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DNA replication errors that escape the proofreading activity 
of the replicative DNA polymerase are repaired by DNA 
mismatch repair (MMR). The initiation of MMR in Escherichia 
coli involves the recognition of the mismatch by MutS, binding 
of MutL, and activation of the endonuclease MutH which in-
cises DNA at a hemi-methylated GATC site. MutS exists in a 
dimer-tetramer equilibrium, but the function of the tetramer 
during MMR remains unknown. Here, we used in vitro MutH 

activation assays to examine the role of MutS in the reaction 
steps that couple mismatch recognition to daughter strand 
incision. To study the behavior of different MutS oligomers, 
we used obligate dimers and tetramers and quantified GATC 
site incision on circular and linear DNA substrates. Especially 
in the presence of free DNA ends, MutS tetramers mediate 
more efficient incision than MutS dimers, likely due to tetra-
mers diffusing slower and therefore being more successful in 
assembling the active incision complex before dissociating 
from the DNA at the ends. Likewise, we observed that MutS 
tetramers have a higher preference for nicking the GATC site 
close to the mismatch than dimeric MutS. Through probabi-
listic modeling, we show that this increased preference is 
consistent with a fourfold decrease in diffusion constant for 
the tetramer compared to the dimer. We propose that during 
mismatch repair, DNA excision tracts resulting from MutS 
tetramer-mediated incision will be shorter than those medi-
ated by the dimer, and that this explains the reported higher 
repair efficiencies of wild-type MutS compared to the dimer.

DNA mismatch repair (MMR) maintains genome stability 
through the repair of base-base mismatches and small 
insertion-deletions loops that arise during DNA replication 
(1, 2). MMR is an evolutionarily conserved process (1), and 
loss of function in MMR proteins leads to a mutator pheno-
type and is associated with predisposition to cancer (Lynch 
syndrome) in humans (3). The MMR pathway of Escherichia 
coli was the first to be reconstituted in vitro (4) and the

process has since been well defined. During the initiation of 
MMR in E. coli, MutS recognizes the mismatch (5, 6), un-
dergoes an ATP-dependent conformational change (7–10) 
and then recruits MutL to DNA (7, 11–13). In an ATP-
dependent manner, MutL subsequently activates the endo-
nuclease activity in MutH, which then incises the DNA 
daughter strand (14, 15). E. coli and other γ-proteobacteria 
use transiently hemi-methylated GATC sites to differentiate 
between the parental and daughter strand (16). GATC sites 
are methylated by dam methylase, and the methylation ac-
tivity lags behind DNA replication by approximately 1 min 
(17, 18). This delay provides a short window in time during 
which MutH must incise the newly synthesized, unmethylated 
strand at the hemi-methylated GATC site (19). The incision 
allows subsequent removal of the strand containing the 
incorrect nucleotide by helicase and exonucleases, after which 
resynthesis takes places (1, 2).

Mismatch binding by homodimeric MutS or heterodimeric 
MutS homologs results in an ATP-binding-dependent 
conformational change to a ring-like structure that can 
rapidly diffuse along DNA as a sliding clamp (8, 13, 20–22). In 
E. coli, each subunit of MutS contains 853 amino acids in 
which the last 53 amino acids of the C-terminus are involved 
in dimer stabilization and tetramer formation (23, 24). 
However, this tetramer formation is reversible which causes 
MutS to exist in a dynamic dimer–tetramer equilibrium, with 
reported dissociation constants in the range of 50 nM–2 μM 
(23, 25). Tetramerization is further stimulated by DNA 
binding (23, 26, 27).Tetramers have not been observed for the 
eukaryotic MutS homologs MutSα and MutSß, although 
MutSß and E. coli MutS share a similar double helix-loop-
helix fold in their C-termini (28). A recent study using 
atomic force microscopy reported that MutSα-mismatched 
DNA complexes, in the presence of ATP, often contain two 
MutSα dimers (29). The authors suggest that the conforma-
tional change to the sliding clamp might enable MutSα- 
MutSα interactions.

The precise role of MutS tetramers in MMR has not been 
determined. A variant of the gene for MutS with a C-terminal* For correspondence: Joyce H. G. Lebbink, j.lebbink@erasmusmc.nl.
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truncation that is unable to form tetramers (MutSΔC800) 
complements a mutS null E. coli strain when overexpressed 
(30). When this gene is integrated into the E. coli genome and 
thus is expressed from a single copy, there are severe MMR 
defects, indicating that the C-terminal 53 amino acids are 
important (31). The gene for MutS D835R, a constitutive 
dimer, results in similar rates of mutations as MutSΔC800 
when overexpressed in a mutS null strain (24). However, 
another study showed that incorporating the MutS D835R 
mutant into the E. coli genome had a weak mutator pheno-
type compared to the strong defects of MutSΔC800 (32). This 
suggests that the defects observed with MutSΔC800 cannot 
solely be attributed to a lack of tetramer formation. Therefore, 
while MutS tetramerization plays a role in MMR, it is not 
essential.

