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ABSTRACT

Gene targeting via homologous recombination
(HR) is an important application in biotechnology
and medicine. However, in mammalian cells HR is
much less efficient than random integration. Triplex-
forming oligonucleotides (TFOs) linked to DNA
damaging agents (e.g. psoralen) can stimulate
HR, providing the potential to improve gene
therapy applications. To elucidate factors affect-
ing TFO-directed psoralen interstrand crosslink
(ICL)-induced recombination, we constructed a
series of plasmids with duplicated supF reporter
genes, each containing an inactivating deletion, to
measure HR frequencies in mammalian cells. Our
results indicated that TFO-directed ICL-induced
recombination frequencies were higher in the plas-
mids with larger distances between duplicated supF
genes than with a smaller separation distance. How-
ever, the position of the ICL relative to the reporter
genes did not affect HR frequencies. Recombination
spectra were altered by the distance between supF
copies. Although single-strand annealing (SSA)
recombinants were predominant in all plasmid sub-
strates, the plasmid with the shortest interval (60 bp)
revealed a significant proportion of gene conver-
sions (GCs). GCs occurred exclusively in the gene
containing the shortest deletion, regardless of the
distance between supF genes, ICL position or dele-
tion orientation. Our analyses indicated that SSA is
the predominant mechanism of ICL processing of
these substrates in mammalian cells.

INTRODUCTION

Homologous recombination (HR) provides an effective
approach to targeted genome modification. Gene target-
ing is not only useful for creating animal models of

human disease, but may provide a strategy for treating
genetic disorders in humans (1,2). A limitation to the cur-
rent technology is that the rate of HR in mammalian cells
is extremely low (107°~107> events per cell per genera-
tion), while nonhomologous recombination or random
integration occurs with a frequency ~100- to 1000-fold
higher than HR in mammalian cells (3). Efforts have
been made to stimulate HR frequencies using a variety
of strategies (4). For example, the introduction of a
DNA double-strand break (DSB) at a specific site in the
genome with the sequence-specific endonuclease I-Scel has
been shown to enhance the frequency of HR by several
orders of magnitude (5-8). However, this strategy is not
amenable for therapeutic applications, due to the require-
ment of pre-introduction of the I-Scel recognition
sequence at the target site in the genome.

An alternative strategy is the use of triplex technology
to target DNA damage in a site-specific fashion to stimu-
late HR at the targeted site. Triplex-forming oligonucleo-
tides (TFOs) can recognize and bind duplex target DNA
in a sequence-specific fashion via Hoogsteen hydrogen
bonding between the TFO and the purine-rich strand of
the target duplex DNA (9). Triplex formation itself can
result in increased frequencies of HR and mutation, likely
due to its recognition and processing by DNA repair pro-
teins (10-14). Furthermore, TFOs can be conjugated to
DNA damaging agents (e.g. psoralen), which have been
shown to stimulate HR and/or mutagenesis in a site-
specific fashion (15). The DNA damaging agent psoralen,
which is activated by UVA irradiation to form DNA inter-
strand crosslinks (ICLs), has been conjugated to TFOs to
induce HR (4,16-22). Psoralens are naturally occurring
planar tri-heterocyclic compounds consisting of a furan
ring and a pyrone ring. Psoralen intercalates in DNA,
and upon absorption of photons at 365 nm forms covalent
crosslinks, preferentially at 5-dTpA-3’ sequences (23,24).

While psoralen-conjugated TFOs have been used in
mammalian systems to enhance the frequency of HR,
many of the factors influencing ICL-induced HR in
these systems, such as the distance between the tandemly
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duplicated reporter genes and the position of the ICL
relative to reporter genes, have not been studied in
detail. To address these questions, we designed a series
of plasmid substrates with increasing distances (60bp,
350bp, 700 bp and 1.4kb) between the two supF reporter
genes, and varying TFO-psoralen ICL positions relative
to the supF genes nearer to the upstream copy, centrally
located between the two supF genes, or nearer to the
downstream copy of the supF gene. Using these con-
structs, we determined ICL-induced HR frequencies and
recombinant spectra in mammalian cells. Our results
demonstrated that in all plasmid substrates tested, the
TFO-directed psoralen ICL enhanced the HR frequency
relative to control treatment groups. The increase in HR
frequency was greater in plasmids containing more than
60 bp of intervening DNA sequence between the reporter
supF genes, although the position of the ICL relative to
the reporter genes did not have a significant effect. An
intriguing result was that gene conversion (GC) recombi-
nants were only observed in substantial proportions in the
construct with the shortest sequence length separating the
supF duplications. Further characterization of GC recom-
binants revealed a polarity, with all the conversion events
occurring in the supF gene containing the shorter deletion,
regardless of the position of the deletion relative to the
TFO binding site.

