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Transcription-coupled nucleotide excision repair (TCR) accelerates the
removal of noncoding lesions from the template strand of active
genes, and hence contributes to genome-wide variations in mutation
frequency. Current models for TCR suppose that a lesion must cause
RNA polymerase (RNAP) to stall if it is to be a substrate for accelerated
repair. We have examined the substrate requirements for TCR using
a system in which transcription stalling and damage location can be
uncoupled.We show thatMfd-dependent TCR in bacteria involves the
formation of a damage search complex that can detect lesions down-
stream of a stalled RNAP, and that the strand specificity of the accel-
erated repair pathway is independent of the requirement for a lesion
to stall RNAP. We also show that an ops (operon polarity suppressor)
transcription pause site, which causes backtracking of RNAP, can pro-
mote the repair of downstream lesions when those lesions do not
themselves cause the polymerase to stall. Our findings indicate that
the transcription-repair coupling factor Mfd, which is an ATP-depen-
dent superfamily 2 helicase that binds to RNAP, continues to trans-
locate along DNA after RNAP has been displaced until a lesion in the
template strand is located. The discovery that pause sites can promote
the repair of nonstalling lesions suggests that TCR pathways may play
a wider role in modulating mutation frequencies in different parts of
the genome than has previously been suspected.
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Mutations accumulate more quickly in some parts of the
genome than in others (1). This is due, in part, to the exis-

tence of repair pathways that prioritize the repair of certain regions
of DNA. One such pathway is transcription-coupled nucleotide
excision repair (TCR), which accelerates the repair of some types of
noncoding lesion in the template strand of active genes (2, 3). It has
been suggested that localized mutation rates may evolve to allow
mutations to occur more frequently in regions of the genome where
they are likely to be advantageous and less often in regions where
they are likely to be deleterious (4).
TCR is triggered when a lesion causes RNA polymerase (RNAP)

to stall, and the need to stall RNAP is thought to underlie the
observed strand specificity of the TCR pathway (2). The two strands
of DNA are separated as they enter RNAP and take different paths
through the enzyme (5). Many types of lesions cause RNAP to
pause or stall when they occur in the strand that the enzyme uses as
a template for RNA synthesis, but the same lesions are often
bypassed without incident when they occur in the nontemplate
strand (6, 7). In order for a DNA lesion such as a UV-induced
cyclopyrimidine dimer (CPD) to stall RNAP, it must enter the
active site of the enzyme (8). The stalled transcription complex,
which is highly stable, shields the lesion from the action of repair
enzymes (6). Two things must therefore happen if the lesion is to
be repaired more quickly than it would be by the transcription-
independent global nucleotide excision repair (NER) pathway: The
stalled RNAP must be displaced from the site of damage, and the
repair proteins must be enabled to act more rapidly than they would
do on their own. In bacteria, these two functions can be performed
by a single TCR-specific factor: the Mfd protein [also referred to as
the transcription-repair coupling factor (TRCF)] (9, 10).
Mfd is an ATP-dependent DNA translocase that binds to stalled

transcription complexes and removes RNAP from DNA by pushing

RNAP forward (11). Mfd also interacts with the UvrA protein,
which is a component of the global NER apparatus (9, 12, 13).
During global NER, damage is detected by a search complex made
up of a UvrA dimer and two molecules of the repair protein UvrB.
Both partners contribute to lesion detection, and it is thought that
a single heterotetramer simultaneously examines both strands of
the DNA duplex for damage (14, 15). Once a lesion is detected,
a single UvrB remains stably bound at the site of damage. This
recruits a nuclease, UvrC, which nicks the damaged strand on either
side of the lesion. The oligonucleotide containing the lesion is re-
moved by the helicase UvrD, and a repair patch is synthesized by
DNA polymerase I and DNA ligase using the nondamaged strand
as a template (16). All of the proteins that are required for global
NER are also required for TCR, and the steps subsequent to UvrA
dissociation are thought to be common to the two pathways (9).
Mfd and UvrB both interact with the same surface of UvrA, and
the interaction between Mfd and UvrA involves a region of Mfd
that is structurally homologous to part of UvrB (12, 13). Mutational
analysis of UvrA has shown that the ability of UvrA to distinguish
between damaged and undamaged DNA is less important during
TCR than during global NER (12), but the mechanism by which the
Mfd–UvrA interaction accelerates repair is not understood.
Several different mechanisms might underlie the increased rate of

