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ABSTRACT
Homologous recombination of a particular DNA sequence is strongly stimulated by transcription, a
phenomenon observed from bacteria to mammals , which we refer to as transcription-associated recombina-
tion (TAR). TAR might be an accidental feature of DNA chemistry with important consequences for
genetic stability. However, it is also essential for developmentally regulated processes such as class switching
of immunoglobulin genes. Consequently, it is likely that TAR embraces more than one mechanism. In this
study we tested the possibility that transcription induces recombination by making DNA more susceptible to
recombinogenic DNA damage. Using different plasmid-chromosome and directrepeat recombination
constructs in which transcription is driven from either the Py, ;- or the P,-regulated promoters, we have
shown that either 4-nitroquinoline-N-oxide (4-NQO) or methyl methanesulfonate (MMS) produces a
synergistic increase of recombination when combined with transcription. 4NQO and MMS stimulated
recombination of a transcriptionally active DNA sequence up to 12,800-and 130-fold above the spontaneous
levels observed in the absence of transcription, whereas 4-NQO and MMS alone increased recombination
193- and 4.5-fold, respectively. Our results provide evidence that TAR is due, at least in part, to the ability
of transcription to enhance the accessibility of DNA to exogenous chemicals and internal metabolites
responsible for recombinogenic lesions. We discuss possible parallelisms between the mechanisms of

induction of recombination and mutation by transcription.

RANSCRIPTION of a DNA sequence increases its

level of instability. Both spontaneous mutation and
recombination of a particular DNA sequence are sig-
nificantly higher when they are transcribed (WRIGHT
2000; AGUILERA 2002). To specifically refer to mutations
and recombination events stimulated by transcription, we
use the terms transcription-associated mutation (TAM)
and transcription-associated recombination (TAR).

TAM was reported firstin bacteria (BRock 1971; HER-
MAN and DwWORKIN 1971; WRIGHT e al. 1999), but it
also exists in yeast (DATTA and JINKS-ROBERTSON 1995)
and phage (BELETSKII ¢t al. 2000). Transcription in the
presence of alkylating agents (Brock 1971) or ICR-191
(HERMAN and DWORKIN 1971) stimulates mutation rates
of the B-galactosidase locus of Escherichia coli.

TAR has been reported in prokaryotes (IKEpDA and
MaTtsumMoTo 1979; DuL and DREXLER 1988; VILETTE et
al. 1995) and eukaryotes from yeast (VOELKEL-MEIMAN
et al. 1987; THoMAs and ROTHSTEIN 1989) to mammals
(N1ckoLorrF 1992). Important developmental processes,
such as V(D)]J recombination and immunoglobulin class
switching, are also transcription dependent (STAVNEZER-
NORDGREN and SIRLIN 1986; DANIELS and LIEBER 1995;
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SikEs et al. 2002). However, the molecular basis of the
association between transcription and recombination is
unclear. It seems likely that there is more than one
mechanism by which transcription can stimulate recom-
bination. Thus, yeast mutants of the THO complex, which
functions at the interface between transcription and
mRNP metabolism, show a transcription elongation im-
pairment that strongly stimulates direct-repeat recombi-
nation (CHAVEZ and AGUILERA 1997; PRADO et al. 1997,
P1rRUAT and AGUILERA 1998; CHAVEZ et al. 2000). How-
ever, TAR may not be necessarily linked to transcription
impairment. It is possible that DNA becomes more sus-
ceptible to chemical reactions yielding DNA breaks during
proper transcription elongation. The topological change
(STERNGLANZ et al. 1981) or chromatin remodeling (JONES
and Kaponaca 2000; ORPHANIDES and REINBERG 2000)
associated with transcription might increase the proba-
bility of occurrence of single-strand DNA (ssDNA) regions
that are more susceptible to recombinogenic damage.
In this study we directly tested the possibility that tran-
scription induced recombination by making DNA more
accessible to damaging agents. Our rationale was based
on the ideas, first, that chemically or UV-damaged bases
can be processed into DNA breaks by the incomplete
action of base excision repair (BER) or nucleotide exci-
sion repair (NER) and replication and, second, that DNA
breaks can induce recombination (see PAQUEs and HABER
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1999; Kupiec 2000). Thus, in yeast, when a modified
base is recognized by BER it is first removed by an N-gly-
cosylase such as Ntglp, Ntg2p (EIDE et al. 1996; ALSETH
etal. 1999), and Ogglp (NasH et al. 1996; vAN DER KEMP
et al. 1996), leaving an apurinic or apyrimidinic site (AP
site). This is then cleaved by either an Ap-lyase or an
Ap-endonuclease such as Apnlp (RAMOTAR et al. 1991).
Failures in any of these activities could lead to DNA-
break accumulation. Consistent with this view, triple
mutants nlgl nig2 apnl and ntgl nig2 oggl have been
reported to have little effect on TAM (MoOREY ef al.
2000), but they do lead to increased recombination
frequencies (SWANSON ef al. 1999). Similarly, DNA le-
sions that are substrates of NER, such as those produced
by UV or 4-nitroquinoline-N-oxide (4-NQO; ZABOROW-
SKA et al. 1983; Itjima and MORIMOTO 1986; DARROUDI e/
al. 1989), are also recombinogenic, the recombinogenic
effect of these agents being stronger in yeast NER-defi-
cient mutants such as radl in ectopic substrates (KADYK
and HARTWELL 1992; SAFFRAN et al. 1994).