MATERIALS AND METHODS
Plasmid substrate construction

The pSupFG1 plasmid is a shuttle vector, which can repli-
cate in human cells due to the SV40 origin of replication
and the large T antigen sequence, and can also replicate in
Escherichia coli due to a ColEl-derived origin of replica-
tion. The supF gene in pSupFG1 encodes a suppressor
tRNA, which can suppress amber mutations in the lacZ
gene in the indicator E. coli strain MBM7070. The E. coli
strain, MBM7070 has the genotype: F-lacZ (am)CA7020,
lacYl, hsdR—, hsdM+, araD139 A(araABC-leu)7679,
galU, galK, rpsL, thi (25,26), has been used extensively
in studies of recombination events in mammalian cells
(21,27-29). Background events that might have occurred
in the bacteria (and not in the mammalian cells) were
controlled in several ways. First, background frequencies
of spontancous recombination events in the bacterial cells
were measured by transfecting the plasmid substrates
directly into the MBM7070 indicator bacterial cells; HR
frequencies in the bacterial cells did not exceed 0.8 x 10™*
for any of the reporter plasmids, which were substantially
lower than those found after replication in the mammalian
cells. In addition, the plasmids were treated with Dpnl
restriction enzyme following recovery from the mamma-
lian cells (and prior to transfection in the bacterial cells),
to remove plasmids that had not replicated in the mam-
malian cells from further analysis; therefore, only those
plasmids that had processed the crosslink (leading to
stimulation in HR) in the mammalian cells were subjected
to the blue—white screen in the bacteria. The pSupFGlI
shuttle vector was modified by incorporating two
tandem mutant supF genes containing different deletions;
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the upstream supF gene contains an 8 bp deletion at the
3’-end of the reporter gene (at original position 82-90 bp),
and the downstream supF gene contains a 24 bp deletion at
the 5-end of the reporter gene (at original position
17-41bp). Between these two mutated supF genes, a
60 bp intervening spacer DNA sequence was inserted,
which contains a unique TFO binding site for pTFOI1
(psoralen-5-TGTGGTGGGGGGTTTGGGG-3) and a
psoralen crosslinking site, to produce the parental plas-
mid, pTFOLK (Figure 1A). To study the effect of distance
between the supF reporter genes and the location of the
psoralen ICL on HR frequency, we inserted a series of
DNA sequences of varying lengths from the human
GAPDH gene to construct the following plasmids; p350
(containing a 350 bp DNA insertion between the two supF
genes), p700 (containing a 700 bp insertion) and pl.4K
(containing a 1.4 kb insertion). To exclude the possibility
of DNA sequence effects on HR, we designed a series of
primers to insert DNA sequences from the same region of
the human GAPDH gene for the construction of the plas-
mids. To determine the effect of ICL position on HR, we
constructed a series of plasmids with varying distances
between the supF genes and also with different ICL posi-
tions: nearer to the upstream copy (pTFO350, pTFO700
and pTFOI1.4K), nearer to the downstream copy
(p350TFO, p700TFO and p1.4KTFO) or centrally located
between the two reporter copies (Figure 1B and C;
p350Mid, p700Mid and pl1.4KMid).

To exclude the possibility that the GC events occurring
in the downstream supF gene were masked by the distance
from the promoter, we constructed the plasmids shown in
Figure 1D and E. These plasmids contain a 24-bp deletion
at the BstBI restriction site in the upstream supF gene and
a wild-type, functional supF gene downstream. Between
these two genes, the shortest and longest (60bp and
1.4kb, respectively), intervening DNA sequences were
inserted.

