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Abstract

UvrD is a multi-functional Escherichia coli helicase. It is widely involved in DNA repair,
including its DNA unwinding role during mismatch repair and RNAP removal role during
transcription coupled repair. UvrD has also been shown to colocalise with the replisome during
DNA replication and has an important role in nucleoprotein block removal to clear the path for

the replication fork.

The main aims of this project were to test UvrD ability to unwind DNA and displace
nucleoprotein blocks and to test whether addition of the mismatch protein MutL could improve
UvrD function. Our in vitro results showed that UvrD alone was capable of unwinding past a
physiologically relevant block, Tus-terB, in ‘easy’ and ‘challenging’ conditions. The addition of
MutL increased the ability of UvrD to unwind long double-stranded DNA substrates in multiple
challenging conditions as well as against a physiologically unfamiliar nucleoprotein block
(EcoRI E111G). Our results showed that UvrD activity appeared to be enhanced when tasked
with unwinding past the Tus-terB block and presented better DNA unwinding alone rather than
with MutL. To understand more about the UvrD:MutL physical and functional interaction, we
designed two UvrD mutants with large N-terminal deletions for UvrD:MutL interaction tests.
Additionally, since UvrD:MutL complex formation causes the rotation of the UvrD 2B

subdomain, we designed a UvrDA2B mutant, to test for MutL interaction and determine how

the 2B subdomain deletion affects UvrD function.

We also developed a new in vitro biochemical assay designed to test for the displacement of
Tus by the replisome during DNA replication termination. Our preliminary findings suggest that
replication forks colliding with the non-permissive orientation of the Tus-ter block can displace
Tus. Establishment of the Tus jumping assay will allow us to investigate the interaction of DNA
replication forks with Tus-ter and to test whether other proteins, such as UvrD, are involved in

replication termination.
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CHAPTER 1
INTRODUCTION




Chapter 1. Introduction

1.1. Helicases

Helicases are evolutionarily conserved enzymes able to translocate along single-stranded and
double-stranded nucleic acid, displace nucleoprotein blocks and hydrolyse ATP in order to

process DNA unwinding (reviewed in Raney et al., 2013).

Helicases are divided based on their nucleic acid processivity into DNA and RNA helicases.
DNA helicases unwind DNA and have been identified across all life, including examples in
bacteria, bacteriophages and viruses, both budding and fission yeast, in plants and in
eukaryotes, including humans (reviewed in Tuteja and Tuteja, 2004; Frick and Lam, 2006;
Dorn and Puchta, 2019; Dhar et al., 2020; fission yeast example Pizzul et al., 2022;
bacteriophage example Chmielewska-Jeznach et al., 2022). DNA helicases are a potential
medical target for cancer therapy, such as the RecQ and Iron-Sulfur DNA repair helicases
(Datta and Brosh, 2018). RNA helicases process ribonucleic acid and coordinate gene
expression. Some examples of RNA helicases, from multiple domains, include DDX1, DDX5,
DDX17, DDX20 and RHA (Bourgeois et al., 2016). RNA helicases elF4A, DDX3 and DDX5
are considered to be promising therapeutic targets (Sergeeva and Zatsepin, 2021). Rare
helicases also exist that can process both DNA and RNA (Zhang and Grosse, 1994) or that
process RNA-DNA hybrids, such as helicase Pifl (Boué and Zakian, 2007; reviewed in

Abdelhaleem, 2019) and E. coli Rho (Steinmetz et al., 1990).



TABLE 1.1 E. COLI DNA HELICASES

DNA HELICASE

DnaB
PriA

Rep

UvrAB
UvrD

Helicase IV

RecQ
RecBCD

RuvAB

Helicase | / Tral

RecG

Helicase Il

DinG

Function/Role

DNA replication, an essential part of the
replisome

Replisome reloading

DNA

conflict

Nucleoprotein  removal and
replication-transcription
resolution

Nucleotide Excision Repair
Nucleotide Excision Repair, Mismatch
removal,

Repair, RNA polymerase

nucleoprotein  block removal, Tus
removal

Unknown, but stimulated by SSB

Recombination

Homologous recombination and double-
stranded break repair

Recombination, Holliday junction
migration

Bacterial conjugative DNA transfer

Recombination, branch migration
Unknown, ATPase function inhibited by
SSB

SOS response protein, role unknown

Reference

(LeBowitz and McMacken, 1986)

(Lee and Marians, 1990)
(Yarranton and Gefter, 1979; reviewed in

Matson and Kaiser-Rogers, 1990)

(Oh and Grossman, 1989)
(Runyon et al., 1990)

(Wood and Matson, 1987; Dubaele, Lourdel
and Chene, 2006)
(Umezu et al., 1990)

(Roman and Kowalczykowski, 1992)

(Tsaneva et al., 1993)

(Abdel-Monem et al., 1976; Klinkert et al.,
1980; Byrd et al., 2002)

(Whitby and Lloyd, 1995)

(Yarranton et al., 1979; Matson and Wood,
1985)

(Voloshin et al., 2003)

DNA helicases across all domains have been classified into six superfamilies (SF1-6) that

vary in function and structure.

The first two superfamilies, SF1 and SF2, share roles in DNA repair, recombination, DNA

replication and transcription regulation (O’Donnell and Li, 2018). They also share structural

similarities, including a conserved helicase core (Singleton, Dillingham and Wigley, 2007).

Both families also contain their own features, such as the Pifl-like region in SF1, and the



DEAD-box and Swi/Snf region in SF2 (reviewed in Fairman-Williams et al., 2010). Examples
of SF1 helicases include UvrD and Rep helicases in E. coli, Srs2p and Senlp in S. cerevisiae,
and Pifl, Upfl and SetX in humans (Homo sapiens) (Fairman-Williams et al., 2010). Examples
of SF2 helicases include DIinG, RecG and PriA in E. coli, Mphlp, Rad54p and Dhhlp in S.
cerevisiae, and Rad54, DDX11, HELC1, and FANCM in H. sapiens (Fairman-Williams et al.,

2010).

SF3-6 helicases are hexameric and either classified as AAA+ or RecA-like helicases
(Trakselis, 2016). SF3 are AAA+ helicases that translocate in the 3’ to 5’ orientation and are
found in DNA and RNA viruses (Trakselis, 2016). SF3 helicases function at the origin-binding
domain and bypass the host regulation pathway to initiate replication. Examples include the
LTag helicase of simian virus 40 (Li et al., 2003), Rep40 from the adeno-associated virus type
2 (James et al., 2003) and E1 viral initiator from the human papilloma virus serotype 18
(Abbate et al., 2004). SF4 5’ to 3’ helicases have a characteristic RecA-like domain and are
involved in the initiation and elongation stages of DNA replication (Thomsen and Berger, 2009;
Trakselis, 2016). Examples of SF4 helicases include DnaB helicase, the main replicative
helicase of E. coli, mitochondrial helicase Twinkle, and the T7 bacteriophage helicase Gp4
(Trakselis, 2016). SF5 are a relatively understudied group of helicases and are similar to SF4
in that they also contain a RecA-like domain and translocate in the 5' to 3' orientation. An
example of an SF5 helicase is the bacterial Rho RNA translocase (O’'Donnell and Li, 2018).
Lastly, SF6 AAA+ helicases translocate in the 3’ to 5’ orientation (Thomsen and Berger, 2009)
and are involved in DNA replication. The replicative CMG helicase complex in eukaryotes and

the MCM complex in archaea are the most common examples (O’Donnell and Li, 2018).
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1.1.1. Superfamily 1 helicases

SF1 are one of the largest groups of helicases. Classification into this subfamily is dependent
on the presence of certain motifs, such as motif Il sequence GDxxQ (reviewed in Gilhooly et
al., 2013) and maotif IVa (Korolev et al., 1998) which are unique to SF1. Other motifs are found
in both SF1 and SF2 and include 1, la, I, V, VI and Q (figure 1.1 A) (Gilhooly et al., 2013;

Tanner et al., 2003; Singleton et al., 2007; Abdelhaleem, 2019).

Motifs | and Il, also called Walker A and Walker B, are strictly conserved sites for NTP binding
and hydrolysis. They allow the helicase to act as a nucleic acid motor and as a translocase
(Abdelhaleem, 2019; reviewed in Gilhooly et al., 2013). Motifs la, Ill and V meanwhile have
been identified to be involved in ssDNA binding (Lee and Yang, 2006). SF1 helicases also
share a similarity in their tertiary structure by forming four subdomains: 1A, 2A, 1B, and 2B

(figure 1.1 B) (Bird et al., 1998; Meir and Greene, 2021).

SF1 is further divided into SF1A and SF1B sub-families based on the orientation of their DNA
processing (3'to 5’ or 5'to 3’ orientation, respectively) (Singleton et al., 2007; Meir and Greene,
2021). Studies carried out on UvrD (SF1A), PcrA (SF1A) and RecD2 (SF1B) (figure 1.1 A)
increased our understanding of the mechanism of translocation in the different orientations
(figure 1.1 C). All three helicases bind to ssSDNA with the 2A subdomain orientated towards
the 5’ end of the DNA and the 1A subdomain facing the 3’ end (Velankar et al., 1999; Lee and
Yang, 2006; Saikrishnan et al., 2009; Meir and Greene, 2021). The cleft between the 1A and
2A subdomains opens and closes when ATP is present or missing respectively (Meir and
Greene, 2021). In the SF1A helicases (PcrA and UvrD), subdomain 1A binds to ssDNA when
the cleft opens before the 2A subdomain grips the DNA, leading to a slide in the 3' to &'
orientation (Velankar et al., 1999; Soultanas and Wigley, 2000; Meir and Greene, 2021). For
SF1B helicases (RecD2) the cleft closes when ATP is bound, causing the 2A subdomain,
which has been tightly bound to the ssDNA, to weaken its binding and allow the helicase to

‘slide’ in the 5’ to 3' orientation (Saikrishnan et al., 2009; Meir and Greene, 2021).

11



leading
subdomain

Sfib =

leading
subdomain

Figure 1.1 Superfamily 1 helicase translocation mechanism and examples. A. SF1 protein
structure and common motifs. Adapted from Singleton et al., 2007. B. Protein structures of SF1
helicases UvrD (PDB 2I1S1), Rep (PDB 1UAA) and PcrA (PDB 1QHH) showing tertiary structure
similarities. The four subdomains of each helicase have been colour-coded: 1A teal, 1B, blue, 2A
orange, 2B pink. C. ATP hydrolysis conducted when unwinding DNA by SF1A and SF1B helicases,
which determines the orientation of translocation from 3’ to 5’ and from 5’ to 3’ respectively. Figure

adapted from Meir and Greene, 2021. Figure created on Biorender.com.
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SF1 helicases have also been divided into three different subgroups based on their homology
to well-studied SF1 helicases: UvrD-like, Pif1-like and Upfl-like (Fairman-Williams et al., 2010;

Gilhooly et al., 2013).

1.1.2 UvrD-like family

The most well-known helicases from the UvrD-like family are its namesake the E. coli UvrD
(also known as Helicase II) and Rep, and Bacillus subtilis homologue, PcrA. These three
helicases have similar known cellular functions, biochemical properties and primary
structures, suggesting they are evolutionary related (Gilhooly et al., 2013; Syeda et al.,
2019). In fact, PcrA is suggested to share the roles of both Rep and UvrD in B. subtilis (Petit

et al., 1998).

UvrD helicase, described in detail in subsection 1.2, is involved in a number of mechanisms
in E. coli, including mismatch repair (MMR) (Dao and Modrich, 1998; Yamaguchi et al., 1998;
Mechanic et al., 1999; Mechanic et al., 2000), nucleotide excision repair (NER) (Epshtein et
al., 2014), recombination (Veaute et al., 2005), Holliday junction resolution (Carter et al.,
2012), and the removal of DNA-bound Tus (Bidnenko et al., 2006) and RNA polymerase
(RNAP) (Hawkins et al., 2019). The helicase Rep has been shown to colocalise with the DNA
replication fork (Guy et al., 2009; Atkinson et al., 2011; Syeda et al., 2019) and to remove
DNA-bound proteins, such as RNAP, during DNA replication-transcription conflicts; a role that
can be conducted by UvrD when Rep is absent (Guy et al., 2009; Hawkins et al., 2019). Rep
has also been identified to have roles in DNA replication initiation (Briining et al., 2016) and in
replication restart (Heller and Marians, 2005). PcrA has been shown to bind tightly to
transcription elongation complexes and to RNAP, as well as to limit the amount of DNA
replication-transcription conflicts by suppressing the formation of R-loops (Merrikh et al., 2015;
Urrutia-lrazabal et al., 2021). Genetic analysis has also linked PcrA to UV repair and rolling-

circle replication, though the exact mechanism has not been identified (Petit et al., 1998).
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1.2. UvrD structure and function

UvrD is an E. coli DNA helicase belonging to the SF1A subfamily and the UvrD-like family of
helicases. UvrD translocates on ssDNA and unwinds dsDNA in the 3’ to 5’ orientation and is
able to displace nucleoprotein blocks (Matson, 1986; Lee et al., 1989; Bidnenko et al., 2006).
As with all SF1 helicases, UvrD contains four subdomains. The Rec-A like subdomains 1A
and 1B share a hydrophobic core, while 2A and 2B are joined by salt bridges formed by amino
acids K389 to D115 and R396 to D118 (Lee and Yang, 2006). UvrD also contains a mostly
uncharacterised C-terminal tail (Lee and Yang, 2006; Manelyte et al., 2009; reviewed in
Yokota, 2022). Recent biomolecular nuclear magnetic resonance (NMR) spectroscopy
investigated the carboxy-terminal of UvrD and showed a Tudor-domain-like fold, made of five
B-strands in a strongly bent antiparallel orientation (Kawale and Burmann, 2020). In addition
to the nine motifs identified in SF1 helicases, UvrD also has seven unique sequence motifs
Ib, Ic, Id, IVb, IVc, Va and Vla, found to participate in DNA binding, or in 1B and 2B domain

interactions (Lee and Yang, 2006)

1.2.1 UvrD subdomain functions

Lee and Yang crystalised UvrD helicase alongside a non-hydrolysable ATP analog, adenylyl-
imidodiphosphate, to characterise the ATP binding of UvrD (figure 1.2 A). They demonstrated
that ATP binds between the 1A and 2A subdomains of UvrD, with the adenine base found
between motif IV (Y283) and motif | (R37) (Lee and Yang, 2006). The 2'-OH of ATP is weakly
bound to R37, while 3'-OH has a stronger bond to E566 (motif V) (Matson, 1991; reviewed in
Lee and Yang, 2006). For successful ATP hydrolysis, the B and y phosphates of ATP
coordinate with T36 (motif 1), D220 and E221 (motif [I/Walker B) to acquire a Mg?* ion (Lee
and Yang, 2006). Binding of the ATP analogue induces a 20° rotation of the 2A subdomain

(Lee and Yang, 2006).
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While the 1A and 2A subdomains of UvrD are important for ATP binding, the 2B subdomain
has been found to have a significant role in DNA unwinding (Jia et al., 2011). When the UvrD
structure was first visualised bound to nucleic acid (Lee and Yang, 2006), the 2B subdomain
appeared to be ‘closed’ (figure 1.2 A). When generating the apo structure of UvrD in high salt
conditions (600 mM NacCl) Jia and coworkers described a 160° rotation of the 2B subdomain
into an ‘open’ position using the hinge between the 2B and 2A subdomains (figure 1.2 B) (Jia
et al., 2011). Fluorescence resonance energy transfer (FRET) analysis showed that binding
of a MutL dimer (protein involved in mismatch repair, section 1.3) to a UvrD monomer caused
a rotation of the UvrD 2B subdomain from ‘closed’ towards the ‘open’ conformation, generating

an ‘intermediate’ state when the complex is formed (Ordabayev et al., 2018, 2019).

The function of the C-terminal domain of UvrD has not been fully identified and the region has
not been crystallised to visualise its structure. The C-terminal ‘tail’ has however been identified
to be involved in UvrD protein interaction, including interactions with nucleotide excision repair
(NER) protein UvrB (Manelyte et al., 2009) and the transcription machinery RNA Polymerase
(RNAP) (Gwynn et al., 2013; Kawale and Burmann, 2020). The structure of the C-terminal
domain of a UvrD homologue PcrA has however been crystallised, showing a Tudor-like fold
(Sanders et al., 2017), which agrees with the NMR estimations for UvrD helicase C-tail

(Kawale and Burmann, 2020).

Mechanic and coworkers conducted a yeast two-hybrid test on UvrD with deletion of the last

40 amino acids from its C-terminal, UvrDA40C (Mechanic et al., 1999a; 1999b). They showed
that UvrDA40C was still able to unwind DNA and take part in both NER and MMR (Mechanic

et al., 1999a). Genetic analysis of UvrD with the deletion of the last 102 and 107 amino acids

(UvrDA102C and UvrDA107C, respectively), showed that the mutants were no longer able to
participate in both NER and MMR repair mechanisms (Mechanic et al., 1999b). UvrDA102C

was also not able to bind ssDNA , in vitro, and exhibited a reduced ATPase activity (Mechanic

et al., 1999b).

15
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Figure 1.2 UvrD helicase structure. A. The four subdomains of UvrD have been colour coded as per
figure 1.1. ATP binding residues have been labelled in the magnification panel and colour-coded in red
and can be mostly found in the 1A subdomain, with E556 found in the 1B subdomain. UvrD structure
from Lee and Yang, 2006 (PDB ID 21S1). B. Apo UvrD structure without DNA with an open 2B
subdomain (pink). UvrD structure from Jia et al., 2011 (PDB ID 3LFU). C. Distribution of the four

subdomains across the amino acid chain of UvrD helicase. Figure created on biorender.com.
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Manelyte and coworkers conducted further studies on C-terminal truncation and found that
UvrDA73C retained its ATPase ability but had a slightly reduced ssDNA binding affinity; and
that UvrDA102C had a significantly reduced ssDNA binding affinity, had no ATPase ability,
and was unable to assist in DNA repair mechanisms (Manelyte et al., 2009). The loss of
ssDNA binding ability hints to a role of the C-terminal in ssDNA binding and potentially
translocation, though it is also likely that the condition was affected function was caused by

region deleted from the 2A domain.

1.2.2. UvrD as a monomer, dimer, and tetramer

UvrD has been found to function as a monomer (Mechanic et al., 1999; Lee and Yang, 2006),
a dimer (Maluf et al., 2003a; Maluf et al., 2003b; Sun et al., 2008; Yokota et al., 2013; Lee et
al., 2013; Comstock et al., 2015; Nguyen et al., 2017; Yokota, 2020), and even a tetramer

(Wollman et al., 2023).

The first monomeric model was presented by Mechanic and coworkers, showing that while
UvrDA40C could not dimerise, it could still unwind dsDNA (Mechanic et al., 1999a). However
further sedimentation studies contradicted this by showing UvrDA40C dimerisation (Maluf et
al., 2003a; 2003b). Single molecule analysis also showed that two or even three UvrDA40C
molecules were required for DNA unwinding. UvrDA40C was however found to dimerise less
frequently than WT UvrD (Yokota, 2020). UvrD monomers form a complex with a MutL dimer
during the mismatch repair mechanism (MMR) (section 1.3.1) (Ordabayev et al., 2018), to
RNAP (Epshtein, 2015). UvrD dimer was however found to be necessary to conduct UvrD-
mediated transcription coupled repair (TCR) (section 1.3.2.2) (Epshtein et al., 2014; Epshtein,

2015).

Support towards the dimer model was however presented by Maluf and coworkers who found

that UvrD unwound DNA more efficiently when the UvrD/DNA ratio was greater than or equal

17



to two (Maluf et al., 2003a; 2003b) and by Sun and coworkers who used magnetic tweezers
to show dimerisation (Sun et al., 2008; reviewed in Yokota, 2022). Other evidence for the
dimer model includes single-molecule direct visualisation studies which found that 2-3 WT
UvrD molecules participated in DNA unwinding (Yokota et al., 2013), while a monomer was
blocked at a ssDNA/dsDNA junction and had to be unblocked through addition of another
monomer (Lee et al., 2013). Comstock and coworkers also showed limited unwinding of a WT
monomer UvrD, while two UvrD molecules allowed for long-distance unwinding (Comstock et
al., 2015). Lastly, Nguyen and coworkers showed that when UvrD was prebound to DNA, the
binding of a second UvrD closed the 2B subdomain and allowed for DNA unwinding to begin

(Nguyen et al., 2017).

Lastly, UvrD has also been found to form tetramers through in vivo photobleaching analysis
(Wollman et al., 2023) and through analytical ultracentrifugation (Maluf and Lohman, 2003).
Maluf and Lohman found that UvrD tetramers, and even octamers, become favoured at
temperatures higher than 35 °C. When investigating the effect of salt on UvrD, they found that
concentrations above 150 mM NacCl favoured monomers and dimers, but <150 mM showed
populations of monomers, dimers and tetramers. Similarly, an increase in glycerol
concentration also decreased the amount of UvrD tetramers in the population (Maluf and
Lohman, 2003). Wollman and coworkers detected tetramers in vivo through slimfield
microscopy using mGFP-UvrD. They found that tetrameric mGFP-UvrD was often colocalised
with mCherry-DnaQ, a protein involved in DNA replication, suggesting that tetrameric UvrD

helicase was colocalised to the replication fork (Wollman et al., 2023).

Based on the literature highlighted, UvrD likely acts as a monomer, dimer, and tetramer in

vivo, switching states depending on its varying roles in the cell.
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1.3. DNA repair and UvrD

1.3.1 Mismatch Repair

1.3.1.1 Mismatch repair in E. coli

During DNA replication, the DNA replication machinery, the replisome, creates a copy of the
genetic material of the cell. E. coli DNA polymerase has a high fidelity, with an approximate
error rate of 5 x 10%° per base pair (Drake et al., 1998). Errors which can occur include an
insertion of a base (10°®), a proofreading (10?), and a mismatch of a base (10®%) (Schaaper,

1993; Fijalkowska et al., 2012).

The mismatch repair mechanism (MMR) is a DNA repair mechanism responsible for repairing
DNA mismatches, first discovered in 1986 when the binding of MutS to mismatched
nucleotides was detected (Su and Modrich, 1986). While correcting DNA mismatches is not
always crucial to cell survival, but it is important in ensuring that all genomic information of the
cell is correct for protein production. A mismatched base can cause a change in the amino
acid sequence of proteins or can even alter the reading frame of genes through insertion of

an early stop codon.

The first step to successful MMR in E. coli (figure 1.3) is the correct function of Dam
methyltransferase — an enzyme responsible for methylating the N® of adenine within
palindromic GATC sites on DNA (Hattman et al., 1978; Lgbner-Olesen et al., 2005). After DNA
replication, DNA is found in a hemi-methylated state, with the template strand being
methylated and the nascent strand unmethylated. This allows for a recognition of freshly
replicated DNA regions by their hemi-methylation. During MMR these hemi-methylated GATC
sites are used as signals for freshly replicated DNA and to aid recognition of which strand was
not the template and was therefore incorrectly replicated (Campbell and Kleckner, 1990;

Marinus, Poteete and Arraj, 1984; Marinus, 1976; Herman and Modrich, 1981).
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The mismatch recognition protein MutS scans newly replicated DNA for mismatches and binds
to them (Su and Modrich, 1986). MutS forms a homodimer around the mismatch by specifically
interacting with the incorrect base and non-specifically interacting with surrounding
nucleotides (Sixma, 2001). A MutL dimer binds to the MutS:DNA complex and stabilises it,
preventing MutS dissociation which would otherwise occur after 15 secs in ATP-rich conditions
(Schofield et al., 2001). MutS:MutL complex activates MutH to cleave the hemimethylated
d(GATC) sites nearby to the mismatch on the unmethylated strand (Au et al., 1992). Binding
of the N-terminal of MutL and C-terminal of MutH partly enhances the endonuclease activity
of MutH and promotes cleavage of the unmethylated DNA strand (Hall and Matson, 1999).
The process requires interaction of MutH with the MutS:DNA:MutL complex and ATP

hydrolysis by MutL (Au et al., 1992).

After the mismatched strand is cleaved, MutL recruits UvrD and loads the helicase onto the
nicked DNA. Importantly, MutL ensures that UvrD is loaded in the correct orientation, so that
DNA is unwound towards the mismatch, rather than away from it (Dao and Modrich, 1998;
Yamaguchi et al., 1998; Mechanic et al., 2000). The binding of UvrD and MutL into a stable
MutL:UvrD:ssDNA complex (Hall et al., 1998) leads to a 130-160° rotation of the 2B
subdomain of UvrD (Ordabayev et al., 2019, 2018). Rotation of the 2B subdomain into an
open conformation increases UvrD helicase’s affinity for DNA and its DNA processivity (Jia et

al., 2011; Ordabayev et al., 2019).

During the last stage of MMR, once dsDNA is unwound, the unmethylated ssDNA is excised
by 3' to 5' exonucleases Exol and ExoX and the &' to 3' exonucleases RecJ and ExoVIli
(Burdett et al., 2001). The single-stranded binding protein (SSB) stabilises the ssDNA template
until DNA polymerase Il closes the gap, guided by MutL and MutS (L6pez De Saro et al.,

2006). Finally, DNA ligase seals the nascent strand (Lahue et al., 1989).
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Figure 1.3 Mismatch repair mechanism in E. coli. 1. Dam methyltransferase methylates GATC sites
before DNA replication. Only the template strand is methylated in newly replicated DNA 2. After DNA
replication, MutS detects and binds to mismatches. 3. MutL dimer binds to MutS and MutH binds to
hemimethylated GATC sites. 4. MutL:MutS pumps the DNA until it encounters a MutH site bound to a
hemimethylated GATC site. MutH cleaves the site 5. MutL loads UvrD helicase on to DNA. Two models
exist for loading either a single UvrD molecule or multiple UvrD’s by MutL to unwind the region. 6. DNA
polymerase Il replicates the created ssDNA gap. Created using biorender.com.
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1.3.1.2 MutL and UvrD — the power couple

How do MutL and UvrD interact during MMR? Over the past few decades two contradicting
models emerged describing MutL loading of UvrD onto DNA during MMR (Mechanic et al.,

2000; Ordabayev et al., 2019).

In the first model, presented by Mechanic and coworkers, MutL loads UvrD onto nicked DNA
at a nearby hemi-methylated d(GATC) site in the correct orientation towards the mismatch. In
this model, MutL does not remain in the complex (Mechanic et al., 2000), but instead loads
several UvrD molecules. The first UvrD loaded receives a ‘boost’ from MutL to allow for a short
increase in dsDNA processivity. This is followed by MutL reloading UvrD molecules to the
same site, allowing them to translocate along the ssDNA until they reach the dsDNA region
which they unwind at their modest processivity of 40-50 bp (Ali et al., 1997; Mechanic et al.,
2000; Matson and Robertson, 2006). This model is supported by the oligomeric binding of

UvrD suggested by Ali, Maluf and Lohman (Ali et al., 1999).

In the second model, put forward by Ordabayev and coworkers, MutL not only loads UvrD
onto the nicked DNA, but also remains in the UvrD:MutL complex. This increases the
processivity of UvrD and allows UvrD to unwind the whole region past the mismatched base
(Ordabayev et al., 2018). Their evidence was based on single-molecule fluorescence studies
which showed that MutL dimer binding to an inactive UvrD monomer activates it and increases
its DNA processivity (Ordabayev et al., 2018). The increase in processivity was linked to the
rotation of the 2B subdomain of UvrD caused by the binding of the MutL dimer (Ordabayev et
al., 2019). The logic of the hypothesis was that if MutL causes the rotation of the 2B subdomain
(Jia et al., 2011), which has been shown to increase the processivity of UvrD helicases then it
must remain bound to continue stimulating UvrD’s helicase ability. The Mechanic paper that
published the first model also showed that the MutL:UvrD:ssDNA complex was more stable
than the UvrD:ssDNA complex (Mechanic et al., 2000), evidence which supports the

Ordabayev model.
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While the models disagree about the persistance of the UvrD:MutL complex, both models
require UvrD:MutL binding. In 1998, Hall and coworkers conducted a yeast two-hybrid test to
determine which regions of UvrD and MutL might be responsible for UvrD:MutL complex
formation (figure 1.4 A). When amino acids 1-397 of MutL were removed the protein was able
to interact with UvrD, however deletion of 1-438 amino acids prevented the interaction. This
suggested that UvrD interacts with amino acids 398-439 of MutL (Hall et al., 1998). Deletion
analysis by Matson and Robertson, found that removal of amino acids 197-438 and 559-615
prevented MutL from forming a complex with UvrD (Matson and Robertson, 2006). Crystal
structure of the C-terminal of MutL showed a conserved hydrophobic patch on the surface of
MutL in residues 439-459 and 597-615 predicted to have a role in protein interaction (Kosinski
et al., 2005). The C-terminal of MutL is however associated with dimer formation, so an
alternative reason for the lack of UvrD interaction with MutLA559-615 is that the deletion of
the C-terminal prevented MutL dimerisation and limited its function (Kosinski et al., 2005;

Matson and Robertson, 2006).

The yeast two-hybrid analysis for MutL binding to UvrD found that deletion of amino acids 1-
101 and 680-720 (separately) from UvrD prevented its interaction with MutL (figure 1.4 B) (Hall
et al., 1998). The C-terminal result was contradicted by Ordabayev and coworkers, who found
that the truncated UvrDA73, 647-720 deletion, could still be activated by MutL (Ordabayev et
al., 2018). The unstructured C-terminal of UvrD has however been shown to interact with other
proteins, such as UvrB during NER (Manelyte et al., 2009) and RNAP (Gwynn et al., 2013;

Kawale and Burmann, 2020), and might be an interesting future target for UvrD:MutL analysis.
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| | WT MutL Yes
| | 1-397 deletion * No
| | 1-438 deletion * No
| f | | 197-438 deletion ** No
| | 559-615 deletion ** No
l 398-439 559-615

Predicted MutL sites
| | | | | for binding with UvrD

B o 100 200 300 400 500 600 700 Interaction with
[ : [ : [ : ! — 720 MutL?
| | WT uvrD Yes
| | 1-101 deletion * No
| | 680-720 deletion * No
| | 647-720 deletion *+* Yes
1-100 l 680-720?

