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The presence of repeated DNA sequences is a genomic liability,
because interrepeat recombination can result in chromosomal
rearrangements. The mismatch repair system prevents recombina-
tion between nonidentical repeats, but the mechanism of antire-
combination has not been established. Although the MutS protein
binds to base pair mismatches in heteroduplex DNA, the role of the
MutL protein in preventing recombination is unknown. In a screen
designed to identify new cellular functions that suppress deletion
formation involving nonidentical DNA repeats, we isolated a mutL
mutant having a separation-of-function phenotype. The mutant
showed an increased frequency of deletions but not of mutations.
The split phenotype is due to a decreased MutL level, indicating
that recombination, but not replication editing, is highly sensitive
to MutL level. By altering the MutL level, we found that the
frequency of deletion-generating recombination is inversely re-
lated to the amount of cellular MutL. DNA sequence analysis of the
recombined repeats shows that the tolerance of base pair mis-
matches in heteroduplex DNA is also inversely correlated with
MutL level. Unlike recombination, correction of misincorporation
errors by mismatch repair is insensitive to fluctuations in MutL
level. Overproduction of MutS does not affect either of these
phenotypes, suggesting that, unlike MutL, MutS is not limiting for
mismatch repair activities. These results indicate that MutL (i)
determines effective DNA homology in recombination processes
and (ii) fine tunes the process of deletion formation involving
repeated, diverged DNA sequences.
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Prokaryotic genomes are riddled with DNA sequence repeats,
which are found in intergenic regions, genes, and transposable

elements (1). Repeats are even more abundant in eukaryotic
genomes (2), and at least 34% of the human genome consists of
such sequences (3). The presence of dispersed repeated DNA
sequences is a genetic liability because interrepeat recombination
can cause deletions, duplications, inversions or translocations,
depending on the configuration and orientation of the repeat units.
In humans, recombination between repeats is at the origin of
disease-causing deletions, such as �-thalassemias, Duchenne mus-
cular dystrophy, and familial hypercholesterolemia (4–7).

Recombination between repeats is constantly initiated by DNA
damage and/or DNA replication blockage that results from exog-
enous and endogenous genomic insults. Therefore, natural selec-
tion for genome stability has resulted in the emergence of mech-
anisms that prevent interrepeat recombination. Newly arising
repeats are identical at the DNA sequence level, but established
repeats have usually diverged (8). The degree and distribution of
sequence divergence are structural parameters that influence re-
combination between repeats because they affect the activity of
recombination enzymes and determine whether the antirecombi-
nogenic activity of mismatch repair (MMR) proteins is triggered
(9). The Escherichia coli RecA protein is selective for sequence
identity only at the initial stages of the recombination process. The
minimum amount of sequence identity, called MEPS (minimal
efficient processing segment) required for the efficient initiation of
RecA-dependent strand exchange is 23–27 bb (10). Once initiated,

strand exchange can be extended despite the presence of numerous
mismatches and even large heterologies (11, 12). At this stage,
recombination is controlled by the MMR system, which recognizes
mismatches in heteroduplex regions and blocks in vitro RecA-
catalyzed strand transfer and RuvAB-dependent branch migration
(13, 14).

Therefore, inactivation of the MMR system in both prokaryotes
and eukaryotes can lead to an increase in RecA-dependent recom-
bination between nonidentical DNA sequences (15–17). Besides
the hyperrecombination phenotype, MMR inactivation in pro-
karyotes and eukaryotes results in a mutator phenotype character-
ized by an increased frequency of base substitutions and frameshift
mutations (18). MMR-deficient prokaryotic and eukaryotic mu-
tants also show an increase in RecA-independent recombination
events, such as replicative misalignment and single-strand anneal-
ing, which, along with RecA-dependent events, contribute to the
generation of rearrangements mediated by sequence repeats (19,
20). These findings emphasize that molecular strategies for pre-
venting interrepeat recombination are conserved throughout
evolution.

