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Lay Summary

DNA is the blue-print of life which genetically characterises one organism from
another. Copying of DNA from a pre-existing parental DNA template ensures
that the genetic information is carried on throughout generations. However,
sometimes errors occur during this copying process like misspellings occur
during writing. This type of errors is called mismatches. They can lead to genetic
disease, cancer and death. The main system that corrects this type of errors is
called the DNA mismatch repair (MMR) system. The MMR system is
evolutionarily conserved from bacteria to humans and is an example of a
remarkable molecular machine. However, the complete molecular mechanism
of the MMR system is not elucidated yet. Here I have shown that this process
operates in one direction with respect to the chromosome of Escherichia coli.
The most likely explanation for this directionality of action is that the MMR
system is associated with the complex responsible for chromosomal DNA
copying. During repair, a portion of DNA is removed along with the mismatch
and this gap is filled in with the correct sequence. I suggest that there exists two
classes of DNA removal processes: removal of a short sequence that is primarily
responsible for MMR and of a long sequence that also leads to the deletion of
DNA at a reporter sequence. GATC motifs in the genomic DNA are essential for
MMR to occur. I tested whether MMR causes any selection pressure for the
distribution of GATC motifs in the E. coli chromosome. I have shown that the
MMR system has evolved to utilise the natural random distribution of GATC
motifs to maintain genomic integrity. To my knowledge, this study is the first
proven support of the chromosomal directionality of MMR which shades more
light on the association of the DNA copying and correction processes to

maintain the genetic integrity of life.



Abstract

Non-canonical base pairs that escape the proof-reading activity of the DNA
polymerase emerge from DNA replication as DNA mismatches. To promote
genomic integrity, these DNA mismatches are corrected by a secondary
protection system, called DNA mismatch repair (MMR). Understanding the
details of MMR is important for human health as defects in mismatch repair can
result in cancer (e.g. hereditary nonpolyposis colorectal cancer, also known as

Lynch syndrome).

Being normally stochastic in nature, mismatches can emerge at random
locations in a chromosome. Therefore, using a molecular tool to generate
substrates for the MMR system at a defined locus has been particularly useful in
my study of DNA mismatch repair in vivo. In this study, I have used a CTGeCAG
repeat array, also called the “TNR array”, to generate frequent substrates for the
MMR system in Escherichia coli. In E. coli, the MMR system searches for hemi-
methylated GATC motifs around a mismatch to initiate removal of the faulty
nascent (un-methylated) strand. Analysing the usage of GATC motifs around the
TNR array, I have found that the MMR system preferentially utilizes the GATC
motifs on the origin distal side of the TNR array demonstrating that the
bidirectionality of MMR in vitro is constrained in live cells. My results suggest
that in vivo MMR operates by searching for the nearest hemimethylated GATC
site located between the mismatch and the replication fork and excision of the

nascent strand occurs directionally away from the fork towards the mismatch.



Previous in vitro studies have established that the excision reaction during MMR
terminates at a discrete point about 100 bp beyond a mismatch. However, in
vivo recombination at a 275 bp tandem repeat, which has been proposed to be
mediated by single stranded DNA generated during the excision reaction, has
suggested that the end point of the excision reaction in live cells may extend
much further from the mismatch than this. I have used this assay for extended
excision to determine the influence of GATC sites on excision tracts. In this
study, modification of the GATC motifs on the origin proximal side of the TNR
has shown that the excision reaction does not stop at a GATC motif on the origin
proximal side of the mismatch. In addition, sequential modifications of GATC
motifs on the origin distal side of the TNR array, thereby shifting the start point
of the excision reaction to a greater distance, have suggested that the length of
an excision tract is a function of the distance it covers from the start point rather

than from a mismatch.

My observation of directionality with respect to DNA replication in the
recognition of GATC sites suggested that MMR and DNA replication might be
coupled in some way and that perhaps active (or blocked) MMR might impede
the progress of the replication fork. However, no replication intermediates were
detected using two-dimensional agarose gel electrophoresis of genomic DNA
fragment containing the TNR array upon restriction digestion. I was therefore
unable to support the hypothesis that active or blocked MMR led to a slowing

down of DNA replication.



Given my observation of a decrease in MMR by separating the mismatch from
the closest origin distal GATC site, I set out to test whether MMR caused any
selection pressure for the genomic distribution of GATC motifs. To do this, I
generated artificial model genomes using a Markovian algorithm based on the
nucleotide composition and codon usage in E. coli. Strikingly, the comparison of
the distribution of GATC motifs in the E. coli genome with those from artificial
sequences has shown that GATC motifs are distributed randomly in E. coli
genome, except for a small clustering effect which has been detected for short
spaced (0-40 basepairs) GATC motifs. The observed distribution of slightly
over-represented GATC motifs in the E. coli genome appears to be a function of
the total number of GATC motifs and it seems that the DNA mismatch repair
system has evolved to utilize the natural distribution of GATC motifs to maintain

genomic integrity.
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Chapter 1

1.1 Introduction

The philosophical question about “life” has been asked perhaps from time
immemorial and is yet to be answered even in this era of scientific
advancements. How life is sustained - still amazes the world of science and
finding answers to the question seems to be a never ending quest. At the very
molecular level, life is maintained with a common set of rules as all living
organisms share common genetic building block - sugar-phosphate based
nucleic acids - be it DNA or RNA. Life is the cumulative function of maintenance,
actions and/or interactions of different components, which actually are coded
by the nucleic acid - the blue-print of life. Thus, it is imperative that the nucleic
acid is kept safe and maintained accurately throughout generations. However,
this delicate chemical compound is under continuous risk of being altered or
damaged by different components from both inside and outside its biological
environment. Nucleic acid can be damaged as a result of exposure to different
chemical and physical agents like benzo[a]pyrene, polychlorinated biphenyls,
dioxin, cigarette smoke, asbestos, ultraviolet light, radon etc (Li, 2008). Even in
its ambient biological environment, it can be damaged by different endogenous
reactive metabolites like reactive oxygen and nitrogen species (ROS and RNS)
(Li, 2008). On the other hand, nucleic acid sequence can be altered as a result of
errors arising during normal and/or aberrant DNA metabolism, which includes
replication, transcription, recombination and repair (Li, 2008). In addition,
mismatches can arise from the deamination of 5-methylcytosine (Ge5-mC), a
modified base normally present in the DNA of both prokaryotes and eukaryotes

as a mode of gene regulation (Friedberg et al., 2006). The deamination converts
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a Ge5-mC base pair to GeT base pair which is not a Watson-Crick base-pair

(Figure 1.1).

NH,
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5-methylcytosine Thymine

Figure 1.1. Deamination of 5-methylcytosine into thymine. Deamination of
5-methylcytosine into thymine forms a non Watson-Crick base-pair GeT. If not
repaired, this mispair eventually can form an AT base-pair after replication.

Throughout the course of evolution, nucleic acid has been maintained very
efficiently with minimal changes. However, the basic rule remains the same: the
genetic material of an organism is replicated, as well as, passed on to the next
generation and thus the species is sustained. During this process, the genetic
blue-print can be altered or damaged by aforementioned ways, in which the
main contributor is DNA replication error - that is, incorporating a wrong base
while synthesising a new copy of DNA. It has been found that the rate of this
type of error is as much as 105 per base per replication of a genome, even
though the replicative polymerase has its own proof-reading capability. This
kind of error has usually been defined as a mismatch. If this error is not
corrected, it stays permanently in the genome and is inherited by the next

generation (Figure 1.2). In addition, a mutation in the coding or regulatory
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sequence can alter the molecular mechanism, disrupt a cellular function and

eventually can lead to deadly diseases (e.g., predisposition to cancer).
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Replication error M’W

No mismatch repair
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Alteration of molecular
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Figure 1.2. An unrepaired mismatch in the genome can lead to a deadly
disease. A mismatch arises due to an error in replication. However, a secondary
level of protection (after the proof-reading activity of the replication machinery)
- the DNA mismatch repair system repairs the mismatch to ensure genomic
integrity. However, in the case of faulty mismatch repair, the mismatch is
inherited by the next generation and can cause a mutation in the coding or
regulatory sequence in the genome, which can alter a molecular function and
disrupt a cellular process. In turn, this might lead to a deadly disease, like
cancer.

A cell deploys different levels of repair mechanism for those kinds of errors. The
mismatch repair (MMR) system is one of the key guardians that ensure genomic
integrity of that organism. This system is conserved in almost all the organisms
found on earth, with the exception of Actinobacteria, Mollicutes, part of archea

and some other bacteria (e.g., Mycobacterium tuberculosis, Helicobacter pylori)
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(Sachadyn, 2010). The existence of the DNA MMR pathway was first reported in

the early 1960s to explain the unanticipated segregation of genetic markers in
fungi and bacteria. Robin Holliday and Evelyn Witkin independently proposed
the existence of the MMR system in 1964 (Holliday, 1964; Whitehouse, 1963;

Witkin and Sicurella, 1964).

1.2 Mismatches and the mismatch repair system

The MMR system recognises a single base-pair mismatch on a newly
synthesised strand and replaces it with the correct nucleoside tri-phosphate.
However, not all mismatches are equally good substrates for the MMR system as
the binding affinity of MutS, the first protein of the MMR pathway that is capable
of recognising a mismatch, varies from 10 to more than 1500 times compared to
its binding affinity to a Watson-Crick base-pair (Gradia et al., 2000; Schofield et
al, 2001). In addition, MutS can recognise and repair insertion/deletion loops,
also called IDLs, which are usually 3-4 base-long partnerless extrahelical
nucleotides formed by the slippage of primers or template strands during
replication (Jiricny et al.,, 1988a). It has been found that the binding affinity
varies with the composition of the mismatch and the local sequence context
(Jiricny et al., 1988a; Mazurek et al., 2009). Among all eight possible single
nucleotide mismatches the highest affinity has been found, by the gel-shift
assay, for the G-T mismatch (gives rise to transition mutation) and IDLs, which
are the most frequent mis-incorporations/ replication errors (Jiricny et al,
1988b). Actually, this function gave MutS its first acronym - GTBP (G/T-binding
protein) (Palombo et al., 1995). A-C (gives rise to transition mutation), A-A and

G-G mismatches (give rise to transversion mutation) typically are good
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substrates for MMR, whereas T-T, T-C or A-G mismatches are recognised with
less efficiency. The lowest affinity has been found for the C-C mismatch which is
the rarest mis-incorporation (Huang and Crothers, 2008; Nakahara et al., 2000;
Su et al, 1988). However, the Arabidopsis thaliana MSH2-MSH7, which are
homologues of MutS protein in eukaryotes, binds strongly to C-G and G-A
substrates, not to the +1 IDLs (Wu et al, 2003). On the other hand,
heteroduplexes containing large non-homologies are not processed by this
system (Dohet et al, 1987). The relative affinity, which is the measure of
recognition of a mismatch by MutS protein, has been determined by gel-shift
studies. Therefore, these data should be interpreted with caution as this assay
detects preferentially protein/DNA complexes with slow kqs In addition,
transiently bound mispairs may persist long enough to trigger the MMR in vivo

and those were not detected in these studies.

1.3 A brief introduction of the mismatch repair system

In broad terms, the MMR system has to meet two basic criteria (Jiricny, 2006):

1. Recognition of a mismatch or similar substrate (e.g. IDL).
2. Directing an arsenal of proteins to take part in MMR on the erroneous

nascent strand.

How these two tasks are accomplished was first elucidated by studying different
E. coli strains which were mutant for the key proteins of the MMR system and
eventually by reconstructing the prototypic MMR system (in vitro) from
different combinations of purified proteins (Lahue et al., 1989). The name of the
proteins and their homologues in eukaryotes, along with their functions are

mentioned in Table 1.1.
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Respective roles for these proteins have been proposed (and now established)
during mismatch repair in E. coli (Figure 1.3) (Modrich, 1991). When the
replisome creates a mismatch by inserting a wrong nucleoside tri-phosphate in
the nascent strand, the first component of the MMR system - MutS protein finds
the mismatch and binds it. Then, MutS activates and binds the second protein -
MutL, as well as, ADP. Next, the MutS-ADP-MutL complex activates the nascent-
strand specific endonuclease, MutH. This endonuclease makes an incision on the
nascent strand harbouring a mismatch at a hemimethylated GATC motif which
could be either on the 3’ side or the 5’ side within 2 kb of the mismatch. It
should be noted that the GATC is usually methylated at the adenine by the Dam-
methylase enzyme. However, just after the passage of the replisome, GATC on
the nascent strand is not immediately methylated as the Dam-methylase lags
behind the replication fork by about 0.5 - 3 minutes and the MMR system
utilises this window of time to repair any existing mismatch (Barras and
Marinus, 1989). After cleavage of DNA by MutH, a DNA helicase, UvrD unwinds
the nascent strand and appropriate exonuclease(s) excise(s) the nascent strand.
The remaining single-stranded DNA, corresponding to the parent strand, is
bound by the single strand binding proteins (Ssb). The Polymerase III
holoenzyme synthesises the nascent strand without any error and the DNA
ligase seals the remaining nick at the end of the nascent strand which has just
been repair synthesised. The detail of the molecular mechanism of the MMR
system is still a matter of discussion/arguments, which will be addressed in the

following sections.
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Table 1.1. Major proteins of the MMR system in prokaryotes and eukaryotes along with their functions (Kunkel and Erie, 2005)

Homologues in

E. coli Function Function
eukaryotes
MutSa (MSH2, MSH6) | Recognition of base-base mismatches and small IDLs
MutS Binds mismatches and IDLs
MutSp (MSH2, MSH3) | Recognition of IDLs
Forms a ternary complex with mismatch DNA and
Matchmaker that coordinates MutLa (MLH1, PMS2) MutSa; increases discrimination between
multiple steps in MMR heteroduplexes and homoduplexes; also functions in
meiotic recombination
MutL
MutLf3 (MLH1, PMS1) | Unknown
Primary function in meiotic recombination; backup for
MutLy (MLH1, MLH3) | MutLa in the repair of base-base mismatches and small
IDLs
Nicks unmethylated nascent No homologues have
MutH strand at hemimethylated GATC & N/A
_ been found yet
sites
Loaded onto DNA at nick by MutS
UvrD(MutU) | and MutL. Unwinds DNA to allow None N/A

excision of ssDNA
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Exol, ExoX

Perform 3’ to 5’ excision of ssDNA

EXOI (Rth1)

3’-5’ Exonuclease; mismatch excision

ExoVII, Rec]

Perform 5’ to 3’excision of ssDNA
(ExoVII also has 3’ to 5’ excision
capability)

3’ exo of Pol &

3’ exo of Pol €

5’-3’ Exonuclease; mismatch excision

Pol 111

Holoenzyme Accurate repair synthesis DNA pol 6 Accurate repair synthesis
Interacts with MutS and MutL. Interacts with MutS and MutL homologues.
May recruit them to mismatches. Recruits MMR proteins to mismatches.
B clamp Enhances processivity of DNA pol | PCNA Increases mismatch binding specificity of Msh2-Mshé6.
1 Participates in excision.
Participates in DNA repair synthesis.
Yy complex Loads (-clamp onto DNA RFC complex Loads PCNA onto DNA. Modulates excision polarity
Single-stranded DNA-binding RPA Single-stranded DNA-binding protein; repair synthesis
Ssb protein. Participates in excision HMGB1 Accessory protein; stimulated excision
and repair synthesis PARP Accessory protein; improved mismatch selectivity
Seals nicks after th leti f
DNA ligase ea's Cks aer the compietion o DNA ligase Seals the nick after repair synthesis

DNA (repair) synthesis
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Figure 1.3. Molecular mechanism of the mismatch repair system. When the
replisome creates a mismatch by inserting a wrong nucleoside tri-phosphate in
the nascent strand, MutS protein finds the mismatch and binds it. MutL and
MutH come along while MutH makes an incision on the nascent strand at the
hemimethylated GATC motif - either on the 3’ side or the 5’ side of the
mismatch. DNA helicase, UvrD unwinds the nascent strand and appropriate
exonuclease(s) excise(s) the nascent strand. The remaining single-stranded
parent strand is then bound by the single strand binding proteins (Ssb). The
Polymerase III holoenzyme synthesises an error-free nascent strand and the
DNA ligase seals the remaining nick at the end of the nascent strand.
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1.4 Proteins in the MMR system and their functions in DNA
mismatch repair

1.4.1 MutS and its homologues recognise the mismatch

The MutS protein functions as a regional lesion sensor. It is a member of a
protein family called ABC proteins (ATP-binding cassette) as it contains a highly
conserved ATPase domain at its carboxy-terminal. 300 proteins sequenced from
169 species containing this motif have been divided into 5 groups (Sachadyn,
2010). Only the first group, namely “MutS1”, contains proteins that are involved
in DNA mismatch repair. Structurally, prokaryotic MutS proteins function as
homodimers and the subunits are associated with each other at the carboxyl
termini in a way that their ATP-binding domain becomes partially intertwined.
However, functionally, MutS shows asymmetry while binding to a mismatch as
only one subunit contacts the mismatch via a phenylalanine residue of a highly
conserved N-terminal Glu-X-Phe domain (Lamers et al.,, 2000; Obmolova et al,,
2000). MutS binds to the mismatch by inserting the Phe residue into the minor
groove of the duplex DNA and thus induces a 60° bend in the DNA (Figure 1.4).
This bending is stabilised by the formation of hydrogen bonds between N7 or N3
atom of glutamate and purine or pyrimidine respectively (Natrajan et al., 2003).
Further asymmetry is observed regarding the way the MutS homodimer binds a
nucleotide by the Walker-ATP-binding sites. In E. coli, one of the two ATP
binding sites binds ADP and the other remains unoccupied while MutS contacts
a mismatch. However, it is different in the case of Thermus aquaticus (Junop et

al, 2001; Lamers et al., 2003, 2004). In solution, free E. coli MutS protein has
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been found to utilise both ATP-binding sites as one binds ADP and the other one

binds ATPYS (Baitinger et al., 2003; Monti et al., 2011).

Strikingly, a true asymmetry (both structural and functional) is observed in
MutS homologues in eukaryotes, which forms a heterodimer. So far, the only
exception found is Sacchromyces cerevisiae mitochondrial MutS homologue
which forms a homodimer (Chi and Kolodner, 1994). Of the eight eukaryotic
MSH (MutS Homologue) polypeptides found to date, MSH1, MSH6 and MSH7
contain the Glu-X-Phe motif. MSH6 and MSH7 form heterodimers with MSH2
separately to form MutSa and MutSy respectively. MutSa, which closely
resembles the structure of bacterial MutS, recognises mismatches and IDLs of 1-
2 nucleotides using the conserved Phe residue of the MSH6 subunit (Warren et
al, 2007). Another heterodimer, namely MutS@ (MSH2-MSH3), is involved in
repairing a subset of small IDLs and some mismatches in S. cerevisiae even
though it lacks the conserved Glu-X-Phe motif (Harrington and Kolodner, 2007).
The MSH3 in MutSf interacts with the sugar-phosphate backbone of the IDLs
via several basic and polar amino acids (Gupta et al., 2012). MutSf has also been
found to be involved in processing of branched structures, double strand break
repair and expansion of tri-nucleotide repeats (Pefia-Diaz and Jiricny, 2012;
Sugawara et al., 1997; Surtees and Alani, 2006). MSH4 is involved in meiotic
recombination and forms a hetero-oligomer with MSH5 (Hirano and Noda,
2004; Winand et al., 1998). MSH1 is thought to be involved in mismatch repair
in mitochondria (Reenan and Kolodner, 1992). On the other hand, no

biochemical information is yet available for MSH8 (Jiricny, 2013).
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1.4.2 MutS and its interaction with ADP/ATP

While the N-terminus of MutS and its homologues are dedicated to recognising
mismatch and IDLs, the ATP-binding domain of the C-terminus is devoted
towards the next stages of the MMR pathway (Dufner et al.,, 2000; Lee et al,
2007; Malkov et al., 1997; Sachadyn, 2010; Shell et al., 2007). The occupancy of
ATP-binding sites and the ATPase activity has been studied for the last 15-20
years extensively and still lies at the centre of arguments as different models

have been proposed for this along with the later stages of the MMR.

Several lines of early experiments led to the proposal that upon binding ADP,
MutS and its orthologs form a loose clamp around the DNA and travel along the
helix by lateral, corkscrew-like movement (Jiricny, 2013). It has been found that
ATP-bound MutS homologue cannot productively recognise a mismatch on DNA
(Gradia et al., 1999). However, with only ADP, MutS shows direct dissociation
from the DNA substrate as the formation of sliding clamp is ATP-dependent.
Another model proposed that a spatial movement through the space led MutS to
find a mismatch on the nascent strand and this movement is fuelled by the
hydrolysis of ATP (Cho et al., 2012). Upon detecting a mismatch (possibly by
detection of perturbed stacking and hydrogen bonding interactions), MutS
pauses and bends the DNA, and this conformational change brings about a rapid
ADP to ATP exchange and concomitant inhibition of ATP hydrolysis. In the ATP-
bound form, the protein retracts the phenylalanine residue out of the helix and
diffuses freely along the helix (Cho et al, 2012; Jiricny, 2006). A similar

mechanism was proposed for MutSB in human (Gupta et al, 2012). Those
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findings mentioned above had led to the proposal of a model named “the

praying hands model” (Figure 1.4) (Jiricny, 2000).

From different lines of in vitro evidence it is obvious that the mismatch and ATP
activated MutS sliding clamp leaves the mismatch and slides along the DNA.

This could serve two purposes:

1. It would empty the mismatch site for allowing new MutS loading on it
(Jeongetal, 2011).

2. The diffused sliding clamp could interact with the excision-repair
synthesis factors either by recruiting them at the incision site or

activating those factors that are already bound there.

ATP ADP

Figure 1.4. The praying hands model of binding to DNA and translocation
of MutS. a) In the absence of DNA, the ATP-binding domains of the two MutS
subunits become interlocked whereas the remainder of the proteins stays
disordered. b) Upon contacting a DNA mismatch, MutS dimer anchors itself on
the substrate and wraps around to form a clamp-like stable structure that
resembles a pair of praying hands. One of the subunits inserts the “Phe” residue
of the “Phe-X-Glu” motif (resembling the thumb of one of the hands) into the
minor groove of the helix at the mismatch site. This results in a bending of the
DNA by ~60°. ATP-binding site of the subunit that contacts the mismatch is
occupied by an ADP molecule while the ATP-binding site of other subunit stays
empty. c) An ADP—ATP exchange converts the static clamp-like MutS dimer into
a sliding clamp (also called “thumb-out, fingers-closed” structure) which moves
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along the DNA contour. The MutS-ATP complex has been postulated to
translocate by forcing the Phe-containing ‘thumb’ out of the DNA through steric
interactions, while keeping the ‘fingers’ closed around it. The transformation
and translocation require ATP binding but not its hydrolysis (Jiricny, 2006).

The interaction between the ternary complex and excision-repair synthesis
factors was also proposed to be accomplished by 3D diffusion of MutS or the
MutS-MutL-DNA ternary complex (Wang and Hays, 2003, 2004). However,
recent findings support the idea that MutS or MutS-MutL complex translocates
along the DNA contour (Cho et al,, 2012; Gorman et al.,, 2007; Pluciennik and

Modrich, 2007).

1.4.3 MutL and its homologues

MutL proteins are ATPases of the GHKL (gyrase/Hsp90/histidine-kinase/MutL)
family (Dutta and Inouye, 2000). The ATPase domain is situated in the N-
terminus and the dimerisation domain is at the C-terminus of the protein. In E.
coli, the MutL protein works as a homodimer and is recruited by the dimer of
ATP-activated MutS which has already recognised a mismatch on the double
stranded DNA. This interaction is thought to modulate the ATP hydrolysis
dependent turnover of the MutS-ATP-MutL complex and the downstream
interactions with other proteins of the MMR system. Four homologues of
prokaryotic MutL have been found in eukaryotes, namely - PMS1, PMS2, MLH1

and MLH3. Their respective roles in MMR have been mentioned in Table 1.1.
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1.4.4 Interaction between MutS and MutL: the formation of a ternary
complex

Though the MMR is best understood by studying E. coli model, the initial
interactions among MMR proteins (especially MutS and MutL) and DNA have
been studied mostly with their homologues in eukaryotes (Harfe and Jinks-
Robertson, 2000; Modrich, 1991; Modrich and Lahue, 1996). Among a handful
of models on this interaction, four are mostly supported by the authors of

different reviews and mainstream experimental literatures -

1. The first model postulates that the MSH complex forms a “sliding clamp”
upon addition of ATP and diffuses along DNA, permitting the
downstream reactions to take place (Figure 1.5) (Gradia et al., 2000). In
addition, (which has been suggested for bacterial MutS protein as well)
this diffusion is assisted by loading of a constant flux of new MSH
complexes on the freshly unoccupied mismatch. This gives a gradient of
MSH complexes heading in a unidirectional manner (Acharya et al,
2003). The MLH complex presumably comes into action by binding the

sliding clamps to take part in the signalling process.
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Figure 1.5. MutS complex (or dimer) forms a gradient along DNA substrate.
Upon binding a mismatch, in the presence of ATP, the MutS dimer translocates
along the DNA substrate. This translocation process generates a gradient of
MutS complex away from the mismatch. The MLH complex presumably comes
into action by binding the sliding clamps to take part in the signalling process.

2. The second model, which is also called the “active translocation model”,
states that the MutSa complex binds a mismatch and translocates along
the DNA in an ATP hydrolysis dependent manner (Figure 1.6) (Blackwell
et al, 1998). This model is analogous to the model postulated for
bacterial MutS, which suggests a looping out of DNA as it is spooled
through MutS and that other proteins interact with MutS for downstream
signalling and initiation of excision reaction (Allen et al.,, 1997). However,
it has also been argued that the translocation is probably ATP hydrolysis
independent while the hydrolysis happens at a later stage (Gradia et al,,

1997, 1999).
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Figure 1.6. The active translocation model. MutS binds a mismatch
and translocates along the DNA in an ATP hydrolysis dependent manner.
MutS interacts with other downstream proteins (MutL, MutH etc.) by
forming DNA loop as the DNA is spooled through MutS, which is still
bound with the mismatch.

. In a third model, MutS is proposed to bind the mismatch while other
downstream component(s) (especially MutL) polymerises along the DNA
contour up to the strand discrimination signal (Figure 1.7). In principle,
the polymerisation event can be either dependent or independent of ATP
hydrolysis. In support of this model, a study using atomic force
microscopy has found that the MLH1-PMS1 binds to duplex DNA in a
cooperative manner (Drotschmann et al., 2002). However, this model is

receiving little interest in recent literatures.
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Figure 1.7. Cooperative binding of MutL proteins along DNA
contour. MutS dimer (denoted by two blue half-circles) binds a
mismatch on the DNA. Upon binding to MutS, MutL (depicted in red) also
binds to the DNA contour in a cooperative manner in search of the strand
discrimination signal where it can interact with other downstream
proteins (not shown here) of the MMR pathway.

4. A different model for mismatch binding and subsequent signalling to
later reaction has been proposed, which is also known as the “static
transactivation model”. This model has been postulated mainly from
studies of bacterial MMR proteins. In this model, MutL stabilises the
MutS dimer at the mismatch and this static complex interacts in trans
with other downstream proteins at different sites to initiate the excision

and repair synthesis reactions (Selmane et al., 2003).

Early in vitro studies showed some pioneering findings about the formation of a
ternary complex (MutS-ATP-MutL bound to a mismatch containing DNA) and its
interaction with downstream proteins of MMR, while some results made the
whole scenario a bit puzzling. Contrary to the second model, the MutS-MutL
complex has been found to translocate along the DNA substrate in either way in
vivo, which spares the need of loop formation (Smith et al., 2001). In addition,

the human MMR proteins - MutSa and MutLa can form relatively stable ATP-
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dependent ternary complex on free-ended oligonucleotide substrates
(Blackwell et al., 2001; Plotz, 2002; Raschle et al., 2002). This finding supports
for a free translocating ternary complex along a mismatch containing DNA
contour. Moreover, surface plasmon resonance studies have showed that the
human and yeast MutSa-MutLa complex can slide along the DNA contour like
the MutSa sliding clamp (Blackwell et al.,, 2001; Mendillo et al., 2005). On the
contrary, the finding of a successful mismatch-provoked degradation of a nicked
strand that contains a physical obstacle between the mismatch and the incision-
initiation site argues in favour of the presence of a looped DNA during MMR
while the MutS-MutL complex remains on the mismatch (Wang and Hays, 2003,
2004). In addition, MutS dependent loop formation of DNA substrate in an in
vitro experiment favours the second model (Allen et al., 1997). However,
previous studies on the MutS-MutL-DNA ternary complex used gel shift assay
and only observed an efficient ternary complex in the presence of ATP and Mg?2+
(Blackwell et al., 2001; Bowers et al., 2000, 2001; Kijas et al., 2003; Raschle et
al,, 2002). Some of these studies did not verify the requirement of a mismatch in
the formation of the ternary complex (Bowers et al., 2000, 2001; Raschle et al,,

2002).

Plotz and collaborators found that the ternary complex formation is
independent of the mismatch, while another group found that a MutS protein
incapable of hydrolysing ATP cannot form the ternary complex (Kijas et al,
2003; Plotz, 2002). Similar results were found for MSH2-MSH6 and MLH1-PMS1
forming a ternary complex in the presence of ATP and Mg?* (Mendillo et al,,

2005). As this ternary complex was found to bind both homo- and hetero-
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duplex DNA with equal efficiency, it has been proposed that the binding was due

to end binding of a linear substrate (Blackwell et al.,, 2001). However, a real
time binding experiment did not find any end binding effect for the ternary
complex (Blackwell et al., 2001). When MLH1-PMS1 was incubated with MSH2-
MSHS6 in the presence of ATPYS, less ternary complex formation was observed
on the mismatched substrate (Gradia, 2000; Mendillo et al., 2005). The reduced
rate of association in the presence of ATPyS has led to the suggestion that the
hydrolysis of previously bound ATP to the free sliding clamp forms an ADP-
bound MutS homologue which in turn binds to the mismatch. In addition,
MLH1-PMS1 heterodimer does not bind to either homo- or hetero-duplex DNA
in the absence of MSH2-MSH6 complex (Mendillo et al., 2005). So, it has been
postulated that the ADP-bound MSH2-MSH6 binds the mismatch first and the
MLH1-PMS1 heterodimer comes later to form a ternary complex. A study with
MutS that has been preloaded onto the mispaired substrate has shown that the
ternary complex is formed with the addition of MutL and ATP (Selmane et al.,
2003). In addition, an ATPase dead MutS protein bound to a mispair allowed
MutL to interact with it after addition of ATP (Mendillo et al., 2005). Therefore,
ATP binding, not hydrolysis, by MutS is needed for the formation of ternary

complex with MutL.

Therefore MLH1-PMS1 can assemble onto MSH2-MSH6 at a mispair to form a

ternary complex under either of the conditions:

1. When MutS and MutL proteins are incubated together with the substrate

(a mismatch containing DNA) and ATP, or
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2. When MSH2-MSHS6 is preloaded onto the mispair in the presence of ADP

and MLH1-PMS1 is then added along with ATP or ATPyS.

1.4.5 Strand discrimination and start of incision-excision reaction: the role
of MutH

The next step of the MMR pathway is to distinguish the nascent strand that is
harbouring a mismatch and this task is accomplished by searching and
identifying a genomic signal along the DNA contour. This signal appears
different in prokaryotes and eukaryotes and, as a result, so is the signal
detection mechanism. Most of the information regarding this mechanism in
prokaryotes has come from the studies on the E. coli MMR system (Lahue et al,,
1987). The signal in the E. coli MMR is a hemimethylated GATC motif in the
chromosome in which the adenine is methylated at the N® position on one
strand (just after the replisome has passed, it is the parent strand) whereas the
other strand remains unmethylated (the nascent strand under same condition).
In E. coli, this hemimethylated GATC is recognised and incised on the nascent
strand by the cryptic endonuclease, MutH (Lee et al., 2005). The MutL protein is
believed to mediate the interaction between the mismatch-activated MutS and
the MutH endonuclease. Interestingly, MutH interacts with the carboxyl
terminus of MLH1 (the domain that houses the endonuclease in other MLHs),
which makes it possible that the overall geometry of the strand incision
complex is similar in all organisms (Au et al., 1992). In principle, the GATC site
should be within 2kb from the mismatch for being detected by the MMR system

in E. coli (Bruni et al., 1988; Lahue et al., 1987).
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The MutH endonuclease belongs to a protein family containing several
restriction enzymes carrying a conserved PD-D/E(X)K motif (Kinch et al., 2005).
The purified MutH protein has a molecular weight of 25000. MutH has an
extremely weak endonuclease activity (less than 1 scission/h/MutH monomer
equivalent) that can cleave the nascent DNA strand 5’ to the GATC. A
symmetrically methylated GATC is resistant to the endonuclease activity of
MutH. On the other hand, a hemimethylated GATC gets incised on the
unmethylated GATC strand and DNA with completely non-methylated d(GATC)
is incised on one of the DNA strands (Welsh et al., 1987). Though, MutH
endonuclease activity was found independent of a mismatch in vitro, it is not the

case in vivo (Au et al,, 1992; Welsh et al., 1987).

However, the total scenario in eukaryotes is different as there is no homologue
of MutH found to date. Therefore the way that the MMR system in eukaryotes
differentiates the nascent strand to perform the incision-excision reaction
repairing a mismatch remained a mystery. In 1986, Claverys and Lacks
hypothesised that MMR in most organisms is directed by strand discontinuities
(Claverys and Lacks, 1986). However, this hypothesis only supports mismatch
repair in the lagging strand. Evidence in support of this hypothesis came from
different in vitro studies on DNA heteroduplex containing a nick near the
mismatch (Holmes et al., 1990; Thomas et al., 1991). In addition, in vivo studies
in S. cerevisiae showed that the lagging strand was more efficiently repaired by
MMR possibly due to the availability of termini of each Okazaki fragment for the
excision repair factors (helicase and exonucleases) to load on to the DNA (Nick

McElhinny et al., 2010a; Pavlov et al.,, 2003). Still, all these evidences fail to
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explain postreplicative MMR on the leading strand as it is devoid of free DNA

terminus within the vicinity of a mismatch. However, reconstituting human
MMR system by administering MutSa, MutLa, EXO1 (a unidirectional, 3° = 5,
exonuclease), PCNA (Proliferative Cell Nuclear Antigen, a homologue of
prokaryotic 3 clamp), RFC (the clamp loader) and RPA (single-strand binding
protein) resulted in successful bidirectional excision reaction of mismatch
containing DNA strand (Dzantiev et al., 2004; Genschel et al., 2002). Close
analysis of this result revealed that the MutLa harbours a cryptic endonuclease
activity which gets activated while interacting with MutSa, a mismatch

containing heteroduplex DNA and PCNA (Kadyrov et al., 2006, 2007).

However, the evidence mentioned above does not explain the strand
discrimination capability which is a crucial factor in MMR. This puzzle might be
solved by an indirect hypothesis which requires spatial association of different
proteins with the DNA substrate. It was found that MutLa is activated when
associated with PCNA (Pluciennik et al.,, 2010). PCNA is loaded at the double-
and single-strand boundary facing the terminus and provides MutSa-MutLa-
DNA ternary complex with a fixed geometry while interacting with it on a DNA
substrate (McNally et al., 2010). In this fashion, the ternary complex will be able
to slide along the DNA contour without flipping round. As the endonuclease
activity is encoded in PMS2 of the MutLa, only one strand is thought to be
hydrolysed at the phosphodiester backbone, with correct orientation (Kadyrov

etal., 2006).

