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ABSTRACT

The genomic distribution of the abundant eukaryotic
d(GA-TC), DNA microsatellite suggests that it could
contribute to DNA recombination. Here, it is shown
that this type of microsatellite DNA sequence
enhances DNA recombination in SV40 minichromo-
somes, the rate of homologous DNA recombination
increasing by as much as two orders of magnitude in
the presence of a d(GA-TC),, sequence. This effect
depends on the region of the SV40 genome at which
the d(GA-TC),, sequence is cloned. It is high when
the sequence is located proximal to the SV40 control
region but no effect is observed when located 3.5 kb
away from the SV40 ori. These results indicate that
the recombination potential of d(GA-TC), sequences
is likely linked to DNA replication and/or transcription.
The potential contribution of the structural properties
of d(GA-TC), sequences to this effect is discussed.

INTRODUCTION

A distinctive trait of the genomes of higher eukaryotes is its
high content of repetitive DNA sequences. Microsatellite DNA
sequences, formed by the tandem repetition of very simple
monomer units, from 1 to 8 nt long, are fairly abundant in
eukaryotic genomes. The simple repeating d(GA-TC), micro-
satellite is especially abundant in eukaryotic genomes,
accounting for ~0.4-0.5% of the total mammalian genome
(1,2). Little is known, however, about its possible biological
function(s). The genomic distribution of this microsatellite
suggests that it could be involved in processes of genetic
recombination. These microsatellite sequences are found at
‘hot-spots’ for genetic recombination (3-5). They are also
frequently present in the vicinity of genes belonging to large
multigene families and it was proposed that, by enhancing gene
conversion events, they could contribute to the establishment,
stabilization and/or maintenance of the sequence homogeneity
of the multigene family (6-11). Little is known, however,
about the direct contribution of d(GA-TC), microsatellite
sequences to DNA recombination. It was shown that when
cloned into the DNA tumor virus SV40, they induce an increased
genomic instability that could arise from an increased frequency

of DNA recombination (12,13). In this paper, the determination
of the direct contribution of d(GA-TC), microsatellite
sequences to somatic DNA recombination was addressed using
SV40 minichromosomes as a model system that mimics the prop-
erties of eukaryotic chromatin (14).

MATERIALS AND METHODS
DNAs

Figure 1 shows the different constructs used in these experiments.
They were obtained by cloning, at the unique Hpall site (position
346) (pASV and pASV3’ vectors) or Tagl site (position 4739)
(pASVt vectors) of SV40, a 2.6 kb long pUCI18 derivative
carrying a duplication of a modified polylinker missing the
Xbal site. The genomic organization of these constructs is such
that the non-viral DNA is flanked by two 61 bp long direct
repeats (HS) arising from the duplicated polylinker. The
sequence of the direct repeats is: 5-AAG CTT GCA TGC
CTG CAG GTC GAC TCT AGC TAG AGG ATC CCC GGG
TAC CGA GCT CGA ATT C-3’.In pASV and pASVt vectors,
microsatellite DNA sequences (RS) were located preceding the
5’ HS sequence. The sequences of the regions located between
the SV40 sequence and HS4'is: 5'-CGA CGG ATC CCA (RS)
GGG ATC TCT AGA-3" where RS corresponds to (CA),,
([CA] constructs), (GA),, (IGA] constructs) or no repeated
sequence at all ([0] constructs). A short, 16 bp long, non-viral
DNA fragment is located between HS; and the SV40
sequence. pASV3’[TC] was obtained by PCR amplification of
the non-viral DNA insert of pASV[GA] that was then cloned at
the Hpall site of SV40 in the reverse orientation with respect to
PASVIGAL]. As a consequence, in pASV3'[TC], the d(GA-TC),,
sequence precedes HS; and is inverted with respect to
PASV[GA], the homopurine sequence being located on the lower
strand. pASV3’[TC] also contains two short (40-50 bp) inverted
repeats corresponding to the regions located between the
primers used for the PCR amplification and the site of insertion
of the non-viral DNA.