The aim of this study was to identify not yet discovered cellular
functions that suppress deletion formation mediated by noniden-
tical DNA repeat recombination. To this end, we devised a recom-
bination assay that detects deletions between DNA repeats of 4%
sequence divergence inserted on the E. coli chromosome. This
extent of divergence is comparable with that observed among the
�105 copies of LINEs (long interspersed elements) in the human
genome (21). Using this experimental system, we screened a
transposon-generated mutant library and found a mutL mutant that
has a separation-of-function phenotype, i.e., it shows a hyperre-
combination, but not mutator, phenotype. Because this split phe-
notype was due to a decreased MutL level, we concluded that a
reduction in MutL specifically affects MMR-mediated recombina-
tion control. Analysis of the frequency and the structure of dele-
tions from cells with different MutL and MutS levels suggest that
MutL plays a pivotal role in controlling recombination efficacy.

Results
Construction and Characterization of the Recombination Assay. To
score for deletions, we devised a recombination assay consisting of
two truncated, nonfunctional chromosomal E. coli lacZ genes
separated by a 0.5-kb spacer (Fig. 1). The lacZ fragments share a
1.3-kb long overlapping region that is either identical or 4%
diverged because of nucleotide substitutions. The identical lacZ
fragments are derived from the MG1655 lacZ gene, whereas the 4%
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diverged fragments are derived from the MG1655 and CFT073 lacZ
alleles. A single recombination event between the two gene frag-
ments reconstitutes a functional lacZ gene by deleting the inter-
vening region (Fig. 1).

To characterize this assay, we tested molecular mechanisms
known to affect recombination between repeated sequences in E.
coli. RecA-dependent recombination accounted for 88% and 95%
of the deletions involving identical and diverged repeats, respec-
tively (Table 1), whereas the remaining deletions were RecA-
independent events, e.g., caused by replicative misalignment or
single-strand annealing. DNA divergence between the two lacZ
genes reduced the frequency of RecA-dependent deletions by
270-fold and that of RecA-independent deletions by 660-fold
(Table 1). Inactivation of either the recF or recB gene had no or only
a small effect on the deletion frequency, but the combined inacti-
vation of both recF and recB almost completely abolished RecA-
dependent recombination between diverged DNA repeats (Table
1). Substrates for the RecFOR pathway, single-strand breaks and
gaps, can be converted to double-strand breaks that are processed
by the RecBCD pathway, whereas the reverse is not possible (22).
Therefore, it may be concluded that single-strand breaks and gaps
are the dominant substrates for recombination initiation in the
wild-type background, whereas a minority of recombination events
is initiated by double-strand breaks.

Because double-strand breaks and single-strand gaps induce the
SOS response, resulting in overexpression of the recombination
genes recA, recN, and ruvAB (23), we also tested the involvement of
this response in deletion formation between diverged DNA repeats
by assessing the effect of the lexA1 mutation. The lexA1 allele
encodes a noncleavable SOS repressor which prevents induction of
the SOS response (24, 25). As shown in Table 1, this allele did not
affect recombination efficiency, suggesting that the basal level of
SOS recombination functions is not limiting for spontaneous de-
letion events.

Because MMR is known to be a potent inhibitor of recombina-
tion between nonidentical DNA sequences (9, 15), we tested the
effect of the key E. coli MMR proteins MutS, MutL, and MutH on
deletion events mediated by diverged repeats (26). MutS recognizes
and binds to base pair mismatches, whereas MutL associates with

MutS-mismatch complexes and activates the MutH protein. MutH
is an endonuclease that recognizes and cuts unmethylated DNA
strands 5� to a GATC sequence. The GATC sites on the newly
synthesized DNA strands are unmethylated because methylation of
adenine by the Dam (DNA adenine methylase) protein lags behind
replication by several minutes. Hence, MutH directs excision and
resynthesis to the newly synthesized strands. Inactivation of MMR
did not affect the frequency of deletions between identical se-
quences but specifically increased the frequency of both RecA-
dependent and RecA-independent deletions between diverged
sequences (Table 1). Remarkably, inactivation of the mutS or mutL
gene was sufficient to restore the deletion frequency, despite a 4%
sequence divergence, to the levels seen for the RecA-dependent
and RecA-independent pathways of identical repeat recombination
(Table 1). The effect of the mutH mutation on RecA-dependent
deletions was smaller compared with the effects of the mutS and
mutL mutations (38-, 251-, and 199-fold, respectively; Table 1), a
difference that was observed in other recombination systems in-
volving nonidentical DNA sequences (15, 27). These observations
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Fig. 1. Chromosomal construct used to measure deletion formation through
recombination between identical or diverged repeats. Two nonfunctional
lacZ genes are cloned in close proximity (0.5 kb) on the E. coli chromosome. The
first lacZ gene contains a C-terminal deletion (lacZ��C), whereas the second
contains an N-terminal deletion (�lacZ�N). The two gene fragments share an
overlapping region of 1.3 kb (filled boxes) that is 100% identical or 4%
diverged at the DNA sequence level. Nonoverlapping lacZ gene C-terminal
and N-terminal regions are presented as hatched boxes. A single recombina-
tion event between two gene fragments reconstitutes a functional lacZ gene
and deletes the intervening region. plac, lactose promoter; lacZ, gene coding
for �-galactosidase; lacY, gene coding for lactose permease; yfp, gene coding
for yellow fluorescent protein.