Using newly developed recombination assays we show
in this study that 4NQO and methyl methanesulfonate
(MMS) cause synergistic increases of homologous re-
combination in a DNA sequence if it is actively tran-
scribed. We provide evidence that TAR, and by exten-
sion TAM, might be, at least in part, a consequence of
an increased susceptibility of DNA to damaging agents,
whether naturally produced during cell metabolism or
added exogenously.

MATERIALS AND METHODS

Yeast strains and plasmids: Plasmid-chromosome recombi-
nation was determined in the congenic strains BER08-64A
(MATa his3::leu2-k lew2A 0 lys2A 0 met15A0 trp1-1 ura3A0), BERO7-
64C (MATa his3::leu2-k leu2A0 met15A0 ura3A0 ntglA::KanMX4
ntg2A::KanMX4  apnlA::KanMX4), BER08-39D (MATo his3:
leu2+k lewu2A 0 bys2A0 trpI-1 ura3A 0 nigIA::KanMX4 ntg2A::KanMX4
0ggIA::KanMX4), and BEWRI-22C (MATa ade2-101 his3::leuk
leu2 lys2A0 met2A15 trpl-1 wra3 radlA::KanMX4). The strain
BER06-99D (MA T his3A0 lew2A0 lys2A0 trp1-1 ura3A 0) was used
for Northern and directrepeat recombination analyses. nigIA.:
KanMX4, ntg2A::KanMX4, apnlA::KanMX4, and oggIA::Kan
MX4 simple mutants obtained from EUROSCARF (Frankfurt,
Germany) were crossed with a wild type harboring the his3:
leu2-k allele. Single mutants harboring his3::leu2-k were then
crossed to obtain wild-type and triple-mutant derivatives.
Strain WSR1-4C (radlA::KanMX4 isogenic to W303; GONZA-
LEZ-BARRERA et al. 2002) was crossed with BER08-64A to obtain
BEWRI-22C.

Plasmid pCM184-L2HOr, in which the leu2-HOr allele con-
taining an HO cleavage site inserted at the EcoRI site is under
control of the P, promoter, was constructed by inserting the
1.34-kb BamHI-Sspl leu2-HOrfragment into the pCM184 vector
(GART et al. 1997). Plasmid p414-GL2HOT, in which the leu2-
HOr allele is under control of the GALI promoter, has a 21-
bp HO site at the EcoRI site of LEU2 (GONZALEZ-BARRERA et
al. 2002). pRS414-GLB, pSG206, pRS314-GllacZ, and pRS314-
GLNA were constructed replacing the 1.22-kb Sacl-Clal LEU2
promoter fragment for the 0.62-kb Sacl-Clal Pg,;; promoter
fragment of p414-GLEU2 in p314LB, pSCh206, p314LlacZ,

and p314LNA, respectively (CHAVEZ and AGUILERA 1997;
PrADO et al. 1997; PIRUAT and AGUILERA 1998).

