Investigating the DNA replication machinery composition and
function using proteomic and chemical-biology approaches

Christopher Weekes

Imperial College London
Faculty of Medicine
Medical Research Council London Institute of Medical Sciences

A thesis submitted for the degree of Doctor of Philosophy (PhD)

January 2022



Declaration

Declaration

The following work and research findings enclosed within this thesis are my own, unless
explicitly stated in the text. Where assistance has been received or the work of others
reproduced, it is clearly noted in the text. Information and research carried out by others that is
utilised within this thesis is appropriately cited and a full bibliography is included as part of

this document.



Copyright Statement

Copyright Statement

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are
licensed under a Creative Commons Attribution-Non Commercial 4.0 International Licence
(CC BY-NC). Under this licence, you may copy and redistribute the material in any medium
or format. You may also create and distribute modified versions of the work. This is on the
condition that: you credit the author and do not use it, or any derivative works, for a commercial
purpose. When reusing or sharing this work, ensure you make the licence terms clear to others
by naming the licence and linking to the licence text. Where a work has been adapted, you
should indicate that the work has been changed and describe those changes. Please seek
permission from the copyright holder for uses of this work that are not included in this licence

or permitted under UK Copyright Law.



Abstract

Abstract

The process of DNA replication is essential for cellular life, but must be highly regulated to
ensure that damage to the genome or irregularity in copy number does not ensue. In particular,
the mechanism behind the loading and activation of the eukaryotic replicative helicase,
MCM2-7, onto DNA has been investigated extensively. However, despite progress afforded
by the advent of cryo-EM to reveal the structures of multi-subunit protein complexes, the
molecular mechanism underlying the activation of the replicative helicase has yet to be fully
elucidated. In particular, the precise temporal order of initiation factor recruitment and release,
and how they affect complex progression, is not known. Additionally, many in vivo specific
factors such as chromatin factors, accessory helicases and regulatory pathways are not well
understood.

This research set out to establish a more complete description of the interaction partners of the
MCM2-7 helicase in vivo prior to, during, and after replicative helicase activation, by applying
a combination of chemical-biology and proteomic techniques. Small molecule-inducible
protein linkages were introduced into the MCM2-7 complex, to arrest the complex at different
stages of helicase activation. This enabled investigation of transient conformational states in
Vivo.

A versatile proteomic method utilising in vivo cross-linking and affinity enrichment of MCM2-
7 helicase interactomes followed by LC-MS/MS analysis was established, termed ChIP-MS.
This technique enabled characterisation of the composition of replication complexes
throughout the cell cycle, as well as in the context of the arrest states generated by the linkage
constructs. Stabilisation of the in vivo complexes by cross-linking allowed the detection and
compositional analysis of distinct sub-populations of replication complexes over multiple cell
cycle stages and identified several factors and pathways, such as chromatin remodellers and
accessory helicases, that may have a previously understudied or novel role in the replication

Process.
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1 Introduction

Deoxyribonucleic acid (DNA) is the core information-carrying component of living organisms.
Information flow from this molecule allows the production of every other synthesised cellular
component. This includes the most common functional element of a living cell, proteins. The
cell’s DNA encodes the nucleic acid sequences that can be translated into proteins’ amino acid
sequences. The DNA also encodes the information of the vast number of non-protein cellular
effectors in the form of ribonucleic acid (RNA), such as ribosomal RNA (rRNA), transfer RNA

(tRNA) and non-coding regulatory RNAs (ncRNA). The maintenance and protection of this
most crucial molecular storage medium is of paramount importance in all living organisms.

In order to grow and survive, all organisms must carry out cellular division. A fundamental
necessity of this process is the ability to replicate DNA to produce viable and further divisible
progenitor cells. The entire genomic complement of a cell must be copied with high fidelity
and efficiency between each cellular division. Further to this, sufficient controls are necessary,
with particular importance in multi-cellular organisms, to ensure that the genome is replicated
once and only once per cell cycle to maintain correct ploidy levels.

Over the past few decades, much progress has been made in the understanding of the
mechanisms by which organisms replicate their genome, with considerable effort focused on
understanding the structural and mechanistic details of the replicative protein complex, as well
as how that protein complex is assembled and activated. A wealth of biochemical data, and the
advent of high-resolution cryo-EM structural studies have brought the field closer to
understanding many of the finer aspects of this process, but many features of DNA replication

are still being elucidated at a rapid rate.
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1.1 The Eukaryotic Cell Cycle

1.1.1 The phases of the cell cycle

As part of the regulation of cellular division, eukaryotic cells follow a program of transcription,
protein production/degradation and signalling that divides the activities of a cell into stages,
known as the cell cycle (Figure 1). The cell cycle is split into several main phases; the “gap”
phases G1 and G2, historically identified by their adjacency to the main observable large-scale
events of the cell cycle contained within the other phases, “mitotic” M phase, the period marked
by physical separation of sister chromatids followed by physical separation of daughter cells,
and “synthesis” S phase, during which replication of genomic DNA is carried out. The evidence
of this split, phased structure of the cell cycle was first shown by monitoring of radio-labelled
phosphate uptake into growing plant root cells, and it was noted that DNA replication occupied

a distinct phase to that of cellular division, with the addition of the two G phases further
segregating those processes (Howard and Pelc, 1953).

This leaves us with cells containing varied complements of genomic DNA throughout their
cycle. Post-mitosis, in Gi, cells contain just a single complement of their genome, whether that
be a single copy of each chromosome for naturally haploid cells (I1N), or two parental-derived
copies in naturally diploid cells (2N). Upon completion of S phase (Gz), in the vast majority of
cases, cells have successfully replicated their genomic DNA, and possess double their initial
DNA complement (2N or 4N dependant on the starting ploidy). Progressing through M phase,
which itself is subdivided into prophase, metaphase, anaphase and telophase; the cells’
chromatin condenses and duplicated chromosomes are segregated between the two designated
daughter cells, before being separated when the cell fully divides during cytokinesis. Evidence
of these macromolecular events was first seen in early microscopic analysis of tissues

(Flemming, 1882).
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START

G1

intra-S
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G2/M

S CDK

G1 S G2 M

Figure 1: Overview of the S.cerevisiae cell cycle phases and checkpoints, and the activities of the main cyclin dependent
kinase-cyclin complexes during the cell cycle. Cell DNA content doubles over the course of S phase, and is reduced back to a
1C level in haploid cells following cell division at the end of mitosis. The four major checkpoints in yeast being the START
transition, the G2/M DNA damage checkpoint, the spindle assembly checkpoint (SAC) and spindle position checkpoint
(SPOC) with the addition of the intra-S phase DNA damage checkpoint which slows but does not arrest S phase (Matelldn
& Monje-Casas, 2020). The CIn3, CIn1 and CIn2 cyclins are required for G1 CDK (Cdc28) activity and the transition to S phase,
and DDK and S-phase CDK are responsible for the control of many steps in replication initiation. Finally, the activity of
mitotic cyclins with CDK drives progression and exit from mitosis. Figure adapted from (Bardin and Amon, 2001; Morgan,
2006; Bloom and Cross, 2007; Hocheger, Takeda and Hunt, 2008)(Bardin & Amon, 2001; Bloom & Cross, 2007; Hochegger,

Takeda & Hunt, 2008).
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1.1.2 Kinase activity in the regulation of cell cycle processes

1.1.2.1 Cyclins and Cyclin-dependent Kinases (CDKs)

Several experiments in the 1960s and 1970s showed that nuclear events could be controlled by
the cytoplasmic fraction, in a series of model organisms (Rusch et al., 1966; Rao and Johnson,
1970; Masui & Markert, 1971). It was shown that there was a factor that did not require protein
synthesis that could be activated in the cytoplasm and induce maturation, coined maturation
promoting factor (MPF). Later, isolation of the MPF factor provided two polypeptides of size
45 and 32 kDa protein kinase activity was associated with the active purified fraction was
shown (Lohka, Hayes & Maller, 1988).

Two further independent lines of research contributed to the current molecular understanding
of cell cycle control. An influential screen into cell cycle control mutants identified multiple
different cell division cycle mutants (cdc), that led to cellular morphologies indicative of cell
cycle arrests or defects (Hartwell, Culotti & Reid, 1970; Hartwell et al., 1973). The identified
genes defined a sequential regulatory mechanism which could be halted at certain steps by
interference in specific gene functions. Of particular interest were the mutant cdc28 alleles,
which, in addition to exhibiting cell cycle arrest at two different phases of the cell cycle that
was unique among the CDC genes, also exhibited a flexibility in cell fate, even at the terminal
arrest (Hartwell et al., 1974; Piggott, Rai & Carter, 1982). Cells arrested with temperature-
sensitive cdc28 alleles can enter the meiotic division process, suggesting that CDC28 controls
the decision point of cell cycle entry, termed “Start” (Hartwell et al., 1974). As a confirmation
of this principle, and that the mechanisms underlying cell cycle control are well conserved in
eukaryotes, similar screens carried out in S.pombe identified many comparable cdc mutants
(Nurse, Thuriaux & Nasmyth, 1976). cdc2™, a dominant mutation with a small-cell phenotype,
mapped together with recessive mutations that arrested in G1 and mitosis (Nurse & Bissett,

1981; Nurse & Thuriaux, 1980; Nurse, 1975). It was subsequently found that budding yeast
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CDC28 could complement a fission yeast cdc2 mutation, and that the two proteins shared
significant homology (Beach, Durkacz & Nurse, 1982; Hindley & Phear, 1984). From these
studies the presence of a cell-cycle control regulator, conserved between yeasts, was confirmed.
The second line of research began when the discovery of proteins with variant abundance
dependent on cell-cycle were discovered (Evans et al., 1983; Rosenthal, Hunt & Ruderman,
1980). It was found that injection of these so-called cyclins from clams was able to induce
Xenopus oocytes to enter M phase, much like MPF would (Swenson, Farrell & Ruderman,
1986). A group of findings soon after linked MPF to a human cdc2*/CDC28 homologue by
cross-immunoreactivity (Lee & Nurse, 1987; Gautier et al., 1988), and cdci3", a genetically
linked gene to cdc2™ , was shown to be related to cyclin (Hagan, Hayles & Nurse, 1988). The
functional effects of these combined proteins, as well as their conservation between genetically
distanced organisms, and the presence of multiple different cyclins in most organisms, laid out
a common mechanism for cell cycle control (Murray & Kirschner, 1989). The core component
cyclin-dependent kinase (CDK) requires the presence of a specific cyclin which directs its
activity, and often, a certain posttranslational modification state, with activating and inhibitory
phosphorylation common (Nurse, 2002). The active CDK is able to phosphorylate a number of
targets dependent on its cyclin partner, allowing for temporal-specific activation/deactivation
of cellular processes to bring about cell cycle events (Swaffer et al., 2016)(Figure 1). In G1
phase, yeast Cdc28 is bound to Clnl, Cln2 or Cln3, and this activates phase specific activity
for G1. To proceed to, and during S phase, binding of Cdc28 to CIb5 and CIb6 is required, and
finally, Cdc28 association with Clbl, Clb2, Clb3 and ClIb4 is required for mitotic processes.
Once anaphase promoting complex (APC/C) activation occurs, these last four are degraded to

allow cytokinesis, cyclin usage reviewed in Bloom and Cross, 2007 (Bloom & Cross, 2007).
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1.1.2.2 Dbf4-dependent kinase (DDK) in DNA replication control

The other main kinase that is highly important for DNA replication in yeast, is the Dbf4-
dependent kinase (DDK) (Chapman & Johnston, 1989). This kinase, comprised of the kinase
subunit Cdc7, and regulatory subunit Dbf4, phosphorylates subunits of MCM2-7, namely
Mcm4, Mcm6 and Mcm?2, dependent on their presence as a double hexamer (Sheu & Stillman,
2006; Francis et al., 2009; Sheu & Stillman, 2010; Sun et al., 2014; Larasati & Duncker, 2017).
This phosphorylation is critical for assembly of the first stages of helicase activation as will be
discussed below (Labib, 2010; Larasati & Duncker, 2017). The regulation of DDK is mainly
by the abundance of the regulatory subunit Dbf4, not unlike the regulation of Cdc28, which
has highest levels in S phase, rising from G1 levels through the G1/S transition, and is
eventually degraded as a function of the anaphase promoting complex (APC/C) (Oshiro et al.,

1999; Labib, 2010; Larasati & Duncker, 2017).

1.1.3 Checkpoints

The feedback mechanisms that regulate the cell cycle are intricate and complex, but
mutagenesis experiments in fission and budding yeasts were able to identify specific cell cycle
steps that mutant cells would arrest in, which are the result of checkpoint activity (Murray,
1995). There are four main sections of the cell cycle that show checkpoint activity in budding
yeast; the G1/S checkpoint, the intra-S DNA damage checkpoint, the G2/M checkpoint, and
the mitotic or spindle assembly checkpoint (SAC), reviewed in: (Turner, Ewald & Skotheim,
2012; Barnum & O’Connell, 2014; Rhind & Russell, 1998; Lara-Gonzalez, Westhorpe &
Taylor, 2012). The network of genes and feedback loops involved in these checkpoint

mechanisms is complex, though their general function and activities are summarised below.
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1.1.3.1 START

The yeast START decision point, known in mammals as the restriction point (Pardee, 1974),
is the moment of commitment of the cell to entering S phase and cellular division (Turner,
Ewald & Skotheim, 2012; Johnson & Skotheim, 2013). In yeast, this functional switch is
mediated by the amount of cyclin CIn3 in cells, which goes on to regulate levels of transcription
of downstream cycle effectors (Tyers, Tokiwa & Futcher, 1993; Wijnen, Landman & Futcher,
2002). Cdk-CIn3 activity phosphorylates and inactivates the transcriptional repressor Whi5,
resulting in activation of transcriptional activator Swi4/Swi6, and resultant transcription of
CInl and CIn2, which further advance cell cycle progression, as described above (de Bruin et
al., 2004; Costanzo et al., 2004; Wijnen, Landman & Futcher, 2002; Tyers, Tokiwa & Futcher,
1993). The production, or lack thereof, of Cln3 is a key part of the cellular machinery that
drives or withholds progression of cell cycle, and depends on a range of cell size and growth
related factors (Schneider et al.,, 2004; Lei & Tu, 2013). Additionally, upstream cyclin-
dependent inhibitor proteins such as Farl impose a brake on CDK-CIn3 activity, and in yeast,
Farl provides the input for pheromone induced G1 arrest . Overall, this circuit of transcriptional
control is analogous to that present in metazoans with the CDK4/Cyclin D — Rb — E2F proteins,
despite little sequence similarity in the proteins themselves, indicating an evolutionary pressure
for such a system regulating cell behaviour in response to growth rate and nutrient conditions

(Johnson & Skotheim, 2013).

1.1.3.2 Intra-S checkpoint
The intra-S phase checkpoint is slightly different to the other checkpoints, in that it does not
cause a halt of the cell cycle progression between phases. Instead, the activity of this checkpoint

slows the rate of DNA replication seemingly to allow for repair of damage, but does not halt

the process completely (Rhind & Russell, 2000; Willis & Rhind, 2009). The intra-S checkpoint
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actually appears to be comprised of two inter-linked pathways of DNA damage response, the
DNA damage checkpoint (DDC), which can function outside of S phase as well, and the DNA
replication checkpoint (DRC), which is specific to stalled forks and fork structures. The intra-
S phase checkpoint involves, primarily, the checkpoint kinases Mec1 and Rad53, both of which
are involved in the DDC and DRC pathway, making the intra-S checkpoint activity more of a
specialised function of the general DNA damage checkpoint (Paulovich & Hartwell, 1995;
Rhind & Russell, 2000; Osborn, Elledge & Zou, 2002; Willis & Rhind, 2009). Whilst both
DDC and DRC converge on Rad53 (Branzei & Foiani, 2006, 2009; Bacal et al., 2018; Garcia-
Rodriguez et al., 2018), they show slightly differing behaviour for their activation and their
downstream effects (Branzei & Foiani, 2009; Galanti & Pfander, 2018). In S phase, the DDC
seems to rely on the mediation of Rad9 for activation of Rad53 by Mecl as a result of DNA
lesions on nascent DNA in a fork-independent manner (Vialard et al., 1998; Sun et al., 1998;
Schwartz et al., 2002; Garcia-Rodriguez et al., 2018; Bacal et al., 2018), in addition to the
activity of other damage associated factors such as the 9-1-1 clamp and Dpb11 (Pardo, Crabbé
& Pasero, 2017; Pfander & Diffley, 2011). By contrast, the DRC activation of Rad53 is
mediated by the phosphorylation of replication fork-bound Mrcl by Mecl (Alcasabas et al.,
2001; Osborn & Elledge, 2003; Bacal et al., 2018; Garcia-Rodriguez et al., 2018), and requires
the presence of the Ctf18-containing version of the RFC clamp (Crabbé et al., 2010; Gellon et
al., 2011; Kubota et al., 2011; Garcia-Rodriguez et al., 2015; Pardo, Crabbé & Pasero, 2017).
It has been suggested that the two pathways recognise different contexts of DNA damage in S
phase, one at, and one behind, the fork, and have different sensitivities and temporal activation,
allowing DRC to activate rapidly and trigger Rad53 activity within S phase, and DDC to have
a slower, more sustained activation that pervades into later phases (Pardo, Crabbé & Pasero,

2017; Galanti & Pfander, 2018).
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The downstream targets of the effector kinases and the individual responses to different types
of DNA damage are very extensive, and are beyond the scope of this thesis, but the functions
of the intra-S checkpoint specifically with respect to replication are relevant. The checkpoint
is thought to induce a range of effects via downstream signalling (Iyer & Rhind, 2017). These
include: transcriptional regulation such as upregulation of ribonucleotide reductase (RNR)
genes which upregulates dNTP synthesis (Huang, Zhou & Elledge, 1998; Jachnig et al., 2013),
inhibition of further origin firing globally by Rad53 phosphorylation of Sld3 and DDK
(Zegerman & Diffley, 2010; Lopez-Mosqueda et al., 2010; McIntosh & Blow, 2012; Yekezare,
G6 mez-Gonzalez & Diffley, 2013), activation of dormant origins at a local level to rescue
stalled forks (Yekezare, Gomez-Gonzalez & Diffley, 2013), and regulation of fork progression
rate (Paulovich & Hartwell, 1995b; Willis & Rhind, 2009), stalled fork stability (Sogo, Lopes
& Foiani, 2002; Tercero, Longhese & Diffley, 2003; Cotta-Ramusino et al., 2005; Segurado &
Diffley, 2008; Cortez, 2015) and restart (Lopes, Foiani & Sogo, 2006). Though the requirement
of checkpoint kinase activity to stabilise association of replisome components is disputed (de
Piccoli et al., 2012). these activities are thought to protect the cell against DNA damage and
help complete DNA replication (Jossen & Bermejo, 2013; Zegerman & Diffley, 2009; Iyer &

Rhind, 2017).

1.1.3.3 G2/M checkpoint

In S. cerevisiae, the occurrence of DNA damage causes a G2/M arrest at the metaphase to
anaphase transition. This is distinct from metazoans, which possess an arrest checkpoint
entirely within G2 phase (Matelldn & Monje-Casas, 2020). The main players in this arrest are
the checkpoint kinases Chk1 and Rad53 (Sanchez et al., 1999; Harrison & Haber, 2006; Liang
& Wang, 2007; Valerio-Santiago, de los Santos-Velazquez & Monje-Casas, 2013), which are

activated by DNA damage in a similar manner to in the intra-S checkpoint, making the G2/M

27



1.1 - The Eukaryotic Cell Cycle

checkpoint somewhat of an extension of DNA damage checkpoint activity outside of S phase,
and the polo-like kinase Cdc5 (Cheng, Hunke & Hardy, 1998; de Bettignies & Johnston, 2003;
Botchkarev & Haber, 2018). The activity and downstream effectors of these kinases is outside
of the purview of this discussion, but they prevent completion of anaphase and exit from
mitosis via many of the same targets as the spindle assembly checkpoint (SAC) and spindle
position checkpoint (SPOC), such as the APC/C complex and the mitotic exit network (MEN)
(Sanchez et al., 1999; de Bettignies & Johnston, 2003; Harrison & Haber, 2006; Liang & Wang,
2007; Matellan & Monje-Casas, 2020).

1.1.3.4 Spindle assembly checkpoint

The spindle assembly checkpoint (SAC) is the key method by which unattached kinetochores
are signalled to the cell cycle machinery (Lara-Gonzalez, Westhorpe & Taylor, 2012), and
arrests cells during mitosis (Figure 1). The details are unnecessary for discussion in this project,
but the use of Cdc20-related cycle arrest is used to generate a mitotic arrest, so worth very
briefly covering. In the simplest terms, because there are multiple layers and sub-cycles of
regulation in this process (Lara-Gonzalez, Westhorpe & Taylor, 2012), the inhibitory signal
created by unattached kinetochores prevents Cdc20 from activating the APC/C complex,
preventing anaphase and mitotic exit prior to the attachment of all kinetochores to microtubules.
(Dawson et al., 1993; Sigrist et al., 1995; Kramer et al., 1998; Uhlmann et al., 2000; Fang, Yu
& Kirschner, 1998). The inhibition of the APC/C activation and subsequent mitotic progression
can be artificially achieved by preventing the expression of the Cdc20 protein (Yeong et al.,
2000) (see materials and methods).

1.1.3.5 Spindle position checkpoint

The other main checkpoint in budding yeast during mitosis is the spindle position checkpoint
(Matellan & Monje-Casas, 2020). Because of fixed bud orientation in S.cerevisiae this

additional step is needed to ensure that chromosomes migrate successfully through the bud
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neck and into the daughter cell (Caydasi, Ibrahim & Pereira, 2010; Matellan & Monje-Casas,
2020). This process is mainly regulated by Kin4, but feeds into the regulatory mitotic exit
network, also utilised for the spindle assembly and DNA damage checkpoints in preventing
mitosis (D’Aquino et al., 2005; Pereira & Schiebel, 2005; Caydasi, Ibrahim & Pereira, 2010;

Matellan & Monje-Casas, 2020).

1.2 Features of DNA replication

With the discovery that DNA formed a double-helical structure, and that the information-
carrying component - the nitrogenous bases — formed two complementary strands, a potential
mechanism for the replication of DNA was proposed (WATSON & CRICK, 1953). This semi-
conservative model of replication, where a single strand of parental DNA is used as a template
for synthesis of a complementary daughter strand, was confirmed using heavy nucleotide
incorporation and gradient fractionation (Meselson & Stahl, 1958).

At its most basic level, then, for DNA to be replicated, the two complementary strands
must be separated, followed by synthesis of a daughter strand. The first protein discovered to
carry out either of these functions was the polymerase I isolated from E.coli, which was able
to catalyse the addition of nucleotides to DNA template (LEHMAN et al., 1958). Later, the
first enzyme with DNA unwinding properties was purified, also from E. coli (ABDEL-
MONEM, DURWALD & HOFFMANN-BERLING, 1976). Over the course of many years,
research has uncovered many more proteins involved with this fairly “simple” biological

process.

1.2.1 Once and Only once

In addition to ensuring complete replication, cells must also prevent over-replication. Early

work using Xenopus egg extracts showed that after a single round of replication, re-replication
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does not occur unless the nuclear membrane was permeabilised (Blow & Laskey, 1988). This
led to the hypothesis of a replication licensing factor (RLF) that was bound to chromatin and
displaced by replication. It would then license replication again during natural nuclear envelope
breakdown during mitosis. This licensing step is temporally distinct from replication
activation, and separation of these steps prevents re-replication (Diffley & Stillman,
1988)(Figure 2). Assays developed to determine the nature of the licensing process identified
two components required for licensing to occur, RLF-M and RLF-B (Chong et al., 1995;
Mahbubani et al., 1997). The nature of RLF-M was resolved to be the six minichromosome-
maintenance proteins MCM2-7 (Thommes et al., 1997), previously noted for a role in stability
of minichromosomes over multiple cell divisions (Gibson, Surosky & Tye, 1990; Maine, Sinha
& Tye, 1984; Sinha, Chang & Tye, 1986). RLF-B is now known as Cdtl and functions in the
loading of MCM2-7 onto DNA (Maiorano, Moreau & Méchali, 2000; Nishitani et al., 2000;
Fernandez-Cid et al., 2013; Sun et al., 2013). The remaining factors required for licensing are

ORC and Cdc6, and all these factors will be discussed in greater detail below.
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"unlicensed" origin "licensed" origin “fired" origin

MCM2-7 not loaded MCM2-7 DH loaded helicase activation

Figure 2: Figure 2: Schematic overview of the mechanism ensuring that DNA replication cannot be re-initiated on already
replicated DNA within the same S phase. The separable functions of “origin licensing” and “origin firing” were found to be
represented on the molecular level by helicase loading and helicase activation respectively. Only ORC is bound to origins in
the “unlicensed” state in G2/M. The “licensed” state is reached in G1, when MCM2-7 is loaded as a double hexamer (DH).
The “fired” state is found in S phase, once MICM2-7 helicase is associated with other replication factors to form the Cdc45-
MCM2-7-GINS (CMG) core complex. The licensing step cannot occur once S phase has begun, and the firing step cannot
occur in G1, ensuring prevention of re-replication (Diffley, 1996; Moyer, Lewis & Botchan, 2006; Evrin et al., 2009; Remus et
al., 2009; Riera et al., 2017)

1.2.2  Origins of replication

1.2.2.1 Origin specification

Prokaryotic genomes are replicated starting from a single locus (Bird et al., 1972), with
replication continuing bidirectionally around a circular genome until termination occurs,
generally at termination regions (O’Donnell, Langston & Stillman, 2013; Hill, Henson &
Kuempel, 1987; Massy et al., 1987; Gowrishankar, 2015). Compared to prokaryotes,
eukaryotes have much larger genomes, which are encoded on multiple chromosomes. The
chromosomes themselves are too large to be replicated by a single pair of forks, since the
measured replication fork speed is too slow to complete synthesis within a single S phase

(Yurov & Liapunova, 1977). For these reasons, a single eukaryotic origin of replication, or
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even one per chromosome, would be insufficient, and instead eukaryotes have multiple origins
throughout their genomes (Huberman & Riggs, 1966; Cairns, 1966; Petes & Williamson,
1975). Indeed, eukaryotes possess markedly more potential origins of replication than would
be theoretically required simply considering average fork speeds (Fangman & Brewer, 1992;
Petes & Williamson, 1975).

The first yeast autonomously replicating sequence (ARS), termed arsl, was initially
discovered by fragmenting the yeast genome with restriction endonuclease action, and
subsequent integration of each fragment into a bacterial plasmid (Stinchcomb, Struhl & Davis,
1979; Struhl et al., 1979). This locus improved transformation efficiency, allowing the plasmid
to be inherited without having to integrate into the genome. Confirmation that, the ARS
element represented an origin of replication came from examination of forks and their start
locations in ARS-containing plasmids and genomic regions (Brewer & Fangman, 1987;
Huberman et al., 1987, 1988).

Following the identification of subsequent ARS loci throughout the yeast genome via further
recombinant plasmid generation (Chan & Tye, 1980), sequence analysis showed that there was
a highly conserved 11-bp sequence across all origins identified which was AT-rich, dubbed the
ARS consensus sequence (ACS) (Broach et al., 1983; Newlon, 1988). Mutagenesis on the
ARSI locus further identified three regions acting in cis important for the activity of an origin.
These sequences, the B1, B2 and B3 elements, are positioned closer towards or within an A
rich region 3’ of the ACS (Figure 3) (Bell & Labib, 2016; Marahrens & Stillman, 1992).

The ACS and B1 sequences represent the binding site of the origin recognition complex
(ORC), which is an essential protein complex made up of the six proteins Orcl-6 (Bell &
Stillman, 1992; Rao & Stillman, 1995; Rowley et al., 1995; Diffley & Stillman, 1988). The

function and activity of ORC will be explained in much greater detail in following sections.
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The B2 sequence appears to be an inverted version of the ACS, though does not show
conservation at all origins (Wilmes & Bell, 2002). A recent study on the two-ORC mechanism
of helicase loading suggests why this feature may be present, if not why it is absent at some
origins (Miller et al., 2019).

The B3 element was found to be the binding site for the transcription factor Abfl (Diffley &
Stillman, 1988). Whilst this protein has been credited with acetylating histones nearby and

aiding replication by affecting the nucleosome-free region around the origin (Venditti et al.,
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1994; Lipford & Bell, 2001; Buchman et al., 1988), this site is similarly not highly conserved

Figure 3: Overview of the conserved recognition sequences in yeast ARS . ORC binds the ACS and B1 elements (Rao &
Stillman, 1995; Rowley et al., 1995). The B2, where present, resembles a reversed ACS, which may be explained by
symmetrical association of two ORCs with origin sequences (Coster & Diffley, 2017; Miller et al., 2019). The B3 element
is the site of Abf1 binding (Diffley & Stillman, 1988). Origin A-element sequence reproduced from Eaton et al., 2010
(Eaton et al., 2010).

across origins.

In higher eukaryotes, the highly defined sequence elements and genomic locations of origins
are not present. In S.pombe, another well studied though evolutionarily quite distant yeast
(Sipiczki, 2000), origins are much larger regions, with no specific sequences that precisely
define ORC binding, only AT-rich sequences bound by an Orc4 AT-Hook (Chuang & Kelly,
1999; Moon et al., 1999; Kong & DePamphilis, 2001; Lee et al., 2001; Akerman et al., 2020).
Whilst the nature of origins has made the study of replication initiation very convenient in
S.cerevisiae, this means aspects of the process will not be directly comparable with other

organisms. Studies investigating origin localisation in a humans and other higher eukaryotes
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reveal that use of individual origins is more flexible, and the features that enable such events
are markedly less genetically defined (Remus, Beall & Botchan, 2004; Vashee et al., 2003),
with few exceptions (Austin, Orr-Weaver & Bell, 1999; Bielinsky et al., 2001; Zellner et al.,
2007; Abdurashidova et al., 2000). Despite this change in specification mechanism, it is still
ORC binding that enables the eventual initiation in higher eukaryotes (Bell & Dutta, 2002).
Many different features of metazoan origins have been proposed as possible requirements for
ORC binding, but there is no one conserved and necessary feature (Méchali, 2010; Cayrou et
al.,2011, 2015; Ekundayo & Bleichert, 2019; Yella et al., 2020; Akerman et al., 2020). In terms
of sequence, the two main features associated with origin activity are CpG islands, generally
linked to transcriptional promoters (Cadoret et al., 2008; Sequeira-Mendes et al., 2009), or AT-
rich DNA unwinding elements (DUEs) (Méchali, 2010; Cayrou et al., 2011). In terms of DNA
structure, an origin G-rich repeated element (OGRE) is thought to have a propensity for
forming G4 quadruplexes, which has been linked to origin activity (Cayrou et al., 2012; Prorok
et al., 2019), as have other topological features such as supercoiling and helical twist (Remus,
Beall & Botchan, 2004; Cadoret et al., 2008; Comoglio et al., 2015; Yella et al., 2020). Finally,
chromatin structure and modifications have also been shown to affect origin activity, which is
associated with nucleosome-free regions and the H3K46ac mark (Cayrou et al., 2015; Prioleau
& MacAlpine, 2016).