Table 1. Recombination phenotypes of strains with varying
amounts of MutS and MutL proteins

Genotype

Recombination frequency

Mean � SEM Fold difference n

100% identical lacZ repeats
Wild-type 6.8 � 10�4 � 6.0 � 10�5 1.00 6
recA 7.9 � 10�5 � 1.2 � 10�5 0.11* 3
mutS 6.1 � 10�4 � 5.5 � 10�5 0.89 3
mutL 6.5 � 10�4 � 1.0 � 10�4 0.94 3
mutLdown � tc 6.7 � 10�4 � 6.2 � 10�5 0.98 3

Wild-type pVector 1.8 � 10�3 � 6.3 � 10�4 1.00 3
Wild-type pMutL 1.4 � 10�3 � 2.8 � 10�4 0.79 3
Wild-type pMutS 2.2 � 10�3 � 4.7 � 10�4 1.20 3

4% diverged lacZ repeats
Wild-type 2.5 � 10�6 � 2.0 � 10�7 1.00 6
recA 1.2 � 10�7 � 1.0 � 10�8 0.05* 4
recF 2.1 � 10�6 � 6.4 � 10�7 0.83 3
recB 1.1 � 10�6 � 1.1 � 10�7 0.45* 5
recF recB 1.3 � 10�7 � 1.6 � 10�8 0.05* 6
lexA1 2.3 � 10�6 � 3.3 � 10�7 0.93 5
mutS 6.4 � 10�4 � 7.9 � 10�5 251.14* 4
mutL 5.1 � 10�4 � 6.8 � 10�5 199.49* 3
mutH 9.9 � 10�5 � 2.9 � 10�5 38.90* 3
uvrD 2.0 � 10�4 � 7.5 � 10�5 81.30* 4
dam 1.7 � 10�4 � 1.2 � 10�5 65.99* 5
mutLdown� tc 1.1 � 10�5 � 2.6 � 10�6 4.99* 6
mutLdown � tc 3.1 � 10�4 � 2.6 � 10�5 121.41* 3

Wild-type pVector 5.2 � 10�6 � 4.6 � 10�7 1.00 4
Wild-type pMutL 2.2 � 10�6 � 3.5 � 10�7 0.42* 6
Wild-type pMutS 8.1 � 10�6 � 3.7 � 10�6 1.55 5

recA 1.2 � 10�7 � 1.0 � 10�8 1.00 4
recA mutS 5.6 � 10�5 � 5.7 � 10�6 440.37* 3
recA mutL 7.0 � 10�5 � 4.8 � 10�5 548.53* 3
recA mutH 3.2 � 10�5 � 1.7 � 10�5 254.27* 3
recA mutLdown � tc 8.6 � 10�7 � 9.9 � 10�8 6.80* 3

recA pVector 5.8 � 10�7 � 1.9 � 10�7 1.00 6
recA pMutL 2.9 � 10�7 � 5.7 � 10�8 0.49 6
recA pMutS 5.9 � 10�7 � 2.1 � 10�7 1.02 6

Genetic requirements for deletion formation between identical and di-
verged repeats are shown. Fold difference is the ratio of the value for a given
strain to the value of the control strain, i.e., the first strain in every subdivision
of the column. tc, tetracycline.
*Difference is significant according to Mann–Whitney test, P � 0.05.
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are consistent with a limited involvement of DNA synthesis gen-
erating unmethylated GATC sequences in the RecA-dependent
deletion process.