Plaque assay

For the transfection experiments, CVI cells were grown on 60 mm
diameter plates and transfected at ~90% confluence by the
DEAE-dextran method (15), each plate receiving 50 ng of
DNA in a solution containing 0.5 mg/ml of DEAE-dextran
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Figure 1. Genomic organization of the constructs used in these experiments. All constructs contained a 2.6 kb long non-viral DNA insert flanked by 61 bp long
direct repeats (HS), one of which is preceded by a repeated DNA sequence (RS). The BglI site at nucleotide position 0/5243 marks the position of the SV40 ori.

See Materials and Methods for details.

(Sigma). After transfection, cells were over-laid with 5 ml of
media containing 0.9% agar and were fed every 3 days with the
same media. After 10 days of transfection, plaques were visualized
with 0.05% neutral red. The number of plaques was then counted
every day until 17 days post-transfection. For the analysis of the
genomic organization of the recombinants, individual plaques
were isolated and used to prepare low-titer viral stocks to infect
CV1 cells. Hirt extracts (16) were prepared when ~50% of the
cells showed marked cytopathology. Viral DNAs were purified
by CsCl gradient centrifugation and analyzed by restriction
endonuclease cleavage and DNA sequencing.

RESULTS

The nucleosomal organization of the SV40 minichromosome
imposes that DNA molecules exceeding in more than ~200 bp
the actual size of the SV40 genome (5243 bp) would not be
packed into the viral capside (14). As a consequence, oversized
SV40 DNA molecules would not give rise to infective viral
particles unless reduced by DNA recombination to a packagable
size while preserving the SV40 regions that are essential for
viral replication, transcription and encapsidation that is, most
of the SV40 genome (14). This circumstance constitutes the
basis of the experimental approach we used to determine the
effects of d(GA-TC), microsatellite DNA sequences on DNA
recombination. The pASV constructs described in Figure 1 are
7850 bp long and, therefore, they cannot give rise by them-
selves to infective viral particles. In these constructs, the non-
viral DNA insert is flanked by two short, 61 bp long, direct

repeats (HS) so that recombination across them would recon-
stitute fully-infective wild-type SV40. Upon transfection into
permissive CV1 cells, the formation of infective SV40
particles can be easily monitored by the plaque assay (17),
providing a useful approach to estimate the frequency of
recombination occurring across the HS sequences since each
plaque arises from a single recombination event. In pASV
plasmids, one of the HS sequences is preceded by either a
d(CA-TG);, ([CA] constructs) or d(GA-TC), ([GA]
constructs) microsatellite DNA sequence, or no-repeated
sequence at all ([0] constructs). Comparison of the relative
plaquing efficiency of the different constructs would provide
an estimate of the effects of the microsatellite sequences on the
frequency of recombination across the HS sequences. Similar
experiments have been performed by others to study DNA
recombination in somatic cells (18-20).

Figure 2 shows the plaquing efficiency, expressed as number
of plaques obtained per ng of transfected DNA, of plasmids
pASV[0], pASV[CA] and pASV[GA]. These constructs carry
the non-viral DNA insert at the unique Hpall site of SV40
(Fig. 1, top), that occurs at position 346 at the 5’"UTR region of
the late mRNAs, just at the 3" border of the SV40 control
region (14). The plaquing efficiency was determined as a
function of increasing post-transfection time, from 11 to 17 days
(Fig. 2A). Plasmid pASV[GA] shows a higher plaquing
efficiency than plasmids pASV[0] and pASV[CA]. This
difference is higher at early stages of post-transfection, from
11 to 13 days, when only a few plaques are obtained with
plasmids pASV[0] and pASV[CA]. At day 12 post-transfection,
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Figure 2. (A) The plaquing efficiency, expressed as number of plaques per ng
of transfected DNA, of pASV[GA] (circles), pASV[CA] (triangles) and pASV[0]
(squares) is presented as a function of increasing days of post-transfection.
(B) The plaquing efficiency at day 12 post-transfection is presented for
pASV[GA], pASV[CA] and pASV[0].