MutS tetramers are involved in MMR-mediated inhibition 
of homologous recombination (anti-recombination) (30). 
Mismatches formed during the recombination of non-
identical DNA sequences are bound by MutS. MutS and 
MutL physically restrict strand exchange by also binding the 
secondary structures in single-stranded (ss)DNA that has 
been displaced during the formation of recombination in-
termediates (33). Anti-recombination defects in mutS null 
E. coli are more pronounced when MutSΔC800 is overex-
pressed compared to wild-type MutS (30). In in vitro 
recombination assays, MutSΔC800 was also less efficient at 
inhibiting homologous recombination than wild type (33). 
MutS tetramers have two DNA binding sites (26, 27, 34) 
which would allow the protein to bind both the heteroduplex 
region of recombination intermediates and the displaced 
ssDNA simultaneously. Taken together, this indicates that 
MutS tetramers are important for anti-recombination.

The exact mechanism that couples mismatch recognition 
by MutS to strand incision by MutH is unresolved. Several 
models have been proposed including the polymerization 
model wherein MutL accumulates from the mismatch to the 
strand discrimination signal (29, 35–38), static transactivation 
wherein protein mediated loops connect the mismatch to the 
GATC site (39, 40), active translocation driven by ATP (hy-
drolysis) by MutS (41, 42) and the molecular switch model 
wherein proteins diffuse along DNA in an ATP hydrolysis-
independent manner (13, 20, 43, 44). There is increasing 
support for a (diffusive) mode of communication along the 
DNA backbone (22, 44–48). Because MutS tetramers display 
higher avidity for DNA and dissociate slower than dimeric 
MutS (34), it is possible that the MutS oligomerization state 
will influence (diffusive) communication along the DNA helix. 
So far this has not yet been explicitly studied.

This study aims to investigate the mode and relevance of 
communication along the DNA helix and the possible role of 
MutS tetramer formation during this process. We function-
ally analyzed MMR initiation, i.e., DNA daughter strand 
incision, using in vitro MutH activation assays. By using MutS 
D835R, an obligate dimer that is unable to form tetramers, as 
well as crosslinked MutS tetramers, we were able to examine 
the behavior of MutS dimers and tetramers separately. We 
show that MutS tetramers enable more efficient incision than

MutS dimers, especially in the presence of free DNA ends. 
Furthermore, we show that MutS tetramers encourage pref-
erential incision of GATC sites near the mismatch and that a 
model based on Fickian diffusion can correctly predict these 
preferences while returning different diffusion constants for 
MutS dimers and tetramers. We discuss the possible impli-
cations of these findings for DNA MMR.

Results
GATC site incision on circular and linear DNA

We have previously provided evidence for communication 
between the mismatch and the hemi-methylated GATC sites 
during MMR in E. coli occurring along the DNA backbone 
(48). Similar to earlier published work by Modrich and col-
leagues (47), we showed that DNA roadblocks placed in be-
tween a mismatch and hemi-methylated GATC sites severely 
reduce incision activity. Furthermore, we established that 
residual activity could be fully attributed to the long, disor-
dered linkers in MutL that allow roadblock bypass. In addi-
tion to studying the effect of placing a roadblock in between 
the mismatch and GATC site, Modrich and colleagues also 
showed that a double strand break in the short path between 
the mismatch and the unique GATC site on their 6 kb sub-
strate (but not in the long path) significantly impairs strand 
incision by MutH, likewise indicating that communication 
occurs along the helix (14, 47). Here we further examined the 
effect of free DNA ends on MutH activation by investigating 
strand incision on circular and linear DNA substrates. We 
used our previously established MutH activation assay in 
which we followed simultaneous strand incision of two hemi-
methylated GATC sites flanking a G/T mismatch on a 3 kb 
linear and circular DNA substrate labelled with an Alexa 647 

fluorophore (48, 49). On this GT#2 substrate, GATC site one 
is located 1042 bp 3 ′ of the mismatch and GATC site two is 
located 31 bp 5 ′ of the mismatch (Fig. 1). DNA substrates 
(0.5 nM) were mixed with 10 nM wild-type MutS, 10 nM 
MutL, and 5 nM MutH (concentrations refer to monomers) 
in the presence of ATP and reaction products were analyzed 
via denaturing agarose electrophoresis as described previously 
(48). In the absence of DNA ends we observed complete 
incision of the circular DNA substrate within 5 min (Fig. 1). 
Approximately 10% of the substrate was incised once (either 
GATC site one or GATC site 2), but the majority of the 
incised products contained two nicks. This corresponds to 
our previous results which showed that intermediate products 
containing a single nick are immediately converted to double-
nicked products (49). On linear DNA, only a negligent 
amount of fully nicked product is produced within 5 min 
(Fig. 1). Likewise, the amount of intermediate products is very 
low. However, we did note a very slight preference for GATC 
site 2, similar to what we previously observed at higher pro-
tein concentrations (50 nM MutS, 50 nM MutL and 25 nM 
MutH) on linear DNA (48). The sensitivity of incision activity 
to DNA ends suggests that MutS, MutL and/or the MutSL 
complex move along the DNA helix and dissociate off the 
DNA ends before incision can occur. Our data on a 3 kb DNA
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substrate with two GATC sites flanking the mismatch thus 
corresponds to the findings of the Modrich laboratory that a 
double-strand break between the mismatch and a single 
GATC site on a 6 kb DNA substrate impairs strand incision 
(14, 47).

