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Abstract

Nucleotide excision repair (NER) is an evolutionarily conserved, multistep process that can detect
a wide variety of DNA lesions. Transcription coupled repair (TCR) is a sub-pathway of NER that
repairs the transcribed DNA strand faster than the rest of the genome. RNA polymerase (RNAP)
stalled at DNA lesions mediates the recruitment of NER enzymes to the damage site. In this
review we focus on a newly identified bacterial TCR pathway in which the NER enzyme UvrD, in
conjunction with NusA, plays a major role in initiating the repair process. We discuss the tradeoff
between the new and conventional models of TCR, how and when each pathway operates to repair
DNA damage, and the necessity of pervasive transcription in maintaining genome integrity.

Introduction

The genetic material of living organisms is under constant threat of damage by
environmental agents and metabolic byproducts. NER is the most versatile DNA repair
pathway that detects a wide variety of bulky damage, such as thymine dimers caused by UV
light and a plethora of helix-distorting adducts formed by harmful chemical agents. NER
was originally discovered in bacteria [1] and subsequently shown to be present in all
domains of life. The process of NER in bacteria begins with the recognition of DNA damage
by the combined action of UvrA and UvrB proteins. DNA-bound UvrA/B then recruits
UvrC to the site of damage, followed by UvrA dissociation. UvrC makes incisions on both
sides of the lesion and the damaged oligonucleotide is removed by UvrD and/or DNA
polymerase I, with the latter of which fills the gap using the complementary strand as a
template. The nick between the newly synthesized strand and the contiguous strand is then
sealed by DNA ligase, completing the process of lesion removal [2,3] (Figure 1).

NER can be viewed as two divergent pathways: global genomic repair (GGR) and
transcription coupled DNA repair (TCR) (Figure 1). GGR is DNA-strand unbiased with
respect to any particular genomic location, while TCR preferentially and rapidly processes
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the lesions in the transcribed strand of expressed genes [4,5]. During GGR, a complex of
UvrA and UvrB likely locates DNA damage via 3-D search, where the lesions are searched
by random encounters. Conversely, TCR is initiated by signals from stalled RNA
polymerase (RNAP), which pauses/arrests at the DNA lesions in its path [6-8]. Specialized
transcription-repair coupling factors bind to and remove stalled RNAP from the site of
damage. They also help to recruit NER enzymes to the exposed DNA lesion. The best-
studied bacterial transcription-repair coupling factor is Mfd [9,10], which binds to the
upstream edge of the stalled elongation complex [11] and pushes it forward using its
ATPase dependent translocase activity [12]. Recently, an alternative, Mfd-independent,
TCR pathway has been described [13]. Here we summarize and discuss the current
knowledge and most recent findings pertaining to TCR.

Mfd-dependent TCR

In 1946, Evelyn Witkin discovered the rapid decrease of UV-induced suppressor mutations
upon transient inhibition of protein synthesis following UV irradiation [14], a phenomenon
she named mutation frequency decline (MFD) [15]. She later identified the gene
responsible, naming it mfd, and showed that the process required the action of NER enzymes
[15,16]. Further research by the Hanawalt group established that transcribed DNA strands
were repaired preferentially compared to the entire genome and introduced the concept of
TCR [5,17,18]. Sancar and colleagues expanded these pioneering studies by demonstrating
that a putative transcription-repair coupling factor is a product of the mfd gene [19,20]. Their
elegant biochemical work revealed that the Mfd protein was, indeed, capable of coupling
transcription to DNA repair in vitro [9,10], which was later supported by in vivo studies
[21].

Mfd is a monomeric, multimodular protein belonging to the DExH/D family of SF2
translocases. It contains eight domains (D1a, D1b, and D2 through D7) connected by
flexible linkers [22]. Mfd binds to the arrested elongation complex through its RNAP
interacting domain (D4) and makes specific contacts with the IKE motif of the N-terminal
fragment of the 3 subunit located at the upstream edge of the elongation complex [11]. The
interaction between Mfd and RNAP initiates a conformational change in Mfd [23], which, in
turn, triggers its motor activity [24]. Active Mfd dislodges RNAP from the site of damage
by pushing it from behind [25,26]. Mfd also recruits the UvrA protein to the damage site
through its UvrB homology module (Figure 2). Interaction of Mfd with UvrA is obligatory
for TCR; mutants with a modified UvrB homology module show compromised TCR activity
due to defective UvrA interaction [10,23].

