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Localized DNA melting may provide a general strategy for recognition
of the wide array of chemically and structurally diverse DNA lesions
repaired by the nucleotide excision repair (NER) pathway. However,
itis not clear what causes such DNA melting and how it is driven. Here,
we show a DNA wrapping-melting model supported by results from
dynamic monitoring of the key DNA-protein and protein-protein
interactions involved in the early stages of the Escherichia coli NER
process. Using an analytical technique involving capillary electro-
phoresis coupled with laser-induced fluorescence polarization, which
combines a mobility shift assay with conformational analysis, we
demonstrate that DNA wrapping around UvrB, mediated by UvrA, is
an early event in the damage-recognition process during E. coli NER.
DNA wrapping of UvrB was confirmed by Forster resonance energy
transfer and fluorescence lifetime measurements. This wrapping did
not occur with readily denaturable damaged DNA substrates (“bub-
ble” DNA), suggesting that DNA wrapping of UvrB plays an important
role in the induction of DNA melting around the damage site. Analysis
of DNA wrapping of mutant UvrB Y96A further suggests that a
cooperative interaction between DNA wrapping of UvrA,B and con-
tact of the B-hairpin of UvrB with the bulky damage moiety may be
involved in the local DNA melting at the damage site.

capillary electrophoresis | laser induced fluorescence polarization |
Bacillus caldotenax | fluorescence resonance energy transfer

N ucleotide excision repair (NER) displays a unique capability of
recognizing and processing a broad spectrum of bulky lesions,
which are chemically and structurally diverse (1, 2). In Escherichia
coli, the complex of UvrA and UvrB is responsible for damage
search and recognition along DNA (1, 3). A number of models have
been proposed to explain the repair of the broad spectrum of
substrates acted on by the E. coli NER, including the helicase-
scanning model (4-6), the damage-processing model (7), and the
padlock model (8, 9). The key difference among these models is the
mechanism of damage recognition. In the helicase-scanning model,
the UvrA;B complex locates damage through a helicase-driven
translocation step. In the damage-processing model, the UvrA,;B
complex finds damage by random diffusion. Accumulating evi-
dence shows that local DNA melting around the damage site
induced by the UvrAB complex provides a structural basis for
efficient incision of damaged nucleotides by the UvrB and UvrC
proteins (10—12). These observations form the basis for the padlock
model. Recently, crystal structure analysis of UvrB-DNA com-
plexes has provided evidence that also supports the padlock model
(13, 14). However, the mechanism responsible for DNA melting
remains to be elucidated. It has been proposed that DNA wrapping
around NER proteins may be pertinent to the recognition of the
broad spectrum of repairable substrates (15-17). There is a need to
confirm this proposition with experiments conducted under dy-
namic conditions.

www.pnas.org/cgi/doi/10.1073/pnas.0902281106

In the present study, we have monitored the key DNA—protein
and protein—protein interactions involved in the early stages of the
E. coli NER pathway using a method employing capillary electro-
phoresis coupled with laser-induced fluorescence polarization (CE-
LIFP). The combination of 2 measurements, CE migration time
and polarization value, provides information on the formation and
properties of biomolecular complexes. The use of this technology
enabled us to systematically study the DNA wrapping of UvrB along
the course of the E. coli NER pathway by constructing well-defined
damaged DNA probes. We demonstrate that DNA wrapping of
UvrB occurs in several key steps of E. coli NER, thereby inducing
the local melting of DNA around the damage site and stabilizing the
DNA-protein complex.

