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ABSTRACT
UvrB has a central role in the highly conserved
UvrABC pathway functioning not only as a damage
recognition element but also as an essential component of the lesion tracking machinery. While it has
been recently confirmed that the tracking assembly
comprises a UvrA2B2 heterotetramer, the configurations of the damage engagement and UvrB–DNA
handover complexes remain obscure. Here, we
present the first crystal structure of a UvrB dimer
whose biological significance has been verified
using both chemical cross-linking and electron
paramagnetic resonance spectroscopy. We demonstrate that this dimeric species stably associates
with UvrA and forms a UvrA2B2–DNA complex. Our
studies also illustrate how signals are transduced
between the ATP and DNA binding sites to
generate the helicase activity pivotal to handover
and formation of the UvrB2–DNA complex, providing
key insights into the configurations of these important repair intermediates.

INTRODUCTION
Nucleotide excision repair is a highly conserved mechanism that efﬁciently corrects bulky DNA adducts. These
lesions arise from exposure to endogenous/exogenous
agents and are targeted by the UvrABC pathway in
bacteria. This mechanism utilizes three core proteins;
UvrA, B and C that act co-operatively to form tracking,

damage detection and incision complexes (1,2). Formation
of the tracking complex involves assembly of a UvrAB
intermediate (3) which has the ability to locate sites of
potential damage typiﬁed by local DNA distortions, and
is largely driven by the limited helicase activity of UvrB
(4). Once a lesion has been identiﬁed, the UvrAB complex
undergoes a substantial conformational change in which
the DNA becomes partially unwound in close proximity
to the adduct and wrapped around UvrB (5,6). The result
is complete transfer of the duplex to UvrB (subsequently
termed ‘handover’) and the formation of a tight UvrB–
DNA complex that is thought to promote dissociation of
UvrA and formation of the pre-incision complex. This is
followed by the recruitment of UvrC, via UvrB–UvrC
interactions mediated by a mutually conserved helixloop-helix motif (domain 4 in UvrB), which catalyses
dual incisions 5 nt 30 and 8 nt 50 to the lesion (1,7–9).
UvrC and the incised fragment are then released from the
highly stable BC–DNA complex by the helicase UvrD and
UvrB displaced by DNA polymerase I that utilizes the
resultant gapped duplex as a template for resynthesis
(10,11). Repair is concluded by restoration of the
covalent continuity by DNA ligase.
There has been signiﬁcant debate regarding the multimerization state of UvrB in solution (8,12–14), where it has
been proposed that a dimer functions as part of the UvrAB
damage location complex (15,16). This controversy is
largely due to conﬂicting biochemical/biophysical data
where it remains to be unequivocally established whether
the pre-incision complex involves a UvrB monomer or
dimer. The stoichiometry of UvrB in the tracking
assembly, however, which functions as a UvrA2B2
heterotetramer, has recently been conﬁrmed by the
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MATERIALS AND METHODS
Protein puriﬁcation and mutagenesis
Bacillus subtillis UvrB was expressed and puriﬁed as previously described (18). All mutants were generated using
the Quick-change mutagenesis kit (Agilent Technologies)
and were expressed/puriﬁed using the protocol reported
for the native protein. For the expression of UvrA, a
pET8c vector containing the B. subtilis UvrA insert (gift
from Bernard Connolly, University of Newcastle) was
transformed into BL21 DE3 pLysS cells (Invitrogen)
and grown at 37 C in LB medium supplemented with
100 mM Ampicillin and 100 mM Chloramphenicol until
an OD600nm of 0.6 was reached. The temperature was
then reduced to 20 C and the cultures were induced with
1 mM IPTG overnight. Cells were harvested by centrifugation and the resulting pellet resuspended in Buffer A
(50 mM Tris–HCl (pH 7.4), 300 mM NaCl, 20%
Glycerol, 0.01% Tween (Sigma), 2 mM TCEP-HCl
(Roche) and 10 mM Imidazole). They were subsequently
lysed by sonication on ice in the presence of an EDTA-free
protease inhibitor cocktail tablet (Roche). Lysates were
clariﬁed by further centrifugation at 20 000 rpm for
60 min. The resultant supernatant was loaded onto a
10 ml Talon column (GE Healthcare) and washed with

