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Abstract

Escherichia coli UvrD is a superfamily 1 helicase/translocase involved in multiple DNA metabolic 

processes including methyl-directed mismatch DNA repair. Although a UvrD monomer can 

translocate along single-stranded DNA, a UvrD dimer is needed for processive helicase activity in 
vitro. E. coli MutL, a regulatory protein involved in methyl- directed mismatch repair, stimulates 

UvrD helicase activity, however, the mechanism is not well understood. Using single molecule 

fluorescence and ensemble approaches, we find that a single MutL dimer can activate latent UvrD 

monomer helicase activity. However, we also find that MutL stimulates UvrD dimer helicase 

activity. We further find that MutL enhances the DNA unwinding processivity of UvrD. Hence 

MutL acts as a processivity factor by binding to and presumably moving along with UvrD to 

facilitate DNA unwinding.
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Introduction

The DNA unwinding and translocase activities of superfamily 1 (SF1) and SF2 helicases can 

be regulated by the assembly state of the enzyme as well as through interactions with 

accessory proteins[1]. As isolated enzymes they display helicase and translocase activities in 
vitro, however, these enzymes rarely function in isolation in vivo, but often function as 

components of larger molecular complexes that catalyze a wide range of processes in DNA 
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metabolism. Therefore, investigation of the interactions between helicases and their 

accessory proteins is needed to fully understand how they operate and are regulated in vivo.

E. coli UvrD is a prototypical SF1A DNA helicase/translocase involved in DNA repair[2, 3], 

replication[4-7] and recombination[8-10]. UvrD protein can self-associate into dimers and 

tetramers[11] and its assembly state regulates its properties. A UvrD monomer can 

processively and rapidly translocate in a 3’ to 5’ direction along single-stranded (ss) DNA 

but has little to no helicase activity in vitro[12-15] unless a force is applied to the DNA[16]. 

In the absence of accessory proteins, formation of at least a UvrD dimer is required to 

processively unwind duplex DNA in vitro[12-19]. The monomeric forms of the structurally 

homologous SF1 helicases, E. coli Rep and B. stearothermophilus PcrA, are also processive 

ssDNA translocases[20-23], and also display little helicase activity in vitro[22-24]. 

Activation of Rep and PcrA helicase activities also requires either self-assembly[22, 24, 25] 

or interaction with accessory proteins[26].

E. coli MutL protein plays a key role in methyl-directed mismatch repair (MMR) of 

DNA[27-30]. MutL interacts with UvrD[31] and stimulates its helicase activity in multiple- 

turnover[29, 32] DNA unwinding reactions. Although MutL was shown to stimulate UvrD-

catalyzed unwinding of both 20 base pair (bp) and 92 bp partial duplex DNA under single 

round conditions such that additional UvrD could not re-initiate on the DNA, it was 

proposed that MutL functions by continually loading multiple UvrD molecules onto a DNA 

substrate without affecting its unwinding processivity[32]. Furthermore, the potential effects 

of UvrD assembly state were not considered in previous studies[32].

Using single molecule fluorescence and ensemble experiments, we show here that a single 

MutL dimer can activate the latent helicase activity of a UvrD monomer as well as stimulate 

the activity of a UvrD dimer. We further show that MutL does increase the DNA unwinding 

processivity of UvrD monomers and dimers indicating that MutL remains in complex with 

UvrD as it moves along the DNA.

Results

MutL activates the helicase activity of a UvrD monomer

To determine whether MutL can activate DNA unwinding by a UvrD monomer, we 

performed single molecule fluorescence resonance energy transfer (smFRET) DNA 

unwinding experiments[33] using total internal reflection fluorescence (TIRF) microscopy. 

A UvrD variant containing a biotin-avidity tag on its N-terminus was used to attach it to a 

polyethylene glycol (PEG) surface via a biotin-neutravidin linkage (Fig. 1a). The attachment 

of UvrD to the surface was performed at low UvrD concentrations (250 pM) to ensure that 

only UvrD monomers were immobilized on the surface. At this concentration the fraction of 

UvrD dimers in solution is less than 0.1 %[11]. As a further check, when immobilization 

was performed with Cy3-labeled UvrD only single photobleaching events were observed 

indicating the absence of dimers. To examine DNA unwinding we used a DNA substrate 

(DNA I) with an 18 bp duplex and a 3’-(dT)20 tail labeled with a fluorescent donor (Cy3) 

and acceptor (Cy5) at opposite ends of the duplex (Fig. 1a). Binding of a single DNA 

molecule to a UvrD monomer on the surface can be observed as the sudden appearance of a 
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fluorescence signal. DNA unwinding is expected to be accompanied by an increase in Cy5 

fluorescence and an anti-correlated decrease in Cy3 fluorescence[34], followed by acceptor 

strand release (Cy5 fluorescence disappearance and Cy3 fluorescence increase) and then 

donor strand release (loss of Cy3 fluorescence) upon complete unwinding (Fig. 1a).

Upon addition of DNA (1 nM) and ATP (5 μM) to the surface immobilized UvrD monomers 

in imaging buffer at 25 °C we observe DNA binding, but little DNA unwinding (<2%) 

(Supplementary Fig. 1a). This is consistent with previous studies indicating that UvrD 

monomers are unable to processively unwind even an 18 bp duplex DNA[12-15, 18, 19]. A 

rate constant for dissociation of DNA from a UvrD monomer of kd = 0.054 ± 0.002 s−1 was 

determined from analysis of the dwell times of DNA bound to UvrD (Supplementary Fig. 

1b), which is consistent with a previous upper limit estimate of 0.12 s−1 determined from 

ensemble kinetic studies[12].

However, when an excess of MutL (50 nM dimer) was added along with DNA (1 nM) and 

ATP in imaging buffer, a significant number of DNA unwinding events were observed (Fig. 

1b). The percentage of DNA molecules unwound was 33% (251/767) at 5 μM ATP, 42% 

(333/789) at 15 μM ATP, and 36% (310/854) at 50 μM ATP. The time duration of each DNA 

unwinding event (highlighted in blue in Fig. 1b) was measured as the time interval from the 

start of the increase in EFRET to the loss of Cy5 signal (acceptor strand release). The mean 

unwinding duration time, ṫ, decreases with increasing ATP concentration (Fig. 1c and Table 

1), as expected for DNA unwinding. We analyzed the DNA unwinding time durations using 

the n-step sequential unwinding model in Supplementary Scheme 1 (Eq. 1) to determine the 

stepping rate, k, and the number of steps, n, from which the unwinding rate, r (bp/sec) and 

step size, m, can be calculated. The best fit kinetic parameters were determined as described 

by Neuman et al.[35] using a maximum likelihood estimation (MLE) analysis (Table 1 and 

Fig. 1d). As expected, the stepping rates, k, and unwinding rates, r, increase with increasing 

ATP concentration, while the number of steps, n, and step-sizes, m, are relatively constant. 

