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Escherichia coli UvrD is a superfamily 1 helicase/translocase that
functions in DNA repair, replication, and recombination. Although
a UvrD monomer can translocate along single-stranded DNA, self-
assembly or interaction with an accessory protein is needed to
activate its helicase activity in vitro. Our previous studies have
shown that an Escherichia coli MutL dimer can activate the UvrD
monomer helicase in vitro, but the mechanism is not known. The
UvrD 2B subdomain is regulatory and can exist in extreme rota-
tional conformational states. By using single-molecule FRET ap-
proaches, we show that the 2B subdomain of a UvrD monomer
bound to DNA exists in equilibrium between open and closed
states, but predominantly in an open conformation. However,
upon MutL binding to a UvrD monomer–DNA complex, a rota-
tional conformational state is favored that is intermediate be-
tween the open and closed states. Parallel kinetic studies of
MutL activation of the UvrD helicase and of MutL-dependent
changes in the UvrD 2B subdomain show that the transition from
an open to an intermediate 2B subdomain state is on the pathway
to helicase activation. We further show that MutL is unable to
activate the helicase activity of a chimeric UvrD containing the
2B subdomain of the structurally similar Rep helicase. Hence, MutL
activation of the monomeric UvrD helicase is regulated specifically
by its 2B subdomain.

helicase | single molecule fluorescence | mismatch repair | conformational
selection | activation

Escherichia coli UvrD is an SF1A DNA helicase/translocase
involved in methyl-directed mismatch DNA repair (1), nu-

cleotide excision repair (2), replication restart (3, 4), recombi-
nation (5, 6), and transcriptional control (7). E. coli UvrD and
the structurally similar SF1A helicases, E. coli Rep and Bacillus
stearothermophilus PcrA, share 2 core ATPase subdomains, 1A
and 2A, and 2 less conserved auxiliary subdomains, 1B and 2B
(Fig. 1A) (8). The monomeric forms of these helicases are
processive single-stranded DNA translocases (9–15) but have
little to no helicase activity by themselves in vitro (11, 16–21). In
the absence of accessory proteins, UvrD, Rep, and PcrA must
assemble to form at least a dimer to activate helicase activity (11,
16–20). Structural and solution studies show that the 2B sub-
domains of UvrD (22–24), Rep (25, 26), and PcrA (27–30) are
flexible and can rotate 130 to 160°. The 2B subdomain of the
Rep monomer is autoinhibitory, as its removal activates Rep
monomer helicase activity (16, 31, 32), demonstrating that a Rep
monomer possesses all that is needed for both translocase and
helicase activities. These findings led to the hypothesis that the
2B subdomain is regulatory and that its rotational conforma-
tional state can modulate helicase activity (16, 21, 31). Indeed,
single-molecule studies of UvrD showed that DNA unwinding
activity correlates with a relatively closed conformation of the 2B
subdomain (33), although it is not known whether this state re-
sembles the “closed” state observed in crystal structures (22).
Cross-linking of the 2B subdomain of Rep into a closed config-
uration also activates Rep monomer helicase activity (29). Fi-
nally, upon formation of a UvrD dimer the 2B subdomain of the
lead UvrD subunit is shifted to a more closed state (24).

UvrD helicase activity can be activated through interactions
with the MutL protein (34, 35) that is required for methyl-
directed mismatch repair (36). We have shown that a single
MutL dimer is sufficient to activate the UvrD monomer helicase
and increase its processivity as well as stimulate the UvrD dimer
helicase (37). However, the molecular basis for this activation is
not known. Here, we use single-molecule and ensemble fluo-
rescence resonance energy transfer (FRET) experiments to
demonstrate that MutL binding to a UvrD–DNA complex is
accompanied by formation of a rotational conformational state
of the UvrD 2B subdomain that is intermediate between the
open and closed states observed in crystal structures (22, 23) and
this intermediate state is on the pathway for activation of the
MutL–UvrD monomer helicase.