I | I | Predicted UvrD sites
for binding with MutL

Figure 1.4 Summary of predicted binding sites for the UvrD:MutL complex from the literature. A.
MutL deletions tested in literature for interaction with UvrD helicase and their outcomes. Amino acids
398-439 and the C-terminal of 559-615 were suggested to be responsible for MutL interaction with
UvrD. B. UvrD deletions tested in literature for interaction with MutL and their outcomes. Amino acids
1-100 and the C-terminal of 680-720 were suggested to be responsible for UvrD interaction with MutL,
though the C-terminal deletion presented varying results. * Hall et al., 1989, ** Matson and Robertson

2006, *** Ordabayev et al., 2018. Created on biorender.com
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1.3.1.3 Mismatch repair in Eukaryotes and Archaea

In eukaryotic cells, strand discrimination is not dependent on hemi-methylation of d(GATC)
sites. No MutH homologs have been identified (Marti et al., 2002) and the mechanism for
strand discrimination has not yet been determined. Five MutS homologs (MSH), three of which
can recognise a mismatch (Reenan and Kolodner, 1992; Fishel et al., 1993; Palombo et al.,
1995; Drummond et al., 1995), and four MutL homologs (MLH) (Liskay et al., 1999; Flores-
Rozas and Kolodner, 1998), with MutLa (MLH1-PMS2) being essential (Torres et al., 2022),
have been identified in eukaryotes. Other E. coli MMR protein homologues include Exol
(Tishkoff et al., 1997, 1998), RPA, a single-strand binding protein (Ramilo et al., 2002), DNA

polymerase &, and DNA ligase (Longley et al., 1997; Zhang et al., 2005)

MutS eukaryote homologue complexes MSH2:MSH6 and MSH2:MSH3 are responsible for
recognising the mismatched base (Acharya et al., 1996; Dowen et al., 2010) and for
recruitment of the MutL homologue (complex MLH1-PMS2) (Prolla et al., 1994; Mendillo et al.,
2005; 2009). When bound to a mismatched base, MSH2:MSH6 undergoes ATP hydrolysis
and forms a sliding clamp that remains associated with the mismatch while conducting
hydrolysis-independent diffusion towards a downstream signalling region (Gradia et al., 1999).
Single molecule FRET analysis showed that the MSH sliding clamp, which is more stable than
the bacterial MutS clamp, scans the DNA by translocating at a speed of approximately 700 bp
per second before pausing for 3 seconds at a mismatch (Jeong et al., 2011). MSH2:MSH6
then forms a high affinity bond, dependant on ATP and magnesium, with MLH1:PMS2
(Mendillo et al., 2005). Interestingly, MLH1:PMS2 in eukaryotes and budding yeast, S.
cerevisiae, is an endonuclease, while the homologous E. coli protein does not have this
function (Kadyrov et al., 2006, 2007). Formation of the 5' excision requires an interaction
between the MutSa complex and the Exol restriction enzyme and is regulated by RPA
(reviewed in Fishel, 2015). The 3’ excision requires a complex formed of MSH, MLH and PMS
that interacts with PCNA and is loaded onto the strand before activating the MLH:PMS

endonuclease (reviewed in Fishel, 2015).
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MMR has also been found to take place in some archaea, though the process lacks the
homologues for the MutL, MutS, and MutH enzymes (reviewed in Marshall and Santangelo,
2020). NucS/EndoMS nuclease, a prominent complex in archaeal MMR, can recognise a
mismatch and cleave the backbone (a role accomplished by the MutS, MutL, and MutH
proteins in E. coli) through dimer formation and ‘base-flipping’ while forming a complex with
the PCNA clamp (Creze et al., 2012). The NucS/EndoMS pathway produces a dual DNA cut,
which leads to a double-stranded break (DSB) and requires further repair. This suggests that
the NucS/EndoMS MMR pathway is likely closely linked to the archaeal homologous

recombination double-stranded break repair pathway (Marshall and Santangelo, 2020)

Some archaea, such as Methanosaeta thermophilia, do however encode MutS and MutL
analogues and perform MMR that occurs with similar initial steps to eukaryotic MMR (Minobe
et al., 2019). These homologues are however non-essential for M. thermophila (Busch and
DiRuggiero, 2010), and together with the lack of a MutH homolog, suggest an alternative
pathway must be present (reviewed in Marshall and Santangelo, 2020). Recent evolutionary
studies on Asgard archaea discovered an archaeal origin for MMR in eukaryotes (Hofstatter

and Lahr, 2021).
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1.3.2 Nucleotide Excision Repair

Nucleotide excision repair (NER) was first identified in 1964 when Setlow and Carrier noticed
the disappearance of thymine dimers caused by UV radiation in E. coli (Setlow and Catrrier,
1964). UV radiation has been found to promote formation of a range of DNA lesions; including
thymine dimers, cyclobutane pyrimidine dimers and photoproducts (Reardon and Sancar,
2005). DNA damage can also be caused by chemical agents, such as carcinogens
acetylaminofluorene and benzo(a)pyrene, and drugs tamoxifen and nitrogen mustard

(Reardon and Sancar, 2005). DNA damage has to be repaired to maintain genomic integrity.

During NER the UvrA:B, (UvrAB) complex detects DNA damage. UvrB is made of five
subdomains: 1a, 1b, 2, 3, and 4 (Manelyte et al., 2009) and contains a flexible, hydrophobic
beta-hairpin. UvrB inserts the hairpin between DNA and uses residues Y95 and Y96 to detect
DNA damage (Moolenaar et al., 2001). UvrAB flips the 3’ end of the lesion and its base-pairing
partner in the non-damaged strand out of the helix (Malta et al., 2008) with the help of four
stable tyrosine residues (Moolenaar et al., 2001). The UvrAB complex breaks apart and UvrB
binds to the DNA and recruits UvrC to form a UvrC:UvrB:DNA complex. This complex can
translocate on DNA, allowing UvrC to nick the DNA twice: at the fourth and fifth nucleotide of
the 3’ end of the lesion, and at the 8" nucleotide of the 5’ end of the lesion (van Sluis et al.,
1983; Zou et al., 1997; reviewed in Manelyte et al., 2009). UvrD is then recruited to displace
UvrC and to unwind the DNA to remove the DNA lesion. DNA polymerase | and ligase are
then able to fill the gap and ligate it to the rest of the strand (reviewed in Manelyte et al., 2009;

Brosh, Jr., 2014; Epshtein, 2015).

Two types of NER have been identified in prokaryotes: global genomic repair (GGR) and
transcription coupled repair (TCR). GGR can occur anywhere on the genome and follows the
NER mechanism as described above. TCR is triggered by signals from transcribing RNAP
and is responsible for processing lesions on the transcribed strand of expressed genes (Selby

and Sancar, 1990; reviewed in Epshtein, 2015; Kamarthapu and Nudler, 2015).
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1.3.2.1. Transcription coupled repair

TCR was first described by Evelyn Witkin in 1956 as a phenomenon where protein synthesis
was briefly inhibited after irradiation with UV light. Witkin called it mutation frequency decline
(Witkin, 1956). This was later confirmed by Mellow and Hanawalt who noticed that transcribed
DNA was repaired faster than non-transcribed DNA (Mellon and Hanawalt, 1989). In 1991,
Witkin linked the mutation frequency decline to the mfd gene and called the protein produced
the transcription repair coupling factor (TRCF) or simply Mfd (Selby et al., 1991). Mfd was
found to be recruited to the site of DNA damage to help move stalled RNAP and nascent RNA
to expose the DNA lesion in need of repair (Selby et al., 1991; Selby and Sancar, 1993). This

allowed the NER pathway to repair the damaged DNA (Selby and Sancar, 1995).

Mfd is a large 130 kDa translocase with eight subdomains (D1a, D1b, and D2-D7 connected
by flexible linkers) that contains an ATPase domain and multiple RecA motifs. Mfd acts as a
monomer and belongs to the DExH/D family of SF2 translocases (Selby and Sancar, 1993b;
Deaconescu et al., 2006). Mfd and RNAP directly interact via the RNAP-interaction domain
(RID) of Mfd and the beta-subunit of RNAP (figure 1.5 A). The Mfd and RNAP interaction
changes the conformation of Mfd and stimulates its motor activity (Smith et al., 2012). Active
Mfd is able to displace RNAP by pushing it downstream in an ATP dependant manner (Park
et al., 2002; Smith and Savery, 2005; Howan et al., 2012) to make space for Mfd interaction

with UvrA,; triggering the start of NER (Selby and Sancar, 1993, 1995).

During the last active stage of transcription RNAP is engaged in transcribing DNA into RNA
by adding nucleotides to the 3’ end of the growing RNA and therefore forming the elongation
complex (EC) (Summarised in Nudler, 2009). To remove RNAP, Mfd binds to dsDNA
upstream from stalled RNAP and pushes RNAP forward until it either resumes mMRNA
elongation or is dislodged (reviewed in Epshtein, 2015). An Mfd limitation to RNAP removal is
the required long dwell time of EC after RNAP stalling (Howan et al., 2014) which Mfd detects

by binding to the 5’ region of the EC (Park et al., 2002; Smith and Savery, 2005). Allowing for
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RNAP to remain stalled for an extended period of time for Mfd-mediated TCR is not ideal and
can lead to an increase in DNA replication-transcription conflicts. To explain the long dwell
time required, Epshtein suggested that Mfd-mediated TCR might be necessary for irreversibly
stalled RNAP and ECs, but might not be the only method used by cells to recover stalled

RNAP blocks (Epshtein, 2015).

1.3.2.2. UvrD-mediated TCR

In 2014, Epshtein and coworkers published an alternative TCR route for E. coli; utilising UvrD
helicase instead of Mfd (figure 1.5 B) (Epshtein et al., 2014). This route was not identified
earlier as the deletion of UvrD makes cells UV sensitive (Manelyte et al., 2009) and prevents

the completion of NER, therefore sheltering this pathway from discovery.

An estimated 2400-3000 molecules of UvrD, with some estimations as high as 5000
molecules, can be found in the cell (Arthur and Eastlake, 1983; Klinkert et al., 1980). This
places the UvrD concentration at approximately between 1.4-4 uM (Veaute et al., 2005). While
these estimates are very high, it is important to consider that UvrD is an SOS protein and
would therefore be overexpressed when cell is under stress. Additionally, when considering
the role of UvrD in TCR, it is interesting to notice the similarities between the estimated
concentrations of UvrD and RNAP, where RNAP is found at 1600-8000 molecules per cell,

with 400-2000 being active at one time (Shepherd et al., 1980).

UvrD has been found to be bound to the upstream portion of the transcription bubble at the
elongation complex (EC) of RNAP (Epshtein et al., 2014). UvrD unwinds the replication bubble
in the 3' to 5' orientation, which causes for RNAP to be pulled backwards. (Epshtein et al.,
2014). The EC acts as a perfect UvrD substrate, as the single-stranded non-transcribed DNA
strand in the bubble is not only fully exposed, but also at least 10 bp long for UvrD binding

(Korzheva et al., 2000). The abundance of UvrD in the cell and preloading at the ECs makes
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it readily available to displace stalled RNAP faster than Mfd, giving UvrD-mediated TCR an

advantage over Mfd-mediated TCR.

However, while UvrD-mediated TCR can be seen as the faster and preferable route, it does
have disadvantages. RNAP backtracking has been linked to an increase in DSBs (Dutta et al.,
2011), which can lead to a decrease in genomic stability. Epshtein suggests that the high
abundance of UvrD in cells could potentially allow it to conduct all TCR, but that this could also
prevent transcription from ever being completed and could generate too many DSBs for the
cell to repair (Epshtein, 2015). GreA and GreB proteins have been found to regulate UvrD-
mediated TCR activity by stimulating the cleavage activity of RNAP. This removes the 3’-end
of nascent RNA in back-tracked complexes (Laptenko et al., 2003) and restores the UvrD
back-tracked RNAP complexes to complete transcription (Epshtein et al., 2014). Without
GreA/B regulation, UvrD could be too efficient and prevent any transcription from being

complete (reviewed in Epshtein, 2015).

The Nudler group suggested a model of distinguishing when Mfd- and UvrD-mediated TCR
will take place (Epshtein, 2015). Mfd-mediated TCR is mostly active in non-stressed cells,
allowing for a steady, but not-rushed, stalled RNAP removal without the risk of inducing further
breaks (Epshtein, 2015). In non-stressed cells, UvrD monomer is bound to RNAP, ready for
upcoming DNA damage and for SOS response (Arthur and Eastlake, 1983). When cells are
stressed, the SOS response overexpresses UvrD three-fold through Lex-dependent
upregulation (Easton and Kushner, 1983). Since UvrD has been shown to act as a dimer when
pushing RNAP backwards (Maluf et al., 2003; Epshtein et al., 2014), the three-fold increase
in UvrD concentration would encourage dimer formation, allowing UvrD to take charge of TCR.
This model links the ability of UvrD to mediate TCR and its role in the SOS response and

proposes that UvrD-mediated TCR is an SOS response pathway.
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Figure 1.5 Mfd and UvrD-mediated TCR. A) Mfd-mediated TCR steps. 1. DNA lesion is blocked by
stalled RNAP and the UvrABC machinery is unable to reach it. 2. Mfd binds upstream of RNAP and
uses ATP hydrolysis to push RNAP forward until it is dislodged. 3. UvrABC recognises the DNA lesion.
4. Mfd assists UvrABC in DNA lesion removal and repair. 5. DNA Polymerase | and DNA ligase are
employed to synthesise the region. B) UvrD-mediated TCR steps. 1. UvrD and NusA are already bound
to RNAP when it stalls. 2. UvrD uses ATP hydrolysis to pull RNAP backwards, exposing the DNA lesion.
3. RNAP remains bound to DNA while UvrABC removes the DNA lesion and repairs the DNA. 4. DNA
Polymerase | and DNA ligase synthesise the region before RNAP resumes transcription. Figure

adapted from Epshtein 2015.
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1.3.3 Double-stranded break repair and recombination in E. coli

DSBs are defined as the breakage of both DNA strands in the duplex. They cause a separation
of the dsDNA into two dsDNA fragments and can lead to cell lethality (reviewed in Amarh and
Arthur, 2019). In fact, the formation and repair of DSBs have both been identified as targets
for antibiotic resistance. Examples include quinolones as antibiotic agents, which target type
Il topoisomerases to prevent re-ligation of the cleaved DNA (Levine et al., 1998; Wohlkonig et
al., 2010; Dalhoff, 2012). DSBs have also been proposed as a chemotherapy target and as a
way to boost chemotherapy by combining ribosome inhibitors and DSB inducing agents

(Amarh and Arthur, 2019).

Double stranded break repair (DSBR) in E. coli uses homologous recombination (HR) to
connect broken dsDNA strands (Kowalczykowski et al., 1994). Eukaryotic DSBR also utilises
HR, but can additionally follow a pathway called non-homologous end joining (NHEJ) where
unrelated broken strands can be joined together. It is conducted by important eukaryotic
proteins Ku70-80 and Ligase D (Amarh and Arthur, 2019). A version of NHEJ has also been
shown in E. coli, called alternative end-joining (A-EJ), but it does not however rely on Ku70-
80 and Ligase-D, but instead on extensive end-resection by RecBCD and Ligase A (Chayot
et al, 2010). Some bacteria, such as Bacillus Sp., Mycobacterium tuberculosis,
Mycobacterium smegmatis, Streptomyces coelicolor, Pseudomonas sp., and Xanthomonas
sp., do encode for ku and ligase D genes, and might therefore be able to conduct NHEJ

(Wilson et al., 2003; Pitcher et al., 2007; reviewed in Amarh and Arthur, 2019).
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1.3.3.1. Homologous DSBR in E. coli

The major DSBR pathway in E. coli is conducted using HR and utilising the RecBCD complex,
chi sites and RecA filament binding. DSBR is an important process for DNA replication

elongation and fork convergence.

RecBCD complex is formed from a 5' to 3' helicase and an exonuclease with an affinity for
blunt DSBs (Taylor and Smith, 1985). During DSBR, RecBCD loads onto the 5’ end of a blunt
DSB and unwinds dsDNA while degrading the unwound 5' to 3' strand. Exonuclease activity
of RecBCD is much reduced when the helicase reaches an asymmetric 5-GCTGGTGG-3'
DNA site called Chi (crossover hot spot investigator), at which point the helicase can continue
unwinding the strand or can dissociate from DNA (Lam et al., 1974; Smith, 2012; Smith et al.,

1981; Triman et al., 1982; Dixon and Kowalczykowski, 1993).

Once RecBCD has degraded the 5’ to 3' strand, RecA, an ATPase with an affinity for SSDNA,
binds to the 3' overhang by forming RecA filaments; with each filament made of six RecA
molecules bound to three nucleotides each (van Loenhout et al., 2009). The RecA bound
SsSDNA forms a D-loop (DNA:DNA hybrid) with a complementary dsDNA end by displacing
one of the dsDNA strands and binding instead (reviewed in Bell, 2005; Chen et al., 2008).
DNA synthesis is initiated at the free 3' end of the D-loop, which extends the D-loop and

converts it into a Holliday junction (reviewed in McGlynn et al., 1997).

Holliday junctions undergo branch migration to DNA ends with the help of RuvA and RuvB
proteins (lwasaki et al., 1992). Once migrated to DNA ends (Iwasaki et al., 1992), RuvC can
catalyse the Holliday junctions (lwasaki et al., 1991). It does so by folding the junction and
introducing two nicks into the DNA, allowing for the junction to be converted into linear dsDNA

and ligated by DNA ligase (Dunderdale et al., 1991; Iwasaki et al., 1991; Connolly et al., 1991)

PriA, a primosome responsible for reloading the replisome on DNA outside of oriC, is recruited

to a side of DSBR if the replication fork has to be reassembled (Marians, 2000). This has been
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shown to be regulated by PriB, PriC (Sandler, 2000) and RecG (Azeroglu et al., 2016;
Azeroglu and Leach, 2017) and likely by RecA and RecB (McCool and Sandler, 2001; McCool

et al., 2004; reviewed in Michel et al., 2018).

RecG helicase is involved in HR by stabilising joint molecules, unwinding Holliday junctions,
and limiting DNA amplification at break sites through reverse restart, caused by incorrect
replisome loading at D-loops (Azeroglu et al., 2016; Azeroglu and Leach, 2017). RecG and
PriA have been suggested to act in concert to stabilise arrested replication forks, with RecG
helping PriA load forks in the correct orientation (Gabbai and Marians, 2010). PriA and RecG
have also been shown to bind to SSB in vivo when DNA is not present (Yu et al., 2016), likely
as a storage mechanism to ensure that PriA and RecG are available if needed at ssDNA when

SSB binds.

Lastly, UvrD helicase is also able to resolve Holliday junctions in vitro by binding to the middle
of the junction (Carter et al., 2012). UvrD has been colocalised to replication intermediates in
vivo and is able to remove RecA filaments from DNA in vitro (Veaute et al., 2005). While UvrD
does not appear to be essential for DSBR, these results suggest that UvrD might act as a

‘back up’ protein to ensure DSBR is performed correctly.
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1.4. DNA Replication and UvrD

DNA replication is a fundamental process that occurs in all living cells with the purpose of
creating an identical copy of the genetic material of the cell. The complexity of replication
varies between different organisms. Eukaryotes undergo hundreds to thousands of replication
initiation events spread around the genome during the synthesis stage of the cell cycle (Cvetic
and Walter, 2005), while most bacteria have a single, circular chromosome within which

replication initiates at a single origin of replication (reviewed in Kaguni, 2011).

DNA replication has three distinct stages: initiation, elongation, and termination (reviewed in
Dewar and Walter, 2017). During initiation, the proteins assemble at the origin of replication
and form the replication machinery, known as the replisome (Postow et al., 2004). During
elongation, two replication forks proceed away from the origin using a helicase to ‘unzip’ the
DNA double helix and DNA polymerase to add complementary bases to each strand (Wickner,
1976). Lastly, during termination two replication forks meet and the new DNA strands fuse

(reviewed in Dewar and Walter, 2017).

UvrD has been showed to colocalise with the replisome (Wollman et al., 2023). Due to the
multitude of roles of UvrD on the chromosome, including DNA repair, removal of nucleoprotein
blocks, and assisting in DNA replication-transcription conflicts, UvrD is considered an

important protein for successful DNA replication and genomic integrity.

1.4.1. DNA replication initiation

DNA replication in E. coli begins at the origin of replication, known as oriC (figure 1.6 A) (Bird
etal., 1972; Nagata and Meselson, 1968; Wolanski et al., 2015), which includes specific motifs
called DnaA boxes, the DUE (duplex-unwinding element) region and the integration host factor

(IHF).
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DnaA, an essential initiation protein, binds to the DnaA boxes on oriC throughout the cell cycle
(figure 1.6 A) (Fuller and Kornberg, 1983; Fuller et al., 1984; Weigel et al., 1997). The
accumulation of DnaA causes the hydrogen bonds between the dsDNA at oriC to break
(Bramhill and Kornberg, 1988; Hansen and Atlung, 1995). IHF also binds at oriC to the IHF
binding site, which causes the DNA to bend and for the DUE region to open (Hwang and
Kornberg, 1992). Splitting of the DUE into two ssDNA strands allows for DnaC to load the
replicative helicase DnaB (Wickner and Hurwitz, 1975; Kobori and Kornberg, 1982); action
which is stimulated by DnaA (Marszalek and Kaguni, 1994; Sutton et al., 1998). DnaC then
dissociates from the DNA and DnaB (Wahle et al., 1989) and the replisome proteins begin

binding to DnaB.

The replisome includes primase (DnaG), B sliding clamp, two units of DNA polymerase lll, and
the ATPase clamp loader (figure 1.6 B) (McGlynn and Lloyd, 2002; Felczak et al., 2017). SSB
can also be found at the replication fork where it prevents hairpin formation of ssDNA and has
been found to be associated with fork reversal and regression through SSB interaction with
RecG (Bianco and Lyubchenko, 2017) and PriA (Tan and Bianco, 2021). The accessory
helicase Rep also associates with DnaB (Guy et al., 2009; Atkinson et al., 2011; Syeda et al.,
2019) and assists with DNA replication block removal, such as during DNA replication-

transcription conflicts (Hawkins et al., 2019).
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Requlation of initiation through DnaA binding and activation

DNA replication initiation is regulated by DnaA activation and DnaA-binding region availability.
Regulation is essential to ensure that a fresh round of DNA replication does not start too early
—which is especially important due to concurrent replication occurring in E. coli . New initiation
occurs approximately half-way through elongation of the preceding DNA replication, meaning
that DNA replication takes approximately 40 min, but cell duplication only 20 min (Cooper and
Helmstetter, 1968). There are various mechanisms in E. coli of regulating initiation. The first
requires DNA sequestration, second phosphorylation of inactive DnaA-ADP into active DnaA-
ATP, the last requires dephosphorylation of active DnaA-ATP either through regulatory

inactivation of DnaA (RIDA) or datA dependent DnaA-ATP hydrolysis (DDAH).

First, DNA sequestration is the process of recognising recently replicated DNA regions through
hemi-methylation of d(GATC) sequences by Dam methyltransferase. E. coli DNA
sequestration protein, SegA, binds to the hemi-methylated d(GATC) sites, which can be found
within oriC (Slater et al., 1995; Nievera et al., 2006) and the dnaA gene (Campbell and
Kleckner, 1990). The dnaA gene cannot be read and transcribed by RNAP until SegA
dissociates from the gene, which in vitro occurs once every 10 minutes (Kang et al., 1999).
The binding of SeqA to oriC does not however completely block the binding of DnaA already
present in the cell. oriC contains high (R1, R2 and R4) and low (R3 and R5, 12, I3) affinity
DnaA boxes and SegA only prevents the binding of DnaA to the low affinity boxes (Nievera et

al., 2006). DnaA only binds to R3 and R5 right before initiation occurs (Nievera et al., 2006).

Second, DnaA-ATP is the active state of the DnaA protein. DnaA-reactivating sequence
(DARS) can be used to activate DnaA-ADP through phosphorylation (figure 1.7) (Fujimitsu et
al., 2009). There are two chromosomal DARS sites, DARS1 and DARS2, which allow for DnaA
binding and regeneration into DnaA-ATP through nucleotide exchange. DARS promotes

initiation of DNA replication (Fujimitsu et al., 2009; reviewed in Kohiyama et al., 2023).
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Lastly, there are two regulatory systems based on dephosphorylation of active DnaA-ATP into

inactive DnaA-ADP: RIDA and DDAH (figure 1.7).

RIDA regulation of DnaA is believed to be the predominant mechanism for regulation of
excessive initiation (Camara et al., 2005). RIDA occurs through interaction of the Hda protein,
a DnaA homologue, and DnaA at oriC. During RIDA, the AAA+ domain of Hda interacts with
DnaA and stimulates hydrolysis of DnaA-ATP, into DnaA-ADP (Kato and Katayama, 2001;
Su’etsugu et al., 2005). Importantly, Hda forms a complex with the replication fork 8 clamp,

which ensures that DnaA hydrolysis is linked to replication initiation (Su’etsugu et al., 2005).

DDAH uses a chromosomal DnaA-binding site, datA, to promote DnaA inactivation.
Regulation using datA requires for the datA site to be replicated. Once the site undergoes
replication it leads to two datA sites being available for DnaA binding instead of one, and
therefore an increase in DnaA inactivation. More DnaA bound to datA also leads to a smaller
amount of DnaA available to bind to oriC (Kitagawa et al., 1998; reviewed in Kohiyama et al.,

2023).
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1.4.2. DNA replication elongation

Two replication forks are generated at oriC and travel bi-directionally away from the origin and
around the circular chromosome of E. coli (Tabata et al., 1983). In organisms with a linear
chromosome and multiple origins of replication, the replication forks also travel away from the
origin (Li and O’Donnell, 2018), but towards either chromosome end or a replication fork

released from a different origin of replication.

DNA synthesis is catalysed by DNA polymerase Ill, DnaZ, and DNA elongation factors | and
Il (Wickner, 1976) found at the replication fork. Each replication fork processes both the 5’ to
3' (leading) and the 3' to 5' (lagging) strands to generate two duplexes. Since DnaB helicase
unwinds and DNA polymerase lll reads the DNA template in the 5’ to 3’ direction, the leading
strand can be copied continuously. The 3'to 5’ lagging strand however is copied through the
discontinuous synthesis. Okazaki primers are synthesised by DnaG primase on the lagging
strand approximately every 1200 nucleotides and enable DNA polymerase Il to copy the
lagging template in 5' to 3’ direction in short fragments, known as Okazaki fragments (Okazaki

et al., 1968; Ogawa and Okazaki, 1980).

1.4.2.1 DNA Replication — Transcription Conflicts

DNA replication and transcription are conducted on the same template and in prokaryotes,
and some eukaryotes (Bhowmick et al., 2023), during the same stage of the cell cycle. This

can lead to collisions between the two molecular machines.

RNAP is slower than the replication fork, reading the template at approximately 20-90 nt per
sec (Wang et al., 1998; Abbondanzieri et al., 2005), compared to the replisome at 550-750 nt
per sec (Pham et al., 2013). Because both can be found on the DNA template at the same
time, collisions between the two machineries are not uncommon, though can still have severe

consequences. DNA replication-transcription collisions can happen either codirectionally,
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when the machineries travel in the same direction and the slower RNAP is hit by the faster

replisome; or head-on, when the replisome collides with RNAP travelling towards it.

When the replisome and RNAP collide co-directionally, RNAP is forced to stall and is displaced
either by Rep or UvrD (Hawkins et al., 2019) or Mfd (Park et al., 2002; Smith and Savery,
2005; Howan et al.,, 2012). Recently, Brining and coworkers showed that during a co-
directional collision, the replisome ‘skipped’ over the RNAP obstacle by resynthesising a
downstream replication primer and leaving behind a short ssDNA gap (Briining and Marians,
2021). This is supported by 1996 findings of chromosome deletions after DNA replication-
transcription conflicts (Vilette et al., 1996). Displaced RNAP has also been shown to leave
behind R-loops (DNA:RNA hybrids) (Thomas et al.,, 1976; Belotserkovskii et al., 2018;
Hamperl et al., 2017), which, if present, increase the severity of co-directional replication-
transcription collisions (Briining and Marians, 2021). To aid replication, the 3’ terminus of
MRNA has been found to act as a primer for the replisome to continue synthesis. This is
hypothesised to occur alongside the primosome (PriA) which is responsible for origin-
independent DNA replication initiation (Pomerantz and O’Donnell, 2008; reviewed in Merrikh

et al., 2012).

UvrD has been shown to remove stalled RNAP blocks by Epshtein by pulling RNAP
backwards (section 1.3.2.2) (Epshtein et al., 2014). Hawkins and coworkers have also showed
that UvrD was able to remove RNAP (Hawkins et al., 2019). They found that both UvrD and
its homologue Rep were able to remove an RNAP block, and showed that Rep is the main
helicase responsible for RNAP removal during replication-transcription conflicts, while UvrD is
able to fill the role when Rep is absent (Hawkins et al., 2019). UvrD and Rep were also unable
to remove RNAP when the replisome was not present (Hawkins et al., 2019). Deletion of either
rep or uvrD still produces viable cells (as shown in Bidnenko et al., 2006), but a double rep
uvrD mutant is not viable (Taucher-Scholzt and Hoffmann-Berling, 1983). This is noteworthy
considering their shared role of RNAP removal and suggest their importance in replication-
transcription conflict resolution. Rep acts as a secondary motor at the replisome (Guy et al.,
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2009; Atkinson et al., 2011; Syeda et al., 2019) while UvrD has been found bound to RNAP
(Epshtein et al., 2014) and recently colocalised with the replisome (Wollman et al., 2023). This
places both helicases at the site of replication-transcription conflicts and means that if a
replication-transcription conflict occurs both UvrD and Rep are already present at the site to

coordinate RNAP removal.

Head-on collisions occurs when the replisome and RNAP travel towards each other and
collide. They have been suggested to have more severe consequences than co-directional
collisions (Mirkin and Mirkin, 2005), likely due to an increased chance of replisome stalling
(Pomerantz and O’Donnell, 2010) and higher likelihood for R-loop formation (Lang et al.,
2017). E. coli and B. subtilis genomes encode most of their essential genes for transcription
co-directionally to the direction of the replication fork. B. subtilis has approximately 75%
coordinated genes, while E. coli has about 55% (Kunst et al., 1997; Blattner et al., 1997), with
70% and 90% of essential genes (respectively) being transcribed co-directionally (reviewed in
Merrikh et al., 2012). This has likely evolved to limit unnecessary head-on collisions, especially

on essential genes.

What can cause head-on collisions to be more threatening to genome stability? During DNA
replication, as the replication fork progresses forward on the naturally negatively supercoiled
E. coli chromosome (Wang, 1984), it generates positive supercoiling of the DNA ahead of it
as the parental strands are unwound (Peter et al., 1998; Schvartzman et al., 2019). During
head-on collisions between the DNA replication and transcription machineries, both
machineries generate positive supercoils as they progress towards one another, which could
lead to both machineries being restrained before their encounter, including a noted increase
in ‘DNA knots’ on plasmids on which head-on collisions occurred (Mirkin and Mirkin, 2005;
Olavarrieta et al., 2002). These ‘DNA knots’ however appear to be formed behind the
machineries and are often linked to DNA gyrase (Viguera et al., 1996). Another obstacle to
DNA replication which may occur during head-on collisions is the formation of R-loops (Stoy

et al., 2023; Lang et al., 2017). R-loops form naturally during transcription as RNA binds to
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DNA within the transcription machinery. During head-on collisions, over 50% of RNAP and
nascent RNA has been shown to remain bound to the DNA after the collision (Wang et al.,
2023) — meaning that both the transcription complex and the R-loop would need to be
removed. Unresolved R-loops can act as obstacles to replication restart, but can also lead to
the formation of DSB, which can severely impact genomic stability (Hamperl et al., 2017).
DinG and DnaC aid the replisome by removing R-loops to allow for fork progression (De

Septenville et al., 2012; Lang et al., 2017).

1.4.2.2 Nucleoprotein block removal by UvrD

UvrD can promote DNA replication by displacing DNA-bound proteins (Veaute et al., 2005;
Bidnenko, Lestini and Michel, 2006; Guy et al., 2009; Epshtein et al., 2014; Petrova et al.,

2015; Hawkins et al., 2019; Wollman et al., 2023).

Besides RNAP removal (Epshtein et al., 2014; Hawkins et al., 2019), Guy and coworkers
showed that UvrD was also capable, in vitro, of promoting replication fork movement past two
and eight EcoRI E111G blocks, a small block that is not physiologically relevant to UvrD as it
does not encounter it normally in vivo (Guy et al., 2009). EcoRI E111G is an EcoRl restriction
enzyme mutant which has a very limited cleavage ability (King, Benkovic and Modrich, 1989).
UvrD can also remove RecA nucleoprotein filaments and Holliday junctions (DNA:DNA
hybrids) both which are generated during homologous recombination (Veaute et al., 2005;

Carter et al., 2012).

While UvrD does not have a binding partner on the replisome (Guy et al., 2009), a recent in
vivo fluorescent study showed that it does colocalise with the replisome where it is available
to aid the replication fork through nucleoprotein blocks (Wollman et al., 2023). Other UvrD
processes were impaired by Wollman and coworkers by deletion of mutS and uvrA

(separately) to test whether disabling MMR and NER, respectively, affects UvrD colocalisation
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with the replisome (Wollman et al., 2023). Results showed that no colocalisation change was
seen when MMR was disabled through mutS deletion, while the removal of the uvrA gene to
disable NER did cause a 25% decrease in UvrD colocalised with the replisome (Wollman et
al., 2023). These results suggest that UvrD colocalisation to the replisome might be relevant

to UvrD helicase’s role in NER.