Results

UvrB Binding to Damaged DNA Induces Large Polarization that Is Inde-
pendent of Molecular Size. Our initial probe, TMR-BP-ds90mer,
comprised a double-stranded oligonucleotide of 90 bp that con-
tained a single (—)-frans-anti-benzopyrene diol epoxide (BPDE)-
N2-dG adduct in the middle of one chain and a tetramethylrho-
damine (TMR) label at the 5" end of the same chain (18) (see
supporting information (SI) Tables S1 and S2 for description of
all oligonucleotide sequences and substrates used in this study).
The BPDE adduct functioned as a recognizable DNA lesion for
UvrAB proteins, while the TMR served as a suitable label for
measurement of fluorescence intensity and polarization. Fig. 14
shows the electropherograms obtained from CE-LIFP analysis (19)
of TMR-BP-ds90mer and the mixtures of TMR-BP-ds90mer with
UvrA or UvrA and UvrB. UvrA can form a homodimer and further
bind to TMR-BP-ds90mer to form a heterotrimeric complex,
UvrAx*TMR-BP-ds90mer. This complex (migration time 1.68 min)
was well separated from the unbound TMR-BP-ds90mer (2.15 min)
(Fig. 14, traces 1 and 2). UvrB alone did not form a DNA-protein
complex, consistent with previous reports that UvrA is required
to load UvrB onto the damage sites (8, 20). In the presence of
UvrA and UvrB together, 2 UvrB-containing complexes,
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CE-LIFP analysis of the interaction of fluorescent DNA substrates with E. coli UvrA and B proteins. (A) CE-LIFP analysis of TMR-BP-ds90mer and its binding to

UvrAB, showing a large increase of fluorescence polarization (P). The reaction solutions contained 10 nM TMR-BP-ds90mer (trace 1); 10 nM TMR-BP-ds90mer and 20
nM UvrA (trace 2); or 10 n(M TMR-BP-ds90mer, 20 nM UvrA, and 40 nM UvrB (trace 3). The solid and dashed lines represent horizontally (In) and vertically (l,) polarized
fluorescence, respectively. (B) UvrB concentration-dependent increase of fluorescence polarization of UvrAB-TMR-BP-ds90mer complex. TMR-BP-ds90mer and UvrA
were kept at 10 and 20 nM, respectively, and UvrB was varied from 0 to 40 nM. (C) CE-LIFP analysis of the mixtures of unmodified TMR-ds90mer with UvrA and UvrB
proteins, showing a lack of increase in fluorescence polarization after UvrB binding to undamaged DNA. Shown are 10 nM TMR-ds90mer (trace A), 10 nM TMR-ds90mer
+ 20 nM UvrA (trace B), and 10 nM TMR-ds90mer + 20 nM UvrA + 40 nM UvrB (trace C). (D) Fluorescence-polarization values of DNA-protein intermediates generated
along the initial steps of the E. coli NER pathway from TMR-BP-ds90mer, UvrA binding to TMR-BP-ds90mer, UvrA and UvrB binding to TMR-BP-ds90mer, and UvrB
binding to TMR-BP-ds90mer. Fluorescence-polarization values for free dye (TMR) and TMR-BP-ss90mer were also measured for comparison.

UvrA,UvrB-TMR-BP-ds90mer (1.62 min) and UvrB-TMR-BP-
ds90mer (1.68 min), were observed (Fig. 14, trace 3). Although
UvrB-TMR-BP-ds90mer had the same migration time as
UvrA, TMR-BP-ds90mer, it had a markedly higher fluorescence-
polarization value (P > 0.36). A titration of UvrA,TMR-BP-
ds90mer with UvrB revealed a concentration-dependent increase in
fluorescence polarization with increasing UvrB up to a 1:1 molar
ratio of UvrB to UvrA,” TMR-BP-ds90mer (Fig. 1B). These results
indicate that binding of UvrB to the substrate is responsible for the
high fluorescence polarization values.

The 2 UvrB-DNA complexes display similar large fluorescence

12850 | www.pnas.org/cgi/doi/10.1073/pnas.0902281106

polarization but different CE migration times, probably as a result
of their difference in molecular mass (344 kDa vs. 136 kDa) because
they have similar negative charge (attributed mainly to the
ds90mer). The identities of the 2 observed UvrB-DNA complexes
were confirmed through the use of nonhydrolyzable ATPS (Fig. S1).

To test for nonspecific binding and its fluorescence polarization,
we used a probe with the same sequence as TMR-BP-ds90mer but
lacking the BPDE lesion. UvrA alone or together with UvrB
displayed ~50-fold lower affinity (K, ~ 1.1 X 107 M~!) for
TMR-ds90mer and could not induce a large increase in the P value
(P = 0.222 for UvrA-DNA complex; P = 0.279 for UvrB-DNA
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complexes) (Fig. 1C). In contrast, the binding of UvrA;B to
TMR-BP-ds90mer has a K, ~ 6.0 X 108 M~! and a polarization
value of P = 0.36. These results indicate that the large polarization
value of UvrB-DNA complexes is associated with damage-specific
recognition by UvrB.