Extensive biochemical and structural characterization of Mfd revealed the mechanistic
details of its action in TCR. However, the very mild sensitivity of the mfd -deficient cells to
UV radiation [15,19] and DNA damaging agents [13] raise issues regarding its precise
physiological role. Indeed, TCR is only partially depends on Mfd at actively transcribed
genes [27], and functions relatively slowly in vitro in terminating stalled elongation
complexes [12,25,26]. It has also been reported that Mfd supports TCR on T7 RNA
polymerase-transcribed genes, questioning its specificity [28]. Collectively, these
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observations suggested that the highly efficient TCR observed in vivo might require
additional mechanisms.

Mfd-independent TCR

NusA

UvrD

NusA associates with RNAP during elongation and plays an important role in transcription
termination and antitermination [29]. Recently, Walker and colleagues have shown that
NusA functions in DNA repair and damage tolerance pathways. NusA, while not SOS
inducible, interacts physically with DNA polymerase 1V (DinB) [30] and promotes DNA
damage tolerance via the transcription coupled-translesion synthesis pathway [31].

It was also found that a nusA mutant (nusA11) has increased sensitivity to nitrofurazone and
4-nitroquinoline oxide — the agents causing the N2-dG adduct in DNA, independent of the
Mfd and DinB pathways, as supported by epistasis analysis [32]. Proteomics and far-western
blotting analysis showed that NusA also interacts with the NER enzyme UvrA, suggesting
that NusA contributes to NER via an unknown TCR pathway. Furthermore, it was shown
that mutations in the second largest subunit of RNAP that alter cellular resistance to
nitrofurazone can be suppressed by mutations in uvrA and nusA, but not in the mfd gene
[32,33].

The mechanism of NusA-dependent TCR has not been established. It has been hypothesized
that RNAP arrested at DNA lesions is prone to backtracking — reverse sliding of RNAP
along DNA and RNA [34] - thereby exposing the site of DNA damage [33]. In this model,
the backtracked elongation complex recruits NER enzymes via the NusA-UvrA interaction.

UvrD is a founding member of superfamily 1 (SF1) of helicases/translocases. It moves in the
3'to 5' direction on sSDNA, unwinding dsDNA in an ATP-dependent manner [35,36]. The
functional state of UvrD is determined by its oligomeric composition; as a monomer, it acts
as a translocase, while as a dimer it acts as a helicase [37,38]. Recently, we showed that
UvrD directly couples transcription to DNA repair and proposed a new model of TCR [13].
UvrD binds RNAP tightly at near stoichiometric levels to RNAP core subunits [13,39], and
likely moves with RNAP throughout elongation. Analysis of the in vivo E. coli RNAP
interactome suggests that UvrD is associated with the elongation complexes at a level
comparable to that of the general transcription elongation factors NusA and NusG [13].
Remarkably, UvrD can actively pull RNAP backward during RNAP pausing or stalling in
vitro and in vivo, and this forced backtracking was shown to unmask the DNA lesion site for
access to UvrABC in vitro [13]. Furthermore, the very high sensitivity of uvrD(-) cells to
UV and various genotoxic agents can be suppressed to great extent by compromising the
anti-backtracking activities of the cell [13], i.e. factors that normally inhibit backtracking of
RNAP also interfere with the NER process. These factors include transcript cleavage factors
GreA and GreB that catalyze reactivation of backtracked RNAP, and active ribosomes that
follow elongating RNAP closely and prevent backtracking at protein coding sequences [40].
Interestingly, deletion of mfd, which also functions as an anti-backtracking factor [12],
partially suppressed UV sensitivity of uvrD(-) cells [13]. These findings led us to propose a
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new model of TCR (Figure 2). During the course of transcription, RNAP stalls at DNA
damage sites and cannot progress further, creating potential difficulties for both excision
repair and replication fork progression. UvrD, which travels with the elongation complex,
becomes activated during DNA damage response and pulls RNAP backwards to expose the
damage site to repair enzymes. Activation may occur due to rapid accumulation of UvrD,
which would favour dimerization, and thus, its helicase mode of action. In addition, UvrD
may assist in recruiting repair proteins by using its inherent capability to interact with UvrB
[41,42].

