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Abstract: MutS and MutL proteins are renowned mostly for
their functions in well-characterized, post-DNA replication mis-
match repair system (MMR). However, there is growing evidence
that MMR system is not the only field of action for these pro-
teins. Moreover, the participation in MMR does not even have
to be their primary function. There are some reports indicat-
ing involvement of MutL in BER, NER and VSP (very short
patch repair). MutL protein interacts with MMR proteins such
as MutS, MutH, UvrD, ExoX as well as with proteins which do
not belong to MMR proteins family: ß and γ subunits of DNA
polymerase III and RecA protein. The ability of MutL to interact
structurally and functionally with a number of different proteins
makes this protein a perfect candidate for the master regulator
coupling MMR system with other DNA repair mechanisms.

1. Introduction

Mutations are changes in nucleotide sequence of DNA within a short fragment of
a genome. Such changes are caused either by errors made during DNA replication and
recombination or by an action of chemical and physical factors affecting nucleotides
structure. Cells possess enzymes responsible for the repair of various types of DNA
damage. There are four types of DNA repair mechanisms:

1. Direct repair systems which act directly on damaged nucleotides bringing them
back into original form;

2. Base excision repair system (BER) in which excision of damaged base is fol-
lowed by removal of short DNA fragment surrounding the resulting AP site
(apurynic/apirimidinic site);

3. Nucleotide excision repair (NER), a mechanism similar to BER. However, in
NER the base excision step is omitted. Instead, a damaged nucleotide is excised;

4. DNA mismatch repair mechanism (MMR), responsible for detection and removal
of mispaired and unpaired bases resulting from misincorporation of nucleotide
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into newly synthesized DNA strand during DNA replication. One of the versions
of MMR is VSP repair in which a very short fragment (from 3 to 5 nucleotides)
of newly synthesized DNA strand containing mispair is removed.

In Escherichia coli MMR system, MutS protein recognizes and binds DNA lesions
in the form of mismatched or unpaired bases. In order to continue the repair process
the signal must be transferred from MutS to another MMR protein. The MutHen-
donuclease and the MutL protein mediate in this signal transduction.

2. MutL – general properties

To date, the crystal structure of full-length E. coli MutL protein has not been ob-
tained. Although MutL protein is strongly conserved among organisms not all the
bacteria contain it. For example, MutL is absent from all Epsilonproteobacteria
in spite of the fact that some of them possess MutS homologues. Moreover, only
few archeal species contain MutL (Sachadyn, 2010). The present model of MutL
structure is inferred from various, separately obtained structural data for the N- and
C-terminal domains of MutL. The N-terminal domain of MutL, called LN40 contains
amino acid residues 1-335 whereas the C-terminal domain, LC20, includes amino acid
residues 439-615. The N- and C-terminal domains are associated with each other
by a flexible, disordered linker. The primary structure of the C-terminal domains of
MutL homologues is not strongly conserved among different species, however, its sec-
ondary structure, however, exhibits a high degree of conservation. On the other hand,
0 the N-terminal domains of MutL show inter-species similarities in both the primary
and the secondary structure. There is an ATP-binding site within the N-terminal
domain of MutL. The cycles of binding and hydrolysis of ATP lead to the conforma-
tional changes of the whole N-terminal domain. In the absence of a nucleotide ligand,
the LN40 domain is a partially disordered monomer but in the presence of ADPnP
and ADP two N-terminal domains form a dimer (Polosina and Cupples, 2010).