Page | 23



Chapter 1

Perhaps the most important finding regarding strand discrimination by
eukaryotes has come from two recent studies that the incorporation of different
ribonucleotides (as errors) during replication could act as a genomic marker
akin to the hemimethylated GATC motifs in E. coli (Ghodgaonkar et al., 2013;
Lujan et al, 2013). More than a million ribonucleotide monophosphates
(rNMPs) are found to be incorporated during replication of mouse
chromosomes and a similar scenario is reported for Saccharomyces cerevisiae
(Hiller et al,, 2012; Reijns et al, 2012). However, the incorporation of such
ribonucleotides differs from the leading strand to lagging strand while four
times more incorporation is observed in the leading strand (1 rNMP/1,250
dNMPs in leading strand versus 1/5,000 in lagging strand) (Nick McElhinny et
al., 2010a, 2010b). In addition, using strand-specific probes of DNA fragments
generated by alkaline hydrolysis, Lujan and collaborators have demonstrated
that ribonucleotides are preferentially incorporated into the nascent leading
strand in S. pombe (Lujan et al, 2012). In agreement with that, Lujan and
collaborators have shown that the leading strand polymerase (Pol-€) conserves
a leucine (Leu612) instead of methionine that renders it more prone to
incorporate ribonucleotides during replication (Lujan et al., 2013). These
ribonucleotides are present only transiently as they are efficiently repaired by
the ribonucleotide excision repair (RER) system which is initiated by the nick
created in the DNA backbone by the RNase H2 and then removed by the flap
endonuclease FEN1 and/or EXO1 (Eder and Walder, 1991; Eder et al.,, 1993;
Nick McElhinny et al., 2010a; Rydberg and Game, 2002; Sparks et al,, 2012).

Ghodgaonkar and collaborators have confirmed the participation of RNase H2 in
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DNA mismatch repair system in an in vitro experiment using human and mouse
(cell free) nuclear extract and a heteroduplex substrate containing a single
rCMP residue (Ghodgaonkar et al., 2013). They have also shown that knocking
down of RNase H2 lowers the efficiency of MMR on the nascent leading strand
(Ghodgaonkar et al., 2013). On the other hand, using an RNase H2 mutant and
an impaired leading strand polymerase (pol €) strain that incorporates 16-fold
more ribonucleotides into DNA during replication than in wild type cells, Lujan
and collaborators have found reduced in vivo MMR on nascent leading strand
(Lujan et al, 2013). They have proposed that the misincorporated
ribonucleotides on the leading strand might be the signals for strand
discrimination as RNase H2 might make a nick at the ribonucleotide (mimicking
the MutH in E. coli), thereby creating an entry point for EXO 1 to excise the
mismatch containing nascent strand or by DNA synthesis to displace the
mismatch containing nascent strand followed by cleavage of the 5° DNA flap
(Kadyrov et al, 2006; Lujan et al, 2013). However, Ghodgaonkar and
collaborators have proposed that the contribution of this pathway to the total
fidelity of the MMR could be small as the distance between a misincorporated
ribonucleotide and a mismatch has to be less than 1 kb (Ghodgaonkar et al.,

2013).
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1.4.6 Unwinding of nascent strand by UvrD helicase

Once the MMR system differentiates the nascent DNA strand from its parent
strand (and MutH creates a nick at a hemimethylated GATC motif in case of E.
coli), UvrD helicase is loaded on the DNA contour to unwind the mismatch
containing nascent DNA strand. The UvrD helicase, showing a modest
processivity, usually unwinds DNA duplex of 40-50 bp (Ali and Lohman, 1997;
Dessinges et al., 2004; Maluf, 2003). However, the processivity of UvrD as a
translocase is significantly higher: 2400+600 bp which is still longer than the
usual length of the DNA to be unwound in a MMR reaction: 1-2 kb (Fischer et al.,
2004). In an in vitro experiment, a circular DNA heteroduplex underwent UvrD
mediated helicase activity from a nick towards the mismatch in the presence of
MutS and MutL (Yamaguchi et al., 1998). For some reasons yet to be
understood, MutL modulates the UvrD mediated unwinding of DNA (Matson
and Robertson, 2006). The first indication that MutL acts to load UvrD onto DNA
came from DNA binding studies showing that the addition of MutL increases the
affinity of UvrD for DNA (Matson and Robertson, 2006). Electrophoretic gel
mobility shift experiments have revealed that UvrD, in the presence of AMP-
PNP, forms a weak complex with ssDNA that dissociates in the course of
electrophoresis and is difficult to detect. However, a supershifted MutL-UvrD-
ssDNA complex is formed that is more stable than the UvrD-ssDNA complex
indicating that MutL and UvrD formed a specific complex with a greater affinity
for ssDNA than UvrD alone (Mechanic et al., 2000). It has been proposed that

MutL loads UvrD onto the DNA in an iterative process but does not form a clamp
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on the DNA during the unwinding reaction as the processivity of UvrD as a

helicase is limited (Mechanic et al., 2000).

The increased activity of UvrD in the presence of MutL could be mediated by

either or both of the following possibilities:

1. MutL might increase the rate of UvrD association with the DNA.

2. MutL might decrease the rate of UvrD dissociation from ssDNA.

In support of the first possibility, an increased association of UvrD with a 20 bp
partially duplex DNA substrate was found in the presence of MutL (Matson and
Robertson, 2006). On the other hand, the second possibility would be true if the
MutL functioned as a clamp to increase the processivity of UvrD - which is not
the case according to the following experiments. Firstly, in the presence of MutL,
no increased unwinding of DNA by UvrD has been observed at a 148 bp blunt
duplex DNA substrate using a ssDNA trap (Matson and Robertson, 2006).
Secondly, in a single turn-over assays with a 92 bp partial duplex DNA, MutL is
not found to alter the processivity of UvrD compared to a 20 bp partial duplex
DNA (Matson and Robertson, 2006). Under identical conditions, a smaller
fraction of 92 bp partial duplex molecules have been unwound in comparison to
20 bp molecules (Matson and Robertson, 2006). If MutL were acting to increase
the processivity of UvrD, the same fraction of substrate should have been
unwound in each case. On the other hand, an increased loading of UvrD by MutL
has also been investigated using long DNA substrates to find out the in vivo

processivity of UvrD (Matson and Robertson, 2006).
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Several turn-over helicase reactions with a 750 bp blunt duplex DNA substrate
and an 851 bp partial duplex DNA substrate support the notion that MutL loads
UvrD onto DNA in an iterative process (Matson and Robertson, 2006).
Unwinding of the two long substrates was generally described by a burst phase
(unwinding of ssDNA by preloaded UvrD) followed by a steady-state phase (by
the newly recruited UvrD molecules). In the absence of MutL, no burst phase of
unwinding has been found using a 750 bp blunt duplex DNA substrate (Ali and
Lohman, 1997). However, based on the reported processivity for UvrD (40-50
bp), unwinding of a longer substrate and detection of the significant burst phase
requires multiple binding events by UvrD. A model has been proposed to
explain the MutL stimulated DNA unwinding of UvrD (Figure 1.8). Here, the first
step would be to load UvrD onto the DNA. This loading is enhanced as the
affinity of the UvrD-MutL complex for DNA is increased (due to the presence of
MutL). Once it is loaded, the UvrD begins to unwind the duplex and additional
UvrD molecules are loaded behind the leading UvrD. Therefore, a high
concentration of UvrD may increase the overall rate of UvrD-catalysed
unwinding. Eventually, the leading molecule of UvrD dissociates from the DNA
since UvrD translocates through duplex DNA with an average of ten steps (as
the reported processivity of UvrD is 40-50 bp) before dissociating (Ali and
Lohman, 1997). In case the of a UvrD alone (in an inefficient process), a partially
unwound duplex DNA can re-anneal when the leading molecule dissociates
from it and the whole process must start over (Figure 1.8A). On the other hand,
in the presence of MutL, multiple UvrD molecules are loaded onto the DNA

duplex and dissociation of a single UvrD molecule does not result in re-
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annealing of partially unwound DNA duplex. In that case additional UvrD
molecules translocate along the ssDNA template and continue unwinding the
duplex DNA (Figure 1.8B). This is consistent with the observation that UvrD is
considerably more processive as a translocase moving along ssDNA than as a

DNA helicase (Fischer et al.,, 2004).

[t was proposed that the unwinding reaction of UvrD might be fuelled by MutL
mediated ATP hydrolysis (Robertson et al., 2006). However, using a MutL point
mutant (MutL-E29A) that binds, but does not hydrolyse ATP, Robertson and
collaborators have demonstrated that MutL-catalysed ATP hydrolysis is not
required for MutL-dependent stimulation of the UvrD unwinding reaction
(Robertson et al., 2006). Importantly, it is the ATP-bound form of MutL that is
specifically responsible for stimulating UvrD as a second MutL point mutant
(MutL-D58A), which does not bind ATP, does not stimulate the unwinding

reaction catalysed by UvrD (Robertson et al., 2006).
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Figure 1.8. A model for the MutL assisted UvrD loading, translocation and
unwinding of ssDNA in MMR pathway. A) Loading of a single UvrD molecule
results in an inefficient process as the partially unwound duplex DNA can re-
anneal when the UvrD molecule dissociates from it. B) In the presence of MutL,
multiple UvrD molecules load onto the DNA duplex. Therefore, dissociation of a
single UvrD molecule does not result in re-annealing of a partially unwound
DNA duplex. Additional UvrD molecules translocate along the ssDNA template
and continue unwinding the duplex DNA.
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1.4.7 The excision reaction: the role of different exonucleases

The next step of the MMR pathway is to remove the error containing segment of
nascent strand and to ensure a second chance to synthesise the correct strand of
DNA. To date, at least four single-strand exonucleases, namely Exol, ExoVII, Rec]
and ExoX, have been identified to be involved in this excision reaction in E. coli
(Burdett et al., 2001; Kunkel and Erie, 2005). Unlike Rec], Exol and ExoVI],
which are processive exonucleases, ExoX is a distributive exonuclease that
hydrolyses only one or a few nucleotides before releasing its substrate
(Viswanathan et al., 2001). The in vitro MMR excision reaction is bi-directional
as a GATC site can be situated on the 5’ or 3’ side of the mismatch and this
arsenal of exonucleases can cleave either in 5’=3’ or 3’-5’ direction (Cooper et
al, 1993; Grilley et al.,, 1993). Both Rec] and ExoVII have 5'—=3’exonuclease
activity and both have previously been shown to be functionally redundant for
the repair of a 5’ heteroduplex where a hemi-methylated GATC motif resides on
the 5’ side of the mismatch (Chase and Richardson, 1974; Cooper et al., 1993;
Lovett and Kolodner, 1989). When either or both of Exol and ExoX are mutated,
no change in 3'-5’ hydrolytic activity has been found for repairing a 5° G-T
heteroduplex (Viswanathan et al., 2001). Exol deficiency reduces correction of a
3" heteroduplex (where a hemi-methylated GATC motif resides on the 3’ side of
the mismatch) by 50%, and deficiency of both Exol and ExoX reduces mismatch
repair by 63% (Viswanathan et al., 2001). This residual 3’ repair activity in
Exol-ExoX~ background is attributable to the 3'-5" activity of ExoVII as Exol-
ExoVII- ExoX- triple mutant background abolishes all repair activity on a 3’

heteroduplex (Chase and Richardson, 1974; Viswanathan et al.,, 2001). These
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findings indicate that either ExoVII or Rec] is sufficient to meet the exonuclease
requirement for repairing 5’ heteroduplexes in E. coli extracts, whereas a single
exonuclease among Exol, ExoX and ExoVII can contribute in a redundant fashion

to the repair of the 3" heteroduplexes.

rec/] and xseA (ExoVII large subunit) orthologues can be found in most of the
bacterial genomes sequenced to date, while other exonucleases in MMR are
restricted to few bacteria (Viswanathan et al., 2001). Thus a different collection
of exonucleases is likely to be functional for the MMR excision reaction in
different species (Viswanathan et al., 2001). The functional redundancy of
exonucleases in E. coli may be due to their specialised roles in other DNA
metabolic pathways. For instance, Rec] mediates recombination via the RecF
pathway and may process stalled replication forks (Courcelle and Hanawalt,
1999; Lovett and Clark, 1984). Rec] and Exol are involved in recombination via
the RecBCD pathway (Friedman-Ohana and Cohen, 1998; Miesel and Roth,
1996; Razavy et al,, 1996; Viswanathan and Lovett, 1998). Exol and ExoVII play
important roles in avoiding misalignment errors during replication, such as
frameshifts and quasi-palindrome templated mutations (Viswanathan and

Lovett, 1998; Viswanathan et al., 2000).

The components of the excision reaction in eukaryotes are not similar to those
of prokaryotes. In yeast, genetic studies have implicated at least four nucleases
in MMR - Exonuclease 1, Rad27, the intrinsic 3’ exonuclease activity of Pol§ and
Pole. The identification of the exact function of these MMR related yeast

nucleases must await further study because each of these four nucleases also
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contributes to genome stability by participating in other DNA metabolisms, such
as proofreading, flap removal during processing of Okazaki fragments, and cell
cycle checkpoint control (Datta et al., 2000; Tishkoff et al., 1997). It has been
observed that EXO1/-mouse cells have a lower mutation rate than that of MSH~/
cells, which is thought to be an indication of the existence of other nuclease(s)
participating in MMR excision reaction in mouse (Wei et al., 2003). However, in
a different in vitro study, extracts from EXO1 deficient mouse cells were found
defective in MMR activity on either 5’ or 3’ nick containing heteroduplexes (Wei
et al,, 2003). Surprisingly, purified human EXO1 has been found to initiate
excision at either a 5’ or a 3’ nick, though it has a 5’ — 3’ polarity in cleaving DNA
(Genschel et al.,, 2002). To explain this result, it has been proposed that the
EXO1 might have a cryptic 3’ exonuclease activity or it might take part in
assembling a repair complex (Amin et al., 2001; Genschel et al, 2002). In
support of the former possibility, the catalytic Asp173 of the EXO1 was
replaced with Ala and the resulting purified protein showed a defect in both 5’
and 3’ excision reactions (Dzantiev et al., 2004).

Extracts from different mutant backgrounds and purified proteins have
revealed the participation of other MMR proteins in the MMR excision reaction.
In a reconstituted reaction with purified proteins, MutSa activates and confers
high processivity to EXO1 in a 5" mismatch excision (Genschel and Modrich,
2003). Once the mismatch is excised, termination of the excision reaction is
conferred by suppressing EXO1 activity via MutSa and MutLa, and displaced by
RPA proteins (Genschel and Modrich, 2003). PCNA is found to be essential for

the 3’ but not for the 5’ excision reaction in studies using cell extracts. In a
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purified system, the 5’ excision reaction requires only MutSa, EXO1 and RPA,
while the 3’ excision reaction also requires MutLa, PCNA and RFC (Dzantiev et
al., 2004; Fang and Modrich, 1993; Genschel and Modrich, 2003; Genschel et al.,
2002; Guo et al.,, 2004). RFC not only loads PCNA onto DNA4, it is required to
suppress nonproductive 5’ excision away from the mismatch, an effect that
depends on the integrity of the ligase homology domain of the largest subunit of
the five-protein RFC complex (Dzantiev et al., 2004). This suppression may be
due to the ability of this ligase homology domain to bind to recessed 5’
phosphoryl termini. Because PCNA is loaded onto primer templates in an
orientation-dependent manner, the different protein requirements for 5’ and 3’
excision and the ability of PCNA to interact with MutSa, MutLa and EXO1 have
led to a model, wherein “an orientation-dependent encounter of PCNA at a
strand discontinuity by the mobile MutSa-MutLa complex results in differential
hydrolytic responses according to the 3’ or 5’ placement of the discontinuity”

(Dzantiev et al., 2004; Tsurimoto, 1999).

1.4.8 Repair synthesis of the excised single stranded DNA

Once the mismatch containing nascent DNA strand has been unwound by the
helicase II (UvrD) and excised by exonuclease(s), the single-strand DNA-binding
proteins (Ssb) rapidly bind the single stranded parent DNA to prevent nuclease
attack (Ramilo et al,, 2002). In prokaryotes, the repair synthesis of the correct
nascent strand is mediated by the DNA polymerase III holoenzyme (Lahue et al.,
1989). The involvement of other DNA polymerases, like DNA polymerase I, T7

DNA polymerase, T4 DNA polymerase and AMV reverse transcriptase has been
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ruled out in several experiments using purified systems (Lahue et al.,, 1989;
Modrich and Lahue, 1996). On the other hand, in eukaryotes, the repair
synthesis is catalysed by an aphidocolin-sensitive polymerase, likely DNA
polymerase § with the assistance of RFC (Replication Factor C, also known as
the clamp loader) and PCNA (homolog of  clamp) (Longley et al., 1997; Wood
and Shivji, 1997). Once repair synthesis is completed, DNA ligase seals the
remaining nick to restore the covalent continuity of the repaired nascent strand
(Burdett et al., 2001; Lahue et al., 1989).

1.5 The mismatch repair system in hereditary nonpolyposis
colorectal cancer

HNPCC (Hereditary nonpolyposis colorectal cancer), also known as Lynch
syndrome Il or Muir-Torre syndrome, is one of the most common cancer
predisposition diseases in human. In the USA, the total annual incidence of colon
cancer is about 150000, of which a small percentage (10-15%) of patients
developes colon cancer due to inherited mutations. In addition, 5-6% of the
total patients falls under a category of life time risk of having this cancer (Lynch
and de la Chapelle, 2003). Usually, HNPCC kindreds are defined as those in
which at least three relatives in two generations have colorectal cancer, with
one of the relatives having been diagnosed at younger than 50 years of age. A
striking feature of HNPCC is that it falls under the same cancer category of
having instabilities of simple repeated sequences - microsatellite instability
(Fishel et al., 1993; Leach et al., 1993; Parsons et al.,, 1993). In addition, studies
on MMR in E. coli and S. cerevisiae has led to the prediction that the phenotype

observed in HNPCC tumours might be caused by a mutation in any gene
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involved in the MMR pathway (Aaltonen et al., 1993; Ionov et al., 1993;

Peltomaki et al., 1993; Thibodeau et al., 1993). Genetic linkage analysis on two
large HNPCC kindreds mapped a microsatellite polymorphism marker on
chromosome 2p, which had a C—T transition in one copy of the MSHZ gene on
the same chromosome (Fishel et al., 1993; Leach et al., 1993; Peltomaki et al,,
1993). For one kindred, this transition changed a highly conserved amino acid
Pro to a Leu and in another, it caused a nonsense mutation (Leach et al., 1993).
A second HNPCC locus was mapped on chromosome 3p21, which was linked to
a mutation in the MLHI gene and found in several families with colorectal
cancer. Later, mutations in the PMS1 gene (on chromosome 2) and PMSZ2 (on
chromosome 7) were found in the germ line in a HNPCC patient (Bronner et al,,
1994; Lindblom et al., 1993; Nystrom-Lahti et al., 1994; Papadopoulos et al.,
1994). A germ line mutation in the MSH6 gene was identified in a Japanese
patient with an atypical clinical presentation of HNPCC with a later onset of the
disease (Akiyama et al., 1997; Berends et al., 2002; Miyaki et al., 1997; Wijnen et

al, 1999).

Later, mutations in MLH3 and EXO1 genes had been found to be associated with
HNPCC (Wu et al.,, 2001a, 2001b). Another interesting finding came with the
analysis of a colorectal cancer cell line, termed H6 (Parsons et al., 1993). These
H6 cells are defective in strand specificity during MMR repair of all eight
possible mismatches and in the repair of 2-, 3- and 4-nucleotide insertion-
deletion mismatches (Papadopoulos et al., 1994). It had been found that the H6
cells were devoid of a wild-type MLH1 allele (Papadopoulos et al., 1994). It is

remarkable that the HNPCC individuals are heterozygous for these mutations,
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which means that they have a mutated version of these genes along with a wild-
type copy. This heterozygosity prevails up to the point of preneoplastic tissue
converting into tumour tissue (Lynch et al., 1993). So, how this heterozygosity is

ultimately responsible for the cancer?

One reasonable model is that the cells of HNPCC carry out MMR with less
efficiency, which might lead to mutation(s) in some genes involved in cell
viability and cell growth - ie, mutation in genes causing uncontrolled cell
growth or genes with repeated sequences in the exon regions. Therefore, the
MMR might become more inefficient that gives rise to more mutations. A
mononucleotide tract in the TGFBRZ2 gene, which regulates the growth of the
colon epithelial cells, gets mutated in 90% of the HNPCC colon tumours and
plays a stage-specific role in multistep colon tumorigeneses (Grady et al., 1998;

Jacob and Praz, 2002; Lynch and de la Chapelle, 2003; Wang et al., 1999).

Another example of the association of gene-specific nucleotide repeat with
HNPCC is the sequence GCA-GAA-ATA-AAA-GAA in the coding region of the APC
gene, which gets mutated to GCA-GAA-AAA-AAA-GAA in most of the individuals
having familial adenomatous polyposis. This mutation does not affect the
normal function of the APC gene (tumor supression), but creates a template for
greater instability (Aoki and Taketo, 2007; Laken et al., 1997). On the other
hand, some of the MMR genes, like MSH2, MSH3 and MSH6 themselves have
repeat tracts in their coding regions that can be mutated in the cells with initial
inherited subtle defects in MMR (Duval et al,, 2001; Guerrette et al., 1998; Jacob

and Praz, 2002; Lynch and de la Chapelle, 2003; Ohmiya et al., 2001; Yin et al,,
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1997). Consequently, acquiring further mutation(s) in the copy of the gene that

was previously wild-type results in MMR double-mutant cells could render a

dramatic effect in the tumour progression and genomic stability.

1.6 The mismatch repair system in other DNA metabolic
pathways

1.6.1 The mismatch repair system in somatic hypermutation and class
switch recombination

The common notion of MMR proteins is that they are the repair proteins
involved in repairing replication errors. Contrary to this idea, MMR proteins
increase diversity to the antibody repertoires by actively promoting mutations.
As a means of protection from infections and foreign substances, vertebrates
have evolved adaptive humoral immunity, which provides antibodies that
circulate throughout the body and into secretions. These antibodies bind
strongly and specifically to the invading foreign bodies to dispose of them in
different ways (Maizels, 2005). The genomes of vertebrates lack sufficient
capacity to accommodate all of the necessary immunoglobulin (Ig) gene
variants. Amazingly, a small amount of genetic material can generate a highly
diverse antibody repertoire that is sufficient to deal with all possible antigens
(Diaz and Flajnik, 1998). Human pre- and pro-B cells in the bone marrow
constantly produce a highly diverse repertoire of antigen-binding sites by
forming heavy (H) and light (L) chain in the immunoglobulins (Ig) through
rearrangements of germ line Ig variable (V), diversity (D) and joining (J)
elements even prior to antigen (Ag) exposure (Li et al., 2004a; Longerich et al,,

2006; Maizels, 2005; Di Noia and Neuberger, 2007). Upon exposure to an Ag, the
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mature B cells become stimulated to proliferate, differentiate and migrate to the
dark zone of the germinal centres (GC) in the secondary lymphoid organs where
they become centroblasts and express a large amount of activation-induced
cytidine deaminase (AID) (Kelsoe, 1996; MacLennan, 2005). AID initiates
somatic hypermutation (SHM) of the antibody V regions that encode the specific
antigen-binding sites (Muramatsu et al, 1999, 2000) and class switch
recombination (CSR) - unique type of intrachromosomal deletion
recombination within a special G-rich tandem repeated DNA sequence (the S
region) (Stavnezer et al., 2008). These mutations and recombinations result in
the amino acid replacements in the H and L chains that are responsible for the
affinity maturation and fine tuning of antibody specificity. In addition to that,
switching the Ig isotype IgM to IgG, IgE or IgA are also aided by this process
(Casali et al.,, 2006; Li et al., 2004a; Longerich et al., 2006; Maizels, 2005; Di Noia
and Neuberger, 2007; Teng and Papavasiliou, 2007). MMR proteins play an
essential role in these processes. The AID protein, a homologue of an RNA
editing enzyme, deaminates dCs to dUs sequentially in the ssDNA in the
transcription bubble of the V and S regions of Ig genes (Bransteitter et al., 2003;
Chaudhuri et al., 2003; Muramatsu et al., 2000; Pham et al., 2003; Storb, 1998).
However, this deamination accounts for more than half of the mutations that are

necessary for creating the variety of antibodies (Peled et al., 2008).

MSH2 and MSH6 defective cells demonstrated the involvement of these two
proteins in generating mutations during SHM and CSR. Both MSH2 and MSH6
mutant mice showed about 5-fold lower level of mutations in V region during

SHM and a decreased frequency of CSR than wild type mice (Li et al., 2004b;
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Rada et al., 1998; Wiesendanger et al., 2000). On the other hand, MSH3 does not

show any role in either SHM or CSR, which indicates that only MutSa takes part
in those processes (Li et al., 2004b; Wiesendanger et al.,, 2000). In addition,
MLH1, PMS2 and MLH3 (but not PMS1) are involved in SHM and CSR (Schrader
et al, 2005; Wu et al, 2006). It is suggested that mutations during SHM
accumulate in two steps (Figure 1.9). In the first step, a G:C base pair is mutated
into a G:U by AID. In the second step, MutSa recognises the mismatch and
interacts with MLH1 and PMS2 (Li et al., 2004a). The DNA harbouring the G:U
mismatch is cleaved by an unknown endonuclease, then digested by EXO1 and
repair synthesis is accomplished by error-prone polymerases (including
translesional polymerase Poln) (Figure1l.9) (Bardwell et al., 2004; Delbos et al,,
2005; Martomo et al., 2005; Masuda et al., 2005; Pavlov et al., 2002; Rogozin et
al, 2001; Zan et al.,, 2005; Zeng et al., 2001). This process introduces mutations
with A/T bias which accounts for more than half of the total mutations in the V

and ] regions in vivo (Rada et al.,, 1998).
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Figure 1.9. Involvement of MMR during somatic hypermutation. AID
deaminates a cytidine residue and creates a uridine:guanosine (U:G) mismatch
that is recognised by the Mismatch repair system . The U-bearing strand is
excised and, at loci that undergo SHM, monoubiquitylated PCNA (proliferating
cell nuclear antigen) recruits error-prone polymerases to fill the gap, leading to
transition and transversion mutations (denoted by the red stars ). These
mutations account for about 60% of the total mismatches during somatic
hypermutation.

On the other hand, the exact role of MMR proteins in CSR is yet to be elaborated,
even though their involvement in this process has long been found. It has been
suggested that MutSa, MLH1 and PMS2 proteins are involved in DNA strand
break after G:U mismatches or at least have a role in the processing of the

breaks (Li et al., 2004b; Schrader et al., 2002).
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1.6.2 Mismatch repair proteins in cell-cycle arrest and apoptosis

MMR proteins also take part in cell-cycle arrest and apoptosis. This involvement
is evident in cells resistant against different chemotherapeutic agents which
have already lost the MMR capability. It been found that bacterial and
mammalian cells devoid of MMR reaction due to mutations in MMR proteins are
about 100-fold resistant to alkylating agents, 10-fold tolerant of 6-thioguanine
and also to methylating agents, cisplatin and UV radiation (Branch et al., 1993;
Fink et al.,, 1996; Swann et al., 1996; Waters and Swann, 1997). Explaining these
findings, two models have been proposed (Wang and Edelmann, 2006). The first
model takes the general notion of MMR proteins as repair proteins where cells,
with the MMR system, are engaged in futile cycles of repair removing
mismatches repeatedly. In any case, two mismatches that occur in close
proximity might initiate a double strand break as two MMR excision reactions
coincide and as a result the cell to initiate apoptosis. Loss of MMR capability
prevents this futile cycle at a cost of increased mutations in the presence of
anticancer drugs and thus the cell stays alive. In the second model, which is
called the “damage sensor” model, MutS and MutL homologues are proposed to
initiate a cell-cycle delay and apoptosis, which are independent of their common
ability as MMR proteins. Supporting this model, it has been found that to restore
G2 arrest in the MLH1 deficient cell, almost 100% more expression of MLH1
protein from an inducible system relative to the wild type level is required. On
the other hand, only 10% expression of MLH1 is sufficient for restoration of
MMR reactions. Thus, it has been suggested that these two responses are

independent (Cejka et al., 2003). In addition, MutS missense mutants were later
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identified retaining normal apoptotic capability to DNA damaging agents (Lin et

al., 2004; Yang et al., 2004). According to any of these models, MMR protein(s)
recruit(s) ATR (a kinase) to the damaged site and activates ATR. ATR has been
found to interact with the human MutL homologue (Cannavo et al, 2007).
Activation of ATR in turn phosphorylates Chk1l to activate cell-cycle check
points and this downstream signalling eventually leads to cell apoptosis

(Yoshioka et al., 2006).

1.6.3 Trinucleotide repeat instability and MMR

Repeat instability is a unique kind of mutation system which does not follow
Mendelian genetics and has been found responsible for more than 40
neurological, neurodegenerative and neuromuscular diseases (Pearson et al,,
2005). Unlike static mutations, this particular type of mutation is dynamic - that
is, this mutation arises from continuous integrational expansion of shorter TNRs
and it continues to mutate and pass through generations (Pearson et al., 2005).
Multiple processes (individually or combined) are assumed to be involved for
repeat instability that also shows complex patterns between and within tissues
that vary with developmental, epigenetic, proliferative and possibly
environmental cues (Pearson et al, 2005). Among different disease linked
repeats, expandable trinucleotide repeats (TNRs) such as (CGG)n-(CCG)n ,
(CAG)n*(CTG)n , (GAA)w(TTC)n, (GCN)n*(NGC)n are the most common. Other
repeats responsible for disease are tetranucleotides (in dystrophia myotonica

type 2), pentanucleotides (in spinocerebellar ataxia type 10), minisatellites (in
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epilepsy, progressive myoclonic 1), megasatellites (in facioscapulohumeral

muscular dystrophy 1A), etc (Pearson et al.,, 2005).

Studies on MMR mutant mouse models manifesting symptoms of Huntington’s
disease and myotonic dystrophy showed stable repeat length (van den Broek et
al, 2002; Kovtun and McMurray, 2001; Manley et al., 1999; Savouret et al,,
2003). Manley and collaborators have found that the expansion of (CAG)n
repeats is reduced in all msh2~/- mouse tissues compared to msh2+* tissues
(Manley et al., 1999). In addition, Kovtun and collaborators have found that the
absence of Msh2 protein in the progeny completely abolishes germline
expansion and age-dependent somatic expansion (Kovtun and McMurray,
2001). Usually, MMR system recognises and repairs single mismatch repair,
thus stabilises TNR array. However, in this case, it recognises lots of mismatches
in different unusual structures formed by repeat tracts. A dimer of MutS
proteins (in prokaryotes) or the MSH2-MSH3 complex (in eukaryotes) binds
these mismatches and sequesters, as well as stabilises, the slipped-stranded
structures without repairing them (Kovtun and McMurray, 2001). As MMR
operates on nascent strands, expansion of repeat tracts is favoured due to
sequestration and stabilisation of hairpin structures formed on the nascent
strands. However, in prokaryotes, the reported natural propensity of such
repeat tracts is contraction which is orientation dependent relative to the origin

of replication (Jackson et al., 2014; Kang et al., 1995).
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1.7 Studying DNA mismatch repair in Escherichia coli

1.7.1 Tri-nucleotide repeat (TNR) array as a source of substrate for the
DNA mismatch repair (MMR) system

Mismatches arise mainly from errors during the DNA replication and can occur
at any random locus in the genome. However, it is imperative that a mismatch
occurs at a defined locus to be studied. In addition, the system should provide
quantitative values regarding the efficiency of the MMR system so that certain
molecular aspects of this system can be analysed. These perquisites have been
attained in this study by using a 294 bp (98 unit) long CTGeCAG repeat array. It
has been shown that the length of TNR array varies more frequently at a single
unit level in MMR deficient cells than in MMR proficient wild type cells
(Blackwood et al., 2010). When the replication machinery replicates a repeated
array like a micro-satellite, it increases the chance either to add an extra unit of
the repeat (Figure 1.10B) or to miss a repeat unit in the nascent strand (Figure
1.10C) (Blackwood et al., 2010). This phenomenon leads to having a change in

the repeat length by single unit - either minus or plus respectively.

It has already been described that the MMR system not only recognises a single
nucleotide mismatch in the genome, but also detects IDLs (3-4 base partnerless
extrahelical nucleotides) with great efficiency (Jiricny et al., 1988b). Therefore, a
TNR array can be used as a molecular tool to generate frequent substrates for
the MMR system at a defined locus. In this study, the CTGeCAG repeated array
used by Blackwood and collaborators has been utilised where the CTG repeats
are on the leading strand (Blackwood et al., 2010). This trinucleotide repeat

array is inserted in the lacZ gene in the E. coli genome. In addition, the variation
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of length of the repeat array at the level of a single unit has been defined simply
as “instability” which has become a quantitative phenotype to detect the

directionality and the efficiency of the DNA mismatch repair system.
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Figure 1.10. A model representing microsatellite instability at the level of
a single repeat unit. This phenomenon is exemplified by using a CTGeCAG
repeat array where CTG repeats are on the parent strand (green in colour) and
CAG repeats are on the nascent strand (blue in colour) (A). During replication,
occasionally, the replication machinery in an organism (either prokaryotic or
eukaryotic) increases its tendency either to miss a single unit of the repeat
which results in an extra-helical loop in the parent strand, therefore the nascent
strand becomes shortened by a single unit of repeat (B). On the other hand,
occasionally the replication machinery adds a single unit of repeat which results
in an extra-helical loop with an extra unit of repeated sequence in the nascent
strand (C).
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1.7.2 A 275 bp tandem repeat as a tool to detect the excision reaction
events during MMR

A sequential endeavour of MutS, MutL and MutH ranges from detection of a
mismatch, distinguishing the error-containing DNA strand to making an incision
at a hemi-methylated GATC on that strand (Jiricny, 2006). Then, an orchestrated
activity of the DNA helicase II (UvrD) and the single strand dependent
exonuclease(s) (one or more of Exol, ExoVII, Rec] and ExoX) constitutes the
excision reaction commencing from that incision and migrates towards the
mismatch which is to be repaired. Grilley and collaborators have found in an in
vitro experiment that the excision reaction terminates at different discrete sites
within a 100 nucleotides region beyond a mismatch (Grilley et al, 1993).
However, Blackwood and collaborators have shown that an effect of the DNA
mismatch repair system can be detected at a distance of 6.3kb in E. coli
suggesting the existence of longer excision tracts beyond the mismatch in vivo
(Blackwood et al., 2010). Using a CTGeCAG trinucleotide repeat array, they have
shown that the recombination of a 275 bp tandem repeat, which is placed on the
origin proximal side of the TNR array, depends on the DNA mismatch repair
system and the rate of recombination is a function of the distance between the
TNR array and the tandem repeat (Figure 1.11). When the tandem repeat (also
known as the Zeocin tandem repeat) is placed at a distance of 6.3kb from the
TNR array on the origin proximal side, the rate of recombination becomes 2 fold
higher than the wild type background which does not harbour the TNR array
(Blackwood et al.,, 2010). However, the rate of recombination of the Zeocin

tandem repeat increases 6 fold over the wild type background when the tandem
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repeat is placed at a distance of only 0.5kb from the TNR array on the origin

proximal side (Figure 1.11).
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Figure 1.11. CTG+CAG TNR array stimulates the recombination ata 275 bp
tandem repeat (Zeo) inserted on the origin proximal side of the TNR array.
The recombination is dependent on functional DNA mismatch repair system as
the mutant backgrounds show very low levels of recombination and so do the
backgrounds without the TNR array (A). Moreover, the rate of recombination is
a function of distance between the TNR array and the 275 bp tandem repeat.
The rate of recombination at the 275 bp tandem repeat increases two fold
compared to the wild type when the tandem repeat is inserted at 6.3kb away in
the cynX gene on the origin proximal side of the TNR array (A & B). Surprisingly,
the rate of recombination increases 12 fold compared to the wild type when the
tandem repeat is inserted at only 500 bp away in the lacZ gene on the same side
of the TNR array (A & B). Figure (A) collected from (Blackwood et al., 2010). In
Figure (B), E. coli chromosome is shown in blue horizontal line, the TNR array is
shown in green rectangle and the Zeocin tandem array is shown two tandem
red boxes along with the distance from the TNR array.
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In this study, the Zeocin tandem repeat, which is inserted on the origin proximal
side of the TNR array, has been used to detect an excision reaction event in the
course of DNA mismatch repair. The tandem repeat is composed of two
defective ORFs of 275 bps (Figure 1.12). The first ORF has an intact initiation
codon, but lacks the sequence for the C-terminus of the coded protein. On the
other hand, the second ORF has an intact sequence except for the initiation
codon. Upon recombination, which is mediated by replication slippage, the
tandem repeat becomes a functional single ORF which codes for a protein that
confers resistance against the antibiotic Zeocin (Blackwood et al., 2010;

Eykelenboom et al., 2008).
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Figure 1.12. Structure of the 275 bp tandem repeat. The first part of the
repeat contains an initiation codon but a deletion in the C-terminus of the
protein it codes. The second contains an intact ORF except for the initiation
codon. These two parts are separated by stop codons (3x Stop) at every frame
to stop any translation starting from the initiation codon. Upon recombination
between the incomplete repeats, a complete protein coding sequence emerges
which codes for a protein that confers resistance against the antibiotic Zeocin.
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1.7.3 Using native two-dimensional agarose gel electrophoresis to
investigate any MMR dependent interruption of the progression of DNA
replication

Nonlinear duplex DNA migrates anomalously in an agarose gel compared to the
migration of linear molecule with equal molecular mass and this migration can
be exaggerated by increasing either voltage or agarose concentration (Bell and
Byers, 1983; Oppenheim, 1981). Therefore, two-dimensional (2D) gel
electrophoresis has been shown to differentiate various non-linear DNA
molecules from their counterpart linear duplex DNA of equal mass. In 1981,
Ariella Oppenheim first introduced this technique to separate closed circular
DNA plasmid from its linear DNA and nicked circular counterpart (Oppenheim,
1981). Then, this technique was modified and coupled with Southern blotting to
analyse different replication and recombination intermediates (Bell and Byers,
1983). In 1987, Brewer and Fangman proved that the autonomous replication
sequence (ARS) in yeast is an origin of replication upon isolating replication
bubble structure by restriction digestion, followed by native 2D gel
electrophoresis using a recombinant plasmid containing yeast ARS1 (Brewer
and Fangman, 1987). Recombinant plasmid based 2D gel electrophoresis
experiments became popular in the early period. In 1991, Martinez and
collaborators were able to see a unidirectional replication by 2D gel
electrophoresis using a bacterial plasmid based system (Martin-Parras et al,,
1991). Later, other implementations of 2D gel electrophoresis became familiar
to different groups of scientists. Krasilnikova and Mirkin used this technique to
identify a pausing of the replication fork due to the difficulties of replicating a

repeated array using both recombinant bacterial and yeast based plasmids
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(Krasilnikova and Mirkin, 2004). In addition, this method was widely used to

map replication fork barriers, replication termini and has been reviewed several
times (Brewer and Fangman, 1988; Dijkwel and Hamlin, 1997; Friedman and
Brewer, 1995; Pohlhaus and Kreuzer, 2006; Wellauer et al., 1976). In time, the
2D gel electrophoresis method became the means of direct study on the
chromosomal DNA for studying DNA replication and recombination. Barre and
collaborators used this technique to show that the resolution of E. coli
chromosome dimers is coupled to cell division (Barre et al.,, 2000). 2D agarose
gel electrophoresis has even been used to analyse the physical interaction of
homologous chromosome in the process of generating heteroduplex DNA and to

analyse telomeric DNA (Allers and Lichten, 2001; Makovets, 2009).