Determination of recombination frequencies: 4-NQO was
added at a final concentration of 0.1 mg/liter to synthetic
medium (SC) on plates, with the exception of the experiments
performed with radIA and its corresponding wild-type control,
in which 0.01 mg/liter of 4NQO was used. Menadione and
MMS were added to final concentrations of 0.1 mm and
0.035% to SC medium, respectively. Gene expression driven
from the P, promoter was repressed by adding doxycycline
(dox) at the concentration of 5 mg/liter to synthetic medium
on plates (GARI et al. 1997). Midlog phase cultures were plated
onto the corresponding SC media and cultured for 3—4 days
to obtain single colonies. Recombination tests were performed
on independent colonies.

Each recombination frequency value was obtained by a fluc-
tuation test as the median value of six independent colonies
isolated in SC-trp containing 2% glucose or 2% galactose,
as previously described (PRADO and AGUILERA 1995), in the
presence or absence of menadione, 4-NQO (in the dark), or
MMS. Recombinants were selected on SC-leu supplemented
with either 2% galactose (for p414-GL2HOr, pRS414-GLB,
pSG206, pRS314-GllacZ, and pRS314-GLNA transformants)
or 2% glucose (for pCM184-L2HOTr). For each strain and
condition used, two to three different fluctuation tests were
performed, each with six independent cultures, and two to
three median recombination frequency values were obtained.
The final recombination frequency given for each strain and
condition tested is the mean and standard deviation of the
two to three median values.

RNA analysis: Total yeast RNA was prepared from SC-2%
glucose overnight cultures, subjected to electrophoresis on
formaldehyde-agarose gels, and hybridized with the appro-
priate radiolabeled DNA probes. The 597-bp Clal-EcoRV LEU2
internal fragment and the 589-bp 28S rRNA internal fragment
obtained by PCR as previously described (CHAVEZ and AGUIL-
ERA 1997) were used as probes. RNA levels were quantified with
a Fuji FLA3000 and were normalized with respect to the 285
rRNA value.

Miscellaneous: Growth conditions, yeast transformation, ge-
netic analysis, and preparation of a*P-labeled DNA probes
were performed following standard procedures (see PRADO and
AGUILERA 1995).

RESULTS

Plasmid-chromosome homologous recombination assays
to study damage-induced transcription-associated recombi-
nation: We constructed two systems to analyze homologous
gene conversion under either low or high transcription
levels. In both systems, recombination occurring be-
tween two different leu2alleles, one located in a chromo-
some and the other in a monocopy plasmid, was assayed.
leu2-k was used as the chromosomal allele, containing
a 6-bp deletion at the Kpnl site, whereas as the plasmid-
borne allele leu2-HOrwas used, containing a 25-bp inser-
tion at the EcoRI site located 0.4 kb downstream of Kpnl.
In plasmid pCM184-L2HOrr, the leu2-HOrallele is under
the P,, promoter (Figure 1A); thus, transcription of the
leu2-HOr sequence was repressed with doxycycline and
activated in its absence. In plasmid p414-GL2HOr, leu2-
HOr was under the Pg,; promoter (Figure 1B), which
was repressed with glucose and activated with galactose.
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F1Gure 1.—Effect of transcription and 4-NQO on intermolecular recombination. (A) Recombination frequency in the presence
and absence of transcription and 4-NQO (0.1 pg/ml) in wild type (BER07-73B), nitgl ntg2 apnl (BER07-64C), and nigl ntg2
oggl (BERO08-39D) in the plasmid-chromosome recombination assay based on a chromosomal leu2-k allele, harboring a 6-bp
deletion at the Kpnl site, under a P, promoter and a plasmid-borne leu2-HOr allele, containing a 25-bp insertion at the EcoRI
site, under the control of the Ppy-regulated promoter. The LEU2 wild-type allele can arise by gene conversion of either leu2-
HOr or leu2-k alleles. A diagram of the system is shown. (B) Recombination frequency under the same transcriptional and
4-NQO conditions using plasmid p414G-L2HOr carrying the leu2-HOr allele fused to the P, ; promoter and the chromosomal
leu2-k allele. The mean and standard deviations of two to three median frequency values obtained from two to three different
fluctuations tests, each made with six independent colonies, are plotted.