10 column volumes (CVs) of Buffer A. UvrA was eluted
using a gradient of 0–100% Buffer B (50 mM Tris–HCl
(pH 7.4), 300 mM NaCl, 20% Glycerol, 0.01% Tween
(Sigma), 2 mM TCEP-HCl (Roche) and 500 mM
Imidazole) over 10 CV. Puriﬁcation to homogeneity was
achieved using size exclusion chromatography where
UvrA fractions from the Talon puriﬁcation step were
loaded onto a 300 ml S-200 Gel Filtration column,
pre-equilibrated with a buffer comprising 50 mM Tris–
HCl (pH 7.4), 300 mM NaCl, 20% Glycerol, 0.01%
Tween (Sigma) and 2 mM TCEP-HCl (Roche). The resulting fractions were then analysed using SDS–PAGE and
those with a purity of greater than 95% pooled and stored
at 80 C.
Chemical cross-linking and dimer puriﬁcation
Chemical cross-linking was performed using the homobifunctional cross-linking agent 1,8-bis-maleimidodiethyleneglycol (BM(PEG)2, Thermo scientiﬁc) and the
T481C mutant following the manufacturer’s directions.
Cross-linked T481C UvrB (UvrB2X) was separated from
non-adducted proteins by gel ﬁltration using a 300 ml
S-200 column equilibrated in a buffer comprising 50 mM
Tris–HCl (pH 7.4), 500 mM NaCl and 5% glycerol.
EPR spectroscopy
The T481C mutant was spin labeled using the cysteine
speciﬁc nitroxide spin label 3-(2-iodoacetamido)-proxyl
(PROXYL). In order to maximize labeling efﬁciency, the
mutant, puriﬁed up to the talon stage, (18) was dialyzed
overnight in talon buffer A (50 mM Tris–HCl, pH 7.4,
300 mM NaCl) supplemented with 5 mM dithiothreitol
(DTT) to ensure that C481 was fully reduced. This was
followed by a buffer exchange step using a GE Healthcare
Hi-prep 26/60 de-salting column (pre-equilibrated with
talon buffer A) to remove the DTT prior to overnight
incubation with a 20-fold excess of PROXYL. The
labeled mutant was subsequently puriﬁed using gel ﬁltration on a 300 ml S-75 column that had been equilibrated in
a buffer comprising 50 mM Tris–HCl, pH 7.4, 300 mM
NaCl and 10% glycerol. The various fractions were then
analysed using SDS–PAGE and those containing UvrB at
a purity of greater than 95% pooled and concentrated.
Wild-type UvrB was labeled using the identical protocol
and both proteins analysed as detailed below.
Continuous-wave electron paramagnetic resonance
(cw-EPR) experiments were performed at room temperature on the labeled T481C mutant (at 104 mM)
and wild-type UvrB (at 100 mM) on a Bruker EMXplus
spectrometer operating at 9.4 GHz equipped with a
4122SHQE resonator. Measurements were performed
using 0.2 mW microwave power, 100 kHz modulation
frequency, 0.1 mT modulation amplitude and 10 ms conversion time and time constant. Four pulse double
electron–electron resonance (DEER) experiments (19)
were performed at 50 K on a Bruker ELEXSYS E580 spectrometer operating at 9.6 GHz equipped with an ER-4118X-MD-5 resonator, Oxford Instruments continuous ﬂow
cryostat (CF935) and ITC503 temperature controller.
Distance distributions were extracted from the resulting
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structural studies of Pakotiprapha et al. (17). Interestingly,
the two UvrB monomers in the reported crystal structure
are positioned 145 Å apart and are each 80 Å from the
proposed lesion site. These ﬁndings are consistent with a
sub-optimal arrangement for handover as suggested by the
authors. In our initial efforts to further investigate the
nature of UvrB’s limited helicase activity, pivotal to
lesion detection and formation of the pre-incision
complex, we by chance crystallized a UvrB dimer in
complex with ssDNA and the non-hydrolysable
ATP analogue AMPPCP that was subsequently reﬁned
to 3.25 Å. In addition to deducing how signals are
transduced between the ATP and DNA binding sites, we
were able to verify that this dimer is physiological and
demonstrate that it not only interacts with UvrA, but
also forms a tight UvrA2B2–DNA complex in addition
to a stable UvrB2–DNA complex on a self-loading substrate. These ﬁndings lead us to investigate the nature of
these complexes using a combination of molecular
modeling and site directed mutagenesis/biochemical
assays. Our studies have suggested a mode of association
between our dimer and UvrA in which all of the key
elements are more favourably aligned in closer proximity
to the lesion than observed in the recently reported
UvrA2B2 complex and reveal that the helicase activity of
UvrB drives relative motions between the two monomers
for engagement with the duplex. We were also able to
generate a model of the UvrB2–DNA ‘handover’
complex that predicted the direct participation of domain
2 in DNA binding (previously assigned the exclusive role
of interacting with UvrA) that we were subsequently able
to verify. Taken together, our results indicate that the
UvrB dimer complex is mimetic of both the damage engagement and UvrB–DNA complexes.
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spectra using the programme DeerAnalysis2011 running in
a MatlabTM environment (20).
Gel-shift assays

ATPase assays
The conversion of ATP to ADP by UvrA and UvrB was
determined using a steady-state coupled enzyme assay
system consisting of pyruvate kinase and lactate dehydrogenase that linked ATP hydrolysis to the oxidation of
NADH. Assays were performed in a buffer consisting of
50 mM Tris–HCl (pH 7.5), 50 mM NaCl, 4 mM MgCl2,
1 mM DTT, 20 U/ml lactate dehydrogenase, 20 U/ml
pyruvate kinase, 2 mM phosphoenol pyruvate, 0.15 mM
NADH, 1 mM ATP to which 50 nM UvrA and/or UvrB
(UvrB2X or T481C mutant) was added in the presence or
absence of 5 mM ssDNA (sequence GGCTGCCTGCGC).
The change in absorbance was monitored at 340 nm using
a Cary UV spectrophotometer at 25 C. Turnover rates
were determined by linear regression using the Cary UV
spectrophotometer software.
Crystallization, data collection and structure
determination
Protein DNA complexes were generated by incubating
UvrB with the oligonucleotide 50 -TACTG(TF6)TT-30
(where TF6 is T-ﬂuorescein) in a protein:DNA ratio of

Table 1. Duplexes used in the gel shift and handover assays
G10
T50

50 -TACTTACGGCCACATTACTAC*GGAACTCAGAACGAGCTG-30
30 -AATGATGACCTTGAGTCTTGCTCGAC-50
50 -GACTGTACTTACGGCCACATTACTAC*GGAACTCAGAACGAGCT
GATCGC-30
30 -CTGACATGAATGCCGGTGTAATGATGACCTTGAGTCTTGCTCG
ACTAGCG-50

RESULTS
Overall dimer structure, DNA and ATP binding sites
Preliminary analysis of the diffraction data suggested that
UvrB had crystallized as a dimer and was later veriﬁed by
molecular replacement where the protein co-ordinates
from the UvrB trithymine ternary complex (2D7D.pdb)
were used as a search model that yielded two solutions.
Analysis of the structure revealed that the two UvrB
monomers (subsequently referred to as monomer A and
monomer B) were related by an NCS 2-fold axis resulting
in a ‘head-to-head’ relative orientation (Figure 1A). Both
monomers were highly similar having an RMSD of
0.8 Å when superposed (calculated using all atoms in
the residue range 1–587). Electron density for nucleotides
2–7 of both strands was observed and although density for
the AMPPCP molecule associated with monomer A could
be identiﬁed (excluding the g phosphate), only the a and b
phosphates were ordered for the molecule associated with
monomer B. Despite these differences, the overall conﬁgurations of the two ATP binding sites are largely identical
and very similar to those reported in the ADP–DNA–
UvrB monomeric structures (Supplementary Figure
S1A). It was therefore unlikely that formation of the
dimer could be attributed to non-physiological conformational changes induced or mediated by use of the
non-hydrolysable ATP analogue AMPPCP as conﬁrmed
by chemical cross-linking and EPR spectroscopy (see
below). No ordered density could be identiﬁed for the
T-ﬂuorescein moieties in either of the DNA 8mers.
There are several notable differences between the DNA
in our dimer and the reported UvrB-DNA structures.
Although nucleotides T5 and T6 adopt similar positions
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DNA duplexes used in the gel shift assays are shown in
Table 1. NB. * denotes a ﬂuorescein adducted thymine base.
For the UvrB self-loading assays, 2.7 mM UvrB (or
UvrB2X) was incubated with 200 nM G10 in binding
buffer (20 mM Tris–HCl (pH 7.6), 50 mM NaCl, 4%
Ficoll, 10 mM MgCl2 and 10 mM ATP) for 30 min at
25 C before loading onto a pre-cast 6% PAGE gel
(Invitrogen). Following loading, the gels were run on ice
for 90 min in 1 TBE buffer at 100 V. Handover assays
were performed with the T50 substrate and conducted in
an identical manner but with the addition of 0.45 mM
UvrA. All gels were visualized using a UV transilluminator
to detect the intrinsic ﬂuorescence of the ﬂuorescein moiety.
The capacity of cross-linked UvrB and generated
mutants to associate with UvrA was assessed by
non-denaturing PAGE using the NovexÕ Bis-Tris Gel
System (Invitrogen). UvrA and UvrB at 2.5 mM concentration were incubated in a buffer comprising 20 mM
Tris–HCl (pH 7.5), 150 mM KCl, 5% Glycerol, 5 mM
b-Mercaptoethanol, 5 mM MgCl2 and 2 mM ATP at
25 C for 30 min. Following loading, the gels were run on
ice for 60 min at 150 V followed by 60 min at 250 V using
the supplied buffers.