In the first dimension of 2D agarose gel electrophoresis, DNA fragments are
separated based on molecular weight at a low voltage and 4°C to maintain a
native condition. On the other hand, in the second dimension, high voltage and a
DNA intercalating agent - ethidium bromide (0.3 pg/1) are applied to maximise
the separation of the DNA fragments based on molecular shape of different DNA
species. The particular pattern of DNA migration during the second dimension
leads to unequivocal evidence of an origin of replication. 2D gel electrophoresis
was basically developed to capture the replication intermediates by proper
selection of restriction sites and visualise them after gel electrophoresis
followed by Southern blotting and hybridisation with radio-labelled probes. For
example, a duplex DNA with molecular mass “n” is under the process of

replication and separated out from the rest of the DNA in the chromosome of an

organism. As the replication fork is in the process of passing the duplex DNA of
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interest, there are different replication intermediates (RIs) ranging from
unreplicated DNA with the molecular mass of “n” to fully replicated DNA with
the molecular mass of “2n”. As noted before, the first dimension of the 2D gel
electrophoresis will separate the RIs according to their molecular mass from
slightly more than “n” to slightly less than “2n”. On the other hand, the DNA
molecules will migrate along the agarose gel based on their molecular 3D shape
where the half replicated Rls, having three branches of equal length (a “Y-
shaped” DNA with three equal arms), deviates most extensively in its 3D shape
from the simple linear DNA molecule and will migrate most slowly. As
replication of the DNA fragment closes to completion, the unreplicated branch
becomes progressively shorter in comparison to the two replicated branches
and contributes less to the 3D shape. Thus the branched Rls would produce a
continuous arc that begins at the position of linear molecules with the molecular
mass “n”, has an inflection point for the molecules that are half-replicated, and
ends at the position of linear molecules with the molecular mass “2n” on two-
dimensional agarose gels, as shown in Figure 1.13A. This arc, formed due to the
migration of “Y-shaped” molecules, is called the “Y-arc”, and is indicative that

the DNA molecule is in the process of being replicated.

The DNA fragment containing an origin of replication at the centre will form a
bubble (or eye form) and the replication fork will migrate along the DNA on
both directions. In the first dimension the DNA molecules would separate
between the molecular mass “n” and “2n” as expected. However, their

properties would differ from that of those of simple Y-shaped DNAs and thus

would not form the typical Y-arc. As the replication progresses and the
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molecular mass increases, the unreplicated linear arms decrease and the circle
increases in diameter. So the relationship between the extent of replication and
the 3D shape of the bubble structures becomes complex as the replication
progresses. As a result, a characteristic shape is obtained after the completion of
2D gel electrophoresis for the migration of the bubble structure. Unfortunately,
it is difficult to distinguish an intermediate created due to this type of fragment
(indicated by the bubble-arc) from that created by a Y-shaped intermediate
(Figure 1.13C), if the origin of replication stays at the centre of the fragment.
This problem can be avoided by choosing the right combination of restriction
sites so that the origin of replication falls asymmetrically in the DNA fragment.
The replication fork closest to the end of the fragment will become Y-shaped
from the initial bubble created at the origin. Further replication of the fragment
led by one remaining fork would generate a series of large Y-shaped RIs,
yielding a two-dimensional gel pattern with a discontinuity. This is called the

“bubble-to-Y-transition” and is highly indicative of an origin of replication.

On the other hand, double Y-shaped DNA structures created by the approach of
the two replication meeting at the DNA fragment will create an “X” shaped DNA.
Thus the RIs generated from the beginning of the invading Y-shaped DNA
structures to just before the merging of those replication fork (X-shape) will
create RIs with molecular mass just above “n” to just below “2n” and will
migrate in the first dimension as expected. However, it would not create a Y-arc
upon completion of second dimensional gel electrophoresis because of its
different topology in 3D structure than the simple Y-shaped DNA. In the case of

double Y-shaped DNAs, all the four branches increase in length in direct
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proportion to the extent of replication while moving to each other. Ultimately,
after the completion of migration on both dimensions in the 2D gel
electrophoresis, DNA molecules with two replication forks moving towards each

other generate the characteristic structure shown (Figure 1.13).

Therefore, getting a discontinuous pattern (rather than a “Y-arc”) is more

informative in at least two ways -

Firstly, only the replication bubble and “X” structures can form such pattern.

Moreover, those patterns can be distinguished from each other.

Secondly, the molecular mass of the RIs at the discontinuity reflects the
position of the corresponding replication fork at the moment the other fork
passed the restriction site. Estimating the distance between the point and the

restriction site helps to map the origin of replication in the fragment.
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Figure 1.13. Overview of the 2-D agarose gel electrophoresis migration
patterns. The large spots designated “n” indicate the positions of the abundant
linear species of the restriction fragments. “2n” indicates the location of this
linear species just prior to completion of replication. Accumulation of a
particular structure, such as a blocked replication fork at a specific location
along a restriction fragment, generates a spot along the relevant migration line.
(A) Overview of the most common migration patterns observed. The arc of
linear DNA is represented by the thin black line, which runs through n and 2n.
(B) Breakdown of the different molecular shapes placed above the migration
pattern they generate for replication forks, replication bubbles and replication

termination. Figure modified from (Friedman and Brewer, 1995).
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1.7.4 An in silico approach to generate artificial sequences and compare
the distribution of GATC motifs with that of the E. coli genome

To test whether MMR caused any selection pressure on the genomic
distribution of the GATC motifs in E. coli, two statistical methods have been
applied to determine over- or under- representation of GATC motifs in E. coli.
1.7.4.1 The Rho(p) statistic for determining over- or under-representation
of a motif

There are several ways to calculate whether a motif of particular sequence
length is over- or under-represented than it is expected by chance. One way is to
calculate the Rho(p) statistic. The Rho(p) statistic has been described by Karlin
and Cardon to compute the over- or under-representation of any particular
dinucleotide among the 16 possible combinations of dinucleotides (Karlin and

Cardon, 1994). For a 2-nucleotide motif, the Rho(p) statistic is calculated as:

_ fxy
Pxy = rexry

Where, fiy = frequency of dinucleotide “xy”,

“w_n

fx = frequency of nucleotide “x” and

“«__n

fy = frequency of nucleotide “y”.

The idea behind the p statistic is that - if a DNA sequence has the frequency fx

“u_n “__»

and f, of two different nucleotides “x” and “y” respectively, the expected
frequency of the dinucleotide “xy” will be the product of their individual

frequencies, that is (fxXfy). On the other hand, if the real frequency of the

dinucleotide “xy” is found to be fy, it is expected to be equal to the product of
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the individual frequencies of the nucleotides that compose it. If it were true, the
p statistic would be equal to 1. Therefore, p will be greater than 1 if the
dinucleotide is more common in the sequence than expected or it is said to be
“over-represented”. On the other hand, p will be less than 1 if the dinucleotide is
less common in the sequence than expected or it is said to be “under-

represented”.

This Rho(p) statistic can be adopted for a motif of any length in a DNA sequence.

Therefore,

fGATC
FGXFAXFTXFC

PGATC =
where, fearc = frequency of tetra-nucleotide “GATC”,
fc = frequency of nucleotide “G”,
fa = frequency of nucleotide “A”,

fr=frequency of nucleotide “T” and

fc = frequency of nucleotide “C”.
1.7.4.2 A Markovian model gives a weighted value with the over- or under-
representativeness of a motif
The Rho(p) statistic basically describes the property of over- or under-
representation of a DNA motif in the genome rather than providing a weighted
value to it. To get a better understanding of the over-representativeness of the
GATC motif, a probabilistic model (Markovian model) has been applied using

the statistical program called R'MES. A Markov chain model of order m fits the
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observed counts of all oligonucleotides of length 1 up to (m+1) of the observed

sequence.
Let’s consider the following notations:

n is the genome length,

A is the four letter DNA alphabet,

X=X1X20 or s Xn is arandom sequence of letters from A (model Mm),

w is a word of length ¢ of A,

N denotes the count,

Yi(w) is 1 if w occurs at position i in X, and 0 otherwise.

The number of occurrences of w in X can be written like

n—4+1_ .

Nw)= ) Yi(w)
And its expectation is EN(w) = (n - £ + 1)P(w at i). The probability P(w ati)can

be easily expressed with respect to the transition probabilities.

In Markovian approximation, a motif of size £ can be only analysed in M0 up to
M(? - 2) because higher models would fit the motif count itself (the motif will
then be expected by definition). So the expected number of the GATC motifs can
be calculated up to second order. Both Gaussian approximation and compound
Poisson approximation method have been applied to calculate the expected
occurrence of GATC motif. The Gaussian approximation is not good for the

count of expectedly rare words, while compound Poisson approximation gives
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an accurate p-value. However, the Gaussian distribution is well adapted when
the estimated expected counts are far from 100 (which is the case for GATC
motif in E. coli). On the other hand, the Poisson approximation is satisfactory for
the count of a non-overlapping word, not for overlapping words. R'MES
converts the p-values into scores of exceptionality. Here, exceptionally frequent
motifs will have high positive scores, whereas exceptionally rare motifs will

have high negative scores.

1.7.4.3 An in silico approach to generate different artificial sequences

To determine whether the distribution of GATC motifs in E. coli is purely
expected by chance or shaped by any selection pressure imposed by MMR, it is
essential to generate different artificial sequences. There are several
mathematical processes to generate an artificial sequence. The simplest
approach would be using “Multinomial sequence model” which assumes that in
the process of evolution the DNA sequence is produced by a random process
that randomly selects one of the four nucleotides at each position in the
sequence. According to this model, the probability of choosing any one of the
four nucleotides depends on a predetermined probability distribution. Thus, a
multinomial model has only four parameters: the predetermined probability of
the four nucleotides pa, pc, pe, and pr respectively where pa + pc + pc + pr = 1.
However, the main drawback of this process is that it is not an accurate image of
how sequences evolved. The model assumes that each part of the sequence has
the same frequency of each nucleotide, that is pa = pc = pc = pr. For example, the

first 100 bases have the same composition of each nucleotide although the total
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composition of the four nucleotides follows the predetermined probabilities.
Thus, this assumption may not be true for a particular sequence if there are
considerable differences in the nucleotide frequencies in the same part of the
sequence. Another crucial setback of this model is that the probability of a
nucleotide at a position depends only on the predetermined probability of that
nucleotide, not on the nucleotides around it in the sequence. For many
sequences this particular drawback may not have any impact. However, for a
biologically meaningful sequence it is crucial that a nucleotide at a given
position should depend on the adjacent nucleotide composition and often has an
evolutionary pressure for that particular nucleotide due to the adjacent

compositions.

On the other hand, a more accurate representation of the evolution of a
sequence is the “Markov sequence model”. This model assumes that the
sequence is produced by a process that chooses any of the four nucleotides in
the sequence and the probability of choosing any nucleotide at a particular
position depends on the nucleotide chosen for the previous position. Details on

this model will be discussed in Chapter 2 and 6.

1.8 Work in this thesis

Work presented in this thesis aimed to investigate the in vivo directionality of
the DNA mismatch repair system in Escherichia coli. Most of the previous
studies regarding MMR were based on in vitro experimentation using linear or
plasmid based heteroduplex DNA in defined systems (Blackwell et al.,, 1998;

Dzantiev et al, 2004; Thomas et al, 1991). Being stochastic in nature, a
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mismatch can occur at any locus in the chromosome. Therefore, a defined
system that generates substrates for the MMR system at a defined locus is
crucial. An incredible system of a trinucleotide repeat (TNR) array has been
used in this study as such a system that addresses different aspects of MMR in

an in vivo system (in E. coli) and redefines the MMR pathway.

In Chapter 3, the in vivo directionality of so far thought bidirectional MMR
system in E. coli has been determined by calculating the frequency of instability
of a CTGeCAG repeat array as a result of sequential modification of GATC motifs
around the repeat array. The frequency of instability has been analysed by
determining the length variation of the repeat array using ABI 3730 Genetic

Analyser followed by GeneMapper® microsatellite analysis.

A 275 bp tandem repeat has been found to recombine due to ssDNA generated
during the excision repair reaction of MMR and the frequency of recombination
is a function of the distance from the TNR array (Blackwood et al., 2010).
Chapter 4 discusses the short and long distance excision reaction during MMR

using this tandem repeat system.

The MMR machinery has been proposed to be functionally coupled with the
replication machinery (Lopez de Saro et al.,, 2006; Warbrick, 2000, 2006). In
Chapter 5, the hypothesis that “A functional MMR impedes the progression of
the DNA replication machinery” has been tested using native two-dimensional
agarose gel electrophoresis of a genomic DNA fragment of E. coli containing the
TNR array upon restriction digestion with a view to accumulate DNA replication

intermediates.
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In Chapter 6, I have used an in silico approach to test whether MMR imposes any
selection pressure on the distribution of the GATC motifs in E. coli genome as
the methylation state of this motif is the genomic signature for the MMR system

to select which DNA strand to repair and thereby, to maintain genomic integrity.
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Materials and methods



2.1 Materials

2.1.1 Buffers and stock solutions

Chapter 2

All buffers and solutions were stored at room temperature. Chemicals were

dissolved in double distilled (ddH20), sterile water (Milli-Q®), unless stated

otherwise.

5 X Tris-borate (TBE)

0.89 M Tris Base

0.89 M Boric acid

10 mM EDTA

pH adjusted to 8.0 with HCI

20X SSC

3 M NaCl

300 mM Tri-sodium citrate

pH adjusted to 7.0 with HCIl

20 X SSPE

3 M NaCl

200 mM NaH2PO4

20 mM EDTA

1 Liter

53g

275¢g

34g

1Litre

1752 g

774 g

500 ml

87g

12 g

20 ml of 0.5 M solution at pH 8.0
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50 X Tris-acetate (TAE)

2 M Tris-base

0.95 M glacial acetic acid

0.05M EDTA

Alkaline transfer buffer

0.5 M NaOH

10 X SSC

Church-Gilbert buffer

7% SDS

0.5 M NaH;PO4

1 mM EDTA

1% BSA

Chapter 2

1 Litre

242 g

57.1ml

146g

1 Litre

20g

500 ml of 20 X SSC

20 ml

14 ml of a 10% stock solution

5 ml of a 2 M solution at pH 7.2

40 pl of a 0.5 M solution at pH

8.0

02g

The NaH2PO4, EDTA, BSA, and 960 ul of distilled water were mixed until

the BSA was completely dissolved. The SDS was then added and the

whole was heated to allow for easy mixing. The warm solution was filter-

sterilised using a filter with a pore size of 0.4 um.
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Depurination solution

0.25 M HCl

Detection buffer

0.1 M Tris-HCl

0.1 M NaCl

The pH was adjusted to 9.5 with HCl

EDTA

0.5MEDTA

The pH was adjusted to 8.0 with NaOH

High stringency buffer

0.1 X SSC

0.1% SDS

Low stringency buffer

2 XSSC

0.1% SDS

NDS buffer

0.5 M Naz.EDTA

Chapter 2

500 ml

12.5 ml of a 37% solution

500 ml

6.055 g

2922g

1L

186.12 g

500 ml

2.5ml of 20 X SSC

5 ml of 10% SDS

500 ml

50 ml of 20 X SSC

5 ml of 10% stock SDS solution

500 ml

93 g
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10 mM Tris-base 0.6g
0.6 mM NaOH 11g
34 mM N-lauroylsarcosine 5g

The Na2.EDTA, Tris-Base, and NaOH were dissolved in 350 ml of distilled
water. Separately, the N-lauroylsarcosine was completely dissolved in 50
ml of distilled water and then added to the main solution. The pH was

adjusted to 8.0 with NaOH and the total volume was brought up to 500

ml.

Stringency washing solution 500 ml

0.5 X SSC 12.5 ml of 20 X SSC

0.1% SDS 5 ml of 10% SDS stock solution
Stripping buffer 50 ml

50% formamide 25 ml of 100% formamide

5 X SSPE 12.5 ml of 20 X SSPE

TE buffer 1 Litre

10 mM Tris 12g

1 mM EDTA 03g

pH adjusted to 7.4 with HCI
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TEN buffer 1 Litre
50 mM Tris 6.1g
50 mM EDTA 146¢
100 mM NacCl 58¢g

pH adjusted to 8.0 with HCI

Washing solution 500 ml
2 XSSC 50 ml of 20 X SSC
0.1% SDS 5 ml of 10% SDS

20% (w/v) Arabinose

Made up to 20% (w/v) in ddH20 and autoclaved.

20% (w/v) Glucose

Made up to 20% (w/v) in ddH20 and autoclaved.

20% (w/v) Sucrose

Made up to 20% (w/v) in ddH20 and autoclaved.

80% (v/v) Glycerol

Made up to 80% (v/v) in sterile Milli-Q® water and autoclaved.
2.5 M CaCl:

Made up to 2.5 M in sterile Milli-Q® water; Sterilised using a 0.2 um syringe

filter and used at 2.5 mM and 0.1 M.
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Ethidium bromide (EtBr) 10 mg/ml (FlukaBiochemika)

Stored in the dark at room temperature; diluted to 0.5 pg /ml in sterile Milli-Q®
water when used for staining of electrophoresis gels for the visualisation of DNA

under a UV light source, unless otherwise stated.

2.1.2 Culture media

All liquid growth media were made up to the required volume in distilled
water and autoclaved. These were stored at room temperature except during
experiments when they were pre-warmed to the desired temperature. M9-
minimal medium was filter sterilised prior to use. To obtain solid media, agar
was added to liquid media prior to autoclaving except for M9-minimal agar
where 2% agar-distilled water was first autoclaved, melted, and allowed to cool
prior to the addition of salts and sugar. Melted agar was stored at 55°C and
allowed to cool prior to the addition of antibiotics and inducers (when
required).

Table 2.1. Bacteria growth media. Concentrations indicated as percentages
are weight/volume (w/v).

Media Composition

L Broth 1% bacto-tryptone, 0.5% yeast extract, 1% NaCl; pH
adjusted to 7.5 with NaOH

LB Agar 1% bacto-tryptone, 0.5% yeast extract, 1% NaCl, 1.5%
bactoagar; pH adjusted to 7.5 with NaOH

MO Salts (4x) 28 g NapHPO4, 12 g KH2PO4, 2 g NaCl, 4 g NH4Cl; made up
to 1 L with double-distilled sterile water

M9-Minimal 1 x M9 salts, 0.2% glycerol, 1 mM MgS04, 5uM CaClz

Media
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M9-Minimal Agar

1 x M9 salts, 0.2% glycerol, 1 mM MgSO4, 5 pM CaCly,

1.5% bactoagar

Low salt LB Agar

10 g tryptone, 5 g NaCl, 5 g yeast extract dissolved in
950ml ddH20; pH adjusted to 8.0 with 5 N NaOH; made
up to 1 1 with deionised H20. For solid medium,
autoclaved for 20 minutes at 15 psi (1.05 kg/cm?2) on

liquid cycle.

2.1.3 Antibiotics

All antibiotics (Table 2.2) were dissolved in Milli-Q® water, unless otherwise

stated and stored at -20°C.

Table 2.2. List of antibiotics

Antibiotics Solvent Stock Working
concentration | concentration
Ampicillin (Amp) Water 100 mg ml-1 100 pg mlt
Chloramphenicol (Cm) | 100% ethanol | 50 mg ml! 50 pg mlt
Kanamycin (Km) Water 50 mg ml-1 50 pg mlt
Rifampicin (Rif) Methanol 50 mg ml-1 50 pg mlt
Tetracyclin (Tc) 50% ethanol 15 mg ml-1 3 pg mlt
Zeocin (Zeo) Water 100 mg ml-1 25-50 pg ml-1

2.1.4 Enzymes

DNA polymerase enzymes used were Taq polymerase purchased from Roche.

GoTaq® and Pfu DNA polymerase were purchased from Promega. All restriction

enzymes were purchased from New England Biolabs (NEB). All enzymes were

used according to the manufacturer’s guidelines.
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2.1.5 E. coli strains
Strains that were used in this study are listed in Table 2.3. XL1-Blue was used
for all cloning procedures and the propagation of plasmid DNA, whereas

derivatives of MG1655 were used for experiments.

2.1.6 Plasmids
Plasmids used in this study are listed in Table 2.4. The E. coli strain XL1-Blue

was used for all cloning procedures and the propagation of plasmid DNA.

2.1.7 Oligonucleotides

Oligonucleotides were manufactured by MWG Biotech where they were
synthesised, HPSF purified and lyophilized. 100 mM stock solutions were made
by dissolving in sterile water and stored at -20°C. Working solutions were made
up to 5 mM in sterile water and stored at -20°C. Primers were designed using
the internet-based tool Primer3Plus and Primer-BLAST (URL are
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi and
http://www.ncbi.nlm.nih.gov/tools/primer-blast respectively).

Oligonucleotides used in this study are shown in Table 2.5.
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Strain Background Genotype Source
DL-1719 | XL1-Blue recAl, endA1, gyrA96, thi-1, hsdR17, supE44, relAl, lac, [F’ proAB, lacl4, lacZAM15, Tn10] Stratagene
DL-4150 | MG1655 lacZ::zeo lacZ::(CTG)os Ewa Okely
DL-4151 | MG1655 lacZ::zeo Ewa Okely

. . st 1 1 -
DL-4954 | MG1655 lacZ...z.eo lacZ::(CTG)9g+ 15t GATC site in the range of 365575-367799 bp has been This study
modified.
DL-4955 | MG1655 lacZ::zeo + 15t GATC site in the range of 365575-367799 bp has been modified. This study
. . st nd i i -
DL-4987 | MG1655 lacZ::zeo l.aC.'Z..CTG93+ 1stand 2nd GATC sites in the range of 365575-367799 bp have This study
been modified.
DL-4988 | MG1655 lacZ::zeo + 1st and 2nd GATC sites in the range of 365575-367799 bp have been modified. | This study
i . st rd i i -
DL-5022 | MG1655 lacZ::zeo quZ..(CTG)93+ 1st to 3rd GATC sites in the range of 365575-367799 bp have This study
been modified.
DL-5023 | MG1655 lacZ::zeo + 1st to 3r4 GATC sites in the range of 365575-367799 bp have been modified. This study
DL-5078 | MG1655 XL1-Blue + pTOF-Dn3 This study
DL-5079 | MG1655 lacZ::zeo lacZ::(CTG)9es ApriB(partial deletion) This study
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DL-5080 | MG1655 lacZ::zeo ApriB (partial deletion) This study
DL-5081 | MG1655 XL1-Blue + pTOF-Dn567 This study
DL-5086 | MG1655 XL1-Blue + pTOF-Dn4 This study
DL-5089 | MG1655 {)aecle.;:zrﬁgé?fieZg.(CTG)gg + 1st to 4th GATC sites in the range of 365575-367799 bp have This study
DL-5090 | MG1655 lacZ::zeo + 1st to 4th GATC sites in the range of 365575-367799 bp have been modified. This study
DL-5151 | MG1655 lacZ::zeo mutS::Tc ApriB This study
DL-5152 | MG1655 lacZ::zeo lacZ::(CTG)9s mutS::Tc ApriB This study
DL-5153 | MG1655 lacZ::(CAG)s4lacZ::zeo ApriB This study
DL-5155 | MG1655 lacZ::zeo lacZ::(CTG)os ApriB AmutS This study
DL-5156 | MG1655 lacZ::zeo ApriB AmutS This study
DL-5157 | MG1655 lacZ::zeo lacZ::(CTG)os+ 365575-367799 bp deleted This study
DL-5158 | MG1655 lacZ::zeo + 365575-367799 bp deleted This study
DL-5159 | MG1655 lacZ::zeo + All GATC motifs within 365575-367799 bp have been modified This study
DL-5160 | MG1655 lacZ::zeo + 1st to 4th and 7th GATC motifs have been modified within 365575-367799 bp | This study
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lacZ::zeo lacZ::(CTG)os + 15t to 6t GATC motifs have been modified within 365575-

DL-5161 | MG1655 367799 bp This study
lacZ::zeo lacZ::(CTG)9s + 15t to 4t and 7th GATC motifs have been modified within .
DL-5162 | MG1655 365575-367799 bp This study
DL-5171 | MG1655 lacZ::zeo lacZ::(CTG)os ApriB AmutS This study
DL-5262 | MG1655 lacZ::zeo lacZ::(CTG)9s+ All GATC motifs have been modified within 365575-367799 bp | This study
- - ——— . = — -
DL-5308 | MG1655 lacZ::zeo lacZ::(CTG)9s + 15t to 8th GATC motifs have been modified within 365575 This study
368575 bp
- - . N . e o -
DL-5309 | MG1655 lacZ::zeo lacZ::(CTG)9s + 15t to 8t GATC motifs have been modified within 365575 This study
368575 bp
s . st th 1 1fi 1 1 -
DL-5310 | MG1655 lacZ::zeo lacZ::(CTG)9s + 15t to 9th GATC motifs have been modified within 365575 This study
368575 bp
. . st th 1 ifi 1 i -
DL-5311 | MG1655 lacZ::zeo lacZ::(CTG)9s + 15t to 9th GATC motifs have been modified within 365575 This study
368575 bp
DL-5357 | MG1655 lacZ::zeo ApriB + All GATC motifs have been modified within 365575-367799 bp This study
DL-5358 | MG1655 lacZ::zeo AmutS + All GATC motifs have been modified within 365575-367799 bp This study
DL-5359 | MG1655 éagf;ggoblch::[CTG)gg ApriB + All GATC motifs have been modified within 365575- This study
DL-5360 | MG1655 lacZ::zeo lacZ::(CTG)9s AmutS + All GATC motifs have been modified within 365575- This study
367799 bp
lacZ::zeo lacZ::(CTG)9s ApriB + 15t to 8th GATC motifs have been modified within :
DL-5361 | MG1655 365575-368575 bp This study
- - Ea—=— - = —
DL-5362 | MG1655 lacZ::zeo lacZ::(CTG)9s AmutS + 15t to 8th GATC motifs have been modified within This study

365575-368575 bp
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DL-5363 | MG1655 ?66525;85(3 5{2;257( ;‘ g(;)gg ApriB + 15t to 9th GATC motifs have been modified within This study
DL-5364 | MG1655 éaggg'gg?;zgzsf;(ggg)ggdmutS + 1st to 9th GATC motifs have been modified within This study
DL-5365 | MG1655 éaggg';esoblgiZ:é{qC"g”g)cgg ;—n;t go@iﬂgng'I}% rg;)glf\IsRhave been modified within 365575- This study
DL-5366 | MG1655 éaggggeSoblScf:;}(g%“g)iﬁ-al-nlgste(tjo@‘itilag%Ag/CDrr;(;t;f;gave been modified within 365575- This study
Table 2.4. Plasmids used in this study
Strain Plasmid Brief description Source
DL-2715 | pKO-mutS For knocking out mutS gene. Ewa Okely
DL-2765 | pKO-recQ For knocking out recQ gene. Ewa Okely
DL-4822 | pKO-priB For knocking out priB gene. Benura Azeroglu
DL-5078 | pDn3 To modify the 3rd GATC motif between 365575-367799 bp in E. coli genome. This study
DL-5081 | pDn5-6 ;‘;)nr(r)lrc;cli.fy the 5t and the 6th GATC motif between 365575-367799 bp in E. coli This study
DL-5086 | pDn4 To modify the 4t GATC motif between 365575-367799 bp in E. coli genome. This study
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DL-5154 | pKO-Dn To delete DNA sequence from 365575-367799 bp in E. coli genome. This study

DL-5711 | pSpDn l’I)‘I()) introduce a 2 kb GATC motif free Schizosaccharomyces pombe sequence at 365725 This study

DL-5719 | pDnl To modify the 15t GATC motif between 365575-367799 bp in E. coli genome. This study

DL-5720 | pDn2 To modify the 2rd GATC motif between 365575-367799 bp in E. coli genome. This study

DL-5721 | pUp1l-12 To modify all GATC motifs between 363500-365575 bp in E. coli genome. This study

DL-5727 | pKO-Up To delete the DNA sequence between 363500-365575 bp in E. coli genome. This study

Table 2.5. Oligonucleotides used in this study
Name of the s s

oligonucleotides Sequence (5’ to 3°) Purpose

Dn_GATC_1.1.F AAA AAA CTC GAG TAA AGT GTA AAG CCT GGG

Dn_GATC_1.LR | GCC ATC TGA CCG TTG GCA AC Used to generate a 800 bp DNA fragment
to clone in pTOF24 plasmid to modify an
origin distal GATC motif at 472 bp from

Dn_GATC_1.2.F AAA AAG TCG ACCTTC TCG CGC AACGCG TCA G the TNR array

Dn_GATC_1.2.R GTT GCC AAC GGT CAG ATG GC
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Dn_GATC_2.1.F AAA AACTCG AGCAGC ATC GCA GTG GGA AC

Dn_GATC_2.1.R CAG TGG GCT AAT CAT TAA CTA TCC GC Used to generate a 800 bp DNA fragment
to clone in pTOF24 plasmid to modify an

origin distal GATC motif at 845 bp from

Dn_GATC_2.2.F GCG GAT AGT TAA TGA TTA GCC CACTG the TNR array

Dn_GATC_2.2.R AAA AAG TCG ACC CAG TAA CGT TAT ACG ATG TCG

Dn_GATC_3.1.F AAA AAC TCG AGG GCA CTC CAG TCG CCT TCC

Dn_GATC 3.1.R CTC GCG CCG GTC AAC TGG Used to generate a 800 bp DNA fragment

to clone in pTOF24 plasmid to modify an

origin distal GATC motif at 949 bp from
Dn_GATC_3.2.F CCA GTT GAC CGG CGC GAG the TNR array

Dn_GATC_3.2.R AAA AAG TCG ACG AAG GGG TTG AAT CGC AGG C

Dn_GATC_4.1.F AAA AACTCG AGC GCG AGATTT AAT CGC CGC
Used to generate a 800 bp DNA fragment

to clone in pTOF24 plasmid to modify an
Dn_GATC_4.1.R GTA GCA AAA CAT ATC GAA GAA GGG GTT G origin distal GATC motif at 1356 bp from
the TNR array
Dn_GATC_4.2.F CAACCCCTTCTT CGATAT GTTTTG CTAC
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Dn_GATC_4.2.R

AAA AAG TCG ACG AAA CCA CTC ACC GCCATC GCC

Dn_GATC_5-6.1.F

AAA AACTCG AGT AAT TCA GCT CCG CCATCG CC

Dn_GATC_5-6.1.R

CCG CGG CTG GGA CCA GGA GGA GAA GAT TGC CTC TAT CGC C

Dn_GATC_5-6.2.F

GGC GAT AGA GGC AAT CTT CTC CTC CTG GTC CCA GCC GCG G

Dn_GATC_5-6.2.R

AAA AAG TCG ACG TAG CCC CTC CGA TGA TAG

Used to generate a 800 bp DNA fragment
to clone in pTOF24 plasmid to modify
two origin distal GATC motifs at 1495 bp
and 1506 bp from the TNR array

Dn_GATC_7.1.F AAA AACTCG AGT GCC TGT TCA ATG GTC ATT G

Dn_GATC_7.1.R CTG CTG GGC GGT CTG TTG C Used to generate a 800 bp DNA fragment
to clone in pTOF24 plasmid to modify an
origin distal GATC motif at 1826 bp from

Dn_GATC_7.2.F GCA ACA GACCGCCCAGCAG the TNR array

Dn_GATC_7.2.R AAA AAG TCG ACG TTA AAAACATGT AAA TG

UplF AAA AAC TCG AGT CAA ATT CAG ACG GCA AAC Used to generate a 500 bp DNA fragment
to clone in pTOF24 plasmid to modify an
origin proximal GATC motif at 126 bp

Upl.R AAA AAG TCG ACC AAC GTC GTG ACT GGG AAA AC from the TNR array
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Up2.F AAA AAC TCG AGT CAA ATT CAG ACG GCA AAC Used to generate a 500 bp DNA fragment
to clone in pTOF24 plasmid to modify an
origin proximal GATC motif at 225 bp

Up2.R AAA AAG TCG ACC AAC GTC GTG ACT GGG AAA AC from the TNR array
modify an origin proximal GATC motif at

Up3.R CAG TTA TCT GGA AGA CCA GGA TAT GTG GCG G 590 bp from the TNR array

Up4.F CGT AGT GTG ACG CGG TCG GCA TAA CCA CC Used to generate DNA fragment to
modify an origin proximal GATC motif at

Up4.R GGT GGT TAT GCC GAC CGC GTC ACA CTA CG 854 bp from the TNR array

Up5.F GGT AGC CAG CGC GGG TCA TCG GTC AGA CG Used to generate DNA fragment to
modify an origin proximal GATC motif at

Up5.R CGT CTG ACC GAT GAC CCG CGC TGG CTA CC 1280 bp from the TNR array

Up6.F CAG ATA ATC ACA CTC GGG TGA TTA CGG TCG CGC TGC ACC ATT C
Used to generate DNA fragment to

Up7.F CCC AGC GAC CAG ATA ATC ACA CTC GGG TGA TTA C modify five origin proximal GATC motifs
from1335 bp to 1430 bp from the TNR
array

Up7.R GTA ATC ACC CGA GTG TGA TTA TCT GGT CGC TGG G
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Up8-9.F CAC CGG GCG GGA AGG GTC GAC AGA TTT AAT CCA GCG ATA CAG
Up8-9.R GCT GTA TCG CTG GAT TAA ATC TGT CGA CCC TTC CCG CCC GGT G
Up10.F GGC GTA TTC GCA AAG AAT CAG CGG GCG CGT C Used to generate DNA fragment to
modify an origin proximal GATC motif at
Up10.R GAC GCG CCC GCT GAT TCT TTG CGA ATA CGC C 1594 bp from the TNR array
Up1l.F TTT AAT CAG CGA CTG GTC CAC CCA GTC CCA G Used to generate DNA fragment to
modify an origin proximal GATC motif at
Up1l.R CTG GGA CTG GGT GGA CCA GTC GCT GAT TAA A 1690 bp from the TNR array
Up12.F CAT ACA GAA CTG GCA ATC GTT CGG CGT ATC Used to generate DNA fragment to
modify an origin proximal GATC motif at
Up12R GAT ACG CCG AAC GAT TGC CAG TTC TGT ATG 1787 bp from the TNR array
End-Up.F AAAAACTGCAGGGTCGGGATAGTTTTCTTGCG Used to amplify a 2 kb fragment to
modify all origin proximal GATC motifs
End-Up.R AAAAAGGATCCCAACGTCGTGACTGGGAAAAC within 2 kb from the TNR array
Used to generate a 800 bp DNA fragment
seqA_KO.F1 AAA AAC TCG AGC CGG GTA ATT CAT TAC CGG ATC to clone in a pTOF24 plasmid to knock
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out seqA gene

seqA_KO.F2 GTT GAT GAT GAA CTC TAC AGC GAG AAG GTT TGC GGA ACT ATC

seqA_KO.R1 GAT AGT TCC GCA AAC CTT CTC GCT GTA GAG TTC ATC ATC AAC

seqA_KO.R2 AAA AAG TCG ACC GGG GTG AAG CCA TTG TTT TC

Sp.R1 GTT TCA TCT GTG GTG GTT ATT TAC ATC TAA TTG AG

Sp.R2 GTT TCA TCT GTG GTG ACA CCT TTC CAG CAC CAT AGG

Sp-3.F GCC GTA ACC GAC CCA GCG CCC GTT GGG TTG CAT GCT TGG CGT TTA
To amplify a GATC motif-free 2 kb DNA

Sp-3.R TAA CTC GGC GTT TCA TCT GTG GTG AAA AGC AGG GTT CCG GAC AT | sequence from Schizosaccharomyces
pombe and clone in a pTOF24 plasmid

Sp-4.F GCC GTA ACC GAC CCA GCG CCC GTT GGA GGT GCA CTT GCC TAT GGT | and ultimately insert into E. coli
chromosome

Sp-4/5.R TAA CTC GGC GTT TCA TCT GTG GTG AAA TAG ACC GCC GAG GCA AA

Sp-5.F GCC GTA ACC GAC CCA GCG CCC GTT GAC GTC ACT TGG AGA AAC GCA

Sp-Ec2 joint.F1

CTC AAT TAG ATG TAA ATA CAC CAC AGA TGA AAC GCC GAG
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Sp-Ec2 joint.F2

CTATGG TGC TGG AAA GGT GCA CCA CAGATG AAACGCC

Zeo-CF1 AAA AAG TCG ACT ATC AAA CAC TCG CCT GGT G
To amply lacZ::zeocin tandem repeat
containing DNA sequence.