repair during TCR. The simplest model is that interaction with Mfd
increases the local concentration of repair proteins in the vicinity of
the stalled RNAP. If this is the case, then any secondary lesions
found close to a stalled RNAP might also be repaired at an en-
hanced rate (2). Alternatively, it has been proposed that Mfd-
dependent TCR may be restricted to the repair of lesions that enter
the RNAP and are located within the ssDNA of the transcription
bubble (17). Because strand separation by UvrA is important for the
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stable binding of UvrB at the site of DNA damage, such a model
would help to explain the decreased requirement for damage rec-
ognition by UvrA during TCR. Models have been proposed in
which UvrA is recruited to Mfd shortly after Mfd binds to RNAP
(12) or in which UvrA is not recruited until after Mfd itself has
detected the lesion (13). Because Mfd and UvrB interact with UvrA
in a similar fashion, they may compete with each other for UvrA,
and it is possible that the damage search mechanism of TCR in-
volves a Mfd/UvrA2/UvrB complex in place of the UvrB/UvrA2/
UvrB complex involved in global NER. The asymmetry of such
a complex may restrict the search for lesions to a single strand.
To help distinguish between these models, we have assessed the

ability of the Mfd-dependent TCR pathway to promote the repair of
lesions at locations close to, but distinct from, a stalled RNAP. We
found that the pathway is not restricted to repair of lesions within
the transcription bubble, because it can promote the repair of le-
sions located well downstream of a stalled RNAP. Only lesions in
the template strand were subject to enhanced repair, indicating that
the observed strand specificity of TCR does not simply reflect the
ability of lesions in the template strand to stall RNAP. We also
found that a lesion that does not stall RNAP can be targeted for
accelerated repair if it is located in the template strand downstream
of a stalled RNAP or a transcriptional pause site that promotes
backtracking of RNAP.

Results
Stalled Transcription Complexes Promote Strand-Specific Repair of
Distant Lesions. To uncouple the processes of RNAP stalling
and lesion detection, we constructed plasmid substrates in which
RNAP could be stalled by incorporation of a chain-terminating
nucleotide at a specific position upstream of a single defined
DNA lesion (Fig. 1A). To minimize the confounding effect of
any transcription complexes that might bypass the stall site, we
used a biotinylated deoxythymidine residue (bio-dT) as the le-
sion in our initial experiments. This artificial nucleotide is
a substrate for NER (Fig. S1) but has little or no ability to stall
RNAP when present on the template strand (Fig. 1B).
The plasmid substrates contained the strong T7A1 promoter

upstream of the lesion. Transcription was halted 21 nt after
initiation by replacing UTP with 3′ dUTP, incorporation of
which at the 3′ end of the transcript prevents further extension of
the RNA chain (Fig. S2). A single bio-dT lesion was placed at +
100 on the template strand or at +102 on the nontemplate
strand, and the DNA was incubated with combinations of puri-
fied transcription and repair proteins. Repair of the lesion was
monitored by a patch synthesis assay that measures the in-
corporation of radiolabeled dATP into repair patches (Fig. 1C).
Each reaction also contained a control template, in which repair
of UV-induced CPDs within an ∼140-bp nontranscribed region
provided a global NER reference within each reaction.
Incubation of the substrates containing single bio-dT lesions

