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Nucleotide excision repair (NER) has allowed bacteria to flourish in many different niches
around the globe that inflict harsh environmental damage to their genetic material. NER is
remarkable because of its diverse substrate repertoire, which differs greatly in chemical
composition and structure. Recent advances in structural biology and single-molecule
studies have given great insight into the structure and function of NER components. This
ensemble of proteins orchestrates faithful removal of toxic DNA lesions through a multistep
process. The damaged nucleotide is recognized by dynamic probing of the DNA structure
that is then verified and marked for dual incisions followed by excision of the damage and
surrounding nucleotides. The opposite DNA strand serves as a template for repair, which is
completed after resynthesis and ligation.

During the emergence of bacterial life some 3
billion years ago, the amount of solar radi-

ation reaching the surface of Earth may have
been two to three orders of magnitude higher
than current levels. This environmental insult
helped to fashion efficient DNA repair mecha-
nisms that coemerged with bacteria and shaped
the evolution of life (Canuto et al. 1982; Oró
et al. 1990; Cnossen et al. 2007). UV light in-
duces two major photoproducts in DNA: a cy-
clobutane pyrimidine dimer and a 6-4 photo-
product at a ratio of 3:1 that are repaired by two
evolutionarily conserved processes called pho-
toreactivation and NER. A third type of repair of
UV-induced photoproducts has been found in
some organisms and is covered in detail else-
where. The removal of UV-induced cyclobutane

pyrimidine dimers by NER was first described in
Escherichia coli in 1964 by the pioneering work
of Bill Carrier and Dick Setlow (Setlow and
Carrier 1964) and independently by Dick Boyce
and Paul Howard-Flanders (Boyce and Howard-
Flanders 1964). During the mid-1980s, the
cloning of uvr genes, the overexpression and
purification of their gene products, and the sub-
sequent reconstitution of the NER process by
Dean Rupp, Aziz Sancar (Sancar et al. 1981;
Sancar and Rupp 1983; Thomas et al. 1985),
and Larry Grossman (Yeung et al. 1983) ushered
in an exciting biochemical era of prokaryotic
NER. During the past decade, the structural bi-
ology of Uvr proteins and the DNA lesions upon
which they act have allowed an unprecedented
understanding of the structure and function of
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prokaryotic NER proteins (Van Houten 1990;
Theis et al. 2000; Van Houten et al. 2005; Truglio
et al. 2006a; Goosen and Moolenaar 2008; Goo-
sen 2010). Here, we review our current know-
ledge of prokaryotic NER, first discussing global
genome repair and then transcription-coupled
repair below.

OVERVIEW OF BACTERIAL NER

The process of NER in prokaryotes and eukary-
otes is highly conserved and can be viewed in
discrete steps: damage detection, damage veri-
fication, incision, excision, and DNA ligation.
DNA repair is initiated in two major ways in
prokaryotes (Fig. 1). First, damage can be de-
tected by UvrA acting in concert with UvrB.
Alternatively, if the damage is first encountered
by an RNA polymerase (RNAP) that stalls at the
damaged site, the action of a transcriptional-
repair coupling factor (TRCF; also known as
Mfd) is necessary to dislodge the stalled RNAP
and recruit the UvrAB machinery to the dam-
aged site. The subsequent steps in the process
are the same. The damage is passed from UvrA
to UvrB, which separates the two DNA strands
to verify the position of the lesion, initiating
the release of UvrA. UvrB forms a tight scaffold
on the DNA for the arrival of UvrC, which con-
tains two nuclease domains that cleave the
phosphodiester bonds 8 nucleotides 50 and 4–
5 nucleotides 30 to the damaged site. In some
bacterial species, such as E. coli, a second nucle-
ase, UvrC homolog (Cho), has been found that
nicks 4 nucleotides farther away than the nor-
mal cleavage site on the 30 side of the lesion
(Moolenaar et al. 2002). The postincision com-
plex is displaced by the dual action of UvrD
(helicase II) and DNA polymerase I (Pol I)
that together work to excise the damage-con-
taining oligonucleotide and allow turnover of
the UvrB and UvrC proteins while filling in
the resulting gap using the remaining comple-
mentary strand (Caron et al. 1985; Husain et al.
1985). The final step is achieved by the action of
DNA ligase, which seals the newly created repair
patch (Fig. 1).

One remarkable feature of NER in both pro-
karyotes and eukaryotes is its ability to recog-

nize and remove a large number of DNA lesions
induced by a wide variety of environmental
agents that differ dramatically in their chemical
and structural composition (for review, see Van
Houten et al. 2005; Truglio et al. 2006a). There
is good agreement that the efficiency of NER
in both systems is directly correlated with the
structural distortion and subsequent destabili-
zation of the DNA helix (Liu et al. 2011). DNA
undergoes rapid structural changes, and dam-
age detection is a highly dynamic process. Pio-
neering work by Nick Geacintov and Suse
Broyde, who have combined biochemical and
structural studies with molecular dynamics,
showed that the UvrABC proteins can sense
the lesion-induced distortion in a highly dy-
namic manner (Jia et al. 2009; Liu et al. 2011).
Because of its general DNA damage-detection
capabilities, the UvrABC system has been found
to work on DNA substrates other than photo-
products, ranging in size from abasic sites to
polycyclic aromatic hydrocarbon adducts (for
review, see Van Houten et al. 2005; Truglio
et al. 2006a). Recent work has suggested that
even protein–DNA cross-links up to 10 kDa in
size, and adjacent base damage induced by oxi-
dative damage can be efficiently processed by
the UvrABC system (Minko et al. 2005; Nakano
et al. 2005; Imoto et al. 2008; Salem et al. 2009).

