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Abstract

Photochemical and other reactions on DNA cause damage and corrupt genetic information. To
counteract this damage, organisms have evolved intricate repair mechanisms that often crosstalk
with other DNA-based processes, such as transcription. Intriguing observations in the late 1980s
and early 1990s led to the discovery of transcription-coupled repair (TCR), a subpathway of
nucleotide excision repair (NER). TCR, found in all domains of life prioritizes for repair lesions
located in the transcribed DNA strand, directly read by RNA polymerase. Here we give a historical
overview of developments in the field of bacterial TCR, starting from the pioneering work of
Evelyn Witkin and Aziz Sancar, which led to the identification of the first transcription-repair
coupling factor (the Mfd protein), to recent studies that have uncovered alternative TCR pathways
and regulators.

INTRODUCTION

Protecting genomic integrity and the faithful transmission of genetic information, from DNA
to RNA to protein, is essential for all life. The double-helical nature of DNA, the length of
genes (particularly in higher eukaryotes), and the ubiquitous presence of endogeneous and
exogeneous DNA-damaging agents can pose significant topological and information
processing challenges to the cell. This is not only due to the chemical modification of the
DNA itself that can lead to mutations and can be fixed by replication, but also due to
cytotoxic effects, which can impact DNA-based processes such as transcription, chromatin
remodeling, and more generally, cellular signaling (1). One of the most prevalent sources of
DNA damage, UV radiation, is notable for several reasons. It leads to a variety of distinct
lesions, including cyclobutane pyrimidine dimers (CPDs) and to a lesser extent single- and
double-stranded breaks, crosslinks, and especially pyrimidine (6-4) pyrimidone
photoproducts (6-4PPs) and related Dewar valence isomers. Relatively minor oxidatively-
generated damage consisting mostly of oxidized bases and single strand breaks are also
formed (2). These are largely repaired via a universally conserved and remarkably versatile
“cut and patch” mechanism, in which a large repertoire of chemically distinct lesions are
excised as part of an oligonucleotide. This is followed by gap filling, and ligation to restore
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the integrity of the strand. This nucleotide excision repair (NER) mechanism, also known as
dark (light-independent) repair — to distinguish it from photoreactivation, an alternative
mechanism for repairing CPDs and 6-4PP via the action of photolyases — was the first of the
three main DNA repair mechanisms to be described. In 1964, landmark papers on the
disappearance of thymine dimers in bacteria were published. These combined biophysical
studies on UV radiation with the characterization of UV-sensitive repair-defective strains of
Escherichia coli K12 (3-5). These papers suggested a repair model that was rather surprising
at the time — that DNA had to be first cut to be repaired! CPDs could be released from DNA
and this error-correcting mechanism involved non-semiconservative DNA synthesis in
patches. Around the same time, Howard-Flanders and Boyce identified three genetic loci in
E. colithat were important for damage excision (6). It was essential to develop cell free
assays to further characterize this process. The biochemical purification of the proteins
responsible for the bacterial NER activity did not prove an easy task, and was not
accomplished until more than a decade later through the combined work of Erling Seeberg,
Peter Strike, and Aziz Sancar, then a postdoctoral in the laboratory of Dean Rupp (7-12). It
was Sancar who purified and reconstituted the Uvr(A)BC machinery and established it as an
excinuclease, which could doubly incise the DNA, excise the damage and undergo
complicated dynamics (12). While the eukaryotic NER system proved considerably more
baroque, with factors that differ at the sequence level from their bacterial counterparts, in
essence, the process with its (1) damage detection and (2) verification steps, (3) dual
incision, (4) excision, (5) repair synthesis, and (6) ligation is universally conserved. A long
list of laboratories have contributed to our understanding of NER in all three domains of life,
including at the structural and single-molecule level, but here we will focus on the bacterial
pathway.

FROM NER TO TCR — EXCISION REPAIR CAN BE BIASED TOWARDS THE
TEMPLATE STRAND

The assembly of the core NER machinery, composed of products of the uvrgenes (uvrA,
uvrB, uvrC) occurs stepwise. Multiple events of ATP hydrolysis by several of these factors
(UvrA, UvrB, UvrD) play crucial roles in the assembly of the various intermediates, in
damage sensing and damage verification (13). While these are still subject of active
investigation, we now know that the initial search for DNA lesions is accomplished by a
heterotetrameric UvrA2B2 complex (14, 15), which was seen, using quantum-dot labeled
UvrA/UvrB, to “slide” during its search for DNA damage (16). Once a lesion is located,
UvrA dissociates, the cryptic helicase function of UvrB is activated, a tight “pre-incision”
complex forms. This locally melts the DNA around the lesion and this opening of the DNA
helix by UvrB is required for damage verification (13). The DNA-UvrB complex then
recruits UvrC, a multi-domain nuclease, which first incises the DNA 3" to the lesion using
its GIY-YIG-like endonuclease domain, and then 5” to the lesion using its C-terminal
region. This encompasses an unusual RNAse H-like domain (13). The UvrD helicase then
displaces the damaged strand, which is followed by repair synthesis by Pol I, and ligation of
the repaired patch by DNA ligase.