with the proteins and cofactors required for global NER resulted
in repair patch synthesis (Fig. 1D). Repair of the lesion in the
template strand was strongly stimulated by the presence of Mfd
when RNAP was stalled upstream of the lesion. No stimulation
of repair of the template strand was observed when Mfd was
added to reactions in which RNAP was able to transcribe the
damaged template strand fully, or in the absence of Mfd. The
efficiency with which the nontemplate strand was repaired
remained constant regardless of the presence or absence of
transcribing RNAP, stalled RNAP, or Mfd.
These results indicate that an RNAP stalled in a damage-

independent manner can stimulate repair of a DNA lesion located
at least 79 nt downstream. This stimulation is dependent on the
presence of the Mfd protein and is strand-specific: Only lesions
on the template strand were substrates for this “TCR at a dis-
tance” pathway. The absence of any “conventional” TCR of the
bio-dT lesion is consistent with the observation that bio-dT

Fig. 1. Effect of stalling RNAP upstream of a bio-dT lesion. (A) DNA sub-
strates. A single bio-dT was present in the template strand (B5-bio-TS) or
nontemplate strand (B5-bio-NTS). (B) Effect of a template strand bio-dT lesion
on in vitro transcription. pSRTB8B5 is unmodified supercoiled DNA. B5-bio-TS
and B5-ctrl-TS are closed circular substrates into which a bio-dT–containing or
unmodified control oligonucleotide had been ligated. Reactions contained 20
nM RNAP. The T7A1 transcript terminates 281 bp downstream of the tran-
scription start site. The RNA I transcript is encoded as part of the ColE1 DNA
replication origin of the pSR plasmids. The locations of the bio-dT and
a product caused by pausing or termination within the A/T-rich TFO binding
site (labeled #) are indicated. (C) Patch synthesis assay monitoring repair of bio-
dT in the template strand and nontemplate strand. All reactions contained
DNA polymerase, DNA ligase, ATP, NADH, and the radiolabeled dNTP mixture
required for patch synthesis. “NER Repair mix” indicates that UvrA, UvrB, UvrC,
and UvrD were added; “Free transcription” indicates that RNAP was added
with GTP, CTP, and UTP; and “Stalled RNAP” indicates that RNAP was added
with GTP, CTP, adenylyl (3′-5′) uridine (ApU), and 3′ dUTP. (D) Quantification of
the [32P]-dATP incorporated into the bio-dT–containing strand of B5-bio-TS
and B5-bio-NTS during patch synthesis assays, normalized to the amount in-
corporated into the UV-irradiated pHWL1-2 control in each lane. Values are
the average of at least three repeats and are shown with SD.
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causes little or no stalling of RNAP. In reactions that do not
cause RNAP to stall at +21, it is likely that RNAP transcribes
past the lesion, and so does not recruit Mfd. The observation
that freely transcribing RNAP does not trigger TCR of bio-dT
supports the conclusion that the stimulation of repair seen when
RNAP is stalled at +21 is due to events initiating at the stalled
RNAP, rather than any potential bypass of the stall site (and the
other sites at which UTP must be incorporated into the tran-
script between +21 and the lesion) by a small fraction of RNAPs.
We repeated the assays using a template containing a single

CPD located 47 bp downstream of the transcription stall site
(Fig. 2 and Fig. S1). As expected, we observed Mfd-dependent
stimulation of repair when transcribing RNAPs were able to reach
the CPD. We observed a similar level of Mfd-dependent stimula-
tion of repair of the CPD when RNAP was stalled 47 bp upstream
of the lesion. We conclude that the Mfd-dependent mechanism for
locating lesions downstream of stalled RNAPs can function on a
physiologically relevant lesion, as well as on the bio-dT substrate.