To characterize the GC events, another plasmid was
generated, which is similar to pTFOLK, except that the
deletion positions were reversed, with the larger deletion
(24 bp) in the upstream supF gene, and the shorter deletion
(8 bp) in the downstream copy (Figure 1F). All plasmid
sequences were confirmed by DNA sequencing.

Substrate preparation

Duplex plasmid substrates are the original plasmids with-
out any treatment. UVA-treated plasmid substrates are
plasmids irradiated with 1.8J/cm®> of UVA (365nm).
Triplex-modified plasmids (3pug) were incubated with
pTFOI oligonucleotide (1l of TFO at 1.2 x 107*M) in
triplex binding buffer [10 mM Tris—HCI, pH 7.6, 10 mM
MgCl, and 10% (vol/vol) glycerol] in a total volume of
50ul at 37 C overnight. The ICL-modified plasmid sub-
strates were incubated with pTFO1 under the same con-
ditions as triplex-modified plasmids, exce;at that the
plasmids were also irradiated with 1.8J/cm® UVA light
(365nm). The UVA- and ICL-treated plasmid substrates
were covered by Mylar film, which effectively eliminates
UV with wavelengths <320 nm (30).
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Figure 1. Plasmid substrates. (A) Map of the parental plasmid substrate, pTFOLK. pTFOLK contains tandemly arranged supF genes each contain-
ing a different deletion at a different location, separated by 60 bp and a TFO1 binding site adjacent to a psoralen crosslinking site. The black bars
indicate the deletions. The 8 bp deletion in the upstream supF gene is located at the BstBI site, and the 24 bp deletion in the downstream supF gene
spans the Xhol to BsrBI sites. The binding site for the psoralen-conjugated TFO (pTFO1) was either centrally located between the supF copies (A),
was nearer to the downstream supF gene (B) or was placed nearer to the upstream supF gene (C). (D and E) Plasmid substrates used to confirm that
the distance between the supF promoter and the supF genes did not affect the function of the genes. The plasmid in 1D (p24BstB-TFOLK) is similar
to pTFOLK plasmid, except that the upstream supF gene contains a larger deletion (24 bp) at the BstBI site, and the downstream supF gene is wild-
type. The plasmid in 1E (p24BstB-1.4K) is similar to plasmid p24BstB-TFOLK, the only difference being the distance between the supF genes is
1.4kb rather than 60 bp. (F) Plasmid p24BstB/TFOLK/BsrB was designed to determine the effect of deletion size on gene conversion events. This
plasmid is similar to pTFOLK, except that the deletion positions were inverted; the larger 24 bp deletion at the BstBI site is in the upstream supF
gene, while the smaller 8 bp deletion at the BsrBI site is in the downstream supF gene.

Recombination assays

HeLa cells were seeded in T-25 flasks and expanded to
~80-90% confluence. Then cells were transfected with
4 ng plasmid using Geneporter reagent according to the
manufacturer’s instructions (Genlantis, San Diego, CA,
USA). On the next day, cells were washed twice with

PBS and incubated in 5ml 10% FBS EMEM culture
medium at 37 C, 5% CO, for another 24 h. Forty-eight
hours after transfection, cells were harvested with trypsin—
EDTA followed by centrifugation at 1000 rpm at 4 C for
Smin. Cell pellets were lysed and plasmid DNA was isolated
using a Qiagen miniprep kit (Qiagen, Valencia, CA, USA).



The plasmid DNA preparation was extracted with phenol/
chloroform, ethanol-precipitated, and then subjected to
Dpnl digestion.

Competent E. coli MBM7070 indicator cells were elec-
troporated with plasmid DNA isolated from HeLa cells.
After electroporation, the transfected MBM7070 cells
were suspended in SOC media and incubated in a 37 C
shaker for 45min. Finally, the bacterial cells were spread
on to LB plates containing 5-bromo-4-chloro-3-indolyl-
B-p-galactoside (X-Gal), isopropyl-p-p-thiogalactoside
(IPTG) and Ampicillin selection medium (XIA medium)
for blue-white colony screening. PCR was performed on
DNA isolated from bacterial colonies for genotype analy-
sis of the recombinants. The primer sequences used were:
SY-TTGCCGGGAAGCTAGAGTAA-3 (PCR primer 1,
Figure 1), and 5-TTTTTGTGATGCTCGTCAGG-3'
(PCR primer 2, Figure 1). PCR reaction conditions
included denaturing at 90 C, annealing at 54.7 C and elon-
gation at 72 C. After 35 cycles, the PCR products were run
on a 1% agarose gel.

