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Helicases play critical roles in all aspects of nucleic acid
metabolism by catalyzing the remodeling of DNA and RNA
structures. UvrD is an abundant helicase in Escherichia coli with
well characterized functions in mismatch and nucleotide exci-
sion repair and a possible role in displacement of proteins such
as RecA from single-stranded DNA. The mismatch repair pro-
tein MutL is known to stimulate UvrD. Here we show that the
nucleotide excision repair proteins UvrA and UvrB can together
stimulate UvrD-catalyzed unwinding of a range of DNA sub-
strates containing strand discontinuities, including forked DNA
substrates. The stimulation is specific for UvrD, as UvrAB failed
to stimulate Rep helicase, a UvrD homologue. Moreover,
although UvrAB can promote limited strand displacement,
stimulation of UvrD did not require the strand displacement
function of UvrAB. We conclude that UvrAB, like MutL, modu-
late UvrD helicase activity. This stimulation likely plays a role in
DNA strand and protein displacement by UvrD in nucleotide
excision repair. Promotion of UvrD-catalyzed unwinding of
nicked duplexes by UvrAB may also explain the need for UvrAB
and UvrD in Okazaki fragment processing in cells lacking DNA
polymerase I. More generally, these data support the idea that
helicase activity is regulated in vivo, with helicases acting as part
of multisubunit complexes rather than in isolation.

Helicases and translocases use the energy derived from NTP
hydrolysis to translocate along single-stranded or double-
stranded nucleic acids to remodel nucleic acid structures. Many
of these enzymes have RecA-like motor domains, reflecting
close similarities in translocation mechanisms (1-3). Specific-
ity is often, therefore, conferred by additional domains within
these motor enzymes (4). It is also becoming apparent that heli-
cases and translocases often function as part of larger multisub-
unit complexes rather than in isolation and that such interac-
tions impact on motor function and specificity. The complex
interactions between replicative helicases and other proteins
acting at the replication fork have long been known to be criti-
cal for replisome function (5-7). Many helicases also interact
with, and their activities modulated by, ssDNA*-binding pro-
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teins (8 —13), while helicase/translocase interactions with RNA
polymerases are emerging (14, 15).

The Escherichia coli 3'-5" helicase UvrD (16) has roles in
mismatch (17) and nucleotide excision repair (18) and may also
act to displace proteins such as RecA at replication forks or
ssDNA gaps in duplex DNA (19-21). UvrD is likely the most
abundant helicase in E. coli (22). There is also a second helicase
in E. coli, Rep, that shares 40% identity with UvrD but has no
known role in mismatch or nucleotide excision repair or in
protein displacement in vivo. Employment of UvrD, but not
Rep, in a diversity of roles in vivo might, therefore, demand
specific physical or functional interactions between UvrD and
other proteins in each system. However, specific interaction of
UvrD has only been documented with a component of the mis-
match repair system, MutL (23). This interaction appears to be
essential in allowing a motor with limited dsDNA processivity
to unwind the large tracts of DNA necessary during mismatch
repair (23-26).

Little is known concerning the protein displacement func-
tion of UvrD in vivo. Lack of UvrD leads to a hyperrecombina-
tion phenotype (27), whereas UvrD can both promote (20, 21)
and inhibit (20) RecA-catalyzed strand exchange in vitro,
depending on reaction conditions. UvrD might, therefore, pro-
mote turnover of RecA-ssDNA complexes at blocked forks and
gaps in duplex DNA. Inhibition of RecA function at blocked
forks might facilitate other pathways of fork repair that do not
rely on strand exchange, possibly minimizing the risks to
genome stability that blocked forks present (28). However,
whether abortion of strand exchange by UvrD in vivo requires
other proteins is unknown. In contrast, the role of UvrD in
nucleotide excision repair is well characterized. Nucleotide
excision repair is needed to remove and replace bulky lesions
within the genome with a complex of UvrA and -B, executing
the initial damage recognition (for review, see Refs. 29 and 30).
Secondary DNA damage recognition by UvrB is thought to be
achieved by ATP-driven translocation of UvrB (31, 32), with
damaged nucleotides sterically hindering this translocation
process (33—37). However, the UvrAB complex has very limited
strand displacement activity (32) which probably reflects a
strand opening function rather than processive translocation in
the manner of a typical helicase. The end result of this two-step
damage recognition mechanism is the dissociation of UvrA and
recruitment of the endonuclease UvrC via a UvrB-UvrC inter-
action (38, 39). Cleavage on the 3’ and then the 5’ side of the
DNA damage by UvrC (40, 41) is then followed by displacement
of the cleaved strand and turnover of both UvrB and C by UvrD
(42), probably via an interaction between UvrB and UvrD (43).
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Nucleotide excision repair proteins also have a function in
DNA replication. Strains with mutations in the DNA polymer-
ase I gene, polA, have major defects in joining of Okazaki frag-
ments (44, 45). However, under restricted growth conditions
ApolA strains can survive (46). Alternative means therefore
exist for joining of Okazaki fragments as long as the rate of DNA
replication and, therefore, the rate of Okazaki fragment pro-
duction is reduced. This alternative pathway(s) of Okazaki frag-
ment processing is poorly defined. However, viability of ApolA
strains is dependent on the presence of UvrA, -B, and -D (47—
51), suggesting that these three nucleotide excision repair pro-
teins play key roles in this alternative pathway. Moreover, dele-
tion of uvrC enhances the viability of ApolA cells implying that
UvrC activity inhibits this alternative pathway (51). These in
vivo data were explained by a model in which UvrAB binds to
nicks in newly synthesized lagging strand DNA even in the
absence of DNA damage (51). Promotion of Okazaki fragment
processing was proposed to involve conferral of a specific direc-
tion on UvrD-catalyzed unwinding by binding of UvrAB, pro-
moting removal of the RNA primers by a presumed nuclease,
and subsequent sealing of the gap by a DNA polymerase and
ligase.