Downstream Repair Can Be Blocked by a Protein Roadblock. The
ability of a stalled RNAP to promote the strand-specific repair of
lesions located some distance downstream suggests that one or
more proteins recruited to the stall site may move along the
DNA until a lesion is encountered. We investigated whether the
presence of a protein roadblock between the stall site and the
lesions affected this process. We constructed a substrate in which
a lac operator was placed between the transcription stall site and
a reporter cassette in which we could monitor the repair of UV-
induced, randomly distributed lesions in both the template and
nontemplate strands (Fig. 3). The absolute levels of repair patch
synthesis in this substrate were lower than those observed with
substrates containing single defined lesions because the UV
fluence used in these experiments generates one to two lesions
per plasmid; thus, the majority of substrates did not contain
lesions within the reporter region (18) (Fig. 3 and Fig. S3). In
agreement with our previous assays, we observed that RNAP
stalled at +21 stimulated repair of the template strand when Mfd

was present but had little or no effect on the repair of the
nontemplate strand. The Mfd-dependent stimulation of repair of
the template strand was abolished when Lac repressor protein
(which binds to the lac operator) was added to the reaction. This
result supports the notion that repair of the downstream lesions
is stimulated by the movement of one or more proteins along the
DNA from the site at which RNAP is stalled, and indicates that
this movement can be blocked by an intervening protein–DNA
complex. Curiously, addition of Lac repressor inhibited repair of
the nontemplate strand irrespective of the presence or absence
of Mfd or RNAP. No such effect was observed on the template
strand. UvrAB complexes can slide along DNA when searching
for DNA damage during global NER (19), and they may need to
approach DNA lesions from the 5′ side (with respect to the
damaged strand) (20). The lac operator in these constructs is
immediately adjacent to the upstream end of the reporter cas-
sette, and Lac repressor may inhibit global NER of lesions close
to the 5′ end of the nontemplate strand because it prevents
UvrAB approaching from the 5′ side of those lesions.

Role of DNA Translocation by Mfd in Downstream Repair. When
TCR occurs at a lesion that has stalled RNAP, DNA trans-
location by Mfd pushes RNAP forward and eventually displaces
it (11). During this process, Mfd moves along the dsDNA in a 3′
to 5′ direction with respect to the template strand. If Mfd con-
tinues to translocate along DNA after it has displaced RNAP,
then it would move in the direction needed to encounter lesions
located downstream of the site at which the RNAP had stalled.
We used a triplex-forming oligonucleotide (TFO) displacement
assay to determine whether DNA translocation by Mfd is suffi-
ciently processive to potentially participate in the search for
DNA damage downstream of a stalled RNAP.
As we have previously shown, Mfd in isolation has little ability to

displace a TFO bound in the major groove, because its translocation
activity is autoinhibited in the absence of RNAP (21) (Fig. 4A).
However, when RNAP is stalled by nucleotide starvation immedi-
ately upstream of the TFO, DNA translocation by Mfd results in

Fig. 2. Effect of stalling an RNAP upstream of a CPD lesion. (A) DNA sub-
strate. A single CPD was present in the template strand. (B) Patch synthesis
assay monitoring repair of a single CPD in the template strand. Additions are
as described for Fig. 1. (C) Quantification of the [32P]-dATP incorporated into
the template strand of B3-CPD-TS during patch synthesis assays, normalized
to the amount incorporated into the UV-irradiated pHWL1-2 control in each
lane. Values are the average of at least three repeats and are shown with SD.

