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CVI cells were transfected with oversized simian virus 40 (SV40) genomes that could be reduced to
packageable size by alternative homologous recombination pathways involving either two polydeoxyguanylic-
thymidylic acid - polydeoxycytidylic-adenylic acid {poly[d(GT) - d(CA)]; abbreviated hereafter as poly(GT)}
tracts or two tracts of homologous SV40 sequence. Plaque-forming viruses rescued by this procedure were
found to contain genomes formed by homologous and nonhomologous recombination events. Half of the viable
viral DNA molecules recovered were the result of recombination between two tracts of poly(GT). Approxi-
mately 20% of the rescued viral genomes were produced by homologous recombination between tracts of SV40
DNA. Nonhomologous recombination involving SV40 sequences was also a major pathway of deletion,
producing ca. 30% of the viral plaques. Tracts of poly(GT) generated by recombination were variable in
length, suggesting that recombination between poly(GT) tracts was usually unequal. On a per-nucleotide basis,
poly(GT) recombination occurred eight times more frequently than did recombination between homologous
SV40 DNA. This eightfold difference is the maximum recombinatory enhancement attributable to poly(GT)
sequences. Although DNA sequence analysis showed that tracts of poly(GT) generated by recombination
retained the alternating G-T repeat motif throughout their length, the contribution of the nonhomologous
pathway to poly(GT) recombination cannot be ruled out, and the relative proclivity of a given length of
d(GT) - d(CA) sequence to undergo homologous recombination is probably less than eight times greater than

that of an SV40 sequence of the same length.

Eucaryotic genomes contain numerous runs of alternating
deoxyguanosine and thymidine residues {polydeoxyguany-
lic-thymidylic acid - polydeoxycytidylic-adenylic acid, poly
[d(GT) - d(CA)]; abbreviated hereafter as poly(GT)} 10 to 50
base pairs in length (9-11). In mammals, poly(GT) sequences
are dispersed throughout the genome and have been esti-
mated to number on the order of 10° copies per cell (9, 10).
Many cloned genes have been found to contain poly(GT)
either in introns or in other untranslated regions, and addi-
tional examples of poly(GT) have been found near a number
of other cloned genes (7, 16, 18, 22, 26, 27, 29, 31, 33, 34, 39).
Poly(GT) sequences adopt a left-handed Z conformation
when placed under sufficient torsional strain by supercoiling
in vitro (14, 28). Although the existence of Z DNA in vivo
remains at issue, the behavior of poly(GT) sequences may be
indicative of biological activities associated with sequences
that exhibit a propensity to isomerize in vitro. Poly(GT)
sequences have been shown to weakly enhance transcription
in transient expression experiments (12). An altogether
different role for poly(GT) sequences has been suggested
based on sequence analysis of human vy globin genes which
show evidence of having undergone gene conversion events
in a region containing a poly(GT) sequence (33). Additional
circumstantial evidence linking poly(GT) with recombina-
tion has been previously reported (7, 33, 35, 38).

The experiments described in this report examined the
propensity of poly(GT) sequences to undergo recombination
in cultured monkey cells. CVI cells were transfected with
oversized, poly(GT)-containing simian virus 40 (SV40) ge-
nomes that could be reduced to packageable size by alter-
native homologous recombination pathways involving either
two poly(GT) tracts or two homologous SV40 sequences.
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Rescued viruses were found to have been formed by dele-
tions in the input DNA that were mediated by homologous
and nonhomologous recombination events. Half the viable
viral DNA molecules recovered were the result of recombi-
nation between two tracts of poly(GT). Approximately 20%
of the rescued viral genomes were produced by homologous
recombination between tracts of SV40 DNA. Nonhomolo-
gous recombination involving SV40 sequences was also a
major pathway of deletion, producing ca. 30% of the viral
plaques. This illegitimate deletion pathway was not due to
recombination between SV40 and poly(GT) sequences. The
products of recombination between two poly(GT) tracts
were variable in length and retained the dinucleotide repeat
pattern, suggesting that homologous crossing-over between
misaligned base-paired recombination intermediates was pri-
marily responsible for poly(GT) recombination. However,
breakage and reunion of two poly(GT) tracts mediated by
the nonhomologous pathway would be cryptic half the time,
and some nonhomologous recombination of poly(GT) tracts
may have gone undetected. Although the prevalence of
nonhomologous recombination created uncertainty in the
assessment of the relative propensity of poly(GT) sequences
to recombine homologously, the data allow estimation of the
maximum ratio of recombinatory potential for poly(GT)
versus SV40 DNA. Poly(GT) recombination occurred eight
times more frequently on a per-nucleotide basis than did
homologous recombination between two tracts of SV40
DNA. This suggests that a given length of poly(GT) se-
quences is no more than eight times more likely to undergo
homologous recombination than an SV40 DNA sequence of
equivalent length.
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MATERIALS AND METHODS

Enzymes. All enzymes were used as described by Maniatis
et al. (23). Commercial sources of enzymes were as follows.
Restriction endonucleases Clal, Xbal, EcoRl, Hindlll,
Hpal, Pstl, Mbol, Sau3A, Alul, and Bcll, T4 DNA ligase,
and nuclease Bal 31 were from New England Biolabs (Bev-
erly, Mass.). Escherichia coli DNA polymerase I and E. coli
DNA polymerase I Klenow fragment were from Bethesda
Research Laboratories (Gaithersburg, Md.).