The MutS concentration influences incision on linear 
substrates more than MutL and MutH concentrations

On our linear substrate, the mismatch is flanked by GATC 
sites. Thus, the reduced incision activity can only be due to 
proteins dissociating from the ends of the DNA if they have 
failed to form the activated incision complex before passing 
over GATC site. This would be possible if the rates for protein 
complex formation and/or conformational changes required

for activation of the endonuclease, are slow on the timescale 
of movement of individual proteins or protein complexes 
along the DNA backbone. Because all protein concentrations 
are in molar excess over the 3 kb DNA substrate, multiple 
MutS and MutL molecules can be loaded during the experi-
ment. Both MutS and MutL have been observed to diffuse 
along DNA (22, 44–46). MutS-MutL complexes diffuse slower 
than MutS clamps on their own (44), and MutL has been 
shown to prevent MutS clamps from leaving the mismatch 
(10, 40). Therefore, increased concentrations of MutL should 
provide more opportunities for MutS-MutL complex forma-
tion and keep MutS on DNA. Additionally, MutL releases 
from MutS while on DNA (22, 44) and activates MutH on its 
own (48). Therefore, it is possible that increasing the amount 
of MutL in the reaction mixture will also increase the number

Figure 1. Efficiency of daughter strand incision is sensitive to the presence of DNA ends. Time courses for strand incision by 10 nM wild-type MutS, 
10 nM MutL and 5 nM MutH on 0.5 nM 3 kb circular (left) and linear (right) GT#2. Following incision, the circular DNA substrates were linearized by ScaI. 
Reaction products were separated using gel electrophoresis under denaturing conditions and visualized using Alexa 647 fluorophore emission. Graphs 
underneath the gels show fractions of reaction products containing no nick (gray), a nick at GATC site 1 (light blue), a nick at GATC site 2 (orange) and both 
sites nicked (dark blue). Data points with error bars indicate mean value and range over three independent experiments.
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of MutL clamps simultaneously present on the same DNA 
molecule.

We first attempted to reduce the number of individual 
proteins falling off the DNA ends through increasing the rate 
of protein complex formation by raising protein concentra-
tions. Indeed, when we increased the concentration of MutL 
or MutH, we observed more efficient incision on linear DNA 
(Fig. 2, A and B). However, in contrast to incision on circles, 
the reaction on linear DNA did not reach completion within
5 min. Compared to the amount of substrate incised by 10 nM 
MutS, 10 nM MutL, and 5 nM MutH, incision at 200 nM 
MutL or 100 nM MutH only increased twofold.

In contrast, upon increasing MutS concentration, we 
observed a near-immediate increase in incision efficiency 
(Fig. 2C). Complete incision of linear DNA within 5 min was 
already observed at a concentration of 50 nM MutS, with 
saturating behavior at 100 nM MutS. These results indicate 
that incision activity in the presence of DNA ends is more 
dependent on MutS than MutL or MutH.

MutS tetramers are more efficient in activating MutH than 
MutS dimers

Because increasing the concentration of MutS in the re-
action mixture from 10 to 200 nM will shift its oligomeriza-
tion equilibrium from dimer toward tetramer (23, 25), we 
investigated whether MutS oligomerization influences inci-
sion efficiency. To investigate the specific roles of MutS di-
mers and tetramers, we used obligate oligomeric variants of 
the wild-type protein to uncouple incision from the oligo-
merization equilibrium. We used the mutant MutS D835R 
which forms obligate dimers (24, 32, 34), and we created 
obligate MutS tetramers from single cystein MutS dimers that 
have been crosslinked at the position C848 (34). Crosslinking 
of the MutS tetramers occurred efficiently (Fig. S1A). We 
compared MutS D835R, crosslinked MutS tetramers, and 
wild-type MutS by using the same monomer concentration 
for each variant, which means that at 10 nM MutS, we are 
comparing 5 nM dimer with 2.5 nM tetramer. However, this 
is the most controlled way to compare each condition as we 
cannot determine the actual oligomeric status of the wild-type 
MutS during the experiment.

We first verified that all MutS variants are functional by 
observing incision on circular mismatched DNA at low pro-
tein concentrations (10 nM MutS, 10 nM MutL, 5 nM MutH) 
(Fig. 3A left panel). We also measured the background activity 
for each MutS variant by observing incision on substrates 
without a mismatch. At low protein concentrations (10 nM 
MutS, 10 nM MutL, 5 nM MutH), wild-type MutS and MutS 
D835R converted less than 10% of the homoduplex complex 
(Fig. S1B). However, at the same protein concentration, MutS 
tetramers showed about 30% incision. At higher protein 
concentrations (100 nM MutS, 100 nM MutL, and 50 nM 
MutH), background incision was only slightly higher than at 
low protein concentrations (Fig. S1C). Taken together, all 
MutS oligomeric variants are able to activate MutH in a 
predominantly mismatch-specific manner.