Zeo-CR2 AAA AAC TGC AGT TAT TGG CGC GGG TAG TAT C

Ex-test_F TTA TGC TTC CGG CTC GTATG
To amply lacZ::TNR array containing
DNA sequence.

Ex-test_ R GGC GAT TAA GTT GGG TAA CG

LacZ.dist F ATC GTC GTA TCC CACTAC CG
To amplify a DNA sequence to make
radio-labelled probe

LacZ.dist R TTT CCA TGC GAG GTT AAA GG
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2.2 Methods
2.2.1 Bacterial methods
2.2.1.1 Bacterial stocks stored at -80°C
From an overnight culture, 0.75 ml was mixed with 0.75 ml of 80% (v/v)
glycerol and placed in a 1.5 ml Eppendorf tube. The tube was vortexed, sealed

with a strip of parafilm, and stored at -80°C.

2.2.1.2 Overnight cultures

Five ml of L-broth with the required additives were inoculated with a single
colony from an LB agar plate which was previously prepared from streaking the
-80°C stock. Cultures were incubated overnight at 37°C with shaking (120 rpm).
2.2.1.3 Transformation of E. coli by CaCl; treatment followed by a heat
shock

The bacterial strain to be transformed was cultured overnight. On the next day,
the culture was diluted 50 times in 25 ml L-broth and put at 37°C with shaking
(120 rpm) for 2 hours. Then, 2 ml of culture was spun down in a table-top
centrifuge at maximum speed for 1 minute. The supernatant was removed and
500 pl of fresh pre-chilled 0.1 M CaCl, was added. The cell pellet was re-
suspended and the suspension was put on ice for 30 minutes. The culture was
centrifuged as described before and the supernatant was discarded. Then, 100
ul of fresh pre-chilled 0.1 M CaCl; was added and the pellet was re-suspended.
After that, 0.5 pl of DNA (when using a plasmid isolated by mini-prep) or 10 pl
of DNA (when transforming with a newly ligated plasmid obtained from an in

vitro ligation mix) was added to the mixture and put on ice for another 30
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minutes. The cells were then heat shocked in a table-top heat block at 37°C for 5
minutes, placed back on ice for about 5 minutes, and then mixed with 400 pl of
fresh L-broth without any selection. The cells were allowed to recover at 37°C
(30°C when a temperature sensitive plasmid was used for the
transformation) with shaking (120 rpm) for 1 hour. After that, the cells were
plated on LB agar plates with the appropriate selection added. For every
transformation, a control (without addition of DNA) was prepared in parallel

following the same procedure.

2.2.1.4 Plasmid mediated gene replacement

In order to modify the chromosome (either base alteration or gene knockout), a
plasmid mediated recombineering based chromosome alteration technique was
followed. This technique involved two regions flanking the desired alteration
that will recombine twice independently to make the targeted alteration in the
chromosome at the targeted locus. This technique, plasmid-mediated gene
replacement (PMGR), was first described by Link and collaborators (Link et al,,
1997) (Fig. 2.1). The plasmid, pTOF24, has a temperature sensitive replication
initiator protein (repA101ts), two positive selection markers in the form of a
chloramphenicol resistance gene (cat) and a kanamycin resistance gene (aph),
and a gene encoding for a levansucrase (sacB) that can act as negative selection
as E. coli strains expressing this gene become sensitive to sucrose (Merlin et al.,
2002). The kanamycin resistance gene is flanked by Xhol/Sall restriction sites,
which allows for the replacement of the aph gene with a cloning fragment of

interest. Targeted gene alteration(s), flanked by about 400 bp of homology to
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the surrounding sequence was/were amplified by cross-over PCR. The
amplified DNA sequence was cloned into pTOF24 using the Xho/Sall restriction
sites. The strain to be modified was transformed, using the CaCl, mediated
method described earlier, with pTOF24-derivatives using chloramphenicol
resistance as a selectable marker. Following the transformation, transformants
were recovered by incubating plates at 30°C so as to ensure autonomous
replication of the plasmid. Successful transformants were then streaked on
fresh LB-agar + chloramphenicol and placed at 42°C to select for strains in
which the plasmid had integrated into the chromosome at one of the homology
arms. This was repeated a second time to ensure purity of the integrants. In
order to complete PMGR, the plasmid had to be excised from the chromosome.
This was done by culturing individual integrants in 5 ml LB with no selection,
overnight, at 30°C with shaking. The culture obtained, containing a mixture of
cells that had either lost or retained the plasmid, was serially diluted from 10-1
to 10-¢in L-broth media. Then, 100 ul of dilutions 10-4, 10-> and 10-¢ were plated
onto LB-agar containing 5% sucrose to select against all cells that had retained
the plasmid. Colonies were checked for chloramphenicol sensitivity to confirm
the loss of the plasmid. Sucrose resistant/chloramphenicol sensitive colonies
were checked for integration of the cloning fragment of interest by boiled
colony PCR. It was expected that about 50% of the colonies would retain the
wild type DNA sequence and 50% would acquire the DNA alteration. Once
colonies that generated the expected PCR product size were identified, the

chromosomal modification was confirmed by sequencing.
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repA101,. repA101,.

sacB sacB

cat cat

Cloning of a crossover

pTOF24 PCR fragment pTOF24 based
PMGR vector
Xho! Sall Xho! RSa.lI
Homeology arm 1 Homology arm 2
aph Desired

mutation

Excision of
plasmid at 30°C

Figure 2.1. Plasmid mediated gene replacement (PMGR). (A) Construction
of pTOF24-derivatives containing products from a crossover PCR that are
cloned into the Pstl/Sall locus of the plasmid. repA101rs codes for a temperature
sensitive replication initiator protein (the permissive temperature being 30°C
and the non-permissive temperature being 42°C). aph and code for kanamycin
and chloramphenicol resistance, respectively. sacB codes for a levansucrase,
which converts sucrose into a toxic product for E. coli, and is used as a negative
selection marker. (B) Utilisation of these pTOF24-derivatives for targeted
chromosomal modifications in E. coli. At 42°C the plasmid can only be replicated
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if it integrates into the chromosome. pTOF24-derivatives are designed to
contain two regions of homology to the chromosome. Integration at 42°C will
occur by RecA-mediated homologous recombination between one of the two
regions of homology and the same region in the chromosome. This will result in
integration of the entire plasmid sequence. Growing in the absence of selection,
the integrant at 30°C in liquid culture will allow the plasmid to excise from the
chromosome. This also occurs by RecA-mediated homologous recombination. If
integration occurs at the first region of homology (red) and excision occurs at
the second (green), the wild type region of the chromosome is replaced with the
modified DNA insert from the plasmid.

2.2.2 Molecular biology methods

2.2.2.1 Plasmid purification

To isolate plasmid DNA, the E. coli strain harbouring the desired plasmid was
first grown overnight with appropriate selection in L broth at either 37°C, or
30°C (if the plasmid was temperature sensitive). Plasmids were extracted from
these cells using a QIAprep® Spin Miniprep Kit (Qiagen) according to the
manufacturer’s guidelines. Following Qiagen’s recommendations, low copy
number plasmids (pTOF24 and its derivatives) were isolated from 5 ml of
overnight culture as opposed to 1 ml of culture for high copy number plasmids.

Plasmid DNA was stored in double distilled sterile water at -20°C.

2.2.2.2 Genomic DNA extraction

2.2.2.2.1 Boiled cell method

For the majority of polymerase chain reaction (PCR) applications, boiling cells
produced genomic DNA of adequate quality to act as a template. A single colony
was picked from a plate and cells were boiled by suspending in 30 pl of sterile

water and heating to 99.9°C for 10 min before centrifuging for 2 minutes in a

Page | 87



Chapter 2
table-top microcentrifuge. 2 pl of the resulting supernatant was used as a

template for a 25 pl PCR.

2.2.2.2.2 Kit method Genomic DNA extraction for PCR (Promega kit)

When the DNA amplified by PCR was needed for cloning, the genomic DNA used
as a template was isolated using a Wizard® Genomic DNA purification kit
(Promega) according to the manufacturer’s instructions. This genomic DNA was
rehydrated at 65°C for 1 hour or at 4°C overnight in double distilled water and

stored at -20°C.

2.2.2.3 Plasmid DNA preparation for PCR (QIAGEN Kit)
The QIAGEN QIAprep® Spin Miniprep Kit was used following the manufacturer’s

instructions. DNA was eluted in 30 pl of MQ-water and stored at -20°C.

2.2.2.4 Polymerase chain reactions (PCR)

2.2.2.4.1 Normal PCR reaction

FinnzymesPhusion® High-Fidelity DNA polymerase Cat.No. F-530 is a highly
processive and extremely accurate DNA polymerase (with an error rate of 4.4 X
10-7). Because of these qualities it was chosen as the polymerase for all PCRs
when the product was required for cloning or as a template for labelling with
32p. When PCRs were carried out for checking fragment sizes, for example
following PMGR, PromegaGoTaq® Flexi DNA Polymerase, Cat. No. M829, was

used instead.
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Reactions were carried out using a PeqLab Biotechnologie GmbH peqSTAR 96
Universal Gradient PCR machine. Primer annealing temperatures were
dependent on primer sequence and were altered accordingly. Typically, the
annealing temperature increases as the primer length and %GC content
increase. The extension time was determined by the polymerase of choice and
the length of the template to be amplified. Typically, the longer the template, the
longer the extension time needed. Phusion® High-Fidelity DNA Polymerase can
extend a 1Kb fragment in 30 seconds, while GoTaq® Flexi DNA Polymerase

takes twice as long, requiring 1 minute per 1Kb of template.

A typical cycle programme was as follows:

Program Temperature | Time

Initial template denaturation | 95°C 5 min

Template denaturation 95°C 30 sec

Primer annealing 50-65°C 30 sec 35 cycles
Extension 72°C 30 sec-3 min

Final extension 72°C 10 min

Storage 8°C indefinite

2.2.2.4.2 Crossover PCR

Crossover PCR (Fig. 2.2) was used in order to join two separate fragments of
DNA without the need for restriction and ligation. For this technique, four
primers were required, two for amplifying the first DNA fragment and two

for amplifying the second DNA fragment. Internal primers, the reverse
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primer for the first DNA fragment and the forward primer for the second DNA
fragment, were designed to have 20-25 base pairs of homology to each other.
Initially, the two DNA fragments were amplified separately, creating two
products that at one extremity contained 20-25 base pairs of homology to each
other. Finally, to join the two DNA products, a crossover PCR was set up where
the two products from the initial PCRs were used as template. During melting
and cooling of the templates, the region of homology would bring the two
DNA fragments together to create a single new fragment for amplification
using the external primers, the forward primer for the first DNA fragment and
the reverse primer for the second DNA fragment. The resulting PCR product

would be a fusion of the two DNA fragments of interest.

2.2.2.5 Sequencing of DNA (Applied Biosystems Kit)

Sequencing was carried out using the Applied BiosystemsBigDye® Terminator
v3.1 Cycle-Sequencing Kit following the manufacturer’s instructions. Template
DNA consisted of a purified PCR product. Sequencing reactions were analysed
by the Genepool Sequencing Service (now a part of Edinburgh Genomics),
Ashworth Laboratories, University of Edinburgh, using an ABI PRISM® 3100-

Avant Genetic Analyser.
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Figure 2.2. Cross-over PCR. Initially, the two DNA fragments (shown in
blue and green) are amplified separately using primers 1-4. Primers 2 and 3
are designed to have a 20-25 bp region of homology to each other. In the
crossover PCR, the products from the first PCR reaction are used as template.
When these melt and re-anneal, the region of homology between them will
bring both strands together while 3’ ends of each strand at that region will serve
as a site for primer extension. This will create a new, single, template for
amplification using primers 1 and 4.

2.2.2.6 PCR product purification for cloning (QIAGEN Kkit)

The QIAGEN QIAquick® PCR purification kit (Cat. No. 28104) or the QIAquick®
Gel Extraction Kit (Cat. No. 28704) was used for cleaning DNA fragments for
cloning. The manufacturer’s instructions were followed. DNA was eluted in 30

ul of MQ-water and stored at -20°C.
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2.2.2.7 Restriction digestion of PCR purified DNA
Restriction enzymes and buffers were obtained from New England Biolabs
(NEB). 30 pul of either PCR purified DNA or plasmid DNA were digested
following the manufacturer’s instructions. Samples were incubated at the
optimum digestion temperature (37°C for all enzymes used in this work) for 2-4

hours or overnight.

2.2.2.8 Ligation of DNA fragments
To ligate fragments of DNA, the New England Biolabs Quick Ligation™ Kit was
used following the manufacturer’s instructions. Ligation reactions were

performed in a total of 20 pul per reaction volume.

2.2.2.9 Agarose gel electrophoresis of PCR products or plasmid DNA

DNA fragments from PCR reactions or digested plasmids were separated on a
1% (w/v) agarose gel. The appropriate amount of agarose (MELFORD agarose
electrophoresis grade Cat. No. MB1200) was dissolved in 1 X TAE and allowed
to cool to 55°C. Safeview (NBS Biologicals Ltd, SafeView, Cat. No. NBS-SV1; 5 ul
in 100 ml of liquid agarose) was added to visualise the DNA under UV light. Gels
were run from 90-140 V for up to 2 hours and DNA was visualised using a UV
box (BioRad). The size of fragments was checked using DNA ladders (New
England Biolabs, 1 Kb DNA Ladder Cat. No. N3232, 100 bp DNA Ladder Cat. No.
N3231). When necessary, DNA was quantified using a Nanodrop (ND-1000

v3.5).
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2.2.2.10 Agarose gel electrophoresis of chromosomal DNA

2.2.2.10.1 Preparing E. coli DNA in agarose plugs (for 2-D gel
electrophoresis)

An overnight culture of the desired strain was diluted 50 times in L-broth and
allowed to grow at 37°C with shaking to an ODeoonm of 0.4 - 0.8. Cultures were
harvested and washed twice in TEN buffer by spinning and re-suspending. After
the final wash, cells were re-suspended in TEN buffer to give an ODgoonm of 80.
The cell suspension was briefly warmed to 37°C and then mixed with an equal
volume of agarose (Invitrogen UltraPure™ LMP Agarose Cat. no. 16520-050) at
0.8% in 1X TEN for 2-D gel samples, giving a final agarose concentration of
0.4%. The cell and agarose mix was then poured into plug moulds (Bio-Rad Cat.
no. 1703706), and allowed to set at 4°C for 30 minutes. Once set, all 10 plugs
were extruded from the moulds into a Falcon tube and 1 ml of NDS + proteinase
K (1 mg ml1) was added per plug of sample. Tubes were left overnight at 37°C
with gentle rocking. The buffer was replaced with fresh 1 ml NDS + proteinase K
(1 mg ml1) per plug of sample for a second night of incubation at 37°C with
gentle rocking. Plugs were stored at 4°C in fresh NDS without added proteinase

K.

2.2.2.10.2 Digestion of DNA set in agarose plugs

In order to remove any remaining proteinase K and NDS solution, which would
inhibit the restriction enzyme, plugs were washed thoroughly in 1.5 ml per plug
of 1 X restriction buffer (without BSA and DTT) for 6 hours, replacing old 1 X
restriction buffer every hour with fresh buffer. Once washed, the plugs were

digested in 500 pl 1 X restriction buffer + BSA, using 500 U of enzyme per plug.
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Digestions were left overnight at 37°C with gentle rocking. Plugs were briefly
cooled to 4°C before quickly washing them in 1.5 ml TE just prior to loading

onto the gels.

2.2.2.10.3 Native two dimensional agarose gel electrophoresis

Native two dimensional agarose gel electrophoresis (2-D agarose gel) was used
to separate branched DNA structures from their linear counterpart. Initially, the
chromosomal DNA was separated in conditions that minimised the structural
differences between fragments but maximised the difference in size. Thereafter,
the lane containing the DNA was sliced out and turned 90°, placing the wells to
the left, and run in a second dimension in the presence of 0.3 pg ml-1 EtBr, so as
to maximise the differences in shape between different structures. For
separation in the first dimension, chromosomal DNA was prepared in agarose
plugs and digested with the relevant restriction enzyme. Plugs were then
attached to the gel comb, making sure to leave at least 1 lane gap between
samples, using 10 pl of liquid agarose (0.4% (w/v) MELFORD agarose
electrophoresis grade (Cat. No. MB1200) in 1 X TBE). This was allowed to set at
4°C for 30 minutes. The remainder of the agarose was then poured around the
plugs and allowed to set at 4°C for 30-60 minutes. 2.5 pg of NEB 1 Kb DNA
Ladder (Cat. No. N3232) was loaded onto the gel, which was runin 1 X TBE at 1
V/cm and 4°C for 26 hours. The Marker lane was cut out of the gel and stained
with 0.5 pg ml! EtBr for viewing. Intermediates run at a higher molecular
weight than their linear counterparts and therefore the lane in which the DNA

was run was sliced out and cut 1 cm below where the linear species of the DNA
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of interest was expected to have migrated to. This gel slice was turned 90°,
placing the wells to the left, and placed into the casting tray for the second
dimension. The second dimension agarose (1% (w/v) MELFORD agarose
electrophoresis grade Cat. No. MB1200 in 1 X TBE + 0.3 ug ml-1EtBr) was then
poured over the first dimension slices so as to cover them completely. The
whole was allowed to set at 4°C for 30-60 minutes and was then run for 10
hours in 1 X TBE + 0.3 pg ml?! EtBr, at 6 V/cm and 4°C. During this time the
running buffer was re-circulated using a pump so as to maintain a constant
concentration of EtBr across the gel and tank. The gel was then exposed to UV

light to view the DNA arcs and then processed for Southern blotting.

2.2.2.11 Southern blotting of DNA

2.2.2.11.1 Alkaline transfer of DNA to a positively charged nylon
membrane

Once viewed under UV light, the gel was washed in depurination solution for 30
minutes to fragment the DNA for easier transfer (pulsed-field gels were not
depurinated as this process was previously shown to reduce the transfer of DNA
separated using this technique). The gel was then washed in alkaline transfer
buffer for 1 hour and the transfer stack was set up and the DNA was allowed to
transfer overnight (Fig. 2.3). After transfer, the nylon membrane was allowed to
dry, completely, at room temperature, and then was UV cross-linked, using a
Stratagene UV Stratalinker™ 1800. Membranes obtained from Pulsed-field gel
electrophoresis were crosslinked using 1200 Jm-2 while membranes derived

from 2-D agarose gel electrophoresis were cross-linked using 1000 Jm-2. Once
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cross-linked, membranes were washed in distilled water, dried, and sealed in a

plastic envelope between two pieces of Whatmann paper for storing at 4°C.

T S SR S S weigh

Glass plate > e e T SAMPRI GP  T

Stack of absorbent papers

1X Whatmann bridge
<4 Membrane
Inverted gel > |

[ 1X Whatmann bridge
Whatmann bridge support
Tray ——>|
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Figure 2.3. Southern blot transfer stack. A glass plate was placed over a
plastic container filled with transfer buffer and a strip of Whatmann paper
was placed over this like a bridge, making sure both ends of the strip came into
contact with the buffer. A piece of Whatmann paper, the size of the gel, was
placed on top of the Whatmann bridge and the inverted gel was stacked
next, followed by the membrane, pre-wetted in transfer buffer for 5 minutes,
and two more pieces of Whatmann paper. Finally a stack of absorbent paper
was placed on top followed by another glass plate. The whole stack was placed
under a 1 Kg weight. The DNA transferred from the gel to the membrane
overnight by capillary action.

2.2.2.11.2 Labelling of a probe with 32P

A Stratagene Prime-It Il random primer labelling kit (Cat. No. 300385) was used
to radioactively label probes with 32P o-dATP following the manufacturer’s
guidance. Templates for the reaction were obtained by PCR from chromosomal
DNA as previously described. Labelling reactions were allowed to proceed at
37°C for 30 minutes. To clean probes, GE Healthcare illustraMicrospin™ G-25
columns were used (Ca. No. 27-5325-01) following the manufacturer’s

guidance.
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2.2.2.11.3 Detection of a 32P labelled probe

The cross-linked membrane was placed into a hybridisation bottle and re-
hydrated in 2 X SSC. 10-15 ml (depending on the size of the membrane) of
Church-Gilbert buffer, pre-warmed to 65°C, was added and the bottle was put
into a hybridisation oven at 65°C for 2-6 hours to pre-hybridise. Once pre-
hybridisation was over, 20 ul or 100 pl of probe were diluted with 100 ul or 20
ul sterile MQ-water, respectively, and boiled in a thermocycler for 5 minutes. In
the meantime, the 10 ml of prehybridisation Church-Gilbert buffer were
replaced with 10 ml of fresh, pre-warmed at 65°C, Church-Gilbert buffer. Once
fully denatured, the probe was immediately added to the hybridisation bottle,
which was placed back into the oven to hybridise overnight. The hybridisation
buffer + probe was removed and a 15 minute wash in 200 ml of washing
solution was performed to remove excess, unbound, probe, followed by a 30
minute wash in 200 ml of stringency washing solution, to remove unspecific
hybridisation of the probe. The membrane was then wrapped in cling film and
exposed to GE healthcare storage phosphor screens (Cat. No. 63-0034-86 and
63-0034-79). Exposure lasted between 1 and 7 days. Screens were scanned
using a Molecular Dynamics Storm 860 phosphor imager scanner. When
needed, membranes were stripped by washing for 1 hour in 50 ml of stripping
buffer and then washed for 30 minutes in 200 ml of stringency washing solution
in order to wash away all the formamide. Membranes were re-exposed to check
for the degree of stripping, when needed, and pre-hybridised again for

additional probing.
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2.2.3 Genetic assays

2.2.3.1 A genetic assay for detecting instabilities of the length of a
CTGeCAG repeat array.

CTGeCAG TNR arrays were inserted into the bacterial chromosome in two
different orientations relative to the origin of replication (Zahra et al., 2007).
When an array was inserted in such an orientation, that CTG repeats were
present on the leading strand of the duplex DNA, and CAG repeats were
therefore present on the lagging strand, that was termed the CTG
orientation. Analysis of the instability of TNR arrays in the E. coli chromosome
was conducted using a genetic assay (Figure 2.4A) designed in the Leach

laboratory by Rabaab Zahra (Zahra etal., 2007).

2.2.3.2 Instability assay

Strains on which the instability assay was to be performed were streaked out
from the -80°C stock onto LB plates to produce single colonies. Sixty single
colonies were then selected for each strain and each colony was inoculated into
5 ml of L-broth and grown overnight in a shaking incubator at 37°C. The
instability of the TNR array at this stage of growth was assessed. A 10-¢ dilution
of the overnight cultures was produced in L broth, and 100ul of this dilution was
plated onto LB agar plates. Plates were incubated overnight in a 37°C incubator
to allow growth of the colonies. Eight colonies were then selected from each
plate and PCR carried out to determine the length of the TNR array in each. The
PCR using Ex-Test primers was designed to amplify the region of the lacZ gene
in which the TNR array was inserted (Table 2.5). For each PCR, the reverse
primer Ex-Test R and a modified version of the forward primer Ex-Test F which

was labelled with a fluorescent 5’-FAM (Fam-Ex-Test F), were used.
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Figure 2.4. A schematic representation of the TNR instability assay and
GeneMapper® analysis. A. The strain to be tested was streaked out onto an LB
plate (without any selection) from -80°C stock culture. Sixty overnight cultures
were setup and grown at 37°C for 14-16 hours. 10-¢ dilutions were made and
plated onto LB plates from each overnight culture. Eight colonies from each
plate (altogether 480 samples per strain to be tested) were then tested for
repeat length by PCR. B. The peak represents the parental length of (CTG)9g TNR
array, 434 bp ((3bp x 98) + 140 bp = 434 bp). C-D. The region amplified outside
the repeat array is 140 bp. Outputs displaying both +1 and -1 TNR unit peaks
were considered to be result of addition and deletion events, respectively,
occurring during the growth of the colony on the agar plate.

2.2.3.3 GeneMapper® analysis

Products of the PCR reaction were diluted 1:25 in sterile water. 1 ml of HiDi™
Formamide (Applied Biosystems®, Cat. No. 4311320) was then mixed with 5 pul
of GeneScan™-1200 LIZ™ size standard (Applied Biosystems®, Cat. No.
4379950), and 9 pl of this solution was mixed with 1 pl of the diluted PCR
products in barcoded 96 well plates. Plates were sent to The Gene Pool (now a
part of the Edinburgh of Genomics), The University of Edinburgh, where they
were run on an ABI 3730 Genetic Analyzer (Applied Biosystems®, Cat. No.
3730S), which separates DNA fragments through capillary electrophoresis. Data
produced were analysed using the software GeneMapper v3.7®. The data relates
the time taken for the DNA fragments in the PCR products to pass a laser (x-
axis). The software compares this time to that of the size standard and converts
time to size, allowing sizing of the DNA fragments. Using this method the size of
TNR arrays could be determined to +5bp. Figure 2.4(B) shows examples of

GeneMapper results obtained by this method.
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Figure 2.4B shows a base peak surrounded by a number of ‘stutter’ peaks, a
typical output of the GeneMapper program. These ‘stutter’ peaks are in vitro
artefacts from the PCR reaction and not real instability products. The size of the
TNR array can be calculated from the fragment size detected by subtracting 140
bp (the size of the region outside the repeat array amplified by the Ex-Test
primers) and dividing by 3, to give the number of TNR units. Colonies producing
results such as displayed in Figure 2.4B were considered to have not undergone
an instability event, as the base length of the TNR array was indicated. Colonies
in which expansion of a single repeat unit has occurred in the overnight culture,
extended the size of the TNR array by 3 bp (Figure 2.4C) while those in which
deletion by a single TNR unit has occurred in the overnight culture has been

shown in Figure 2.4D.

2.2.3.4 Statistical methods

Graphs and statistics were produced using the software Microsoft Excel
2010. The proportion of instability events resulting in a deletion of the
TNR array, and the proportion of instability events resulting in an
expansion of the array, were calculated for each of 60 overnight cultures
produced from a particular E. coli strain being investigated. The proportion of
instability events calculated for each culture was treated as sample data, the
mean of the samples was then taken to determine the population mean for the

strain.
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The instability assay data was considered as a binary response, whether an
instability event had occurred or not, and was scored accordingly: 1 =
instability event, 0 = no event. A logistic regression model was applied to the
data to compare the instability in mutant strains to the corresponding wild type
strain for that orientation of TNR array. Logistic regression is used in situations
in which the dependent variable produces binary responses - in this case
whether an instability event had occurred (=1) or not (=0). The proportion of
occurrence(s) of instability from 8 replicates of each (among 60 overnight
cultures) sample culture has been calculated. For example, if 1 colony from
randomly selected 8 colonies (from the plate after serial dilution in figure 2.4A)
is found to have instability (either a single unit TNR insertion or deletion), then
the proportion of instability, P = (1+0+0+0+0+0+0+0)/8 = 0.125. Likewise, the
proportion of instability is calculated from each of the 60 initial overnight
cultures and the “Frequency of instability” is calculated as the mean proportion

of using the following equation:

where, N is the sample size

Standard deviation within the population was then calculated, and from that the

standard error of the mean was calculated using the formula:

StandardDevi ation

VN

Standard Error of Mean =
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Where, N is the sample size. Population means were plotted for each strain
investigated and error bars drawn showing the standard error of the mean for

each.

The non-parametric Kruskal-Wallis test applied to test for differences in
instabilities produced between strains. The Kruskal-Wallis test is a non-
parametric equivalent of the parametric test ANOVA (analysis of variants)
and is used to test whether population medians between different groups
are equivalent or not. Unlike ANOVA analysis it does not assume that the
populations are normally distributed and does not require a large sample size.
The significance of the p-value has been tested at 95% confidence level. If the p-
value becomes greater than 0.05, the null hypothesis (Ho = There is no
difference between the data sets, meaning that, the strains compared are
phenotypically same) is accepted and vice versa. However, there is always a
chance of the occurrence of a type II error (failing to reject an invalid null
hypothesis) while comparing two strains Kruskal-Wallis test does not make any
normality assumption about the population distribution (otherwise parametric
ANOVA would have been a better choice). However, the statistical analysis has
not been corrected for multiple testing - testing whether the significant results

appeared by chance.

2.2.3.5 Fluctuation assay:

36 overnight cultures were grown from isolated colonies at 37°C in low-salt LB
broth (0.5 g 1’1 NaCl). Recombinant colonies were selected on low-salt LB agar

plates containing 35 mg ml-! of zeocin. Fluctuation test tables was used (Spell
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and Jinks-Robertson, 2004) to calculate the rate of recombination
(events/cell/generation) and 95% confidence intervals. An example of the

calculation table is shown in Appendix D.

2.2.4 Calculating the relative efficiency of the MMR and of recombination:
The relative efficiency of the DNA mismatch repair system has been calculated

in the following the way:

The relative efficiency of the MMR system in the absence of specific GATC site(s)

E(acarc) = Cacatc) / C+)

where the frequency of corrected mismatches in the presence of all GATC sites

C» =Fp-F

where the F(+) represents the frequency of mutations in the presence of MMR
and Fgythe frequency of mutations in the absence of MMR and where the

frequency of corrected mismatches in the absence of specific GATC sites

C(acartc) = F(-) - Fagarc)

where Facarcgyrepresents the frequency of mutations in the absence specific

GATC sites.

The relative efficiency of MMR in a wild type situation (E(+)) wasset to 1

En=Cn/Cn=1
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Similarly, the relative rate of recombination of the zeocin cassette has also been

calculated:

The relative efficiency of recombination of the zeocin cassette in the absence of

specific GATC site(s)

Zacatc) = Riacaroy) / R

where rate of recombination in wildtype that accompanies mismatch repair

events

R+ =Q+-Qp

where Q(+) represents the rate of recombination in the wild type background in
the presence of TNR array and MMR and Q) the rate of recombination in the
presence of TNR array, but in the absence of MMR and where the rate of
recombination (that accompanies mismatch repair events) in the absence of

specific GATC sites (in the presence of TNR array)

R(acarc) = Qacarc)-Q()

where QacaTc) represents the rate of recombination in the absence specific

GATC sites (in the presence of TNR array).

The relative efficiency of recombination in a wild type situation (Zwy) was set to

1.

Zwy =R+ /R =1
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2.2.5 An in silico approach to generate different artificial sequences
In an approach to generate artificial sequences, the Markovian model has been
applied. This model assumes that a sequence is produced by a process that
chooses any of the four nucleotides in the sequence and the probability of
choosing any nucleotide at a particular position depends on the nucleotide
chosen for the previous position. For example, if “C” has already been chosen at
the previous position, the probability of choosing any of the four nucleotides at
the current position depends on the predetermined probability distribution pca,
pcc pee, and per which is the probability of choosing nucleotides “A”, “C”, “G” and
“T” respectively after “C”. These four parameters are called the “transition
probabilities” that serves the basic purpose of the Markov model along with
four initial probabilities (pa, pc, pc, and prt). This model is also called the first
order Markov chain as the current state actually depends on another single
state (the previous state). Thus, for example, a sequence “ATTCGCA” will
depend on the initial probability pa for choosing “A” at the first position and the
following transition probabilities: pat, prT, prc, pce, pec and pca respectively

(Figure 2.5).
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Figure 2.5. A schematic representation of transition probabilities for
choosing a nucleotide at a particular position in a sequence. The respective
transition probabilities (Paa , Pac, Pag, Par, ... ... ..., Prr) are shown along the
arrows directing the transition.

Three model sequences were generated -

1. Random sequence (Rand).
2. Dinucleotide based sequence (DN).

3. Dicodon based sequence (DC).

2.2.5.1 The random sequence (Rand)
Following the Markov sequence model, the initial probabilities where set in
such a way that individual nucleotides have the equal probability to be chosen

for the first position. Thus, pa = pc= pc = pr = 0.25. After occupying the first
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position by a single nucleotide, the next position has been chosen for any of the
four nucleotides as randomly as possible. Trying so, the transition probabilities

had been defined as:

Paa = pac= pac = par = 0.25 (thus, paa + pac+ pac + par = 1)

pca = pec= pce = per = 0.25 (thus, pca + pect pee + per = 1)

Pca = pac= pae = per = 0.25 (thus, pea + pec+ pec + per = 1)

pra = prc= pre = prr = 0.25 (thus, pra + prc+ pre + prr=1)

Ten random sequences were generated with the same length of the E. coli
genome, which is 4639675 bp. In addition, three particular transition
probabilities - pea, par and prc had been modified and the process was
optimized in a trial and error basis so that the average number of GATC attained

the range of 19120+1% to generate another ten random sequences.

2.2.5.2 The dinucleotide sequence (DN)

One biological constraint had been introduced in this method. For this attempt,
the first nucleotide had been chosen according to the overall composition of the
nucleotides in the whole E. coli chromosome. The initial probabilities had been
calculated from the proportion of each nucleotide in the E. coli genome using

package “seqinr” in statistical package R and shown in Figure 2.6.

pa = 0.246187

pe= 0.254232
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pe = 0.253665

pr = 0.245916
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Figure 2.6. Proportion of each nucleotide in the E. coli genome based on
which the initial probabilities had been calculated. The red bar represents
the proportion of “Adenine”, the green bar represents the proportion of
“guanine”, the blue bar represents the proportion of “cytosine” and the orange
bar represents that for “thymine” that are plotted on a scale showing the
respective base proportions along the y-axis.

The next task was to define the (4 X 4) transition matrix with more essence of
biology. As about 85% of the E. coli genome corresponded to coding sequences,
the transition matrix had been built on the composition of the coding sequence
of E. coli. The frequencies of all the 16 possible dinucleotides had been
calculated from the coding sequence concatenated into a single sequence

(Figure 2.7) using Perl script, statistical package R and MATLAB®.
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x 10

First Base A

Second Base

Figure 2.7. The frequency distribution of 16 different dinucleotides in the
E. coli genome presented in a side by side fashion. Statistical software
MATLAB® has been used to count and plot this frequency distribution.