Results
The 2B Subdomain of UvrD Adopts a More Open Conformation upon
Binding to a Partial Duplex DNA. A crystal structure of a UvrD
monomer complexed with a 3′-(dN)7 partial duplex DNA (18 to
28 bp) shows the 2B subdomain in a closed state and in direct
contact with duplex DNA (22). However, ensemble and single-
molecule FRET solution studies (23, 24) show that UvrD
monomers bound to a 3′-(dT)20-duplex DNA substrate of 18 bp
display a distribution of 2B subdomain rotational conformational
states that center on a more open state. We investigated the
distribution of 2B subdomain states for UvrD bound to a partial
ss-ds DNA by using single-molecule FRET. The rotational state
of the 2B subdomain was probed by using a previously charac-
terized double-cysteine UvrD mutant, UvrDΔCys-(A100C,
A473C), referred to as UvrD-DM-1B/2B, with cysteines in the
1B (A100C) and 2B subdomains (A473C) (23, 24) (Fig. 1A). The
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2 Cys residues were labeled stochastically with a mixture of Cy3
(donor) and Cy5 (acceptor) fluorophores as described previously
(23, 24). As predicted from the distances between residues A100
and A473 in the crystal structures of apo UvrD (23) and UvrD in
complex with partial duplex DNA (22), and as shown previously in
solution (23, 24), the Cy3/Cy5-labeled UvrD-DM-1B/2B construct,
hereafter referred to as Cy3/Cy5–UvrD, yields a high FRET effi-
ciency signal, EFRET, when the 2B subdomain is in a closed state
and a low EFRET signal when it is in an open state (Fig. 1A). Hence,
rotations of the 2B subdomain can be monitored as a change in
FRET efficiency.
To selectively observe only DNA-bound Cy3/Cy5–UvrD mol-

ecules, we immobilized an 18-bp duplex DNA with a flanking
3′-(dT)20 tail, referred to as 3′-(dT)20-ds18-biotin, to a coverslip
through a biotin-Neutravidin tag at the blunt end of the duplex
DNA (Fig. 1B). Cy3/Cy5–UvrD was added at low concentration
(250 pM) in imaging buffer at 25 °C. Binding and the 2B con-
formational state of Cy3/Cy5–UvrD was monitored by exciting
Cy3 donor fluorescence with a 532-nm laser and detecting Cy3
and Cy5 fluorescence emission signals using an objective-based
TIRF microscope as described previously (38). Total fluores-
cence intensity and 1-step photobleaching/dissociation behavior
indicate that Cy3/Cy5–UvrD binds to DNA as a monomer under
these conditions. Fig. 1C shows an example smFRET trajectory
of Cy3/Cy5–UvrD bound to DNA in which the 2B subdomain
undergoes reversible transitions accompanied by anticorrelated
changes in Cy3 and Cy5 fluorescence between open (S1; EFRET =
0.26 ± 0.08) and closed (S3; EFRET = 0.75 ± 0.08) states. Hidden
Markov analysis was used to extract FRET states and transition
rates between states as described in SI Appendix, yielding k13 =
0.159 ± 0.006 s−1 and k31 = 0.716 ± 0.025 s−1. Total EFRET
distributions of 346 trajectories (Fig. 1D) and a transition density
plot constructed (SI Appendix, Fig. S1A) show the existence of 2
primary states (S1 and S3), with the S1 (open) state being the

most populated (82%). The observation of 2 dominant states sug-
gests that the rates of interconversion to or from any intermediate
states are faster than the rate of data acquisition of 32 ms.
Stopped-flow studies (SI Appendix, Fig. S2) show that binding

of Cy3/Cy5–UvrD to an excess of the same partial duplex DNA
results in an anticorrelated increase in Cy3 fluorescence and de-
crease in Cy5 fluorescence (decrease in FRET). This indicates
that the 2B subdomain moves to a more open state upon DNA
binding, in agreement with previous studies (23, 24), but not in
agreement with the closed state observed in crystal structures (22).