3. MutL as a permanent constituent of MMR system

In E. coli MutS initiates MMR by binding single DNA base mismatches or inser-
tion/deletion loops (IDL’s) of up to four nucleotides. MutS is a dimer of two identical
subunits. Each of subunits of MutS dimer contains ATP binding subdomain. After
dimerization, two ATP-binding subdomains create composite active site responsi-
ble for cyclic binding and hydrolysis of ATP. Binding of MutS to mismatched DNA
causes rapid exchange of bound ADP to ATP leading to ternary complex formation,
MutS-ATP-DNA. This complex is able to interact with MutL (Acharya et al., 2003).
The physical interaction between MutS and MutL has been confirmed in both in
vitro and in vivo analyses. It has been shown that MutL contacts with MutS via
the MutS connector domain (domain II). Since MutS bound with mismatched DNA-
does not interact with MutLin the absence of ATP, this observation corroborates
the hypothesis that simultaneous binding of MutS with mismatched DNA and ATP
changes the conformation of protein making it more accessible to MutL (Lamers
et al., 2000).The interaction between MutS and MutL coordinates the interaction
of MutS and MutH. MutH is a member of family II endonucleases. It recognizes
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hemimethylated GATC sequences of DNA. Hemimethylation is theresult of delay of
Dam methylase action after DNA replication fork passage. The unmethylated(newly
synthesized) DNA strand is incised on the 5’ side of the nearest GATC sequence.
The physical interaction between MutL and MutHtakes place within the C-terminal
domain of MutH and N-terminal domains of MutL. This interaction is dependent on
ATP-binding by MutL and causes a partial amplification of endonucleolytic activ-
ity of MutH. Full activation of MutHendonucleolytic activity requires the interaction
between MutH and DNA-MutS-MutL ternary complex accompanied by ATP hydrol-
ysis by MutL (Hall and Matson, 1999). The incision in the newly synthesized strand
introduced by MutH is theentry point for helicase II called UvrD. It unwinds DNA
duplex exposing thedaughter DNA strand, containing the misincorporated nucleotide
to exonucleolytic attack. UvrD moves along DNA helix in a well-defined direction,
from the incision towards the mismatch. This process requires the interaction between
UvrD and the C-terminal domain ofMutL and a part of interdomain linker adjacent
to LC20. MutL affects UvrD activity in three ways: (1) it strengthens interaction
between UvrD and DNA creating stable complex MutL-UvrD-ssDNA; (2) it orien-
tates UvrD in an appropriate direction, towards the mismatch. Depending on the
orientation of a nick relative to the mismatch, MutL can target UvrD to either nicked
or continuous DNA strand so that the direction of UvrD translocation towards the
mismatch DNA is always retained(Yamaguchi, et al., 1998); and (3) MutL increases
the processivity of UvrD. This amplification of UvrD activity requires ATP binding by
MutL but not its hydrolysis (Robertson et al., 2006). ATP hydrolysis by MutL, most
likely, takes place only when UvrD moves beyond the mismatch thereby it might be
a regulatory mechanism of a duplex unwinding termination. Subsequently,the newly
synthesized strand is digested by exonucleases. Beside the interaction of MutL with
MutS, MutH and UvrD, it has been shown that MutL interacts directly with the ß
subunit of DNA polymerase III in the presence ofssDNA (Lopez de Saro et al., 2006)
as well as with the γ subunit (γ protein) of this enzyme (Li et al., 2008). Although
the roles of these interactions are unclear, it is possible that the interaction between
MutL and the γ protein may serve to targeting DNA polymerase III to a site on DNA
where the resynthesis of DNA strand is necessary after the action of exonucleases.

4. Role of MutL in VSP repair system

All organisms possess the mechanisms which remove TG mismatches resulting from
cytosine deamination. Such mechanisms significantly decrease the frequency
of CG→TA transitions. The methylation of cytosines in the C5 position is a way
of regulation of many biological processes both in procaryotic and eucaryotic cells.
However, it increases the rate of C→T mutagenesis. The deamination of 5MeC to
thymine occurs 21 times more frequently than the deamination of unmethylated cy-
tosine to uracil. In E. coli and related Enterobacteria, VSP system (very short patch
repair system) is responsible for removing such DNA lesions.

The main protein of VSP repair system in E. coli is the Vsr endonuclease which
recognizes and removes TG mismatches located within hemimethylated
5’CTWGG/5’CCWGG (where W is A or T) DNA sequence. The specificity towards
the sequence flanking the mismatch reflects the fact that the cytosine on the 3’ side
of CCWGG sequence is a substrate for bacterial cytosine methyltransferase, Dcm.
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Vsr nicks DNA strand at the TG creating a nick at the 5’ side of mispaired thymine.
Subsequently, DNA polymerase I fills the gap. The repair process is completed by
DNA ligase rebuilding the phosphodiester bond.