DNA. DNA linkers containing Clal and Xbal recognition
sequences were purchased from Collaborative Research,
Inc. (Lexington, Mass.) and used as described by Maniatis
et al. (23). Plasmid DNA was prepared by the boiling lysis
procedure, followed by equilibrium centrifugation in CsCl in
the presence of ethidium bromide (23). DNA fragments
produced by restriction endonuclease cleavage were sepa-
rated by size via electrophoresis through gels composed of
agarose or polyacrylamide as previously described (23).
Purification of DNA fragments from gels was by electroelu-
tion and anion-exchange chromatography as previously de-
scribed (23). DNA fragment concentrations were estimated
by comparative visual assessment of fluorescence of bound
eithidium bromide (23). Ligation of DNA was performed at
16°C in a buffer composed of S0 mM Tris-hydrochloride (pH
7.8), 10 mM MgCl,, 20 mM dithiothreitol, and 1.0 mM ATP
at a total DNA concentration of ca. 50 pg/ml. Multifragment
ligation reactions contained approximately equimolar quan-
tities of each DNA fragment. Ligation of recombination
substrates and control SV40 DNA contained SV40 PstI A
fragment from the same stock solution. The SV40 PstI B
fragment and modified versions of the SV40 Ps:I B fragment
were used in equivalent amounts. The extent of ligation was
monitored by end labeling with deoxynucleotide triphos-
phates labeled with 32P at the o phosphate (New England
Nuclear Corp., Boston, Mass.), followed by agarose gel
electrophoresis and autoradiography as described previ-
ously (23).

SV40 nucleotide numbering system. SV40 nucleotides are
numbered as described in the system in reference 3.

Bacterial transformation. Transformation of bacteria was
by the protocol described by Hanahan (13). Recipient strains
were DH-1 (F~ recAl endAl gyrA96 thi-1 hsdRI7 rx~ mg*
supF44 relA? \~) and W3110 (F~ hsdR hsdM™).

DNA constructions. SV(GT)? was prepared as follows. A
plasmid, pHA, which contained the HindIII A fragment of
SV40 cloned into the HindllI site of the plasmid pAT, was
modified to produce three derivatives, pHAX, pHAC, and
pHAGT. To make pHAX and pHAC, the unique Hpal
cleavage site in pHA was changed to either an Xbal site or a
Cla site by ligation of linkers containing either of these
cleavage sites. pHAGT was produced when a 135-base-pair
DNA fragment containing poly(GT) was ligated into the
Hpal site of pHA. Plasmid pXGTC was produced by inser-
tion of an 85-base-pair poly(GT) segment into the Cla site of
pBR322, followed by cleavage with EcoRI, treatment with
Bal 31, and ligation of an Xba linker. A plasmid, p(GT)? (see
Fig. 2), was constructed by ligation of a mixture containing
the large EcoRI-HindIIl fragment of pBR322, the small
EcoRI-to-Bcl fragment of pHAGT, the small Bam-Xba frag-
ment of pHAX, the small Xba-Cla fragment of pXGTC, and
the Cla-HindIll fragment of pHAC, corresponding to SV40
sequences from the Hpal site at SV40 nucleotide 2666 to the
HindIII site at SV40 nucleotide 3459. SV(GT)? (see Fig. 1)
was made by ligation of the small PstI fragment of p(GT)? to
the large PstI fragment of SV40 DNA. SV(AB)? (see Fig. 3)
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was prepared as follows. A plasmid designated p(AB)?> was
made by ligation of the large EcoRI-Hindlll fragment of
pBR322, the small EcoRI-Bcl fragment of SV40, and the
943-base-pair BamHI-HindIII fragment of SV40. p(AB)? was
converted to p(AB)* by ligation of the large EcoRI-Bam
fragment of p(AB)? to the small EcoRI-Bc! fragment of
SV40. SV(AB)® DNA was produced by ligation of the small
Pst] fragment of p(AB)* with the large Pstl fragment of
SV40.

Transfection of CVI cells. CVI cells were transfected by
the DEAE-dextran method (21).

Plaque assay. Plaques were formed on monolayers of CVI
cells that had been overlaid with 0.9% agarose 24 h postin-
fection. Visualization of plaques was aided by neutral red
staining.

Viral DNA preparation. Viral DNA was prepared from
CVI cells infected with virus derived from agarose plugs
pulled from the area overlaying viral plaques produced after
transfection of CVI cells with SV(GT)? or similar DNA.
Infected cultures were harvested when viral cytopathic
effect was apparent, and they were processed by the method
of Hirt (15).

DNA analysis. Restriction endonuclease mapping was as
described by Maniatis et al. (23). DNA fragments were
separated by electrophoresis through agarose (Sigma Chem-
ical Co., St. Louis, Mo.) or polyacrylamide (Bio-Rad Labo-
ratories, Richmond, Calif.) in TBE buffer (0.09 M Tris, 0.09
M boric acid, 0.005 M EDTA [pH 8]). DNA sequencing was
as described by Maxam and Gilbert (25). DNA samples to be
sequenced were end labeled by treatment with the Klenow
fragment of E. coli DNA polymerase I. Class A molecules
were end labeled at the Xba site. Class B molecules were
end labeled at the Bcll site. Class GT molecules were end
labeled at the Cla site. Sequence reactions were G, G+A,
C+T, and C. The G+A modification reaction used 50%
formic acid.

Statistical methods. The statistical significance of varia-
tions from expected frequencies was evaluated by the Stu-
dent ¢ test as described previously (5).

RESULTS

Isolation of recombinants by virus rescue. Previous work
from this laboratory had shown that poly(GT) could be
inserted into the SV40 genome without the loss of viral
viability (36). Briefly, a 135-base-pair insertion, of which 90
base pairs were poly(GT), was inserted at nucleotide 2666 of
the SV40 genome to produce a virus termed SVGT. The
poly(GT) insertion was mildly deleterious, causing SVGT to
grow more slowly than SV40, and it was therefore somewhat
surprising to find that SVGT could be propagated without a
detectable loss of poly(GT). Such a loss might be expected
to occur by homologous recombination within the internally
repetitious run of GT dinucleotides. Alternative explana-
tions for the stability of poly(GT) in SVGT are possible. One
possibility is that recombination within the GT repeat is rare
or absent. The alternative explanation is that deletions do
occur, but that such deletions do not relieve the deleterious
effect of the insertion to a degree sufficient to allow deleted
genomes to outgrow SVGT. The experiment diagrammed in
Fig. 1 was designed to distinguish between these alternatives
by measurement of the recombination frequencies of tandem
poly(GT) tracts relative to the recombination frequency
between tandemly arrayed tracts of homologous SV40 DNA.