In both cases, we detected gene conversion of either the
chromosomal leu2-k or the plasmid-borne leu2-HOr allele.

Menadione does not increase recombination in the
plasmid-chromosome recombination systems: Since we
were interested in determining the effect of transcription
on damage-induced recombination, the recombino-
genic effect of different chemicals was tested. The first
chemical we tried was the oxidative agent menadione.
It has been shown that mutations abolishing BER—but
not radl or rev3 mutations, which abolish NER and
translesion synthesis, respectively—increase spontane-
ous recombination (SWANSON et al. 1999). So we assayed
the recombinogenic activity of menadione on the wild-
type and BER-deficient yeast strains ntgl nig2 apnl and
nigl nig2 oggl in the P,,-based recombination systems.
Using concentrations (0.1 mm) that had no effect on
cell growth, we found that menadione had no significant

effect on recombination under the conditions tested in
either the wild-type or BER mutant backgrounds (Table
1). It is likely that, in contrast to the recombination
assay used by SWANSON et al. (1999), in which BER mu-

TABLE 1

Effect of menadione on intermolecular recombination (X107)

Menadione

Spontaneous induced

Wild type 5.1 7 (X1.3)
ntgl nig2 apnl 4.2 7.2 (X1.7)
ntgl nig2 oggl 6.8 8.4 (X1.2)

Recombination was assayed in the P,-based plasmid-chro-
mosome recombination system under low-transcription condi-
tions (+dox). Details are as in Figure 1.
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tants show a clear spontaneous hyperrecombinogenic
effect, our plasmid-chromosome recombination assay
was not sensitive enough to detect either spontaneous or
induced hyperrecombination in BER-deficient mutants.
In addition, it could also be that the oxidative effect of
menadione on DNA is strongly dependent on the ge-
netic background and the different intracellular red-ox
state of the strains used. Consequently, we decided to
not use menadione as a chemical to study TAR, but to
use chemicals for which the recombinogenic effects
have been reported, such as the UV and X-ray-mimetic
chemicals 4NQO and MMS, respectively.

Synergistic increase of plasmid-chromosome recombi-
nation caused by 4NQO and transcription: The recombi-
nogenic effect of the UV mimetic chemical 4-NQO has
been reported previously (FRIEDMAN and YASBIN 1983;
IjiMAa and MorimMoTO 1986; DARROUDI et al. 1989).
For this reason, we decided to use 4-NQO to study the
capacity of a chemical to stimulate recombination under
conditions of low and high transcription in our recombi-
nation assays.

The effect of 4NQO on recombination under low-
and high-transcription conditions was determined in
the recombination system under the control of P,. Fig-
ure 1A shows that in wild-type cells Leu® gene conver-
sions were stimulated 2-fold by 4-NQO. In BER-deficient
strains, this increase was 4- to 5-fold under low-transcrip-
tion conditions, that is, in the presence of doxycycline.
When cells were cultured without doxycycline in the
media, that is, under high transcription of the P,,::leu2-
HOrallele, Leu* gene conversions were stimulated 2-fold
by transcription in the absence of 4-NQO. However,
under high-transcription conditions, 4-NQO stimulated
recombination 128-fold above basal levels. Similar re-
sults were observed in the BER mutants (Figure 1A).

To confirm the direct relationship between 4-NQO-
induced recombination and transcription, all our exper-
iments were repeated using identical recombination
assays but under the control of Py, a stronger and
more tightly regulated promoter than P,. As can be
seen in Figure 1B, the basal recombination frequencies
(no transcription, no 4-NQO) were similar to those of
the recombination assays based on P,,. Recombination
was stimulated 42-fold by 4NQO and 2-fold by transcrip-
tion. However, the increase in recombination caused
by the simultaneous action of transcription and 4-NQO
was 4210 times above basal levels in wild-type cells. Simi-
lar results were obtained in BER mutants (Figure 1B),
an expected result given the lack of evidence that BER
deals with UV lesions. This implies that channeling of
potential BER substrates into recombinational repair
does not occur.