The names of sequences generated from this approach have been coined as the
“dinucleotide sequences”. One drawback of this approach was that the average
number of GATC motifs per sequence generated became about 16000, which
was far less than the total number of GATC motifs in E. coli genome. Yet again,
three particular transition probabilities — pca, pat and prc have been modified in
an attempt to bring the number of GATC motifs to similar level (19120+1%) to

that in the E. coli genome. The process had been optimized by trial and error
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basis. Ten sequences of 4639675 bp length had been generated by this

approach.

2.2.5.3 The dicodon sequences (DC)

Further attempts were made to generate more biologically relevant artificial
sequences. As mentioned before, the E. coli genome is composed of about 85%
of coding sequence and the codon usage has been taken into account to generate
artificial sequences as has been done in Section 2.2.5.2. The principle remained
the same as for the dinucleotide sequences; only the codons were taken into
consideration in place of nucleotides in such a way that the total length of the
sequence remained 4639675 bp. In this approach, which had been called the
dicodon approach, the first three positions of the sequence were occupied by a
codon with a predefined initial probability (Figure 2.8). The initial probabilities
have been defined by the codon frequency in the coding region of the E. coli
genome and calculated from the proportion of each codon in the coding region

of the E. coli genome (Figure 2.8).

Like the dinucleotide approach, the hexamers in the coding region of the E. coli
genome have been calculated using the statistical package R from the
concatenated coding sequences (created using in-lab Perl script). An 8 X 8
matrix has been created to define the transition matrix. This approach has been
named the “dicodon approach” because of the usage of hexamers (two codons).
At first ten artificial sequences were generated with the length of 4639675 bp
where the average number of GATC motifs was over 2300 per genome. Yet

again, 16 transition probabilities were modified in an attempt to bring the
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number of GATC motifs to a similar level to that of the E. coli genome (19120).
After several trial and errors, ten artificial sequences were generated in this

approach with an average of 19120+1% GATC motifs per sequence generated.

A.
4
Codons for frame 1 x 10
6
Genetic Code: Standard
B.
0.06
g 0.05
2
5 0.04
(=9
S 0.03
=7
g 0.02
g
S 0.01
O IIIIIIIIII.I I-IIIIIIIIIIIIIIII IIIlI III IllIIIIIIIIIIIIIIIIIIII.IIIIIIIIIIII-III IIIIIII
< H O O << U O << F O O < = O©C O = O O < =
SS8CEEE83G5E55888E=88E¢
Codon

Figure 2.8. The codon usage of the coding regions of the E. coli genome. (A)
The relative abundances have been shown with the colour gradient using
statistical software MATLAB and (B) the weighted values (as the codon
proportion) have been plotted for each codon.
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Chapter 3
3.1 Introduction
The E. coli DNA mismatch repair system shows bidirectionality in in vitro
experiments (Cooper et al., 1993). However, Blackwood and collaborators found
that MMR-stimulated recombination at a 275 bp tandem repeat only occurs
when the tandem repeat is placed on the origin proximal side of a system that
generates substrate for the MMR system suggesting that MMR might be
directional in vivo (Blackwood et al., 2010). In this study, I have investigated the

directionality of MMR in E. coli.

Genomes of all organisms are scattered with simple repeats and tandem repeats
occur in the form of iterations of repeat units ranging from a single base pair to
even thousands of base pairs (Ellegren, 2004). Perfect or near-perfect tandem
iterations of short sequence motifs (mono-, di-, tri- and tetranucleotide repeats)
are extremely common in eukaryotic genomes (Ellegren, 2004). These short
repeats are popularly known as microsatellites which are mainly composed of
1-6 nucleotide long simple sequence repeats (SSR) (Miah et al, 2013).
Microsatellites are highly polymorphic and the length instability at a single unit
level is very prominent in MMR deficient cells (Blackwood et al.,, 2010). In
addition, the MMR system is known for repairing small extrahelical loop-outs of
3-4 nucleotides created due to replication slippage along with single base
mismatches (Jiricny, 1998). Therefore, a microsatellite can be used as a source
of frequent mismatches at a defined locus for studying MMR in vivo. In this
study, a 98 unit (294 base-pairs) long CTGeCAG repeated array has been used

where the CTG repeats are located on the leading strand. This trinucleotide

Page | 114



Chapter 3
repeat array is inserted in the lacZ gene in the E. coli genome. In addition, the
variation of length of the repeat array at the level of a single unit has been
defined as “instability” which is considered as a quantitative phenotype to
detect the efficiency of the DNA mismatch repair system in this study. This study
focused on the usage of GATC sites by the DNA MMR system on both sides of the
trinucleotide repeat array in order to understand the potential usage of GATC
motifs on both sides of a mismatch occurred at an anonymous locus in the
genome. The significance of the difference of instabilities among different
bacterial populations has been calculated using Kruskal-Wallis analysis

(described in Chapter 2).

Since the early 1970s, many studies have been carried out to elucidate the
molecular mechanism of DNA mismatch repair in different organisms
(Friedberg et al., 2006). The current established molecular mechanism of the
DNA mismatch repair system has mostly been established from in vitro studies.
Interestingly, in E. coli the methylation state of the DNA has been found to affect
the strand discrimination as the unmethylated nascent DNA strand undergoes
almost 100% repair of a mismatch while the fully methylated parent DNA
strand does not (Wagner and Meselson, 1976). The methylation of a DNA strand
is mediated by the DNA adenine methylase (Dam) enzyme at the adenine base
of a GATC motif (Geier and Modrich, 1979; Marinus and Morris, 1974). Until the
late 1980s, a GATC motif was considered as a beacon for strand discrimination
by the DNA mismatch repair system in E. coli. However, the molecular

mechanism of strand discrimination became clear after the finding of an enzyme
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encoded by the mutH gene (Welsh et al., 1987). MutH protein is a cryptic
endonuclease, which utilises the methylation state of a GATC motif to incise only
a hemimethylated GATC motif. This incision provides the starting point for an
excision reaction to cleave the faulty nascent strand and is followed by a repair

synthesis reaction.

Several in vitro studies using synthetic heteroduplexes and bacteriophage A,
M13 or fIMR1 have shown that the DNA mismatch repair system repairs a
mismatch by using a GATC motif within the vicinity of the mismatch (Bruni et
al, 1988; Grilley et al, 1993; Pukkila et al, 1983). Moreover, these in vitro
studies have established that the DNA mismatch repair system can repair a
mismatch if there is a GATC motif within 2 kb distance from the mismatch,
although an early finding claimed a distance of only 1 kb (Bruni et al., 1988;
Lahue et al., 1987). Until now, this distance of 2kb has been considered the ‘rule
of thumb’ in different studies and in vitro experiments have been so designed
that the nearest GATC motif from a mismatch stays within the 2 kb range. In this
study, the in vitro range of 2 kb distance has also been experimentally re-
examined for the in vivo system (in E. coli). As mentioned earlier, I have used a
294 bp (98 unit) long CTGeCAG repeat array in this study, which has been
inserted between the coordinates of 365502 and 365522 bp in the lacZ gene of
the genome of E. coli K-12 MG1655 (NC_000913.1). For simplicity, the CTGeCAG
repeat will be mentioned as the TNR (tri-nucleotide repeat) array for the rest of
this chapter. The CTG repeat tract is on the leading strand of the right replicore

as depicted in the Figure 3.1.
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lacZ::TNR

Ori

Ter

Figure 3.1. A schematic representation of the E. coli genome indicating the
relative positions of the origin of replication (Ori), the terminus locus
(Ter) and the lacZ::TNR.

There are several natural GATC motifs around the TNR array. Both sides of the
TNR array have been defined with regards to the origin of replication of the E.
coli chromosome as the origin proximal side and the origin distal side of the
TNR array. Keeping in mind that a GATC motif should be present within 2 kb
distance from a mismatch in vitro, for this study the primary region of interest
has been fixed to 2 kb on both sides of the TNR array in vivo that gives a
sequence of 4.3 kb. The region of interest has 7 GATC motifs on the origin distal
side of the TNR array while the origin proximal side has 12 (Figure 3.2). The
GATC motifs situated on the origin distal side of the TNR array have been named
D1 to D7 in a fashion that D1 is the nearest to the array. For those of on the
origin proximal side of the TNR array, P1 is the nearest and P12 is the furthest

from the array.
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Figure 3.2. A schematic representation of the relative positions of GATC
motifs around the TNR array at the region of interest. The GATC motifs are
depicted by orange vertical lines around the TNR array (green box) at the region
of interest in the E. coli genome (depicted by the blue horizontal line). A relative
scale has been drawn in the unit of base-pairs centering the TNR array.

3.2 Summary of the strategic approach to process the raw data
of the instability assay

As it has been described in the Section 2.2.3.2, the proportion of instability of
the TNR array at the single-unit level is calculated for each of the sixty
overnight cultures produced from a particular E. coli strain being
investigated. After the peak calling by the GeneMapper v3.7® (depicted in Figure
2.4), the data for the instability assay is measured as a binary response -
whether an instability event had occurred (counted as 1) or not (counted as 0).
The proportion of instability from eight replicates of each (among sixty
overnight cultures) sample culture is calculated. The strategic procedure (for
data processing) is shown here with only three representative samples derived
from the same bacterial strain (Table 3.1). For example, if one colony among
eight randomly selected colonies (from the plate after serial dilution in figure
2.4A) is found to have an instability (either a single unit TNR deletion, in case of

sample X or a single unit insertion, in case of sample Y), the proportion of
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instability, P orv) = (1+0+0+0+0+0+0+0)/8 = 0.125. On the other hand, if there

is no detectable instability at a single-unit level among eight randomly selected

colonies

(in case of sample Z), the proportion of instability, Pz =

(0+0+0+0+0+0+0+0)/8 = 0. Finally, the frequency of instability is calculated to

be 0.0834 and the standard error of mean is calculated to be 0.0417 following

the equations in the Section 2.2.3.4.

Table 3.1. Representative raw data of the instability assay and the
processing strategy.

In case of -1 TNR instability

. Peak for Peak for Proportio
Representativ Base . .
e raw sample the peak sm.gle-un.lt. . n o.f .
marker TNR instability | instability
1 Sample X.fsa 424 431 -
2 Sample X.fsa 424 431 -
3 Sample X.fsa 424 431 -
4 Sample X.fsa 424 431 - 0.125
5 Sample X.fsa 424 431 - '
6 Sample X.fsa 424 431 -
7 Sample X.fsa 424 - 428
8 Sample X.fsa 424 431 -
In case of +1 TNR instability
Representativ Peak for Base _l'—‘eak for. Proportio
e raw sample the peak sm.gle-un_lt_ . n o.f .
marker TNR instability | instability
1 Sample Y.fsa 424 431 -
2 Sample Y.fsa 424 431 -
3 Sample Y.fsa 424 431 -
4 Sample Y.fsa 424 431 - 0.125
5 Sample Y.fsa 424 431 - '
6 Sample Y.fsa 424 431 -
7 Sample Y.fsa 424 431 -
8 Sample Y.fsa 424 - 434
In case of No TNR instability
Representativ Peak for Base 'Peak for. Proportio
e raw sample the peak sm.gle-un_lt_ . n O.f .
marker TNR instability | instability
1 Sample Z.fsa 424 431 - 0
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2 Sample Z.fsa 424 431 -
3 Sample Z.fsa 424 431 -
4 Sample Z.fsa 424 431 -
5 Sample Z.fsa 424 431 -
6 Sample Z.fsa 424 431 -
7 Sample Z.fsa 424 431 -
8 Sample Z.fsa 424 431 -
Calculation
0.125
Proportions of instability: 0.125
0

frequency of instability | 0.0834

Standard deviation | 0.072168784

Standard error | 0.041666667

3.3 The usage of GATC motifs on the origin distal side of the TNR
array

Initially, the usage of the GATC motifs on the origin distal side of the TNR array
has been studied. During DNA mismatch repair, a GATC motif is the recognition
site of the MutH protein, which makes an incision at the 5’ position of the G in
the 5’-GATC-3’ motif that serves as the starting point of the excision reaction
(Welsh et al., 1987). To determine how efficient is the DNA mismatch repair
system at recognising GATC motif(s), primarily these motifs have been modified
sequentially away from the TNR array on the origin distal side. In this study,
GATC motifs have been modified by introducing a synonymous mutation such
that the protein coding sequence (which is encoded by the lacl gene in this case)
remains unchanged. Importantly, GATC motifs on the origin proximal side have
not been modified for this particular experiment. GeneMapper® (Applied

Biosystems) microsatellite analysis (Section 2.2.3.2 and 2.2.3.3) has been used
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to measure the instability of the length of the TNR array which in turn measures
the efficiency of the DNA mismatch repair system in different genetic
backgrounds of E. coli - the lower the frequency of instability, the more efficient

is the DNA mismatch repair system and vice versa.

0.08

0.07 |

0.06 -
0.05 -

0.04 -

0.03 -

0.02 -
0 -

MM D1-D2 D1-D3 D1-D4 D1-D6 D1-D7 SpDn

Frequency of instability

Genotype

Figure 3.3. The frequency of instability of the TNR array in different
genetic backgrounds. In this bar plot, each background has been plotted along
the x-axis and the height of the corresponding columns shows the respective
frequency of instabilities along the y-axis. Error-bars represent the standard
errors of means. MMR- is the DNA mismatch repair deficient background and wt
is the DNA mismatch proficient background. The sequential modifications of
GATC motifs are depicted as D1 to D1-D7 backgrounds. SpDn depicts the strain
which has an amplified a 2 kb GATC free Schizosaccharomyces pombe genomic
DNA inserted at about 200 bp origin distal side of the TNR array.

In the strain where the mismatch repair system has been inactivated by
mutating the gene of (mutS) the first component of the DNA mismatch repair
system, MutS (MMR- background), the frequency of instability of the TNR array
rises about 4.5 fold over the level observed for the wild type cells (wt) where

the DNA mismatch repair system is fully functional (Figure 3.3). The basal level
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of the instability of the TNR array observed for the wild type cells (wt) is
assumed to correspond to a small fraction of undetected or unrepaired
mismatches and/or secondary mismatches occurring during the repair

synthesis by the DNA mismatch repair system.

When the first GATC motif on the origin distal side of the TNR array (472 bp
away from the array) has been modified to a non-GATC sequence (D1) and the
next available GATC motif is at 844 bp away on the same side, the frequency of
instability remains at a similar level of that for the wild type. In addition, the
same level of instability of the TNR array is maintained even after the
modification of the GATC motif situated at the distance of 844 bp (D1-D2) while
the next available GATC motif is 949 bp away on the origin distal side of the TNR
array. The first noticeable increment of the level of instability of the TNR array
has been observed when the GATC motif at 949 bp has been modified (D1-D3)
and the next available GATC motif is situated 1356 bp away from the TNR array
on the original distal side. Findings from an early in vitro study proposed that
the maximum distance between a mismatch and the nearest available GATC
motif should be less than 1 kb (Bruni et al., 1988). In this in vivo study the level
of instability is still very low compared to that in DNA mismatch repair deficient
cells (MMR- background). Moreover, the frequency of instability is not
significantly higher than that found in the wild type cells where the DNA
mismatch repair system is fully functional at 95% confidence level (p-value
0.0889). GATC motifs on the origin proximal side could play a role in this regard

by providing a GATC motif needed for starting the cleavage reaction and thus
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modification of GATC motifs on the origin distal side would then have no
noticeable effect regarding the level of instability at the TNR array. An
alternative molecular mechanism has been proposed and will be discussed later

in this chapter.

Subsequent modifications of GATC motifs, thereby pushing the next available
GATC motif further away from the TNR array on the origin distal side resulted in
a gradual increase of the frequency of instability of TNR array. The modification
of the next GATC motif at a distance of 1356 bp from the TNR array (D1-D4)
resulted in a slight increase in the frequency of instability while the next
available GATC motif resides at a distance of 1494 bp from the TNR array. The
fifth and sixth GATC motifs on the original distal side, situated at a distance of
1494 bp and 1508 bp respectively, have been modified together (D1-D6)
considering that their close proximity should result in the same effect on the
instability of the TNR array than modifying them separately. This modification
results in a slight increase of the frequency of instability from what has been

found in the previous modification (background D1-D4).

A visible effect has been observed after modifying all the available GATC motifs
within a 2 kb region on the original distal side of the TNR array (background
D1-D7). The GATC motif at a distance of 1826 bp from the TNR array has been
modified and the next available GATC motif is at a distance of 2370 bp from the
TNR array on the origin distal side which is beyond the in vitro boundary for the
availability of at least one GATC motif from the mismatch (Grilley et al., 1993;

Modrich, 1991; Pukkila et al., 1983). In this case, the level of instability of the
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length of the TNR array rises higher, but still does not reach the level of a MMR-
background. The p-value of the difference of frequency of instabilities between
MMR- background and D1-D7 background is 0.0317, which is statistically

significant at a 95% confidence level.

At this point, the matter of argument would be the involvement of the GATC
motifs on the origin proximal sides, where the first two are quite near to the
TNR array (only 110 bp and 206 bp respectively away from the TNR array)
which might act as the starting point of the excision reaction during MMR. There
are 2 things to be considered: i) whether a GATC on the origin proximal side can
contribute during MMR and ii) how efficient is this contribution? If GATC motifs
on the origin proximal side of the TNR array were equally efficient as a starting
point for the cleavage reaction as those are on the origin distal side of the TNR
array, there would have been no change at all in the level of instability of the
TNR array after sequential modification of the GATC motifs on the origin distal
side only. However, there is a possibility that GATC motifs on the origin
proximal side could contribute to the efficiency of the DNA mismatch repair
system to a minimal level and this is the reason for the level of instability of the
TNR array in D1-D7 background did not raise up to the level of the MMR-
background, even if there is no GATC motifs within 2 kb region on the origin

distal side of the TNR array. This possibility will be discussed in a later section.

The next step is to redefine the boundary or the range of the nearest available
GATC motif from a mismatch for a successful DNA mismatch repair. As there are

several GATC motifs beyond 2 kb boundary on the origin distal side of the TNR
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array in the E. coli genome, rather than modifying those GATC motifs
sequentially, a more efficient experiment has been devised to extend the GATC-
free region by inserting a non-E. coli DNA sequence in the strain D1-D7. A 2 kb
long GATC motif-free DNA sequence has been isolated from the fission yeast
Schizosaccharomyces pombe and inserted at 200 bp away from the TNR array on
the origin distal side (background SpD). The rationale behind choosing a non-E.
coli sequence is to avoid any intra-sequence recombination during strain
preparation and performing the assay. However, the potential of altered DNA
metabolism after inserting a foreign DNA sequence due to different intrinsic
properties of the sequence (different DNA composition etc) has not been
thoroughly examined in this case. In that strain, the total length of a GATC
motif-free sequence reaches up to 4.3 kb. The frequency of the instability of the
TNR array has been measured in SpD strain and this time the frequency
becomes very high compared to the level for the wild type cells (p-value
1.7154e-06, which is statistically significant at a 95% confidence level) where
the DNA mismatch repair system is fully functional (Figure 3.3). In addition, the
frequency rises very close to that for the DNA mismatch repair deficient
background (MMR-) and cannot be differentiated from the MMR- background
(p-value is 0.9451 at 95% confidence level) (Figure 3.3). No significant
difference has been found between the overall proportions of single TNR unit
contraction or expansion by performing a x? test, therefore, single TNR unit
contraction events is not favoured over the proportion of single TNR unit
expansion, and vice versa (Appendix A). However, a 5’-CTG repeat array in the

leading strand template is relatively stable than a 5-CAG repeat array
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(Delagoutte et al.,, 2008). Therefore, it could be difficult to measure relative
abundance of either contraction or expansion events in overall rare occurrences

of instabilities in this experiment.

An obvious question arises at this point: Is the severe decline of the efficiency of
the DNA mismatch repair system in the SpD strain a local phenomenon (due to
the increased distance between a mismatch and the nearest GATC motif) or has
it become a global phenomenon for the cell (any of the genes in the DNA
mismatch repair pathway in the cell might have acquired mutation(s) over the
course of genetic modification in the laboratory)? To address this question, the
overall frequency of mutation in this strain has been investigated by fluctuation
analysis based on point mutation(s) ariseing in the gene rpoB which eventually
confers resistance against the antibiotic Rifampicin. rpoB codes for the -
subunit of RNA polymerase and point mutations in a limited 69 bp long region
(rifampicin resistance-determining region) is responsible for 96% of the events
resulting in rifampicin resistance (Ford et al, 2013; Mariam et al., 2004;

Nicholson and Maughan, 2002)

The rate of mutation (events/base/generation) in the rpoB gene increases 46
fold in DNA mismatch repair mutant background (MMR-) compared to the wild
type background (Figure 3.4). The rate of mutation in case of the SpD
background, which has a 4.3 kb long region free of GATC motifs, has been found
to be at the similar level to that of the wild type (95% confidence interval).
Therefore, the DNA mismatch repair system is fully functional in the SpD

background and the higher level of instability of the TNR array observed for this
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background (Figure 3.3) is due to the lack of the GATC motifs over a region of

4.3 kb on the origin distal side of the TNR array.

Therefore, it clearly shows that the DNA mismatch repair system still repairs
mismatches (with a lower efficiency though), and is not completely inefficient in
repairing mismatches when the next available GATC motif is beyond 2 kb while
the origin proximal GATC motifs are still there. The relative efficiency of MMR
with respect to the availability of origin distal GATC motif will be discussed in a

later section.
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Figure 3.4. The frequency of mutation(s) in the rpoB gene under different
genetic backgrounds as a measure of the efficiency of the DNA mismatch
repair system. In this bar plot, each genetic background has been plotted along
the x-axis and the height of the corresponding bars shows the respective
frequency of mutation along the y-axis. The error-bars represent the upper and
lower limits of 95% confidence intervals. MMR- is the DNA mismatch repair
deficient background and wt is the MMR proficient background. SpD depicts the
genetic background where a 2 kb long GATC motif-free sequence of
Schizosaccharomyces pombe has been inserted which gives in total of 4.3 kb of
GATC motif-free sequence on the origin distal side of the TNR array.
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3.4 The usage of GATC motifs on the origin proximal side of the
TNR array

The usage of GATC motifs on the origin proximal side of the TNR array has been
investigated by modifying them, in the same way described earlier, in the
direction away from the TNR array while the GATC motifs on the origin distal
side have not been modified. After the modification of the first two GATC motifs
(at 110 bp and 206 bp respectively from the TNR array) on the origin proximal
side (background P1-P2), the frequency of instability of the TNR array seems to
decrease slightly compared to that of the wild type background (the p-value is
0.0105 at 95% confidence level) (Figure 3.5). However, when all GATC motifs
within a 2 kb region on the origin proximal side of the TNR array have been
modified (background P1-P12) and the next available GATC site is at a distance
of 2321 bp from the TNR array on the origin proximal side, the frequency of
instability is similar to that observed for wild type cells (p-value 0.6076 at 95%
confidence level) (Figure 3.5). On the other hand, this level does not rise up to
the level observed for the mismatch repair deficient background (background
MMR-). Moreover, this difference is statistically highly significant (p-value

1.1903e-06 at 95% confidence level) (Figure 3.5).
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Figure 3.5. Comparing the frequency of the instability of the TNR array in
different genetic backgrounds. In the bar plot, each background has been
plotted along the x-axis and the height of the corresponding bars shows the
respective frequency of instabilities along the y-axis. Error-bars have been
calculated from the standard errors of the mean of the experimental samples.
MMR- is the DNA mismatch repair deficient background (mutS-) and wt is the
DNA mismatch proficient background. The modification of GATC motifs on the
origin proximal side of the TNR array are indicated as P1-P2 and P1-P12
backgrounds.

From the result, it has become clear that GATC motifs on the origin proximal
side of the TNR array do not contribute as starting points of the excision
reaction during DNA mismatch repair when the origin distal GATC motifs are
intact. However, one cannot rule out the possibility that the origin proximal
GATC motifs might be used only if there is no origin distal GATC motif (of a
mismatch) in a long stretch of DNA sequence. Therefore, in this case, the GATC
motifs on the origin distal side of the TNR array are recognised by MutH protein
and are the sole contributors to the start site of the excision reaction during

DNA mismatch repair.
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3.5 The usage of GATC motif(s): single GATC motif vs. an array
of GATC motifs

Different short DNA sequences or DNA motifs have been identified which bear
biological significance by getting recognised by respective DNA binding proteins
and are thereby involved in different biological processes. In addition, some
DNA motifs act better in cluster than solitary as it enhances the probability of
their recognition by their respective DNA binding proteins. For example,
biochemical studies have established that SeqA, which is not directly involved in
the DNA mismatch repair system, binds to GATC motifs situated at the origin of
replication of the E. coli genome to impede immature start of replication
(Brendler and Austin, 1999; Brendler et al., 1995; Kang et al., 1999; Slater et al,,
1995). Interestingly, SeqA has a preference for binding to a cluster of GATC
motifs as shown in a study where this sequence has been inserted at different
loci (in sriA and tnaA gene sequences) (Waldminghaus et al., 2012). In addition,
the frequency is high for closely spaced GATC motifs in the E. coli genome (will
be discussed in Chapter 6). Therefore, it is worth studying the in vivo preference

of the DNA mismatch repair proteins for a single or a cluster GATC motif(s).

In vitro experiments have been designed with heteroduplex DNA where usually
a single GATC motif resides within a 2 kb region on either side of a mismatch
(Grilley et al., 1993; Modrich, 1991; Pukkila et al., 1983). An early in vitro study
on the utilisation of GATC motif(s) demonstrated an elevated efficiency of the
DNA mismatch repair system in a covalently closed circular DNA in the presence
of four closely spaced GATC motifs compared to a GATC motif-free homeologous

DNA substrate (Lahue et al., 1987). In that experiment, the efficiencies of DNA
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MMR for a homeologous substrate was only 10% and 93% with one and two
GATC motifs respectively. However, the author did not correlate between the
efficiency of DNA mismatch repair system and the number of GATC motif(s)
present in the substrate. On the other hand, to my knowledge, no in vivo
experiments have been yet devised to investigate the number of GATC motif(s)
required in the E. coli genome for a successful DNA mismatch repair in a natural

cellular environment.

As previously shown, the DNA repair system is less efficient in repairing a
mismatch when there is no GATC motif in a distance of 2 kb from the TNR array
on the origin distal side (for background D1-D7, Figure 3.3) which leads to an
increase of the level of instability. A single ectopic GATC motif and an array of 3
GATC motifs separated by 4 nucleotides have been inserted at a distance of 567
bp from the TNR array on the origin distal side in the D1-D7 strain. The
modified strains have been named as 1G and 3G, respectively and their level of
instability has been calculated. After introducing a single ectopic GATC motif or
an array of GATC motifs, the frequency of instability decreases compared to that
has been observed in the D1-D7 strain. Moreover, the frequency of instability of
TNR array decreases even below to the frequency observed in wild type cells.
However, the experimental error bars overlap with that in wild type level with a
p-value of 0.1150. So, the level of instability observed in the 1G and 3G strains
has been considered as the same level observed in wild type cells at 95%

confidence level.
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Figure 3.6. The DNA mismatch repair system does not prefer an array of
GATC motif(s) over a single GATC motif of repairing a mismatch. In the bar
plot, each background has been plotted along the x-axis and the height of the
corresponding bars shows the respective frequency of instabilities along the y-
axis. The error-bars have been calculated from the standard errors of the mean
of experimental samples. MMR- is the DNA mismatch repair deficient
background (by knocking out the mutS gene) and wt is the DNA mismatch
proficient background. The D1-D7 background has a 2 kb DNA sequence free of
GATC motifs on the origin distal side of the TNR array. 1G and 3G background
has an ectopic single GATC and an array of 3 GATC motifs respectively at 567 bp
from the TNR array on the origin distal side.

Thus, the DNA mismatch repair system seems to be quite efficient at finding a
GATC in the vicinity of a mismatch and an extra GATC nearby, which is found
frequently in the E. coli genome (will be discussed in the Chapter 6), is not
necessary for increasing the efficiency of the DNA mismatch repair system in
this case. However, inserting a single GATC motif and an array of GATC motifs
(as has been used in the assay described above) to a distant site of the TNR
array would make it possible to compare the true impact of having more GATC

motifs on the efficiency of MMR.
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3.6 Discussion

3.6.1 The DNA mismatch repair system has a distinct directionality in
relation to the DNA replication

In vitro studies have shown that an incision of the nascent strand can occur
either on 3’ or 5’ of a mismatch during DNA mismatch repair, depending on the
position of the hemimethylated GATC motif (Au et al., 1992; Modrich, 1989).
Using electron microscopy and an end-labelling method, Grilley and
collaborators showed that the single stranded DNA region created after an
excision reaction spans the shortest path between the mismatch and the nearby
GATC motif (Grilley et al., 1993). In both directions, the excision reaction uses
the same helicase II (UvrD), but the requirement for single-strand specific
exonucleases is different depending on the orientation of the heteroduplex
substrate. A hemimethylated GATC motif residing on the 3’ side of the mismatch
requires Exo I and/or Exo X, while in the other direction (5’ = 3’ cleavage) Exo
VII and/or Rec] is/are required for cleaving the single stranded DNA. Therefore,
the in vitro cleavage reaction of the DNA mismatch repair system is bi-
directional and covers the shortest length between the mismatch and the
nearest hemimethylated GATC motif. However, in this in vivo study, I have
clearly shown that the DNA mismatch repair system has a preference for GATC
motifs on the origin distal side. This difference between the in vitro and in vivo
studies can be explained if we consider the mode of replication of E. coli genome

(Figure 3.7).
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Figure 3.7. A cartoon representration of a replication fork and
directionality of MMR at any particular time. Two denatured DNA strands
serve as templates (parent strands, shown as blue lines) for the synthesis of a
nascent continuous (leading) strand and a nascent discontinuous (lagging)
strand (both shown as green lines). At any time point, the replication
machinery stays at the junction of the denatured single strands and the parent
double strand. Sometimes, the replication machinery leaves a mismatch
(depicted by a red diamond) on the nascent strand (either leading or lagging
strand). At this moment, the parent strands are methylated (methyl groups are
depicted with amber circles) at GATC motifs (depicted with small amber lines)
while the nascent strands are yet to be methylated.

During the replication of the E. coli genome, the denatured DNA strands are
replicated: the leading strand is a continuous nascent strand, while the lagging
strand is a discontinuous nascent strand. At this moment, GATC motifs remain
unmethylated in both types of nascent DNA strands while GATC motifs on the
parent DNA strands are methylated. During DNA mismatch repair, these
hemimethylated GATC motifs serve as recognition sites for MutH and as the

start point of the excision reaction. On the other hand, different single stranded
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exonucleases operating in both directions are found to accomplish the excision
reaction which, in a narrow perspective, suggests that the DNA mismatch repair
system is bidirectional in utilising GATC motifs near a mismatch. However, this
in vivo study shows that only GATC motifs on the origin distal side take part in
DNA mismatch repair. Figure 3.7 demonstrates that to repair a mismatch on the
leading nascent strand utilising the origin distal GATC motif, a 3° - 5
exonuclease is needed. This task can be assigned to Exol or Exo X nuclease. On
the other hand, during the repair of a mismatch on the lagging nascent strand
and utilising the same GATC motif on the origin distal side, a 5’ = 3’exonuclease
such as Exo VII or Rec] is required. In both cases the DNA mismatch repair
system is utilising a GATC motif which is on the origin distal side and based on
the directionality of the single strand dependent exonucleases, the DNA
mismatch repair system is travelling away from the origin of replication which

is basically the same direction of the replication machinery.

3.6.2 The efficiency of the DNA mismatch repair system

This in vivo study has opened a broader perspective of the directionality of the
DNA mismatch repair system and redefined the minimal distance required
between a mismatch and a GATC motif in the context of a living cell. In addition,
it has provided a relative level of efficiency of the DNA mismatch repair as a
function of the distance between a mismatch and the nearest GATC motif on the
origin distal side of the TNR array (as origin proximal GATC motifs do not seem
to contribute to the efficiency of mismatch repair). Sequential modifications of

GATC motifs on the origin distal side result in a gradient of efficiency of the DNA
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mismatch repair system. Relative efficiencies of the DNA mismatch repair
system have been calculated using the formula described in Section 2.2.4 of
Chapter 2. The relative efficiencies have been plotted in Figure 3.8 as a function

of the distances between the next available GATC motifs and the TNR array.

1.5

Log relative efficiency of MMR

0.15 T T T T T T T T 1
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Distance of next available GATC motif from the TNR array (in bp)

Figure 3.8. The relative efficiency of MMR as a function to the distance
between the TNR array and the next available GATC motif. The distances
between the TNR array and the next available GATC motif on the origin-distal
side are plotted along the x-axis while the relative efficiencies of the DNA
mismatch repair system are plotted along the y-axis. The exponential trendline
has been drawn using built in module of Microsoft excel and the R2 value is
shown in the graph.

The efficiency of the MMR system in a wild type cell has been defined as 1 while
that in a mutS mutant (MMR-) has been set to 0. Sequential modifications of
GATC motifs on the origin-distal side results in the loss of efficiency of MMR
depicted in Figure 3.8. Fitting an exponential trendline (R? = 0.930) to the data
reveals that the MMR system is 50% efficient when the distance between the

TNR array and the next available GATC motif is 2.8 kb.
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4.1 Introduction

Upon detection of a mismatch in the DNA duplex, following a replication error,
MutS dimer binds the mismatch (Parker and Marinus, 1992; Su and Modrich,
1986). Then, MutL proteins bind the MutS dimer in an ATP-dependent fashion
and assemble into a ternary complex (Allen et al., 1997; Galio et al., 1999; Grilley
et al., 1989). This ternary complex in turn recruits a d(GATC) endonuclease -
MutH, which recognises a hemimethylated d(GATC) motif to discriminate the
nascent strand from its parent strand (Au et al., 1992s). MutH makes an incision
on the nascent strand to initiate the excision repair reaction in the course of
DNA mismatch repair (Au et al,, 1992). The orchestrated activity of the DNA
helicase II (UvrD) and the single strand dependent exonuclease(s) (one or more
of Exol, ExoVIl, Rec] and ExoX) constitutes the excision reaction of DNA
mismatch repair commencing from the MutH mediated incision on the faulty
nascent strand and migrates towards the mismatch which is to be repaired. The
first step of the excision reaction is mediated by DNA helicase II, the product of
the gene uvrD or mutU which unwinds the nascent DNA strand starting from the
incision created by MutH endonuclease (Dao and Modrich, 1998). Using a 6.4
kilobase circular substrate harbouring a G-T heteroduplex and a single-strand
incision on either side of the heteroduplex, Modrich and collaborators have
showed in an in vitro experiment that unwinding of the nascent strand by UvrD
favours the shortest path between the incision and the mismatch (Dao and
Modrich, 1998). Therefore, the in vivo excision reaction might have
directionality towards the mismatch along the chromosome. This unwinding

reaction is accompanied by degradation of the recently unwound faulty nascent
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strand by one or more of the four exonucleases that have been identified to
date: Exol, ExoVIl, Rec] and ExoX (Viswanathan et al, 2001). In vitro, the
excision reaction (thereby, the requirement for specific exonucleases) is
directed by the location of an incised d(GATC) motif either 5’ or 3’ of the
mismatch on the unmethylated nascent strand (Cooper et al, 1993;
Viswanathan et al.,, 2001). If the incision is made on 5’ of the mismatch, the
ExoVII and/or Rec] is/are recruited as they possess 5’—=3’ hydrolytic activity
(Chase and Richardson, 1974; Lovett and Kolodner, 1989). On the other hand, if
an incision made on the 3’ side of the mismatch, Exol and/or ExoX with 3'-5’
hydrolytic activity are recruited (Lehman and Nussbaum, 1964; Viswanathan et

al, 2001).