1.2.2.2  Origin timing

In S. cerevisiae, there is a tightly controlled process regulating the firing timing of specific
origins (Raghuraman et al., 2001). This timing is separable from but linked to the efficiency of
firing of a particular origin, since the later an origin fires, the more likely it is to be replicated
passively, due to the passage of forks from adjacent origins past the late origin position
(Aparicio, 2007). By removing the possibility of passive replication, it was shown that even

very late origins are reliably fired given enough time (Santocanale, Sharma & Diffley, 1999;
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Vujcic, Miller & Kowalski, 1999). One aspect of origin firing in yeast that was discovered
early on, was the position effect mediated by telomeric regions on origin firing timing
(Ferguson & Fangman, 1992). This suggested that the local chromatin environment, which is
relatively compacted near telomeres (Grunstein, 1998), confers this property of timing to the
origins present there. This was confirmed in studies that showed cells impaired in their ability
to form or spread the telomeric heterochromatin, such as SIR protein mutants, also showed
disregulation of telomeric origin firing timing (Zappulla, Sternglanz & Leatherwood, 2002;
Cosgrove, Nieduszynski & Donaldson, 2002). However, the ability of chromatin and
nucleosome state to influence origin timing does not appear to be limited to telomeres, and
several telomere-associated proteins, including the SIR proteins and Rifl, are implicated in
affecting origin timings of origins distant from the telomeres (Pappas, Frisch & Weinreich,
2004; Hayano et al., 2012; Hoggard et al., 2018). This is thought to be due to their histone
deacetylase activity, a function that has been linked to origin timing in multiple studies for
multiple protein complexes (Vogelauer et al., 2002; Aparicio et al., 2004; Pappas, Frisch &
Weinreich, 2004; Knott et al., 2009; Yoshida et al., 2014; Aparicio, 2007). Early work also
implicated the ARS-binding protein Abfl in maintaining a nucleosome-free region at the origin
(Lipford & Bell, 2001; Marahrens & Stillman, 1992).

It is unclear exactly what mechanism is causing the effects on origin timing by these factors,
and at what stage in the origin licensing-firing pathway they affect. Recent work implicating
Sir2 with a broad control over origin firing timing suggests that Sir2 affects the loading of
MCM2-7 helicase at early and telomeric origins, and it is this that causes the preferential shift
to early origin usage in 4sir2 cells (Hoggard et al., 2020). Other studies suggest that origin
firing timing is rather mediated by the later stages of replication initiation, the firing event
itself, with histone deacetylase Rpd3 deletion resulting in early recruitment of firing factor

Cdc45 to origins. In addition, because several of the initiating proteins are in limiting
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concentration (Mantiero et al., 2011), changes in their association dynamics could have large
effects on timings. Indeed, overexpression of combinations of six replication initiation proteins
caused an advancement of origin firing time generally and made late origins fire earlier (Tanaka
et al., 2011; McGuffee, Smith & Whitehouse, 2013; Lynch et al., 2019).

Furthermore, proteins such as Ctf19 and the Forkhead factors Fkh1 and Fkh2 have been shown
to affect the recruitment of the activating replication kinase DDK to origins, which in turn
affects the recruitment of Cdc45 and Sld3 firing factors, a marker of origin firing timing
(Aparicio, Stout & Bell, 1999). In contrast, at late origins Rifl is thought to recruit protein
phosphatase 1 (PP1), which actively counteracts the activity of DDK at these sites, reducing
binding of early replication factors (Mattarocci et al., 2014; Davé et al., 2014; Hiraga et al.,
2014).

The Forkhead factors in particular appear to have an additional role in the spatial organisation
of origins in the cell, which creates clusters of early firing origins that may show higher local
concentrations of the limiting firing factors required for early origin firing (Pasero, Braguglia
& Gasser, 1997; Lengronne et al., 2001; Heun et al., 2001). Meanwhile, regions of
heterochromatin that fire later may occupy positions closer to the nuclear periphery (Aparicio,
2007).

In yeast, there are several mechanisms that seem to regulate origin firing time, that seem to act
at differing times during replication initiation. Some, like Sir2, appear to affect the loading of
MCM2-7 at origins (Hoggard et al., 2020), whilst others, such as the Forkhead factors, appear
mainly to regulate the recruitment of activation factors during the firing process itself (Fang et
al., 2017; Knott et al., 2012). This is further complicated by studies that suggest the temporal
regulation of origin firing timing is established between mitosis and the end of Gl
(Raghuraman, Brewer & Fangman, 1997), and very recent work that indicates disparities in

MCM2-7 loading at origins can in fact explain much of the variations in origin activation
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timings (Foss et al., 2021). The effect of a particular firing determinant can affect different
subtypes of origin differently, as shown by the studies above that perturb timing determination,
so the fine timing control for each individual origin is possibly the result of a combination of
mechanisms acting at different stages of the licensing and firing processes.

In higher eukaryotes, where the mechanisms governing origin specification itself are less
clearly defined, the mechanisms by which cells regulate the timing regime of origin firing is
similarly less well understood than in yeast (Boos & Ferreira, 2019). However, there are some
clear parallels that can be drawn between metazoans and yeast. Like yeast, determination of
origin firing appears to be multi-faceted in higher eukaryotes, and perturbation of one aspect
of timing determination affects certain origins more than others. Some of the individual
pathways also appear to be conserved, with Rifl showing a role in temporal regulation of origin
firing in mouse and human cells, that may be related to PP1 activity or chromosomal structure
(Cornacchiaetal., 2012; Foti et al., 2016; Sukackaite et al., 2017). Additionally, the counterpart
of the yeast initiation factor Sld3, Treslin/TICRR, has been implicated in directing replication
timings via interactions with acetylated histone-binding proteins (Sansam et al., 2018),
suggesting that histone acetylation, like in yeast, is an important regulator of replication timing

in higher eukaryotes, and that recruitment of initiation factors may also be key in this process.

1.3 Initiation of DNA replication: Licensing

1.3.1 The Origin Recognition Complex

The origin recognition complex, ORC, is a heterohexameric complex that is well conserved
across eukaryotes, with some variability in subunit size order (Gavin, Hidaka & Stillman, 1995;
Tugal et al., 1998; Li & Stillman, 2012). All of the ORC subunits, save Orc6, are relatively
similar in domain structure (Duncker, Chesnokov & McConkey, 2009). In addition to C-

terminal winged-helix domains, important for DNA binding (Gaudier et al., 2007), they each
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contain conserved AAA" domains (Speck & Stillman, 2005; Duncker, Chesnokov &
McConkey, 2009), and appropriately, the complex shows ATP-dependent binding to origins
(Bell & Stillman, 1992), in a manner reminiscent of the prokaryotic DNA replication initiator
DnaA (Kawakami & Katayama, 2010). In addition, the largest subunit, Orc1, has an N-terminal
bromo-adjacent homology (BAH) domain, which typically mediate protein-protein
interactions (Callebaut, Courvalin & Mornon, 1999; Bell et al., 1995). In the case of Orcl, this
domain appears to mediate interactions with origin-adjacent nucleosomes (de Ioannes et al.,
2019). Orc6 is the most divergent, not just from the other ORC subunits in yeast, but also shows
a large amount of divergence from yeast to higher eukaryotes (Dhar & Dutta, 2000; Duncker,
Chesnokov & McConkey, 2009). Orc6 also appears to have an important role in the recruitment
of the second MCM2-7 hexamer (Miller et al., 2019; Gupta et al., 2021)

Recent structures of ORC complexes bound to origin DNA from D. melanogaster and S.
cerevisiae helped elucidate how the domain structure and three-dimensional arrangement of
subunits allow DNA binding of ORC (Bleichert, Botchan & Berger, 2015; Bleichert et al.,
2018; Li et al., 2018). The Drosphila ORC structure showed that ORC exhibits a near-planar
ring conformation and in higher metazoans can adopt an autoinhibitory conformation, that
blocks ring opening and engagement of DNA (Bleichert, Botchan & Berger, 2015; Bleichert,
2019; Bleichert et al., 2018). Structural information of the human ORC showed closer
structural similarities to the S.cerevisiae complex in its active form (Sun et al., 2014), and an
autoinhibitory confirmation was not observed (Tocilj et al., 2017).

The structure of the S.cerevisiae ORC complex bound to ARS DNA was able to explain
structurally the sequence-specific nature of this binding (Li et al., 2018). Again, the AAA+
domains of the ORC subunits formed a tilted ring that in this case surrounds origin DNA. Small
initation-specific motif (ISM) subdomains in all AAA+ regions of the ORC subunits except

Orc4 were found to interact with DNA in a general non-specific manner, as too were the 3-
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hairpins of the Orc2-5 winged helices (WH), which formed close associations with the DNA,
mostly with the major groove. Specific interaction that depended on DNA ACS sequence at
was carried out by a basic patch in Orcl. This patch inserts into the major groove at the ACS
site and interacts with thymine, and a B-hairpin of Orc4 winged helix domain (WHD). At the
B1 element, a flexible loop of the Orc2 subunit, a basic patch of the Orc5 WHD, and the TFIIB
domain of Orc6 interact with the DNA with slightly less expected sequence specificity (Li et
al., 2018). The structure of yeast and fruit fly ORC bound to DNA shows a bend in the DNA
introduced by the protein complex (Li et al., 2018; Schmidt & Bleichert, 2020). In yeast, this
consisted of a 25° bend at the ACS, and another 51° bend at the B1 element. Interestingly, in
Drosophila, the bend was seen to vary dependent on the sequence of the bound DNA. The
exact function of this introduced bend is not certain, but comparison of ORC-DNA with later
structures of loading intermediates involving MCM2-7 suggest it may aid that process (Yuan

etal., 2017; Li et al., 2018; Yuan et al., 2020d).

1.3.2 Cdcé

The Cdc6 protein was initially shown to be required for some unknown event in early S phase
(Hartwell, 1976), and subsequently identified in fission yeast as being required for S phase
entry (Kelly, Nurse & Forsburg, 1993). Further work demonstrated that the presence of Cdc6
was required to extend the footprint of the nuclease-protected, and therefore protein bound,
region at replication origins post-mitosis, termed the pre-RC (Diffley et al., 1994; Cocker et
al., 1996; Perkins & Diffley, 1998; Speck & Stillman, 2007). Cdc6 shares many similarities in
domain structure to Orcl-5 in S.cerevisiae. It contains a homologous AAA" and WH domain
and shares more conserved sequence with Orcl than Orcl does with the other AAA™ ORC
subunits (Duncker, Chesnokov & McConkey, 2009; Bell et al., 1995). Cdc6 associates with
the ORC complex bound to DNA, dependent on ATP-binding, forming a ring shaped complex

(Santocanale & Diffley, 1996; Mizushima, Takahashi & Stillman, 2000; Duncker, Chesnokov
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& McConkey, 2009; Speck et al., 2005; Liang, Weinreich & Stillman, 1995; Seki & Diffley,
2000; Cocker et al., 1996). ORC-Cdc6 bound to DNA extends the footprint of ORC on genuine
ARS sequences, but when either not bound to DNA, or to non-origin sequences, Cdc6 ATPase
activity causes disassembly of Cdc6 from the complex, preventing progression to further steps
of replication initiation, namely loading of the replicative helicase (Speck & Stillman, 2007).
In this way, the binding and ATPase activity of Cdc6 acts as a form of quality control for
correct ORC positioning prior to helicase loading. Recent structural studies have resolved the
structure of ORC-Cdc6 bound to DNA for yeast and Drosophila complexes (Feng et al., 2021;
Schmidt & Bleichert, 2020), and reveal that, at least in yeast, the association of Cdc6 is
responsible for stabilisation of ORC interaction with DNA, and the availability of several
binding sites responsible for MCM2-7 recruitment. This explains why Cdc6 is required for
both the extension of the ORC footprint on DNA (Speck et al., 2005), and for the ability to

recruit MCM2-7 (Fernandez-Cid et al., 2013).

1.3.3 The Replicative Helicase MCM2-7

1.3.3.1 MCM structure and homology

The replicative helicase is formed from six proteins that were initially identified in screens
investigating plasmid inheritance or cell cycle progression. These proteins were collated under
the name Mcm, standing for minichromosome maintenance (Moir et al., 1982; Maine, Sinha
& Tye, 1984; Sinha, Chang & Tye, 1986; Maine, Sinha & Tye, 1984; Thommes et al., 1992).
Significant sequence similarity between six of these, and discovery of homologous genes in
other organisms further defined the Mcm2-7 family of six (Dutta & Bell, 2003; Tye, 2003).
The Mcm proteins contain the AAA™ ATPase motif, and form a heterohexameric complex in a
ring shape (Forsburg, 2004; Bochman & Schwacha, 2007; Davey, Indiani & O’Donnell, 2003;
Tye, 2003). Initially, the activity of Mcm2-7 was only linked to origins themselves (Dutta &

Bell, 2003), but the discovery of Mcm?2-7 associated with non-origin DNA during S phase
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established their movement with the replication fork and the hypothesis that Mcm2-7 could
function as the replicative DNA helicase (Aparicio, Weinstein & Bell, 1997). This was further
expanded upon with work that showed continued Mcm2-7 activity was required to complete
replication after origin firing (Labib, Tercero & Diffley, 2000), and later, work that was able
to demonstrate in vitro activity of the Mcm2-7 complex (Bochman & Schwacha, 2008), with
higher and more reliable activity with the addition of other proteins known to be involved with
continuation of replication beyond initiation, Cdc45 and the four GINS proteins ((Moyer,
Lewis & Botchan, 2006; Kanemaki et al., 2003; Ilves et al., 2010; Tercero, Labib & Diffley,

2000; Takayama et al., 2003).
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Figure 4: Overview of the large scale domain and structural features of the MCM2-7 complex .The three main domains of all
six MCM2-7 subunits are the N-terminus (subdivided into N-terminal extension (NTE) and N-terminal region including a Zinc
finger (ZnF) and other interaction domains), the AAA+ ATPase domain (the most conserved region) and the C-terminal
extension (CTE) (containing a winged helix domain) in red-orange, purple and blue respectively (Costa & Onesti, 2009; Riera
et al., 2017). The six subunits have varying lengths of N-terminal and C-terminal extensions, and are N-C terminally aligned
and arranged into a ring as displayed (Davey, Indiani & O’Donnell, 2003; Bochman, Bell & Schwacha, 2008; Li et al., 2015)

The MCM proteins are comprised of three main domains, the N-terminus, the core AAA+
ATPase domain, and the C-terminal extension (Figure 4)(Costa & Onesti, 2009). The N-
terminus contains domains that are involved in protein-protein interactions, both intra-hexamer
and (Bochman & Schwacha, 2009), inter-hexamer (Li et al., 2015; Noguchi et al., 2017), and

carry N-terminal extensions (NTEs) that have an important role in the regulation of activation
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of replication as phosphorylation targets of DDK (Larasati & Duncker, 2017), and in
replication-coupled chromatin assembly (Huang et al., 2015).

The AAA+ ATPase domain is the most highly conserved region, and specifically, the presence
of a particular helical segment after the core ATPase domain and an insert within the core
ATPase domain itself, places the MCM proteins in clade 7 of the AAA+ ATPases, the pre-
sensor II insert (PSII) group. There is structural variability between the ATPase active sites of
each AAA+ domain, which are actually formed at the interface between subunits, with one
subunit contributing the binding pocket and the adjacent subunit providing the arginine finger
for catalysis (Davey, Indiani & O’Donnell, 2003; Wendler et al., 2012; Sun et al., 2014). These
sites show variable nucleotide occupancy that varies dependent on the state the complex is in,
and the binding of dsDNA (Noguchi et al., 2017; Li et al., 2015; Sun et al., 2014, 2013; Yuan
et al., 2017). It has been noted there appears to be cooperativity between the ATPase sites,
where the nucleotide occupancy of one subunit, or the mutation of a particular ATPase site has
an effect on the nucleotide binding of other sites and the overall ATPase activity of the complex
(Ilves et al., 2010; Davey, Indiani & O’Donnell, 2003; Schwacha & Bell, 2001). Some of the
ATPase sites were shown to have greater or lesser effects on the overall ATPase rate of the
complex, suggesting that the contribution from each to the ATPase functionality of the complex
is not equal (Bochman, Bell & Schwacha, 2008; Bochman & Schwacha, 2010; Bell & Botchan,
2013). There is evidence that the archael MCM complex has a rotary ATPase cycle of
cooperativity, where nucleotide binding and hydrolysis occurs in a cyclical manner around the
ring, and this activity drives translocation (Meagher, Epling & Enemark, 2019). However, in
contrast to the archael MCM, the S. cerevisiae MCM2-7 does not form contacts with the
lagging strand with all subunits (Yuan et al., 2020), and, while the ATP-binding pattern is
consistent with a possible rotary model, it is not clear if MCM2-7 follows this pattern, despite

it being common in many ring shaped ATPases (Liao et al., 2005; Thomsen & Berger, 2008),
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given the mild effect of ATPase mutations on DNA helicase activity of the MCM2-7 for a
some of the subunits, suggesting not all are required for full activity, as might be expected of
a rotary model .

In addition to the NTD and AAA+ domain, most of the MCM2-7 proteins, aside from Mcm?2
have a C-terminal extension, that forms a winged helical structure (Riera et al., 2017).
Observations that the C-terminal extension (CTE) of Mcm5 appeared to block the central pore
were initially explained as an exclusion mechanism to cause DNA unwinding, but this
suggestion relied upon a C-terminal first translocation model, which has since been disproven.
Other than this, the CTEs have been shown to provide Cdtl and Cdc6 binding during helicase
loading, and to interact with polymerase ¢ at the active replication fork (Jones et al., 2021), but
limited other functions have been ascribed to these domains (Riera et al., 2017; Yuan et al.,

2020).

1.3.4 Cdtl/Tahl1

Cdtl/Tah11 was first discovered to have a role in MCM2-7 loading onto chromatin in fission
yeast (Nishitani et al., 2000), and later confirmed to act similarly in budding yeast (Tanaka &
Diffley, 2002; Devault et al., 2002). In Gl phase cells, MCM2-7 and Cdtl form a
heteroheptameric soluble complex together (Kawasaki et al., 2006), with a single Cdtl binding
an MCM2-7 hexamer in a manner that appears to stabilise the hexamer in an “open-ring” state,
amenable for loading onto DNA (Frigola et al., 2017; Zhai et al., 2017). Cdtl alters the
conformation of the MCM2-7 hexamer ring, which allows complex formation (Fernandez-Cid
etal., 2013; Zhai et al., 2017). Cdtl itself disassociates from origins after helicase loading, and

is not part of the active replisome after loading (Ticau et al., 2015, 2017).

1.3.5 Loading of the Replicative Helicase

Following work with archaeal and viral proteins (Chong et al., 2000; Costa et al., 2006; Gomez-

Lorenzo et al., 2003; Li et al., 2003; Pape et al., 2003; Shechter, Ying & Gautier, 2000), it was
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shown that in yeast, MCM2-7 is loaded onto origins as a double hexamer (DH) during licensing
(Evrin et al., 2009; Remus et al., 2009). Investigations into the mechanism behind the loading
of two hexamers revealed intermediate states and the roles of Cdtl and Cdc6 (Figure 5).
Initially, Cdcé6 is recruited to chromatin-bound ORC in late M and early G1 (Weinreich, Liang
& Stillman, 1999) in an ATP-dependent manner, functioning as a molecular switch to promote
further pre-RC formation (Speck et al., 2005). The complex is then competent to recruit a Cdtl-
bound Mcm2-7 hexamer and form an ORC/Cdc6/Cdtl/MCM2-7 (OCCM) complex
(Fernandez-Cid et al., 2013; Sun et al., 2013). The ring shaped MCM2-7 hexamer is loaded
onto DNA via a single DNA entry gate between subunits Mcm?2 and Mcm5 (Samel et al., 2014).
Loss of Cdtl and Cdc6 through ATP hydrolysis to form an ORC/MCM2-7 intermediate (OM)
(Coster et al., 2014; Kang, Warner & Bell, 2014)

seems to promote ring closure (Ticau et al., 2015) and allows recruitment of a second Cdc6,
forming an ORC/Cdc6/MCM2-7 (OCM) and a second Cdtl/MCM2-7 complex (Fernandez-
Cid et al., 2013; Randell et al., 2006; Ticau et al., 2015b, 2017¢). This results in an MCM2-7
double hexamer (DH), with both N-terminal domains (NTDs) facing towards the other (Costa
etal., 2014; Evrin et al., 2014; Gambus et al., 2011; Remus et al., 2009). Structural information
obtained by cryo-EM on this double hexamer showed extensive interactions between the N-
terminal domains (NTDs) of each MCM2-7 hexamer, though the full length of the N-terminal
extensions of the MCM2-7 subunits were not generally resolved (Noguchi et al., 2017; Ali et
al., 2017). The MCM2-7 hexamers do not stack perfectly in the double hexamer, instead they
exhibit a tilt of around 14° between their axes (Li et al., 2015; Sun et al., 2014). This is because
of the interface interactions being provided mostly by the Mcm3/5/7 half rings of each
hexamer. This arrangement may help expose the N-terminal serine/threonine rich domains of
the other half ring, Mcm2/4/6, which can then be accessed by DDK activity later during

activation to perhaps initiate splitting (Noguchi et al., 2017). The two hexamers are also
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rotationally offset, with the Mcm2/5 DNA entry gate (Samel et al., 2014) of each hexamer out
of alignment with the other (Sun et al., 2014). The genetic structure of origins in S.cerevisiae
posed a question that was not immediately answered when the structural details of the loading
reaction intermediates were discovered. Intermediate structures clearly showed ORC bound to
the C-terminus of a single MCM2-7 hexamer (Fernandez-Cid et al., 2013; Ticau et al., 2015,
2017), and structures of the OCCM showed a single ORC bound to the forming double hexamer
(Sun et al., 2013; Yuan et al., 2017). Some origins in yeast appeared to show multiple copies
of degenerate ORC recognition motifs (Palzkill & Newlon, 1988), and in vitro experiments
showed that for full MCM2-7 loading activity, a single ORC site was not sufficient (Coster &
Diffley, 2017). Instead, a second, if weaker, ORC site was required, suggesting a synergistic
activity of the second hexamer loading, but one that still required loose association of ORC
with a second site on the opposite end of the double hexamer. This fits with mutational analysis
that showed that residues in Mcm3 and Mcm6 important for loading of the first hexamer,
prevented second hexamer formation even once the initial hexamer was bound to DNA (Frigola
et al., 2013; Fernandez-Cid et al., 2013). The question of whether the loading of two MCM2-7
hexamers required one or more ORC complexes continues to be investigated to this day. Recent
time-course cryo-EM data of MCM2-7 loading intermediates using an in vitro reconstitution
system identified that the first MCM2-7 hexamer can help recruit a second ORC via
interactions with the N-terminal interface of Mcm subunits, which can then recruit the second
MCM2-7 hexamer (Miller et al., 2019). This interaction of ORC with the N-terminus of
MCM2-7 was recently confirmed in a FRET study, but as in an interaction in a binding mode
of the initial ORC carrying out a positional switch or “flip” to the opposite side of the MCM2-
7 hexamer (Gupta et al., 2021). Whether mediated in vivo by a second ORC complex or not,
the evidence suggests that, indeed, two ORCs are required to load the two head-to-head

MCM2-7 complexes.
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Figure 5: Summary of the key steps in loading of the MCM_2-7 helicase at origins of replication . Initially, only ORC is bound.
Following Cdc6 binding, ORC-Cdc6 is competent to recruit a singular complex of MCM-Cdt1 and insert DNA within the
MCM2-7 central channel. Following ATP hydrolysis, Cdc6 and Cdt1 are released, resulting in MCM2-7 ring closure (Ticau et
al., 2017). Release of ORC from one side of the MCM2-7 hexamer and an “ORC flip” (Miller et al., 2019; Gupta et al., 2021)
followed by binding of a second Cdc6 to ORC, which allows recruitment of a second MCM2-7-Cdt1. Finally, a second round
of ATP hydrolysis occurs that releases the second Cdc6 and Cdtl1, resulting in stable MCM2-7 double hexamer formation
(DH) at the origin. Figure adapted from and mechanism reviewed in Riera et al., 2017(Riera et al., 2017).

1.4 [Initiation of DNA Replication: Firing

After DH loading origins are licensed and DNA replication activation can commence. The
activation of the MCM2-7 helicase occurs at the transition from G1 to S phase and is therefore
temporally separated from the loading process (Fernandez-Cid et al., 2013; Randell et al., 20006;
Ticau et al., 2015, 2017). This precludes further helicase loading and potential re-replication at

an activated origin (Dahmann, Diffley & Nasmyth, 1995).
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Recently, the minimal yeast DNA replication initiation machinery was reconstituted in vitro
(Yeeles et al., 2015). This narrowed down the list of factors required in vitro for this process
to sixteen protein components: Cdt1/MCM2-7, ORC, Cdc6, DDK, CDK, S1d2, S1d3/7, Cdc45,
Dpbl1, GINS, Pole, Mcm10, Pola, Ctf4, RPA and Topll. However, this produces only the
minimally active replication machinery, and additional factors are required for increased
replicative activity (Yeeles et al., 2015), and even more factors may be required for efficiency

in the same processes in vivo.

1.4.1 Kinase activity drives the activation mechanism

Triggering the assembly of the helicase complex requires two kinases, the Dbf4-dependent
kinase (DDK) and the cyclin-dependent kinase (CDK) (Diffley, 1996; Hartwell et al., 1973;
Nasmyth, 1996; Stillman, 1996). The crucial function of DDK is the phosphorylation of the
MCM2-7 double hexamer, as initially identified by suppressor mutants (Francis et al., 2009;
Hardy, 1997; Randell et al., 2010; Sheu & Stillman, 2006). Similarly, CDK has essential targets
for this process in S1d2 and Sld3, though suppressor mutants in this case are not as effective,
consistent with other essential roles of CDK (Tanaka et al., 2007; Zegerman & Diffley, 2007).

Phosphorylation of the MCM2-7 double hexamer by DDK serves as the first step in
helicase activation. DDK phosphorylation is stimulated by the formation of the double
hexamer, indicating that the formation of this structure is a prerequisite for further activation
(Francis et al., 2009; Sun et al., 2014). Mcm4 and Mcm6 are phosphorylated by DDK at sites
located on long unstructured tails (Ali et al., 2017; Sheu & Stillman, 2006, 2010). This
phosphorylation drives the recruitment of Cdc45 and S1d3 to the double hexamer (Heller et al.,
2011; Kamimura et al., 2001; Kanemaki & Labib, 2006; Natsume et al., 2013; Tanaka et al.,
2011). In vitro data suggests that SId3 recruits Cdc45 to double hexamers (Deegan, Yeeles &
Diffley, 2016; Fang, Cao & Lou, 2016), something not recapitulated in vivo, where recruitment

of SId3 and Cdc45 is interdependent (Heller et al., 2011; Kamimura et al., 2001; Kanemaki &
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Labib, 2006), and the non-essential S1d7 (Heller et al., 2011; Kamimura et al., 2001; Kanemaki
& Labib, 2006) binds S1d3 conferring stability to this protein (Heller et al., 2011; Kamimura et
al., 2001; Kanemaki & Labib, 2006).

The phosphorylation of Sld2 and Sld3 by CDK, similar to DDK phosphorylation of MCM2-
7, also advances complex formation. Phosphorylated Sld2 and S1d3 are able to bind the BRCA1
C-terminal (BRCT) repeats in Dpb11 (Tanaka et al., 2007; Zegerman & Diffley, 2007). This
induces the formation of a metastable preloading complex (pre-LC) (Muramatsu et al., 2010)
comprised of Sld2 and Dpbll, along with DNA polymerase epsilon (Pole) and the four
components of the go-ichi-ni-san (GINS) complex: S1d5, Psfl, Psf2 and Psf3 (Muramatsu et
al., 2010). This complex is recruited to the MCM2-7 double hexamer via an interaction with
phosphorylated S1d3, before Sld2, SId3 and Dpbl1 are released, forming a Cdc45/MCM2-
7/GINS complex (CMG) (Heller et al., 2011; Kanemaki & Labib, 2006). The further
involvement of Mcm10 with the nascent CMG seems to allow origin unwinding activity, since
it facilitates the recruitment of the single-stranded DNA binding protein RPA and DNA
polymerases beyond Pole, such as Pola (Heller et al., 2011; Kanemaki & Labib, 2006). The
CMG is thereby activated and regarded as being the core active complex for further DNA

unwinding in S phase (Gambus et al., 2006; Moyer, Lewis & Botchan, 2006).

1.4.2 S1d3/7 and Cdc45: Earliest initiation factors

1.4.2.1 SId3/7

S1d3 was first identified in a screen for suppressors of a replication mutant (Kamimura et al.,
2001). The S1d3 homolog in higher eukaryotes was non-obvious but is now widely considered
to be Treslin/ticrr, due to a region of homology and similarity of function (Mueller, Keaton &
Dutta, 2011; Sanchez-Pulido, Diffley & Ponting, 2010; Kumagai et al., 2010; Sansam et al.,

2010; Boos et al., 2011). Sld3 is essential for viability, and shows genetic and physical
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interactions with Cdc45, as well as similar genomic association patterns (Kamimura et al.,
2001; Kanemaki & Labib, 2006). S1d3 and Cdc45 co-associate with origins in S-phase, and
origin firing timing seems highly dependent on these early binding factors (Fang, Cao & Lou,
2016; Tanaka et al., 2011; Deegan, Yeeles & Diffley, 2016).

S1d3 is bound throughout the cell cycle by Sld7, a protein that, whilst not essential for cell
viability, nonetheless promotes growth and DNA replication (Tanaka et al., 2011). Alone, S1d7
shows limited binding to MCM2-7, and is thought to stabilise Sld3, or perhaps enable higher-
order dimerization of Sld3/7 that may play some role in coordinating signals across a double
hexamer (Deegan, Yeeles & Diffley, 2016; Tanaka et al., 2011; Itou, Shirakihara & Araki,

2015).

1.4.2.2 Cdc45

The Cdc45 protein has a long history of association with cell cycle processes. It was first
identified in a screen for cold sensitive mutants that generated a cell cycle arrest phenotype
(Moir et al., 1982). It was subsequently discovered to associate with the MCM2-7 complex and
promote both initiation and continued replication of DNA (Zou, Mitchell & Stillman, 1997;
Hopwood & Dalton, 1996; Aparicio, Weinstein & Bell, 1997), and this was a highly conserved
function, with several species’ homologs seemingly functioning in the same manner (Mimura
et al., 2000; Mimura & Takisawa, 1998; Miyake & Yamashita, 1998; Hopwood & Dalton,
1996). Cdc45 is essential for initial unwinding at origins (Walter & Newport, 2000; Mimura et
al., 2000; Pacek & Walter, 2004), and critical for further assembly of replisome components
such as polymerases (Zou & Stillman, 2000; Uchiyama, Arai & Masai, 2001; Mimura et al.,
2000; Mimura & Takisawa, 1998). From compositional and structural studies it is also known
that Cdc45 is a core component of the replisome as it moves through the genome (Langston et
al., 2014; Costa et al., 2014; Gambus et al., 2006; Costa et al., 2011; Sun et al., 2015), and its

continued association is essential for progression of replication forks (Pacek & Walter, 2004;
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Tercero, Labib & Diffley, 2000). The exact timing of Cdc45 recruitment to origins and
replication complexes was of some debate initially, with reports of association of the protein
with chromatin in G1 (Aparicio, Stout & Bell, 1999; Aparicio, Weinstein & Bell, 1997) or
other data showing association of Cdc45 only after S phase had begun (Zou & Stillman, 1998).
More recent data found that Cdc45 can be found bound to origins in alpha factor arrest
(Miyazawa-Onami, Araki & Tanaka, 2017). However, what is certain is that Cdc45 recruitment
is dependent on both the activity of the kinase Cdc7-Dbf4 (DDK) (Jares & Blow, 2000;
Deegan, Yeeles & Diffley, 2016; Heller et al., 2011; Sheu & Stillman, 2006; Tanaka et al.,
2011; Yeeles et al., 2015) and co- or pre- recruitment of SId3/7, with which Cdc45 forms a
complex bound to the MCM2-7 double hexamer (Kamimura et al., 2001; Yamada, Nakagawa
& Masukata, 2004; Deegan, Yeeles & Diffley, 2016; Tanaka et al., 2011), and that Cdc45 is
one of the earliest factors to associate during activation (Miyazawa-Onami, Araki & Tanaka,
2017; Heller et al., 2011).