Statistical analyses

Data from the recombination assays were analyzed by
one-way ANOVA to compare the recombination frequen-
cies among all groups. To compare the recombination
frequencies among the different ICL treated plasmids
with different intervening spacer lengths or different ICL
positions, the Tukey Honestly Significant Difference
(HSD) method was used. Analysis of GC frequencies
was conducted by the two independent proportions test.

RESULTS
TFO-directed psoralen ICLs enhance the frequency of HR

Using the plasmids shown in Figure 1, we performed a
series of recombination assays in HeLa cells. Plasmids
with no treatment (duplex), with only UVA treatment
(UVA), and with triplex structures only (in the absence
of UVA, triplex) served as controls for the pTFOIl +
UVA-treated plasmid (ICL). Crosslinked plasmid sub-
strates were prepared in vitro prior to transfection into
HeLa cells to ensure the same efficiency of ICL formation
in all plasmid substrates. Plasmids were isolated from
HeLa cells 48 h after transfection to allow for replication
and repair to occur prior to determining HR frequencies.
The results (Figure 2A—C) demonstrated that the TFO-
directed ICL HR up to ~4-fold (~20 x 10~*) over back-
ground frequency (~5 x 10~ in the case of pl.4KTFO).
The controls showed no increase in HR frequency over
background, as expected.

The effects of distance between the two reporter genes
and psoralen ICL position on the frequency of HR

In order to determine if the distance between the reporter
genes affected the frequency of HR, we performed experi-
ments utilizing the plasmid substrates shown in
Figure 1A—C. Interestingly, for the plasmid with the short-
est distance between the reporter genes (60 bp), pTFOLK,
the TFO-directed ICL induced HR frequency was <2-fold
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Figure 2. HR frequencies induced by TFO-directed psoralen ICLs on
plasmids in HeLa cells. Plasmids containing 350 bp (A), 700 bp (B) or
1.4kb (C) between supF copies were treated as described in the
Materials and Methods section: white bars, plasmids with no treatment;
gray bars, plasmids treated with UVA only; black bars, plasmids trea-
ted with the psoralen-conjugated TFOl + UVA irradiation. Plasmids
were isolated from HeLa cells 48 h after transfection and HR frequen-
cies determined by blue-white screening of the colonies. All results
shown are from at least three independent experiments (error bars
represent the SDs), P-values were derived from one-way ANOVA.

above the background levels (Figure 2A), and no sig-
nificant differences were observed between ICL-
containing and duplex plasmids. However, when the
distance between the supF genes was increased to 350 bp,
the TFO-directed psoralen ICL had a significant effect
on the recombination frequency. In the presence of a
TFO-directed psoralen ICL, all plasmids containing
350 bp between reporter genes (p350TFO, p350Mid and
pTFO350) showed a >2-fold stimulation in recombina-
tion frequencies compared to pTFOLK (Figure 2A). In
Figure 2B recombination frequencies are shown for the
p700 series of plasmids. While 700bp between supF
genes also led to an increase in recombination frequencies
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compared to those from pTFOLK, there were no signifi-
cant differences in the frequencies between the plasmids
containing 350 versus 700bp between reporter genes
(cf. Figure 2A and B). When the distance between reporter
genes was increased to 1.4 kb, the TFO-directed psoralen
ICL resulted in a 4-fold stimulation of recombination over
that found in pTFOLK, which is similar to the increases
detected in the plasmids containing 350 or 700 bp between
reporter genes (Figure 2C). Another interesting finding
was that the recombination frequencies induced by
TFO-psoralen is independent of the position of the ICL
relative to the reporter genes (Figure 2A—C). That is, in
the plasmids with the same insertion distance between two
supF genes, the recombination frequencies are similar
among the plasmid substrates regardless whether the plas-
mids with the ICL position were nearer to the upstream
copy of the supF gene, nearer to the downstream copy or
centrally located (Figure 1A—C).