1:1.2. The non-hydrolysable ATP analogue AMPPCP
(Invitrogen) was then added to a ﬁnal concentration of
10 mM. The resultant solution was concentrated to
10 mg/ml (UvrB concentration) and used to set up
microbatch crystallization trials at 16 C. Crystals of the
UvrB–DNA–AMPPCP complex grew within a few days in
the conditions 0.1 M MES pH 6.5, 12% PEG 20 000. They
were subsequently cryo-protected in 20% glycerol and
ﬂash frozen in liquid nitrogen.
Data were collected on beamline ID23-2 at the ESRF
on a single ﬂash frozen crystal to 3.25 Å that were then
integrated and scaled using the programs XDS (21) and
XSCALE (22). The structure was solved by molecular replacement using PHASER (23), manually re-built in
COOT (24) and reﬁned using PHENIX where NCS
restraints and TLS reﬁnement were ﬁrst introduced (25).
This was followed by subsequent cycles of re-building and
reﬁnement in AUTOBUSTER (26). The ﬁnal model comprises two UvrB monomers (excluding domain 4 for which
no density could be identiﬁed), seven nucleotides from
each of the DNA 8mers and two partially ordered
AMPPCP molecules. All geometric parameters are well
within the expected ranges for a structure at this resolution (Table 2). The co-ordinates and structure factors
have been deposited in the protein data bank under the
accession code 3V4R.
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Table 2. Data Collection and Reﬁnement Statistics
P212121
95.94 100.31 163.63
20.0 3.25 (3.33–3.25)a
185 384
25 439
7.3 (7.5)
99.4 (100.0)
9.3 (3.2)
14.9 (76.1)
8532
254
35
18.0/21.9
0.52
68.8/68.4/83.7/113
0.01
1.22
89.4
95.00
3.44
1.56

a

Values in parentheses are for the highest resolution shell (3.33–3.25 Å).
Rmerge = (jIi  <I>j)/(<I>), where the sum is calculated over all
observations of a measured reﬂection (Ii), and <I> is the mean intensity of all the measured observations (Ii).
c
Rcryst =  (jFobs  Fcalcj)/ (Fobs), Fobs are the observed structure
factor amplitudes and Fcalc those calculated from the model.
d
Rfree is equivalent to Rcryst but where 5% of the measured reﬂections
have been excluded from reﬁnement and set aside for cross-validation
purposes.
e
Average B-values for all atoms/protein/DNA/AMPPCP/.
f
Ramachandran plot analysis was from Molprobity (27).
b

to their analogues in these complexes, A2-T3 extend
across the gap between domains 1a and 3 similar to the
protein–DNA complexes of PcrA and other SF1/SF2
helicases where these domains are conserved (28)
(Figure 1B). In contrast to these structures, however,
very few speciﬁc contacts are mediated by domain 3.
They are exclusively limited to a stacking interaction
between the aromatic moiety of Phe527 and the adenine
base of A2 together with a single hydrogen bond donated
by the guanadinium group of Arg506 to O2P of C3 in
monomer B (Figure 1C and Supplementary Figure S1B).
Phe527, although a non-essential residue, has been
proposed to intercalate into the damaged duplex in
order to generate an appropriate substrate for UvrC
cleavage (1). Conversely, site directed mutagenesis has
shown Arg506 to be an important residue for handover
and formation of the pre-incision complex (29) that in our
structure also interacts with the carbonyl oxygen of Ser477
directly adjacent to Glu478. Glu478 is a key residue for
UvrC incision implicated in DNA remodeling (30,31)
(Figure 1C). Interestingly, Arg506 is connected to the
ATP binding site via a network of salt bridges and
hydrogen bonds (Figure 2A). These are mediated by
Arg540 (that contacts the carbonyl oxygen of Arg506),
and Asp510 whose carboxylate group is ‘sandwiched’
between the guanadinium moieties of Arg540 and
Arg543, that is critical for ATP binding. All of these

The dimer interface
Three regions of contact form the dimer interface that
encompasses the b-hairpin, elements from domain 2 and
the helix spanning amino acids Ser481–Lys495 at the periphery of domain 3, all of which are highly conserved
(Figure 3A–C and Supplementary Figure S2A). While
the b-hairpin functions in DNA binding and lesion detection, domain 2 is the association site for UvrA (1,13).
Domain 3 is also essential for repair as it forms one half
of the ATP binding site (32). Analysis of the dimer interface reveals a lack of extensive contacts with those
observed being largely electrostatic or van der Waals interactions. This absence of extensive contacts is illustrated by
the burial of only 1276 Å2 of accessible surface area
(compared to 4300 Å2 in the B. stearothermophilus
UvrA dimer). The most striking of the interfacial interactions involves the b-hairpin and domain 2. Remarkably,
domain 2 undergoes a rigid body rotation of 30 relative
to its position in the trithymine complex (and the other
monomeric UvrB structures in which domain 2 is visible;
Figure 3A and Supplementary Figure S2B), coupled with

Downloaded from http://nar.oxfordjournals.org/ at Birkbeck College on July 9, 2012