Fig. 3. Effect of a protein roadblock on TCR at a distance. (A) DNA sub-
strate. Plasmid pHWL1-T7A1-2lacO contains a lac operator between the
T7A1 promoter and a repair-reporter cassette. DNA lesions were introduced
randomly into both strands of the plasmid by exposure to 30 J/m2 of UV
light. (B) Quantification of the [32P]-dATP incorporated into the template
and nontemplate strands of the pHWL1-T7A1-2lacO reporter cassette during
patch synthesis assays normalized to the amount incorporated into the
UV-irradiated pHWL1-2 control in each lane. Additions are as described for
Fig. 1. Values are the average of at least three repeats and are shown with
SD. A sample dataset is shown in Fig. S3.
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displacement of the majority of TFO from the DNA. UvrA inter-
acts directly with the triplex-containing DNA substrate, and so its
effect on DNA translocation byMfd could not be readily assessed in
this assay. In the pSRTB1 substrate, the distance between the stall
site and the proximal end of the TFO is 17 bp, which means that the
downstream face of the RNAP is immediately adjacent to the TFO.
It is therefore not clear whether the TFO is displaced when the
front edge of RNAP is pushed forward by Mfd (in which case Mfd
might translocate for only a few base pairs along the DNA) or
whether Mfd continues to translocate along the DNA after RNAP
has been displaced. We created constructs in which the distance
between the RNAP stall site and the TFO binding site was in-
creased to 100 bp or 581 bp (Fig. 4A). We found that Mfd was able
to displace a TFO bound 100 bp downstream of a stalled RNAP
just as well as it could displace a TFO bound 17 bp downstream.
When the TFO was bound 581 bp downstream of the stall site,
there was a reduction in the efficiency of displacement, but a sub-
stantial proportion of the TFO was displaced by Mfd. We also ex-
amined the effect of placing a Lac repressor protein roadblock
between the RNAP stall site and the TFO binding site (Fig. 4B).
We found that Lac repressor bound to a lac operator located be-
tween the stall site and the TFO binding site impaired the ability of
Mfd to displace the TFO but did not abolish it. These results in-
dicate that once Mfd has been activated by binding to a stalled
RNAP, it is capable of translocating more than 100 bp along the
DNA. It is therefore possible that the damage search complex that
stimulates repair of lesions in the template strand downstream of
stalled RNAPs is driven by the translocation activity of Mfd.
DNA lesions are sometimes detected by their ability to stall

DNA helicases (22–24). An attractive model for damage detection
by Mfd is that it might stall when it encounters lesions in the
template strand. We tested the ability of Mfd to translocate past
a single CPD or bio-dT lesion placed on the template strand be-
tween an RNAP stall site and a TFO binding site (Fig. 4C). We
found that a single CPD on the template strand slowed the Mfd-
dependent displacement of TFO, although, ultimately, the same
amount of TFO was displaced as on the undamaged template. A
single bio-dT on the template strand had no detectable effect on
the DNA translocation activity of Mfd, although we cannot exclude
the possibility that this lesion causes a short-lived pause that cannot
be detected in our assay. These results indicate Mfd is able to

translocate past both of the lesions tested, although it seems to
pause, or perhaps sometimes dissociate, when it encounters a CPD.

A Transcription Pause Site Can Stimulate Repair of Downstream
Lesions. In addition to acting at RNAPs that stall at DNA lesions,
Mfd plays a role in a variety of other transcriptional events. When
RNAPs slide backward on DNA, the 3′ end of the nascent tran-
script moves out of the active site and into the secondary channel of
RNAP (25). Mfd reactivates these backtracked complexes by
pushing the RNAP forward, allowing the 3′ end of the transcript to
reenter the active site (11). In contrast to the situation at perma-
nently stalled RNAPs, once a backtracked RNAP has been pushed
forward by Mfd it can resume transcription and is not displaced
from the DNA. Certain template sequences, called class II pause
sites, promote backtracking (26, 27). Among the best-characterized
template sequences are the ops (operon polarity suppressor) pause
sites that are involved in the recruitment of the transcription anti-
terminator protein RfaH to several operons in Escherichia coli (26).
To determine whether Mfd can stimulate repair of lesions lo-

cated downstream of a backtracked paused RNAP, we constructed
templates containing the ops pause site from the E. coli rfaQ operon
upstream of a single DNA lesion in the template strand (Fig. 5A).
To detect any effects of the paused RNAP, it was necessary to
ensure that TCR would not be triggered by RNAP stalling at the
lesion after it had passed through the pause site. We therefore used
bio-dT, rather than a CPD, as the lesion in these assays. Insertion of
the ops site downstream of the T7A1 promoter in our plasmid
substrate causes a transient pause in transcript elongation that is not
observed with a control substrate that lacks the pause site (Fig. S4).
In patch synthesis assays, the ops sequence increased the efficiency
of repair of the downstream bio-dT lesion when the substrate was
transcribed in the presence of Mfd but had no effect when the
substrate was transcribed in the absence of Mfd or when the repair
assays were conducted in the absence of transcription (Fig. 5 B and
C). This suggests that recruitment of Mfd to RNAP at a class II
pause site can stimulate repair of a lesion located in the template
strand downstream of the pause site.