These results confirm that transcription and 4-NQO
synergistically increase recombination. Although quan-
titative differences in the overall levels of recombination
are produced by transcription and 4-NQO in each case,
both systems behave similarly regardless of using doxycy-
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Ficure 2.—Transcription analysis of P,.::leu2-HOr in the
wild-type strain BER06-99D. (A) Northern analysis of leu2
mRNA driven from the P, promoter. Total RNA was isolated
from overnight cultures in SC-trp containing 4-NQO and/or
dox as indicated. (B) Quantification of Northern results in
arbitrary units (A.U.) and normalized with respect to the 28S
rDNA value.

cline, galactose, or glucose in the media. It is worth
noting that the induction of recombination caused by
4-NQO under no-transcription conditions was higher
in the Py, ;-dependent recombination construct than
in the P,-dependent construct. It is possible that either
4-NQO accesses Py, better than P, or, given the higher
strength of Pg,; compared with P,, a putative leaky
transcription of Pgy;,;::leu2-HOrin 2% glucose stimulates
the action of 4-NQO. The latter would be consistent
with the observation that the recombinogenic effect of
4-NQO increases synergistically with transcription.
Impairment of transcription elongation observed as
a strong reduction in accumulation of full transcripts
can lead to a strong increase of recombination, as we
have shown for mutants of the THO complex and other
functionally related proteins (PIRUAT and AGUILERA
1998; CHAVEZ et al. 2000; JIMENO et al. 2002). Therefore,
we considered it important to show that 4-NQO did not
produce a strong impairment of transcription that could
explain the strong induction of recombination, as is the
case of mutants of the THO complex. As can be seen
in Figure 2, transcript levels in the P,.:leu2-HOr con-
struct are not affected by 4-NQO under either high
(—dox) or low (+dox) transcription conditions.
Finally, as 4-NQO induced DNA lesions that are sub-
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Ficure 3.—Effect of transcription and 4-NQO on intermo-
lecular recombination in radIA strains. Recombination fre-
quencies of wild-type (BER08-64A) and radIA (BEWRI-22C)
strains in the absence and presence of transcription and
4-NQO (0.01 pg/ml) in the Py -based plasmid-chromosome
recombination system. Other details are as in Figure 1.

strates for NER (NAGAO and SUGIMURA 1976; PATERSON
et al. 1984), we wondered whether the effect of 4NQO
on TAR could also be observed in radIA NER-deficient
mutants, given that recombinogenic DNA lesions should
accumulate in radIA strains. As radIA mutants were
hypersensitive to 4-NQO, we performed these experi-
ments using 4-NQO concentrations (0.01 mg/liter) 10-
fold lower than those used before, for which we deter-
mined that radIA strains form colonies after 4 days.
Figure 3 shows that, whereas transcription or 4-NQO
alone induced recombination in wild-type and radIA
cells at similar low levels (2.5- to 6.4-fold above spontane-
ous level), the simultaneous action of 4-NQO and tran-
scription induced recombination synergistically in both
strains (102- to 114-fold). These results confirm that 4NQO
has a synergistic effect on recombination, regardless of
the DNA repair mutant background used. The similar
hyperrecombination effect of 4-NQO in radIA vs. wild-
type cells may be a consequence of the fact that Radlp
is also required for recombination (PRADO et al. 2003),
in particular for TAR (MALAGON and AGUILERA 2001;
GONZALEZ-BARRERA ¢t al. 2002). Alternatively, it is pos-
sible that in NER-deficient strains a large fraction of
4-NQO-induced DNA lesions could be processed into
cytotoxic intermediates that could not be used as sub-
strates of the recombinational repair machinery.

Our recombination results predict that the allele un-

der the control of the strong P, or Pg,;; promoters, leu2-
HOr, should be the one preferentially converted under
high-transcription conditions. Indeed, we have shown
that this is the case in the systems based on the weaker
P,, promoter. In this system, spontaneously occurring
gene conversions of the leu2-HOr allele shifted from
87% under low-transcription (+dox) to 100% under
high-transcription (—dox) conditions (GONZALEZ-BAR-
RERA et al. 2002), consistent with the idea that most
gene conversion events initiate at the strongly tran-
scribed allele (SAXE et al. 2000). Consequently, we could
not expect a shift to values >100% by the joint action
of 4-NQO and transcription.