In contrast, the RecA-independent deletion frequency involving
diverged repeats increased to a similar extent upon inactivation of
the mutS, mutL, and mutH genes (440, 548- and 254-fold, respec-
tively; Table 1), comparable with the results obtained in a plasmid
recombination assay (20). Because the mutS, mutL, and mutH
mutants also show a similar mutator phenotype resulting from their
defect in correcting misincorporation errors (28), we conclude that
the mechanism of RecA-independent deletion formation in our
system involves a newly synthesized unmethylated DNA strand that
bypasses sequences between repeated homologies by misalignment.
We presume that the misaligned hemimethylated heteroduplex is a
substrate for MutSLH. An alternative RecA-independent deletion
pathway, single-strand annealing, is not predominant because it
does not involve the extensive synthesis of unmethylated GATC
sequences required for MutH activity (29). Therefore, MMR
activity is sufficient to prevent deletion formation by both RecA-
dependent and RecA-independent recombination pathways that
act on diverged sequence repeats.

Isolation and Characterization of Hyperrecombination Mutants. With
this defined experimental system, we used a papillation assay to
screen a mutant library generated by random insertions of the Tn10
transposon, which carries a tetracycline-resistant marker, to identify
new mutants with an increased frequency of deletions mediated by
nonidentical repeats [see supporting information (SI) Fig. 5 and SI
Text for protocol]. Because all previously described mutants having
such a phenotype are MMR-deficient mutators, we characterized
only the nonmutator candidates. The mutator phenotype was
revealed by an increased frequency of spontaneous mutations that
confer resistance to rifampicin. Of 75,000 mutants, only 2 satisfied
our criteria, i.e., they exhibited a hyperrecombination but not
mutator phenotype. One of these, the rdgB mutation, had previ-
ously been found to stimulate recombination by generating more
recombination substrates through the increased incorporation of
hypoxanthine (30). Another mutation was localized to the amiB
gene, which encodes a cell-wall amidase that is not known to be
involved in recombination (31). Because the hyperrecombination
phenotype of the amiB mutant was not reversed by complemen-
tation with a functional amiB gene (data not shown), we concluded
that the inserted transposon most likely has a polar effect on
transcription. The site of transposon insertion was found to reside
between mutL gene promoters localized in the C-terminal region of
the amiB gene and the mutL start codon (Fig. 2A). When this amiB
mutant strain was grown in the presence of tetracycline, it contained
�4-fold less MutL protein than the wild type (Fig. 2B). There was
almost no detectable MutL protein in cells grown without tetracy-
cline (Fig. 2B), suggesting that the transposon insertion prevents
mutL gene expression from native promoters and that, in the
presence of tetracycline, the low level of MutL results from induc-
tion of one of the transposon-borne promoters. Thus, we have
isolated a mutL mutant strain with a 4-fold reduced level of MutL
that shows a hyperrecombination but not mutator phenotype.

Recombination and Mutation Phenotypes as a Function of MutL
Concentration. To examine the effects of altering the cellular levels
of MutL protein on recombination and mutagenesis, we assessed
strains having 15-fold more, 4-fold less, and 33-fold less MutL than
the control (Fig. 2B). Mutagenesis was measured by determining
the frequency of substitution mutations conferring resistance to
rifampicin and nalidixic acid. As previously observed for frame-
shifts (32), the frequency of substitution mutations was unaffected
by 15-fold MutL overexpression, suggesting that the cellular level of
MutL protein is not limiting for replication editing (Table 2). The
mutation frequency was increased in the strain with 33-fold less
MutL, but it was unaffected in the strain with 4-fold less MutL

