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Transcription-coupled repair (TCR) 
is one of the key nucleotide excision 

repair (NER) pathways required to pre-
serve genome integrity. Although under-
standing TCR is still a major challenge, 
recent single-molecule experiments have 
brought new insights into the initial steps 
of TCR leading to new perspectives.

In all kingdoms of life, genetic informa-
tion is contained in DNA. While genome 
integrity is usually preserved under nor-
mal growth conditions (and therefore 
contributes to the species specificity), 
mutations can be determinant in the sur-
vival process of the whole organism or spe-
cies when drastic environmental changes 
occur. Mutations in the genome arise 
because of errors during DNA replication 
or external environmental factors, and 
several repair systems exist in the cell to 
maintain genome integrity. Here, we will 
only discuss one such nucleotide excision 
repair (NER) pathway associated with 
damages resulting from UV radiations 
(which leads to bulky DNA adducts, e.g., 
thymine dimers). This process seems to be 
conserved in all living organisms and can 
be divided in two major sub-pathways: a 
global genomic repair (GGR) and a tran-
scription-coupled repair (TCR), involv-
ing the transcribing RNA polymerase.1,2 
These two repair mechanisms differ only 
in how the damage is recognized: TCR 
involves the RNA polymerase as a marker 
for the damage while, in GGR, the change 
in helix rigidity at the lesion3 triggers the 
recruitment of proteins that facilitate exci-
sion, strand removal, DNA synthesis and 
re-ligation (see below).

In prokaryotes, the common steps of 
the NER pathways involve UvrABCD, 
DNA Pol I and a Ligase (LigA) (Fig. 1).4 

Mfd as a central partner of transcription coupled repair

Jordan Monnet, Wilfried Grange, Terence R Strick* and Nicolas Joly*
Institut Jacques Monod; CNRS UMR 7592; Université Paris Diderot; Sorbonne Paris Cité F-75205; Paris, France

As the whole repair pathway is still not 
fully understood, it is commonly admit-
ted that a dimer of UvrA cannot directly 
find and bind to the DNA lesion site but 
needs to be pre-associated to UvrB (one or 
two monomers).5,6 After this preformed 
UvrAB complex recognizes and binds 
the DNA lesion, UvrA is released and the 
UvrC endonuclease can then interact with 
UvrB (still loaded on the DNA). UvrC 
then nicks the DNA on either side of the 
lesion and the UvrD helicase removes 
the oligonucleotide, allowing the DNA 
Polymerase I to “re-synthesize” a new 
DNA using the complementary strand 
of DNA as template.7-13 To complete the 
repair process, the LigA ligase joins the 
newly synthesized DNA to the adjacent 
pre-existing strand (Fig. 1).

Under normal growth conditions, the 
amount of repair complexes present in the 
cell is relatively low. Also, the number of 
DNA lesions present in the genome is usu-
ally low (compared with the total genome 
length) and there is a large variety and 
abundance of proteins that are naturally 
bound to the DNA (and therefore might 
inhibit the loading of repair complexes 
to damaged DNA). Identifying damage 
is a difficult task for the cell and so there 
are different repair mechanisms associ-
ated with specific types of damages (e.g., 
MutH/MutLMlh/Pms1/MutSMsh - eukaryote 
homologs in superscript, when identified 
- associated with errors occurring during 
DNA replication). For the TCR pathway, 
the cell uses a trick based on a transcribing 
RNA polymerase. The RNA polymerase is 
a processive enzyme that uses the DNA as 
template to produce RNA. This enzyme is 
then able to “walk” on the DNA at a rela-
tively high speed rate.14,15 When a lesion is 
present on a transcribed DNA strand, the 
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lac operon as a model system and showed 
that the transcribed strand was more effi-
ciently repaired than the non template 
one. The role of Mfd is 2-fold. First, it 
recognizes, binds and displaces the stalled 
RNA polymerase (and the nascent RNA). 
This mechanism is important as upstream 
RNA polymerases, while being able to 
displace backtracked downstream RNA 