Structural work on the active replisome has revealed that, along with the GINS complex,
Cdc45 occupies a position near the N terminus in the CMG, covering the Mcm2-Mcm5 gate
(Costaetal., 2011). Whilst some studies have suggested that Cdc45 uses its weak DNA binding
activity to guide the lagging strand (Costa et al., 2011), or in fact act as the “wedge” that
separates the DNA strands (Szambowska et al., 2014), current models suggest that Cdc45, in
tandem with GINS, is positioned over the DNA entry gate to control this opening in the
hexamer ring, and prevent accidental ejection of the leading strand, activities which may be
important during replication stress and fork stalling (Petojevic et al., 2015).

An inherent puzzle for consideration is that Cdc45 is the eukaryotic homolog of the Recl
nuclease (Sanchez-Pulido & Ponting, 2011). Whilst the Cdc45 protein has lost the catalytic

nuclease function (Krastanova et al., 2012; Pellegrini, 2017), it is interesting that a protein of
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such different function may have evolved to form such an essential part of the replication

machinery in eukaryotes.

1.4.3 Pre-LC components Dpb11, GINS, Pole and Sld2: Intermediate initiation factors

As part of the second CDK-driven step of helicase activation, several additional factors past
the initial Cdc45 and S1d3/7 are recruited to the double hexamer in a phosphorylation
dependent manner (Figure 6). These factors comprise the multi-factor subcomplex known as
the pre-loading complex (pre-LC) (Masumoto et al., 2002; Tanaka et al., 2007; Zegerman &
Diftley, 2007).

1.4.3.1 Sld2

In addition to phosphorylating Sld3, CDK also phosphorylates the protein Sld2 (Masumoto et
al., 2002). Sld2 was one of several proteins found to cause synthetic lethality with a
thermosensitive Dpb11-1 mutation, and it was established that cells without functional SI1d2
present were inviable (Kamimura et al., 1998). Otherwise, not much is known about the
structure or function of the S1d2 protein, other than an indication that this protein might bind
ssDNA when phosphorylated and possess strand annealing activity (Kanter & Kaplan, 2011),
though further confirmation is required. Intriguingly, significant homology to SId2 is found
within the mammalian RecQ4 helicase-like protein, which also shows ssDNA annealing
activity, in addition to its helicase activity (Macris et al., 2006; Xu & Liu, 2009; Rogers et al.,
2017). Given that production of ssDNA as part of duplex unwinding is expected during the
transition to active replisomes, this activity is both indicative and puzzling. Single-stranded
binding can be rationalised, but the possible annealing activity has yet to be placed within any

likely suggested mechanism.
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1.4.3.2 Dpbll

Dpbl1 is another of the factors that are recruited to the replication complex by the action of
CDK (Muramatsu et al., 2010). This protein was identified initially by genetic interactions with
mutations of the polymerase € subunits Pol2 and Dpb2 (Araki et al., 1995). Dpbl1 appears to
function in a scaffold-like manner, and it contains four BRCT domains, which are shown to
have roles in signalling, and display specificity for phosphorylated peptides (Figure 6). Of the
four BRCT domains, there are two pairs (Muramatsu et al., 2010). One pair is required for
binding to Sld3 for origin recruitment, and the other binds to Sld2 (Masumoto et al., 2002;
Tanaka et al., 2007; Zegerman & Diffley, 2007; Muramatsu et al., 2010). An additional
interaction domain is present between these pairs of domains, and it is this region that shows
binding to the GINS subcomplex, specifically the Psfl subunit (Tanaka et al., 2013), and this
interaction was required for the recruitment of both proteins to origins (Takayama et al., 2003;
Muramatsu et al., 2010; Miyazawa-Onami, Araki & Tanaka, 2017). Dpbl1 also interacts
physically with polymerase & subunits, which potentially underlies the synthetic lethality
observed with Pol2 and Dpb2 subunits .(Masumoto, Sugino & Araki, 2000; Araki et al., 1995).
Outside of its role in replication initiation, Dpb11 also functions as a scaffold in processes of

DNA repair (Puddu et al., 2008; Pfander & Diffley, 2011; Liu et al., 2017).

1.4.3.3 GINS

Like many of the core replication factors, GINS was also identified in screening for synthetic
lethality with Dpb11 mutations (Kamimura et al., 1998; Takayama et al., 2003). In this case,
the protein encoded by the SLD5 gene was found to be required for cellular viability, and three
interacting partners were also identified and named Psfl, Psf2 and Psf3 (Takayama et al.,
2003). As described, the initial association of GINS with origins is dependent on Dpbll
interaction (Takayama et al., 2003; Muramatsu et al., 2010; Miyazawa-Onami, Araki &

Tanaka, 2017), but GINS is another initiation factor, like Cdc45, that stays associated with the
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helicase over the course of replication as part of the CMG (Gambus et al., 2006), and couples
the association of multiple other proteins to the complex during this time, such as Cdc45, Ctf4
and polymerase € (Gambus et al., 2006; Costa et al., 2011; Villaet al., 2016; Simon et al., 2014;
Gambus et al., 2009; Jones et al., 2021; Bareti¢ et al., 2020; Goswami et al., 2018). Structurally,
the GINS complex forms a diamond-shape tetramer, composed mainly of a-helices .
Mechanistically, it is still not understood exactly the role that GINS plays in initiation or active
replication, but it is likely that the positioning of the complex over the Mcm2-McmS5 subunit
interface is important. By blocking the interface most liable to open in the ring complex, GINS
may be stabilising the closed ring structure, or preventing loss of leading strand DNA from the
central channel should the gate open, either as part of normal translocation or due to bypass of

obstruction (Costa et al., 2011; Yuan et al., 2016; Petojevic et al., 2015).

1.4.3.4 Pole

The functional role of polymerase epsilon in catalysing leading strand synthesis will be
discussed below, though this protein is also a key component of the initiation process
(Muramatsu et al., 2010). Polymerase ¢ is a large subcomplex, with its largest catalytic subunit
Pol2, which shows an extended conformation, containing a polymerase domain in the N-
terminus, and an extended C-terminal domain (Asturias et al., 2005; Pursell & Kunkel, 2008).
Whilst the catalytic N-terminus was dispensable for cell viability, the C-terminal domain was
found to have an essential function in structuring the replisome (Kesti et al., 1999; Dua, Levy
& Campbell, 1999; Goswami et al., 2018). A combination of the C-terminal domain and Dpb2
was found to be sufficient for in vitro initiation, and so the extensive contacts that these subunits
form with the MCM2-7 C-terminus, and with GINS, are likely important in the overall
mechanism of replication initiation (Goswami et al., 2018). Investigation of complex formation
at the origin by limiting activation using degron-mediated selective factor degradation found

that although removal of Pol2 prevented activation of DNA replication, it was the loss of Dpb2
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that prevented the association of other members of the pre-LC to the origin, suggesting this is
the factor required for the association of pre-LC and immediate continuation of initiation

(Miyazawa-Onami, Araki & Tanaka, 2017).

1.4.3.5 The Pre-LC

The combination of the above protein factors is known as the pre-LC, and is thought to
assemble as a complex in response to CDK activity (Muramatsu et al., 2010). The association
of this complex has been shown to be interdependent, and some evidence suggests that this
complex association is “switch-like” and drives the splitting of the double hexamer in an

irreversible step of replication initiation (Miyazawa-Onami, Araki & Tanaka, 2017). The

splitting of the double hexamer prior to the action of the last major initiation factor, Mcm10, is

Pre-LC

Dpb11 Pol2

Cdc45
SId3/7

Figure 6: Protein-protein interactions of the Pre-LC complex during replication initiation . The two pairs of BRCT
domains bind to phosphorylated peptides of Sld2 (within the pre-LC) and SId3 (for pre-LC recruitment to origins).
Dpb11 and GINS bind in a region between the BRCT domains. Dpb11 also shows binding to Pol2 and Dpb2 subunits
of polymerase g, and the complex associates with the replication complex during initiation in response to S-CDK
phosphorylation (Araki et al., 1995; Masumoto, Sugino & Araki, 2000; Tak et al., 2006; Tanaka et al., 2007; Zegerman
& Diffley, 2007, Muramatsu et al., 2010; Tanaka et al., 2013)
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also suggested by particle analysis of in vitro initiation reactions in the absence of Mcm10, that
show two highly separated hexamers after the concerted action of all previous replication

factors (Douglas et al., 2018).

1.4.4 Mcml10: Final initiation factor

Mcm10 was initially identified as another factor that showed temperature sensitive alleles that
affected replication and was shown to be essential for the transition into S phase and the
assembly and movement of replication complexes away from origins (Dumas et al., 1982;
Maine, Sinha & Tye, 1984; Solomon et al., 1992; Merchant et al., 1997; Kawasaki, Hiraga &
Sugino, 2000; Gregan et al., 2003; Sawyer et al., 2004). Mcm10 shows conservation between
eukaryotes in both sequence and function, though there is no homolog in prokaryotes (Du,
Stauffer & Eichman, 2012). In terms of structural information, it is unclear what form Mcm10
takes in vivo, as evidence of multiple different homomeric and single unit forms of this protein
have been produced, including a ring-shaped hexamer form, reviewed in Du, Stauffer and
Eichman (Du, Stauffer & Eichman, 2012). The body of evidence now suggests that Mcm10 is
a component of the travelling replisome (Ricke & Bielinsky, 2004; Das-Bradoo, Ricke &
Bielinsky, 2006; Warren et al., 2009; Gambus et al., 2009; Lee et al., 2010), and is a functional
element enabling replisome stimulation, the passage of replication barriers, and preventing fork
regression at stalled replisomes (Ldoke, Maloney & Bell, 2017; Langston et al., 2017; Mayle
et al., 2019). However, Mcm10 also has a crucial role at the initiation of DNA replication
(Merchant et al., 1997; Homesley et al., 2000).

It has been shown that without Mcm10, an activated complex is able to form during replication
initiation, with the association of multiple firing factors (Miyazawa-Onami et al., 2017), and a
minimal amount of DNA unwinding in vitro (Douglas et al., 2018). These 0.6-0.7 helical turns

of DNA per hexamer, is an amount easily constrained by the approximate 30 base pair footprint
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of an individual hexamer, and so may not be extruded from the complex. Interestingly, several
firing factors are recruited without Mcm10, and data shows that RPA does not associate with
origins under these conditions (van Deursen et al., 2012; Watase, Takisawa & Kanemaki,
2012). This suggests that single-stranded DNA (ssDNA) extrusion from the helicase is limited
or non-existent at this stage. In addition, it was shown that in the absence of Mcm10, both in
vivo and in vitro, double hexamers appear to be separated (Miyazawa-Onami et al., 2017,
Douglas et al., 2018). Drawing these conclusions from the in vitro data is susceptible to
criticism , however, as separation was observed in samples prepared for cryo-EM under harsh
washing conditions. With Mcm10 included, further unwinding occurs, and the complex

becomes fully active for DNA replication (Miyazawa-Onami et al., 2017; Douglas et al., 2018).

1.4.5 Helicase activation summary

Yeeles et al.’s reconstitution of a minimal in vitro yeast replication assay identified many of
the key factors required for DNA replication in this organism (Yeeles et al., 2015). However,
whilst the entire minimal complement of replication factors required in vitro is now accounted
for, there is still little evidence pertaining to the structural or mechanistic events that occur
during the initiation process. Indeed, this system also lacks the ability to investigate additional
in vivo regulatory or accessory factors that may be required. Instead, recent studies, some of
which have been greatly aided by the reconstituted system (Douglas et al., 2018), and some
pursued separately (Miyazawa-Onami, Araki & Tanaka, 2017), are currently the best insights

into this unknown mechanism.
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Figure 7: Summary of the process of helicase activation, based on the structural and biochemical information at the current
time. Following DH loading at origins, a DDK-dependent activation step phosphorylates MCM2-7 N-termini (Labib, 2010),
and causes the recruitment of Cdc45 and SId3/7 (Heller et al., 2011; Tanaka et al., 2011; Deegan, Yeeles & Diffley, 2016).
Following the association of these factors, a CDK-dependent step causes association of the pre-LC factors Sld2, Dpb11,
GINS, and pole (not shown) (Masumoto et al., 2002; Tanaka et al., 2007; Zegerman & Diffley, 2007, Muramatsu et al.,
2010; Miyazawa-Onami, Araki & Tanaka, 2017). This step appears to cause structural changes that separate the DH in
some manner (Miyazawa-Onami, Araki & Tanaka, 2017; Douglas et al., 2018), and finally, full helicase activation seems
dependent on Micm10 association (van Deursen et al., 2012). Figure adapted from Riera et al., 2017(Riera et al., 2017).

1.5 The Composition, Structure and Mechanism of the Active Replisome

The active replisome is a large molecular machine composed of many component parts, the
overall structure of the replisome at replication forks is highly conserved among eukaryotes, as
are the subcomplexes and many of the individual proteins (Figure 8)(Yao & O’Donnell, 2010).
The core DNA unwinding activity is carried out by the CMG complex, but there are a wide
range of additional functions required as part of the replicative process, that are also associated

with the replication fork (Yao & O’Donnell, 2010; Burgers & Kunkel, 2017).
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parental DNA

replicated DNA

Figure 8: Overview of the structure of the active fork. The CMG complex forms the catalytic nexus of the fork, associated closely
with the fork protection complex (Baretic et al., 2020) polymerase & (Sun et al., 2015) and Ctf4 (Gambus et al., 2009; Baretic¢ et
al., 2020; Jones et al., 2021). Priming and extension of lagging strand is accomplished by polymerase « coupled to the replisome
by Ctf4 (Zhu et al., 2007; Gambus et al., 2009), before polymerase & completes Okazaki fragment synthesis (Kunkel & Burgers,
2008). On the leading strand, polymerase & catalyses leading strand synthesis (Kunkel & Burgers, 2008). Top1 and Top2 relieve
topological strain ahead of, and behind the fork, respectively (Wang, 2002). Nucleosome binding and assembly factors associate
with MCM2-7 at the fork, and with a range of factors behind the fork, including the clamp and clamp loader, Pol30 (Boehm,
Gildenberg & Washington, 2016) and RFC (Yao & O’Donnell, 2010), respectively . Single-stranded DNA is bound by RPA on the
lagging strand where it is present (Wold, 1997).Figure adapted from Yao and O’Donnell 2010, Burgers and Kunkel 2017, with
structural information from Jones et al. 2021 (Yao & O’Donnell, 2010; Burgers & Kunkel, 2017; Jones et al., 2021).

1.5.1 The Core CMG complex

As mentioned above, the DNA helicase activity of MCM2-7 is enhanced by binding of Cdc45
and the GINS complex (Ilves et al., 2010). This core of Cdc45-MCM2-7-GINS (CMG) forms
a stable complex, and human and Drosophila CMG can be isolated as a distinct complex that

possesses helicase activity (Moyer, Lewis & Botchan, 2006; Kang et al., 2012). Purification of
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the yeast complex and subsequent in vitro analysis demonstrated that this activity is well
conserved across eukaryotes (Langston et al., 2014).

The structure of the CMG core complex from both yeast and higher eukaryotes has been well
established, and some very high-resolution structures are available that clearly show the
binding of GINS and Cdc45 to the side of the MCM2-7, positioned over the Mcm2/Mcm5
interface (Costa et al., 2011; Yuan et al., 2016; Georgescu et al., 2017; Bareti¢ et al., 2020;
Jones et al., 2021).

Structural and biochemical studies of the CMG helicase complex have sought to establish the
underlying mechanism. Most of the studies cited above that elucidated the possible mechanism
of the MCM2-7 helicase in unwinding were carried out on the CMG helicase as the active form
of the complex (Costa et al., 2011; Abid Ali & Costa, 2016; Abid Ali et al., 2016; Yuan et al.,
2016). Whilst the full mechanistic description of DNA unwinding and translocation by the
replicative helicase is still not complete, recent structural and single molecule data are getting
closer to revealing the intermediate steps in the sequence of these processes.

However, it is well established that the CMG is by no means the sole component of replication
forks (Yu et al., 2014; Gambus et al., 2006; Katou et al., 2003; Nedelcheva et al., 2005;
Bermudez et al., 2011; Sengupta et al., 2013; Ricke & Bielinsky, 2004), and a large body of
evidence shows that this functional helicase unit can also act as a scaffold and interaction
partner to a much wider range of proteins that form the complex known as the replisome
progression complex (RPC)(Gambus et al., 2009; Georgescu et al., 2015; O’Donnell & Li,

2016; Tanaka et al., 2009).

1.5.1.1 MCM mechanism of action as part of the CMG
Multiple different proposed mechanisms of DNA unwinding and helicase orientation have been
suggested for the MCM2-7 helicase. Recent structural and single molecule analyses have

started to resolve the dispute around which of these mechanisms are correct. It was suggested
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early on, and later confirmed, that the likeliest conformation of the replicative helicase involved
two fork complexes that moved along DNA at two individual forks that arise from the same
origin (Enemark & Joshua-Tor, 2006; Botchan & Berger, 2010; Yardimci et al., 2010).
Initially, evidence appeared to suggest a C-terminal-first orientation of the replicative helicase
(McGeoch et al., 2005; McGeoch & Bell, 2005; Rothenberg et al., 2007; Costa et al., 2014).
However, an N-terminal-first orientation was in fact more likely in yeast and higher eukaryotes
(Douglas et al., 2018; Georgescu et al., 2017; Yuan et al., 2020; Bareti¢ et al., 2020; Jones et

al., 2021).

"

full steric exclusion

N-Tier

C-Tier

dsDNA threading
ploughshare

unwinding
D \ /

internal unwinding
side channel extrusion

modified steric exclusion
- dsDNA enters N-terminal ring
- unwinding occurs within N-term.

- lagging strand exit path between Mem3/Mcm5

Figure 9: Proposed mechanisms for DNA unwinding of the MCM2-7 helicase in eukaryotes. A) Steric exclusion
model, as evidenced by many other replicative helicases. B) Alternative internal unwinding and side channel
extrusion model proposed from early CMG structures (Costa et al., 2011). C) “Ploughshare” model proposing
dsDNA unwinding after MCM2-7 translocation by a separate subcomplex, initially suggested to be GINS/Cdc45
(Takahashi, Wigley & Walter, 2005). D) Most likely current model for DNA unwinding and lagging strand
bypass, a modified steric exclusion model with internal unwinding taking place within the periphery of the N-
terminus (Georgescu et al., 2017; O’Donnell & Li, 2018; Baretic et al., 2020).
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The helicase was also suggested to encircle single-stranded lagging strand DNA (Fu et al.,
2011), but the exact mechanism of DNA unwinding was still undetermined (Figure 9). The
most recent analysis of structures and biochemical assays has also begun to reach a consensus,
where a steric exclusion model of DNA unwinding appears to be the most likely mechanism,
similar to other replicative helicases from other species (Jeong, Levin & Patel, 2004; Fu et al.,
2011; Yardimei et al., 2012; Georgescu et al., 2017; O’Donnell & Li, 2018). High resolution
structural data of helicase bound to the fork suggested a lagging strand exit path (Georgescu et
al., 2017), and more recent structural data of the replisome bound to a forked DNA template
has further elucidated this possible path of the lagging strand at the N-terminus of the helicase
(Bareti¢ et al., 2020). This structure identifies a possible separation pin in the N-terminal
hairpin of Mcm?7 that initiates the strand separation, and interactions between the N-terminal
hairpins of Mcm6 and Mcm4 that guide the lagging strand between the zinc-finger domains of
Mcm3 and Mcm35 and exiting the central channel of the helicase (Yuan et al., 2020). Overall,
the evidence supports a modified steric exclusion model for MCM2-7, where the lagging strand
initially enters the channel of the MCM2-7 formed by the N-terminal hairpins and zinc finger
domains but is ultimately diverted after dsSDNA unwinding very near to the N-terminus of the
helicase (Georgescu et al., 2017; O’Donnell & Li, 2018; Bareti¢ et al., 2020). This explains the
slowing but eventual bypass of helicase past lagging strand blocks, but much reduced ability
to bypass blocks on the leading strand (Fu et al., 2011; Yardimci et al., 2012; O’Donnell & Li,
2018).

Recent structural and biochemical data has shown no sign of any additional exit channel for
the lagging strand from within the central channel further down to support full internal
unwinding and side channel extrusion (Georgescu et al., 2017; Petojevic et al., 2015), and the
tracking of the helicase on ssDNA coupled with the binding of the proposed Cdc45/GINS

“ploughshare” (Takahashi, Wigley & Walter, 2005) to the side of the helicase hexamer and not
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behind the mode of translocation effectively disprove the dSDNA translocation and accessory
“ploughshare” hypothesis (Georgescu et al., 2017; Douglas et al., 2018).

Whilst the mechanism of DNA unwinding itself has become more settled, there is still very
little conclusive evidence for how the ATPase activity of the MCM2-7 helicase is coupled to
translocation. Recent studies of archacal MCM have provided further evidence that
translocation in these complexes is driven by rotary activity, and that ssDNA-MCM
interactions are consistent around the hexamer ring and carried out by pre-sensor-1-f-hairpin
(ps1P) and helix-2-insert (h21) elements within the near-centre of the hexamer’s length in a so-
called “spiral staircase” (Meagher, Epling & Enemark, 2019). However, this study was carried
out using the homo-hexameric archaecal MCM protein complex, and so may not reflect the
eukaryotic MCM2-7 complex, where there are many reported differences between subunits in
structure and functionality. Additionally, homo-hexameric models are not ideal since a cycling
rotary process cannot be seen processing across the subunits as they are all identical (Abid Ali
& Costa, 2016). Studies of MCM2-7 structural intermediates originally suggested that the
limited intermediate states of MCM2-7 identifiable supported a concerted mechanism of
ATPase activity induced an “inchworm” or “pumpjack” model of DNA translocation, which
would cause movement of the N- and C-rings of the hexamer from a compressed to open
conformation, and hence cause translocation along DNA (Costa et al., 2011; Abid Ali et al.,
2016; Yuan et al.,, 2016). Recent single molecule experiments are consistent with these
observations of asymmetry within the subunits of MCM2-7 (Burnham et al., 2019). However,
the most recent cryo-EM analysis of multiple intermediates of a translocating hexamer did in
fact show variability in the subunits interacting with the ssDNA in the central channel, and
comparison of the different states does in fact suggest the use of a non-symmetrical rotary

model for ssDNA translocation of the MCM?2-7 helicase (Eickhoff et al., 2019).
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The MCM2-7 helicase has a poor activity on its own, and requires association of other factors
to increase its ATPase activity to levels required for DNA replication in cells (Miyazawa-
Onami et al., 2017; Douglas et al., 2018). The active form of the MCM2-7 helicase is therefore

the CMG complex found within the replisome progression complex.

1.5.2 The Eukaryotic DNA-directed DNA Polymerases

In eukaryotes, the machinery for the processive addition of nucleotides to single-stranded DNA
(ssDNA) is carried out by three distinct and evolutionarily conserved holoenzyme polymerases.
They are polymerase a, polymerase & and polymerase € (Figure 10). The composition of these
multi-subunit complexes is very similar when comparing from S. cerevisiae to H. sapiens, with
the exception of a fourth subunit of polymerase 0 that is not present in budding yeast. Each of
the three has different activities and roles at the active fork (Johansson & MacNeill, 2010).
The discovery of discontinuous synthesis of the lagging strand by Okazaki et al., highlighted
an intrinsic asymmetry of the replication fork. The synthesis direction of the polymerases is
restricted to a 5° to 3’ direction, requiring the staggered synthesis of small fragments on the
lagging strand. This, in turn, requires the synthesis and extension of primers on the lagging
strand, an activity required only once on the leading strand (Bebenek & Kunkel, 2004;

Rothwell & Waksman, 2005).
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Figure 10: Subunit composition of the three eukaryotic DNA polymerases as they are in S.cerevisiae. Polymerase o is
comprised of the four subunits Pol1, Pol12, Pril and Pri2. Polymerase &is comprised of three subunits, Pol3, Pol31 and Pol32.
Polymerase ¢ is the largest holoenzyme, comprising the large subunit Pol2, with the additional subunits Dpb2, Dpb3 and
Dpb4. Subunit composition reviewed in Garg and Burgers, 2008 (Garg & Burgers, 2005). Structural information from Nufiez-
Ramirez et al., 2011; O’Donnell and Li, 2016; Zheng et al., 2020; Yuan et al., 2020 (Nufiez-Ramirez et al., 2011; O’Donnell &
Li, 2016; Zheng et al., 2020; Yuan et al., 2020).

1.5.2.1 Leading strand: Polymerase ¢

For a considerable time, it was unclear which of polymerase € and 6 were the leading strand
polymerase (Kunkel & Burgers, 2008). Both holoenzymes possess high processivity and
reliable proofreading activity (Shcherbakova et al., 2003; Fortune et al., 2005; Garg & Burgers,
2005), which are necessary properties for the continuous and accurate replication of the leading
strand. However, by collating data from many studies, including investigation of the mutagenic
signatures of polymerase mutants deliberately made more error-prone (Pursell et al., 2007;
Nick McElhinny et al., 2008), and immunodepleting each of the polymerases from Xenopus
egg extracts (Fukui et al., 2004), a consensus was reached. Polymerase ¢ replicates the leading
strand, whilst polymerase 6 synthesises the lagging strand discontinuously (Kunkel & Burgers,
2008). Further evidence came from the high intrinsic processivity of polymerase ¢, as well as
a reduced strength of PCNA/Pol30 binding when compared to 6 (Chilkova et al., 2007),
indicating a role at the leading strand, where high processivity is more important, and

PCNA/Pol30 interaction less important (Garg & Burgers, 2005). Following in vitro work
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showed preferential binding and activity behaviour of the two polymerases on their respective
strands, mediated by a range of unique structural features of each strand, such as the presence
of PCNA/Pol30 and RPA on the lagging strand, and the CMG complex itself on the leading
(Chilkova et al., 2007; Langston et al., 2014; Georgescu et al., 2014, 2015; Schauer &
O’Donnell, 2017; Johansson, Garg & Burgers, 2004). Additionally, the use of enrichment and
sequencing of protein-associated nascent DNA (eSPAN), a technique that has shown great
promise in investigating nascent strand preference of many proteins (Yu, Gan & Zhang, 2018),
showed categorically that this assignment was correct (Yu et al., 2014).

Structural data of the polymerase and CMGe complex further solidified the place of
polymerase € on the leading strand, with clear indications that polymerase ¢ is associated
closely with the CMG complex (Zhou et al., 2017; Goswami et al., 2018; Yuan et al., 2020;
Jones et al., 2021), which encircles leading strand ssDNA (see above). In addition, polymerase
¢ showed a domain not present in polymerase d, proposed to encircle nascent dsDNA and aid
processivity (Hogg et al., 2013).

However, there was a slight twist on this robust strand assignment for the two holoenzymes.
Following reconstitution of the yeast origin firing system in vitro (Yeeles et al., 2015), it has
been suggested that, following initial DNA unwinding, polymerase o is the enzyme that
catalyses the addition of new bases immediately following polymerase o activity, before
“catching up” to the replisome and switching out for the polymerase ¢ for the main bulk of
leading strand replication (Yeeles et al., 2017; Guilliam & Yeeles, 2020). This was in
agreement with studies of polymerase usage genome-wide that had been conducted in S.pombe
that also showed evidence of polymerase o activity on the leading strand following initiation

(Daigaku et al., 2015).
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1.5.2.2 Lagging strand: Polymerase o

As the data above suggests, it seems clear that, for the most part, polymerase 0 is responsible
for the discontinuous synthesis of lagging strands in vivo (Burgers & Kunkel, 2017).
Polymerase o and polymerase 6 were identified as the two holoenzymes responsible for aiding
telomerase in extending telomeres, which involves extension of a lagging strand (Diede &
Gottschling, 1999). Polymerase 6 also shows several genetic or physical interactions with
protein factors of the lagging strand machinery, including the Rad27 flap endonuclease and
polymerase o (Garg & Burgers, 2005). Furthermore, it was shown that, in order for 6 to match
the processivity levels of polymerase ¢, it required interaction with Pol30/PCNA, indicative of
lagging strand activity (Georgescu et al., 2014, Burgers & Kunkel, 2017). The later genome
wide studies and most of the in vitro assays confirmed this preference of polymerase 6 for the
lagging strand (Yu et al., 2014; Daigaku et al., 2015; Yeeles et al., 2017). However, more recent
data and evidence in the context of DNA damage and replication restart indicate that
polymerase & may be specifically important in the first instance after polymerase o priming
(Miyabe et al., 2015; Zhou et al., 2019; Guilliam & Yeeles, 2020).

1.5.2.3 Lagging strand: Polymerase a

Polymerase o is the primase of DNA replication, and the Pril subunit synthesises a short RNA
primer of around 8-12 nucleotides which is then extended by the Poll polymerase subunit to
around 20 base pairs as the start of DNA synthesis from this primer (Lehmans & Kagunisll,
1989; Johnson & O’donnell, 2005; Perera et al., 2013). In replication initiation, polymerase
alpha is recruited to the replication origin following the CDK-dependent activation step and
this is likely aided by the interactions shown with Mcm10 (Ricke & Bielinsky, 2004; Warren
et al., 2009). Given the importance of priming on the lagging strand, where each Okazaki

fragment must first be primed before extension by polymerase 0, it is unsurprising that
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polymerase o appears to be associated with the replisome, and this interaction appears to be
mediated by Ctf4 and also Mcm10 (Zhu et al., 2007; Gambus et al., 2009). Recent work that
limited the abundance of polymerase a in the cell and observing Okazaki fragment length and
abundance suggests that polymerase o dissociates and rebinds the replisome, rather than being
bound to a CMG complex for the lifetime of the replication fork (Porcella et al., 2020). This
also suggests that the role of Ctf4 and/or Mcm10 interactions are present to increase local
effective concentrations of the complex.

The exact mechanism of priming of leading strand synthesis by polymerase o at origins
unknown, but recent work has suggested that leading strand synthesis is primed from a sister
fork lagging strand, extended by polymerase & until it catches up to the helicase, and then
synthesis is handed over to polymerase € for continued leading strand synthesis (Aria & Yeeles,
2018). In this way there may be no “true” leading strand priming, just re-purposed lagging

strand priming in a specific molecular context.

