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Abstract

The principal attribute of living matter is genetic information used for reproduc-
tion. Before the cell can divide, all genetic information must be reproduced without
errors leading to mutations. To decrease the number of errors, a DNA mismatch
repair (MMR) system must identify and repair the error. Due to the enormous
length of the genome, this process must be fast and efficient. Errors can initiate
apoptosis, cause tumors in higher organisms, or lead to the fixation of mutations in
a population.

The topic of research in these theses is the evolutionarily conserved mismatch
DNA repair system from the model organism Escherichia coli, namely the initial
stage of the process, which involves proteins such as MutS, MutL, MutH, and UvrD.
The purpose of this work was also the development of new methods, such as single-
cysteine site-specific cross-linking and Förster Resonance Energy Transfer (FRET)-
based methods, to study these proteins.

The primary player in such a system is MutS, which is responsible for recognizing
mismatches, working with incredible accuracy. Scanning millions of nucleotides, it is
able to find a single mismatch and cause a cascade reaction that will start the process
of DNA repair. In this study, we investigated and reviewed in detail the mechanisms
and conformational changes occurring in this protein, which are necessary for its
accurate and correct operation. The structural information and site-specific single
cysteine approach result in a very productive pipeline. The data obtained during
this work supported the sliding clamp hypothesis of the active state of MutS and
also helped to characterize several other novel transient states. In particular, ATP-
induced rotation of the connector domain has been shown, as well as the inability
of MutS to recruit MutL when the mismatch domain is cross-linked to DNA.

The same approach was applied to another pair of proteins important for the
mismatch pathway, namely, MutL and MutH cross-linking. The site-specific cross-
linking with the proper design of single-cysteine variants can be used for obtaining
active complexes. Furthermore, this method in the long term can give significant
results for structural studies of the active MutL-MutH complex, which has not been
obtained before. This strategy has previously demonstrated its power in obtaining
a very important new state of MutS, namely the sliding clamp.

Developing FRET-based functional methods for the binding of MutL to the DNA
and MutL recruitment by MutS to the DNA, we obtained a universal and novel tech-
nology that can be used in the future to studies the kinetics and other activities of
DNA interacting proteins. The fundamental knowledge acquired during conforma-
tional changes studies in combination with the fluorescent methods described above
led us to the establishment of a novel, simple and robust method for checking the
quality of DNA, and in particular for observing mismatches and other damages using
the accumulation of fluorescent MutS.
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Chapter 1

Introduction

DNA repair systems

DNA is a key component of life, it encodes the genetic information of every organ-
ism. The genome is constantly under attack by intrinsic and extrinsic factors that
can alter DNA chemical structure and damage encoded information. Environmental
factors, products of normal cellular metabolism and spontaneously breaking chem-
ical bonds can generate alteration in genome structure1. Genetic stability plays a
signi�cant role in preventing oncogenesis. To preserve organism genome evolution
created various DNA repair systems. The systems in mammalian cells which are
known by today represent nucleotide- and base-excision repair, homologous recom-
bination, end joining, telomere metabolism, and mismatch repair2. Base-excision
repair (BER) targets small chemical modi�cations of bases and corrects single-
nucleotide damages caused by oxidation, deamination, and alkylation, concerned
with damage of endogenous origin and uses two pathways: short and long patches3.
Nucleotide-excision repair (NER) is involved in repairing single-stranded DNA dam-
ages by using an intact complementary chain as a matrix. The mechanism includes
two subpathways: global genome NER (GG-NER) and transcription-coupled repair
(TC-NER) (Figure 1.1)4. Unlike the BER, NER is designed for larger DNA damage,
such as pyrimidine dimers, formed in DNA by ultraviolet radiation or other exoge-
nous sources5. Homologous recombination (HR) and end joining (EJ) resolve the
problem of double-strand breaks caused by ionizing radiation, free radicals, chemi-
cals, and during replication of a single strand breaks6. The mismatch repair system
di�ers from all other systems since it does not repair the damage, but rather recog-
nizes and removes incorrectly inserted nucleotides7. Secondly, the system is highly
conserved. The system in Escherichia coli (E. coli ) serves as a helpful model for
biological research, while the MMR system is also present in eukaryotic cells. The
relevance of a mechanistic understanding of DNA repair pathways has been recog-
nized by the award of the 2015 Nobel Chemistry Prize to three pioneers in the �eld
of DNA repair.
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Chapter 1