Because SV40 virions do not readily accommodate much
more than 5,500 base pairs of DNA (1, 2, 41), it was



VoL. 5, 1985

POLY(GT) RECOMBINATION 1249
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FIG. 1. Structures of the recombination substrate SV(GT)? and the molecules deleted via alternative homologous recombination
pathways. Bam, Xba, Cla, Bcl, and Pst indicate the location of cleavage sites for the restriction endonucleases BamHI, Xbal, Clal, Bcll, and
Pstl, respectively. Intervals marked A represent the 133 base pairs of SV40 sequence that lie between nucleotides 2533 and 2666. Intervals
marked B represent the 104 base pairs between nucleotides 2666 and 2770 of the SV40 genome. Intervals marked GT contained 85 to 90 base
pairs of poly(GT) DNA. Arrows labeled AxXA, GTXGT, and BXB point to the structures that would be generated by homologous
recombination between two A segments, two poly(GT) segments, or two B segments.

reasonable to expect that the packaging limit of SV40 virion
formation could be used to select for recombination events
that would delete DNA from an oversized viral genome. The
DNA molecule diagrammed at the top of Fig. 1 [SV(GT)?]
was constructed to serve as an unpackageable viral genome
that could delete, by homologous recombination, one copy
of a tandemly repeated segment of the viral genome. The
repeated segment contained the SV40 sequences that lie
between the cleavage sites for BamHI and Bcll. Embedded
at nucleotide 2666 in each of the two copies of the SV40
Bam-Bcl fragment was a poly(GT) insertion. One poly(GT)
insertion was flanked by cleavage sites for the restriction
endonucleases Xbal and Clal and contained 85 base pairs of
poly(GT). The other poly(GT) insertion lacked restriction
endonuclease cleavage sites at its ends and contained 90
base pairs of poly(GT) and 45 base pairs of DNA composed
of a more complex sequence. The sequence of these 45 base
pairs has been reported previously (36). SV(GT)?> DNA is
structurally disposed to delete by homologous recombina-
tion to produce packageable SV40 genomes with a structure
similar to the viable variant, SVGT. Theoretically, deletion
could occur either by recombination between repeated
poly(GT) tracts or by recombination between either of the
pairs of homologous SV40 sequences flanking the poly(GT)
insertion (labeled A and B in Fig. 1). Which sequences
participated in a recombination event should be indicated by
the segregation of Clal and Xbal cleavage sites. The pres-
ence of both a Clal cleavage site and an Xbal cleavage site
would indicate that deletion had occurred by recombination
between the SV40 sequences designated A. The presence of
a Clal site and the absence of an Xbal site would indicate
recombination between poly(GT) tracts. The absence of
both Clal and Xbal cleavage sites would be expected in
progeny molecules produced by recombination between the
SV40 sequences labeled B.

The protocol for construction of the oversized SV40
genome, its introduction into cells, and selection of recom-
binant plaques is diagrammed in Fig. 2. Transfection ofeCVI
cells with the SV(GT)? construction yielded ca. 400 plaques
per ug of SV(GT)? DNA. This yield was 2.5-fold lower than
that achieved by transfection with SV40 genomes that had
been reconstructed by ligation of gel-purified DNA frag-
ments produced by PstzI digestion of SV40 DNA. The
diminution in yield of plaques from SV(GT)? was correlated
with the requirement that the input DNA delete and not with
the presence of poly(GT) in the recombination substrate.
This was shown by transfection of CVI cells with an
oversized viral genome, SV(AB)? (Fig. 3), that was the same
size as SV(GT)? but lacked poly(GT) insertions. The effi-
ciency of rescue of virus plaques from SV(AB)’ DNA was
the same as that found for SV(GT)? DNA. Plaques rescued
from SV(GT)? and SV(AB)? DN As were slower to form than
those rescued from ligated genomes that need not delete to
package. The delay associated with virus rescue from re-
combination substrates was ca. 2 days.

Rescued viruses produced by recombination in CVI cells,
not in E. coli. To assess the possible contribution of deletion
in E. coli to the rescue of virus, the cloned DNA fragment
used in the construction of SV(GT)? DNA (Fig. 2) was
analyzed for purity. DNA was digested with BamHI, radio-
actively end labeled, and electrophoresed through 2.5%
agarose. The gel was dried onto filter paper, and the position
of DNA fragments was detected by autoradiography. Under
conditions in which a contamination of 1 part per 500 would
have been visible, no deleted fragments were detectable in
the DNA used in the construction of SV(GT)? DNA (data not
shown). Since the efficiency at which virus was rescued from
SV(GT)? DNA was only 2.5-fold lower than the efficiency at
which plaques were produced by ligated SV40 DNA, DNA
deleted in E. coli could not have produced more than 1
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FIG. 2. Protocol for the rescue of virus plaques from oversized
viral genomes. Pst and HindIlIl indicate the cleavages sites for the
restriction endonucleases Pstl and HindIIl, respectively. pGT? is a
plasmid DNA bearing an SV40 HindIII A fragment that was
modified to contain tandem repeats of SV40 and poly(GT) DNA.
Segments labeled A, GT, and B are as described in the legend to Fig.
1. The DNA fragments used in the ligation step were purified by
electrophoresis through agarose.

plaque for every 200 plaques formed by recombination in
CVI cells. The delay in the appearance of plaques formed by
recombination is consistent with the conclusion that recom-
bination occurred in CVI cells and not in E. coli.

