid,
and pooled colonies of TK+ cells were shown to produce
MLV-SF2 particles with reverse transcriptase activity; lev-
els of activity were similar to those obtained from parallel
cultures producing MLV-SF1 or wild-type Mo-MLV (data
not shown). When these stocks of MLV-SF2 virus were used
to infect rat-2 cells, full-sized linear and closed circular viral
DNA was synthesized in amounts similar to those reported
previously in cells infected by wild-type virus or MLV-SF1
(7); however, the proportion of circular DNA with a single
LTR appeared to be less in cells that were infected by
MLV-SF2. No virus production ensued in cells that were
infected by either mutant (7) (data not shown). In concert,
these results suggest that the defect in replication of MLV-
SF2 affects a step between DNA synthesis and expression of
viral genes, presumably proviral integration, as expected
from results of similar studies with MLV-SF1 (7).
To examine the replication defect in MLV-SF2 more

closely, we produced pseudotype viruses with MLV-KT
genomes and proteins that were provided by the MLV-SF2
helper. The resulting pseudotypes, MLV-KT (MLV-SF2),
were found to transform TK- rat cells to a TK+ phenotype
about 100-fold less efficiently than did pseudotypes that were
formed with the wild-type helper (Table 1). When DNA from
several of the rare TK+ clones of MLV-KT (MLV-SF2)-
infected cells was examined with a restriction endonuclease
(XbaI) that cleaves only in the LTR of MLV-KT, most
samples yielded fragments that were different in size from
the 8.3-kilobase (kb) product of digestion of correctly inte-
grated MLV-KT DNA (Fig. 2), implying that the vector
DNA was inserted aberrantly. In contrast, all of the exam-
ined MLV-KT proviruses established by wild-type
pseudotypes (MLV-KT [Mo-MLV]) yielded the expected
8.3-kb XbaI fragment (Table 1). Thus, the helper activity
provided by MLV-SF2 is inefficient and usually produces
abnormal proviral DNA in the rare, successfully infected
cells.
MLV-SF2 pseudotypes produce some proviruses that ap-

pear normal by restriction mapping. In some clones of
MLV-KT (MLV-SF2)-infected TK+ cells (ca. 40%; see
Table 1 and Fig. 2, lanes c and f), the vector DNA appeared
to be indistinguishable from normally integrated MLV-KT
proviruses on digestion with XbaI, which is again similar to
previously reported findings with pseudotypes formed with
MLV-SF1 (7). Because the integration function of MLV-

TABLE 2. Host-viral junctions of MLV-KT proviruses from cells infected with MLV-KT (MLV-SF1) pseudotypes are
normal or nearly normal'

Provirus Cellular 5' LTR 3' LTR Cellular

MLV linear DNA AATGAAAGACCCCA---GGGGTCTTTCATT
MLV-MSV proviral DNA ATAAACG TGAAAGACCCCA---GGGGTCTTTCA AACGTA
MLV-KT (MLV-SF1) clone B TTTATAA TGAAAGACCCCA---GGGGTCTTTCA ATAACTT
MLV-KT (MLV-SF1) clone E GTGTTTG TGAAAGACCCCA---GGGGTCTTTCA GTTTGTA

a EcoRI fragments containing a potentially normal MLV-KT provirus from TK+ colonies E and B infected with MLV-KT (MLV-SF1) were molecularly cloned
and subjected to nucleotide sequencing (see text). Sequences at the viral-host junctions are shown in comparison with sequences of unintegrated linear DNA and
the Mo-MSV provirus characterized by Dhar et al. (6). Nucleotides of viral origin are shown as capital letters; those of host origin are shown as small capital
letters; flanking host sequences that are presumed to be duplicated during integration are underlined.
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SF2, unlike that of MLV-SF1, seemed likely to be com-
pletely defective, we wished to determine whether the
apparently normal proviruses were, in fact, incorrectly
joined to cellular DNA, rather than correctly joined by an
unexpected activity of viral or cellular origin.
To expedite the molecular cloning of proviral DNA that