Figure 1.1: Common repair systems and consequences.(A) DNA damaging agents (top),
DNA lesions (middle), and repair systems (bottom). (B) Damages lead to transient arrest
(top) and inhibition of the metabolic mechanisms of DNA (center). Long-term conse-
quences lead to point mutations that can a�ect individual genes or cause chromosomal
abnormalities, which in turn a�ect several genes (below) and thus can cause biological
changes (cancer, aging). The �gure was adapted from2.

The biological function of the DNA mismatch repair
system

The term mismatch repair was introduced in 1964 in the studies of nucleotide bromi-
nation and as an explanation of gene conversion in genetic recombination8. The
�rst evidence that mismatches initiate a repair reaction was shown using bacterial
transformation experiments9,10. The arti�cial heteroduplex DNA with mismatches
transformed in E. coli cells elicits a repair reaction11. All these experiments were
carried out as part of the study of gene recombination. But it has also been hypoth-
esized that this system may be responsible for identifying and removing errors done
during replication. Using cell extract ofE. coli it was demonstrated that repair by
this system is associated with adenine methylation at GATC sequence12. Deletion
of any of four mutator genes (MutS, MutL, MutH, or UvrD) increases mutation
rate in E. coli 50-100 fold13,14. It was con�rmed the results that the MMR path-
way depends on four mutator genes MutS, MutL, MutH, and UvrD. At the same
time, it requires also adenosine triphosphate (ATP), and reaction is prevented when
both DNA strands are methylated15. MMR system is able to repair all types of
mismatches except C/C16. The process was reconstructed in vitro �rst in 198917.
In subsequent investigations with a modi�ed early substrate, it was shown that a
mismatch and one methylated GATC site are enough for DNA repair. Changing
also the position of mismatches and GATC site on circular DNA resulted in con-
�rmation that the mismatch repair system supports bidirectional excision18. All
these four proteins MutS, MutL, MutH, and UvrD are not su�cient to carry out
a complete methyl-directed mismatch repair in vitro. Later were found the miss-
ing and essential enzymes involved in this process in vitro: single-strand binding
proteins, exonuclease I, DNA polymerase holoenzyme III, and DNA ligase17. Since
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early experiments showed bidirectional exonuclease activity of the process, missing
endonucleases were found: ExoVII or RecJ with 5' to 3' excision and ExoI or ExoX
with 5' to 3' activity 19,20. DNA polymerase III interacts with MutS and MutL and
does not a�ect activation MutH in an MM-dependent manner. Beyond the� -clamp
role in chromosomal replication, MutS and MutL also interact with� -clamp21,22.

The DNA Mismatch repair system corrects mistakes done by polymerase that
escape proofreading activity and rise replication �delity by 100-1000 fold23. Mis-
match repair system has two main roles: it recognizes errors done during replication
by polymerase and also discriminates newly synthesized strand with a mistake from
mother strand using methylation of GATC site24. Despite the di�erent accuracy
of polymerases, the system corrects all errors and is able to balance the replication
�delity of the leading and lagging strands25. Dam methylase follows the replication
fork with a lag of about a minute, so the daughter chain remains temporarily un-
methylated, providing a time window for mismatch repair pathway26,27. Mutations
in four human DNA Mismatch repair genes (MSH2, MLH1, PMS2, PMS1) cause
hereditary nonpolyposis colorectal cancer (HNPCC) or Lynch syndrome28.

Comparison of MMR system in E. coli and eukary-
otic organisms

Prokaryotes

The core mismatch repair process inE. coli involves at least seven proteins (MutS,
MutL, MutH, UvrD, one of several exonucleases, sliding clamp, DNA polymerase III
holoenzyme, and DNA ligase). Despite having the structures of MutS and MutL,
the dynamic and �exible nature of the MutS�MutL complex has left open many
puzzles regarding the mechanism of MMR. One of the major obstacles hindering
the structural analyses is the highly dynamic nature of this complex29.