1.5.3 Replication Protein A (RPA)

Replication protein A (RPA) is a heterotrimeric protein comprised of Rfal, Rfa2 and Rfa3 in
yeast, that was identified as a factor required for early in vitro replication assays using viral
helicases (Wobbe et al., 1987; Brill & Stillman, 1989). RPA shows strong levels of binding to
ssDNA, and lower affinity for dSDNA (Wold, 2003). Quantification of this protein suggested
it was both very abundant, and likely the principle ssDNA-binding (SSB) protein in eukaryotes
(Iftode, Daniely & Borowiec, 1999; Wold, 2003). As a general sequence non-specific ssDNA
binder, RPA functions in multiple cellular roles where ssDNA is present, such as in the DNA
damage response and DNA replication, where it plays an essential role in both the protection
of the ssDNA, and in mediating handover of the ssDNA to other proteins in these processes

(Figure 8)(Wold, 1997; Fanning, Klimovich & Nager, 2006; Chen & Wold, 2014; Maréchal &
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Zou, 2015). Specifically in DNA replication, RPA was found to interact with polymerase a
and enhance its fidelity, as well as a role in the context of polymerase switching on the lagging
strand (Dornreiter et al., 1992; Yuzhakov et al., 1999; Maga et al., 2001; Chen & Wold, 2014;
Melendy & Stillman, 1993). Later , RPA was among the factors required for yeast minimal
replication initiation in vitro (Yeeles et al., 2015). Outside of the DNA replication role, RPA
plays an important role in the signalling of DNA damage and the processes of DNA repair
(Coverley et al., 1991; Wold, 2003; Fanning, Klimovich & Nager, 2006; Zou & Elledge, 2003;
Maréchal & Zou, 2015; Chen & Wold, 2014; Yates et al., 2018; Deshpande et al., 2017;

Bantele, Lisby & Pfander, 2019).

1.5.4 Sliding clamp and clamp loader

Proliferating cell nuclear antigen (PCNA), Pol30 in yeast, is a sliding clamp that acts as a
recruitment scaffold for multiple replication-associated factors and processes, with a
particularly key role in enhancing the processivity of the polymerases 6 and ¢ (Moldovan,
Pfander & Jentsch, 2007; Boehm, Gildenberg & Washington, 2016). To load the ring-shaped
Pol30, a clamp loading complex is needed, made up of several proteins with homology to
AAA+ ATPases, most notably the replication factor C (RFC) proteins 1-5 (Yao & O’Donnell,
2012).

1.5.4.1 The sliding clamp Pol30/PCNA

Proliferating cell nuclear antigen (PCNA) was originally identified as a protein that was the
target of auto-immune antibodies in cases of systemic lupus erythematosus (SLE) (Miyachi,
Fritzler & Tan, 1978). Analysis of the abundance of this protein showed it was specific to
replicating cells and showed a cyclical expression pattern (Bravo et al., 1981; Mathews et al.,
1984). Since then, its role in DNA replication was confirmed with a combination of techniques

that showed the structural similarity to the prokaryotic § DNA clamp, despite little sequence
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similarity (Kong et al., 1992; Krishna et al., 1994). The clamp was required to regulate the
processivity of the polymerases 6 and ¢ (Tan et al., 1986; Prelich et al., 1987; Bravo et al.,
1987), and had a wide range of interacting proteins and post-translational modification, such
as sumoylation and ubiquitylation (Boehm, Gildenberg & Washington, 2016). Investigation
into the specifics of DNA polymerase interaction and increase in processivity showed that
Pol30 was actively involved in selection of the leading and lagging strand polymerases,
enhancing processivity for polymerase & in the lagging strand context, but favouring
polymerase ¢ in the leading strand context (Georgescu et al., 2014). The range of factors that
show interaction with PCNA/Pol30 is large, and ranges from regulatory roles such as in
enhancing the degradation of Cdtl to prevent re-loading and promoting or enhancing different
repair pathways dependent on its modification state, to acting as a recruitment scaffold for
nucleosome deposition, cohesion loading or the proteins required for Okazaki fragment

processing (Boehm, Gildenberg & Washington, 2016; Moldovan, Pfander & Jentsch, 2007).

1.5.4.1.1 The clamp loader/unloader RFC complexes

To load and unload the stable PCNA ring requires a dedicated loader/unloader complex. Like
the sliding clamps themselves, clamp loader function is present across the domains of life,
reflecting their highly conserved role (Yao & O’Donnell, 2012). Clamp loaders in general form
ring shaped complexes, in a right-handed spiral, with a gap that allows entry of DNA into the
positively charged inner ring of the complex when ATP is bound (Bowman, O’Donnell &
Kuriyan, 2004; Gaubitz et al., 2021). Once bound to PCNA, they guide the open PCNA ring
to the specific primer-template interface DNA site, before ATP hydrolysis concomitant with
clamp ring-closure (Gaubitz et al., 2021; Yao & O’Donnell, 2012). The RFC complex must
then dissociate from DNA to allow polymerase binding to PCNA (Yao & O’Donnell, 2012).
In addition to the “standard” clamp loader RFCI1-5, there are alternative clamp loader

complexes, such as the Ctf18-, Elgl- and Radl7- containing RFC complexes, where usually
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the Rfcl is replaced by the alternative protein subunit above (Yao & O’Donnell, 2012;
Moldovan, Pfander & Jentsch, 2007). These alternative complexes are thought to have specific
roles, such as the Ctfl18-RFC clamp, which is thought to be preferentially responsible for
leading strand clamp loading (Grabarczyk, Silkenat & Kisker, 2018). The Rad17-containing
clamp loader complex loads a different clamp complex entirely, known as the 9-1-1 clamp, at
sites of DNA damage (Majka, Niedziela-Majka & Burgers, 2006; Ellison & Stillman, 2003;
Yao & O’Donnell, 2012; Ngo & Lydall, 2015).

Because of the inherent stability of the clamp on DNA, further activity of the RFC complexes
is required to unload the PCNA/Pol30 clamp (Yao et al., 1996), and the clamp loader
complexes display the ability to unload the clamps, as well as load them (Bylund & Burgers,
2005; Yao et al., 2006; Yao & O’Donnell, 2012; Moldovan, Pfander & Jentsch, 2007). As a
result, both the DNA clamps and the clamp loader complexes are key components of the

replication machinery.

1.5.5 Structural component Ctf4

Ctf4 was originally discovered in a screen for mutations that decreased chromosome
transmission fidelity in mitosis (Spencer et al., 1990), and loss of Ctf4 caused a failure in sister
chromatid cohesion (Hanna et al., 2001). It was found that this Ctf4 protein co-purified with
polymerase o (Miles & Formosa, 1992), and Ctf4 was also among the proteins that were
identified as being components of the replisome progression complex (Gambus et al., 2006).
Further work confirmed biochemically that Ctf4 coupled polymerase o to the replisome via
GINS (Gambus et al., 2009). Another study showed structurally how the Ctf4 protein
assembles into a trimer by interaction of B-propellor domains that present three binding sites
able to bind to multiple replication-associated cofactors. One of these cofactors being the S1d5

subunit of GINS (Simon et al., 2014). The interaction motif, Ctf4-interacting peptide (CIP box),
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in S1d5 and Poll was subsequently shown to be present in several other proteins that are thought
to have roles at the replication fork, and in Dpb2 in what appears to be an interaction additional
to those already shown between polymerase € and the CMG (Villa et al., 2016; Samora et al.,
2016). Taken together, the available evidence positions Ctf4 as a general protein scaffold that
recruits several separate proteins to the replisome complex (Figure 8), and can aid in
positioning proteins like Poll for additional functions such as histone transfer (Gan et al.,
2018). The tri-valent nature of Ctf4 is intriguing considering the well established two-protein
axis of GINS-Ctf4-Poll, and some data has suggested that this may be utilised for coupling
multiple CMGs in a “replication factory” (Yuan et al., 2019), though could just reflect an
available binding site for more transient interactions to interact without disrupting the CMG-

Poll tether.

1.5.6 Fork protection complex

The fork protection complex consists of the proteins Csm3, Tofl and Mrcl. Together, these
proteins have been implicated in several functions relating to the stability of forks that
encounter fork blocks or other stalling events (Bando et al., 2009). These proteins comprise a
subcomplex of the replisome progression complex (RPC), and associate with the replisome in
unperturbed replication as well as at specific fork blocks (Katou et al., 2003; Calzada et al.,
2005; Gambus et al., 2006; Bareti¢ et al., 2020). Tofl and Mrcl are key components of the S
phase checkpoint signalling pathway in response to DNA damage (Foss, 2001; Alcasabas et
al., 2001; Osborn & Elledge, 2003), but all three proteins appear to display functions relating
directly to fork progression and stalling that do not depend on downstream signalling (Tourriére
et al., 2005), though some of these functions appear limited to one or other of the protein
factors. Whilst Tofl and Csm3 show a unique role from Mrcl in stalling at replication fork

barriers (RFB) (Dalgaard & Klar, 2000; Mohanty, Bairwa & Bastia, 2006), Mrcl shows a
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separate role relating to modulation of the replication progression rate (Szyjka, Viggiani &
Aparicio, 2005; Hodgson, Calzada & Labib, 2007). The results based on the study of mutant
proteins in vivo is also well replicated in both reconstituted replication in vitro and recent
structural data (Yeeles et al., 2017; Bareti¢ et al., 2020). These data suggested that Tofl and
Csm3 bind more stably to the N-terminal tier of MCM2-7 (Figure 8), which may be related to
their role in stalling at RFBs, but that Mrc1 was more flexibly tethered, with an association that
seems to rely on the other members of this subcomplex (Bando et al., 2009), though was the
key protein controlling replication fork rates. Overall, with functions that together modulate
the rate of fork progression and stalling in response to regulated blocks and DNA damage or
oxidation state perturbations (Katou et al., 2003; Labib & Hodgson, 2007; Somyajit et al.,
2017), as well as the mediation of downstream damage signalling (Alcasabas et al., 2001;
Osborn & Elledge, 2003; Foss, 2001), these proteins are of great importance in unperturbed

and stressed replication.

1.5.7 Topoisomerases

DNA topoisomerases are enzymes that manage the topological state of DNA inside the cell.
There are two classes of topoisomerase that correspond the mechanism by which they alter the
topology of the DNA. Type I topoisomerases cleave a single backbone of the DNA duplex, and
pass the other stand through this break to adjust the topology of the DNA (Pommier et al.,
1998). Type II topoisomerases cleave both strands at one site, and pass another section of
duplex DNA through this break (Champoux, 2003; Wang, 2002; Deweese & Osheroft, 2009).
The type I topoisomerase in yeast, Topl, is a non-essential protein (Wang, 2003), though the
type II topoisomerase, Top2, is an essential protein, likely due to this enzyme’s ability to relax
both directions of supercoils and compensate for the loss of Topl (Uemura et al., 1987; Holm

et al., 1985; Kim & Wang, 1989). The activity of topoisomerases is particularly important
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during replication, due to the topological stress induced by the passage of the replisome along
chromosomal DNA. This activity becomes even more crucial in situations of increased
topological strain, such as at transcription-replication complexes (Lang & Merrikh, 2021), and
in replication termination, see below. Analysis of Topl and Top2 in the context of the fork
showed that both proteins in yeast appeared to colocalise with the fork itself after initiation of
DNA replication, and that these proteins play an important role at stalled replication forks

(Bermejo et al., 2007; Shyian et al., 2020).

1.5.8 Nucleosome removal/reestablishment

Since the DNA inside cells is not present as a strand of dsDNA, but instead associated with
histone proteins to form nucleosomes (Kornberg, 1974; Olins & Olins, 1974; Zlatanova, Leuba
& van Holde, 1998), the passage of the DNA replication fork, by unwinding the dsDNA,
necessarily disrupts these protein-DNA structures within about two-nucleosome lengths of the
helicase. However, since a large amount of information is coded within the histone
modifications within nucleosomes, ensuring that this data is transferred to each daughter DNA
molecule is of great importance (Badeaux & Shi, 2013). Whilst the exact mechanism by which
nucleosomes are removed from DNA ahead of the fork, and reassembled behind it, along with
newly synthesised histone proteins, is not yet fully established, many proteins and complexes
have been shown to be involved in this process. Key players in this process have been identified
as the FACT and CAF-1 complexes, Asfl, and Rtt106 (Alabert & Groth, 2012; Budhavarapu,
Chavez & Tyler, 2013; Zhang, Feng & Li, 2020; Hammond et al., 2017). In addition to these
histone-chaperone specialised proteins, specific domains of Mcm2 have been shown to bind
readily to histone H3, and to Asfl through this bridging interaction (Figure 8)(Ishimi et al.,
1996; Clément & Almouzni, 2015; Wang et al., 2015; Petryk et al., 2018), and loss of

polymerase ¢ subunits Dpb3 and Dpb4 causes an impairment in inheritance of histones to the
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leading strand (Yu et al., 2018). Additionally, RPA and PCNA presence on the newly replicated
DNA is important for recruitment and placement of new and recycled histones (Shibahara &
Stillman, 1999; Zhang, Shibahara & Stillman, 2000; Liu et al., 2017). Current models suggest
that upon approach of the helicase to the nucleosome, the association with DNA is destabilised,
and any or all of Mcm2, FACT or Asfl process the nucleosome disassembly and pass histone
H3-H4 dimers along either the Dpb3/4 mediated path to the leading strand, or via the Ctf4-
Pola axis to the lagging strand (Zhang, Feng & Li, 2020). Behind the fork, assembly of newly
synthesised histones is carried out by CAF-1, Rtt106 and FACT potentially using RPA and

PCNA/RFC interactions to guide their activity (Zhang, Feng & Li, 2020).

1.6 Termination of Replication

The loading and activation of the MCM2-7 is a highly controlled process, as it needs to be to
prevent over-replication (Tada & Blow, 1998; Shreeram & Blow, 2003). However, this means
that a limited number of MCM2-7, and by extension, CMG, complexes are present on the
genome in S phase. Whilst these complexes are removed at the end of replication (Liang &
Stillman, 1997), this process must also be very tightly controlled to ensure that this removal
does not occur in an unregulated manner, and potentially leave un-replicated tracts of the
genome (Bailey, Moreno & Gambus, 2015).

In contrast to prokaryotes, whose circular genomes have a single defined termination zone
facilitated by directionally specific helicase-blocking proteins ter/Tus (Neylon et al., 2005;
Duggin et al., 2008), eukaryotes do not generally possess such defined termination sites.
Instead, the majority of termination seems to occur stochastically at sites where converging
forks are likely to meet (Greenfeder & Newlon, 1992; Hennion et al., 2020). There are some
sites that bind specific factors that slow replication forks and increase the local termination, but

overall, termination occurs roughly between origins in S. cerevisiae, though this can be affected
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by factors such as initiation rate at those flanking origins, and in rare cases, specific sequence

elements (Fachinetti et al., 2010).

There are several challenges posed by the unique situation created by replication termination.
Firstly, the essential cause of the termination process is the approach of two CMG complexes
towards each other, with duplex parental DNA between them. Though each CMG complex
threads only the leading strand through the central MCM2-7 hexamer channel, in the current
modified steric exclusion model (O’Donnell & Li, 2018; Eickhoff et al., 2019; Jones et al.,
2021; Bareti¢ et al., 2020), there remains some interaction of the lagging strand with the CMG.
This might well cause a direct head-to-head collision of the CMGs, if the CMGs are
significantly cross-threaded on the lagging strand due to unwinding in the N-terminal tier,
which must be resolved or avoided. However, available data suggests that the bypass event
causes no perceptible slowing of the two CMGs in an in vitro reconstituted setting.
Interestingly, in the purified yeast replication system, additional factors were required to assist
the unwinding of the final part of the intervening dSDNA between forks (Deegan et al., 2019).
These accessory helicases are also able to bypass lagging strand blocks (Deegan et al., 2019;
Schauer et al., 2020), which might reflect a role in resolving the possible steric conflict of the

two CMG complexes.

Secondly, the DNA itself'is a possible impediment to completion of replication. As the parental
DNA duplex is unwound, the DNA ahead of the fork becomes overwound, since the supercoils
built up cannot freely diffuse away along the chromatin in cells (Keszthelyi, Minchell &
Baxter, 2016). This can affect the energetic viability of continued unwinding and becomes
increasingly more of an issue when two forks converge towards each other (Dewar & Walter,
2017). To bypass this hurdle, fork rotation and the generation of pre-catenanes, which are then

processed by class II topoisomerases, Top2 in yeast, is allowed to occur at terminating forks
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(Keszthelyi, Minchell & Baxter, 2016; Dewar & Walter, 2017). This permits the topological
stress to transfer from ahead of the forks, to behind them, and to be removed prior to cell
division (DiNardo, Voelkel & Sternglanz, 1984).

Thirdly, the replisome, particularly the CMG core particle must be removed from DNA. Given
that excessive loss of CMG from chromatin during replication would be detrimental as
discussed, this must be highly regulated (Bailey, Moreno & Gambus, 2015). In yeast, targeting
of replication complexes for disassembly is specific for those that are terminating. The signal
conferring specificity is the polyubiquitylation of Mcm7 by the ubiquitin ligase SCFP#?, which
is necessary for the disassembly of the CMG by the Cdc48 segregase (Maric et al., 2014;
Moreno et al., 2014). Surprisingly, it was found that in yeast, SCFP® travels with the
replication fork, so some specific mechanism must prevent the ubiquitylation of Mcm7 until
termination, though more recently, this interaction was thought to be due to post-isolation
interaction introduced during experimental procedures (Morohashi, Maculins & Labib, 2009;
Maculins et al., 2015). Until recently, there were multiple hypotheses as to what the specific
signal unique to the terminating replisome could be that induces ubiquitylation, including
structural changes in the CMG due to either the torsional strain at the termination site, or the
passage onto dsDNA, or indeed the co-localisation of two oppositely orientated CMGs could
provide the necessary signal (Bailey, Moreno & Gambus, 2015). Recent structural data of a
terminating CMG, compared to CMG at an active fork, suggests that the path of the lagging
strand obscures a Dia2-MCM interaction site, thereby preventing cullin activity until the
lagging strand is lost, as occurs during termination, when the CMG passes onto dsDNA already
replicated by the opposing fork (Jenkyn-Bedford et al., 2021; Bareti¢ et al., 2020). This
potential mechanism of specifying termination complex is elegant but will need to be more
thoroughly investigated in future to see if this interaction domain is truly the key to SCFPi2

activity and specificity during termination.
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1.7 DNA damage

The response of cells to DNA damage is incredibly complex and multi-faceted, with multiple
pathways of sensors, mediators and effector proteins that are activated both generally and
specifically to mediate responses to protect DNA and enable repair (Lanz, Dibitetto & Smolka,
2019). Many of these pathways link directly or indirectly to the replication machinery, either
due to the production and detection of DNA lesions as a result of replication activity, or to
modify DNA replication processes to prevent or recover from damage (Iyer & Rhind, 2017).
Whilst the mechanisms of the DNA damage response, particularly those specifically relating
to stalled or collapsed forks are beyond the scope of this introduction, it should be noted that
multiple studies have shown that the proteome associated with such events are distinctly
different to active forks, and multiple DNA damage-related factors are recruited to the fork in
the event of DNA damage causing this kind of impediment to replisome progression (Sirbu et

al., 2013; Nakamura et al., 2021).
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1.8 Additional proteins

1.8.1 Rrm3

Rrm3 is a factor important for genome stability (Schmidt & Kolodner, 2004; Torres,
Schnakenberg & Zakian, 2004; Ooi, Shoemaker & Boeke, 2003; Szyjka, Viggiani & Aparicio,
2005; Schmidt & Kolodner, 2006) that was first associated with genome maintenance due to
its effect on recombination of the rDNA repeats and CUPI genes (Ivessa, Zhou & Zakian,
2000) as well as the mobility of the Tyl retrotransposon (Scholes et al., 2001). The closely
related S. cerevisiae protein Pifl had been found to inhibit telomerase activity by the action of
5’ to 3’ helicase activity (Schulz & Zakian, 1994; Zhou et al., 2000) and although Rrm3
possesses high sequence similarity to Pifl (Bessler, Torres & Zakian, 2001), particularly in the
helicase region, the activity of Rrm3 regarding telomeric regions was found to be different than
for Pifl. Rrm3 was similarly found to be a 5’ to 3’ helicase, and deletions affected the
progression of replication forks through telomeric regions. This effect was dependent on the
ATPase activity of Rrm3 (Ivessa et al., 2002). Further work explained the common mechanism
behind the effects on both rDNA loci and telomeric regions (Ivessa et al., 2003; Azvolinsky et
al., 2006; Makovets, Herskowitz & Blackburn, 2004). Cells in which Rrm3 was deleted showed
increased stalling at sites where protein-DNA complexes were present, including the mating
type locus, inactive origins, centromeres, and the rDNA replication fork barrier (RFB) that is
bound by the Fobl protein (Torres, Bessler & Zakian, 2004; Ivessa et al., 2003). Analysis of
chromosome duplication rates showed that, whilst Rrm3-dependent sites such as telomeres and
rDNA were severely affected by Rrm3 deletion, even regions without such known sites showed
delayed replication, leading to the finding that Rrm3 associated with origins of replication, and
appeared to travel with the replisome away from origins, though the initial association of Rrm3
with forks at the origin in the absence of fork blocks is disputed (Calzada et al., 2005). In

addition, a co-immunoprecipitation of Rrm3 with the polymerase epsilon subunit Pol2 and an
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additional binding with PCNA clamp loader was detected, suggesting Rrm3 associates with
replisomes in vivo (Azvolinsky et al., 2006; Schmidt, Derry & Kolodner, 2002). Whilst deletion
of Rrm3 protein alone is not lethal and produced only limited sensitivity to DNA damaging
agents such as MMS and HU (Torres, Schnakenberg & Zakian, 2004) despite constitutive
hyperphosphorylation of Rad53 under non-genotoxic conditions (Ivessa et al., 2003),
simultaneous deletion of Sgs1, a helicase important in recombination and repair (Frei & Gasser,
2000; Cejka et al., 2012; Versini et al., 2003; Kaliraman et al., 2001; Cobb et al., 2003), is
lethal (Torres, Schnakenberg & Zakian, 2004). Strains with mutants in the DNA damage
checkpoint response and the S-phase checkpoint respectively showed that whilst the DNA -
damage checkpoint functionality was important for healthy growth of Rrm3-deleted cells, co-
deletion of Mrc1, a key mediator of the S-phase checkpoint (Alcasabas et al., 2001), also caused
synthetic lethality (Torres, Schnakenberg & Zakian, 2004). Furthermore, deletions of a range
of fork integrity factors are also lethal or cause severe growth impairment when combined with
Rrm3 deletion, such as Mecl, Srs2 and Rttl101 (Schmidt & Kolodner, 2004; Torres,
Schnakenberg & Zakian, 2004; Luke et al., 2006). Rrm3 was also found to have an antagonistic
role to components of the replication fork protection complex, Tofl and Csm3. This complex
is known to enable stable fork arrest at the TDNA Fob1-binding termination sites and other fork
stalling events (Calzada et al., 2005; Tourriére et al., 2005; Katou et al., 2003), and appears to
counter the activity of Rrm3 at such sites.

As a result of this, the counteraction of Rrm3 and Tofl/Csm3 has an effect on the termination
of DNA replication. Without Rrm3, termination at natural Ter sites in rDNA regions and
pausing at transcription-replication collisions was enhanced, and this effect was ameliorated
by simultaneous deletion of Tofl or Csm3 (Mohanty, Bairwa & Bastia, 2006). Rrm3 was also
found to aid in the termination of two converging replication forks, though this appeared to be

more of as a compensatory mechanism when the related Pifl was not present (Deegan et al.,
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2019). Nonetheless, the presence of Rrm3 around terminating and paused forks is well
documented.

More detailed investigation into the individual domains of Rrm3 found that there appeared to
be a division of function between a specific N-terminal region of Rrm3 (Figure 11), that more
broadly is phosphorylated by Rad53 and contains a PCNA -interacting PIP box (Rossi et al.,
2015; Azvolinsky et al., 2006), and the C-terminal helicase region (Figure 11), that is
responsible for the DNA-protein block “sweepase” activity (Ivessa et al., 2003). Specifically,
a small N-terminal region (186-212) seemed to confer some form of control over DNA
replication in HU conditions. In yeast two-hybrid assays, this region was found to be
responsible for binding of Orc5 (Syed et al., 2016; Matsuda et al., 2007), and controlled origin

recruitment under HU treatment conditions, though origin association for a subset of origins

e S

Figure 11: Alphafold structural prediction of S.cerevisiae Rrm3 (Jumper et al., 2021; Varadi et al., 2021).
The high confidence C terminus (570-1131) includes the prior crystal structure of the ATPase-C domain
(814-1122), and the N-terminal ATPase lobe, together forming the SNF2-like ATPase domain. The
domain that displays a role in controlling origin activity (186-212) is predicted to be disordred, as is the
N-terminal region additionally thought to be phosphorylated by Rad53 and have a PIP-box (1-250) (Syed
et al., 2016, Bessler and Zakian, 2004). Alphafold structural prediction reproduced from Alphafold
Protein Structure Database (Varadi et al., 2021).
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under untreated conditions was unaffected by absence of the Orc5-interaction site. This element

did show a requirement for Tofl and Mrc1 activity when deleted in DNA damaging conditions,
suggesting this region of Rrm3, too, has effects on DNA damage production and resolution
(Syed et al., 2016).

It is worth noting that Rrm3, whilst not possessing sequence homologs in higher eukaryotes,
has many plausible functional homologs. There are a number of 5°-3” DNA helicases encoded
in metazoan species, several of which may be competent to carry out such termination-related
functions (Xia et al., 2021).

In yeast, regardless, Rrm3 clearly has a role at replication forks, involving DNA-protein block
bypass. Recent evidence, however, indicates that may not be the entirety of Rrm3’s function in

genome maintenance and DNA replication.
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1.8.2 Fun30

Fun30 is a member of the SNF2 family of chromatin remodellers (Neves-Costa et al., 2009;
Laurent, Yang & Carlson, 1992; Flaus et al., 2006), that was first identified to have a role in
protecting chromatin segregation and genome stability from an overexpression screen
investigating loss or gain of a chromosome fragment (Ouspenski, Elledge & Brinkley, 1999)
The SNF2 family of proteins all contain a helicase-like ATPase domain (Figure 12) similar to
that found in Snf2, the catalytic subunit of the yeast SWI/SNF complex, which has long been
identified as a chromatin remodelling complex (Abrams, Neigeborn & Carlson, 1986; Laurent,
Treich & Carlson, 1993; Peterson & Tamkun, 1995). There are several well-studied members
of this family, with a variety of specificities regarding histone selection and remodelling
activity, such as INO80, ISWI and CHD1 (Ryan & Owen-Hughes, 2011). Notably, the helicase
activity of these proteins does not seem directed at DNA or DNA:RNA duplex unwinding,
rather, the remodellers hydrolyse ATP to translocate DNA relative to the nucleosome (Cairns,
2007; Bowman, 2010; Clapier et al., 2017), and this is what allows the nucleosome
rearrangement that each complex enacts, be it sliding, ejection, exchange or histone
replacement (Cairns, 2007; Ryan & Owen-Hughes, 2011). The importance of the SNF2-like
chromatin remodellers in important aspects of genome maintenance, such as enhancing DNA
repair and fork stability pathways such as homologous recombination (HR), non-homologous
end-joining (NHEJ), nucleotide-excision repair (NER) and the intra-S phase checkpoint
(Morrison & Shen, 2009; Stadler & Richly, 2017). In addition to these proteins’ varied other
roles in telomere maintenance, centromere specification, chromosome segregation and
transcriptional regulation, it is perhaps unsurprising that complexes containing the human
homologs of these proteins are implicated in many types of cancer (Ryan & Owen-Hughes,

2011; Boginya et al., 2019; Mittal & Roberts, 2020).
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Fun30 has homologs within higher eukaryotes (SMARCADI1 (Adra et al., 2000), Et/-1
(Schoor, Schuster-Gossler & Gossler, 1993), S.pombe (fft3 (Neves-Costa et al., 2009)) and
Neurospora (CLOCKSWITCH (Belden, Loros & Dunlap, 2007)), with a wide array of
purported activities and functions.

In yeast, Fun30 has been ascribed many activities fitting its identity as an SNF2 family
remodeller. Fun30 deletants demonstrated chromatin silencing defects at the HMR mating
locus, telomeres, and rDNA repeats (Neves-Costa et al., 2009). More detailed in vitro
investigation into Fun30 suggested that it was more efficient at histone replacement than
nucleosome repositioning, and was found to bind both DNA and chromatin as expected of this
type of protein (Awad et al., 2010). Further evidence that Fun30 acts in chromatin remodelling,
on non-heterochromatin substrates, comes from experiments showing defects in centromere
chromatin structure when Fun30 is deleted (Durand-Dubief et al., 2012; Strélfors et al., 2011),
and from experiments showing Fun30 transcriptional repression reliant on nucleosome
repositioning (Byeon et al., 2013). In keeping with a previous screen, where Fun30 was
identified as a synthetically lethal genetic interactor of certain ORC mutants (Suter et al., 2004),
Fun30 deletants exhibit additive issues with DNA replication when combined with temperature
sensitive ORC mutants. Linking Fun30 with DNA replication processes, this study also
identified camptothecin sensitivity in Fun30 mutants (Neves-Costa et al., 2009). Further
complicating an already broad spectrum of activities, Fun30 has been demonstrated to act at
double strand breaks to enhance DNA end resection (Siler et al., 2017; Bantele & Pfander,
2019; Eapen et al., 2012; Chen et al., 2012, 2016; Costelloe et al., 2012; Bantele et al., 2017),
and, additionally, to have an end resection-independent role in reducing genotoxic stress,
dependent on Rad51 and the predicted CUE ubiquitin-binding domain (Figure 12) of Fun30
itself (Neves-Costa et al., 2009; Bi et al., 2015). Fun30’s reported activity at DSBs seems due

to destabilisation of nucleosomes at DNA ends, to promote Exol and Sgs1 activity (Bantele &
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Pfander, 2019; Chen et al., 2012; Eapen et al., 2012). Recruitment of Fun30 to the sites of
double strand breaks is dependent on Dpb11 and the 9-1-1 clamp complex, and the activity of
Fun30 at these sites relies on phosphorylation by Cdk1 in the Fun30 N terminus (Chen et al.,
2016). Fun30 also has an antagonistic relationship with the end resection inhibitor Rad9 at
double strand breaks, though the mechanistic nature of this relationship is unknown (Bantele
& Pfander, 2019).

SMARCADI, the human Fun30 homolog, has been found to have an additional role in
deacetylation of nascent histones that are laid down immediately following replication, in a
manner dependent upon an interaction with the sliding clamp PCNA, a peripheral member of
the DNA replication machinery (Mermoud, Rowbotham & Varga-Weisz, 2011; Rowbotham

et al., 2011). Additional activities, including the regulation of PCNA levels at replication forks

Figure 12: Alphafold structural prediction of S.cerevisiae Fun30 (Jumper et al., 2021; Varadi et al., 2021). The high
confidence C terminus (570-1131) includes the prior crystal structure of the ATPase-C domain (814-1122), and the N-
terminal ATPase lobe, together forming the SNF2-like ATPase domain. The reported CUE domain is also predicted to
high confidence (71-116). Alphafold structural prediction reproduced from Alphafold Protein Structure Database
(Varadi et al., 2021).
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by the mutual interaction of these two proteins, and increasing resistance to replication stress
at restarting forks by preventing 53BP1 accumulation, have also recently been attributed to this
protein, providing a possible link to DNA replication (Lo et al., 2021). Association of

SMARCADI to replication forks was shown in an isolation of proteins on nascent DNA
technique (iPOND), where it showed similar levels of enrichment to both active and stalled
forks (Sirbu et al., 2013).

In fission yeast, meanwhile, the Fun30 homolog Fft3 is reported to aid translational elongation
of DNA-dependent RNA Polymerase II, in concert with the FACS complex (Lee et al., 2017).
Here, too, Fun30/Fft3 is supposedly destabilising nucleosomes, in this context to allow
unrestricted passage of the polymerase holoenzyme.