TRCF-Transciption Repair Coupling 
Factor).17-21 This TCR process was first 
observed by Witkin and collaborators,22 
who reported that UV-induced dam-
age might be repaired more efficiently in 
some part of the genome than in others. 
In addition, Mellon and Hanawalt23 have 
shown directly the impact of transcrip-
tion on the DNA repair using the induced 

transcribing RNA polymerase is stopped in 
its progression with a nascent RNA associ-
ated (stalled RNA polymerase on DNA). 
This stalled RNA polymerase serves as a 
“marker” for the repair machinery and 
is therefore a reliable system allowing 
the cell to monitor lesions.16 In bacteria, 
stalled polymerases are recognized by Mfd 
(Mutation Frequency Decline, also called 

Figure 1. Transcription coupled repair pathway. When the elongating RNA polymerase reaches a DNA lesion on the template strand, it becomes 
stalled. At this point, some backtracking events may occur (the 3'-end of the nascent RNA is extruded from the catalytic site). Because a stalled RNA 
polymerase masks the damage from other proteins (e.g., UvrA and UvrB, see below), it needs to be displaced. This task is achieved by Mfd (TRCF). Mfd 
dissociates the RNA polymerase and the nascent transcript, and recruits the UvrAB complex. Then, UvrB-DNA forms a “pre-incision complex” allowing 
the recruitment of UvrC, which double-incises the DNA molecule. Finally, UvrD removes the damaged nucleotide sequence and PolI synthesizes a 
new DNA, which will be ligated by LigA. Note that the precise mechanism of this repair pathway is still not fully understood and several important 
questions need to be answered. Among them: does Mfd interact with the RNA polymerase and UvrA at the same time? What is responsible for Mfd 
conformational changes that allow the “UvrA interacting domain” to be exposed?
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intermediate and (ii) the size of the tran-
scription bubble is noticeably modified 
after the first catalytic step.

Interestingly, the distribution of times 
associated with the second reaction step 
shows a broaden Gaussian-like distribu-
tion, typical of a succession of several irre-
versible steps with comparable lifetimes. 
For such a distribution, the probability 
for Mfd to unbind in a short amount of 
time (around 100s) is low (in contrast 
to what would be expected for a single 
reaction intermediate). This finding has 
important implications in vivo. Indeed, 
this will guarantee that UvrA has ample 
time to find Mfd and initiate the repair 
machinery.

Understanding the TCR pathway 
is still a major challenge. While the ini-
tial step (Mfd-dependent) of this process 
is, to some extent, well characterized in 
bacteria, there are a number of questions 
that need to be answered. In particular, 
the nature of the different proteins pres-
ent at each step of the process remains to 
be determined. One way to address these 
questions would be to use a single mole-
cule-based assay, coupling topological sig-
nal tracking at the level of the DNA and 
fluorescence signal on the protein (using 
different fluorophores38). This approach 
(using hybrid instruments combining 
TIRF—total internal reflection fluores-
cence—and magnetic Tweezers and/or 
Curtains) will most likely provide new 
insights into the sequential recruitment of 
the different actors of the TCR and their 
role in the changes of the DNA topology. 
Single-molecule experiments involving 
eukaryotic proteins might also provide 
new and important information on the 
initial steps of the NER process (e.g., 
studying the activity of CSB and its inter-
action with RNA polymerase using high-
resolution single-molecule experiments).
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measurable conformational changes. 
Indeed, a single chemical reaction (rate-
limiting step) is a stochastic process and 
the probability for this reaction to occur 
at a certain time is a process that does not 
dependent on the age and the history of 
the system (Poissonian process). As such, 
a histogram showing the number of occur-
rences vs. time should follow an exponen-
tial decay when a single-rate limiting step 
is present in a chemical reaction. When 
multiple, substrate-dependent steps are 
present in a chemical reaction, the shape 
of the histogram changes accordingly (see 
Fig. 2). It is important to emphasize that 
such measurements are difficult, if not 
impossible, to perform in standard (bulk) 
biochemical assays due to the difficulty of 
obtaining a fully synchronized population 
of the species studied.