INITIAL DAMAGE RECOGNITION:
THE ROLE OF UvrA

UvrA is the first of the four Uvr proteins within
the NER cascade to interact with the DNA and is
the initial damage sensor in the prokaryotic
NER pathway. Surprisingly, UvrA’s affinity for
nondamaged DNA is only two- to fivefold less
than that for damaged DNA (Croteau et al.
2006). UvrA belongs to the ATP-binding cas-
sette (ABC) superfamily of ATPases (Doolittle
et al. 1986; Junop et al. 2001), which couple ATP
hydrolysis to different cellular functions such as
transport, ribosome biogenesis, chromosome
condensation, and DNA repair (Junop et al.
2001; Hopfner and Tainer 2003; Locher 2004;
Lebbink and Sixma 2005). Two nucleotide-
binding domains (NBD-I and NBD-II) either
from the same or different polypeptides form
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Figure 1. Schematic representation of the prokaryotic NER pathways. In global genome repair (GGR), the
genome is scanned by the heterotetrameric UvrA2 –UvrB2 complex in search for damaged nucleotides causing
large conformational changes. In transcription-coupled repair, the repair process is initiated by a stalled RNA
polymerase on an actively transcribed gene through the interaction of the RNA polymerase with Mfd, which
recruits the UvrA dimer or a UvrA2 –UvrB heterotrimer to the site of the lesion. Both mechanisms converge into
the same pathway and proceed with damage verification by UvrB followed by 30 and 50 incisions catalyzed
through UvrC. The helicase activity of UvrD is required for the removal of UvrC. The incised strand is excised
and repair is completed after the repair patch is synthesized by DNA polymerase I and DNA ligase seals the nick.
All protein structures in this figure, with the exception of UvrB, are shown with a transparent surface and in
ribbon presentation. UvrB is shown with its surface in orange for domains 1 to 3, and the b-hairpin is shown in
cyan. C-ter, Carboxy terminal; N-ter, amino terminal.
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the ABC ATPase domain that harbors the Walk-
er A motif and a Q loop for nucleotide binding,
the Walker B motif, the D loop, the ABC signa-
ture (Leu-Ser-Gly-Gly-Gln), and a His loop (see
Fig. 2) (Smith et al. 2002). Interestingly, each
UvrA monomer possesses two ABC modules,
and within the dimeric UvrA, four nucleotide-
binding sites are potentially formed through
intermolecular or intramolecular interactions
(Gorbalenya and Koonin 1990). The first struc-
ture of UvrA from the thermophilic prokaryote
Bacillus stearothermophilus (PDB entry 2R6F),

from the Verdine group, clearly showed that all
four nucleotide-binding sites are formed in an
intramolecular fashion; that is, the nucleotides
are located within the monomers, thus provid-
ing a direct explanation for why UvrA can also
dimerize in the absence of a nucleotide (Fig. 2)
(Pakotiprapha et al. 2008). All four NBDs in the
structure were occupied with ADP, which was
present in the crystallization buffer.

Specific to its function, UvrA also possesses
additional domains. Within the amino-termi-
nal NBD, two additional domains are inserted,

UvrB
binding

UvrB
binding

ATP-
binding II Zinc finger I

Zinc finger II

Zinc finger III

Insertion

ATP-
binding I

K680

R691
Y700

T699
R708

N730
S728G725

K724

Signature I

Insertion

Signature II

Figure 2. (Top) Different UvrA domains are shown schematically in the linear polypeptide using the same color
codes as are in the ribbon presentations for the different domains within UvrA. (Left) Enlargement of the DNA-
binding region of UvrA (PDB entry 2R6F) from B. stearothermophilus. (Center) Superposition of the apo- and
DNA-bound UvrA structures. For clarity, two of the monomers are shown as Ca-trace in gray and red, whereas
the other two are shown in different shades of gray and in ribbon presentation. (Right) The UvrA2 –DNA
complex from Thermotoga maritima (PDB entry 3PIH). The color code is the same throughout the figure
with the exception of the superposition, and the DNA is shown in orange for the backbone and blue-green
spokes for the bases. (Bottom) Structure of the UvrA2 –UvrB2 complex (PDB entry 3UWX). The two UvrB
molecules are shown in gold.
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one of which has been identified as the UvrB-
binding domain (residues 118–257) and the
other as the insertion domain (residues 287–
398). Furthermore, each UvrA monomer coor-
dinates three Zn ions. The first Zn ion is located
between signature domain I (part of NBD-I)
and the UvrB-binding domain, the second is
located between signature domain I and the in-
sertion domain, and the third connects the he-
lical region of signature domain II (part of
NBD-II) to the dimer interface. Thus, all three
Zn ions seem to have an important structural
role in addition to the proposed role of the third
Zn ion that is believed to interact with DNA to
facilitate the recognition specificity for the
damage (Navaratnam et al. 1989; Visse et al.
1993; Wang et al. 1994; Moolenaar et al. 2000;
Croteau et al. 2006; Truglio et al. 2006a).