To probe the possible function of UvrAB in modulation of
UvrD helicase activity, we have analyzed their activities on a
range of DNA substrates in vitro. UvrAB stimulated UvrD heli-
case activity on nicked duplexes. However, UvrAB had little
effect on UvrD polarity; UvrD with or without UvrAB translo-
cated preferentially on the continuous DNA strand on nicked
substrates. Stimulation was also apparent on other DNA sub-
strates containing strand discontinuities, including forked
DNA substrates. UvrAB binding of any DNA structures con-
taining strand discontinuities might, therefore, promote UvrD-
catalyzed unwinding of such structures. The strand displace-
ment function of UvrAB was not essential for stimulation of
UvrD, suggesting that stimulation did not simply reflect a
reduction in the UvrD processivity barrier by limited unwind-
ing of the substrate by UvrAB. Our findings imply that stimu-
lation of UvrD helicase activity is required in both nucleotide
excision and mismatch repair. These data also explain the need
for UvrA, -B, and -D to maintain viability in the absence of DNA
polymerase I, but they also raise questions regarding the con-
sequences of such an activity in normal wild type cells.

MATERIALS AND METHODS

DNA Substrates—DNA substrates were constructed by
annealing complementary oligonucleotides, one of which in
each structure was labeled with [y-*>P]ATP at the 5’ end and
purified by gel electrophoresis (52). Sequences of the oligonu-
cleotides are shown in Table 1, whereas the oligonucleotide
composition of DNA structures is shown in Table 2. All oligo-
nucleotides were supplied by Eurogentec.

Proteins—All protein concentrations are stated in terms of
monomers. UvrA, wild type UvrB, UvrBK45A, and SSB were
overexpressed and purified as described (33, 53-55).

UvrD was overexpressed from a pETDuet vector (Merck)
kindly supplied by Dr. Nigel Savery (University of Bristol). pET-
DuetuvrD was transformed into BL21-AI (Merck) and a 100-ml
culture in LB plus 100 pug/ml ampicillin grown at 37 °C until the
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TABLE 1
Oligonucleotide sequences used in construction of DNA substrates
All oligonucleotides are written 5" to 3'.

Oligonucleotide Sequence
1 AACGTCATAGACGATTACATTGGACTATCTACGTCCGA
GGCTCGCGCCGCAGACTCATTTAGCCCTTATCCGTAT
TGCGGTCTCGAGTCGCCATGGACGGTCGACCTGTAGA
AGGCTTGC
2 GCAAGCCTTCTACAGGTCGACCGTCCATGGCGACTCGA
GACCGCAATACGGATAAGGGCT
3 AAATGAGTCTGCGGCGCGAGCCTCGGACGTAGATAGTC
CAATGTAATCGTCTATGACGTT
4 AGCCCTTATCCGTATTGCGGTCTCGAGTCGCCATGGAC
GGTCGACCTGTAGAAGGCTTGC
5 GACTATCTACGTCCGAGGCTCGCGCCGCAGACTCATTT

AGCCCTTATCCGTATTGCGGTCTCGAGTCGCCATGGA
CGGTCGACCTGTAGAAGGCTTGC

6 GCAAGCCTTCTACAGGTCGACCGTCCATGGCGACTCGA
GACCGCAATACGGATAAGGGCTGAGCACGCCGACGAA
CATTCACCACGCCAGACCACGTA

7 TACGTGGTCTGGCGTGGTGAATGTTCGTCGGCGTGCTC

8 AAATGAGTCTGCGGCGCGAGCCTCGGACGTAGATAGTC

9 AACGTCATAGACGATTACATTGCTACATGGAGCTGTCT
AGAGGATCCGAC

10 GTCGGATCCTCTAGACAGCTCCATG

11 TAGCAATGTAATCGTCTATGACGTT

12 GTCGGATCCTCTAGACAGCTCCATGATCACTGGCACTG
GTAGAATTCGGC

13 GCCGAATTCTACCAGTGCCAGTGAT

TABLE 2

Oligonucleotide composition of DNA structures used in this study

Oligonucleotide numbers refer to Table 1. Asterisks indicate the 5'-labeled oligo-
nucleotide in each substrate.

Substrate number Oligonucleotide numbers

1+2%+3
1+2+3*
1+3*
1+2*
2%+ 4
5*+6+7+8
9*+10 + 11
9%+ 11+12+ 13

CONNULE W~

Agsoreached 0.6, at which point the culture was stored at +4 °C
overnight. The next morning the cells were pelleted by centrif-
ugation and resuspended in 10 ml of fresh LB. This resuspen-
sion was used to inoculate 8 liters of LB plus ampicillin in a
stirred vessel fermenter. The cells were grown to an A5, of 0.6
at 37 °C, then isopropyl 1-thio-3-D-galactopyranoside and arabi-
nose were added to final concentrations of 1 mm and 0.2%,
respectively. Growth was continued at 37 °C for a further 3 h
before harvesting the cells by centrifugation. The cells were
then resuspended (at 50% (w/w)) in 50 mm Tris-HCI, pH 7.5, at
4 °C, and 10% sucrose before flash-freezing in liquid nitrogen.
The cell paste was thawed and Tris, pH 8.3, EDTA, EGTA,
DTT, NaCl, and lysozyme were added to final concentrations of
50, 5, 0.5, 1, and 200 mM and 0.2 mg/ml, respectively. The mix-
ture was left on ice for 30 min before the addition of sodium
deoxycholate and deoxyribonuclease I to final concentrations
of 0.05% and 5 pg/ml, respectively. Incubation was continued
on ice for 30 min. NaCl was then added to a final concentration
of 500 muM, and the mixture was sonicated on ice and then
centrifuged at 16,000 rpm for 20 min at 4 °C in a Sorvall S534
rotor. The supernatant was collected and then diluted by the
addition of buffer A (20 mm Tris-HCI, pH 8.3, 1 mm EDTA, 0.5
mM EGTA, 1 mm DTT) to a conductivity equivalent to buffer A
plus 100 mm NaCl This diluted supernatant was then applied to
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a 22-ml heparin-agarose column (Sigma Aldrich) equilibrated
in buffer A plus 100 mm NaCl. This and subsequent chroma-
tography was performed at 4 °C. The column was washed with
six column volumes of buffer A plus 100 mm NaCl before elut-
ing proteins with a 32-column-volume gradient of buffer A plus
100-650 mm NaCl. UvrD eluted at ~500 mm NaCl. Buffer A
was added to the pooled fractions until the conductivity was
reduced to the equivalent of buffer A plus 200 mm NaCl. This
diluted sample was then loaded on to a 5-ml Hi-Trap Q-Sepha-
rose column (GE Healthcare) equilibrated in buffer A plus 100
mM NaCl. The column was washed with six column volumes of
buffer A plus 100 mm NaCl and then a 55-column-volume gra-
dient of buffer A plus 100 — 600 mm NaCl. Fractions containing
UvrD were then loaded onto a Sephacryl S200 26/60 gel filtra-
tion column (GE Healthcare) equilibrated in buffer A plus 200
mm NaCl. Fractions containing UvrD were pooled and diluted
with buffer A until a conductivity equivalent to buffer A plus
200 mM NaCl was achieved. The diluted sample was then
loaded on to a 1-ml Q-Sepharose column equilibrated in buffer
A plus 200 mm NaCl and washed with 6 column volumes of
buffer A plus 200 mm NaCl, and then protein was eluted with
buffer A plus 700 mm NaCl. Fractions containing UvrD were
pooled and then dialyzed overnight at 4 °C in 20 mm Tris-HCl,
pH 8.3, 200 mm NaCl, 1 mm EDTA, 0.5 mm EGTA, 1 mm DTT,
and 50% glycerol (v/v) before freezing in liquid nitrogen and
subsequent storage at —80 °C.