Photochem Photobiol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Deaconescu and Suhanovsky Page 3

While mechanistic details of NER across domains of life were beginning to unravel in the
mid-1980s, two key observations regarding the repair of UV damage were made in the
context of fibroblasts isolated from individuals with a rare progeroid disorder called
Cockayne syndrome. First, UV irradiation of these cells, led to a defect in transcription,
which s inhibited immediately after irradiation in a dose and time-dependent manner. This
failure to easily recover RNA synthesis in Cockayne syndrome cells eventually activate pro-
apoptotic signals. Second, the two strands of the chromosome were repaired asymmetrically.
Intriguing reports from the Hanawalt lab demonstrated that in Chinese hamster ovary cells
photoproducts were removed more rapidly from transcribed sequences than non-transcribed
DNA (17). Repair was detected by treating restriction enzyme digested DNA with T4
endonuclease V, which incises DNA at pyrimidine dimers, followed by Southern
hybridization. Soon afterwards, work from the same laboratory proposed that a bias towards
repair of the transcribed strand underlay the preferential repair of active genes (18). Hence a
direct connection between repair and transcription was established — and this preferential
repair of the transcribed strand became known as transcription-coupled repair (TCR). In
addition to the previously noted compromise in the recovery of RNA synthesis after UV
irradiation, this biased form of repair was also defective in Cockayne syndrome cells (19),
and was hypothesized to explain the accelerated aging process noted in patients with
Cockayne syndrome.

A few years later, through studies of the /ac operon, TCR was extended to bacteria, and was
demonstrated to be dependent on the induction of this operon (20). TCR was subsequently
studied in a variety of other model organisms, including Saccharomyces cerevisiae (21-25),
mice (26) and Caenorhabditis elegans (27, 28), and very recently, archaea (29), pointing to
the universality of the process. Quantitatively, the bias towards repair of the template strand
has been found to be widely organism and gene-specific, and also dependent on the
transcriptional status (high versus low) of the gene. For example, Bohr and colleagues
measured a five-fold bias in the DHFR gene of Chinese hamster ovary cells (17), while
Mellon and Hanawalt estimated that TCR mediated a tenfold faster repair of the transcribed
strand of the lactose operon (20). Assays in halophilic archaebacteria detected TCR in
several genes (29), while previous work in Sulfolobus solfataricus had failed to indicate any
preferential repair (30, 31). TCR was also reported to be cell-type dependent. Embryonic
fibroblasts isolated from a TCR deficient mouse were hypersensitive to UV and displayed
impaired recovery of RNA synthesis post UV irradiation (26). In contrast, embryonic stem
cells appeared relatively resistant to UV in the absence of a functional TCR pathway (32).
This argues for complex regulation that remains inadequately understood at the organismal
level.

The defining feature of TCR is its dependence on active transcription. TCR was not
observed in the presence of the transcription elongation inhibitor a.-amanitin (33) or the
bacterial RNAP inhibitor, rifampin (34), nor with a temperature-sensitive allele of yeast
Rbp1 (35), the large catalytic subunit of RNAPII. Taken together, these data indicated that
the trigger of TCR is not any RNAP, such as promoter-proximal molecule, but rather RNAPs
that have become stalled by DNA damage in the transcribed strand. In agreement with this,
CPDs, the most prominent lesion repaired by TCR, constitute an almost complete block to
transcription elongation /n vitro when present on the template strand (36—38). TCR was also
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not seen close to transcriptional start sites, only past the region where RNAP undergoes the
transition from abortive initiation to processive elongation (39). These emerging data were
consistent with the hypothesis, first put forth by Mellon and Hanawalt, that the trigger
eliciting TCR was an arrested RNA polymerase (20). Other concepts explaining this form of
biased repair were also considered. First, an open conformation of chromatin could directly
increase the accessibility of DNA repair enzymes. Secondly, transcription is associated with
special topological changes — overwinding of DNA in front of RNAP and underwinding in
its wake. These were thought to create a high affinity site for the excision proteins.