Discussion
Our results show that the bacterial TCR pathway involves the for-
mation of a damage search complex that can detect lesions down-
stream of a stalled RNAP. Only lesions in the template strand are

Fig. 4. DNA translocation by Mfd. (A) Effect of distance on efficiency of translocation by Mfd, measured by TFO-displacement assay. All substrates allow
RNAP to be stalled at +21. “Gap” indicates the distance between +21 and the promoter-proximal end of the triplex when the TFO is bound to the substrate.
Data labeled pSRTB1, pSRTB8, and pSRTB9 represent experiments in which RNAP was stalled and Mfd and dATP were then added to initiate DNA trans-
location. Control experiments in which RNAP, Mfd, or dATP was omitted were conducted on pSRTB9. (B) Effect of a Lac repressor roadblock on TFO dis-
placement using substrates that contain (pSRTBlacO) or lack (pSRTB8) a lac operator between the RNAP stall site and the TFO binding site. RNAP was stalled in
the presence or absence of Lac repressor, and Mfd and dATP were then added to initiate DNA translocation. (C) Effect of lesions in the template strand
between the RNAP stall site and the TFO binding site. The DNA between the stall site and the TFO binding site was either undamaged (B3-ctrl-TS) or contained
a single bio-dT (B3-bio-TS) or CPD (B3-CPD-TS) in the template strand. RNAP was stalled, and Mfd and dATP were then added to initiate DNA translocation. Values
in A and C are the average of at least three repeats and are shown with SD. Values in B are the average of two or three repeats and are shown with range.
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targeted for preferential repair, indicating that the observed strand
bias of TCR reflects an asymmetry in the damage detection process
and is not simply a byproduct of the need for a lesion to be in the
template strand to stall RNAP. We conclude that Mfd does not act
simply to increase the local concentration of UvrA, or to assemble
a UvrB/UvrA2/UvrB complex away from the lesion, because these
methods of damage detection would be expected to detect lesions
in both strands with equal efficiency. We also conclude that there is
no requirement for a lesion to be located within the ssDNA of
a transcription bubble in order for its repair to be accelerated
during Mfd-dependent TCR.
Although Mfd binds transiently to DNA in the absence of other

factors, it becomes very stably associated once it has been recruited
to a stalled transcription complex (28). In this study, we have shown
that after being activated by binding to stalled RNAP, Mfd can
translocate several hundred base pairs. It is clear that ATP-de-
pendent translocation by Mfd can continue well beyond the range
that would be needed to displace RNAP from a lesion. Mfd initially
binds to the DNA immediately upstream of the stalled RNAP (11).
It moves along DNA in a direction that is 3′ to 5′ with respect to the
template strand, and so it will eventually encounter lesions located
within, or downstream of, the stalled RNAP. During conventional
TCR, in which a lesion has entered the active site of RNAP and
caused transcription to stall, the distance between the site at which
Mfd starts to translocate and the point at which it encounters the
lesion will be short; the upstream face of RNAP is ∼14 bp from the
active site (11). When RNAP stalling is uncoupled from DNA
damage detection, as in our assays, it seems that Mfd continues to
translocate along the DNA until a lesion is encountered.
DNA lesions are sometimes detected by their ability to stall DNA