Rep was overexpressed from a pET21arep clone kindly sup-
plied by Dr. Ken Marians (Memorial Sloan-Kettering Cancer
Center, New York). This clone was introduced into BL21 cells
(Merck) using LB plus 50 pug/ml carbenicillin. 80 ml of F-me-
dium (56) containing 50 ug/ml carbenicillin was inoculated
with a single colony and incubated overnight at 37 °C. Cells
were pelleted, resuspended in fresh F-medium, and inoculated
into 81 of F-medium containing 100 ug/ml ampicillin in a
stirred vessel fermenter. The culture was incubated at 37 °C
until an A, of 0.6 was reached, isopropyl 1-thio-B-p-galacto-
pyranoside was added to a final concentration of 1 mm, and
incubation was continued for a further 3 h at 37 °C. Cells were
pelleted and then resuspended in Tris-HCI and sucrose and
frozen as above. Cells were thawed on ice and lysed using Brij 58
and lysozyme (57). Nucleic acids were precipitated by the addi-
tion of Polymin P to a final concentration of 0.075% and centri-
fuged ina Sorvall SS34 at 4 °C for 20 min at 16,000 rpm. Proteins
were precipitated from the supernatant by the addition of solid
ammonium sulfate to 50%. The ammonium sulfate pellet was
resuspended in a sufficient volume of buffer B (50 mm imidaz-
ole,pH 6.5, 1 mM EDTA, 1 mm DTT) such that the conductivity
was equivalent to buffer B plus 50 mm NaCl. Proteins were then
loaded onto a 50-ml SP-Sepharose column (GE Healthcare),
washed with 3 column volumes of buffer B plus 50 mm NaCl,
and then eluted using a 10-column-volume gradient of buffer B
from 50 to 800 mMm NaCl. Fractions containing Rep (centered
on 370 mMm) were pooled, and protein was precipitated with 50%
ammonium sulfate followed by resuspension in buffer C (50 mm
Tris, pH 7.5, 1 mm EDTA, 1 mm DTT) plus 50 mm NaCl. The
resuspension was loaded onto a Hi-load Superdex 200 26/60
column (GE Healthcare) run in buffer C plus 50 mm NaCl. Frac-
tions containing Rep were pooled and loaded directly onto a
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3.5-ml heparin-agarose column equilibrated in buffer C plus 50
mM NaCl. The column was washed with 3 column volumes of
buffer C plus 50 mm NaCl followed by a 10-column-volume
gradient of buffer C plus 50 — 800 mMm NaCl. Rep eluted at ~530
mM NaCl. Positive fractions were pooled, diluted with buffer C
to a conductivity equivalent to buffer C plus 50 mm NaCl, and
then loaded on to a 1.4-ml dsDNA cellulose column (Sigma
Aldrich) equilibrated in buffer C plus 50 mm NaCl. The column
was washed with 3 column volumes of buffer C plus 50 mm
NaCl, and then proteins were eluted using five column volumes
of buffer C plus 50—-1000 mm NaCl. Rep eluted at ~700 mm
NacCl. Positive fractions were pooled and diluted with buffer C
to a conductivity equivalent to buffer C plus 50 mm NaCl before
loading onto an ssDNA cellulose column (Sigma Aldrich) equil-
ibrated in buffer C plus 50 mm NaCl. The column was washed
with 3 column volumes of buffer C plus 50 mm NaCl before
development with 20 column volumes of buffer C plus 50 —1000
mM NaCl. Rep eluted at ~650 mm NaCl. Positive fractions were
pooled and dialyzed against buffer B plus 50 mm NaCl, then
loaded on to a Mono S 5/5 HR column (GE Healthcare) equili-
brated in buffer B plus 50 mm NaCl. Proteins were eluted with
30 column volumes of buffer B plus 50 —800 mm NaCl. Frac-
tions containing Rep were pooled and dialyzed into 50 mm Tris,
pH7.5,1 mm DTT, 1 mm EDTA, 200 mm NaCl, and 40% glyc-
erol (v/v) before freezing as above.

DNA Unwinding Assays—Assays were performed in 10-ul
volumes using 1 nm DNA substrate in 50 mm HEPES, pH 8, 4
mMm MgCl,, 2 mm DTT, 2 mm ATP, and 0.04 mg/ml bovine
serum albumin. All reaction components except proteins were
assembled and incubated for 2 min at 37 °C. When included,
SSB was then added and incubation continued for 2 min. UvrA
and/or UvrB were then added, and incubation was continued
for 2 min. UvrD or Rep was then added, and incubation was
continued at 37 °C for 10 min. Reactions were terminated by
the addition of 2.5 ul of 100 mm Tris-HCI, pH 7.5, 5% SDS, 200
mM EDTA, and 10 mg/ml proteinase K. Termination was car-
ried out at 37 °C for 20 min. 2.5 ul of 0.25% bromphenol blue,
and 30% glycerol was then added. Samples were loaded onto
16 X 10-cm 10% polyacrylamide gels in 1X Tris-buffered
EDTA and electrophoresed at 190 V for 90 —150 min depending
on substrate structure. Gels were dried and analyzed using
phosphorimaging and autoradiography.