(Table 2). The mutation spectrum in the rpoB gene in rifampicin-
resistant mutants that arose in the strain with 4-fold less MutL was
identical to that in the wild-type strain but very different from that
in the mutL-deficient strain (Table 3). Therefore, neither the nature
nor the frequency of substitution mutations is affected by decreas-
ing the level of MutL by a factor of four. To determine whether the
absence of a mutagenesis effect in the strain with 4-fold less MutL
is due to a low number of mismatches generated per replication
cycle that could be easily repaired by this level of MutL, we
increased the number of replication errors by treating cells with the
base analogue 2-aminopurine. However, the frequency of substi-
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Fig. 2. Quantification of MutL protein level in different strains. (A) Position
of the miniTn10 insertion within the amiB-mutL–miaA-hfq-hflX superoperon.
pmutL and pmutLHS, mutL gene promoters; miniTn10 (hatched box), trans-
poson; ptetA and ptetR, Tn10 tetracycline-inducible promoters. (B) Cellular
level of MutL protein determined by immunoblotting. Values represent fold
difference over the control calculated from the average of three independent
experiments. wt, wild-type strain; mutLdown, mutant strain with miniTn10
insertion in the amiB gene; pMutL and pMutS, wild-type strains carrying
plasmids that overexpress MutL or MutS proteins, respectively; pVector, wild-
type strain carrying control plasmid; tc, tetracycline; nd, not detected.

Table 2. Frequency of spontaneous mutations conferring
resistance to rifampicin and nalidixic acid

Genotype

Mutation frequency per 109 cells

Mean �

SEM Fold difference n

RifampicinR

Wild type 19.3 � 3.7 1.0 39
mutLdown � tc 22.4 � 4.3 1.1 39
mutLdown � tc 2,468 � 286 127.8* 20
mutL 6,504 � 394 336.6* 32

Wild-type pVector 37.2 � 14.2 1.0 19
Wild-type pMutL 51.8 � 20.4 1.3 20
Wild-type pMutS 23.8 � 3.5 0.6 10

Nalidixic acidR

Wild type 2.7 � 0.6 1.0 17
mutLdown � tc 2.4 � 0.6 0.9 16
mutLdown � tc 990 � 116 361.3* 20
mutL 1,450 � 144 531.2* 35

Fold difference is the ratio of the value for a given strain to the value of the
control strain, i.e., the first strain in every subdivision of the column. tc,
tetracycline.
*Difference is significant according to Mann–Whitney test, P � 0.05.
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tution mutations increased in a similar dose-dependent manner in
both the wild-type strain and in the mutant with 4-fold less MutL,
after 2-aminopurine treatment (SI Fig. 6). In conclusion, a 4-fold
reduction in the MutL level does not affect the correction of
misincorporation errors.

We then measured the effects of altering cellular MutL levels on
RecA-dependent recombination. We observed an inverse relation-
ship between the MutL level and the frequency of recombination
between nonidentical repeats (Fig. 3A), whereas altering MutL
levels had no detectable effect on recombination between identical
sequences (Table 1). Very similar results were obtained for recom-
bination in interspecies conjugational crosses involving bacterial
partners diverged by 20% (Fig. 3B; SI Table 5). Thus, the efficacy
of RecA-dependent recombination between nonidentical DNAs is
very sensitive to fluctuations in MutL levels.

Simultaneous overexpression of the mutS and mutL genes was
shown to decrease the frequency of conjugational recombination
between weakly diverged bacterial genomes by several orders of
magnitude, but which of the two proteins is limiting was not
determined (33). Overexpression of mutS (18-fold, data not shown)
did not affect either deletion formation involving diverged repeats
or interspecies recombination (Table 1 and SI Table 5). Therefore,
the control of RecA-dependent recombination cannot be enhanced
by increasing the concentration of the MutS mismatch detector

protein, but it can be improved by overproducing MutL, which acts
at a later stage of MMR (Fig. 3 A and B). In contrast, RecA-
independent recombination, although very sensitive to decreases in
the MutL level and to mutL inactivation, was not significantly
affected by MutL or MutS overexpression (Table 1).

The Relationship Between MutL Protein Concentration and the Struc-
ture of Recombinants. To explore how the recombination is regu-
lated by MMR at the molecular level, we investigated the structure
of deletion products isolated from strains with different concen-
trations of MutL or MutS proteins (Fig. 4A and SI Fig. 7A). The two
diverged truncated lacZ genes differ by 62 base substitutions, which
can be used as markers to delimit regions in which strand exchange
took place. In the RecA-proficient strain, the position of the
junction between the two parental sequences corresponds to the
strand exchange initiation site and/or to the DNA heteroduplex
resolution site, in 95% of the deletion products (Table 1). In the
mutL� strain, the positions of junctions were evenly distributed
across the entire length of the aligned lacZ repeats, whereas in the
MutL-overproducing strain, they almost exclusively localized to the
two borders of the lacZ repeats (Fig. 4A and SI Fig. 7A). The
distribution of junctions in the wild-type strain and in the mutant
with 4-fold less MutL was intermediate between these two extreme
cases, indicative of a MutL concentration effect. The sequence
analysis of recombinant lacZ genes showed that, with increasing
cellular MutL concentration, recombinants with junctions in the
middle of the lacZ repeats became progressively underrepresented;
this region contains the highest density of mismatches well recog-
nized by MMR (Fig. 4A and SI Fig. 7A). This observation can be
accounted for by blockage of strand exchange initiation and/or by
blockage of DNA heteroduplex extension with increasing MutL
concentration.