On circular DNA substrates with a GT mismatch, all var-
iants were able to achieve full conversion (of at least 1 GATC 
site) within the 10-min timeframe of the reaction at 10 nM 
MutS, 10 nM MutL, and 5 nM MutH (Fig. 3A left panel). We 
observed about twofold slower incision for MutS D835R than 
wild-type MutS and two-fold faster incision for the obligate 
tetramer. The observed differences are relatively small but 
reproducible and correspond to previous studies reporting the 
non-essential role of MutS tetramers for in vivo mismatch 
repair efficiency (24, 32).

Interestingly, if we perform the experiment on linear DNA 
rather than on circles, at otherwise identical reaction condi-
tions, we observe a much larger effect of the MutS oligomeric 
state (Fig. 3A right panel). As expected (Fig. 1), reduced 
incision activity was observed with wild-type MutS, with only 
approximately 40% of the linear substrate being incised within 
10 min. With the obligate tetramer, incision is still complete 
within the timeframe of the reaction, with half of the sub-
strate already converted within the first 90 s. In contrast, the 
obligate dimer MutS D835R showed no observable activity at 
all. These relative differences of incision activity on linear 
DNA are much larger than those on circles. Similar to wild-
type MutS, increasing the concentrations of MutL and 
MutH only marginally increased incision activity for the 
dimer (Fig. 3B right panel). Also, while increasing the wild-
type MutS concentration resulted in a large increase in effi-
ciency (Fig. 3B left panel), titrating dimeric MutS never results

Figure 2. MutS concentration has a larger effect on incision of linear DNA than MutL or MutH concentrations. Graphs show time courses of the 
fraction of nicked DNA (all nicked species so either one or both sites nicked) for various protein concentrations. A, MutS wild-type and MutH concen-
trations remain at 10 nM and 5 nM respectively and MutL is titrated as indicated in the legend. B, MutS wild-type and MutL concentrations remain at 
10 nM and MutH is titrated. C, MutL and MutH concentrations remain at 10 nM and 5 nM respectively and MutS wild-type is titrated as indicated. Data 
points with error bars indicate mean value and range over three independent experiments.
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in complete conversion (Fig. 3B left panel). Simultaneously 
increasing MutS, MutL, and MutH concentrations causes the 
obligate dimer to become active and obscures the difference

between both DNA topology and MutS oligomeric variants 
(Fig. S1D). These findings indicate that (1) the dynamic 
oligomerization equilibrium shifts from dimer to tetramer

Figure 3. MutS dimers and tetramers behave differently on DNA. A, time courses for strand incision by 10 nM MutS, 10 nM MutL and 5 nM MutH on 
0.5 nM 3 kb circular (left panel) or linear (right panel) GT#2 for MutS dimer (grey), wild type (blue) and tetramer (orange). B, Left panel; Fraction of incised 
linear substrate at 5 min for MutS dimer, wild type and crosslinked tetramer as function of increasing concentration of MutS (from light to dark color 0 nM, 
10 nM, 20 nM, 50 nM, 100 nM and 200 nM), while MutL and MutH are kept at 10 nM and 5 nM respectively (n = 3). Wild type values were taken from the 
experiment featured in Figure 2. Right panel; Fraction of incised linear substrate at 5 min for MutS dimer, wild type and crosslinked tetramer with 10 nM 
MutS as function of increasing concentrations of MutL (from light to dark color 0 nM, 10 nM, 100 nM, 200 nM, 500 nM) and MutH (half of MutL con-
centration) (n = 3). C, time courses for strand incision by 500 nM MutS, 500 nM MutL and 250 nM MutH on 0.5 nM circular (left panel) or linear (right panel) 
GT#2 (n = 3). Dimer is shown in grey, wild type in blue, and tetramer in orange. Fraction nicked refers to all nicked species so either one or both GATC sites 
modified. Data points with error bars indicate mean value and range.
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when wild-type MutS concentration increases; (2) efficiency 
of incision on linear DNA is much more dependent on the 
oligomeric state of MutS than incision efficiency on DNA 
circles, suggesting that MutS tetramers diffuse relatively 
slowly and remain on DNA long enough to enable the for-
mation of an activated incision complex while MutS dimers 
diffuse off the free end of the DNA prematurely; and (3) 
multiple loading of MutS and MutL enhances the residence 
time of MutS dimers on DNA long enough to allow MutH 
activation.

MutS tetramers preferentially incise the GATC site close to the 
mismatch

On linear GT#2 DNA, we previously noted that wild-type 
MutS displays a slight preference for activating incision of 
the GATC site that is closest to the mismatch: GATC site 
two at 31 bp from the mismatch as compared to GATC site 
one at 1042 bp from the mismatch (Fig. 1). We also observed 
this site preference more clearly in our previously reported 
experiments using concentrations of 50 nM wild-type MutS, 
50 nM MutL, 25 nM MutH (48). Since the abovementioned 
results suggest that MutS tetramers diffuse slower along DNA 
than MutS dimers, we studied whether tetramer formation 
affects the preferential incision of GATC sites on DNA sub-
strates with the G/T mismatch and the GATC sites in two 
different configurations (Fig. 4). To be able to best determine 
the effect of MutS oligomerization, we performed incision 
assays at 10 nM MutS, 500 nM MutL, and 250 nM MutH so 
that MutL and MutH are at saturating conditions. Indeed, 
using substrate GT#2 under these conditions, we observed a 
strong preference for the GATC site close to the mismatch 
(GATC site 2; Fig. 4A). The effect is even more prominent 
with the MutS tetramer than with the MutS dimer (Fig. 4C). 