Rescued viruses produced by a variety of recombination
events. Twenty-two SV(GT)>-derived plaques were picked,
and viral DNA was produced by infecting fresh cultures of
CVI cells. Viral DNA was prepared by Hirt extraction and
analyzed by digestion with Clal and Xbal (Fig. 4). To
eliminate false-negatives in the restriction endonuclease
assay, samples found to be resistant to Clal and Xbal
cleavage were tested again in a mixture that contained a
marker DNA that contained cleavage sites for Clal and
Xbal. In every case, the marker molecule was cleaved, and
the viral DN As were again resistant to digestion by Clal and
Xbal (data not shown).

The data from Fig. 4 are tabulated in Table 1. These data
indicated that more viruses were the product of recombina-
tion in the poly(GT) sequence lying between Clal and Xbal
in SV(GT)? than would be expected if target size were the
only determinant of rescue frequency. Conversely, relative
to expectations based on target size, fewer viruses were
rescued via recombination involving the A and B sequence
intervals linked to the Xbal and Clal sites in SV(GT)?. In
considering these data, it is important to point out that
although the segregation of the diagnostic restriction sites,
Clal and Xbal, unequivocally indicates the location of one of
the sequences that participated in a recombination event
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TABLE 1. Analysis of viral genomes rescued from
SV(GT)’ DNA

Sequence  Length in No. of plaques Significance®
interval base pairs Expected Observed e
A 133 9.1 5 P <01
GT 85 5.8 12 P <001
B 104 7.1 5 P<04

4 Significance was calculated by the formula Z = P — 6 x [6(1 — 6)/n] ™! (5)
in which P is the observed proportion of plaques in a class, 8 is the theoretical
proportion of plaques in a population formed by homologous recombination at
rates directly proportional to the relative sequence interval, and n is the
sample size. Probabilities were adjusted for sample size effects by the Student
t test formula (5).

resulting in a deletion, whether or not the other deletion
endpoint can also be mapped on the basis of sensitivity to
Clal or Xbal depends upon the nature of the recombination
event that mediated the deletion. If deletion were to occur
by homologous recombination between tandemly arrayed
blocks of identical sequences, the determination of one
deletion endpoint would implicitly map the other endpoint to
the DNA segment containing the homologous sequence.
However, were deletion to occur by nonhomologous recom-
bination, sensitivity to Clal, Xbal, or both would map only
the deletion endpoint linked to the diagnostic restriction
sites. As will be demonstrated below, several of the viruses
rescued from SV(GT)? DNA were the product of nonhomol-
ogous recombination. The prevalence of nonhomologous
recombination created ambiguity in the relationship of virus
rescue to recombination frequency because not all nonho-
mologous deletions would be expected to produce plaques.
Therefore, quantitation of the relative propensities of
poly(GT) and SV40 sequences to recombine homologously
required further analysis of rescued viral genomes to distin-
guish homologous from nonhomologous events.

Prevalence of nonhomologous recombination in the deletion
of oversized SV40 DNA. Figure 5 shows the results of

FIG. 3. The structure of recombination substrate SV(AB)>. Seg-
ments designated A and B are as described in the legend to Fig. 1.
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digestion of 13 rescued genomes with PstI, which produced
two fragments, the smaller of which contained the region of
deletion. Deletion mediated by homologous recombination
between two A segments or two B segments would produce
Pstl fragments of discrete size: 1,301 base pairs in the case
of A-by-A recombination and 1,351 base pairs in the case of
B-by-B recombination. Of the five recombinants possessing
both Clal and Xbal sites (A-class), only two (Al and A10b)
produced Pstl fragments of the expected size. The other
three A-class recombinants contained PstI fragments larger
than would be expected to be produced by homologous
recombination between two A segments. Two examples of
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FIG. 4. Cla and Xba analysis of viral genomes rescued from
SV(GT)? DNA. Viral DNA was prepared by Hirt extraction. DNA
was electrophoresed through 0.7% agarose in TBE. DNA was
visualized by staining with ethidium bromide. Roman numerals
mark the position of supercoiled circular (I), relaxed circular (II),
and linear (I1I) DNAs. (A) Lane 1, SV40 DNA; lanes 2, §, 8, 11, and
14, undigested samples of isolates GT8a, B8e, A9c, GT9d, and
GT10a; lanes 3, 6, 9, 12, and 15, same samples digested with the
Xbal; and lanes 4, 7, 10, 13, and 16, same samples digested with
Clal. (B) Lanes 1, 4, 6, 8, 10, 12, 14, 16, and 18, Xbal-digested
samples of isolates GT1la, B3c, GT3b, GT4b, B5b, GT6a, GT8b,
Béc, and GTéd; lanes 2, S, 7,9, 11, 13, 15, 17, and 19, same samples
digested with Clal. (C) Lanes 1, 3, 5, 7, 9, 11, 13, and 15,
Xbal-digested samples of isolates GT7b, GT9a, B9, Al0b, Al,
GT3, AS, and A6b; lanes 2, 4, 6, 8, 10, 12, 14, and 16, same samples
digested with Clal.
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FIG. S. Pstl analysis of viral genomes rescued from SV(GT)?
DNA. DNA samples were prepared by Hirt extraction of infected
cells. Electrophoresis was through 1% agarose in TBE. DNA was
visualized with ethidium bromide. A and B mark the migration
positions of the small PsrI fragments of viral genomes generated by
homologous recombination between either two A segments or two B
segments in SV(GT)? DNA. Lanes 1 through 13 contained samples
GT7b, GT8a, GT8b, B8e, GT9a, B9b, A9¢c, GT9d, GT10a, Al0b,
Al, GT3, and AS, respectively.

oversized A-class genomes are shown in lanes 7 and 13 of
Fig. 5. Similarly, of the five recombinants lacking both the
Clal and Xbal cleavage sites (B-class), only two (B6c and
B8e) produced PsrlI fragments of the size expected to result
from homologous recombination between two B segments.
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FIG. 6. Restriction maps of the Bam-Bcl fragments expected to
be generated by homologous recombination events. The 150-base-
pair length between the Alu and Cla sites is what would be expected
if GT-by-GT recombination was equal. Unequal exchanges between
GT tracts would produce variation in the length of Alu-Cla frag-
ments. Symbols: (C=3) poly(GT); (—) SV40; and (~+) non-poly(GT)
insertion.