Time courses were performed in a similar manner except
that reaction volumes were increased, with 10-ul aliquots
removed at the indicated times. Time 0 was the point at which
UvrD was added to the reaction.

RESULTS

UvrA and -B Promote Unwinding of Nicked Duplex Sub-
strates by UvrD—In the absence of DNA polymerase I,
UvrAB and UvrD may be needed to unwind DNA at Okazaki
fragment junctions (51). These junctions can be viewed as
nicked duplexes. We tested the effects of UvrAB on UvrD-
catalyzed unwinding of a model nicked duplex having two
60-bp duplex arms (Fig. 1). SSB was also included, given that
the product of any unwinding, ssDNA, would be bound by
SSB in vivo. The addition of UvrD generated two products,
one of which migrated above the substrate, whereas the
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FIGURE 1. UvrA and -B stimulate UvrD-catalyzed unwinding of a nicked
duplex. A, unwinding of substrate 1 (numbers indicate the length in base
pairs of each duplex) in the presence of SSB (125 nm), UvrD (10 nm), UvrA (nm
concentrations shown),and UvrB (10 nmin lanes 4,8,and 12,100 nmin lanes 5,
9, and 13, and 500 nm in lanes 6, 7, 10, 11, 14, and 15). Lane 16 contained a
partial duplex marker. In the substrate diagram, the circle represents the posi-
tion of the 5’ 32P label, whereas arrows represent the 3’ ends of oligonucleo-
tides. B, degree of unwinding of substrate 7 in lanes 2-15. Data represent the
means of two experiments.

other migrated below (Fig. 14, lane 3). The upper product
proved to be a partial duplex product generated by unwind-
ing of the downstream 60-mer oligonucleotide (Fig. 14, lane
16). The slower migration of this product as compared with
the initial substrate was likely due to secondary structure
formation within the exposed 60 bases of ssDNA upon
deproteinization of the reactions before loading on the gel.
The faster-migrating product was the labeled upstream
60-mer oligonucleotide. UvrD could therefore unwind both
60-mer strands, although whether displacement of the
labeled oligonucleotide was a secondary product of unwind-
ing the partial duplex product cannot be ascertained from
this experiment.

A range of concentrations of UvrA and UvrB were tested for
effects on UvrD-catalyzed unwinding of substrate 1. Stimula-
tion of the total levels of unwinding was observed at all concen-
trations of UvrA and UvrB (Fig. 1). Maximal stimulation was
achieved with 10 nm UvrA or above and 100 nm UvrB or above
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FIGURE 2. Stimulation of UvrD by UvrAB is not dependent on SSB. A, un-
winding of substrate 1 in the presence of UvrD (10 nm), UvrA (nm concentra-
tions shown), and UvrB (10 nmin lanes 3, 7,and 11, 100 nm in lanes 4, 8, and 12
and 500 nmin lanes 5,6, 9, 10, 13,and 14). B, degree of unwinding of substrate
1in lanes 2-14. Data represent the means of two experiments.

(Fig. 1B). In the absence of UvrD, UvrAB failed to promote
significant displacement of any of the DNA strands within the
substrate (Fig. 14, lanes 7, 11, and 15). Although UvrAB does
have limited strand displacement activity, displacement is
restricted to duplexes of less than 30 bp (32), which correlates
with the lack of strand displacement of the 60-bp duplexes pres-
entinsubstrate 1. The presence of UvrAB enhanced production
of both the partial duplex and the single-stranded oligonucleo-
tide products (Fig. 1A4). Thus, UvrAB had no major effect on the
polarity of UvrD-catalyzed unwinding of substrate 1.

The contribution of SSB to stimulation of UvrD by UvrAB
was also analyzed using substrate 1. In the absence of SSB, stim-
ulation of UvrD-catalyzed unwinding of substrate 1 by UvrAB
was again observed (Fig. 2). Therefore, SSB plays no essential
role in stimulation of UvrD by UvrAB. Production of both the
partial duplex and the single-stranded oligonucleotide was
enhanced (Fig. 24, compare lane 2 with lanes 9 and 13). Thus,
as seen in the presence of SSB, UvrAB had no major effect on
the polarity of unwinding by UvrD.

UvrD was then titrated into reactions containing 10 nm UvrA
and 100 nm UvrB, concentrations which gave near-maximal
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UvrAB. E, model of unwinding of the nicked duplex used in A and B. F, unwinding of substrate 1 by the
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stimulation of UvrD, and SSB (Fig.
1). Alternately labeled versions of
the same nicked duplex employed in
Fig. 1 were also used to investigate
the directionality of unwinding. On
substrate 1, stimulation by UvrAB
was observed at all concentrations
of UvrD tested (Fig. 3, A and C). The
presence of UvrAB resulted in a dra-
matic reduction in the concentra-
tion of UvrD required for strand dis-
placement; 2 nM UvrD in the
presence of UvrAB gave similar levels
of unwinding as 25 nm UvrD in the
absence of UvrAB (Fig. 3C). As in
Fig. 1, UvrAB had little impact on
the directionality of UvrD-catalyzed
unwinding of substrate 1. UvrAB
also stimulated unwinding of sub-
strate 2 at all concentrations of UvrD
tested (Fig. 3, B and D). UvrAB-
dependent stimulation of unwinding
of substrate 2 by UvrD was also ob-
served in the absence of SSB (supple-
mental Fig. 1).

The only striking difference be-
tween the unwinding of substrates 1
and 2 was the distribution of partial
duplex and single-stranded oligonu-
cleotide products. Both types of prod-
uct were generated from substrate 1
(Fig. 3A), whereas primarily single-
stranded oligonucleotide was gener-
ated from substrate 2 (Fig. 3B). Note
the single-stranded oligonucleotide
of substrate 2 migrated as two
bands, most probably due to forma-
tion of secondary structures after
deproteinization.