Despite the immense insights gained from
the B. stearothermophilus UvrA structure and
subsequent structures of UvrA from Deinococcus
radiodurans (Timmins et al. 2009), it remained
unclear how DNA is bound to UvrA and, even
more importantly, how damage is perceived.
The subsequent structural characterization of
UvrA from Thermotoga maritima (PDB entry
3PIH) in complex with double-stranded DNA
(dsDNA) containing damage on both strands by
Nowotny’s group revealed how the DNA is
bound within the UvrA dimer and, importantly,
provided a first glimpse of where the damage
could be located (Jaciuk et al. 2011). A compar-
ison of the apo–UvrA structure with the DNA-
bound structure clearly showed that most of the
domains within the monomers can be readily
superimposed, especially the two ATP-binding
domains, which seem to form a rigid core. The
only exceptions are the insertion domain and
signature domain II. The insertion domain,
however, seems to be very flexible, and the in-
vestigators cannot exclude the possibility that
the difference in position is due to crystal con-
tacts, whereas the altered position of signature
domain II leads to an open dimer conformation.
The relative position of the two UvrA monomers
to each other thus changes upon DNA bind-
ing, which seems to be required for binding of
the distorted, damage-containing DNA (Fig. 2).
The DNA is bound in a cleft formed by the UvrA

dimer, and interactions of the UvrA dimer with
the DNA can only be observed with the DNA
backbone, thus explaining how UvrA can bind
to different lesions in different sequence con-
texts (Truglio et al. 2006a). Importantly, it was
also observed that the most extensive interac-
tions between the protein and the DNA are re-
stricted to four consecutive nucleotides at the
ends of the dsDNA fragment and signature do-
main II of T. maritima UvrA (residues Gly-670,
Thr-679, Tyr-680, Arg-688, Lys-704, Ser-705,
Ser-708, and Asn-710), thus implying that var-
ious DNA substrates with vastly varying back-
bone distortions could be held in place. In addi-
tion, the analysis of Bacillus caldotenax UvrA
revealed that Lys-680 and Arg-691 contribute
significantly to DNA binding, because a Lys-
680-Ala/Arg-691-Ala UvrA variant binds a 50-
bp damage-containing substrate 37-fold less
tightly (Croteau et al. 2008). Interestingly, the
Zn finger that is inserted into signature domain
II points toward the damage within the duplex
but does not form direct contacts to the DNA. A
superposition with the apo–UvrA structure
with bound ADP reveals that this Zn finger
would sterically interfere with DNA binding if
it would maintain its same position and is thus
rotated away from the dimer interface. These
observations are in good agreement with bio-
chemical data that showed that deletion of the
Zn finger increases the affinity for fluorescein-
containing DNA but also reduces the specificity
for modified DNA (Croteau et al. 2006).

The only caveat in this structural analysis is
the use of a DNA duplex that contains damage
on both strands and is thus not an ideal substrate
for NER (Jaciuk et al. 2011). The authors ob-
served that fluorescein-modified thymines are
slightly pushed out of the double helix, leading
to an increase in the stretch and shear values of
the surrounding bases. The DNA shows an over-
all unwinding of �208 and bending by 158. On
the basis of this observation, they speculate that
these weaker base pairs can cause a general de-
stabilization of the double helix that is sensed by
the protein and thus allows the recognition of
lesions that differ greatly in structure and chem-
istry by an indirect readout mechanism. As a
dimer, UvrA is ideally positioned to probe the
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DNA for the possibility of bending and unwind-
ing. One could envision one hand (the signature
II domains) in each monomer holding on to the
DNA at a certain distance away from the lesion
and probing for the presence of an altered nu-
cleotide by bending the DNA, assessing the ri-
gidity of the DNA in between. This dynamic
model of damage recognition such that UvrA
is constantly testing the structural mobility of
the DNA is supported by biochemical and mo-
lecular dynamic modeling data in which a ben-
zo[a]pyrene diol epoxide-N2-guanine adduct
that is flanked by Cs is processed twofold more
slowly compared to the same lesion flanked by Ts
(Ruan et al. 2007; Cai et al. 2009). Such a dy-
namic recognition mechanism immediately also
explains the necessity for damage verification. In
this scenario, UvrAwould never interact directly
with the damage and an additional protein is
required to ensure that the locally destabilized
region is a result of the presence of a lesion.

UvrB: THE CENTRAL PLAYER IN
PROKARYOTIC NER

The above-described recognition mechanism
calls for a second protein that verifies the pres-
ence of the damage. UvrB assumes a central
position in the NER pathway because it interacts

not only with UvrA but also with all other pro-
teins in the pathway: UvrC, UvrD, and DNA Pol
I. UvrB is structurally well characterized and has
been solved in its apo form (PDB entries 1D9Z,
1D2M, 1C4O, and 1T5L), in complex with ATP
(PDB entry 1D9X) and in complex with DNA
(PDB entries 2FDC, 2NMV, and 2D7D) (Ma-
chius et al. 1999; Nakagawa et al. 1999; Theis
et al. 1999; Truglio et al. 2004, 2006a; Eryilmaz
et al. 2006; Waters et al. 2006). UvrB is a super-
family 2 (SF2) DEAD-box family helicase that
exhibits only weak helicase and ATPase activity
(Theis et al. 2000); the latter is only activated
after interaction with UvrA and damaged DNA
or when its autoinhibitory domain 4 is removed
(Wang et al. 2006).

The protein contains the classical SF2 RecA-
like domains (Fig. 3, domains 1A and 3) and
three auxiliary domains specific to its function.
Domain 1B provides additional interactions
with the DNA, whereas domain 2 exclusively
interacts with UvrA and domains 2 and 4 have
been shown to interact with UvrC and UvrA
(Truglio et al. 2006a). Domain 4 is linked to
domain 3 by a flexible linker and so far has
not been solved as part of the entire protein
but only as a separate fragment (PDB entries
1E52 and 1Q0J) (Sohi et al. 2000; Alexandrovich
et al. 2001). A critical feature with respect to the