Contrary to the overproduction of MutL, MutS overproduction
did not decrease the deletion frequency (Table 1), but it modified
the distribution of junction points (Fig. 4A and SI Fig. 7A).
Junctions were distributed even more randomly than in the wild-
type strain, which could be explained by the stabilization of
mismatched heteroduplexes by an excess of MutS.

MMR deficiency significantly changed the distribution of reso-
lution points, not only in the RecA-proficient strain, but also in the
recA� background (Fig. 4B and SI Fig. 7B). The extent to which the
junction distribution was modified by MMR in RecA-deficient and
RecA-proficient strains suggests that RecA-independent deletion
events are more efficiently prevented by MMR than are RecA-
dependent events (Fig. 4 and SI Fig. 7). This interpretation is in
agreement with our genetic data showing that MMR more signif-
icantly inhibits RecA-independent deletion events than RecA-
dependent events (Table 1).

Discussion
Studies of the effects of DNA sequence divergence on the efficiency
of homologous recombination show that there is an exponential
decrease in recombination frequency with a linear increase in DNA
divergence (33, 34). This relationship results from an exponential
decrease in the number of available MEPSs, i.e., minimal effective
DNA homology during recombination process (33). A change in

Table 3. Percentage of different mutation types in rpoB

Genotype

Transitions Transversions

AT3GC GC3AT AT3TA AT3CG GC3TA GC3CG

Wild type 28 49 15 4 2 2
mutLdown � tc 27 43 20 2 9 0
mutL 88 11 0 0 0 0

Fifty-three, 56, and 44 rpoB genes of wild-type, mutLdown � tc, and mutL rifampicinR mutants were analysed
by sequencing, respectively; For sequencing protocol see SI Text. tc, tetracycline.
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Fig. 3. Correlation between varying the level of MutL protein and the
efficacy of recombination between diverged DNA sequences. (A) RecA-
dependent recombination between 4% diverged lacZ repeats (R2 	 0.79). (B)
RecA-dependent conjugational recombination between Salmonella enterica
serovar Typhimurium Hfr and Escherichia coli F� recipients, which are 20%
diverged between homologous genes (R2 	 0.94). Wild-type strain (filled
squares), strain with 33-fold less MutL (filled circles), strain with 4-fold less
MutL (open circles), and wild-type strain overexpressing MutL (open squares)
are shown. The dotted curves show the 95% confidence interval around the
regression. For MutL protein quantification see Fig. 2B.
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the concentration of MMR proteins changes the slope of this
relationship by altering MEPS length, e.g., an increase in the
concentration of MMR proteins increases the size of MEPS and
thus reduces the efficiency of recombination. In light of our data,
we propose that the MutL protein plays a key role in determining
MEPS size. MutL moderates the ATP-dependent dissociation of
MutS from DNA, thus considerably increasing the longevity of the
MutS-mismatch complex (35). More cellular MutL protein prob-
ably results in a longer sequestration of MutS protein on mis-
matches and therefore more effectively blocks the strand exchange

process. It was indeed observed that the inhibition of in vitro strand
exchange between 3% diverged DNA substrates increases with
rising concentration of MutL protein at a constant level of MutS
protein (L. Worth, Jr., personal communication). Similarly, the
probability at which MutS binds to heteroduplex DNA containing
a single mismatch in vitro increases with rises in MutL (36).