An in vitro replication assay was also conducted to assess whether the timing of UvrD addition
altered its ability to assist replication (Wollman et al., 2023). When testing if replication forks
can proceed past stalled RNAP blocks, addition of UvrD at the start of the reaction (early)
produced better results than addition after the replisome was blocked at RNAP (late), which
produced very variable, and not statistically significant, results. Wollman and coworkers also
tested for the ability of UvrD to release a replisome blocked by EcoRIl E111G block. While
UvrD was able to remove EcoRI E111G when added at the start of the reaction and after the
blockage occurred, addition of UvrD after the fork was blocked increased the ability to remove

EcoRI E111G from 41% to 84% (Wollman et al., 2023).

The difference in the RNAP and EcoRI results may be explained by the UvrD:RNAP interaction
and the role of UvrD in the SOS response. UvrD has been found colocalised to RNAP,
meaning that whether it was added early nor late, it would already be found at the RNAP block
before the replisome arrives (Epshtein et al., 2014). When removing a block unfamiliar to
UvrD, or one the helicase haven’t evolved to remove, it would likely only remove it when the
SOS response is triggered and UvrD overexpressed (Finch and Emmerson, 1983). Therefore,
the late addition of UvrD when the replication fork is already blocked by EcoRI E111G can

simulate the SOS response and therefore direct UvrD to the blocked fork more efficiently.
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1.4.3. DNA replication termination

The final stage of DNA replication occurs when two replication forks meet and fuse, eventually
leading to formation of two separate chromosomes. In E. coli, termination can occur either
through free fusion, the random meeting of the two replication forks, usually around the dif
(deletion-induced filamentation) site (location shown in figure 1.8 A), or at a replication fork
barrier created by the Tus-ter complex (Dimude et al., 2018). Incorrect termination can have
severe consequences for genetic integrity so research in this area is ongoing in most model

organisms (reviewed in Dewar and Walter, 2017; Dewar et al., 2015).

1.4.3.1 DNA replication termination through fork convergence

DNA replication termination in E. coli can occur through free fusion of the replication forks,

otherwise known as fork convergence.

The current model for termination via fork convergence utilises the RecBCD mechanism of
DSBR (section 1.3.3), and the nucleases SbcCD and Exol (Courcelle et al., 2015; Wendel et
al., 2018; Hamilton et al., 2019, 2023). When completing DNA synthesis, the two replication
forks bypass one another, creating a small region of over-replication. Nucleases SbcCD and
Exol, bacterial orthologs of human and yeast Mrell-Rad50 (Sharples and Leach, 1995),
resect the over-replicated region, which allows for RecBCD to begin processing the region
and catalysing the joining of the strands (Courcelle et al., 2015; Wendel et al., 2018; Hamilton

et al., 2019, 2023).

Recently, Hamilton and coworkers explored the role of chi and ter sites in fork convergence
(figure 1.8) (Hamilton et al., 2023). Their results suggested that when RecBCD encounters a
chi site it ceases to digest the DNA, and instead induces replication of the region. This function
severely disrupted genomic integrity and caused severe problems for the cells when occurring

during fork convergence (Hamilton et al., 2023). Interestingly, when the group placed a ter site
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on the plasmid as well as chi site, the presence of ter seemed to limit the chi-induced

replication (Hamilton et al., 2023). This finding creates a link between DSBR and the ter sites.
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Figure 1.8 Current model for DNA replication termination through free fusion. Replication fork

convergence can cause over-replication, which can be relieved by cleavage with Exol and SbcCD,

followed by strand repair with RecBCD. The model has been adapted from Hamilton et al., 2019.
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1.4.3.2 DNA replication termination at Tus-ter

The E. coli chromosome contains ten 23-bp termination sequences called ter; found on the
opposite half of the chromosome from the origin of replication, oriC (figure 1.9) (Kuempel,
Duerr and Seeley, 1977; Louarn, Patte and Louarn, 1977; Coskun-Ari and Hill, 1997; Neylon
et al., 2005). This region, known as the termination region, is the site of all termination events
in E. coli. The protein Tus (terminus utilization substance) binds to ter in an asymmetric
manner and forms a unidirectional barrier for the replication fork, creating a replication fork
trap (Mulcair et al., 2006; Elshenawy et al., 2015). This means that during replication, the
replication fork can pass through the first five Tus-ter blocks via their permissive orientation
but is blocked by the sixth (and any consecutive) non-permissive Tus-ter blocks (Mulcair et
al., 2006; Elshenawy et al., 2015). The region containing the ter sites is called the replication

fork trap.

The DNA sequence of each ter sites varies slightly (figure 1.9 B), but they all have a highly
conserved C6 base within a conserved 13 bp region (Neylon et al., 2005). The C6 base is
essential for binding of Tus to ter through the “mousetrap mechanism” (Mulcair et al., 2006).
During the mousetrap mechanism, Tus binds to ter and the conserved C6 base flips into a
cytosine pocket found within Tus (figure 1.9 C) (Mulcair et al., 2006; Elshenawy et al., 2015).
The timing of this process is essential as interaction between the R198 amino acid, opposite
of the cytosine pocket (figure 1.9 C), and the A(5) and G(6) bases of ter must occur before
DnaB starts unwinding the site. The mousetrap mechanism prolongs the stability of the Tus-

ter complex by 40-fold and forms a strong non-permissive barrier (Elshenawy et al., 2015).

While ten ter sites are present on the E. coli chromosome, they have been shown to vary in
their affinity to Tus (figure 1.9). Most termination events at Tus-ter occur at the innermost Tus-
ter blocks (Duggin and Bell, 2009), while the outermost ter sites, F, H, | and J have not shown
any significant Tus binding (Toft et al., 2021). The affinity of each ter site to Tus ranges from

high, to moderate, to low (Toft et al., 2021; Moreau and Schaeffer, 2012). Some ter sites might
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act as a ‘fail-safe’ in case the innermost sites fail to block the replisome; which can occur if
Tus does not bind to ter quickly enough before DnaB begins to unwind the region (Elshenawy
et al., 2015). However, the outermost ter sites, with very low affinity to Tus, are likely conserved
on the genome due to their sequence being a part of an open reading frame (ORF), rather

than for Tus binding (Toft et al., 2021).

A termination block like Tus-ter in E. coli (Kuempel et al., 1977; Louarn et al., 1977) is not
found in all bacterial cells. Another well studied termination block can be found in B. subtilis,
called RTP-ter (Weiss et al., 1981). Other blocks that have not been studied in great detail,
can be found in most Enterobacteriales, Pseudoalteromonas, and Aeromonadales (Galli et
al.,, 2019; reviewed in Goodall et al., 2023). For specific examples, Edwardsiella
tarda and Cedecea neteri have a single ter site, while Dickeya paradisiaca has two (Toft et al.,

2021; Toft et al., 2022; reviewed in Goodall et al., 2023).

Since a termination fork trap is not a conserved bacterial feature, why does the replication fork
trap exist in the first place? One suggestion is the prevention of unnecessary head-on
replication-transcription collisions. 90% and 70% of E. coli and B. subitilis essential genes show
co-directionality to the replication fork (Kunst et al., 1997; Blattner et al., 1997). It can therefore
be presumed that progression of the replication fork past the non-permissive face of the Tus-
ter block can lead to an increase in head-on replication-transcription collisions. Since head-on
collisions are commonly stated to have more dire consequences than co-directional collisions
(Mirkin and Mirkin, 2005), their prevention by blocking the replication fork is a logical
conclusion. It is however surprising that Atus cells do not display any major phenotype
problems compared to WT cells (Rudolph et al., 2013; Ivanova et al., 2015). This would
suggest that head-on collision prevention is not the main reason for the existence of
termination blocks, especially since they have been shown to be highly conserved (once they
evolved into the species genome) and therefore should hold an important physiological role

with an evolutionary advantage (Goodall et al., 2021).
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Figure 1.9 Elements of DNA replication termination at Tus-ter. A. E. coli chromosome diagram with
the origin of replication, oriC, ten ter sites, terA-J, and dif. B. 23 bp sequences of the ten ter sites,
including conserved sites in dark gray. Strong and mild ter sites, sites with confirmed Tus binding, and
sites that are part of an ORF have been annotated. C. The mousetrap mechanism model of Tus-ter
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Goodall et al., 2023, C has been adapted from Elshenawy et al., 2015.

50



1.4.3.3 What happens to Tus during replication termination at Tus-ter?

A recent study published by our group explored termination at Tus-ter in vitro (Jameson et al.,
2021). Jameson and coworkers conducted a biochemical replication assay to study replication
termination at Tus-ter by reconstituting replication forks on a plasmid. The plasmid used was
designed to contain a single origin of replication, oriC, and two replication blocks: a lacO2
array for binding of Lacl in a reversible block, and a single terB site for binding of Tus. The
clockwise replication work from oriC would be blocked by the non-permissive face of the Tus-
terB block. Replication fork fusion at Tus-ter can be achieved in this system by blocking both
forks, clockwise at Tus-terB and counterclockwise at Lacl-lacO. Addition of IPTG removes
Lacl and releases the counterclockwise fork to reach the Tus-terB site at which the clockwise
fork should be stalled. The assay incorporates radioactive *>P dCTP into the nascent DNA for

visualisation (Jameson et al., 2021).

Replication assay products were treated with single side cutters, Nb.Bsml, Nt.BspQlI,
Nb.BpulOl, and Nt.BpulOl, to isolate the leading strands around terB and determine
individual replisome progression in the termination region (figure 1.10 A and B). Termination
mapping assay results showed that when controlled fork fusion occurred at Tus-terB, a 15-23
bp unreplicated gap was found with a similar footprint to the binding of Tus (Jameson et al.,

2021).

Two hypotheses were discussed as to the reason for these results. The first hypothesis (figure
1.10 C i) suggests that Tus was not present at ter during termination at Tus-terB in the
termination mapping assay. This could occur if Tus was dislodged by impact with either the
first fork, travelling towards the non-permissive orientation of Tus-ter, or by the second fork
which would alone pass by the permissive orientation of Tus-ter. Current literature model
suggests that when the replisome is stalled by the non-permissive orientation of Tus-ter that

the replication machinery dissociates from the DNA and needs to be reloaded for replication
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Figure 1.10 Termination mapping assay shows unreplicated gap at Tus-ter. A. terB region during
the termination assay, including the location of the single side cutters Nb.Bsml, Nt.BspQI, Nb.Bpul01,
and Nt.BpulOl. B. terB sequence on the replication assay plasmid and the gel results from the
termination assay. Arrows indicate which nucleotide is shown by the bands on the gel. C. Schematics
of two theories of what happens to Tus during termination at Tus-ter. i) Tus is dislodged by one of the
replication forks. ii) Tus is sandwiched between the two replication forks.
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to continue, while Tus remains bound to ter (Gabbai and Marians, 2010; Bidnenko et al.,
2006). If the first replisome is however still bound to the DNA when the second one
approaches, and Tus is potentially not, the collision between replisomes might cause an arrest
of the second fork and incomplete DNA synthesis even without Tus between them. Replication
forks are very large machineries, and their collision might not permit either of them to reach
the final DNA region between them until one or both replisome dissociate, and replication
restarts to complete the region. A full structure of the replication fork has not yet been
generated, therefore we are unable to know whether two replication forks meeting ‘head-to-

head’ would prevent the DNA between them from being ‘reached’.

In our second hypothesis (figure 1.10 C ii), when termination occurs at Tus-terB, the terB site
is unable to be replicated because Tus is still bound and likely ‘stuck’ between the two
replisomes. If this occurs, another protein would likely need to be employed to remove Tus.
Jameson and coworkers tested UvrD, Rep and RecG as candidates, but neither helicase was
able to increase the amount of full replication product generated (Jameson et al., 2021). This
was especially surprising for UvrD, which is commonly cited as the helicase able to remove

Tus (Bidnenko et al., 2006).

The Michel group conducted in vivo investigations where addition of two ectopic ter sites
blocked replication forks half-way around the chromosome. They found that overexpression
of UvrD helicase caused a reduction of replication forks stuck at Tus (Bidnenko et al., 2006)
and generated a model based on their results (figure 1.11). They suggested that in their assay
the replication fork which reached the Tus-ter block would either be stalled and dissociate from
the DNA, or would ‘ran off’ the template due to the formation of a DSB. When a second fork
arrived, either through DNA replication or recombination-mediated initiation (figure 1.11 ii, dark
and light gray), it also ran off, leaving four sets of incomplete dsDNA regions. RecBCD-
dependent recombination rearranged the nucleic acid into homologous sequences, while PriA
loaded DnaB onto both strands. The model suggests that UvrD was also loaded onto the DNA

and was able to remove Tus. While one new replication fork was free to proceed past the
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empty ter site, the second fork ran off the other discontinuous strand. The presence of a blunt-
ended strand caused another RecBCD-mediated double-stranded break repair (DSBR) to
occur through recombination. While the first replication fork was able to continue past Tus,
new sets of replication forks were assembled through recombination and were blocked again

at the quickly re-bound Tus - therefore restarting the process (Bidnenko et al., 2006).
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Figure 1.11 Model of Tus removal by UvrD helicase after the arrest of a replication fork. The red
and blue lines represent the original replication fork, with the solid and broken lines representing the
leading and lagging strands respectively. The 3’ end of each strand is shown as an arrow. The second
replication fork is represented by light and dark gray lines. UvrD is shown as a green crescent. DnaB is
represented by a yellow hexamer. Tus is shown as an indented white rectangle, while ter is represented
by black blocks. Figure adapted from Bidnenko et al., 2006.
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1.5. Aims and objectives

The overall aim of this work is to further our knowledge of UvrD helicase and its role in MMR,

nucleoprotein block removal, and DNA replication termination.

Our objectives are:
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To conduct a series of in vitro assays to test whether the ability of UvrD to unwind
DNA, especially past DNA-bound protein blocks, can be enhanced by MutL. We will

do this by conducting in vitro helicase and replication assays of UvrD = MutL.

To investigate the binding location of MutL on UvrD. Hall and coworkers suggest the
region is found within the first 100 amino acids of UvrD helicase (Hall, Jordan and
Matson, 1998). We also plan to narrow down whether the site can be found in the first

or second 50 amino acids of the N-terminal of UvrD.

To investigate the role of the 2B subdomain of UvrD in unwinding past DNA-bound
protein blocks or removing DNA-bound proteins by the helicase. We will do this by
removing the 2B subdomain of UvrD, as previously done for Rep (Briining et al., 2018),
and testing the mutant helicase against a variety of blocks in helicase assays and
replication assays. We are also interested in determining whether MutL can still bind

to UvrDA2B and will test this through cross-linking experiments and surface plasmon

resonance microscopy (SPR).

To develop a new in vitro assay in order to determine if Tus remains bound to ter when

two replication forks fuse at a the Tus-ter block.
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Chapter 2. Materials and Methods

2.1 Materials

2.1.1 Chemicals

All chemicals were purchased from Thermo Fisher, Thermo Fisher Scientific, Sigma-Aldrich,
or VWR International unless stated otherwise. All restriction enzymes, the CutSmart buffer,
DNA loading dye, and Phusion DNA Polymerase were purchased from New England Biolabs
(NEB), while Tag polymerase was purchased from Thermo Scientific. All oligos were
purchased from IDT, with the exception of oDW070 and oDWO071 which were purchased from
Life Technologies. All radioactive material was purchased from PerkinElmer (rebranded

Revitty).

2.1.1 Plasmid sequencing

Source Bioscience was used for all short fragment plasmid sequencing using the T7 forward
and reverse primers unless stated otherwise. Plasmidosaurus nanopore sequencing was used

to generate full plasmid maps.

All plasmid maps were visualised using SnapGene software (table 2.1).
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2.1.2 Software and systems

TABLE 2.1 Software used for DNA and protein analysis

Software Name

Purpose

Source

Tm Calculator

Clustal Omega

Reverse Complement
Calculator

SnapGene Viewer

Expasy Translator Tool

UniProt Database

Protein Data Bank (PDB)

database

AlphaFold2 ColabFold

Calculating the melting temperature (Tm) of oligos.

Comparing DNA-DNA and amino acid-amino acid

sequences.

Generating the reverse complement of nucleic acid.

Visualising plasmid maps and Sanger sequencing data.

Translating DNA sequences into amino acid sequences.

Finding protein information, including amino acid
sequences for UvrD (P03018) and MutL (P23367).

Finding published protein structures from X-ray

crystallography and Cryo-EM experiments.

Generating protein structure models for MutL, MutL
dimer, UvrDA52N, UvrDA108N, and UvrDA2B

2.1.2.1 Gel Analysis

(ThermoFisher, 2023)

(EMBL-EBI, 2022;
Madeira et al., 2022)

(Stothard, 2000)

SnapGene Viewer
Software (version
6.2.1.)

Developed by the
Swiss Institute of
Bioinformatics (SIB)
(Expasy, 2020)
(Bateman et al., 2023)

(Berman et al., 2000)

(Jumper et al., 2021;
AlphaFold, 2021)

Quantity One software (version 4.6.2 basic) was used to capture and visualise agarose gels

and SDS-PAGE gels via the Biorad ChemiDoc XRS Gel Imaging System.

Radioactive gels were exposed to an phosphor imaging screen (BioRad, 170-7843) for 24 hrs

- 5 days before visualising using the Biorad Personal Molecular Imager (BioRad, 170-9400).
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The results were viewed using Quantity One software (version 4.6.2 basic) and the generated
Tiff file was analysed using ImageJ software (NIH, 2018) or PaintShopPro 2019 (CorelCorp,

2019).

2.1.2.2 Protein Purification

AKTA Start and AKTA Go protein purification systems from GE were used to conduct large
scale protein separation chromatography using HisTrap and size exclusion columns. Both
systems were operated using Unicorn software (versions 1.3 start and 7.6 respectively) and

were used to generate and analyse chromatographs.

AKTA Pure purification system with the capability to detect 260 and 280 UV readings was

used for Analytical SEC. It was operated by Unicorn 7.6 software.

2.1.2.3 Writing, data analysis and presentations

Microsoft Office 365 products Microsoft Word and Microsoft Excel were used for writing and

data analysis respectively.

Microsoft Office PowerPoint and BioRender were used to create figures used in this work.

Publishing licence for the use of BioRender was acquired.
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2.1.3 Oligos and Plasmids

TABLE 2.2 OLIGOS USED FOR CLONING

Oligo Name Oligo Sequence (5' to 3)

Oligo Purpose

0KJO11 TGG AGC ACC ACC ACC ACC ACC ACT
G

0KJO012 ACC ACCATT CTGTTC TCT GTG A

oDWO004 GAA CAG ATT GGT GGT CCA ATT CAG
GTC TTACCG

oDWO005 GTG GTG GTG CTC GAG TTA TCA CTC
ATCTTT

oDWO019 CTG AAT TGG GGA AGA ACC ACC AAT
CTGTTCTCTG

oDWO020 ATT GGT GGT TCT TCC CCA ATT CAG
GTCTTACC

oDW021 GAA CAG ATT GGT GGT GAA CAG ATT
GGT GGT GAC GTT TC

oDWO022 GTG GTG GTG CTC GAG TTA TTA CAC
CGA CTC CAG CCG

oDWO056 TTG GTG GTT GCT CGC CAT ACT CGA
TTAT

oDWO057 GGC GAG CAACCACCAATCTGTTCTC

oDWO058 TTG GTG GTC AGG ATT TCC AGA TCC
TCG

oDWO059 AAA TCC TGA CCA CCA ATC TGT TCT
CTG TGA

oDWO062 ACG GCG GGC AGG CGG ATACCT G

oDWO063 TCC GCC TGC CCG CCG TAA ATA CGG
TAC

oDWO068 TTG GTG GTT CGC CAT ACT CGA TTA
TG

oDWO069 TAT GGC GAACCACCAATCTGTTCTC

pET28a-HisSUMO linearisation primer for InFusion
cloning.

pET28a-HisSUMO linearisation primer for InFusion
cloning.

mutL linearisation for infusion cloning into pET28a-
HisSUMO to generate pDWO003.

mutL linearisation for infusion cloning into pET28a-

HisSUMO to generate pDWO0O03.

For pDWO0O0O5 - Site directed mutagenesis primer to
insert 2x serine into pDWO0O03.

For pDWO0O0O5 - Site directed mutagenesis primer to
insert 2x serine into pDWO003.

uvrD linearisation for infusion cloning into pET28a-
HisSUMO to generate pDWO0O06.

uvrD linearisation for infusion cloning into pET28a-
HisSUMO to generate pDWO0O06.

For pDWO010 - Site directed mutagenesis primer to
generate uvrDA52N mutation in pDWO0O06.
For pDW010 - Site directed mutagenesis
generate uvrDA52N mutation in pDWO0O06.

primer to

For pDWO08 - Site directed mutagenesis
generate uvrDA 108N mutation in pDWO0OG.

primer to

For pDWO08 - Site directed mutagenesis
generate uvrDA108N mutation in pDWO0O06.

primer to
For pDWO009 - Site directed mutagenesis primer to
generate uvrDA2B mutation in pDWO0O06.
For pDWO009 - Site directed mutagenesis primer to
generate uvrDA2B mutation in pDWO0O06.
For pDWO007 - Site directed mutagenesis

generate uvrDA53N mutation in pDWO0O06.

primer to

For pDWO007 - Site directed mutagenesis
generate uvrDA53N mutation in pDWO0O06.

primer to
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TABLE 2.3 OLIGOS USED FOR HELICASE ASSAYS AND THE TUS JUMPING ASSAY

Oligo Name  Oligo Sequence (5' to 3') Oligo Purpose
0JH117 GAA TAA GTATGT TGT AAC TAA AGT DNA oligo with a ter site in the permissive orientation
GAT CAC TGG CAC TGG TAG AAT TCG | for UvrD helicase assays. Contains a complementary
GC region to 0JH118 for DNA substrate hybridisation.
Used with oDWO035 to generate the Tus capture
substrate.
0JH118 AAC GTC ATA GAC GAT TAC ATT GCT DNA oligo with a ter site in the permissive orientation
ACA CTT TAG TTA CAA CAT ACT TAT for UvrD helicase assays. Contains a complementary
c region to 0JH117 for DNA substrate hybridisation.
0JH123 GAC TTT AGT TAC AAC ATACTT ATT DNA oligo with a ter site in the non-permissive
GAT CAC TGG CAC TGG TAG AAT TCG | grientation for UvrD helicase assays. Contains a
GC complementary region to 0JH124 for DNA substrate
hybridisation.
oJH124 AAC GTC ATA GAC GAT TAC ATT GCT DNA oligo with a ter site in the non-permissive
ACA ATA AGT ATG TTG TAA CTA AAG orientation for UvrD helicase assays. Contains a
TC complementary region to 0JH123 for DNA substrate
hybridisation.
oDWO035 GCC GAATTC TAC CAG TGC CAG TGA | Tus jumping substrate component together with
TCA CTT TAG TTA CAA CAT ACT TAT 0JH117
TC
oDWO070 GCA AGA ATA AGT ATG TTG TAA CTA DNA oligo with a ter site in the permissive orientation
AAG TCA GGT CCAATT CCT CGAGAC | and an EcoRI cleavage site for EcoRI E111G binding.
CILIE Al AL T80 TRIL MEC SR ACL | mamzins 2 complementary region to oDWO071 for DNA
TTC TAAGGA TCA CTG GCA CTG GTA substrate hybridisation.
CATA
oDWO071 CAT AGA CGATTA CAT TGC TAC CTT DNA oligo with a ter site in the permissive orientation
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AGA AGG TAT CCG TGG ACG GTC TAT
TGC GGT CTC GAG GAA TTC GAC CTG
ACT TTAGTT ACAACATACTTATTC
TTGC

and an EcoRI cleavage site for EcoR| E111G binding.
Contains a complementary region to oDW070 for DNA

substrate hybridisation.



TABLE 2.4 PLASMIDS

Plasmid Name Backbone Features Antibiotic Purpose
Resistance

pKJO001 Jameson et al., | oriC replication Amp Replication assay DNA

2021 origin, terB, template,
LacOa2

pET28a- hisSUMO | pET28a HisSUMO gene Kan Cloning backbone

oDWO003 pET28a- mutL gene Kan HisSUMO-MutL protein
hisSUMO expression plasmid

oDWO005 pET28a- mutL gene Kan Variation of pDWO003, 2x serine
hisSUMO added between SUMO and

mutL genes.

oDWO006 pET28a- uvrD gene Kan HisSUMO-UvrD protein
hisSUMO expression plasmid

oDWO007 pET28a- uvrDAS3N gene Kan HisSUMO-UvrDA53N protein
hisSUMO expression plasmid

oDWO008 pET28a- uvrDA108N gene Kan HisSUMO-UvrDA108N protein
hisSUMO expression plasmid

oDWO009 pET28a- uvrDA2B gene Kan HisSUMO-UvrDA2B protein
hisSUMO expression plasmid

oDWO010 pET28a- uvrDAS2N gene Kan HisSUMO-UvrDA52N protein
hisSUMO expression plasmid
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2.1.4 Buffers

TABLE 2.5 PROTEIN PURIFICATION BUFFERS

Protein Thesis Purification Step Buffer Type Recipe
section
Cell Lysis Lysis Buffer 50 mM Tris pH 7.5, 300 mM NaCl, 1 mM DTT, 20
mM Imidazole, 5 mM MgClz, Pierce™ Protease
Inhibitor Tablets (ThermoFisher, A32965)
Affinity Affinity 50 mM Tris pH 7.5, 300 mM NaCl, 1 mM DTT, 20
Chromatography Binding mM Imidazole, 5 mM MgCl2
Buffer
MutL 515 Affinity Affinity 50 mM Tris pH 7.5, 300 mM NaCl, 1 mM DTT, 300
Chromatography Elution Buffer mM Imidazole, 5 mM MgCl:
Dialysis Dialysis 50 mM Tris pH 7.5, 300 mM NaCl, 1 mM DTT, 5
Buffer mM MgClz
Size Exclusion SEC Buffer 50 mM Tris pH 7.5, 300 mM NaCl, 1 mM DTT, 5
Chromatography mM MgCl2
Storage Freezing 50 mM Tris pH 7.5, 300 mM NaCl, 1 mM DTT, 5
Buffer mM MgClz, 30% Glycerol
Cell Lysis Lysis Buffer 50 mM Tris pH 8, 50 mM NacCl, 20 mM Imidazole,
2% Glycerol, 2 mM DTT, Pierce™ Protease
Inhibitor Tablets (ThermoFisher, A32965), DNase
Affinity Binding 50 mM Tris pH 8, 50 mM NacCl, 20 mM Imidazole,
Chromatography Buffer 2% Glycerol, 2 MM DTT
Affinity Elution Buffer 50 mM Tris pH 8, 50 mM NacCl, 500 mM
UviDA Chromatography Imidazole, 2% Glycerol, 2 mM DTT
2.4.3 Affinity DNA Wash 50 mM Tris pH 8, 3 M NaCl
o2N Chromatography Buffer
lon Exchange Binding 50 mM Tris pH 8, 50 mM NaCl, 2 mM DTT
Chromatography Buffer
lon Exchange Elution Buffer 50 mM Tris pH 8, 500 mM NaCl, 2 mM DTT
Chromatography
Storage Freezing 50 mM Tris pH 8, 100 mM NacCl, 2 mM DTT, 30%
Buffer Glycerol
Cell Lysis Lysis Buffer 50 mM Hepes pH 7, 1 M NaCl, 2mM DTT, 20 mM
UvrDA imidazole, 5 mM MgClz, 10% Glycerol, Pierce™
108N 9240 Protease Inhibitor Tablets (ThermoFisher,
A32965), DNase
Affinity Binding 50 mM Hepes pH 7, 1 M NaCl, 2mM DTT, 20 mM
Chromatography Buffer imidazole, 5 mM MgClz, 10% Glycerol
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Affinity

Elution Buffer

50 mM Hepes pH 7, 1 M NaCl, 2 mM DTT, 500

Chromatography mM imidazole, 5 mM MgCl2
Affinity DNA Wash 50 mM Hepes pH 7, 3 M NaCl, 2 mM DTT, 500
Chromatography Buffer mM imidazole, 5 mM MgCl:
Dialysis Dialysis 50 mM Hepes pH 7, 1 M NaCl, 2 mM DTT, 5 mM
Buffer MgCl2
Size Exclusion SEC Buffer 50 mM Hepes pH 7, 1 M NaCl, 5 mM MgClz
Chromatography
Storage Freezing 50 mM Hepes pH 7, 1 M NaCl, 5 mM MgClz, 30%
Buffer Glycerol
Cell Lysis Lysis Buffer 50 mM Tris pH 8, 50 mM NacCl, 20 mM Imidazole,
2% Glycerol, 2 mM DTT, Pierce™ Protease
Inhibitor Tablets (ThermoFisher, A32965), DNase
Affinity Binding 50 mM Tris pH 8, 50 mM NacCl, 20 mM Imidazole,
Chromatography Buffer 2% Glycerol, 2 mM DTT
Affinity Elution Buffer 50 mM Tris pH 8, 50 mM NaCl, 500 mM
UvrDA 543 Chromatography Imidazole, 2% Glycerol, 2 mM DTT
108N Affinity DNA Wash 50 mM Tris pH 8, 3 M NaCl
Chromatography Buffer
lon Exchange Binding 50 mM Tris pH 8, 50 mM NaCl, 2 mM DTT
Chromatography Buffer
lon Exchange Elution Buffer 50 mM Tris pH 8, 500 mM NaCl, 2 mM DTT
Chromatography
Storage Freezing 50 mM Tris pH 8, 100 mM NaCl, 2 mM DTT, 30%
Buffer Glycerol
UvrDA n/a Cell Lysis Lysis Buffer 50 mM Hepes pH 7, 1 M NaCl, 5 mM MgClz, 20
2B mM Imidazole, 2 mM DTT
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TABLE 2.6 DNA AND PROTEIN ELECROPHORESIS RECIPES

Buffer Name Recipe Purpose
TBE Buffer 90 mM Tris Base, 2 mM EDTA, 89 mM Running buffer and component of
Boric Acid agarose gels and 10% native TBE-
PAGE gels.
SDS Running 25 mM Tris, 192 mM Glycine, 3.5 mM SDS | Running buffer for SDS-PAGE protein
Buffer gels.

6X SDS Loading
Dye

Alkaline Running
Buffer

10X Alkaline
Loading Buffer

6X Alkaline
Loading Dye

STOP Buffer
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1 M Tris (pH 7.5), 80 mg/ml SDS, 1 mg/ml
Bromophenol Blue, 40% Glycerol, 100 mM
DTT

10 mM NaOH, 2 mM EDTA

50 mM NaOH, 30 mM EDTA

300 mM NaOH, 6 mM EDTA, 18% (w/v)
Ficoll (Type 400), 0.15% (w/v) Bromocresol

green, 0.25% (w/v) Xylene cyanol

50 mM Tris (pH 7.5), 100 mM NaCl, 1 mM
EDTA, 20% Glycerol, 10 mM

Mercaptoethanol

Loading dye for SDS-PAGE protein

gels.

Running Buffer for 0.7% denaturing

alkaline gels for replication assays

Loading Buffer to resuspend samples
after ethanol precipitation during

replication assays

Loading dye added to replication
assay samples before loading onto the

0.7% denaturing alkaline gel.

Protein denaturing STOP buffer used
in helicase assays and replication

assays.



214118B

For 1 L LB broth in water: 10 g Tryptone, 5 g Yeast Extract, 5 g NaCl

pH to 7 using NaOH

For LB agar, add 1.8 g of agar powder per 100 ml of LB broth. Dissolve by autoclaving and

leave to solidify.