Domain 1Bβ-Hairpin

Domain 3

Domain 1A
Domain 2

Domain 4

Y92

Y93

Y95

Y96

HD1 HD2

2 1B 4

Figure 3. (Top) The UvrB structure is shown schematically within the linear polypeptide. In addition to the colors
that match the color coding of the different domains in the structure below, the location of the helicase motifs is
indicated by small orange bars. (Left) Overall structure of UvrB in the presence of DNA (PDB entry 2FDC).
(Center) The dimeric carboxy-terminal domain of UvrB is shown in ribbon presentation in gray. (Right) Enlarge-
ment of the region of the b-hairpin. Residues Tyr-92, Tyr-93, Tyr-95, and Tyr-96 are shown in stick presentation.
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damage verification process is the b-hairpin in
the first RecA-like domain that bridges domains
1A and 1B (Theis et al. 1999). Several studies
identified this structural motif as well as specific
residues within the b-hairpin as important de-
terminants in the damage verification process
(Moolenaar et al. 2001, 2005; Skorvaga et al.
2002, 2004). The structure of a UrvB–DNA
complex (PDB entry 2FDC) further supported
two previously proposed concepts: the “pad-
lock” model (Theis et al. 2000) and the base-
flipping model (Malta et al. 2006, 2008). This
new structure showed that one DNA strand
threads behind the b-hairpin, in which one
base is flipped into a hydrophobic pocket,
whereas the other remains on the surface of
the protein (Truglio et al. 2006b). So far, how-
ever, it is unclear as to which strand harbors the
damage. Several studies suggest that the damage
is located on the outer strand and directly inter-
acts with one of the tyrosine residues of the b-
hairpin, which is located on the outer surface of
this motif (Sancar et al. 1984; Zou et al. 2004).
Other experiments are compatible with the sug-
gestion that the damage is located on the inner
strand (Malta et al. 2006; Waters et al. 2006),
positioning it directly in front of the plough-
share of the helicase, that is, the b-hairpin. In
this model, Tyr-96 could interrogate the DNA
for damaged bases through stacking interac-
tions (Van Houten and Snowden 1993; Skor-
vaga et al. 2002, 2004). Based on this model, it
was assumed that it would be sterically impos-
sible for the damage to be accommodated be-
hind the b-hairpin, thereby creating the signal
that the damage is present. Surprisingly, how-
ever, recent molecular modeling and molecular
dynamic simulations have shown that ben-
zo[a]pyrene-modified DNA could be accom-
modated on the inner strand and positioned
in a pocket behind the b-hairpin (Jia et al.
2009). Furthermore, the investigators suggest
that the position of the damage is highly depen-
dent on the size, shape, and conformation of the
lesion and could therefore be located behind the
b-hairpin or directly in front of theb-hairpin as
suggested above.

An additional important aspect regarding
UvrB is its functional composition. Several

studies suggested that UvrB or the preincision
complex containing UvrB bound to damaged
DNA forms a dimer (Hildebrand and Gross-
man 1999; Verhoeven et al. 2002b; Moolenaar
et al. 2005; Wang et al. 2006), and the structural
analysis of the carboxy-terminal fragment of
UvrB further supported this hypothesis (Sohi
et al. 2000; Alexandrovich et al. 2001). However,
other studies indicate that UvrB is monomeric
(Orren and Sancar 1989; DellaVecchia et al.
2007) and the UvrB crystal structures contain-
ing domains 1–3 provided no indication for a
dimer. Very recently, the structure of Bacillus
subtilis UvrB was solved in complex with sin-
gle-stranded DNA and a nonhydrolyzable ATP
analog, AMPPCP, at 3.25-Å resolution; for the
first time, the structure reveals a dimer interface
along domains 2 and 3 as well as the b-hair-
pin, and thus, the dimer assumes a head-to-
head orientation (Webster et al. 2012). How-
ever, the relevance of this dimer interface with
respect to UvrBs from other organisms requires
further analysis, because the investigators also
state that the location of residues 590–595 in
the monomeric B. caldotenax structure would
interfere with the observed dimer interface
and, interestingly, the electron density of the
B. subtilis structure does not extend beyond res-
idue 590.

THE UvrA–UvrB COMPLEX

UvrA and UvrB work together as a complex
to accomplish damage recognition and damage
verification. Fluorescence resonance transfer
studies from the Goosen group (Malta et al.
2007) have shown unambiguously that the
complex formed between UvrA and UvrB con-
tains two molecules of each protein. This stoi-
chiometry was also confirmed using red or
green Qdot-labeled UvrBs that were found to
interact only in the presence of UvrA (Kad et
al. 2010).

Recent single-molecule studies using a nov-
el DNA tightrope approach and oblique angle
fluorescent microscopy have provided initial in-
sights into how the UvrAB complex scans DNA
for damage. It was shown that UvrA alone forms
a dimer on the DNA and performs a three-
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dimensional (3D) search in the presence and
absence of ATP. UvrA only binds for a short
time of about 7 sec to the DNA and can also
jump from one DNA molecule to another
(Kad et al. 2010). In the presence of UvrB,
�17% of the complexes perform a one-dimen-
sional search accompanied by a sixfold increase
in residence time, whereas the other UvrA2–
UvrB2 complexes continue a 3D search. The
sliding on the DNA was complex, showing ran-
dom walks and directed and paused motions.
Combined, these search mechanisms could sig-
nificantly increase successful damage recogni-
tion (Kad et al. 2010), and this research thus
provides a first glimpse of how the NER proteins
can scan an entire genome efficiently for the
presence of lesions.