To determine if triplex formation itself was contributing
to the TFO-directed psoralen ICL-stimulated recombina-
tion, we performed a set of experiments using the TFO
only in the absence of the psoralen ICL, and measured the
frequencies of HR following incubation in HeLa cells.
Triplex formation itself does not stimulate recombination
under the conditions of our assay (data not shown).
Again, in the presence of the TFO-directed psoralen
ICL, the plasmid containing the greatest distance between
reporter genes (1.4kb), showed the greatest stimulation in
recombination. This result demonstrated that recombina-
tion was enhanced by the TFO-directed psoralen ICL, and
not by the triplex structure itself.

Recombinant spectra are affected by the distance between
the reporter genes, but not by the ICL position

Because we found that the frequency of HR induced by
ICLs was only affected by the distance between the repor-
ter copies, but not by ICL position, we wanted to deter-
mine if the types of recombination events were altered by
distance and/or ICL position. In our experimental system,
recombinants (i.e. blue colonies) can result from two dif-
ferent mechanisms, single-strand annealing (SSA) or GC.
SSA occurs between tandemly arranged homologous
sequences, resulting in deletion of the intervening DNA
sequences between the regions of homology, thus leaving
only one copy of the homologous gene. GCs, on the other
hand, represent a nonreciprocal exchange of sequence
information from one of the two homologous genes to
the other, retaining both copies. To characterize the
recombinants generated in HeLa cells, we performed
colony PCR using the primer set shown in Figure 1A.
Recombinants derived from a SSA event will contain
only one copy of the supF gene, revealing a faster migrat-
ing product by agarose gel analysis, while those derived
from GC events will contain both copies (with one copy
corrected to the wild-type sequence, and one copy contain-
ing the original deletion), such that the product will
migrate similarly to that of the parental plasmid as visua-
lized by agarose gel analysis (Figure 3). The proportions
of GC events occurring on the plasmids in HeLa cells
are shown in Table 1. Plasmid pTFOLK, containing the

pTFOLK

p350Mid

p700Mid

p1.4KMid

Figure 3. Characterization of recombinants. Lane | contains the pro-
ducts generated from a colony PCR reaction with the untreated par-
ental plasmid, subjected to gel electrophoresis on a 1% agarose gel.
Lane 2 contains PCR products generated from pSupFGI1 plasmid con-
taining only one copy of the supF gene. Lane 3 contains 100 bp DNA
ladder. The slower migrating product indicates a gene conversion event,
i.e. two copies of the supF gene and the intervening DNA sequence.
The faster migrating product runs at the same position as the single
copy pSupFG1 plasmid, indicating a recombinant generated by SSA.
All recombinant samples shown are from ICL treatment groups.

shortest distance (60bp) between the two supF genes,
showed a substantial proportion of GCs following ICL
treatment (~21%), in marked contrast to the other
plasmids, which contained lengths from 350 bp to 1.4kb
between supF duplications, and generated <4% GC
events.

Gene conversions occur exclusively in the supF copy
containing the shorter deletion

To further characterize the GC events, a total of 36 recom-
binant plasmids derived from GC events in HeLa cells
were sequenced (data not shown). Strikingly, the sequen-
cing results demonstrated that in all cases, correction to
wild-type had occurred in the upstream supF gene contain-
ing the shorter deletion, while the downstream supF gene
containing the larger deletion remained in mutant form.
To exclude the possibility that potential GC events occur-
ring in the downstream copy were masked by the increased
distance from its promoter, we constructed two additional
plasmids (Figure 1D and E). These plasmids each contain
a 24 bp deletion at the BstBI site in the upstream supF
gene, and a wild-type, functional supF gene downstream.
The only difference between the plasmids is that the inter-
vening DNA length between the supF genes is 60 bp in
p24BstB-TFOLK and 1.4 kb in p24BstB—1.4K. Both plas-
mids produced blue colonies when grown on XIA selec-
tion medium, suggesting that the distance from the
promoter in the pl.4 plasmids still allows for detection
of a functional supF gene. This result further supports
the observation that the GC events occurred exclusively
in the gene containing the shorter deletion.