Space group
Unit cell [a,b,c (Å)]
Resolution (Å)
Total no. of reﬂections
No. of unique reﬂections
Redundancy
Completeness (%)
<I>/<s(I)>
Rmergeb (%)
Reﬁnement
No. of protein atoms
No. of DNA atoms
No. of AMPPCP atoms
Rcrystc/Rfreed (%)
Luzzati plot co-ordinate error (Å)
Overall B-factors (Å2)e
Deviations from ideal stereochemistry
RMSD bonds (Å)
RMSD angles ( )
Wilson B-factor (Å2)
Ramachandran plot analysisf
Most favoured (%)
Additionally allowed (%)
Disallowed (%)

residues are either important or essential for repair and
when mutated result in a similar phenotype of attenuated
ATP, DNA binding and handover activities consistent
with their pivotal involvement in coupling ATP hydrolysis
to DNA binding (29,32).
Our complex reveals that T7, located behind the
b-hairpin motif in domain 1a, is extra-helical in the
strand associated with monomer A but intra-helical in
that bound to monomer B (subsequently denoted as
intraS and extraS, respectively; Figure 2B). Although no
major re-arrangements are evident, a slight relative shift
between the two strands (Figure 2C) places the furanose
ring of TF6 in extraS, closer to the b-hairpin. This would
result in minor steric clashes with the analogous ring of T7
if in the intra-helical position adopted in intraS, suggesting
that steric factors have a role in the conformational
switch. Interestingly, base ﬂipping has also been
observed in the UvrB–stem loop structure (2FDC.pdb),
however, the nucleotide concerned is located directly 50
to T7 and is thus in a non-equivalent position (Supplementary Figure S1C). Rather than stacking against
the aromatic moiety of Phe249, a non-essential residue,
the ‘ﬂipped’ thymine base in our dimer is located in a
recess formed by residues Gly147–Gly149 and His248–
Val250 (disordered in monomer B; Figure 2B and
Supplementary Figure S1C). These residues contact T7
via a plethora of van der Waals interactions and would
favourably accommodate guanine, adenine or cytosine. T7
is further stabilized by hydrogen bonds donated by the
guanidinium head group of Arg123 (essential for handover) (33) and the NH moiety of Gly149 to the exocyclic
oxygen atoms O2 and O4. Interestingly, Phe249 occludes
this recess in the stem loop structure as a result of substantial re-modeling of the His248–Val250 loop that
becomes apparent when the two structures are superposed
(Supplementary Figure S1C). These re-arrangements are
in response to the re-positioning of domain 2 in our dimer
relative to the monomeric UvrB structures (see below).
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A

180°

90°

C3

T4

B

F527

C3

C

R506

S477
E478

Figure 1. (A) Cartoon of the UvrB dimer with domains 1a, 1b, 2, 3 and the b-hairpin highlighted in green, grey, blue, light brown and red,
respectively. (B) View of nucleotides A2 to T4 (sticks) associated with monomer A (depicted as van der Waals spheres) that extend across the domain
1a-domain 3 interface (coloured as above) similar to the analogous nucleotides in monomer B. (C) The domain 3–DNA interactions (domain 3 is
shown in green). Arg506 donates a hydrogen bond to O2P of C3, while also donating a hydrogen bond to the carbonyl oxygen of Ser477. A2 is
stabilized by a stacking interaction involving Phe527.
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A

DNA

R506

L505

L504
R540

D510
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R543

ATP

B

C
TF6
T7
T7
C3
T6
R123

A248

G147
T7
L148

F249

V250

T7

G149

Figure 2. (A) Arg506 directly connects the DNA and ATP binding sites via a network of hydrogen bonds and salt bridges. This involves Arg540,
Asp510 and Arg543; all of which are essential for repair. (B) T7 is extra-helical in monomer A (slate), but intra-helical in monomer B (green). The
extra-helical thymine is stabilized in a recess formed by residues Val250, Phe249 and Ala248 in domain 2 and Gly147, Leu148 and Gly149 in domain
1a that contribute largely van der Waals contacts. The exocyclic oxygens are stabilized by the guanadinium group of Arg123 (also in domain 1a) and
the main chain NH group of Gly149. All domains are coloured as above. (C) Superposition of nucleotides C3 to T7 in monomer A (extraS, slate)
and monomer B (intraS, green). A slight translocation of extraS towards the b-hairpin could potentially disfavour the intra-helical conformation of
T7 present in intraS as a result of steric clashes between the furanose rings of T6 and T7 (red arrow).
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A

B

C
R194

R194

D106

R285

R285
D187

D187
C211

F188

F188
C211

F108

F108
F203

A229

A229
I109
L230
Q97
E209

F203

I109
L230
Q97
E209

D

T481

E

L482

I485

L493

Figure 3. (A) Superposition of domain 2 from monomer B with domain 2 from the trithymine UvrB–DNA complex (2D7D.pdb) reveals considerable re-modeling and a relative rotation of 30 . (B) The re-conﬁguration of domain 2 in each monomer gives rise to partial encapsulation of the
b-hairpin motifs that (C) mediate a range of electrostatic, van der Waals and hydrophobic interactions. These include hydrogen bonds donated by
the guanadinium group of Arg194 (domain 2) to the carbonyl oxygens of Asp106 and Thr105, respectively (b-hairpin), the amide nitrogen of Gln97
(b-hairpin) to the carboxylate group of Glu209 (domain 2) and the carboxylate group of Asp187 to the guanadinium moiety of Arg285. This
conﬁguration of the b-hairpin and domain 2 is further stabilized by hydrophobic interactions involving Thr107, Ile109, Val102 (b-hairpin) and
Phe203, Cys211, Ala229 and Leu230 (domain 2). (D) The domain 3 dimer interface comprises the highly conserved helix spanning residues Ser481–
Lys495 and is largely mixed where Thr481, Leu482, Ile485, Leu493 contribute hydrophobic interactions. (E) Superposition of the domain 3 interface
with the B. caldotenax UvrB co-ordinates (1D9X.pdb) reveals that the C-terminal residues (magenta) in the wild-type monomer would prevent full
dimerization of UvrB consistent with their proposed auto inhibitory role.