We then changed the configuration of the DNA by moving 
the mismatch away from GATC site 2 and locating it closer to 
GATC site 1 (GT#2b; Fig. 4B). Surprisingly, site preference 
was no longer observed on GT#2b for the dimer. However, we 
did observe a clear switch in incision pattern with the 
tetramer (Fig. 4B), which now preferentially activates incision 
of GATC site one close to the mismatch (Fig. 4C).

To quantitatively confirm the site preference data, we 
created a probabilistic model in which the complex of MutS 
(dimers or tetramers), MutL and MutH is diffusing on GT#2 
and GT#2b. The model determines the probabilities of finding 
inactive and active incision complexes on the DNA as a 
function of position and time, and allows us to calculate the 
incision probabilities of the individual GATC sites over time. 
By fitting the dimeric and tetrameric MutS diffusion con-
stants, our Fickian diffusion model captures the experimental 
site preferences on both DNA substrates well (Fig. 4D). For 
the dimer, a diffusion constant D 2 of (5.2 ± 0.02) × 10 −3 μm 2 /s 
was obtained. For the tetramer, a 4.5 times smaller diffusion 
constant D 4 of (1.4 ± 0.06) × 10 −3 μm 2 /s was obtained. Taken 
together, these results indicate that the tetramer diffuses 
slower than the dimer, resulting in increased preference for 
incision of the GATC site closest to the mismatch.

Discussion
Communication along the DNA helix contour

There has been growing support for MMR models that 
describe communication between mismatch and GATC site 
along the DNA backbone, including single molecule experi-
ments that monitor the movement of bacterial and yeast 
proteins (22, 44, 45). Functional studies that analyze E.coli 
endonuclease activation on hemimethylated GATC sites, 
including those performed in our laboratory, also provide 
evidence towards this hypothesis (47, 48). In the current 
study, we show that on linear DNA, incision is reduced 
compared to circular DNA substrates (Fig. 1). Because the 
only difference between the experimental conditions is the 
presence of free DNA ends, from which proteins may disso-
ciate, this observation supports the hypothesis that commu-
nication occurs along the DNA backbone. However, the exact 
mechanism by which this communication occurs has not 
been established. The proposed models for communication 
along the DNA backbone include MutL polymerization (29, 
35–38), active translocation of proteins driven by ATP hy-
drolysis (41, 42), and the molecular switch model wherein 
proteins diffuse along DNA in an ATP hydrolysis-
independent manner (13, 20, 43, 44).

Support for ATP hydrolysis-independent diffusive move-
ment along the DNA by MutS and MutL comes from a number 
of single molecule studies (22, 44, 50). In addition, both wild-
type MutS as well as hydrolysis-deficient MutS have been 
shown to slide off free DNA ends in the presence of ATP (13, 20, 
40, 51, 52). Therefore, the reduced incision efficiency observed 
in the presence of DNA ends may be due to MutS sliding clamps 
diffusing off the DNA ends before incision by MutH can occur. 
By increasing MutS concentration, we were able to increase 
incision efficiency on linear DNA more than by increasing MutL 
and MutH concentration (Fig. 2). MutS exists in a dynamic 
dimer-tetramer equilibrium and is more likely to form tetramers 
at higher protein concentrations and in the presence of DNA 
(23, 53, 54). Therefore, the strong dependence on MutS con-
centration implies a role of MutS tetramers in incision efficiency 
and diffusion along the DNA helix.

MutS tetramers modulate strand incision

The results of this study show that MutS tetramers increase 
incision efficiency compared to MutS dimers. On circular DNA, 
crosslinked MutS tetramers showed two-fold higher incision 
efficiency than wild-type MutS whereas activity of dimeric MutS 
D835R was two-fold lower (Fig. 3). In the absence of ATP, the 
crosslinked MutS tetramer has a stronger affinity to mismatch 
DNA than both wild-type and dimeric MutS, as shown by its 
apparent dissociation constant (K D app ) of 6.4 nM (34) compared 
to wild-type MutS (K D app of 49 nM) or MutS D835R (K D app 

37 nM) (34), which may explain the increased rate of incision by 
the tetramer. However, for MutS wild type and the D835R 
dimer, incision rates do not correlate with affinities for DNA. 
The difference in incision efficiency observed between oligo-
meric states on circular DNA is likely not solely due to differ-
ences in binding affinity but may be further modulated by the
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presence of ATP as well as differential kinetics of association and 
dissociation, as suggested previously (34).