MutL Shifts the UvrD 2B Subdomain to an Intermediate Rotational
State. Upon addition of excess MutL (250 nM dimer) and Cy3/
Cy5–UvrD (250 pM) to the surface-immobilized 3′-(dT)20-ds18-
biotin DNA (Fig. 1E), we observe UvrD monomers with 3 dis-
crete EFRET states (Fig. 1 F and G); the same S1 (open; EFRET =
0.22 ± 0.11) and S3 (closed; EFRET = 0.76 ± 0.12) states that
exist in the absence of MutL, but also a new intermediate state,
S2, with FRET value (EFRET[S2] = 0.45 ± 0.08; Fig. 1 F and G).
The FRET histogram (from 70 traces; Fig. 1G) shows that the
intermediate S2 state (49%) is the most populated, followed by
the open S1 state (29%) and the closed S3 state (22%). A
transition density plot (SI Appendix, Fig. S1B) constructed from
the time trajectories shows transitions primarily between the S1
and S2 states and the S2 and S3 states, but also less frequent
transitions between the S1 and S3 states. Hidden Markov anal-
ysis yields the transition rates k12 = 0.475 ± 0.031 s−1, k21 =
0.284 ± 0.019 s−1, k23 = 0.281 ± 0.019 s−1, k32 = 0.628 ± 0.041 s−1,
k13 = 0.069 ± 0.013 s−1, and k31 = 0.097 ± 0.016 s−1. The pri-
mary effect of MutL binding to the UvrD–DNA complex is to
form the new intermediate S2 state (49%) at the expense of the
most open S1 state decreasing from 82% to 29%. MutL has little
effect on the population of the closed S3 state (18% vs. 22%).

Fig. 1. The 2B subdomain of UvrD in complex with a
DNA unwinding substrate shifts to an intermediate
conformation upon MutL binding. (A) The open and
closed structures of UvrD are shown with sub-
domains 2B (blue), 1B (green), 1A (beige), and 2A
(red). Rotation of the 2B subdomain results in a
change in FRET of Cy3/Cy5-labeled UvrD-DM-1B/2B.
The labeling positions (A100C and A473C) and the
distances between them are indicated. (B) Cartoon
of Cy3/Cy5-labeled UvrD binding to a 3′-(dT)20-ds18-
biotin DNA tethered on a PEG surface via biotin-
Neutravidin linkage. (C) Single-molecule time tra-
jectory showing transitions of the 2B subdomain
between open (S1) and closed (S3) states for Cy3/
Cy5-labeled UvrD bound to DNA. (D) FRET histogram
(from 346 traces) showing UvrD monomer bound to
DNA transitions between primarily 2 states: S1
(open) with EFRET = 0.26 ± 0.08 (82% of population)
and S3 (closed) with EFRET = 0.75 ± 0.08 (18% of
population). (E) Cartoon of MutL bound to a com-
plex of Cy3/Cy5–UvrD bound to a 3′-(dT)20-ds18-bi-
otin DNA on the surface. (F) Single-molecule time
trajectory showing transitions of the 2B subdomain
for Cy3/Cy5-UvrD (250 pM) bound to the immobi-
lized DNA in the presence of MutL (250 nM dimer).
(G) FRET histogram (from 70 traces) showing UvrD
monomer bound to DNA in 3 states in the presence
of MutL: S1 (open), EFRET = 0.22 ± 0.11 (29% of the
population); S2 (intermediate), EFRET = 0.45 ± 0.08
(49%); and S3 (closed), EFRET = 0.76 ± 0.12 (22%).
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Kinetics of Formation of the Active MutL–UvrD–DNA Complex. We
showed previously that binding of 1 MutL dimer to a UvrD
monomer–DNA complex activates the UvrD monomer helicase
(37). Here we performed 2 sets of stopped-flow experiments to
examine the kinetics of UvrD activation by MutL and determine
whether this correlates with 2B subdomain movement. In the
first set of experiments, we examined the kinetics of MutL
binding and formation of an active MutL–UvrD–DNA complex
by monitoring the unwinding of a fluorescently labeled DNA
[3′-(dT)20-ds18-BHQ2/Cy5 depicted in Fig. 2A]. In the duplex DNA,
the fluorescence of Cy5 on one DNA strand is quenched by the
black hole quencher, BHQ2, on the other strand; hence, the Cy5
fluorescence increases upon DNA unwinding and strand sepa-
ration (37). In a second set of independent but otherwise iden-
tical experiments, we monitored the conformational changes in
the monomeric UvrD 2B subdomain that accompany MutL
binding by using the Cy3/Cy5–UvrD (Fig. 1A).
We first performed sequential-mixing stopped-flow experi-

