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Abstract

UvrD is a helicase vital for DNA replication and quality control processes. In its monomeric state, UvrD
exhibits limited helicase activity, necessitating either dimerization or assistance from an accessory protein
to efficiently unwind DNA. Within the DNA mismatch repair pathway, MutL plays a pivotal role in relaying
the repair signal, enabling UvrD to unwind DNA from the strand incision site up to and beyond the mis-
match. Although this interdependence is well-established, the precise mechanism of activation and the
specific MutL-UvrD interactions that trigger helicase activity remain elusive. To address these questions,
we employed site-specific crosslinking techniques using single-cysteine variants of MutL and UvrD fol-
lowed by functional assays. Our investigation unveils that the C-terminal domain of MutL not only engages
with UvrD but also acts as a self-sufficient activator of UvrD helicase activity on DNA substrates with 30-
single-stranded tails. Especially when MutL is covalently attached to the 2B or 1B domain the tail length
can be reduced to a minimal substrate of 5 nucleotides without affecting unwinding efficiency.
� 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

The correction of misincorporated bases during
replication is an essential process for maintaining
genome integrity in all living organisms. Lack
thereof leads to a mutator phenotype in bacteria
and cancer in higher organisms.1,2 The main sys-
tem that ensures the correction of errors is DNA
mismatch repair (MMR).3,4 Base-base mismatches
or short insertion or deletion loops are recognized,
removed, and the correct DNA sequence resynthe-
sized. This process is conserved from E. coli to
humans, underscoring its importance for genome
maintenance.
(s). Published by Elsevier Ltd.This is an open ac
In E. coli, MutS scans the DNA after replication
and detects and binds to mismatches.5–7 Upon
ATP binding, MutS changes conformation, releas-
ing the mismatch and recruiting the homodimeric
MutL onto the DNA.8–11 Once activated and bound
to DNA, MutL enables several downstream events
in MMR. In a first step, it promotes the generation
of a nick in the newly synthesized strand at
hemimethylated GATC sites by binding and activat-
ing the latent endonuclease MutH.12–14 Subse-
quently, MutL activates UvrD (DNA helicase II),
initiating the unwinding of DNA between the incision
site and the mismatch.15–18 This allows for the
degradation of the strand up to and including the
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erroneously incorporated nucleotide by one of sev-
eral exonucleases.19 Interestingly, exonuclease-
independent mismatch repair is not only occurring
in eukaryotes,20,21 but has also recently been pro-
posed to occur in E. coli through MutL-mediated
helicase-driven removal of DNA fragments that
are flanked by multiple nicks.22 Multiple nicks were
previously shown to enhance mismatch repair effi-
ciency both in E. coli and human mismatch repair.23

Helicase-driven gap creation is followed by resyn-
thesis by polymerase and sealing of the remaining
nick by ligase.3,24,25 MutL is a 70 kDa GHKL
ATPase composed of two globular domains, the
40 kDa N-terminal domain (MutLLN40, residues
1–349) and the 20 kDa C-terminal domain
(MutLLC20, residues 428–615), connected by a
non-conserved linker (Figure 1A).26 MutL forms a
homodimer through the dimerization domain (resi-
due 433–478, 570–615) in MutLLC20,26–28 while
the flanking domain in MutLLC20 is referred to as
the regulatory domain (residues 479–567).29 Upon
ATP binding, the N-terminal domains of MutL can
also interact to form a closed conformation,30 encir-
cling the DNA. A natural thrombin cleavage site has
been used to split the protein into MutLLN40 and a
longer C-terminal fragment named MutLLC30 (resi-
dues 350–615) (Figure 1A).31 MutL homologs exhi-
bit extreme flexibility that is modulated by adenine
nucleotide, which has been investigated biochemi-
cally and biophysically (e.g., by gel filtration,
dynamic light scattering).30 Atomic force micro-
scopy studies of the eukaryotic MutL homologs
revealed a great variety of conformations ranging
from extended, one-armed, closed, or condensed
conformations.32 To understand the roles of the
MutL domains and to capture transient interactions
in previous studies, we had generated single-
cysteine variants of MutL that were active both
in vitro and in vivo.28,33 For example, the atomic
structures of the complex between MutS and
MutLLN40 could be obtained only after site-specific
crosslinking using single-cysteine variants of both
proteins.5,8

UvrD is an 80 kDa SF1 helicase involved not only
in MMR but also in nucleotide excision repair,34

homologous recombination35 and rolling circle repli-
cation.36 UvrD utilizes the energy of ATP hydrolysis
to translocate along single-stranded DNA (ssDNA)
in a 30–50 direction, leading to the unwinding of dou-
ble stranded DNA.37–39 In vitro, UvrD can function
as a monomer40 or as a dimer41 with monomeric
UvrD sufficient for translocation along ssDNA42

and dimeric or accessory protein-activated UvrD
required for DNA unwinding.39,43 UvrD can initiate
unwinding from various DNA structures, including
gaps, nicks, double-strand/single-strand junction
with a 30 single-strand DNA (30 ssDNA) tail, and to
some extent also blunt ends.44,45 The length of the
30 ssDNA tail in double-strand/single-strand junc-
tions significantly influence UvrD’s efficiency. While
UvrD monomers can tightly bind to junctions with a
2

30 ssDNA tail of at least 4 nucleotides (nt), helicase
activity is observed from 30 ssDNA tail lengths of 12
nt, consistent with the model of an active UvrD
dimer.46 Additionally, for unwinding stimulation by
MutL, the length of the 30 ss-DNA tail must be at
least 10 nt.47 These findings suggested that both
the second UvrD or MutL interact with a portion of
the 30 ssDNA tail.47

UvrD comprises four domains (1A, 1B, 2A and
2B) forming the core of the protein, along with a
small Tudor domain connected at the C-terminus
by a flexible linker (Figure 1B).48,49 The Tudor
domain has been found to facilitate the interaction
with RNA-polymerase and Ku protein.50–52 Crystal-
lographic studies revealed different conformations
of UvrD, with the 2B domain undergoing large
changes in orientation between apo and DNA-
bound states.53 In the apo structure, the 2B domain
adopts an open state, tilted away from the 1B
domain (Figure 1B left panel),54 while the DNA
and ADP-MgF3-bound structure shows a closed
state, with the 2B domain rotated (Figure 1B right
panel).48 Single-molecule Förster resonance
energy transfer (FRET) experiments with UvrD
labelled on the UvrD2B and UvrD1B domain suggest
the existence of intermediate states in solution.55,56

It has been shown that actively unwinding UvrD
adopts a state resembling an intermediate state of
the open and closed states observed in the crystal
structure56–58 and that dimerization of UvrD or inter-
action with MutL induces this state and enhances
helicase activity.54,56