was required for this analysis, we generated new stocks of
pseudotype virus with a genome that would permit cloning
by direct transfection of bacteria with DNA from infected
mammalian cells. Accordingly, the pZIPneoSVX plasmid,
which harbors an MLV vector that is equipped with both
simian virus 40 (SV40) and ColEl origins and that has a gene
(neo) that is selectable in both mammalian and bacterial
cells, was used in place of pMLV-KT to cotransfect rat-2
cells with pMLV-SF2. Supernatants from pooled G418-
resistant cells contained the viral pseudotypes ZIPneoSVX
(MLV-SF2) and were used to infect rat-2 cells. After selec-
tion of the rare infected cells that were able to grow in the
antibiotic G418, about 50% of the ZIPneoSVX proviruses
were found to be grossly aberrant by restriction mapping
with an enzyme (SacI) that cleaves within the LTR of
ZIPneoSVX DNA to produce a fragment of 4.2 kb (data not
shown). The somewhat higher frequency of proviral DNA
that appeared normal by this test in experiments with the
ZIPneoSVX vector may be due to the smaller size of the
vector provirus (4.8 versus 8.8 kb for MLV-KT) and to the
requirement for a 5' LTR to drive expression of the neo
gene. (The HSV tk gene in MLV-KT is under the control of
its native promoter.)

Preparatory to molecular cloning of the apparently normal
ZIPneoSVX proviruses, we performed additional restriction

wt ca b c d e f

<8.3 Kb

t - TK t
Xbal I- 8.3 Kb -:Xba I

FIG. 2. Most MLV-KT proviruses in cells infected by MLV-KT
(MLV-SF2) pseudotypes are aberrantly integrated. High-molecular-
weight DNA was prepared from TK+ clones of rat-2 cells that were

infected with the viral pseudotypes that were formed with the
integration-deficient helper MLV-KT (MLV-SF2) (lanes a to f) or

with the wild-type helper MLV-KT (Mo-MLV) (lane wt) (see Table
1 and text). After digestion with XbaI, which cleaves MLV-KT
DNA within each LTR as shown at the bottom of the figure, the
DNA was electrophoresed in a 0.8% agarose gel, transferred to
nitrocellulose, and analyzed by hybridization with a 32P-labeled
probe for HSV tk. The position of the 8.3-kb fragment, which is the
expected product of digestion of a normally integrated provirus, is
indicated.
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FIG. 3. Potentially normal ZIPneoSVX proviruses in cells in-
fected by ZIPneoSVX (MLV-SF2) pseudotypes yield similar junc-
tion fragments on cleavage with restriction enzymes. High-
molecular-weight DNA was prepared from four clones (a to d, as
indicated in lanes a to d, respectively) of G418-resistant rat-2 cells
after infection by the pseudotype ZIPneoSVX (MLV-SF2), which
was digested with XbaI (X; panel A), Pstl (P; panel B), or NcoI (N;
panel C), and analyzed as described in the legend to Fig. 2 with the
2.2-kb XhoI (Xh) fragment of pZIPneoSVX, which is shown above
the diagram, used as the probe. The positions and origins of
diagnostic internal fragments of ZIPneoSVX DNA are also indi-
cated, as are the positions of important PstI and NcoI fragments that
extend beyond the LTR to the right (2.5- and 3.3-kb PstI fragments)
and to the left (2.7-kb NcoI fragment).

mapping of viral DNA in four independently infected, G418-
resistant cell lines (clones a to d). XbaI, an enzyme that
cleaves ZIPneoSVX DNA only in the LTR, produced the
expected 4.2-kb internal fragment (Fig. 3A), confirming the
results obtained with Sacl. The other two enzymes that were
used (PstI and NcoI) produced three types of fragment that
were detectable with a probe prepared with the 2.2-kb
internal XhoI fragment of ZIPneoSVX: the expected internal
fragments from an intact ZIPneoSVX provirus (e.g., a 0.9-kb
PstI fragment and two 0.8-kb Ncol fragments); variably
sized fragments that were novel to each clone, which were
presumed to represent host-viral junction fragments that
confirmed the independent origins of the clones; and unex-
pected, relatively small fragments, which were common to
most or all clones, that appeared to extend just beyond an
LTR of ZIPneoSVX either to the right (the 2.5-kb PstI
fragment in three of the four samples) or to the left (the
2.7-kb NcoI fragment in all four samples). These findings
suggest that the ZIPneoSVX proviruses are immediately
flanked on both the 3' and 5' sides by highly related
sequences, although differences in flanking DNA are appar-
ent at greater distances from the proviruses.
Mapping of molecularly cloned ZIPneoSVX proviruses re-