The unwinding rates measured for UvrD monomer in the presence of MutL are similar to the 

unwinding rates determined for UvrD dimer previously[13, 15, 19, 36]. These results 

demonstrate that the latent helicase activity of a UvrD monomer can be activated through 

interaction with the MutL protein.

MutL relieves DNA substrate inhibition of UvrD-catalyzed DNA unwinding

The specific activity of UvrD-catalyzed DNA unwinding in vitro shows inhibition when the 

[DNA] exceeds the [UvrD][13]. This results from the fact that as the total [DNA] exceeds 

the total [UvrD], the population of UvrD monomers bound to DNA increases while the 

UvrD dimer-DNA population decreases. Since UvrD monomers show no helicase activity in 
vitro, the specific helicase activity decreases with increasing [DNA][11, 13]. Based on the 

observation that MutL can activate UvrD monomer helicase activity, we examined whether 

MutL can eliminate this DNA substrate inhibition. DNA unwinding was monitored under 

single round conditions using an “all or none” fluorescence stopped-flow DNA unwinding 

assay[36, 37] in buffer T at 25 °C (Fig. 2a). For this we used an 18 bp duplex DNA (DNA II) 

containing a 3’-(dT)20 tail with a Cy5 fluorophore attached to the long strand and Black 

Hole Quencher 2 (BHQ2) attached to the short strand. When in close proximity, BHQ2 
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quenches Cy5 fluorescence[38], hence, DNA strand separation is accompanied by an 

increase in Cy5 fluorescence. DNA unwinding was initiated by mixing pre-formed UvrD-

DNA or MutL-UvrD-DNA complexes with buffer T containing 1 mM ATP, 2 mM MgCl2 

and 2 μM protein trap. The protein trap, a 10 bp DNA hairpin (DNA X) possessing a 3’-

(dT)40 ssDNA tail, binds to any free UvrD or UvrD that dissociates during unwinding thus 

preventing any reinitiation of DNA unwinding (see Supplementary Fig. 2) and ensuring that 

any unwinding is due to UvrD that is pre-bound to the DNA (single round conditions).

We first performed single round DNA unwinding experiments in the presence of a 2.5-fold 

excess of DNA (125 nM) over UvrD (50 nM) with and without MutL. The resulting DNA 

unwinding time courses (Fig. 2b) display the expected lag phase due to the fact that UvrD-

catalyzed DNA unwinding occurs in multiple steps with similar rate constants, resulting in 

the formation of partially unwound intermediates prior to complete unwinding of double-

stranded (ds) DNA[13, 36, 37]. We note that MutL alone does not support DNA unwinding 

(Fig. 2b). In the absence of MutL, <2% of the DNA substrate was unwound by UvrD (Fig. 

2b), likely due to the small percentage of UvrD dimers present. However, at saturating MutL 

concentrations (625 nM dimer) (see Supplementary Fig. 3a,b) the same concentration of 

UvrD unwound ~20% of the DNA substrate (Fig. 2b). We note that in the Tris buffer that we 

used for the DNA unwinding studies performed above MutL exists as a mixture of dimers 

and higher oligomeric species[39].

Next, we performed a series of single round experiments at constant total UvrD 

concentration (50 nM) as a function of increasing DNA substrate concentration in the 

presence and absence of saturating MutL (Fig. 2c). With UvrD alone, we observe the 

expected DNA substrate inhibition. However, this DNA substrate inhibition is eliminated 

when excess MutL is included with UvrD. The amount of unwound ssDNA increases with 

increasing DNA substrate concentration until a plateau is reached at [DNA]t/[UvrD]t ≅ 0.8. 

These results support the conclusion that MutL stably activates the helicase activity of a 

UvrD monomer.

3’ ssDNA tail requirements for formation of a productive MutL-UvrD complex

We next investigated the effect of 3’ ssDNA tail length on MutL stimulation of UvrD 

monomer helicase activity. Single round stopped-flow DNA unwinding experiments were 

performed using DNA substrates (DNA II) with an 18 bp duplex and varying 3’-(dT)N tail 

lengths from N = 6 to 40 nt. By performing experiments in the presence of saturating MutL 

(625 nM dimer) and in DNA excess (125 nM) over UvrD (50 nM) we ensure that DNA 

molecules bind only one UvrD monomer. The time courses of DNA unwinding and the 

dependence of the total unwinding amplitudes on 3’ ssDNA tail length, N, are shown in Fig. 

3a and 3b, respectively. No unwinding is detected for DNA substrates with N ≤ 8, whereas a 

sharp increase in DNA unwinding amplitude is observed for 3’ ssDNA tail lengths from 10 

to 14 nt, with no further increase in amplitude for N > 14 nt.

Crystal structures of UvrD monomer in complex with partial duplex DNA suggest that UvrD 

contacts ~5 nt on the 3’ ssDNA tail[40]. Unwinding competition experiments indicate that 

UvrD shows some specificity for a 3’ ssDNA/dsDNA junction with 3’ tail lengths as short as 

N = 4 nt[13]. Thus, if MutL does not require any contact with the ssDNA tail, we would 
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expect to detect unwinding of DNA substrates with 3’ ssDNA tail lengths as short as N = 4-8 

nt. Hence the results above suggest that MutL interacts with at least some portion of the 3’ 

ssDNA tail in order to activate a UvrD monomer.

MutL stimulates the helicase activity of a UvrD dimer

We next examined the effect of MutL over a range of UvrD and DNA concentration ratios 

that will populate both UvrD monomers and dimers on the DNA[11- 13]. Single round 

stopped-flow DNA unwinding experiments were performed at constant DNA concentration 

(50 nM) as a function of UvrD concentration with and without MutL. The fraction of DNA 

molecules unwound is plotted as a function of UvrD to DNA ratio for UvrD alone (Fig. 3c) 

or UvrD plus saturating MutL (250 nM dimer) (Fig. 3d). For UvrD alone, no unwinding is 

observed for DNA substrates with N < 12 nt since a 3’ ssDNA tail with N ≥ 12 nt is needed 

to form a stable UvrD dimer-DNA complex[13]. In contrast, in the presence of MutL, UvrD 

can unwind DNA substrates with 3’ tail lengths as short as 10 nt (Fig. 3d) since a 10 nt tail is 

sufficient to stabilize a MutL-UvrD monomer-DNA complex consistent with the single 

molecule and stopped-flow experiments discussed above.

In the absence of MutL, the amplitudes of DNA unwinding display a sigmoidal dependence 

on [UvrD]t/[DNA]t with a breakpoint at [UvrD]t/[DNA]t ≅ 2-3 depending on the 3’-(dT)N 

length (Fig. 3c). This reflects the fact that DNA-unwinding activity requires at least a UvrD 

dimer bound per DNA substrate[13]. However, in the presence of MutL, the DNA 

unwinding amplitudes increase linearly with [UvrD]t/[DNA]t for each DNA substrate (Fig. 