The specific interaction surface between MutL on
UvrD is not known, but the UvrD2B domain is crucial
for their interaction and activation.56 MutL likely pre-
vents autoinhibition by the UvrD2B domain, as
observed in the related Rep helicase.59,60 MutL is
believed to travel together with UvrD and lower
UvrD’s dissociation rate fromDNA.47 Previous stud-
ies have identified crosslinks between lysine resi-
dues in MutLLC30 (residues 351–615) and UvrD,
as well as between MutLLC30 and MutLLN40 (resi-
dues 1–314) and UvrD, using bis-sulfosuccinimidyl
suberate (BS3) crosslinking reagent in the absence
or presence of DNA and AMPPNP, respectively.26

Additionally, yeast two-hybrid assays demonstrated
that a C-terminal fragment of MutL (residues 398–
615) is sufficient for interaction with UvrD,17

although the relevance of this interaction for UvrD
helicase activation remains unclear as a C-
terminal fragment (i.e., MutLLC24, residues 394–
615) alone was unable to activate the UvrD
helicase.26

Here, we conducted site-specific crosslinking
experiments using different single-cysteine
variants of MutL and UvrD to investigate their
interactions and assess the impact on the DNA
unwinding activity. Our findings demonstrate that
the single cysteines in the C-terminal domain of
MutL form crosslinks to single cysteines in UvrD,
particularly in the UvrD 2B domain. Notably, the



Figure 1. UvrD crosslinks to MutL C-terminal domain. (A) Domain architecture of the MutL dimer. The MutL C-
terminal domains MutLLC20 dimerize through the dimerization domains (shades of green) which are flanked by the
regulatory domains (shades of purple) (pdb-id: 1x9z). TheN-terminal domainsMutLLN40 in red and yellow dimerize upon
ATP/AMPPNP addition (pdb-id: 1b63). A natural thrombin cleavage site is in the linker region, dividingMutL in LN40 and
LC30 fragments. (B) Domain architecture of UvrD in apo form (pdb-id: 3lfu) on the left and DNA- and ADPMgF3-bound
(pdb-id: 2is6) on the right. Domains 1A in orange, 2A in blue and 1B in yellow remainmost of their conformationswhile 2B
in green switches between an open and a closed conformation of the helicase. The Tudor domain (AlphaFold prediction)
at theveryC-terminusofUvrD isconnected throughaflexible linker. (C)Single-cysteinevariantsofMutLused in thisstudy
(D) Heterobifunctional crosslinking between single-cysteine variants of MutL and lysines of UvrD or UvrDDTudor. Top
panel showsCoomassie-stainedgel andbottompanel fluorescent-stained gels (gels adapted to alignequivalent bands).
Full gel images are in Supplementary Figure 1C (E) Single-cysteine variants of UvrD generated and characterized in this
study. (F) ATPase activity of UvrD single-cysteine variants (mean and standard deviations (SD) for n = 2 experiments).
(G) Time course of 40 min monitoring MutS-dependent nicking (conversion of supercoiled species on the gel into open
circle) and unwinding and excision (disappearance of the nicked species) of a circular dsDNAsubstrate containing aG/T
mismatchandsingle hemimethylatedGATCsite.Shownareexamplegels ofUvrDWT (left), cysteine-freeUvrD (middle)
andUvrDA100C labelledwithAF594 (right). All other gels can be found inSupplementaryFigure 1D. (H)Quantification
of the band intensities (mean andSD for n=2–4 experiments) for all UvrD variants and global fit with a single exponential
function (see Supplementary Table 1).
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combination of MutL D452C and UvrD S456C
resulted in the highest activity of crosslinked
species. Interestingly, we discovered that once the
two proteins are crosslinked, the N-terminal part of
MutL can be removed without diminishing the
stimulating effect on UvrD. This highlights the
essential role of the C-terminal domain of MutL in
facilitating the helicase activity of UvrD, as it is
both required and sufficient for stimulation on DNA
substrates with short 30 ssDNA tails.

Results

UvrD crosslinks to MutL C-terminal domain

To gain insights into the interaction between UvrD
and MutL, we conducted crosslinking experiments
using the cysteine/lysine-specific crosslinker N-suc
cinimidyloxycarbonylpropyl Methanethiosulfonate
(MTS-4-NHS). We used previously characterized
single-cysteine variants of MutL, distributed across
the LN40 and LC20 domains,28,33 to investigate
the region of MutL involved in the interaction with
UvrD (Figure 1C). These mutants were crosslinked
to lysines in UvrD or UvrD lacking the Tudor domain
(UvrDDTudor) (Supplementary Figure 1A). For better
visualization of the crosslinked species, we used
the fluorescently labelled UvrD single-cysteine
mutant A100C.57 Crosslinking reactions involving
the single-cysteine variants D452C and 480C,
located in the MutLLC20 region, showed prominent
bands on Coomassie-stained SDS gels (Figure 1D,
top panel) and fluorescent-imaged gels (Figure 1D,
bottom panel) while all otherMutL variants exhibited
only a background pattern of non-specific
crosslinks.
To refine our analysis and study the MutL-

dependent helicase activation of UvrD, we
generated single-cysteine variants of UvrD. Based
on the previously characterized cysteine-free
variant54 we designed and produced nine mutants,
distributed across all five domains of UvrD (Fig-
ure 1E). We validated the integrity and functionality
of these mutants through various assays. Most of
the variants exhibited ATPase activity comparable
to that of the wild-type and the cysteine-free UvrD
protein (Figure 1F), indicating proper folding and
functionality. We compared the unwinding activity
of these variants to UvrD WT, cysteine-free UvrD,
and AF594-labeled UvrD A100C using our previ-
ously described unwinding assay.23 The quantifica-
tion of the fraction of unwound DNA showed similar
or slightly reduced unwinding abilities for all the
variants (Figure 1G–H, Supplementary Table 1,
Supplementary Figure S1D), except for UvrD
S456C, which displayed �2-fold reduced activity.
In conclusion, the generated single-cysteine vari-
ants of UvrD exhibited functional ATP hydrolysis
and unwinding activities, making them suitable for
further experiments. The results indicate that UvrD
crosslinks and therefore binds to the MutL
C-terminal domain.
4