Currently, it is not known how the DNA is
bound to the UvrA2–UvrB2 complex nor the
relative orientation of the two UvrB molecules
with respect to the UvrA dimer in the presence of
damaged DNA. Previous studies suggested that
the DNA is bent and wrapped around UvrB (Shi
et al. 1992; Hsu et al. 1994; Verhoeven et al. 2001,
2002b), whereas no wrapping of UvrA was ob-
served (Van Houten et al. 1987, 1988; Shi et al.
1992; Verhoeven et al. 2001). More recently, cap-
illary electrophoresis coupled with laser-in-
duced fluorescence polarization studies showed
that UvrA facilitates wrapping of the DNA
around UvrB (Wang et al. 2009). Interestingly,
wrapping may be coupled to the helicase ac-
tivity of UvrB. A b-hairpin mutant that lost
its helicase activity also displayed a smaller de-
gree of wrapping. Furthermore, wrapping was
reduced when a DNA substrate was used that
contained mismatches around the lesion that
mimic a melted DNA structure, thus suggesting
that wrapping is important for local melting of
the DNA around the lesion (Wang et al. 2009).
However, this process may only be required in
mesophilic organisms and was not observed in
thermophilic prokaryotes.

In the fluorescence studies mentioned above,
the investigators also show that UvrB forms a
dimer in the presence of UvrA, that is, in the
UvrA2–UvrB2 complex (Malta et al. 2007).
This dimeric form of the UvrA2–UvrB2 complex
was observed in the absence of DNA but also in

the presence of damaged DNA and, importantly,
when both proteins are in the ATP-bound state.
These observations are in contrast to the very
recently published structure of the UvrA2 –
UvrB2 complex from Geobacillus stearothermo-
philus (Pakotiprapha et al. 2012), in which the
two UvrB molecules are located �145 Å apart
from each other and positioned �80 Å away
from the lesion (Fig. 2). These discrepancies
could highlight the importance of the bound
nucleotide toward the conformation of the
different complexes. Unfortunately, identifica-
tion of the nucleotides bound in the UvrA2 –
UvrB2 structure was not possible because of
the low resolution of the structure. The investi-
gators compare two distinct UvrA conforma-
tions: an open-tray UvrA dimer, previously ob-
served in the UvrA–DNA complex (Jaciuk et al.
2011), and a closed-groove configuration in the
UvrA2–UvrB2 complex, in which the DNA-
binding surface in the UvrA dimer adopts a
deep and narrow channel. The transition from
one form to the other can be achieved through
a helical rotation of each UvrA monomer along
a shared axis along the DNA-binding surface.
In the closed conformation, UvrA interacts
with UvrB through domain 2 of UvrB and the
UvrB-interacting domain within UvrA as well
as through UvrB’s domain 1B and UvrA’s signa-
ture domain II. In the open-tray conformation,
these simultaneous interactions are not possible
and are most likely restricted to domain 2 of
UvrBand the UvrB-interacting domain of UvrA.

Based on these conformational differences,
the investigators suggest a mechanism for effi-
cient damage recognition. Initially, the UvrA2–
UvrB2 complex may bind in its open-tray form
to DNA, thus allowing binding to damaged
and nondamaged DNA. The interaction with
DNA leads to a conformational change to-
ward the closed-groove state that is only possi-
ble in the presence of nondamaged DNA. If
the closed-groove conformation can be accom-
plished, nondamaged DNA was encountered
that would trigger the reversal to the open-tray
state. If, on the other hand, damaged DNA is
encountered, the transition to the closed-groove
conformation would be inhibited and thus the
UvrA2–UvrB2 complex would be trapped most
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likely in the open or partially open state. Sub-
sequently, UvrA would dissociate, leaving UvrB
bound to the DNA in the preincision complex.
Both UvrB molecules would then be located at
a distance of �80 Å from the lesion and must
translocate toward the damage. This movement
would be accomplished on opposite DNA
strands toward the lesion, yielding the UvrB
dimer in close proximity to the lesion. Loading
of UvrC would interrupt the UvrB dimer inter-
face, and concomitantly one UvrB molecule
would dissociate from the DNA.

This model seems very reasonable with the
data derived from the UvrA2–UvrB2 complex
structure. However, the fluorescence resonance
energy transfer data described above suggest
that the two UvrB molecules in the UvrA2–
UvrB2 complex are sufficiently close to allow
energy transfer, which is a function of 1/r6,
and thus propose that the UvrB molecules are
within 4–9 nm of each other in the UvrA2–
UvrB2 complex. Combined, these results clearly
indicate that more data are required to decipher
the damage-recognition process. One could
easily envision a combination of all three con-
formations: the open tray, the closed groove, as
well as the conformation in which the two UvrB
molecules are in close proximity to each other.
Determining at which point in the pathway
each of these conformations will be assumed
will require more snapshots of the UvrA2–
UvrB2 complex, possibly in different nucleo-
tide-bound states, as well as in the presence of
unmodified and damaged DNA. To this end, it
is interesting to note that, as mentioned above,
UvrB changes UvrA’s 3D search into a sliding
mechanism (Kad et al. 2010) and that binding
of UvrB can overcome mutations in UvrA that
greatly decrease UvrA’s overall binding affinity
to allow proper loading of UvrB and subsequent
incisions (Croteau et al. 2008). Together, these
two observations indicate that UvrB makes sig-
nificant contact with DNA within the UvrA2–
UvrB2–DNA complex.