It has been suggested that some MMR proteins are indispensable for the VSP
mechanism. The analyses in which E. coli two-hybrid system was used showed that
Vsr physically interacts with MutL in vivo but not with MutS (Mansour et al., 2001).
Follow-up studies revealed that interface created by this interaction includes the C-
terminal region of Vsr and the N-terminal region of MutL. Subsequent analyses con-
firmed physical interaction between MutL and Vsr (Heinze et al., 2009). The inter-
action site was assigned to the flexible region of MutL located between its N-and
C-terminal domains. It is worth stressing that this region corresponds to the site of
interaction between MutL and MutH. The endonuclease activity of Vsr is significantly
amplified in the presence of MutS-MutL complex in an ATP-dependent manner. MutL
alone also strengthens DNA binding by Vsras well as DNA cleavage by Vsr and the
latter stimulation is ATP-independent (Monastiriakos et al., 2004).

Both Vsr and MutS are mismatch binding proteins. It is unlikely that both pro-
teins bind the same mismatch simultaneously. Two models of cooperation between
these proteins have been proposed. In both models MutS is the first one to bind
mismatched DNA. MutS leaves the mismatch afterwards letting Vsr gain the access
to the lesion. According to the first model (Lieb et al., 2001), the Vsr stimulation is
caused by the alterations in DNA structure which are the consequence of transloca-
tion of MutS-MutL complex away from the TG mismatch. In the second model, the
MutS-MutL complexes created at the mismatch site attract Vsr to the lesion before
leaving it (Polosina et al., 2009).The studies of the latter model revealed that interac-
tion of Vsr and MutL increased in the presence of mismatches,even if the mismatches
were not the substrates forthe VSP repair system. This suggests that the interaction
between MutL and Vsr does not depend on the type of a DNA lesion. Moreover, this
model predicts that the involvement of Vsr in the recognition of lesions which are not
the substrates for VSP may reduce the removal of TG mismatches induced by cytosine
deamination. Some reports confirm this hypothesis. The Vsr protein may interfere
with the MMR system. The overproduction of Vsr in vivo leads to the emergence
of CTWGG→CCWGG mutations resulting from the interference of Vsr with MMR
proteins during the repair process of TG mismatches produced by the misincorpora-
tion of nucleotides in the CTWGG sequence context during DNA replication. Since
Vsr is not DNA strand specific, TG mismatches are removed and replaced with CG
base pairs even if these mismatches originate from correct TA base pairs. However,
the narrow substrate specificity of Vsr makes the competition between Vsr and MutS
for most MMR substrates very unlikely. The competition between Vsr and MutH
for MutS binding is a more possible option (Polosina and Cupples, 2010). The latter
assumption was confirmed in in vitro analyses in which the activity of MutH and Vsr
was measured in the presence of MutS, ATP and DNA substrate with an appropriate
hemimethylation pattern (Heinze et al., 2009). Each of the two endonucleases was
inhibited in the presence of the excess amounts of the other one. This result indicates
that MutL is able to recruit either MutH or Vsr to every DNA mismatch that is
recognized by MutS. The translocation of MutS-MutL complex after recruitment of
appropriate endonuclease could hypothetically target endonuclease to its recognition
site on DNA regardless of the distance between the mismatch and cleavage site.
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5. Role of MutL in base excision repair system (BER)