Crosslinks between UvrD2B domain and
MutLLC20 result in highly active species

To refine the observed interaction between UvrD
and the MutLLC20 domain, we performed
homobifunctional crosslinking using single-
cysteine variants on MutL and UvrD. In addition to
the three previously tested MutLLC20 single-
cysteine variants at positions 480, 489 and 45228

we expanded our repertoire in this domain by an
additional variant at position 573 (Figure 1C). We
examined the crosslinking behavior of these four
mutants with the newly generated UvrD single-
cysteine mutants utilizing homobifunctional
crosslinkers of various lengths. The crosslinkers
were based on either irreversible maleimide (BMOE
and BM(PEG)3) or reversible sulfhydryl (MTS-4-
MTS and MTS-17-MTS) chemistry. The former
forms covalent bonds with high specificity and few
side products, while the latter allows testing whether
the unwinding activity is a result of the crosslinks by
reverting the formed bond in the presence of a
reducing agent.
Using BMOE, the highest crosslinking yield, with

a single prominent band at 150 kDa, was obtained
by combining the MutL D452C mutant, located in
the dimerization domain, with the UvrD S456C
variant on the 2B domain (Figure 2A) (see
Supplementary Figure S2B–D for other
crosslinkers). Similar results were observed for
the UvrD S456CDTudor variant, indicating that the
Tudor domain is non-essential for this interaction.
Our results agree with previous findings by
Ordabayev et al.,56 which demonstrated the signifi-
cance of the UvrD2B domain in MutL activation.
Notably, their study showed that a chimeric UvrD
variant, in which the 2B domain was replaced with
the corresponding domain from the Rep helicase,
was no longer activated by MutL. In this study we
find that the UvrD1B domain crosslinked to the MutL
regulatory domain via UvrD V166C and MutL 480C
and R489C (Supplementary Figure S2A–D). The
UvrD variant S707C, located in the Tudor domain,
exhibited a high molecular weight band with the
majority of MutL variants and crosslinker combina-
tions. Crosslinks involving the Tudor domain display
faster migration and appear at lower molecular
weights.
To evaluate the functional relevance of the

captured complexes, we conducted two assays to
assess their unwinding activity. The first assay
utilized a single-turnover approach with stopped-
flow, as previously described.47 The second assay
was an adaptation of the first one for use in a plate
reader, enabling the measurement of steady-state
kinetics and facilitating higher throughput screen-
ing. As a proof of concept, we examined whether
the single-cysteine variant of MutL (D452C) could
activate UvrD (S456C) without the need for
crosslinking. The assays were performed either in
buffer T or buffer M20/20. Higher activities with
UvrD and MutL-activated UvrD have been reported



Figure 2. Crosslinks between UvrD2B domain and MutLLC20 result in highly active species. (A) Homobi-
functional crosslinking between MutL D452C and single cysteine-variants of UvrD using BMOE. Colors for UvrD are
as indicated in Figure 1E (see Supplementary Figure 2 for S371C) (B) Schematics and substrates of the unwinding
assays. (C) Steady-state unwinding assay in the plate reader with UvrD S456C alone (grey) or uncrosslinked MutL
D452C and UvrD S456C (purple). Top panels in Buffer T, bottom panels in buffer M20/20. Left panels with dT20

substrate, right panels with dT10 substrate (D) Quantitative analysis of unwinding assay of BMOE or BM(PEG)3
crosslinked species under multiple-turnover conditions (plate reader, UvrD 50 nM/MutL100 nM). MutL single-cysteine
variant are indicated on X-axis. Colors of single-cysteine variant of UvrD as in A (dotted line for DTudor). Mean and
SD for n = 2 experiments. (E) Top Left: Multiple-turnover unwinding assay of MutL D452C and UvrD S456C
crosslinked with MTS-4-MTS, performed both without (green) and with DTT treatment to reverse the crosslink (black).
Top Right and Both Bottom Panels: Single-turnover unwinding assays employing substrates featuring 30-ss DNA
tails of varying lengths (20, 10, 5 nt). Remarkably, a short 30-ssDNA tail is sufficient for unwinding by the crosslinked
MutL D452C and UvrD S456C complex (green). Controls include non-crosslinked proteins utilizing low MutL D452C
concentration (light purple), high MutL D452C concentrations (dark purple), or the absence of MutL altogether (grey).
Specific DNA substrate configurations are indicated above each corresponding box and in B.
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in buffer T compared to buffer M20/20.47 However,
MutL exists as a mixture of dimers and higher oligo-
meric species in buffer T, whereas in buffer M20/20,
the MutL dimer is stable61 and forms a defined com-
plex with UvrD and DNA in a 2:1:1 stoichiometry.47

The DNA substrates consisted of 18 bp duplex
DNA flanked by a 30 ssDNA tail with lengths of 5,
10 or 20 nt (short dT5, dT10, dT20) (Figure 2B).
Upon unwinding, the quenched Cy5 label at the
end of the DNA duplex was released and this
change in fluorescent signal was read out
(Figure 2B). UvrD and MutL were preincubated
with the DNA substrate, and the unwinding
reaction was started upon ATP and Mg2+ addition.
In the stopped-flow assay, a DNA hairpin trap
prevented UvrD from rebinding the DNA
substrate, creating single-turnover events.47

We then repeated this experiment using the plate
reader system without DNA-trap and obtained
similar results for the dT20 substrate (Figure 2C
top left panel). As expected from Ordabayev
et al.,47 on a dT10 DNA substrate, MutL showed only
mild stimulation of unwinding (Figure 2C top right
panel). We then switched to a phosphate buffer
(M20/20) to prevent MutL aggregation. As observed
in Ordabayev et al., the unwinding signal was rela-
tively weak under these conditions for both dT10

and dT20 DNA substrate47 but sufficient for analysis.
With these proof of concepts at hand, we began

assessing whether our crosslinking captured
relevant species. We analyzed the crosslinked
complexes for their ability to unwind DNA
substrates using the plate reader assay. We
measured samples of the MutL-UvrD crosslinking
reactions with all four crosslinkers. The result of
the more specific crosslinkers BMOE and BM
(PEG)3 were similar, and their combined data are
shown in Figure 2D. Substantial unwinding was
observed for the combination of MutL D452C and
UvrD S456C. This high activity correlates well with
the significant amount of crosslinked complex
observed (Figure 2A). Some activity is also seen
for MutL R489C and UvrD V166C in accordance
with a specific complex band visible on the SDS
gel. On the other hand, the crosslinked species
that were observed for MutL D452C and UvrD
S707C (Tudor domain) (Figure 2A last lane) did
not show any unwinding activity (Figure 2D). The
Tudor domain is tethered through a flexible linker
to the core of UvrD, which allows crosslinking, but
this covalent bond does not enable the activation
of UvrD unwinding.
In addition, we tested the complexes crosslinked

with the more reactive MTS-4-MTS or MTS-17-
MTS crosslinkers (Supplementary Figure 2E).
Interestingly, although for MTS-17-MTS there are
several crosslinking combinations (Supplementary
Figure 2E right panel) only some showed higher
unwinding rates. Consequently, only some of the
crosslinked bands capture relevant complexes.
Given the length of this crosslinker of 24.7 �A62 it
6

seems likely that the effect we see is due to proxim-
ity rather than a trapped conformation.
Subsequently, we proceeded to validate the most

promising complex of MutL D452C and UvrD
S456C in the stopped-flow assay by reversing the
crosslinking. We crosslinked the variants using
MTS-4-MTS crosslinker and tested for unwinding
of a dT10 substrate (Figure 2E top left panel).
Addition of the reducing agent DTT to reverse the
crosslink between MutL and UvrD, results in
strongly reduced unwinding efficiencies similar to
those with non-crosslinked MutL and UvrD
(Figure 2E top left panel and Figure 2C bottom
right panel). We concluded that the increased
unwinding activity can be attributed to the
crosslinking.
Previous research determined that a 30 ssDNA tail

of at least 10 nt was necessary for MutL activation
of UvrD in non-crosslinked complexes suggesting
an interaction of MutL with the 30 ssDNA tail.47 We
revisited this question in the context of the UvrD-
MutL crosslinked complex. As observed in pub-
lished results, higher MutL D452C concentrations
led to increased UvrD S456C helicase stimulation
on a dT20 substrate in Buffer M20/20 (Figure 2E,
top right panel), but with shorter 30 ssDNA tails (10
or 5 nt) activation byMutL was less. (Figure 2E, bot-
tom panel). However, when UvrD was crosslinked
to MutL, we found that a 30 ssDNA tail as short as
5 nt was sufficient to activate UvrD helicase (Fig-
ure 2E). As UvrD also needs at least 4 nt for bind-
ing,46 this suggests that once MutL is crosslinked
to UvrD, the 30 ssDNA tail is not further required
for activation.