To better understand the polarity of the GC events
(i.e. if the deletion size and/or gene position affected the
outcome), we constructed plasmid p24BstB/TFOLK/
BsrB, which has the 24 bp deletion in the upstream supF
gene and the 8 bp deletion in the downstream copy. Thus,
the deletion positions were inverted and separated by the
same 60 bp sequence as in pTFOLK (Figure 1F). Forty-
eight hours after transfection of the psoralen-crosslinked
plasmid into HeLa cells, DNA was isolated and the HR



Table 1. Gene conversion events in recombinant colonies
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pTFOLK p3S0TFO  p350Mid pTFO350  p700TFO

p700Mid

pTFO700  pl.4KTFO pl4KMid  pTFOI1.4K p24BstB/

TFOLK/BsrB

Duplex 10/77 (13%)
UVA 235 (5.7%)  0/73 (0%)
ICL  14/66 (21.2%) 1/47 (2.1%) 1/128 (0.8%) 2/71 (2.8%) 0/46 (0%)

3/53 (5.7%) 1/80 (1.3%) 2/56 (3.6%) 2/31 (6.5%) 7/63 (11.1%) 3/75 (4%)
4/53 (7.5%) 1/68 (1.5%) 2/53 (3.8%) 3/55 (5.5%) 2/54 (3.7%) 0/53 (0%) 2/43 (4.7%) 0/36 (0%) ND
3/85 (3.5%) 2/73 (2.7%) 0/42 (0%) 1/113 (0.9%) 0/69 (0%) 1/98 (1%)

0/53 (0%) 1/78 (1.3%) 0/41 (0%) 1/81 (1.2%)

ND, not determined.

Recombination Frequency (10°%) >

Duplex IcL

Figure 4. HR frequencies induced by TFO-directed ICLs on plasmid
p24BstB/TFOLK/BsrB in HeLa cells. (A) Recombination frequencies
were measured 48h after plasmid p24BstB/TFOLK/BsrB alone
(duplex), or treated with pTFOl and UVA irradiation (ICL), were
transfected into HeLa cells. Error bars represent SDs. (B) Representa-
tive colony PCR analysis of recombinants (as described in Figure 3).
Lanes 1-3 contain the same samples as described in Figure 3, lanes 1-3.

frequency and spectrum were determined. We found that
while the frequency of HR was similar to that found in
pTFOLK, the frequency of GC events was substantially
reduced (Figure 4A and B). However, the GC event that
was detected now occurred in the downstream supF gene
containing the shorter deletion. These results suggest that
GC in our system might depend on both the position and
size of the deletion. Larger deletions nearer to the promo-
ter appear to reduce the GC frequency, under the condi-
tions of our assay.

DISCUSSION

This study was undertaken to investigate the influence of
some of the variables contributing to the stimulation
of HR in mammalian cells by TFO-directed ICL forma-
tion in recombination-reporter plasmid substrates. The
variables studied included the effects of the distance
between homologous supF reporter gene duplications,
and the placement of the TFO-directed ICL in the inter-
vening sequence separating the supF genes, on induced
HR frequencies and recombinant spectra. Our results con-
firm that triplex technology is a useful means to induce
site-specific HR in mammalian cells, consistent with other
studies of triplex-mediated enhancement of HR (16-22).
However, in contrast to several published studies
(16,17,20), we found that the triplex structure itself was

not sufficient to induce HR in the absence of the
TFO-directed psoralen ICL (data not shown). This discre-
pancy may be explained by the differences in HR reporter
systems. Our plasmid reporter system does not allow for
mutation detection, as does the reporter system used by
Faruqi et al. (20), and triplex structures are known to
induce mutagenesis, even in the absence of DNA
damage (10,31,32). In addition, our recombination repor-
ter system has a minimum of 60 bp between homologous
reporter genes, with the TFO-binding site contained
within this intervening sequence, whereas the reporter
plasmid used by Faruqi er al. (17,20) contained only
9 bp between homologous reporter genes, and positioned
the TFO binding site within the upstream copy of the
supl’ gene.

