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Abstract DNA damage leads to heritable changes in the
genome via DNA replication. However, as the DNA helix is
the site of numerous other transactions, notably transcription,
DNA damage can have diverse repercussions on cellular
physiology. In particular, DNA lesions have distinct effects
on the passage of transcribing RNA polymerases, from easy
bypass to almost complete block of transcription elonga-
tion. The fate of the RNA polymerase positioned at a lesion
is largely determined by whether the lesion is structurally
subtle and can be accommodated and eventually bypassed,
or bulky, structurally distorting and requiring remodeling/
complete dissociation of the transcription elongation com-
plex, excision, and repair. Here we review cellular responses
to DNA damage that involve RNA polymerases with a focus
on bacterial transcription-coupled nucleotide excision repair
and lesion bypass via transcriptional mutagenesis. Emphasis
is placed on the explosion of new structural information on
RNA polymerases and relevant DNA repair factors and the
mechanistic models derived from it.
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Introduction

Given the pervasive nature of DNA-damaging agents, both
exogenous and endogenous, DNA lesions and the cellular
responses to DNA insults have emerged as key factors in
the shaping of genomes throughout evolution and in ensur-
ing normal physiology in both unicellular and multi-cellu-
lar organisms. The last three decades have fleshed out, in
molecular detail, multiple, overlapping pathways for moni-
toring and repairing DNA lesions that often interface with
other DNA transactions, such as replication, transcription,
or chromatin remodeling (Fig. 1). This multitude of DNA
repair modalities results in a heterogeneity of DNA dam-
age and repair across genomes, and given its interplay with
replication and transcription, also partially accounts for the
substitutional strand asymmetry noticed in both bacterial
and eukaryotic genomes. Replication can produce substitu-
tion rate asymmetries in both the transcribed and untran-
scribed regions (albeit at different rates on the leading and
lagging strands) [1, 2], while transcription results in a lower
rate of mutation in the non-coding (transcribed, template)
DNA strand as demonstrated for enterobacterial species [3]
as well as mammals [4, 5]. On the non-transcribed strand,
several studies have shown that common substitutions
occur at a higher rate [3, 4, 6, 7]. How can this be explained
at a molecular, mechanistic level? The answer may par-
tially lie in the overall, evolutionary conserved architecture
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Fig. 1 Mfd-mediated transcription-coupled DNA repair in bacteria.
UV radiation (lightning bolt) induces DNA lesions (grey oval) in the
template strand, which induces stalling, and potentially backtracking
of elongating RNAP, bound to template DNA (black lines) and nas-
cent transcript (red line). The stalled RNAP complex is recognized
by Mfd, which binds the complex from the rear end [67] and sub-
sequently dissociates it after several rounds of ATP hydrolysis [72],
during which Mfd tracks and advances on dsDNA [67]. Mfd may then
remain bound in proximity to the lesion to recruit the UvrAB com-
plex via direct binding to UvrA. The exact timing of RNAP release
within the pathway remains to be established. While the composition
of the UvrAB complex recruited during both GG-NER and TC-NER
has been a matter of some debate, several recent studies have reported
a 2:2 stoichiometry [129, 130]. The presence of two UvrB subunits in

of the elongating transcription machinery itself. As numer-
ous structural studies have shown (reviewed in [8]), the
overall architecture of RNAP resembles a crab claw, with
two pincers formed by the two large subunits (f and B’ in
bacteria), which both contribute residues to the centrally
located catalytic site of the enzyme (Fig. 3). The overall
asymmetry of the geometry of the transcription bubble is
to be noted: the template (non-coding) and non-template
(coding) strands follow different routes within the body of
the elongating RNAP. The template strand passes though
channels and narrow grooves within the enzyme, while the
non-template strand is well exposed and more susceptible
to DNA damage. Indeed, ssDNA is more easily deaminated
or depurinated than dsDNA [7, 9, 10]. While the template
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the UvrAB complex has been suggested to be required for successive
probing of damage of both DNA strands during GG-NER [131]. Due
to the high structural similarity and overlapping nature of UvrB/Mfd
binding to UvrA [65], it appears likely that Mfd binding may cause
dissociation of one UvrB subunit. It is still unknown whether the Mfd-
displaced UvrB subunit will eventually form a tight preincision com-
plex with the DNA lesion, or whether this leaves the site so that the
second copy of UvrA-bound UvrB can load onto the damaged DNA,
as pictured here. UvrC then binds to UvrB to incise the DNA both 3’
and 5’ to the damage, which is followed by removal of the oligonu-
cleotide by UvrD, gap filling and ligation by DNA polymerase I and
DNA ligase [62]. The relative sizes of the nucleic acids and proteins
depicted schematically do not reflect relative sizes or conformations

strand is protected somewhat within the body of RNAP
by base-pairing with the nascent RNA, the non-template
strand is not, and is subject to ssDNA mutagenesis, also
known as transcription-associated mutagenesis (TAM).
The rate of TAM is directly proportional to the transcrip-
tion rate. Mechanistically, TAM relies heavily on chemical
modifications such as deamination (reviewed in [11]). Not
surprisingly, transcription-induced deamination of the non-
template strand appears to be a significant force in genome
evolution, as was shown for example for the genomes of
the T7 phage and Escherichia coli [7, 10].

Due to the geometry of the transcription bubble,
DNA lesions in the non-template strand can generally be
bypassed during transcription elongation. However, DNA
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lesions in the template strand have a distinct consequence:
they impede progression of transcribing RNAPs to various
degrees [12, 13] and give rise to asymmetry in DNA repair
through preferential targeting of DNA repair machinery to
the template strand via transcription-coupled nucleotide
excision repair [TC-NER] [4]. Evidence in both enterobac-
terial [3] and mammalian genomes [4, 5] points to TC-NER
as one of the transcription-associated mechanisms resulting
in overall reduction of common substitutions in the tem-
plate strand, such as C — T in bacteria and mammals [3],
and, additionally, A — G and G — T substitutions that are
frequent in the human genome [5].

