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A cell's genome is under constant threat of
damage, which if not repaired can lead to muta-
tions or cell death. Common forms of DNA
damage found in nature include cyclobutane
pyrimidine dimers and 6-4 photoproducts in-
duced by UV-irradiation. These and other he-
lix-distorting lesions are removed by a highly
conserved process called nucleotide excision re-
pair (NER) that is found in every kingdom of
life (1). NER is initiated in two general ways: by
damage recognition proteins that survey the en-
tire genome for damage or lesion-induced tran-
scriptional stalling. This latter pathway, called
transcription-coupled repair (TCR), first
reported in mammalian cells and then in bac-
teria, is initiated when RNA polymerase
(RNAP) is arrested at a DNA lesion embedded
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in the transcribed strand (2, 3). However, be-
fore DNA repair enzymes obtain access, the
stalled RNAP must be pushed away from the
lesion by the action of DNA translocases. Thus,
the repair “coupling factors,” which recognize
the stalled RNAP, must work to both displace
the polymerase and simultaneously enlist the
repair proteins to remove the damage. In bac-
teria, two different TCR pathways have
emerged involving two different DNA heli-
cases, which help to displace RNAP. The
Mfd (mutation frequency decline) protein,
also called transcription-repair coupling fac-
tor, uses its helicase fold and ATP hydrolysis
to literally push RNAP forward (downstream)
past the damaged site (Fig. 1A) (reviewed in ref.
4), whereas in a newly discovered alternative
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(A) RNAP stalled at a DNA lesion can be removed by the action of two different helicases. Mfd can push

RNAP downstream past the lesion or UvrD/NusA can tow RNAP upstream of the damage site. Recruitment of UvrAB
occurs after RNAP is moved, not shown. (B) 1, Mfd senses RNAP pausing and 2, probably dissociates RNAP from the
DNA and begins scouting on the transcribed strand (9); 3, once Mfd has encountered a lesion on the transcribed
strand a repair-competent complex is formed. The timing of UvrA and UvrB recruitment at the damaged site remains

to be determined.
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pathway UvrD (helicase II) tows the RNAP
backward (upstream) with the help of the tran-
scription elongation factor, NusA (5). This
second approach more closely resembles
what is thought to occur in mammalian cells
during TCR (6). As described below, Mfd tar-
gets the nucleotide excision repair system to sites
of damage through its direct interaction with
a stalled RNAP. However, nature has gone even
further in devising ways to find and remove po-
tentially RNAP-blocking DNA damage. As de-
scribed by Haines et al. (7) in PNAS, Nigel
Savery’s group at the University of Bristol have
found that the Mfd protein that normally accom-
panies the translocating RNAP can be sent ahead
of a blocked RNAP to scout for damage in the
transcribed strand and facilitate the recruitment
of the bacterial NER machinery.