helicases. For example, it has been shown that stalling of the
xeroderma pigmentosum group D helicase in transcription factor II
H by CPDs is important for damage detection during NER in
eukaryotes (22, 23), and stalling of UvrB helicase activity is thought
to play a role in damage detection during NER in prokaryotes (24).
Although Mfd is a DNA translocase rather than a strand-separating
helicase, we speculated that lesions might be detected by their
ability to block the movement of Mfd along DNA. We found that
a CPD on the template strand did indeed impede the progress of
Mfd, although it was not a complete block. However, the presence
of a bio-dT residue on the template strand had no detectable effect
on DNA translocation by Mfd, despite the fact that bio-dT can
be preferentially repaired by TCR when located downstream of
a stalled RNAP. This suggests that stalling of Mfd is not an essential
requirement for lesion detection during TCR. An important caveat

to this conclusion is that the composition of the damage search
complex formed during TCR is not known; it is likely to contain
Mfd but may also contain one or more of RNAP, UvrA, and UvrB
(28). Our DNA translocation assays contained Mfd and RNAP but
did not contain UvrA or other repair proteins, because direct in-
teraction of repair proteins with the template DNA and the DNA
lesion makes their use in these assays impractical. If UvrA is part of
the complex that translocates along the DNA in search of damage,
it may modify the properties of Mfd and render it more susceptible
to stalling by DNA lesions. Alternatively, if Mfd does not detect the
lesion itself, it might act by “feeding” DNA to repair proteins that
are associated with it. A dimer of UvrA associated with Mfd is
unlikely to be able to provide the observed strand specificity, be-
cause the dimer is symmetrical and is thought to probe both strands
of DNA for damage simultaneously (14, 15). The strand specificity
could arise from the formation of an Mfd/UvrA2/UvrB complex at
some point in the damage recognition process: Such a complex is
likely to be able to load UvrB onto only one strand, and so lesions
in the other strand would not be processed further.
The ability of RNAP stalled at one location to promote repair at

a different location is particularly intriguing in the case of lesions
that, like bio-dT, do not block transcription, and so may not trigger
TCR directly. Physiologically relevant examples of such lesions in-
clude small alkylation products, such as O6-methylguanine, which
are detected inefficiently by the global NER machinery (29–31).
Although irreversible stalling of RNAP upstream of a lesion is likely
to be a rare event in vivo, our finding that a transcription pause site
can promote the repair of nonblocking lesions in the adjacent DNA
suggests that transcriptional pausing may play an important and
previously unsuspected role in genome maintenance. By acting as
recruitment sites for Mfd, pause sites could promote repair within
specific regions of the genome. The ops pause used in our experi-
ments promotes formation of backtracked transcription complexes,
which Mfd can bind to and push forward to reinstate the 3′ end of
the transcript in the active site and allow RNAP to resume tran-
scription (11). It will be interesting to discover whether all such
transcription-restart events lead to the loading of Mfd onto DNA
in a fashion that allows it to start scanning for DNA damage or
whether the repair-promoting properties of the pause site arise
from a proportion of the transcription complexes that fail to
reinitiate and are displaced from the DNA by Mfd.
Pause sites play a variety of roles in the regulation of gene ex-

pression, including acting as recruitment sites for transcription
elongation factors, coordinating the progress of transcription and
translation machinery, and participating in transcription termination

Fig. 5. Effect of pausing RNAP upstream of a nonstalling lesion. (A) DNA substrates. (B) Patch synthesis assay monitoring repair of a bio-dT in the template
strand in a substrate containing an ops pause site (B3ops-bio-TS) or a control lacking the ops pause site (B5-bio-TS). Additions are as described for Fig. 1. (C)
Quantification of the [32P]-dATP incorporated into the template strand of each substrate during patch synthesis assays normalized to the amount in-
corporated into the UV-irradiated pHWL1-2 control in each lane. Values are the average of at least three repeats and are shown with SD.
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(27). Our work shows that some transcription pauses also have the
potential to increase localized DNA repair efficiency. Because
even small differences in mutation frequency in critical regions
may confer evolutionary advantages, the distribution of such pause
sites throughout the genome may have arisen, at least in part, to
optimize their use as modulators of DNA repair. Further work will
be needed to examine the scope and importance of pause-mediated
effects on DNA repair and mutation within living cells.