The results of fluorescence polarization obtained from Fig. 14
are summarized in Fig. 1D. The initial increase in fluorescence
polarization probably reflects the increase in the molecular size of
these fluorescent species, from the free TMR label (=0.5 kDa,
negligible polarization) to TMR-BP-ss90mer (=30 kDa, P = 0.104),
TMR-BP-ds90mer (~60 kDa, P = 0.237), and the UvrA complex
with the TMR-BP-ds90mer (=267 kDa, P = 0.237). These results
are consistent with fluorescence polarization being dependent on
molecular size up to ~40 kDa (when further increase in size does
not lead to an increase in fluorescence polarization) (21). Thus, the
substantial increase in polarization when UvrA and UvrB are
simultaneously bound to the same TMR-BP-ds90mer molecule
(UvrA;B-TMR-BP-ds90mer, ~344 kDa, P = 0.364) cannot be
explained by the increase in molecular size alone. Furthermore, the
ensuing dissociation of UvrA from the complex of UvrA;B-TMR-
BP-ds90mer to generate UvrB-TMR-BP-ds90mer does not signif-
icantly decrease polarization (=136 kDa, P = 0.357).

Large polarization values were also observed upon UvrB binding
with other types of damaged DNA, including (+) trans-anti-BPDE-
ds90mer (i.e., the same oligonucleotide bearing a different BPDE
isomer) and internally labeled fluorescein (FAM)-ds90mer (Table
S3). The results indicate that the large polarization resulting from
UvrB-DNA complexes does not depend on the specific structure of
the bulky lesions.

DNA Wrapping of UvrB Is Responsible for the Large Polarization Value
of UvrB Complexes. What causes the large polarization response
when UvrB binds to TMR-BP-ds90mer (P ~ 0.36, AP ~ 0.12)? It
is evident that it is not dependent on molecular size in comparison
with the binding of UvrA to ds90mer, which does not induce
significant polarization change (P = 0.237, AP ~ 0). Likewise, the
difference in molecular size between UvrB complex and UvrA;B
complex does not produce a corresponding polarization difference
(AP = —0.007). Previously, it has been shown that UvrA,B or UvrB
binding to the damage may induce DNA wrapping (17, 22).
Moreover, it has been consistently shown that DNA does not
undergo wrapping when complexed to UvrA in the absence of
UvrB, irrespective of whether UvrA is bound to the damage or not
(15, 17, 23, 24). By comparing the DNA wrapping behavior and
polarization response of UvrB with those of UvrA, we hypothesized
that the DNA wrapping of UvrB is responsible for the large
polarization response of UvrB-DNA complexes.

This hypothesis was experimentally tested by CE-Forster reso-
nance energy transfer (CE-FRET). The DNA wrapping of UvrB
induces a DNA conformational change and should shorten the
distance between 2 ends of a DNA probe, which should be
discernible by FRET. To conduct this experiment, a FRET-BP-
ds90mer that contained a single BPDE-dG adduct in the middle of
one chain and was labeled with one FRET donor dye (6-
carboxylfluorescein, FAM) and one acceptor dye (TMR) at the 5’
ends of the opposing strands was designed. The measurement of
FRET was achieved by exciting labeled FAM at 488 nm and
monitoring the fluorescence emissions of FAM at 515 nm and
TMR at 580 nm, respectively. The increase of the latter over the
background indicates FRET from FAM to TMR, which can be
estimated by using the fluorescence ratio measured at 580 nm and
515 nm, an approach that avoids interference from fluorescence
quenching unrelated to FRET.

We observed that FRET indeed occurred upon binding of
FRET-BP-ds90mer to UvrB. The ratio of fluorescence at Em580
to Em515 nm increased from 0.71 *+ 0.05 to 1.16 + 0.24 and 1.00 =
0.05 (n = 3) for the UvrA,B-FRET-BP-ds90mer and UvrB-FRET-
BP-ds90mer, respectively. Taking into account the limited distance
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over which FRET can occur (10 nm) and the linear distance
between the 2 dyes in the unbound FRET-BP-ds90mer (~29 nm),
the observation of significant FRET suggests a dramatic confor-
mational change of FRET-BP-ds90mer after UvrB binding. We
attribute this to the DNA wrapping induced by UvrB binding.