Grilley and collaborators have found that the in vitro excision reaction starts
from a hemimethylated GATC motif and terminates at different discrete sites
within a 100 nucleotides region on the other side of a mismatch (Grilley et al.,
1993). However, this finding came from in vitro studies of the DNA mismatch
repair system and the scenario may be different in vivo. From Chapter 3, it has
been established that in E. coli the excision reaction starts from an incision at
the hemimethylated GATC motif on the origin distal side of a mismatch. Using a
CTGeCAG trinucleotide repeat array (TNR array) and a recombination reporter
(Zeo) on the original proximal side of the TNR, Blackwood and collaborators
have shown that recombination of the reporter is stimulated by DNA mismatch
repair and the rate of recombination is a function of the distance between the

TNR array and the reporter (Blackwood et al.,, 2010) (Figure 4.1A). When the
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reporter was placed at a distance of 6.3 kb from the TNR array on the origin
proximal side, the rate of recombination was 2 fold higher than the wild type
background which does not harbour the TNR array (Blackwood et al., 2010).
Interestingly, the rate of recombination of the zeocin tandem repeat increased 6
fold compared to the wild type background when the tandem repeat was placed
at a distance of only 0.5 kb from the TNR array on the origin proximal side
(Figure 4.1). This in vivo finding appears to be inconsistent with the traditional
in vitro view about the length of the excision reaction tract during mismatch
repair. In this current study, I have set out to investigate the in vivo length of the
excision reaction tract. It was not clear whether the end point depends on the
position of the mismatch or the GATC motif. In this study, the positions of the
end points regarding the positions of both mismatch and the GATC motifs have

been tested.
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Figure 4.1. A CTG+CAG TNR array stimulates recombination at a reporter -
275 bp tandem repeat (zeo) inserted on the origin proximal side of the
TNR array. (A) The E. coli chromosome is shown as blue horizontal lines, the
TNR array is shown as a green rectangle and the zeocin tandem array is shown
as two tandem red boxes at different distances from the TNR array. (B) The
recombination rates of the zeocin tandem repeats (recombination reporter) in
different genetic backgrounds and with or without the TNR array have been
shown here. Figure (B) is from (Blackwood et al., 2010).

In this study, the same recombination reporter - zeocin tandem repeat has been
used to determine the end point of the excision reaction tract in the course of
DNA mismatch repair. The tandem repeat is composed of two defective ORFs of
275 bps (Figure 4.2). The first ORF has an intact initiation codon, but lacks the
sequence for the C-terminus of the coded protein. On the other hand, the second
ORF has an intact sequence except for the initiation codon. Upon recombination,
which is stimulated by the DNA mismatch repair system, the tandem repeat

becomes a functional single ORF which codes for a protein that confers
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resistance against the antibiotic zeocin (Blackwood et al., 2010). Blackwood and
collaborators proposed that recombination is mediated by DNA resynthesis
following the formation of a single stranded sequence harbouring the tandem
repeat during the excision reaction in the course of DNA mismatch repair

(Blackwood et al., 2010; Eykelenboom et al., 2008).
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Figure 4.2. Structure of the 275 bp tandem repeat. The first repeat contains
an initiation codon but the C-ternimus of the encoded protein is deleted. The
second repeat contains an intact ORF except for the initiation codon. These two
parts are separated by three stop codons (on each frame) to stop any
translation starting from the initiation codon. Upon recombination between
these incomplete repeats, a complete protein coding sequence emerges which
codes for a protein that confers resistance against the antibiotic zeocin.

4.2 The excision reaction of the DNA mismatch repair system
does not end at a GATC motif on the origin proximal side of a
mismatch

In a model of the molecular mechanism of DNA mismatch repair, Su and
collaborators proposed that the excision reaction might extend from a
hemimethylated GATC motif on one side of the mismatch to another
hemimethylated GATC motif on the opposite side of the mismatch as the MutH

makes incision on both GATC motifs (Figure 4.3) (Su et al., 1989). Therefore,
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the orchestrated action of the UvrD helicase and respective exonuclease(s)
would create a single stranded region from one GATC motif on one side of the

mismatch to another GATC motif on the other side of the mismatch.
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Figure 4.3. A model describing the excision reaction and the formation of a
single stranded DNA region during the mismatch repair. After recognition
of a mismatch by MutS and formation of a ternary complex along with MutL,
MutH (recruited by the ternary complex) incises the nascent strand at the
hemimethylated GATC motifs on both sides (3’ and 5’) of the mismatch. The
orchestrated activity of the UvrD helicase and respective exonuclease(s)
unwinds and degrades the nascent strand spanning both inscisions. Under these
circumstances, the excision reaction starts from a GATC motif on one side and
ends at another GATC motif on the other side of the mismatch. The parent
strands are shown as blue lines and the nascent strands as green lines. GATC
motifs are shown as small vertical amber lines and methyl groups are shown as
blue boxes.
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In Chapter 3, it has been demonstrated that the DNA mismatch repair system
utilises the GATC motifs on the origin distal side of a mismatch. Based on the
aforementioned model, the excision reaction would start at a GATC motif on the
origin distal side and end at a GATC motif on the origin proximal side of a
mismatch. Inserting the zeocin tandem repeat at a position on the origin
proximal side of a mismatch, thereby studying the frequency of recombination
of the repeat, can provide us with a way to test whether the excision reaction
terminates at a GATC motif on the origin proximal side. In this in vivo
experiment, the zeocin tandem repeat has been inserted at 500 bp on the origin
proximal side of the TNR array (Figure 4.4). There are two GATC motifs (P1 and
P2) in close proximity between the TNR array and the zeocin tandem repeat
array. If the DNA mismatch repair system started the excision reaction from a
GATC motif on the origin distal side of the TNR array and if it incised at a GATC
motif on the origin proximal side (where the excision reaction would have
terminated as well), modifying P1 and P2 would increase the rate of
recombination of the zeocin tandem repeat as the excision tract would have a
higher probability of reaching the next GATC motif. The rate of recombination of
the zeocin tandem repeat has been investigated following the modification of P1
and P2 GATC motifs. The significance of the difference of the recombination
rates between two genetic backgrounds has been calculated with 95%
confidence interval based on a method developed by Spell and Jinks-Robertson

(described in Section 2.2.3.5) (Spell and Jinks-Robertson, 2004).
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Figure 4.4. A schematic representation of the locus of interest and the
experimental approach to investigate the influence of GATC sites on the
excision reaction. There are several GATC motifs on both sides of the CTGeCAG
trinucleotide repeat (TNR) array. On the origin proximal side of the TNR array,
two GATC motifs (P1 and P2) are situated between the TNR array and zeocin
tandem repeat. They have been modified to determine their influence on the
excision reaction during DNA mismatch repair. The E. coli chromosome is
shown as blue horizontal lines, the TNR array is shown as green rectangles and
the zeocin tandem array is shown as two tandem red boxes. GATC motifs are
shown as small vertical amber lines with respective names based on their
positions.

The recombination rate did not change significantly after modifying the P1 and
P2 GATC motifs between the TNR array and the zeocin tandem repeat (Figure
4.5). In the absence of the TNR repeat array (in all the TNR- backgrounds), the
rate of recombination stays at a minimum level as there were no frequent
mismatches to deal with. In a mismatch repair deficient background, even in the
presence of the TNR array (the MMR- TNR* background), the rate of
recombination was still low as there was no excision reaction mediated single
stranded DNA and the zeocin tandem repeat did not show elevated
recombination. In the presence of the TNR array, the mismatch proficient wild
type background (wt TNR*) showed about 7 fold more recombination compared
to the TNR- backgrounds and mismatch repair deficient background. In the

mismatch repair proficient cells with modified P1 and P2 GATC motifs, the rate
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of recombination of the zeocin tandem repeat did not increase, rather it
remained at a similar level to that observed for the wt TNR* background and the
difference in the rate of recombination between the wt TNR* background and
P1-P2 TNR* background was not statistically significant (Spell and Jinks-
Robertson, 2004). Therefore, it can be concluded that the excision reaction of
the DNA mismatch repair system is not influenced by the presence of GATC

motifs on the origin proximal side of a mismatch.
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Figure 4.5. The excision reaction during DNA mismatch repair does not
end at a GATC motif on the origin proximal side of a mismatch. A
comparative distribution of the rate of recombination of the zeocin tandem
array under different genetic backgrounds have been shown here. The rate of
recombination is shown along the y-axis and different genotypes are put along
the x-axis. The error-bars represent the upper and lower limits of 95%
confidence intervals.
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4.3 The distance of an excision tract depends on its start point,
rather than the position of a mismatch

According to the previously mentioned study by Blackwood and collaborators,
the effect of the excision reaction during DNA mismatch repair (recombination
of the zeocin tandem repeat) can still be noticed at a distance of 6.3 kb on the
origin proximal side of the TNR array and the rate of recombination is a function
of distance between the TNR array and the zeocin tandem repeat (Blackwood et
al,, 2010). On the other hand, Grilley and collaborators observed that the in vitro
excision reaction terminates at different discrete sites at a region of 100 bp from
the mismatch (Grilley et al.,, 1993). It is possible that a fraction of the total
events of the in vivo excision reaction reaches further. However most of them
clearly terminate at different discrete points in a “preferred region” near the

mismatch on the origin proximal side of the mismatch.

We consider two features of MMR that might determine the length of the

excision reaction -

1. The end point of an excision tract depends on the position of the
mismatch (irrespective of its start point, Figure 4.6A & B).

2. The end point of an excision tract depends on its start point (a
hemimethylated GATC on the origin distal side of the mismatch) (Figure

4.6C & D).

Again, the usage of zeocin tandem repeat and TNR array can be used to identify
the feature from which the length of the excision reaction tracts is measured.

Inserting the zeocin tandem repeat at different positions on the origin proximal
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side of the TNR array can provide information about the distribution of excision

tract lengths during DNA mismatch repair (Figure 4.7A).

Zeo TNR

' ' Ter

Ori 1 1

N

Presumed excision tracts

Zeo TNR

Ori 1 1

N

Presumed excision tracts

Zeo TNR

| | Ter

Ori | |

M

Presumed excision tracts

Page | 148



Chapter 4

Zeo TNR |
- ] | | —
Ori [ [ -l | | S [ Ter

N

Presumed excision tracts

Figure 4.6. Model diagrams describing the excision reaction tract during
DNA mismatch repair and its underlying features. Based on Chapter 3, the
excision reaction starts at the first hemimethylated GATC motif (D1) on the
origin distal side of the TNR array and the excision tracts moves towards the
TNR array (or a mismatch in natural conditions). The excision tract can
terminate at different discrete points on the origin proximal side with variable
lengths. The chromosome of E. coli is shown as a blue line, the TNR array as a
green box. The zeocin tandem repeat is depicted by two red boxes and the GATC
motif (positioned arbitrarily) by small amber vertical lines. The presumed
excision tracts are shown in black lines (both solid and dashed). The functional
lengths (denoted as solid lines and the contributing feature of the excision tract
length) are shown in solid lines. (A & B) The end point of the excision reaction
might depend on the position of the TNR array (where the end point of the
excision reaction would remain the same upon modification of D1) or (C & D) on
the position of the starting GATC motif (where modification of D1 would affect
the end point of the excision reaction).

Alternatively, using a fixed position for the zeocin tandem repeat and shifting
the next available GATC motif on the origin distal side of the TNR array, thereby
shifting the start point of the excision reaction, can be used to identify whether

the start position of the excision reaction affects the end point (Figure 4.7B).
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The second approach had been implemented in this study by inserting the
zeocin tandem repeat at 500 bp away on the origin proximal side of the TNR
array. If the termination point really depends on the position of a mismatch (or
the TNR array in this study), the rate of recombination of the zeocin tandem
repeat will remain the same despite any change of the start point of the excision
tract (Figure 4.6A & B). On the other hand, if the length of the excision tract
depends on the start point, sequential modification of the origin distal GATC

motifs will result in differences in the recombination rate of the zeocin tandem

repeat (Figure 4.6C & D).
A B
3’_-_/\# Y 3’_-_/\#5'
5’ "V 3 5’ V 3’

Figure 4.7. Two experimental approaches for investigating the
distributions of excision tracts during MMR. Approach (A) shows placing the
zeocin tandem repeat at different positions to determine the features that
determine the end point of the excision reaction tract, while approach (B)
shows using a fixed position of the zeocin tandem repeat and modifying the
GATC motifs to shift the start point of the excision reaction to do the same. The
parent strands are shown as blue lines and the nascent are as green lines. GATC
motifs are shown as small vertical amber lines and the methyl groups are shown
as blue boxes. The zeocin tandem array is shown by two tandem red boxes.
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A mismatch proficient strain harbouring the lacZ::TNR array and the zeocin
tandem repeat at 500 bp on the origin proximal side of the TNR array was
subjected to sequential modification of GATC motifs that are origin distal to the
TNR array (Figure 4.8). The GATC motifs on the origin distal side are denoted as

D1, D2 ... etc (Figure 4.8).

P2 P1 D1 D2 D3 D4 D5-6 D7 D8
Ori

:

{ ARARRRR:
0

- 500bp Obp 500bp 1000bp 1500bp 2000bp 2500bp

Figure 4.8. A schematic representation of the experimental approach for
sequential modification of GATC motifs on the origin distal side of the TNR
array to determine the length covered by the excision reaction during
repair of a mismatch. Sequential modification of these GATC motifs will shift
the starting point of the excision reaction. The E. coli chromosome is shown as
blue horizontal lines, the TNR array is shown as a green rectangle and the
zeocin tandem array is shown as two tandem red boxes. GATC motifs are shown
as small vertical amber line with their respective names based on their position
(origin distal GATC motifs are named Ds and origin proximal GATC motifs as
Ps).
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In the absence of the TNR array, the rate of recombination at the zeocin tandem
repeat was very low as there was no frequent mismatch that the DNA mismatch
repair could deal with and as a consequence, there was no induced single
stranded DNA region for recombination (all TNR- backgrounds in Figure 4.9). In
addition, even in the presence of the TNR array, a DNA mismatch repair
defective background (mutS-) did not show any increased recombination at the
zeocin tandem repeat as there was no excision reaction taking place (MMR-
TNR* background in Figure 4.9). In the wild type strains (wt TNR*) where the
DNA mismatch repair system was functional, the rate of recombination
increased more than 7 fold compared to the DNA mismatch repair deficient
background (MMR- TNR*). When the first GATC motif on the origin distal side of
the TNR array (D1 at a distance of 472 bp) was modified and the next GATC
motif was at a distance of 844 bp, the rate of recombination stayed basically the
same. A similar rate of recombination prevailed until the next available GATC
motif was at a distance of 949 bp (D3) on the origin distal side. However, the
rate of recombination started to decrease when the third GATC motif (D3) was
modified and the next available GATC motif was 1356 bp away from the TNR
array on the origin distal side. For the strain D1-D3 TNR*, the decrease was
about 15%, but was not statistically significantly different from the rate of
recombination observed in the wild type background (wt TNR*). A gradual
decrease in the rate of recombination of the zeocin tandem repeat was observed
upon further sequential modification of GATC motifs on the origin distal side of
the TNR array. A 19% decrease of the rate of recombination from the wt TNR*

background was observed when the next available GATC motif was 1826 bp
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away on the origin distal side of the TNR array and this decrease was
statistically significant at 95% confidence interval. Surprisingly, the rate of
recombination did not decrease to the level observed in backgrounds that were
devoid of the TNR array or as the DNA mismatch repair deficient background
(MMR- TNR*) even after the modification of the seventh GATC motif (D7) on the
origin distal side of the TNR array, where the next available GATC motif was
beyond 2 kb away. In addition, the rate of recombination remained at a similar
level even when the next available GATC motif was pushed 4.3 kb away from the
TNR array (by inserting a 2 kb GATC motif-free sequence from

Schizosaccharomyces pombe on the origin distal side of the TNR array).

2.50E-05

2.00E-05 T

1.50E-05

1.00E-05 i’ F

5.00E-06 = T T
0.00E+00

Rate of recombination

@% N «i«&% S é‘;@* é‘;«% @1«% &&i S S &
& @ Q'\f Q Q Q Q Q Q Q Q Q N Q S
@“ QV\ Y Q\ N Y Y R S

Genotype

Figure 4.9. The distance of an excision tract depends on its start point,
rather than the position of a mismatch. In this bar plot, the rate of
recombination at the zeocin tandem array is shown along the y-axis and
corresponding genetic backgrounds are shown along the x-axis. The error-bars
represent the upper and lower limits of the 95% confidence interval.
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In order to quantify the influence of the distance between the mismatch and the
GATC site recognised on the origin-distal side of the TNR array, I have plotted
the relative recombination efficiency (following respective equations in Section
2.2.4) as has been done previously for the relative efficiency of MMR (Figure
3.9). Here I have defined the relative recombination efficiency as 1 for the wt
TNR* strain with wild type GATC sites and MMR- TNR* strain to have a relative
recombination efficiency of 0. As can be seen in Figure 4.10, the recombination
efficiency is sensitive to the distance between the first available GATC site and
the TNR array (or the zeocin cassette). However, the slope of the exponential
fitted curve is approximately twice as shallow as that for MMR (compared to
Figure 3.9). A 50% recombination efficiency is reached after 6 kb of separation
between first available GATC site and the TNR array (6.5 kb to the zeocin
cassette). From Chapter 3, it has been established that the DNA mismatch repair
system has a preference for GATC motifs on the origin distal side of a mismatch
and it loses its efficiency as the distance from the TNR array to the next
available GATC motif increases. Here, the rate of recombination decreases as the
next available GATC motif moves further away from the TNR array. Therefore,
the sequential decrease of the rate of recombination at the zeocin tandem
repeat is actually a reflection of the position of the start point of the excision
reaction, rather than the position of the mismatch itself. Initiation of excision is,
therefore, the contributing feature determining the termination point of the

reaction.
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Figure 4.10. The influence of the distance between a mismatch and the
GATC site recognised on the origin-distal side of the TNR array. The
distances between the TNR array and the next available GATC motif on the
origin-distal side are plotted along the x-axis while the relative efficiencies of
the DNA mismatch repair system are plotted along the y-axis. The exponential
trendline has been drawn using built in module of microsoft excel and the R2
value is shown in the graph.

The rate of recombination of the zeocin tandem repeat in the strain SpD TNR*
did not decrease to the level observed for the mismatch repair deficient
backgrounds (all MMR- backgrounds) even though the efficiency of DNA
mismatch repair decreased near to the level of a MMR- background (Chapter 3).
This suggested that the enhanced recombination at the zeocin tandem repeat
was not the product of a normal excision tract. I therefore considered whether
the reaction might be caused by an MMR-coupled helicase-based molecular
event responsible for a longer ssDNA tract. RecQ, a non-MMR helicase with
3’'>5’ directionality, might be responsible for such events (Bachrati and
Hickson, 2003). DNA helicases unwind complementary strands of nucleic acids

in a reaction coupled to NTP hydrolysis. The RecQ helicase in E. coli falls under a
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family of conserved enzymes required for maintaining genomic integrity. It has
been found in bacteria, fungi, animals and plants, and copy number of the gene
ranges from one in E. coli and S. cerevisiae up to seven in Arabidopsis thaliana.
All RecQ helicases purified and characterized to date unwind duplex DNA with a
3’>5’ directionality based on the DNA strand they bind. E. coli RecQ has a broad
DNA substrate specificity: from DNA duplexes containing blunt or forked
termini to 3- or 4-way Holliday junctions (Harmon and Kowalczykowski, 1998).
Therefore, upon excision of a faulty nascent strand by the orthodox MMR
machinery, the RecQ helicase might bind the nascent strand at the ssDNA-

dsDNA junction and unwind it further in a 3’'->5’ direction.

To determine whether the RecQ helicase associates with the MMR system to
create a longer single stranded region, the recQ gene was knocked out in the
SpD strain that harbours a 4.3 kb GATC motif-free region on the origin distal
side of the TNR array. In this strain, the distance between the next available
GATC motif and the zeocin tandem repeat is 4.8 kb. If RecQ were responsible for
the longer ssDNA tract, the rate of recombination would be lower in the absence
of a functional RecQ protein as there would be no long ssDNA tracts reaching

the zeocin tandem repeat.

However, upon analysis, the rate of recombination was at a similar level that
was observed for the SpD TNR* background (Figure 4.11). In addition, its
derivative control background that did not harbour the TNR array (SpD recQ-
TNR-) showed a similar level of recombination to that was observed in TNR-

backgrounds. Therefore, RecQ helicase is not coupled to a sub-population of
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highly processive excision tract that was thought to affect the recombination at

a distant zeocin tandem repeat during MMR.
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Figure 4.11. RecQ helicase is not responsible for the long ssDNA tract
generated during the excision reaction of the mismatch repair. In this bar
plot, the rate of recombination at the zeocin tandem array is shown along the y-
axis and corresponding genetic backgrounds are shown along the x-axis. The
error-bars represent the upper and lower limits of 95% confidence intervals.

4.4 Discussion

The DNA mismatch repair system is a well-conserved molecular process in
almost all organisms that maintains genomic integrity (Jun et al., 2006). Though
the mode of strand discrimination varies from prokaryotes to eukaryotes and
even within prokaryotes, the excision reaction is well-conserved in all
organisms (Claverys and Lacks, 1986; Kadyrov et al., 2006, 2007). In this study,
we have shown that in E. coli the excision reaction starts from a GATC motif on

the origin distal side of a mismatch and the efficiency of the DNA mismatch
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repair decreases as the available GATC motif moves further from the mismatch
on this side (Chapter 3). For an energy efficient event of mismatch repair (as
well as to avoid futile MMR events), the MMR system should excise the faulty
nascent strand beyond the mismatch and synthesise an error-free one. From
this chapter, it has been found that the excision reaction is not influenced by a
hemimethylated GATC motif on the origin proximal side of a mismatch. In vitro
experimentations have shown that the excision reaction terminates at different
discrete sites within 100 nucleotides beyond the mismatch (Grilley et al., 1993).
Interestingly, the in vivo effect of mismatch repair can be detected as far as 6.3
kb (on the origin proximal side) by the recombination of a 275 bp tandem
repeat that is proposed to be mediated by repair synthesis of nascent strand
which is complementary to the single stranded DNA formed during the excision
reaction (Blackwood et al., 2010). Even in this current study, the SpD TNR*
strains, where the next available GATC motif was 4.8 kb away from the zeocin
tandem repeat, showed about 5 fold more recombination relative to a mismatch
repair deficient background. Given that there is no reason to expect there to be
two different modes of recognition of the same origin-distal GATC site, I
hypothesise that two classes of excision tracts exist. MMR is primarily mediated
via short excision tracts that need not extend far beyond the mismatch and long
excision tracts are responsible for recombination at a greater distance beyond
the initiating mismatch. It was hypothesised that there might be a MMR-coupled
helicase based system contributing to this event. In this study, the association of

RecQ helicase in that process has been examined and found to be unresponsive.
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Figure 4.12. A model diagram showing the existence of longer single
stranded DNA tracts along with smaller excision tracts generated during
DNA mismatch repair. The excision reaction starts at the first hemimethylated
GATC motif on the origin distal side of the TNR. Presumably, a large proportion
of the excision tracts terminate at a short distance beyond the TNR array (a &
b), some extend further (c); even a very small fraction of all excision tracts
extends even further away (d). The chromosome of E. coli is shown as blue lines,
the TNR array as a green box, the zeocin tandem repeat as two red boxes and
the GATC motifs (positioned arbitrarily) are shown as small amber vertical
lines. The presumed excision tracts are shown in black lines with a vertical line
depicting the termination points (termination points at close regions are shown
to be the same).

One cannot rule out an additional, but currently unknown, molecular
mechanism that would be coupled to the standard DNA mismatch repair system
to achieve this reaction. The fact that two different reactions, which are initiated
at the same GATC sites, are differentially sensitive to the distance of the first
origin-distal GATC site from the TNR array argues strongly that the recognition
of the GATC site is not sensitive to distance from the mismatch but instead that
the lengths of the two different classes of excision tract determine the ability of

a distant GATC to stimulate MMR or recombination. There could be a preferred
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region for the end points of the excision reaction. However, in this study it is
difficult to distinguish (if they are different at all) the most preferred distance of
an excision reaction tract (Figure 4.12a) from others (Figure 4.12b, c, d). Grilley
and collaborators had designed an in vitro experiment using electron
microscopy for detecting the length of the single stranded DNA generated
during excision reaction (Grilley et al, 1993). A clever optimization of that
experiment for an in vivo system and thereby generating a frequency
distribution of the lengths of the single stranded DNA would answer the

questions that remained unanswered in this study.

Page | 160



Chapter 5

DNA mismatch repair does not
decelerate a progressing replication
machinery in Escherichia coli



Chapter 5

5.1 Introduction

DNA mismatch repair is a rapid and efficient molecular process. There is a small
window of time for the DNA mismatch repair (MMR) system to repair a
mismatch left by the DNA replication machinery before GATC motifs get
methylated by the Dam methylase (Barras and Marinus, 1989; Urig et al., 2002).
In addition, as has been shown in Chapter 3, the MMR system is directional in
relation to DNA replication. In addition, some components of the DNA mismatch
repair system interact with the § clamp in bacteria or its eukaryotic equivalent -
the Proliferating Cell Nuclear Antigen (PCNA) (L6pez de Saro et al., 2006;
Warbrick, 2000, 2006). Both  clamp and PCNA are ring shaped components of
the DNA replication machinery that encircle the DNA as a clamp and ensure the
processivity of the DNA replication machinery, and are therefore generally
referred to as “sliding clamps” (Lopez de Saro et al.,, 2006; Stukenberg et al,,
1991). Though various proteins involved in DNA metabolism bind to the sliding
clamps, they all share a common aspect in interacting with the § clamp or PCNA
(Dalrymple et al., 2001; Warbrick, 2000). They all bind to the clamp via N- or C-
terminal flexible extensions containing a short motif and the interaction takes
place at a hydrophobic pocket near the C-terminus of the clamp. This interaction
occurs in a complex fashion as there is more than one binding surface involved
and in the case of PCNA, post-translational modifications regulate the
interaction (Bunting et al., 2003; Friedberg et al., 2005; Hoege et al.,, 2002;
Indiani et al., 2005). Moreover, the 3 clamp is dimeric and the PCNA is a trimeric
protein. Therefore, it has been presumed that their homo-oligomeric entity can

accommodate more than one ligand simultaneously and can serve as a mobile
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platform to coordinate sequential actions of multiple enzymes on DNA in a
single molecular process (Fujii and Fuchs, 2004; Indiani et al, 2005). DNA
polymerase III and IV have been found to establish such two point interactions
with the B clamp (Bunting et al., 2003; Chapados et al., 2004; Dohrmann and
McHenry, 2005; Gomes and Burgers, 2000). The sliding clamp (as a component
of DNA replication machinery) is hypothesized to carry and load component(s)
of DNA mismatch repair system in the same manner during early steps of
mismatch repair as it interacts with MutS and MutL proteins (Pluciennik et al.,

2009).

Interestingly, MutS protein can bind the 8 clamp via two points - one is at the N-
terminus and the other is at the C-terminus, which has the stronger affinity.
Deleting the C-terminal motif (812QMSLL816) abolishes the in vitro interaction
between MutS and the 8 clamp in the absence of DNA, but does not confer the
hypermutability that was found for mutS mutants in vivo (Lopez de Saro et al.,
2006). In contrast, mutating an alanine residue in the (:>QQYLRL2%) motif in the
N-terminus does not affect the interaction between MutS and (3 clamp, but
conferred strong in vivo hypermutability in E. coli (Pluciennik et al., 2009).
Therefore, it has been proposed that the N-terminus of the DNA-bound MutS is
the most important point of interaction with the § clamp. On the other hand,
MutL binds the  clamp in the presence of single-stranded DNA and the contact
point is located on a loop in the N-terminal ATP-binding domain of MutL
(Pluciennik et al.,, 2009). Mutations of two residues, which retained the MutL

ATPase activity and its interaction with helicase II, reduces the interaction with
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the B clamp and abolishes mismatch repair in vivo(Pluciennik et al., 2009). In
addition, expression of this mutated MutL does not complement a mutL
defective strain of E. coli which indicates that the interaction of MutL and the 3

clamp is essential for DNA mismatch repair (Pluciennik et al., 2009).

The precise role of these processivity clamps in DNA mismatch repair is yet to
be deciphered. The MSH2-MSH6 hetero-dimer has been found to bind PCNA in
the absence of a mismatch, but not in the presence of a mismatch which
suggests that PCNA could help the MSH complex locating mismatches on the
DNA (Flores-Rozas et al., 2000; Lau and Kolodner, 2003). In addition, the clamp
binds to DNA at the junction of a single and a double strand DNA in a distinct
orientation (Jiricny, 1998; Kolodner, 1996). Based on the aforementioned
physical interactions between components of these two molecular machineries
and their probable roles in DNA mismatch repair, the replication machinery is

presumed to load the component(s) of the DNA mismatch repair system.

We have considered the possibility that, if the DNA replication machinery loads
MutS on to the mismatch, the MutS- interaction might drag the replicase
backward by pulling on to the (3 clamp, as well as, on the DNA polymerase holo-
enzyme (Figure 5.1A). Alternatively, simultaneous occupation of one binding
site of the B clamp by MutL and the other one by the DNA polymerase III might
drag the polymerase IIl backward (towards the mismatch) by forming a loop
structure (Figure 5.1B). This loop structure would be necessary for the early
DNA mismatch repair component(s) (e.g. MutS, MutL and MutH) to interact with

other components at the excision reaction start point as a hemimethylated
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GATC motif might be located kilo-bases away from the mismatch (Guarné et al,,
2004; Jiricny, 1998; Wang and Hays, 2004). These two scenarios might arrest
the DNA replication machinery for a brief time, which would consequently
result in the accumulation of DNA replication intermediate structures in the
vicinity of a mismatch. I have set out to find whether the DNA replication
machinery slows down its normal pace due to the repair of a mismatch that is

generated as a result of a replication error.
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Figure 5.1. A model for proposed back-tracking of the DNA replication
machinery by the interaction between MMR proteins and the f§ clamp.
Once the replication machinery leaves a mismatch behind, the first component
of the DNA mismatch repair system, MutS binds the mismatch. A) The
interaction between MutS and the B clamp might exert a drag force on the
replicase in the opposite direction of the DNA synthesis and forms a DNA loop.
B) Simultaneous occupation of one binding site of the 3 clamp by MutL and the
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other by the DNA polymerase III might result in the polymerase III back-
tracking to the point of the mismatch by forming a loop structure. This
schematic representation is adopted from (Lépez de Saro and O’Donnell, 2001;
Lépez de Saro et al,, 2006)

5.2 priB mutation to increase replication intermediates that can
be captured by 2-D agarose gel electrophoresis

Genome duplication is a rapid, accurate and highly processive process (Cadman
et al., 2005). However, the replication machinery may stall or even derail in all
organisms as it is sensitive to DNA damage including single-stranded nicks,
gaps, double-stranded breaks and modified bases (Cox, 2001; Cox et al., 2000).
Therefore, it is imperative that the replication machinery must be able to
reassemble back onto the chromosome to resume the replication and maintain
genomic integrity (Kuzminov, 1999). Since origin-dependent loading of the
replisome is well-regulated, the reassembly of replisome at non-origin sequence
should also require a controlled set of mechanisms (Lopper et al., 2007). There
are multiple overlapping mechanisms for reassembling a dissociated replication
fork in E. coli (McCool et al., 2004; Sandler, 2000). These reassembly pathways
are initiated either by PriC or by PriA helicase, PriB and DnaT. However, the
latter is considered to be the most important pathway (Heller and Marians,
2005a, 2005b; Lee and Kornberg, 1991; Nurse et al,, 1991; Sandler et al., 1996).
PriA helicase binds preferentially to three-way branched DNA and D-loop
structures at some stalled replication forks and at recombination intermediates,
and unwinds the DNA in the 3’-5’ direction (Figure 5.2) (McGlynn et al.,, 1997;

Nurse et al., 1999). In the case of a stalled fork, PriA unwinds the lagging strand
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to produce a single-stranded DNA that will ultimately be utilized as the loading
site for the replicative helicase DnaB as it cannot bind a SSB coated single
stranded DNA substrate (Jones and Nakai, 1999; LeBowitz and McMacken,
1986; Xu and Marians, 2003). Reloading DnaB is considered to be a crucial step
in restarting replication by allowing the reassembly of both leading and lagging
strand polymerases on to the respective DNA strands and the resumption of
priming of lagging strand synthesis by the primase - DnaG (Yuzhakov et al.,
1996). However, PriA does not facilitate DnaB reloading directly, rather it paves
the way for that. PriA binds the leading strand at a branched DNA structures
(stalled forks or D-loops) followed by recruitment of PriB and subsequently of
DnaT (Liu et al, 1996; Xu and Marians, 2003). This PriA-PriB-DnaT complex
then promotes reloading of DnaB onto the lagging strand template (Heller and

Marians, 2005a).
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Figure 5.2. Model for primosome assembly. (1) PriA binds a repaired DNA
replication fork or D-loop and undergoes a conformational change, exposing the
PriB binding site on the PriA HD. (2) PriB binds the PriA:DNA nucleoprotein
complex. The PriA:PriB:DNA ternary interaction stabilizes PriA on the DNA and
enhances its helicase activity and facilitates the unwinding of nascent lagging
strand (if one is present). (3) DnaT is recruited to the PriA:PriB:DNA ternary
complex and binds PriB. This interaction causes release of ssDNA by PriB. The
DnaB/C complex is recruited to the primosome, perhaps through direct contacts
with DnaT. (4) DnaB is loaded from the DnaB/C complex onto ssDNA on the
lagging strand template. (5) Recruitment of DnaG allows RNA primer synthesis
from which the polymerase III holoenzyme can synthesize a nascent lagging
strand. Figure is from (Lopper et al,, 2007).
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PriB interacts with naked ssDNA or with ssDNA bound by SSB (Allen and
Kornberg, 1993) and modulates PriA helicase function (Lee and Marians, 1989).
PriB facilitates the interaction between PriA and DnaT by stabilising PriA and
DnaT binding on the DNA. Lopper and collaborators proposed a model for the
reassembly of replication machinery, which would start with the binding of PriA
helicase to a stalled replication fork or D-loop (Lopper et al., 2007). This binding
would impose a conformational change in those DNA structures exposing the
PriB binding site on the helicase domain (HD) of the PriA. PriB binding to the
PriA HD and ssDNA (either pre-existing or created by the helicase activity of
PriA) would form a ternary complex. Binding of this ternary complex by the
DnaT would release a ssDNA region which would then be bound by the
replicative helicase, DnaB (with the helicase-loader DnaC) and the replication
process could resume. In this study, priB knock-out mutants have been used to
maximise the visualization of DNA replication intermediates as the pathway to

restart a stalled replication is impaired.

5.3 Native two-dimensional agarose gel electrophoresis (2-D
agarose gel) to capture DNA replication intermediates near the
TNR array

A native two-dimensional agarose gel electrophoresis (2-D agarose gel) can
acquire direct evidence of DNA replication intermediate structures using the
right selection of restriction sites around the region of interest in a
chromosomal DNA. Unlike fully replicated or fully unreplicated DNA, these

intermediate structures form in the process of DNA replication and are non-
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linear. For example, a partially replicated DNA fragment created by restriction
digestion, that does not contain an origin of replication, will take on a variety of
“Y-shaped” conformations (Figure 5.3B). Similarly, a DNA fragment containing
an origin of replication will start out as a bubble immediately after the initiation
of replication and will convert to a Y-shape when replication machinery passes

one restriction site (Figure 5.3A).