Our results on linear DNA show that, unlike for wild-type 
MutS, increasing the concentration of the obligate dimer from 
10 nM to 200 nM did not greatly improve the incision effi-
ciency (Fig. 3). The lack of activity on linear DNA indicates 
that MutS dimers rapidly slide off the DNA ends while 
diffusing along the DNA helix. Efficient incision with MutS 
D835R was only observed when both MutS and MutL were 
simultaneously increased to at least 100 nM. In this condition, 
the high concentration of MutS will allow for the rapid 
binding of MutS to the DNA and result in multiple MutS and 
MutL sliding clamps moving along the 3 kb DNA molecule 
(55). MutL has been shown to restrict (10) or slow (44) the 
diffusion of MutS along the DNA. The predicted mean 
diffusion constant for the MutS dimer (5.2 ± 0.02) × 
10 −3 μm 2 /s), fitted from experiments performed at high MutL 
concentration (Fig. 4), is relatively low (scanning approxi-
mately 300 bp in one second) compared to the length of the 
substrate. This diffusion constant is approximately 10 times 
lower than the experimentally determined value for the MutS 
dimer ((4.3 ± 1.6) × 10 −2 μm 2 /s) (44) but agrees well with the 
experimental values for the MutS dimer in complex with 
MutL ((4 ± 2) × 10 −3 μm 2 /s) and MutL and MutH ((5 ± 3) × 
10 −3 μm 2 /s) (44). This suggests that under our experimental 
conditions, either MutS-MutL or MutS-MutL-MutH com-
plexes are the predominant diffusive species on the DNA. 

We note that our effective diffusion constant could also be 
a combination of the diffusion constants of the oscillating 
MutS-MutL-MutH complex and dissociated MutS clamp and 
MutL-MutH clamp species (56); however, our analytical 
model captures the incision data without including this 
oscillating behavior. Nevertheless, we have previously re-
ported that, according to our experiments using roadblocks 
placed in between mismatch and GATC sites, the MutL-
MutH complex is competent to initiate incision (48). 
Because this complex diffuses considerably faster 
((4.1 ± 3.4) × 10 −2 μm 2 /s) (44) than our predicted effective 
diffusion constant, these observations raise the interesting 
possibility that the observed lag phase in incision time courses 
(49) is caused by the existence of long-lived, slow diffusing, 
inactive reaction intermediates in the pathway.

Crosslinked MutS tetramers enable activation of incision 
much more efficiently than MutS dimers on linear DNA. This 
suggests that MutS tetramers are less likely to diffuse off the 
DNA ends than MutS dimers, which would increase the 
chance of MutL binding and subsequent MutH activation. 
This is confirmed by our modeling, which estimates that the 
diffusion constant of the MutS tetramer ((1.4 ± 0.06) ×

Figure 4. MutS tetramers increase preference for GATC site closest to 
the mismatch. Time courses (in minutes for MutS dimer, in seconds for 
MutS tetramer) for strand incision by 10 nM MutS, 500 nM MutL and 
250 nM MutH on 0.5 nM 3 kb linear GT#2 and GT#2b. Reaction products 
were separated through gel electrophoresis under denaturing conditions 
and visualized using Alexa 647 fluorophore emission. Graphs show fractions 
containing no nick (gray), a nick at GATC site 1 (light blue), a nick at GATC 
site 2 (orange) and two nicks (dark blue). A, reactions on 0.5 nM linear GT#2 
for MutS dimer (left panel) and MutS crosslinked tetramer (right panel).

B, reactions on 0.5 nM linear GT#2b for MutS dimer (left panel) and MutS 
crosslinked tetramer (right panel). C, Bar graph showing experimentally 
determined site preference as indicated by ratio of incision of the close and 
far sites at 10 min (dimer) or at 40 s (tetramer) for GT#2 and GT#2b. 
D, curves showing simulated site preference obtained from a Fickian 
diffusion model as a function of the diffusion constant. Best fit values of 
diffusion constants of D 2 = (5.2 ± 0.02) × 10 

−3 μm 2 /s for dimeric and D 4 = 
(1.4 ± 0.06) × 10 −3 μm 2 /s for tetrameric MutS on GT#2 and GT#2b are 
indicated on the x-axis and extrapolated into panel C.

MutS tetramer initiates repair close to replication error

J. Biol. Chem. (2025) 301(12) 110881 7



10 −3 μm 2 /s) is about 4 times lower than the diffusion constant 
for the dimer, as well as the experimentally obtained diffusion 
constants of the dimeric MutS-MutL ((4 ± 2) × 10 −3 μm 2 /s) 
and MutS-MutL-MutH ((5 ± 3) × 10 −3 μm 2 /s) complexes (44). 
MutS tetramers have two DNA-binding sites, one for each 
dimer (34). Following clamp formation and mismatch release 
by one dimer, the other dimer, due to its high local concen-
tration, can immediately bind to the vacated mismatch. After 
subsequent conformational switching by this second dimer, 
each dimer in the obligate tetramer would be able to diffuse 
along DNA as a sliding clamp. However, the two dimers are 
connected via a flexible linker, which restricts their individual 
movement within a few base pairs of each other. Due to this 
restriction, the diffusion constant of the tetramer would be 
expected to be smaller than that of a dimer. The tetramer 
would therefore take more time to reach the free ends of the 
DNA. In addition, MutS takes 3 to 4 s to switch from a 
mismatch-bound state to a sliding clamp configuration (21, 
46). Within the cross-linked tetramer, the mismatch-bound 
MutS dimer that had not switch yet could serve as a tether 
for the diffusing MutS clamp, which would also increase the 
time MutS tetramers spend on DNA. This could also form a 
basis for MutS-mediated DNA loops with the tetramer at its 
base, which have previously been observed (26, 41).