BER is probably the most frequently used DNA repair pathway in the cell (Dalhus
et al., 2009). Damaged bases are specifically recognized by various DNA glycosylases
to initiate BER (Visnes et al., 2009). MutL and MutS proteins are also involved in
BER system which is most often used in order to remove DNA lesions caused by
oxidation. The oxidation of guanine and its precursor, dGTP, generates two kinds of
transversion mutations: CG→AT and AT→CG. The mutations are the consequence
of the ability of8-oxy guanine to pair with both adenine and cytosine with similar
efficiency during DNA replication. MutY protein is an E. coli glycosylase which
removes adenines paired with oxidized guanines. In human cells, the homologue
of bacterial MutY is called hMYH (Polosina and Cupples, 2010). MutY physically
interacts with both MutS and MutL. Similar interactions were identified between
human proteins hMYH and MutS α (human homologue of bacterial MutS). However,
the main objective of these interactions remains undefined. As in the case of VSP
repair system, the removal of adenine from oxG/A mispairs by MutY is not DNA
strand specific. Consequently, MutY converts oxG/A mispairs (originating from the
misreplication of AT base pairs) into CG base pairs thereby increasing the rate of
AT→ CG mutagenesis. It is suggested that MutS and MutL make the MutY protein
specific toward newly synthesized DNA strand, thus limiting the MutY activity to
oxG/A mispairs originating from correct GC base pairs. Another possibility is the
recruitment of MutY by the MutS-MutL complex to oxG/A mismatches that cannot
be removed by MMR (Polosina et al., 2009). In such a case, the MutS-MutL complex
can be perceived as recognition complex directing MutY to the site of the lesion
thereby allowing the removal of adenine from the oxG/A mismatch and the restoration
of correct GC base pair by BER. The exact role of MutL in BER system remains to
be elucidated.

6. Contribution of MutL to nucleotide excision repair system

(NER)

Nucleotide excision repair (NER) is one of the most important repair systems and is
conserved from prokaryotes to higher eukaryotes. The most striking feature of the
NER system is its broad substrate specificity: NER can excise DNA lesions such
as UV-induced pyrimidine dimers or more bulky adducts. In the prokaryotic NER
system, the recognition and excision of DNA lesions are mediated by UvrABC excinu-
cleases. After the incision event, the UvrD helicase removes the nucleotide fragment,
DNA polymerase I resynthesizes the complementary strand, and then, DNA ligase
completes the repair process. There are two forms of NER. The first one is directed
towards the DNA strand regardless of its transcriptional status, whereas the second
form directs the repair preferentially to the sensestrands of active genes and is called
transcription-coupled NER (TC-NER). It has been shown that E. coli cells defective
in mutS and mutL genes are also defective in TC-NER but the mechanism underlying
this phenomenon remains unclear. Some evidence for the interaction between MMR
and NER proteins have been obtained from the studies in which E. coli cells were
exposed to 5-azacytidine (5-AC). The interactions between the proteins were identi-
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fied through the use of two-hybrid assay (Pitsikas et al., 2004). 5-AC is a base analog
causing transversions CG→ GC and covalent crosslinking between nucleic acids and
cytosine methyltransferases (CMT’s). DNA-CMT complexes inhibit DNA replication
and consequently, they are responsible for SOS response induction. The interaction
of MutL with UvrC is DNA damage-independent but the interactions between UvrB
and MutL as well as MutS require 5-AC. It has been shown that cells deficient in
mutS, mutL, uvrB or uvrC genes exhibit higher transversion rates (Pitsikas et al.,
2009). Taking into consideration the results of several studies it seemsreasonable to
conclude that the repair of DNA lesions induced by the presence of 5-AC requires
a mixed repair system in which MutL is responsible for attracting NER proteins to
the lesions which though are efficiently recognized by MutS,they are not efficiently
removed by MMR (Polosina and Cupples, 2010).

7. Concluding remarks

MutL protein is usually described in the context of the MMR system. However a great
deal of studies confirmed the involvement of MutL in the other DNA repair systems.
The role of MutL as a master protein is of particular importance due to involvement
of this protein in one of the most relevant processes taking place in the cell, namely
the genome stability maintenance. Contrary to E. coli MutL, human homologues
of this protein areheterodimers, made of two different subunits. These are hMutLα
(hMLH1-hPMS2 heterodimer) and hMutLß (hMLH1-hPMS1). It was shown that
50% of the mutations causing HNPCC (hereditary non-polyposis Colorectal Cancer)
are found in the gene coding for hMLH1 subunit (Peltomaki and Vasen, 2004). Taking
into account the participation of prokaryotic MutL in several DNA repairing systems
it is intriguing whether the fact that half of the number of the HNPCC instances is
caused by defects in hmlh1 gene is a consequence of the similar role of hMLH1 in
maintenance of stability of human genome.
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