major remodeling of residues Val227–Asp239 and
Phe244–Thr251 located towards the C-terminus of the
domain. These changes result in partial encapsulation of
the b-hairpin tip in the NCS related monomer that additionally promotes favourable interactions with residues at

the hairpin base (Figure 3B and C). In this conﬁguration,
residues Asp106–Gln110 at the C-terminus of the
b-hairpin form a plethora of interactions with residues
comprising the central b-sheet of domain 2. These
include hydrogen bonds donated by the guanadinium
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Veriﬁcation of the UvrB dimer
Although the localization of functionally important
residues to the dimer interface was circumstantially suggestive of a biologically relevant assembly, we were able to
conﬁrm this using chemical cross-linking and EPR spectroscopy. We initially targeted domain 3 to minimize the
potential impact on DNA and ATP binding. Coincidentally, T481, a non-essential residue (data not shown)
positioned at the periphery of the dimer interface, is
located a distance of 14.9 Å from its NCS related
partner (measured from OG1 atoms; Figure 4A) that
matches almost exactly the 14.7 Å linker length of the
sulphydryl cross-linking reagent (BM)PEG2, designed to
speciﬁcally react with cysteine residues. A T481C mutant
was therefore generated as a potential cross-linking site.
This substitution was shown to have little effect on UvrB’s
afﬁnity for the G10 duplex (Table 1 and Figure 4B), and
the mutant was subsequently found to be proﬁcient in
handover (Supplementary Figure S3A). Cross-linking of

the T481C mutant with (BM)PEG2 resulted in a shift from
a monomeric to a dimeric species on SDS–PAGE gels
while the native protein remained monomeric following
identical treatment (Figure 4C). Non-speciﬁc association
could be discounted since control experiments in which
cross-linking was performed in the presence of Grb2 (an
SH2 domain protein), which contains a single reactive
cysteine, showed no evidence of a UvrB-Grb2 heterodimer
(Supplementary Figure S3B).
To independently conﬁrm that the UvrB dimer
observed in our crystal structure exists in solution, we
modiﬁed the T481C mutant with a nitroxide spin label
for EPR studies in order to ascertain whether a distance
consistent with the 15 Å observed in our complex,
measured between the C481 SG atoms, could be identiﬁed
(see ‘Materials and Methods’ section). Despite the wild
type (WT) protein containing three endogenous cysteines
(Cys144, Cys211 and Cys303) cw-EPR spectra, obtained
at room temperature, exhibited low signal intensity
(Figure 5A), indicating poor accessibility for labeling as
expected from the crystal structure. In contrast, the T481C
mutant showed an 18-fold relative increase in EPR signal
demonstrating that this solvent-exposed position had been
successfully spin-labeled. DEER spectroscopy was performed on the T481C mutant to determine the distance
between the dimer-related C481 residues. The distance distribution (Figure 5B), obtained by Tikhonov regularization of the dipolar evolution following baseline correction
of the raw data (Supplementary Figure S3C and D), has a
maximum at 17 Å. Given that this distance is measured
between spin labels that are naturally further apart, it is
entirely consistent with the 15 Å observed in our crystal
structure (Figure 5B). This short distance, therefore, can
be unambiguously attributed to the dimer related C481
residues. Although longer distances are also evident,
they are likely to be those between C481 and the small
fraction of labeled endogenous cysteines. The 18-fold reduction in EPR signal meant, however, that it was not
possible to obtain reliable distance data for the WT
protein. These results therefore corroborate the physiological relevance of our dimer in keeping with the mechanistic importance of the motifs involved.
UvrB2X interacts with UvrA and forms a trapped
UvrA2B2 complex on DNA
We next investigated whether our observed dimer could
interact with UvrA. Structural and site-directed mutagenesis studies have conﬁrmed that residues Arg183, Arg198
(and to a lesser extent Glu215 and Arg223) mediate crucial
interactions with UvrA (13). In the context of our dimer,
these map to a largely solvent exposed surface. Using
the co-ordinates of the UvrA (insertion domain)–UvrB
(domain 2) structure (3FPN.pdb), we were able to successfully dock the UvrA interaction domain onto each of the
UvrB domain 2 monomers in our complex (via domain 2
superposition) with no major steric clashes (Figure 5C).
This prompted us to establish whether UvrB2X, puriﬁed
to homogeneity using gel ﬁltration (see ‘Materials and
Methods’ section), could associate with UvrA in solution
using native PAGE. Our results show that this dimeric
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head group of Arg194 in domain 2 to the carbonyl
oxygens of Asp106 and Thr105 at the hairpin tip, respectively (Figure 3C). In addition, the carbonyl oxygen of
Phe108 receives a hydrogen bond from the peptide NH
group of Phe188 whose aromatic side chain contributes
to a largely hydrophobic cavity created by Thr107,
Ile109, Val102 (b-hairpin) and Phe203, Cys211, Ala229
and Leu230 (domain 2). Towards the hairpin base, the
amide NH group of Gln97 donates a hydrogen bond to
the carboxylate group of Glu209. In addition, Asp187
receives a hydrogen bond from Arg285 in the
b-hairpin-domain 1b interface. Residues Ile186–Gln189
of domain 2 also participates in a series of van der
Waals interactions involving residues Asp106–Phe108
located at the b-hairpin tip. Mutagenesis studies have
shown that residues at the hairpin tip are essential for
the handover of DNA from UvrA to UvrB and for
damage recognition (1).
The composition of the interface contributed by domain
3 though mixed in terms of amino acid type, consists
almost entirely of van der Waals interactions with the exception of hydrophobic contacts contributed by Leu482,
Ile485 and Leu493 (Figure 3D). Unlike the previous
monomeric B. caldotenax UvrB structures, there is no
visible density beyond residues Thr590 and Asn589 in
monomers A and B, respectively. Interestingly, residues
Lys590–Val595 in these monomeric structures occupy
the position of the domain 3 interface observed in our complex and would thus disfavour dimerization (Figure 3E).
Interestingly, these residues are also absent in the monomeric B. subtilis DNA–ADP ternary complexes where
their presence in positions analogous to those in the
B. caldotenax structures would prevent the close
approach of domains 1a and 3 required for completion
of an active ATP binding site proposed by Eryilmaz
et al. (18). Our ﬁndings are thus consistent with the auto
inhibitory role proposed for the C-terminal region
of UvrB (18,34) whose dimerization has been suggested
to prevent the premature recruitment of UvrC prior to
UvrB’s proper engagement with a lesion (15).
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Figure 4. (A) Left panel: the relative positions of the NCS related T481 residues whose OG1 atoms are separated by 14.9 Å, consistent with the
cross-linking agent BM(PEG)2. Right panel: the structure of BM(PEG)2. (B) Gel shift assay of the T481C mutant using the G10 duplex. The T481C
mutant has comparable binding activity to wild-type UvrB. (C) SDS–PAGE gel of WT UvrB and the T481C mutant after treatment with the
cross-linking agent BM(PEG)2.