the plaquing efficiency of pASV[GA] is around 20 times
higher than that of pASV[0] and pASV[CA] (Fig. 2B). The
number of plaques obtained from plasmids pASV[0] and
PASV[CA] increases from 14 to 16 days post-transfection. At
these times of post-transfection, the number of plaques
obtained with pASV[GA] also increases but to a lower rate
likely because, in this case, a significantly lower number of
cells are available to host new recombination events due to the
early on-set of the formation of plaques. As a consequence, the
difference in plaquing efficiency of pASV[GA] with respect to
pASV[0] and pASV[CA] decreases with time of post-transfection.
The results presented in Figure 2 correspond to a single
experiment in which 400 ng of each of the three constructs
were transfected to eight individual plates of subconfluent CV1
cells, each receiving 50 ng of DNA. As a consequence of the
variable transfection efficiency, the actual plaquing efficiency of
each construct varies from experiment to experiment but the
differences in plaquing efficiency are always of the same
magnitude. Table 1 shows the average plaquing efficiencies, at
day 12 post-transfection, obtained from four individual series
of transfections. As seen in Table 1, the plaquing efficiency of
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PASV[GA] is 18-fold higher than that of pASV[0]. On
average, pASV[CA] also shows a modest higher plaquing
efficiency, ~2-fold, than pASV[0]. Similar results were
obtained with equivalent constructs missing the HS sequences
but in which the non-viral DNA insert was flanked by direct
repeats of the simple repeating microsatellite DNA sequences
(RS). Also in this case, constructs carrying two copies of the
d(GA-TC),, sequence showed a higher plaquing efficiency
than constructs carrying no RS sequences (8-fold) or two
copies of the d(CA-GT);, sequence (4-fold).

Table 1. Relative recombination potential of pASV constructs

Plasmid Total? Homologous® Non-homologous®
pASVI[0] 1(29£3) 1 1
pASV[CA] 2(61£15) 4 2
PASV[GA] 18 (512+92) 165 10

“The relative recombination potential is expressed as the number of plaques
obtained per ng of transfected DNA normalized to that of pASV[0]. The
values correspond to the average of four independent series of experiments
that, altogether, account for the transfection of 2400 ng of DNA of each of the
constructs. Numbers in parentheses correspond to the actual recombination
potential (number of plaques/ng DNA x 10%) of each of the constructs.

PFor each construct, the potential of homologous recombination was
determined by applying the proportion of recombinants originated by
homologous recombination (see Table 2) to the total recombination potential.
Values are normalized with respect to that of pASV[0].

‘The relative potential of non-homologous recombination was determined as
described above, but taking into consideration the proportion of recombinants
originated by non-homologous recombination (see Table 2).

In pASYV plasmids, infective SV40 particles could arise from
homologous DNA recombination events occurring across the
HS sequences or by non-homologous DNA recombination
involving only one, or none, of the HS sequences and other
sequences located nearby. To address the question as to what
extent homologous DNA recombination across the HS sequences
contributes to the generation of infective viral particles, the
genomic organization of several SV40 recombinants obtained
from each of the pASV constructs described above was determined
by restriction endonuclease analysis and DNA sequencing.
The two HS sequences contain a HindlIlI site, at their 5" ends,
and an Xbal site, which is located at the 5" end in HS4 but at the
3’ end in HS; (Fig. 1). Homologous DNA recombination
across the HS sequences would result in molecules carrying a
single HS sequence flanked by two Xbal sites (Fig. 3, top). As
a consequence, the Xbal-Hindlll restriction pattern of these
recombinants will show a characteristic 700 bp long restriction
fragment (RII), arising from cleavage at the 3" Xbal site of the
HS sequence and the HindlIlI site occurring at position 1046 on
the SV40 genome, and a 500 bp long RI fragment, originating
from digestion at the SV40 HindIlI site at position 5171 and the 5’
Xbal, or HindIll, site of the HS sequence. The Xbal-HindIIl
restriction patterns of the original pASV constructs show RI
and RII fragments of precisely these lengths, arising from
cleavage at the Xbal sites located 5 of HS," and 3’ of HS;".
Non-homologous DNA recombination events involving only
one, or none, of the HS sequences would result in recombinant
viruses showing restriction fragments RI and/or RII of variable
lengths. Figure 3 (bottom) shows the Xbal-HindIII restriction
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Figure 3. (Top) SV40 recombinants arising from homologous DNA recombination across the HS sequences contained a single HS sequence flanked by two Xbal
sites. Cleavage with Xbal and HindIII gave rise to RI and RII fragments of 500 and 700 bp in length, respectively (see text for details). (Bottom) The Xbal-HindIIl
restriction patterns are presented for five independent recombinants (lanes 1—5) arising from pASV[0], pASV[CA] and pASV[GA]. Lanes C correspond to the
restriction patterns obtained from the original vectors and the arrows indicate the positions corresponding to fragments RI and RII.