THE ENDONUCLEASES UvrC AND Cho

Once damage recognition has been achieved
and the preincision complex has formed, NER

proceeds by the recruitment of UvrC. It is cur-
rently unclear whether two UvrB molecules
(Verhoeven et al. 2002b; Moolenaar et al. 2005)
are present at this stage or whether just one
UvrB molecule is present (Orren and Sancar
1989). UvrC interacts with UvrB’s carboxy-ter-
minal domain to form a complex that leads to
the subsequent incision of the damage-contain-
ing strand (Hsu et al. 1995). The UvrC protein is
the smallest of the four Uvr proteins and con-
tains two distinct catalytic sites that are respon-
sible for the 30 and 50 incision reactions and
can be inactivated independently (Lin and San-
car 1992; Verhoeven et al. 2000; Truglio et al.
2005; Karakas et al. 2007). The amino-terminal
domain harbors the catalytic residues for the 30

incision that is achieved at the fourth or fifth
phosphodiester bond 30 to the damaged site.
The fold and sequence of this domain share
homology with the catalytic domains of mem-
bers of the GIY-YIG endonuclease superfamily
(Fig. 4) (Truglio et al. 2005). The structure of
this domain revealed that the surface toward the
active site can be described as shallow and con-
cave and could readily accommodate dsDNA
(Truglio et al. 2005). This is in good agreement
with biochemical data showing that the 30 en-
donuclease site requires the presence of dsDNA
(Zou and Van Houten 1999). Interestingly, how-
ever, this domain by itself does not bind to DNA
and requires other regions of UvrC for catalysis.
An additional feature of this domain is the pres-
ence of only one metal ion in the active site
coordinated by a glutamic acid and five water
molecules. On the basis of this geometry, a novel
one-metal mechanism for cleavage of the phos-
phodiester bond was proposed (Truglio et al.
2005), in which the function of the Lewis acid
is fulfilled by the divalent cation, the general
acid is a metal-coordinated water molecule,
and the general base is a tyrosine residue.

In between the two catalytic domains, UvrC
harbors a UvrB-interacting region (Hsu et al.
1995) that is required for 30 incision (Moole-
naar et al. 1995, 1998) but not for 50 incision
(Moolenaar et al. 1995). The carboxy-terminal
half of UvrC contains the catalytic domain re-
sponsible for 50 incision at the eighth phos-
phodiester bond 50 to the damaged site and,
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remarkably, despite the lack of sequence conser-
vation, shares significant structural homology
with the RNase H enzyme family, with an un-
common DDH triad instead of the common
DDE triad at the active site (Karakas et al.
2007). Further studies suggested that the DDH
triad should be extended to a DDKH motif.
Interestingly, the surface opposite from the ac-
tive site contains several positively charged con-
served amino acids, and a mutational analysis
showed that this surface is important to create a
protein–DNA interface that influences both in-
cision reactions (Karakas et al. 2007).

A flexible linker connects the 50 catalytic do-
main to the carboxyl terminus that harbors two
helix-hairpin-helix (HhH) motifs (Aravind
et al. 1999). These motifs are also found in other
proteins and have been shown to interact non-
specifically with DNA through contacts to the
phosphate backbone of the minor groove (Shao
and Grishin 2000; Singh et al. 2002). The HhH
motif in UvrC is essential for 50 incision and
may also be required for 30 incision when the
lesion is located within a certain sequence con-
text (Verhoeven et al. 2002a). On the basis of
the structure of the carboxy-terminal half of
UvrC containing both the catalytic domain re-
sponsible for 50 incision and the HhH motifs, a
model was proposed as to how UvrC may form
a productive protein–DNA complex to accom-

plish the second incision reaction (Karakas et al.
2007).

An additional member of the NER pathway
in some branches of prokaryotes (including
E. coli, Salmonella, Mycobacterium, and Clostrid-
ium) is the endonuclease Cho (UvrC homolog),
which is up-regulated during the SOS response
inE.coli (Moolenaaretal.2002;VanHoutenetal.
2002). Interestingly,UvrC, incontrast, istheonly
one of the three UvrABC proteins that is not SOS
up-regulated(Moolenaaretal.1987).Choshares
homology with the amino-terminal half of UvrC
and accordingly can catalyze the 30 incision, al-
beit at a distance, which is 4 nucleotides farther
away from the lesion compared to the 30 incision
performed by UvrC. It was proposed that Cho
may be a backup endonuclease in some bacteria
when the lesion may be too bulky or other steric
blocks occur and thereby prevent 30 incision by
UvrC (Moolenaar et al. 2002; Van Houten et al.
2002).Onecouldspeculate that thebacterial spe-
cies possessing Cho live in a specific niche and
that this environment causes a unique type of
DNA damage. As a member of the NER pathway,
Cho forms a complex with UvrB but requires a
different region for this interaction in compari-
son to UvrC, which may also explain the differ-
ence in incision because it may be positioned
differently toward the DNA in the UvrB–Cho–
DNA complex (Moolenaar et al. 2002).

UvrBCGIY-YIG
endonuclease

domain

RNAse H
endonuclease

domain

(HhH)2
domain

Cyseine-
rich

region

Figure 4. (Top) Schematic representation of UvrC. No complete structure of UvrC has been solved so far.
(Bottom) The two structures from T. maritima represent the 30 catalytic GIY-YIG domain (PDB entry
1YCZ) and the 50 RNase H-like catalytic domain as well as the very carboxy-terminal HhH motif (PDB entry
2NRT).
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POSTINCISION EVENTS

As mentioned above, both UvrD and Pol I are
required for multiple rounds of NER (Caron
et al. 1985; Husain et al. 1985). E. coli UvrD is
a DNA helicase belonging to superfamily 1
(SF1) members including RecBCD, PcrA, and
Rep helicases and has a broad role in DNA
transactions including mismatch repair, repli-
cation, recombination, and NER (Dillingham
2011). UvrD, like other SF1 and SF2 helicases,
is folded into four domains: 1A, 1B, 2A, and
2B (see Fig. 5). The ternary UvrD–DNA–ATP
complexes of Wei Yang’s group provided snap-
shots of UvrD in several different conforma-
tions along its reaction trajectory and gave im-
portant insights into its mechanism of DNA
unwinding (Lee and Yang 2006). Splicing to-
gether these fascinating structures into mole-
cular movies revealed that ATP binding at the
interface of domains 2A and 1A induces a large
conformational change in the protein, caus-
ing one-base-pair unwinding. Subsequent ATP
hydrolysis allows translocation of the UvrD
complex in a 30 ! 50 direction on the single-
stranded DNA through the motion of the gating
helix of 1B. Analysis of site-specific point mu-