This pattern implies that
unwinding of the nicked duplex
occurred initially by unwinding of
the downstream 60-mer oligonu-
cleotide, with the upstream 60-mer
being a secondary product of
unwinding (Fig. 3E). This orienta-
tion of unwinding by UvrD was
observed both in the absence and
the presence of UvrAB (Fig. 3, A and
B). This pattern of unwinding was
also maintained regardless of the
presence or absence of SSB (com-
pare Fig. 3, A and B, with supple-
mental Fig. 14). Therefore, UvrAB
appears to stimulate strand dis-
placement by UvrD but not to affect
the directionality of UvrD-catalyzed
unwinding of nicked duplexes.
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The above data demonstrate that a combination of UvrA and
UvrB promote strand displacement by UvrD on DNA sub-
strates containing strand discontinuities regardless of the pres-
ence or absence of SSB. However, UvrA or UvrB on their own
elicited no significant stimulation of UvrD helicase activity in
either the presence (Fig. 3, F and G) or absence of SSB (supple-
mental Fig. 2). Thus, stimulation of UvrD requires both UvrA
and UvrB, presumably as a UvrAB complex.

UvrAB Stimulates UvrD Helicase at DNA Strand Di-
scontinuities—We analyzed which features of the nicked
duplex substrates were responsible for the observed stimula-
tion of UvrD by UvrAB. In the presence of SSB, stimulation was
observed on partial duplexes having either a 3’ (substrate 3) or
a 5’ ssDNA tail (substrate 4) (Fig. 4, A and C, respectively).
However, unwinding of substrates 3 and 4 was reduced as com-
pared with substrates 1 and 2 both in the presence and the
absence of UvrAB (compare Fig. 3, C and D, with Fig. 4, B and
D). For substrate three this was probably due to binding of the
3’ ssDNA tail by SSB, thereby inhibiting access of UvrD to the
DNA substrate (58). For substrate 4, unwinding of the duplex
by the 3'-5" helicase UvrD (16) could only initiate either by
translocation along the 120-mer strand from the blunt duplex
end or by translocation along the 60-mer from the 3’ end of that
strand. In either situation, a 3’ ssDNA tail would be lacking.
Although UvrD can initiate unwinding from DNA ends lacking
any ssDNA, this reaction requires higher concentrations of
UvrD than those needed for unwinding of substrates with 3’
ssDNA tails (59).

Substrates 1-4 all possessed strand discontinuities. We
tested whether such discontinuities were a prerequisite for
stimulation of UvrD by analyzing unwinding of a 60-bp duplex.
No stimulation of UvrD by UvrAB was detected at any concen-
tration of UvrD tested (Fig. 4, E and F). Furthermore, no stim-
ulation could be detected using duplexes of 38 or 25 bp (data
not shown). We conclude that stimulation of UvrD by UvrAB
requires the presence of a strand discontinuity within the DNA
structure to be unwound.

Given the different levels of unwinding of substrates 1-5, the
degree of stimulation of UvrD was compared on these sub-
strates in the presence of SSB. With 10 nm UvrD, a concentra-
tion which gave measurable levels of unwinding of these sub-
strates both with and without UvrAB, there was no significant
difference in the degree of stimulation with substrates 1-4 (Fig.
4@G). Thus, the presence of a strand discontinuity within the
DNA substrate, regardless of the presence of ssDNA, is essen-
tial for UvrAB-dependent stimulation of UvrD.

Partial duplex substrates 3 and 4 each contained 60 bases of
ssDNA. Most, if not all, ssDNA would be bound by SSB ix vivo,
and so it was of interest to analyze any possible role of SSB in
UvrD function on these substrates. For substrate 3, omission of
SSB resulted in increased unwinding by UvrD in the absence of
UvrAB (compare Fig. 4, A (lane 5) and B, with Fig. 5A (lane 6)
and B). This difference is consistent with SSB binding to the 3’
ssDNA tail in substrate 3 and inhibiting access by UvrD, as
suggested above. However, stimulation of UvrD by UvrAB was
still observed in the absence of SSB (Fig. 5). Thus, SSB is not
essential for UvrAB-dependent stimulation of UvrD.
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FIGURE 4. Stimulation of UvrD by UvrAB requires the presence of strand
discontinuities within the DNA substrate. A, C, and E, unwinding of sub-
strates 3,4,and 5 by UvrD (1, 2, 10, and 25 nm) in the absence and presence of
UvrA (10 nm) and UvrB (100 nm). SSB was also present (125 nm). Note that, asin
Fig. 3, the labeled 60-mer oligonucleotide product generated from substrate
3 migrated as a doublet. B, D, and F, quantification of UvrD-catalyzed unwind-
ing of substrates 3, 4, and 5 in the absence and presence of UvrAB. G, com-
parison of the extent of stimulation of UvrD-catalyzed unwinding of sub-
strates 1-5 by 10 nm UvrA and 100 nm UvrB. UvrD and SSB were present at
concentrations of 10 and 125 nm, respectively.
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FIGURE 5. Effect of SSB on unwinding of substrates containing ssDNA.
A, unwinding of substrates 3 and 4 by UvrD (10 nm) in the absence and pres-
ence of UvrA (10 nm) and UvrB (100 nm). Note, as in Fig. 3, the labeled 60-mer
oligonucleotide product generated from substrate 3 migrated as a doublet.
B, quantification of UvrD-catalyzed unwinding of substrates 3 and 4 in the
absence and presence of UvrAB. Protein concentrations are as in A.

In contrast to substrate 3, unwinding of substrate 4 by UvrD
required SSB regardless of the presence or absence of UvrAB
(compare Fig. 4D with Fig. 5B). Thus, binding of SSB to the
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ssDNA in substrate 4 promoted unwinding. This promotion
might have occurred either by helix destabilization by SSB at
the ssDNA-dsDNA junction of substrate 4 or by prevention of
secondary structure formation in the 60-base ssDNA tail. This
requirement likely reflects the 5 ssDNA tail of substrate 4
being of the wrong polarity to promote the 3'-5' helicase activ-
ity of UvrD.