patterns of several SV40 recombinants. In the case of the
pASV[0] and pASV[CA] recombinants, fragments RI and RII
are highly variable in length, as expected if generated by non-
homologous DNA recombination events. On the contrary,
many of the pASV[GA] recombinants show RI and RII frag-
ments of the length expected if generated by homologous DNA
recombination across the two HS sequences. Further analysis
by DNA sequencing allows the determination of the precise
exchange sites. Table 2 summarizes the results obtained from
these analysis. The majority of the pASV[0] and pASV[CA]
recombinants originate from non-homologous DNA recombi-
nation events that involved none, or only one, of the HS sequences
with only a very minor proportion of the recombinants arising
from homologous DNA recombination. On the other hand, in
the case of the pASV[GA] recombinants, homologous DNA
recombination accounts for the formation of a significant
proportion of the recombinants, ~46%. For each construct, the
potential of homologous DNA recombination can be estimated
from the plaquing efficiency and the proportion of recombinants
originated by homologous recombination. As summarized in
Table 1, in the case of pASV[GA], the rate of homologous
DNA recombination is increased by ~165-fold, with respect to
pASV[0], while the rate of non-homologous exchanges increases
only by ~10-fold. In the case of pASV[CA], homologous

recombination is also slightly more favoured (Table 1). It must
be noted, however, that the experimental approach used here
allows only the identification of recombination events occur-
ring at, or close to, the HS sequences. Non-homologous DNA
recombination events giving rise to recombinants exceeding
the maximal packagable size, or missing functionally impor-
tant SV40 sequences, would not be detected. Therefore, while
homologous DNA recombination across the HS sequences is
precisely determined by this approach, the rate of non-
homologous DNA recombination is likely to be underestimated.

Table 2. Proportion of pASV recombinants arising from homologous and
non-homologous DNA recombination events

Recombinants pASVI[0] pASV[CA] PASVI[GA]
Total? 21 19 24
Homologous® 1 (5%) 2 (10%) 11 (46%)
Non-homologous® 20 (95%) 17 (90%) 13 (54%)

aTotal number of recombinants analyzed.

"The number of recombinants originated by homologous and non-homologous
DNA recombination as determined by restriction endonuclease cleavage and
DNA sequencing. The corresponding percentages are shown in parenthesis.
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Figure 4. (A) The plaquing efficiency of pASVt[GA] (circles), pASVt[CA]
(triangles) and pASVt[0] (squares) is presented as a function of increasing
days of post-transfection. (B) The plaquing efficiency of pASV3'[TC] (triangles),
PASV[GA] (circles) and pASV[0] (squares) is presented as a function of
increasing days of post-transfection.

The results reported above indicate that d(GA-TC), micro-
satellite DNA sequences can enhance homologous DNA
recombination in SV40. This effect is, however, dependent on
the region of the SV40 genome at which the d(GA-TC),
sequence was cloned. In pASVt constructs, the non-viral DNA
insert was cloned at the unique Tagl site of SV40 (Fig. 1,
bottom), which occurs at position 4739 within the intron of the
SV40 T-antigen (14), instead of at the Hpall site as in pASV
plasmids. Otherwise, the genomic organization of pASV and
PASVt constructs is totally equivalent. As seen in Figure 4A,
the plaquing efficiency of pASVt[GA], which carries a
d(GA-TC),, sequence, is not significantly different to those of
PASV[CA] or pASVt[0], which carry a d(CA-TG);, sequence
or no repeated RS sequence, respectively. A main difference
between pASV and pASVt constructs refers to the relative
position of the repeated RS sequence with respect to the SV40
control region. In pASV[GA], the d(GA-TC),, sequence is
proximal to the SV40 control region, ~350 bp away from the
SV40 ori. On the other hand, in pASVt[GA], the d(GA-TC),,
sequence is located much more distal, at ~3500 bp from the
SV40 ori. That proximity to the SV40 control region can influ-
ence the recombination potential of d(GA-TC), sequences is
also suggested by the fact that the plaquing efficiency of
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pASV3’[TC], in which the d(GA-TC),, sequence is located at
the Hpall site as in pASV plasmids but distal with respect to
the SV40 control region as in pASVt constructs (Fig. 1,
middle), is not significantly different to that of pASV[0] (Fig.
4B).