Three processes that are regulated by MMR are differentially
affected by MutL overproduction. Although the MMR-mediated
control of RecA-dependent recombination is improved by over-
producing MutL (Table 1 and SI Table 5), MutL overproduction
has no effect on the correction of misincorporation errors (Table 2)
or on the control of RecA-independent recombination (Table 1).
The mechanism of RecA-independent deletion formation in our
assay involves a newly synthesized DNA strand that skips sequences
between the repeats by misalignment. This is suggested by the major
role of MutH, which cleaves unmymethylated GATC sequences on
newly synthesized DNA strands, in the suppression of RecA-
independent deletions (Table 1). Therefore, like the correction of
misincorporation errors, RecA-independent recombination be-
tween repeats involves newly replicated DNA.

How can we explain the differential effect of MutL overexpres-
sion on replication and recombination? A recent study showed that
overproduction of MutS�800, a mutant protein with a C-terminal
53-aa deletion, restores proficiency for mutation avoidance but does
not affect the control of recombination between nonidentical
sequences in a mutS background (37). This finding suggests that
MMR-mediated control of replication and recombination may not
involve the same mechanism. The processing of mismatches gen-
erated during replication and recombination may require different
proteins, or the same proteins could be present at different levels
during recombination and replication. For example, the �-clamp
(the processivity factor for DNA polymerases) is known to interact
with MutS and MutL, and this binding is essential for the correction
of replication misincorporation errors (38). The �-clamp is ex-
pected to be found around replication forks, where it could target
mismatch repair to replication forks and stabilize MutL–MutS-
mismatch complexes. Although RecA-dependent recombination is
frequently associated with localized DNA synthesis (39), the
�-clamp is probably present at higher concentrations at DNA
replication forks than associated with intermediates in homologous
recombination. Consequently, a higher MutL concentration may
facilitate the formation of mismatch-repair complexes on homol-
ogous recombination intermediates and/or increase their stability,
whereas it would not change the efficiency of misincorporation
error correction and of RecA-independent recombination control.
The stabilization of MutL–MutS-mismatch complexes may facili-
tate the recruitment of factors that disrupt recombination inter-
mediates, such as UvrD. Indeed, in vitro studies showed that UvrD
helicase activity rises with increasing MutL concentration (40).

Curiously, decreasing MutL levels by 4-fold does not affect the
correction of misincorporation errors (Table 2), but it does atten-
uate RecA-independent recombination (Table 1). The difference
between these two processes is that a heteroduplex resulting from
misincorporation errors contains a single mismatch, whereas a
heteroduplex resulting from replication misalignment is long and
contains many mismatches (up to 62 in our case). The disruption of
both types of heteroduplex requires the MutS, MutL, and MutH
proteins (Table 1 and ref. 26). However, whereas a single MutL–
MutS-mismatch complex may be sufficient for processing a single
mismatch, several complexes may be required for disruption of long
heteroduplex molecules containing multiple mismatches.

In conclusion, our data show that the MutL protein plays a
pivotal role in fine-tuning the efficacy of MMR-mediated editing of
rearrangements resulting from recombination between repeated
diverged DNA sequences. The remarkable conservation of the
MMR MutS and MutL components throughout evolution has
directed and accelerated research in mammals by fast piloting
exploration in bacteria and yeast. Hence, the present work has
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Fig. 4. Structure of lacZ� recombinants as a function of cellular MutL and
MutS level. For each recombinant, the junction is assigned to a region delim-
ited by mismatches in aligned lacZ repeats. The cumulative distribution of
junction positions for the strains examined is shown. Mismatches that are well
(red filled circles; G–T and A–C), less efficiently (blue filled circles; A–G and
C–T), or not at all (black filled circles; C–C) recognized by the MMR system are
shown on the x axes. (A) RecA-dependent lacZ� recombinants. Wild-type
strain (pink open squares and lines), mutL strain (green open circles and lines),
strain with 4-fold less MutL (red open diamonds and lines), wild-type strains
overexpressing MutL (purple open triangles and lines), and MutS proteins
(gray open circles and lines) are shown. (B) RecA-independent lacZ� recom-
binants. recA strain (brown open diamonds and lines) and recA mutL strain
(blue open squares and lines) are shown. For comparison wild-type strain (pink
open squares and lines) and mutL strain (green open circles and lines) are
given. For sequencing protocol see SI Text.
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relevance to a number of topics in cancer research. It is intriguing
that the only MMR gene found to be epigenetically down-regulated
in human mutator tumors is the mutL ortholog hMLH1 (41). In
mammals, loss of heterozygosity caused by mitotic crossovers,
resulting in the expression of recessive mutations, can be suppressed
by parental sequence polymorphism and depends on MLH-1
activity (42). Furthermore, hMLH1-fluorescent foci are used to
detect chiasmata, because hMLH1 localizes to meiotic cross-over
points (43), perhaps as an obligate element of the fidelity of
recombination?