In the first dimension of native 2-D agarose gel electrophoresis, DNA fragments
are separated based on molecular weight at a low voltage and 4°C to maintain a
native condition. In the second dimension, high voltage and a DNA intercalating
agent - ethidium bromide (0.3pg/1) are applied to maximise the separation of
the DNA fragments based on molecular shape of different DNA species. The
pattern of DNA migration during the second dimension leads to unequivocal
evidence of an origin of replication. Non-linear DNA intermediates of the same
sized restriction fragments that are formed during replication have very
unusual three-dimensional structures. These fragments will migrate differently
in the second dimension and form an arc-shaped structure (Figure 5.4). This arc
is formed by the migration of “Y-shaped” molecules and is called the “Y-arc”. It is
indicative that the DNA molecule is in the process of being replicated (Figure
5.4). A Y-shaped molecule that has three equal length arms will migrate the
most slowly and will be at the top of the arc of non-linear DNA (blue line in
Figure 5.4A). In contrast, a Y-shaped molecule with two very short replicated
arms or a large replicated region will migrate very similarly to the unreplicated

version of the same DNA fragment. Importantly, the Y-shaped molecule of an
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almost completely replicated fragment has a similar shape to a linear molecule,
but is almost double in size of the unreplicated fragment. Therefore, these
fragments will reside at the other corner of the arc. A DNA fragment containing
an origin of replication will form bubble-shaped replication intermediates,
which migrate slower than Y-shaped molecules. Unfortunately, it is difficult to
distinguish an intermediate created by this type of fragment (indicated by the
bubble-arc) from that is created by a Y-shaped intermediate if the origin of
replication is at the centre of the fragment (Figure 5.4). Choosing the right
combination of restriction sites, so that the origin of replication is not in the
centre of the fragment, will create a discontinuity in the arc. This so called
“bubble-to-Y-transition” occurs as the replication fork that is close to the end of
the fragment will become Y-shaped from the initial bubble formed at the origin.
It is highly indicative of an origin of replication. This two-stepwise separation of
DNA fragments results in a distinct pattern of spot and arc upon Southern
blotting using radio-labelled DNA probes against the DNA fragment of interest

(Figure 5.4).
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Figure 5.3. Capturing unusual DNA intermediate structures during the
process of replication using restriction digestions. This illustration shows
the expansion of a “replication bubble” (created by two replication forks
progressing away from an origin of replication). Restriction digestion of those
replication intermediates followed by migration on a 2-D agarose gel, transfer of
the DNA on a membrane and detection by hybridization with the indicated
labelled DNA probes will permit the isolation of distinct molecular structures of
DNA. (A) If the red restriction enzyme (Rel) is used and only the fragments that
hybridise to the red DNA probe are examined, the DNA replication
intermediates indicated in red colour will be generated. (B) If the green
restriction enzyme (ReZ) and the green DNA probe are used to detect the
resulting DNA fragments, the DNA replication intermediates indicated in green
colour will be observed. The left-hand pattern (red) starts with a DNA fragment
containing a “bubble” and eventually ends with “Y-shaped” molecules. The right
hand pattern (green) never has a “bubble” and generates a full variety of “Y-
shaped” intermediates.
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A First dimension
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Figure 5.4. Overview of 2-D agarose gel electrophoresis migration
patterns. The large spots designated “n” indicate the positions of the abundant
linear species within the restriction fragments. “2n” indicates the location of
these near-linear species just prior to completion of replication. Accumulation
of a particular structure, such as a blocked replication fork at a specific location

Page | 173



Chapter 5

along a restriction fragment, generates a spot along the relevant migration line.
(A) Overview of the most common migration patterns observed. The arc of
linear DNA is represented by the thin black line, which runs through n and 2n.
(B) Breakdown of the different molecular shapes placed above the migration
pattern they generate for replication forks (blue colour), replication bubbles
(red colour) and replication termination (amber colour). Figure adapted from
(Friedman and Brewer, 1995).

5.4 No DNA intermediate structures are detected at or near the
lacZ::TNR array during mismatch repair

Upon detecting a mismatch, MutS binds to it and recruits the MutL protein at
that site to form a ternary complex. This ternary complex in turn recruits MutH
that searches for a hemimethylated GATC motif on the origin distal side of the
mismatch (Chapter 3). However, hemimethylated GATC sites are only generated
just after the replication machinery passes those GATC sites while synthesising
a nascent DNA strand. Therefore, if a drag force was applied on the DNA
replication machinery due to an interaction with the MMR machinery, a
replication pause might occur at a site distant from the TNR array on the origin
distal side (Figure 5.1). Based on the physical interactions of 3 clamp with MMR
components (MutS and MutL) and its probable role in DNA mismatch repair, I
predicted that the replication machinery would feel a drag force towards origin
of replication while MutH is searching for the hemimethylated GATC motifs and
MutS and/or MutL is still physically attached to the  clamp (Pluciennik et al.,

2009).

As described before, priB- knock-out mutants were used in this study to
increase the amount of DNA replication intermediates at stalled replication

forks as the pathway to restart a stalled replication is impaired. Halted
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replications should be more frequent in the strain harbouring the lacZ::TNR
array with an efficient MMR system. Therefore, DNA replication intermediates
should be easier to detect in the strain lacZ::TNR*priB-mutS* than in the strains
without the lacZ::TNR array (lacZ:: TNR-priB-mutS-and lacZ:: TNR-priB-mutS*) or
with an impaired DNA mismatch repair system (lacZ::TNR*priB-mutS-) using 2-
D agarose gel electrophoresis and Southern blotting followed by hybridising

with radio-labelled probes.

A

Ndel Probe Ndel

i lacZ=TNR array — i

Ori | = . Ter

\ J \ J
Y Y
2965 bp 4555 bp

Expected region for
B accumulation of

replication

intermediates

2n

Figure 5.5. A schematic presentation of the hypothetical scenario where an
advancing replication machinery could pause due to mismatch repair. A
DNA fragment of the E. coli chromosome containing the lacZ::TNR array was
obtained by Ndel restriction digestion that was analyzed by 2-D agarose gel
electrophoresis and Southern bloting. (A) The map of the restriction sites
(denoted by vertical arrows) and the probe binding site (the probe is shown as
a red horizontal line) relative to the TNR array (as green box) are shown. (B)
Expected migration patterns of DNA fragments in 2-D agarose gel
electrophoresis as a result of a replication pause near the TNR array due to the
interaction between the MMR machinery and the replisome.
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Figure 5.5A shows a schematic representation of the locus of interest in the E.
coli chromosome which has been subjected to 2-D agarose gel electrophoresis
after digestion by the Ndel restriction enzyme. The lacZ::TNR array is situated at
a 1:1.5 distance from the origin distal side of the digested DNA fragment.
Therefore, if the replication fork slows down due to the interaction with MutS
and/or MutL during repairing a mismatch at the lacZ::TNR array, a range of
intense signal (corresponding to the section between the lacZ::TNR array and
2n of the “Y”-arc) would be observed on the “Y”-arc upon 2-D agarose gel
electrophoresis and Southern blotting followed by hybridising with radio-

labelled probes (black region on the “Y”-arc in Figure 5.5B).

A radio-labelled probe had been used to detect the restriction digested DNA
fragment after Southern transfer of the DNA to a nitrocellulose membrane and
radio-labelling. Surprisingly, no region in the “Y”-arc was found to have intense
signal in the strain lacZ::TNR*priB-mutS* compared to other control strains
(lacZ::TNR*priB-mutS-,lacZ::TNR-priB-mutS* andlacZ:: TNR*priB-mutS-) (Figure
5.6). Therefore, no paused or stalled replication machinery has been detected at
the CAGeCTG repeat array while synthesising a nascent strand in E. coli even in

the presence of mismatches that are being repaired.
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lacZ:TNR* priB mutS* lacZ:TNR priB mutS*

lacZ::TNR priB mutS lacZ:TNR priB"mutS

Figure 5.6. DNA replication is efficient in replicating a CAGeCTG repeat
array without any pausing detected in the E. coli chromosome. A DNA
fragment of the E. coli chromosome containing the TNR array was obtained by
Ndel restriction digestion and analyzed by 2-D agarose gel electrophoresis and
Southern bloting followed by hybridising with radio-labelled probes. 2-D
agarose gel electrophoresis for strains - lacZ::TNR*priB-mutS*, lacZ::TNR-priB-
mutS-, lacZ::TNR*priB-mutS*, lacZ:: TNR-priB-mutS-.

In addition, an E. coli strain harbouring a long GATC motif free sequence on the
origin distal side of a mismatch should accumulate more DNA replication
intermediates while MutH would keep searching for a hemimethylated GATC
motif than a strain with intact GATC sites. Therefore, the strain lacZ::TNR*priB-

mutS*D1-D7 should accumulate more intermediates than its MMR- derivative

strain (lacZ::TNR*priB-mutS-D1-D7). The interaction between the MMR

machinery and the replisome, which might cause a drag force, could occur in

close proximity of the protein components by forming a DNA loop over a
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distance between the mismatch and the GATC site recognised. As the next
available GATC motif is 2.3 kb away from the TNR array in the Ndel restriction
digested fragment, accumulated DNA replication intermediates in the strain
lacZ::TNR*priB-mutS*D1-D7 would likely have an even longer replicated arms

and shorter unreplicated arm than what would be found in the strain

lacZ::TNR*priB-mutS-D1-D7. Therefore, an intense signal might be detected near

the 2n end of the “Y-arc” after 2-D agarose gel electrophoresis and Southern
blotting followed by hybridisation using radio-labelled probe. Again, no
accumulation of replicative DNA intermediates were observed along the Y-arc in
the strain lacZ:: TNR*mutS*priB-D1-D7, rather it looked similar to the control
lacZ::TNR*mutS-priB-D1-D7 strain (Figure 5.7). Therefore, no drag force
(towards origin of replication) was detected on the replisome exerted by the

MMR machinery during MMR.

lacZ:TNR" priB D1-D7mutS' lacZ:TNR" priB"D1-D7mutS§

Figure 5.7. Effect of mismatch repair on DNA replication fork at a region
free of GATC motifs on the origin distal side of the TNR array. 2-D agarose
gel electrophoresis for strains lacZ:'TNR*priB-D1-D7mutS*andlacZ::TNR*priB-
D1-D7mut$-.
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5.5 Discussion
It has now been well established that MutS and MutL proteins have physical
interactions with the B clamp or PCNA (Pluciennik et al., 2009). In addition,
simultaneous two point contacts have been observed at the 3 clamp interacting
with different proteins, like polymerases III and IV (Bunting et al, 2003;
Chapados et al., 2004; Dohrmann and McHenry, 2005; Gomes and Burgers,
2000). In this regard, binding the  clamp by N-terminal clamp-interactive
residues in MutS or MutL presumably forms an articulated and hinge-like
complex that allows 3 clamp binding and yet permits their rapid recruitment
during mismatch repair. Therefore, I set out to test whether the functional
and/or physical interaction between the 3 clamp and components of mismatch
repair machinery creates a drag force on the replisome in the opposite direction
of replication during mismatch repair. Impairing the pathway that resumes
stalled replisomes by knocking out the priB gene meant that distinctive DNA
replication intermediates could be visualised, providing a background of stalled
replication forks above which any effect of MMR might be detected. In this
study, a CAGeCTG repeat array has been used as a source of substrates for MutS
binding and a stalled replisome has been searched for near the TNR array using
2-D agarose gel electrophoresis and Southern blotting followed by hybridisation
with radio-labelled probes. However, from figure 3.3, it has been found that only
6.5% of the DNA molecule in E. coli undergoes MMR after incorporating
mismatches. This minor event might be hard to detect within the range of
sensitivity of Southern blotting followed by hybridisation with radio-labelled

probes.
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Again, upon 2-D gel electrophoresis and Southern blotting, “Y”- arcs were
observed in every strain under study. It confirms the occurrences of replication
pause during the normal course of DNA replication in E. coli as the chromosome

is sensitive to DNA damages including single-stranded nicks, gaps, double-

stranded breaks, and modified bases (Cox, 2001; Cox et al.,, 2000). In a priB”

background, all events of paused replication would not resume instantly if they
were stopped during mismatch repair as PriA-PriB-DnaT mediated pathway is
the major contributor for resuming stalled or paused replication (Heller and
Marians, 2005a, 2005b; Lee and Kornberg, 1991; Nurse et al., 1991; Sandler et
al, 1996). As a result, they would add to the total population of paused
replication events, as well as, subsequently be detected at a defined area of the
“Y” arc. However, the lack for sensitivity to detect such events using the
Southern blotting could be a reason for not getting a conclusive signal even

though there are such events occurring at that locus.

In addition, Krasilnikova and Mirkin have shown that the replication machinery
stalls at a 70 unit long GGC repeat cloned in a plasmid in E. coli and at a 40 unit
long GGC repeat cloned in a plasmid in Saccharomyces cerevisiae using 2-D
agarose gel electrophoresis and Southern blot (Krasilnikova and Mirkin, 2004).
However, in this current study, no replication stalling has been detected at 98
unit long CTGeCAG repeat array in the E. coli chromosome even though the PriB
mediated replication restart pathway has been impaired. GGC repeats can form
stable hairpin, triplex and even intrastrand quadruplex structures (Ji et al,

1996). On the other hand, the favourable secondary structure of CTG repeats is
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a hairpin (Mirkin, 2007). More stable complex structures of GGC repeats could
impose more obstacles for the replication machinery to replicate through a long
GGC repeat in E. coli. In addition, there is a difference between the replication of

a plasmid and that of the chromosome (Kovtun and McMurray, 2008).

Page | 181



Chapter 6

No selection pressure, exerted by
the DNA mismatch repair system,
has been found on the genomic
distribution of GATC motifs



Chapter 6

6.1 Introduction

Being a widely studied prokaryotic model organism, Escherichia coli has an
extraordinary position in the study of genetics, molecular biology and
biotechnology. Therefore it was one of the earliest organisms whose genomes
was sequenced (Blattner et al., 1997). Its publicly accessible genome sequence
has stimulated further research towards a more complete understanding of
many biological processes in E. coli which have also contributed to the
discovery of relevant processes in higher eukaryotes. Regulation of these
processes is basically mediated by the recognition of different DNA motifs that
are non-randomly distributed throughout the genome of an organism. DNA
motifs are defined as short, repeated sequences that have biological functions
(Touzain et al., 2011). By and large, motifs are classified into two categories

(D’haeseleer, 2006).

1. cis-acting regulatory motifs that are the binding sites for the
transcription regulators or sigma factors.

2. Motifs that are involved in the maintenance of the chromosome and bind
nucleoid-associated proteins such as integration host factor (IHF), Fis, H-

NS etc (Dillon and Dorman, 2010).

A list of some important E. coli specific motifs is given in Table 6.1.

This chapter focuses on the distribution of GATC motifs in the E. coli genome
and addresses whether there is any selection pressure on their distribution
imposed by the DNA mismatch repair system that utilises these motifs to

maintain the integrity of the genome.
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Chapter 6

Name of the | Motif sequence Characteristics of the Interacting Distribution Biological function
motif sequence protein
DnaA box TTATNCACA Non-palindromic nanomer DnaA protein | Clustered at the Controls the initiation
origin of replication. | of replication
Also at secondary
sites
107 found in total
GATC motif GATC Palindromic tetramer Dam Clustered at the Control of
methylase, origin of replication | chromosome
SeqA, MutH in E. coli replication, nucleoid
Total 19120 in E. coli se_gregatmn, DNA
mismatch repair,
genome :
regulation of
transcription etc.
Ter motif GN(A/G)NGTTGT | 23 bp non-palindromic with Tus protein 10 strong and 4 Termination of
AA(C/T)(T/G)A 14 bp core and directional weaker motifs in E. replication
coli genome
Chi GCTGGTGG Non-palindromic octamer RecBCD 1008 Repair of DNA double
(crossover protein strand break
hot spot
instigator)

* Adapted from (Touzain et al,, 2011).
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6.2 Biological processes that involve GATC motifs

6.2.1 GATC motifs in the DNA mismatch repair system

Though the replicative DNA polymerase (Pollll) has its own proof reading
activity, sometimes it incorporates a wrong nucleoside tri-phosphate in the
nascent DNA strand. The wrong nucleotide (a mismatch) in the newly
synthesized DNA is recognized by the DNA mismatch repair system (Schofield
and Hsieh, 2003). As the replication machinery has just passed that site, the
adenine of the GATC motif on the nascent strand is yet to be methylated by the
Dam-methylase protein (Bruni et al., 1988; Lahue et al,, 1987). In E. coli, the
DNA mismatch repair system discriminates the nascent strand that contains the
mismatch from the parent DNA strand by sensing the methylation state of the
GATC motif(s) around the mismatch. Moreover, the GATC motif acts as the
starting point of the excision reaction in the course of the DNA mismatch repair
mechanism (Schofield and Hsieh, 2003). This reaction removes the faulty
nascent strand and recruits the replicative polymerase to synthesise the correct
sequence. Thus, the GATC motif acts as a crucial signal to maintain genomic

integrity in E. coll.

6.2.2 GATC motifs in DNA replication

Replication of the E. coli genome is initiated at a genetically unique origin
sequence, oriC. Although rapidly growing cells contain multiple copies of the
origin of replication, the initiation of replication occurs synchronously - once
and only once per cell cycle. Secondary initiations are prevented by a

sequestration process at the newly replicated origins mediated by the SeqA
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protein (Lu et al., 1994; Slater et al., 1995). The SeqA protein acts as a negative
modulator of replication initiation by binding hemimethylated GATC motifs at
oriC and the dnaA promoter. SeqA is responsible for the binding of the cell
membrane to the hemimethylated GATC motifs in the oriC sequence. Complete
methylation of GATC motifs in the oriC sequence is associated with resumption
of the initiation of the next round of replication. Though SegA interacts with the
fully methylated GATC motif, its binding to a hemimethylated motif is stronger
(Lu et al,, 1994; Slater et al., 1995). The later interaction is thought to be the
most important one in this respect.

6.2.3 Effect of GATC motifs in transcription control mediated by
temperature shift

Transcriptional control mediated by temperature shift has been postulated to
be affected by the methylation of GATC motifs. It has been reported that the
melting temperature of a 10 bp oligonucleotide decreases up to 13°C upon
methylation of GATC motif(s) in the sequence (Hénaut et al., 1996). Therefore,
hemimethylated or unmethylated GATC sites, particularly in clusters, can
change the stability of the double helix and transcription of a locus might be
lowered or impeded at low temperature (relative to a sequence with fully
methylated GATC motifs). This decrease in temperature would presumable
occur when E. coli comes out from the host environment (high temperature and
osmolarity, but low concentration of oxygen) to an external environment (low
temperature and osmolarity, but high concentration of oxygen) during its life

cycle.
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6.2.4 Regulatory property of GATC motifs
An unusual distribution of GATC motifs has been found in recognition sites of
the upstream regulatory sequences of genes (fnr, crp etc) that are involved in
respiratory regulation and DNA replication (Hénaut et al,, 1996). It has been
reported that global regulators like CRP, Fnr and IHF restrict Dam-mediated
methylation of many GATC motifs (Tavazoie and Church, 1998; Wang and
Church, 1992). This shows us that the recognition sites of these global
regulators coincide with the Dam-recognition sites (GATC motifs). Therefore, it
has been proposed that the methylation state of the GATC motifs modulates the
transcription of different genes by limiting the access of the global regulators
that bind in their upstream regulatory sequences (Oshima et al.,, 2002). This
process is well documented for the control of the expression of pili gene as the
methylation state of two GATC motifs within the regulatory region of the
pyelonephritis-associated pilus (pap) operon controls pap transcription by
limiting the binding of two regulatory proteins: leucine-responsive regulatory
protein (Lrp) and pap-encoded co-regulatory protein (Papl) to it (Blyn et al,

1990; Braaten et al., 1994; van der Woude et al., 1998).

Involvement in the aforementioned biological processes has made genomic
distribution of the GATC motif particularly interesting. This study has focused
on the distribution of GATC motif in E. coli to determine whether these

biological roles have shaped the evolution of the genomic distribution.
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6.3 The distribution of GATC in the E. coli genome
GATC is one of the few reported DNA motifs that have high biological
significance. At first the distribution of the GATC motifs in the E. coli genome has
been investigated (Figure 6.1). The number of GATC motifs per 10 kb in the E.
coli chromosome is shown by dark-grey bars in the Figure 6.1. Some loci of the
genome are found to harbour more GATC motifs than others. Some clusters of
GATC motifs are found - especially at least 5 loci are found to have clusters of 6
GATC motifs within only 100 bp. An important cluster of 11 GATC motifs is
present at the oriC, the origin of replication of the E. coli chromosome. However,
some other loci do not have any GATC motif for a greater length. Small red
circles in the Figure 6.1 show the longest seven GATC free regions (> 3.2 kb).
The sequences of these regions will be discussed in greater details in the later

part (Section 6.7) in this chapter.

6.4 GATC motifs are over-represented in the E. coli genome

Considering the important biological impacts of GATC motifs in the genome of
different prokaryotic organisms, it is compelling to look closely into their
chromosomal distribution. Being a tetra-nucleotide motif, theoretically, GATC
motif should appear once in 44 = 256 nucleotides in a genome with randomly
distributed nucleotides. In that sense, there should be about 18120 GATC motifs
in the 4.6 Mb long genome of the E. coli. In reality, the E. coli genome has about
1000 more instances of GATC motifs (19120 GATC motifs in E. coli str. K-12

substr. MG1655, NCBI reference sequence: NC_000913.2) than what would be
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expected by chance in a genome of the same length (4639675 bp) with

randomly distributed nucleotides.

Figure 6.1. The distribution of GATC motifs in the E. coli genome. In this
CIRCOS graph, the light blue circle represents the 4.6 Mb circular chromosome
of E. coli with small scale marks indicating 50 kb each. The origin of replication
“Ori” and the terminus site “Ter” are shown at their approximate loci. Dark grey
bars represent the number of GATC per 10 kb region (the axis imposed here
spans from 0 to 80 and divided into 10 circular grids) and green bars represent
the GC skew in the E. coli genome (the axis imposed here spans from -
0.10672986 to 0.106270358 and divided into 10 circular grids). GC skew
completely changes its magnitude at origin or replication and terminus in E. coli.
Seven small red circles represent the longest region of GATC motif-free
sequences (greater than 2.8 kb) in the E. coli genome. The MMR system is 50%
efficient when the distance between the TNR array and the next available GATC
motif is 2.8 kb (Chapter 3). The positions of GATC and GC skew have been
calculated using in-lab Perl scripts (Appendix B).
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Now the obvious question arises - how significant (biologically) is the
abundance of the GATC motifs in E. coli genome? At first glance, it is only about
5.5% above the predicted number. A x2 test has been performed on this data to

measure its significance under the hypotheses:

Ho = There is no difference between expected number and the observed number

of GATC motifs in E. coli genome

H1 = There is a difference between expected number and the observed number

of GATC motifs in E. coli genome

As x? > X%k-1,1-o the null hypothesis is rejected, k - 1 = Degrees of freedom and

o=0.05.

The whole genome of E. coli has been divided into equal 100 segments and

based on the expected number of GATC motifs (%3:6'75) in each segment

randomly by chance, the x? test has been computed. The test statistic appears to
be 313.1655 which is far greater than the critical value (123.2252) under 95%
confidence level. So, the null hypothesis is rejected with 95% certainty (degree
of freedom = 99). Therefore, the observed number of GATC motif in the E. coli
genome is very significant compared to what is expected by chance. However, to
investigate the biological significance of this difference, it is important to

understand the sequence composition of the whole genome.
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6.4.1 The Rho(p) statistic of GATC

There are several ways to calculate whether a motif of a particular sequence-
length is over- or under-represented than expected by chance. One way is to
calculate the Rho(p) statistic. The Rho(p) statistic has been described by Karlin
and Cardon to compute the over- or under-representation of any particular
dinucleotide among their 16 possible combinations (Karlin and Cardon, 1994).

For a 2-nucleotide motif, the Rho(p) statistic is calculated as:

_ fxy
Pxy = sy

Where, fiy = frequency of dinucleotide “xy”,

“w_n”n

fx = frequency of nucleotide “x” and

“w__n

fy = frequency of nucleotide “y”.

The rationale behind the p statistic is that if a DNA sequence has the frequency fx
and f, of two different nucleotides “x” and “y” respectively, the expected
frequency of the dinucleotide “xy” will be the product of their individual
frequencies, that is (fiXfy). On the other hand, if the real frequency of the
dinucleotide “xy” is found to be fy, it is expected to be equal to the product of
the individual frequencies of the nucleotides that compose it. Therefore, in a
perfectly random sequence, the p statistic would be equal to 1. The p statistic

will be greater than 1 if the dinucleotide motif is more common in the sequence

than expected or it is said to be “over-represented”. On the other hand, p will be
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less than 1 if the dinucleotide motif is less common in the sequence than

expected or it is said to be “under-represented”.

For example, the Rho(p) statistic of a dinucleotide AC would be -

_ fAC
pac= fAXFC

Where, fac = frequency of dinucleotide “AC”,
fa = frequency of nucleotide “A” and

fc = frequency of nucleotide “C” in a DNA sequence.

nunber ofthenucl eoti déA”

= and so on.
Y. nunber of al If ournucl eoti ddsntheDNA sequence

fa

This Rho(p) statistic can be adopted for a motif of any length in a DNA sequence.

Therefore, p statistic of the GATC motif would be -

fGATC
fGXfAXFTXfC

PGATC =
where, fearc = frequency of tetra-nucleotide “GATC”,
fc = frequency of nucleotide “G”,
fa = frequency of nucleotide “A”,

fr=frequency of nucleotide “T” and

fc = frequency of nucleotide “C”.

fo= 1176923
6~ 1142228 +1179554+1176923+1140970

=0.254
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1142228
fa= =0.246
1142228 +1179554+1176923+1140970
1140970
fr= =0.246
1142228 +1179554+1176923+1140970
1179554
fc= =0.254
1142228 +1179554+1176923+1140970
19120
= =0.00412
Jeate 4639675
0.00412
Therefore, pcarc = =1.0555

0.254 X0.246 X0.246 X0.254

Thus, the GATC motif is indeed over-represented (pcatc> 1) in the E. coli
chromosome. However, the value is slightly higher than 1. If we plot the Rho(p)
statistic of all possible tetranucleotide motifs in E. coli genome along the x-axis
in incremental fashion and compare the Rho(p) statistic of GATC motif with that
of others (Figure 6.2), we see the CTAG motif is at the lower end and the TTTT
motif is at the upper end of the distribution. The GATC motif falls in the middle
of the distribution. However, the value barely crosses the threshold of 1.
Therefore, the GATC motifs are only slightly over-represented in the E. coli

genome.

6.4.2 The Markovian model

The Rho(p) statistic basically depicts the property of over- or under-
representation of a DNA motif in the genome rather than providing a weighted
value associated with it. To get a better understanding of the over-
representativeness of the GATC motif, a probabilistic model (Markovian model)

has been applied using the statistical program called R'MES. In Markovian
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approximation, a motif of size £ can be only analyzed in M0 up to M(¢¥ - 2)
orders because higher models would fit the motif count itself (the motif will
then be expected by definition). So the expected number of the GATC motifs has
been calculated up to the second order. Both a Gaussian approximation and a
compound Poisson approximation method have been applied to calculate the

expected occurrence of the GATC motif.
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Tetra-nucleotide motifs

Figure 6.2. The distribution of Rho(p) statistic of all possible tetra-
nucleotide motifs in the E. coli genome. The “seqinr” module in the statistical
package R has been used to calculate the Rho(p) statistic for all possible tetra-
nucleotides in the E. coli genome. The “red” bar (marked with a black triangle)
among all “blue” bars correspond to the Rho(p) statistic for GATC motif. The
tetra-nucleotides are plotted along the x-axis while the scale of Rho(p) statistic
has been plotted along the y-axis. (Not all the names of motifs are visible due to
the space constrains)

As the order differs in different methods, the number of the GATC motifs
expected by chance differs as well. Both the Gaussian approximation and the
compound Poisson approximation led to predict the same number of the GATC

motifs expected by chance under the same order of Markov model. For a zero-
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order Markov model “M0” (Table 6.2), where the model did not consider the
composition of the sequence that surrounded the GATC motif, both
approximations estimated the expected number of GATC motif by chance to be
18114.662 and the scores differed slightly. The scores calculated from both
approximations clearly showed that the GATC motif is over-represented in the
E. coli genome (above the threshold value of 0). The rank (from least
represented to most represented) was calculated among all the possible 256

tetra-nucleotides.

Table 6.2. The weight profile of the representation of the GATC motifs in

the E. coli genome

Model | Algorithm Fit Count | Expected Score Rank
MO Gauss Bases 19120 | 18114.66 | 7.5739 | 148
M1 Gauss Dinucleotides 19120 | 16981.39 17.823 182
M2 Gauss Trinucleotides | 19120 | 24160.71 | -44.9941 8
Mo | Compound Bases 19120 | 18114.66 | 7.3992 | 141
Poisson

M1 | Compound | eotides | 19120 | 16981.39 | 16.0815 | 175
Poisson

Mz | Compound | o eotides | 19120 | 24160.71 | -33.6639 | 10
Poisson
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For the first-order Markov model (M1), the expected number was estimated to
be 16981.393 from both approximations. By definition, the first-order Markov
model calculates the expected number of a motif based on the nucleotides
occupying the previous position. In this case the expected number had become
lower that that observed from the zero order Markov model. The underlying
reason was that the GATC motif itself was composed of three rare dinucleotides
in the E. coli genome - GA, AT and TC which were ranked 6, 10 and 7
respectively (from least represented to most represented) among 16 possible
dinucleotides. Therefore, the scores had become even higher in both
approximations, which supported the over-representation of GATC motifs in the

E. coli genome.

Interestingly, in the case of the second-order Markov model (M2), the expected
number of GATC motifs was estimated to be 24160.719 in both Gaussian and
Compound Poisson approximations, which contradicted the property of over-
representation that was observed for other orders (MO and M1). Under this
model, the GATC motif was found to be under-represented relative to the
expectation by chance and the scores turned out to be higher negative in both
approximations. This phenomenon can be explained by the order of the Markov
model used in this analysis. In the second order, the Markov model considered
the nucleotides of two previous positions, which was analogous to looking at
every possible tri-nucleotide in the E. coli genome. The GATC motif itself is
composed of two highly frequent trinucleotides in the E. coli genome GAT and

ATC which were ranked 52 and 51 respectively among the 64 possible
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trinucleotides and only a second-order Markov model considered this fact. This
may, in fact, be the reason behind the higher than expected number of GATC
motifs in the E. coli genome. Therefore, from this analysis, the GATC cannot be
considered a highly over-represented tetranucleotide motif in E. coli genome. It

is indeed under-represented with respect its component trinucleotides.

6.5 The association of the GATC motif content with the local GC

content in E. coli genome:

The GATC motif content per 10000 bp to the GC content in the same region has
been computed using in-lab Perl script. Association between these two data sets
has been analyzed by covariance analysis using MATLAB®. However, no

effective correlation between these two data sets has been established (Figure

6.3)
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Figure 6.3. Correlation between local GATC motif content and GC content.
The Scatter plot shows the correlation between GATC motif content and GC
content per 10000 bp. The proportion of GC per 10000 bp is plotted along x-axis
and the GATC motif content per 10000 bp is plotted along y-axis.
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6.6 A model for the distribution of GATC motifs throughout the
E. coli genome

The measure of over- or under-representation of a motif in a genome tells us
very little about the biological significance of any particular motif that is
unevenly distributed. Therefore, analysing the distribution of GATC motifs in
the E. coli genome was considered imperative. At first, [ have developed a Perl
script (Appendix B) to calculate the distances between consecutive GATC motifs
in a way that only the lengths spanning two consecutive GATC motifs are
measured. These distances are mentioned as inter-GATC motif distances in this
chapter. The inter-GATC motif distances ranged from 0 bp to 4836 bp. A
frequency distribution of the inter-GATC motif distances was generated (Figure
6.4). It was observed that the distribution had an extreme positive skew
(skewed to the right) - meaning that the closely spaced GATC motifs were
highly frequent in the E. coli genome. This posed the question, whether this
distribution was or was not expected by chance. Analysing the distribution of
closely spaced GATC motifs revealed an extreme fluctuation of data points. The
fluctuation revealed a previously reported periodicity of 3 basepairs for small
inter-GATC motif distances (Figure 6.5). However, this periodicity is not
observed after randomising the base composition of the E. coli genome (Figure
6.5). This periodicity, which has previously been reported for most of the di-,
tri- and tetra-nucleotides in the genome of E. coli, the coding sequences of both
Saccharomyces cerevisiae and human genome, suggested that there were indeed
biologically important information determining the very short scale distribution
of motifs. Graphs for the periodicity observed in the coding sequences of both

Saccharomyces cerevisiae and human genome are given in appendix C.
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Figure 6.4. Frequency distribution of inter-GATC motif distances in the E.
coli genome. The distances between consecutive GATC motifs had been plotted
along the x-axis and the frequencies of these distances had been plotted along
the y-axis.
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Figure 6.5. E. coli genome shows periodicity of 3 basepairs in the
frequency distribution of inter GATC motif distances. The 3 basepair
periodicity is absent in a randomized E. coli genome. The distances between
consecutive GATC motifs had been plotted along the x-axis and the frequencies
of these distances had been plotted along the y-axis.
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A graph with the frequency distribution of inter-GATC motif distances plotted
on a logarithmic scale reveals an expected straight line relationship (Figure 6.6).
The logarithm of numerical zero (0) is undefined. Therefore, the distances
(along the x-axis) for which the GATC motif count was zero, resulted in
undefined values along the y-axis of the graph and were not plotted. Moreover,
there were few (GATC motif free) larger inter-GATC motif distances in the E. coli
genome. These regions are not clustered at any specific locus in the genome of E.
coli, rather they are dispersed throughout the genome (red circles in Figure 6.1).
Interestingly, for two instances, GATC motifs separated by more than 4 kb
(4078 bp and 4836 bp) which exceeds the threshold of in vitro boundary
regarding the DNA mismatch repair system. To determine whether the
distribution of inter-GATC motifs distances has resulted from selection to avoid
large separation, I have compared the frequency distribution of inter-GATC
motif distances in the E. coli genome with that in a genome containing randomly

distributed (and under few biological constraints) GATC motifs.
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Figure 6.6. Frequency distribution of inter-GATC motif distances in the E.
coli genome (frequencies in logarithmic scale). The distances between
consecutive GATC motifs had been plotted along the x-axis and the logarithms of
frequencies of these distances had been plotted along the y-axis.
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6.7 Comparing the frequency distribution of inter-GATC
distances in the E. coli genome with that in artificial model
genomes

At this point, it became necessary to compare the distribution of GATC motifs
present in the E. coli genome with that in model genomes, which should be
random in nature. Three model sequences of the same length as the E. coli
genome were generated (10 sequences of each model) using Markov sequence

models-

1. Random sequence (Rand).
2. Dinucleotide based sequence (DN).

3. Dicodon based sequence (DC).

The rationale behind each model sequence had been discussed in Chapter 2. It is
worth mentioning here that the periodicity observed for the closely spaced
GATC motifs in the distribution of inter-GATC motif distances in the E. coli
genome were absent in these artificial genome. The frequency distribution of
inter-GATC distances had been generated for all artificial model sequences
along with the E. coli genome. In the case of artificial model sequences, the
average of the frequencies of inter-GATC motif distances was calculated using
the 10 model genomes. A non-sliding window of 10 bp was used along the x-axis
to generate the frequency distribution to minimise fluctuation, yet to retain the
significant features in the distribution of the real genome sequences (Figure

6.7).
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Figure 6.7. Comparative frequency distribution of inter-GATC motif
distances in the E. coli genome and different artificial model sequences.
The distances between consecutive GATC motifs were plotted along the x-axis
and the logarithms of frequencies of the distances were plotted along the y-axis.
The blue line represents the frequency distribution of inter-GATC motif
distances in the dinucleotide sequences (DN), the red line represents that in the
dicodon sequences (DC), the green line represents that in the random sequences
(Rand) and the black line is that in the E. coli genome. A non-sliding window size
of 10 basepairs was used to minimise the noise (highly fluctuating data points)
in the graph. Average frequencies of the inter-GATC motif distances from 10
sequences generated for each type of artificial model sequences were used in
this analysis.

From the comparison of the frequency distributions, it was observed that the E.
coli genome has a higher frequency of closely spaced GATC motifs and lower
frequency of long-spaced GATC motifs than the random model sequences
(Rand). This pattern was consistent with the possibility of a selection pressure
in favour of GATC motifs, specifically for the closely spaced GATC motifs in the E.
coli genome. When the nucleotide composition of the E. coli genome was taken

into consideration in order to generate a random sequence with biological
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information (the dinucleotide based model sequences, DN), we found even less
closely spaced and more distantly spaced GATC motifs in the “DN” sequences
than in the E. coli genome. This gave further support for the existence of a
selection pressure for closely spaced GATC motifs in the E. coli genome.
However, when another biological constraint was introduced by considering the
composition of amino acid coding sequences, which is about 85% of the E. coli
genome, the total scenario changed and the closely spaced GATC motifs in the E.
coli genome became limited than in the complex model sequence (DC) except

for the very short spaced GATC motifs.