Synergistic increase of direct-repeat recombination
caused by 4-NQO and transcription: There is cumulative
genetic and molecular evidence that, although a DNA
break presumably initiates all types of homologous re-
combination events, they may be processed by different
mechanisms. Thus, whereas recombination between a plas-
mid and a chromosome is strongly Rad51 dependent and
occurs by a standard double-strand-break-repair mechanism
(GONZALEZ-BARRERA et al. 2002), deletions between di-
rect repeats can occur by Radbl-independent single-
strand annealing as a major mechanism in addition to
unequal sister-chromatid exchange (see PAQuEs and
HABER 1999; SymIiNGTON 2002; PRADO ¢f al. 2003). To
test whether 4-NQO and transcription synergistically in-
crease the frequency of events, regardless of the mecha-
nism of recombination, we tested the effect of 4-NQO
and transcription on directrepeat recombination.

We first developed directrepeat recombination assays
for the analysis of transcription-dependent deletions and
then constructed direct-repeat systems based on the same
600-bp internal fragment of LEUZ2, but separated by in-
tervening sequences of different length and nature, all
of which were under control of the Pg,,; promoter (Fig-
ure 4). The results were similar in all direct-repeat assays,
regardless of the nature or length of the intervening
region. As can be seen in Figure 4, 4-NQO induced
deletions 6- to 16-fold above spontaneous levels ob-
tained when transcription was repressed. Transcription
by itself caused a low but repetitive and significant in-
crease in deletions of 1.2- to 3-fold above spontaneous
levels. When 4-NQO was added to cultures in which
fully active transcription was driven from the Pg,;; pro-
moter, a strong synergistic increase in the frequency of
deletions was observed (84- to 542-fold above spontane-
ous levels). Therefore, we conclude that 4-NQO and
transcription synergistically stimulate the frequency of
recombinogenic events, regardless of the mechanism of
recombination by which the initiation events are pro-
cessed.

Synergistic increase of plasmid-chromosome recom-
bination caused by MMS and transcription: To assay
whether the synergistic effect of transcription and 4-NQO
on recombination was also observed with other DNA-
damaging agents, we studied the effect of the X-ray-
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F16Uure 4.—Effect of transcription and 4-NQO on intrachromosomal recombination. (A) Recombination between direct repeats
leads to the deletion of the intervening sequence. All systems used are based on a 600-bp truncated leu2 repeat under the Pgy;,
promoter. (B) Frequency of recombination in the absence and presence of transcription and 4-NQO using direct-repeat substrates
with different intervening sequences that differ in length and nature. Other details are as in Figure 1.

mimetic alkylating agent MMS on TAR. In contrast to
4-NQO, MMS causes base alkylations and DNA breaks that
are known to be recombinogenic (Sxow and KorcH
1970; YAN et al. 1995; Kuriec 2000). The effect of MMS
on recombination under low- and high-transcription
conditions was determined in the plasmid-chromosome
recombination system under the control of Py,,;. Figure
5 shows that in wild-type cells Leu™ gene conversions
were stimulated 4.5-fold by MMS and 2.5-fold by tran-
scription. However, the increase in recombination
caused by the simultaneous action of transcription and
MMS was 69 times above basal levels. Therefore, we can
conclude that the recombinogenic effect of MMS, like

that of 4-NQO, increases synergistically with transcrip-
tion.

DISCUSSION

The possibility that transcription induces recombina-
tion by making DNA more susceptible to recombino-
genic damage was tested. Using different plasmid-chro-
mosome and directrepeat recombination systems in
which transcription is driven from either the GALI- or
the tetregulated promoters, we showed that transcrip-
tion causes a synergistic increase of recombination in
addition to the UV-and X-ray-mimetic chemicals $NQO
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Ficure 5.—Effect of transcription and MMS on intermolec-
ular recombination. Recombination frequencies of wild-type
strain (BER08-64A) in the absence and presence of transcrip-
tion and MMS (0.035%) in the Pg,;;-based plasmid-chromo-
some recombination system. Other details are as in Figure 1.

and MMS. Our results suggest that transcription in-
creases the accessibility of DNA to chemicals and inter-
nal metabolites responsible for recombinogenic lesions.