That certain parts of the genome are preferentially
repaired was suggested very early on by Evelyn Witkin
based on her studies of radiation-induced mutagenesis in
bacteria [14], as well as by Bockrath and Palmer based on
their studies on repair of lesions in the gluV and gluU tRNA
genes [15]. Clear experimental evidence for this phenom-
enon accumulated in the mid 1980s, when several studies
from the Hanawalt group demonstrated that: (1) repair is
faster in active transcriptional units, as for example in the
DHEFR gene where the rate of repair increases tenfold com-
pared to that of the genome overall [16, 17], and (2) that
within active genes, the transcribed strand is preferentially
targeted for repair [18, 19]—hence the distinction between
global genome nucleotide excision repair [GG-NER] and
TC-NER. This newly identified form of DNA repair was
soon found to be associated with human disease—certain
mutations in the genes encoding the mammalian transcrip-
tion-repair coupling factors [TRCFs] CSA and CSB abol-
ished TC-NER, and gave rise to a rare segmental progeroid
disorder called Cockayne syndrome [20, 21]. The etiology
of the disease—characterized by cachectic dwarfism, neu-
rological impairment, diverse developmental abnormali-
ties, UV sensitivity, but no increased incidence of cancer—
is still poorly understood. Studies have suggested that a
defect in transcription rather than DNA repair may explain
the diverse and systemic effects of the CSA/CSB genes on
human physiology [22-24]. After all, the related disease,
xeroderma pigmentosum, in which both TC- and GG-NER
are abolished due to mutations in the XP genes, has surpris-
ingly distinct manifestations—an incidence of skin cancer
that is roughly three orders of magnitude higher, but no
neurological dysfunction [25]. TC-NER is also impaired
in the somewhat less known UV-sensitive, De Sanctis-Cac-
chione and cerebro-oculo-facial-skeletal syndromes [26].
The absence of detectable CSB protein or mRNA has been
reported to occur in UV-sensitive syndrome, characterized
by photosensitivity and mild freckling, and no neurologi-
cal, developmental abnormalities or skin tumors [27]. More
recently, TC-NER has been proposed to have a broader role
in disease, and to shape the mutational landscape of human
cancers [28].

Despite intense efforts, a clear understanding of the
molecular mechanisms underlying TC-NER-associated
syndromes is lacking, and the reader is referred to several
recent reviews on eukaryotic TC-NER and its connec-
tion with disease [29—32], which is beyond the scope of
this review. Instead, here, I focus on recent advances in
understanding the molecular mechanisms underlying TC-
NER and the bypass of DNA lesions by bacterial RNAP,
as mediated by the two known bacterial TRCFs, Mfd and
NusA. In this context, the two primary roles of these fac-
tors are to (1) recognize/remodel or dissociate the damage-
stalled RNAP and (2) recruit NER machinery to the lesion
via direct binding to the UvrA subunit, which, together
with UvrB, senses and verifies the lesion. Once the UvrAB
machinery has been recruited, TC-NER proceeds as GG-
NER, with excision of the oligonucleotide containing the
damage, gap filling, and ligation, as shown in Fig. 1. In
addition, this review will also address the role of TRCFs
in adaptive mutagenesis and in the bypass of DNA damage
through transcriptional mutagenesis [TM], which is not to
be confused with TAM.

DNA damage recognition “by proxy” during TC-NER

The decision for DNA damage to be channeled into the
TC-NER pathway, as opposed to GG-NER is mediated
by RNAP itself, which participates in a detection scheme
termed “by proxy” [33]. During this process, the initial
damage sensing is not mediated by dedicated DNA repair
enzymes as in GG-NER such as by the bacterial UvrAB
complex, but rather by RNAP itself, which acts as a proxy
(Fig. 1). The lesion-stalled RNAP is inhibitory to repair as
it buries the damage under its footprint and prevents the
access of repair enzymes [34]. Thus, transcription-repair
coupling has been proposed to be directly correlated with
the extent to which transcription elongation is stalled or
slowed down at DNA damage [13, 34-37].

UV-induced lesions (such as psoralen adducts and
cyclobutane pyrimidine dimers) are known to be potent
blocks to elongating RNAP [12]. In contrast, oxidative
lesions are subtler, and many of them, such as 8-oxogua-
nines, do not induce transcriptional arrest [38]. One might
then conclude that oxidative lesions do not elicit TC-NER.
While mutations in the mfd gene (encoding the main E.
coli TRCF shown in Fig. 2) reduce the rate of transcription
recovery following UV-induced damage, the mfd~ mutant
does not exhibit increased sensitivity to hydrogen peroxide
and it removes oxidative lesions from the genome to levels
and with kinetics comparable to actively growing wild-type
cells [39]. Thus, in vivo in actively growing E. coli cells,
TC-NER does not seem to have a significant contribution
to the repair of oxidative damage, although in vitro Mfd
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Fig. 2 Overall architecture of the bacterial Mfd TC-NER machinery
(PDB ID 2EYQ) as determined by X-ray crystallography. Nucleotide-
free Escherichia coli Mfd is modular and composed of eight domains
(D1a-D7) connected by flexible linkers (side view on left, top view on
right). Shown as spheres are Mfd residues important for UvrA bind-
ing and its inhibition (R165, R181, F185, E1045, E1048, R1049) [65,

was shown to act on ternary elongation complexes [TECs]
at abasic sites [40], a frequent intermediate in the repair of
oxidative damage. Work from the Doetsch lab has further
demonstrated that in non-dividing cells, Mfd processes also
occur at 8-oxoguanines as well as uracils [41, 42], high-
lighting possible effects of growth phase, and the ability of
RNAP to bypass lesions through transcriptional mutagen-
esis, described in “Lesion bypass through transcriptional
mutagenesis”.