Materials and Methods
Bacterial Strains, Plasmids, and Media. Strains, plasmids, and media
are described in SI Text and in SI Table 4.

Immunoblotting. Protein samples were prepared from bacterial
cultures inoculated with �100 cells and grown until exponential
phase (OD600 	 0.5) in LB at 37°C. Tetracycline was added or
omitted from media as indicated. Cells from 25-ml cultures were
harvested by centrifugation at 4°C, and pellets were lysed by
resuspending in Bugbuster (Novagene, Madison, WI) according to
the manufacturer’s protocol. The total protein concentration was
determined with a Bradford assay kit (Sigma–Aldrich, Saint Quen-
tin Fallavier, France). Total protein (25–50 �g) was loaded onto
10% or 7.5% SDS polyacrylamide gels for detection of MutL (70
kDa) or MutS (97 kDa), respectively. Proteins were electrotrans-
ferred to nitrocellulose membranes that were incubated with MutL
or MutS antisera overnight. The intensities of MutL and MutS
bands were measured with a PhosphorImager (Molecular Dynam-
ics, Sunnyvale, CA).

Determination of Deletion Frequencies. Bacterial cultures were in-
oculated with �100 cells to ensure that no preexisting lacZ� cells
were present in the starting inoculum. Cells were grown in LB
supplemented with antibiotics when needed, with shaking over-
night at 37°C. Recombinants were selected by plating on M63
medium with lactose as sole carbon source (0.2%), supplemented
with antibiotics when needed, as follows. (i) Plates were first
overlaid with top agar containing scavenger E. coli cells (NEC222)
with a nonrevertible deletion of the lacZ gene, which were used to
remove any contaminating nonlactose carbon sources in the me-
dium. Scavengers were used in a 10-fold excess relative to tester
strains. (ii) On top, a second layer of top agar containing an
appropriate dilution of a tester strain was poured. Plates were
incubated at 37°C for 48 h. X-Gal and IPTG were added to plates
to facilitate the visualization of lacZ� recombinants. Total cell

number was determined by plating appropriate dilutions of the
tester strain on M63 medium with glucose as carbon source (0.2%).
When MutS and MutL overexpression from multicopy plasmids
was assessed, scavenger cells containing control plasmid were used.

Conjugational Crosses. Interspecies crosses involved S. enterica se-
rovar Typhimurium Hfr SA955 TetR donor and E. coli F� recipients
MG1655 wild type, mutL, mutL mutant with 4-fold less MutL,
wild-type pMutL, or wild-type pMutS. In intraspecies crosses, E.
coli Hfr P4X TetR was used as a donor instead of S. typhimurium
Hfr. For conjugation, overnight cultures were diluted 50-fold in LB
(supplemented with tetracycline when needed) and grown to �108

cells per ml. Donor and recipient were mixed at a 1:1 ratio and
immediately deposited on a sterile 0.45-�m pore size filter, which
was then incubated on prewarmed rich-medium agar (supple-
mented with tetracycline when needed). After 1 h at 37°C, cells
were resuspended in 10 mM MgS04 and separated by vortexing for
2 min. The exconjugants were plated on minimal M63 medium
lacking leucine to select for leu� recombinants and containing
nalidixic acid to counterselect the Hfr donor cells (and supple-
mented with tetracycline when needed). Recombinants were
scored after 48-h incubation at 37°C.

Determination of Mutation Frequencies. Bacterial cultures were
inoculated with �100 cells to ensure that no preexisting mutants
were present in the starting inoculum. Cells were grown in LB
supplemented with antibiotics when needed, with shaking over-
night at 37°C. Appropriate dilutions of cells were plated on selective
media (LB containing 100 �g/ml rifampicin or 40 �g/ml nalidixic
acid) to detect rifampicin-resistant (RifR) or nalidixic acid-resistant
(NalR) colonies and on LB to determine the total number of
colony-forming units. Colonies were scored after 24 h of incubation
at 37°C.
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