UvrAB Promote Unwinding of Branched DNA Substrates by
UvrD—Strand discontinuities are also present at replication
forks and recombination intermediates, possible targets of
UvrD action in vivo (21). We therefore assessed whether UvrA
and UvrB stimulated unwinding of branched DNA structures
by UvrD. Initially, we attempted to employ forked DNA struc-
tures in which all three duplex arms were 60 bp, but secondary
structure formation in long ssDNA regions, formed by unwind-
ing and subsequent deproteinization, complicated interpreta-
tion of the experiments (data not shown). We therefore used a
forked structure having a 60-bp parental duplex and two 38-bp
arms equivalent to the leading and lagging strand arms at a
replication fork (Fig. 6). Unwinding of this fork by UvrD in the
presence of SSB was promoted by the addition of both UvrA
and UvrB (Fig. 6, A and B). With 10 nm UvrD, the presence of
UvrAB increased levels of unwinding ~4-fold (Fig. 6B). This
degree of stimulation is similar to that seen on substrates
1-4 (Fig. 4G), supporting the conclusion that the only essen-
tial requirement for stimulation of UvrD by UvrAB is the
presence of a strand discontinuity within the DNA substrate.
No strand displacement was observed by UvrAB in the
absence of UvrD (Fig. 64, lane 15), and as before, stimulation
required both UvrA and UvrB (data not shown). Stimulation
was also observed in the absence of SSB (supplemental Fig.
3), supporting the conclusion that SSB plays no essential role
in this stimulation.

The products of unwinding forked DNA were complex. In
the absence of UvrAB the main product of UvrD-catalyzed
unwinding was a fork lacking the “lagging” strand (Fig. 64, lane
8, product 2). In the presence of UvrAB, levels of all five detect-
able products of unwinding were elevated (Fig. 64, compare
lanes 3—8 with 9—14). To establish the primary products of
unwinding in the presence of UvrAB, DNA product formation
was analyzed as a function of time (Fig. 6C). The main products
of unwinding at earlier times were the partial duplex and the
fork lacking the lagging strand (products 4 and 2, respectively,
in Fig. 6C). At later times single-stranded oligonucleotide pre-
dominated, presumably by secondary strand displacement
reactions. Thus, UvrD, in the absence of UvrAB, displaced pri-
marily the lagging strand (Fig. 6, A, lane 8, and Di). However, in
the presence of UvrAB, both the lagging strand and the 60-bp
parental duplex were unwound (Fig. 6, C and D, i and ii). This
modulation of UvrD directionality on the fork by UvrAB is in
apparent contrast to the observed lack of any directionality
effects using the nicked duplex substrates (Fig. 3, A and B).
However, the effective processivity of UvrD in isolation is
40-50 bp (60). Generation of product 2 required the displace-
ment of a 38-bp duplex, whereas product 4 required unwinding
of a 60-bp duplex. The dominance of product 2 formation in the
absence of UvrAB is likely to be due to this discrepancy in
duplex sizes.

VOLUME 284 -NUMBER 14+APRIL 3, 2009


http://www.jbc.org/cgi/content/full/M808030200/DC1

Substrate 6
60 =\/{ %

A B
UvrD
UWAB - - - - - - - - +++++++ 5 100
SSB-++++++++++++++ = 80
®
| et eemeecrmm w2 O
RN o
N~ SageaEEes @ 40
= T 20
3 0
T = ~=nus
RN

D

.

S |
®
©
o)
(]
R
° .
x I
0 ——
0 2 4 6 8 10
Time (minutes)
Substrate 6 38
E 60% F
Rep < 100
UWAB - - - - - - - - +++++++ o
SSB-++++++++++++++ '(%80
1— e S O
P N~ Ep—p— i b @ a0
3—" °
— > 20
>~
4— 0
5 e
S

1234567 8 9101112131415

FIGURE 6. UvrAB stimulate UvrD- but not Rep-catalyzed unwinding of forked DNA. A, unwinding of sub-
strate 6 by 0.5, 1, 2, 5, 10, and 50 nm UvrD. UvrA (10 nm), UvrB (100 nm), and SSB (125 nm) were present as
indicated. B, quantification of total levels of unwinding in A. C, time dependence of product formation in the
presence of 5nmUvrD, 125 nm SSB, 10 nm UvrA, and 100 nm UvrD. D, model of unwinding of substrate 6 by UvrD.
E, unwinding of substrate 6 by 0.5, 1, 2, 5, 10, and 50 nm Rep. UvrA and -B and SSB were present as in A.
F, quantification of total levels of unwinding in E. Black and white squares indicate unwinding by Rep in the

absence and the presence of UvrAB, respectively.

Specificity of UvrD Stimulation by UvrAB—The high degree
of sequence and structural homology between E. coli Rep and
UvrD helicases suggests that both helicases unwind DNA via
similar mechanisms (2, 3). Although Rep has no known role in
nucleotide excision repair (18), this helicase may act at blocked
replication forks (61). We, therefore, tested the specificity of
stimulation by comparing the effects of UvrAB on UvrD- and
Rep-catalyzed unwinding of a forked DNA substrate. No stim-
ulation of Rep-catalyzed strand displacement was observed
either in the presence of SSB (Fig. 6, E and F) or in the absence
of SSB (supplemental Fig. 3). Similar results were obtained with
a nicked duplex substrate (data not shown). We conclude that
UvrAB specifically stimulates UvrD helicase.

The Strand Displacement Activity of UvrAB Is Not Essential
for Stimulation of UvrD—Given the UvrD processivity of
40-50 bp (60), stimulation of unwinding of 60-bp (Fig. 1) and
even 38-bp (Fig. 6A4) duplexes might simply reflect the lowering
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of the processivity barrier by local-
ized UvrAB-catalyzed strand dis-
placement of 30 bp or less (32).

+ UVrAB Stimulation of UvrD but not Rep
(Fig. 6, A and E) argues against such

a model, as any nonspecific UvrAB-

dependent reduction in the number

- UvrAB of base pairs to be unwound would

be predicted to stimulate both heli-
cases. However, it remained possi-
ble that limited strand opening by
UvrAB generated suitable DNA
substrates for UvrD but not for Rep.