1252 STRINGER Mot. CELL. BioL.




VoL. §, 1985

EmMmi123456

622-
527-

403-

POLY(GT) RECOMBINATION 1253

M7 B g 10 11

90 -

76- s -

FIG. 7. Restriction endonuclease mapping of viral genomes rescued from SV(GT)? DNA. All panels are autoradiograms of end-labeled
DNA fragments separated by electrophoresis through polyacrylamide. The numbers in the margins indicate the approximate molecular sizes
of DNA fragments (in base pairs). Unless otherwise indicated, lanes marked (M) contained end-labeled Hpall fragments of pBR322 DNA.
The doublet bands seen in some of the smaller fragments are an artifact of the end-labeling procedure. (A) Mbol digestion. Lanes 1 through
15 contained DNA from isolates GT4b, B5b, A6b, Béc, GT6d, GT8b, B8e, GT9a, B9, A9¢c, GT10a, Al, A10b, GT3, and AS, respectively.
Lane M contained SV40 DNA. (B) Double digestion of A-class molecules with either Mbol and Xbal or Xbal and Clal. Lanes 3, 7, 11, 14,
and 18 contained samples of isolates A6b, A9c, A10b, Al, and AS that had been digested first with Mbol, end labeled, and subsequently cnt
with Xbal. Lanes 4, 8, 12, 15, and 19 contained samples of isolates A6b, A9c, A10b, Al, and AS that had been digested first with Xbal, end
labeled, and subsequently cut with Clal. Lanes 1 and 13 contained the 85-base-pair poly(GT) sequence bounded by Cla and Xba in SV(GT)?
DNA (see Fig. 1). (C and D) Samples were end labeled at the Clal site and subsequently digested with Mbol. (C) A-class molecules. Lanes
1 through 5 contained samples A6b, A9c, Al10, Al, and AS, respectively. (D) GT-class molecules. Lanes 1 through 12 contained samples
GTé6a, GT8b, GT3, GT8a, GT7b, GT4b, GT1a, GT9d, GT10a, GT9a, GT3b, and GT6d, respectively. (E) GT-class samples were end labeled
at the Clal site and subsequently digested with Alul. Lanes 1 through 11 contained samples GT1a, GT3b, GT4b, GT6a, GT8b, GT10a, GT6d,
GT8a, GT9a, GT9d, and GT3, respectively. The families of bands migrating at ca. 300 base pairs are the result of partial Alul digestion.

The other three B-class molecules contained undersized PstI
fragments. An example of a B-class viral genome with a
small Pst fragment is shown in lane 6 of Fig. S. These data
indicated that most of the molecules assigned to either the A
or B class (Table 1) were not the product of homologous
recombination.

Mapping with restriction endonucleases that cut more
proximally to the points of recombination allowed further
localization of recombination points (see Fig. 6 for relevant
restriction maps). Figure 7A shows the sizing of fragments
produced by Mbol cleavage of recombinant viral genomes.
The data in Fig. 7A show that the size heterogeneity of
rescued viral genomes of all classes was confined to the
sequences between the Bam and Bcl sites. Consistent with
the data derived by Ps:I digestion, only two of the class A
molecules (lanes 12 and 13) and two of the class B molecules
(lanes 4 and 7) contained Mbol fragments of the size
expected to be produced by homologous recombination. The
other A-class molecules contained Mbol fragments larger

than would be expected to result from homologous A-by-A
recombination (lanes 3, 10, and 15; the Mbo fragment in lane
15 comigrated with the 384-base-pair SV40 fragment), and
the other B-class viruses contained Mbol fragments smaller
than would be expected to result from homologous B-by-B
recombination. Lanes 2 and 9 of Fig. 7A show two examples
of such B-class viruses. Class B recombinants were further
characterized by digestion with Bam plus Alu and Bcl plus
Alu (data not shown). Cleavage with these enzymes showed
the size heterogeneity in B-class genomes to lie between the
Alu and Bcl sites. Three class B recombinants were further
analyzed by DNA sequencing (see below and Fig. 10).

The results of further analysis of A-class and GT-class
recombinant genomes are shown in Fig. 7B through E. The
data in Fig. 7B and C mapped the size heterogeneity of class
A molecules to the sequences bounded by Bam and Xba
sites. Class A molecules all contained the expected 85-base-
pair Xba-Cla fragment (Fig. 7B, lanes 4, 8, 12, 15, and 19),
the expected 189-base-pair fragment bounded by Xba and
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FIG. 8. Physical maps of viral genomes rescued from SV(GT)? DNA. (A to C) The relative sizes and restriction maps of class A, GT, and
B molecules, respectively. The word ‘‘major’’ in a label indicates that heterogeneity occurred in that sample, and only the molecule present
in major proportion is represented here. (D to F) The putative alignments of recombining molecules. At the top of (D to F) is drawn the
Cla-Xba linked “‘recipient’’ parental DNA, and drawn below is a series of molecules representing the probable alignments of each ‘‘donor’’
parental DN A molecule. The dotted vertical lines demarcate the recombination target in the recipient, as determined by analysis with Cla and
Xba. The limits of the sequences encoding the viral protein VP1 and large T antigen are shown in (D) and (F). Vertical arrows mark
recombination points in donor molecules, as deterrhined by DNA sequencing. Symbols: (OJ) poly(GT) DNA; ( ~» ) nonpoly(GT) portion of
the GT segment of SV(GT)? proximal to the Bam site (see Fig. 1); (X) BamHI; (¢ ) Alul; (+) Clal; (5) Xbal; and (V) Bell.