2.1.4.2 Antibiotics

TABLE 2.7 ANTIBIOTICS, STOCK AND WORKING CONCENTRATION

Antibiotic Working Concentration (pug/ml) Stock solution (mg/ml)
Kanamycin 30 100 in Water
Carbenicillin 100 100 in Water
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2.2 Methods

2.2.1 Gels

2.2.1.1 Agarose gel electrophoresis

Agarose gels were prepared at 0.8% and 1% agarose concentrations in 1x TBE buffer with 1x
SYBRSafe DNA gel stain (Invitrogen, S33102) added to the molten agarose. Gel
electrophoresis was carried out at 100-150V in 1x TBE buffer. Visualisation of DNA fragments
was conducted using Biorad Gel Doc XR+ Imaging system using UV and Quantity One (Basic

4.6.2) software for image manipulation.

DNA samples were mixed with 6x Purple Gel Loading Dye (NEB, B7024S) to a final
concentration of 1x. As standard 1 kb DNA Ladder (figure 2.1 A) (NEB, N3232) was run

alongside the samples as a DNA fragment size marker.

2.2.1.2 Sodium Dodecyl Sulphate Polyacrylamide gel electrophoresis (SDS-

PAGE)

10% SDS PAGE gels for protein separation imaging were prepared in SDS PAGE Gel
Cassettes (Novex, NC2015) using a 10% resolving gel (375 mM Tris-HCI pH 8.8, 10% Bis-
Acrylamide, 0.1% SDS, 0.1% APS, 0.08% TEMED) and 1.5% stacking gel (133 mM Tris-HCI

pH 6.8, 1.5% Bis-Acrylamide, 0.1% SDS, 0.1% APS, 0.08% TEMED).

Protein samples were prepared through the addition of 6x SDS PAGE loading dye to a final
concentration of 1x and denaturation for 3 min at 70 °C. Protein ladders used as size markers
included Precision Plus Protein All Blue™ Prestained Protein Standards Ladder (Bio-Rad,
1610373) and PageRuler™ Prestained Protein Ladder (figure 2.1 B and C) (ThermoFisher

Scientific, 26616).
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Loaded samples were run at 200 V for 45 min - 1 hr and the gels were stained in QuickBlue
Protein Stain (LubioScience, LU001000) at room temperature until clear, then washed with

dH>0O for 30 min. Images were captured using the Bio-Rad Gel Doc XR+ Imaging system.

2.2.1.3 Native 10% TBE-PAGE gel electrophoresis

Native 10% TBE-PAGE gel (1x TBE, 10 % Bis-Acrylamide, 0.1% APS, 0.1% TEMED) was set
in a Bio-Rad Protean®ll xi tank (Bio-Rad, 165-2029) with an appropriate gel comb and
submerged in 1x TBE buffer. Samples were prepared through the addition of 1x Purple Gel

Loading Dye (NEB, B7024S) and run at 220 V for 90 min.

Gels were dried on a gel dryer (Bio-Rad, 583) for 70 min at 80 °C. To visualise DNA bands,
dried gels were placed in a gel cassette with a storage phosphor screen (Merck, GE28-9564-
75) for 12 — 36 hours. Gels were imaged by a Personal Molecular Imager (PMI) System (NEB,

170-9400) and quantified using ImageJ.

2.2.1.4 0.7% Agarose Alkaline gel electrophoresis

Agarose gels were prepared at 0.7% agarose concentration in 2 mM EDTA. When the molten
agarose cooled down to 50 °C, 30 mM NaOH was added directly before pouring the gel. Set
gels were submerged in Alkaline Running Buffer. Electrophoresis was carried out at 100 V for

an initial 20 min to move samples into the gel quickly, followed by 23 V for 17 hrs.

Samples were resuspended in 1x Alkaline Loading Buffer (30 mM EDTA, 50 mM NaOH). A
DNA-Hindlll Digest Ladder (figure 2.1 D) (NEB, N3012) labelled (section 2.5.2.) with ATP [y-

32p] (Perkin Elmer, NEG502X250UC) was used as a DNA size marker.

Gels were dried using a gel dryer (Bio-Rad, 538) for 70 min at 80 °C before being placed in a

gel cassette with a storage phosphor screen (Merck, GE28-9564-75) for 12 — 36 hours
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exposure. The gels were imaged by a Personal Molecular Imager (PMI) System (NEB, 170-

9400) and quantified using ImageJ (F1JI).

A 1kbDNA g PrecisionPlus P}aDgeRtuI_eﬂ;jM -
Protein All Blue, restaine

Ladder : Protein Ladder, Ladder
BioRad
Thermo
kDa kDa
250 250 bp
150 23130
130 9416
6557
100 100 4361
— 75 70
55 2322
— 50 2027
37 35
— 25 S—— 25
20
15 15
10 10 564

1 % Agarose

Figure 2.1 DNA and protein ladders. A. 1 kb DNA ladder (NEB, N3232) used in 1% agarose gels. B.
Precision Plus Protein All Blue ladder (BioRad, 1610373) used for some protein gels. C. PageRuler™
Prestained Protein ladder (ThermoFisher Scientific, 26616) used in most protein gels. D. A Hindilll

ladder used for replication assay gels.

70



2.2.2 Molecular Biology

2.2.2.1 PCR

The PCR protocols were followed as per the Phusion® DNA Polymerase (NEB, M0530) or

Taqg DNA Polymerase (NEB, M0273) protocols.

For Phusion® DNA Polymerase the reaction (1x Phusion™ HF Buffer, 200 uM dNTPs each,
0.5 pM forward primer, 0.5 uM reverse primer, 0.02 U/ul Phusion™ High—Fidelity DNA
Polymerase, <1,000 ng DNA template in 20 ul or 50 pl total volume) underwent initial
denaturation at 98 °C for 30 s, followed by 30 rounds of denaturation at 98 °C for 10 s,
annealing at varying temperature (<72 °C) depending on the melting temperature (Tm) of
oligos for 30 s, and extension at 72 °C for 30 s (per 1kb of template). Lastly, the reaction went

through a final extension step at 72 °C for 10 min.

For Tag DNA Polymerase the reaction (1x Standard Taq Reaction Buffer, 200 uM dNTPs
each, 0.2 uM forward primer, 0.2 uM reverse primer, 0.025 U/ul Tag DNA Polymerase, <1,000
ng DNA template in 20 pl or 50 pl total volume) underwent initial denaturation at 95°C for 30
s, followed by 30 rounds of denaturation at 95 °C for 30 s, annealing at varying temperature
45-68 °C) depending on the melting temperature (Tm) of oligos for 15-60 s, and extension at

68 °C for 60 s/kb. Lastly, reaction went through a final extension step at 68 °C for 5 min.

2.2.2.2 Site-directed mutagenesis PCR

Site-directed mutagenesis PCR (figure 2.2) was conducted to insert or delete regions of DNA
sequence, such as removing regions of the uvrD gene or adding two serine amino acids to
the MutL expression plasmid. PCR was conducted as in 2.2.2.1 using the Phusion DNA

Polymerase protocol.
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2.2.2.3 Diagnostic Restriction Digests

Restriction digests were conducted using 400-600 ng of DNA with 20-50 units of enzyme and
1x CutSmart Buffer (NEB) to confirm the presence of a gene on a plasmid post-cloning.
Restriction digest enzymes require specific buffers, and the use of CutSmart buffer was
appropriate for all enzymes unless stated otherwise. Restriction digestion reactions were

incubated for 1 hr at 37 °C before gel electrophoresis using a 1% agarose gel.

2.2.2.4 Dpnl Digest

The Dpnl digest was conducted as a cloning step to remove methylated template DNA from
samples. It was conducted by adding 20 units of Dpnl (NEB, R0176) per 50 ul of PCR product.

The samples were incubated for 2 hrs at 37 °C.

2.2.2.5 InFusion Cloning

The linearised DNA products needed were generated using Phusion® PCR followed by a Dpnl
digest, gel extraction (Qiagen, 28704) and PCR purification (Qiagen, 28104). The InFusion
protocol was conducted as per the TakaraBio protocol (figure 2.3) (TakaraBio, 638909). Stellar
cells (Takarabio, 636763) were transformed (section 2.2.3.2) with infusion cloning product and

grown on LB agar plates supplemented with appropriate antibiotic.
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Figure 2.3 InFusion Cloning schematic. PCR was used to linearise the vector and add 15 bp on each
end which match the 15 bp from the isolated gene-of-interest. TakaraBio recommends using the cloning
enhancer (Dpnl digest) on the isolated gene PCR product, though we conducted a Dpnl digest and gel
extraction for both the gene-of-interest and the linearised vector. The gene and vector were incubated
with the In-Fusion Enzyme Premix for 15 min at 50°C and the sample was transformed into competent

TakaraBio Stellar cells. Schematic taken from the InFusion TakaraBio Manual (TakaraBio, 2018).
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2.2.2.6 Gel Extraction and PCR clean up

Gel extraction of DNA from a 0.8 - 1% agarose gel was conducted using the Qiagen gel
extraction kit (Qiagen, 28704). Nanodrop 2000 spectrophotometer (ThermoScientific, ND-
2000) was used to determine sample concentration and the 260/230 ratio. The 260/230 ratio
was used to determine if the sample was clean of contaminants from the agarose gel. If the
generated 260/230 ratio of the final sample was below 1.8, the Qiagen PCR clean up kit
(Qiagen, 28104) was used (as per manufacturers instructions) to achieve a 260/230 ratio at

or above 1.8.

2.2.2.7 Plasmid Purification

DH5a competent cells were transformed with plasmids generated through InFusion cloning or
bought/received from other sources. Cells were grown overnight for 17-18 hours at 37 °C to
replicate the plasmid. To isolate plasmid from cells, plasmid purification was conducted using

the Qiagen plasmid mini prep kit protocol (Qiagen, 12123).

2.2.3 Microbiology

2.2.3.1 Making DH5a and BL21 DE2 transformation competent

Bacterial transformation can only be conducted using competent cells. Overnight cell culture
of DH5a (plasmid purification), Stellar (plasmid purification post cloning) or BL21 DE3 (protein
expression) cells was set up by inoculating 5 ml LB broth and growing at 37°C for 17-18 hrs.
The overnight culture was used to inoculate a 25 ml diluted culture which was grown until
ODsso = 0.4 when measured using a spectrophotometer (Beckman, DU 720 model, 18590).

Cells were centrifuged at 3300 x g and resuspended in 10 ml ice cold 0.1 M CaCl, and
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incubated onice for 1 hr. Cells were centrifuged at 3300 x g for 10 min at 4°C and resuspended

in 30 ml of storage buffer (0.1 M CacCl,, 15% glycerol) before flash freezing in liquid nitrogen.

2.2.3.2 Bacterial Transformations

Bacterial transformations were used to insert a plasmid into cells for plasmid production or

protein expression.

50-100 ng of plasmid was incubated on ice with 50 ul competent cells for 30 min. The samples
were heat-shocked for 45 s at 42 °C, followed by a 2 min incubation on ice. 450 pl of LB broth
was added to the samples and left to incubate for 1 hour at 37 °C in a shaking incubator at
180 RPM. The cells were plated on LB agar supplemented with appropriate antibiotics

overnight at 37 °C.

2.2.4 Protein Purification

Protein purification was conducted to produce a stock of recombinant protein. Two strategies
were employed using a combination of affinity, size exclusion and ion exchange

chromatography (figure 2.4).

A full list of buffers used to purify each protein can be found in table 2.5.
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Figure 2.4 Protein purification method summary schematic as per section 2.2.4. BL21 DE3 cells
were transformed with an expression plasmid and used to grow a 500 - 1000 ml liquid culture (or 40 mi
for expression tests). Overexpression of protein was induced with 1 mM IPTG before pelleting the cells
and resuspending in the lysis buffer. The sample was sonicated, and the soluble fraction was isolated
after centrifugation. The sample was injected into a HisTrap affinity chromatography column. The
purified, HisSUMO tagged, protein underwent tag cleavage using Ulp1 protease, followed by one of two
chromatography paths. First path included a second affinity column, followed by a SEC chromatography
column after concentrating the protein. The second path included an ion exchange chromatography
column. All samples were concentrated down to a storage concentration of minimum 1 mg/ml and

stored at -70°C after flash freezing in liquid nitrogen. Figure created on biorender.com.
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2.2.4.1 Overexpression of the protein of interest

Competent BL21 DE3 cells were transformed (section 2.2.3.2.) with an expression plasmid
containing the gene-of-interest with a His-SUMO tag. Spectrophotometry was used to monitor
the cell growth until ODsgo = 0.6. Cell cultures were induced with 1 mM IPTG and grown
overnight at 18 °C for 17 hours. Overnight cultures were centrifuged at 4000 x g for 30 min in
a high-speed centrifuge. Cell pellets were resuspended in lysis buffer and sonicated 5 times
at 60% power using Sonicator SonoPlus HD (Bandelin, GM 2070). The samples were cooled
on ice between sonication rounds. Lysed cells were centrifuged at 15000 x g for 20 min to
isolate the soluble fraction (supernatant). DNA was precipitated from the soluble fraction using
0.075% Poly(ethyleneimine), also known as PolyminP, solution at 4 °C for 20 min (for MutL
protein purification only). The solution was centrifuged at 15000 x g for 20 min and the
supernatant was isolated and filtered through a Filtropur S, PES 0.2 um syringe filter (Sarstedt,

83.1826) in preparation for chromatography.

2.2.4.2 Protein Purification using two affinity chromatography steps and a size

exclusion chromatography step

An AKTA Start protein purification system was used for the purification of the MutL protein,
and the AKTA Go protein purification system was used for the purification of the UvrD region-
deletion mutants. His-tagged protein-of-interest was isolated using a HisTrap HP affinity
column (Cytivia, 17524801) through nickel-histamine bonding. The protein was eluted through
an elution gradient using a high imidazole elution buffer. The HisSUMO tag was cleaved
overnight during dialysis using 100 pg of in-house produced SUMO-specific protease, Ulpl.
The HisSUMO and protein-of-interest were isolated in separate peaks using a HisTrap affinity
chromatography column. Untagged protein-of-interest was eluted during sample loading,

while HisSUMO bound to the nickel column and was eluted using the elution buffer.

78



The size exclusion step was added to remove protein contaminants from the sample. HiLoad®
16/600 Superdex® 200 pg column (Merck, GE28-9893-35) was used for MutL, while the size
exclusion Superose™ 6 10/300 GL column (Cytivia, 17517201) was used for UvrD region-
deletion mutants.. The protein-of-interest sample was concentrated using Amicon® Pro
Purification System with 30 kDa Amicon® Ultra-0.5 Device (Millipore, ACS505024) and
Pierce™ Protein Concentrators (ThermoFisher, 88502) as per manufacturer’s instructions.

The aliquoted stocks were stored at -70°C after flash-freezing in liquid nitrogen.

2.2.4.3 Protein Purification using one affinity chromatography step and ion

exchange chromatography steps

The AKTA Go protein purification system was used for the purification of proteins using one
affinity chromatography and one ion exchange chromatography step. His-tagged protein-of-
interest was isolated using a HisTrap HP affinity column (Cytivia, 17524801) through nickel-
histamine bonding. The protein was eluted through an elution gradient using a high imidazole
elution buffer. The HisSUMO tag was cleaved overnight using 100 ug of in-house produced

SUMO-specific protease, Ulpl.

The cleaved protein was injected into a 1 ml Mono Q™ 5/50 GL column (Cytivia, 17516601)
to separate the proteins based on their negative charge, as the hisSUMO tagged and
untagged proteins have different charges. A low salt buffer was used for protein loading and
a high salt buffer was used for elution from the column. The ion exchange step, not unlike the
size exclusion step, was used to remove protein contaminants, but also to remove a larger
proportion of protein heterodimers where some protein remains uncleaved and binds to the
column. The protein-of-interest sample was concentrated using Amicon® Pro Purification
System with 30 kDa Amicon® Ultra-0.5 Device (Millipore, ACS505024) and Pierce™ Protein
Concentrators (ThermoFisher, 88502). The aliquoted stocks were stored at -70°C after flash-

freezing in liquid nitrogen.
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2.2.4.5 Thermal Shift Assay

Thermal Shift Assays (TSA) were conducted to test for correct folding of purified proteins
(figure 2.5). TSA, a type of differential scanning fluorimetry, uses a fluorescent SYPRO dye

(ThermoFisher Scientific, S6650) which binds to hydrophobic regions of proteins.

5.56x concentration of the SYPRO dye was added to the protein-of-interest in buffer (binding
buffer from protein purification or other appropriate buffer) to a total volume of 27 ul. Samples
were placed in a ThermoFluor Biorad MylQ5 (BioRad, 170-9780) where they were exposed

to temperature increase. The change in fluorescence was detected as the protein unfolded

and the dye released.
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Figure 2.5 Thermal Shift Assay. Diagram illustrating how thermal shift assays (TSA) work. Figure
adapted from Reaction Biology Webpage (ReactionBiology).
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2.2.5 Biochemical Techniques

2.2.5.1 *°P labelling of DNA

1 pg of oligo was combined with 10 units of T4 polynucleotide kinase (PNK) (NEB, M0201S),
1X PNK Buffer (NEB, BO201SVIAL), and 10 pCi of y-*2P ATP and incubated for 30 min at 37

°C followed by a 20 min incubation at 65 °C.

Any unincorporated y-3?P ATP was removed by size-exclusion purification using the Bio-Spin®

P-30 gel columns (BioRad, 7326006) as per the manufacturer's instructions.

If required to be double-stranded, the labelled oligo was incubated for 5 min at 95 °C with 1
png of complementary oligo and 1x saline-sodium citrate (SSC) buffer, followed by a slow
temperature decrease to 25 °C overnight. The overnight sample was run on a 10% TBE-PAGE
native gel and visualised using an X-ray film. The film was placed over the sample in the
cassette for 30 sec to 5 min (depending on 2P activity). The X-ray film was then placed in the
developer solution for 30 - 90 sec, then washed in water. The X-ray film was then placed in
the fixer solution for 30 - 90 sec, then washed in water. The processed X-ray film was used
as a template for band location for cutting out the labelled substrate from the gel. The extracted
gel was incubated at 4 °C in 1x TE buffer with 50 mM NacCl for a minimum of 2 days. The
concentration was checked using a Tri-Carb scintillation counter (PerkinElmer, TriCarb
2900TR) by comparing the counts measured for the hybridised and the non-hybridised sample

when calculating the mean of 5 count repeats. Concentration calculated as per:

hybridised sample

Conc (UM) = ( )x conc (UM) of non hybridised oligo in 30 pl

non hybridised sample
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2.2.5.2 Helicase Assays

Helicase assays are a biochemical tool to test for helicase activity in vitro on a double-stranded

DNA (dsDNA) substrate. Additional proteins and blocks were incorporated where indicated.

The reagent mix (for 1 reaction: 100 mM HEPES pH8, 25 mM MgAc, 25 mM DTT, 250 pug/ml
BSA) was incubated for 2 min at 37 °C with the proteins (concentrations varied for individual
assays) before the addition of 2 nM of a dsDNA substrate labelled with y-32P ATP (section
2.5.2.). Following a 2 min at 37 °C incubation, the start buffer (20 mM ATP) was added and
the reaction was incubated at 37 °C for 10 min (oDW015-16, oDW017-18 helicase assays) or
3 min (oDWO070-71 helicase assays) before the addition of stop buffer (2.5% SDS, 200 mM

EDTA, and 10 mg/ml Proteinase K).

Samples were run on 10% TBE-PAGE native gels for 90 min at 220 V before being dried for

70 min at 80 °C and visualised by phosphor imaging.

Bands were quantified using ImageJ and the percentage of unwound substrate was calculated

using:

dsSample + ssSample)
dsControl + ssControl

ssSample — (ssControl X (
x 100

% unwound =

dsSample + ssSample)

(dsSample + ssSample) — (ssControl X ssControl T dsControl

2.2.5.3 Replication Assays

Replication assays are a biochemical tool which allows for the reconstitution of replication

forks on a plasmid in vitro (Jameson et al., 2021).

In this work, we used the pKJ0O01 plasmid template (figure 2.6), which contains a replication
origin site, oriC, a lacO2; array for Lacl protein binding (reversible block after an addition of

IPTG), and a single terB site for binding of Tus in a termination block. The clockwise fork is
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designed to travel towards the non-permissive face of the Tus-terB block, while the

counterclockwise fork is designed to travel towards the permissive face of the Tus-terB block.

The reactions were assembled by combining the replication fork proteins (produced in-house)
master mix (50 nM DNA Polymerase Ill core (agB), 25 nM Tau complex, 160 nM DnaB, 160
nM DnaC, 1 uM SSB, 80 nM 8 clamp, 30 nM HU, 200 nM DnaG, 133 nM GyraseA:B,), protein
blocks (400 nM Tus and/or 400 nM Lacl), reagents (40 mM HEPES pH 8, 10 mM DTT, 10 mM
MgAc, 2 mM ATP, 0.08 mM GCUTP, 0.04 mM dNTPs each, 0.1 mg/ml BSA), and 200 ng of
the replication plasmid pKJOO1 (approximately 2 nM). Reactions were incubated at 37°C for 2
min, followed by an addition of 300 nM of DnaA. After an additional incubation at 37°C for 2
min, 30 units of Smal (Promega), 46 kBq [a-*?P]-dCTP (111 TBg/mmol), and 1 mM IPTG were
added where indicated. Reactions were stopped, after further incubation for 2 min at 37 °C,
through the addition of 6x STOP buffer (2.5% SDS, 200 mM EDTA, and 10 mg/ml Proteinase

K) to a final concentration of 1x.

Ethanol precipitation was conducted to remove unincorporated [a-*2P]-dCTP from the reaction
samples. Ammonium acetate and ethanol were added to the samples to final total
concentrations of 800 mM and 67% respectively. The samples were centrifuged for 10 min at
15,500 x g at 4 °C and the pellet was resuspended in 70% ethanol before a repeat
centrifugation. The pellet was left to air dry for 10 min before resuspension in the alkaline
running buffer (50 mM NaOH, 30 mM EDTA). Gel electrophoresis was conducted using 0.7%

submarine denaturing gel.
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Figure 2.6 Replication Assay template plasmid. pKJO01 was used as DNA template for replication
assays conducted as part of this thesis. Plasmid map generated using SnapGene after nanopore
sequencing. The plasmid contains a lacO region with 22 lacO sites (A) for Lacl binding. The ter site (B)
allows for Tus binding. The non-permissive face of the Tus-ter block is approached by the clockwise
replication fork. The oriC region (C) serves as an origin of replication for replication fork assembly. Smal
cleavage site (D) enables plasmid linearisation to release supercoiling. Restriction sites Ncol (E) and
Sacl (F) allow for plasmid cleavage to allow for a single fork to reach Tus-ter. .Figure created on

biorender.com
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2.2.5.4 Tus Jumping Assay

The Tus jumping assay is a biochemical tool developed in this thesis to test for protein
displacement by a replication fork in vitro. The aim of using the Tus jumping assay in this work
was to determine whether Tus remains bound to ter when both replication forks meet at the

Tus-ter block in replication assay conditions (figure 2.7).

The Tus jumping assay was developed from the replication assay (section 2.2.5.3). The
protocol for the Tus Jumping Assay varies from the replication assay in the following ways: 1.
Lower Tus concentration (2.5 nM). 2. No addition of [a-*2P]-dCTP into the assay and instead
the addition of 5 nM of a 32P labelled Tus capture substrate (0DW035-0JH117). 3. No DNA
precipitation step (not necessary as no unincorporated 2P should be present). 4. No STOP
buffer was added to the assay in order not to denature. 5. The samples were run on a 10%
TBE-PAGE native gel rather than a denaturing gel to prevent the dissociation of Tus from the
Tus capture substrate. The Tus capture substrate was labelled with y-32P ATP using T4 PNK
end-labelling (section 2.2.5.1) and designed to include a ter sequence for Tus binding. When
running and loading the assays, six reactions were conducted per one assay and 80% glycerol
was added to slow the reaction instead of a STOP buffer and to allow loading of DNA on the
native 10% TBE-PAGE gel. Samples were loaded immediately after the addition of 80%
glycerol and the current was started before the next round of reactions began. This created a

‘step-ladder’ look to the gel.

Important concentrations to note that were used in the Tus Jumping Assay: pKJ001 (2 nM),
Tus capture substrate (5 nM), Tus (2.5 nM — reduced from the excess of 400 nM in replication
assays). All replication proteins were added at the same concentration as in the replication

assay.

The percentage of bound Tus capture substrate was calculated using the below equation,

where ‘sBound’ means the bound band of the tested sample, ‘sUnbound’ means the unbound
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band of the tested sample, ‘cBound’ means the bound band of the control, ‘cUnbound’ means

the unbound band of the control.

sUnbound + sBound
sBound — <cBound X (cUnbound ¥ cBound)>

% bound = X 100

sUnbound + sBound)

(sUnbound + sBound) — (cBound X “Unbound ¥ cBound
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Figure 2.7 Design of the Tus jumping assay. A. Replication forks are reconstituted at oriC on pKJ001
and DNA replication is initiated through the addition of DnaA. Both forks get stuck, counterclockwise at
Lacl-lacO and clockwise at Tus-terB. B. Addition of IPTG removes Lacl from lacO and releases the
paused counterclockwise replication fork. C. Clockwise and counterclockwise replication forks meet at
Tus-ter and potentially displace Tus. D. Free Tus binds to the Tus capture substrate labelled with
radioactive 3?P. F. Reactions are run on a 10% TBE-PAGE native gel and the percentage of Tus-bound

vs unbound Tus capture substrate is compared. Figure created on biorender.com
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2.2.5.5 Tus Jumping Assay with a single replication fork

The Tus Jumping Assay was adapted to test whether Tus remains bound to ter when a single
replication fork approaches either the permissive or the non-permissive orientation of the block

(figure 2.8).

The assay was conducted as per the Tus jumping assay in section 2.2.5.4, with a difference
in the restriction digest enzyme added alongside the Tus capture substrate. For the permissive
orientation, 30 units Ncol (NEB, R3193) was added instead of 30 units of Smal; for the non-

permissive orientation, 30 units of Sacl (NEB, R3156) was added instead of 30 units of Smal.

The formula used to calculate the percentage of Tus bound to the Tus capture substrate was:

sUnbound + sBound
sBound — <cBound X (cUnbound + cBound))

% bound = x 100

sUnbound + sBound)

(sUnbound + sBound) — (cBound X CUnbound + cBound

2.2.5.6 EMSA band shift assay

A band shift assay was conducted to test whether a separation can be seen between a

double stranded oligo with Tus bound to it and without Tus bound to it.

2 nM DNA Substrate (labelled with 32P), reagent mix (for 1 reaction: 100 mM HEPES pHS8,
25 mM MgAc, 25 mM DTT, 250 pg/ml BSA), and varied concentrations of Tus (0 nM, 1 nM,
2 nM, 4 nM and 8 nM) were incubated at 37°C for 6 min. No STOP solution was added and
the samples were immediately loaded onto a native 10% TBE-PAGE gel. Gel
electrophoresis was conducted for 90 min at 220 V before being dried for 70 min at 80 °C

and visualised by phosphor imaging..
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2.2.5.7 Statistical Analysis

A two-tail and one-tail t-tests were used to calculate the statistical significance of data
generated. Two-tail t-test was used when testing for a change in unwinding, while one-tail t-

test was used when testing for an increase in unwinding.

The t-test was chosen as it allows for an evaluation of one or two populations, which

matches our aim to test for an increase in unwinding/protein binding between two conditions.
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Figure 2.8 Tus jumping assay with a single replication fork. A. Digestion of pKJO01 with Sacl leads
to only the clockwise replication fork reaching the Tus-ter block (non-permissive face). B. Digestion of
pKJO01 with Ncol leads to only the counterclockwise replication fork reaching the Tus-ter block

(permissive face only).Figure created on biorender.com.
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2.2.6 Analytical Chromatography

2.2.6.1 Tus-bound pKJ001 — SEC column

19.05 ug Tus and 40.82 pg pKJOO01 plasmid were incubated on ice for 40 min in 50 mM Hepes
pH 7.0, 150 mM NaCl buffer. The sample (100 ul) was injected into a size exclusion Superose
10/30 column, using a SEC running buffer (50 mM Hepes pH 7.0, 150 mM NaCl). AKTA Pure
protein purification system was used because of its ability to measure the 260 and 280 UV
readings. 19.05 pg of Tus only and 40.82 ug of pKJ001 plasmid only sample tests were also

conducted using SEC.

2.2.6.2 Tus-bound pKJ001 — MonoQ

84 ug Tus and 75 pg pKJ001 plasmid were incubated on ice for 40 min in a 50 mM Hepes pH
7.0, 50 mM NacCl buffer. The sample was injected into an ion exchange MonoQ column using
a low salt running buffer (50 mM Hepes pH 7.0, 50 mM NaCl) and high salt elution buffer (50
mM Hepes, 1 M NaCl). Fractions were collected and analysed by gel electrophoresis, 1%

agarose gel for DNA and 10% SDS-PAGE gel.
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Chapter 3. Protein Purification of MutL and Its Role

in Assisting UvrD Helicase in DNA Unwinding and

Nucleoprotein Block Displacement

3.1 Introduction

Since the genetic material of the cell serves as an instruction book for protein production,
genetic integrity of the chromosome is essential for cells to thrive. One way of ensuring genetic
integrity is high-fidelity DNA replication which ensures that daughter cells are encoded with
correct DNA. A threat to accurate DNA replication can be found in DNA-bound protein blocks,
which can lead to replication fork stalling (Mulcair et al., 2006; Labib and Hodgson, 2007),
DNA breakage (Bidnenko et al., 2002), and incorrect DNA synthesis (Larsen et al., 2014;

Larsen et al., 2017).

UvrD helicase is often associated with the removal of DNA-bound proteins, including RNAP
blocks (Epshtein et al., 2014; Hawkins et al., 2019), RecA (Petrova et al., 2015), and Tus
(Bidnenko et al., 2006). The exact mechanism of UvrD protein displacement has not been
identified, though research has showed that removal of RecA and of RNAP by UvrD requires
ATP hydrolysis (Epshtein et al., 2014; Petrova et al.,, 2015), suggesting that an active

mechanism might be at play.

In this chapter, we first investigated the ability of UvrD helicase to unwind dsDNA substrates

against the Tus-ter and EcoRI blocks using in vitro helicase and replication assays.

Another aspect of UvrD helicase we also wanted to investigate was the 2B subdomain and
whether it plays a role in the ability of UvrD helicase to displace DNA-bound proteins. The 2B
subdomain of UvrD has been shown to rotate 160° from a ‘closed’ to an ‘open’ conformation

either when placed in low salt concentrations (Jia et al., 2011) or when in a MutL:UvrD complex

93



(Ordabayev et al., 2018, 2019). Both papers showed that rotation of the 2B subdomain into
an ‘open’ conformation increased its DNA processivity, but neither investigated whether the
2B subdomain affected its ability to displace DNA-bound proteins. The 2B subdomain of UvrD
can be compared to the 2B subdomain of its homologue, SF1 helicase Rep. Removal of the
2B subdomain of Rep caused an increase in its DNA processivity, but completely eliminated
its ability to remove DNA-bound proteins (Brining et al., 2018). We do not know if the 2B
subdomain of UvrD is also involved in DNA-bound protein removal. However, the role of the
subdomain in increasing DNA processivity and the structural similarities of UvrD and Rep

suggest that it is worth investigating.

In this chapter, we plan to conduct a range of in vitro helicase assays to test whether the
addition of MutL increases the percentage of unwound DNA substrate by UvrD. We are
especially interested in the addition of MutL to assays with DNA-bound blocks on the

substrate, to determine if MutL aids UvrD in protein displacement.
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3.2 Results

3.2.1 Protein Purification of MutL

3.2.1.1 Generating a MutL expression plasmid

The pET28a-HisSUMO vector was used as a backbone for the MutL protein expression
plasmid. The pET28a vector is a simple 5369-bp over-expression plasmid with a kanamycin
resistance gene, a lac operator sequence for inducing expression and a T7 promoter region

for protein transcription (Shilling et al., 2020; Dubendorf and Studier, 1991).