Effects of distance between supF reporter genes
on HR frequencies

Our results clearly demonstrate that the distance between
the two tandemly arranged supF genes has a significant
effect on TFO-directed psoralen ICL-induced HR fre-
quencies, with distances longer than 60bp (i.e. 350 bp,
700 bp and 1.4kb) between the reporter genes resulting
in much higher levels of ICL-induced HR (Figure 2).
While the mechanism underlying this distance-dependent
increase in HR is not clear, there are several possible
explanations. For example, during ICL uncoupling, inci-
sions made in the vicinity of the ICL may require further
processing into a single-stranded gap to provoke efficient
strand invasion, as has been demonstrated in bacterial
cells during ICL-induced RecA-mediated strand exchange
(33). Supportive evidence for this notion is also provided
from in vitro studies by Bessho and Sancar (34) suggesting
that a 22-28 nt single-stranded region was removed only
from the 5 end of an ICL. Thus, gap formation in
pTFOLK, with the shortest intervening length, may
reduce the extent of homology in the supF gene(s), result-
ing in lower levels of HR. However, in the plasmids con-
taining longer intervening sequence distances (p350, p700
and pl1.4K), gap formation is not likely to result in sub-
stantial reduction in supF homology, and therefore would
not result in suppression of HR. In addition, as the length
of the intervening sequence increases, so does the prob-
ability of nicks being induced within this region, thereby
facilitating HR.

From results using a similar plasmid substrate contain-
ing a site-specific, but non-TFO-directed ICL, Zheng et al.
(29) proposed a model for ICL processing that includes
the generation of two single-stranded gaps on complemen-
tary strands 5’ to the ICL. After annealing of homologous
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sequences between the two tandem supF genes, the flap
containing the ICL is removed by a second round of exci-
sion. In our study, it is possible that increasing the dis-
tance between homologous sequences can increase the
efficiency of the annealing step, resulting in higher levels
of induced SSA (29).

Effect of distance between homologous reporter genes
on induced recombinant spectra

In mammalian cells, mitotic recombination between
tandemly duplicated sequences generates primarily GCs
(35-37). However, nonconservative products, which can
arise by single reciprocal exchange or SSA are also gener-
ated; these recombinants are characterized by the loss of
one of the gene duplications and all intervening sequences.
Results of a number of studies support SSA as the most
likely mechanism for generating these nonconservative
recombination products in mitotic mammalian cells
(35,38-40). In intrachromosomal recombination-reporter
systems, which utilize I-Scel-induced DSBs to initiate
recombination, products arising from SSA increase signi-
ficantly (40,41). In plasmid substrates such as those used
in the present study, SSA recombinants are the predomi-
nant product (42—45). Our results from the present study
confirm this observation for ICL-initiated recombination;
however, although GC recombinants did not predomi-
nate, their presence indicated that there are multiple
recombination mechanisms involved in processing TFO-
directed psoralen ICLs.

Table 1 presents the distributions of GC recombinants
observed in the recombination-reporter plasmids used in
this study. TFO-directed psoralen ICL-induced recombi-
nation in the pTFOLK plasmid generated ~20% GC
products; this ratio of GC:SSA recombinants (1:4)
approximates the inverse of the ratio of GC:SSA recom-
binants observed in intrachromosomal tandemly repeated
recombination-reporter substrates (36,37). However, as
the distance between the supF reporter genes was
increased, ICL-induced GCs were reduced to near back-
ground levels and SSA products constituted almost all the
recombinants generated. One implication of this result is
that conversion tracts may be somewhat restricted for ICL
processing compared to DSBs, since another study has
shown increased conversion frequencies with increasing
intervening sequence length in I-Scel-induced recom-
bination between NEO repeats in mammalian cells (8);
however, this study was performed using an intrachro-
mosomal recombination-reporter substrate in which the
I-Scel site was located within the upstream NEO copy,
and so may not be strictly comparable. There is evidence
supporting the role of a DSB intermediate in the proces-
sing of ICLs (46,47); however, DSBs are more recom-
binogenic than ICLs (29), thus our results suggest that
processing of a TFO-directed ICL may not always lead
to a DSB intermediate.