Implication for the efficiency of DNA mismatch repair

We note that the E.coli genome is circular and that during 
normal DNA replication, MMR proteins will not encounter 
DNA ends. However, the use of free ends in our reconstituted 
reactions allows us to interpret the effect of these ends as a 
proxy for the distance that diffusing MMR proteins have 
travelled before incising a hemimethylated GATC site, 
providing us with mechanistic information about mismatch 
repair initiation. We showed that obligate MutS tetramers 
preferentially incise the GATC site close to the mismatch to a 
larger extent than MutS dimers and that this is due to the 
tetramers having a smaller diffusion constant than the dimer 
(Fig. 4). A small diffusion constant will keep the tetrameric 
MutS within the vicinity of the mismatch during the time in 
which the incision complex is assembled and activated. In the 
subsequent reaction step, in which the incised DNA daughter 
strand is unwound by the UvrD helicase and degraded by 
exonucleases, incisions that are located closer to the 
mismatch would lead to shorter excision tracts. Because 
excision is the rate-limiting step in MMR (49, 57), shorter 
excision tracts should lead to more efficient repair. This may 
be the explanation for the reported slight mutator phenotype 
for the obligate MutS dimer (30).

We also note that the human homologs of MutS, the 
MutSα and MutSβ heterodimers, have not been reported to 
form tetramers. Nevertheless, a recent study reported that 
MutSα-mismatched DNA complexes, in the presence of ATP, 
often contain two interacting MutSα heterodimers (29). Like 
the MutS tetramer, a MutSα heterotetramer would be ex-
pected to diffuse slower along the DNA backbone than the 
heterodimer. This would contribute to MutSα remaining

close to the mismatch and activating the MutLα endonuclease 
in its vicinity (29), suggesting functional conservation of DNA 
incision close to the replication error between prokaryotic 
and eukaryotic species.

In conclusion, we have shown that during the initiation of 
E.coli DNA mismatch repair, tetramerization affects the 
functional behavior of MutS in MMR. We show that MutS 
tetramers increase DNA daughter strand incision efficiency. 
We provide functional evidence for diffusion along the DNA 
helix. In addition, we show that MutS tetramers have less 
diffusive movement on DNA than MutS dimers and provide 
estimated values for the diffusion constants of the activated 
complexes. Lastly, we propose that MutS tetramers may be 
important for keeping excision tracts close to the mismatch 
within the replicating E.coli genome. Further analysis of 
dimeric and tetrameric MutS behavior opens the door to 
understanding communication between mismatch recogni-
tion and daughter strand incision from the perspective of 
multimeric protein complexes.

Experimental procedures
Protein purification

E. coli MutS, MutL, and MutH mutants were purified and 
stored as described previously (7, 8, 33, 58). The crosslinked 
MutS tetramer was prepared and purified as previously 
described (34). Protein concentrations were determined 
spectrophometrically (ϵ 280 nm = 73,605 M −1 cm −1 for MutS,
ϵ 280 nm = 54,270 M −1 cm −1 for MutL, ϵ 280 nm = 38,023 M −1 cm −1 

for MutH).

MutH activation assay

Strand incision assays were performed with 10 nM MutS, 
10 nM MutL and 5 nM MutH unless indicated otherwise and 
0.5 nM Alexa 647 labelled linear or circular hemi-methylated 
DNA substrate at 37 ◦ C in standard assay buffer (25 mM 
HEPES KOH [pH 7.5], 150 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 
10% glycerol, 100 ng/μl BSA, 0.005% Tween 20) containing
1 mM ATP. DNA substrates (GT#2, AT#2 and GT#2b) con-
taining two hemimethylated GATC sites and a single G/T 
mismatch or corresponding A/T Watson-Crick base pair were 
generated as described previously (48, 49). Protein concentra-
tions reflect the assumed minimal stoichiometry of one dimer 
MutS, one dimer MutL and one monomer MutH, except in 
titration experiments and allow complete substrate conversion 
within 5 min on circular substrate. For denaturing assays, re-
actions were started by adding a mixture of DNA and ATP to a 
mixture of MutS, MutL, and MutH. Reactions (10 μl) using 
linear DNA were stopped at the indicated time points by adding 
40 μl stop solution containing 8 M Urea and 0.3% SDS. Re-
actions (10 μl) using circular DNA were heat-inactivated at 
85 ◦ C, linearized with ScaI-HF (New England Biolabs) for 
15 min and mixed with 40 μl stop solution. Samples were de-
natured by incubation for 10 min at 85 ◦ C and run on a 1.5% 
agarose gel in 1*TBE, both gel and buffer containing 40 μM 
chloroquine and 2 M urea. For non-denaturing assays, re-
actions were stopped at the indicated time points by adding

MutS tetramer initiates repair close to replication error

8 J. Biol. Chem. (2025) 301(12) 110881



10ul stop solution containing glycerol, SDS and EDTA. Samples 
were run on a 1.5% agarose gel in 1*TAE with both gel and 
buffer containing 40 μM chloroquine.