MutL and UvrD crosslink into an active 2:1
stoichiometric complex

Adequate crosslinking yields were achieved with
MutL D452C and UvrD S456C, although the
reaction still contained uncrosslinked MutL and
UvrD, as well as other crosslink products. To
optimize the reaction, we assessed the influence
of DNA (using dT20 DNA substrate) and AMPPNP
on crosslink yield and specificity (Figure 3A), and
found that crosslinking improved when both
components were included, albeit not
quantitatively. A further enhancement in MutL-
UvrD crosslinking was achieved by using a
phosphate buffer containing potassium instead of
sodium (Figure 3B, a quantitative analysis of
crosslinking yields using the MTS-4-MTS
crosslinker is shown in the Supplementary
Table 2). We employed size-exclusion
chromatography to purify the MutL-UvrD crosslink
complex, separate uncrosslinked UvrD from
crosslinked MutL-UvrD, and determined the
complex’s stoichiometry (Figure 3C). The elution
profile displayed two main peaks (�10.5 ml and
14.5 ml). Notably, only the first peak contained the
MutL-UvrD crosslink and uncrosslinked MutL (as
shown by SDS-PAGE analysis), with no visible



Figure 3. MutL and UvrD crosslink into an active 2:1 stoichiometric complex. (A–B) Optimization of
crosslinking efficiency. (A) The MutL-UvrD yield increased upon DNA substrate and nucleotide addition in Buffer M20/
20. (B) Effect of different buffers on crosslinking yield and formation of side-products (UvrDxUvrD or MutLxMutL) (C)
Size exclusion chromatography elution profile of MutL D452C (20 mM) crosslinked with UvrD S456C (10 mM) with
BMOE (0.12 mM) in buffer M100K20G, (D) corresponding SDS-PAGE analysis of indicated fraction (grey and black
bar) (E) and multiple-turnover unwinding assay using the 30-(dT)10 tailed DNA substrate.
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bands for UvrD (Figure 3D). This peak likely
represents a complex composed of a MutL dimer
with one subunit crosslinked to a UvrD monomer,
in line with stoichiometry from prior experiments.47

The second peak only contained a single major
band corresponding to uncrosslinked UvrD. Subse-
quently, fractions were analyzed for DNA unwinding
activity under multiple-turnover conditions. As
expected, only fractions containing the crosslinked
MutL-UvrD complex demonstrated DNA unwinding
activity (Figure 3E. The specific activity, i.e. [nM
DNA unwound]/[nM UvrD] increased from 0.18 for
the input to 0.41 ± 0.05 for fractions 9–14.
In conclusion, these results support the notion

that the formation of crosslinks between MutL and
UvrD promotes the observed DNA unwinding
activity at low concentrations.

MutL C-terminal domain alone can activate
UvrD unwinding

Our investigations so far have demonstrated that
UvrD helicase activation can be achieved by
crosslinking single-cysteine residues in the C-
terminal LC20 domain of MutL to UvrD 2B and 1B
domains, resulting in a highly active DNA
unwinding complex. To delve deeper into the role
of the N-terminal LN40 domain of MutL in this
activation, we exploited the intrinsic thrombin
cleavage site located near the LN40 domain in the
linker region of MutL.26 Thrombin cleavage effec-
tively removed LN40 (residues 1–349), allowing us
to evaluate the isolated effect of the LC30 domain
(residues 350–615).
After crosslinking MutL D452C to UvrD S456C

with MTS-4-MTS, we achieved complete cleavage
of MutL into LN40 and LC30 by thrombin
(Figure 4A lane 5 + 7). As a control, we also
reversed the crosslinking reaction with DTT
treatment (Figure 4A lane 6 + 8). We then
assessed the DNA unwinding activity of both
uncrosslinked (MutL 625 nM or 50 nM, UvrD
25 nM) and crosslinked (MutL 50 nM, UvrD
25 nM) samples before and after thrombin
cleavage under single-turnover conditions. As
anticipated from previous studies,26 the ability of
MutL to activate UvrD was completely lost upon
thrombin cleavage (Figure 4B dotted purple line).
In contrast, the thrombin-cleaved crosslinked com-
plex exhibited only a minor decrease in DNA
unwinding activity compared to the uncleaved
crosslinked complex (Figure 4B dotted green and
solid green lines, respectively). This observation
held true also under multiple-turnover conditions
and for DNA substrates with a shorter 30-ssDNA
tails (Figure 4B right panel). We concluded that
the stimulation of UvrD DNA unwinding activity
can be achieved by the C-terminal domain of MutL
alone, but only when covalently linked to UvrD.
To rule out the effect of the LN40 fragment on

DNA unwinding reaction in the previous
experiment, we purified the MutLLC30 D452C
8

fragment, obtained by thrombin cleavage of MutL
D452C, using gel filtration. We then tested
whether crosslinking between MutLLC30 D452C to
UvrD (UvrD S456C or UvrDDTudor S456C) using
BMOE is possible. Indeed, the C-terminal
fragment of MutL formed a covalent complex with
both UvrD variants (Figure 4C lane 5* and 7*).
Moreover, only the crosslinked samples
demonstrated DNA unwinding activity using the
dT10 DNA substrate (Figure 4D dark and light
green), while the uncrosslinked proteins showed
no detectable DNA unwinding activity (Figure 4D
light magenta).
In summary, our findings suggest that while the

LN40 domain, which can bind to DNA likely
contributes to DNA binding and thereby complex
formation between MutL, UvrD and DNA for
optimal interaction, it seems not essential for the
stimulation of DNA unwinding. On the other hand,
the LC30 domain alone, which is not able to bind
to DNA on its own26, is not only sufficient for interac-
tion with UvrD17 (Figure 4C) but, when crosslinked
to the UvrD 2B domain, it is fully capable of activat-
ing the UvrD helicase.
Discussion