ments to monitor the kinetics of formation of an active mono-
meric UvrD–DNA helicase using fluorescently labeled DNA to
monitor DNA unwinding upon addition of MutL (Fig. 2A) in
buffer T at 25 °C. Syringe A contained UvrD (100 nM) and
3′-(dT)20-ds18-BHQ2/Cy5 (250 nM), syringe B contained excess
MutL, and syringe C contained 1 mM ATP, 2 mM MgCl2, 2 μM
protein trap [10-bp DNA hairpin possessing 3′-(dT)40 tail]. Un-
der these conditions, a UvrD monomer is bound to the DNA in
syringe A (19, 37). Syringes A and B were rapidly mixed in the
first step and allowed to incubate for a time (Δt), after which this
mixture (A + B) was rapidly mixed with syringe C to initiate

DNA unwinding by any active (MutL)2–UvrD–DNA complex
that assembled during the incubation period (Δt). The DNA
hairpin in syringe C serves as a trap to prevent rebinding of free
UvrD to the DNA substrate. As the rate of formation of the
active (MutL)2–UvrD–DNA complex is much slower than the
rate of DNA unwinding, the final amplitude of the Cy5 fluo-
rescence increase observed after mixing with syringe C (SI Ap-
pendix, Fig. S3) monitors formation of active (MutL)2–UvrD
helicase. From a series of experiments varying Δt, we obtain a
time course for formation of active (MutL)2–UvrD helicase (SI
Appendix, Fig. S3).
Fig. 2B shows the time dependence of the fraction of DNA

molecules unwound for experiments at 3 MutL concentrations
(0.5, 0.75, 1.25 μM dimer; SI Appendix, Fig. S3 A–C). The time
courses are biphasic, and the reciprocal relaxation times, 1/τ2
and 1/τ3, determined from a 2-exponential fit (SI Appendix, Eq.
2), are plotted in Fig. 2 C and D. The biphasic time courses
suggest the presence of 2 populations of UvrD monomers bound
to DNA that can both be activated by MutL. The first population
shows 1/τ2 increasing with increasing MutL concentration from
∼3 s−1 to ∼9 s−1, suggesting activation by MutL binding to a
UvrD–DNA complex. The second population shows 1/τ3 of
∼0.08 to 0.09 s−1 that changes little with [MutL2].

Kinetics of MutL Binding and Accompanying UvrD 2B Subdomain
Conformational Changes. In an independent set of otherwise
identical stopped-flow experiments, we also monitored the time
course of conformational changes in the 2B subdomain of the
monomeric UvrD–DNA complex upon MutL binding (Fig. 3A).
Cy3/Cy5–UvrD (100 nM; Fig. 1A) was preequilibrated with ex-
cess of 3′-(dT)20-ds18 (250 nM) in syringe A for 5 min and then
rapidly mixed with MutL at a series of concentrations (0.5, 0.75,
1, 1.25, 1.5, and 1.75 μM MutL dimer) in syringe B. The Cy3
fluorescence was excited, and both Cy3 and Cy5 fluorescence
emissions were monitored. The time courses in Fig. 3B show that
the changes in both Cy3 donor and Cy5 acceptor fluorescence
signals occur in 3 exponential phases. The 3 reciprocal relaxation
times, 1/τ1, 1/τ2, and 1/τ3, determined from a 3-exponential fit of
the time courses in Fig. 3B (SI Appendix, Eq. 17), are plotted vs.
the total MutL dimer concentration in Fig. 3 C–E. The obser-
vation of 3 relaxation times indicates the presence of at least 3
independent kinetic steps involving the labeled UvrD. Both 1/τ1
and 1/τ2 increase linearly with [MutL2], indicating that the first 2
phases involve MutL binding to the UvrD–DNA. However, 1/τ3
decreases with increasing [MutL2]. A decreasing reciprocal re-
laxation time with increasing ligand (MutL) concentration is the
hallmark for a conformational selection step in the kinetic
pathway (39, 40).
Based on the single-molecule and stopped-flow kinetics, we