Bcl sites (Fig. 7B, lanes 3, 7, 11, 14, and 18), and the
expected 110-base-pair fragment bounded by Cla and Bcl
sites (Fig. 7C).

Digestion of GT-class molecules with Mbo and Cla local-
ized the size heterogeneity of these molecuies to the region
between the Bam and Cla sites (Fig. 7D). The size hetero-
geneity was further localized by double digestion with Cla
plus Alu (Fig. 7E). GT-class molecules produced Cla-Alu
fragments that varied in length in the manner expected from

the size heterogeneity in Bam-Cla fragments (cf. Fig. 7D and
E). The size heterogeneity in GT-class recombinants was not
unexpected because poly(GT) segments are internally repe-
titious and therefore structurally disposed to misalighment.

Physical maps deduced from data in Fig. S and 7 are
presented in Fig. 8A to C. Figures 8D to F depict the
putative alignment of the molecules that recombined to
produce the viral genomes diagrammed in Fig. 8A to C. This
depiction of recombination alignment is the simplest way to
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FIG. 9. Viral genomes rescued from SV(AB)> DNA. DNA samples were prepared by Hirt extraction of infected cells. DNA was digested
with Pstl and electrophoresed through 1% agarose; fragments were visualized by ethidium bromide fluorescence. The numbers 1 to 3 in the
center space indicate the positions of PstI fragments bearing 1 to 3 copies of the sequence, respectively, between nucleotides 2533 and 2770.
Lanes marked (M) contained markers. Lanes 1 through 30 contained DNA from 30 plaques isolated after SV(AB)?® transfection.

explain the generation of the variety of genomic structures
found in rescued viruses. For 11 of the 22 recombinants,
sequence analysis (described below) confirmed this interpre-
tation of the restriction data.

Illegitimate deletions were usually not the product of recom-
bination between SV40 and poly(GT) sequences. To determine
whether the frequent appearance of nonhomologous recom-
binants was due to the presence of the poly(GT), an over-
sized SV40 genome was constructed that contained three
tandemly arranged copies of the viral DNA sequence that
lies between the Bam and Bcl cleavage sites. This molecule,
SV(AB)® (Fig. 3), was the same size as SV(GT)? and
contained the same tracts of viral sequence homology.
SV(AB)? was transfected into CVI cells, and viral plaques
were rescued as described above. Viral DNAs from 30
plaque isolates were analyzed by digestion with Psrl, fol-
lowed by electrophoresis through agarose. The results of
this analysis are shown in Fig. 9 which shows that although
most of the plaque isolates rescued from SV(AB)? DNA
contained PstI fragments of a size consistent with deletion of
one or two copies of the Bam-Bcl repeat, odd-sized Pstl
fragments were commonly present (lanes 1, 3, 11, 12, 14, 16,
17, 19, 21, 23-26, 28, and 30). These odd-sized fragments,
presumably the product of nonhomologous recombination
events, occurred in half the samples, suggesting that even in
the absence of poly(GT), oversized viral DNA molecules
bearing tandem repeats commonly suffered deletion through
illegitimate recombination events. Therefore, the prevalence
of illegitimate recombination in the genesis of packageable
viral genomes from SV(GT)? precursors is for the most part
not attributable to the presence of poly(GT).

Consideration of the alignment of molecules depicted in
Fig. 8 raised the possibility that the nonhomologous dele-
tions found in the viruses rescued from SV(GT)? DNA could
have been due to recombination between poly(GT) and
SV40 sequences. To test this possibility, five of the six A-
and B-class viral genomes that appeared to have been
formed by illegitimate recombination were sequenced. All of
the viral genomes analyzed were indeed the result of
nonhomologous recombination, but only one virus, A9c,
was formed by recombination between SV40 and poly(GT)
sequences. Four recombination junctions are shown in Fig.
10.

Homologous recombination between two tracts of poly(GT).
Six of the 12 GT-class recombinant viruses were sequenced
to determine whether the deletions that formed these viral
genomes were mediated by homologous recombination be-
tween two poly(GT) tracts. Five (GT6d, GT7b, GT8a, GT8b,
GT9d) of the six viral genomes analyzed retained perfect
tracts of alternating G and T. One virus (GT6a) was clearly
formed by nonhomologous recombination. This isolate was
the smallest of the 12 GT-class viruses and was the only
member of the GT class that was formed by recombination
between poly(GT) and non-poly(GT) sequences. The se-
quence of recombinant GT6a is shown in Fig. 10.

Estimation of the relative proficiencies of poly(GT) and
SV40 sequences to recombine homologously. How the raw
data shown in Fig. 4 and tabulated in Table 1 relate to the
frequency of recombination depends upon whether or not all
recombinants are equally able to form a plaque. For those
viruses produced by homologous recombination, two lines
of evidence argue that differential viability did not influence
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CTCTCTCTTAATGTGTGTGTGTGTGTGTGTGTGTGTGTGT
CTCTCTCTTAATGTGTGTGTCATTATAAGCTGCAATAAAC
GCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAAC

CACACACACTATCTCTCTA T‘t TCTATCTCTCTCTCTTAAT
CACACACACTATCTCTCTATAAAAAATGCTTTATTTGTGA
ACCACAACTAGAATGCAGTGAAAAAATGCTTTATTTGTGA

44
CACACACACACACTATCTCTCTATCTCTATCTCTCTCTCT
CACACACACACACTATCTCTCAATTGCATTCATTTTATGT
OTGTGATCGATCAACAACAACAATTGCATTCATTTTATGT