In this study, our primary objective was to explore
the mechanism by which MutL stimulates the UvrD
DNA unwinding activity, thereby gaining insight into
the functional significance of the MutL-UvrD
interaction in DNA mismatch repair. We performed
a series of site-specific crosslinking experiments
using single-cysteine variants of MutL and UvrD
(Figures 1D, 2A and Supplementary Figure 1C
+2A–D) to investigate which variants forms
covalent complexes. Interestingly, the formation of
a crosslink did not necessarily correlate with
stimulation of DNA unwinding. Several
combinations of UvrD and MutL variants could be
crosslinked with the longer MTS-17-MTS
crosslinker, but only a few of these displayed
increased helicase activity. For example, MutL
D452C with UvrD S456C and MutL R489C with
UvrD V166C showed increased activation,
whereas the alternate combinations did not
(Supplementary Figure 2F).
By combining these crosslinking experiments

with functional unwinding assays, we were able to
establish the importance of an interaction between
MutLLC20 and the UvrD 2B domain in enhancing
the DNA unwinding activity (Figure 2D + E and
Supplementary Figure 2E). This is in agreement
with previous analysis showing that a specific
interaction between MutL and the UvrD 2B
domain is required for helicase activation, while a
UvrD chimera with the Rep2B domain could not be
activated by MutL.56 In addition to the prominent
MutL D452C UvrD S456C crosslink, which con-
nected the dimerization domain of MutL and the
2B domain of UvrD, we also observed another



Figure 4. Activation of UvrD helicase by the MutL C-terminal domain. (A) SDS-PAGE analysis of MutL D452C
and UvrD S456C crosslinked with MTS-4-MTS, both without and with thrombin or DTT treatment. (B) Single (left) and
multiple-turnover (right) DNA unwinding reactions using MutL/UvrD either uncrosslinked (MutL/UvrD stoichiometry
25:1, dark purple or 2:1 light purple) or crosslinked with MTS-4-MTS (MutL/UvrD stoichiometry 2:1, green). The
samples subjected to thrombin treatment are indicated by the dotted lines (left) or unfilled bars (right), respectively.
Mean and SD for n = 2 experiments. (C) Crosslinking of the MutL D452CLC30 fragment with UvrD S456C or UvrDDTudor

S456C using BMOE. (D) Multiple-turnover DNA unwinding reaction using a dT10 substrate with UvrDDTudor S456C
alone (gray), uncrosslinked (light purple) and crosslinked complexes of MutL D452CLC30 and UvrD S456C (dark
green) or UvrDDTudor S456C (light green), respectively corresponding to experiments shown in C.
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intriguing crosslink between MutL R489C (located
in the regulatory domain) and UvrD V166C (situated
in the 1B domain). This crosslinked complex,
formed using the longer-range MTS-17-MTS cross-
linker, resulted in a significant enhancement of heli-
case activity (Supplementary Figure 2E). This
observation suggests a potential interaction
between the regulatory domain of MutL and the
1B domain of UvrD, which may play a role in stimu-
lating UvrD’s helicase activity. Based on our data,
we propose that MutL and UvrD facilitate active
unwinding through the proximity of MutL’s dimeriza-
tion and regulatory domains with UvrD’s 2B and 1B
domains, respectively.
These results are in line with a model suggestion

that the MutL-UvrD complex exist in more than one
conformation (similar as UvrD) that are not all
active.56 It has been observed in single-molecule
FRET experiments that UvrD (labeled at the 1B
and 2B domain) in complex with DNA and MutL
exists in at least three distinct conformations (open,
intermediate, closed) as judged by FRET efficien-
9

cies as a measure for conformation and distance
between the 1B and 2B domain.56 The absence of
activity even when a crosslink was formed could
be trapping the complex in one of the inactive con-
formations of UvrD.
Previous yeast two-hybrid studies showed that for

physical interaction with UvrD the C-terminal
fragment (residues 398–615) of MutL was
sufficient,17 however, for helicase activation the
integrity of the MutL protein was critical.26 More-
over, systematic studies on the 30 ssDNA tail length
suggested that MutL likely interacts with part of the
30 ssDNA tail during UvrD binding and activation
UvrD.47 We discovered that upon crosslinking of
MutL and UvrD the requirement for an extended 30

ssDNA tail was abolished (Figure 2E), suggesting
that once the complex is stabilized by a covalent
bond, the interaction between MutL and the 30

ssDNA tail is no longer required. This is in line with
our observation that enzymatic removal of the N-
terminal LN40 part of MutL, which contain the
DNA binding activity of MutL,30,63 from the cross-
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linked complex or crosslinking only MutLLC30 to
UvrD (through MutL D452C and UvrD S456C) (Fig-
ure 4A + C and Supplementary Figure 4) retained
an active unwinding complex (Figure 4B), suggest-
ing that the LN40 is not essential for the DNA
unwinding simulation. Interestingly, in contrast to
experiments with the E. coli proteins, the C-
terminal domain (residues 303–425) of the MutL
orthologue from Aquifex aeolicus was sufficient to
activate UvrD, albeit at a reduced efficacy com-
pared to full-length MutL.64

To gain insights into the structural details of the
MutL-UvrD interaction, we initially attempted to
model the interaction with Haddock.65,66 The dock-
ing provided numerous potential options, but the
high degree of variability between the proposed
interactions, as well as the MutL dimer made confi-
dent predictions challenging. We then used Alpha-
Fold multimer67 within the ColabFold platform68 on
the full-length proteins. Structures of individual
domains in this prediction are in accordance with
crystal structures. A measure of confidence in the
global relative positioning of groups of residues in
space can be read out in the PAE matrix69 (Supple-
mentary Figure 5A). Although the positioning of
MutLLN40 onto UvrD could be of value, we focus
here on the interaction between UvrD and the
MutLLC20 domain. Repeat predictions yielded one
preferred solution for the positioning of MutLLC20 rel-
ative to the UvrD2B domain, with distances between
residues 452 in MutL and 456 in UvrD consistent
with our crosslinking data. (Supplementary Fig-
ure 5B), although confidence in this prediction was
not very high, as seen by the shading of green in
the PAE matrix between MutLLC20 and UvrD2B.
The two MutLLC20 domains form the expected
dimer28 and as a consequence result in a somewhat
less confident prediction for the more distant
MutLLC20 in relation to UvrD2B. All in all, the fact that
the relative position of one MutLLC20 and UvrD2B

was repeatedly found in predictions in which MutL
is varied (dimer, monomer, LC20 domain alone)
does support its likelihood.
Interestingly, in these repeats, the orientation of

the 2B domain within UvrD varies between its
position observed in the apo UvrD structure and
that observed in the DNA complex, and the
MutLLC20 moves with it. In fact, AlphaFold has little
confidence in the placement of UvrD2B relative to
the rest of UvrD, as seen from the PAE matrix
(Supplementary Figure 5A). While the apo-state
would be incompatible with DNA binding and
helicase activity, it is plausible that the uncertainty
in the positioning of the UvrD2B domain reflects an
intermediate state adopted by UvrD or high
flexibility of the 2B domain when bound to MutL,
as suggested by data from the Lohman group.56