The process starts with the evolutionary conserved MutS searching and recog-
nizing mismatches in the genome. The binding of MutS to DNA causes bending of
heteroduplex DNA (Figure 1.2). Followed by ATP-induced conformational changes
MutS recruits another conserved ATPase MutL30�32 . The strand discrimination and
error removal are believed to be coordinated by this MutS/MutL/DNA complex.
Upon ATP binding by MutL conformational changes take place and it results in
activation of MutH endonuclease activity33, as well as activation of UvrD helicase
activity 34. In E. coli cells daughter strand remains transiently unmethylated until
adenines will be methylated by Dam-methyltransferase methylases26,27. It gives a
transient opportunity for MMR to incise the daughter strand35. UvrD begins un-
winding towards mismatch (MM) from the nick caused by activated MutH36. The
purpose of ExoI is still under discussion37; recently MMR-pathway in vitro was
reconstructed in an exonuclease-independent manner38.

Eukaryotes

Firstly, in comparison with a bacterial system where MutS and MutL proteins are
homodimers, proteins in eukaryotic systems represent heterodimeric proteins39. Sec-
ondly, MMR in E. coli system was already well studied, in eukaryotic cells, many
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Chapter 1

Figure 1.2: (A) Overview of the general mechanism of MMR pathway.(B) Strand dis-
crimination in E. coli pathway.

aspects remain unclear. And �nally, onlyE. coli and several other gram-negative
bacteria use the Dam-methylation mechanism for strand discrimination, such mech-
anisms do not exist for eukaryotic cells and most prokaryotes, i.e. lack of MutH40.
Instead of this pathway MutL or MutL � during evolution obtained a latent endonu-
clease activity41,42, which is stimulated by interaction with � -clamp (or in eukaryotic
cells with PCNA)43�45 . Recognition of the nascent strand in eukaryotes seems to oc-
cur due to the orientation of the PCNA/MutL � complex43. In eukaryotic cells,
pre-existing strand di�erentiation such as strand breaks which appear during re-
moval of misincoporated ribonucleotides may also serve as a marker for nascent
strand and help orient MMR system46,47.

MMR proteins

MutS
MutS is an essential protein in mismatch repair systems that speci�cally binds

to the mismatch DNA and small insertion/deletion loops48,49. MutS homologous
are evolutionary conserved and presented in all three kingdoms of life (in archaea
only in Euryarchaeota)50,51. MutS homologs eukaryotes are presented as MSH1-
MSH7, mammalian cells contain only MSH2-MSH6 homologs. MutS� and MutS�
participate in MMR (Figure 1.3C,D and E).

MutS is a weak ATPase and it belongs to the ABC (ATP binding cassette) fam-
ily of ATPase such as Rad50, UvrA, and structural maintenance of chromosomes
(SMC) proteins which undergo large conformational changes and use ATP to con-
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E. coli Function Homologs Function

MutS Binds mismathes

MutS�

MSH2-MSH6

base-base/small IDL
recognition; sliding clamp

MutS�
MSH-MSH3

small IDL/ large IDL
(12 nt) recognition;

MutL
MutH tether,

Activates UvrD
Coordinates multiple steps

Mutl �
MLH1-PMS2

Molecular matchmaker in MMR;
PCNA-activated endonuclease;

Mutl �
MLH1-PMS1

Unknown function

Mutl 

MLH1- MLH3

Molecular matchmaker

in meiosis

MutH
Hemimethylated-GATC

endonuclease
- -

UvrD
Helicase II

3'to 5' helicase - -

SSB Binds ssDNA regions RPA ssDNA binding/protection,

ExoI, ExoX
ssDNA-dependent 3'to 5'

exonuclease
ExoI Excision of dsDNA

RecJ
ssDNA-dependent 5'to 3'

exonuclease
3' exo of Pol � Excision of ssDNA

ExoVII
ssDNA-dependent 5'to 3'

also 3' to 5' exonuclease
3' exo of Pol �

Synergistic mutator
with Exo1 mutant

DNA pol III
Accurate resynthesis

of DNA
DNA pol �

Accurate repair
synthesis

� -clamp
Processivity

subunit
PCNA

Processivity subunit
(sliding clamp)