Recent evidence points to the possibility that TC-NER
may be initiated at RNAP stall sites even in the absence
of damage. For example, in eukaryotes, triplet repeat slip-
outs in the transcribed strand and R-loops stall RNAPII,
and have been proposed to recruit TRCFs to initiate gra-
tuitous TC-NER and lead to triplet instability [43—48].
Protein—-DNA complexes also serve as potent RNAP elon-
gation roadblocks and may therefore trigger TC-NER.
This was first demonstrated in vitro for CPD-photolyase
complexes that were found to stall (and backtrack) the tran-
scription machinery [49], then, to various extents, for base
excision repair (BER) intermediates [40, 41], and most
recently for alkyltransferase-like (ATL) proteins. Unlike
bona fide alkyltransferases, ATL proteins bind DNA dam-
age, but cannot transfer alkyl groups on DNA bases due
to the absence of a conserved receptor cysteine, present
in alkyltransferases [50]. The yeast ATL protein Atll has
been studied the best, including at the structural level, and
was found to have differential affinity for bulky alkylat-
ing damage versus smaller O%-methylguanine [51]. These
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132], RNAP binding (L499) [61], dsDNA translocation (H948, Q963,
R929, R953) [74], ATP hydrolysis (K634 within the Walker A motif,
E730 within the Walker B motif) [65, 80], and the specificity of Mfd
for transcription elongation complexes (W550) [75]. Black lines on
top of the schematic representation of the Mfd sequence are 100-resi-
due positional marks

findings led to a model, according to which the high affin-
ity for bulky damage (as opposed to smaller substrates) is
such that long-lived protein-DNA intermediates formed at
bulky lesions inhibit GG-NER and at the same time effec-
tively stall TECs for lesions to be channeled into TC-NER
rather than GG-NER [51]. Thus, these accessory proteins
can regulate the choice between TC-NER and GG-NER. In
this context, it is interesting to note that bacterial ATL pro-
teins have also been shown to bind directly to UvrA [52],
although DNA excision post UvrA recruitment has not
been demonstrated yet.

While RNAP is not normally viewed as a DNA damage
sensor, it nevertheless shares important features with DNA
damage recognition proteins. First, elongating RNAP com-
plexes scan the genome by virtue of their primary function
in RNA polymerization. Secondly, a TEC stalled by a TT
dimer has a very long in vitro half-life of ~20 h and a slow
off-rate of ~1 x 107> s~! [35]. As noticed before [53], this
half-life exceeds even that of a high selectivity damage sen-
sor, such as the UV-damaged-DNA-binding protein, UV-
DDB [54], which promotes recognition and directs protein
assembly at UV photolesions in eukaryotic NER [55]. Con-
sequently, the arrest/prolonged pausing or “slowing down”
of a TEC at a lesion provides the necessary timeframe for
the recruitment of repair enzymes and assembly of TC-
NER complexes at the site of damage. The assembly of
TC-NER intermediates is highly complex, and at its earliest
steps relies on: (1) remodeling/repositioning of the TEC, or
(2) complete dissociation of the TEC. In essence, both of
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these mechanisms accomplish the same goal—they render
the lesion more accessible to NER enzymes, although pro-
moting accessibility through TEC remodeling appears to be
more important in bacteria, as RNAPII, unlike RNAP, was
not reported to be inhibitory to repair in vitro [35].

In eukaryotes, which have much longer genes requir-
ing up to 16 h to be transcribed [56], a dissociation-
based mechanism would be highly uneconomical as it
would require transcription reinitiation at the promoter.
As described below, while bacteria employ both types of
mechanisms, in eukaryotes, TC-NER factors do not release
TECs off the template (at least in vitro), but are thought
to reposition them [57]. TC-NER can even occur in the
presence of a stalled TEC at a DNA adduct site [58]. The
order of assembly and composition of eukaryotic TC-NER
intermediates is of significant complexity and still a mat-
ter of debate. By comparison, the main bacterial TC-NER
pathway mediated by the Mfd protein has been fully recon-
stituted in vitro [59, 60] and has been described in much
clearer terms, including crystallographically and at the sin-
gle-molecule level.

Mfd-mediated TC-NER

Mfd (also known as TRCF) was initially described as the
only factor required for reconstituting TC-NER in vitro
[59]. Recent studies have reported that in fact a second
bacterial TRCF, NusA, may be part of a separate pathway
operating on a subclass of DNA lesions as described in
“The NusA protein”.

Mfd is a large (~130-kDa) ATPase with similarity to the
Swi/Snf2 chromatin remodelers and a modular architecture
(Fig. 2) that integrates three activities: (1) ATP-dependent
DNA translocation (2) RNAP binding, and (3) recruitment
of UvrAB damage-sensing NER complex through direct
binding to the UvrA protein [61-64]. E. coli Mfd remains
monomeric irrespective of nucleotide status [65], although
recent studies have reported that the Mycobacterium tuber-
culosis ortholog hexamerizes [66]. While Mfd has no heli-
case activity [64], it translocates on dsDNA upstream of the
transcription bubble, and binds to the rear end of the stalled
RNAP, where it requires about 26 bp of dsDNA [67]. In
fact, TC-NER was only observed in the /ac operon under
conditions of low levels of transcription and not under full
induction of the operon [68]. Presumably, under high tran-
scription activity, the tightly packed arrays of elongating
RNAPs do not allow Mfd to effectively bind upstream of
RNAPs within the arrays.

Insightful experiments by the Roberts lab have revealed
that by virtue of its dsDNA translocase activity upstream of
the TEC, Mfd pushes the RNAP in the downstream direc-
tion, and that, at least in vitro, Mfd can rescue backtracked

RNAP into productive elongation in such a way that release
competes ineffectively with elongation. In the absence of
nucleoside triphosphates [NTPs], Mfd was able to dissoci-
ate the backtracked and arrested 427 RNAP complex of
the T7A1 promoter, but in the presence of both Mfd and
NTPs, RNAP was able to escape release at position +27
and arrive at the terminator present in the transcription tem-
plate [67]. In cases in which RNAP cannot longer advance
due to structurally-distorting DNA lesions in the template,
NTP starvation or even protein roadblocks ahead of the
RNAP, the continued action of the Mfd translocase rean-
neals DNA at the upstream edge of the transcription bub-
ble and ultimately induces bubble collapse with complete
release of the nascent transcript and, ultimately, RNAP [67,
69]. This forward-translocation model is also supported by
the finding that elongation complexes formed on heterodu-
plex templates (carrying substitutions that prevent base-
pairing in the transcription bubble or in the duplex region
upstream of the bubble) cannot be dissociated by Mfd [69].
Similar effects were also observed for Rho-mediated termi-
nation, suggesting that both factors may operate, albeit in
different manners, by forward translocation of RNAP [69].
Unlike Mfd, Rho has helicase activity and translocates on
the nascent RNA to effectively “peel” it from under the
RNAP. There is currently no experimental evidence that
Mfd may interact with the RNA transcript, highlighting
the differences between Rho and Mfd in effecting forward
translocation. Notably, full-length Mfd only possesses
dsDNA translocase activity when bound to RNAP [70],
although activation for dsDNA translocation, required for
termination, can also be achieved in the absence of TECs
by deletion of the N-terminal or C-terminal regions of Mfd
[70, 71].