In humans, the connection between TCR and Cockayne syndrome, a rare autosomal
recessive disease associated with mutations in either of two TCR genes (CSA and CSB) (19)
gave an important impetus to work. Although a rare disease, Cockayne syndrome has
received significant attention from the scientific community as it constituted, along with
xeroderma pigmentosum (40, 41), a prototypical DNA repair disease (Figure 1). Cockayne
syndrome manifestations are complex and multi-systemic, and include dwarfism,
sensorineural hearing loss, contractures, gait ataxia and, in general, pronounced
neurodegeneration due to an increased inflammatory response in the area surrounding
oligodendrocytes within myelinated axons (42). This eventually leads to nerve
demyelination. While Cockayne syndrome had initially been exclusively viewed as a
nucleotide excision repair syndrome, more recent studies implicating the TCR proteins, CSA
and CSB, in transcriptional regulation (43), repair of oxidative damage in the mitochondria
(44) and chromatin remodeling (45, 46), suggest that the precise molecular mechanisms
behind Cockayne syndrome may be more complex than initially anticipated. Nonetheless,
the DNA repair asymmetry provided by TCR processes has now been established to have
far-reaching implications, including in the evolution of lagging strand genes (vide infra), but
also in the development of tumors (47-49). It is outside the scope of this review to provide a
comprehensive account of the massive body of work that has been done on eukaryotic
TRCFs. These studies have been the subject of several excellent reviews (50, 51, 43) to
which the reader is referred. Instead, in this perspective, we will focus on the discovery and
mechanistic studies of so-called “transcription-repair coupling factors” or TRCFs from
bacteria, starting with the pioneering studies of recent Lasker Award recipient, Evelyn
Witkin, Phil Hanawalt and recent Nobel Prize laureate, Aziz Sancar to the more recent
identification of alternative TRCFs.

WHY TCR IS AN ELEGANT SOLUTION TO THE DNA DAMAGE
RECOGNITION PROBLEM

With a direct connection made between repair and transcription, the obvious question was
whether RNA polymerase alone could direct the NER machinery to the template strand.
Given the development of /n vitrotranscription and repair systems, this was readily tested by
the Sancar lab, and the conclusion was that RNA polymerase inhibited, rather than
stimulated DNA repair due to the burying of the DNA lesion under the RNAP footprint (34).
Thus, the topological effects on superhelical DNA exerted by transcription, first considered
in explaining preferential repair, fell out of favor, and instead the search for a transcription
repair “coupling” factor (TRCF), missing from the well-defined /n vitro system (consisting
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of DNA, RNA polymerase, UvrAB(C), UvrD, DNA polymerase | and DNA ligase as well as
nucleotide factors) began. A strong first candidate was photolyase. This could stimulate
excision on its own, but was ultimately found not to have a stimulatory effect on NER /n the
presence of RNA polymerase (34). Interestingly, decades before TCR was discovered,
Evelyn Witkin had described a phenomenon called mutation frequency decline, which she
defined as the decrease of damage-induced suppressor mutations that occurs under specific
conditions — when protein synthesis was transiently inhibited after UV irradiation (52).
Mutation frequency decline was abolished in uvr strains, suggesting it was due to a form of
dark repair, but also by mutations in a different gene, which became known as mfd (53, 54).
Bockrath and coworkers then demonstrated that mutation frequency decline was strand-
specific and that it involved excision repair of premutational lesions located in the
transcribed strand only (55). Thus, given this strand specificity, the mfd gene appeared a
likely candidate for a TRCF. Indeed, cell extracts from mfd strains proved deficient for TCR.
Partial purification of the relevant activity led to strand-specific incorporation of
radioactivity in repair patches and allowed for /n vitro complementation with Mfd protein,
jointly reported by Sancar and Witkin in 1991 (56). Rapid progress followed. Mfd — now
renamed TRCF — was a large SF2-type ATPase that could bind to RNA polymerase as well
as the UvrA subunit of the NER machinery, and dsDNA (57, 58). Importantly, the action of
TRCF appeared to be dependent on ATP hydrolysis. DNA binding was observed in the
presence of poorly-hydrolyzable ATP analogs, while hydrolysis appeared to lead to
dissociation of TRCF off the DNA with concomitant release of RNA polymerase (59).

How coupling occurred remained unknown — did it follow a sequential model, with TRCF
remaining bound to DNA after removal of RNA polymerase to recruit UvrA, or a concerted
reaction, with TRCF binding to the elongation complex leading to a high molecular weight
assembly that included UvrA and possibly UvrB? Nonetheless, the solution nature had
found was elegant — it took advantage of the remarkable ability of RNAP to translate
template heterogeneity, chemical and structural, into discontinuity of DNA tracking
(transcriptional arrest and pausing). Pervasive transcription accounts for 80% coverage of
the genome, as demonstrated by the ENCODE project (60), and hence by their intrinsic
scanning function, RNAPs are unusually efficient genome-wide sensors of DNA damage.
This modified view of RNAP as a DNA damage recognition protein was consistent with /in
vitro behavior. RNAPs have uniquely long half-lives at particular lesions, which in the case
of CDPs are on the order of hours (61, 37), allowing factors ample timeframe to achieve
binding and regulation.

Once RNAP is stably bound to the lesion, three distinct mechanistic strategies could
potentially resolve the repair inhibition posed by the stalled RNAP. First, the polymerase
could be released off the DNA, freeing the lesion for repair and terminating transcript
synthesis; this is accomplished via the action of the Mfd ATPase (Figures 2, 3a, and 3b), as
described below (62, 58). Secondly, the polymerase could undergo backtracking or slide
backwards, making the lesion temporarily accessible to NER enzymes. This mechanism has
only recently been identified, and involves a TRCF distinct from Mfd, the UvrD helicase.
This “pulls” RNAP backwards (63); backwards translocation is then followed by factor-
mediated forward translocation to restore the catalytic alignment of the RNA with the
enzyme’s active site, possibly via Mfd (Figure 4). Unlike the first mechanism, UvrD-
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dependent TCR ultimately rescues transcript elongation (64). Finally, a third scenario would
be that the polymerase could be forced to translocate past the lesion, possibly resulting in
misincorporation during RNA synthesis. This process has been described as transcriptional
mutagenesis and has been addressed elsewhere (65, 66).