Fun30, then, has been reported to function in a wide range of chromatin remodelling contexts,
that seem to vary across species. This variation in functions may seem surprising given the
homology observed, but, given the wide range of specificities of SNF2 family members which
share a similar functional ATPase domain, is not unreasonable (Neves-Costa et al., 2009; Ryan
& Owen-Hughes, 2011; Flaus et al., 2006). Several lines of evidence, including Fun30’s
genetic interaction with Orc5, SMARCADI’s replisome interaction and fork stabilisation
function, and Fft3’s nucleosome removal ahead of a large DNA translocating holoenzyme,

make Fun30 an interesting protein with respect to its possible role(s) in DNA replication.
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1.8.3 Hrql

The RecQ family of helicases are evolutionarily well conserved (Umezu, Nakayama &
Nakayama, 1990; Mandell et al., 2005; Hartung & Puchta, 2006), and mutations in this gene
family in humans can often lead to heritable genetic diseases (Bernstein, Gangloff & Rothstein,

2010). The RECQ4 gene is responsible for a subset of these disorders (Siitonen et al., 2009).

Figure 13: Alphafold structural prediction of S.cerevisiae Hrq1 (Jumper et al., 2021; Varadi et al., 2021). The N-terminal
region (residues 1-299, top of image) is predicted to have some secondary structure but does not form a compact
domain, and previously was considered to be natively disordered, much like the human homologue’s Sld2-like N-terminus
(Rogers et al., 2017).The C-terminus, containing the ATP-binding and C-terminal helicase domains (residues 299-483,
lower left and residues 521-678, central domain in image) is predicted to be more structured, possessing the conserved
core helicase lobe domains (Bochman et al., 2014). The RecQ homology domain (RQC)(residues 678-873, spanning all
three lower regions of image) and RecQ4p/Hrql1p-conserved domain (RHCD)(residues 910-1050, lower-right region of
image)(Barea, Tessaro & Bonatto, 2008) make up the remainder of the high-confidence predicted structure of the
protein. Alphafold structural prediction reproduced from Alphafold Protein Structure Database (Varadi et al., 2021).

Biochemically, the RecQ proteins are 3°-5 DNA helicases (Umezu, Nakayama & Nakayama,
1990; Chu & Hickson, 2009; Gray et al., 1997). In yeast, Sgs1 was thought to be the single

homologue of this gene family (Gangloff et al., 1994), but Hrql was found to possess
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significant homology to the RecQ4 gene (Bochman et al., 2014; Lee et al., 2005; Barea, Tessaro
& Bonatto, 2008). The N-terminal region of RecQ4 (Figure 13) is homologous to yeast
replication factor SId2 and retains some activity reminiscent of yeast Sld2, by binding the
Xenopus Dpbl1 homolog xCUTS5, and being targeted for phosphorylation by S phase CDK
activity (Matsuno et al., 2006).

As for Hrql itself, multiple studies have investigated its role and mechanism of action.
Because RecQ4’s essential Sld2-like N-terminus makes genetic manipulation of this protein
difficult, Hrql provides a more tractable model for the helicase activity of RecQ4 in vivo
(Rogers etal., 2017). RecQ helicases in general have been implicated in telomere maintenance,
double strand break (DSB) repair and DNA inter-strand crosslink (ICL) repair (Gupta &
Schmidt, 2020; Gravel et al., 2008; Rogers et al., 2020; Ghosh et al., 2012; Johnson et al., 2001;
Hardy et al., 2014; Huang et al., 2001; Singh et al., 2012). Hrql did indeed show capability in
these processes, (Bochman et al., 2014), and much research has been devoted to Hrql’s ability
to aid repair of ICLs in multiple organisms where it is present (Rogers et al., 2020, 2017;
Bochman et al., 2014; Rohrig et al., 2018). A recent study showed that Hrql is able to stimulate
the exonuclease Pso2 at ICLs, perhaps by overcoming autoinhibition of Pso2 to ensure only
site-specific nuclease activity (Rogers et al., 2020).

Recent efforts have been made to specify both the physical interactome of Hrql, and the full
network of genetic interactors (Rogers et al., 2020; E et al., 2020). These studies identified
genetic and physical interactions with enriched GO terms for transcription, DNA repair,
chromatin organisation, mitotic cell cycle and rRNA processing. Some of the strongest genetic
interactors were observed with genome integrity factors as expected, but surprisingly strong
physical associations were observed among transcription and rRNA processing factors (Rogers
et al., 2020). The hrql strain examined in this study also demonstrated increased sensitivity to

high levels of caffeine, which blocks ATM/ATR activity (Kuranda et al., 2006), suggesting
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these interactions are relevant to Hrql activity in the interaction between DNA damage and
transcription. It is interesting to note, however, that caffeine has been reported to have many
effects on DNA replication and repair, where more canonical Hrql activity is expected (Ruta
& Farcasanu, 2020).

Hrq1’s direct links to DNA replication are not clear, with reported roles in chromatin stability,
telomere maintenance and ICL repair, but links to the homologue RecQ4, and in turn, RecQ4’s
region of Sld2 homology, are interesting in context of possible association of Hrql with the

replication machinery in yeast.

1.8.4 The Sir proteins

The Sirl, Sir2, Sir3 and Sir4 proteins are regulators of silenced chromatin in yeast (Rine &
Herskowitz, 1987; Aparicio, Billington & Gottschling, 1991). In S.cerevisiae, chromatin is not
modified in the same way as other eukaryotes and lacks DNA methylation machinery (Holliday
& Pugh, n.d.; Proffitt et al., 1984; Hattman et al., 1978; Singh & Klat, 1992), making
heterochromatin formation that other organisms utilise with repressed regions enriched with
DNA methylation unfeasible. Instead, budding yeast has regions of silenced chromatin at
limited sites; telomeres (Tham & Zakian, 2002), the silent mating loci HML and HMR
(Laurenson & Rine, 1992), and within the rDNA array. The telomeric silenced region requires
activity of Sir2, Sir3 and Sir4 of the Sir family, and interaction with Rap1, a telomere capping
protein (Rine & Herskowitz, 1987; Pardo & Marcand, 2005; Moretti et al., 1994), while at the
mating type loci, Sirl has an additional role via an interaction with Orcl, which also binds at
silencers at these regions (Foss et al., 1993; Gardner, Rine & Fox, 1999). At the rDNA locus,
Sir2 forms part of an entirely separate RENT complex to enact silencing (Straight et al., 1999;
Shou et al., 1999).

It has been shown that Sir2 acts as an NAD"-dependent deacetylase (Imai et al., 2000; Dutnall

& Pillus, 2001), and is the most conserved of the SIR complex (Hickman, Froyd & Rusche,
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2011; Brachmann et al., 1995). The deacetylase activity of Sir2 is required for silencing activity
(Imai et al., 2000; Hoppe et al., 2002; Tanny et al., 1999; Tanny & Moazed, 2001).

Sir4 is the least conserved of the Sir family (Zill et al., 2010; Kellis et al., 2003; Cliften et al.,
2003), and forms a native complex with Sir2, without accompanying Sir3 (Moazed et al., 1997,
Ghidelli et al., 2001; Hoppe et al., 2002). Sir4 also appears to fulfil the role of Sirl at the mating
type loci at telomeres, where its binding of Rap1 is analogous to the Sir1-ORC interaction and
used to recruit the Sir proteins (Hoppe et al., 2002).

Sir3 shares significant homology with Orcl (Hickman, Froyd & Rusche, 2011). It does not
possess functional ATPase activity, but maintains a BAH domain, that, like Orcl’s, enables
binding to nucleosomes (Bell et al., 1995; de loannes et al., 2019; Connelly et al., 2006; Onishi
et al., 2007). This BAH domain differs enough from Orcl to have a specificity for the
unmodified histone H4 lysine K16 (Buchberger et al., 2008; de loannes et al., 2019), which is
proposed as a method by which Sir2 is able to generate Sir3 binding sites and enable silencing
(Liou et al., 2005). A second domain showing specificity for unmodified histones is reported
within the AAA+ domain of Sir3, along with a Sir3-Sir4 reaction interface (Ehrentraut et al.,
2011), which could explain the conservation of the integrity of the AAA+ domain relative to
Orcl, without necessitating sequence conservation (Hickman, Froyd & Rusche, 2011).

Sir3 certainly seems to be responsible for the spreading of silenced heterochromatin, with
many models proposed that involve extensive interactions between Sir3 and itself, Sir4, Rap1
and histones H3 and H4, leading to compacted and nuclease-resistant regions of DNA (Laura
N. Rusche, Ann L. Kirchmaier & Rine, 2003; Hoppe et al., 2002; Hickman, Froyd & Rusche,
2011; Buchberger et al., 2008; Gasser & Cockell, 2001; Rusch¢, Kirchmaier & Rine, 2002).
These types of models were tested in vitro and formation of heterochromatin fibres was
confirmed that contain Sir2, Sir3 and Sir4. In this model, Sir3 binds to histones, before

dimerising to form an extended nucleosome-Sir3 structure, with two Sir3 molecules to a
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nucleosome. This is then bridged by a heterotetramer of Sir2/4 to induce further compaction
(Swygert et al., 2018). This would seem to fit with initial observations that upon overexpression
of Sir3, silenced regions were extended, without needing concurrent over expression of the
other Sir proteins (Renauld et al., 1993).

There is also a growing body of evidence that the Sir proteins, most notably Sir2 and Sir3, act
on or around origins of replication. Rescue of MCM loading mutants by deletion of Sir2 or
Sir3 imply some mechanism by which the Sir proteins impede origin licensing (Pappas, Frisch
& Weinreich, 2004; Crampton et al., 2008), and both proteins localise to origins and origin-
proximal nucleosomes are deacetylated. The Sir3 binding and histone deacetylation levels
correlate with the amount of rescue of licensing (Hoggard et al., 2018). Loss of Sir2 results in
a modified temporal program of origin firing, which may be a result of altered licensing,
leading to more efficient, early-firing origins becoming even more efficient, to the detriment
of lower efficiency late origins (Hoggard et al., 2020). A similar effect has also been observed
in humans, where the NAD"-dependent deacetylase SIRT1, the homolog of Sir2, binds to
origins and inhibits firing of “dormant” origins that are only activated under DNA damaging
conditions (Utani et al., 2017). These origin-specific effects of the Sir proteins have been
suggested as an explanation as to why early experiments showed chromosome instability when

Sir levels were perturbed (Hoggard et al., 2018; Holmes et al., 1997).

1.8.5 CAF-1 complex

The Chromatin Assembly Complex (CAF-1), that in yeast contains the three subunits RIf2,
Cac2 and Msil, is responsible for assembly of histones onto newly synthesised DNA at
replication forks in human cells (Smith & Stillman, 1989; Krude, 1995). This activity has been
demonstrated across eukaryotes, and is an essential human complex, despite being non-
essential in yeast (Volk & Crispino, 2015; Hoek & Stillman, 2003; Franco & Kaufman, 2004;

Tyler et al., 1999). Acting downstream of Asfl, a protein that binds the histone H3/H4 dimer
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and interacts with the RFC complex in yeast (Franco et al., 2005), the CAF-1 complex is
important in replication-dependent nucleosome deposition, and an interaction with Pol30
(PCNA) is necessary for continued association with the replisome (Krawitz, Kama & Kaufman,
2002; Zhang, Shibahara & Stillman, 2000).

In addition to depositing histones onto nascent DNA, CAF-1 has been implicated in other
replication-independent processes. Yeast lacking components of CAF-1 show silencing defects
at mating type loci and telomeres, hypothesised to be due to the instability of the silenced
chromatin because of improper maintenance (Enomoto & Berman, 1998; Enomoto et al., 1997,
Kaufman, Kobayashi & Stillman, 1997). Experimental evidence also exists linking CAF-1 to
DNA repair pathways in a similarly replication-independent manner, such as by interaction
with the KU70/80 DSB end capping complex (Gaillard et al., 1997; Green & Almouzni, 2003;

Yang et al., 2017; Hoek, Myers & Stillman, 2011; Jiao et al., 2007).

1.9 Mass spectrometry identification and quantification of proteins

Mass spectrometry is an incredibly valuable tool in analysing the composition of complex
samples, of both chemical and biological compounds (Finehout & Lee, 2004; Aebersold &
Mann, 2003). By measuring the mass-charge ratio of fragments of a compound, the molecular
weight can be determined. Mass spectrometry of biological compounds, specifically proteins,
requires trypsin digest of the protein to produce many individual tryptic peptides, produced
consistently by the specificity of the Trypsin enzyme (Aebersold & Mann, 2003). The masses
of peptide fragments as measured in the spectrometer allows amino acid sequence information
of the fragment to be obtained, as well as an absolute quantification of that peptide in the
sample. Amino acid sequences can be uniquely mapped to their parent protein, and the
quantification of peptides from the same protein can be used to provide a quantitative measure

of protein abundance from a sample. Many techniques utilise the LC-MS/MS technique, which
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involves liquid chromatography that separates the digested peptides, followed by injection and
ionisation of the peptides by electrospray ionisation. The ionised peptides are detected in the
first mass spectrometry spectrum (MS1), before selected peptides are fragmented further by
energetic collision with a gas, and the second tandem mass spectrometry spectrum is obtained
(MS/MS or MS2) (Aebersold & Mann, 2003).

The estimation of relative quantification of peptides between separate protein samples can be
a challenge, and there are several techniques used to overcome this problem. The first is stable
isotope labelling by amino acids in cell culture or SILAC. SILAC functions in the context of
protein abundance analysis from living cells by labelling all proteins from one sample condition
with a heavy labelled version of an amino acid, and the other condition with the standard weight
amino acid (Ong et al., 2002). Replacement of the chosen amino acid with the heavy version
in the media of one culture ensures that this heavy version is incorporated into all proteins of
the cell within around five doubling times. The advantage of SILAC is that immediately after
harvesting, the protein extract of the two samples being compared can be mixed and processed
simultaneously. This helps reduce technical variability and allows direct comparative
quantification of the protein’s abundances after mass spectrometry analysis. SILAC is,
however, limited in some other aspects. For complete incorporation, cells must be grown for a
significant time in specialised media, and use of this media can be expensive. SILAC
experiments are also most often carried out in pairs, with one condition containing heavy amino
acid, and the other containing the regular amino acid (Ong et al., 2002). Some examples exist
of multiplexed SILAC experiments up to 5-plexes, achieved by mixing multiple combinations
of heavy amino acids (Tzouros et al., 2013), but in general SILAC experiments across multiple
conditions are laborious and involve multiple pairwise comparisons. The second method,
which involves the addition of different isotopic mass tags to digested peptides prior to mixing

and mass spectrometry analysis, is known as tandem mass tag (TMT) labelling (Zhang & Elias,
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2017). This method also requires addition of differentially heavy/light markers, but instead of
in culture, these are chemically added after protease digestion. These tags are inherently more
flexible, offering high sample number multiplexing, but are equally very expensive, and in the
past this method has resulted in reduced precision and accuracy of peptide detection (Altelaar
et al., 2013). The third method, and the one used in this study, is label-free quantification (LFQ)
(Zhu, Smith & Huang, 2010; Cox et al., 2014). In this approach, samples are processed and
analysed separately, and a normalisation step is applied after mass spectrometry quantification
based on shared proteins and unchanging background quantification (Cox et al., 2014). Whilst
this technique shares the common flaw with the TMT labelling method that protease digestion
and all previous processing steps are carried out separately, and increase sample variability, the
normalisation step can theoretically bring the larger variabilities back into comparability. LFQ
normalisation has the advantage of being easier to set up for a large number of samples than
SILAC, whilst being inexpensive compared to TMT labelling. In addition, LFQ-based
approaches have been shown to produce better accuracy and precision than either other method,

even though the absolute quantification of proteins is not as reliable (Li et al., 2012).

1.10 Cross-linking approaches to stabilise protein and protein-DNA complexes

The use of cross-linking in the investigation of protein-DNA interactions has been popularised
by the chromatin immunoprecipitation (ChIP) protocol, which has been in stages of
development and improvement since the late 1980s (Solomon, Larsen & Varshavsky, 1988),
though the principle of complex stabilisation without antibody purification goes back further
than that, to the 1960s (Das et al., 2004; Collas, 2010; Kuo & Allis, 1999). The isolation,
identification and quantification of the protein-associated DNA was the main development in
the ChIP protocol in the past couple of decades, with the advent of next generation sequencing

methods allowing genome-wide analysis of protein-DNA association by ChIP-seq, as opposed

93



1.10 - Cross-linking approaches to stabilise protein and protein-DNA complexes

to the more locus-specific ChIP-chip or ChIP-qPCR techniques (Park, 2009; Collas, 2010).
This technique has been a reliable staple method in biochemistry laboratories for many years,
and so the fixation of cells with formaldehyde is a fairly common technique.

There have been several groups that have utilised the stabilisation of the formaldehyde induced
cross-links to their advantage when studying more labile or transient complexes. In the early
2000s, Vasilescu et al. coupled in vivo cross-linking and affinity purification, followed by
complex analysis by mass spectrometry to identify transient and easily missed protein-protein
interactions of the M-Ras GTPase (Vasilescu, Guo & Kast, 2004). At the same time, Schmitt-
Ulms et al. were using a similar method to attempt to study membrane protein interactomes,
which are difficult to isolate from their natural state (Schmitt-Ulms et al., 2004), and Guerrero
et al. developed “QTAX” to investigate the 26S proteasome interactome in yeast (Guerrero et
al., 2006). Around a decade later, members of the Carroll lab were using a technique dubbed
“rapid immunoprecipitation mass spectrometry endogenous proteins” (RIME) to investigate
the interaction network of Estrogen-receptor-o. (ER) (Mohammed et al., 2013), and Wang et
al. were using “ChIP-MS” to investigate histone modifying proteins in Drosophila (Wang et
al., 2013). Simultaneously, a thesis was submitted using a technique dubbed “proteome ChIP”
(pChIP) to analyse large-scale interaction networks of differentially phosphorylated RNA
polymerase II in transcription (Natarajan, 2013). A similar approach would be utilised again in
the Kaiser lab in 2016 to investigate the UbR proteasome interactome (Yu et al., 2016). A
FLAG-tag based “X-ChIP” protocol was also used to investigate the interactome of the
mitochondrial helicase TWINKLE when overexpressed (Rajala et al., 2015). Very recently, an
“XL-TAP-MS” approach was used in Arabidopsis thaliana to investigate the interactome of a
kinase signalling module which was based on the work in the Kaiser lab (Leissing et al., 2021).
In a hybrid approach, Alabert et al. demonstrated a method termed “nascent chromatin

capture” (NCC) which reversed the classical ChIP approach (Alabert et al., 2014). In this
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method, newly synthesised DNA was labelled and specifically purified, and associated proteins
with newly-synthesised and mature DNA were identified and compared using mass
spectrometry.

These approaches have not seen much uptake within protein-protein interaction research
generally. However, the re-establishment of similar techniques seems to be a result of the
ability of formaldehyde cross-linking to investigate complexes where native affinity
purification and mass spectrometry analysis cannot. Some of these approaches were designed
around investigating very transient or labile complexes (Vasilescu, Guo & Kast, 2004;
Mohammed et al., 2013; Schmitt-Ulms et al., 2004), or complexes that showed progression in
a time-dependent manner and so must be fixed (Natarajan, 2013; Alabert et al., 2014), or just
complexes that showed interactions that were difficult to identify under native conditions
(Schmitt-Ulms et al., 2004; Mohammed et al., 2013). As such, the tagging steps and wash
conditions of each of these protocols can be seen to vary widely, but the core principal is the
same. Cross-linking stabilisation of protein complexes followed by purification of a protein of
interest, can enable identification of interaction partners where other methods might not.

It is worth noting a disambiguation at this point. A similar technique is currently seeing
popularity for structural, and also interaction, studies. This technique, often termed cross-
linking mass spectrometry (XL-MS), does not generally use formaldehyde cross-linking (Yu
& Huang, 2017; O’Reilly & Rappsilber, 2018; Mintseris & Gygi, 2020; Matzinger & Mechtler,
2021). Instead, the use of a mass spectrometry-cleavable crosslinker is used, which breaks
down in the MS analysis pipeline in such a way that the identities of two peptides that were
cross-linked can be identified. The expected length of the cross-linker can then be used to
provide a constraint on the distance between those peptides at the point of fixation, providing
structural information. In certain cases, this technique has been very successful, able to provide

mechanistic data on cellular complexes such as ribosomes (Tiiting et al., 2020). However,
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although analysis techniques have been suggested that would allow this technique to work with
the much more versatile formaldehyde molecule (Tayri-Wilk et al., 2020), this type of analysis
attempts mainly to provide structural data over interaction data like the protocols mentioned

above, and while considered carefully, was ultimately not utilised in this project.

1.11 Rapamycin-dependent linkages for study of MCM2-7 complex

MCM2-7, as shown above, is a ring-shaped hexamer of the six subunits Mcm2-7, and when
loaded onto dsDNA, exists as a closed ring (Evrin et al., 2009; Remus et al., 2009; Sun et al.,
2013). Whilst analysis of ATPase site mutants and complexes containing a subset of the Mcm
subunits had suggested there was a unique structural discontinuation between Mcm?2 and
Mcm5 that might reflect a “gate” for the loading of the complex onto DNA (Bochman &
Schwacha, 2007; Bochman, Bell & Schwacha, 2008; Bochman & Schwacha, 2010), this was
yet to be shown conclusively. To test if the Mcm2-5 interface was indeed the possible path by
which DNA was inserted into the MCM2-7 hexamer, a chemical biology approach was used
(Samel et al., 2014). By creating an inducible physical block between Mcm2 and Mcm3, it was
shown that not only was the interface between Mcm2 and Mcm5 a route for the passage of
DNA, it was the only interface that, when blocked in such a manner, prevented helicase loading
onto DNA in vitro and caused a cell cycle arrest in G1 in vivo (Samel et al., 2014). This
construct utilised the FK506- and rapamycin- binding protein (FKBP) domain along with the
FKBP-rapamycin binding (FRB) domain. These domains show a rapamycin-dependent
interaction, forming a stable ternary complex, in which the binding of FKBP12 (the homolog
gene from which the FKBP domain comes) with rapamycin bound, shows a Kp of 12+0.8 nM.

The two domains also do not show any interaction in the absence of rapamycin.
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Figure 14: Schematic showing the rationale behind the chemical biology construct used in this project. S. Samel et al.
(Samel et al., 2014) showed that these FRB and FKBP domains could be introduced on 20-amino acid linkers into
appropriate flexible loops on the exterior of the MCMZ2-7 hexamer and cause a block of MCM2-7 loading, but only when
introduced at the Mcm2-Mcmb5 interface. This rapamycin-dependent intra-hexamer gate, when closed, prevented
passage of dsDNA into the core of the hexamer, allowing loading at origins of replication. Figure adapted from Samel et
al. 2014 (Samel et al., 2014).

Rapamycin is a potent antifungal and immunosuppressant that in yeast causes an irreversible
cell cycle arrest in G1, that is effected by the three proteins Fprl, Torl and Tor2 as part of the
TOR complex (Heitman, Movva & Hall, 1991; Loewith et al., 2002). To demonstrate that the
introduction of the rapamycin-dependent intra-hexamer gate linkage showed an effect on cell
viability, a strain was constructed that had a mutation in Torl that conferred rapamycin
insensitivity so that rapamycin treatment had no adverse effect in the absence of a rapamycin-
dependent linkage construct (Freeman & Livi, 1996). In addition, the gene FPR1 was deleted,
since it is FKBP-like and will bind FRB-rapamycin and prevent linkage across the interface

(Gruber et al., 2006; Samel et al., 2014).
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1.12 Project aims

As discussed above, the mechanism behind the process of DNA replication initiation is still
mostly unknown. Whilst structural studies have shown the beginning and end stages of the
activation reaction, in the form of the double hexamer and CMG, and a pre-MCM10 state has
also been observed, the field is still awaiting further information regarding this process. With
the reconstitution of the replication initiation reaction in vitro, there are potential avenues for
structural studies into the process. However, the nature of the process may make attempts to
visualise structural changes difficult. If the process is very rapid, and involves transient
intermediates, then even time-resolved cryo-EM studies may struggle to obtain the necessary
numbers of particles in the same conformational state to generate a high-resolution structure.
Equally importantly, perhaps, is the fact that by using a reconstituted system, factors specific
to the in vivo process may be neglected and remain undiscovered.

This project aims to investigate several steps of DNA replication in vivo, by a combination of
methods and approaches that can overcome some of the intrinsic difficulties of studying this
process.
1.12.1.1 Identification and ordering of key steps in replication initiation
Little is known about the structural changes that occur within the replication complex during
activation. In particular, there is little evidence to show how two large structural changes that
must occur in the transition from double hexamer to single-hexamer CMG are achieved. These
are the selective extrusion of lagging strand ssDNA following initial unwinding of dsDNA,
and the physical separation of the double hexamer into individual hexamers. It is uncertain
whether these events are concerted or separate and the mechanisms behind them are also
unknown. Because association of initiation factors is highly interdependent (Tanaka et al.,
2011; Muramatsu et al., 2010), it has been difficult to determine whether any specific factor is

required for any mechanistic event. So far, the limited evidence available suggests that the
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association of the pre-LC complex causes disruption of the stable double hexamer complex
(Miyazawa-Onami, Araki & Tanaka, 2017; Douglas et al., 2018), and a small amount of initial
dsDNA unwinding in an in vitro system, and that the addition of Mcml10 enables further
unwinding (Douglas et al., 2018). This project aims to identify and order key steps in the
initiation process, and attempt to elucidate the factors involved, by using modified proteins in
vivo to block structural events with physical linkages (Samel et al., 2014). By using multiple
linkages designed to block the two gross structural changes mentioned above, complexes could
potentially be arrested and studied at a crucial step in replication initiation. Comparative
analyses of the effects of the different linkages aimed at each of lagging strand ssDNA and
hexamer separation respectively could also provide an indication of the ordering of these two
events in the initiation mechanism.

1.12.1.2 Proteomic analysis of replication complexes from loading to termination

In vivo DNA replication is a complex process, carried out and controlled by a wide array of
interacting protein complexes and networks. Studies have shown in the past that affinity-
purification using complex members or nascent DNA can successfully identify novel
interacting and regulatory proteins (Gambus et al., 2006; Alabert et al., 2014). Mass
spectrometry analysis of pull-down composition via bottom-up proteomics is an approach that
is ideal for this purpose, since proteins can be detected and quantified without a priori
knowledge of their identity (Richards, Eckhardt & Krogan, 2021). For this second aim of the
project, use of an affinity enrichment and mass spectrometry-coupled approach was attempted
to gain an unbiased identification of the DNA replication proteome. Specifically, this
investigation would focus on the attempt to characterise the proteome of the DNA replication
machinery not only during active replication, but during the helicase loading and helicase
activation steps, which have not been specifically studied in such a interactome-wide manner

before. This project aimed therefore to develop a reliable and robust approach that was able to
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identify replication associated proteins, even if they formed transient or labile complexes, to

identify proteins that were involved in key stages of DNA replication.
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2 Materials and Methods

2.1 Materials

2.1.1 Plasmids

See Appendix 1 — Plasmids

2.1.2 Oligonucleotides

See Appendix 2 — Oligonucleotides

2.1.3 Yeast strains

See Appendix 3 — Yeast strains

2.1.4 Antibodies

See Appendix 4 — Antibodies

2.1.5 Media

Media was prepared in the lab or in media kitchen and autoclaved for sterility.

2.1.5.1 YPD and YPG

Unless otherwise specified, yeast cell cultures utilised YPD prepared as detailed here:
YPD - 1L

10 g yeast extract (Formedium yeast extract powder YEA03)

20 g peptone (Formedium peptone PEP03)

20 g glucose

HClto pH to 5.5

For YPG, glucose was exchanged for galactose.

2.1.5.2 SDC/SRCtn/SGC minimal media

Minimal media was prepared lacking Ura, His, Trp, Leu or Met as required:
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SDC — All- 1L

20 g glucose/raffinose/galactose

6.9 g yeast nitrogen base (Formedium CYN0410)

600 mg complete supplement mixture drop-out*: -His, -Leu, -Trp, -Ura (Formedium DCS1389)
Media was then supplemented with the required components (Ura/His/Trp/Leu)

* Methionine drop-out media required the use of complete supplement mixture drop-out: -Ade,
-His, -Leu, -Met, -Trp, -Ura (Formedium DCS1519)

2.1.53 LB

LB media was prepared in the media kitchen, according to the recipe below:

LB-1L

5 g yeast extract

10 g tryptone
10 g NacCl
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2.2 Methods

2.2.1 Bacterial transformation

Chemically competent E. coli DH5a cells were used for standard plasmid amplification for
newly ligated subcloned plasmid amplification. Cells were thawed on ice in 50 pL aliquots,
mixed with the DNA for transformation, and incubated for a further 10 minutes on ice.
Following heat shock at 42°C, cells were incubated on ice for a further 2 minutes, before
addition of 800 uL LB buffer. Cells were incubated for at least 30 minutes, and up to 90
minutes, at 37°C with shaking at 800 rpm in a tabletop Eppendorf Thermomixer®. Finally, cells
were spun down and resuspended in a smaller volume of LB, approximately 100 puL, and spread
onto plates containing the selective medium.

2.2.2 Bacterial culture, plasmid extraction and purification

For growth of bacterial strains in liquid medium, LB containing the appropriate selective agent
was used. Liquid culture was grown overnight at 37°C with 200 rpm shaking in an Eppendorf
Excella® E25 incubator shaker. Dependent on desired yield of plasmid DNA, cells were grown
in either 5 mL or 100-250 mL. Once cells had grown to an appropriate density, evaluated by
eye, or after overnight incubation, cells were harvested by spinning at 4°C. Plasmid DNA was
extracted from the pelleted cells using the QTAGEN QIAprep® Miniprep or QTAGEN Midiprep
kits depending on the culture volume, following the manufacturer’s instructions. Elution of
plasmid DNA from the supplier columns in the final step was carried out using EB buffer, and
for plasmids with low expected yields, the elution step was repeated with the same elution
buffer, as recommended.

DNA concentration was determined using the NanoDrop™ 1000 or NanoDrop™ One

spectrophotometer.
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2.2.3 Subcloning of plasmid DNA

2.2.3.1 PCR reactions

For subcloning reactions, PCR was carried out using the PfuUltra Fusion II buffer

polymerase system. The reaction consists of the following components:

Reagent Volume (pL)
PfuUltra Fusion II reaction buffer (10x) 5
dNTPs (10 mM) 5
Forward primer (10 uM) 1
Reverse primer (10 uM) 1
Plasmid DNA (1-10 ng) 1
PfuUltra Fusion II polymerase 1
Ultrapure water 36

and

The extension time of the PCR cycles varied dependent on the length of the region to be

amplified, but an example cycling protocol is shown below.

Thermocycler amplification protocol:

95°C — 2 min. |

95°C —20's

sec—20s X
72°C ~90's

72°C — 5 min, _|

4°C - HOLD
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PCR products were run on 1% agarose gels, and bands were visualised using a blue light
transilluminator and excised from the gel. DNA was purified from gel bands using the
QIAquick® gel extraction kit, following the manufacturer’s instructions.

2.2.3.2 Restriction digest of DNA

Plasmid and PCR products were digested using NEB restriction enzymes and the rCutSmart™
unified buffer system. Digestion reactions were carried out at 37°C, and products run on 1%
agarose gels, followed by band excision of the desired product and purification using the
QIAquick® gel extraction kit.

2.2.3.3 Ligation

Ligation of purified, restriction endonuclease-cut plasmids and PCR products was carried out
using the NEB Quick Ligation™ kit, following the manufacturer’s instructions. Vector:insert
molecular ratios were varied, but were mostly kept between 1:4 and 1:1. For low yield ligations,

an additional phosphatase step was added, using the NEB Antarctic Phosphatase kit and

protocol. Ligated product was taken forward directly for bacterial transformation as above.