tations indicated that residues 620–623 in do-
main 2A containing a Tyr-621 at the tip of the
separation pin are essential for helix unwinding.
Additional residues in the GIG motif and the
adjacent Arg-421 of 2B make important con-
tacts with the DNA duplex. Biochemical analy-
sis showed that UvrD is capable of unwinding at
a nick, and it would appear that dissociation of
DNA strands .18 bp long requires UvrD to act
as a dimer to translocate on both strands (Run-
yon et al. 1990; Brosh and Matson 1997; Fischer
et al. 2004). However, the precise stoichiometry
of UvrD at the site of the UvrB–UvrC–DNA
postincision complex is not yet known. It is also
unknown how UvrD binds to the 50 incision
site, which is probably occluded by UvrB and/
or UvrC. Bulk biochemical studies have sug-
gested that UvrD acts to release UvrC and the
damage-containing oligonucleotides, whereas
Pol I is required to displace UvrB, which stays
bound to the nondamaged strand (Orren et al.
1992; Manelyte et al. 2009). These bulk studies
need to be confirmed using direct visualization
of single molecules using the tools of atomic
force microscopy (Wang et al. 2008) and fluo-
rescence microscopy (Kad et al. 2010).

UvrD has been shown to interact with UvrA
and UvrB separately but not with the UvrAB
complex (Ahn 2000). Subsequent work using
two-hybrid screens and surface plasmon reso-
nance approaches indicated that the unstruc-
tured carboxyl terminus of UvrD is required
for its interaction with the first 414 amino acids
of UvrB, although deletion of this UvrD do-
main did not greatly sensitize E. coli to killing
by UV light (Manelyte et al. 2009). This may be
due to the additional interaction domain 1A of
UvrD, which was shown to interact with UvrB
by two-hybrid analysis. These two regions of
UvrD have also been shown to interact with
MutL during mismatch repair (Matson and
Robertson 2006). It is interesting to note
that B. subtilis PcrA, which acts like UvrD to
displace UvrC, also contains an unstructured
carboxy-terminal domain that is absent from
Rep helicase (Manelyte et al. 2009). In addition,
UvrAB has been shown to stimulate UvrD’s
helicase activity at a nick, which was specific
for UvrD and probably not related to UvrAB

1A

1B 2B

2A

Domain 2B

Domain 1B

Domain 1A

Domain 2A

Figure 5. Schematic representation of UvrD from
E. coli. The two RecA-like domains 1A and 2A are
shown in yellow and red, respectively, and the in-
serted domains 1B and 2B in cyan and green. The
DNA is shown in gray (PDB entry 2IS2). In the se-
quence above, the helicase motifs are indicated by
orange bars.
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helix-destabilizing activity, because Rep helicase
was not be stimulated by UvrAB (Atkinson et al.
2009).

Repair synthesis absolutely requires the ac-
tion of both UvrD and Pol I (Husain et al. 1985;
Orren et al. 1992), and Pol I cannot access the
nick without previous removal of UvrC by the
action of UvrD. Analysis of the repair synthesis
reaction in the presence of DNA ligase indicated
that �90% of the events were simple gap filling
and ,10% involved nick translation to repair
tracts .12–13 nucleotides long (Van Houten
et al. 1988). Gap filling did not require UvrD
and addition of UvrD did not alter the size of
the repair patch.

COUPLING REPAIR TO TRANSCRIPTION

A remarkable feature of RNAP (RNA polymer-
ase) is that once transcription is underway, it is
tightly bound to DNA and does not dissociate.
Therefore, RNAP stalled at a DNA lesion on the
transcribed strand represents a special problem
that the bacterial cell must resolve. RNAP ap-
pears to arrest at most lesions that are repaired
by NER (for review, see Dreij et al. 2008).

Seminal work by Chris Selby and Aziz San-
car led to the model showing that the TRCF/
Mfd protein is both necessary and sufficient to
displace the stalled RNAP and recruit the NER
machinery to the damaged site. The complete
E. coli Mfd structure was solved by Nigel Savery’s
and Seth Darst’s groups and gave great insight
into how Mfd functions to facilitate repair at a
transcription-blocking lesion (Deaconescu et al.
2006). The monomeric E. coli Mfd (130 kDa)
was found to be folded into eight domains: the
amino-terminal region, comprising a three-do-
main UvrB homology module, BHM (D1A, D2,
and D1B) (Assenmacher et al. 2006); a poorly
conserved region, D3; an RNAP interaction do-
main, D4 (RID); a translocation module con-
taining seven SF2 helicase motifs in domains 5
and 6; and a carboxy-terminal autoinhibitory
domain 7 (Fig. 6).

The RID of Mfd interacts directly with
RNAP through its b subunit. Critical contacts
for this interaction were elucidated by the struc-
tural characterization of the complex contain-

ing the Mfd-RID domain bound to the RNAP-
b1 domain, and the interface includes both salt
bridges and hydrophobic contacts among three
b strands in Mfd and two b strands in the b

subunit, thereby forming an extended b sheet
(Westblade et al. 2010). Once Mfd binds to
stalled RNAP molecules, using its translocation
module and ATP hydrolysis, Mfd pushes RNAP
in the direction of transcription. The force re-
quired to move RNAP is large and is probably
greater than RNAP itself, which is one of the
strongest DNA translocation motors known to
biology. However, this translocation is probably
insufficient for RNAP dissociation at a lesion.
Savery (2007) proposed that Mfd causes a col-
lapse of the transcription bubble through heli-
cal stress-induced translocation into RNAP. In
addition to the translocation domain, Mfd
shares significant homology with RecG, another
SF2 family member and DNA motor that is
involved in replication fork regression and re-
combination (Rudolph et al. 2010).