3d) with a breakpoint that increases from one UvrD per DNA for N = 10, 12 and 14 nt tails 

to two UvrD per DNA for N = 20, 30 and 40 nt tails (Fig. 3e). This indicates that on DNA 

substrates possessing 3’-(dT)N tails with N = 10, 12, or 14 nt, MutL activates a UvrD 

monomer. However, for DNA substrates possessing longer 3’- (dT)N tails of N ≥ 20 nt, 

MutL can stimulate the helicase activity of a UvrD dimer. We note that MutL eliminates the 

DNA substrate inhibition for the DNA substrates that can accommodate a UvrD dimer (N = 

30, 40 nt).

MutL increases UvrD DNA unwinding processivity

DNA unwinding catalyzed by UvrD dimers has limited processivity[16, 36]. Since we have 

shown that MutL stimulates the helicase activity of UvrD monomers and dimers under 

single round conditions, this suggests the formation of a stable UvrD-MutL complex that 

can move along the DNA, i.e., that MutL might function as a processivity factor, keeping 

UvrD tethered to the DNA.

To test this hypothesis, we performed a series of single round stopped-flow experiments on 

50 nM DNA substrates (DNA II-VIII) with varying duplex lengths (L = 18, 21, 25, 32, 40, 

50, 80 bp) to measure the unwinding processivity of UvrD alone (160 nM) on 3’-(dT)20 

tailed DNA substrates (Fig. 4a), UvrD (160 nM) plus MutL dimer (375 nM) on 3’-(dT)20 

tailed DNA substrates (Fig. 4b), and UvrD (160 nM) plus MutL dimer (375 nM) on 3’-

(dT)14 tailed DNA substrates (Fig. 4c). Note that a shorter 3’-(dT)14 tail is sufficient to bind 

only one UvrD monomer in the presence of MutL (see Fig. 3e). These time courses all 

display lag phases that increase with duplex length as expected for an “all or none” 

Ordabayev et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2019 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



unwinding assay[36, 37]. We analyzed the time courses (Fig. 4a-c) using the n-step 

sequential unwinding model in Supplementary Scheme 2 (Eq. 3). The best fit parameters 

obtained from the non-linear least-squares (NLLS) analysis are given in Table 2.

The total DNA unwinding amplitude decreases with increasing duplex length (Fig. 4d). We 

analyzed these data using Eq. 4 which assumes that DNA unwinding is catalyzed by a single 

monodisperse population of helicases to obtain estimates of the unwinding processivity, P, 

and the average number of DNA base pairs unwound per protein binding event, ⟨Nbp⟩, for 

UvrD alone and UvrD in complex with MutL (Table 2). This analysis indicates that UvrD in 

complex with MutL on the DNA substrates with either a 3’-(dT)14 tail or 3’-(dT)20 tail on 

average unwinds 2-3 fold more DNA base pairs compared to UvrD alone on 3’-(dT)20 tailed 

DNA substrates (Table 2). The data for unwinding of DNA with a 3’-(dT)14 tail shows a 

good fit to Eq. 4 with P = 0.910 ± 0.003. However, the fit for the DNA with a 3’-(dT)20 tail 

is not as good. This may be due to the possible presence of a mixture of active UvrD species 

(UvrD dimers and UvrD dimer- MutL complexes), each of which may have different 

processivities. Since these are single round experiments that prevent re-binding of free 

UvrD, these results rule out a model in which MutL continuously loads free UvrD onto the 

DNA, but indicate that MutL serves to increase the DNA unwinding processivity of UvrD.

A single MutL dimer activates a UvrD monomer

We next sought to determine how many MutL dimers are required to activate a UvrD 

monomer. For these experiments, we used analytical ultracentrifugation and stopped-flow 

fluorescence techniques to determine the minimum stoichiometry of a MutL-UvrD-DNA 

complex that shows DNA unwinding activity. We performed these experiments in buffer 

M20/20, which is different from buffer T used in the experiments described above. We have 

previously shown that MutL exists as a mixture of dimers and higher oligomeric species in 

buffer T[39]. However, we have also shown that a MutL dimer is stable in buffer M20/20 

that contains PO4
3- and this buffer inhibits formation of the higher oligomeric forms of 

MutL[39] (hydrodynamic properties of MutL2 are shown in Supplementary Table 1). In 

buffer M20/20 one MutL dimer binds to one 3’- (dT)20-ds18 DNA molecule with an 

apparent binding constant[39] K = (3.4 ± 0.4)x105 M” 1. However, the DNA unwinding 

activity of UvrD is lower in buffer M20/20 than in buffer T, which is why we used buffer T 

in the DNA unwinding experiments described above.

Sedimentation velocity and equilibrium approaches were used to examine the stoichiometry 

of MutL-UvrD-DNA complexes in buffer M20/20 at 25 °C. We used an 18 bp duplex DNA 

(DNA IX) possessing a 3’-(dT)i0 tail which is short enough to allow binding of only one 

UvrD monomer to the DNA[13] (see also Fig. 3d). A partial specific volume of vDNA = 

0.563 ± 0.002 ml/g was measured for 3’-(dT)i0-ds18 DNA (DNA IX) by conducting 

sedimentation equilibrium experiments at 25 °C in buffer M20/20 (see Methods and 

Supplementary Fig. 4a). We used a UvrD variant, possessing a single Cys (UvrDACys-

A100C)[41] that was labeled with Cy3. This UvrD-Cy3 variant retains both ssDNA 

translocase and DNA helicase activities[15, 16]. Sedimentation velocity experiments of 

UvrD monitoring 555 nm (Supplementary Fig. 4b) showed a single symmetrical peak at 

2.15 ± 0.02 S, the position of which was independent of concentration indicating that UvrD 
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was homogeneous and in a single assembly state. Sedimentation equilibrium experiments of 

UvrD-Cy3 (1 μM) at four rotor speeds (12, 15, 18, and 22k rpm) showed absorbance profiles 

that were well described by single exponentials (Fig. 5a). Initial analysis of the absorbance 

profiles using a partial specific volume for UvrD (vUvrDcaic = 0.7308 ml/g) calculated from 

its amino acid composition (see Methods) indicated molecular mass of 82.3 ± 1.2 kg/mol for 

UvrD-Cy3 consistent with monomeric UvrD-Cy3 (84.672 kg/mol). Using these 

sedimentation equilibrium data and constraining the molecular mass to the known value of 

84.672 kg/mol for UvrD-Cy3 monomer, we estimated a more accurate partial specific 

volume (vUvrD-Cy3,exp= 0.737 ± 0.003 ml/g) for the UvrD-Cy3 monomer in buffer M20/20 

at 25 °C. Values of s20,w and f/f0 for UvrD-Cy3 are given in Supplementary Table 1.