Mfd CAUSES RNA POLYMERASE TO FORWARD TRANSLOCATE,
ALLOWING REPAIR TO OCCUR

The Mfd protein, isolated by the pioneering work of the Sancar lab, was able to terminate
transcription in an ATP-dependent manner and had clear homology to other characterized
DNA helicases, such as RecG (58). An intriguing distinction at that time was that Mfd
appeared to lack DNA or DNA/RNA unwinding activity (59), unlike RecG or Rho, the only
other enzymatic transcription terminator known at the time. Instead, beautiful biochemical
work from the Roberts laboratory demonstrated, a decade later, that Mfd was functioning as
a dsDNA translocase, which docked at the upstream edge of the transcription bubble, and
occupied an ~26 bp footprint (62). By substituting dATP for ATP as a substrate for Mfd,
Park et al. completely decoupled ATP utilization by Mfd from ATP utilization by RNAP, and
in combination with an immobilized assay for assessing release of RNA from magnetic
bead-bound transcription elongation complexes proved that Mfd was using ATP hydrolysis
to forward translocate nucleotide-starved RNAP in the downstream direction (62).
Importantly, in the presence of substrate NTPs, elongation competed with Mfd-mediated
release, suggesting two outcomes. In the absence of physical blockage (e.g. lesion on the
template strand, a protein roadblock), but in the presence of NTPs, Mfd would rescue
arrested, backtracked complexes, while in the presence of a lesion (or lack of NTPs), Mfd
would release the transcript. Notably, while a large dsDNA segment upstream of the bubble
was required for RNA release (due to Mfd binding), only little downstream DNA (3-4 bp
according to exonuclease 111 accessibility assays) was necessary for this process. Altogether
these data had a dual implication. First, Mfd likely translocated on dsSDNA when bound to
RNAP, at least over short distances. Second, Mfd did not dissociate arrested complexes from
the backtracked position, but rather from the forward position where the RNA 3" end is
poised for elongation. Topologically, the consequence of Mfd translocation in the presence
of tethering to RNAP via protein-protein interactions is that Mfd action could potentially
impose torque on the upstream DNA, rewinding the upstream edge of the transcription
bubble, with eventual collapse and complete dissociation of the elongation complex. This
model was directly tested by employing heteroduplex elongation complexes that were
assembled on templates carrying substitutions in the upstream edge of the bubble. As
anticipated, Mfd released RNA more slowly from heteroduplex DNA complexes than from
homoduplex DNA complexes due to its inability to rewind the heteroduplex portion of the
transcription bubble, and pointed to mechanistic similarities with both intrinsic and Rho-
mediated termination (67).

While dsDNA translocation is the one activity that is key for all known Mfd functions, the
structural mechanism utilized by Mfd for translocation has remained elusive. It has been
well established that duplex DNA binds across the central ATP-binding region of Mfd
(Figure 3b), but no residues directly involved in DNA binding have been reported. In
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addition, homology modeling with structures of DNA-bound helicases/translocases are
problematic due to the large conformational changes within this region that likely occur
upon nucleotide binding/hydrolysis. These are diversely modulated by family-specific
domains. Recent studies of Mfd binding to DNA in the presence of nucleotides using single-
molecule magnetic trapping and permanganate footprinting have suggested that Mfd alone
distorts DNA by wrapping and not unwinding (68, 69), consistent with Selby and Sancar’s
DNasel footprinting assays reported more than twenty years before (57). Since only the
structure of nucleotide-free Mfd (Figure 3b), incompetent for DNA binding, is available (70,
71), crystal structures of nucleotide-bound and DNA-bound Mfd will be required for
understanding the conformational changes associated with DNA binding and translocation
and are, therefore, eagerly awaited.

While this body of work indicated that bubble rewinding likely played a key role in
destabilization of the elongation complex, a purely mechanical model to explain Mfd action
appeared too simple-minded. Several emerging lines of evidence gradually pointed to the
process as involving multiple, distinct structural intermediates involving conformational
changes in both Mfd and RNAP. First, the crystal structure of full-length Mfd (70) as well as
of its N-terminal region (72) revealed a complex enzyme containing an UvrB-homology
module (domains D1a-D2-D1b), a RNAP interaction domain (D4 or RID, interacting with
the B subunit of RNAP, top inset in Figure 3b and Figure 3c), an ATP-dependent motor core
(D5 and D6) and a regulatory C-terminal domain D7 (Figure 3b). The RID does not
constitute a RNAP interaction structural module unique to TRCFs, but is also found in an
emerging family of essential mycobacterial transcription factors called CarD (Figure 3d).
Like Mfd, CarD utilizes its RID domain to bind to the 1 region of RNAP (73, 74), and
together with its DNA-binding C-terminal domain, stabilizes open promoter complexes by
inserting a conserved Trp wedge at the dSDNA/ssDNA junction within the bubble,
preventing its collapse (74). There is no evidence that Mfd might interact with fork
junctions, and CarD-RID does not make contacts with the DNA in the reported crystal
structure (74).