veals that they are flanked by viral DNA. To explain these
perplexing observations, we recovered ZIPneoSVX DNA
and flanking sequences from rat cell lines a to d by molecular
cloning in E. coli. Each cell line was fused with COS-7 cells
to amplify and excise ZIPneoSVX and adjacent DNA (1),
and DNA that was prepared from the Hirt (16) supernatant
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FIG. 4. Some ZIPneoSVX proviruses in cells infected by
ZIPneoSVX (MLV-SF2) pseudotypes are flanked on both sides by
viral sequences of vector or helper origin. Restriction maps for the
ZIPneoSVX proviruses from clones a to d (Fig. 3) were constructed
from digestion of molecular clones of proviral DNA (see text); most
sites (letters with adjacent dots) were confirmed by direct digestion
of unfractionated cellular DNA from each cell line. To facilitate
interpretation of the maps, diagrams of vector (ZlPneoSVX) DNA
(wide stippled internal domain) and helper (MLV-SF2) DNA (nar-
row open internal domain) are shown, with LTRs indicated as open
boxes. Wavy lines denote flanking host cellular DNA, with slashes
indicating the uncertain positions of host-viral junctions. Host DNA
was identified by the presence of restriction sites that were not
expected in either form of viral DNA or by the absence of sites that
were predicted to be in viral DNA (indicated by an X overlying the
symbol for a restriction enzyme). Restriction enzyme abbreviations:
S, SphI; N, Ncol; P, PstI; H, Hpal; R. EcoRl; B, Ba,mHI.

fractions was used to transfect E. coli and select for resist-
ance to kanamycin. On examination by restriction enzyme
mapping, most of the recovered plasmids (over 90%) were
4.2 kb in size; contained one LTR and no flanking DNA; and
hence appeared to have been generated, as expected, by
homologous recombination between the LTRs of
ZIPneoSVX DNA. However, 2 to 5% of the recovered
plasmids contained either one LTR and flanking sequences
or both LTRs and sequences flanking both ends of
ZlPneoSVX DNA. Several independent plasmids encom-
passing one or both ends of ZIPneoSVX DNA from each cell
line were then analyzed with over 15 restriction enzymes. In
addition, restriction sites for several enzymes (including
HindIll, PstI, NcoI, EcoRI, BamHI, and SphI) were con-
firmed by examination of unfractionated DNA from all four
of the original cell lines.
The results of these extensive analyses are presented in

Fig. 4, in conjunction with the relevant maps of ZlPneoSVX
and MLV-SF2 DNAs. The cardinal feature in each case is
the presence of viral DNA, originating from either vector or
helper virus, on both sides of an apparently intact
ZIPneoSVX provirus, with all of the viral DNA at each
integration site being in the same transcriptional orientation.
The viral DNAs adjacent to the intact ZIPneoSVX DNA are
joined to heterogeneous cellular DNA at various positions
within their internal regions. Inspection of the maps in Fig. 4
reveals that all of the commonly sized PstI and NcoI
fragments from different cell lines (Fig. 3) can be explained
as fragments that contain LTRs flanked on both sides by
viral DNA.

In clone a the 5' LTR is flanked by a portion of the 3' end
of the internal region of ZIPneoSVX DNA, and the 3' LTR
is flanked by a short portion of the 5' end of the internal

region of MLV-SF2 DNA. In clone b the situation is
reversed, with a short region from the 3' end of MLV-SF2
flanking the 5' LTR and a portion of the 5' end of
ZlPneoSVX flanking the 3' LTR. In clones c and d helper
DNA flanks both the 5' and 3' LTRs of ZIPneoSVX;
although the configuration of viral DNA is similar in these
two clones, there are differences in the flanking cellular
DNA (e.g., the size difference between high-molecular-
weight fragments of clones c and d generated by PstI
digestion [Fig. 3] and the EcoRI sites on the 5' side [Fig. 4])
that validate the claim that the clones are independently
derived. Because the viral DNAs that flank intact vector
DNA in clones a and b have different origins, it is likely that
the insertions are derived from heterotrimeric DNA; the
insertions in clones c and d could have been derived from
DNA with 1 or 2 units of helper DNA and 1 unit of vector
DNA. (The mechanisms by which these oligomers might
have been formed are considered below.)
The LTRs in an oligomeric insert do not show signs of

retrovirus-mediated recombination. The tandem arrays of
viral DNA illustrated in Fig. 4 could have arisen in part by
the integration of molecules of viral DNA into each other via
the specialized recombination system that normally medi-
ates integration of retroviral DNA into chromosomal DNA
at various sites. Although this seemed inherently unlikely in
the presumed absence of the integration function, we sought
the nucleotide sequence arrangements that are characteristic
of normally integrated MLV DNA. Nucleotide sequencing
of both ends of the 5' and 3' LTRs in the viral DNA cloned
from line a revealed no loss of nucleotides from the LTR and
no directly repeated sequences flanking the LTRs (data not
shown). Apparently, mechanisms other than the normal
form of retrovirus-mediated integration must be invoked to
explain the arrangements of viral DNA that are observed in
cells infected by ZIPneoSVX (MLV-SF2) pseudotypes.