UvrA binding to DNA has not been reported to induce DNA
wrapping, and there was no FRET observed for the FRET-BP-
ds90mer before and after UvrA binding. Their corresponding
fluorescence ratios of Em580 nm to Em515 nm were 0.71 = 0.05
and 0.75 = 0.08, respectively.

The conformational change of DNA in UvrB-DNA complexes
was also confirmed by the time-resolved fluorescence lifetime
analysis (see Table S4). The binding of TMR-BP-ds90mer to E. coli
UvrAB caused an average lifetime increase from 2.044 ns to 2.212
ns. The optimal fitting of the intensity decay data suggests that close
contact of the protein(s) to the TMR in the damage probe results
in significant restriction of the local rotation of TMR and this
restriction of the local rotation of TMR leads to increased polar-
ization of the fluorescence. This result also supports our hypothesis that
the large polarization values are linked to DNA wrapping of UvrB.

DNA Wrapping of UvrB Protein Induces Multipoint Contact that May
Contribute to the Large Polarization Response. Based on the data
described above, we hypothesize that, due to DNA wrapping
around UvrB, the TMR attached to the 5’'end of the damaged
90-mer comes into close contact with UvrB and the local rotation
of the TMR probe is restricted (modeled in Fig. 24); this results in
the large polarization response of UvrB-DNA complexes. If this
hypothesis is correct, the polarization value for UvrB-DNA com-
plexes should depend on the distance between the damage site and
the fluorescent tag. The UvrB complex of a longer damaged probe,
in which the TMR tag is beyond the close contact site with UvrB,
should not display a large polarization value.

To test this hypothesis, we further investigated the polarization of
UvrB-DNA complexes by using 5 damaged DNA probes with
lengths of 50 bp, 70 bp, 80 bp, 90 bp, and 105 bp. The measured
polarization values are plotted against DNA length in Fig. 2B. Short
DNA probes (=70 bp), which are insufficient to wrap around
UvrAB (17), displayed a moderate fluorescence polarization re-
sponse (P = 0.233-0.261), whereas the 2 probes with lengths of 80
bp and 90 bp displayed large polarization responses after UvrAB
binding (P = 0.343 = 0.016 and 0.364 = 0.012). The large
polarization is consistent with the restricted rotational motion of
the fluorophore due to proper wrapping of the DNA around the
protein. However, the UvrAB complex of the longest DNA probe
(105 bp) displayed only a moderate polarization value (P = 0.207 =
0.15), suggesting that the rotational movement of the end-labeled
TMR is not restricted because the wrapping by the longer DNA
leaves the TMR dangling free (as shown schematically in Fig. 24).

To confirm that the high polarization value arises from restricted
rotation of the fluorophore, TMR-ds90mer was incubated with a
preparation of calf thymus histone H1. Histone H1 makes intimate
contact with DNA in a sequence-independent manner through both
its globular and its lysine-rich carboxy-terminus (25). The complex of
the histone with TMR-ds90mer indeed exhibited (see Fig. S2) a large
polarization value (P = 0.323). In contrast, the DNA probe TMR-
ds90mer alone gave a moderate polarization response (P = 0.176).

DNA Wrapping Is Important for DNA Strand Opening. If wrapping is
necessary for opening the DNA, then we hypothesize that if UvrB
is presented with DNA that is already melted, the need for wrapping
should be alleviated. To test this hypothesis, we analyzed DNA
wrapping of UvrB by a DNA substrate bearing a “bubble” structure,
TMR-Bubble-45""FAM-ds90mer. In this substrate, the “damage”
took the form of a fluorescein-labeled thymidine at base 45 flanked
by 2 mismatched bases on the 3’ side and 3 mismatched bases on
the 5’ side. The designed bubble size (6 mismatched base pairs)
matches the size that is presumed to exist in the preincision complex
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Fig. 2. DNA wrapping of UvrB. (A) Schematic illustration of DNA wrapping of
UvrB. Long DNA probes can be wrapped by UvrB, leading to multiple sites of
contact between DNA and protein. The complexes would display large polariza-
tion responses if the end-labeling dye comes into close contact with the protein
(Left), but only a moderate polarization value if the end-labeling TMR does not
contact the protein because the DNA probe is too long (Right). Oligonucleotide
duplexes that are too short to wrap around UvrB would not be expected to
exhibit enhanced fluorescence polarization (not shown). (B) The fluorescence
polarization of UvrAUvrB-DNA complexes as a function of damaged DNA length,
confirming multipoint contact and its role in the large fluorescence-polarization
response. The oligonucleotide sequences are shown in Table S2.