Initially, strand displacement by
UvrAB was tested on a small nicked
duplex with 25-bp arms, as wild type
UvrAB is known to be able to dis-
place duplexes of such lengths (32).
SSB was omitted from these reac-
tions due to its ability to destabilize
short duplex regions of DNA. UvrD
unwound this substrate with the
same directionality seen on larger
nicked duplexes, preferentially dis-
placing the downstream 25mer oli-
gonucleotide (Fig. 7A, compare lane
4 with 9 and 10). Thus, UvrD trans-
located away from the nick in the
3'-5' direction along the continuous
DNA strand even in the absence of
UvrAB. However, no strand dis-
placement by UvrAB in the absence

10 20 30 40 50
UvrD (nM)

—X

10 20 30 40 50
Rep (nM)

of UvrD could be detected (Fig. 74,
lane 5). Strand displacement was
also not observed with any combi-
nation of UvrA and -B on partial, as
opposed to nicked, duplex sub-
strates (data not shown). Moreover,
no stimulation of UvrD-catalyzed
unwinding of substrate 7 could be
detected with UvrA, UvrB, or
UvrAB (Fig. 7A compare lane 4 with lanes 6—8). This con-
trasted with the UvrAB-dependent stimulation observed on the
nicked duplex substrates having 60-bp arms (Figs. 1-3).

The inability to detect strand displacement by UvrAB on
small nicked duplexes was a surprise in the light of previous
studies (32, 62). One possible explanation is that substrate 7 was
of insufficient length to permit formation of a UvrAB-DNA
complex in an appropriate conformation to allow strand sepa-
ration. This possibility led us to test a forked DNA substrate
with 25-bp arms. This substrate was unwound by UvrD (Fig. 7B,
lane 4). A small amount of strand displacement was also
detected with UvrA only, but none was detected with UvrB only
(Fig. 7B, lanes 2 and 3, respectively). However, a combination of
UvrA and UvrB promoted dissociation of the fork (Fig. 7B, lane
5). These data indicate that duplex arms of 25 bp in length are
sufficient to allow UvrAB-catalyzed strand displacement but
that such strand displacement requires branched rather than
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FIGURE 7. Strand displacement catalyzed by UvrA and/or UvrB on nicked
and forked DNA substrates. A, strand displacement on a nicked duplex sub-
strate with 25-bp arms by UvrD, UvrA, and/or wild type UvrB present at 1, 10,
and 100 nm, respectively. Lanes 9 and 70 contained partial duplex markers.
B, strand displacement on a forked DNA substrate with 25-bp arms in the
presence of UvrD, UvrA, and/or wild type UvrB (lanes 7-8) and UvrB K45A
(lanes 9-16). Protein concentrations were as in A. Products of unwinding are
indicated on the left.

linear DNA substrates. The presence of UvrA with or without
UvrB also altered the distribution of products generated by
UvrD (Fig. 7B, compare lanes 4, 6, 7, and 8), implying that bind-
ing of UvrA could affect access of UvrD to DNA.

Given the rapid unwinding of substrate 8 by UvrD in isola-
tion and by UvrAB, it was not possible to establish whether
UvrA/B stimulated unwinding by UvrD. However, the ability of
wild type UvrA and UvrB to promote dissociation of substrate 8
allowed testing of the strand displacement function of UvrB
mutant K45A. This mutant is deficient in ATP hydrolysis and
unable to promote displacement of DNA strands within partial
duplex substrates in the presence of UvrA (63). UvrA plus UvrB
K45A was also deficient in strand displacement on the forked
substrate 8, in contrast to the wild type combination of proteins
(Fig. 7B compare lanes 13 and 5, respectively). The presence of
UvrB K45A also inhibited the small amount of strand displace-
ment promoted by UvrA alone (Fig. 7B, compare lanes 10 and
13).

We exploited the lack of strand displacement on forked DNA
by UvrA plus UvrB K45A to test whether such a displacement
reaction was essential for the observed stimulation of UvrD
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FIGURE 8. Stimulation of UvrD helicase is effected in the absence of
UvrAB helicase activity. A, unwinding of substrate 6 by UvrD and/or UvrA
plus either wild type UvrB or UvrB K45A. UvrD, UvrA, UvrB (both wild type and
mutant), and SSB were presentat 2, 10, 100, and 125 nw, respectively. B, quan-
tification of extent of unwinding.

helicase. Because the difference in strand destabilization by
wild type UvrB and UvrB K45A was only apparent on a
branched DNA substrate (Fig. 7B), the effects of UvrB K45A on
stimulation of UvrD-catalyzed unwinding of the large forked
substrate 6 was analyzed. Comparison of wild type UvrAB with
UvrA plus UvrB K45A demonstrated that both types of com-
plex stimulated unwinding by UvrD of this fork in the presence
of SSB (Fig. 84 compare lane 3 with lanes 4 and 5). Stimulation
by both types of UvrAB complex was also observed in the
absence of SSB (supplemental Fig. 4). However, stimulation was
reduced when comparing wild type with mutant UvrB in the
presence of SSB (Fig. 8B), suggesting that ATP hydrolysis by
UvrB may play some role in stimulation of UvrD. Such a partial
requirement for ATP hydrolysis might reflect UvrAB-catalyzed
strand opening contributing to some extent to stimulation of
UvrD. However, other explanations are possible such as trans-
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location of UvrAB along the DNA being required to achieve
optimal positioning for stimulation of UvrD.

Regardless of any role of ATP hydrolysis by UvrB in stim-
ulation of UvrD, the lack of correlation between stimulation
of UvrD and strand displacement by UvrAB (Figs. 7 and 8
and supplemental Fig. 4) together with the inability of
UvrAB to stimulate Rep (Fig. 6, E and F) indicate that stim-
ulation of UvrD cannot be explained solely by a UvrAB-cat-
alyzed reduction in the number of base pairs of DNA to be
unwound by UvrD.

DISCUSSION

This study demonstrates that a combination of UvrA and
UvrB can promote UvrD-catalyzed unwinding of both
branched and unbranched DNA structures containing strand
discontinuities. Although a strand discontinuity within the
DNA substrate is essential for this stimulation, the presence of
ssDNA is not required (compare Figs. 3 and 4). Furthermore,
although SSB can modulate UvrD helicase activity on sub-
strates containing ssDNA, SSB is not required for stimulation
(compare Figs. 4 and 5). These data indicate that the activity of
the most abundant helicase in E. coli is regulated not just by a
component of the mismatch repair apparatus (64) but also by
nucleotide excision repair proteins. Thus, the two well defined
processes that employ UvrD both involve modulation of its
helicase activity. UvrD may also promote displacement of pro-
teins, especially RecA, from DNA (19 -21). Whether this pro-
tein displacement function requires specific recruitment of
UvrD or merely reflects the abundance of UvrD in vivo remains
unknown.