All remaining sedimentation experiments were performed in buffer M20/20 at 25 °C 

monitoring absorbance at 555 nm. At this wavelength, only the complexes that contain 

UvrD-Cy3 are detectable. Sedimentation velocity experiments were performed at four 

UvrD-Cy3 concentrations (0.6, 0.75, 0.85 and 1 μM) and a constant DNA concentration (1 

μM). The resulting c(s) distributions show a single symmetrical peak at 2.63 ± 0.02 S 

(Supplementary Fig. 4c), the position of which did not change with UvrD concentration, 

indicating a distinct UvrD-DNA species. A peak corresponding to free UvrD monomer (2.15 

S) was absent indicating that UvrD-Cy3 binds to the DNA stoichiometrically in buffer 

M20/20. To determine the molecular mass of the UvrD-DNA complex, we performed 

sedimentation equilibrium experiments with an equimolar mixture of UvrD-Cy3 (1 μM) and 

3’-(dT)10-ds18 (1 μM) at four rotor speeds (12, 15, 18, and 22k rpm). The absorbance 

profiles fit well to a single exponential (Fig. 5b) giving a best fit molecular mass of 92.4 

± 1.4 kg/mol using a partial specific volume for the UvrD- DNA complex of 0.712 ml/g 

calculated as a weight average of the experimentally determined partial specific volumes of 

UvrD-Cy3 and 3’-(dT)10-ds18 in buffer M20/20 at 25 °C. This molecular mass is consistent 

with, although slightly lower than, that expected for a UvrD monomer-DNA complex 

(98.717 kg/mol). By constraining the molecular mass of the complex to its known value we 

calculated a partial specific volume, vUvrD-DNAexp = 0.727 ± 0.003 ml/g. Values of s20w and 

f/f0 for UvrD-Cy3-DNA complex are given in Supplementary Table 1.

We next performed sedimentation equilibrium experiments of a MutL-UvrD-Cy3- DNA 

complex using a 2.5-fold molar excess of MutL dimer (2.5 μM) over UvrD-Cy3 (1 μM) and 

3’-(dT)10-ds18 (1 μM) at four rotor speeds (9, 12, 15, and 18k rpm). The absorbance profiles 

were well described by a two-exponential fit (Fig. 5c) indicating the presence of two species 

containing UvrD-Cy3, with one species corresponding to UvrD- Cy3-DNA and the other to 

MutL-UvrD-Cy3-DNA. No improvement in the quality of the fit was obtained by including 

a third exponential. By constraining the molecular mass of the lower molecular weight 

species to that of the UvrD-Cy3 monomer-DNA complex (98.717 kg/mol), we obtained a 

best fit value of 235 ± 6 kg/mol for the molecular mass of the MutL-UvrD-Cy3-DNA 

species using a weight average partial specific volume of 0.734 ml/g for (MutL)2-UvrD-

DNA complex calculated from the partial specific volumes of UvrD-Cy3, MutL2, and 3’-

(dT)10-ds18 in buffer M20/20 at 25 °C (see Methods and Supplementary Table 1). This 

molecular mass agrees well with the expected molecular mass for a MutL dimer-UvrD-Cy3 

monomer-DNA complex (M = 234.540 kg/mol). Therefore, we conclude that the higher 
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molecular mass species in buffer M20/20 contains only one MutL dimer and one UvrD-Cy3 

monomer-bound to the DNA.

We next examined the DNA unwinding activity associated with the MutL2-UvrD- DNA 

complex at the same molar ratios (2.5:1:1) used in the sedimentation experiments under the 

identical solution conditions (buffer M20/20) at 25 °C. Based on the sedimentation 

experiments, this MutL-UvrD-DNA solution contains a mixture of DNA bound with a single 

UvrD monomer and DNA bound with a single UvrD monomer and a single MutL dimer. In 

single round DNA unwinding experiments performed at 100 nM 3’- (dT)10-ds18-BHQ2/Cy5 

(DNA II) premixed with 100 nM UvrD plus 250 nM MutL dimer we observe significant 

DNA unwinding (Fig. 5d). No DNA unwinding was detected in the absence of MutL (Fig. 

5d) consistent with there being no unwinding activity for the UvrD monomer-DNA 

complexes that are also present in the mixture. These results indicate that a single MutL 

dimer is sufficient to activate the helicase activity of a UvrD monomer.

MutL activation of UvrD helicase is specific

E. coli Rep is an SF1A helicase/translocase that shares ~40% sequence similarity with 

UvrD. Similar to UvrD, Rep monomers can translocate on ssDNA in an ATP-dependent 

manner (Supplementary Fig. 5a) but must form at least a dimer in order to activate its 

helicase activity[23-25, 42] (Supplementary Fig. 5b). We therefore examined whether MutL 

is able to activate the helicase activity of a Rep monomer. These experiments were 

performed with an excess of DNA substrate over Rep so that no more than one Rep 

monomer is bound per DNA molecule[23]. Single round unwinding experiments were 

performed using 50 nM 3’-(dT)20-ds18-BHQ2/Cy5 (DNA II) and 25 nM Rep alone or 25 

nM Rep plus 250 nM MutL dimer in buffer T at 25 °C (Supplementary Fig. 5c). No 

stimulation of Rep-catalyzed DNA unwinding by MutL was observed under these conditions 

indicating that MutL stimulation is specific for UvrD reflecting a specific protein-protein 

interaction.

We next tested whether particular regions of UvrD are important for activation by MutL. The 

SF1A helicases, UvrD, Rep and PcrA all possess a relatively disordered C- terminal tail that 

is the least conserved region among these helicases and the C- terminal tail of UvrD has 

been reported to interact with MutL[31] as well as with RNA polymerase[43]. Hence, we 

examined UvrDΔ73 mutant, in which the last 73 C-terminal amino acids of UvrD are 

deleted, to see whether the C-terminal region of UvrD is important for activation by MutL. 

UvrDΔ73 retains helicase and ssDNA translocase activities[41], but monomeric UvrDΔ73 

shows no helicase activity[11, 13]. Surprisingly, MutL is able to activate the helicase activity 

of monomeric UvrDA73 (Supplementary Fig. 5d) indicating that the C-terminal tail of UvrD 

is not essential for activation by MutL.

Discussion

UvrD possesses both ssDNA translocase and DNA helicase activities and functions in 

multiple DNA metabolic processes in vivo. These include methyl-directed mismatch DNA 

repair[2], nucleotide excision repair[3], replication restart[4, 5, 7, 44], recombination to 

remove RecA filaments from DNA[9, 10], and transcriptional control through interactions 
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with RNA polymerase[45-47]. Although it is often assumed that the DNA helicase activity 

of UvrD is required for all of these functions this is not necessarily true. For some functions 

it may be that ssDNA translocase activity alone is sufficient as in its role to displace RecA 

filaments from ssDNA[1, 10, 48, 49]. Hence, it is of interest to understand how helicase 

activity vs. ssDNA translocase might be regulated. In this regard, it has been shown that 

functioning by itself in vitro, UvrD monomers are capable of rapid and processive ssDNA 

translocation, but are ineffective as DNA helicases, requiring dimerization for helicase 

activation[11-14, 19]. Hence, UvrD self-assembly is one way to separate and thus regulate 

its helicase and translocase activities. Such regulation is likely important in vivo since an 

unregulated helicase would likely be detrimental to the cell. In bacteria, UvrD-like helicases 

generally function as components of larger molecular machines[1, 26, 30, 50, 51]. 