SUMO (small ubiquitin-like modifier) is a eukaryotic protein used in aiding the solubility of
proteins during protein purification (Malakhov et al., 2004). SUMOylation is a post-translational
modification where the SUMO protein binds to specific lysine residues found within the
consensus sequence W-K-X-E/D (W: hydrophobic amino acid, X: any amino acid) in substrate
proteins (Maejima and Sadoshima, 2014; Feligioni and Nistico, 2013). SUMO is converted into
an active binding form from its precursor by SUMO specific proteases which expose a Gly-Gly
motif. The Gly-Gly motif is conjugated with E2, a SUMO-activating enzyme, which binds

SUMO to the lysine residues (reviewed in Maejima and Sadoshima, 2014).

SUMO can be used as a protein purification and solubility tag. An expression plasmid for a
protein of interest can be designed by inserting an N-tagged SUMO gene at the N-terminal of
the gene-of-interest while removing the start codon of the gene-of-interest. When expressed,
a covalently bound HisSUMO and protein-of-interest are produced. The addition of SUMO has
been found to increase protein solubility (Malakhov et al., 2004; Kimple et al., 2013) and the
addition of a His-tag at the N-terminal of SUMO allows for easy affinity chromatography.
HisSUMO can be cleaved from the protein-of-interest using a SUMO-specific protease, Ulpl
(Malakhov et al., 2004). Ulp1 cleaves the protein at the ‘Gly-Gly bridge’, a two amino acid site
between SUMO and the protein-of-interest, leaving the protein-of-interest in a native-like state

(Kimple et al., 2013).
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Infusion cloning using a PCR linearised pET28a-HisSUMO vector and an isolated mutL gene
was used to create an expression plasmid for the MutL protein, pET28a-HisSUMO-mutL
(pDWO003) (figure 3.1). The correct placement of the mutL gene and the plasmid map were

confirmed using Plamidsaurus nanopore sequencing.

T7 promoter
lac operator|

kb
10
8
g pPET28a-HisSUMO-mutL (pDWO003)
g. 7401 bp
2
1.5
1
05 T7 !erm\“a‘o(

Figure 3.1 MutL expression plasmid construction. A.1% agarose DNA gel showing PCR
amplification of the mutL gene using primers o0DWO004 and oDWO005. Expected length 1.85 kb. B. 1%
agarose DNA gel of PCR amplification of linearised pET28a-HisSUMO vector using primers oKJ011
and oKJ012. Expected length 5.55 kb. C. pET28a-HisSUMO-mutL plasmid map (pDWO003) verified

through Plasmidsaurus nanopore sequencing.
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3.2.1.2 Untagged MutL could not be purified from pDW003

BL21 DE3 cells were transformed with pDWO003 and induced with IPTG to overexpress

HisSUMO-MutL.

The purification process was designed to include two affinity chromatography steps and one
size exclusion chromatography step. The first affinity column was used to separate the
HisSUMO-MutL protein and the second to separate HisSUMO and MutL after overnight
cleavage by Ulpl protease. Lastly, the size-exclusion chromatography (SEC) step was used
to remove protein contaminants. The first affinity chromatography step (figure 3.2 A)
successfully isolated HisSUMO-MutL protein from the soluble fraction of the cell lysate, as
confirmed by gel electrophoresis using a 10% SDS-PAGE protein gel. The saved fractions
were combined and placed for dialysis into a low imidazole buffer with the addition of SUMO-

specific protease Ulpl for HisSUMO cleavage from the MutL protein.

The cleavage of HisSSUMO from MutL was not successful. When visualising fractions collected
from the second affinity chromatography column (figure 3.2 B), the samples contained both
uncleaved HisSUMO-MutL (80 kDa) and cleaved MutL (68 kDa) bands, suggesting incomplete
sample cleavage. For an unknown reason we also see the same two bands produced during
the first affinity chromatography before the protease was added (figure 3.2 A). While we do
not know why we see these two bands, we suggest that the protein might be truncated,
potentially due to a change in folding after the covalent binding of HisSSUMO or due to a
protease contamination in the buffer. This would reduce the HisSUMO-MutL size and

correspond with the lower 25 kDa band visible on the gels.

Cleavage conditions were optimised on a small scale (10 ml) through change of buffer
conditions from pH 7 to pH 8, and change of incubation conditions during cleavage to either 2
hours on the bench or for 18 hours at 4 °C (personal communication, Jameson 2021). The

change in conditions did not improve the cleavage of HisSUMO from MutL (figure 3.2 C).
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Further literature searches on the cleavage of the HisSUMO solubility tag during protein
purification suggested that SUMO-specific proteases might not be suitable for cleavage when
the first amino acid after the Gly-Gly bridge of the protease is a proline, which was the case
with the mutL gene on pDWO003 (Xu and Au, 2005; Owerbach et al., 2005; Kimple, Brill and
Pasker, 2013; PeakProteins). Owerbach and coworkers concluded this to be caused by the
lack of an NH group in proline, which prevents its participation in the N-bond network

(Owerbach et al., 2005).

Two serines were added between the Gly-Gly motif of SUMO and the N-terminal of mutL to

allow for Ulpl to cleave the tag and conceal the exposed proline (PeakProteins, 2022).
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Figure 3.2 Incomplete HisSUMO tag cleavage from MutL. A. 10% SDS-PAGE gel showing the first
steps of the HisSUMO-MutL protein purification, including the insoluble and soluble fractions, sample
application onto the column (‘AF1 wash’), column wash before elution (‘flow through’), and elution peak
fractions (‘affinity 1 peak fractions’). B. 10% SDS-PAGE gel comparing the HisSUMO-MutL sample
before and after cleavage with Ulpl protease. C. 10% SDS-PAGE showing optimisation of HisSUMO
cleavage using Ulp1 protease. ‘cleaved RT’ sample was cleaved for 3 hrs at room temperature. ‘cleaved
4°C’ sample was cleaved for 18 hrs at 4 °C. Both cleavages were carried at pH 8 instead of pH 7 in

compared to ‘uncleaved’ lane and panels A. and B.
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3.2.1.3 Redesign of pDWO003 into pDWO005 and protein purification of MutL

pDWO003 plasmid was redesigned to add two serines after the Gly-Gly bridge cleavage site to
generate pDWO0O05. The two serines were added using site-directed mutagenesis PCR (section
2.2.2.2). Primers (0DW019 and oDWO020) were designed to complement the two regions
around the insertion region and to include the two additional serines. After PCR the nascent

DNA synthesised contained the inserted serines (figure 3.3 A)

Presence of the additional serines was confirmed by Sanger sequencing (SourceBioscience)
before generating a full plasmid map using Plasmidsaurus nanopore sequencing (figure 3.3 B

and C).

BL21 DE3 cells were transformed with pDWO005 and induced with IPTG to overexpress
HisSUMO-MutL. The HisSUMO tag was successfully cleaved from the MutL protein
expressed from the redesigned expression construct, enabling successful protein purification

of MutL (figure 3.3 D).
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Figure 3.3 MutL protein purification from pDWO0O05. A. Strategy for site-directed mutagenesis
insertion PCR. B. pET28a-HisSUMO-Ser-Ser-mutL plasmid sequence confirmed using Plasmidsaurus
nanopore sequencing. C. Insertion site difference between pDWO003 (top) and pDWO0O05 (bottom) with
the addition of two serines. D. 10% SDS-PAGE gel showing the protein purification of the MutL protein,
confirming successful MutL protein production.
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3.2.1.4 MutL protein structure generated through Alpha Fold

A full structure of MutL has not been generated through structural studies. MutL is assumed
to have two subdomains, an N-terminal (amino acids 1-335) and a C-terminal domain (amino
acids 439-615), joined by a linker region which is predicted to form random coils (amino acids
336 — 438). (Ban and Yang, 1998; Ban et al., 1999; Guarné et al., 2004). While the full protein
structure is not available, X-ray diffraction has been used to generate a structure of the N-
terminal of MutL from E. coli (PDB ID 1NHH, Hu et al., 2003), as well as the C-terminal domain
of MutL homologues from B. subtilis (PDB ID 3KDG, Pillon et al., 2010), Aquifex aeolicus (PDB
ID 5X9Y, Fukui et al., 2017), and S. cerevisiae (PDB ID 4E4W, Gueneau et al., 2013). No C-

terminal domain structure has been generated from E. coli MutL protein.

We used AlphaFold (AlphaFold, 2021) to generate models of the MutL monomer (figure 3.4).
AlphaFold predicted that the MutL monomer structure was formed of two subdomains joined
by a linker region (figure 3.4 A). This interesting ‘tweezers’ structure matches the literature

predictions of the full MutL structure.

Since MutL functions as a dimer (Ban and Yang, 1998), we used AlphaFold to predict the
dimer form of MutL (figure 3.4 B, C and D). The model predicted that the N- and C- terminals
of each monomer interact with one another in a dimer structure. The C-terminal subdomain of
MutL has been predicted to mediate MutL dimerisation (Drotschmann, 1998; Guarné et al.,
2004). Our AlphaFold model supports this prediction as the C-terminal domains of each
monomer are found in the same area and could therefore stimulate dimerisation by binding
together and initiating N-terminal subdomain binding or colocalisation. A gap was found
between the four bound subdomains when assessing the dimer from the ‘top’ and ‘bottom’
(figure 3.4 D). This gap could potentially be used for DNA to pass through, though we are
unable to measure how large the gap is to confirm this. The model also predicts a circular gap
found between the two joint domains and going through the complex (figure 3.4 D).

Monakhova and coworkers used cross-linking of MutL and DNA to predict that amino acid

102



A MutL Monomer B MutL Dimer

= linker region
Yo A B

N-terminal C-terminal
subdomain subdomain

D MutL Dimer ;
Mutl Dimer Potential gap for Potential gap for

DNA binding? DNA binding?

Figure 3.4 AlphaFold prediction for MutL protein monomer and dimer forms. All AlphaFold models
shown were top ranked by the AlphaFold software. Warm, red colours indicate regions closer to the N-
terminal, while cold, blue colours indicate regions closer to the C-terminal. A. Surface image of the
predicted MutL monomer. C. Residues 218 and 251 of MutL predicted to interact with DNA. D. MutL

dimer AlphaFold predictions viewed from the ‘top’ and ‘bottom’ of the complex in B.
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residues 218 and 251 are involved in MutL DNA binding (figure 3.3 C) (Monakhova et al.,

2020) and therefore that DNA would pass through the N-terminal subdomain complex.

3.2.1.5 TSA analysis of MutL protein folding and interaction

Thermal shift assay (TSA), a type of differential scanning fluorimetry (DSF), was designed to
test for correct protein folding by using a hydrophobic, fluorescent dye (SYPRO Orange). The
dye binds to hydrophobic groups of the protein when in an aqueous environment. As the
protein is heated, it unfolds and exposes the dye which generates a signal that can be detected
spectrophotometrically. Once the dye has been exposed to the laser, its signal fades (Pinz et
al., 2022). An ideal TSA result shows a peak that starts low, due to the lack of exposed SYPRO
orange, and increases into a peak as the temperature increases and the protein unfolds. The

top of the peak should be the highest point of the fluorescence readings.

TSA was used to confirm correct folding of the purified MutL and UvrD proteins (figure 3.5).
All assays showed used a double-stranded DNA (dsDNA) substrate (0DW015-16) since MutL
is a dsDNA-binding protein. Concentrations of MutL (370 nM, 740 nM, 1.11 yM) and UvrD (68

nM, 115 nM, 615 nM) tested varied due to protein availability.

MutL TSA analysis showed two peaks (figure 3.5 A), which indicated two stages of unfolding.
This result could be interpreted as MutL forming a dimer in the assay and different
temperatures (45 °C and 65 °C) being necessary to first break the dimer bonds, followed by

individual protein unfolding. Our TSA results confirm that MutL is correctly folded.

The UvrD helicase used was previously purified in our laboratory (Atkinson and McGlynn,
2009) and has been shown to be functional in previous projects (Hawkins et al., 2019;
Jameson et al., 2021). During TSA analysis, UvrD produced a single peak showing correct

protein folding, with unfolding occurring at around 50 °C (figure 3.5 B).
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TSA analysis was also conducted on samples containing MutL + UvrD + DNA. The test was
compared against the MutL + DNA only and UvrD + DNA only samples (figure 3.5 C and D).
Interestingly, the addition of UvrD helicase to MutL + DNA generated a result with one peak,
instead of two peaks, with a similar unfolding temperature to UvrD + DNA (figure 3.5 C). We
found that UvrD + MutL + DNA unfolded at a temperature of 45 — 55 °C, while MutL + DNA
unfolded at a lower temperature of 35 — 45 °C. UvrD + DNA unfolded at a similar temperature
to UvrD + MutL + DNA but over a larger temperature difference of 40 — 60 °C. The temperature
shift suggested a change in folding for both UvrD and MutL which could mean that the two

proteins were interacting.
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3.2.2 UvrD Helicase was able to unwind DNA past both orientations of the

E. coli Tus-ter block

Whether UvrD helicase can remove the Tus protein when approaching the permissive and the
non-permissive orientation of the Tus-ter block has been subject of debate since the late 80s.
Lee and coworkers conducted a series of helicase assays to test various concentrations of
UvrD helicase (8.54 nM, 25 nM, 76.22 nM) and Rep helicase for Tus removal against the Tus-
ter block on the M13mp18 and M13mp19 plasmids with a double-stranded ter region (Lee et
al., 1989). They concluded that UvrD was unable to unwind past the block in the non-
permissive orientation. In the same year, Khatri and coworkers conducted the same test using
0.7 pmol/ul of UvrD (equivalent to 700 nM) and concluded that UvrD was successful in
unwinding past the block (Khatri et al., 1989). Next, Hiasa and Marians, tested UvrD
(UvrD/DNA molar ratios 10 and 40, DNA 30 fmol) and also found that UvrD helicase was
“‘unaffected by Tus” and able to unwind past both orientations of the block (Hiasa and Marians,

1992).

Bidnenko and coworkers took a different approach and tested for the ability of UvrD to remove
Tus in vivo when the replication fork is stuck at the non-permissive orientation of the Tus-ter
block (Bidnenko et al., 2006). Bidnenko and coworkers placed two ectopic ter sites on the E.
coli genome which, when bound by Tus, would block the replication fork half-way around the
genome. The Tus protein would have to be removed for cells to finish replication and for the
‘replication intermediates’, forks stuck at Tus-ter, to be reduced. When UvrD was
overexpressed in cells with ectopic ter sites through the use of an expression plasmid,
Bidnenko and coworkers saw a reduction in replication intermediates and concluded that UvrD
was able, and responsible for, removing Tus from ter when the replication forks are stalled by
the block (Bidnenko et al., 2006). This conclusion has been widely cited as UvrD being the

main E. coli helicase responsible for removing Tus during DNA replication.
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While our group has been able to show that UvrD is able to remove DNA-bound protein blocks
in vitro (Hawkins et al., 2019), we were unable to show that UvrD can remove Tus when the
two replication forks meet at Tus-ter, therefore concluding that UvrD alone is unable to achieve
this task (Jameson et al., 2021). Our results do not however fully disagree with Bidnenko, as
their model does state that UvrD is unable to remove Tus when DnaB or the replisome is

present (Bidnenko et al., 2006).

We tested whether UvrD can remove Tus from Tus-ter in both the permissive and the non-
permissive orientation using a helicase assay with a replication fork-like substrate (figure 3.6).
We designed our helicase assay using short substrates (with ter in the permissive and non-
permissive orientation to UvrD unwinding) with a 25 bp dsDNA region and a 25 bp ssDNA
region; or a long substate with a 80 bp dsDNA region and a 20 bp ssDNA region. Both
substrates resembled a replication fork. Part of the dsDNA region included the terB sequence
in either the permissive or the non-permissive orientation for a helicase approaching from the

3’ to 5’ orientation. The long substrate also included an EcoRI restriction enzyme site on the

dsDNA region to enable binding of a non-cleaving EcoRI E111G mutant.

For both the short and long DNA substrates, PNK end-labelling was used to place a
radioactive 2P tag at the 5’ end of one oligo, with the label found at the dsDNA end of the
substrate. This enabled us to detect intact dsDNA as a slow migrating band and an unwound

strand as a faster migrating band on a native gel.

A band shift assay (figure 3.6 C) was conducted to show the ability of Tus to bind to the short
oligos with Tus in the permissive and the non-permissive orientations. We were able to
successfully show band separation when Tus was and was not bound to the substrate. A band
shift assay was not conducted to show the binding of Tus, EcoRI and Tus and EcoRI together
on the long dsDNA substrate. This may affect the interpretation of some results, which has

been further explored in this results chapter.
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Figure 3.6 Forked DNA substrates used for helicase assays. The green star in A. and B. indicates
the radioactive 3?P tag. A. Short DNA substrate with a 25 bp dsDNA region and two 25 bp ssDNA
regions, ‘arms’. terB sequence can be found in the dsDNA region in a permissive orientation for a 3’ to
5'helicase (0JH117-0JH118) and non-permissive orientation (0JH123-0JH124). B. Long DNA substrate
with an 80 bp dsDNA region and two 20 bp ssDNA regions (oDW070-oDWO071). terB sequence can be
found in the dsDNA region in a permissive orientation for a 3’ to 5' helicase, and an EcoRI cleavage
site for the binding of EcoRI E111G. C. Band shift assay showing Tus binding to the short oligo (as in

A.) Concentration of DNA substrate added was 2 nM with a range of Tus concentrations.
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We designed a helicase assay using a short dsDNA forked substrate to test for the ability of
UvrD to unwind DNA past the permissive and the non-permissive orientation of the Tus-ter
block in vitro (figure 3.7). Due to the variety of UvrD concentrations tested in literature (14-125
ng) (Lee et al., 1989; Khatri et al., 1989; Hiasa and Marians, 1992), we designed our assay to
test UvrD at an equivalent concentration range of 20 - 200 nM. All statistical analysis in this
chapter was conducted on n=3 (unless stated otherwise) using a one-tail or two-tail t-test
assuming unequal variances. One-tail t-test was used when looking for an increase in
unwinding, while the two-tail t-test was used when looking for a change between the
permissive and non-permissive orientation of Tus-ter results. Due to the band shift assay
(figure 3.6 C), we feel confident that Tus should have been bound to the dsDNA substrate in

the assay, forming an obstacle for UvrD to unwind past.

Our results showed that UvrD was able to unwind dsDNA past both the permissive and the
non-permissive orientations of the Tus-ter block (figure 3.7). Reactions with +Tus -UvrD and
with -Tus +UvrD were added as a controls, where +Tus -UvrD should only produce dsDNA
bands, while -Tus +UvrD should only produce ssDNA bands. For quantification, the amount
of ssDNA present was normalised against +Tus -UvrD to compensate for any spontaneous
unwinding and background noise. There were no significant differences between the
unwinding efficiency in either orientation, suggesting that the mousetrap mechanism does not

affect UvrD helicase.
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Figure 3.7 UvrD helicase can unwind past the Tus-ter block in both the permissive and the non-

permissive orientation. A. Representative helicase assay for the permissive orientation of Tus-ter

using 2 nM of DNA substrate, 2 nM of Tus, and a range of concentrations of UvrD (0 nM, 20 nM, 50

nM, 100 nM, 150 nM, 200 nM). B. Representative helicase assay for the non-permissive orientation of

Tus-ter using the UvrD and DNA concentrations as in A. C. Quantification of n=3 results of the

permissive and non-permissive orientation helicase assays. The error bars represent the standard

deviation values. Two-tail T-test was conducted to compare the values for the permissive and non-

permissive orientation of the block with p < 0.05 considered as significant. (p values calculated 20 nM
= 0.3619, 50 nM = 0.908, 100 nM = 0.4169, 150 nM = 0.4794, 200 nM = 0.7363; no values were

significant)
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3.2.3 The effect of adding MutL to UvrD helicase assays

3.2.3.1 Addition of MutL helps UvrD unwind past a long helicase assay DNA

substrate
During MMR, UvrD interacts with the MutL dimer which loads the helicase onto the DNA and
increases its DNA processivity (Mechanic et al., 2000; Yamaguchi et al., 1998; Ordabayev et
al., 2018, 2019). We wanted to assess whether the addition of MutL to a UvrD helicase assay
would assist UvrD in unwinding DNA, but especially in unwinding DNA past a DNA-bound
protein block. 50 nM of MutL was used to ensure that the protein was present at excess to

assist UvrD.

First we conducted a UvrD £ MutL helicase assay using the short substrate (not shown) and
the same conditions as in 3.2.2. We did not see any difference between UvrD and UvrD +
MutL. The assay conditions were therefore adapted to make the assay more challenging for

UvrD helicase to see if MutL can ‘help’ the helicase.

First adaptation to the helicase assay was the usage of a longer helicase assay substrate
(oDWO070-71) when assessing the addition of MutL to the UvrD helicase assay * protein blocks
(figure 3.8). The long DNA substrate was designed to be more challenging for UvrD helicase
than the experiments conducted on the short DNA substrate. UvrD alone has been shown to
have a limited DNA processivity between 40-50 bp (Matson and Robertson, 2006), therefore
80-bp should challenge the helicase’s unwinding ability and allow us to see a potential
increase in efficiency upon addition of MutL. The long DNA substrate contained a ter site in
the permissive orientation to enable testing of the ability of UvrD with and without MutL to
unwind past the Tus-ter block. Lastly, an EcoRlI site within the substrate allows for binding of
a mutant version of EcoRI, EcoRIl E111G. EcoRI E111G, does not cleave DNA but remains
bound to its restriction site (King et al., 1989) and in our assay represents a small and
physiologically unfamiliar DNA-bound block that UvrD might encounter when unwinding DNA

in vivo.
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The assay was also adapted by altering the assay temperature. Standard helicase assays are
conducted at 37 °C, which is an optimal growth temperature for E. coli (Tuttle et al., 2021)
though E. coli also adapts well to higher temperatures, as high as 52 °C (Fotadar et al., 2005).
The temperature in our assays was reduced to 27 °C. The assay time was also reduced to 3
minutes incubation instead of 10 minutes once ATP was added. UvrD alone was not able to
unwind the dsDNA region of oDW070-71 under challenging helicase assay conditions (figure
3.8), though we see some limited unwinding. This is likely due to the low processivity of UvrD
of 40-50 bp, which would be insufficient to unwind the full 80 bp of dsDNA on the substrate.
The addition of MutL resulted in increased unwinding seen by the increased presence of a
lower band (unwound) on the gel and through quantification. We conducted a one-tail t-test to
determine the significance of our results since we were looking for an increase in substrate
unwinding when MutL was added, with p value <0.05 seen as significant. The difference of
unwinding with and without MutL at UvrD concentrations of 30 nM and 40 nM was statistically
significant, with 20 nM being insignificant with a p value of 0.064. When assessing these
results, it is important to remember the small sample number (n=3) and the high standard
deviation. The results for 30 nM and 40 nM are also statistically significant if assessed using
a two-tail t-test to look for a change instead of an increase, with respective p values of p =

0.008 and p = 0.048).

Our results confirm that the addition of MutL can improve the ability of UvrD helicase to unwind

dsDNA.
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Figure 3.8 The addition of MutL helps UvrD unwind long dsDNA substrate (oDWO070-71). A.
Representative native 10% TBE-PAGE gel showing UvrD unwinding of oDW070-71 with and without
MutL. The concentrations of proteins are as stated above, with 2 nM of oDW070-71 substrate added to
the assay with incubation for 3 min at 27 °C. B. Quantification results of n=3 helicase assays. The error
bars represent the standard deviation. The p values were generated through a one-tail t-test, with
significance decided by a p value of <0.05; significant values were shown for 30 nM and 40 nM (p =
0.004 and p = 0.024 respectively) and non-significant values for 10 nM and 20 nM (p = 0.186 and p =
0.064 respectively).
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3.2.3.2 MutL helps UvrD helicase unwind past the EcoRI E111G block, but not

the Tus block.
We wanted to determine whether UvrD could unwind the long DNA substrate (oDW070-71)
when EcoRI E111G was bound to the EcoRI cleavage site or if Tus was bound to ter in the
permissive orientation on the double-stranded region of the substrate. While we know that the
addition of MutL increases UvrD processivity, we do not know whether it affects the ability of
UvrD to unwind dsDNA past DNA-bound proteins. With the long dsDNA region of the
substrate, we hypothesised that UvrD alone would not be able to unwind the full substrate
(figure 3.8), but were curious to see whether it could unwind past the blocks when MutL was
added. UvrD helicase alone was inefficient at unwinding past the long DNA substrate when
EcoRI E111G was also added to the assay; however, the addition of 50 nM MutL significantly
increased the percentage of unwound DNA at all concentrations (figure 3.9). This result shows
that MutL assists UvrD in unwinding the substrate past the EcoRI cleavage site where EcoRI
E111G block might be found. Since a band shift assay is not available to show that EcoRI was
bound to our substrate we cannot be sure that EcoRI E111G was actually bound to the binding
site on the substrate. On oDWQ070-71, the EcoRI E111G binding site starts after 40 bp of
dsDNA (figure 3.6 B), which means that to unwind past the block UvrD would need to unwind
a minimum of 46 bp. With a processivity of max 50 bp, 46 bp might be challenging for UvrD
alone, with and without a block present. UvrD would also likely not be able to fully unwind the

full substrate, as showed in figure 3.8.

Our assay results for UvrDxMutL and UvrDzMutL+EcoRI E111G (figure 3.8 and 3.9
respectively) both show an increase in unwinding when MutL was present and very limited
unwinding when MutL was not present. When comparing the results, we do see a lower
percentage of unwound substrate by UvrD alone when EcoRI was also added to the assay.
We also see a variety in the percentage of unwound substrate by UvrD+MutL, where more

substrate was unwound in the assay without EcoRI. These details suggest that EcoRI was
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likely bound to the substrate and created an additional obstacle for UvrD that the helicase was

able to unwind past.

Next, we tested for the ability of UvrD with and without MutL to unwind the long substrate
when Tus was added to the assay and therefore likely past the permissive orientation of the
Tus-ter block on the long DNA substrate (figure 3.10). The same terB sequence was used in
oDWO070-71 as for the short DNA substrate 0JH117-118, which we did show was able to
successfully bind with Tus through a band shift assay (Figure 3.6 C). Since Tus has a strong
KD of 3.4 x 10 (Gottlieb et al., 1992) for ter and since it was able to bind a similar substrate,

we can assume that Tus has also bound to oDWO070-71.

We found that UvrD alone was able to unwind past the substrate designed to include the
permissive orientation of the Tus-ter block. This was a surprising result when considering the
poor processivity of UvrD and that the helicase alone was unable to unwind past the substrate
without a block and the substrate when EcoRI E111G was also present in the assay (figures
3.8 and 3.9 respectively). This result suggested that the addition of Tus seemed to somehow
stimulate UvrD unwinding to allow it to unwind past the full substrate and likely past the Tus-
ter block (assuming Tus was able to find the substrate UvrD could unwind >5% substrate when
Tus was added to the assay, compared to <2% when EcoRI E111G was added to the assay.
Addition of MutL protein to the UvrD+Tus assay presented a not significant increase in the
percentage of long DNA substrate unwound, suggesting that UvrD alone was sufficient in the
conditions of the test. The efficiency of UvrD + MutL was very similar in the tests that contained
Tus and that contained EcoRI E111G. One-tail t-test was conducted to test for a percentage

increase of unwound substrate when MutL was added. All values were insignificant.
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Figure 3.9 The ability of UvrD £ MutL to unwind DNA past an ECORI E111G block on along dsDNA
substrate. Representative 10% native TBE-PAGE gel of a helicase assay of UvrD + MutL against the
EcoRI E111G block. . 2 nM of oDW070-71 substrate, 50 nM of MutL, and 200 nM of EcoRI E111G
added to the assay with incubation for 3 min at 27 °C. B. Helicase assay quantification for UvrD + MutL
against the EcoRI E111G block (n=3). The error bars represent standard deviation. Significance was
determined through a one-tail T-test for values <0.05. (10 nM p=0.0087, 20 nM p=0.0069, 30 nM
p=0.01413, 40 nM p=0.0502, all differences were significant).
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Figure 3.10 The ability of UvrD + MutL to unwind DNA past the permissive orientation of the Tus-ter
block on a long dsDNA substrate. Representative 10% native TBE-PAGE gel of a helicase assay of
UvrD + MutL against the permissive orientation of the Tus-ter block. . 2 nM of o0DW070-71 substrate,
50 nM of MutL, and 200 nM of Tus added to the assay. B. Helicase assay quantification for UvrD *
MutL against the permissive orientation of the Tus-ter block (n=3). The error bars represent standard
deviation. Significance was determined through a one-tail T-test for values <0.05. (10 nM p=0.2528, 20
nM p=0.2938, 30 nM p=0.1867, 40 nM p=0.3595, all differences were not significant).
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Lastly, when testing the long substrate in an assay where both EcoRI and Tus were added
(figure 3.11), we found that UvrD alone was able to unwind the substrate with similar
effectiveness as unwinding in an assay with Tus only. Due to a lack of a band shift assay, we
cannot show whether one or both proteins have bound to the substrate to form the blocks.
This means that UvrD might have been unwinding either substrate only, substrate past the
Tus-ter block, substrate past the EcoRI E111G block, or substrate past both the Tus-ter and

EcoRI E111G blocks.

The results for 10 nM, 20 nM, and 40 nM of UvrD £ MutL are similar in the assay with Tus and
EcoRI E111G to the assay with Tus only when looking at UvrD only results. The result for
UvrD + MutL against both Tus and EcoRI showed a lower percentage of unwound substrate
when comparing to the assay against Tus only, while UvrD alone showed an increase. These
results suggest that the addition of EcoRI E111G to the assay somehow limited the assist of

MutL.

Two-tail t-test was conducted to test for a percentage change of unwound substrate when

comparing UvrD and UvrD + MutL.
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Figure 3.11 The ability of UvrD + MutL to unwind DNA past the permissive orientation of the Tus-
ter block and the EcoRI E111G block on the same long DNA substrate. A. Representative 10%
native TBE-PAGE gel of a helicase assay of UvrD + MutL against the permissive orientation of the Tus-
ter block and the EcoRI E111G block on the same substrate. 2 nM of oDW070-71 substrate, 50 nM of
MutL, and 200 nM each of Tus and EcoRI E111G added to the assay. B. Helicase assay quantification
for UvrD + MutL against the permissive orientation of the Tus-ter block and the EcoRI E111G block on
the same substrate (n=3). The error bars represent standard deviation. Significance was determined
through a one-tail T-test for values <0.05. (10 nM p=0.6086, 20 nM p=0.1418, 30 nM p=0.1682, 40 nM

p=0.0588, differences for all concentrations were not significant).
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3.2.3.3. Addition of UvrD + MutL to a replication assay to aid DNA replication

termination.
Our results support the finding by Bidnenko and coworkers that UvrD is able to remove Tus
from ter (Bidnenko et al., 2006). This result however does not agree with previous results from
our group (Jameson et al., 2021), which showed that UvrD was unable to remove Tus in a

replication assay where both replication forks terminated at Tus-ter.

Both helicase assays and replication assays are in vitro biochemical assays which use 2P to
label DNA. DNA substrates used for helicase assays were end-labelled with a radioactive 2P
phosphate, while a radioactive *P d(CTP) base is incorporated into nascent DNA during
replication assays. Helicase assays are much simpler than replication assays. While helicase
assays test the helicase for unwinding of a short dsDNA substrate (or plasmid region),
replication assays are designed to imitate the circular chromosome of bacteria with a circular
plasmid. A key comparison between replication assays and helicase assays is the presence

of a full replisome, rather than just the helicase.

For our replication assays, we used the pKJO01 plasmid and DNA template. It was designed
to contain an oriC region for DNA replication initiation, a lacO2; array for the binding of Lacl
(forming a reversible block which can be removed through addition of IPTG), and a terB site
which allows for Tus binding, with the clockwise fork approaching the non-permissive

orientation of the Tus-ter block (figure 3.12 A).