DISCUSSION

Mutations in the p46POI domain impair a viral function
essential for normal retroviral integration. The results of the
experiments described here, in conjunction with results of
previously published studies (7, 24, 27), argue strongly for
the hypothesis that the 3' end of the retroviral pol gene
encodes a function that is required for a specialized integra-
tion mechanism. Because direct measurement of the effi-
ciency of proviral integration is technically difficult, we took
advantage of the ability of retroviruses to form pseudotypes
in which the helper functions are provided by integration-
deficient mutants and the genome carries a selectable genetic
marker. This strategy allows us to estimate the degree of
impairment of the mutant function and, more importantly, to
examine the products of integration that occur under the
influence of mutant p46Pol.
The structural analyses of viral DNA integrated in the

presence of our mutants, MLV-SF1 and MLV-SF2, confirm
the importance of the p46P/I coding domain for correct
integration. The missense mutant MLV-SF1, with an argi-
nine residue that is highly conserved among retroviral pol
products replaced by a cysteine residue, directs integration
inefficiently but occasionally correctly. Pseudotypes that
were formed with this mutant displayed a marked impair-
ment of infectivity, and most infected cells acquired bla-
tantly aberrant proviruses; but we recovered at least one
provirus that appeared to be entirely normal, as judged by
restriction mapping and sequencing of host-viral junctions.
Another provirus exhibited a minor deviation of a 5-bp,

s s

B pNPNR N
071

s $
13 PN E NgI

t s

J. VIROL.

s i 8 v
A ,

I



OLIGOMERIC RETROVIRAL DNA INTEGRATION 1969

rather than a 4-bp, duplication of host DNA at the integra-
tion site. Because Colicelli and Goff (5) encountered a 5-bp
duplication after integration of viral DNA with a mutant
circle junction sequence, it is tempting to propose that the
difference in length is a manifestation of abnormal integra-
tion machinery; however, 5-bp duplications of the target
sequence have also been occasionally observed to be
flanking products of presumably normal integration reac-
tions (35). We conclude that MLV-SF1 has a markedly
impaired, but slightly leaky, capacity to integrate retroviral
DNA properly.

In contrast, we discovered no correct products of integra-
tion when helper functions were provided to the
pseudotypes by a mutant, MLV-SF2, with a frameshift
lesion near the 5' end of the p46P°l coding region. Again, the
efficiency of infection was low, and most of the rare integra-
tion events produced frankly aberrant proviruses that pre-
sumably resulted from the use of alternative host recombi-
nation systems. The only proviruses that initially appeared
normal by restriction mapping proved to be unusual hetero-
oligomers of viral DNA of uncertain origins (see below).
Thus, ablation of the ability to synthesize p46P°O seems to
prevent correct retroviral integration, implying that the
protein is essential for the integration mechanism and is
unlikely to be complemented by other viral or host func-
tions.
The mechanism for generation of integrated hetero-

oligomeric DNA. Several kinds of events can be envisioned
to produce the sorts of integrated, oligomeric viral DNAs
illustrated in Fig. 4.

(i) Homologous integration. Integration of free monomeric
DNA into a related provirus by homologous recombination
could explain at least some of our findings. For example, if a
circular form of helper DNA containing a single LTR was
first integrated aberrantly to form a permuted provirus, then
homologous recombination between the internal LTR and
the LTR in circular vector DNA would produce arrange-
ments that were similar to those in clones c and d (Fig. 5,
left). More baroque schemes are required to explain the
arrangements of helper and vector DNA that were observed
in clones a and b. In addition, the clones that we examined
could be generated only by the sequential integration of
circular DNAs with single LTRs, but there is no a priori
reason to exclude the use of circles with two LTRs (and such
circles are more abundant than those with one LTR in cells
that are infected with SF2).