Therefore, it is important to understand how these cellular partners regulate the various 

activities of UvrD.

MutL activates the UvrD monomer helicase and stimulates the UvrD dimer helicase

We show here that the latent UvrD monomer helicase activity can be activated through 

specific interactions with the accessory protein MutL. Even though activation of UvrD 

helicase activity in vitro requires dimerization[1, 11-13, 16, 17, 19], monomers of UvrD-like 

helicases contain all that is needed for helicase activity, but are auto-inhibited and require 

activation. Evidence for that comes from the studies of Rep and PcrA helicases. Activation 

of Rep monomer helicase activity can be accomplished through deletion of its 2B sub-

domain[23, 42] or covalent crosslinking of the 2B sub-domain in a closed conformation[34]. 

Monomeric PcrA can be activated through interaction with an accessory protein, RepD[26]. 

In addition, limited helicase activity (<20 bp) has been observed for UvrD monomers when 

the DNA is under tension[16]. Interestingly, we find that MutL also stimulates the activity of 

UvrD dimers beyond that observed for UvrD dimers on their own[12, 13, 17]. Hence, the 

possibility remains that both UvrD monomers and dimers might both have functional roles 

in vivo.

MutL stimulation of UvrD is specific since we show here that MutL does not activate a Rep 

monomer although Rep is similar in structure to UvrD. This is consistent with previous 

multiple turnover unwinding studies[29]. The main regions that differ between Rep and 

UvrD are the C-terminal disordered tails and the 2B sub-domain. Based on yeast two-hybrid 

system experiments it was suggested that C-terminal domain of MutL and both N- and C-

termini of UvrD are important for the interaction[31]. However, in our test experiment 

truncated UvrDΔ73 mutant lacking C-terminal tail was activated by MutL indicating that 

unstructured C-terminal tail of UvrD is dispensable for this activity. Interestingly in an 

analogous way, it was reported that C-terminal extension of UvrD interacts with UvrB, but 

truncated UvrDΔ73 version is still functional in nucleotide excision repair[52].

MutL functions as a processivity factor

Our single round DNA unwinding studies demonstrate that MutL increases the DNA 

unwinding processivity of UvrD, although this increase is moderate (2-3 fold increase, see 

Table 2). Such an increase can be explained by an increase in the rate of unwinding, mkobs, 

and/or a decrease in the dissociation rate, kd, of UvrD from DNA (Eq. 5). Our results 
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indicate that activation of UvrD monomer by MutL does not significantly affect the rate of 

unwinding compared to UvrD dimers[13, 15, 19, 36] (Tables 1 and 2) suggesting that MutL 

acts to decrease the dissociation rate of UvrD from DNA. We infer from these results that 

MutL moves along the DNA in a complex with UvrD during unwinding although we lack 

direct evidence for this. MutL is known to bind DNA with a preference for ssDNA[32, 39, 

53-55]. Based on the effects of 3’ ssDNA tail length, it appears that MutL requires contacts 

with the 3’ ssDNA tail of the DNA in order to form a productive complex with a UvrD 

monomer on the DNA. We also show that a single MutL dimer is sufficient to activate UvrD 

monomer helicase activity. MutL is comprised of C- terminal dimerization domain[54] and 

N-terminal ATPase domain which dimerizes upon ATP binding[53, 56]. Dimerization of the 

N-terminal domain leads to formation of a cavity in MutL dimer which can allow it to 

encircle the DNA substrate. Based on these observations, we propose a model where MutL 

clamps around the DNA and moves with UvrD during DNA unwinding.

In previous studies, Mechanic et al.[32] concluded that MutL functions to continually load 

multiple UvrD molecules onto a DNA substrate rather than to increase the DNA unwinding 

processivity of UvrD. A key experiment in their study involved the addition of a protein trap 

30 seconds after initiation of multiple turnover unwinding of 148 bp blunt duplex DNA. This 

trap caused a cessation of further DNA unwinding. The authors argued that if MutL 

increased processivity then DNA unwinding would continue due to any UvrD that was 

already bound to the DNA. However, this would occur only if the processivity of unwinding 

were much greater than the moderate increase that we observe in our experiments. We also 

note that the rate limiting step in such multiple turnover unwinding of fully duplex DNA is 

the rate of initiation and not the rate of unwinding[57]. The actual rate of unwinding is 

relatively fast (on average it takes ~ 2 s to unwind a 148 bp duplex DNA). Therefore, even if 

MutL increased UvrD processivity, addition of a trap would still inhibit unwinding re-

initiation and thus any detectable unwinding. Hence our observations and those of Mechanic 

et al.[32] appear to be consistent.

The limited DNA unwinding processivity of a MutL-UvrD complex might be explained by a 

molecular switch model proposed for MutL where the DNA binding affinity of MutL is 

modulated by ATP binding and ATP hydrolysis[53, 55, 58]. The processivity of this complex 

would be limited by the slow ATP hydrolysis rate of MutL. Notably, a MutL-E29A mutant, 

that binds but does not hydrolyze ATP, was shown to have greater stimulatory effect on 

UvrD compared to wild-type MutL[58] consistent with this interpretation.

In MMR, UvrD initiates DNA unwinding from a nick and proceeds past the mismatch, 

which can be as far removed as 1-2 kb in length[27]. The moderate increase in the DNA 

unwinding processivity of UvrD that we observe in the presence of MutL is inadequate to 

fully account for the unwinding of such long stretches of DNA. Hence the processivity of 

UvrD may be further enhanced through interactions with other proteins, such as MutS. It 

was shown that MutS and MutL enhance unwinding of a nicked DNA by UvrD in the 

presence of a mismatch[29]. Furthermore, it was shown that MutS, MutL, and mismatch-

dependent unwinding by UvrD starts at the nick and unwinding is biased toward the shorter 

path between the nick and the mismatch[27] suggesting that helicase activity of UvrD can be 

influenced by multiple proteins.
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It has been shown that homologous recombination is inhibited by DNA mismatch repair[59] 

which requires MutL and UvrD. It has also been reported that MutL and MutS[60], as well 

as UvrD[46] are required for transcription coupled repair (TCR) of DNA and it has been 

suggested that UvrD facilitates RNA polymerase backtracking during TCR[46]. Hence, it is 

possible that MutL activation of UvrD helicase activity might also play a role in these 

processes.