These new methods are very effective 
to address specific mechanistic and kinetic 
questions of biological processes such as 
repair processes. For instance, Jing Zhou 
et al.33 employed an optical trapping assay 
to probe the effect of NusA on transcrip-
tion pauses; Uphoff et al.34 used single 
molecule photo-activation, localization 
and tracking in live bacteria to directly 
visualized DNA repair processes. In a 
recent study,35 we used magnetic tweezers 
to perform single-molecule measurements 
on the initial steps of the TCR pathway 
(without the UvrABCD proteins). We 
have shown that Mfd, when displacing 
RNA polymerase (stalled at +20 from the 
transcription start site) acts by catalyzing 
two irreversible, ATP-dependent transi-
tions with different structural, kinetic and 
mechanistic transitions.

In the absence of UvrAB, Mfd begins 
by initiating a first catalytic step (mean 
duration of 20 sec) and then stabilizes a 
long-lived reaction intermediate (mean 
duration of 300 s). The first catalytic step, 
which is relatively slow, could be explained 
by some major conformational changes of 
Mfd, dependent on ATP, allowing the 
unmasking of UvrA binding surface at the 
level of the Mfd D2-D7 domain (consis-
tent with the recent SAXS - Small-angle 
X-ray scattering - results).36,37 This idea 
is also supported by the observations that 
(i) a second RNA polymerase could only 
bind the promoter when the first RNA 
polymerase is trapped in this long-lived 

polymerases,24 are not able to displace a 
DNA-lesion-dependent stalled-RNA poly-
merase.25,26 Second, Mfd recruits UvrAB, 
allowing active DNA-lesion repair.

In eukaryotes, the repair of UV radia-
tion induced damages involves more pro-
teins but follows a mechanism somehow 
similar to what is found in prokaryotes: 
for the TCR pathway, RNA polymerase II 
triggers the recruitment of additional pro-
teins that remodel chromatin (facilitate 
DNA access27) and repair DNA. Among 
them, the CSB (Cockayne Syndrome B28) 
protein plays a central role. CSB belongs 
to the SWI/SNF (SWItch/Sucrose Non 
Fermentable) chromatin remodeler pro-
tein family and exhibits an ATPase activ-
ity and a conserved helicase motif. While 
not being capable of displacing RNA 
polymerase II, CSB is the first recruited 
protein, interacts with RNAP and governs 
the recruitment of repair proteins. As such 
CSB is believed to be the analog of Mfd. 
Defects in CSB can result in serious devel-
opmental and neurological problems29 
whereas, in prokaryotes, inactivating Mfd 
or UvrA30 has little effect on the survival of 
E. coli exposed to DNA-damaging agents 
such as UV. An explanation would be that 
other pathways for TCR exist in bacteria. 
For instance, it has been suggested that 
NusA (a protein associated with a large 
number of cellular processes and that is 
known to act as a transcriptional factor) 
might also play a role in the recruitment of 
NER proteins.31

It is becoming clear that many more 
experiments need to be performed to 
study initial steps of the NER process. 
These studies should address the follow-
ing questions: (i) the precise sequence of 
events occurring during the repair process 
(ii) the characterization, (iii) the identifi-
cation of the limiting steps taking place 
in this process and (iv) the nature of the 
different factors and their interactions. To 
address these questions, new methods like 
single-molecule approaches might provide 
important and new insights.32 These tech-
niques (force- or fluorescence-based tech-
niques) not only allow the identification 
of sub-populations but also probe reaction 
intermediates. An important point is that 
the identification of rate-limiting steps 
in a chemical reaction does not rely on 
the formation of products or detectable/
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