ACACTATCTCTCTATCTCT K‘T CTCTCTCTCTTAATGTGTG
ACACTATCTICTCTATCTCTAGCATTCATTTTATGTTTCAG
TCAACAACAACAATTSCATTGCATTCATTTTATGTTTCAG

TGTGTGTGTGTGTGTGTG T‘C TGTGTGTGTGTGTGTGTGTG
CACACACACACTATCTCTCGTGTGTGTGTGTGTGTGTGTG
CACACACACACTATCTCTCTATCTCTATCTCTCTCTCTTA

FIG. 10. Sequences at illegitimate recombination points. The middle line of each set is the sequence of a recombinant virus. The sequences
that participated in the formation of each recombinant are shown above and below each recombinant sequence. Arrows indicate the crossover

points. The crossover point for recombinant Sb was ambiguous.

the recovery of viruses produced by the three alternative
deletion events shown in Fig. 1. First, viruses of each
recombinant class competed well with each other upon
mixed infection. CVI cells were infected either singly or
mixedly with 100 PFU of a virus representative of each
recombinant class. Ten days after infection, viral DNA was
prepared by Hirt extraction and analyzed by restriction
endonuclease digestion. None of the three viruses outgrew
its siblings (data not shown).

A second reason to discount selection as an influence in
the recovery of various homologous recombinants is that a
mixture of deleted viral genomes produced in E. coli yielded
virus of each recombinant class in proportion to the amount
of DNA of each recombinant class. Upon propagation in E.
coli with a functional recA pathway, pGT?, the DNA mole-
cule containing the tandem repeats destined for implantation
into SV(GT)? DNA (Fig. 2) suffered frequent deletion of one
copy of the repeat. The deletions produced in E. coli were of
all three types expected to arise by homologous recombina-
tion between tandem repeats. The deleted fragments were
purified and used to produce virus as described in the legend
to Fig. 2. The viral DNA in 30 plaques was analyzed by
digestion with Clal and Xbal. The distribution of viruses
among the three possible classes expected to be produced by
homologous recombination was the same as the distribution
of deleted DNA fragments in the mixture derived from E.
coli. This result indicated that the probability of rescue was
not influenced by which pair of homologous sequence blocks
recombined to produce a packageable viral genome.

Since selection did not favor one homologous recombi-
nant over another, the frequency at which viruses were
produced by various homologous recombination events

should be a direct indication of the relative propensities of
poly(GT) and SV40 sequences to recombine homologously.
Although it is clear from restriction endonuclease mapping
that only two of the A-class viruses and two of the B-class
viruses were formed by homologous recombination, it is
more difficult to determine the number of GT-class isolates
that were produced by homologous recombination. The size
of recombinants is not indicative of mechanism because
poly(GT) recombinants would be expected to be variable in
size whether or not their formation were mediated by base
pairing. Sequence analysis provides some indication of
mechanism. Of the six GT-class genomes sequenced, five
retained the perfect dinucleotide repeat expected to result
from homologous crossing over. The one GT-class genome
that was clearly formed by nonhomologous recombination
was not informative in regard to the mechanism of GT-by-
GT breakage and reunion because only one poly(GT) se-
quence participated in the recombination event. The fact
that five GT-class recombinants appeared to be the result of
homologous recombination suggests an upper limit for the
contribution of the nonhomologous recombination pathway
to the formation of deletions ending in two poly(GT) tracts.
Barring the action of a nuclease that might cut poly(GT)
tracts only between G and T or only between T and G, there
is less than a 10% chance that all of the five sequenced
genomes would appear to have been formed by homologous
recombination if GT recombination were mediated by the
homologous pathway less than 20% of the time. Therefore, it
can be concluded with 90% confidence that at least 2 of the
12 GT-class recombinants were formed by homologous
recombination and that the frequency of recovery of homol-
ogous GT-class viruses was at least as high as the frequency
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of recovery of A- or B-class homologous recombinants.
Since the target size for each class of homologous recombi-
nation event was roughly the same and since all homologous
recombinants were equally viable, it follows that, on a
per-nucleotide basis, poly(GT) tracts are at least as likely to
recombine as two homologous SV40 sequences. An unlikely
caveat to this conclusion is that it is possible that poly(GT)
recombination appears homologous because a special nu-
clease cuts these sequences with specificity for cleavage
between either GT or TG dinucleotides. However, extensive
analysis of illegitimate recombination involving SV40 DNA
has not implicated specific cleavage of TG or GT dinucleo-
tides. Rather, trinucleotides of the consensus sequence
Py-T-T seem to be involved in nonhomologous recombina-
tion of SV40 DNA (4). In bacteria, DNA topoisomerases are
thought to mediate nonhomologous recombination (17, 24),
and such enzymes are likely candidates for performing such
operations in eucaryotes. The dinucleotides GT, CA, and
AC are eschewed by mammalian topoisomerase I, and TG is
cut rather rarely by this enzyme (6).

An upper limit for the relative homologous recombination
proficiency of poly(GT) sequences can also be obtained if 11
GT-class viruses are assumed to have been homologous
recombinants. One would expect to isolate this proportion of
GT-class recombinants if the 85 base pairs of poly(GT) had
presented a target for homologous recombination that was
2.75 times larger than the target presented by the 237 base
pairs of SV40 DNA available to mediate deletion via homol-
ogous recombination. If the 85 base pairs of poly(GT) were
to have behaved as if they were a recombination target 651
base pairs long, it would follow that, on a per-nucleotide
basis, recombination between poly(GT) tracts was 7.7 times
more likely (651 divided by 85) than recombination between
homologous sequence tracts composed of SV40 DNA.