Methods

Buffers and reagents

Buffers were prepared with reagent grade chemicals using distilled, deionized (Milli-Q 

system; Millipore corp., Bedford, MA) water. Spectrophotometric grade glycerol was from 

Alfa Aesar (Ward Hill, MA). Buffer T is 10 mM Tris-HCl (pH 8.3 at 25 °C), 20 mM NaCl, 

20% (v/v) glycerol, 1 mM 2-mercaptoethanol. Buffer M20/20 is 40.5 mM K2HPO4, 9.5 mM 

KH2PO4 (pH 7.4 at 25 °C), 20 mM NaCl, 20% (v/v) glycerol, 1 mM 2- mercaptoethanol. 

Imaging buffer is 10 mM Tris-HCl pH 8.3 at 25 °C, 20 mM NaCl, 20% (v/v) glycerol, 2 mM 

MgCl2, 3 mM Trolox, 0.8% (w/v) dextrose, 20 units/ml glucose oxidase, 20 units/ml 

catalase. ATP concentrations were determined spectrophotometrically using an extinction 

coefficient of ɛ259 = 15.4×103 M −1 cm −1.

Proteins

MutL protein was expressed and purified as described[39]. Concentrations of MutL 

monomer wer determined spectrophotometrically in 20 mM Tris-HCl pH 7.5 at 25 °C, 6 M 

Gdn-HCl using extinction coefficient of ɛ280 = 5.39 104 M−1 cm-1. MutL protein was stored 

in buffer M (40.5 mM K2HPO4, 9.5 mM KH2PO4 (pH 7.4 at 25 °C), 50 mM KCl, 0.1 mM 

EDTA, 1 mM 2-mercaptoethanol) at −80 °C. wtUvrD, biotin-UvrD, UvrDΔCys(A100C), 

and UvrDΔ73 were expressed and purified as described previously[19, 41, 61]. The UvrD 

monomer concentrations were determined spectrophotometrically in 10 mM Tris pH 8.1, 

200 mM NaCl, 20% (v/v) glycerol using an extinction coefficient of ɛ280 = 1.06-105 M −1 

cm −1. The UvrD protein was stored in minimal storage buffer (20 mM Tris-HCl (pH 8.3 at 

25 °C), 200 mM NaCl, 50% (v/v) glycerol) at −20 °C for up to six months without any loss 

of helicase activity. The singlecysteine variant UvrDΔCys(A100C) was labeled with Cy3 

maleimide (GE Healthcare)[41]. The Cy3 labeling efficiency of UvrDΔCys(A100C) was 

around 70% and was determined spectrophotometrically using extinction coefficients of 

150,000 M−1 cm−1 at 550 nm for Cy3 dye. Rep protein was purified as described [62] and its 

concentration determined spectrophotometrically using ɛ280 = 7.68 104 M −1 cm −1.

DNA

The oligodeoxynucleotides were synthesized using an ABI model 391 (Applied Biosystems, 

Foster City, CA), and purified as described[63]. The concentrations of DNA strands were 

determined by spectrophotometric analysis as described previously[64]. The oligonucleotide 

sequences of DNA strands used in these studies are given in Supplementary Table 2. DNA 

duplexes were prepared by mixing equimolar concentrations of two complementary strands 
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in 10 mM Tris pH 8.1, 0.1 M NaCl, followed by heating to 95 °C for five minutes and slow 

cooling to room temperature in water bath.

Single molecule total internal reflection fluorescence microscopy experiments

Single molecule experiments were performed on an Olympus IX71 microscope (model 

IX2_MPITIRTL) as described[65, 66]. Experiments were performed in imaging buffer at 

25 °C. The Cy3 fluorophore was excited with a 532 nm laser and the fluorescence emissions 

of Cy3 and Cy5 were recorded at a 32 ms resolution (30.3 ms exposure time) for 3-4 

minutes on EM-CCD camera. The FRET efficiency was calculated from the ratio of 

corrected Cy3 and Cy5 signals as described[66, 67].

The biotin-UvrD (20 μl of 250 μM) was immobilized onto the NeutrAvidin-PEG surface for 

5 minutes and then was washed to remove the excess of biotin-UvrD. Under this condition, 

UvrD is monomeric as confirmed from the fluorescence intensities and photobleaching 

steps. Unwinding reactions were initiated by flowing 1 nM DNA (DNA I), indicated 

concentration of ATP, 2 mM MgCl2, and if necessary 50 nM MutL dimer in imaging buffer. 

Dwell times of DNA bound to a UvrD monomer were analyzed using one-step dissociation 

model described by the probability density function of an exponential distribution, kde-k
d
t, 

where kd is the dissociation rate constant. To analyze the distribution of DNA unwinding 

times, t, we used the simplest model presented in Supplementary Scheme 1, where the 

helicase proceeds through n irreversible rate- limiting steps to produce fully unwound 

ssDNA. This model is described by the probability density function of a gamma 

distribution[35, 37] as given in Eq. 1:

F(t) = kntn − 1e−kt

Γ(n) 1

where k is the stepping rate and n is the number of steps. Fitting parameters were estimated 

utilizing MLE method implemented in the Python scipy.stats module. Standard errors were 

estimated using a bootstrap method. The average unwinding rate is r = L/t , where L is the 

duplex DNA length in bp andt  is the average unwinding duration time and the kinetic step 

size is m = L/n.

Stopped-flow fluorescence experiments

All fluorescence stopped-flow experiments were carried out at 25 °C using an Applied 

Photophysics SX.18MV stopped-flow instrument (Applied Photophysics Ltd., Leatherhead, 

UK). DNA was pre-incubated with UvrD in buffer T for five minutes and then mixed with 

MutL if necessary and loaded into one syringe of the stopped-flow instrument. The solution 

of 1 mM ATP, 2 mM MgCl2 and 2 μM of 10 bp DNA hairpin possessing a 3’-(dT)40 ssDNA 

tail (DNA X) in buffer T was loaded into the other syringe of the stopped-flow instrument 

and both solutions were incubated for an additional five minutes at 25 °C prior to mixing. 

Cy5 fluorophore was excited using 625 nm LED (Applied Photophysics Ltd., Leatherhead, 

UK) and its fluorescence emission was monitored at wavelengths > 665 nm using a long-

pass filter (Oriel Corp., Stradford, CT). The kinetic traces shown represent an average of at 
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least 10 individual measurements. Trap tests were carried out by including the DNA 

substrate with the ATP and DNA hairpin solution. When mixed with UvrD or UvrD plus 

MutL, no unwinding signal was observed, indicating that DNA hairpin trapped all of the free 

UvrD (Supplementary Fig. 2).

To quantify the fraction of DNA molecules unwound for each time point, fss(t), the 

fluorescence signal, S(t), was calibrated using Eq. 2:

f ss(t) =
S(t) − S0
Smax − S0

2

where S0 is the baseline fluorescence immediately after addition of ATP and Smax is the 

maximum fluorescence signal determined by mocking unwinding reaction by using DNA 

strand with Cy5 fluorophore in the absence of BHQ2-modified complementary strand and 

all the other reaction components.