Incision product formation separated by gel electrophoresis 
was monitored using a Typhoon FLA imager (Cytiva). The 
Alexa 647 fluorophore was excited at 633 nm and emission was 
passed through the Cy5 670BP30 filter. Band intensities were 
quantified using FIJI software (59). Fractions of substrate 
without nick, nicked intermediates and products containing 
two nicks were calculated relative to the total signal obtained 
from the fluorophore.

Modeling GATC site preference

To predict the probabilities of nicking the two different 
GATC sites as a function of diffusion constant and substrate 
geometry we build a probabilistic model. This model simul-
taneously captures the preferential GATC site incision on two 
linearized substrates, GT#2 and GT#2b. Our approach is 
similar to that of Crocker et. al. (56).

To predict the probability of a protein being present at a 
DNA position x at time t, we set up an initial-value problem 
for a one-dimensional diffusive process on L = 3200 bp 
(1.088 μm) DNA substrate. We assume a single protein is 
bound at mismatch position x = μ at time t = 0, where μ is 
0.6018 μm if the substrate is GT#2 and 0.2686 μm if the 
substrate is GT#2B. We set the activation time for the com-
plex to be capable of nicking (t act ) to be 10 sec, reflecting the 
previously observed lag phase in incision curves (49). We 
calculate the position distribution u (x, t act ) of this protein at 
activation time by solving the following Fickian diffusion 
initial value problem

⎧
⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨

⎪⎪⎪⎪⎪⎪⎩ 

∂u
∂t = −D 

∂ 2 u
∂u 2

u(0; t) = u(L; t) = 0; t≥0 

u(x; 0) = δ(x−μ); x ∈ [0; L]

(1)

and substituting in t act . Given the heat kernel

G(x; t) =
1

̅̅̅̅̅̅̅̅̅̅̅ 
4πDt

√ exp 
( 

−
x 2

4Dt

) 

(2)

we can use the method of images to produce the absorbing 
boundary conditions at x = 0 and x = L by constructing the 
odd infinite sum

u(x; t act ) = 
∑ ∞

N=−∞
G(x−μ+2NL; t act )−G(x−μ+2(N+1)L; t act ):

(3)

The above solves the initial value problem in Equation 1 
and allows us to compute the probability density of finding a 
protein at a given position at activation time. We truncate this 
series at ±100 to calculate the density profile.

To compute the site preference, we compute the splitting 
probabilities of four events occurring to a protein starting at 
position x as follows; dissociating at the left free end of the 
DNA, hitting the left GATC site, hitting the right GATC site 
and dissociating at the right end. Let γ 1 = 0.2448 μm and
γ 2 = 0.6120 μm denote the positions of GATC site one and two 
respectively. Accounting for the probability of a diffuser exiting 
an interval to the left or right given given its position, the 
splitting probabilities of hitting sites 0, γ 1 , γ 2 , L are dependent 
on the distance between x and both ends and given by

p 0 = θ(γ 1 −x) 
x−γ 1

γ 1

p γ 1 = θ(γ 1 −x) 
x

γ 1
+θ(x−γ 1 )θ(γ 2 −x) 

x−( γ 1 −γ 2 )
γ 2 −γ 1

p γ 2 = θ(x−γ 1 )θ(γ 2 −x) 
x

γ 2 −γ 1
+θ(x−γ 2 )

x
L−γ 2

p L = θ(x−γ 2 )
x−(L−γ 2 )
L−γ 2

:

(4)

In the above, θ(x) denotes the Heaviside step function. To 
subsequently compute the total probability P α of a certain site
α being reached first, we integrate the splitting probability 
over x, resulting in

P α =
∫ L

0
p α u(x; t act )dx; α = 0; γ 1 ; γ 2 ; L: (5)

We then obtain the fold-change ̂ f as a function of the 
diffusion constant as

̂ f (D) =

⎧
⎪ ⎪ ⎪ ⎪ ⎨

⎪⎪⎪⎪⎩ 

P γ 2
P γ 1

for GT#2

P γ 1
P γ 2

for GT#2B:
(6)

To fit the diffusion constant to the experimental site 
preference for the dimer on GT#2 and GT#B, we minimize 
the root-mean-square deviation between the experimental 
and simulated fold-changes as

D dimer = argmin 
D

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 
1 
2

∑ 

i=GT#2;GT#2B

( 
̂ f i (D)−f

dimer
i

)2
√ 

; (7)

using a Dual Annealing global minimization algorithm (60), 
resulting in a best-fit diffusion constant for complexes containing 
dimeric and tetrameric MutS. Three replicates were fit individ-
ually, and the best-fit diffusion constant range was reported.

Data availability
Software was deposited on Github at https://github.com/ 

Romanovg185/nicking-site-preference (https://doi.org/10.52 
81/zenodo.15738762).
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