This mechanism, of course, presumes that homologous
recombination can occur with reasonable efficiency between
previously integrated and unintegrated retroviral DNA. Ho-
mology has not been observed to have a role during infection
with wild-type virus, even in cells containing many copies of
related endogenous proviruses, although its influence might
be obscured in the face of an intact system for normal,
nonhomologous, retroviral integration. Moreover, newly
synthesized viral DNA is present in subviral nucleoprotein
complexes (B. Bowerman and H. E. Varmus, unpublished
data), in which it may be relatively inaccessible to host
enzymes that mediate homologous recombination. On the
other hand, there was strong selection in our experiments for
rare integration events that generated an intact transcrip-
tional unit for the neo gene. Homologous recombination
between DNA that is introduced by transfection or by
microinjection and DNA that is present in the host chromo-
some has been observed to occur with frequencies that might
account for at least some of our findings (30, 33).

(ii) Formation and integration of unintegrated oligomeric

forms of viral DNA. Less complicated schemes for generat-
ing oligomeric integrated species of viral DNA depend on the
formation of oligomers prior to integration. Such schemes
are favored by previously published reports (12, 18) of
dimeric and trimeric circular forms of viral DNA that have
been observed during infection of avian cells with wild-type
Rous sarcoma virus. Although these species are too rare to
be analyzed in great detail, the viral monomeric components
are known to be arranged in a head-to-tail fashion (18).
Integration of such oligomeric circles by random crossing-
over with chromosomal DNA could explain the unusual
integrated DNA that we observed (Fig. 5, center), provided
that (i) only one LTR separates each internal region of viral
DNA; (ii) recombination leaves an intact copy of
ZIPneoSVX DNA; and (iii) heterodimeric and hetero-
trimeric molecules, containing both helper and vector DNA,
can form. Similar schemes can be envisioned to involve
unintegrated linear DNA (Fig. 5, right), but there is no
experimental evidence for such forms.
How might hetero-oligomeric circular DNAs be gener-

ated? If they arise during synthesis of viral DNA, it would
seem necessary to invoke both the existence of heterozy-
gotic particles (which already have been predicted to occur
as intermediates in high-frequency retroviral recombination
[2]) and the packaging of at least three templates for reverse
transcription in a single particle. Retroviral genomes are
known to be diploid (3), but it has not been possible to
establish whether some particles might incorporate three or
four subunits of viral RNA, rather than just the two that are
required for dimerization. In addition, subgenomic viral
mRNA is sometimes associated with the 70S complex of
retroviral RNA (31). Thus, a single particle could supply
templates for the synthesis of heterotrimeric DNA, although
the mechanics of synthesis are entirely speculative. We
cannot completely exclude the possibility that the SV40 ori
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FIG. 5. Possible pathways to integrated oligomeric forms of viral
DNA. On the left, aberrant integration (Aber. Integ.) of monomeric
circular DNA produces a permuted species; homologous recombi-
nation (Homol. Rec.) with another monomeric circle (e.g., by
crossing-over between the LTRs) could produce the form observed
in Fig. 4c and d. Unintegrated oligomeric forms of viral DNA can be
envisioned as arising either by synthesis of oligomeric linear DNA
by reverse transcription of viral RNA (R.T.; top right), perhaps
followed by circularization (Circ.) to form an oligomeric circle
(center), or by homologous recombination between monomeric
circular forms (top left). Aberrant integration of the oligomeric
DNAs into the chromosome, with concurrent deletion of sequences
at the viral integration sites, could also produce the forms observed
in Fig. 4. Symbols: smooth lines, viral DNA; open boxes, LTRs;
wavy lines, host cellular DNA.
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in ZIPneoSVX had a role in generating the oligomers via a
replication mechanism, but it is important to recall that the
viral DNA flanking ZIPneoSVX proviruses was most com-
monly derived from helper DNA, lacking SV40 ori. More-
over, rat cells are nonpermissive for replication of SV40
DNA, and T antigen was not available.

Hetero-oligomeric circles could also arise by homologous
recombination between newly synthesized monomeric cir-
cles. There are strong precedents for such recombination
reactions that have been obtained from the study of naked
DNA that is introduced into cells by transfection or
microinjection procedures (10). Our recent findings that both
linear and circular forms of viral DNA are largely confined to
subviral particles in newly infected cells (Bowerman and
Varmus, unpublished data) suggest that the products of
reverse transcription might be shielded from such
recombinational activities. The fate of retroviral DNA in the
absence of a functional integration system, however, has not
been determined; it is possible that complete uncoating
ultimately renders the DNA susceptible to homologous
recombination systems that could generate suitable
oligomeric precursors to the integrated forms that we have
observed.
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