first considered a 6-state mechanism (SI Appendix, Fig. S4). In
this scheme, UvrD–DNA complexes exist in equilibrium between
open, intermediate, and closed 2B conformations (UOD↔ UID↔
UCD) and MutL dimer can bind to form MUOD, MUID, and
MUCD, which are also in equilibrium. Although the smFRET
data for the UvrD–DNA complex alone show no populated in-
termediate state (Fig. 1D and SI Appendix, Fig. S1), we infer that
it must exist, at least transiently, along the transition pathway
between the UOD (S1) and UCD (S3) states. We can simplify this
6-state scheme by eliminating the 2 closed states, UCD and
MUCD. We do not consider the UCD and MUCD states to be
important for activation because the population of the closed
(S3) state is unaffected by MutL. It is possible that MutL does
not even bind to the UCD state. Therefore, we consider the
simpler mechanism in Fig. 4A that includes only the 4 states
UOD, UID,MUOD, andMUID. This mechanism is also supported
by the observation of only 3 relaxation times in the stopped-flow
experiments. Although the 4-state mechanism has 4 kinetic steps,

Fig. 2. Kinetics of formation of the active MutL–UvrD–DNA helicase. (A)
Schematic representation of the sequential-mixing stopped-flow fluores-
cence experiment. Experiments were performed in buffer T at 25 °C. (B) Each
data point represents the fraction of DNA molecules unwound in a series of
experiments performed with 100 nM UvrD, 250 nM 3′-(dT)20-ds18-BHQ2/Cy5
DNA substrate, and the indicated MutL concentration plotted as a function
of Δt on a log time scale. Continuous lines are simulations based on the best-
fit values using SI Appendix, Eq. 2. (C and D) Reciprocal relaxation times (1/τ2
and 1/τ3) obtained from nonlinear least-squares fitting of time courses in B
using SI Appendix, Eq. 2.
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only 3 steps are independent, consistent with the observation of 3
relaxation times.
We analyzed the fluorescence time courses by global nonlinear

least-squares analysis (SI Appendix, Fig. S5) according to Fig. 4A
using SI Appendix, Eq. 8. The resulting best-fit values of all rate
constants (Table 1) and relative molar fluorescences (SI Appendix,
Table S2) were well constrained. A well constrained set of rate
constants could only be obtained by including the full fluorescence
intensity time courses. However, because the UvrD in these
stopped-flow studies is not uniformly labeled with both Cy3 and
Cy5, but exists as a mixture of labeled species, one cannot assign
much significance to the molar fluorescence intensities. The
equilibrium constants for the steps in Fig. 4A are given in SI Ap-
pendix, Table S2. These results indicate that, before MutL binding,
the UvrD monomer 2B conformation predominantly exists in an
open conformation in complex with DNA, but shifts to an in-
termediate conformation upon MutL binding, consistent with the
results of the single-molecule experiments.
In Fig. 4 B–D, we compare the experimental reciprocal re-

laxation times obtained from the fluorescence time courses (Fig.
3 C–E) and the helicase activity time courses (Fig. 2 C and D)
with the relaxation times computed from the best-fit values of
the rate constants in Table 1 (SI Appendix). The excellent
agreement indicates that the simplified 4-state mechanism and
the computed rate constants provide a good description of the
data. Last, in Fig. 4E, we compare the experimental time courses
for production of active MutL–UvrD helicase (Fig. 2B) with the
simulated concentration time courses for MUID production (Fig.
4E, continuous lines). The good agreement supports the con-
clusion that the (MutL)2–UvrD–DNA complex with the 2B
subdomain in an intermediate conformation between open and
closed is the active form of the helicase.