Given these uncertainties and the flexibility of
both UvrD and MutL, we cannot at this stage
provide a detailed model of how MutL activates
UvrD. It is tempting to speculate the simultaneous
10
interaction between the MutL regulatory and the
dimerization domain with the 1B and 2B domains
of UvrD could reduce the conformation flexibility of
UvrD in favor of the intermediate and closed
conformation (and hence preventing the open
conformation that is incompatible with DNA
unwinding).
In summary, our present study has provided

valuable and innovative insights into the physical
and functional interaction between MutL and
UvrD. It underscores the significance of the MutL
C-terminal domain’s interaction with the UvrD 2B
and 1B domains. Additionally, our approach of
combining complex trapping states with functional
analysis has proven to be crucial in dissecting the
multiple dynamic states of these complexes,
particularly considering the inherent flexibility of
the UvrD2B domain, which can adopt several
intermediate states between open and closed
conformations.56 To gain a more comprehensive
understanding of the molecular intricacies and
dynamics involved in MutL’s activation of UvrD,
future studies that integrate the crosslinking
approach with other structural or biophysical meth-
ods such as crystallography, cryo-EM, single-
molecule FRET, or mass spectrometry will be
indispensable. Furthermore, as MutS-dependent
recruitment of MutL to DNA requires the LN40
domains, and unwinding initiates from a nick, it will
be interesting to place the findings of this work in
the context of the full MMR system.

Material and Methods

Buffers

Buffers were prepared with reagent grade
chemicals using distilled water that was deionized
using a Milli-Q water purification system (Millipore
Corp., Bedford, MA). Buffers, used for purification:
UvrD-binding buffer: 20 mM Tris–HCl (pH 7.5),
500 mM NaCl, 10 mM imidazole, 1 mM DTT,
1 mM PMSF, 20% (v/v) glycerol; UvrD Ni-washing
buffer: 20 mM Tris–HCl (pH 7.5), 500 mM NaCl,
25 mM imidazole, 1 mM DTT, 1 mM PMSF, 20%
(v/v) glycerol; UvrD Ni-elution buffer: 20 mM Tris–
HCl (pH 7.5), 500 mM NaCl, 1 mM PMSF,
40–200 mM imidazole, UvrD dialysis buffer:
20 mM Tris–HCl (pH 8.3), 300 mM NaCl, 1 mM
EDTA, 2 mM DTT, 20% (v/v) glycerol. Buffer A:
20 mM Tris–HCl (pH8.3), 100 mM NaCl, 1 mM
EDTA, 20% (v/v) glycerol; buffer B: 20 mM Tris–
HCl (pH8.3), 1 mM EDTA, 20% (v/v) glycerol;
UvrD storage buffer: 25 mM HEPES (pH 8.0),
400 mM KCl, 20% (v/v) glycerol. MutL lysis
buffer:20 mM Tris–HCl (pH 8.0), 1 M NaCl, 5 mM
imidazole, 1 mM PMSF, 10% (v/v) glycerol, MutL
wash buffer: 20 mM Tris–HCl (pH 8.0), 1 M NaCl,
10 mM imidazole, 1 mM PMSF, 10% (v/v)
glycerol, MutL elution buffer: 20 mM Tris–HCl (pH
8.0), 1 M NaCl, 500 mM imidazole, 1 mM PMSF,
10% (v/v) glycerol, MutL HPLC and storage buffer
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10 mM HEPES-KOH (pH 8.0), 1 mM EDTA,
500 mM KCl, 10% (v/v) glycerol.
Buffers used for activity assays: Buffer T2070 is

10 mM Tris–HCl (pH 8.3 at 25 �C), 20 mM NaCl,
and 20% (v/v) glycerol, Buffer M20/20: 40.5 mM
K2HPO4, 9.5 mM KH2PO4, 20 mM NaCl, 20%
(v/v) glycerol, mismatch-dependent helicase buffer
FB150T10G: 25 mM HEPES-KOH (pH 7.5)
150 mM KCl, 5 mM MgCl2, 0.005% (v/v) Tween
20, 100 ng/ll BSA, 1 mM DTT10% (v/v) glycerol.
Buffers used for cross-linking: Buffer FB50T 20G:

25 mM HEPES pH 7.5, 50 mM KCl, 0.005% (v/v)
Tween 20, 5 mM MgCl2, 20% (v/v) glycerol, buffer
M/M: 40.5 mM K2HPO4. 9.5 mM KH2PO4, 50 mM
KCl, 5 mM MgCl2; buffer M50K20G: 40.5 mM
K2HPO4. 9.5 mmKH2PO4, 50 mM KCl, 5 mM
MgCl2, 20% (v/v) glycerol; buffer M100K10G has
the same composition but with 100 mM KCl (pH
7.4 at 25 �C) and 10% (v/v) glycerol. ATP, ATPcS
and AMPPNP were purchased from Jena
Bioscience.

Expression constructs and mutagenesis

pA10 UvrDDCys and pA10 UvrDDCys[A100C]
plasmids54 were a kind gift form Timothy M. Loh-
man. In the pA10 UvrDDCys plasmid, the six native
cysteine residues (C52, C181, C322, C350, C441,
and C640) of UvrD were replaced with serine resi-
dues. The pA10 UvrDDCys[A100C] plasmid con-
tains a single cysteine at position 100. In addition,
both plasmids have a hexahistidine (6xHis) tag
and a thrombin cleavage site
(MGSSHHHHHHSSGLVPRGSH, 20 aa) fused to
the N-terminus of UvrD.
For the crosslinking and labelling experiments,

eight different single-cysteines were cloned into
the pA10 plasmid. The selection process for the
newly introduced residues was driven by the
following criteria: (i) non-conserved (ConSurf)71,
(ii) surface-exposed, accessible (SDM)72, and (iii)
does not reduce UvrD stability (iStable).73 The fol-
lowing variants were selected and introduced by
site-directed mutagenesis using NEB Gib-
sonAssembly kit: S53, S81, A100, V166, D342,
S371, D432, D456, I707.
Furthermore, to bypass using thrombin and

having the risk of cleavage at noncanonical sites,
a TEV-cleavage side was inserted additionally
before the UvrD coding sequence. Briefly, pET15b
was cleaved with BamHI and NdeI restriction
enzymes to create the vector backbone. UvrD
sequence was amplified from pA10 UvrDDCys
vector with primers containing the TEV cleavage
site (pf716 + pf717 for the full-length and
pf716 + pf721 for UvrDD73). pA10 UvrDDCys,
pA10 UvrDDCys[A100C], pET9D UvrDwt were
used as templates for the PCR amplification. All
except of A100C single Cys variants were
generated according to the NEB Gibson Assembly
protocol by combining 2 PCR fragments obtained
by amplification of pA10 UvrDDCys with
11
pf716 + reverse primer of each variant and
forward primer + pf717. All primers are listed in
the Supplementary Table 3. For MutL variants
D452C, 480C and R489C a TEV-cleavage site
was introduced at the N-terminus of MutL in
pTX418 MutL[DCys],28 similar to UvrD (primers
pf738 + pf739). All mutations were confirmed by col-
ony PCR and verified by DNA sequencing.
Protein expression and purification