The multi-modular architecture of Mfd with flexible loops (highlighted in Figure 3a) was
suggestive of large conformational changes. What was striking was that the region of highest
sequence homology to UvrB, where UvrA was believed to dock, was completely occluded
due to a “clamp” interaction with domain D7. Savery and colleagues showed that this
“clamp” was inhibitory — interfering with this interaction by domain deletion resulted in Mfd
hyperactivity increased ATPase rates as well as the ability of Mfd to translocate on naked
DNA (as opposed to in the presence of RNAP, as assayed using triplex displacement assays)
(75). At the same time, deletion of D7 led to hypersensitivity to UV, presumably due to
unscheduled sequestration of UvrA and its diversion from global NER (75, 59, 57). A
subsequent crystal structure of a core Mfd-UvrA complex confirmed this model (Figure 3b,
bottom inset). UvrA bound Mfd via a surface located in D2 that was largely occluded in the
context of full-length Mfd by domain D7 (76), and UvrA inhibited in a dose-dependent
manner the formation of an engineered D2-D7 interdomain crosslink (76). It follows then
that for UvrA to dock, D7 would have to undergo displacement.
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What triggers UvrA recruitment? The engineered D2-D7 crosslink did not substantially
inhibit RNA release (76), implying that repositioning of D7 was not required for activating
the translocase function of Mfd when bound to RNAP. This argued for a sequential model of
UvrA recruitment in which opening of the clamp was not required for RNA release and
short-range forward translocation of RNAP (and Mfd), but likely only occurred later,
possibly upon Mfd engaging the DNA lesion (Figure 2). Precise spatiotemporal regulation
could be achieved this way to prevent unscheduled displacement of RNAP at pause sites
rather than DNA damage sites. At the same time, this mechanistic scheme implied that Mfd
participated in lesion recognition. Indeed, TCR and global genome NER differ in their
requirements for damage recognition by UvrA. NER and TCR assays conducted with UvrA
variants defective in damage recognition [UvrA K37A affecting the Walker A motif of the
proximal ATPase site; UvrAG502D (77, 78); and UvrA A290-400, lacking the insertion
domain, important for DNA damage specificity (77)] indicated that these mutations had a
more detrimental effect on global NER than on TCR (79). The corollary of these findings
was that Mfd acted at an early stage of DNA repair, likely during loading of UvrA rather
than later, such as at the stage of destabilizing the UvrA2:B2:DNA complex as had been
suggested by Sancar (57, 58). Given that during NER, the UvrA2B2 complex sequentially
probes both strands of the DNA via wrapping by each of the two UvrB subunits, as shown
using atomic force microscopy (80), it is attractive to speculate that during TCR, an
asymmetric UvrA2:UvrB:Mfd:DNA complex might form. This might explain the
asymmetry of repair characteristic of TCR. In fact, coupling intermediates, either
RNAP:DNA:RNA:Mfd:UvrA(B) or Mfd:UvrA:DNA that would help discriminate between
the concerted and sequential model of recruitment have been difficult to trap via traditional
hydrodynamic methods. Single-molecule nanomanipulation combined with single-molecule
fluorescence have only very recently suggested that binding of both UvrA and UvrB to Mfd-
RNAP causes eviction of both Mfd and RNAP from the macromolecular intermediate
formed on the DNA (81).

The RNA:DNA hybrid within the RNAP elongation complex plays a crucial role in
conferring its stability (82). Therefore, it has been generally surmised that once the transcript
was released by Mfd, the elongation complex would soon dissociate, and RNAP would
diffuse away. In fact, single-molecule magnetic trap experiments coupled with single-
molecule fluorescence experiments demonstrated that this might not be so. First, after initial
Mfd binding to RNAP, a long intermediate is formed in which two thirds of the transcription
bubble is rewound and DNA is bent by 90° (68). For its resolution (e.g. RNA release), pulse
chase experiments showed that the binding on a new ATP molecule is necessary. In a
subsequent study, Strick and coworkers were able to demonstrate by fluorescently labeling
Mfd and RNAP, that once the transcript was released, and RNAP dissociated off the
template, Mfd formed a “search complex” with RNAP (Figure 2b). This search complex
likely forms via protein-protein interactions of the RID domain in Mfd with the “IKE™ motif
in the N-terminal region of the B subunit of RNAP (top inset in Figure 3a and Figure 3b)
(62, 70, 69), conferring Mfd processivity on DNA (69, 83).