Activation of UvrD by MutL Is Specific for the UvrD 2B Subdomain.
We showed previously that MutL does not activate Rep mono-
mer helicase activity (37), indicating that activation by MutL is
specific to UvrD. Given the regulatory role of the 2B subdomain
and its low-sequence conservation among UvrD-like helicases,
we hypothesized that the 2B subdomain might be involved in
UvrD–MutL interactions. To test this idea, we designed a chimera,
UvrD(Rep2B), in which the UvrD 2B subdomain was replaced
with the Rep 2B subdomain. The UvrD(Rep2B) chimera retains

both ssDNA translocase activity and helicase activity under con-
ditions of excess protein that is comparable to wtUvrD (SI Ap-
pendix, Fig. S6 A and B). The 3′ to 5′ macroscopic translocation
rate is 152 ± 6 nt/s, only slightly slower than for wtUvrD monomer
(191 ± 3 nt/s) (12, 14) under the same conditions. The macro-
scopic rate of DNA unwinding is 88 ± 7 bp/s, the same as for
wtUvrD (80 ± 30 bp/s) (37) under identical conditions.
We next examined if the helicase activity of the chimeric UvrD

(Rep2B) monomer can be stimulated by MutL. Single-round un-
winding experiments were performed with 3′-(dT)20-ds18-BHQ2/
Cy5 (50 nM) and UvrD(Rep2B) (25 nM) alone or with 250 nM
MutL dimer in buffer T at 25 °C. No stimulation of monomeric
UvrD(Rep2B) by MutL is observed under these conditions (Fig.
5A), in contrast to the stimulation of monomeric wtUvrD helicase
by MutL under the same conditions (Fig. 5B). This suggests that

Fig. 3. Kinetics of conformational changes in the
UvrD 2B subdomain upon MutL binding. (A) Sche-
matic representation of the stopped-flow experi-
ment monitoring conformational changes in the 2B
subdomain upon binding of MutL to Cy3/Cy5-UvrD-
DM-1B/2B monomer–DNA complex. Experiments
were performed in buffer T at 25 °C. (B) Cy3 and Cy5
fluorescence time courses from experiments per-
formed with 100 nM Cy3/Cy5-UvrD-DM-1B/2B pre-
equilibrated with 250 nM 3′-(dT)20-ds18 for 5 min
and then rapidly mixed with MutL at the indicated
concentration. Continuous lines are simulations
based on the best-fit values using SI Appendix, Eq.
17. (C–E) The dependence of the reciprocal re-
laxation times (C, 1/τ1; D, 1/τ2; and E, 1/τ3) on the
total [MutL2]. The error bars are SDs from the NLLS
fitting.

Fig. 4. Kinetic mechanism for MutL binding and activation of the UvrD–
DNA helicase. (A) Four states are defined by the 2B subdomain conforma-
tional state of UvrD and MutL (M) binding UOD (open 2B), and UID (in-
termediate 2B). (B–D) Dashed lines show the dependence of the reciprocal
relaxation times on the MutL concentration simulated from the scheme in A
and the rate constants in Table 1 overlaid on the experimental values. (E)
Simulations of the time course for formation of the active MutL–UvrD
helicase (MUID) overlaid on the experimental concentrations determined
from the experiments in Fig. 2B.
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MutL activation of the UvrD monomer helicase is specific for the
UvrD 2B subdomain.

Discussion
The monomeric forms of UvrD-like helicases can rapidly and
processively translocate along ssDNA with 3′ to 5′ directionality
(9, 10, 12–14, 16, 21). However, significant DNA unwinding is
observed in vitro only in the presence of an excess of enzyme
over DNA or in the presence of accessory proteins, indicating
that the monomeric form is inactive as a helicase and requires
activation through self-assembly or interaction with an accessory
protein (16–19, 41). Structural and functional studies show that
UvrD, Rep, and PcrA possess a rotationally flexible 2B sub-
domain that can assume a wide range of conformational states
depending on solution conditions, DNA binding, and assembly
state, and it has been suggested that the rotational conforma-
tional state of this subdomain plays a regulatory role (21–25, 28).
We have shown that the helicase activity of a UvrD monomer