Facilitation by UvrAB of nicked duplex unwinding by UvrD
provides an explanation as to why UvrA, -B, and -D are all
required to maintain viability in the absence of DNA polymer-
ase I (51). Without the 5 to 3’ exonuclease and DNA synthesis
functions of this polymerase, UvrA, -B, and -D are needed for
efficient displacement of strands at junctions between Okazaki
fragments. Other (unidentified) exonucleases and DNA poly-
merases might then be able to remove the displaced RNA
primer and extend the 3’ end of the upstream Okazaki fragment
to fill the gap before sealing by DNA ligase (51). A requirement
for UvrAB in addition to UvrD could reflect the need for UvrAB
to impose a specific directionality of UvrD catalysis at Okazaki
fragment junctions, facilitating displacement of the strand con-
taining the RNA primer at the junction rather than the
upstream strand (51). However, our data demonstrate that
UvrAB have little impact on UvrD directionality at nicked
duplex substrates in vitro; regardless of the presence of UvrAB,
UvrD preferentially unwound the downstream fragment equiv-
alent to the 5’ end, rather than the 3’ end, of an Okazaki frag-
ment (Figs. 3, A and B, and 7A; supplemental Fig. 1) (65).
Instead, UvrAB stimulated UvrD-catalyzed strand displace-
ment rather than re-orientating this displacement reaction
(Fig. 3; supplemental Fig. 1). Note that our observation of pref-
erential translocation of UvrD along the continuous DNA
strand at a nick contrasts with the bidirectional movement of
UvrD from such a structure reported previously (66). This dis-
crepancy might reflect the use of a large excess of UvrD in
relation to DNA substrate used in the previous report.
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The lack of stimulation of Rep by UvrAB (Fig. 6, E and F;
supplemental Fig. 3) suggests that stimulation of UvrD by
UvrAB was not due only to the additive effects of UvrD- and
UvrAB-catalyzed strand displacement. Such a mechanism
would be expected to lead to nonspecific stimulation of both
Rep and UvrD helicase activity. The retention of UvrD stimu-
lation by a mutant UvrB incapable of strand displacement sup-
ports this conclusion (Figs. 7B and 8; supplemental Fig. 4).
However, wild type UvrB ATPase activity is needed in vivo to
allow colony formation in the absence of DNA polymerase I
(51). This in vivo requirement might reflect the observed
decrease in stimulation of UvrD helicase by UvrA plus UvrB
K45A (Fig. 8). However, whether the need for ATP hydrolysis
by UvrB to obtain maximal stimulation of UvrD reflects a con-
tribution by UvrAB strand displacement to this stimulation is
unclear. Alternative explanations are possible. For example,
turnover of UvrA plus UvrB K45A on undamaged DNA may be
reduced as compared with the wild type proteins (67), provid-
ing a kinetic barrier to binding of gaps between Okazaki frag-
ments in ApolA cells.

Enhancement of UvrD-catalyzed unwinding by UvrAB
could reflect either increased processivity of UvrD-catalyzed
unwinding from nicks or increased loading of UvrD mole-
cules at nicks. Note that enhanced loading (that is, increased
association) of UvrD molecules would also lead to an
increase in apparent processivity (68 —70). Indeed, it is pos-
sible that stimulation may be effected by a combination of
both these mechanisms. Regardless of the exact mechanism
of stimulation, it is tempting to speculate that an interaction
between UvrB and UvrD (43) is responsible for enhancement
of UvrD helicase. However, testing the importance of any
UvrB-UvrD interaction will require isolation of mutations in
UvrB and/or UvrD that abrogate such an interaction. UvrD
also plays a key role in mismatch repair, initiating unwinding
from a MutH-catalyzed nick and displacing up to 1 kilobase
of the DNA strand containing the mismatch (24). Interaction
of UvrD with MutL bound at the single strand incision is
essential in allowing a motor with limited dsDNA processiv-
ity to unwind such large tracts of DNA (23-26). Stimulation
of UvrD by MutL is likely to occur via increased association,
rather than decreased dissociation, of UvrD with the DNA
substrate (26, 64). However, it should not be assumed that
the mechanism of UvrD stimulation is the same for MutL
and UvrAB, given the disparities between the structure and
function of these proteins.

The observed stimulation of UvrD at a variety of DNA
structures containing strand discontinuities, including
branched DNA structures, raises the question of whether
this reaction has any physiological role in wild type cells.
Although UvrAB stimulation of UvrD explains the need for
these three proteins in the absence of DNA polymerase I
(51), wild type cells would presumably not need UvrABD for
efficient Okazaki fragment processing. It remains possible
that stimulation of UvrD by UvrAB does have an as yet uni-
dentified physiological role in wild type cells. However, this
stimulation might simply be a reflection of the need for UvrD
to displace the 12/13-mer damaged oligonucleotide and to
promote UvrB/C turnover during nucleotide excision repair
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(18, 42). Thus, targeting by UvrABD of strand discontinui-
ties in DNA might be an unavoidable and possibly deleteri-
ous consequence of the need to recruit a DNA helicase for
nucleotide excision repair. One way that gratuitous unwind-
ing from strand discontinuities by UvrABD might be
reduced is the maintenance of UvrA at 20 copies per cell in
the absence of high levels of DNA damage, in contrast to
UvrB and UvrD (250 and 5000-8000 molecules per cell,
respectively) (for review, see Ref. 71). Stimulation of UvrD is
dependent on UvrA as well as UvrB (Fig. 3, F and G; supple-
mental Fig. 2), and so limiting concentrations of UvrA would
restrict stimulation of UvrD helicase activity. However, any
such control must be relaxed in the presence of high levels of
DNA damage via SOS induction of uvrA, uvrB, and uvrD to
facilitate nucleotide excision repair. Any deleterious conse-
quences of stimulating UvrD helicase to initiate unwinding
at strand discontinuities might, therefore, be a price that
must be paid for enhanced removal of DNA damage.
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