Wild type MutS, MutL and MutH were expressed
and purified as described.74,75 For the purification of
MutL constructs containing the TEV-cleavage site,
an additional cleavage step was introduced during
dialysis with subsequent removal of uncleaved pro-
tein using a Ni-NTA column. UvrD was purified
using pET15b-UvrD as described76 with a slight
modification: His-tagged UvrD was overexpressed
in BL21 StarTM(DE3)pLysS cells in the vector
pET15b and purified using a Protino Ni-IDA 2000
column (Macherey Nagel). The N-terminal His6-
tag was cleaved by TEV protease in dialysis buffer
over night at 4 �C. The cleaved protein was passed
through Ni-NTA (Qiagen) to remove uncleaved pro-
tein, His-tag, and His-tagged TEV-protease, fol-
lowed by Heparin, HiTrapQ, and lastly buffer
exchange into UvrD storage buffer using ZebaSpin
desalting columns (40 K MWCO, ThermoFisher
Scientific). All purified proteins were flash-frozen in
liquid nitrogen and stored at �80 �C. Concentra-
tions were determined spectrophotometrically by
using the theoretical extinction coefficients. Single-
stranded DNA-binding protein (SSB) was pur-
chased from Promega (Madison, USA) and exonu-
clease I (ExoI) from New England Biolabs (Ipswich,
USA).
DNA oligonucleotides and substrates

All primers for UvrD and MutL mutagenesis
(HPLC grade) were synthesized by Biolegio
(Nijmegen, Netherlands), all other oligonucleotides
were synthesized by Eurogentec (Seraing,
Belgium). For the DNA unwinding substrate with
18 bp duplex and 3´-flanking dT(x)tail, two
complementary oligonucleotides were diluted in
annealing buffer (10 mM Tris–HCl (pH 8.0) and
50 mM NaCl). As a result of mixing two
oligonucleotides, the final concentration of the
duplex was 20 mM. The UvrD dT40 hairpin Trap
was annealed at the concentration of 50 mM.
Duplex DNA was formed by annealing at 95 �C for
5 min followed by a gradient decrease in
temperature by 5 �C every five minutes.
Hemimethylated DNA substrate containing a

single G/T mismatch was generated and purified
as described23 using primer GT28 (50-GGT AGC
TCT TCA-T*-CC GCA AAC AAA CC-g-CCG CTG
GTA GCG-30), where the g indicates the nucleotide
forming the G/Tmismatch, and the T* is the labelled
nucleotide with Alexa Fluor � 647 (Alexa647(IBA
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GmbH, Göttingen, Germany). As a result of primer
extension on ssDNA phagemid GATC1 (derivative
of pGEM13Zf),23 GT#1b647 was obtained, contain-
ing a GT mismatch at position 2215, and one
hemimethylated GATC site which is 61 bp 30 from
the mismatch, and the fluorophore located close
to the mismatch for quantitation. Closed circular
hemimethylated DNA-substrate was gel-purified
using a Promega gel purification kit.
ATPase assay

The ATPase activity of UvrD was determined
using an NADH-coupled assay,77 which measures
the loss of NADH absorbance at 340 nm (e = 625
0 cm�1 M�1) due to the conversion of ADP back
to ATP by pyruvate kinase and lactate dehydroge-
nase in the presence of phosphoenolpyruvate.
Reactions (100 mL) were carried out in 96-well plate
at room temperature using microplate absorbance
reader (SUNRISE, TECAN) in buffer FB150T10G
containing 0.4 mM NADH, 1% (v/v) enzyme mix
(pyruvate kinase and lactate dehydrogenase;
Sigma Life Sciences) 1 mM phosphoenolpyruvate
(Sigma-Aldrich), 1 mMssDNA (pF319), 0.1 mMUvrD
and 1 mM ATP, which was added last to start the
reactions. Extinction at 340 nm was recorded for
10 min, and the initial slope from the extinction vs.
time plot was converted into (mM ATP hydrolysed)/
(0.1 mM UvrD min) using a calibration curve
obtained with ADP instead of ATP.
MutS-dependent unwinding of a circular
substrate

MutS-dependent unwinding was performed
similarly as described.23 Nicking with subsequent
DNA unwinding and excision of 0.5 nM GT#1b647

was monitored in the presence of 20 nM MutS,
20 nM MutL, 10 nM MutH, 20 nM UvrD, 200 nM
SSB, 0.1 units of exonuclease I in FB150T10G
reaction buffer containing 1 mM ATP. Reactions
(25 �C) were started by combining equal volumes
of a pre-assembled mixture of DNA with ATP in
reaction buffer FB150T10G with a pre-assembled
mixture of proteins. At selected time points, 10 ll ali-
quots were mixed with an equal volume of stop buf-
fer (20% (v/v) glycerol, 1% (w/v) SDS and 50 mM
EDTA) and electrophoresed over night at 20 V on
a 0.8% (w/v) agarose gel in TAE buffer in the pres-
ence of 40 lM chloroquine. Incision and excision
reaction products were visualized using a Typhoon
FLA imager (Cytiva). The fluorophore was excited
at 633 nm and its emission was passed through
the Cy5 670BP30 filter. Band intensities were quan-
tified using FIJI78. The fraction of unwound DNA
substrate was calculated from the total fluorescent
signal of the supercoiled and open circular species
relative to that at time = 0 min for each reaction
(see Supplementary Table 1 for details).
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Heterobifunctional crosslinking using MTS-4-
NHS

For heterobifunctional crosslinking, MutL single-
cysteine variants (4 mM) were combined with UvrD
(2 mM) labelled with AF594 at position A100C.
Briefly, UvrD was purified as described earlier and
incubated with 5 mM DTT. After 30 min on ice, the
reducing agent was removed with the help of

ZebaSpin desalting columns. Alexa Fluor�594
(Invitrogen) fluorescent dyes were diluted in
DMSO, added in 3x molar access over the protein
concentration and incubated in UvrD buffer B on
ice for 2 h. Afterwards excess of dye was
removed with ZebaSpin desalting columns and
absorbance spectroscopy was used to determine
the protein concentration and the degree of
labelling (DOL). For UvrD DOL was >90%.
The crosslinking reaction was performed in 20 ml

buffer FB50T20G (supplemented with DNA and/or
AMPPNP when indicated). Proteins were
incubated together for 3 min and the crosslinking
reaction was started by addition of 200 mM MTS-
4-NHS (Toronto Research Chemicals). After 5 min
the reaction was stopped by adding 100 mM Tris–
HCl, 7.5 mM N-ethylmaleimide and 5x SDS
loading buffer. Samples were boiled for 2 min at
95 �C and half of the reaction was subjected to
8% SDS-PAGE at 200 V for 50 min. Imaging was
performed for 100 ms first by Intas Chemostar
ECL and Fluorescence Imager with EPI
Fluorescence Light Cubes: LED Cube BLUE
477 nm for AF488 dye and LED Cube GREEN
535 nm for AF594-labeled proteins and then by
Coomassie staining.
Site-specific cysteine crosslinking