DISCUSSION

The data presented in this report indicate that recombina-
tion between poly(GT) repeats readily occurs in SV40-
infected cells. The finding that viruses rescued from SV(GT)?
DNA were commonly the product of recombination between
poly(GT) segments indicates that the previously described
stability of poly(GT) in a viable variant of SV40 that carries
a poly(GT) insertion (36) was not due to a strict prohibition
of recombination between poly(GT) sequences. The appar-
ent stability of poly(GT) in SVGT DNA may reflect the
infrequency of deletion and the relatively small gain in
replicative proficiency associated with deletion of most, but
not all, of the poly(GT) insertion.

The size heterogeneity of poly(GT) tracts left in viral
genomes formed via GT-by-GT recombination indicates that
recombination between two tracts of poly(GT) is usually
unequal. Two lines of evidence argue that the size hetero-
geneity of poly(GT) traits is due to unequal recombination
and not due to secondary deletions of poly(GT) after the
recombination events that deleted one copy of the reiterated
Bam-Bcl fragment. First, heterogeneity of poly(GT) oc-
curred only in molecules formed by recombination between
two poly(GT) tracts (Fig. 7). None of the A-class recombi-
nants lost nucleotides from the poly(GT) segment flanked by
Xba and Cla sites. Second, poly(GT) has been shown to be
stably maintained in SV40 genomes of packageable size (36).

The poly(GT) tracts resultant from unequal poly(GT)
recombination were distributed by size over a continuum
ranging between 40 and 80 base pairs. The one GT-class
recombinant virus that deviated from this continuous size
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distribution, isolate GT6a, was found to be the product of
recombination between a poly(GT) tract and nonpoly(GT)
DNA. This size range is what would be expected if homol-
ogous recombination of poly(GT) sequences were to require
at least 40 base pairs of sequence homology. Forty base
pairs has been previously determined to be the mimimum
amount of homology required to mediate efficient homolo-
gous recombination in T4-infected E. coli (32). The variation
in size of poly(GT) tracts left in GT-class recombinants
could also reflect the action of the nonhomologous deletion
pathway.

SV(GT)? DNA commonly produced viruses that were the
product of nonhomologous recombination. Although SV40
DNA is known to recombine rather promiscuously both with
itself and with totally heterologous DNA molecules (37, 40,
42), it was still surprising to find that progeny molecules
arising by deletions involving either of the two SV40 se-
quence tracts were usually the product of nonhomologous
recombination. Comparison of SV(GT)? and a similar DNA
molecule that lacked polyGT, SV(AB)3, showed that plaques
produced by SV(AB)® were as likely to contain viruses
formed by nonhomologous recombination as plaques pro-
duced by SV(GT)? DNA. This suggests that the incidence of
nonhomologous recombination in SV(GT)> DNA could in
large part be ascribed to the general promiscuity of SV40
recombination. Furthermore, although the alignment of re-
combining molecules probably placed poly(GT) sequences
in a position to undergo nonhomologous recombination with
non-poly(GT) sequences, sequence analysis showed that
nonhomologous deletions were usually not the result of the
direct involvement of poly(GT) in illegitimate breakage and
reunion events.

The prevalance of nonhomologous recombination pre-
cluded the exact determination of the relative proficiency of
poly(GT) sequences to undergo homologous recombination,
because an indeterminate fraction of the viral genomes
generated by nonhomologous deletions in SV(GT)? DNA
would escape detection in the virus rescue protocol and
because it is difficult to assess the proportional contribution
of the nonhomologous recombination pathway to poly(GT)
recombination. However, the data allow the estimation of
the maximum enhancement of homologous recombination
frequency that may be associated with poly(GT) DNA.
Depending upon the fraction of GT-class viruses that were
formed via homologous recombination between two
poly(GT) tracts, an 85-base-pair poly(GT) sequence was as
much as eight times more likely to recombine homologously
than 85 base pairs of SV40 DNA. Such a relatively high
recombination propensity could presumably be a manifesta-
tion of the unusual structure of poly(GT) DNA. One possi-
bility is that, as they do in vitro, poly(GT) sequences assume
a left-handed helical conformation in the cell. In considera-
tion of this possibility, it is interesting that the nonin-
terwound recombination intermediates fostered by the in
vitro action of the Ustilago Recl protein have been shown to
bind antibodies specific for DNA in the Z conformation (20).
Also, poly(GC) DNA in the Z form has been shown to bind
Recl protein in vitro (19). Alternatively, recombination
between poly(GT) sequences may have nothing to do with Z
DNA but simply reflect the fact that the sequence repeats
itself every 2 base pairs. Any dinucleotide repeat sequence
may be more likely to form a homologously matched four-
strand recombination intermediate. The in vitro action of E.
coli RecA protein entails a homology-searching step (8).
Such searches would be expected to succeed more quickly,
and therefore perhaps more often, when they involve two
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sequences composed of a dinucleotide repeat. The perti-
nence of the functional properties of the E. coli RecA protein
to the mechanism of homologous recombination in eucary-
otes is strongly supported by the finding of similar in vitro
activities expressed by the Recl protein of the fungus
Ustilago maydis (20).

The behavior of poly(GT) sequences in SV(GT)? suggests
that a chromosomal poly(GT) sequence of a given length
could recombine homologously up to eight times more
frequently than a more complex sequence of the same
length. In this sense, poly(GT) sequences could be regarded
as hot spots for recombination. However, because cellular
poly(GT) sequences are in general quite short, 10 to 50 base
pairs, it seems unlikely that they actually function as hot
spots for reciprocal recombination between homologous or
closely related genes. Even a 10-fold enhancement of recom-
bination would only increase the recombination of a 50-base-
pair poly(GT) sequence to a level equal to that expected to
occur between 500 base pairs of more complex sequence.
Therefore, although it seems that the magnitude of recom-
bination enhancement of poly(GT) sequences might be suf-
ficient to offset their small size to the point of rendering
poly(GT) sequences as likely to recombine as surrounding
tracts of more complex sequence, small cellular poly(GT)
sequences probably should not be regarded as potential hot
spots for reciprocal recombination between two homologous
or very closely related genes.
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