We analyzed the recombinogenic effect of 4-NQO
and MMS in several DNA recombination substrates that
were either transcribed or not transcribed. We used, in
addition to the wild-type strain, the triple mutants ntgl
nig2 apnl and nigl ntg2 oggl lacking BER and the radl
strain lacking NER. In these mutants, it has been shown
that spontaneous recombination between heterologous
chromosomes was increased (SWANSON et al. 1999). In
our plasmid-chromosome recombination assays, 4-NQO
and transcription driven from the tet promoter increased
recombination 128 times the spontaneous levels when the
increases caused by either transcription or 4NQO alone
were <2-fold (Figure 1A). When transcription was driven
from the Py, promoter, 4-NQO and transcription in-
creased recombination 4210 times the spontaneous lev-
els, whereas these values were 42- and 2-fold for either
4-NQO or transcription alone (Figure 1B). In this same
recombination system, MMS and transcription in-
creased recombination 69 times, whereas the values
were <H-fold for either transcription or MMS alone
(Figure 5). This synergistic effect of transcription and
damaging agents on intermolecular recombination was
also observed for intramolecular recombination be-
tween direct repeats, in which 4-NQO and transcription
increased the frequency of deletions 200-fold above
spontaneous levels, whereas either 4-NQO or transcrip-
tion alone stimulated recombination <10-fold. There-

fore, all types of recombination events, whether yielding
gene conversions or deletions, are synergistically in-
creased by DNA-damaging agents in actively transcribed
DNA. This result indicates that DNA-damaging agents
and transcription increase the frequency of initiation
events. This effect is observed in assays (direct and in-
verted DNA repeats) that detect recombination events
occurring by different mechanisms (see SYMINGTON
2002; PrRADO et al. 2003) or when using chemicals that
cause different types of DNA lesions (4-NQO and MMS
cause lesions that are substrates for NER and recombina-
tional repair, respectively). Consequently, we believe
that these chemicals cause more recombination initia-
tion events in transcriptionally active DNA than in non-
transcribed DNA.

Our result can be interpreted as if the accessibility of
4-NQO or MMS to transcribed DNA is higher in tran-
scriptionally active DNA. In this sense, the results indi-
cating that transcription induces mutation are particu-
larly interesting. It was shown that the mutation rates
of the B-galactosidase locus of E. coliwere increased 4- to
7-fold by alkylating agents under induced transcription
conditions vs. noninduced conditions. In addition, ICR-
191 reverted lac™ mutations in the presence of the lac
inducer isopropyl thiogalactoside at a rate 2-fold higher
than the rate in the absence of the inducer (HERMAN
and DwoRrkIN 1971). It is worth noting that many mu-
tations occur as a consequence of a previous lesion in
the DNA, which is subject to attack by internal metabo-
lites or external compounds. Many chemical reactions
work more efficiently on ssDNA than on double-strand
DNA (dsDNA). This is the case with bisulfite, which
works efficiently on ssDNA but not on dsDNA (PINE
and Huanc 1987), or the spontaneous deamination of
cytosine, which has been shown to be 140-fold more
efficient on ssDNA than on dsDNA (FREDERICO et al.
1990). Along these lines, in the E. coli tac region it has
been reported that transcription causes a 4- to 5-fold
increase in C-to-T mutation (BELETSKII and BHAGWAT
1996). During transcription the DNA could remain sin-
gle-stranded and unprotected and could be the sub-
strate for nucleotide modification (Fix and GLICKMAN
1987; SKANDALIS e al. 1994).

Our observation that 4-NQO and MMS increase re-
combination synergistically with transcription is consis-
tent with the idea that damage susceptibility of tran-
scribed DNA is higher than that of nontranscribed DNA.
One possibility is that the stimulation of mutation and
recombination by transcription are two different outcomes
of the same phenomenon. Depending on the chemical
used, whether causing mutagenic or genotoxic lesions
(4-NQO and MMS are examples of the latter), an in-
crease in mutation or recombination can be detected.
The use of external chemicals to detect a higher suscep-
tibility of DNA to damage provides a rational explana-
tion for TAR and, by extension, TAM. DNA is continu-
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ously subject to attack by internal metabolites, including
hyperoxide and other compounds that can create re-
combinogenic lesions. During transcription, there is a
transient accumulation of highly negatively supercoiled
DNA behind the advancing RNA polymerase. This nega-
tively supercoiled DNA might facilitate strand separa-
tion. Therefore, an open DNA structure can be formed
transiently to be more susceptible to attack by internal
metabolites that are reactive with ssDNA yielding recom-
binogenic lesions. Additionally, transcription is accom-
panied by chromatin remodeling (JoNEs and Kapo-
NAGA 2000; OrPHANIDES and REINBERG 2000), which
can transiently lead to an open chromatin structure that
could make DNA more susceptible to attack by recombi-
nogenic DNA-damaging agents. Increases in recombina-
tion associated with chromatin alterations have indeed
been reported (MALAGON and AGUILERA 2001). There-
fore, we provide genetic evidence suggesting that tran-
scription makes DNA less protected against the attack
by DNA-damaging agents, whether internal metabolites
or externally added compounds. This hypothesis has
the advantage of explaining that both TAM and TAR
occur naturally, that is, in the absence of any exogenous
DNA-damaging agent.