We wanted to test whether addition of UvrD, as well as the addition of MutL, can aid replication.
We conducted a replication assay using the pKJOO1 plasmid in which we blocked both
replication forks, the clockwise fork at the non-permissive orientation of the Tus-ter block and
the counterclockwise fork at the Lacl-lacO block site (figure 3.12 B, C and D). If UvrD helicase,
with or without MutL, can remove Tus when the replication fork is present, we would expect to
see an increase in forks released from Tus-ter, observed through a decrease in the 2.7 kb
band and an increase in the 3.8 kb band as replication forks progress though ter and are

halted at the Lacl-lacO block. Additionally, UvrD helicase was added into the assay either
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early (before the reconstitution of the replication forks) or late (once replication is ongoing and
the forks are near/at the block) to test whether this timing has any significance. The addition
of UvrD early or late has previously been shown to produce significantly different results,
where early addition of UvrD increased RNAP removal and decreased EcoRI E111G removal

(Wollman et al., 2023).

We were unable to conduct more than two repeats of this experiment due to time limitations
(figure 3.12 B and C). Future work would include repetition of this test to increase the sample
size, which would increase our significance strength and make our results more trustworthy.
It is also important to note that the strength and clarity of bands often varies from gel to gel

and an increased sample size would allow for a better estimation on the average values.

The first lane of each gel (figure 3.12 B and C) represents our control sample with no UvrD,
MutL, Tus, or Lacl added. In this lane we would expect a full length replication product of 6 kb.
Surprisingly we see additional bands at 3.8 kb and 1.5 kb, which indicates a Lacl
contamination. We confirmed that this contamination existed in our Gyrase sample (personal
communication, Hawkins 2023). The Lacl contamination did not affect our experimental
reactions as we block the counterclockwise fork in the assay through an addition of Lacl to

form the Lacl-lacO block.

Quantification showed that early addition of UvrD did not produce a significant increase in the
percentage of clockwise replication forks able to proceed past the non-permissive orientation
of the Tus-ter block compared to the control. The addition of UvrD + MutL did however show
an increased percentage of replication forks past the non-permissive orientation of the Tus-
ter block compared to early UvrD only sample. This value was marginally non-significant (p

value of 0.052).

When attempting to compare the two gel results for late addition of UvrD, we saw large
variation between values generated from gel one and gel two (figure 3.12 B and C). Difference

between late addition UvrD only samples was 10.5%, compared to 1% for early addition UvrD.
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Similarly, the difference between late addition of UvrD + MutL was 8.8%, compared to 0.2%
for early addition of UvrD + MutL. Due to the low number of repeats, we did not feel that the
mean value of n=2 would represent these results correctly and therefore decided that
statistical analysis was not possible and that the comparison of UvrD added late with and

without MutL cannot be analysed with the data available.

The early results generated are however promising, suggesting that the addition of MutL helps

UvrD remove Tus when the full replisome is present.
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Figure 3.12 The ability of UvrD + MutL to aid replication fork progression by removing Tus. A.
Schematic of the pKJOO1 replication assay template, featuring the oriC region for DNA replication
initiation, the lacOy; array for Lacl binding, and terB for Tus binding. The length of expected replication
products is indicated. 2 nM of plasmid template added to the assay. B and C. N=2 repeats of a
replication assay where two replication forks are blocked. The proteins were added as indicated. ‘E’
and ‘L’ labels represent early or late UvrD addition, respectively. D. Quantification of the percentage of
replication forks released from Tus-ter from the two gel repeats. The p values were calculated using a
one-tail t-test. The p values and significance of the mean between the two gels for various reactions
have been indicated.
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3.3 Discussion

In this chapter UvrD helicase was challenged to unwind dsDNA in assays which included Tus
and EcoRi E111G, added with the purpose of forming two blocks, Tus-ter and EcoRI E111G
on short and long substrates. UvrD unwinding past the permissive and non-permissive
orientation of Tus-ter was first tested in easy conditions (short dsDNA substrate, 37 °C, 10
min incubation time). UvrD unwinding past the permissive orientation of Tus-ter and the EcoRI
E111G block were also tested in ‘challenging’ conditions (long dsDNA substrate, 27 °C, 3 min
incubation time). We also tested whether the addition of MutL could enhance the ability of

UvrD to unwind dsDNA and if it can help UvrD displace, or unwind past, nucleoprotein blocks.

When analysing our results, it was important consider that the only band shift assay data
available was for Tus binding to the short substrate. This meant that we could not be fully
confident that our long substrates also contained the blocks, but we do know what proteins

were present in the assay and can assume how likely it is that they formed the desired blocks.

The work in this thesis showed that UvrD is capable of unwinding past the Tus-ter block in
both orientations on the short DNA substrate, and that the addition of Tus to the assay on the
long substrate increased the ability of UvrD to unwind the substrate. This work also showed
that the addition of MutL did not increase the percentage of unwound long DNA substrate
when Tus was added to the assay. The concentrations of UvrD used for the helicase assays
using short DNA substrate, otherwise known as “easy conditions”, were adapted from Lee and
coworkers 1989 (Lee et al., 1989). Lee and coworkers concluded that UvrD was unable to
unwind past the non-permissive orientation of Tus-ter, despite other literature showing UvrD
was capable of unwinding past Tus-ter (Khatri et al., 1989; Hiasa and Marians, 1992). This
work demonstrates that UvrD can unwind past the Tus block even at the lowest
concentrations. When comparing my results and the data from the literature, it is however
important to consider that different DNA substrates were used. Lee and coworkers, as well as

Khatri and coworkers, used the M13mp18 ssDNA plasmid with a double-stranded ter region
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for Tus binding, while Hiasa and Marians used the M13YTB53 and M13YTB35 phage DNA as
DNA template for their helicase assays where UvrD was able to remove Tus from terB (Hiasa
and Marians, 1992) Our DNA substrate included two oligos which hybridised into a 25-bp
double stranded region including the ter site and two single-stranded 25-bp ‘arms’ to facilitate

helicase loading (Lee et al., 1989; Khatri et al., 1989).

When UvrD helicase was tested in a replication assay for Tus removal with the full replisome
was present/blocked at Tus-ter, UvrD helicase function was limited and we did not see an
increase in fork release from Tus-ter when UvrD was added early. However, a marginally
insignificant increase, from an average of 15.29% to 18.21% with a p value of 0.0524, was
visible when both UvrD (early) and MutL were added. If time permitted, we would repeat this

assay for both the early and late addition of UvrD, to be able to generate a larger sample size.

It would also be interesting to repeat the termination assay and replication assay with ligase
conducted by Jameson and coworkers. In the termination mapping assay, two replication forks
were manipulated to terminate replication at Tus-ter on pKJ001. Using single strand cutters,
the termination region was sequenced using radioactive nucleotides and revealed an
unreplicated 15-23 bp gap with the same footprint as the binding of Tus (Jameson et al., 2021).
As a response, a replication assay, including RNase HI, DNA Ligase and DNA Polymerase |
(RLP) to allow for replication fork fusion, was conducted with an addition of helicases Rep,
UvrD and RecG to test for their ability to aid replication fork progression past the Tus-ter block.
None of the helicases were able to assist (Jameson et al., 2021). It would be interesting to
conduct a replication assay of UvrD + MutL + RLP to see if the addition of MutL would act as
the ‘missing factor’ of termination, especially as UvrD has been shown to remove Tus in vivo

(Bidnenko et al., 2006).

When UvrD was challenged to unwind a long substrate in an assay with EcoRI E111G present,
our data showed that UvrD was inefficient at unwinding the substrate. The addition of MutL
however appeared to have a large effect, producing a significant increase in the percentage

of dsDNA unwound from the long DNA substrate compared to UvrD alone when EcoRI E111G
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was added to the assay. The difference between the ability of UvrD alone to unwind when
EcoRI E111G was present and when Tus was present is striking and surprising. Our results
suggested that UvrD might have a specific affinity for Tus which could potentially increase its

DNA unwinding efficiency.

3.3.1 What can UvrD tell us about how helicases displace DNA-bound

proteins?

Though a lot of studies have been done to investigate if various helicases can remove
nucleoprotein blocks, not a lot of investigation has been done on the actual mechanism of
protein displacement. One of the better investigated protein block removal processes is the
removal of stalled RNAP. To remove the block during TCR and replication-transcription
conflicts, Mfd is able to push RNAP forward, which allows for DNA damage machinery to reach
a DNA lesion (Park et al., 2002; Smith and Savery, 2005; Howan et al., 2012). UvrD is also
able to remove a stalled RNAP block, but unlike Mfd, it pulls RNAP backwards using the EC
complex (Epshtein et al., 2014). However, we do not know how helicases remove most
proteins that they encounter on the DNA — do they apply an active mechanism such as the
‘pulling’ of RNAP by UvrD, or does helicase collision with the protein block cause for its

displacement without an active role of the helicase?

The helicase assays in this study shine some light on how the mechanism of protein
displacement might vary depending on which protein block the helicase approaches. Based
on my results in this work and on the data present in literature, | propose that there are three

mechanisms that helicases might use to approach DNA-bound protein blocks (figure 3.13).
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A Protein removal through sheer force B Protein region evolved for protein removal
C Helicase actively removing DNA-bound protein
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Figure 3.13 Models for the mechanism of protein displacement by helicases. A. The helicase can
displace a DNA-bound protein through collision with the block. B. The helicase can displace a DNA-
bound protein because it contains a specific region evolved for DNA-bound protein removal. C. The
helicase can displace a DNA-bound protein through an active mechanism, which might include binding

to the protein or the area surrounding it. Created on biorender.com.

The first mechanism (figure 3.13 A) exploits the presence of helicases on dsDNA, the speed
of the helicase, and the movement of the DNA strands away from one another as the duplex
breaks. These factors can combine to cause for the action of the helicase moving towards the
block to displace the block. Alternatively, the block may be displaced by sheer force of the
helicase-block collision. Examples of this mechanism might include the removal of the Tus

block by DnaB in the case of a failed mousetrap mechanism (Elshenawy et al., 2015).

In this study, we suggest that the removal of EcoRI E111G by UvrD (with and without MutL)
can act as an example of this mechanism. This is supported by the inefficiency of UvrD alone
to unwind past the block, whereas the addition of MutL, which has been shown to increase
the DNA processivity of UvrD (Mechanic et al., 2000; Ordabayev et al., 2018, 2019), allowed

UvrD to potentially ‘push’ past the block with greater force.
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The second mechanism (figure 3.13 B) indicates that some or all helicases can ‘change’
conformation to increase their ability to remove DNA-bound proteins or have regions which
are responsible for protein removal. This might or might not be dependant on how the helicase
approaches the block — whether through DNA unwinding or not. An example of this can be
seen in the Bruning study where the 2B subdomain of Rep helicase was linked to its ability to
remove DNA bound proteins. RepA2B was unable to remove DNA bound proteins (EcoRl
E111G and Streptavidin) compared to WT Rep, suggesting that the 2B subdomain of Rep has

a specific function for DNA-bound protein removal (Briining et al., 2018).

In our study, this mechanism could apply to the 2B subdomain of UvrD helicase, since complex
formation between MutL and UvrD causes rotation of the 2B subdomain of UvrD into an ‘open’
conformation (Ordabayev et al., 2019). It would be interesting to adapt our helicase assay
against the EcoRI E111G block by stimulating the rotation of the 2B subdomain without the
presence of MutL, potentially through the use of a low salt concentration buffer (Jia et al.,
2011). By doing this we could compare whether the addition of MutL had any specific effect
on the ability of UvrD to unwind past the block, or if MutL was only helpful through its ability to

rotate the 2B subdomain of UvrD.

The third mechanism (figure 3.13 C) suggests that certain helicases can have an active
mechanism of nucleoprotein block removal, which does not have to be associated with the
helicase unwinding the DNA. An example includes the role of UvrD in the removal of the RNAP
by pulling it backwards using the EC (elongation complex of RNAP), where UvrD is bound to
RNAP rather than to the DNA (Epshtein et al., 2014). Another example was illustrated by
Petrova and coworkers who showed that when UvrD was tested for protein displacement
against RecA, an active mechanism which required UvrD-mediated ATP hydrolysis was
initiated (Petrova et al., 2015). To make it even more interesting, removal of the C-terminal of
the RecA protein disabled the ability of UvrD to remove it from the DNA, suggesting that the

helicase was able to specifically recognise RecA to remove it (Petrova et al., 2015).
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Our results suggest that UvrD might remove Tus using a specific active mechanism. This is
illustrated by the ability of UvrD to unwind the long substrate past the Tus-ter block with greater
efficiency than unwinding the substrate without the block, but also through the lack of
increased efficiency when MutL was added. Our results cannot indicate what the active
mechanism might be, but they do show that UvrD ‘behaved’ differently when Tus was present

in the assay than when it was not present.

Future work could include further investigation of these three potential mechanisms of
nucleoprotein block removal by helicases. Tests might include helicase assays, stopped-flow
DNA unwinding experiments to determine unwinding speed past a block, and single-molecule

experiments (such as the time traces conducted by Ordabayev et al., 2019).

For UvrD, future work would include testing whether the speed of UvrD helicase approaching
the Tus-ter, EcoRI E111G, and other blocks affects its ability to remove it. This could
potentially be conducted through stopped-flow DNA unwinding experiments. Further studies
of the 2B subdomain of UvrD could also determine whether it has a role in nucleoprotein block
removal in a similar way that the 2B subdomain of its homologue Rep. Surface plasmon
resonance (SPR) might also be used to investigate the interaction of UvrD (or UvrD regions)
with nucleoprotein blocks, such as Tus and RecA. Lastly, determining the degree of UvrD and
Tus interaction might shine a light on how Tus might be removed, which could be further

investigated through generating a CryoEM structure of UvrD and Tus on DNA.
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Chapter 4. Protein Purification of UvrD Helicase

with N-Terminal Deletions and 2B Subdomain

Deletion

4.1 Introduction

UvrD helicase is the main helicase of the MMR mechanism in E. coli. During MMR, MutS
detects the mismatched bases and MutH nicks the nascent strand, identified through hemi-
methylation of d(GATC) sites (Su and Modrich, 1986; Au, Welsh and Modrich, 1992; Hall and
Matson, 1999; Sixma, 2001; Tessmer et al., 2008). MutL protein then loads UvrD onto the
nicked DNA towards the mismatch to unwind the incorrectly synthesised nascent strand (Dao
and Modrich, 1998; Yamaguchi et al., 1998; Mechanic et al., 2000; Hall et al., 1998). A
complex between the MutL dimer and UvrD (as a monomer (Ordabayev et al., 2018)) has
been well documented (Hall et al., 1998), but the interaction between MutL and UvrD during
MMR is still being investigated. Studies have shown that the binding of MutL to UvrD has two
effects on the helicase (Ordabayev et al., 2018, 2019). First, the binding of MutL causes a
rotation of the 2B subdomain of UvrD from a ‘closed’ into an ‘open’ conformation by 130° to
160° (Ordabayev et al., 2019). Second, the binding of MutL to UvrD enhances UvrD

processivity of DNA by 2-3 fold (Ordabayev et al., 2018).

The first aim of this study was to increase our understanding of the MutL:UvrD complex

formation by investigating which regions of UvrD are required for binding to MutL.

Little research has been conducted on UvrD regions responsible for binding with MutL (Figure
1.4). Hall, Jordan and Matson conducted a yeast two-hybrid test where regions of UvrD and
MutL were removed to determine if the proteins can still interact. They found that deletion of

the first 100 and the last 40 amino acids of UvrD prevented interaction with MutL (Hall et al.,
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1998). The first 100 amino acids of UvrD can be found in the 1A subdomain which is partly
responsible for UvrD DNA unwinding (Meir and Greene, 2021). The last 40 amino acids can
be found in the uncharacterised C-terminal domain of UvrD, which has been demonstrated to
interact with some proteins, such as UvrB (Manelyte et al., 2009). Recent structural studies
were able to characterise the C-terminal of PcrA helicase, a B. subtilis UvrD homologue, which
is likely similar to the C-terminal tail of UvrD (Urrutia-Irazabal et al., 2021). In this study, we
decided to narrow down the MutL binding region by removing the first 50 and 100 amino acids
to determine which area of the N-terminal of UvrD contains the MutL binding domain (figure
4.1). Once produced, we planned to test for UvrD and MutL interaction though cross-linking

analysis and SPR.

The second aim of this study was to gain a better understanding of the link between the
MutL:UvrD complex formation and the 2B subdomain of UvrD. We wanted to determine the
effect of the 2B subdomain rotation on not only DNA unwinding, which is well documented (Jia
et al., 2011; Ordabayev et al., 2018, 2019), but also on DNA-bound protein displacement by

UvrD.

The 2B subdomain of Rep, a UvrD homologue, was also investigated for its part in DNA
unwinding and protein displacement (Briining et al., 2018). RepA2B was found to have
increased DNA processivity, but was no longer able to remove DNA-bound proteins (Brining
et al., 2018). Since removal of the 2B subdomain of UvrD also affected DNA processivity
(Ordabayev et al., 2018), we wanted to test whether complete removal of the 2B subdomain
of UvrD would have a similar effect as in RepA2B. We decided to purify a UvrDA2B protein
(figure 4.1) and to test for the MutL:UvrDA2B interaction through cross-linking and SPR.
Additionally, we wanted to test for DNA unwinding of DNA and against nucleoprotein blocks

of UvrDA2B compared to WT.
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Figure 4.1 UvrD Helicase subdomains and deletion plan. UvrD helicase (PDB 21S1) consists of four
subdomains, 1A, 2A, 1B, and 2B. In this chapter, we attempt to create UvrD helicase mutants with two
N-terminal deletions, UvrDA52N and UvrDA108N, and with a deletion of the full 2B subdomain,
UvrDA2B.
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4.2 Results

4.2.1 Cloning uvrD into pET28a-HisSUMO

To generate UvrD helicase mutants, we started by cloning the complete uvrD gene into an

expression plasmid, generating the pET28a-HisSUMO-uvrD plasmid, pDWO0O06 (figure 4.2).

PCR was used to generate a linearised pET28a-HisSUMO vector (Figure 3.1 B), and to isolate
the uvrD gene (figure 4.2 B) from the E. coli genome. As previously described in section
3.2.1.1, the pET28a vector is a 5369-bp over-expression plasmid with a kanamycin resistance
gene, a lac operator sequence for inducing protein-of-interest expression and a T7 promoter
region for protein transcription (Shilling et al., 2020; Dubendorf and Studier, 1991). The

pET28a vector used also contained an N-terminal his-tagged SUMO gene.

uvrD gene

PET28a-HisSUMO-UvrD (pDWO006)
7716 bp

TR
)

1 s g > 4
T7 terminato? v s 2

Gl N
[uttorE. \ Y

S 4000

Figure 4.2 Map of UvrD expression plasmid. A. pET28a-HisSUMO-uvrD plasmid (pDWO006). Regions
designed for deletion from uvrD to generate uvrDA52N uvrDA108N, and uvrDA2B have been annotated.

B. Linearised uvrD gene amplified using PCR for InFusion. Expected size 2.16 kb.
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InFusion cloning was used to insert the amplified uvrD gene into the vector through
homologous recombination. The correct insertion of the gene was confirmed using both

SourceBioscience Sanger sequencing and Plasmidsaurus nanopore sequencing.

4.2.2 Cloning and protein purification of UvrDA108N

4.2.2.1 Generating the pET28a-HisSUMO-uvrDA108N expression plasmid

Hall and coworkers conducted a yeast two-hybrid test where UvrDA100N was not able to
interact with MutL. To purify a mutant UvrDA100N, we decided to remove the first 108 amino
acids instead of 100. When deciding on the site, we considered the amino acid properties of
the amino acids around A100 of UvrD (99-RAHHMDANLPQD-110) and used PyMol to
observe the protein structure of UvrD around A100. It was important to consider amino acids
that were not very hydrophobic, so that the Gly-Gly region for SUMO cleavage wouldn’t be
obstructed, as well as which amino acids were found on the surface of the protein to avoid

protein unfolding around the region.

We identified that the first 108 amino acids of UvrD can be found to contain approximately half
of the 1A subdomain and part of the 1B (figure 4.3 C, 108 amino acids shown in yellow) (Lee
and Yang, 2006, PDB 2IS1). The 1A subdomain is required for DNA translocation (section
1.2) and therefore the deletion of this region might impact the translocation ability of our mutant
(Lee and Yang, 2006). Important residues which will be deleted includes R37, which is found
within motif I and which weakly binds the 2’-OH of ATP, and T36, which functions with residues

D220 and E221 of motif Il to acquire a Mgz« for ATP hydrolysis (Lee and Yang, 2006).

AlphaFold was used to generate a model protein structure for UvrDA108N (figure 4.3 D), which

was further viewed and annotated using PyMol. The AlphaFold predicted structure showed
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similar folding of the remaining amino acids to the WT protein. This indicates that the loss of

108 amino acids from the N-terminal of UvrD should not be crucial to overall protein structure.

pDWO006 was used as a template for generating an expression plasmid for the UvrDA108N
protein, pET28a-HisSUMO-uvrDA108N (pDWO008). The first 324 nucleotides of uvrD were
removed from pDWO0O6 (full uvrD gene) using PCR. The process was similar to site-directed
mutagenesis PCR but removed a large gene region instead of individual nucleotides.
Plasmidsaurus nanopore sequencing was used to confirm correct deletion of the region (figure

43 A).
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Figure 4.3 UvrDA108N expression plasmid map and predicted protein structure. A. pET28a-
HisSUMO-uvrDA108N (pDWO008) expression plasmid generated by InFusion cloning. B. Linearised
HisSUMO-uvrD108N before gel extraction. Expected size 7.399 kb. C. Protein structure of UvrD
helicase (PDB 21S1) generated using PyMol with the first 52 amino acids shown in yellow-black and the
remaining first 108 amino acids in yellow, shown to occupy a large part of the 1A (teal) and 1B (blue)

subdomains. D. AlphaFold generated model of truncated UvrD, UvrDA108N.
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4.2.2.2 DNA precipitation with poly(ethyleneimine) precipitates HisSUMO-

UvrDA108N protein

DNA precipitation is conducted to remove DNA from proteins that interact with nucleic acid.
This step ensures that there is no DNA purified alongside the protein which might interfere
with protein function during in vitro experiments. In our group we have previously used
Poly(ethyleneimine) (also known as PolyminP or PEI) to precipitate DNA in protein purification
samples after separation of the insoluble and soluble lysate fractions (conducted as per

Jameson et al., 2021).

A DNA precipitation step using PolyminP was included in the protein purification of the
HisSUMO-UvrDA108N protein. When visualising the first steps of the protein purification
protocol on a 10% SDS-PAGE gel, we saw the expected protein band (82.1 kDa) in the total,
insoluble and soluble fractions, but did not see any in the fraction after DNA purification and
supernatant filtering (figure 4.4 A). The lack of HisSUMO-UvrDA108N protein in both samples

indicates that the protein precipitated alongside DNA during the DNA precipitation step.

Optimisation of the PolyminP DNA precipitation step was attempted during HisSUMO-
UvrDA108N protein purification (Figure 4.4 B). We tested our standard final concentration of
PolyminP (0.075%) and a lower concentration (0.05%) alongside varying concentrations of
NaCl (300 mM, 500 mM, 700 mM, and 1 M) in 50 mM Tris-HCI, pH 7 buffer. Both
concentrations of PolyminP showed protein precipitation at NaCl concentrations of 300-700
mM. Some protein was visible at 1 M NaCl concentration, which was not surprising since at
NaCl concentrations of 1 M or higher, Polymin P should not precipitate protein (Burgess,

1991). We decided not to use PolyminP for DNA precipitation of UvrD mutants.
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As an alternative, we added DNase | to a final concentration of 2 pg/ml to the lysis buffer and
included a high salt (3 M NaCl) wash in the first affinity chromatography step (personal
communication, Chechik 2023). DNA was shown to precipitate in high salt concentrations
(Fang et al., 1992). In retrospect, testing other DNA precipitation techniques, such as sodium

deoxycholate, would have been preferred (conducted on UvrD in Atkinson et al., 2009).
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Figure 4.4 HisSUMO-UvrDA108N DNA precipitation step optimisation.. A. 10% SDS-PAGE gel
showing the HisSUMO-UvrDA108N protein (band of interest 82.1 kDa) precipitating alongside DNA
during the DNA precipitation step using 0.075% PolyminP. B. 10% SDS-PAGE gel showing DNA
precipitation test using 0.075% or 0.05% Polymin P in 300 mM, 500 mM, 700 mM or 1 M NacCl.
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4.2.2.3 Protein purification of UvrDA108N using affinity chromatography and the

SEC pathway

The first attempt at protein purification of UvrDA108N was conducted using two affinity
chromatography steps and a SEC chromatography step (hereafter known as the SEC
strategy). In this method we expected HisSUMO-UvrDA108N to bind to the nickel column
during the first affinity chromatography step before the HisSUMO tag was cleaved away using
a SUMO specific protease, Ulpl. In the second affinity chromatography step, the cleaved
HisSUMO tag was expected to bind to the column while the untagged protein-of-interest would

not. The SEC step was added to remove any additional protein contaminants.

After the first affinity column and overnight cleavage, UvrDA108N was injected into an affinity
column for the second affinity step. We observed a high peak during the elution step where
we only expected to see the HisSUMO protein (figure 4.5 C). When visualised on a 10% SDS-
PAGE gel (figure 4.5 D), the majority of UvrDA108N was found in the elution fraction alongside
an incompletely cleaved HisSUMO- UvrDA108N. The cleaved and uncleaved proteins were
also found in the flow through fractions, where UvrDA108N was expected. This might have
occurred due to dimer and/or tetramer formation which could have obscured some of the Ulp1

cleavage sites and in turn left an exposed His-tag site for binding to the HisTrap column.

When the mixed cleaved and uncleaved protein sample was injected into a SEC column, we
were able to isolate a fraction where most of the protein was cleaved. The final purified protein
(figure 4.5 E) contained some unidentified protein bands, likely other protein contaminants or
protein homodimers and tetramers which did not break during protein boiling before loading
onto the denaturing SDS gel (personal communication, Hill 2023). Upon analysis, we decided
that the protein of interest was much more concentrated than the contaminants and in the full
sample volume the contaminants would be negligible and would likely not affect UvrDA108N

function.
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4.2.2.4 Protein purification of UvrDA108N using the ion exchange pathway

We were curious to see whether a different protein purification technique would be able to

separate cleaved and uncleaved UvrDA108N better. We conducted a second attempt at
protein purification of UvrDA108N using one affinity chromatography step and an ion exchange

chromatography step (hereafter known as the ion exchange strategy). In this method, the

HisSUMO-UvrDA108N protein was isolated using a nickel column during the affinity step,
before HisSSUMO tag cleavage from UvrDA108N. The sample was then injected into a MonoQ
ion exchange chromatography column where UvrDA108N and HisSUMO-UvrDA108N could

be isolated using their negative charge difference.

Buffer optimisation tests were performed to check whether HisSUMO-UvrDA108N was soluble
and stable (did not precipitate) in ion exchange chromatography conditions (Figure 4.6 A and
B). First, we tested a change of pH, from pH 7.0 to pH 8.0. This was done to achieve a better

charge difference between HisSUMO-UvrDA108N (-24.6) and UvrDA108N (-18.7) post
cleavage. HisSUMO-UvrDA108N was soluble at both pH 7.0 and 8.0 (figure 4.6 A). Second,

we tested a change of NaCl concentration. lon exchange chromatography requires a low salt
buffer for sample loading and a high salt buffer for elution from the column. HisSUMO-

UvrDA108N was soluble in salt concentrations from 50 to 500 mM (Figure 4.6 B).
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Figure 4.6 Protein purification of UvrDA108N using ion exchange chromatography. A. 10% SDS-
PAGE protein gel showing a solubility test of HisSSUMO-UvrDA108N in pH 7.0 and 8.0 lysis buffers. B.
10% SDS-PAGE gel showing the solubility of HisSUMO-UvrDA108N at NaCl concentrations of 50 mM,
100 mM, 150 mM, 200 mM, 250 mM, and 500 mM. C. 10% SDS-PAGE protein gel showing fractions
from the ion exchange chromatography. HisSUMO-UvrDA108N was expected at 82.1 kDa, while
UvrDA108N was expected at 70.1 kDa. D. 10% SDS-PAGE protein gel showing the steps conducted
as part of the ion exchange route of UvrDA108N protein purification. ‘AF’ shows samples from the

affinity chromatography while ‘post-MonoQ’ shows the final protein aliquot.
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lon exchange chromatography eluted the protein in a single peak, which mostly contained the

cleaved UvrDA108N protein (figure 4.6 C). The most intense band migrated at the correct size
for cleaved UvrDA108 (70.1 kDa), with only a very weak band for uncleaved HisSUMO-
UvrDA108N (82.1 kDa). Due to a lack of HisSUMO-UvrDAL108N in any other fractions, it is

unlikely that it eluted elsewhere. The binding of the protein to the MonoQ column could have
somehow exposed the cleavage site and increased the amount of protein cleavage. The

chromatograph of the peak is not available due to a mistake in saving it on the system.

UvrDA108N was successfully purified using the lon exchange route of protein purification

(figure 4.6 D).

4.2.2.5 UvrDA108N could not unwind dsDNA

A helicase assay was conducted to test whether UvrDA108N could unwind a short dsDNA
substrate (in non-challenging conditions at 37 °C with an incubation time of 10 min) (figure 3.6
A) and whether the addition of MutL improved its unwinding ability (Figure 4.7 A). We
previously were able to show that WT UvrD was able to unwind this substrate (Figure 3.7).
Our hypothesis was that if MutL can assist WT UvrD activity, but not UvrDA108N, then the
binding site for UvrD-MutL complex might be found in the first 200 amino acids of UvrD, as
suggested by Hall and coworkers (Hall et al. , 1998). The helicase assay was conducted using
UvrDA108N purified through the SEC column strategy (section 4.2.2.3). This is because the
assay was conducted before UvrDA108N purification through the ion exchange route (section

4.2.2.4) was achieved.
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Figure 4.7 UvrDA108N functional assay and TSA. A. Helicase assay testing the ability of UvrDA108N
to unwind a short dsDNA replication fork-like substate with and without the addition of 50 nM MutL. B.
Thermal shift assay to test the folding of UvrDA108N produced by the SEC strategy (green) route and

the ion exchange strategy (MonoQ) route (purple). WT UvrD (blue) has been shown for comparison
with a correct TSA peak.
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UvrDA108N was not able to unwind the dsDNA substrate alone or with the addition of MutL.
As hypothesised in section 4.2.2.1, which is likely due to the removal of important residues
(T36 and R37 from motif I) responsible for ATP hydrolysis and binding. The removal of a part
of the 1A subdomain, which is essential for DNA translocation (figure 1.1) (Meir and Greene,
2021), likely also prevented UvrDA108N from binding to the DNA. This is likely due to the 1A
and 2A subdomains being involved in DNA unwinding, which was not considered when first
designing this deletion region. As a comparison, WT UvrD was able to unwind the substrate
fully (figure 3.7 A and B, 0 nM Tus 100 nM UvrD lane) as well as against the Tus-ter block

(figure 3.7 A and B).