Crosslinking and mass spectrometry analyses established that UvrD binds to the upstream
edge of the elongation complex and makes specific contacts with the § and 8’ subunits of
RNAP. It also interacts with the exposed portion of the non-template DNA strand close to
the upstream fork of the transcription bubble [13]. Inter-protein crosslinks between RNAP
and UvrD defined the UvrD-RNAP interacting surface involving the DNA binding region of
UvrD and the area proximal to the RNAP 3 domain [13]. Notably, NusA also binds the
flap, an interaction necessary for NusA-dependent RNAP pausing [43]. Based on these
observations, we proposed a mechanistic model for UvrD mediated RNAP backtracking,
whereby UvrD loads onto the upstream edge of the DNA duplex junction with the
transcription bubble, a natural substrate for UvrD, as it prefers to interact with such ds-
ssDNA junctions [44]. Using its ATP-dependent helicase activity, UvrD unzips the upstream
portion of the transcription bubble to pull RNAP backwards along from the DNA damage
site, thus exposing the site to repair enzymes (Figure 2).

It has been shown that NusA renders RNAP more prone to backtracking [45] and potentiates
UvrD-mediated backtracking in vitro [13]. Similar to uvrD mutants, the sensitivity of nusA
mutants to DNA damaging agents can be suppressed by inactivation of anti-backtracking
factors GreA/B, or by inhibition of actively translating ribosomes [13]. Thus, the role of
NusA in Mfd-independent TCR is likely to be in assisting UvrD with pulling RNAP away
from sites of DNA damage. Direct interactions between UvrD and UvrB [41,42] and
between NusA and UvrA [32] may also help to recruit UvrAB to sites of damage.

The mechanism of UvrD/NusA-dependent TCR overcomes several apparent functional
inadequacies associated with Mfd-dependent TCR. It has been reported that Mfd-dependent
TCR operates only during basal levels of transcription and that Mfd is dispensable at highly
induced transcription units [27]. UvrD is a SOS-inducible gene whose cellular concentration
increases about three-fold soon after DNA damage occurs [46,47], resulting in about three
fold molar excess of UvrD over RNAP. This should favour UvrD dimerization, which
stimulates its helicase activity, thereby triggering RNAP backtracking from DNA lesion
sites. This model is supported by the observation that uvrD mutant cells are defective in
strand specific repair of cyclobutane pyrimidine dimers [48]. During rapid induction of
transcription, stalling of RNAP at DNA lesions causes the accumulation of the arrays of
elongation complexes, which cannot be readily dislodged by Mfd due to its slow enzymatic
activity and difficulties accessing individual complexes packed in such arrays. During
UvrD-directed TCR, each stalled RNAP can be pulled backwards by its associated UvrD
dimer, and the entire array will eventually be moved away from the site of damage.
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Mfd-dependent TCR results in transcription termination [19], but UvrD/NusA-dependent
TCR results in backtracked RNAP [13], which can be promptly reactivated by anti-
backtracking factors, including Mfd itself, shortly after DNA repair has been accomplished.

The two complementary TCR pathways may be examples of specialized systems bacteria
have evolved to repair DNA damage under different circumstances. During basal levels of
gene expression and normal growth conditions, Mfd-dependent TCR repairs the low-
frequency lesions that occur on the transcribed strand, while UvrD/NusA-dependent TCR
may be less active in this process. During genotoxic stress, however, the SOS response
activates UvrD/NusA-directed TCR, which assumes the repair process, as the ability of Mfd
to promptly remove RNAPs is limited. In this manner, the cell uses two different, balanced
mechanisms to achieve the repair of different doses of DNA damage that occur under
different growth conditions.