DNA ligase A
Seals nicks after completion

of DNA synthesis
DNA ligase 1

Seals nicks after completion

of DNA synthesis

Table 1.1: Comparison of MMR protein functions in E. coli and eukaryotic organisms

trol their activity, behaving as chemo-mechanical engines52. MutS is a homodimer
protein, two monomers form an oval form dimer around the DNA53,54. MutS com-
posed of 6 domains (Figure 1.3A). MutS exist in equilibrium between dimers and
tetramer via C-terminal domain, whereby the dimeric form alone is able to initiate
MMR process55�57 . The most conservative domain in MutS homologous represents
a helix-turn-helix region which is related to Walker A nucleotide-binding site and
is important for adenine and magnesium binding58 (Figure 1.3B). Dimerization of
the protein takes place in this ATPase domain. Mutations in Walker A nucleotide-
binding site of MSH2 and MSH6 cause a complete MMR defect in vivo59.

Before MutS recognizes a mismatch, it searches for a high number of matched
nucleotides without starting the DNA repair pathway. MutS has a �exible lever
and clamp domains53,62, which possibly can move freely in the absence of DNA
or nucleotides (Figure 1.4A). One possible mechanism of the DNA scanning by
MutS for mismatches is one-dimensional di�usion (Figure 1.4B)63,64. Historically
the E. coli MutS gene product in �footprinting� experiments showed an ability to
speci�cally bind to a DNA region with single base-base mismatches48. Protein has a
high binding a�nity to the ends of DNA, as well as to mismatch65. Detection of the
mismatch leads to the DNA kinking by MutS (Figure 1.4C)54,66. Two domains are

17



Chapter 1

Figure 1.3: (A) MutS domains (pdb id: 1e3m): (the mismatch-recognition domain (2-115)
is colored dark violet, the connector domain (116-266) dark blue, the core domain (267-443)
orange, the levers (504-567) yellow, the clamp domain (444-503) green, the ATPase domain
(568-765) pink, and the helix-turn-helix (HTH) domain (766-800) orange). (B) MutS
domains and the evolutionary conservation of amino acid positions in MutS. Comparison of
the structures of E. coli MutS (C, pdb 1e3m54), MutS � (D , pdb 2O8B60) with mismatched
DNA, and MutS � (E, pdb 3THY 61) with an insertion-deletion loop (IDL) of 2 bases.
Created using PyMOL.
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involved in MutS mismatch DNA interaction67. Clamp domains are closed above the
DNA after mismatch recognition and the mismatch domain of only one monomer
interacts with a mismatch. The region Phe-X-Glu involved in DNA interaction
is evolutionary conserved68. The interaction with MM involves highly conserved
phenylalanine residue. It wedges into DNA by stacking interaction via aromatic rings
with thymine in G/T mismatch 54. Mutations in Phe36 lead to failure recognition of
insertion/deletion mismatch or a G/T base pair mismatch69. Regardless of the type
of mismatch (except for C/C), DNA is bent by 60 degrees68.

Figure 1.4: Schematic representation of MutS conformational changes and corresponding
structures. (A) The free state of a protein fromNeisseria gonorrhoeaewith �exible and
dynamic domains, which is possible in the absence of nucleotides and DNA (pdb 5yk4)70.
(B) Before launching the cascade of repair reactions, MutS scans DNA bases for the
presence of a mismatch (pdb 7AI5)71. (C) After �nding the DNA mismatch, MutS bends
the DNA 60 degrees. In this state, both mismatch domains interact with DNA (pdb
1E3M)54. (D) The intermediate state in which one of the mismatch domains is turned
180 degrees and the second mismatch domain is still interacting with DNA (pdb 7AI7)71.
(E) The sliding clamp state, in which both domains are turned and the connector domains
act as the recruitment site of the MutL, and the DNA is lowered into the center of the
protein (pbd 5AKB) 55. (F) The kinked clamp state, which resembles the sliding clamp
state except for the lever domain that bends and interacts with the DNA (pdb 7AIC)71.

Upon ATP binding MutS releases the MM72,73 and MutS forms so-called �sliding
clamp� (Figure 1.4E)32,66 with unusual stability on DNA ( � 600 seconds63 that can
dissociate in the presence of ATP from unblocked linear heteroduplexes (or with one
end blocked) within 15 seconds. When both ends are blocked MutS-DNA complexes
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