2.2.4 Yeast transformation

Generation and transformation of competent yeast cells was carried out by an adapted protocol
to that described by Michael Knop et al. (Knop et al., 1999). Yeast cells grown overnight were
diluted to an ODeoo of 0.2-0.3 in 50 mL and allowed to reach an ODsoo of 0.5-0.7. Cells were
spun at room temperature for 5 mins at 500 x g, and resuspended in 5 mL of sterile water,
before being spun again. Cells were resuspended in 5 mL SORB and spun a further time. After

resuspension in 360 puL. SORB (100 mM LiAc, 10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0,

1 M Sorbitol (Merck microbiology grade)), 40 uL of pre-heated ssDNA (100°C for 10 mins,
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then stored directly on ice) was added, and the cell solution was distributed in 50 pL aliquots
before storage at -80°C or continuation directly to transformation step.

Competent cells prepared as above were transformed with either plasmids, restriction enzyme-
cut linearised plasmids or plasmid fragments, or PCR-generated integrons designed with the
rationale described by Carsten Janke et al. (Janke et al., 2004). The competent cell aliquots
were thawed on ice, and the DNA added to them, along with 300 uL PEG solution (100 mM
LiAc, 10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0, 40% PEG3350 (Sigma)). For plasmids,
generally 300 ng was used per transformation, for plasmid fragments, up to 2/3 pg was used,
and for PCR products, often the entire 50 uL. PCR mix was added to cells. The solution was
mixed and incubated at room temperature for 30 mins, or 1.5 hours if a PCR product was used.
45 uL of DMSO was then added, the solution mixed again, and cells were heat shocked for 15
mins in a 42°C water bath. Subsequently, cells were spun down at 2000 rpm for 3 mins in a
tabletop micro-centrifuge, and resuspended. Cells to be selected based on auxotrophy were
immediately resuspended in a small volume of minimal media and plated. Cells to be selected
based on antibiotic resistance were resuspended in 800 pL YPD, and incubated at 30°C with
800 rpm shaking in a tabletop Eppendorf Thermomixer for 2-3 hours, before spinning again,
and plating using a small volume of YPD for resuspension.

2.2.5 Yeast cell cycle synchronisation

2.2.5.1 Pheromone-induced arrest

Haploid yeast possess a pheromone-mediated cell cycle arrest, where cells of one mating type,
typically a, can be arrested at START, a G1-phase state where cells are primed for mating with
cells of the opposite mating type by exposure to the opposite mating type pheromone, in this
case a-factor (Herskowitz, 1995; Gartner et al., 1998). Cells arrested in this way produce a

projection known as a “shmoo” which is a convenient morphological readout of cell arrest. In
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this state, cells have not entered S phase, and do not begin replicating their DNA, but can be
synchronously and rapidly released into S phase by complete removal of the a-factor, which
can be done in two quick wash steps with pheromone-free pre-warmed media.

Freely dividing cells growing at 30°C were treated with o-factor, (stock concentration
Smg/mL dissolved in 100% EtOH) to a total concentration of 5 ug/ml, and the temperature was
lowered to 25°C. After one hour, the same amount of a-factor was added. After two hours of
arrest, cells were checked for signs of “shmoo” formation, and released into pre-warmed media.
Cells were spun down at 1,500 x g for 2 minutes at 25°C, and the pellet resuspended in a
volume of pheromone-free media equal to the initial culture volume. Cells were spun again,
and resuspended and left to proceed into S phase.
2.2.5.2 Nocodazole and Cdc20-depletion mediated arrest
Cdc20 regulates mitotic exit by activating the anaphase promoting complex (APC)(Dawson et
al., 1993; Sigrist et al., 1995; Kramer et al., 1998; Uhlmann et al., 2000; Fang, Yu & Kirschner,
1998). By placing the sole copy of Cdc20 in a yeast cell under the control of the MET3 gene
promoter, levels of Cdc20 in the cell can be controlled by the presence/absence of methionine
(Mao et al., 2002), as utilised previously to cause cell cycle arrest in mitosis (Yeong et al.,
2000). Addition of methionine causes cessation of Cdc20 transcription, and a lack of Cdc20
prevents mitotic exit, until Cdc20 expression is re-established when an external source of
methionine is removed.

As described previously (Uhlmann et al., 2000), MET3-CDC20 cells were grown generally in
minimal media lacking methionine. In these experiments, to ensure efficient eventual release,
cells were arrested in mitosis using minimal media replacement with YPD media for 2.5 hours
at 25°C, before washing in pre-warmed media as described for a-factor removal, using the

minimal media lacking methionine to induce Cdc20 expression and release into the cell cycle.
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2.2.6 Yeast cell cycle analysis by flow cytometry

To track cell populations through the cell cycle, flow cytometry with SYTOX Green DNA stain
was used (Haase & Reed, 2001). 1 mL of cell culture was spun down at 8,000 x g, and the cell
pellet resuspended in 70% EtOH and stored at 4°C for a minimum of o/n. Subsequently, cells
were resuspended in 800 puL of 50 mM sodium citrate buffer (pH 7), and sonicated to separate
cell clumps to ensure downstream single cell analysis. Cells were spun down and resuspended
in 600 uL sodium citrate buffer supplemented with a total concentration of 0.25 mg/mL RNase
A, and incubated with 1400 rpm shaking at 37°C for 2.5 hours in a tabletop Eppendorf
Thermomixer. Cells were washed once with 800 uL sodium citrate before final resuspension
in 600 pL sodium citrate supplemented with SYTOX Green (S7020, Invitrogen) to a final
concentration of 2 pM. After incubation at 4°C o/n, samples were run on a BD LSRFortessa™.
Downstream analysis was carried out using FlowJo v10.6.1. For quantification of cell cycle
stages, cells were sorted into bins based on SYTOX intensity. Bins for each of G1, S and G2
were based on the peaks observed in cycling cell populations.

2.2.7 Mating type testing and HO-nuclease induced switching

To test for mating type, a pair of strains of mating type a and a respectively were used. These
strains lack the ability to grow on minimal media alone, without complementation of their
auxotrophies by mating with another strain. However, these strains can complement the typical
auxotrophies present in laboratory yeast strains (e.g. ura3-1, his3-11,15, trp1-1 and leu2-3). By
individually plating these test strains together with the strain requiring mating type testing on
minimal media, the mating type can be determined. Only those cells able to mate can grow on
SDC-AIl media, which provides a readout for the original mating type of the strain of interest.
Induction of mating type switching in strains was carried out by transformation with a pGal-

HO containing plasmid and selection for plasmid uptake by plating on appropriate media
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(Herskowitz & Jensen, 1991). Colonies positive for plasmid uptake were grown overnight in
minimal selective media containing raffinose as the primary sugar source (SRC), to aid in
galactose induced expression of the HO endonuclease from the plasmid. The following day,
cells were resuspended and grown in minimal selective media containing galactose (SGC) for
six hours at 30°C to induce expression. Finally, cells were streaked on glucose-containing
minimal media (SDC) plates at colony forming density. Colonies from a single cell were

isolated and tested for mating type as described above.

2.2.8 Viability assays on agar plates

Viability assays were carried out to test the growth of yeast strains under normal and
selective/stressor conditions. An inoculation loop of cells from the strain to be tested was
resuspended thoroughly in 1 mL double distilled water (ddH20). This starting solution was
diluted 1 in 10 into 900 pL of ddH20 in a separate tube. This solution was the first seeding
solution. This first seeding solution was sequentially diluted 1 in 10 three or four further times
to generate four/five diluted yeast solutions. 5 pL of each solution was sequentially plated in a
grid pattern on YPD agar or on selective media plates, and allowed to grow at 30°C for several
days, until growth was observed to a sufficient level allowing comparison of strain growth over

a range of cell concentrations.

2.2.9 Chromatin immunoprecipitation (ChIP-qPCR) of replication proteins

ChIP-qPCR was carried out as in prior work by L.M. Reuter (Reuter, Meinel & Stréfler, 2015).
For the majority of experiments, the ChIP-qPCR approach was carried out on strains containing
endogenously 5SxFLAG-tagged proteins. As such, the antibodies and beads used are specific
for purification of FLAG-tagged proteins. For the TAP-tagged examples, the anti-FLAG
antibody and protein G beads were replaced with non-specific IgG-bound tosyl-activated

magnetic beads, detailed in the ChIP procedure section below.
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2.2.9.1 Cell culture and formaldehyde cell fixation

The endogenously tagged strains of S.cerevisiae were grown overnight in 100-300 mL
appropriate media at 30°C. The following morning, the culture was diluted to an ODsoo of 0.2-
0.3 in an appropriate volume for the experimental design, with each ChIP-qPCR sample
requiring 100 mL of culture. Cells were allowed to grow at 30°C until the ODsoo was between
0.5 and 0.7. At this stage, cells were arrested by either of the two methods detailed above
(Section 2.2.5.1 and 2.2.5.2). In experiments where rapamycin treatment was required, this was
added in an additional 30 minutes of arrest, and also re-added to the final released S phase
culture. After release into S phase at 25°C, and at the appropriate time, cells were fixed with
formaldehyde treatment. 37.5% formaldehyde (Sigma) was added to a final concentration of
1%, and incubated with mild agitation for 20 minutes. After 20 minutes, the cross-linking
activity was quenched with the addition of 3 M glycine solution to a final concentration of 0.25
M. After 5 minutes, cells were placed on ice, before being harvested at 4°C, washed with
chilled Tris-buffered saline (1xTBS), and pellets flash frozen in liquid nitrogen, before storage
at -80°C.

2.2.9.2  ChIP-qPCR procedure

On a following day, the pellets were thawed on ice and resuspended in 800 pL of chilled FA
lysis buffer-low salt (50 mM HEPES-KOH pH 7.5, 150 mM NaCl, 2 mM EDTA pH 8.0, 1%
Triton X-100 (v/v), 0.1% Na-Deoxycholate (w/v) and 0.1% sodium dodecyl sulphate (w/v))
which had been pre-supplemented with a protease inhibitor cocktail (SIGMAFAST™ tablets
EDTA-free). After addition of an equal volume of glass beads, cells were lysed with three 45-
second cycles of bead-beating using the MP FastPrep-24 5G grinder and lysis system set to a
speed of 7 m/s, with 2 minute incubations on ice in between cycles. Lysates were separated
from beads and diluted to a total volume of 1.3 mL with FA lysis buffer-low salt also

supplemented with protease inhibitor cocktail.
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The lysate was then sonicated for 45 minutes (30 seconds ON/OFF) using a Bioruptor
(Diagenode) with integrated 4°C water cooling to generate chromatin fragments between 250
and 500 base pairs in length. After sonication, the lysate was clarified by two rounds of
centrifugation using a benchtop centrifuge (13,000 rpm, 4°C) for 5 and 10 minutes respectively.
Protein amounts in the supernatant were quantified by spectrophotometry (A2s0), and the input
amounts across all samples equalised to the lowest concentration sample, of which 1 mL was
taken forward, and 100 puL was taken for chromatin size analysis, see below. 10 uL of each
sample was taken as an input sample, and the rest was incubated with 4 pL anti-FLAG antibody
(Sigma, F-1804) with rotation at room temperature for 1.5 hours. Following the antibody
incubation, 15 pL of protein G magnetic beads (Protein G Dynabeads, 1004D) was added and
incubation continued for another hour with rotation. Beads were collected on a magnetic rack
and washed with several sequential washes; 2x with 800 uL FA lysis-low salt, 2x with 800 pL
FA lysis-high salt (identical to low salt but with 500 mM NaCl), 2x TLEND (10 mM Tris-HCI
pH 8.0, 250 mM LiCl, 1 mM EDTA pH 8.0, 0.5% NP-40 (v/v) and 0.5% sodium deoxycholate
(w/v)) and 1x with Tris-EDTA (TE pH 8.0). Following these wash steps, FLAG-tagged
protein-DNA complexes were eluted from the beads with 25 minutes incubation at 65°C with
shaking at 1400 rpm in 130 puL elution buffer (50 mM Tris-HCl pH 7.5, 10 mM EDTA pH 8.0
and 1% sodium dodecyl sulphate (w/v)).
2.2.9.3 DNA purification and qPCR
After elution of tagged DNA-protein complexes, both input and IP samples were treated with
Proteinase K (10 uL, Sigma P4850) for 2 hours at 37°C to degrade protein, and incubated at
65°C for a further 12-16 hours to de-crosslink the samples. The samples were purified using
the QTAGEN QIAquick PCR Purification kit as per the manufacturer’s instructions, and eluted
in 140 uL elution buffer (EB, 10 mM Tris-Cl, 1 mM EDTA, pH 8.0). The DNA solutions

obtained was diluted 1:4 for qPCR analysis of the relative DNA amounts in input and IP.
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Analysis of quantitative data was carried out as described in (Reuter, Meinel & StréBer, 2015).
Results of quantitative data is presented with the standard deviation or standard error of the
mean, where appropriate. Pairwise statistical testing was not carried out as a matter of course
as standardised in the field (see e.g. (Miyazawa-Onami, Araki & Tanaka, 2017)

2.2.9.4 Chromatin size analysis

Samples taken for chromatin size analysis were similarly treated with Proteinase K and
incubated at 37°C for 2 hours, then de-crosslinked overnight at 65°C. The following day, 30
puL of 4M LiCl was added to the sample, followed by 1 pL glycogen and 150 uL phenol. The
samples were mixed and centrifuged in a desktop centrifuge (13,000 rpm, 10 min.) to separate
the aqueous and organic phases. The supernatant was taken, and a further 150 pL of phenol
added, before another centrifugation step. The supernatant was again isolated, and 100 pL
chloroform added, followed by another centrifugation step (13,000 rpm, 5 min.). The
supernatant of this step was added to 800 uL 100% EtOH, and placed at -20°C overnight to
allow precipitation of the DNA.

The following day, the sample was centrifuged (13,000 rpm, 10 min, 4°C), and the pellet
washed with cold 70% EtOH, before being resuspended in 20 pL TE pH 8.0. 5 uL. RNase was
added and the sample incubated at 37°C for at least 30 minutes. To visualise the size of the
chromatin fragments present in the cell extract post-sonication, this sample was loaded onto a

1.5% agarose gel containing SYBR safe for electrophoresis and subsequent UV visualisation.
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2.2.10 Native immunoprecipitation of Psf2-TAP and Cdc45-FLAG

Native immunoprecipitation of replication proteins was carried out using an adapted protocol
of the first step of purification used by Gambus et al. to isolate GINS-containing replication

complexes (Gambus et al., 2006b).

2.2.10.1 Preparation of IgG-bound magnetic beads

The preparation step of the beads was a process optimised over the course of the project, and
so presented here is the most recent version of the methodology.

100 uL of bead slurry (Dynabeads® MyOne™ Tosylacttivated, Invitrogen 66501) was collected
on a magnetic rack and the storage buffer removed. Beads were washed with 1 mL borate
buffer pH 9.5. After washing, the beads were resuspended in 130 uL borate buffer, and 100 uL
of ammonium sulfate (3 M) in borate buffer (0.1 M) to form a binding solution, that 1 mg of
IgG was added to (rabbit, ChromPure 011-000-003). Beads and binding solution were
incubated overnight at 37°C with vigorous shaking. The next day, beads were collected on the
rack and binding solution removed. Beads were then washed with 1 mL phosphate-buffered
saline (PBS, pH 7.4) and washed for one hour at 37°C with shaking. After washing, the beads

were resuspended in 335 uL storage buffer.
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Borate buffer 0.IMpH9.5—1L

2.18 g H2BOs

800 mL ddH20

Adjusted to pH 9.5 using 5 M NaOH
Volume adjusted to 1 L using ddH20

Ammonium sulfate in borate buffer — 100 mL

39.64 g ammonium sulfate

80 mL 0.1 M borate buffer pH 9.5

pH adjusted to 9.5 using NaOH or HCI

volume adjusted to 100 mL using 0.1 M borate buffer

Storage solution

0.1 MPBSpH 7.4
0.05% high quality BSA (w/v)

0.02% NaN3

2.2.10.2 Cell culture, harvesting and extract preparation

Overnight cultures were grown at 220 rpm shaking at 30°C, before transfer to the desired media

volume in High-Yield flasks following dilution to ODesoo of around 0.2. Cells were allowed to

grow until ODeoo of around 0.5-0.6, and the alpha factor was added to arrest cells as described

above. Cells were released into S phase by spinning down and media replacement, with a wash

step, using pre-warmed media. At the desired time-point, cells were transferred into pre-cooled

centrifuge bottles and spun down (1000 x g, 3 min, 4°C). Following a wash step in cold ddH:0,

cells were spun again, and resuspended in pre-cooled Lysis buffer, of volume equal to 1.5x the

weight of the pellet. Yeast “popcorn” was prepared as described previously (Seki & Diffley,

2000), and stored at -80°C.
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To prepare cell extract, the popcorn was ground in a freezer mill (Spex 6875 Freezer/Mill®)
and additional Lysis buffer (1 pellet volume) and Glymix (0.25x total extract volume) added.
800 U/mL Benzonase® (Merck Millipore Novagen® Purity >99%) was added and sample
incubated with rotation at 4°C for 30 minutes. Insoluble material was removed by an initial
centrifugation (SS34 rotor, 14,000 rpm, 4°C, 10 min.), and further ultracentrifugation (50.2 Ti,

31,000 rpm, 4°C , 60 min.) where both the pellet and fatty surface layer were discarded.

2.2.10.3 IP binding, wash, and elution steps

For the IP step, 2.5 uL of IgG beads, prepared as described above, were added for every mg
of protein as measured by a Bradford assay (for 3 L culture, approx.. 50 pL beads) . Samples
were incubated at 4°C with rotation for 2 hours, before collection on a magnetic rack and
removal of the flow-through. Beads were washed three times with Column wash buffer, each
for 10 minutes also at 4°C. Finally, beads were washed once in Cleavage buffer, followed by
elution in Cleavage buffer containing PreScission protease (in-house) at 16°C with shaking at

500 rpm for one hour. Beads were separated using the magnetic rack, and eluate collected.
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2.2.10.4 Native [P-MS buffers
Lysis buffer

100 mM HEPES KOH pH7.9
50 mM KOAc

1.5 mM MgAc

100 uM EDTA

50 uM ZnOAc

Added fresh:

2 mM NaF

2 mM Na--glycerophosphate
1 mM DTT

4x protease inhibitors (SIGMAFAST™ tablets EDTA-free)

Glymix

100 mM HEPES KOH pH7.9
300 mM KOAc

1.5 mM MgAc

100 uM EDTA

50 uM ZnOAc

50% Glycerol v/v

0.75% NP-40 v/v

Added fresh:

2 mM NaF

2 mM Na-B-glycerophosphate

I mM DTT
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4x protease inhibitors (SIGMAFAST™ tablets EDTA-free)

Column wash buffer

100 mM HEPES KOH pH7.9
300 mM KOAc

1.5 mM MgAc

50 uM EDTA

50 uM ZnOAc

0.15% NP-40 v/v

Added fresh:

I mM DTT

Cleavage buffer

100 mM HEPES KOH pH7.9
150 mM KOAc

1.5 mM MgAc

50 uM EDTA

50 uM ZnOAc

0.15% NP-40 v/v

Added fresh:DTT
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2.2.11 ChIP-MS analysis of replication complexes
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Figure 15: Overview of the ChIP-MS method as developed and performed in this study. Use of cross-linking fixes cells and
stabilises protein complexes, before isolation of protein complexes using endogenously tagged protein of interest and
immuno-precipitation and wash steps using magnetic beads. Isolated proteins are de-cross-linked and digested with trypsin
to allow for LC-MS/MS analysis of protein identification and quantification.
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Cells were grown in 600ml YPD from overnight cultures to OD600 0.6 at 220 rpm and 30°C
followed by 2 hrs a-factor arrest at 25°C, 220 rpm. Cells were spun down (500 xg, 2 min, RT)
washed once with pre-warmed media and released in 600 ml warm media. For samples where
FRB/FKBP linkage closure =~ was  desired, media  was  supplemented  with
100 nM rapamycin 0.5 hrs before releasing and upon release. At the desired time-point post-
release, samples were crosslinked and washed as described for ChIP-qPCR. Each sample
was resuspended in 1x TBS, before being spun again (8,000 xg, 4 min, 4°C) and the pellets
frozen in liquid nitrogen and stored at -80 °C. Pellets were thawed on ice and resuspended in
800 uL of FA lysis (low salt) buffer complemented with a protease inhibitor cocktail, with
800 uL of glass beads added to each. Cells were lysed using an MP Fast-Prep 24 5G for 3x
45 seconds at 7 m/s with 2 min breaks on ice. Protease inhibitor was added (SIGMAFAST™
tablets EDTA-free), and sonication and centrifugation were done as described for ChIP-qPCR.
Protein content of the supernatant was measured (A2s0), and total protein amounts equated
between samples by dilution, with input samples taken for quality control. The extract was
then incubated with 7.2 uL anti-FLAG antibody (Sigma, F-1804) for 1.5 hrs at RT with
rotation. 26 uL protein G Dynabeads (Invitrogen, 10004D) were added, and samples incubated
for 1 hr. Beads were collected on a magnetic rack and subjected to washing (2x FA-lysis (low
salt), 2x FA-lysis (high salt), 2x TLEND and 1x TE buffer) before combining the tubes and
elution with ChIP elution buffer as done for ChIP. Samples were de-crosslinked at 95°C for 15
min and analysed by SDS-PAGE followed by silver stain.

Immunoprecipitations (IP) were processed by either filter aided sample preparation (FASP)
(Wisniewski et al., 2009), or single-pot solid-phase-enhanced sample-preparation

(SP3) technology (Hughes et al., 2014, 2018).
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Overall, the culture conditions, extract preparation, wash steps, elution steps, preparation for
mass spectrometry and mass spectrometry analysis were dependent on the experimental design,

and varied between experiments.

2.2.12 Sample preparation for Mass spectrometry

Because the protein samples prepared using the described protocols contained detergents,
which cause issues with mass spectrometry analysis, the sample buffer needed to be exchanged
in order for sample analysis. In addition, the trypsin digestion of proteins into the mass
spectrometry-identifiable tryptic peptides needed to be carried out. Initially, the sample
preparation steps were carried out by members of the MS facility at the MRC-LMS, but over
the course of the project, the preparation steps were integrated into the protocol to relieve the
workload of the MS facility. There were two main approaches that were used in this project,
with a switch from one approach to the other at around the midway point. The first, filter aided
sample preparation (FASP), carries out buffer exchange using a 10 kDa filter, that retains
proteins but allows the washing of buffer and other small molecules through (Wisniewski et
al., 2009). The second, single-pot solid-phase enhanced sample preparation (SP3), carries out
buffer exchange by immobilising proteins to magnetic beads by using an ethanol solution to
cause hydrophilic association of proteins with the surface of the beads, allowing sequential
washes not unlike the use of magnetic beads in an immunoprecipitation (Hughes et al., 2014,
2018). Owing to several factors, including issues with large amounts of detergent causing
blockage of FASP columns, the overall ease of the SP3 method, and literature evidence
suggesting SP3 might outperform FASP in head-to-head studies (Sielaff et al., 2017), SP3
became the sample preparation of choice for this project.

Whilst these methods were used to remove as much detergent as possible, a further cleanup

step was the use of Glygen C18 reverse phase tips to reduce the amount of salts carryover.
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2.2.12.1 FASP preparation

Eluted protein samples were loaded onto 30 kDa centrifugal concentrators (Millipore,
MRCFOR030) and buffer exchange was carried out by centrifugation on a bench top centrifuge
(10 min, 12,000 xg). Multiple buffer exchanges were performed sequentially with UA buffer
(8 M urea in 100 mM Tris pH 8.5, 3x200 pl), reduction with 10 mM DTT in UA buffer (30
min, 40°C) and alkylation with 50 mM chloroacetamide in UA buffer (20 min, 25°C). This was
followed by buffer exchange into UA buffer (3x100 ul) and 50 mM ammonium bicarbonate
(3x100 pl). Digestion was carried out with mass spectrometry grade trypsin (Promega, V5280)
using 2 & 1 pg of protease for inputs and IP’s respectively (o/n, 37°C). Tryptic peptides were
collected by centrifugation into a fresh collection tube (10 min, 12,000 xg) and washing of the
concentrator with 0.5 M sodium chloride (50 pl, 10 min, 12,000 xg) for maximal recovery.
Finally, digests were acidified to a final concentration of 0.1% TFA. Digested samples were
then transferred to the Gygen C18 clean-up step detailed below.

2.2.12.2 SP3 preparation

Eluted samples were mixed with reconstitution buffer (50 mM HEPES pH 8.0, 1% sodium
dodecyl sulphate (w/v) SDS, 1% Triton X-100 (v/v), 1% NP-40 (v/v), 1% Tween 20 (v/v),
1% sodium deoxycholate (w/v), 5 mM EDTA pH 8.0, 50 mM NaCl, 1% glycerol (v/v)).
Proteins were reduced using 5 mM DTT, followed by alkylation wusing
20 mM chloroacetamide. Reduced and alkylated protein was transferred to a new
tube containing 100% EtOH pre-mixed with Sera-Mag Speedbeads (GE Healthcare, 2 uL of
each per sample). Reduced and alkylated protein was added, to a final concentration of
60% EtOH. Protein-bound beads were rinsed three times with 80% EtOH using a magnetic
rack, and after the final wash, beads were resuspended in digestion solution
(100 mM ammonium bicarbonate, pH 8.0) containing 1 ug of Trypsin Gold (Promega). After

sonication to disperse the beads, digestions were incubated overnight (18 hrs) at 37°C and dried
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in a centrifugal evaporator. Total protein digests were dissolved in 0.1% trifluoroacetic acid by
shaking (1200 rpm) for 30 min and sonication for 10 min, followed by centrifugation (14,000
rpm, 5°C and 10 min). Digested samples were then transferred to the Gygen C18 clean-up step

detailed below.

2.2.12.3 Reverse phase Glygen C18 tip cleanup

Peptide solutions from FASP or SP3 preparation steps were acidified by addition of formic
acid, to a total concentration of 0.1%, then loaded onto a C18 reverse-phase desalting tip
(Glygen, TT2C18.96) that had been pre-conditioned with 2 washes of organic solvent (60%
MeCN, 0.1% formic acid (FA)) followed by 2 washes of aqueous solvent (1% MeCN, 0.1%
formic acid (FA)). Once the peptide solution had been applied, the tip was washed with 2
further washes of 75 uLL aqueous wash solution (1% MeCN, 0.1% FA), then eluted by 2 washes
with 75 uL of organic wash solution (60% MeCN, 0.1% FA). The peptides were air-dried in a
SpeedVac, then resuspended in 20-40 uL 0.1% triflouroacetic acid (TFA), and agitated for 30
minutes. Samples were sonicated for 10 minutes (1s ON/OFF) to fully dissolve peptides, before
centrifugation to pellet any precipitates (13,000 rpm, 10 min). The majority of sample was

transferred into sample injection vials, leaving a small volume containing any precipitates.

2.2.13 Mass spectrometry analysis and MaxQuant processing

Throughout the project, across experiments, there was some variation of the LC-MS/MS
analysis method used. However, all methods shared common aspects, and the conditions used
for the multi-replicate large-scale experiments will be specified individually. All other
experiments used the same set of instruments and techniques, with slight variations. The
programming and monitoring of the sample processing on the LC-MS/MS instrumentation and

the analysis of the raw MS/MS files using MaxQuant was carried out by the MS facility team
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(H. Kramer, A. Montoya, I. Khaneva), and the MaxQuant output files including LFQ

normalisation were then taken over for analysis as described in this project.

2.2.13.1 Mass spectrometry experimental conditions and instruments

Across all samples and experiments, samples were analysed in technical duplicates, and
separation prior to analysis by MS/MS was achieved using an Ultimate 3000 RSLC nano liquid
chromatography system (Thermo). For the MS analysis, liquid chromatography was coupled
to the MS instrument by an EASY spray source (Thermo). Samples were either analysed on a

Q-Exactive or Q-Exactive HFX mass spectrometer (Thermo), depending on the experiment.

2.2.13.1.1 Cdc45 ChIP-MS (Section 3.4) mass spectrometry analysis

Having been prepared using the FASP technique, Trypsin Gold digestion, and C18 reverse
phase cleanup as described, 6 uL of each sample was processed via liquid chromatography
prior to MS analysis. Solutions were injected and loaded onto a trap column (Acclaim PepMap
100 C18, 100 um x 2cm) for desalting and concentration at 8 pL/min in 2% acetonitrile, 0.1%
TFA. Peptides were then eluted on-line to an analytical column (Acclaim Pepmap RSLC C18,
75 um x 75 cm) at a flow rate of 200 nL/min. Peptides were separated using a 120 minute
gradient, 4-25% of buffer B (80% acetonitrile, 0.1% FA) for 90 minutes followed by 25-45%
buffer B for another 30 minutes and subsequent column conditioning and equilibration.
Peptides were then analysed by the Q-Exactive mass spectrometer operating in positive polarity
using a data-dependent acquisition mode. Ions for fragmentation were determined from an
initial MS1 survey scan at 70,000 resolution, followed by HCD (Higher Energy Collision
Induced Dissociation) of the top 12 most abundant ions at 17,500 resolution. MS1 and MS2
scan AGC targets were set to 3e6 and 5Se4 for maximum injection times of 50 ms and 50 ms
respectively. A survey scan m/z range of 400 — 1800 was used, normalised collision energy set
to 27%, charge exclusion enabled with unassigned and +1 charge states rejected and a minimal

AGC target of 1e3. Dynamic exclusion parameter set to 45 seconds.
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2.2.13.1.2 Mcm4 ChIP-MS time-course (Section 3.6.3) mass spectrometry analysis

Having been prepared using the SP3 technique, Trypsin Gold digestion, and C18 reverse phase
cleanup as described, 6 uL of each sample was processed via liquid chromatography prior to
MS analysis. Solutions were injected and loaded onto a trap column (Acclaim PepMap 100
C18, 100 pm x 2 cm) for desalting and concentration at 8§ pL/min in 2% acetonitrile, 0.1%
TFA. Peptides were then eluted on-line to an analytical column (Acclaim Pepmap RSLC C18,
75 wm x 75 cm) at a flow rate of 200 nL/min. Peptides were separated using a 90 minute
gradient, 4-25% of buffer B (80% acetonitrile, 0.1% FA) for 60 minutes followed by 25-45%
buffer B for another 30 minutes and subsequent column conditioning and equilibration.
Peptides were then analysed by the mass spectrometer operating in positive polarity using a
data-dependent acquisition mode. Ions for fragmentation were determined from an initial MS1
survey scan at 70,000 resolution, followed by HCD (Higher Energy Collision Induced
Dissociation) of the top 10 most abundant ions at 17,500 resolution. MS1 and MS2 scan AGC
targets were set to 3e6 and 5e4 for maximum injection times of 50 ms and 100 ms respectively.
A survey scan m/z range of 350 — 1800 was used, normalised collision energy set to 27%,
charge exclusion enabled with unassigned and +1 charge states rejected and a minimal AGC

target of 1e3. Dynamic exclusion parameter set to 45 seconds.