Correct folding of UvrDA108N purified through both the SEC and the MonoQ strategies was
tested using the thermal shift assay (TSA) (Huynh and Partch, 2015). Both UvrDA108N
samples display a similar curve that starts either higher (MonoQ) or as high (SEC) as the
highest point of the peak. TSA assesses how much fluorescent signal is released from a the
SYPRO dye which binds to the hydrophobic elements of protein (figure 2.5) (Sackett and
Wolff, 1987; Steinberg et al., 1996). Therefore, a signal that starts high suggests that the
protein is not folded correctly and that its hydrophobic regions are exposed at the start of the
test. The signal then dips as the SYPRO dye signal fades, before the rest of the protein unfolds
— forming the peak. The TSA results suggest that both purification methods for UvrDA108N
produced incorrectly folded protein that could not be used in further experiments. For
comparison, the WT UvrD test (figure 4.7 B) shows a curve that shows correct protein folding,
with a clear peak, the start of which is lower than the peak itself (figure 2.5, reference to a

correct looking peak).
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4.2.3 Cloning and protein purification of UvrDA53N

Next, we aimed to generate a deletion of the first 50 amino acids of UvrD to determine if

UvrDA50N was able to interact with MutL and therefore where in the first 100 amino acids of
UvrD the interacting region with MutL might be found. To purify a mutant UvrDA50N, we
decided to remove the first 53 amino acids instead of 50, same as with UvrDA108N. When

deciding on the site, we considered the amino acid properties of the amino acids around E50
of UvrD (48-SVENCSPYSIMAV-60) and used PyMol to observe the protein structure of UvrD
around E50 to avoid hydrophobic amino acids and ensure Gly-Gly cleavage region would be
accessible by Ulpl. When initially designing the construct we did not consider with enough
detall that the removal of the first 53 amino acids of UvrD would also remove residues T36

and R37, which are involved in ATP hydrolysis (Lee and Yang, 2006). Similarly to UvrDA108N,

this deletion might therefore limit or disable its ATP hydrolysis and DNA translocation function.

We generated a HisSUMO-UvrDAS53N (pDWO007) expression construct (figure 4.8 A) using
PCR with primers designed to omit the synthesis of the first 159 nucleotides of uvrD from
pDWO006 (WT UvrD) expression plasmid (using the same technique as in section 4.2.2.1).
pDWO0O07 was sequenced using Plasmidsaurus nanopore sequencing to confirm the correct

sequence, (figure 4.8 A).

BL21 DE3 cells were transformed with pDWO007 and overexpression of HisSUMO-UvrDA53N

was induced with 1 mM IPTG for 3 hrs at 37 °C in LB broth. The correct protein band (88.4

kDa) was only found in the insoluble fraction, (figure 4.8 B), therefore HisSSUMO-UvrDA53N

was insoluble.

We attempted to optimise expression by altering the NaCl concentration of the lysis buffer

(figure 4.8 C), but the protein remained insoluble.
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Figure 4.8 Cloning and expression tests for the HisSUMO-UvrDA53N protein. A. HisSSUMO-
UvrDAS3N protein expression plasmid (pDWO007) map. B. 10% SDS-PAGE gel showing expression test
for HisSUMO-UvrDA53N from pDWO007, showing the non-induced and induced total fractions (soluble

and insoluble), and the induced soluble fraction. C. 10% SDS-PAGE gel showing a solubility test for
HisSUMO-UvrDA53N in 50 mM, 100 mM, 200 mM and 500 mM NacCl.
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4.2.4 Cloning and protein purification of UvrDA52N

Rather than attempting to adjust the lysis buffer composition for HisSUMO-UvrDAS3N
purification or other expression conditions, we decided to redesign our expression plasmid to
remove the first 52 amino acids of UvrD instead of 53 amino acids. The decision to alter the
construct to remove the first 52 amino acids instead of 53 amino acids was based on trial and
error as well as advise from a more experienced colleague (personal communication, Chechik
2023). We have looked at the amino acids found around 53S and chose 52C as it would not

leave an exposed hydrophobic site which could conceal the SUMO cleavage region.

pET28a-HisSUMO-uvrDA52N (pDW010) was generated by PCR by removing the first 156
nucleotides from the WT uvrD gene in pDWO0O06. The plasmid sequence and correct deletion
were confirmed using Plasmidsaurus nanopore sequencing, (figure 4.9 A). WT UvrD protein
structure (Lee and Yang, 2006, PDB 2IS1) was viewed using PyMol and the location of the
first 52 amino acids were found in the 1A subdomain (figure 4.9 B — the 52 amino acids
highlighted in yellow-black). As previously described for UvrDA108N and UvrDA53N, the
deletion of the first 52 animo acids would also remove residues T36 and R37, which would

limit/disable the ATP hydrolysis function of UvrD (Lee and Yang, 2006).

AlphaFold was used to generate a prediction for the structure of UvrDA5S2N, (figure 4.9 C).

Similarly to UvrDA108N, the AlphaFold structure suggested that the deletion should not

critically alter the protein structure.

BL21 DE3 cells were transformed with pDWO010 and overexpression of HisSUMO-UvrDA52N
was induced using IPTG. The overexpressed protein was purified using the ion exchange
strategy of protein purification. Cleavage after affinity chromatography was incomplete (figure
4.9 D) and the yield collected after ion exchange chromatography was very small. The protein

precipitated during storage at -70 °C.
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Unfortunately, the small yield and protein precipitation did not allow us to use UvrDA52N

further in this work.
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Figure 4.9 UvrDA52N expression plasmid pDWO010 and protein purification. A. Plasmid map of
oDWO010, including the N-terminal comparison between pDWO007 and pDWO010. B. Protein structure of
UvrD (PDB 2IS1) showing the four subdomains, 1A (teal), 1B (blue), 2A (orange), 2B (pink), and the
first 52 amino acids highlighted in yellow. C. AlphaFold generated protein structure of UvrDA52N.

Domains colour-coded as per B. D. Protein purification of UvrDA52N using the ion exchange strategy.
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4.2.5 Cloning and protein purification of UvrDA2B

4.2.5.1 Designing the UvrDA2B expression plasmid

We aimed to produce UvrDA2B protein to test what effect deletion of the 2B subdomain would

have on UvrD helicase DNA processivity and protein displacement ability.

The first step in creating the UvrDA2B mutant protein was deciding which amino acids to use

as the ‘start’ and ‘end’ of the 2B domain deletion. First, we used the published UvrD helicase
protein structure (Lee and Yang, 2006, PDB 2IS1) and observed the edges of the 2B
subdomain. Using PyMol we found that the 2B subdomain is located between two sections of
the 2A subdomain. The 2B subdomain is linked to the 2A subdomain with long linker regions
without helixes or beta sheets, likely used for 2B rotation (figure 4.10 A). We wanted to make
sure that the 2B deletion would not affect the folding and function of the 2A subdomain. We
put consideration into which amino acids to choose as the ‘edges’ of our deletion to ensure
that the regions can link without affecting the 2A subdomain. To confirm our choices, we
generated an AlphaFold model (figure 4.10 B) for the mutated protein. Based on all these

considerations, we decided to remove the 2B subdomain from M380 to Q545 (figure 4.10 C).
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Figure 4.10 Designing UvrDA2B. A. UvrD amino acid chain with the four subdomains as indicated,
including the 2B subdomain in pink. B. AlphaFold generated model of UvrDA2B, viewed and colour
coded using PyMol. The three remaining UvrD subdomains are labelled, as well as the uncharacterised
C-terminal tail. C. UvrD structure (PDB 2IS1) with the linker region between the 2A (orange) and 2B
(pink) subdomains of UvrD on closer inspection. The green and blue amino acids represent the amino
acids designated as edges used for 2B subdomain removal. The first design spanned M380 and G544,

followed by a second design using M380 to Q545. Created on biorender.com.
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PCR was used to remove the 2B subdomain of the UvrD protein using pDWO0O06 as a template
and generating pET28a-HisSUMO-uvrDA2B plasmid (pDWO009). pDWO009 was sequenced
using SourceBioscience Sanger sequencing (figure 4.11 A), which showed an insertion
mutation confirmed by Plasmidsaurus nanopore sequencing (figure 4.11 B). During PCR, the
DNA polymerase (Phusion) misread a repeat sequence at the deletion site ‘GGGGGG’ into
‘GGGGGGEG'. This insertion changed the uvrD reading frame and added a premature stop
codon, and therefore the plasmid was not suitable for the expression of UvrDA2B. This
insertion was caused by poor primer design. We redesigned the amino acid deletion region to
continue from M380 but changing G544 into Q545 (figure 4.11 C) to avoid the long sequence

of repeat nucleotides. The new deletion site was designed to read ‘GGGCAG’ instead.

PCR was conducted to remove the 2B subdomain of UvrD from pDWO006 and generate a hew
pET28a-HisSUMO-uvrDA2B plasmid (pDWO011) (figure 4.11 D). Plasmidsaurus nanopore
sequencing showed that while the 2B subdomain was removed successfully, DNA polymerase
added a base pair upstream from the 2B subdomain during PCR. This changed the reading
frame of the protein in line with SUMO (figure 4.11 D). We concluded that the pDWO011 plasmid
was unable to generate UvrDA2B; however, unlike oDWO0Q9, this error was due to the DNA
polymerase functioning incorrectly, rather than the PCR primer design. To generate
successful expression plasmids, we purchased fresh DNA polymerase (Phusion) and Dpnl
restriction enzymes. The change to a fresh DNA polymerase helped prevent further mutations
in the newly generated DNA, while fresh Dpnl ensured that the original template was cleaved

(detected through methylation) and was not available to transform into DH5a cells.

PCR was conducted for the third time using a fresh batch of Phusion DNA polymerase using

the same primers used to design pDWO011. This generated a new pET28a-HisSUMO-uvrDA2B

plasmid (pDW012) (figure 4.11 E). Plasmidsaurus nanopore sequencing showed that the full

plasmid and gene sequence were correct.
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Figure 4.11 Generating the UvrDA2B expression plasmid. A. Sanger sequencing using the T7
reverse primer result showing an unidentified base at the deletion site of pPDW009. B. pDWO009 plasmid
map. Red circle highlights an incorrect reading frame (black) compared to expected (green) and the X
on the base pairs shows the incorrect base pair insertion. C. The regions upstream and downstream
the 2B region of the uvrD gene. The red square represents the region downstream of 2B designed for
pDWO009, the square shows the second region downstream of 2B designed for pDW011 and
pDWO012. D. pDWO011 plasmid map. Correct 2B deletion site is shown in green on the sequence, but
the red circle highlights the incorrect reading frame (black) compared to predicted reading frame (green
arrow of gene of interest) due to an insertion deletion mid-gene. E. pDW012 plasmid map, with a correct

2B deletion, gene sequence and reading frame.
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4.2.5.2 Expression test of UvrDA2B from pDW012

BL21 DE3 cells were transformed with pDW012 and overexpression of HisSUMO-UvrDA2B

was induced with 1 mM IPTG. 10% SDS-PAGE gel was used to show the protein expression

results for HisSUMO-UvrDA2B using a variety of lysis buffers with either 300, 500, 1000, or

1500 mM of NaCl, and either 0%, 5% or 10% glycerol (Figure 4.12). While a protein of
expected size (74.9 kDa) is visible in the total fraction, we did not observe the protein in the

soluble fraction in any of the tested buffer conditions.

In conclusion, HisSUMO-UvrDA2B produced from pDWO012 was insoluble. Due to time
constraints, we were unable to vary our expression conditions further or edit the expression

plasmid design.

T e

g »
ked 6" 300 mM NaCl 500 mM NaCl 1000 mM NaCl 1500 mM NaCl
& £

Figure 4.12 Overexpression of HisSUMO-UvrDA2B from pDWO012. 10% SDS-PAGE gel showing
overexpression tests of HisSUMO-UvrDA2B using IPTG in BL21 DE3 cells. The total lane includes the
soluble and insoluble fractions, in 300 mM NaCl and 0% glycerol. The cell pellet was resuspended in a
variety of buffers to check for protein solubility in 300 mM, 500 mM, 1000 mM and 1500 mM NacCl, and
in 0%, 5% and 10% glycerol. The arrow shows the location of the expected 74.9 kDa band.
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4.3 Discussion
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Figure 4.13 Summary of protein purification. Attempts, challenges, and analysis conducted in this

results chapter. Created on biorender.com.
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In this chapter we attempted to create mutant UvrD helicases, two with N-terminal deletions
to test for binding with the MutL protein, UvrDA108N and UvrDA52N, and one with the deletion
of the entire 2B subdomain to test for change in DNA unwinding and DNA-bound protein
removal abilities, UvrDA2B. Unfortunately, we were unable to purify the intended set of UvrD
mutants for further analysis due to a range of technical obstacles at the stage of either

expression plasmid design or purification (figure 4.13).

4.3.1 Solubility Problems

One of the problems encountered was the solubility of mutant UvrD constructs. HisSUMO-
UvrDA108N and HisSUMO-UvrDA52N were found in the soluble fractions, though HisSUMO-
UvrDA52N did not have as strong expression as HisSUMO-UvrDA108N. It was unfortunate
that HisSUMO-UvrDA53N and HisSUMO-UvrDA2B were not soluble, especially HisSUMO-
UvrDA2B which would have made a very interesting addition to this body of work. As
demonstrated in this chapter, the advice we received for expressing insoluble proteins was to
redesign the expression plasmid construct. This was successful when altering HisSUMO-

UvrDA53N into HisSUMO-UvrDA52N, which was soluble though sadly not stable.

Without time constraints, we would have redesigned the HisSUMO-UvrDA2B expression
plasmid and tried a variety of deletion combinations to see which ones could produce a soluble
protein. Since Rep helicase was successfully produced with a deletion of its 2B subdomain
(Bruning et al., 2018), and since UvrD and Rep share 40% sequence similarity, purification of

UvrD without its 2B subdomain seems likely to be possible.

While helping solubility, the change in the deletion site from HisSUMO-UvrDA53N to
HisSUMO-UvrDA52N likely increased the difficulty of cleaving the HisSSUMO tag, something
we were not aware of at the time. After HisSSUMO cleavage the UvrDA52N amino acid

sequence begins with an exposed cysteine. These residues have been shown to cause
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dimer formation in proteins through the formation of cysteine disulfide bonds (Wiedemann et
al., 2020; Moghadam et al., 2015). Since we know that WT UvrD helicase can form dimers
(Maluf et al., 2003) and even tetramers (Wollman et al., 2023), the addition of free cysteine
sites likely encouraged the binding of these proteins, and therefore could have restricted the
cleavage site for HisSSUMO further. The presence of cysteines in proteins has also been
associated with protein aggregation during overexpression (Moghadam et al., 2015), which

could explain the precipitation of our final protein.

4.3.2 Chromatography Strategy

4.3.2.1 Columns

When purifying hisSUMO-tagged proteins, the standard protocol in our laboratory was to
conduct two affinity chromatography steps, followed by a SEC step (SEC strategy). This was
designed to easily separate the his-tag SUMO-protein from untagged proteins and then to
separate his-SUMO and the protein-of-interest, before using the SEC column to remove any
protein contaminants. This method worked successfully for our MutL protein purification
(section 3.2.1.3) and UvrDA108N purification. To troubleshoot the problem of partially cleaved
HisSUMO tagged protein, we decided to attempt the ion exchange route — which included a
single affinity column, followed by an ion exchange MonoQ column to separate HisSUMO-
protein and protein by charge. We used this method to successfully purify UvrDA108N and to
purify UvrDA52N but with a very low yield. Due to our sample not being entirely clean of
contaminants after the final ion exchange step, we would ideally conduct an additional SEC
step to achieve a cleaner product. However, we were unable to do so due to the small protein
amounts and decided to use the sample we generated using either the SEC or the ion
exchange route only. If time was not a constraint, testing purification with larger volumes of
cell culture (2 or 3 L instead of 500 ml) might help get a better yield of protein and allow for
extra purification steps.
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4.3.2.2 DNA precipitation technigue

Another diversion from the MutL protein purification protocol was the removal of the DNA
precipitation step and substitution with a 3 M NaCl protein wash. In retrospect, it would have
been preferable to test other DNA precipitation technigues, such as the use of sodium
deoxycholate (Atkinson et al., 2009) or testing whether UvrD mutants can remain stable after
DNA precipitation at 1 M NaCl with PolyminP (though the high salt would prevent us from
following the ion exchange strategy). The DNA precipitation method chosen could have

affected the ability of UvrDA108N, though likely the protein was uncapable of unwinding DNA

anyway due to essential DNA-binding regions being deleted.

4.3.3 Expression plasmid design

4.3.3.1 Change of expression plasmid backbone/template

The WT UvrD helicase was previously purified in our laboratory using a pETDuetUvrD
expression plasmid (Guy et al., 2009). This WT uvrD plasmid was not used as a template due
to the solubility and his-affinity advantages of the HisSUMO construct. If time was not a
constraint, we could attempt to use the pETDuetUvrD plasmid as a plasmid construct template
instead. The advantage of attempting this method would be that this plasmid construct has
been shown to produce functional WT UvrD (Atkinson et al., 2009; Jameson et al., 2021),

though the lack of an affinity tag makes the purification protocol less straightforward.

4.3.3.2 Deletion site design

Lastly, it is important to discuss the design of the N-terminal deletions. Our strategy was based
on the findings of Hall et al. where MutL was not able to interact with UvrD in a yeast two-

hybrid test after the removal of the first 100 amino acids of UvrD (Hall et al., 1998). While this
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test was a good guide to the UvrD:MutL interaction, the deletion of such a large region in a
recombinant protein might be considered quite extreme. The deletion of the first 108, 53, and
52 amino acids of UvrD would unfortunately remove residues T36 and R37, which are involved
in ATP hydrolysis where T36 works with D220 and E221 to acquire a magnesium ion while
R37 binds weakly to the 2'-OH of ATP (Lee and Yang, 2006). The deletions would also remove
a large region of the 1A subdomain, which is required for DNA translocation (Meir and Greene,
2021). The C-terminal of UvrD has also been previously tested for protein-protein interaction,
including Hall’s yeast two-hybrid test for UvrD and MutL interaction (Hall et al., 1998) and
Manelyte and coworkers bacterial two-hybrid test and surface plasmon resonance
spectroscopy for UvrD and UvrB interaction (Manelyte et al., 2009). In the future, it would be
interesting to further investigate the interaction of the C-terminal domain of UvrD helicase and

the MutL protein.

4.3.4 Future work

If more time and funds were available, we would aim to conduct cross-linking mass
spectrometry (XL-MS) experiments on WT MutL and WT UvrD to determine the binding site
on each protein in the UvrD:MutL complex with higher accuracy. XL-MS combines the tools of
mass spectrometry and cross-linking to determine which amino acids are involved in protein-
protein complex formation (Piersimoni et al., 2022). The methodology follows addition of a
cross-linker to a buffer with both MutL and UvrD proteins, followed by an addition of protease
which cleaves the proteins into smaller regions. MS can then define which amino acids of each
protein are bound by the cross-linker (Piersimoni et al., 2022). Once these regions are known,
further protein mutations can be conducted to determine if the protein-protein interactions are

still possible when the correct amino acids are not available.
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Other exciting techniques suitable for this work would be a bacterial two-hybrid test and SPR.
Bacterial two-hybrid tests are conducted by fusing proteins of interest in vivo, one with an
RNAP a-subunit and one with Acl which can activate a lacZ promoter. If the proteins interact,
LacZ is produced and can be detected using colony screening. This test can be conducted
using a reporter strain KS1 (Dove, Joung and Hochschild, 1997; Dove and Hochschild, 1998;

Manelyte et al., 2009).

SPR is conducted in vitro by immobilising a protein on a streptavidin sensor chip and placing
it in a flow cell. The second protein is injected into the flow cell and the association between
proteins is detected on a sensogram (Schuck, 1997). This technique can be adapted to using
purified protein regions and testing for their interaction, removing the need for purification of a

functional mutant protein (Manelyte et al., 2009)
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Chapter 5. Tus Jumping Assay Development and

Preliminary Results

5.1 Introduction

DNA replication is an essential process found in all living organisms and some viruses. In this
work we investigate the final stage of DNA replication in E. coli, known as replication
termination. In E. coli, termination can occur in two ways. First is free fusion, where the two
replication forks fuse together anywhere on the chromosome, though usually within the region
opposite oriC. The second occurs at a termination block called Tus-ter, which consists of a 23

bp ter sequence which the Tus protein binds to, forming an asymmetric block.

The E. coli chromosome contains ten ter sites, terA-J (figure 5.1 A and B) that Tus binds to
asymmetrically using a ‘mousetrap’ mechanism. This mechanism ‘locks’ the C6 nucleotide of
ter into a motif of Tus known as the ‘cytosine pocket’ by flipping the base out of the duplex and
into the pocket (figure 5.1 C) (Mulcair et al., 2006). Tus-ter is a unidirectional block which
permits the replication fork to pass through the permissive orientation of the nucleoprotein

complex but stops the replisome approaching in the non-permissive orientation (figure 5.1 D).

Our group conducted an in vitro biochemical termination mapping assay in which DNA
replication termination was forced to occur at the Tus-ter block (Jameson et al., 2021). Results
from the assay indicated that replication termination was unable to be completed and that a
15-25 bp unreplicated gap could be found with the same footprint as the binding of Tus
(Jameson et al., 2021). This finding raised questions about the location of Tus during
termination at Tus-ter and whether the protein was stuck between the two replication forks or

was previously dislodged by one of the replisomes (figure 5.1 E).
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Following the termination mapping result, a replication assay (previously described in 3.2.3.3)
was conducted to determine whether addition of helicases UvrD, Rep or RecG could increase
the amount of full replication product generated (Jameson et al., 2021). During the assay
replication forks were reconstituted on a plasmid to investigate DNA replication on a small
scale. Neither the addition of UvrD, Rep, nor RecG appeared to increase the amount of full
replication products produced, which suggested that neither of the helicases was able to assist
termination by (potentially) removing Tus from the region (Jameson et al., 2021). This result
was especially interesting when considering that UvrD has been shown to remove Tus in vivo
by Bidnenko (Bidnenko et al., 2006); while Rep, which can be found at the replication fork as
a secondary motor (Guy et al., 2009), was shown to remove Tus in vitro (Hiasa and Marians,

1992; Sahoo et al., 1995).

In this study we developed a novel in vitro assay to determine whether Tus remains bound to

the replication plasmid or whether it dissociates from ter upon replication fork collision.
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Figure 5.1 The Tus-ter block and its function in termination. A. 4.6 Mb chromosome of E. coli with
the ten ter sites, terA-J. B. Sequences of the ten ter sites with conserved regions in dark gray. Ter sites
have been labeled with the strength of the Tus-ter block, Tus binding confirmation, and whether they
are a part of an open reading frame (ORF). C. Mousetrap mechanism of the Tus-ter block. D. Protein
structure model of the Tus-ter block (PDB 2106). E. DNA replication termination at Tus-ter. I) Tus-ter
sandwiched between the two replisomes. Il) Tus dislodged from ter by a replication fork. A, B and E
have been adapted from Goodall et al., 2023, C has been adapted from Elshenawy et al., 2015, D has
been adapted from Jameson et al., 2021 (PDB ID 2106)
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5.2 Results

5.2.1 Assay Development

In this work, replication assays were used as a basis for the development of a new biochemical
assay, the Tus Jumping assay. The first step for assay development, was learning how to

successfully conduct a replication assay (figure 5.2).

Replication assays in this work were conducted on the pKJO01 plasmid as the DNA template
(Jameson et al., 2021). pKJOO1 has been designed to include a single origin of replication,
oriC, which acts as the site of replication fork reconstitution. Replication forks on pKJOO1 can
be blocked by two existing sites. First, a lacO2; array forms a reversible block with Lacl;
blocking the clockwise replication fork after replication of 3.7-4.5 kb and counterclockwise fork
after replication of 1.5 kb (figure 5.2 B, lane 3). Addition of IPTG removes Lacl from lacO and
allows for DNA replication to continue (figure 5.2 B, lane 5). Second, addition of Tus to the
assay forms the Tus-terB block. The clockwise fork encounters the non-permissive face of the
Tus-terB block and stops replication after synthesising 2.7 kb. The counterclockwise block
encounters the permissive orientation of the Tus-terB block and should proceed past the block.
In a reaction where only the Tus block is added (figure 5.2 B, lane 2) both the clockwise and
anticlockwise forks can reach the Tus-terB block first. If both Tus and Lacl are added to the
reaction with IPTG (figure 5.2 B, lane 4) both forks become blocked. DNA replication
termination at Tus-ter can be simulated by adding both Tus and Lacl to the reaction, as well
as IPTG (figure 5.2 B, lane 6). This ensures that the counterclockwise fork arrives at Tus-terB

second and that the two forks meet at the Tus-terB site.

Addition of Lacl and/or Tus can be used to investigate what happens if/when the forks are
stopped by these blocks, what can rescue them, and how their stalling can affect further
replication. With addition of radioactive dCTP nucleotide we label nascent DNA, which allows

us to visualise the length of DNA replicated and therefore fork progression on the plasmid.
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Replication assays require an addition of 13 proteins to form the replication forks and initiate

replication. These include DNA polymerase Il components a, €, 8, and 1 (McHenry, 1985), the

replicative _helicase DnaB (LeBowitz and McMacken, 1986) and its loader protein DnaC

(Martin et al., 1998), B clamp (Stukenberg et al., 1991; Kong et al., 1992; L6épez De Saro et
al., 2006; Koleva et al., 2019), primase DnaG (Kitani et al., 1985; Tougu and Marians, 1996),
SSB (Cerr6n et al., 2019), HU (Rouviére-Yaniv et al., 1979; Bramhill and Kornberg, 1988),

and topoisomerase Gyrase A;B, (Morrison and Cozzarelli, 1979; Smelkova and Marians,

2001; Marians, 1987) . Lastly, addition of DnaA at the start of each reaction triggers DNA
replication initiation at oriC (Bonnefoy and Rouviere-Yaniv, 1992; reviewed in Lewis et al.,

2016).

The restriction enzyme Smal was added to replication assay reactions to linearise the plasmid.
The location of the cleavage site allows for both replication forks to be released from oriC and
continue DNA synthesis before the plasmid is cut. Smal can be substituted with Sacl and Ncol.
While two forks are released from oriC, cleavage with these enzymes only allows one fork to
proceed towards Tus-terB (non-permissive and permissive respectively) while the other fork
runs off the strand cut by the enzyme. This mechanism can be used to ensure that a replication

fork reaches either the permissive or non-permissive orientation of Tus-ter only.
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5.2.2 Tus Jumping Assay

In this work we developed the Tus jumping assay to investigate whether Tus remains bound

to ter after a collision with a replication fork and during termination at Tus-ter.

The Tus jumping assay (figure 2.7) was developed using the replication assay technique as
its foundation. Replication forks were reconstituted on oriC and DNA replication was initiated
after addition of DnaA. The clockwise and counterclockwise replication forks progress towards
Tus-terB and Lacl-lacO blocks respectively. The addition of Smal after two minutes linearised
pKJO001, while the addition of IPTG removed Lacl and allowed the counterclockwise fork to
progress towards Tus-terB and the stalled clockwise fork. No dCTP 32P was included in the
Tus jumping assay to label the nascent DNA, instead 5 nM of ‘Tus capture substrate’ was
added alongside Smal. The Tus capture substrate was designed as a short dsDNA substrate
featuring the terB sequence for Tus binding and was labelled through PNK end-labelling with

a radioactive *°P tag.

The Tus jumping assay was designed on the basis that if Tus was displaced from ter when
replications forks collide with or terminate at Tus-terB on pKJ0O01, free Tus would proceed to
bind to another available terB site, such as the one found on the Tus capture substrate. By
running the sample on a native gel, we expected to see a size difference between Tus-bound

and unbound Tus capture substrate.
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5.2.2.1 Tus capture substrate

Tus capture substrate design was based on the 0JH117-118 helicase assay substrate known
to bind Tus (figure 3.6). We redesigned the substrate by binding 0JH117 to its complete
complement (oDWO035) and used end-labelling to add a radioactive 2P tag to the 5’ end of
0JH117 using PNK end-labelling. 2 nM of the dsDNA substrate was incubated in helicase
assay conditions (method section 2.2.5.6) for 6 min at 37°C with varying concentrations of Tus
(0 nM, 1 nM, 2 nM, 4 nM, 8 nm). The samples were run on a 10% TBE-PAGE native gel to
test if Tus binds to the substrate and whether separation of Tus-bound and unbound substrate
is visible (figure 5.3). This separation was previously seen to be possible using 0JH117-118

and 0JH123-124 (figure 3.6).
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Figure 5.3 Tus-bound Tus capture substrate runs higher on a native gel than unbound substrate.
A. 10% TBE-PAGE native gel showing 2 nM of Tus capture substrate and various concentrations of
Tus after incubation for 6 min t 37°C. B. Quantification of n=3 gels as per A. The error bars show
standard deviation of each result.

We were able to show separation of the Tus-bound and unbound Tus capture substrate on a

10% TBE-PAGE native gel (figure 5.3). This result gave us two conclusions. First, Tus can

172



successfully bind to our ‘free-floating ter site’. Second, that Tus-bound and unbound substrate
can be separated on a 10% TBE-PAGE native gel as a higher and lower DNA band with good
resolution. While the resolution of the image isn’t ideal due to low activity 3P used to label the
substrate, this result showed that it was feasible to use the Tus capture substate to calculate

the percentage increase of Tus-bound, compared to unbound, substrate.

It is important to consider how much of Tus actually bound to the DNA substrate. When 2 nM
of Tus was added to the assay, only 5% of the substrate was bound with Tus in the EMSA.
This can be analysed as only 0.1 nM of Tus having bound to the template. A further experiment
testing 2.5 nM of Tus and 5 nM of substrate would be beneficial to help us determine the

percentage of Tus we would expect to see bound to the substrate in perfect conditions.

5.2.3 Tus jumping Assay

Tus jumping assays were conducted to test whether Tus is displaced from ter when the two

replication forks met at Tus-ter (figure 5.4).

We designed three reactions to test how much Tus might be displaced by replication
termination at Tus-ter (table 5.1 and figure 5.4 A). To determine how much Tus is found free-
floating in the buffer, we also designed a reaction where DNA replication would not occur due

to lack of DnaA in the reaction.

One-tail t-test was conducted to test for an increase in the percentage of Tus-bound substrate

when comparing the control (+Tus +Lacl +IPTG -DnaA) and test samples (+Tus +Lacl +IPTG

+DnaA and +Tus +DnaA).
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Table 5.1 Conditions tested in the Tus capture assay when termination occurs at Tus-ter.

Reaction Name Proteins

Purpose

+Tus +Lacl Tus and Lacl block, plus
+IPTG +DnaA IPTG to remove Lacl

during the assay

To simulate DNA replication fork fusion and

termination at Tus-ter

+Tus +Lacl Tus and Lacl block — no
+IPTG -DnaA DnaA

To determine how much free-floating Tus can be
found in the assay — essential as Tus is added in
excess compared to pKJOO1.

+ Tus +DnaA Tus block only

To determine how much Tus is dislodged by DNA
replication when the replication forks can reach the
block from both the permissive and non-permissive

orientation.
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Figure 5.4 Preliminary results of the Tus jumping Assay. A. Visual guide to Tus jumping reactions
and the expected replication products. For +Tus +Lacl +IPTG +DnaA. The counterclockwise block will
be first blocked at the Lacl-lacO block, which should allow the clockwise fork to reach the non-
permissive orientation of Tus-terB first (labelled ‘1’). The counterclockwise fork is released through the
addition of IPTG, which allows it to continue towards the permissive orientation of Tus-terB. We expect
it to arrive second (labelled ‘2’) at the block. B. Percentage of Tus-bound Tus capture substrate (5 nM
in the assay) compared to unbound substrate, n=3. Error bars represent standard deviation, and the p
value was calculated using a one-tail t-test. Significant result must have a p value of 0.05 or less. C.
10% TBE-PAGE native gel with 3 repeats of the Tus jumping assay, bands used to generate percentage

values in B.
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We saw an insignificant increase (p=0.071) when comparing forks that terminated at Tus-terB

(+Tus +Lacl +IPTG +DnaA) and the reaction where no replication forks were released, and

only free-floating Tus was bound to the Tus capture substrate (+Tus +Lacl +IPTG -DnaA).

While the increase is insignificant, some Tus appears to be displaced by the replication forks.