Interestingly, the differences of slopes for the different model sequences
actually reflected their intrinsic properties of harbouring different numbers of
GATC motifs. The dicodon based model sequences had an average of about
23000 GATC motifs per genome, the Random sequences had an average of about
18000 GATC motifs per genome and for dinucleotide based model sequences,
this number was about 16000. In an attempt to accommodate similar number of
GATC motifs (19120 in the E. coli genome) in all the artificial model sequences,
respective transition probabilities were modified manually to attain an average
of 19120+£1% GATC motifs per sequence. Then, a new comparative distribution
of inter-GATC motif had been generated from the modified artificial model

sequences and the E. coli genome (Figure 6.8).
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This time, the frequency distribution of inter-GATC motif distances in the real
genome and those of the artificial model sequences followed similar patterns
(Figure 6.8). Two slight deviations from the model genomes were observed.
First, the real genome contained a few more large-spaced GATC motifs than

expected (Figure 6.8).
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Figure 6.8. Comparative frequency distribution of inter-GATC motif
distances in the E. coli genome and modified artificial model sequences.
The distances between consecutive GATC motifs had been plotted along the x-
axis and the logarithms of frequencies of the distances have been plotted along
the y-axis. The blue line represents the modified Dinucleotide sequence (DN),
the red line represents the modified Dicodon sequence (DC), the green line
represents the Random sequence (Rand) and the black line represents the E.
coli genome in the frequency distribution of inter-GATC motif distances. A non-
sliding window size of 10 basepairs had been used to minimise noise (highly
fluctuating data points). Average frequencies of GATC motifs from 10 sequences
generated for each type of artificial model sequence had been used in this

analysis.

Page | 204



Chapter 6
Second, when observed at a higher resolution, the frequency distribution of the
inter-GATC distances of the E. coli genome showed higher frequency from 0 bp
to 40 bp inter-GATC motif distance than that of the artificial model sequences
(Figure 6.9). This particular behaviour was indicative of a clustering effect of
GATC motifs in the E. coli genome. This phenomenon can be explained by a
schematic representation in Figure 6.10. The frequency distribution of inter-
motif distances of a randomly distributed motif in a circular genome would
follow the blue straight line in the Figure 6.10. When the same number of motifs
in that circular genome begins to form clusters, the frequency of the short
distances would become higher and as an inevitable effect the frequency of the
long distances would rise as well. To compensate for these effects (while
maintaining a constant number of total GATC sites), the frequency of
intermediate distances would decrease and the overall distribution would
follow a similar pattern of the red dashed line in the Figure 6.10. Figure 6.8
clearly showed that the frequency distribution corresponding to the E. coli
genome displayed some distinct peaks for very large-spaced GATC motifs, which
were indicative of the comparatively higher frequency of large-spaced motifs in

the red dashed line in the model (Figure 6.10).
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Figure 6.9. A selective representation (from distance of 0 bp to 100 bp) of
the frequency distribution of inter-GATC motif distances in the E. coli
genome and different artificial sequences. The distances between
consecutive GATC motifs have been plotted along the x-axis and the logarithms
of frequencies of the distances have been plotted along the y-axis. The blue line
represents the modified Dinucleotide sequence (DN), the red line represents the
modified Dicodon sequence (DC), the green line represents the modified
Random sequence (Rand) and the black line represents the E. coli genome in the
frequency distribution of inter-GATC motif distances. A non-sliding window of
10 bp had been applied along the x-axis to minimise the noise (fluctuating data
points) in the distribution.

To visualise the very starting point of the distribution (corresponding to inter-
GATC distances from 0 bp to 40 bp), the graph of this region representing the E.
coli genome was compared to the three graphs corresponding to different
artificial sequences (Figure 6.9). The E. coli genome contained more of these
very closely spaced GATC motifs than the artificial genomes with the same total
numbers of GATC sites. However, due to fluctuations of the frequency in the rest
of the distribution, it was difficult to detect the fall of frequencies compensating

the rise of frequencies at both ends on this scale of plot.
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Figure 6.10. A schematic representation describing the clustering effect of
a motif in a circular genome. A randomly distributed motif in a circular
genome would follow a pattern similar to the solid blue line. However, if this
motif was distributed in clusters in the genome, the frequency of the closely
spaced motifs in that circular genome would rise and as a consequence the
frequency of the distantly spaced motifs would rise as well. On the other hand,
to compensate the increment of the frequency at both ends of the distribution,
the frequency of the intermediate distances would decrease and the overall
distribution of the clustered motif would follow line similar to the red dashed
line.

These closely spaced GATC which are distributed throughout the genome, were
extracted and annotated. As regulatory sequences did not have clear boundaries
and Riva and collaborators did not find any correlation between the distribution
of GATC motifs and regulation of transcription of the genes having clusters of
GATC motifs in their regulatory regions, only coding sequences were taken into
account in this respect (Riva et al., 2004a). About 19% of all GATC motifs
(19120) in the E. coli genome were found of to have inter-GATC distances of 0 -

40 bp. On the other hand, 1515 coding sequences (more than one third of all
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reported coding sequences in the E. coli genome) had been found to harbour
such GATC motifs. Of them, 83% were mapped to different pathways in the
KEGG (Kyoto Encyclopedia of Genes and Genomes) database on annotation
using Blast2GO (Conesa et al., 2005). KEGG is a database resource that
integrates genomic, chemical and systemic functional information (Kanehisa et
al., 2014). The genes containing closely space GATC sites were representated in
all of the E. coli specific pathways (111 of them) found in the KEGG database
rather than being exclusive to any single or few pathways involved in a or a set
of definite biological functions. Although some gene-sets covered all the E. coli
specific genes involved in a certain pathway (like - “Chlorocyclohexane and
chlorobenzene degradation pathway”, “Fluorobenzoate degradation pathway”
and “Toluene degradation pathway”), their exclusiveness was not taken into
account due to the fact that E. coli specific genes covered only a small
percentage of all genes involved in those pathways. However, some pathways
like the “Starch and sucrose metabolism pathway”, “D-Glutamine and D-
glutamate metabolism pathway”, “Geraniol degradation pathway”, “C5-
Branched dibasic acid metabolism pathway” and “Cysteine and methionine
metabolism pathway” had over 75% representative E. coli genes which harbour
such short spaced GATC motifs in them. These GATC motifs could regulate the
transcription of these essential genes upon methylation by the Dam methylase
and lower the melting temperature of the ambient sequence during
transcription (Hénaut et al, 1996). Though this analysis identified the well-
established 11 GATC motifs at oriC, the origin of replication of the E. coli
genome, it did not reveal any obvious rationale in favour of clustered GATC

motifs in the E. coli genome.
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6.8 Distribution of GATC motifs in the backbone- and variable-
segment: mapping of large-spaced GATC motifs in the E. coli
genome

As GATC motifs play a crucial role in DNA mismatch repair in E. coli and an MMR
system is conserved in almost all organisms, it has been hypothesised in this
study that the DNA sequences that are conserved in the course of evolution in
different strains of E. coli are under a selection pressure that might favour
closely spaced GATC motifs. Alternatively, DNA sequences that are not
conserved in the course of evolution might have less selection pressure for
closely spaced GATC motifs in them. To analyse the conserved and non-
conserved sequences in the E. coli genome, which are also called the backbone-
and the variable-segment respectively, DNA sequences were obtained from the
online database MOSAIC (http://genome.jouy.inra.fr/mosaic/) (Chiapello et al,,
2005, 2008). MOSAIC is a relational database that has an interactive web
interface to compare closely related bacterial genomes. In MOSAIC, genomes of
different strains of the same species have been aligned using Multiple Genome
Aligner software or the MAUVE to determine almost identical regions
constituting the backbone segment (Darling et al., 2010; Hohl et al., 2002). The
backbone segments are interrupted by strain specific inserted regions, which
are termed variable segments. In this study, the backbone- and the variable-
segments were extracted from MOSAIC release 5.1 (2009-11-26) based on the
analysis on five well studied strains of E. coli that have had their genome

sequenced and are available in public genome sequence databases (Table 6.3).
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Table 6.3. An overview" of five closely related strains of E. coli

Strains of E. coli Identifier Genome Percent of

length backbone
segment

E. coli strain K-12 MG1655 NC_000913.3 | 4639675 bp 78.90%

E. coli 0157:H7 str. Sakai BA000007.2 | 5498450 bp 66.58%

E. coli1AI1 / 08 CU928160.2 | 4700560 bp 77.88%

E. coliUMNO26 / EXxPEC/ CU928163.2 | 5202090 bp 70.37%

017:K52:H18

E. coli AE014075.1 | 5231428 bp 69.97%

CFT073/UPEC/06:H1/ATCC
/CFT073

* Data to generate this table were obtained from the MOSAIC database.

Large portions of their genomes belong to the conserved backbone segment

which can be observed from the Figure 6.11. On the other hand, less than 22%

to 35% of their genome falls under the variable segment.
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Figure 6.11. A CIRCOS graph representing the common sequences
(backbone-segment) of the genomes of all five strains of E. coli. This CIRCOS
graph had been drawn by analysing data available in the MOSAIC database. The
red band corresponds to the genome of E. coli strain K-12 MG1655, the orange
band corresponds to the genome of E. coli 1AI1/08, the green band corresponds
to the genome of E. coli 0157:H7 str. Sakai, the blue band corresponds to the
genome of E. coli UMNO026/ExPEC/017:K52:H18 and the grey band corresponds
to the genome of E. coli CFT073/UPEC/06:H1/ATCC/CFT073. The light grey
lines connecting different genomes correspond to the homologous sequences of
E. coli strain K-12 MG1655 found in the four other strains.

The backbone segment of Escherichia coli K-12 MG1655 comprised 78.90% of
the sequence (Figure 6.11 and 6.12). This segment harbours 83.25% of all GATC
motifs found in the whole genome. Therefore, I reasoned that analysing the

distribution of GATC motifs in the backbone and the variable segment of the E.
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coli could give me some insight about the existence of any selection pressure

that had shaped its distribution.

. Backbone segment
. Variable segment

OriA

Figure 6.12. A CIRCOS representation of the relative distribution of the
backbone- and variable segment of the E. coli strain K-12 MG1655. This
CIRCOS graph has been drawn by analysing the data available in the MOSAIC
database. The green regions correspond to the backbone segment and the red
regions correspond to the variable segment. The inner circle shows the GC-skew
in the genome of E. coli strain K-12 MG1655, which helps to mark the origin of
replication and terminus region in the genome and the axis imposed here spans
from -0.10672986 to 0.106270358 and divided into 10 circular grids.

As the backbone and variable segment sequences were found scattered
throughout the E. coli genome, it might seem sensible to concatenate the

sequences to make a single contigs for each group. However, concatenating
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different sequences led to a phenomenon called the “edge effect” which resulted
in two problems. The first one was that new GATC motifs emerged at some
sequence junctions. The next consequence was that new inter-GATC motif
distances are generated at sequence junctions. Concatenating all the sequences
of backbone or variable segments separately could contribute a lot to the edge
effect. For example, an average of 76 new GATC motifs (0.503% of the total
GATC motifs in the backbone) emerged after shuffling and concatenating the
backbone sequences several times. In addition to that, new distances at the
junctions of the backbone sequences were generated. Therefore, inter-GATC
motif distances were calculated by analysing individual backbone and variable
segment using an in-lab Perl script (Appendix B). After normalising against
corresponding total length of each type of sequence, a frequency distribution of
inter-GATC motif distances was generated. The graph representing the
backbone sequences followed the graph of the E. coli genomic sequence almost
perfectly for the short spaced GATC motifs, while the graph representing the
variable sequences did not (Figure 6.13). However, the distribution of inter-
GATC motif distances based on backbone segments fails to provide further
information regarding the distantly spaced GATC motifs as the data points
corresponding to the backbone segments did not map with the peaks found for
such GATC motifs in the E. coli genome (Figure 6.13). On the other hand, the
graph representing the variable segments did not follow the graph of the E. coli
genomic sequence for the short spaced GATC motifs. Although, the variable
segments had only 0.1% less GATC motifs per base-pair than the backbone

sequences, the deviation observed in the graph indicated a lack of short spaced
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GATC motifs in E. coli variable segments. Therefore, the E. coli backbone
segments were found to have a preference for short spaced GATC motifs than
the variable segments. In addition, most of the peaks that correspond to the
inter-GATC motif distances larger than 3.2 kb in the E. coli genome were well
mapped in the variable segments. Therefore, the variable segments (or the
strain specific sequence regions) harboure the larger GATC free regions in the E.
coli genome. The peaks that belong to the distantly spaced GATC motifs and
were not mapped in the variable segments fell at the junctions of backbone and

variable segments.
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Figure 6.13. Comparative frequency distribution of inter-GATC motif
distances of backbone segments, variable segments and the total genome
of E. coli. After normalising by their respective (total) lengths, the frequencies
were plotted on a logarithmic scale along the y-axis and the distances between
consecutive GATC motifs were plotted along the x-axis. The black line
corresponds to the distribution of inter-GATC motif distances in the E. coli
genome, the blue line corresponds to the distribution calculated on each
segment of the backbone sequences and the red line correspond to the
distribution calculated on each segment of the variable sequences. The “norm”
prefix denotes the corresponding frequencies normalized against their
respective (total) lengths.
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At this point, a closer look at those large GATC motifs free sequences that
corresponded to the seven peaks in the frequency distribution of inter-GATC
motif distance revealed some interesting information (Table 6.4). A vast
proportion of those sequences corresponded to prophage DNA and to members
of the rhs (rearrangement hot spots) gene family. It is worth mentioning that
those GATC-free DNA regions are dispersed throughout the E. coli genome

rather than being clustered together (Figure 6.1).

The rhs genes are found to be involved in contact dependent inhibition (CDI) of
cell growth of different bacteria (Poole et al., 2011). The large GATC motif-free
sequences in E. coli harboured four of the eight rhs genes found in the E. coli
genome (Wang et al., 1998). The sequence composition of rhs genes explained
the lack of GATC motifs in them. All the members of rhs family in E. coli share a
3.7 kb long GC rich core ORF which codes for about 1200 amino acids with
multiple tandem repeated copies of a YD-repeat domain (Edwards et al., 1998;
Feulner et al., 1990; Minet et al., 1999). There is an AT rich highly divergent
extension of the core region (ext-al, 130-177 amino acid long), which is
followed by another AT rich region (dsORF-al) (Aggarwal and Lee, 2011).
Therefore, the sequence composition of the rhs genes explains the large inter-
GATC motif distances and there is no evidence of a selection pressure on GATC

motifs in these sequences.

On the other hand, the prophage sequences found in the E. coli genome had a
different attribute. In the course of the evolution of bacterial genomes,

temperate bacteriophages have parasitized their hosts by integrating their
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genomes into the host genetic material via a process of horizontal gene transfer
(Briissow et al., 2004; Filée et al., 2003). These integrated sequences, which are
now called “prophages”, sometimes encode various novel abilities, like niche
adaptation and virulence factors (Canchaya et al, 2003; Filée et al., 2003).
However, in silico analysis of the bacterial genome has suggested that most of
the prophages are defective in their function and apparently are in a process of

mutational decay (Canchaya et al., 2003).

One of the basic assumptions in evolutionary biology is that a gene can reside in
a population if it confers a selectable function or selective advantage (Canchaya
et al., 2003). Prophages belong to the old parts of bacterial genomes and they
are not shared by all of the strains of E. coli (Canchaya et al., 2003). Even closely
related E. coliO157 strains share prophage elements with substantially different
prophage contents (Canchaya et al., 2003). Therefore accumulating GATC motifs
in prophage sequences in the course of evolution would not exert any effect on
the total metabolism of the host E. coli genome, other than maintaining genomic
integrity of that region. However, this is surely not the case here. The evidence
mentioned above leads to the conclusion that the prophage sequences are not
under any selection pressure for generating GATC motifs that would be used by

DNA mismatch repair system to ensure the genomic integrity of E. coli.
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Table 6.4. An overview of the sequence annotation of the seven largest GATC-free regions in the genome of E. coli strain K-12

MG1655
Peak length Annotation

4836 bp ybbP (Putative inner membrane protein)
rhsD (rhsD element protein)

4078 bp rhsA (rhsA element protein)
yibF (Putative gluthione S-transferase)

3934 bp ybfA (hypothetical protein)
rhsC (rhsC element protein)

3832 bp rhsB (rhsB element protein)

3507 bp yfdH (CPS-53 (KpLE1) prophage; bactoprenol glucosyl transferase)
yfdl (CPS-53 (KpLE1) prophage; putative inner membrane protein)
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yfdK (CPS-53 (KpLE1) prophage protein)

3366 bp isrC (Novel sRNA, function unknown, CP4-44; putative prophage remnant)
flu (CP4-44 prophage, antigen 43 (Ag43) phase-variable biofilm formation autotransporter)
3265 bp yfiT (CPS-5 prophage protein)

yfjS (CPS-5 prophage protein)

yfjiK (CPS-5 prophage; putative inner membrane protein)

yfiR (CPS-5 prophage; putative DNA-binding transcriptional regulator)

yfjQ (CPS-5 prophage protein)

yfjP (CPS-5 prophage; putative GTP-binding protein)
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6.9 Discussion

Different approaches have been used to understand whether the distribution of
GATC sites in the genomes of different bacteria relate to their biological
functions (Riva et al.,, 2004a, 2004b). The involvement of GATC motifs in the
DNA mismatch repair system and the regulation of bacterial replication are well
established to date. These two systems require certain patterns of local
distribution of GATC motifs in the genome. On the other hand, transcriptional
control by GATC motif is more controversial. Based on a transcriptome analysis
in Dam* and Dam- cells, Oshima and collaborators proposed that the
methylation state of the GATC motifs at regulatory regions affects protein-DNA
interactions that regulate the transcription of certain genes (Oshima et al,,
2002). They proposed that the genes whose transcription levels are affected by
the dam genotype, have an elevated number of GATC motifs in their 500 bp
upstream sequences. However, a computational analysis by Riva and
collaborators has argued that there is no such transcriptional control by GATC
motifs (Riva et al., 2004a). They have also shown that out of 349 dam-sensitive
genes found in the study of Oshima and collaborators only 3 contain upstream
Fnr consensus sequences that share GATC motifs and a majority of the genes
containing Fnr consensus sequences in the E. coli genome are not sensitive to
the dam genotype. Moreover, the positions, frequency and distribution of GATC
motifs and the difference in gene expression (found in the transcriptome
analysis done by Oshima and collaborators) are shown not to be correlated
(Riva et al., 2004a). On the other hand, methylation of GATC motifs in the coding

regions of some genes are proposed to affect their transcription (Hénaut et al,,
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1996). In addition, a major proportion of the E. coli genome (about 85%) is
coding. Therefore, coding regions of the E. coli genome have been taken under
consideration in this study for generating artificial model sequences and

comparative analysis of the distribution of GATC motifs in the E. coli genome.

There are several mathematical processes that could be used to generate an
artificial sequence for a comparative study. The simplest approach would be to
use a “Multinomial sequence model” which assumes that in the process of
evolution the DNA sequence is produced by a random process, meaning that
such a model randomly chooses any of the four nucleotides at each position in
the sequence. According to this model, the probability of choosing any one of the
four nucleotides depends on a predetermined probability distribution. Thus, a
multinomial model has only four parameters: the predetermined probability of
each of the four nucleotides pa, pc, pe, and pr, where pa + pc + pc + pr= 1.
However, the main drawback of this process is that it is not an accurate
representation of how a sequence has evolved. More specifically, the problem of
this model is that the probability of a nucleotide at a position depends only on
the predetermined probability of that nucleotide, not on the surrounding
nucleotides. However, in a biologically meaningful sequence, a nucleotide at a
given position can depend on the adjacent nucleotide composition and there is
often an evolutionary pressure on this nucleotide from adjacent nucleotides.
Considering these drawbacks, the multinomial model that is computationally
easier to handle, has been avoided and Markov sequence models have been

selected.
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Previous studies have analyzed the distribution of GATC motifs and have used
this information to interpret the role of GATC motifs in the regulation of gene
expression (Hénaut et al., 1996; Riva et al., 2004a). The main goal of this in silico
study was to detect any selection pressure for GATC in the E. coli genome,
particularly in respect to DNA mismatch repair. Different approaches were
implemented to analyse the distribution of inter-GATC distances in the E. coli
genome to find an answer. In this study, clusters of GATC motifs were observed
in the E. coli genome that are more frequent than the number expected purely
by chance, and some of these are associated with known biological attributes.
Probably the most important cluster of GATC motifs is situated at the origin of
replication and contributes to the synchronous initiation of DNA replication (Lu
et al., 1994; Slater et al.,, 1995). The majority of the very closely spaced GATC
motifs (0 bp to 40 bp apart) were not noticeably clustered at particular loci.
Instead, they were dispersed throughout the E. coli genome. They were present
in the genes that belonged to all the E. coli specific pathways in the KEGG

database rather involved in any specific pathway(s) in E. coli.

Moreover, a few GATC motif-free regions in the E. coli genome were found
corresponding to the DNA sequences that became integrated into the E. coli
genome by horizontal gene transfer process. These regions mainly consist of
members of the rhs gene family which are originated outside of E. coli and the
prophage sequences (mainly integrated defective sequences of bacteriophages)
(Briissow et al., 2004; Filée et al., 2003; Jackson et al., 2009). This study has led

us to conclude that, apart from the very closely spaced and very distantly spaced
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GATC motifs, the distribution of inter-GATC motif distances seems to follow a
random distribution in the E. coli genome compared to that in artificial genomes
generated in this study. Therefore, the DNA mismatch repair system and other
GATC interacting pathways have evolved to utilise this distribution of GATC
motifs to maintain genomic integrity and perform various other cellular

functions.
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7.1 Conclusions

My in vivo work has investigated the directionality of DNA mismatch repair and
my in silico modelling has studied potential evolutionary pressures exerted by
the MMR system on the genomic distribution of GATC motifs in E. coli. During
DNA replication, a mismatch can be generated at an anonymous locus in the
genome and therefore, most of the previous studies on MMR have been carried
out using plasmids or bacteriophage DNA substrates where synthetic
heteroduplexes can be constructed (Blackwell et al., 1998; Dzantiev et al., 2004;
Thomas et al., 1991). In this in vivo study, a 294 bp long CTGeCAG repeat tract
has been used to generate frequent locus-specific substrates for the MMR
system. The replication and metabolism of plasmids differ from those of
genomic DNA (Kovtun and McMurray, 2008). Moreover, among all eight
possible mismatches the highest affinity has been found, by the gel-shift assay,
for the G-T mismatch (gives rise to transition mutation) and IDLs, which are the
most frequent mis-incorporations/ replication errors (Jiricny et al, 1988b).
Therefore, TNR array generates the perfect substrate for the in vivo MMR
reactions and usage of the TNR array has permitted for the first time
investigation of directionality by using a “real” chromosomal assay. This study
also avoids the artificial nature of re-construction of the DNA mismatch repair
system using purified proteins. I believe that the most important finding of this
PhD work has been the observation of a distinct directionality of the MMR

system in relation to DNA replication.

Blackwood and collaborators found that MMR-stimulated recombination at a

275 bp tandem repeat only occurred when the tandem repeat was placed on the
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origin proximal side of the CTGeCAG repeat array, which generated the
substrates for the MMR system, suggesting that MMR might be directional in
vivo (Blackwood et al, 2010). This hypothesis was tested in Chapter 3 by
analysing the usage of GATC motifs on both origin proximal and origin distal
sides of the TNR array by the MMR system on the length instability of the TNR
array. By sequential modification of GATC motifs on both origin proximal and
origin distal sides of the TNR array, thereby shifting the start site of the excision
reaction during MMR, I have shown that MMR is indeed directional in relation to
the movement of the replication fork and the efficiency of MMR decreases upon
shifting of the next available GATC motif beyond approximately 2 kb in an origin
distal direction. At this point, an obvious question arises - “What causes the
MMR system to be directional?” Two possibilities can be envisaged in the

following scenarios:

1. The Dam methylase methylates hemimethylated GATC sites in the
nascent strand as it follows the replication fork, thereby making the
GATC motifs that are adjacent to replication fork most available to the
MMR system (Figure 7.1). However, it has been reported that the Dam
methylase lags behind the replication fork by about 0.5 - 3 minutes
(Barras and Marinus, 1989). In this window of time, the replication
machinery would replicate 120 kb of DNA (at an average speed of 1000
bp/sec) and generate a lot of hemimethylated GATC sites. If a mismatch
arises due to a replication-error in this region, the MMR system would
find several hemimethylated GATC sites both on origin proximal side and

on origin distal side of the mismatch. Therefore, the Dam methylase
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protein alone cannot account for the directionality of the MMR

machinery.

(R )  MMRmachinery
[Bam | Dammethylase
[o) Methyl group
5’ 0 ‘m — 3 ——  Parentstrand
? g } —>  Nascentstrand
3’ O O O O O 5.J GATC motif
N\ Mismatch

Figure 7.1. A schematic representation of how Dam mediated methylation
might govern the direction of the MMR machinery.

2. An energetically active force might drive the MMR system to follow a
single direction (Figure 7.2). This energetically active force could be a
combination of different molecular processes that determine the usage of
newly generated hemimethylated GATC sites adjacent to a progressing
replication fork. Interaction of the components of MMR machinery (MutS
and/or MutL) with the 3 clamp might contribute to the recruitment of
MutS and/or MutL to the mismatch by the replication machinery, which
might provide a molecular basis for this hypothesis (Pluciennik et al,,
2009). This process alone or along with other processes might confer
directionality on the MMR reaction whether the mismatch is created in a
nascent leading strand (Figure 7.2A) or in a nascent lagging strand
(Figure 7.2B). Furthermore, this hypothesis allows the MMR machinery

to use the replication machinery to drive the search for a
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hemimethylated GATC site. In this way, MMR hitch-hikes a ride with the

replisome as it searches for a hemimethylated GATC site.
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Figure 7.2. A schematic representation of an energetically active force
directing the MMR machinery to the replisome. (A) depicts the scenario
when a mismatch occurs in the leading nascent strand and (B) depicts the case
of the lagging nascent strand. Formation of looped DNA structure can bring a
newly replicated hemimethylated GATC site near to the MMR machinery
attached to a mismatch during MMR. A hemimethylated GATC motif, which is
used as a start point of the excision reaction, is depicted in red.

Lahue and collaborators have shown that having two closely spaced GATC
motifs near a mismatch increases the efficiency of mismatch repair by 83%
compared to that with a single GATC motif in a covalently closed circular DNA
(Lahue et al., 1987). However, in this in vivo study, no elevated mismatch repair
was observed in the presence of a cluster of 3 closely spaced origin distal GATC
motifs compared to that with a single GATC motif near the TNR array.
Therefore, a single origin distal GATC motif near a mismatch is sufficient for an
efficient MMR. The termination point of the extended excision reaction during
MMR detected by the stimulation of recombination at the zeocin resistance
cassette was found in this study to depend on the starting hemimethylated
GATC motif rather than on the position of the TNR array (Chapter 4). Grillery
and collaborators have shown that the in vitro excision reaction terminates at a
set of discrete sites within a 100 nucleotides region from a mismatch (Grilley et
al, 1993). On the other hand, Blackwood and collaborators have found that
MMR-stimulated recombination at a 275 bp tandem repeat (by DNA resynthesis
following the formation of a single stranded sequence harbouring the tandem
repeat) occurs at a distance of 6.3 kb on the origin proximal side of the TNR

array (Blackwood et al., 2010). RecQ helicase was found not responsible for the
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formation of highly processive excision reaction tract that could be a subset of

standard excision tract during MMR.

Interaction between MMR components and the 3 clamp led me to test whether a
functional MMR impedes the progression of the DNA replication machinery. In
this study, the MMR system was found not to decelerate or to make the
replication machinery pause due to a mismatch in strains with a region having
intact native GATC motifs or free of GATC motifs. On the other hand,
Samadashwily and collaborators have detected a replication pause at a
CTGeCAG repeat array in a plasmid system in E. coli, but have not characterised
whether this is dependent on MMR (Samadashwily et al, 1997). The
metabolism of secondary structures that formed at the TNR array (as per their
assumption) in the plasmid might be different to when the TNR array is in the
chromosome and the replication machinery is more efficient replicating the
TNR array. Moreover, they used antibiotic chloramphenicol to minimise protein
binding to the secondary structure that formed at the TNR array. This is not a
natural situation and in vivo metabolism will have been affected. Notably, in the
presence of chloramphenicol plasmid replication continues using DNA
polymerase I, which is less sensitive to the drug than is the replisome

comprising DNA polymerase IIL.

An in silico study in Chapter 6 found a close to random distribution of GATC
motifs in the E. coli genome with some clusters at different parts of the genome.
There are also a few regions that are free of GATC motif for comparatively long

distances, which are accounted for by the base composition of local gene
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sequences. No clear evidence was detected for a selection pressure, exerted by
the MMR system on the genomic distribution of GATC sites. Instead, we
hypothesise that the MMR system has evolved to utilise the expected

distribution of GATC motifs in the E. coli genome.

7.2 Further work

The molecular mechanism of the directionality of MMR (in terms of the usage of
GATC motifs) has not been determined yet. GATC motifs are shared by different
molecular pathways and more than one protein compete for a GATC motif at a
given time. A stretch of hemimethylated GATC motif is generated following a
replication fork and those sites become the targets for at least three different
proteins - MutH, SeqA and Dam methyltransferase (Campbell and Kleckner,
1990; Waldminghaus et al, 2012). Dam methyltransferase methylates the
unmethylated adenine of the GATC motif and thus converts a hemimethylated
GATC site into a fully methylated one. In that case, the GATC motif becomes

unavailable to both MutH and SeqA proteins.

SeqA protein is well-known for its participation in the process of origin
sequestration in E. coli so that an immature origin is prevented from firing
(Waldminghaus et al, 2012). However, recent evidence suggests that SeqA
oligomerises to form a higher order structure by binding the hemimethylated
GATC motifs (Guarné et al., 2005; Odsbu et al,, 2005). A genome-wide study of
SeqA binding to DNA shows that the SeqA complex follows the replication fork
in a treadmilling fashion - growing at the leading end and diminishing at the

tailing end (Waldminghaus et al., 2012). On the other hand, in vitro studies have
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shown that the SeqA protein is not actively dissociated by the Dam methylase
(Kang et al., 1999). Moreover, over-expression of Dam methylase does not
change the genome-wide SegA binding pattern that is observed in the wild-type
cells (Waldminghaus et al., 2012). Therefore, it has been suggested that the Dam
methyltransferase follows the SeqA oligomer and methylates the
hemimethylated GATC motifs that become available upon random dissociation
of SeqA proteins at the end of the oligomer (Waldminghaus et al., 2012). This is
consistent with the reported delay of Dam methyltranferase to methylate a
recently generated hemimethylated GATC motif in the close vicinity of the
replication fork. Two possible scenarios are worth investigating as an extension

of the current study -

1. A SeqA oligomer that is formed on the origin proximal side of a mismatch
might restrain the MutH protein searching for a hemimethylated GATC
motif on that side of that mismatch and facilitate the unique direction of
the MMR system. Therefore, in a seqgA mutant cell, the MMR would lose
its directionality but would still be efficient finding a hemimethylated
GATC motif on either side of a mismatch.

2. Alternatively, if the delay of the Dam methylase is due to the formation of
oligomeric SegA structure, Dam would find an unrestricted stretch of
DNA where it can methylate all the hemimethylated GATC sites ahead
(towards the replication fork). In that case, the efficiency of the MMR
system would decrease due to lack of hemimethylated GATC motif near a

mismatch in a seq4A mutant cell.
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Therefore, the combinatorial functions of SeqA and Dam methylase on the
molecular mechanism of the directionality of the MMR system could be a

fascinating topic for the future research.
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Appendix A
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Figure Al: Proportion of deletion and expansion at single TNR unit
level in different genetic backgrounds. The proportion of Single TNR unit
deletion (-1) and expansion (+1) of each genetic background is shown in this
bar plot. Different genetic backgrounds are plotted along the x-axis and the
proportion of instabilities at the level of single TNR unit is shown along the
y-axis. The blue bars depict the proportions of Single TNR unit deletion,
while the red bars depict those for expansion.

Expected | observed | O-E SQ(0-E) SQ(0-E)/E
P1-P12 0.5 0.75 0.25 0.0625 0.125
P1-P2 0.5 0.5 0 0 0
wt 0.5 | 0.714286 | 0.214286 | 0.045918367 0.091837
D1 0.5| 0.777778 | 0.277778 | 0.077160494 0.154321
D1-D2 0.5 | 0.666667 | 0.166667 | 0.027777778 0.055556
D1-D3 0.5 0.5 0 0 0
D1-D4 0.5| 0.416667 | -0.08333 | 0.006944444 0.013889
D1-D6 0.5 0.6 0.1 0.01 0.02
D1-D7 0.5 | 0.714286 | 0.214286 | 0.045918367 0.091837
SpD 0.5 | 0.714286 | 0.214286 | 0.045918367 0.091837
Test_statistic 0.644276
Critical_value at 95% confidence level 16.91898

Ho = There is no difference between expected number and the observed

proportion of deletion

H1 = There is a difference between expected number and the observed

proportion of deletion
As ¥? < X%k-1,1-« the null hypothesis is accepted.

where, k - 1 = Degrees of freedom

o =0.05

Therefore, the observed difference of deletion events is not significant.
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Appendix B

1. Perl script for finding out the positions of a motif
#!/usr/bin/perl

my S$DNA file="fasta sequence file";

open (DNA, $file) or die "Cannot open file $file: S$S!";
my @seg=<DNA>;

close DNA;

mySgenome = join('',@seq);
Sgenome =~ s/\s//g;

my Smotif = 'GATC';

my Soffset = 0;

my Sresult = index (Sgenome, S$motif, Soffset);
while (Sresult != -1)

{
my $x = S$Sresult+l;
print "$x\n";
my Soffset = Sresult + 4;
my Sresult = index (Sgenome, S$motif, Soffset);

1. Perl script for finding out the inter-GATC motif distances in each
backbone- or variable-segment.

#!/usr/bin/perl

my $file = "backbone segment files";
open (DNA, $file) or die "Cannot open file S$file: $!";
S/ = ">";
my S$junk = <IN>;
my $1=0;
while ( my S$record = <IN> )
{
chomp $record;
(my $deflLine, my @seglLines) = split /\n/, $record;
my S$sequence = join('',@seqgLines);

my Sarray[$i]l=S$sequence;
Sit++;

}

close (IN);

my Smotif = 'GATC';

my $length array = @array;
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for (my $3=0;S$j<Slength array;$j++)
{
my Soffset = 0;
print"backbone: $j\tdistance\n";
my Sresult = index($Sarray[$]j], Smotif, S$Soffset);

while ($result != -1)

{
my $x = S$result+l;

FHAFHHHHHHHHH A A AR SH A 4
#print "\tpositions: $x\n";# will return the
position of the motifs in each backbone segment along

with the respective order number.

igddzsdssssadsaddaddaddasdsadaaasaa st ad R AR AR

push (my @position, $x);
Soffset Sresult + 4;
Sresult index ($array[$j], Smotif, Soffset);

}
my $length position = @position;
for (my $k=0;Sk<(S$length position-1);Sk++)
{
my S$distance = ((Sposition[S$k+1]-
Sposition[$k])-4);
print"\tS$distance\n";
}

undef (@position) ;# for empting the array.
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Appendix C

Frequency distribution of inter-GATC motif distances in . cerevisiae CDs
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Distance between consecutive GATC motifs

Figure C1. Frequency distribution of inter-GATC motif distances in the CDs
of the Sacchromyces cerevisiae genome. The distances between consecutive
GATC motifs had been plotted along the x-axis and the frequencies of these

distances had been plotted along the y-axis.

Frequency distribution of inter-GATC motif distances of Human CDs
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Figure C2. Frequency distribution of inter-GATC motif distances in the CDs
of the human genome. The distances between consecutive GATC motifs had
been plotted along the x-axis and the frequencies of these distances had been

plotted along the y-axis.
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The Fluctuation assay table (calculation for strain D1-D2 TNR*):

D1-D2 TNR+
Dilution Factor: 1000000 100
Fraction Plated: 0.1 0.1
C.F.U. Rank His*

93 17 326
78 16 314
100 12 272
110 23 391
122 30 507
141 29 485
94 11 270
113 32 531
114 13 275
117 27 464
122 5 244
106 19 349
97 9 260
123 22 390
130 28 475
97 14 288
90 5 244
123 15 295
102 1 133
157 25 437
95 2 145
129 8 252
100 5 244
182 35 715
194 26 456
205 31 523
102 21 361
150 24 421
136 3 225
97 10 269
95 20 351
86 17 326
105 33 589
197 36 780
135 34 652
126 3 225

Appendix D
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121.2 Median = 337.5
FREQUENCY = 2.78E-4
RATE = 1.67E-5

Culture #
low 9 1.32E-5
high 27 2.25E-5
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