2.2.13.1.3 Mcm4 ChIP-MS in intra-hexamer gates (Section 3.7.1) mass spectrometry analysis
Having been prepared using the SP3 technique, Trypsin Gold digestion, and C18 reverse phase
cleanup as described, 6 uL of each sample was processed via liquid chromatography prior to
MS analysis. Solutions were injected and loaded onto a trap column (Acclaim PepMap 100
C18, 100 pm x 2 cm) for desalting and concentration at 8§ pL/min in 2% acetonitrile, 0.1%

TFA. Peptides were then eluted on-line to an analytical column (Acclaim Pepmap RSLC C18,
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75 um x 50 cm) at a flow rate of 250 nL/min. Peptides were separated using a 120 minute
gradient, 1-22% of buffer B (75% acetonitrile, 5% DMSO, 0.1% FA) for 90 minutes followed
by 22-42% buffer B for another 30 minutes, and subsequent column conditioning and
equilibration. Peptides were analysed by the Q-Exactive HFX mass spectrometer operating in
positive polarity using a data-dependent acquisition mode. Ions for fragmentation were
determined from an initial MS1 survey scan at 120,000 resolution, followed by HCD (Higher
Energy Collision Induced Dissociation) of the top 25 most abundant ions at 15,000 resolution.
MS1 and MS2 scan AGC targets were set to 3e6 and 5e4 for maximum injection times of 25
ms and 100 ms respectively. A survey scan m/z range of 350 — 1750 was used, normalised
collision energy set to 27%, charge exclusion enabled with unassigned and +1 charge states
rejected and a minimal AGC target of 8e3. Dynamic exclusion parameter set to 50 seconds.

This was the only set of samples to be run using the Q-Exactive HFX instrument, all other
experiments used the Q-Exactive instrument. One experiment was analysed by both
instruments, and the number of proteins identified and their quantification appeared broadly

similar (data not shown).

2.2.13.2 Maxquant processing

Raw MS files were analysed in the MaxQuant software (Cox & Mann, 2008; Cox et al., 2014;
Tyanova, Temu & Cox, 2016). The MaxQuant analysis was conducted in a broadly similar
manner across all experiments, with some minor changes to reference databases and software
versions over time. As before, the precise conditions for the large-scale experiments are listed

below, and all other experiments were processed very similarly.

2.2.13.2.1 Cdc45 ChIP-MS (Section 3.4) MaxQuant analysis
MaxQuant analysis was carried out as for Section 3.7.1 (see below) but with the following

differences: Raw files were analysed using MaxQuant v1.6.7.0 not v1.6.10.43, and only two
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missed cleavages were permitted. ‘Match between runs’ function was used with match and
alignment time limits of 1 and 20 minutes respectively (inputs).

2.2.13.2.2 Mcm4 ChIP-MS time-course (Section 3.6.3) MaxQuant analysis

MaxQuant analysis was carried out as for Section 3.7.1 (see below) but with the following
differences: Raw data was searched against the UniprotKB S.cerevisiae database downloaded
in June 2021 instead of from March 2018. This contained 6,050 protein sequences: 6,049 from

the SwissProt reviewed section and 1 from the TTEMBL unreviewed section

2.2.13.2.3 Mcm4 ChIP-MS in intra-hexamer gates (Section 3.7.1) MaxQuant analysis

Raw files were analysed using MaxQuant v1.6.10.43. Variable modifications of methionine
oxidation, protein N-terminal acetylation, asparagine deamidation and cyclisation of glutamine
to pryo-glutamate were permitted. Fixed modification of cysteine carbamidomethylation and
up to three missed cleavages were also permitted. Label-free quantification was enabled with
an LFQ minimum ratio count of 2. ‘Match between runs’ function was used with match and
alignment time limits of 0.7 and 20 minutes respectively (inputs). Raw data was searched
against the UniprotKB S.cerevisiae database downloaded in March 2018. This contained 6,729
protein sequences: 6,721 from the SwissProt reviewed section and 8 from the TrEMBL
unreviewed section. A 1% false discovery rate (FDR) at the peptide and protein level was

selected.

2.2.14 Downstream analysis of Mass spectrometry data

The data produced by MaxQuant analysis of raw MS files was analysed by two main pipelines.
The Perseus software package (Tyanova et al., 2016), was used for much of the analysis of the
dataset holistically, but manual analysis of LFQ values for sets of or individual protein was

carried out in Microsoft Excel.
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2.2.14.1 Perseus analysis

The Perseus software allows a reproducible pipeline to be used across experiments, though, as
with MaxQuant, there were some differences in versions that were used across the project. The
overall pipeline remained the same, however, and is described below. Analysis in MaxQuant
is able to identify non-yeast proteins that are common contaminants, as well as proteins that
are only identified by site. “proteins” that were identified using a reversed proteome are also
indicated. These types of matches were removed at the beginning of the analysis. Following
this step, the log value (base 2) of the LFQ intensity values for the detected proteins was
calculated, to obtain a normal distribution of intensity values. It was at this stage that the
histograms of protein abundances were produced, to determine if the data was indeed normally
distributed. At this stage, if the data was shown to be lognormal, then the experimental and
replicate groups were assigned. The technical replicates run on the instrument were averaged,
excluding values of zero. Following technical replicate averaging, filtering of proteins that
showed very sporadic and sparse detection was carried out. For a protein to be taken forward,
it had to be present in at least two of the replicates in at least one experimental group. After
filtering, imputation was used to replace missing values in the data, e.g. in negative control
experimental groups. The built-in imputation functionality in Perseus was used for this step. In
brief, Perseus calculates the width and centre of the lognormal distribution of abundances,
scales the width to 0.3 and down-shifts the distribution by 1.8 standard deviations, before
populating this new distribution with randomly assigned values. This imputes values for
samples that do not show detection that are appropriately low. At this stage, the data processing
was complete, and the various correlative tests were carried out on the data. Principal
component analysis, intensity vs. intensity scatter plots, volcano plots and profile plots were
all carried out on data processed in this way, using the built-in Perseus functionality. Volcano

plots were produced using FDR and SO values as indicated.
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2.2.14.2 Manual analysis of peptide intensities and enrichments

As in the Perseus-based analysis, the protein matches that were identified as common
contaminants, only identified by site, or as reverse proteome decoy hits were removed.
Following this step, LFQ intensity values between technical reps were averaged, treating non-
detections as non-integer values. In experiments containing biological replicates, the LFQ
intensity of proteins across these replicates was also averaged, again treating non-detected
protein intensity as non-integer values and not calculated. For enrichment values in both
replicate-containing and single-rep experiments, the LFQ or average LFQ intensity of one
sample (usually tagged pull-down) was divided by the LFQ or average LFQ intensity of another
sample (usually untagged negative control), and enrichment given as the log of this value (base
2). For those calculations involving untagged controls where this would result in dividing by
zero due to missing values, an imputation process was carried out. The lowest 10% average
LFQ values in that negative control (excluding nondetected proteins) were averaged, and this
value was used as the suitably low value for imputation. This is a similar approach used by the
Perseus program, but lacking the introduction of random scatter. When presenting average LFQ
values, an estimate of the error was obtained by calculating the standard error in the mean of
the LFQ values from individual replicates. For enrichment values, the standard error in the ratio
of the two samples was calculated by error addition, and then the high and low error bars were

displayed with the appropriate log scaling.

2.2.15 Quick extraction of cellular protein by bead beating

To evaluate the integration and expression of FLAG-tagged constructs in endogenous loci, a
quick and easy method was used to isolate cellular protein extract. A small inoculation loop

was used to pick a small amount of yeast cells, enough to half fill the loop. These cells were
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transferred into an 1.5 mL tube containing 40 puL 2x Laemmli buffer and enough glass beads
to completely cover the bottom of the tube. Cells were vortexed at max. speed for one minute,
followed by incubation at 95°C for a minute, and this process was repeated a total of four times.
Extract was briefly spun at low speed to pellet debris, and 10-20 pL of the supernatant was
taken for loading onto an SDS-PAGE gel.

Laemmli buffer (2x)

120 mM Tris-HCI pH 6.8
4% SDS v/v

20% Glycerol v/v

0.02% Bromothenol blue w/v
Add fresh:

100 mM DTT

2.2.16 Trichloroacetic acid protein extraction

During cellular extract preparation, proteolysis can affect the cellular proteins. This activity
can introduce variability and degrade proteins. To prevent this activity, the low pH conditions
of trichloroacetic acid mediated protein extraction were used, from the Dohlman lab, originally
adapted from Cox et al. (Cox, Chapman & Waltert, 1997). Approximately 10 mL of ODs00=0.6-
1.0 cells were harvested by centrifugation at 500 xg for 5 minutes at 4°C, and then washed to
remove media and frozen at -80°C. 300 uL of a 10% TCA buffer was added to the cell pellet
and the pellet allowed to thaw. Approximately 150 uL of glass beads was then added and the
sample vortexed at max. speed for one minute, repeated a further four times, with 3 minute
incubations on ice in between each vortexing. The liquid was removed to another tube also on
ice, and 100 pL of the 10% TCA buffer used to wash the beads to remove any bound proteins,

before this wash was pooled with the rest of the sample. The sample was then spun at max.
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speed (14,000 rpm) in a desktop centrifuge cooled to 4°C to pellet precipitated proteins. The
supernatant was removed, and pellet resuspended in 150 pL alkaline buffered 3% SDS
solution. The sample was incubated at 95°C for 5 minutes, then cooled to room temperature.
After centrifugation to pellet cell debris (14,000 rpm, 30s, room temperature), the supernatant
was mixed with 2x Laemmli buffer, to a final 1x solution and boiled for 5 minutes at 95°C. 5-
20 pL of this solution was then loaded onto an SDS-PAGE gel.

10% TCA buftfer

10 mM Tris-HCL, pH 8.0
25 mM NH4OAc
1 mM EDTA

100% Trichloroacetic acid (TCA) to a final percentage of 10% v/v

Alkaline 3% SDS buffer

100 mM Tris-HCL, pH 11.0

20% sodium dodecyl sulfate (SDS) to a final percentage of 3% v/v

2.2.17 SDS-PAGE

Samples were prepared for SDS-PAGE analysis by mixing 1:1 with 2x Laemmli buffer, and
incubation at 95°C for 5 minutes. Samples were variably run on either 8/10/15%
polyacrylamide gels prepared in-house, or on ThermoFisher NuPAGE™ 4-12% Bis-Tris
gradient commercial gels. In-house polyacrylamide gels were run in Tris-Glycine buffer (3%
(w/v) Tris, 14% (w/v) glycine, 1% (w/v) SDS). Commercial gels were run in NuPAGE™
MOPS running buffer. SDS-PAGE gels were run at 200 V for 45-70 minutes. Once gels were

run, proteins were visualised by either silver staining or Western blotting.
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2.2.18 Western blotting

Transfer of proteins from polyacrylamide gel to nitrocellulose membrane (Amersham Protran™
0.45 um NC), was done using a wet transfer method. Polyacrylamide gel and nitrocellulose

membrane were assembled into a sandwich, between sheets of Whatman™ paper, in transfer
buffer (25 mM Tris, 200 mM Glycine, 40% MeOH v/v, 1% SDS v/v). Transfer was carried out
with a current of 400 mA over 75 minutes at 4°C. Nitrocellulose membrane was then stained
with Ponceau stain (1% Ponceau S w/v, 1% v/v acetic acid) to ensure protein transfer and
evaluate loading consistency in overall protein concentration. The membrane was washed
several times in ultrapure water (VWR, AnalaR NORMAPUR) to destain, and then blocked
for 45 minutes with 5% (w/v) milk in TBS-T (20 mM Tris, 150 mM HCI, 0.1% Tween w/v).
Primary antibodies were incubated with the membrane in the same 5% (w/v) milk solution with
rocking for either 2 hours at room temperature, or overnight at 4°C. After primary antibody
binding, the membrane was washed three times for 5 minutes with TBS-T. For antibodies
requiring a secondary HRP-coupled antibody, a second incubation with this antibody was
carried out in 5% (w/v) milk in TBS-T for an hour at room temperature with rocking. The
membrane was washed three more times in TBS-T, before incubation with a chemiluminescent
substrate and enhancer solution. Dependent on the expected abundance of the target protein
and the efficiency of the antibodies used, this substrate was one of ThermoFisher

SuperSignal™ West Dura, Pico or Femto. Chemiluminescence was visualised using the

ImageQuant™ LAS 4000 or the ImageQuant™ 800 imaging system.

2.2.19 Silver staining of proteins in SDS-PAGE gels

Visualisation of all abundant proteins in a sample was carried out using SDS-PAGE, as above,

followed by a modified silver staining protocol . After gel electrophoresis, the polyacrylamide
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gel was incubated in a fixation solution, solution 1, overnight, or for a minimum of 30 minutes
with shaking. Incubation overnight was preferable to reduce background and enhance
sharpness of bands. After incubation with solution 1, the gel was rehydrated with incubation in
ultrapure water (VWR, AnalaR NORMAPUR), in two 15 minute washes with shaking.
Following the wash and rehydration, the gel was incubated in chilled solution 2 for 90 seconds
with shaking, before two 20 second washes in ultrapure water. Chilled solution 3 was added
and gel was incubated for 15 minutes with shaking. Following a brief rinse first in ultrapure
water, and then a small amount of chilled solution 4, the gel was developed in solution 4, for
around 2-5 minutes, or until the desired intensity of protein bands. To stop further development,
15 mL of solution 5 was added and incubated with shaking until effervescence had ceased. The

gel was transferred into water and could then be scanned and, if required, dehydrated for record

keeping.

Solution 1 — 250 mL Solution 4 — 250 mL

100 mL methanol 7.5 g sodium carbonate
33.75 mL 37.5% formaldehyde 125 pL 37.5% formaldehyde
116.5 mL ultrapure water 245 mL water

5 mL Solution 2

Solution 2 — 250 mL

0.05 g sodium thiosulphate Solution 5 — 15 mL

250 mL ultrapure water 7.2 g citric acid

15 mL ultrapure water

Solution 3 — 250 mL

0.25 g silver nitrate

250 mL ultrapure water
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2.2.20 Genomic DNA extraction

For extraction of a large amount and relatively pure sample of yeast chromatin, a phenol-
chloroform extraction approach was used. A 10-50 mL overnight culture of yeast cells, ideally
with an ODsoo greater than 1, was centrifuged to pellet the cells (500 xg, 3 min.). Cells were
washed in 10 mL of ddH20, and spun down again. Cells were resuspended in a mix of ddH20
(500 pL) and TSNTE buffer (2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris HCI pH
8.0, 1 mM EDTA) (200 uL). The solution was transferred into a 1.5 mL tube, and 300 uL of
glass beads, and 300 uL of phenol was added. Cells were vortexed for 3 minutes at max speed,
and centrifuged in a desktop centrifuge (13,000 rpm, 5 min.). The supernatant was taken and
added to an equal volume (approx. 700 pL) of chloroform, and mixed. The centrifugation was
repeated, and the supernatant again taken, and added to 1.2 mL of pre-chilled 100% EtOH, and
incubated at -20°C for a minimum of 30 minutes, and often overnight. The sample was then
centrifuged again (13,000 rpm, 30 min., 4°C), the supernatant discarded, and the pellet air-
dried by incubation at 65°C for 10 minutes. The pellet was resuspended in 400 uL TE, and 2
uL of RNase (200 pg) added, followed by an incubation at 37°C for an hour. Following the
degradation of RNA, 40 uL of a 3M NaAc solution (pH 5.2) was added. 800 puL of 100% EtOH
was then added, and the sample centrifuged again (13,000 rpm, 10 min.), and washed with 80%
EtOH. The dried pellet was resuspended in 30 pLTE, and genomic DNA was ready for further

analysis. If visualised by agarose gel electrophoresis, 2 pL. was loaded from this sample.

2.2.21 Quantification of DNA replication by BrdU incorporation

Cells that were competent for BrdU incorporation were grown and arrested as described above.
15 minutes prior to S phase release, BrdU was added to the culture to a final concentration of

40 pg/mL. Cells were released into S phase, with BrdU addition to the new media. At the
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desired time-points, 30 mL of cells were were harvested by centrifugation (1800 xg, 4°C, 2
min.) in the presence of 0.1% NaNs3. The cell pellet was resuspended in 10 mL of cold TE with
0.1% NaN3 and kept on ice. Cells were centrifuged again once all time-points were collected,
and genomic DNA extracted as described above.

Genomic DNA concentrations were quantified by Nanodrop™ spectrophotometer and
concentrations equalised across samples, before samples were boiled for 10 min. at 95°C. After
rapid cooling on ice, 1 pg of ssDNA per sample was spotted onto a membrane (Amersham
Hybond-N+). Once dried, the membrane was soaked in denaturation solution (0.5 M NaOH,
1.5 M NaCl), and washed twice for 5 min. in neutralisation solution (1 M NaCl, 0.5 M Tris-
HCI pH 7.0). DNA was crosslinked by UV irradiation (0.12 J) and the membrane was blocked
for 30 min. (I1x PBS, 5% milk, 0.1% Tween). Membrane was blotted with anti-BrdU for 1.5
hours (1x PBS, 0.1% Tween) and washed three times for 5 min. (1x PBS, 0.1% Tween). The
membrane was incubated with anti-mouse secondary for 1 hour (1xTBS-T, 1:10,000) and

antibody binding visualised as for Western blotting.

2.2.22 PCR amplification of single colony genomic DNA

For rapid confirmation of the integration of a genetic sequence, the genomic DNA extraction
from cells can be accomplished in a shorter time and a less involved protocol whilst retaining
enough efficiency to gain a positive or negative signal in a PCR reaction. A single inoculation
loop of cells, which is possible to obtain even from a single colony, was added to 100 pL of
lithium acetate buffer (0.2 M LiAc, 1% SDS, in ddH20). The sample was then incubated at
65°C for 5 minutes before the addition of 300 pL of 100% EtOH. The sample was vortexed
and centrifuged in a desktop centrifuge (13,000 rpm, 5 min.), and the supernatant discarded.

The pellet was resuspended in 50 pL ultrapure water, and centrifuged again (13,000 rpm, 60 s)
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to pellet cellular debris. This was then used as the template DNA for PCR, for which 1 puL was

used:

Colony PCR reaction mix:

Reagent Volume (pL)
DreamTaq Green Master Mix (2x) 5
Forward primer (10 uM) 0.2
Reverse primer (10 uM) 0.2
Genomic DNA 1
Ultrapure water 3.6

Thermocycler amplification protocol:

95°C — 2 min. |
95°C—-20's

32x
56°C —20's -
72°C - 60 s
72°C — 5 min. _
4°C - HOLD

The PCR was conducted using DreamTaq Green PCR Master Mix (Thermo) for these
analytical PCR reactions, instead of the Pfu II used for the amplification of DNA for

transformation protocols.

2.2.23 PCR amplification of integration cassettes

Creation of endogenous-tagging constructs by PCR amplification was conducted as described
previously (Janke et al., 2004). Briefly, primers were synthesised that contained two regions of

homology. The first (inner) region corresponded to sequence on a template plasmid (such as

pCS762 for SXFLAG and HygroR marker) to amplify both the in-frame SxFLAG sequence and
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the marker gene. The second (outer) region contained approximately 50 base pairs of homology
to the 3° end of the gene to be tagged, and the intergenic region downstream of the targeted
gene.

For tagging construct reactions, PCR was carried out using the PfuUltra Fusion II buffer and

polymerase system. The reaction consists of the following components:

Reagent Volume (pL)

PfuUltra Fusion II reaction buffer (10x) 5
dNTPs (10 mM) 5
Forward primer (10 uM) 1
Reverse primer (10 uM) 1
Plasmid DNA (1-10 ng) 1
PfuUltra Fusion II polymerase 1

Ultrapure water 36

The extension time of the PCR cycles were reduced compared to the subcloning of MCM2-7
subunits.

Thermocycler amplification protocol:

95°C — 2 min. |
95°C —20's
32x
56°C-20s
72°C — 45 s
72°C — 5 min. _J
4°C — HOLD
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5 pL of the completed PCR reaction volume was loaded with 1 pL of 6x Purple Gel Loading
Dye (NEB) and run on an agarose gel as below. The remaining volume was added to competent

yeast cells as described above for a general yeast transformation.

2.2.24 Agarose gel electrophoresis of DNA

To visualise and separate DNA molecules by size, one-dimensional agarose gel electrophoresis
was used. A 1% agarose gel was prepared using 1x Tris-acetate-EDTA (TAE) buffer, and
SYBR Safe intercalation agent was added at 1:10,000 concentration from stock. DNA samples
were mixed with Purple Gel Loading Dye from NEB (NEB #B7025) in a 5:1 ratio, and loaded
on the agarose gel. The gel was run at a voltage of 120 V in 1x TAE buffer for 20-30 minutes

dependent on the DNA size.

2.2.25 Confocal microscopy of DAPI-stained cells

Confocal microscopy was used to investigate cellular morphology, and the staining of cells
with the nuclear stain 4°, 6-diamidino-2-phenylindole (DAPI) was used to visualise the
arrangement and positioning of DNA within yeast cells. An overnight culture of cells was
diluted and left to divide for two hours at 30°C, before the culture was split, with half treated
with 1 uM rapamycin and the other left untreated. Cells were incubated at 25°C for a further 2
hours, before cells were fixed in 100% EtOH for an hour. Cells were then centrifuged in a
desktop centrifuge (2,000 rpm, 3 min.) and washed in 1 mL PBS pH 7.4, before centrifugation
a second time. A number of cells equal to <500 uL of culture were resuspended in 200 uL PBS
containing 1:2000 DAPI. 5 uL of this solution was combined with 5 uL of mounting media
(0.1 M Tris-HCI, 90% glycerol) and mounted on a glass slide. The cells were later observed on

a Leica SP5 confocal microscope at 40x magnification.
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3 Results

3.1 Arresting complexes prior to CMG formation via protein engineering

Previously in the group, modification of the MCM2-7 genes had been used to investigate the
passage of DNA into and out of the ring-shaped hexamer. These lines of enquiry made use of
the rapamycin-induced dimerisation domains, FRB and FKBP, together with protein linkers,
to form a drug-inducible linkage between two adjacent Mcm subunits within the same hexamer
(see Section 1.11). In this study, and in work carried out in parallel by another researcher in the
lab, these gates between adjacent subunits were tested for their effect on the progression of
replication activation and structural and compositional changes of the replication complex. An
additional construct was also designed to bridge Mcm subunits between hexamers, in order to

investigate a separate aspect of replication initiation.

3.1.1 DNA exit gate-blocking constructs: Intra-hexamer gates

3.1.1.1 Effect of gate-blocking on progression of replication in vivo

The existing Mcm2-FRB Mcm5-FKBP DNA gate construct had been shown to block MCM2-
7 loading onto DNA, and work carried out in the lab (pers. comm., L.M. Reuter) showed that
this construct halted origin firing in vivo in a rapamycin-dependent manner. This first construct
had the FRB and FKBP integrated towards the N-termini of the Mcm2 and Mcm5 subunits,
and an additional construct was tested in parallel that had these integrations towards the C-
termini instead. The majority of the work characterising and testing these constructs was
carried out by Reuter LM. prior to and during the period of this project, and a subset of the data
collected will be presented here to better explain the context and enhance overall understanding
of this collaborative work. This project later carried out compositional analysis of the arrest
complexes generated by these constructs, so presentation of data regarding their activity is

informative.
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To understand the impact of the linkage on origin-specific complex formation, ChIP-qPCR
analysis was carried out. For replication factors, the level of origin association at any given
time can inform about the position and activation stage of the replicative complex. By tagging
various replication factors of interest with the same penta-FLAG tag, an immuno-precipitation
can be carried out in an identical manner across a range of proteins. For example, quantifying
the origin DNA that is pulled-down in an Mcm4-FLAG IP from cells released from a G1 arrest,
can show the presence of the MCM2-7 hexamer at that origin, and the approximate time-point
when an origin fires and the replication fork leaves the origin. Figure 16 shows the results of
such an experiment, showing the ChIP signals for the early-activating origin ARS305, a region
of non-origin DNA positioned nine kilobases away from that origin, ARS305+9, and for the
late-activating origin ARS501, carried out by L.M. Reuter.

MCM2-7 could clearly be seen to localise to both origins of replication in the G1-like state of
alpha factor-induced arrest. The level of MCM2-7 associated with the ARS305+9 region was
low in the arrest state, as the MCM2-7 hexamer should be located only at the origins, where it
was loaded, since it is not yet activated. For replication factors at the alpha arrest, the +9 region
can be considered a background binding level, as it is far enough from the origin to not receive
any signal from origin-binding activity, and does not have any other origins nearby. Over the
course of the release from Gl, the levels of MCM2-7 at each origin began to decrease.
Consistent with origin activation timings, the ARS305 region began losing MCM2-7
association sooner, between fifteen and thirty minutes, whilst the ARS501 region began losing
MCM2-7 association later, around thirty to forty-five minutes (Figure 16A). Around thirty
minutes, it was also possible to see a small but reproducible increase in MCM2-7 association
at the ARS305+9 region, representing the movement of the helicase through the genome. This
signal was unsurprisingly weak, as these complexes move fast, and the ChIP-qPCR is

performed on a heterogenous population of cells. For MCM2-7, the key pattern was a stable
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association in G1, progressing through to a loss of signal as the complexes moved away from
origins as a result of activation.

Performing the same pull-down, but instead using Cdc45-FLAG, should give information
more specific to the association of this early initiation factor, which in turn should reflect origin
activation. This experiment, also performed by L.M. Reuter, showed similarities and important
differences to the previous Mcm4-FLAG pull-down. In this case, Cdc45-FLAG association
began low, during the G1 arrest (Figure 16B). However, as cells committed to S phase, and the
activation of kinases begins, Cdc45 began to associate more strongly with origin DNA,
indicating formation of an interaction with the MCM2-7 hexamer. After peaking at around
thirty minutes, the levels of Cdc45 at ARS305 began to drop, reflecting CMG formation and
movement away from the origin. Similarly to Mcm4, a brief peak in signal could be seen at the
ARS305+9 region at thirty minutes, representing active CMG passing through this site.
ARSS501 demonstrates later activation again, with a delayed association of Cdc45, and does not
show a drop in signal within the time-course tested. This may reflect a general effect visible in
this experiment, where signal reduction at origins for Cdc45 was slightly later than for MCM2-
7, possibly indicating a slight delay in origin firing induced by the tagging process on Cdc45.
Regardless, the dynamics of Cdc45 binding showed that the timing of helicase activation can
be approximated by association of the initiation factor Cdc45 with origin DNA.

Cell cycle analysis of the gate strains treated with rapamycin showed clear rapamycin-
dependent cell cycle arrest in early S phase, seemingly prior to the synthesis of DNA, and this
was confirmed by a BrdU incorporation assay (data not shown). Because these constructs were
designed to affect the extrusion of ssDNA from the MCM2-7 hexamer during activation, the
effect on replication factor association dynamics of these constructs was investigated.

This large body of work was carried out by Reuter LM. (unpublished), and is displayed here

for context.
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Figure 16: Overview of core replication factor behaviour in wild type ChIP-qPCR analysis of cells released into S phase from
alpha factor arrest. A) ChIP-qPCR analysis of Mcm4 origin and non-origin DNA. Early and late origin ARS305 and ARS501 were
tested for Mcm4-FLAG association, as well as non-origin locus ARS305+9kb. MCM2-7 association with origins falls as S phase
progresses. B) As for A, but instead tagging and pulling down Cdc45-FLAG. Cdc45 origin association can be seen to rise and
then fall, coupled with helicase activation. C) Testing Mcm4-FLAG ChIP-gPCR in the context of the C-terminal rapamycin-
inducible ssDNA gate. Untreated cells show similar Mcm4-FLAG association dynamics to wild type cells, but rapamycin
treatment results in a stable and increased association of Mcm4-FLAG with origins. D) Flow cytometry analysis of cells
containing the N- or C-terminal ssDNA gate constructs or with no gate construct for comparison of overall replication
dynamics at exemplary timepoints, with and without rapamycin treatment. Cells were synchronised in a G1 state by alpha
factor treatment before release. E) As for C, but in the context of the N-terminal gate construct. Contrary to the other gate
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of rapamycin, this construct shows a stable association of MCM2-7 with origins similar to the C-terminal gate. All above
experiments were performed by LM. Reuter and the results presented here by their kind permission.
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The C-terminal gate construct displayed an interesting phenotype by ChIP-qPCR analysis of
Mcm4-FLAG pull-down (Figure 16C). Without rapamycin, MCM2-7 progression was similar
to wild type cells, and showed an initial association which then decreased upon S phase
progression (compare Figure 16, panels C and A, noting difference in y-axis scale). However,
upon closure of the gate with rapamycin, added towards the end of the alpha arrest, MCM2-7
origin association was markedly different. In this case, loss of MCM2-7 from the origin region
was not observed, and the presence of MCM2-7 at both the early and late origin was detected
until sixty minutes post-release. During this period, the pull-down efficiency of the origin DNA
actually increased dramatically. No signal was observed for the ARS305+9 locus after
rapamycin treatment at any timepoint, indicating that no or very few active replication
complexes reached this region. Coupled with the ChIP signal detected at origins and the
corresponding flow cytometry data (Figure 16D), this suggested a stable arrest of MCM2-7
helicase complexes at or very close to origins.

The N-terminal gate construct showed a more complicated phenotype than the C-terminal
construct. Even in the absence of rapamycin, the dynamics of Mcm4 origin association are
perturbed. Following rapamycin treatment, the association of Mcm4 with origins is maintained
stably past sixty minutes post-release. There is also a slight increase in pull-down efficiency
over time, but to a much lesser extent than the C-terminal construct. In the absence of
rapamycin, the construct causes a peak in Mcm4 origin association at 0 minutes post-Gl,
followed by a reduction in association towards the end of time-course. This suggests that even
without closure of the gate, the linkers and FRB/FKBP domains are causing a phenotypic
effect. Because of their insertion position in the N-terminal ring, it is possible that the constructs
cause steric hindrance of Cdc45, S1d3/7 or GINS binding, which have been shown to bind at
or towards the N terminus of MCM2-7(Sun et al., 2015; Deegan, Yeeles & Diffley, 2016;

Georgescu et al., 2017). For Cdc45 and GINS, particularly, their binding across the 2/5
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interface puts their binding very close to the FRB/FKBP N-terminal insertion sites. If the
presence of the construct causes inefficiencies in these factors’ binding, it could cause a delayed
activation, and also therefore delay MCM2-7 movement away from the origin DNA. This
activation delay is also hinted in the flow cytometry data (Figure 16D), where even without
rapamycin, the N-terminal construct displays a slower rate of DNA replication than the
untreated C-terminal construct (Figure 16D).