A second alternative to explain the synergistic effect
of 4NQO and MMS with transcription on recombina-
tion is worth discussing. The DNA damage caused by
4-NQO, which is mimetic to UV, will likely block progres-
sion of the RNAPII, as shown for UV light (REAGAN and
FRIEDBERG 1997; MULLENDERS 1998). Consequently, a
DNA being transcribed may contain an RNAPII blocked
at the DNA lesions whereas nontranscribed DNA would
not. The possibility that these blocked structures could
be recombinogenic, because they could act as roadblocks
to oncoming replication forks, cannot be discarded. How-
ever, we do not favor this possibility because it is known
that a RNAPII encountering a DNA lesion makes this an
appropriate substrate for transcription-coupled repair
(TCR), therefore, providing an additional alternative
mechanism for the repair of the lesion that would im-
pede the accumulation of recombinogenic structures.
Indeed, we have observed that the recombinogenic ef-
fect of UV on transcribed DNA in TCR-defective mu-
tants (i.e., rad26A) is no higher than that in wild-type
cells, even though we would expect a higher accumula-
tion of stalled RNAPIIs at UV-induced DNA lesions (data
not shown). Our observation that MMS, a chemical that
has not been shown to induce TCR, also induces recom-
bination synergistically with transcription is consistent
with our proposal that transcription enhances the acces-
sibility to DNA-damaging agents.

We do not believe that our results can be explained
by the idea that transcription could interfere with nonre-
combinogenic repair pathways, because the major re-
pair pathway for 4-NQO-induced lesions is NER, which
is known to be enhanced by transcription via TCR (T1js-
TERMAN ¢l al. 1997; PRarAsH and Prakasa 2000). In

addition, the possibility that transcription could channel
DNA lesions into the recombinogenic repair pathway by,
for example, promoting the formation of DNA breaks, is
unlikely to be a major source of TAR. This hypothesis
would not easily explain the strong synergistic effect of
the break-inducing agent MMS with transcription or the
similarity of results of BER- and NER-deficient mutants
as compared to wild-type cells. The strong effect caused
by damaging agents and transcription on recombina-
tion, which goes beyond a multiplicative relationship
between the two, cannot easily be explained without an
increase in the frequency of DNA lesions caused by
damaging agents on highly transcribed DNA sequences.

TAR is a complex phenomenon with multiple mani-
festations. In this study we provide evidence for an expla-
nation for probably the basic manifestation of TAR. Our
results suggests that TAR induced by DNA-damaging
lesions may to a large extent be due to an increase of
the accessibility of DNA to damaging agents mediated
by transcription. Atleast part of spontaneous TAR events
may occur by a similar mechanism. However, our results
do not exclude additional alternatives to explain TAR
in the absence of exogenous DNA-damaging agents.
There are other cases of TAR, such as those observed
in yeast mutants of the THO complex and functionally
related factors (CHAVEZ et al. 2000; GALLARDO and
AGUILERA 2001; JIMENO et al. 2002) or in class switching
of Ig genes in vertebrates (DANIELS and L1EBER 1995),
in which other mechanisms coupled to transcription
yet to be deciphered may play an important role. In
summary, our study suggests that a major and basic
mechanism by which transcription induces recombina-
tion is by increasing the accessibility of DNA to chemi-
cals and internal metabolites that damage DNA yielding
recombinogenic lesions.
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