Another possible mechanistic difference between HR
processing of DSBs and ICLs is that DSB-induced recom-
bination events utilize functional mismatch repair (MMR)
to correct heterologous intermediates (48), whereas the
recombination events induced by TFO-directed ICLs

may not require a functional MMR pathway (17).
However, our sequencing analyses of GC products sug-
gests that processing of the psoralen ICLs was error free,
since no point mutations were identified in the vicinity of
the ICL site. Because the TFO binds to its target site
duplex via Hoogsteen hydrogen bonds, the cell may recog-
nize the triplex structure as a type of mismatch and per-
haps some elements of the MMR machinery are recruited
and participate in ICL processing. In support of this idea,
published work from our laboratory indicates that MSH2
participates in an error-free pathway of TFO-directed ICL
processing (14). In addition, MMR has been in implicated
in recombination to ensure fidelity (49,50). Processing of
ICLs thus seem to involve MSH2, a protein from the
MMR pathway, but this appears to be a separate and
unique function of this protein outside of its role in
MMR per se (14,51).

Effect of ICL placement on induced HR frequencies
and recombinant spectra

The position of the TFO-directed psoralen ICL relative to
the duplicated supF reporter genes had no effect on either
induced HR frequencies (Figure 2A-C) or recombinant
spectra (Table 1). In studies using yeast (52,53), DSBs
between duplicated sequences resulted in predominantly
SSA recombinants, whereas a DSB in one gene duplicate
resulted in conversions (54,55). In studies using mamma-
lian cells (44,56), the efficiency of SSA was modulated by
the position of the DSB, with positioning close to the
middle provoking the highest level of SSA. A possible
explanation may be that the simultancous exposure of
complementary single strands in the repeated genes
resulted in the most efficient annealing of complementary
homologous single-stranded DNA after exonucleolytic
resection of the ends (44,56). Since we do not observe
any effect with TFO-directed ICLs in our experimental
system, our results are consistent with the notion that
not all ICLs are processed through DSB intermediates.

Polarity of gene conversions

A striking observation from our experiments was that
GCs occurred exclusively in the upstream copy of the
supF gene containing the smaller deletion. A similar find-
ing was observed by Glazer and colleagues (20), although
the HR substrate used in their study contained point
mutations in the duplicated reporter genes rather than
deletions. We also observed that the preference for GC
events in the upstream copy was independent of the
TFO-directed ICL, occurring spontaneously even in
untreated plasmids. We excluded the possibility that
GCs occurred in the downstream copy but were poten-
tially undetectable due to increased distance from the pro-
moter, inhibiting transcription of the supF gene
(Figure 1D and E). It has been reported that transcription
can stimulate recombination (57-59), and because the
upstream copy of the supF gene is in closer proximity to
the promoter than the downstream copy, this could have
influenced copy choice for GCs. To determine if the size of
the deletion was involved in copy selection for conver-
sions, or the relative positions of the genes to the



promoter, we modified the substrate to contain the 8 bp
deletion in the downstream supF gene, with the larger
(24 bp) in the upstream copy. Our results demonstrated
that the HR spectra were largely dependent on the relative
positions of the deletions (Figure 1F), such that the GC
events resulted in correction of the smaller deletion
regardless of its location relative to the promoter.

Weiss and Wilson (60) reported that GC events were

unaffected by mismatched loop size in an SV40-based
system, although this system is quite different from the
one used in our study. A study by Taghian and
Nickoloff (7) measured conversion tracts around I-Scel-
induced DSBs in intrachromosomal recombination sub-
strates in CHO cells and found that conversion tracts
were larger and bidirectional as compared to yeast,
where they were primarily unidirectional and smaller. In
yeast, nonconservative (SSA or crossover) recombinant
products are less likely to occur if conversion tracts are
smaller (61). In our system, if conversion tracts are
restricted after the initial processing of a TFO-directed
ICL, the efficiency of GC of the recombination intermedi-
ate might depend on the size of the deletion to be repaired
by HR, with smaller deletions having a higher probability
of conversion. Clearly, further experimentation is war-
ranted to determine the mechanism of copy choice in the
GC events and why the smaller deletion is preferred for
correction.
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