Recent single-molecule studies with magnetic twee-
zers have revealed that Mfd-mediated release of the TECs
involves two distinct ATP-dependent transitions: an initial
fast step in which Mfd docks onto the stalled TEC, fol-
lowed by a slow step resulting in a long-lived intermedi-
ate. It has been proposed that the second intermediate is
associated with profound and slow conformational changes
within Mfd, and that its resolution may involve the bind-
ing of downstream factors, specifically UvrA [72]. Given
this wealth of information, what is the structural mecha-
nism utilized by Mfd in destabilizing TECs and recruiting
UvrA? Although there is currently no structural informa-
tion on Mfd bound to a TEC to enable a detailed dissection
of RNAP recognition and destabilization, crystallographic
studies of both nucleotide-free full-length E. coli Mfd [61,
73] and of a core Mfd-UvrA complex [65], SAXS analy-
ses of Mfd in alternative nucleotide states [65], single-mol-
ecule [72] and functional studies [40, 65, 67, 70, 74-77]
have revealed Mfd architecture and its conformational
dynamics as described below.
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UvrA recruitment and the UvrB-homology module of Mfd

Proteins of the Mfd family are modular, with domains con-
nected by flexible linkers and interlocked mobile structural
elements (Fig. 2). In E. coli, the three N-terminal domains of
Mftd (D1a-D2-D1b), named after the homonymous domains
of UvrB, share structural similarity with the UvrB protein,
although significant sequence identity can only be found in
D2 [61]. The UvrB homology module of Mfd does not bind
DNA, or turn over ATP, while the homologous region of
UvrB binds both DNA and nucleotide [78]. Both in Mfd and
UvrB, the D2 domain was shown to bind directly to UvrA
[79, 80]. A recent crystallographic study of a core Mfd-
UvrA complex revealed that UvrA binds at the D2 intramo-
lecular interface that packs against the C-terminal domain
D7 in apo Mfd (Fig. 2a) [65]. Mfd and UvrB share a very
similar mode of binding to UvrA, with residues that map to
the UvrA-binding surface conserved both within the Mfd
and between the Mfd and UvrB families [65]. Of particu-
lar importance appear to be Mfd residues R165, R181, and
F185 (highlighted in Figs. 2 and 3b), which when mutated,
lead to compromise of TC-NER in vivo, and a defect in
UvrA binding in vitro [79]. Other currently unknown con-
tact points between Mfd and UvrA cannot be excluded at
this time, but the functional defect observed with the R165A
R181A F185A triple mutant as well as earlier binding stud-
ies with Mfd truncations [80] suggest that D2 is the main
UvrA interaction determinant within Mfd. Notably, two of
the residues essential for the Mfd-UvrA interaction (R165
and R181) are completely buried by the D2-D7 interaction
(Fig. 2), a crystallographic observation, which is also con-
sistent with SAXS studies of Mfd in solution, under close-
to-physiological conditions [65]. Unlike UvrB, in which
the D2 domain is fully solvent-exposed, full-length Mfd is
auto inhibited for UvrA binding. This D2-D7 autoinhibitory
interaction provides an effective mechanism for preventing
the sequestration of the cellular pool of UvrA, which occurs
upon deleting the D7 domain of Mfd and leads to hypersen-
sitivity to UV radiation [79, 80]. The cellular pool of UvrA
is low during conditions of normal growth, but is upregu-
lated as part of the SOS response, when levels of UvrAB
rise, and therefore a faster GG-NER diminishes the impor-
tance of TC-NER [81].

Domain D3 of unknown function

The poorly conserved domain D3, located at the C-terminal
end of the UvrB-homology module of Mfd has yet to be
been assigned a function, and appears to be mobile during
cycles of ATP turnover as shown by SAXS [65]. D3 is con-
nected to D4 or the RNAP interaction domain (RID) via
a long and flexible 25-residue linker that spans about 40
A from one side of the molecule to the other, and whose

@ Springer

cleavage via an engineered internal protease recognition
site leads to enhanced ATPase activity, presumably due to
dissolution of the D2-D7 interaction, which is inhibitory to
ATP hydrolysis [71].

RNAP binding via the Tudor-like RID domain

The RID is a Tudor-like domain that binds to the N-termi-
nal region of the  subunit of RNAP (also known as $1) via
the so-called IKE motif. In E. coli, the IKE motif is com-
posed of residues 1117, K118, and E119 located in the lobe
region of the B subunit (Fig. 4a). Mutations within the IKE
motif as well as of L499 in Mfd (Fig. 2a) were reported
to impair the RNAP-MIfd interaction in two-hybrid assays
and affect the ability of Mfd to act on stalled TECs [61,
76]. As shown in Fig. 3a, the RID-B1 interaction is bipar-
tite comprising a central interaction involving an intermo-
lecular B-sheet, whose sequence is conserved across phyla,
and a phylum-specific interaction involving residue R341
in Thermus thermophilus Mfd and Q99 in the bound Ther-
mus aquaticus RNAP fragment [82]. Intriguingly, the Mfd-
RID-RNAP-f crystal structure features a small register
shift of residues 103—111 (region that harbors the key Mfd
interaction motif in the 7. aquaticus fragment crystallized)
[82]. Because this shift has not been observed in any of the
many RNAP structures available, it has been suggested that
the P region might exist in a dynamic equilibrium of mul-
tiple states with Mfd trapping and stabilizing the shifted
state [82]. Nevertheless, a cyclobutane pyrimidine dimer-
stalled RNAPII (no such structure of bacterial RNAP is
available) displays no large characteristic conformational
changes [83], and Mfd can bind both TECs and core RNAP
[65, 67, 80]. Moreover, a W550A Mfd mutant (Fig. 2) is
able to release both transcription initiation complexes and
TECs [75]. In pull-down assays, wild-type Mfd still binds a
RNAP derivative in which the IKE motif was mutated, but
cannot displace it either in vitro or in vivo [76]. Altogether,
these data suggest that while the RID provides contacts to
ensure polarity and processivity of translocation upstream
of the bubble, other contacts with RNAP may exist, and
these may be key to explaining TEC susceptibility to Mfd
attacks.