If Mfd-RNAP interactions via the RID are sufficiently strong to stably tether the two
molecules, one could imagine that Mfd might be able to dock even onto actively elongating
or paused transcription complexes. In a series of transcription assays performed on templates
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carrying a pause site, followed by a template strand DNA lesion hundreds of basepairs
downstream, Mfd appeared to bind to paused (rather than lesion-stalled) RNAP and mediate
UvrA-dependent, strand-specific repair of the downstream lesion (83). This repair
mechanism “at a distance” (illustrated in Figure 2b) relies on active translocation by Mfd as
part of the search complex, and implies that Mfd does not recognize, at least initially, a
specific structural state of a lesion stalled RNAP, but, in fact, may bind to and possibly travel
with RNAP throughout the elongation phase. In fact, crystallographic studies of RNAPII
stalled by a CPD showed only subtle conformational changes compared to a RNAPII stalled
by nucleotide deprivation (84). Transcription initiation complexes are resistant to Mfd (62),
likely because the sigma promoter specificity subunit high-affinity binding site on the
upstream DNA coincides with the region recognized by Mfd. Then why are only stalled
complexes susceptible to Mfd-mediated release? The answer might lie in the kinetics of the
pathway. While initial docking of Mfd to RNAP is fast, the subsequent mechanistic step
(formation of the stable intermediate containing a partially rewound bubble) is remarkably
slow, and may involve slow Mfd conformational changes. This kinetic selection mechanism
would ensure that Mfd does not act on the majority of actively elongating or paused
transcription complexes, which would be deleterious to the cell.

UvrD INDUCES RNA POLYMERASE BACKTRACKING, ALLOWING REPAIR
TO OCCUR

Besides forward translocation with repair exemplified by Mfd-dependent TCR, the second
possible fate for a stalled TEC is for it to be temporarily backtracked. This would allow for
assembly of repair factors at the exposed DNA lesion, and possibly, subsequent resumption
of elongation via anti-backtracking mechanisms (Figure 4). This may seem like a rather
complicated mechanism, but, at the same time, it is particularly attractive in the case of
highly transcribed genes. Here, arrays of multiple, densely packed RNAPs would prevent
binding and action of Mfd at the upstream edge of the transcription bubble. Indeed, Kunala
and Brash noticed quite early on that Mfd-dependent repair occurs primarily under
conditions of basal transcription, and not upon full induction of the /ac operon (85). The UV
sensitivity of the mfd'strain is quite modest, raising the possibility that additional, Mfd-
independent pathways operate in cells, particularly at UV fluences high enough to induce
the SOS response. Recent work from the Walker and Nudler laboratories implicate a well-
known transcriptional regulator, NusA, and a component of the core NER system, UvrD, in
this alternative pathway. The sensitivity of vvrD and nusA strains to UV and DNA damaging
agents is significantly greater than that of the /mfd strain. In addition, mutations in the -
subunit of RNA polymerase that confer sensitivity or resistance to the DNA-damaging agent
nitrofurazone can be suppressed by mutations in uvrA and nusA, but not in the mfd gene
(86, 87).

Given its more prominent role in resistance to UV, why was UvrD only recently implicated
in TCR? UvrD, which belongs to the superfamily 1 (SF1) of helicases/translocases,
displaces the damaged, excised oligonucleotide during global genome NER and Mfd-
dependent TCR. UvrD unwinds dsDNA by translocating on ssDNA in the 3" to 5
direction, thereby pealing away the damage-containing oligonucleotide. Its essential role in
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global genome NER and Mfd-dependent TCR made it difficult to link it to an alternative
TCR pathway, as its deletion would impair all of these processes. It was interactome studies
suggesting that UvrD binds at abundant levels to RNAP (63) that led investigators to take a
closer look at UvrD and investigate the possibility that it may interact directly with RNAP
and function as a TRCF. Nudler and coworkers showed that UvrD does indeed form a stable
interaction with the g and B’ subunits of RNAP, and that again, like Mfd, it binds at the
upstream edge of the transcription bubble. However, unlike Mfd, UvrD preferentially binds
to single-stranded/duplex DNA junctions and may promote unwinding of the upstream edge
of the bubble (88). This promotes backtracking of RNA polymerase /n vivoand in vitro,
even in the absence of pause sites or lesions (63). Another difference between Mfd and
UvrD is that UvrD likely acts as a dimer in this context, while Mfd as a monomer. Indeed,
titration experiments have shown that UvrD-mediated backtracking dependence on UvrD
concentrations is sigmoidal (63).

Notably, UvrD is an abundant protein, with a copy number of ~3000, comparable to RNAP
copy numbers, which range between 1600-8000 depending on the growth stage (89). These
data, together with the stability and abundance of UvrD-RNAP complexes observed by the
Nudler lab (63), suggest that RNAP might be frequently pre-loaded with UvrD in non-
stressed cells, even before DNA damage is encountered. This would promote backtracking
and TCR even under conditions of high transcription, characterized by the presence of
highly-packed RNAP arrays, which would be inhibitory to Mfd loading onto individual
elongation complexes within the array. Upon DNA damage, UvrD levels rise even higher
due to Lex-dependent upregulation (90). This increase in intracellular UvrD concentrations
could promote UvrD dimerization onto RNAP, thus activating the backtracking function and
triggering TCR. Consequently, UvrD-dependent TCR might be prevalent during acute
genotoxic stress, while Mfd-dependent TCR might prevail during normal growth.