Single round DNA unwinding time courses were analyzed using Supplementary Scheme 2 

described by Eq. 3[37]:

f ss(t) = ATℒ−1Fss(s) = ATℒ−1 kckobs
L/m

s kc + s kobs + s L/m 3

where fss(t) is the fraction of ssDNA molecules formed, Fss(s) is the Laplace transform of 

fss(t), ℒ−1 is the inverse Laplace transform operator, s is the Laplace variable, AT is the total 

DNA unwinding amplitude, kc is the rate constant for the additional step not involved in 

unwinding, ku is the unwinding rate constant for n repeating steps, kd is the dissociation rate 

constant, L is the duplex region length, m is the kinetic step size, k0bs = ku + kd and n = L/m. 
Global NLLS fitting of the unwinding time courses was performed using Python lmfit 

module. The numerical inversion routine of the Laplace transform is based on Cody-

Meinardus-Varga approximations of Talbot’s method[68].

On the basis of the mechanism in Supplementary Scheme 2 the unwinding amplitude is 

described by Eq. 4[37]:

AT =
ku

ku + kd

L/m
= PL

where the processivity of DNA unwinding, P, is the probability that the helicase will unwind 

the next base pair rather than dissociate from the DNA[37]. The processivity, P, is related to 

the average number of base pairs unwound, (Nbp), by Eq. 5[37]:
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Nbp = − 1
ln(P) ≅

m ku + kd
kd

=
mkobs

kd
5

where the approximation holds when ku » kd.

Experiments to examine Rep monomer translocation along ssDNA were performed in a 

stopped-flow apparatus as described[14, 23]. Rep (50 nM) was preincubated with 5’-F-

(dT)N ssDNA (100 nM) in buffer T for five minutes at 25 °C and then rapidly mixed with 

buffer T containing 1 mM ATP, 2 mM MgCl2, and 8 mg/ml heparin. Fluorescein 

fluorescence was excited at 490 nm (Applied Photophysics Ltd., Leatherhead, UK) and its 

fluorescence emission was monitored at wavelengths > 520 nm using a long-pass filter 

(Oriel Corp., Stradford, CT). ssDNA translocation time courses were analyzed as described 

[23].

Analytical Ultracentrifugation

Dialyzed proteins were clarified by centrifugation at 14,000 rpm for 15 min at 4 °C. 

Sedimentation equilibrium and velocity experiments were performed using a ProteomeLab 

XL-A analytical ultracentrifuge equipped with an An50Ti rotor (Beckman Coulter, 

Fullerton, CA) at 25 °C. Absorbance signal for Cy3 labeled UvrDACys(A100C) was 

collected by scanning the sample cells at 555 nm wavelength.

Samples for sedimentation equilibrium (110 μl) were loaded into the three channels of an 

Epon charcoal-filled six-channel centerpieces with 130 μl of buffer M20/20 in the reference 

chambers. Absorbance data were collected by scanning the sample cells at intervals of 0.003 

cm in the step mode with 5 averages per step. Samples were sedimented to equilibrium at 

the indicated rotor speeds, starting with the lowest and finishing with the highest rotor speed. 

The baseline offset was determined by increasing the rotor speed to 42,000 rpm at the end of 

the run to pellet the solutes and then measuring the residual absorbance in the solution 

column.

The resulting absorbance profiles, Ar, were analyzed by using NLLS fitting to Eq. 6 as 

implemented in SEDPHAT[69],

Ar = ∑
i = 1

n
Ar0, i ⋅ exp Mi 1 − viρ

ω2

2RT r2 − r0
2 + br 6

where r is the distance from the center of rotation, r0 is an arbitrary reference radius, m is 

angular velocity, T is absolute temperature, R is the gas constant,mi is the molecular mass of 

component i,vi is partial specific volume of component i, p is buffer density, Aro,i is the 

absorbance of component i at the reference position, and br is a radial- dependent baseline 

offset. Buffer density, p, was calculated from buffer composition using SEDNTERP[70]. 

Using the calculated partial specific volume of component i the molecular mass of 
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component i (Mt) can be estimated. Alternatively, a more accurate value of the partial 

specific volume of macromolecule i can be determined if the true molecular mass of the 

macromolecule is known and constrained.

Partial specific volumes for UvrD-Cy3 (vUvrD − Cy3= 0.7308 ml/g) and MutL (vMutL= 0.7414 

ml/g) at 25 °C were calculated from the amino acid composition according to Eq. 7 using 

SEDNTERP[70] as well as the weight-average partial specific volumes for complexes:

v =
∑
i = 1

n
niMivi

∑
i = 1

n
niMi

7

where Mi and vt are the molecular mass and viscosity of component i.

In sedimentation velocity experiments, the sample (380 μl) and buffer (392 μl) were loaded 

into each sector of an Epon charcoal-filled two-sector centerpiece. Experiments were 

performed at 25 °C and 42,000 rpm. Absorbance data were collected by scanning the sample 

cells at intervals of 0.003 cm. The continuous sedimentation coefficient distribution, c(s), 
was calculated using SEDFIT[71]. Calculated s values were converted to s20 w according to 

Eq. 8:

s20, w = sexp
ηexp
η20, w

1 − v20ρ20, w
1 − v25ρexp

8

where p20w and rç20w are density and viscosity of the water at 20 °C, pexp and ijexp are 

density and viscosity of the buffer at 25 °C, v20 and v25 are partial specific volumes of 

macromolecule at 20 °C and 25 °C. Buffer density, p, and viscosity, rç, were calculated from 

buffer composition using SEDNTERP[70].

The ratio, f/f0, of the frictional coefficient of the macromolecule, f, to the frictional 

coefficient of an unhydrated sphere of equivalent mass, f0, was calculated using Eq. 9[72]:

f
f 0

= M2(1 − vρ)3

162π2s3η3NA
2 v

1
3

9

where M and v are the molecular mass and partial specific volume of the macromolecule, 𝜂 
and p are the viscosity and density of the buffer, s is the measured sedimentation coefficient 

and NA is Avogadro’s number.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• MutL protein regulates the helicase activity of UvrD.

• A single MutL dimer is able to activate the helicase activity of a UvrD 

monomer.

• MutL is also able to stimulate the helicase activity of a UvrD dimer.