Although an Mfd signature domain, the RID is not
unique to Mfd. It appears to define a new structural mod-
ule for binding RNAP also found in the CarD family of
transcriptional regulators, which are important for myco-
bacterial viability and virulence [84, 85]. Both Mfd-RID
and CarD-RID interact with the B lobe through similarly
located, and partially overlapping set of residues, including
M. tuberculosis CarD-R25 (corresponding to Thermus sp.
Mfd-RID residue R341 or E. coli Mfd-RID residue L.499)
and RNAP- residue E138 (corresponding to Thermus sp.
RNAP-@ residue Q99, shown in Fig. 3a).
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Fig. 3 Binding modules within the bacterial TRCFs, Mfd, and Nus.
a Binding of the bacterial transcription-repair coupling factors Mfd
and NusA to RNAP. Overall architecture of Thermus thermophi-
lus RNAP elongation complex (PDB ID 205I) is shown on the left
(with RNAP subunits colored as follows: al and a2 in magenta and
yellow, B in cyan, B’ in pink, w in green) with the N-terminal region
of the P subunit interacting with Mfd-RID colored in deep teal and
indicated by an ellipse. Downstream DNA is shown as going into the
page, the catalytic center is indicated by a small circle, and movement
of the RNAP clamp is indicated schematically by a black arrow. The
crystallographic model of Thermus sp. core Mfd-RID/RNAP-§ com-
plex (PDB ID 3MLQ) [82] is shown in the middle, while the pseudo-
atomic model of Bacillus subtilis NusA bound to a TEC, derived from
single-particle electron microscopy studies and homology modeling
[108], is shown on the right, with the NusA-NTD colored in lime and
NusA-CTD, positioned lower down the f flap towards the a-subunit,

DNA binding and translocation with a RecA-type motor

The RID connects to the RecA-type ATP-dependent
dsDNA translocase (domains D5 and D6, harboring the
seven canonical SF2 ATPase motifs) via a long a-helix
termed the relay helix [RH]. This is ideally positioned to
relay information from the ATP-binding site to the rest of

colored in red. b Mfd and UvrB share a similar mode of binding to
UvrA. Shown are core E. coli Mfd-UvrA (left, PDB ID 4DFC) and
Geobacillus stearothermophilus UvrA-UvrB (right, PDB ID 3FPN)
complexes, with residues important for the respective interaction [79,
132] highlighted as red sticks. Mfd-D2 domain (and the homologous
UvrB domain) is colored cyan, and UvrA is shown in pink. ¢ dsDNA
translocation and the TRG motif in the Mfd and RecG proteins. Side-
by-side views of the translocation modules of nucleotide-free E. coli
Mfd (left, PDB ID 2EYQ) and ADP-bound Thermotoga maritima
RecG (right, PDB ID 1GMY), illustrating the conformational changes
in the relay helix, helicase motif VI (red), TRG motif (blue), and the
hook. The two views are aligned such that translocase domain 2 (TD2
or D6 in Mfd, colored green throughout) of each molecule is in identi-
cal orientation. Side chains of key residues are shown. Reprinted with
permission from [61]

the molecule, and couple ATP hydrolysis to translocation
on dsDNA (Fig. 2). There are currently no high-resolu-
tion structures of alternative nucleotide states of Mfd, but
comparison with the homologous Holliday branch migra-
tion RecG motor in its ADP-bound form has revealed a
distinct conformation of the RH—straight rather than bent
[61]. Other structural elements within the DNA-binding
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NusA-Dependent Transcription-Coupled
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Fig. 4 NusA-mediated transcription-coupled translesion DNA syn-
thesis (TC-TLS, left) and transcription-coupled DNA repair (TC-
NER, right). During TC-TLS, NusA, bound to RNAP recruits the
Y-family DNA polymerase DinB to gaps in the DNA opposite from
lesions (grey oval) in the non-transcribed strand [104]. This results
in filling of the gap (interrupted line) via the action of DinB. During

translocase appear to be also important for the mechano-
chemical cycle. These include the translocation in RecG
[TRG] helices [61, 74, 86] as well as the hook helices that
wrap around the RH and connect the translocase module
to the C-terminal autoinhibitory domain D7 (Fig. 2). A
WS550A mutation within the RH (Fig. 2) alters the interac-
tion with the hook helices, and presumably the interaction
with upstream DNA promoting processivity, and enables
Mfd to release not only stalled TECs but also transcription
initiation complexes that would not otherwise support Mfd-
mediated release [75]. Mutations within the TRG motif,
which forms a helical hairpin C-terminal to ATPase motif
VI (Figs. 2 and 3c), do not impair DNA binding per se, but
are crucial for RNAP displacement, leading to a model in
which this motif is essential for transducing the energy of
ATP hydrolysis into mechanical work. Conserved residues
R929 and R953, located at the base of the helical hairpin,
both lead to impairment of RNAP displacement in vitro
(with R953A mutation having a more pronounced effect),
but leave the ATP hydrolysis and DNA binding functions
intact; so do non-conserved residue H948 and conserved
residue Q963 [74]. The functional consequences of these
mutations within the TRG motif closely recapitulate the
hierarchy of defects observed with similar mutants of
RecG [86], further pointing to a common mechanism for
dsDNA translocation by members of both the Mfd and
RecG protein families. The TRG motif likely serves as a
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NusA-Mediated Transcription-Coupled DNA Repair
(TC-NER)