Deletion of the carboxy-terminal domain
or expression of carboxy-terminal domains
4–7 activates Mfd ATPase (Smith et al. 2007;
Murphy et al. 2009). These studies have three
important implications. First, domain 7 acts as
an autoinhibitory domain that maintains Mfd
in the repressed state. Second, Mfd undergoes
large conformational changes when it collides
with a stalled RNAP, causing its amino-terminal
domain to move away from the autoinhibitory
domain. This conformational switch allows the
BHM of Mfd to engage UvrA’s UvrB-interacting
domain, through specific contacts that should
be comparable to the interactions observed be-
tween UvrA and UvrB (Deaconescu et al. 2012;
Pakotiprapha et al. 2012). Finally, this confor-
mational change derepresses the ATPase motor
to allow Mdf to translocate on the DNA.

A working model first proposed by Hopf-
ner suggested that a UvrA dimer binds one
UvrB molecule and one Mfd molecule (Assen-
macher et al. 2006). Recent studies suggest that
UvrA’s interaction with Mfd is sufficient to over-
come UvrA mutations that abolish genome-
wide repair by inhibiting the ability to dis-
criminate damaged from nondamaged DNA
(Manelyte et al. 2010). Thus, it is possible that

C. Kisker et al.

12 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a012591

Spring Harbor Laboratory Press 
 at ALBERT EINSTEIN COLLOF MED on July 25, 2013 - Published by Coldhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


a heterotetrameric complex of two UvrAs, one
UvrB, and one Mfd molecule might form at
the site of a stalled RNAP, which, once displaced
from the damage site, could rapidly engage the
damage.

A head-on collision of RNAP with the rep-
lication machinery represents a serious train
wreck of a problem for the bacterial cell. O’Don-
nell’s group has shown that Mfd allows a repli-
cation restart by displacing RNAP and that this
replication restart did not require DnaB (Pome-
rantz and O’Donnell 2010; McGlynn et al.
2012). Mfd is widely conserved in bacteria,
and recently Mfd was shown to depress sponta-
neous mutation during the stationary phase in
B. subtilis (Ross et al. 2006). Mfd was also found
to potentially decrease transcriptional muta-
genesis by decreasing RNAP bypass of abasic
or nicked sites (Smith and Savery 2008) by direct

dissociation, although it had no effect on the
rate of transcription through an 8-oxodG ad-
duct or a uracil.

Campylobacter jejuni is a major food-borne
pathogen, and resistance to fluoroquinolones,
the major class of antibiotics used to treat en-
teric infections, is not uncommon. Recently,
C. jejuni containing mfd mutations was shown
to have a 100-fold reduction in the rate of spon-
taneous mutations to ciprofloxacin resistance,
whereas overproduction of Mfd increased the
rate of mutations (Han et al. 2008).

NusA is a protein associated with RNAP and
aids in both transcriptional elongation and ter-
mination. Graham Walker has recently shown
that the nusA11(ts) mutant is very sensitive to
killing by nitrofurazone and 4-nitroquinolone-
1-oxide but not through UV damage (Cohen
and Walker 2011). Because UvrA is essential

UvrB homology
module

UvrB homology
module

Domain 7

RID TRG
DNA translocation

module

DNA translocation
module

D1A D2 D3 D4 D5 (HD1) D6 (HD2) D7D1B

Figure 6. Mfd: The seven domains of the TRCF from E. coli, shown schematically (top) and in ribbon presen-
tation (bottom) (PDB entry 2EYQ). The UvrB homology module is indicated in different shades of blue, and the
remaining domains are displayed in orange, violet, yellow, green, and red. In the schematic presentation of the
polypeptide, the helicase motifs are shown in small orange bars and the TRG is shown in gray.
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for resistance to nitrofuranzome, it has been
proposed that NusA helps to recruit UvrA to
lesions resulting from this chemical (Cohen
and Walker 2011; Savery 2011). This intriguing
model awaits direct evidence of an interaction
of NusAwith stalled RNAP and UvrA at the site
of a nitrofuranzone lesion and/or demonstra-
tion of a loss of transcription-coupled repair for
this lesion in a nusA11 mutant.

CONCLUSIONS

The tremendous interest in NER accompanied
by new insights obtained through structural,
biochemical, and biophysical methods, as well
as the development and use of new single-mol-
ecule methods, have provided deep insights in-
to the prokaryotic NER pathway. Nevertheless,
many steps in this complex process await further
characterization. For example, it is now known
that the damage recognition complex is com-
posed of two UvrA and two UvrB molecules,
but exactly how these proteins interact dynam-
ically with damaged nucleotides to achieve high
specificity remains largely elusive. Further along
the NER pathway, similar questions arise. Are
two UvrB molecules bound at the site of a le-
sion? How is damage transferred from UvrA to
UvrB? Because UvrC binds tightly to DNA,
what keeps its dual nucleases from making spu-
rious incisions? How does the UvrB–UvrC–
DNA complex assemble and which conforma-
tional changes have to be accomplished to en-
sure that both incisions take place? Isolation and
crystallization of new intermediates, as well as
new single-molecule approaches with damaged
DNA substrates and eventually with intact bac-
terial cells, will help to answer these important
questions. It will be exciting to see how they will
be addressed in the future and will thus allow
the assembly of the different pieces of the puzzle
to obtain a full picture of this most important
DNA repair mechanism.
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