species does indeed interact with UvrA where the resulting
complex co-elutes with that observed for WT UvrB
(Figure 6A). We also investigated whether UvrB2X
could form a UvrA2B2 complex on DNA using a gel
shift assay. While incubation of WT UvrB with UvrA,
T-ﬂuorescein adducted DNA and ATP resulted in formation of a UvrAB–DNA and a UvrB–DNA complex as a
result of handover, the same experiment conducted with
UvrB2X showed only the presence of a UvrA2B2X–DNA
band (Figure 6B). The UvrA2B2X complex was therefore
completely defective in handover and trapped on the
DNA. To ascertain whether this might be attributable to
attenuated DNA binding activity, gel shift assays were
performed using UvrB2X and the G10 duplex. These
studies revealed near wild-type binding afﬁnity thus

excluding this possibility (Figure 6C), although the
shifted species in the UvrB2X–DNA complex has slightly
reduced mobility relative to that of the wild-type dimer;
possibly due to increased bending of the DNA caused by
strain induced by the cross-linker. It has been shown that
handover is dependent on the ‘cryptic’ ATPase activity of
UvrB that becomes unmasked in the presence of DNA
and UvrA (4). Mutagenesis studies targeting K45 in the
Walker B motif of the ATP binding site resulted in a
similar phenomenon to what we observe where the
UvrA2B2 mutant complex remains trapped on the DNA
(15). This mutant has been proposed to promote
dimerization of UvrB within the complex due to its inability to hydrolyse ATP to ADP that has a destabilizing
effect. Interestingly, ATPase assays of UvrB2X showed
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hydrolysis to DNA binding required to drive relative
motions between the two monomers for duplex loading.
Putative models of the UvrA2B2–DNA
and UvrB2–DNA complexes

that while the basal level of ATP turnover was reduced
only 2.5-fold relative to native UvrB, it could no longer
be stimulated by ssDNA (Figure 6D). This is in contrast
to the T481C mutant that had a higher basal rate of ATP
hydrolysis, but was stimulated to levels comparable to
those observed for wild-type UvrB. Our results therefore
suggest that the observed handover defect originates from
the inability of UvrB2X to efﬁciently couple ATP
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Figure 5. (A) Cw-EPR spectra of WT UvrB (blue) and the T481C
mutant (red) recorded at room temperature. (B) Distance distribution
obtained by Tikhonov regularization of the 4 pulse DEER spectrum
(Supplementary Figure S3D). (C) Docking of the UvrA UvrB interacting domain (magenta) onto the UvrB dimer (via superposition of the
domain 2 residues in the UvrA(interacting domain)–UvrB(interacting
domain) complex (3FPN.pdb) results in no major steric clashes.

Given that UvrA was able to interact favourably with
UvrB2X, we next sought to probe the nature of this association. Initially, docking studies were performed using the
available structures of UvrA and the recently reported
UvrA2B2 complex. All attempts to superpose each of the
monomers in our dimer with their analogues in the
UvrA2B2 complex resulted in major steric clashes with
the insertion domains and signature II motifs of UvrA.
The UvrB binding domain of UvrA has, however, been
shown to have high conformational ﬂexibility based on
the available UvrA structures where an unprecedented
rotation of 90 towards the dimer interface, along with
re-arrangement of the insertion domains, is observed in the
Mycobacterium tuberculosis homologue (35). In keeping
with this, an intermediate conﬁguration in which the
UvrB binding domains undergo a more modest rotation
of 30 appeared to interact favourably with both
monomers (Figure 6E). In this position, the NCS 2-fold
axes relating the UvrA and UvrB monomers are aligned
and the tip of the b-hairpin of each UvrB molecule is
brought into close proximity to UvrA’s UvrB binding
domain. This brings the N-terminus of the helix spanning
amino acids 257–277 in domain 1b that encompasses
Glu266, implicated in DNA binding (30,31), to within
5 Å of the DNA binding cleft. This helix forms part of
domain 1b and is located behind the b-hairpin. Docking
of the DNA observed in the reported Thermotoga maritima
UvrA–DNA structure (3PIH.pdb) into this M. tuberculosis
UvrA–UvrB dimer assembly, followed by slight bending of
the duplex at its 50 and 30 ends together with minor
re-positioning of the UvrA insertion domains to relieve
major steric clashes, results in a conﬁguration where both
monomers ‘straddle’ the T-ﬂuorescein lesions at the interface between the two UvrA monomers (36)
(Supplementary Figure S4A). These relatively straightforward re-arrangements, which have been implicated in formation of the UvrA2B2–DNA complex by several groups
(17,35,37), result in the creation of favourable contacts
between residues within the 257–277 helix and phosphodiester groups comprising the major grooves of the
duplex directly adjacent to each lesion. It can therefore be
envisaged that conformational changes induced by ATP
hydrolysis, either by UvrA or UvrB in this conﬁguration,
could result in further DNA distortion and b-hairpin
opening for the handover of DNA to each monomer respectively for lesion engagement.
Given the indication from our modeling studies and
proposals of other groups that both UvrB monomers are
able to interact with a damaged duplex following
handover, we next embarked on constructing a possible
model of a UvrB2–DNA complex using the available
co-ordinates of the UvrB–stem loop complex. This was
achieved by applying the operator relating the monomers
in our complex to the stem loop structure co-ordinates.
In this dimeric conﬁguration, the damaged and
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Figure 6. (A) A native PAGE gel demonstrating that both UvrB and UvrB2X form dimeric complexes with UvrA that co-elute. (B) UvrA–UvrB
(UvrB2X) gel shift assay using the T50 substrate. The UvrA–UvrB2X complex remains trapped on the DNA unlike wild-type UvrB where a UvrB–
DNA complex is formed. (C) Gel shift assay illustrating that UvrB2X is not defective in its ability to associate with DNA. (D) ATP-ase assay of
UvrB2X in the presence and absence of DNA. Although UvrB2X has residual ATP-ase activity, it is no longer stimulated by ssDNA which is the
most likely cause of the handover defect. (E) Putative model of a UvrA2Bdimer complex. The UvrB dimer can be successfully docked against UvrA
with the UvrB interacting domains rotated by 30 relative to their positions in the B. stearothermophilus and T. maritima structures. In this
conﬁguration, the UvrA and UvrB dimer 2-fold axes are aligned and the b-hairpin positioned close to the UvrA dimer interface, the location of
the DNA binding site.
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Site-directed mutagenesis reveals a dual function
for domain 2 of UvrB
The apparent co-localization of groups shown to be either
important or essential for handover together with the
ability to generate models of putative UvrA2B2–DNA
and UvrB2–DNA complexes, prompted us to investigate
the extent to which residues located in the dimer interface
contribute to stabilization of these intermediates. We
therefore generated a series of double and single mutants
designed to disrupt key protein–protein interactions at its
N- and C-termini that were subsequently analysed using
gel shift assays. An R194E/D187R double mutant was
produced to target the b-hairpin/domain 2 interactions,
an R489P single mutant to investigate the effects of disrupting the C-terminal helix in domain 3 and an R194E/
I485E double mutant to ascertain the effects of targeting
both regions. All mutants were found to be folded as
judged by their ability to form the UvrA2B2 complex
with wild-type afﬁnity (Supplementary Figure S4B), but
interestingly, gave very different results with respect to
handover and formation of the UvrB–DNA complex. As
might be expected, the R489P mutant was the most defective (Figure 7B). This substitution resulted in loss of
DNA binding activity when incubated with the G10 substrate and an inability to form the UvrA mediated UvrB–
T50 DNA complex. Disruption of the domain 3 helix is
likely to impact on the protein–DNA interactions
mediated by Arg506 which also contacts the carbonyl
oxygen of Ser477, ﬁve residues upstream of Thr481 (see
‘Overall dimer structure, DNA and ATP binding sites’
section). A similar but milder phenotype was also
observed for the R194E/I485E double mutant, that
although defective in DNA binding could nonetheless
form a UvrB–DNA complex in the presence of UvrA