can be activated upon binding a single MutL dimer (37). Here,
we show that activation of the UvrD monomer helicase by MutL
is associated with formation of an intermediate rotational con-
formational state of the UvrD 2B subdomain. A single-molecule
experiment with FRET-labeled UvrD shows that the 2B sub-
domain of a UvrD monomer bound to a 3′-ssDNA duplex displays
dynamic transitions between an open and closed state. However,
upon binding MutL, a new intermediate state becomes populated.
Stopped-flow experiments show that, under these same condi-
tions, apo UvrD has a relatively closed state that transitions to an
open state upon binding the 3′-ssDNA duplex. Upon binding of a
MutL dimer, the 2B subdomain assumes an intermediate state
between open and closed conformations, and this state is on the
pathway to forming the active helicase. This intermediate con-
formation is most similar to the open state observed in the Rep-
ssDNA crystal structure (23, 25) and not the fully closed state
observed in a UvrD–DNA crystal structure (22).
Activation of the helicase activity of other UvrD-like enzymes

has also been correlated with movement of the 2B subdomain.
Rep monomer can be activated by covalent cross-linking of the
2B subdomain in a closed form (29), UvrD dimerization shifts
the 2B subdomain of the lead UvrD monomer to a more closed
state (24), PcrA transitions to a more closed state upon RepD
binding (29), and when a pulling force is applied to the DNA
UvrD monomer in a more closed state can unwind DNA (33).
Whether these states are all equivalent is not clear. In fact, some
of the states may actually resemble the intermediate state
reported here. In this context, a molecular dynamics study has
suggested that a “tilted” conformation of the 2B subdomain of
UvrD that is intermediate between the open and closed states
may be important for its activity. This tilted conformation may
resemble the intermediate state of UvrD stabilized by MutL.

The simple mechanism in Fig. 4A provides a good description
of the relaxation times and kinetic time courses. The major ev-
idence in support of this scheme is the observation of 3 re-
laxation times and a decrease in 1 reciprocal relaxation time, 1/τ3,
with increasing MutL concentration, which is an unequivocal
indication that part of the mechanism occurs by conformational
selection. Simpler 3-state mechanisms are not consistent with
our data.
In Fig. 4A, the 2B subdomain of a UvrD monomer bound to

DNA exists in equilibrium between 2 conformations, open and
intermediate. Both the single-molecule data as well as the
stopped-flow fluorescence data provide support for a preexisting
equilibrium between an open form, UOD, and a closed form,
UCD. Although a stable intermediate state is not observed in the
absence of MutL, we infer that it must exist at some low level, at
least transiently, during the transition of UvrD between the open
and closed states. A MutL dimer can bind to either conforma-
tion, UOD or UID, and proceed to form the active MutL–UvrD
helicase, MUID, via 2 pathways, 1 being an induced fit (IF) via
step 4 and the other a conformational selection (CS) via step 3.
Analysis of the complete fluorescence time courses enabled us to
obtain a set of well-constrained rate constants for the scheme in
Fig. 4A. The kinetics of MutL binding and subsequent effects on
the 2B subdomain rotational conformation display 3 relaxation
times, with the 2 slowest relaxation times being the same as the 2
relaxation times observed for formation of the active MutL–
UvrD helicase. Hence, the fastest relaxation time, τ1, which is
dominated by the rate constants k1 and k−1, reflecting MutL
binding to the open UvrD–DNA complex, is not a dominant
contributor to the formation of the active helicase mainly be-
cause k−1 is so large (∼120 s−1). The second and third relaxation
times contribute to active helicase formation and reflect the
steps k2, k−2, k3, and k−3, all of which involve the intermediate
state, MUID. We note that, under the solution conditions used in
our experiments, the MutL protein has a tendency to form
higher-order assemblies beyond a dimer (42); hence, the bi-
molecular rate constants estimated here for MutL dimer binding
to the UvrD–DNA complex, k1 = (4.01 ± 0.01) × 106 M−1 s−1