/ NusA

NusA mediated recruitment
of UvrAB via interaction with
UvrA

TC-NER, RNAP-bound NusA recruits the UvrAB complex to sites of
DNA damage (grey oval), such as nitrofurazone adducts, which do not
enter the active site of RNAP. The recruitment of NER machinery via
the NusA-UvrA interaction has been proposed to result in excision of
the damage and preferential repair of the transcribed strand [100]

spring-loaded structural element during the ATPase cycle
and is controlled by an electrostatic “switch” provided
by a close interaction between R929 and R953, and a
y-phosphate sensor in ATPase motif VI. The TRG hair-
pin indirectly senses nucleotide status, and likely cycles
between open and closed conformations to modulate bind-
ing of dsDNA across the translocase [61]. In both RecG
and Mfd, the loop containing Q963 is thought to drive
translocation as a swinging arm, directly contacting the
DNA, although no DNA binding defect was observed for
an Mfd variant carrying a substitution of Q963, located in
this loop [74]. Given the complexity of Mfd structure, mod-
eling efforts attempting to define the DNA binding regions
of Mfd in detail have remained unfruitful, and therefore,
more complete understanding of DNA binding and translo-
cation will require experimental, high-resolution structural
models of DNA/TEC-bound Mfd.

The autoinhibitory D7 domain

The translocation module connects through the hook and a
flexible linker to the C-terminal domain D7. This domain
has an autoinhibitory role with respect to UvrA recruitment
due to highly conserved interactions of residues E1045,
D1048, and R1049 with D2 [70, 79], as further described
in “UvrA recruitment and the UvrB-homology module
of Mfd”, but also with respect to the ATPase and dsDNA
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translocation activities. Several studies have reported that
impairing the D2-D7 interaction with domain deletions
or amino acid substitutions at the D2-D7 interface break-
ing the D2-D7 clamp lead to Mfd ATPase hyperactivity as
well as the ability to translocate on naked dsDNA [70, 71].
Interestingly, a disulfide bond engineered between the D2
and D7 domains of Mfd, which prevents binding of UvrA,
does not compromise transcript release from nucleotide-
starved TECs [65], suggesting that simple docking of Mfd
to RNAP (prior the transcript release) is not sufficient for
unmasking the D2 surface. Recently, Strick and colleagues
have suggested, based on single-molecule kinetic data, that
several ATP turnover events and remodeling of the TEC are
required for Mfd to be activated for UvrA binding [72]. Yet,
the precise moment when RNAP dissociates off the tem-
plate and when UvrA is recruited remain unknown. Sim-
ple energetic considerations based on previous biochemical
findings suggest that the DNA-RNA hybrid plays a major
role in stabilizing the TEC [87], and thus one would expect
that once the transcription bubble begins to collapse and
the transcript is unwound, RNAP would rapidly dissociate
from the template. However, in vitro a second Mfd-TEC
intermediate along the pathway, formed after the initial
docking of Mfd and ATP turnover, has been observed, and
in this intermediate approximately two-thirds of the tran-
scription bubble is rewound. Surprisingly, this intermediate
is unusually stable and long-lived in vitro, with a half-life
of about 5 min [72]. However, given that covalently tether-
ing D2 to D7 (to prevent UvrA binding) allows for tran-
script release from the Mfd-TEC complex, and presumably
at least partial resolution of this intermediate, it has been
suggested that during TEC destabilization, the DNA lesion
may become exposed and Mfd may translocate towards it,
only then to become fully activated for UvrA recruitment
[65].

One major question that remains to be elucidated is how
Mfd achieves specificity for stalled TECs. The available
data converge on a model in which Mfd may initially not
specifically recognize the stalled conformation of RNAP,
but rather bind to RNAP irrespective of being stalled or not.
Mifd can bind core RNAP, and when mutated, can even dis-
lodge transcription initiation complexes in vitro [75, 80].
This model would parallel reports that other transcription
termination factors, such as Rho [88], as well some tran-
scription regulators that act through the RNAP second-
ary channel (GreA/B, DksA), may associate with RNAP
throughout the transcription cycle [89-92]. For example,
transcript cleavage factor GreB rescues arrested TECs by
promoting the endonucleolytic cleavage of the nascent
RNA [93], but is also implicated in regulating transcrip-
tion initiation by inhibiting the production of abortive tran-
scripts and facilitating promoter escape [94]. The recruit-
ment of Mfd to TECs is incompletely understood, but

what has been established is that Mfd appears to be acti-
vated by and can only dissociate stalled TECs, as opposed
to elongating TECs. This may explain why Mfd overex-
pression in E. coli can be achieved with no apparent tox-
icity [73]. This specificity of action has been proposed to
be due to a kinetic break imposed by the relative rates of
translocation by Mfd and RNAP itself [70]. How forward
motion of RNAP eventually results in dissociation of the
TEC remains to be determined, but has been speculated to
involve an opening of the RNAP clamp (Fig. 3a) [76, 77],
which has been observed before, and which modulates pro-
cessivity [95, 96].

The NusA protein

Despite the prominent role of the Mfd protein in TC-NER,
defects in mfd only lead to a modest increase in sensitivity
to UV radiation [62], and certain bacterial genomes appear
to lack Mfd orthologs altogether [97]. This mild pheno-
type can be rationalized by the facts that Mfd may act on
TEC arrays only under conditions of low transcription [68],
that it may become unmasked only when UvrAB levels
are low (under conditions of no SOS response induction)
[81], and that alternative, partially overlapping modalities
of dealing with paused/stalled RNAPs may exist. Indeed,
multiple such mechanisms have been uncovered, and these
utilize other factors (such as DksA, GreA) reported to be
important for UV resistance and the resolving of conflicts
between replication and transcription [98], but also employ
cooperation between RNAP molecules, which increases
transcription efficiency [99]. Moreover, a second bacterial
TRCEF called NusA has recently been identified based on
the increased sensitivity of a NusA (nusAll) mutant to the
DNA-damaging agent nitrofurazone [100]. NusA appears
to operate in an Mfd-independent TC-NER pathway.