• MutL functions as a processivity factor for UvrD helicase activity.
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Fig. 1. Activation of UvrD monomer helicase by MutL.
a, Cartoon showing the steps in a single molecule DNA unwinding event. b, Examples of 

single molecule time traces for UvrD monomer unwinding of 1 nM DNA in the presence of 

50 nM MutL dimer at varying ATP concentrations (5 μM, 15 μM, and 50 μM) in imaging 

buffer at 25 °C. c, Histograms of the DNA unwinding time durations and the best fits (black 

lines) to a gamma distribution (see Eq. 1) at three ATP concentrations (5 μM, 15 μM, and 50 

μM). d, Best fit values of the DNA unwinding parameters with standard errors shown as 

error bars.
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Fig. 2. DNA substrate inhibition of UvrD-catalyzed DNA unwinding is relieved by MutL.
a, Schematic of the stopped-flow DNA unwinding experiment. In one syringe UvrD is pre-

incubated with DNA labeled with Cy5 and BHQ2, with or without MutL in buffer T at 

25 °C. UvrD-DNA-(±MutL) complex is rapidly mixed with ATP, MgCl2, and a protein trap 

to initiate DNA unwinding. DNA strand separation is accompanied by an enhancement in 

Cy5 fluorescence signal. b, DNA unwinding time courses from experiments performed at 

125 nM 3’-(dT)20-ds18-BHQ2/Cy5 with 50 nM UvrD alone (blue), 625 nM MutL dimer 

alone (black) or 50 nM UvrD plus 625 nM MutL dimer (orange). c, Multiple DNA 

unwinding experiments were performed at constant 50 nM UvrD over a range of DNA 

concentrations in the presence (orange circles) or in the absence (blue circles) of saturating 

MutL (5-fold molar excess of MutL dimer over DNA) and the total unwinding amplitudes 

were plotted as a function of [DNA]t/[UvrD]t.
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Fig. 3. Effect of 3’ ssDNA tail length on the stimulation of UvrD monomer helicase by MutL.
a, Stopped-flow DNA unwinding time courses monitoring Cy5 fluorescence performed at 50 

nM UvrD, 625 nM MutL dimer, and 125 nM 3’-(dT)N-ds18-BHQ2/Cy5, with the indicated 

3’-ssDNA tail lengths, N in nucleotides. b, The total unwinding amplitude plotted as a 

function of 3’ ssDNA tail length (N). c,d, The fraction of DNA molecules unwound, 

obtained under stoichiometric-binding conditions, is plotted as a function of the ratio of 

[UvrD]t/[DNA]t for a series of stopped-flow experiments with DNA of the indicated 3’-

(dT)N. Experiments were performed by varying the [UvrD] for a constant DNA 

concentration (50 nM) with (c) UvrD alone or (d) UvrD plus 250 nM MutL dimer. e, 

Breakpoints from the plots in panel (d) are plotted as a function of 3’ ssDNA tail length (N).
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Fig. 4. MutL increases the processivity of UvrD-catalyzed DNA unwinding.
Stopped-flow DNA unwinding time courses monitoring Cy5 fluorescence are shown for a 

series of DNA substrates with the indicated duplex lengths, L (base pairs). (a) Experiments 

performed with 50 nM 3’-(dT)20 tailed DNA substrates with 160 nM UvrD alone. (b) 

Experiments performed with 50 nM 3’-(dT)2o tailed DNA substrates at 160 nM UvrD plus 

375 nM MutL dimer. (c) Experiments performed with 50 nM 3’-(dT)14 tailed DNA 

substrates at 160 nM UvrD plus 375 nM MutL dimer. Solid lines are simulations using Eq. 3 

and best-fit parameters obtained from global NLLS analysis of the unwinding time courses 

(Table 2). d, Fraction of DNA molecules unwound plotted as a function of duplex length (L) 
for 50 nM 3’-(dT)20 tailed DNA with 160 nM UvrD alone (blue); 50 nM 3’-(dT)20 tailed 

DNA with 160 nM UvrD plus 375 nM MutL dimer (orange); 50 nM 3’-(dT)14 tailed DNA 
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with 160 nM UvrD plus 375 nM MutL dimer (green). The dashed lines show the best fit of 

each data set to Eq. 4 with the values of processivity P in Table 2.
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Fig. 5. A single MutL dimer can activate a UvrD monomer.
Sedimentation equilibrium experiments monitoring the Cy3 absorbance of UvrD-Cy3 at 555 

nm were performed in buffer M20/20 at 25 °C. (a) UvrD-Cy3 alone (1 μM) shows a single 

species corresponding to a monomer at four rotor speeds (12k rpm (blue); 15k rpm (orange); 

18k rpm (green); 22k rpm (red)). (b) UvrD-Cy3 (1 μM) plus 3’-(dT)10-ds18 (1 μM) shows a 

single species corresponding to a UvrD-Cy3 monomer-DNA complex at four rotor speeds 

(12k rpm (blue); 15k rpm (orange); 18k rpm (green); 22k rpm (red)). (c) UvrD- Cy3 (1 μM), 

3’-(dT)10-ds18 (1 μM) and MutL (2.5 μM dimer) mixture shows two species containing 
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UvrD-Cy3 at four rotor speeds (9k rpm (blue); 12k rpm (orange); 15k rpm (green); 18k rpm 

(red)). The two species correspond to a (UvrD-Cy3 monomer-DNA) complex and a (MutL 

dimer-UvrD-Cy3 monomer-DNA) complex. Smooth curves are simulations using best fit 

parameters with residuals shown below the plots as described in the text. d, Stopped-flow 

DNA unwinding time courses with 100 nM 3’-(dT)10-ds18- BHQ2/Cy5 DNA in buffer 

M20/20 at 25 °C were performed with 100 nM UvrD alone (blue) or 100 nM UvrD plus 250 

nM MutL dimer (orange).
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Table 1

| Kinetic parameters for MutL activated DNA unwinding by UvrD monomers

[ATP] 𝑡̅
(s)

n
(steps)

k
(s−1)

m = L/n
(bp/step)

r = L/t
(bp/s)

5 μM 1.54 ± 0.05 4.1 ± 0.4 2.6 ± 0.3 4.4 ± 0.4 11.7 ± 0.4

15 μM 0.78 ± 0.02 5.1 ± 0.6 6.7 ± 0.9 3.5 ± 0.4 23.0 ± 0.7

50 μM 0.48 ± 0.01 5.9 ± 0.7 12.2 ± 1.7 3.1 ± 0.4 37.6 ± 1.1

Best fit parameters (best fit ± s.e.) determined from maximum-likelihood estimation analysis (see Methods) of the data in Fig. 1c to Supplementary 
Scheme 1 (Eq. 1)
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Table 2

| Kinetic parameters for DNA unwinding by UvrD alone and UvrD-MutL complexes

Sample m
(bp/step)

kobs

(s−1)
kc

(s−1)
mkobs
(bp/s)

P ⟨Nbp⟩
(bp)

3’-(dT)20 + UvrD 1.0 ± 0.2 78 ± 15 4.6 ± 0.1 80 ± 30 0.935 ± 0.012 15 ± 3

3’-(dT)20 + UvrD + MutL 2.32 ± 0.05 29.5 ± 0.6 3.95 ± 0.02 68 ± 3 0.977 ± 0.002 42 ± 4

3’-(dT)14 + UvrD + MutL 2.90 ± 0.05 26.9 ± 0.5 4.54 ± 0.02 78 ± 3 0.968 ± 0.001 31 ± 1

Best fit parameters (best fit ± s.e.) determined from non-linear least-squares analysis (see Methods) of the data in Fig. 4a-c to Supplementary 
Scheme 2 (Eq. 3)
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