(UvrB-DNA) (12). We observed that UvrB binding to the bubble
DNA probe only gave a moderate fluorescence-polarization re-
sponse (P = 0.250 = 0.016) (see Fig. 3). In contrast, when UvrB was
bound to the probe with the same damage (FAM-dT at the 45
base) and using the same end-label (5'-TMR) but without any
mismatched base around the damage site, the complex did display
alarge fluorescence-polarization response (P = 0.349 = 0.016) (see
Fig. 3), which is consistent with the occurrence of DNA wrapping.
The lack of DNA wrapping by the bubble DNA suggests that the
damaged DNA with preexisting opened strands does not require
DNA wrapping to form the preincision complex and further
suggests a role played by DNA wrapping of UvrB in strand opening
of damaged DNA.

We then asked a fundamental biological question, whether DNA
wrapping is important in thermophiles. We hypothesized that DNA
wrapping is not necessary for thermophiles because the high
temperature of the organisms’ habitat is sufficient for localized
DNA melting without the need for the facilitation by DNA
wrapping. To test this hypothesis, we compared the interaction of
damaged probes with UvrA and UvrB proteins originating from

12852 | www.pnas.org/cgi/doi/10.1073/pnas.0902281106
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E. coli (a mesophile) and Bacillus caldotenax (a thermophile).
We found that the DNA wrapping of UvrB was coordinated
by UvrA from E. coli but not from B. caldotenax (Fig. 4). Under
coordination of E. coli UvrA, UvrB from either B. caldotenax or
E. coli formed stable complexes of UvrB-TMR-BP-ds90mer that
displayed a large polarization response (P = 0.37-0.38), indicating
that damaged DNA wrapped around UvrB. However, UvrB com-
plexes of TMR-BP-ds90mer, coordinated by UvrA from B. caldo-
tenax, displayed only a moderate polarization response (P =

—,
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Fig.4. CE-LIFP analysis of TMR-BP-ds90mer and its binding to E. coli UvrAB and
B. caldotenax UvrAB, showing that the DNA wrapping after UvrB binding to the
probe is directed by UvrA. In this experiment, the reaction solutions contained 10
nM TMR-BP-ds90mer, 20 nM UvrA, and 50 nM UvrB. The reactions of UvrA, UvrB,
and TMR-BP-ds90mer were conducted at 37 °C.
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0.235-0.245), suggesting that the damaged DNA was not wrapped.
Time-resolved fluorescence lifetime analysis further indicated the
occurrence of significant conformational change after B. caldotenax
UviB was loaded by E. coli UvrA onto TMR-BPDE-ds90mer
(UvrAB-DNA complex 7 = 2.451 ns vs. oligo 7 = 2.044 ns) and no
conformational change when B. caldotenax UvrAB bound to the
probe TMR-BPDE-ds90mer (UvrAB-DNA 7 = 2.01 ns and oligo
7= 2.04ns) (see Table S4). B. caldotenax, a thermophilic bacterium,
has an optimal growth temperature of 80 °C (26). UvrA from B.
caldotenax could not coordinate the DNA wrapping of UvrB on
damaged DNA regardless of the incubation temperature tested,
37°C or 55°C. We infer that because the temperature of this
organism’s habitat is so high, DNA melting does not need to be
facilitated by its UvrAB wrapping, unlike in E. coli.