NusA is a well-known transcriptional regulator that
associates with RNAP both during elongation and ter-
mination, and has specific roles in termination and anti-
termination, some of which require its association with
other RNAP accessory factors such as \ N and Rho [101].
Several lines of evidence, including a chronic partial SOS
induction and increased number of RecA-GFP foci par-
ticularly in the stationary phase obtained with the nusAll
strain suggests that this mutant cannot cope with endoge-
nous DNA damage [100]. NusA has been proposed to link
the DNA repair and damage tolerance pathways through
two different activities. On one hand, NusA recruits DinB,
a Y-family polymerase to mediate transcription-coupled
translesion synthesis (TC-TLS), presumably in those cases
where a DNA lesion in the non-transcribed strand may lead
to a large gap in the transcribed strand (Fig. 4). Such events
may be attributed to the inability of replicative polymerases
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to bypass lesions and to replication resuming at the site of
the next Okazaki fragment on the lagging strand or, alter-
natively, to replication restart on the leading strand [102,
103]. Such large gaps could also occur as a result of UvrA-
dependent incomplete processing of closely spaced lesions
on opposing strands across which RNAP cannot transcribe
and stalls [104]. On the other hand, NusA also appears to
recruit NER enzymes (UvrA) to sites of nitrofurazone-
induced (or similar) adducts [100]. However, no direct
measurements of NusA-dependent repair in the template/
non-template strand have been reported yet, meaning that
equating UvrA binding to actual strand-specific lesion exci-
sion needs to be done cautiously.

As a potential TRCF, NusA appear to have an activity
in common with Mfd—it interacts physically with UvrA
as demonstrated using proteomic methods and far-Western
blotting [100, 105]. It nevertheless lacks RNAP-release
activity. At this point it cannot be ruled out that this activ-
ity might require a yet unknown accessory factor. However,
it may well be possible that in the case of NusA, RNAP
may not need to be dissociated. Mimics of the major adduct
induced by nitrofurazone are predicted to stall transcription
at position —4 (ahead of the RNAP), and so do not enter
the active site of RNAP [100]. This raises the question of
whether and how RNAP may sense damage that lies ahead,
downstream. To resolve these situations, RNAP might
backtrack rather than dissociate to allow for UvrA-depend-
ent repair by NusA [100]. The known association of NusA
with RNAP o subunit-CTD and RNA exit channel (Fig. 3c)
[106-108] via the NusA acidic repeat domains and its
N-terminal domain [NTD], respectively, suggests that
NusA may recruit UvrA at the upstream region of RNAP.
However, RNAP sites of nitrofurazone resistance and sen-
sitivity map to the leading part of RNAP, including the
lineage-specific insertion Pi4 (also known as dispensable
region 1) [100, 109], which is located ~150 A away from
the RNA exit channel and ~125 A away from the a-CTD.
To reconcile the large distance between the known NusA
contact sites in RNAP and sites of nitrofurazone resist-
ance, it has been suggested that UvrA may be recruited
via the known upstream RNAP-NusA tethers, but possibly
with large accompanying structural rearrangements [100].
The UvrA interaction determinants within NusA remain
unknown at this time.

Lesion bypass through transcriptional mutagenesis

At a site of DNA damage on the transcribed strand, an
alternative scenario to repair via TC-NER is TM or lesion
bypass via ribonucleotide misincorporation. TM provides
a mechanism that modifies our largely replication-centric
view of mutagenesis, and has largely been studied under
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non-proliferative, non-dividing conditions, which enabled
separation of the effects of transcription from those of rep-
lication. Such conditions have been associated with reduced
capacities for DNA repair, which therefore competes to a
lower extent with TM [110]. Unlike other modes of tran-
scription-mediated mutagenesis (such as for example dam-
age to the transcript itself or inherent lapses in RNAP fidel-
ity), TM is a targeted mechanism—during every bypass
event, the same ribonucleotide will be inserted, resulting in
a population of identical nascent transcripts, and a conse-
quent change in the entire translational output derived from
one particular transcript. Thus, TM is predicted to have a
more pronounced contribution to the mutant protein level
in the cell compared to the other modes of mutagenesis
involving transcription, in which the mutant transcripts
generated are random, and thus the level of any mutant
translation product is also kept low.

Evidence for TM in vitro is now abundant, and extends
to a variety of DNA lesions such as uracil (a product of
spontaneous deamination of cytosine), abasic sites, dihyd-
rouracil, 8-oxoguanines, thymine glycols, O°-methylgua-
nine, other bulky damage such as N°-benzo[a]pyrene diol
epoxide, and even single-stranded breaks and gaps [111].
Even in the case of TT dimers, which are a potent block to
elongation in vitro [12, 83, 112] and have been viewed as
the principal lesion type to be repaired by TC-NER, RNAPs
can actually slowly transcribe past damage to bypass it,
but in an error-free, non-mutagenic manner following a
base pairing rule reminiscent of the A-rule established for
DNA polymerases [113]. In the case of alkylation dam-
age and “bulky” UV-induced damage, it has generally been
surmised that translocation past the lesion is much slower
than usual and bypass is of low efficiency, and therefore
these lesions are channeled into TC-NER. Not all bypass
is mutagenic—in addition to the TT dimer case described
above, RNAPII for example can insert guanine opposite
uracil (in addition to adenine) [114] and adenines oppo-
site thymine glycols [115], thus maintaining the original
sequence. It must be also underscored that different RNAPs
(phage, prokaryotic versus eukaryotic) respond in certain
cases differently during TM by inserting distinct miscod-
ing ribonucleotides opposite the same lesion [116]. In some
cases (such as gaps and large adducts), read-through leads
to small deletions [116].

In the case of more subtle DNA lesions, such as oxida-
tive lesions, bypass by RNAP is, compared to the TT dimer,
much more frequent as revealed in vitro by transcrip-
tion assays, and in vivo by reporter assays based on DNA
templates carrying lesions at defined positions [111]. In a
luciferase-reporting system in E. coli under non-dividing
conditions of novobiocin-induced inhibition of replication,
RNAP was reported to bypass uracil and 8-oxoguanine in
a mutagenic manner [41, 42]. Evidence for transcriptional
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mutagenesis in vivo in a variety of organisms has been
growing [41, 116], and a recent crystallographic study has
even revealed the structural basis for TM through 8-oxog-
uanine by S. cerevisiae RNAPII. This relies on Hoogsteen
rather than Watson—Crick base-pairing between 8-oxogua-
nine and the inserted adenine [117].