DISCUSSION

The genomic distribution of the abundant d(GA-TC), eukaryotic
microsatellite suggests that it might be involved in processes of
genetic recombination. In agreement with this hypothesis, we
have shown here that d(GA-TC), DNA sequences can enhance
homologous DNA recombination in SV40 minichromosomes
by as much as two orders of magnitude. Others had reported
earlier that the most abundant d(CA-TG), eukaryotic micro-
satellite is recombinogenic in SV40 (19,20), as well as in other
eukaryotic systems (21-25). In the experiments described here,
d(CA-TG), sequences show, however, only a modest effect on
DNA recombination. These differences are likely to arise from
the different length of the regions of homology (HS) used to
assess the recombination potential of d(CA-TG), sequences in
SV40, 61 bp in our vectors but 150750 bp in those used by
others (19,20). The high dependence of the frequency of
recombination on the length of the homologous sequences
strongly supports this interpretation.

Our results also indicate that, in SV40 minichromosomes,
the recombination potential of d(GA-TC), sequences depends
on their localization on the viral genome. It is high when the
sequences are located at the Hpall site, just at the 3” border of
the SV40 control region, but no effect is detected when they
are located far away from the SV40 control region. In
pASV3’[TC], the d(GA-TC),, sequence is inverted with
respect to pASV[GA] and, in addition to the two direct HS
repeats, pASV3’[TC] carries two short inverted repeats (Materials
and Methods). These two aspects could also influence the
recombination potential of pASV3’[TC]. The SV40 control
region is a highly active genomic region that contains the
origin of viral replication, the early and late promoters, and the
strong SV40 enhancer (14). Though further work is required
before establishing the extent to which DNA replication and/or
transcription determines the high recombination potential of
PASV[GAL], it is conceivable that proximity to such an active
genomic region would have a strong effect on the rate of
recombination. Increasing evidence indicates that, either due to
a general increase in DNA accessibility or to specific pathways,
both DNA replication and transcription induce a higher
frequency of double-stranded-breaks and, therefore, facilitate
DNA recombination (26,27). Interestingly, d(GA-TC), micro-
satellite sequences are known to promote amplification, and
integration, of large tandem arrays of U2 RNA genes only in the
presence of active promoter elements (6). Furthermore, it was
shown that alternating d(GA-TC), sequences arrest DNA replica-
tion both in vitro and in vivo (28-30). Stalled replication forks
are known to induce DNA repair and recombination (27).

Alternating d(GA-TC), DNA sequences are structurally
polymorphic, showing a high tendency to form triple-stranded
DNA conformations (31-33). Though there is no direct
evidence for the formation of triplex DNA at the d(GA-TC),,
sequence of pASV[GA], it is tempting to speculate that their
recombination potential is actually linked to the structural
properties of the microsatellite sequence. Similar experiments,
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performed both in bacterial and mammalian cells, with other
homopurine-homopyrimidine sequences showed that their
effects on DNA recombination correlate with their potential to
form triple-stranded DNA (34,35). Interestingly, it was shown
that, in bacterial cells, a d(G-C), DNA sequence forms triple-
stranded DNA, and enhances homologous DNA recombination,
only when located at a transcriptionally active site (35). More-
over, formation of triplex-DNA appears to account for the
potentially recombinogenic arrest of DNA replication that occurs
at d(GA-TC), sequences (36). Local increases on negative super-
coiling associated to transcription, and/or replication, could
facilitate the formation of triple-stranded DNA. Formation of
triplex-DNA could promote strand-invasion events and, therefore,
stimulate DNA recombination. In addition, it was shown that
the formation of triplex-DNA arrests branch migration in vitro,
suggesting also a contribution to DNA recombination (37).
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