(Figure 7C). Quite unexpectedly, the R194E/D187R
mutant demonstrated enhanced DNA binding activity
relative to wild-type UvrB when self and UvrA loaded
onto the G10 and T50 substrates, respectively. Although
these results on aggregate indicate that Arg194 does not
appreciably contribute to stabilization of either the
UvrA2B2–DNA or UvrB2–DNA complexes, our model
of a putative UvrB2–DNA complex positions Asp187,
Arg189 (Gln189 in B. subtilis UvrB) and Arg190
(a strictly conserved residue also located in the dimer
interface but disordered from cb in both monomers) to
within 4 Å of the melted duplex in the interfacial region
between the two UvrB monomers (Figure 7D). The effects
of the D187R substitution could therefore be explained by
arginine mediating direct interactions with the phosphodiester backbone.
To establish whether domain 2 does indeed also
function as a DNA binding element, Q189A and R190E
single mutants were generated and subsequently analysed.
While Q189A gave similar results to wild-type UvrB,
R190E was signiﬁcantly diminished in its capacity to
bind DNA as predicted by our model (Figure 7E). This
almost complete abolition of DNA binding activity
evident with the G10 substrate was partially rescued by
UvrA although the resulting UvrB2–DNA complex was
signiﬁcantly reduced compared to that obtained with
wild-type UvrB. Our results for the ﬁrst time illustrate
the importance of the domain 3 helix in handover and
formation of the UvrB2–DNA complex while also revealing that domain 2 has an essential role in stabilizing these
important complexes.
DISCUSSION
We present the ﬁrst crystal structure of a UvrB dimer in
complex with ssDNA and AMPPCP that we have shown
to be biologically relevant. While the nature of this dimer
and its relevance to the UvrABC pathway could only be
speculated, our studies have revealed its conﬁguration
where the dimer interface comprises elements from the
b-hairpin, domain2 and a highly conserved helix
(spanning residues 481–495) within domain 3. We have
shown that this dimer proﬁciently interacts with DNA
and UvrA which lead us to construct a putative model
of a UvrA2B2–DNA damage engagement complex. A
simple rotation of the UvrA UvrB binding domains
through 30 resulted in a more favourable conﬁguration
for DNA handover in which the helix spanning residues
257–277 in domain 1b, implicated in DNA binding and
located directly behind the b-hairpin, were brought into
close proximity with the UvrA DNA binding region and,
in particular, the lesion site in both monomers. This
model, in common with previous EM studies, predicts
that the DNA would have to undergo considerable deformation (bending and melting) in the vicinity of the
lesion for handover.
Our results also revealed that although the domain
3 helix and residues within domain 2 are essential for
DNA binding and thus handover and formation of the
UvrB2–DNA complex, the dimer interface observed in

Downloaded from http://nar.oxfordjournals.org/ at Birkbeck College on July 9, 2012