ZebaSpin desalting columns were used to
change storage buffer of protein samples to a
buffer without reducing agent. UvrD at high
concentrations does not tolerate low salt,
therefore UvrD was buffer exchanged to 200 mM
salt, while for the MutL sample the salt was
reduced to 50 mM. Both protein samples were
kept on ice. Initial crosslinking condition was in
Buffer FB50 20G. The initial protocol was to
combine 2 mM DNA, 2 mM UvrD, 4 mM MutL,
1 mM ATP in a tube, incubate for 5 min, followed
by the addition of 400 mM crosslinker, incubate for
5 min, and finally stopping the reaction by adding
200 mM N-ethylmaleimide for the MTS-crosslinker
and 1 mM DTT for maleimide crosslinker. Later,
conditions were changed as indicated. Final
crosslinking buffer: 50 mM K2HPO4/KH2PO4 pH
8.0, 100 mM KCl, 20% (v/v) glycerol. MgCl2 was
added together with ATP for the reaction, as
MgPO4 started precipitates over time at pH 8.0.
Final concentration of crosslinker was 30 mM.
Results were visualized on 8% SDS-PAGE.
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MTS-4-MTS (1,4-Butanediyl Bismethane-
thiosulfonate) and MTS-17-MTS (MTS-17-O5-
MTS, 3,6,9,12,15-Pentaoxaheptadecane-1,17-diyl
Bis-methanethiosulfonate) were purchased from
Toronto Research Chemicals, BMOE
(bismaleimidoethane), BM(PEG)3 (1,11-bismalei
mido-triethyleneglycol) were obtained from
ThermoFisher ScientificTM.
Multiple-turnover DNA unwinding

18 bp DNA duplex with a BHQ2-quencher and a
Cy5 fluorophore attached to the 30 and 50 end
respectively, were formed by hybridization of top
oligonucleotide 18_top_BHQ2_Orda with a bottom
strand oligonucleotide (Cy5-UvrD(dT)x_18,
where x corresponds to the length of the 30 ssDNA
tail, Supplementary Table 2).47 Multiple-turnover
DNA unwinding was measured in final volume of
200 mL in the indicated buffers in a TECAN infinite
F200 fluorescence microplate reader using excita-
tion filter (620 nm/ 10 nm) and emission filter
(670 nm/25 nm) using a 50% mirror at 24–26 �C
in 96-well plates (MICROPLATE, 96 WELL, PS,
F-BOTTOM BLACK, NON-BINDING, Greiner bio-
one). DNA (final concentration 125 nM) and pro-
teins (UvrD, MutL or crosslinked samples thereof
at the indicated concentrations) were preincubated
in the indicated buffer for >5 min and the reaction
was started by injection of 20 mL 10 mM
ATP/20 mM MgCl2 and fluorescence intensity was
measured for 60–120 s. To obtain themaximum flu-
orescence values, nucleases (exonuclease I,
exonuclease III and DNaseI) were added and the
fluorescence was measured after 30 min. Fraction
unwound was calculated from the buffer corrected
signals normalized to the maximum fluorescence
measured after exonuclease/DNase I treatment.
Single-turnover DNA unwinding

Single-turnover DNA unwinding kinetics were
measured at 25 �C in Buffer T or M20/20 in a
stopped-flow device SF-61SX2 (TgK Scientific,
Bradford-on-Avon, UK) with a LED light source
(LSM-635A LED Light Source, Ocean Insight)
using excitation band pass prefilter filter
(620 nm/10 nm). Emission was recorded with
band pass filters (ET670/50 Chroma Technology,
Olching, Germany) for the Cy5 fluorescence
signal. Samples were mixed in 1:1 vol ratio in the
indicated buffer, e.g. 125 nM DNA, 50 nM UvrD
and 1250 nM MutL in syringe 1 were mixed with
1 mM ATP, 2 mM MgCl2 and 20 mM of trap DNA
(UvrD_trap_hairpin) given final concentrations of
DNA 62.5 nM, UvrD 25 nM and MutL 625 nm
indicated as U25L625 in the figure legends.
Fraction unwound was calculated by normalization
to the signals obtained with the single-strand Cy5-
labelled bottom strand after correction for buffer
background.
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Gel filtration of MutL D452C-UvrD S456C
crosslinked complex

For preparative crosslinking, MutL D452C and
UvrD D456C variants were first incubated with
2 mM DTT for 1 h on ice. After that, the reducing
agent was removed, and buffer was exchanged to
the crosslinking buffer M100K10G using ZebaSpin
columns. 20 mM MutL D452C was incubated with
10 mM UvrD456C for 5 min on ice in 800 ml
reaction volume. After that, 3� access of BMOE
(ThermoFisher Scientific) crosslinker was added,
the reaction was mixed and incubated for 1 h on
ice. The reaction was stopped with 2 mM DTT,
proteins were centrifuged for 10 min at 4 �C to
remove aggregates. The excess of unreacted
reagent was removed from the crosslinking
mixture by using ZebaSpin desalting columns,
equilibrated with MutL-UvrD gel filtration buffer
M400K10G. The cross-link reaction mixture was
subjected to gel filtration on a Superdex 200
Increase column equilibrated with M400K10G
buffer with 1 mM DTT at 0.3 ml/min flow rate.
Peak fractions were analyzed by 8% SDS-PAGE
and concentration determined with Bradford
assay. Activity of each fraction was measured by
the plate-reader unwinding assay.

Gel filtration of LC30

For the crosslinking reaction of UvrD S456C with
the MutLLC30 D452C fragment, full-length MutL
D452C was treated with thrombin and MutLLC30

was separated from MutLLN40 by Size Exclusion
chromatography. For this, 45 U of thrombin and
2 mM of DTT was added to 4.5 mg of MutL
D452C and incubated ON in a dialysis bag with
14 kDa cut-off in M50K10G buffer. Samples were
taken before and after cleavage and analyzed on
10% SDS-PAGE. The reaction mixture was
filtered with a 0.22 mm Millipore filter and
subjected to gel filtration on a Superdex 75
column equilibrated with M50K10G buffer with
1 mM DTT at 0.3 ml/min flow rate. All collected
fractions were analyzed on a 10% SDS-PAGE
and fractions containing pure MutLLC30 fragment
were pooled and concentrated with the protein
concentrator (Vivaspin2, MWCO 10 k, Sartorius).
MutLLC30 concentration was measured
spectrophotometrically and calculated by using
theoretical coefficient. Aliquots (about 30 mM)
were flash-frozen in liquid nitrogen and stored at
�80 �C until further analysis.
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