While UvrD translocase function fulfills one of the functions essential for a TRCF, it does
not bind UvrA. So how are the rest of the repair enzymes recruited in this UvrD-dependent
pathway? The answer is unclear at the moment, but might involve direct physical interaction
between the well-known transcriptional regulator NusA and UvrA (86) or direct interaction
between UvrD and UvrB (91).

THE ALARMONE ppGpp: THE SMALL MOLECULE “COUPLING” AND PRO-
BACKTRACKING FACTOR

Two key events are required for UvrD-dependent TCR. First, UvrD must bind to RNAP.
This appears an easy enough task as the RNAP-UvrD interaction is high-affinity (Kd=35
nM) (92), and UvrD is relatively abundant, found at approximately a 1:1 ratio with RNAP in
the absence of stress (93). Second, for UvrD to become competent for DNA unwinding, it
must dimerize (63, 94). UvrD self-association equilibria are such that these dimers are not
stable (95), and likely form transiently, even upon induction of uvrD during stress (93). One
solution to this problem could be to modify RNAP in such a way as to lower the energy
barrier to backtracking. Indeed, we now know of both small molecule as well as protein pro-
backtracking factors. NusA, already implicated in recruiting UvrA to nitrofurazone-stalled
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RNAPs, is a well-studied example (96), but equally interesting is the small-molecule
alarmone guanosine-3’,5"-(bis)pyrophosphate (ppGpp). ppGpp plays a crucial role in the
stringent response. Upon starvation, intracellular levels of ppGpp rapidly rise, which results
in a global reprogramming of gene expression, primarily due to ppGpp directly targeting
RNAP and destabilizing open promoter complexes (97, 98). Structural analyses have
suggested that ppGpp modifies RNAP structure in such a way as to make it more prone to
backtracking — it may widen its claw pincers (98). Interestingly, cells deficient in the
enzymes producing ppGpp, relA and spo7, are sensitive to certain DNA damaging agents,
such as UV, 4-nitroquinoline-1-oxide and nitrofurazone (99, 92, 100). Recently, work from
the laboratory of Evgeny Nudler found that in ppGpp-deficient cells, the repair of the
transcribed strand of the /ac operon was slowed down and occurred at levels comparable to
that seen for the nontemplate strand, supporting a key role for ppGpp in TCR. /n vitro,
addition of ppGpp stimulated UvrD-mediated backtracking, and /in vivo, ppGpp induction
also enhanced RNAP backtracking (92). Together with a rapid decline of ppGpp after the
genotoxic stress, this ensures a rapid activation of repair after backtracking, but also a rapid
recovery, in which anti-backtracking factors (DksA, ribosomes, and Mfd) could act upon the
RNAP to promote continued elongation.

CONCLUSIONS AND PERSPECTIVES

For roughly two decades since discovery of TCR in bacteria and the identification of Mfd as
a TRCEF, it has been surmised that damage detection takes place by proxy, with RNAP
fulfilling, at least partially, the role of the DNA damage recognition subunit of the
Uvr(A)BC excinuclease. It is becoming clear that DNA damage detection and verification
during TCR is a more complex process than anticipated, and that TRCFs such as Mfd might
have an active role in this process. We are still far away from fully understanding the
stoichiometry and order of assembly of TCR intermediates, but single-molecule approaches
that can track specific components throughout the multi-step TCR pathway as well structure-
informed biochemistry have started to shed light onto these questions (69, 68, 81).

Factors such as Mfd have roles beyond TCR that stem from their motor protein activity
disrupting elongation complexes stalled by various roadblocks, including replication forks
(102). This leads to relief of conflicts (head-on collisions) between the transcription and
replication machineries, and prevents the appearance of deleterious dsDNA breaks (102).
This process has even been reconstituted /n vitro (101). However, when replication-
transcription collisions are promoted by inversion of the highly-transcribed ribosomal rrn
operon, /mfd inactivation shows no significant effect on resolving head-on collisions (103).
Instead, alternative pathways involving replication fork reversal and RecBC(D) as well as
the subsequent action of accessory replicative helicases such as Rep, UvrB and DinG appear
to have a more pronounced effect (103). These data are seemingly contradictory, but the
failure to notice mfd effects in the latter case could be due to the high transcription of the s
operon and failure of Mfd to load onto densely packed RNAP arrays (vide supra).

The interplay between replication and transcription via Mfd can also result in accelerated
evolution, specifically of lagging-strand genes (104). In Bacillus subtilis, mfd is epistatic to
both vvrA and the error-prone DNA polymerase polY1 (105). In the B. subtilis sporangium,
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the interplay between mfdand TLS polymerases also plays a key role in protection from
DNA damage as inactivation of the ygjH and ygjW genes, both encoding TLS polymerases,
suppresses UV-induced mutations in the mfd knockout strain (106). At least under certain
conditions, gap filling during TCR appears carried out by TLS polymerases rather than
family A DNA polymerases. This is not without precedent. The use of TLS polymerases
during NER has been well documented in eukaryotes (107).