non-damaged strands can be simultaneously bound by
each of the two b-hairpins having the correct UvrB 50 –30
strand displacement polarity (Figure 7A) consistent with
lesion scanning/detection occurring in both strands.
Interestingly, in order for the DNA to be favourably
accommodated in the dimer interface, the DNA would
have to be kinked (through 90 ) and substantially
unpaired in the vicinity of both b-hairpins. Based on this
distorted duplex, approximately 20–24 nt in each strand
(taking into account the additional protein–DNA
contacts observed in our structure) would interact
directly with the UvrB dimer. This is consistent both
with early electron microscopy (EM) (38) and more
recent atomic force microscopy (AFM) (16) studies that
demonstrate severe distortion of the DNA in the UvrB–
DNA complex together with the reported DNase I footprint of 24 nt (39). Interestingly, our model also places
Tyr95, an important residue implicated in DNA binding,
within the unpaired region of the duplex where it intercalates favourably with the disrupted bases as proposed (40).
In order to accommodate this partially denatured duplex,
many of the protein–protein interactions observed at the
N-terminus of the dimer in our crystal structure would
thus have to be substituted for protein–DNA contacts in
keeping with the inability of UvrB2X to support handover.
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Figure 7. (A) A putative UvrB2–DNA complex derived by applying the operator relating the two monomers in our dimer to the UvrB–stem loop
DNA monomer co-ordinates (2FDC.pdb). (B) Gel shift assays performed with the R489P mutant in the presence of UvrA and the T50 substrate
(left) and in the presence of the G10 self-loading substrate (right). In both instances, R489P is entirely defective in its ability to form the B–DNA
complex. (C) Left: gel shift assays of the R194E/D187R and R194E/I485E interfacial mutants in the presence of UvrA and the T50 substrate (the
b-hairpin mutant F101A/F108A is provided as a control since it is entirely defective in its capacity to form a UvrB–DNA complex either in the
presence or absence of UvrA). The R194E/D187R mutant exhibits greater afﬁnity for DNA in the UvrB–DNA complex compared to native UvrB
while the R194E/I485E has almost wild type afﬁnity. Right: gel shift assays of the same mutants (excluding F101A/F108A) performed using the
G10 substrate. The R194E/D187R mutant similarly displays a higher afﬁnity for DNA that contrasts with R194E/I485E that is highly defective.
(D) The putative UvrB2–DNA model viewed from the interfacial region between the two monomers. Asp187 and Arg190 are both appropriately
positioned to interact with the highly distorted duplex. In the model, Tyr95 at the base of the b-hairpin is also predicted to intercalate between the
disrupted bases. (E) Gel shift assays performed using the R190E mutant in the presence of UvrA and the T50 substrate (left) and in the presence of
the G10 substrate (right). In both instances, R190E is defective in its capacity to form the UvrB–DNA complex although there is partial rescue in the
presence of UvrA.
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an important residue in DNA binding, is connected via a
network of salt bridges and hydrogen bonds involving
residues Arg540 and Asp510 to Arg543 an essential ATP
binding residue. Interestingly, there is a lack of extensive
protein–DNA contacts mediated by domain 3 and no
evidence of the substantial domain 1a domain 3 movements observed in equivalent domains of the other
SF1/SF2 helicases. This may be a reﬂection of UvrB
being mechanistically distinct as a consequence of
having only a limited helicase activity. Our results may
therefore suggest that once handover has occurred, the
lesion is approximately in the correct position for formation of the pre-incision complex as proposed by
Gordienko et al. (41) (see below). Thus, subsequent
cycles of ATP binding and hydrolysis may function to
modulate the domain 3–DNA interactions involving
Arg506 and Glu478 in order to manipulate the duplex
into an appropriate conformation for recognition and
incision by UvrC. Our hypothesis is supported by mutagenesis studies involving an E478A mutant that although
capable of producing a UvrB–DNA complex, was defective in incision (30,31). Our structure also reveals that T7
associated with monomer A undergoes base ﬂipping. The
resultant extra-helical thymine is stabilized by interactions
involving Arg123 that is pivotal to damage speciﬁc repair.
Interestingly, mutation of Arg123 results in attenuated
ATPase activity and loss of handover that have been interpreted to suggest that Arg123 binds DNA via an association with the phosphodiester backbone. Our ﬁndings
reveal that although Arg123 does interact with DNA,
the mode of interaction alternatively involves the nucleotide base resulting in the b-hairpin sequestered strand
being more tightly bound at the 50 end as proposed by
Moolenaar et al. (12). This may be a contributing factor
to formation of the pre-incision complex by anchoring and
thus locking the position of the DNA prior to further
manipulation. Arg123, together with residues Gly147–
Gly149 and His248–Val250, may also function to
transmit signals to the symmetry related monomer via
domain 2 possibly to facilitate dimer dissociation.
Although our studies support a mechanism involving
lesion searching in both strands simultaneously in
common with those of several groups, the 30 –50 nature
of the UvrB ‘helicase’ polarity would lead to the buildup
of signiﬁcant torque during the damage probing process.
This could be offset either by damage detection being performed in each strand individually as proposed by
Verhoeven et al. (16) utilizing the intrinsic helicase
activity of each UvrB monomer for translocation to the
lesion site suggested by Jeruzalmi (17) and others or by
UvrA positioning the UvrB monomers in close proximity
to potential lesions most likely in response to conformational changes induced by ATP hydrolysis. In the latter
case, lesion engagement would thus require only a small
number of limited translocation or probing cycles consistent with our model of the UvrA2B2X–DNA complex,
where the UvrB monomers are more centrally located
with respect to the putative lesion site than in the
UvrA2B2 complex. This is supported by the observation
that UvrA has a preference for DNA duplexes containing
damage and a deﬁned DNase I footprint of 32 nt.
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our crystal structure is unlikely to support duplex loading
and would thus need to be disrupted, based on the inability of UvrB2X to form this intermediate on the T50 substrate in the presence of UvrA. It would appear that
relative motions between the two UvrB monomers are
required that are likely to derive from their intrinsic
helicase activities that are drastically attenuated in
UvrB2X due to tethering by the cross-linker. Our
ﬁndings, however, do favour a UvrA2B2–DNA complex
in which the UvrB monomers are (at least initially)
similarly orientated to what we observe in our dimer
given that UvrB2X is nonetheless capable of interacting
with UvrA and forming both a UvrA2B2–T50 DNA and
a UvrB2X–G10 DNA complex. Although dimerization is
not a pre-requisite for the initial binding of UvrB to
UvrA, it is notable that both UvrB molecules in the
UvrA2B2 complex structure, despite being separated by
145 Å, are oriented such that domain 2, domain 3 and
the b-hairpin that form the interface in our structure are
directed inwards towards each other. This relative positioning is likely to give rise to an assembly reminiscent
of our dimer in the event that the two monomers are
brought together for lesion engagement and handover as
suggested (17).
The possibility of each monomer being able to sequester
a single, opposing strand behind its b-hairpin in the
correct polarity, lead to the construction of a model for
the UvrB2–DNA intermediate in which the DNA is
doubly kinked in the interfacial region between the two
UvrB monomers. This model is in good agreement with
DNase I footprinting studies which suggest 24 nt are in
contact with UvrB and is supported by our site directed
mutagenesis studies that reveal Arg190 within domain 2 as
an important residue in DNA binding. This model also
places Tyr95, an important damage detection residue
located at the b-hairpin base, within the denatured
region of the duplex where it intercalates between the disrupted bases as proposed. In order for these interactions
to occur, the protein–protein interactions in our crystal
structure would thus need to be abrogated to enable
these residues to mediate important contacts with DNA
as indicated by the failure of UvrB2X to form a UvrB2X–
T50 DNA complex previously discussed. Interestingly, the
conﬁguration of UvrB and DNA in our model also
provides an explanation for the DNA ‘wrapping’
observed in the AFM studies of both the UvrAB–DNA
and UvrB–DNA complexes given that protein–DNA
interactions involving nucleotides in the 50 and 30 strands
close to the lesion would result in the duplex being channeled across equivalent faces of the UvrB dimer related by
the NCS 2-fold axis (Supplementary Figure S4C). The
emergent ends would, as a consequence, be related by
angles greater than 90 as observed in the early electron
micrographs (38).
Essential to handover and formation of the UvrB2–
DNA and pre-incision complexes is the DNA-dependent
ATPase activity of UvrB. Although there has yet to be a
detailed understanding of how this coupling of ATP hydrolysis and DNA binding is facilitated for these stages in
the repair process, insights have been provided by the
domain 3–DNA interactions centred on Arg506. Arg506,
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