Mfd may also act during the post-repair, recovery phase by removing excessively
backtracked RNAPs, which accumulate during DNA damage. Such complexes cause
mutagenic double stranded breaks due to co-directional collisions with the replisome
[34,49,50]. This hypothesis is additionally attractive as it explains the original mutation
frequency decline phenotype of mfd. Indeed, by “pushing” backtracked RNAP forward to
resume transcription after UV exposure, Mfd should reduce the frequency of DNA breaks,
which are often repaired in an error-prone fashion. This model is consistent with the
requirement of Mfd for rapid recovery of transcription after DNA damage [51], and with the
lag in post UV-irradiated growth of mfd(-) cells in liquid cultures due to excessively
backtracked RNAPs (Kamarthapu and Nudler, unpublished data).

RNA polymerase as a global sensor of DNA damage

The most remarkable aspect of NER is the ability of the UvrAB complex to promptly
recognize DNA lesions that vary broadly in chemical structure and their impact on local
DNA conformation. The number of UvrAB molecules per E. coli cell during the SOS
response reaches no more than a couple of hundred [52], yet the lesions must be located
rapidly and discriminated from the millions of base pairs of non-damaged DNA. In vitro, on
naked DNA, a mixture of 3-D and 1-D diffusion searches can be used by these proteins [53].
However, in vivo, the search must be complicated by ubiquitous protein-DNA complexes,
macromolecular crowding, and DNA compartmentalization and condensation. Unlike UvrA
and UvrB, which are not processive scanners, RNAP usually moves along DNA from the
beginning of an operon to its end via processive 1-D mechano-chemical tracking. Its
catalytic center is finely tuned to react even to mild deviations from the canonical four bases
in the template strand, leading to pauses or stalling [54]. Thus RNAP could be the most
efficient DNA damage detector that continuously patrols the genome and initiates the TCR
process at lesion sites. Indeed, it has become evident in recent years that pervasive
transcription is conserved in all the three domains of life [55,56]. Although eukaryotic
genomes contain only 1-2% protein-coding regions, more than 80% of the genome is
transcribed. In prokaryotes, it was assumed that pervasive transcription is very limited
because ~80% of the genome is protein-coding DNA. However, recent advances in next
generation sequencing have revealed the presence of abundant ncRNA in prokaryotes as
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well, including substantial amounts of antisense RNA [56,57]. It is, thus, tempting to
speculate that seemingly wasteful pervasive transcription provides the beneficial means to
achieve global surveillance of the genome for DNA damage and to enable robust NER.
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Figure 1. Schematics of nucleotide excision repair pathways in E. coli
Global genomic repair (GGR): UvrA/UvrB complex recognizes DNA damage in either

transcribed or non-transcribed strand and binds to the lesion site. UvrA dissociates from the
complex and UvrB recruits UvrC endonuclease. UvrC makes incisions on either side of the
lesion. DNA polymerase | (with or without UvrD) displaces the damaged oligonucleotide
and fills the resulting single-stranded gap, using the complementary strand as a template.
Finally, DNA ligase seals the nick.

Transcription coupled repair (TCR): RNAP elongation is impeded by lesions in the
transcribed strand. The stalled elongation complex then triggers the repair process via Mfd-
or UvrD-dependent pathway (Figure 2).
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Figure 2. Schematics of alternative models of transcription coupled DNA repair
RNAP stalls at a DNA lesion in the transcribed strand and obscures it from repair enzymes.

Stalled RNAP is either dislodged (left) or forced to backtrack (right) from the site of damage
by Mfd and UvrD, respectively, to initiate the process of TCR.

Mfd-dependent pathway: Mfd binds to stalled RNAP and becomes activated. Using its ATP
dependent translocase activity it pushes RNAP from behind to eventually terminate the
elongation complex. Mfd then recruits UvrAB to the exposed DNA lesion site. Repair then
proceeds as in GGR.

UvrD-dependent pathway: Monomeric UvrD and NusA associate with RNAP throughout
elongation. The SOS response triggers rapid UvrD accumulation leading to its dimerization
in the elongation complex, which starts its ATP-dependent helicase activity. Activated UvrD
in collaboration with NusA, pulls RNAP backwards, away from the lesion site. UvrD and
NusA then recruit the UvrAB complex to the site of damage. Repair then proceeds as in
GGR. In UvrD-dependent TCR transcription can resume shortly after repair has been
accomplished, whereas Mfd-dependent TCR results in transcription termination.
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