Another insignificant increase was seen when comparing forks that terminated at Tus-terB

(+Tus +Lacl +IPTG +DnaA) and reactions where the counterclockwise fork was not stopped

by Lacl and either fork could reach Tus-ter first (+Tus +DnaA). This result was surprising as
we expected (+Tus +DnaA) to displace more Tus since the reaction includes not only forks
which might meet at Tus-ter, but also forks which would reach the permissive orientation of

Tus-ter first and hypothetically displace Tus.

To further understand these results, it is important to consider that in a band shift assay only
0.1 nM (5%) of Tus bound to 2 nM of substrate when 2 nM of Tus was added to the assay.

Considering this, results showing ~4.5% of substrate bound with Tus (+Tus +Lacl +IPTG

+DnaA) can be therefore quite promising and might be interpreted as the majority of Tus being

available to bind with the substrate and no longer bound to pKJOO1.

If more time was available, we would conduct more repeats of this experiment to increase the
sample size and generate independent results not conducted on the same day. Our current
results have a high standard deviation and increasing the sample size would allow us to

generate a more accurate mean value for each Tus-bound and unbound band.

5.2.4 One Fork Tus jumping Assay

As a response to the Tus Jumping Assay results, we wanted to understand whether individual
forks reaching the permissive or the non-permissive orientation of Tus-terB were able to

displace Tus.
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To test this, we cleaved pKJO01 with either Ncol or Sacl, instead of Smal. This enabled only
one replication fork to proceed towards Tus-terB while the other fork was forced to run off the
template. This allowed us to perform a Tus jumping assay testing for an increase in Tus-bound
substrate when the replication fork met Tus-terB from either the permissive (Ncol) or the non-

permissive orientation (Sacl) only.

5.2.4.1 Permissive orientation of Tus-ter

We first cleaved pKJO01 with Ncol and only elongated the counterclockwise replication fork,
traveling towards the permissive orientation of Tus-terB (figure 5.5). Table 5.2 displays the

four different conditions tested and their purpose.

As for the Tus jumping assay with both replication forks, we conducted a one-tail t-test to
determine if we see a significant increase between the control sample (+Tus +Lacl) with the

test samples (+Tus and +Tus +Lacl +IPTG).

Table 5.2 Conditions tested in the Tus capture assay when the replication fork only reached

Tus-ter in the permissive orientation.

Name Proteins Engineered Scenario
- Tus — Lacl No blocks Control, no Tus should bind to the substrate
+ Tus + Lacl Tus and Lacl block No forks reach Tus-ter. To determine how much

free-floating Tus binds to the substrate

+ Tus Tus block only Tus is dislodged by the fork meeting Tus-ter in

the permissive orientation

+ Tus + Lacl + Tus and Lacl block, plus Tus is dislodged by the fork meeting Tus-ter in
IPTG IPTG to remove the Lacl the permissive orientation, after a delay at Lacl-
block during the assay lacO
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We expected to see a large increase in Tus-bound substrate when comparing both samples
where the counterclockwise fork reached the permissive orientation of the Tus-terB block

quickly and after a pause at Lacl (+Tus and +Tus +Lacl +IPTG) with the +Tus +Lacl reaction,

where the replication fork would stop at the Lacl-lacO block and not reach Tus-terB and
therefore the only Tus bound to the substrate we would expect to see in this reaction is free-

floating Tus. Both +Tus and +Tus +Lacl +IPTG reactions allow the fork to reach Tus-ter, but

at different times. The fork in the +Tus reaction can reach Tus-ter quickly, while +Tus +Lacl
+IPTG is first stopped at Lacl-lacO. Allowing Tus to bind to ter for longer might ensure that the

mousetrap mechanism is securely locked in place (Elshenawy et al., 2015).

However, while we saw an increase of Tus-bound substrate in both reactions, neither of them
was significant (figure 5.5). This result suggested that when a replication fork passed through
the permissive orientation of Tus-terB, Tus remained close by and immediately rebound to the
same ter site. This finding partly matches Bidnenko’ s model, which also shows Tus rebinding
to ter once the replication fork passes (Bidnenko et al., 2006), though their study concentrated
on Tus removal after fork stalling at the non-permissive orientation of Tus-ter. It is however
important to consider the percentage of Tus bound to the substrate during the EMSA (figure
5.3), which would suggest that the presence of 4.5-5% of Tus-bound substrate would indicate
that a larger proportion of Tus might have been available to bind to the substrate than the

results initially reveal.
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5.2.4.2 Non-permissive orientation of Tus-ter

For the fork travelling towards the non-permissive face of Tus-terB (figure 5.6), we controlled
replication fork reconstitution at oriC though the addition, or lack of, DnaA in the assay —
similarly to the reactions in the initial Tus jumping assay (section 5.2.3). By not adding DnaA,
we were able to test how much Tus bound to the substrate without the presence of an active
replication fork. The conditions tested when pKJO01 was cut with Sacl only allowed the
replication fork to proceed towards the non-permissive orientation of Tus-terB and are shown

in table 5.3.

As for the Tus jumping assay with both replication forks, we conducted a one-tail t-test to

determine if we see a significant increase between the control sample (+Tus -DnaA) with the

test sample (+Tus +DnaA).

Table 5.3 Conditions tested in the Tus capture assay when the replication fork only reached

Tus-ter in the non-permissive orientation.

Name Proteins Purpose
Added/Omitted

-Tus -Lacl No blocks Control, no Tus should bind to the substrate

+Tus -DnaA Tus only, no DnaA No replication fork should be released from oriC due
to lack of DnaA. Used to determine how much free-

floating Tus in the assay binds to the substrate

+ Tus +DnaA Tus only To determine the amount of Tus displaced from terB
by the replication fork reaching the non-permissive

orientation of Tus-ter.
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We saw a significant increase (p=0.0497) in the percentage of Tus-bound substrate when
DNA replication forks were blocked at the non-permissive orientation of Tus-ter (+Tus +DnaA)
compared to free-floating Tus only (+Tus -DnaA). This result showed that stalling of the
replication fork at the non-permissive orientation of Tus-terB caused the displacement of Tus
from pKJOO1. While previous literature suggested that the stalling of the fork might cause
replisome dissociation from the replication fork while keeping the Tus-ter block intact (Kaplan,
2006) our results suggest that the collision of the replisome with the block might be enough to

remove Tus from ter.

Last but not least, when using Sacl in the Tus Jumping Assay we saw an unexpected band
above the Tus-bound band. The Sacl cleavage sequence (5’ - GAGCTC — 3) is not present
on the substrate — though this would likely generate a lower band, unless Sacl used is faulty
and does not cleave the DNA well. We do also see a lower band, but this again cannot be
explained as Sacl cleaving since no cleavage site is present on the substrate. We are
therefore unable to explain exactly what this higher band is, but we hypothesise that it could
represent non-specific binding of Sacl to the substrate (Pingoud and Jeltsch, 2001). Sacl is a
39 kDa protein, which is slightly larger than the 35.8 kDa Tus, which could explain the slightly
higher band. An EMSA looking at the substrate and Sacl might help determine if the band

represents non-specific Sacl binding.
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5.2.5 Creating Tus-bound template

In ideal conditions, we would not have any free-floating Tus in the Tus jumping assay
reactions. This would ensure that all Tus bound to the Tus capture substrate was dissociated
from pKJOO01. We could achieve this by generating a Tus jumping assay DNA template with

Tus already bound to it.

There were a few limitations to creating the Tus-bound pKJOO1. The first consideration was
the need to ensure that Tus-bound pKJ001 complex was purified and that no free-floating Tus
or unbound pKJO001 was present in the sample. The second consideration was the unknown
stability of the pKJ0O01-Tus complex, which might mean that long (or even short) term storage
and freezing of the complex would not be possible. Though it is important to note that the Tus-
ter complex has been reported to be very stable, with a Kd of 3.4 x 1013 (Gottlieb et al., 1992).
The third consideration was the low concentration of Tus which would be added to the assay.
Normally, 2 nM of pKJOO1 was used as standard in replication assays and the Tus jumping
assay. This would mean that only 2 nM of Tus would be present in the assay, compared to 50
nM tested in this chapter. We have shown that 2 nM of Tus could be seen bound to the
substrate, though the band was very faint (figure 5.3). Using high activity, ‘fresh’, 3P to label
the Tus capture substrate would allow generate an image with a better saturation, but we
cannot assume that all Tus would dissociate from pKJ001. Using 2 nM of Tus-bound pKJ001
could make the Tus-bound substrate band too weak to detect and/or quantify. If we would be
able to successfully create Tus-bound pKJ001, we could try to test higher pKJO001

concentrations in our replication assays.

We attempted to isolate the Tus-bound pKJO0O01 plasmid, as well as Tus unbound pKJ001 and

Tus protein alone using size exclusion chromatography (figure 5.7).
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When comparing samples which included Tus and pKJ001, pKJOO01 only, and Tus only, we
observed that the Tus:pKJ001 peak had a slight ‘hump’ which was not visible in the pKJ001
only sample (figure 5.7 A and B). This ‘hump’ however was too close to the main peak to
isolate it successfully. We compared the UV 280 and 260 readings of protein and DNA content
respectively (figure 5.7 B). Ideally, we would hope to see a higher 260 reading in the peak that
contains Tus-bound pKJO0O01 rather than just pKJOO01 alone, with similar 280 readings for both
samples. We did not see any significant changes in the 260 readings. This suggests that size

exclusion chromatography is not the best method of isolating Tus-bound pKJOO1.

Since size separation was not possible with the equipment available, we attempted to separate
the Tus-bound pKJO01, Tus unbound pKJO01, and Tus protein alone using ion exchange
chromatography with a Mono Q™ 5/50 GL column. This experiment was a late addition to this
thesis, and we were therefore unable to purchase a cation column. We were however hopeful
that the binding of positive Tus (+14 at pH 7) would alter the binding of the negatively charged
DNA to the anion MonoQ column. This should allow us to see two peaks, one for Tus-bound
pKJOO01 and one for unbound pKJO01 samples. Four peaks were visible on the ion exchange
chromatograph (figure 5.7 C). We ran fraction samples on a 1% agarose gel to visualise DNA

content (figure 5.7 D) and on a 10% SDS-PAGE gel to view to protein content (figure 5.7 E).

We were unable to isolate a peak that contained both pKJ001 and Tus. 1% agarose DNA
(figure 5.7 D) and 10% SDS-PAGE (figure 5.7 E) gels and nanodrop were used to confirm
the presence of DNA, protein, or both in the peaks. Peak 3 (figure 5.7 C) was confirmed to
contain pKJ001 plasmid only, while peak 4 (figure 5.7 C) contained a protein which matched
the expected size of Tus, 35.8 kDa (figure 5.7 E). Neither peak 3 nor 4 contained both
protein and DNA. The nanodrop readings disagreed with the gels, with peak 3 showing 19.1
ng/ul nucleic acid concentration, and A280 reading of 0.215 — which suggested that peak 3
should contain both DNA and protein. For comparison, peak 4 contained 0.2 ng/ul nucleic
acid and a A280 reading of 0.02. Peak 3 also had the highest 260/280 ratio from all peaks of

0.18, compared to 0.075 of peak 4.
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5.3 Discussion

5.3.1 Method Development

5.3.1.1 Stopping the replication reaction

When conducting a standard replication assay, we finish the reaction by adding a STOP buffer
to a 1x final concentration. Proteinase K and EDTA in the STOP buffer ensure that the
replisome proteins are denatured and can no longer continue the replication reaction. We were
unable to use the standard STOP buffer in our Tus jumping assay because its protein

denaturing ability would prevent us from visualising Tus bound to the Tus capture substrate.

Instead of using the STOP buffer, we decided to add 80% glycerol to a final concentration of
15% at the end of our reaction, followed by loading the reactions immediately onto the 10%
TBE-PAGE native gel and running samples at 150V. The reactions were conducted in sets of
four or six, with each set being loaded and run on a gel while the next one was being set up.

This created a ‘step-ladder’ pattern on the gel (figure 5.4, 5.5, 5.6).

The addition of glycerol enabled DNA loading onto the gel and was used as an alternative to
a loading dye due to the small amounts of SDS present in the NEB DNA loading dye. The
addition of glycerol and immediately running reactions on the gel was done with the intention

of slowing the function of the proteins in the assay when the STOP buffer could not be added.

5.3.1.2 Concentration of Tus vs substrate vs pKJ001

A problem with our assay was the high concentration of the substrate and the relatively low
concentration of Tus. We set these concentrations so that there was an excess of substrate
for Tus to bind, but the work presented is preliminary and meant to be adapted and improved.

Adding an excess of substrate was done to reduce the likelihood of including too much Tus in

186



the buffer which would remain unbound from pKJ0O01 and occupy the majority of ter sites on

the Tus capture substrate.

Because our results included an excess of substrate, on gels we see a very strong band of
unbound substrate. The Tus-bound substrate band when compared is very low, which means
that any percentage difference we quantify is also very small and therefore can vary a lot. If
we included less substrate, the ratio between the bound and unbound substrate lanes on the

gel would decrease, likely generating clearer results after quantification.

Another interesting aspect to consider is the result of the EMSA (figure 5.3), where we show
that not all Tus binds to the Tus-capture substrate in non-challenging conditions. Due to this,
it would be beneficial to conduct an EMSA with the same concentrations of Tus (2.5 nM) and
the Tus-capture substrate (5 nM) as used in the Tus Jumping Assays to determine what
percentage of Tus we could expect to bind to the substrate. This should allow us to better

analyse our data based on the ‘expected’ Tus binding rather than ‘actual’ Tus binding.

5.3.1.3 Affinity of Tus to pKJ001 and substrate

If more time was available, we would determine whether Tus has the same or similar affinity
to both pKJO001 and the Tus capture substrate. An imbalance in Kd would mean that Tus would
be biased towards one ter site over the other and would not provide accurate results. For
example, if Tus had a higher affinity for the ter site on pKJ001, then if Tus dissociated from
pKJO01, it would be more likely to rebind the ter site on pKJOO1 rather than the ter site on the
Tus capture substrate, preventing us from seeing dissociation. Similarly, if Tus has a higher

affinity for the substrate, it might not bind to pKJ0O01.

An electrophoretic mobility shift assay (EMSA), SPR, calorimetric assay and filter binding

assay could be used to measure the affinity of protein-DNA interactions (reviewed in Yang et
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al., 2005) and therefore to determine the kD of Tus to both pKJOO1 terB site and Tus capture

substrate terB site.

5.3.1.4 Development of Tus-bound pKJO001 isolation/purification

We have conducted both size exclusion and ion exchange chromatography to test if Tus-
bound pKJO001, Tus unbound pKJOO1, and Tus alone can be separated using

chromatography.

We were unable to separate the Tus-bound and unbound plasmid using size exclusion
chromatography. When comparing a sample with pKJ001 only and with both pKJO01 and Tus
we saw both produce a peak in the same elution, but the pKJO01-Tus peak contained a ‘hump’.
The ‘hump’ could indicate Tus presence — potentially due to a change in supercoiling when
the protein is bound and therefore running through the column differently from DNA alone.

The ‘hump’ however was not differentiated enough to separate it in a different fraction.

When using ion exchange chromatography we were unable to isolate Tus-bound pKJO001;
instead, we saw distinct peaks which were shown on a 10% SDS-PAGE protein gel and 1%
agarose DNA gel to contain pKJOO1l only and Tus only. The presence of distinct peaks
suggests that ion exchange chromatography might be a good method of isolation of Tus-
bound pKJ0O01, though it requires further optimisation to determine how to create a stable Tus-

pKJOO1 complex.

Another solution for isolating Tus-bound pKJ001 complex would be to use Tus with an affinity
tag. During affinity chromatography Tus only and Tus-bound pKJ001 would bind to the affinity
column and would be eluted in different fractions due to their big size difference. There are
two limitations to this solution. First, we would need to clone and purify Tus with an affinity tag,
which can be time consuming. Second, we do not know how the tag might affect the function

of Tus and would therefore have to test its activity in helicase and replication assays.
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Once we can isolate a Tus-bound pKJO001 plasmid, we would need to test for the stability of
the complex and to determine acceptable storage conditions and storage length. Stability of
DNA:protein complexes can be tested using an EMSA, SPR, calorimetric assay and filter
binding assay (reviewed in Yang et al., 2005). An affinity test would need to be conducted
over time in assay conditions, as well as after storage at various temperatures (4°C, -20°C,

and -70°C), after thawing.

5.3.2 Future Work

The Tus jumping assay is a technique which can be used to determine what happens to DNA-
bound proteins when a replication fork reaches them. It was developed from a well-established
replication assay and here we describe how we adapted it and took the first steps in making
it a new biochemical tool. In our assay this method was used to test for dissociation of Tus
from DNA, however in theory the Tus jumping assay could be used to test for displacement of
any DNA-bound protein, by a replication fork, helicase or even RNAP, as long as the capture
substrate was designed with a specific binding site for the protein. Our assay could become a

beneficial in vitro tool for investigating the interplay between proteins and molecular machines.

Even though the Tus jumping assay needs further development; the preliminary findings are
promising. Our results showed a significant increase in Tus-bound substrate concentration
when a replication fork is stopped at the non-permissive orientation of the Tus-ter block. This
result was surprising as the accepted consensus in literature states that Tus remains bound
to ter when a replication fork is stalled by the non-permissive orientation of the complex
(Kaplan, 2006), and has been modelled as bound to ter even after the stalled replisome
dissociates from the replication fork (Kaplan, 2006; Bidnenko et al., 2006). It was also
unexpected to not see a significant increase in the percentage of Tus-bound substrate when
the fork reached the permissive orientation of Tus-ter, which suggested that Tus might quickly
rebind to the same ter site.
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It is especially interesting to compare the percentage of Tus-bound substate in the samples
cleaved with Sacl with the fork released in the non-permissive orientation only (+Tus +DnaA)
at 3.25% (n=3, SD=0.88) (figure 5.7) and cleaved with Smal where the non-permissive
replication fork was blocked at Tus-ter only to be joined by the permissive orientation fork once

it was released from Lacl-lacO2; (+Tus +Lacl +IPTG +DnaA) at 4.56% (n=3, SD=1.43) (figure

5.5). In our hypothesis, we would expect to see a significant increase when both forks reach
Tus-terB since the non-permissive orientation fork should not displace Tus, while the
permissive orientation fork should. It was therefore surprising to see non-significant increase

(p = 0.2) when comparing +Tus +Lacl +IPTG +DnaA (Smal) and +Tus +DnaA (Sacl).

When looking at the interaction between the non-permissive orientation of Tus-terB and the
replisome, we were able to show a significant increase of Tus-bound substrate (p = 0.0497)

from the control with no replication forks (+Tus -DnaA) to a single fork reaching the non-

permissive orientation of Tus-terB (+Tus +DnaA). These results were surprising as it is
generally assumed that Tus does not dissociate from ter after a replisome collision with the
non-permissive face of the block. This result suggests that when the replication forks met at
Tus-terB in the Smal sample, that the majority of Tus would have already been displaced by
the fork which reached the non-permissive face of Tus first. The non-significant increase seen

when the second fork is also included (+Tus +Lacl +IPTG +DnaA), suggests that some Tus

might remain bound or might rebind to the same terB after being first displaced.

This finding should be viewed alongside the termination mapping assay result presented by
Jameson and coworkers, where in vitro termination at Tus-terB, conducted in the same way
as the Tus jumping assay showed an unreplicated 15-23 bp region with the same footprint as
the binding of Tus (Jameson et al., 2021). If our results show that Tus is displaced by the first
fork which reaches the non-permissive face of Tus-terB, then why were the forks not able to

replicate the terB site?
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Since our results suggest that Tus is likely not present during replication termination at Tus-
ter, why was an unreplicated gap present and if the same occurs in vivo what mechanism is
responsible for the under-replication and for finishing DNA synthesis? Jamesons termination
mapping results could occur either if Tus is sandwiched between the replisomes, which is
unlikely based on our results, or if something else is preventing the region from being reached.
Our results point towards the second possibility. One ‘blockade’ to full termination could be
the replisomes themselves. Replisomes are very large molecular machineries, and it is not
unlikely that two replisomes pressed against one another might block the replication of a small

DNA region between them.
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Chapter 6. Concluding Remarks

In this thesis, two distinct E. coli topics were explored: the function and structure of the SF1

helicase UvrD, and DNA replication termination at the Tus-ter block.

First, | was able to show that UvrD was able to unwind dsDNA past the permissive and non-
permissive orientation of the Tus-ter block during in vitro helicase assays. While this topic has
previously been explored in literature for UvrD E. coli helicase (Lee et al., 1989; Khatri et al.,
1989; Hiasa and Marians, 1992; Bidnenko et al., 2006), it also showed varied conclusions and
methods of analysis. | believe that my results provide strong evidence that UvrD can unwind

past the Tus-ter block in both orientations in helicase assay conditions.

While | was able to conclude that UvrD could unwind past the Tus-ter block in a helicase
assay, | was unable to show that UvrD could aid a replisome stuck at the non-permissive
orientation of the Tus-ter block in a replication assay. This result agrees with Jameson and
coworkers, but also with Bidnenko and coworkers that concluded that while UvrD could
remove Tus in their in vivo experiments, it was unable to do so when DnaB was present at the
site (Jameson et al., 2021; Bidnenko et al., 2006). Unfortunately, my replication assay results

for UvrD are limited due to time constraints.

| also investigated the ability of UvrD to unwind a challenging dsDNA substrate against an
EcoRl E111G block in a helicase assay. My results showed that UvrD alone could not
efficiently unwind past this block. While EcoRI restriction enzyme might be encountered by
UvrD, it is not a protein UvrD might encounter physiologically as a nucleoprotein block. Due
to this, EcoRI E111G was used to represent a small block that was not physiologically familiar
to UvrD. Interestingly, when UvrD was unwinding past both Tus and EcoRI E111G blocks

bound to the same substrate, its efficiency increased from the ability to EcoRI E111G block
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alone. This suggests that the presence of Tus influenced UvrD unwinding in a currently

unknown mechanism.

| was also interested in finding out whether an addition of the MMR MutL protein might affect
the ability of UvrD to unwind DNA, as previously shown by Ordabayev and coworkers
(Ordabayev et al., 2018, 2019), and to unwind DNA past/displacing nucleoprotein blocks. My
results confirmed that the addition of MutL increased the ability of UvrD to unwind a long
dsDNA substrate. When testing against nucleoprotein blocks, MutL had a limited effect in
assisting UvrD past the Tus-ter block, but showed a significant increase in DNA unwinding
past the EcoRI E111G block. Since the binding of MutL to UvrD has been shown to increase
its processivity (Ordabayev et al., 2018), my hypothesis is that UvrD employs a specific
mechanism to remove Tus, but removes EcoRI E111G by displacing it through collision during
DNA unwinding. UvrD without MutL might not have been processive, and potentially fast,

enough for the collision with EcoRI E111G to displace the nucleoprotein block.

In this thesis, | attempted to purify three UvrD mutant proteins: UvrDA52N, UvrDA108N, and
UvrDA2B. The purification of UvrDA52N (later altered to UvrDA53N) and UvrDA2B was
unsuccessful due to solubility problems. UvrDA108N was successfully purified using two
chromatography strategies, using two affinity columns and a SEC column, and using one
affinity column and an ion exchange column. Further tests showed that UvrDA108N was not

folded correctly and was unable to unwind DNA.

The N-terminal UvrD mutants required deletion of large regions of the protein and in retrospect
the limited solubility and function of these proteins is not surprising. The deletions also
removed a large section of the 1A subdomain which is required for DNA translocation — a
function that likely would have been limited in these proteins if their purification was successful.
For future work it would be interesting to conduct MS-XL experiments instead to determine
which amino acids of UvrD and MutL form bonds. This method is however expensive and

therefore was unable to be conducted as part of this thesis.
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If more time was available, | would have made further attempts at purifying UvrDA2B. The
rotation of the 2B subdomain on both UvrD and its homologue Rep has been shown to have
an effect on the helicases ability to unwind DNA (Ordabayev et al., 2019; Briining et al., 2018),
as well as for protein displacement in Rep (Briuining et al., 2018). It would be interesting to test
whether the 2B subdomain of UvrD also affects protein displacement. This was however
attempted through the addition of MutL to UvrD helicase assays due to the ability of MutL to
rotate the 2B subdomain of UvrD (Ordabayev et al., 2019). Another method of testing the
rotation of the 2B subdomain of UvrD might be through conducting an assay in high salt
conditions (Jia et al., 2011). In our assay we used 25 mM and 10 mM of MgAc for helicase
and replication assays respectively. Jia and coworkers suggested that the 2B subdomain of

UvrD was open at 600 mM NaCl and closed at 20 mM NacCl (Jia et al., 2011).

Lastly, in this thesis | began developing a new biochemical tool called the ‘Tus jumping assay’.
This assay is an adaptation of the in vitro replication assay but designed to identify protein
displacement rather than the length of DNA replicated. The development of this assay was a
direct follow up from the termination mapping results from a recent paper published by our
group (Jameson et al., 2021). Jameson showed that when the two replication forks met at the
Tus-ter block an unreplicated gap with the same footprint as the binding of Tus was found.
This led to two conclusions: either Tus is ‘sandwiched’ between the two replication forks, or it
is dislodged and something else is preventing the two replication forks from replicating the

final gap.

My preliminary results showed a significant increase in Tus displacement (indicated by an
increase in Tus-bound Tus capture substrate) when a single replication fork approached the
Tus-ter block from the non-permissive orientation. This was a surprising result as the current
literature consensus states that when the replisome is stalled at Tus-ter, the replisome
dissociates but Tus remains bound to ter. My results suggest that Tus did dissociate from ter
during the replisome collision. Surprisingly, no significant increase was seen in Tus

displacement when the replication fork approached the permissive face of the Tus-ter block.
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My hypothesis is that the dislodged Tus by the permissive fork remained close to the ter site
and rebound to it immediately after the fork went by. This hypothesis matches the quick

rebinding of Tus suggested by Bidnenko and coworkers.

A slight increase from Tus displacement by the non-permissive orientation fork was seen when
both replication forks met at Tus-ter. The reaction was designed to first block the clockwise
fork by the non-permissive face of the Tus-ter block, followed by the counterclockwise fork
reaching the site. Considering the single-fork data from this thesis and the termination
mapping assay results (Jameson et al., 2021), my hypothesis suggests that most Tus is
dislodged by the collision of Tus-ter with the replisome approaching it from the non-permissive
orientation. Unlike the current literature consensus, | suggest that the replisome remains
bound to the DNA, or at least remains bound for longer than Tus or quickly reassembles.
When the second replication fork approaches the site, it encounters the first stalled replisome
without Tus present. The meeting of the two large molecular machineries prevents the final
DNA region, the ter site that Tus was bound to, from being replicated. The problem is likely
resolved by a single replisome dissociation from the DNA, followed by reactivation of the

remaining replisome and therefore the replication of the final DNA region.

The Tus jumping assay results are preliminary and require further repetitions and assay
development. They are however promising and suggest that the assay might be able to
provide us with useful insight into the mechanism of DNA replication termination at Tus-ter in

E. coli.

All in all, this work demonstrates the ability of UvrD helicase to remove Tus, even in
challenging conditions. UvrD was however unable to remove a physiologically irrelevant block
EcoRI E111G unless it received aid from the MMR protein MutL. This led us understand more
about the different ways helicases might remove nucleoprotein blocks. This work also

developed a new biochemical tool and shined light on DNA replication termination. We showed
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that Tus was displaced in vitro by the replication fork approaching the non-permissive

orientation of Tus-ter and should not be present at ter during termination at Tus-ter.
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List of Abbreviations

A Deletion

pl Microliter

uM Micromolar

Amp Ampicillin

ATP AdenosineTtriphosphate

bp Base Pair(s)

BSA Bovine Serum Albumin

chi Crossover Hot Spot Investigator

CryoEM Cryogenic Electron Microscopy

dif Deletion-Induced Filamentation

DSB Double-Stranded Break

DSBR Double-Stranded Break Repair

dCTP Deoxycytidine Triphosphate

DUE Duplex-Unwinding Element

DNA Deoxyribonucleic Acid

DTT Dithiothreitol

ds Double Stranded

etal et alia (and others)

FRET Fluorescence Resonance Energy Transfer
g Grams

G Relative Centrifugal Force, also known as RCF
h Hour(s)

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yllethanesulfonic acid
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IHF

IPTG

Kan

kb

Kd

LB

mg

min

Mm

MMR

ml

NER

nM

NMR

nt

ORF

32P

PAGE

PCR

PNK

RNA

RNAP

rpm

Homologous Recombination
Integration Host Gactor

Isopropyl B-D-1-thioglactopyranoside
Kanamycin

Kilobase(s)

Dissociation Constant

Lysogeny Broth

Miligram

Minute(s)

Millimolar

Methyl Directed Mismatch Repair
Milliliter

Nucleotide Excision Repair

Nanomolar

Nuclear Magnetic Resonance Spectroscopy

Nucleotide(s)

Open Reading Frame
Phosphorus-32 (32P)
Polyacrylamide gel electrophoresis
Polymerase Chain Reaction
Polynucleotide Kinase

Ribonucleic Acid

Ribonucleic Acid Polymerase
Rounds Per Minute

Second(s)
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Ss Single Stranded

SDS Sodium Dodecyl Sulphate

SF Superfamily (classification of helicases)
SPR Surface Plasmon Resonance

SSC Saline sodium citrate

TBE Tris-borate-EDTA

TCR Transcription Coupled Repair

TEMED Tetramethylethylenediamine

Tris Tris(hydroxymethyl)methylamine

uv Ultraviolet

WT Wild Type
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Title/brief description of original research Obstacles to DNA replication in Escherichia coli and the role
project of UvrD helicase in their resolution

Title/brief description of your revised research | n/a
project (if applicable)
How the Covid-19 restrictions have altered your research project/thesis (max 800 words).

| began my PhD, funded by the University of York Biology Department, in October 2020 in the middle of the Covid-
19 pandemic. During this time, the Biology Department instated laboratory capacity restrictions. In my corridor, LO,
the capacity was regulated by distributing slots to each group based on their size. This meant that with 50%
capacity, we were able to have two people from the Hawkins group in the building (1 st of October 2020 until the 5
th of January 2021; 1 st of March 2021 until 19 th of July 2021), while at 25% capacity, we were only allowed a
single person (5 th of January 2021 until the 1 st of March 2021).

These Covid-19 laboratory capacity restrictions had a severe impact on the first year of my PhD, impacting the basic
laboratory training, access to colleagues for help with troubleshooting and experimental design, but importantly by
affecting essential training using radioactive isotopes. As part of my project, | conduct biochemical assays using
radioactive isotopes; a high-risk work requiring intensive 1:1 training and the use of a dedicated room with single-
person capacity during the Covid-19 lockdowns. Due to the restrictions, | was unable to begin crucial training in the
safe use of radioactive material until the 29 th of March 2021. This caused a severe delay to my initial experimental
work, which set the foundation for the rest of my PhD.

You may comment on (see the guidance for further detail):

e the challenges that the Covid-19 restrictions presented for your research project/thesis
e what steps you took to address those challenges.

As a reminder, you must not use the impact statement to comment on your personal circumstances (e.g. ill
health, domestic situation etc.).

It is recommended that you discuss Part C with your supervisor(s).
Please state if you discussed Part C with your supervisor(s): yes no O
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https://docs.google.com/document/d/1AS1sIwvQOy6VhoRswARHNrBHrL8-0kcETRgDd-L5b3w/edit?usp=sharing
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Part D: Signature of student

| Dominika Warecka | 07/01/2024

Note for examiners

As an examiner, you are required to read this impact statement and may choose to explore the contents
with the PGR during the oral examination. Examiners should note that there is no change to the criteria
that a PGR needs to meet to obtain a particular award (section 2 of the Policy on Research Degrees) in
order to protect the integrity of our awards.
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https://www.york.ac.uk/research/graduate-school/support/policies-documents/research-degree-policy/2-criteria-for-award/