Materials and Methods
Full details of the materials and methods used in this study are presented in SI
Materials and Methods.

Proteins. His-tagged E. coli RNAP was purified as described by Smith and Savery
(32). His-tagged E. coli UvrA, UvrB, and UvrC were purified as described by
Manelyte et al. (33). Untagged E. coli UvrD was purified as described by Man-
elyte et al. (33). E. coli DNA polymerase I and DNA ligase were purchased from
New England BioLabs. E. coli Lac repressor protein was a gift from P. McGlynn,
(University of York, York, UK) (34). Lac repressor concentrations refer to tet-
ramers. All other protein concentrations refer to monomers.

Plasmids. Substrates were derived from plasmid pSRTB1 (21), which contains
a TFO binding site downstream of the T7A1 promoter, or from pHWL1-
T7A1-2 (12), which contains a repair-reporter region downstream of the
T7A1 promoter. RNAP stalls at +21 of the T7A1 promoter if UTP is replaced
with the chain terminator 3′ dUTP. Single-lesion templates were constructed
by placing multiple BbvCI recognition sites between the T7A1 promoter and
the TFO binding site. Nicking of one or other strands with Nb. BbvCI or Nt.
BbvCI generated a region of ssDNA into which complementary oligonu-
cleotides containing DNA modifications were annealed, as described by
Luzzietti et al. (35). Details of DNA substrates used for TFO assays and for the
generation of plasmids containing single lesions are given in Tables S1–S3.

In Vitro Transcription. In vitro transcription reactions were carried out under
multiround conditions on plasmid DNA. Unless stated otherwise, each re-
action contained the following: 1.5 nM template DNA; 1× repair buffer [40
mM Hepes, 100 mM KCl, 8 mM MgCl2, 4% (vol/vol) glycerol, 5 mM DTT, 100
μg/mL BSA]; 200 μM GTP, CTP, and ATP; 10 μM UTP; and 2.5 μCi of [α32P] UTP.
Reactions were initiated by the addition of RNAP and were incubated at
37 °C. Reactions were stopped by the addition of an equal volume of form-
amide stop buffer [95% (vol/vol) formamide, 20 mM EDTA, 0.25% (wt/vol)
bromophenol blue, 0.25% (wt/vol) xylene cyanol]. Samples were separated
by denaturing PAGE and analyzed using a phosphorimager and ImageQuant
software (GE Healthcare Life Sciences).

Patch Synthesis Assay. Patch synthesis assays were performed essentially as
described byManelyte et al. (12). To reconstitute TCR, circular DNA substrates
were incubated with purified DNA polymerase I, DNA ligase, UvrA, UvrB,
UvrC, UvrD, Mfd, RNAP, and the nucleotides and cofactors necessary to
support transcription, repair protein activity, and synthesis of the repair
patch. Repair was monitored by the incorporation of [α32P] dATP into the
repair patches. To generate transcripts stalled at +21, UTP was omitted from
the reactions and was replaced with ApU (necessary for transcription initi-
ation) and 3′ dUTP. Repair patches in the template and nontemplate strands
were distinguished by cutting the substrates with restriction enzymes that
generated a 5′ overhang on one side of the lesion and a 3′ overhang on the
other. The two released strands, which differed in length, were separated by
denaturing PAGE and analyzed as for transcription reactions. To correct for
lane-to-lane variation, all reactions contained, as an internal control,
pHWL1-2 irradiated with 30 J/m2 of 254-nm UV light. The analysis cassette in
pHWL1-2 is not transcribed and is repaired by global NER (12).

TFO-Displacement Assays. TFO-displacement assays were conducted essen-
tially as described by Smith et al. (21).
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