During the past 15 y structural biologists
and biochemists have described in wonderful
detail how bacterial NER proteins process and
remove DNA damage (reviewed in ref. 1).
Once the stalled RNAP has been removed
from the damage site, Mfd or UvrD are
thought to recruit the UvrAB complex (made
up of a UvrA dimer and one or two UvrB
molecules) to the site of the damage. Mfd is
a multidomain protein that shares a protein
fold with UvrB and this motif is responsible
for the interaction face with UvrA. Mfd under-
goes a large conformational change during its
handling of stalled RNAP. This process expo-
ses Mfd’s UvrB homology domain, which is
believed to attract UvrA to the damaged site.
Single-molecule studies have shown that the
UvrAB complex searches for DNA damage
using both 3D and 1D sliding on DNA (8).
It has been proposed that one monomer of
UvrA can interact with Mfd, whereas the other
monomer engages UvrB. UvrA first recognizes
the lesion-induced conformational change in
the DNA and hands off the damage to UvrB
for verification. UvrB recruits UvrC, which
incises the DNA 3’ and 5’ of the damaged site.
The actions of the helicase UvrD and DNA
polymerase I are necessary to dissociate UvrB,
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UvrC, and the damage-containing oligonucle-
otide. The DNA polymerase fills in the resulting
gap and DNA ligase seals the nick to join the
repair patch to the contiguous DNA strand (1).
In an ingenious series of experiments,
Haines et al. (7) first paused RNAP in the
absence of DNA lesions by using the incorpo-
ration of dUTP (an RNA chain terminator)
instead of UTP, 21 nucleotides after tran-
scription initiation. The researchers then
constructed a substrate containing a defined
lesion 47 or 81 bases downstream on either
the nontranscribed or transcribed strand by
incorporating a single biotin-modified deox-
ythymidine (dT) or a cyclobutane pyrimidine
dimer (CPD) into the DNA. In separate
experiments they show that a biotin-modified
dT is a robust substrate for the UvrABC nu-
clease system, but that this nucleotide analog
does not stall RNAP when located on the tran-
scribed strand. This latter point was important
to rule out any effects of RNA polymerase
molecules that might escape the pause site. Us-
ing an assay comprised of the complete NER
system (UvrA, UvrB, UvrC, UvrD, pol I, DNA
ligase), as well as RNAP and Mfd, which meas-
ures incorporation of [**P]-dATP into repair
patches, they found that repair was stimulated
only when the lesion was located on the tran-
scribed strand downstream of RNA polymer-
ase. So the question arises, is this enhanced
repair the result of a locally higher Mfd con-
centration or by direct tracking of Mfd down-
stream of the stalled RNAP? To address this
question, the authors placed a lacO operator
sequence between the RNAP stall site and
a damage cassette consisting of UV-irradiated
DNA, reasoning that if Mfd were to track for-
ward away from the stalled RNAP in a 3'—5’
direction on the transcribed strand, then its
forward progress would be prevented when
the lacO operator was bound by Lac repressor.
This result is exactly what the authors ob-
served, suggesting that Mfd literally tracks
along the transcribed strand as it scouts for
DNA damage, and that “downstream repair
can be blocked by a protein roadblock.” Inter-
estingly, the presence of the Lac repressor road
block actually reduced UvrABC-mediated re-
pair by about 50%, independent of RNAP or
Mfd. This result strongly suggests that the
UvrAB complex uses facilitated diffusion along
the DNA to detect damage and blocked access
from the 5’ direction, thereby lowering overall
repair by about 50%, as expected (8). These
data also suggest that the UvrAB motion on
DNA occurs through linear diffusion on DNA
rather than hopping, which would permit
jumping over the Lac repressor roadblock.
The next question is then: how far out ahead
of RNAP can the Mfd scouting party go? One
way to measure Mfd’s ability to track along the
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DNA is to make use of its known capacity
to displace triplex forming oligonucleotides
(TFO). Triplexes are unique three-stranded
DNA sequences that are created by Hoogsteen
base-pairing of a third strand into the major
groove of double-stranded DNA, and are
strong blocks to Mfd. By placing a 17-bp
TFO either 100 or 581 bp away from the
stalled RNAP, Haines et al. (7) found that
Mfd can scout ahead of RNAP a full 0.5 kbp
from the stalled RNA polymerase. If Mfd facil-
itates repair at damaged sites by recruiting the
UvrAB proteins, it might be expected that
Mfd’s translocation ability would be inhibited
by damage on the transcribed strand, but not
on the nontranscribed strand. The authors
show that a single CPD, but not a single bi-
otin-dT “damage site,” impedes the ability of
Mfd to displace a TFO. This stalling of the Mfd
translocase at a damaged site is reminiscent of
the manner by which the damage recognition
helicase, XPD (a subunit of TFIIH), in mam-
malian cells verifies the strand-containing
damage. In TFO displacement assays, Mfd
stimulated repair at biotin-dT sites, but appar-
ently did not stall at these “damaged sites.”
Consequently, it is not clear whether Mfd stall-
ing is essential for its ability to target UvrAB to
the damaged site. Ultimately, single-molecule
studies using uniquely labeled Mfd, RNAP,
and UvrAB proteins may be necessary to de-
termine whether Mfd scouts ahead of the
paused RNAP and then remains for a sufficient
period at damaged sites to recruit UvrAB.

How frequently does RNAP pause in vivo
and could this interval help to facilitate repair?
RNAP pause sites in bacteria are best charac-
terized by the ops (operon polarity suppressor),
which initiates both pausing and backtracking
of RNAP. Mfd has been shown to facilitate
reengagement of RNAP transcription at these
pause sites. Haines et al. (7) show that the
ops sequences can interrupt RNAP and fa-
cilitate repair of biotin-dT lesions down-
stream of these sites. This enhanced repair
was only observed when Mfd and RNAP
were both present.

Taken together, these experiments strongly
support a model of damage surveillance in

bacteria in which the pausing of RNAP
prompts Mfd to scout downstream for DNA
damage on the transcribed strand (Fig. 1B). As
Haines et al. (7) suggest, specific sequences that
promote RNAP pausing in vivo may result in
localized sites of rapid repair and subsequent
lower mutations rates. These otherwise beauti-
ful results leave several important questions
unanswered. Although not explicitly tested in
this work, it has been shown that Mfd displaces
RNAP from damaged sites and continues to
track on the DNA (9). How long must RNAP
pause before it releases Mfd? Does Mfd have to
dissociate RNAP to scout ahead for DNA dam-
age? And if so, what conformational change is
triggered in RNAP that facilitates Mfd release?
Could UvrD working with NusA push RNAP
backward, and at the same time release Mfd on
a scouting expedition? Finally, how frequently
does this process occur in a bacterial cell? Bac-
terial transcription and translation are highly
coupled and transcriptional pausing allows for
proper mRNA folding and recruitment of the
elongation factors. Mutation frequency decline
(MFD) was first described by Evelin Witkin in
the 1950s and 1960s (before the discovery of
NER in 1964) as a phenomenon in which bac-
teria grown after exposure to UV under less
than ideal conditions (such as reduced protein
synthesis) show a reduction in mutations (10,
11). It is tempting to speculate that growth un-
der such conditions promotes increased tran-
scriptional pausing and consequently increases
DNA damage scouting by Mfd, with subsequent
repair by NER on the transcribed strand. Taken
together, these exciting findings by Haines et al.
(7) indicate that bacterial cells still have a lot to
teach us and that enhanced repair pathways ul-
timately might be linked to the nutritional status
and growth rate of a cell in a more integrated and
elegant fashion than previously supposed. Might
a similar process occur in mammalian cells, and
contribute to the increased longevity associated
with caloric restriction?
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