While many of the details of the TCR pathway have been fleshed out during the last decade,
structurally, the Mfd system remains relatively poorly characterized. How does Mfd
translocate on DNA? What are the mutually induced conformational changes in Mfd and
RNAP? Without doubt, X-ray crystallography and the use of new technological
developments in electron microscopy, will prove instrumental in providing structural
snapshots of the molecular players and in reconstructing the underlying mechanochemistry
of the TCR system. mfd'is not an essential gene and its deletion only modestly affects UV
sensitivity, but the Mfd factor has roles beyond TCR, and is gradually emerging as playing
an important role in mediating adaptive mutagenesis (108), in virulence and the development
of antibiotic resistance in several human pathogens, including Helicobacter pylori (109),
Campylobacter jejuni (110) and Clostridium difficile (111). Most recently, Mfd has also
been implicated in protection from reactive nitrogen species, which are produced by the host
immune response following infection (112). These new data suggest that the study of Mfd
roles in bacterial physiology might still yield surprises, and that Mfd could be targeted for
development of a broad-spectrum antibiotic.

The long-held idea of Mfd as the only bacterial TRCF has been overturned. UvrD, a protein
known for decades to be involved in genome-wide NER, can also promote backtracking of
stalled RNAP and strand-specific DNA repair. This newly identified role for UvrD raises the
question of whether additional TRCFs are yet to be identified, and also signals the necessity
of renaming TRCF back to Mfd, as this no longer is the sole bacterial coupling factor.
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Figure 1.
A timeline of key developments in the TCR field.
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Figure 2. Mfd-dependent TCR and repair at a distance
(a) In the canonical model, Mfd binds upstream of the RNAP stalled by a lesion (purple star)

and translocates in the 3" to 5 direction with respect to the transcribed strand. This
translocation activity serves to ‘push’ RNAP forward resulting in reannealing of the
upstream edge of the transcription bubble and unwinding the RNA/DNA hybrid to dissociate
stalled transcription elongation complexes. Mfd likely remains associated with the lesion to
recruit the NER machinery through direct interaction with UvrA. TCR joins general the
NER pathway at the damage verification step. (b) In the lesion-sensing (repair at a distance)
model, Mfd (in complex with a RNAP that has been displaced from the nucleic acid chains)
scans downstream from an RNAP pause site (orange sequence) until it reaches a lesion. It
then recruits the NER machinery and joins general NER at the damage verification step.
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Dia D2 D1b [BK] D4 D5 D6 D7

Figure 3. Structural features of key TCR players
a) Schematic representation of Mfd domain architecture colored as follows: D1a in blue, D2

in cyan, D1b in slate, D3 in orange, RID in magenta, D5 in yellow, D6 in green, and D7 in
red. The horizontal bar represents the 1148-residue primary sequence with colored blocks
indicating domains and black lines highlighting flexible connecting linkers.

b) Top and side views showing an a carbon backbone ribbon representation of the £. coli
apo Mfd structure (PDB ID 2EYQ) with domains colored as in (a). Top inset shows an a
carbon ribbon representation of Thermus sp. core Mfd-RID/RNAP-B complex (PDB 1D
3MLQ). Bottom inset shows an a carbon representation of £. coli core Mfd/UvrA complex
(PDB ID 4DFC).

¢) Overall architecture of 7hermus thermophilus RNAP elongation complex (PDB ID 205I)
with RNAP subunits colored as follows: a1 and a2 in orange and yellow, B in cyan, B” in
pink, w in red. The N-terminal region of the B subunit interacting with Mfd-RID is colored
in deep teal. Residues involved in direct contacts with Mfd-RID (the “IKE” motif) are shown
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as green spheres (B subunit 1108, K109, and E110). Residues involved in direct contacts
with UvrD are shown as purple spheres (B subunit K781, B’ subunit K28 and R67).

d) Overall architecture of Thermus aguaticus transcription initiation complex bound to CarD
(PDB ID 4XLS). RNAP subunits are colored as in (c) and the o factor in gray. The CarD-
RID is magenta and CarD-CTD is green.
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Figure 4. UvrD-dependent TCR
UvrD and NusA associate with RNAP throughout transcription elongation. Upon induction

of the DNA damage response the concentration of UvrD increases (113, 114) resulting in
UvrD dimerization and activation of its helicase activity. With the help of NusA, UvrD
pushes RNAP backwards without collapsing the transcription bubble possibly using its
helicase activity to unwind the upstream edge of the bubble. As with the Mfd-dependent
TCR pathway, UvrD-dependent TCR joins general NER at the damage verification step.
However, transcription elongation can resume after UvrD-dependent TCR with the
assistance of anti-backtracking factors.
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