DNA Wrapping of Mutant UvrB Proteins. We examined the DNA
wrapping of mutant B. caldotenax UvrB proteins coordinated by E.
coli UvrA (see Fig. S3). The complexes of UvrAB and TMR-BP-
ds90mer formed by all 3 B. caldotenax UvrB proteins (wtUvrB,
UvrBY96A, and UvrBA4) displayed large polarization values (P =
0.329-0.384), indicating that DNA wrapped around these mutant
UvrB proteins as well as the wtUvrB protein. Deletion of domain
4 (UvrBA4), responsible for dimerization of UvrB (27) and inter-
action with UvrC, did not affect DNA wrapping of UvtB (P =
0.364), suggesting that domain 4 is not essential for the DNA
wrapping of UvrB. However, the binding of TMR-BP-ds90mer to
the mutant UvrBY96A gave a lower fluorescence polarization
value (P = 0.329) than the binding to wtUvrB (P = 0.384) or to the
mutant UvrBA4, possibly indicating a lesser degree of DNA wrap-
ping of this mutant UvrB.

In consideration of this mutation, it should be noted that amino
acid Tyr-96 in UvrB is 100% conserved among all known UvrB
proteins, and it is located at the base of the B-hairpin facing the
damaged DNA strand. Mutant UvrBY96A can bind UvrA, can
form the UvrAB-DNA complex, and has high DNA-stimulated
ATPase, but it exhibits defects in strand-destabilizing activity (28).
No stable preincision complex of UvrB-DNA was observed here
(Fig. S4), consistent with previous work (28). Because the mutant
UvrBY96A has lost its damage-specific recognition ability and
strand-destabilizing activity, the observed DNA wrapping of
UvrBY96A may suggest that DNA wrapping takes place before
damage-specific recognition, indicating that DNA wrapping may be
involved in the process of searching for the damage along DNA.
However, such DNA wrapping is relatively loose. In comparison,
wtUvrB and UvrBA4, which possess an efficient strand-
destabilizing ability by the B-hairpin, displayed an ability to wrap
DNA in a tight manner. The association of tighter DNA wrapping
with the efficient strand-destabilizing ability suggests that there is a
cooperative interaction between DNA wrapping of UvrB and the
strand-destabilizing activity of the B-hairpin, which mutually en-
hances their activities and leads to the tight DNA wrapping and
optimal DNA melting around the damage site.

We also showed that DNA wrapping of UvrB stabilizes the
UvrB-DNA complexes (see SI Text and Fig. S5 4 and B). The
binding constant for the UvrB-gapped DNA complex was >30-fold
higher than that for the normal end-labeled DNA.

Discussion

Role of DNA Wrapping in E. coli NER. UvrB plays a central role in E.
coli NER from damage recognition to dual incision, oligonucleotide
removal, and repair synthesis, and interacts with all of the compo-
nents of the system (except DNA ligase), including UvrA, UvrC,
UvrD (helicase II), DNA polymerase I, and DNA (2). This study
monitors the dynamic process of DNA wrapping of UvrB occurring
in several steps of the E. coli NER pathway, including UvrAUvrB
searching for the damage site (P = 0.364 = 0.012), dissociation of
UvrA and formation of the preincision complex (P = 0.357 =
0.007), recruitment of UvrC and formation of the incision complex
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Fig.5. Hypothetical molecular model of DNA wrapping by UvrA and UvrB. (A)
UvrA (olive; PDB ID code 2R6F) dimer first interacts with DNA, causing a slight
bend. The DNA is expected to make major contact with the region shown in
yellow. (B) UvrB (light blue; PDB ID code 2FDC) interacts with the domain of UvrA
shown in gold, through domain 2 of UvrB (aqua). The B-hairpin is shown in blue,
and the ribbon diagram is at the UvrA-DNA-UvrB interface. (C) The DNA is
transferred from UvrA to the g-hairpin of UvrB, and the DNA becomes highly
bent. (D) DNA wrapping is facilitated by UvrA around UvrB. (E) Full engagement
of the DNA by UvrB helps to trigger the release of UvrA, leaving the fully wrapped
DNA around UvrB.