In the E. coli bacterial system and in the case of 8-oxo-
guanines, TM was found to be dependent of Mfd. In an
mfd~ mutant, TM was elevated [41], presumably due to
the absence of Mfd-mediated release of TECs arrived at
the DNA lesion, and consequent bypass. In the case of
uracil, the mfd™~ strain had wild-type levels of TM, but a
double ung™ mfd~ strain (lacking both Mfd and the main
uracil DNA glycosylase Ung) had significantly higher TM
compared to an ung~ strain [42]. One may conclude that
Mfd does not recognize abasic intermediates that form dur-
ing base excision repair [BER], as previously proposed
[40, 41], but uracil, otherwise TM should be unchanged or
reduced in the ung™ mfd™ strain because the lack of the ura-
cil glycosylase results in a slower production of abasic sites
to direct the potential recruitment of Mfd. Notably, an uvrA
“mutM " strain [deficient thus in NER, but also in BER due
to absence of the 8-oxoguanine glycosylase MutM] dis-
played a synergistic increase in TM compared to a mutM~
strain, implying that 8-oxoguanines are targeted not only by
BER, but also NER [42]. Moreover, mfd was not epistatic
to uvrA [42], suggesting that some other repair mechanism
in addition to NER, such as BER, may participate in Mfd-
dependent processes. These data imply that, to some extent,
there may be some flexibility in the type of machinery used
through Mfd. NER may intervene in the repair of oxida-
tive lesions in those cases when the preferred BER pathway
may be overwhelmed. In the context of BER, Mfd function
may be to act as a placeholder at the lesion to block incom-
ing RNAP from bypassing the damage and allowing fac-
tor assembly [42]. Validation of this model will, however,
require further study.

In toto, these new findings suggest that TM provides
a way for cells to complete transcription of a gene and
escape from stress, all at the expense of generating pools
of aberrant transcripts with possibly altered functionalities.
Under certain circumstances, these could confer a tempo-
rary growth phenotype, and could potentially allow repli-
cation, which would fix the mutation. Such mechanisms
have been proposed to give rise to genetic diversity during
adaptive mutagenesis and to underlie the accrual of antibi-
otic resistance. In Bacillus subtilis, mfd inactivation lead to
a reduced number of prototrophic revertants to Met™,His™,
and Leu™ during starvation [118], and in the same organ-
ism, the mutagenic effect of Mfd was reported to be
restricted to the stationary phase and not to occur during
exponential growth [119]. In Campylobacter jejuni, treat-
ment with the fluoroquinolone ciprofloxacin upregulated

mfd as assessed using DNA microarrays, and overexpres-
sion of Mfd elevated spontaneous mutation rates, while in
contrast, in an mfd_ mutant, the rate of spontaneous muta-
tion to ciprofloxacin resistance was reduced by two orders
of magnitude [120]. Altogether, these data may point to
different roles of Mfd in growing and non-dividing cells.
While in growing cells, Mfd is important for reducing
mutagenesis and genomic instability via TC-NER and for
its role in alleviating head-on collisions between DNA pol-
ymerase and RNAP [121], in non-dividing cells, Mfd may
actually promote the accrual of mutations via processes
that involve transcription of genes under selection [122].
Notably, unlike E. coli, Campylobacter does not possess
error-prone DNA polymerases (such as Pol II, Pol IV, Pol
V) to be upregulated during the SOS response elicited by
DNA damage caused by ciprofloxacin [123]. While the
precise mechanism behind these processes remains to be
ascertained and may display differences between Gram-
positive and Gram-negative bacteria, it has been speculated
that TM, or alternatively, a low-fidelity form of DNA repair
(employing an error-prone DNA polymerase rather than
DNA Pol I) may play arole [119, 120].

As in bacteria, TM-associated phenotypic changes in
eukaryotes are more pronounced in cells deficient in DNA
repair, and are attenuated by repair pathways such as such
as BER. This is likely due to the fact that under conditions
of reduced BER, the half-life of the damage is longer, and
therefore more likely to lead to a misincorporation event.
In mouse embryonic fibroblasts lacking the OGG1 DNA
glycosylase, TM within the HRAS reporter gene led to acti-
vation of the MAPK pathway and increased ERK phospho-
rylation compared to TM in cells containing OGG1, where
TM within HRAS occurred, but the downstream effects
of MAPK activation were not detected [124]. In addition,
elimination of mismatch repair through hMsh2/hMsh6 also
led to an increase in TM of 8-oxoguanine [124, 125].

Such phenotypic changes brought about by TM in mul-
ticellular organisms may be implicated in tumor develop-
ment, as individual expressing hypomorphic alleles of BER
genes have a higher risk of developing cancer [126] and
TM has been proposed to be the mechanism through which
driver mutations within the p53 genes appear and lead to
tumor development [116]. In addition, TM has also been
implicated in neurodegenerative diseases through the gen-
erations of prions and protein aggregates [127, 128].

Concluding remarks

Despite recent progress, much work remains to be done on
the mechanisms underlying eukaryotic TC-NER. In con-
trast, bacterial Mfd-dependent TC-NER is currently well
understood, and yet, even in this simpler system, important
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outstanding questions remain to be answered. What kind
of conformational changes does RNAP binding trigger in
Mfd to tune its various activities and enable dissociation,
and vice versa? What are the precise steps leading to for-
mation of the preincision complex during TC-NER? What
is the precise role of Mfd in adaptive mutagenesis? What
is the nature of the connection between Mfd and BER? In
addition, the targeting of the NER enzymes, not only to
sites of RNAP stalling, but generally to distinct classes of
lesions, appears to be complex, with multiple and structur-
ally diverse factors recruiting the same UvrA subunit of the
NER machinery. The targeting of DNA repair enzymes and
DNA damage detection will thus continue to be a fertile
area of investigation.
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