and k3 = (5.82 ± 0.01) × 106 M−1 s−1, are likely underestimates.
Although there has been much discussion in the literature as

to whether 2-step binding processes occur via a CS (steps 2 and
3) or IF pathway (39, 40), the answer is generally both (43, 44),
with the relative flux through each pathway depending on the
concentration of the binding ligand, in this case MutL. By using
the rate constants in Table 1, we calculated the time courses for
formation of all UvrD species in Fig. 4A. As shown in SI Ap-
pendix, Fig. S6B (SI Appendix), before addition of 1 μM MutL

Table 1. Kinetic parameters from global NLLS analysis

Parameter Value

k1 (M−1 s−1) (4.01 ± 0.01) ×106

k−1 (s−1) 121.3 ± 0.1
k2 (s−1) 0.0380 ± 0.0001
k−2 (s−1) 0.4076 ± 0.0005
k3 (M−1 s−1) (5.82 ± 0.01) ×106

k−3 (s−1) 0.433 ± 0.001
k4 (s−1) (9.54 ± 0.01) ×10−2

k-4* (s−1) (2.49 ± 0.01) ×10−3

These kinetic parameters correspond to the scheme in Fig. 4A.
*During the fit, k−4 was constrained (k−4 = [k−2k−3k1k4]/[k2k3k−1]) to satisfy
detailed balance.

Fig. 5. MutL stimulation of UvrD helicase activity is specific for the UvrD 2B
subdomain. (A) Monomeric UvrD(Rep2B) shows little DNA unwinding activity
and is not stimulated by MutL. DNA (50 nM) was preincubated with 25 nM
UvrD(Rep2B) alone (blue) or 25 nM UvrD(Rep2B) plus 500 nM MutL dimer
(orange). (B) wtUvrD monomer shows helicase activity in the presence of
MutL. DNA (50 nM) was preincubated with 25 nM UvrD alone (blue) or
25 nM UvrD plus 500 nM MutL dimer (orange).
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dimer, the dominant species is the open UvrD bound to DNA,
UOD. Although MutL can bind to both UOD and UID, most of
the MUID formed goes through the CS pathway (steps 2 and 3).
SI Appendix, Fig. S6C shows a plot of the fractional equilibrium
flux for the CS pathway (43) as a function of MutL concentration
(SI Appendix). Under the conditions and concentrations used in
our experiments, >90% of the active MutL–UvrD helicase forms
through the CS pathway. The IF pathway will ultimately domi-
nate only at higher [MutL].
Although we show that an intermediate UvrD 2B subdomain

state is on the pathway to formation of an active MutL–UvrD
helicase, we do not know why this state is associated with acti-
vation. It has been suggested based on crystal structures of UvrD
monomers bound to a 3′-(dN)7-duplex DNA that interaction of
duplex DNA with the 2B subdomain in a closed state is involved
in DNA unwinding (22). However, a UvrD monomer cannot
unwind such DNA (11, 12, 19), suggesting that those structures do
not represent an active helicase. Furthermore, our experiments
indicate that the 2B subdomain of the active MutL–UvrD helicase
is not in a fully closed state. In addition, in contrast to models that

invoke a functional role of the 2B subdomain in DNA unwinding
(22, 28), deletion of the 2B subdomain in Rep does not eliminate
helicase activity, as would be predicted by those models, but rather
activates Rep monomer helicase activity (16, 31, 32). Cross-linking
of the 2B subdomain of Rep into a closed form also activates the
Rep monomer, making it a very processive monomeric helicase
(29). In that case, it may be that the closed 2B subdomain sur-
rounds the DNA, preventing dissociation.

Materials and Methods
All buffers, proteins, and DNA used are described in the SI Appendix. Single-
molecule FRET experiments were carried out by using an Olympus IX71 mi-
croscope as described (24, 37) (SI Appendix). Stopped-flow experiments were
performed as described in SI Appendix using an SX.18MV stopped-flow
spectrofluorometer (Applied Photophysics).
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