(P = 0.362), and the postincision complexes (P = 0.366 = 0.007).
It is therefore reasonable to conclude that UvrB-induced DNA
wrapping plays a key role(s) in E. coli NER. Since the first
observation of DNA bending, it has been proposed that DNA
bending or wrapping may provide a unified mechanism for the
NER DNA-damage recognition of a broad spectrum of distinct
substrates (15). However, the biological role of DNA wrapping in
UvrB recognition of DNA damage is not yet clear. It has been
shown, however, that DNA wrapping of UvrB greatly enhances
excision efficiency, but it has been assumed that wrapping is not
essential to excise DNA lesions because NER can act on short DNA
(ds50mer), which cannot wrap UvrB (17). Considering the depen-
dence on DNA length by the strand-destabilizing activity of UvrB
and its elimination for longer DNA (>50 bp), currently no persua-
sive evidence is available to ascertain whether E. coli UvrAB can access
the damage site in long DNA in the absence of DNA wrapping.

In this work, we demonstrate that DNA wrapping of UvrB may
enhance DNA melting around the damage site in the damage-
recognition process of E. coli NER. DNA wrapping was observed
in E. coli UvrAB recognition of DNA damage, but not observed in
its recognition of bubble DNA, suggesting a link between DNA
melting (simulated by the DNA bubble) and DNA wrapping of
UvrB. In the bubble DNA, no force is required to induce DNA
melting and counteract the constant DNA reannealing force be-
cause the bubble region around the damage site is produced by 6
mismatched base pairs. Thus, DNA wrapping may provide free
energy to counteract reannealing of melted base pairs and thereby
enhance and maintain DNA melting during E. coli NER. This
proposition was also supported by the B. caldotenax UvrAB exper-
iments. No wrapping was observed for B. caldotenax UvrA or B.
caldotenax UvrA and UvrB. These data suggest that during repair
in thermophilic organisms, the high temperature obviates the need
for DNA wrapping to melt the DNA to allow insertion of UvrB’s
B-hairpin for the formation of a stable preincision complex (13, 29).

DNA Wrapping-Melting Model. Based on current and previous
findings, a 2-step DNA wrapping-melting model in E. coli NER is
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proposed for DNA-damage processing (Fig. 5). For illustration
purposes and clarity, we have shown a dimer of UvrA first binding
to DNA without UvrB, but the UvrAB complex is mostly likely the
actual damage-recognition machine in which lesion detection first
occurs through a UvrA interaction and the DNA is partially bent
(30) (Fig. 54). The recent crystal structure of a UvrA dimer by
Verdine and coworkers (31) and our recent work (32) have
suggested a path for DNA across the UvrA dimer. Verdine and
coworkers (31) have suggested an independently folding domain of
UvrA (shown in gold), which is believed to be important for UvrB
interaction, and we have shown this region of UvrA (shown in gold)
interacting with domain 2 of UvrB (shown in aqua) (Fig. 5B).
Recently, Verdine and coworkers have solved the co-crystal struc-
ture of a fragment of UvrA and a portion of domain 2 of UvrB that
form the binding interface between the two proteins (38). Using
atomic force microscopy, we (27) and Goosen and coworkers (22,
33) have suggested that UvrB can form a dimer in solution and on
DNA. For clarity, only one monomer of UvrB is shown in Fig. 5, in
which the B-hairpin (dark blue) is facing down toward UvrA. UvrA
and UvrB working together may amplify or convert the slight helix
distortion resulting from the lesions into a denatured state around
the damage site. The enhanced short-range melting of DNA around
the damage site allows UvrB to insert its B-hairpin between the 2
strands to interact with the bulky damage (Fig. 5C). In the next step,
DNA wrapping of UvrAB and the strand-destabilizing action of the
B-hairpin of UvrB may cooperatively interact with each other,
leading to local melting of DNA and stable and tight DNA
wrapping around the damage site (Fig. 5D). In the final step, UvrA
is released and the DNA remains stably wrapped around UvrB (Fig.
SE). In the proposed model, DNA wrapping and resultant DNA
melting provide a common structural basis for NER recognition of
a diverse range of DNA lesions.

Methods

Protein—DNA Interaction. The E. coli UvrA, UvrB, and UvrC proteins were pro-
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Detailed information on the design of DNA damage probes, CE-FRET, time-resolved
fluorescence lifetime analysis, and binding constant estimation is shown in S/ Text.
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