An interesting observation with both constructs, but particularly for the rapamycin treated C-
terminal gate, is that Mcm4-FLAG origin DNA association levels could be seen to increase
above their initial levels at Gl arrest over the time-course. Usually, in a ChIP-qPCR
experiment, this would be taken as an indication that the amount of MCM2-7 proteins
associated with the origin DNA had increased. Due to the strict controls preventing the loading
of additional MCM2-7 hexamers during S phase discussed in section 1.2.1, this increase in
signal must have originated from MCM2-7 complexes already present on DNA. Instead of
justifying the increase with an increase in number of MCM2-7 proteins at origins, another
possibility was that DNA pull-down was improved. ChIP protocols utilise the cross-linking
and fixation properties of formaldehyde to form protein-DNA cross-links and kill cells prior to
pelleting and freezing. This cross-linking is essential in these protocols to enable specific pull-
down of DNA under reasonably strict washing conditions. The covalent linkages resulting from
formaldehyde treatment stably link proteins to the DNA locus they associate with throughout
the experiment. Then, heat treatment combined with SDS is able to reverse the cross-links, and
proteinase K degrades protein, leaving only the enriched pull-down DNA. The ability of
formaldehyde to link the protein of interest to specific DNA loci will clearly affect the observed
pull-down efficiency. In proteins, formaldehyde reacts with nucleophilic side chains of several
amino acids (Metz et al., 2004), and in DNA, formaldehyde reacts with nucleophilic groups in

the nitrogenous bases (Hoffman et al., 2015). The reaction of formaldehyde with nucleophilic
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groups in the DNA is much enhanced if the hydrogen bonds between base pairs are broken,
meaning that single-stranded DNA presents a much more effective substrate for cross-linking
than double-stranded DNA (McGhee & Hippel, 1975). Since the constructs used in these
experiments were specifically designed to support initial DNA unwinding, but block escape of
ssDNA from the helicase, it is plausible that in the arrest state, at least some of the DNA
associated with the complex will be in single stranded form. This could have a knock-on effect
in terms of pull-down efficiency, making the DNA pull-down more effective, and resulting in
greater IP efficiencies in the stalled complex. This effect is particularly evident in the C-
terminal gate construct, suggesting production of a significant amount of ssDNA that continues
association with the complex in its arrested state. Efforts were made to quantify the scale of
this effect by investigating protein-DNA cross-linking in vitro as part of a Master’s project, but
results were inconclusive. However, this effect is persistent when dealing with the C-terminal
gate construct in particular in multiple stages of this project. It has been referred to as the
“hyper-crosslinking” effect. In later work, L.M. Reuter showed that ssDNA was enriched at
origins in the C-terminal intra-hexamer linkage by KMnO4 ChIP PIP-seq (L.M. Reuter,
manuscript submitted).

The above data appeared to show that the MCM2-7-containing replicative complex could be
stalled at origins of replication at some point during the process of activation. Other than the
design of the gates themselves, which hypothetically blocks ssDNA extrusion, it was not clear
at what stage the arrest occurred, and whether any proteins other than MCM2-7 itself were
associated with the complex. In order to test this, sequential tagging of multiple replication
factors of interest was carried out by LM. Reuter, and following successful integration of penta-
FLAG tags into the endogenous copies of said replication factors, L.M. Reuter continued to

carry out ChIP-qPCR based analysis.
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The Mcm4-FLAG ChIP-qPCR data indicated that the C-terminal gate caused less perturbation
of the normal replication process in untreated cells, and simultaneously had the larger effect on
MCM2-7 association with origin DNA when treated with rapamycin. The increase in
association with origin DNA after rapamycin treatment was observed with many other
replication factors, including some factors that are normally transiently associated with the
replication complex only during activation (Figure 17).

ChIP-gPCR of Cdc45 in the C-terminal gate construct without the addition of rapamycin
produced very similar results to the wild type cells containing only Cdc45-FLAG (compare
Figure 16 panel B to Figure 17 panel A), whilst also displaying the same stable efficiency
increase upon rapamycin treatment observed for Mcm4 in the C-terminal gate. This effect also
continued to follow normal origin activation times, with association with ARS501 only

increasing later, but also showing this large increase in association.
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Figure 17: ChIP-gPCR of replication factors origin association in the C-terminal intra-hexamer linkage construct. A) ChIP-gPCR
of Cdc45-FLAG at the early origin ARS305, the late origin ARS501, and non-origin ARS305+9kb DNA. Samples were released
from alpha-factor arrest into S phase with and without the addition of 100 nM rapamycin for up to 75 minutes. Error bars
indicate standard deviation for at least three individual replicates. B) As in A, but for Rfal-FLAG C) As in A, but for Mcm10-
FLAG. D) As in A, but for Pol2-FLAG. E) As in D, but for SId3-FLAG. F) As in E, but for Sld2-FLAG. All above experiments were
performed by LM. Reuter and the results presented here by their kind permission.
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Consistent with the hypothesis that it was single-stranded DNA production that was responsible
for the greatly increased pull-down efficiency, the association dynamics of RPA (Rfal, 2 and
3) appeared to match exactly with the appearance of this “hyper-crosslinking” effect. In non-
rapamycin treated cells, RPA association peaked at thirty minutes for ARS305 (Figure 17B).
This protein can be used to approximate the maximum level of single-stranded DNA presence
on average across the cell population. At thirty minutes, then, if single stranded DNA is
produced and origins usually fire, most cells are likely to begin encountering difficulties with
DNA synthesis in the context of an intra-hexamer linkage. Indeed, at thirty minutes and beyond
in rapamycin treated cells, linkage between Mcm2 and McmS5 induced a very strong and stable
enrichment of origin DNA in Rfal IP. This indicates that single-stranded DNA was produced
in the presence of the closed gate between fifteen and thirty minutes, and that the Mcm?2/5
linkage prevented loss of this signal, as in untreated cells. This loss was likely due to movement
of the complex away from the origin, since RPA is present near normal replisomes.

Other replication factors, both specific for initiation, and components of the active fork,
showed a similar behaviour (Figure 17C, D and F). Mcm10, likely the last replication factor to
associate with the replisome before full activation (van Deursen et al., 2012; Douglas et al.,
2018), showed a rapamycin-specific stable and increased association with origin DNA. So too
did the largest subunit of polymerase €, Pol2, and Sld2, a transient initiation factor that arrives
to the complex along with GINS and Dpb11 after kinase phosphorylation.

One factor that does not follow this trend is SId3. In untreated cells, S1d3 appeared to associate
with origin DNA in the Gl-phase arrest, suggesting some level of pre-association with the
double hexamer in the alpha-factor induced state (Figure 17E). It also showed a more rapid
dissociation from the complex than other factors, suggesting Sld3 is released from the complex
earlier than some of the other transient initiation factors. In rapamycin treated cells, S1d3 loss

may have been slightly delayed, but there was certainly no continued association with origin
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DNA for as long as some of the other factors. In addition, there was no sign of the markedly
increased origin DNA pull-down efficiency observed with other factors. This suggested that
either SId3 dissociates prior to the appearance of the “hyper-crosslinking” effect, or that during
this effect, S1d3 is not affected in the same way. It was hypothesised that this could mean that
S1d3 dissociation occurs prior to the production of single stranded DNA, and prior to the arrest
stage induced by the C-terminal gate construct.

LM. Reuter repeated this analysis for the N-terminal intra-hexamer linkage construct (Figure
18). Attempts to generate an endogenously tagged Cdc45 in this strain proved unsuccessful,
potentially because of a synthetic lethal interaction between the tagged Cdc45, and the N-
terminal linkage construct. This could also potentially relate to the observed phenotype of the
N-terminal construct even without rapamycin. If the construct already causes inefficiencies in
the initiation process, then tagging of another protein in this mechanism could further
compromise replication. Alternatively, if the construct caused structural interference with the
binding site of Cdc45, the addition of extra peptides to Cdc45, even if relatively small, could
prevent Cdc45 binding to the double hexamer entirely. In place of Cdc45-FLAG, an antibody
specific for Cdc45 was used for pull-down instead. As a result, the efficiency of this [P was
much lower than for the tagged Cdc45 (Figure 18A). Despite this, the untreated dynamics of
Cdc45 origin association resemble the wild type, and Cdc45 associates and disassociates
consistent with the formation and activation of the CMG. Rapamycin treatment does cause
stable association of Cdc45 up to sixty minutes, but there is only a minor increase in signal, the
“hyper crosslinking” seen in the C-terminal gate is not observed in this construct for Cdc45.
The ARS305+9 locus also sees a peak of Cdc45 association in untreated, but not rapamycin-
treated cells, indicating an arrest of the complex at origins after rapamycin treatment, as with

the C-terminal gate.
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Figure 18: ChIP-qPCR analysis of replication factor origin association in the context of the N-terminal intra-hexamer linkage
construct. A) ChIP-qPCR of Cdc45 at the early origin ARS305, the late origin ARS501, and non-origin ARS305+9kb DNA, using
anti-Cdc45 antibody. Samples were released from alpha-factor arrest into S phase with and without the addition of 100 nM
rapamycin for up to 75 minutes. Error bars indicate standard deviation for at least three individual replicates. B) As in A, but
for Rfal-FLAG C) As in A, but for Mcm10-FLAG. D) As in A, but for Pol2-FLAG. E) As in D, but for SId3-FLAG. F) As in E, but for
Sld2-FLAG. All above experiments were performed by LM. Reuter and the results presented here by their kind permission.
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To investigate why this large increase in IP efficiency was not observed in this construct, ChIP-
qPCR of Rfal was carried out (Figure 18B). Here, too, untreated cells behaved normally, with
an increase in RPA origin association followed by a decrease, and rapamycin-treated cells
showed a stable association, with very little increase in IP efficiency. This result showed that
RPA was recruited, indicating the presence of some ssDNA, yet no induction of the “hyper-
crosslinking” effect. Perhaps the amount of ssDNA produced was not sufficient to cause this
effect, or it had some other cause. For the replication factors that arrive later on during
initiation, Mcm10, Pol2, and Sld2, this N-terminal construct caused very similar effects on
origin association Figure 18C,D,F). Untreated cells showed a clear rise and fall in factor origin
association, but rapamycin-treated cells showed only a very small level of recruitment of these
factors to origins. The association of Mcm10 was especially weak, and given that Mcm10
appears to associate at the very tail end of the initiation process, this suggested that the N-
terminal construct struggles to progress to the stage of initiation that usually recruits Mcm10
when the gate is closed with rapamycin.

In addition to the lack of strong association of late-stage replication factors, and the absence
of a “hyper-crosslinking” effect, the N-terminal gate also showed differences in the origin
association dynamics of SId3 (Figure 18E). Contrary to the C-terminal construct, in the N-
terminal gate Sld3 showed a stable association with the origin, rather than a reduction in
association over time. This potentially indicated again that the N-terminal gate did not progress
as far through the activation process as the C-terminal gate, and whatever structural or
compositional change caused the disassociation of Sld3 had not yet occurred. It is worth
mentioning that the N-terminal gate did show slightly different association dynamics of Sld3
without rapamycin than the C-terminal gate. In the C-terminal gate, S1d3 showed maximum
origin association at the start of the time-course, but the N-terminal gate showed an increased

association then a decrease, suggesting that SId3 had not been able to maximally associate with
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the double hexamer during alpha arrest. Given S1d3 is also thought to bind the N-terminal tier
of MCM2-7 (Deegan, Yeeles & Diffley, 2016), this could be an example of the N-terminal gate
causing interference with the association of one of the earliest initiation factors, and this could
underlie the slight delay seen in replication initiation in this construct even without rapamycin
gate closure.

Based on the ChIP-qPCR data obtained by L.M. Reuter from these strains, of which a subset
is shown here, and further experiments of theirs investigating initial unwinding and precise
ChIP-Exo data of MCM2-7 localisation (L.M. Reuter, manuscript under preparation), a
hypothesis was suggested to explain the activities of the gate constructs. Some of this
unpublished data suggested that the initial DNA unwinding occurs at the interface between the
two hexamers of the DH. This would explain why an N-terminal ssDNA gate might arrest the
complex at an earlier stage than a C-terminal ssDNA gate. If the ssDNA extrusion also begins
at the hexamers’ interface, and then progresses along the length of each hexamer, then a gate
positioned at the N-terminus will block ssDNA exit earlier than a C-terminal gate. Given the
“hyper-crosslinking” effect observed only in the C-terminal gate is strongly suspected to be
due to improved cross-linking to ssDNA. If the N-terminal gate produces less single-stranded
DNA, and the single-stranded DNA that is produced is still mainly contained within the
MCM2-7 hexamer, then there is less single-stranded DNA free to cross-link with the wider
replication complex and other factors. The temporal progression suggested by the two
constructs, with the continuous origin association of Sld3, and reduced association of late-stage
factors in the N-terminal construct, would agree with the extrusion of ssDNA starting at the N-
terminus then further opening of the Mcm2/5 interface down to the C-terminus. Possible
complex remodelling and structural changes may occur during this process, resulting in
association of late-stage initiation factors such as Pol2, SId2 and Mcm10, followed by S1d3

loss (Figure 19).
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Figure 19: Hypothesised order of events during replication initiation based on intra-hexamer linkage constructs. The N-
terminal gate arrests whilst Sld3 is still present, but before large amounts of ssDNA is produced, and late-firing factors Sld2,
Dpb11, Pol2 and Mcm10 do not show strong origin association. The C-terminal gate arrests after Sld3 has disassociated and
late-stage initiation factors are present. The “hyper-crosslinking” effect suggests presence of significant ssDNA in and around
the complex.

3.1.2 Hexamer separation-blocking construct: Inter-hexamer latch

The data above, generated by LM. Reuter, showed the potential for utilising the rapamycin-
dependent FRB/FKBP domains to physically arrest complexes by preventing DNA extrusion
required for replication fork assembly. Previously, the introduction of the FRB, FKBP and
linkers into MCM2-7 focused on preventing the extrusion of ssDNA through the Mcm2-Mcm5
gate. During discussions surrounding the effects of the ssDNA exit gates on complex
progression, it was considered whether there were any other structural changes that could be
effectively blocked by the use of these dimerisation domains.

3.1.2.1 Design and integration of the latch construct

Before replication initiation commences, the MCM2-7 helicase is present at origins in the form
of'a head-to-head double hexamer. Once activation has completed, the MCM2-7 helicase forms

part of a larger replisome that unwinds DNA, and moves through the genome. In terms of
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structure, the MCM2-7 in the replisome is a single hexamer, with the leading strand contained
within the central channel, and the lagging strand excluded, and the helicase progresses in a 3’
to 5° direction. The two gross structural rearrangements between these two states are the
transition from encircling double-stranded DNA to ssDNA via strand extrusion, and the
separation of the two hexamers into individual, bidirectional fork complexes. The constructs
above were designed to interfere with the first of these rearrangements, and so it was considered
what other structural changes might occur during activation. Because the hexamers are loaded
in the DH in a head-to-head manner, they must at some point separate and pass each other in
order to proceed in an N-terminal first direction. Either hexamers separate completely, then
extrude ssDNA, and later pass by on opposite strands, or the hexamers slip or twist laterally
past each other, and extrude ssDNA in a concerted motion to allow the continued movement
of the hexamers past each other. Regardless of the exact mechanism used, which remains
unknown, to achieve this passing by, the interface between the two hexamers must be disrupted
at some stage in the process.

By using the FRB/FKBP domains, it was proposed that the two hexamers might be able to be
secured together, in an attempt to prevent hexamer movement relative to the other. Because of
the arrangement of the subunits in the hexamers, and their twist-orientation, Mcm4 from one
hexamer is positioned adjacent to McmS5 from the other hexamer, and this pairing is repeated
for the subunits across the other side of the complex. By integrating an FRB domain and linkers
in the N-terminus of Mcm4, and an FKBP domain and linkers in the N-terminal domain of
Mcmb5, two separate “latches” could be generated on either side of the double hexamer (Figure
20). Upon rapamycin addition, dimerisation of these domains would create stable links between
the two hexamers, and may prevent hexamer movement relative to each other. If these links
are stable enough to prevent separation or slipping/twisting, then this construct may be able to

arrest replication initiation during helicase activation.
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Figure 20: Sequences and design principles of the Mcm4-FRB Mcm5-FKBP inter-hexamer latch. A) Peptide sequence of the
FRB domain used, identical to that used in gate strains. B) Peptide sequence of the FKBP domain used, identical to that used
in gate strains. C) integration sites and linker peptide sequences used for integrations. Two sites on Mcm4 were tested, with
insertion after amino acid 203 and 252. Both insertion sites are in flexible loops on the outer surface of the N-terminal tier.
For Mcmb5, the FKBP construct from the N-terminal gate was used. D) Schematic of the double hexamer with approximate
positions of the subunits and dimerisation domains. Mcm4 = green, Mcm5 = blue, FRB = orange, FKBP = pink. E) Structure of
MCM_2-7 double hexamer (Noguchi et al., 2017) combined with the structures of the FRB and FKBP domains (Choi et al., 1996).
Highlighted in red are the insertion sites for the Mcm4-252 insertion, or the closest structurally resolved residue in the
structure. Left of the red line considers the rapamycin-absent condition, whilst right of the red line suggests the structure
post-rapamycin addition. F) Schematic of the double “latch” induced upon rapamycin (green triangle) binding. The two links
are approximately opposed across the double hexamer.

Cells containing the Mcm5-FKBP construct immediately after amino acid 72 had previously
been shown to be viable, as this was the insertion site and insert used in one side of the N-
terminal ssDNA gate construct. Because this was also very near to the N-terminus of McmS5,
this insertion construct was chosen for the McmS5 side of the inter-hexamer latch. For the Mcm4

insertion site, two possible sites were chosen and tested simultaneously. One site was
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immediately after amino acid 203, and the other immediately after amino acid 252. These sites
(Figure 20C, E) had previously been identified as being in flexible loops on the outer surface
of the MCM2-7 double hexamer structure (Samel et al., 2014), and so could tolerate insertion
of large intervening sequences of peptides without causing disruption of MCM2-7 folding and
function. Additionally, the insertion site on Mcm5 is sufficiently distant to the recently
proposed ssDNA exit channel (Bareti¢ et al., 2020) so as not to be likely to directly interfere
with this mechanistic process (Supp. Fig. 1).

To modify the endogenous Mcm4 gene, FRB linkers and flanking sequences of MCM4 were
subcloned into the pCS80 plasmid. The pCS80 plasmid, derived from the pFA6a precursor,
contained a His3M X6 selection marker, which the integration sequence was inserted upstream
of. PCR amplification of this intermediate plasmid generated PCR integration cassettes that
were used to transform competent yeast cells already containing the Mcm5-FKBP inserted after
amino acid 72. This strain also contained a torl-1 mutation which enabled treatment with
rapamycin without the TORCI1-inhibition that the drug would normally engender, and a
deletion of the FPR1 gene, the yeast equivalent of mammalian FKBP, to prevent rapamycin
sequestration (Barbet et al., 1996; Schmelzle & Hall, 2000; Evans, Burgess & Gray, 2014).
Two such intermediate plasmids were constructed, one for the FRB insertion after amino acid
203 in Mcm4, and one for insertion after amino acid 252.

PCR amplification of genomic DNA extracted from colonies resulting from the transformation
was carried out, with primers specific for sequences within endogenous MCM4 (Figure 21D).
The insertion of FRB was detectable as an increase in PCR product size since the primers
flanked both of the MCM4 sites targeted. Clones that were positive for the MCM4-FRB

insertion for both insertion sites were identified and selected.
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Figure 21: Subcloning and integration PCR for insertion of FRB and linkers into two candidate sites in endogenous MCMA4. A)
plasmid map of the intermediate stage plasmid, MCM4-FRB in pCS80. B) Analytical digest of plasmids in A, using restriction
enzymes presented. Both plasmids produce the correct bands, though the MCM4-FRB-aa203 shows a higher proportion of
linearised plasmid. C) PCR amplification of an integration sequence for endogenous integration of MCM4 containing the FRB
insertion. D) PCR on colonies using MCM4 internal primers identifies successful transformants. Mcm2-FRB Mcm5-FKBP gate
strain used a negative “WT” control. PCR of the intermediate plasmid used as a positive control (data not shown). A high band
indicates successful integration of FRB and linkers into MCMA4. E) Viability assay of selected clones on YPD and YPD containing
rapamycin. The strain used for the transformation (MCM5-FKBP) and the N-terminal ssDNA exit gate strain (MCM2-FRB
MCMS5-FKBP) were used as negative and positive controls for rapamycin sensitivity respectively.

Several clones carrying the MCM4-FRB insert after amino acid 252 were identified to have a
reduction in viability when growing with rapamycin present (Figure 21E). Most of these
displayed normal unperturbed growth on normal media compared to strains containing the
MCMS5-FKBP alone, and clone 19 was selected for further work based on these characteristics

and a clearly positive PCR signal for the integration. Compared to the N-terminal ssDNA exit
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gate strain, the loss of viability was less extreme, as the N-terminal ssDNA exit gate abolished
growth entirely when grown in the presence of rapamycin, whereas clone 19 of the latch
construct still showed some growth in the presence of rapamycin. This was not confined to that
single clone, indicating a less severe effect on growth in the latch construct compared to the
previously studied ssDNA exit gates.

In the case of the Mcm4 construct containing the FRB insertion after amino acid 203, clones
exhibited a rapamycin-dependent loss of viability (Figure 21E, lower panel). However, whilst
difficult to see in the above figure, cells carrying these constructs also showed a relatively lower
viability under untreated conditions than the parental strain (Figure 21E, lowest two lines,
compare the second dot). This indicated that inserting the FRB and linker construct at this site
of Mcm4 was having a deleterious effect that was not related to the FRB-FKBP linkage and so
this site was not progressed further.

The strain containing MCMS5-FKBP, tor1-1 and Afpr used for the transformation was mating
type alpha, making it insensitive to alpha-factor. Selected clones were further transformed with
an HO endonuclease and expression of this endonuclease was driven to induce mating type
switching. Cells were plated at colony forming density, and individual colonies tested for their
mating type and selection markers of the other integrations and deletions they carried (data not
shown). This process resulted in strains carrying the MCM4-FRB MCMS5-FKBP latch that

were now the correct mating type to respond to alpha factor.
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3.1.2.2 Effect of latch linkage on progression of replication in vivo
It had been shown that the latch construct caused a rapamycin-dependent effect on cell viability
on plates. The loss of viability was clear, but the effect was less severe than for the previous
constructs designed and produced in the lab. Nonetheless, this was a promising sign for the
activity of the inter-hexamer latch, and the loss of viability was often observed to be near total
on rapamycin-containing plates that were fresher, and potentially containing higher
concentrations of rapamycin (Figure 22A), though always less extreme than the intra-hexamer
gate constructs.

However, viability assays on plates subject the cells to rapamycin-induced FRB/FKBP
dimerisation at all stages of the cell cycle and S phase. Indeed, the intra-hexamer gates were
originally designed to prevent MCM2-7 loading, and this activity should similarly prove as
lethal as preventing helicase activation. It was possible that the latch construct caused some
effect that was independent of helicase activation entirely, and this was the cause of the
lethality.

Flow cytometry analysis was able to investigate how rapamycin treatment in the inter-hexamer
latch strain affected the cell cycle. Initially, the addition of rapamycin was performed on
cycling cells, to observe if the treatment caused synchronisation of cells at any particular stage
where the latch construct was causing toxicity (Figure 22B). Cells not treated with rapamycin
maintained a steady ratio of Gl, S and G2/M phase cells throughout the experiment.
Rapamycin-treated cells, however, did show evidence of cell cycle defects. There was a slight
increase in the proportion of cells undergoing S phase 2-3 hours after rapamycin addition, and

after 5 hours, a reduction of G1-phase cells was observed. This indicated that cells were
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Figure 22: Phenotypic effects of the rapamycin-dependent inter-hexamer latch on cells A) Representative viability assay of
the final mating-type switched MCM4-FRB MCM5-FKBP latch strain on fresh rapamycin-containing plates. The strain was
compared against a strain containing only MCMS5-FKBP, the MCM2-FRB MCMS5-FKBP N-terminal ssDNA gate, and a strain
containing no FRB/FKBP inserts. Clear loss of viability was demonstrated in the latch strain. B) Flow cytometry analysis of the
inter-hexamer latch strain with and without rapamycin treatment over five hours. C) As for B, but analysing cells released
into S phase in the presence or absence of rapamycin after alpha-factor synchronisation, and for only two hours. D) As for C,
but with the addition of 1uM rapamycin, showing improved rapamycin-dependent initiation delay. E) Representative viability
assay of the final mating-type switched MCM4-FRB MCM5-FKBP latch strain on 1 uM rapamycin-containing plates. 1 uM
rapamycin is only lethal to strains with a complete gate or latch construct. F) Representative 40x confocal microscopy image
of DAPI-stained cycling cells containing the inter-hexamer latch with and without rapamycin addition.
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possibly unable to properly complete DNA replication, and therefore unable to correctly
undergo mitosis. In order to understand the effect of the inter-hexamer latch on helicase
activation, the latch strain cells were therefore arrested in G1 by alpha-factor treatment, before
being released into S phase with and without the presence of rapamycin (Figure 22C). Whilst
a slight delay in replication initiation was observed, the latch construct did not fully prevent
DNA replication, and cells were able to steadily increase their DNA content to nearly double
that of the G1 cells. The rapamycin-treated cells did still show issues during mitosis, as by 3
hours post-release, untreated cells showed a clear G1 population, whilst rapamycin-treated cells
were enriched for the G2/M state (data not shown).

A failure to complete replication at a few loci across the genome could explain the DNA
content changes observed. Most of the genome was replicated as shown by the near-C2 DNA
content, but if a few loci remained un-replicated, this may prevent proper chromosomal
segregation and cells would not divide. Usually, if replication forks stall or collapse, back-up
origins are able to fire to replicate the un-replicated region. However, if the latch was able to
interfere with some origins firing but not all, in a stochastic manner, it could cause the effect
seen here. An overall lower number of active forks could leave difficult to replicate regions of
chromatin susceptible to fork stalling without rescue. It was also noted that the viability of cells
on rapamycin plates was dependent on the freshness of the plates, so flow cytometry was
repeated with higher levels of rapamycin (Figure 22D). In this case, a very clear delay in
initiation was observed, which lasted for 60 minutes, when the DNA content increased and
progressed to a near-C2 level. Importantly, this level of rapamycin treatment did not have an
effect on cells that did not contain the latch construct, but did contain the torl-1 and Afprl
mutations (Figure 22E).

The difference between these constructs in terms of their arrest ability can be rationalised by

comparing the structural changes they prevent. It can be hypothesised that the extrusion of
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ssDNA is a process that relies on gate opening and initial DNA unwinding, and after this has
happened, specific contacts may be maintained with the leading strand, whilst the lagging
strand is free to diffuse out of the central channel. This could be seen as a low-force process.
For the inter-hexamer latch, however, the forces involved could be very different. Each
hexamer contains six fully-functional ATPase motors. If the hexamer separation relies upon
the forces generated by these motors, the latch clasp interaction, whilst comparatively stable,
may prove inadequate. Similarly, if the arrested intermediate created by the latch is able to
orient itself, due to molecular motion, in a way that enables ATPase activation with the forces
acting against the latch clasp, then the interaction may not hold. Increasing the effective
concentration of rapamycin may improve the binding occupancy of the FRB/FKBP dimer, and
hence improved stability over time of the construct arrest. However, if the forces of ATPases
are opposing the FRB/FKBP latch, then eventually the motors may win out, causing loss of the
arrest. This may not occur for all helicases in the cell, but enough escape to induce replication
of DNA on a magnitude that is observable by flow cytometry, and eventually leads to the entire
genome being replicated. Some hard to replicate regions will be disproportionately affected by
the lower numbers of forks, and so may remain unreplicated, causing the mitotic arrest seen
even at lower rapamycin concentrations.

The cells themselves were observed morphologically by light microscopy (data not shown) and
by confocal microscopy using DAPI staining (Figure 22F). Untreated cells resembled the
classical progression of budding yeast, with smaller buds being generated by mother cells. Over
time, clusters of yeast cells probably derived from one or few initial cells can be seen that
maintain loose association (Figure 22F, top left). However, almost all rapamycin-treated cells
were seen to be present as dyads or tetrads, joined at the budding neck. The pairs of cells joined
in this manner can clearly be seen in the DAPI staining also. From the DAPI staining at this

magnification, it is difficult to tell if the nuclei are entirely segregated, but if replication did not
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proceed fully as was hypothesised, the presence of large DNA bridges or an increased level of
ultra-fine bridges (UFBs) might be visible at higher magnification.

Flow cytometry analysis shows total DNA content of the cell, but there are more sensitive
methods to determine the incorporation of bases into newly synthesised DNA. By using the
thymidine analogue bromodeoxyuridine (BrdU), this incorporation can be directly observed.
An inter-hexamer latch strain was crossed with a strain able to efficiently transport BrdU into
the cell, and successfully incorporate it during DNA replication. Cells were released from
alpha-factor arrest in the presence of BrdU, and cells harvested over a time-course. Genomic
DNA was extracted and equal concentrations loaded onto membrane-bound “dots”, before
being probed with an anti-BrdU antibody (Figure 23).

As expected, the untreated cells entered S phase normally, and incorporated large amounts of
BrdU (Figure 23B). The rapamycin-treated cells displayed very little incorporation of BrdU
into genomic DNA, up to 60 minutes post-release. Surprisingly, the cells kept in alpha-factor
arrest were seen to incorporate a small amount of BrdU, especially towards the end of the time-
course. This was despite the flow cytometry analysis showing very little visible DNA content
increase. The cells used here had already been arrested for two-and-a-half hours in alpha factor
prior to release. It is possible, despite re-addition of the pheromone, the response to alpha factor
was attenuated and some cells entered S phase. DNA incorporation levels with the closed inter-
hexamer latch were markedly lowered until at least 60 minutes. Due to these observations, flow
cytometry analysis of cell cycle progression became the preferred method of monitoring

replication initiation and progression in this project.
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Figure 23: Analysis of BrdU incorporation and replication dynamics in the inter-hexamer latch strain. A) Flow cytometry
showing the DNA content profiles of a negative control kept in alpha-factor induced arrest, latch-containing cells released
into S phase without the presence of rapamycin, and cells released into S phase with 1M rapamycin. B) Dot blot showing
the relative amounts of BrdU incorporated into genomic DNA at the time-points indicated. Genomic DNA concentration was
normalised before membrane binding of an equal volume of DNA-containing solution. C) Flow cytometry time-courses were
compared across several replicates of a-factor arrested cells released into either the latch-mediated arrest (n=8) or the C-
gate-mediated arrest (n=3). Cells were sorted into bins representing cell cycle stages based on the DNA content as measured
by SYTOX Green. Latch strains were arrested using 1 M rapamycin, and gate strains arrested using 100 nM rapamycin.
Shown here is the percentage of total cells in the G1 bin averaged over several time courses. Error bars represent the standard
deviation in the mean. D) As for C, plotting the percentage of total cells sorted into the S phase bin.

Whilst the arrest generated by the inter-hexamer latch seemed to be less stable than that
generated by the intra-hexamer gates, by increasing the rapamycin concentration, a significant
delay in the early stages of replication could be achieved. As such, the latch construct was
investigated to show whether the arrest functioned similarly to the intra-hexamer gates. ChIP-
qPCR analysis of factors could demonstrate if this construct arrested replisomes at origins, and
what the composition of such arrested replisomes would be. Quantification of the arrest of the

latch construct versus the previous C-gate construct arrest showed that, when comparing the
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changes in cell numbers in each cell cycle phase over the course of the arrest, the latch appeared
to show similar replication dynamics to the C-term gate. The rate of exit of cells from G1
(Figure 23C), and the rate of entry of cells into S phase (Figure 23D), as determined by flow
cytometry, showed no significant difference between the two constructs over sixty minutes
post-release. This was true both in the absence of rapamycin (i.e. normal release from a-factor),
and in the presence of appropriate levels of rapamycin to generate an arrest in the respective
construct.

The two constructs also showed a similar time of arrest over uninhibited entry to S phase. Based
on coarse quantitative measurements of the cell cycle progression in these constructs with and
without rapamycin, the latch arrest appears similar to the C-gate arrest. Monitoring the entrance
into S phase by the number of cells lost from the G1 population as measured by DNA content
from flow cytometry data, both constructs had a similar delay over untreated cells when
rapamycin was added. The lag time for 15% of the initial G1 cells to exit into S (modelled as
the threshold for clear S phase entry for a proportion of the population) was on average 19.9
minutes longer in the rapamycin treated C-terminal gate over the untreated control, and on
average 23.7 minutes longer in the rapamycin-treated latch over the untreated cells, though this
difference between constructs was not significant (analysis carried out on the data shown in
Figure 23C and D).

The intra-hexamer gate constructs showed clear maintenance of Mcm4 association with origin
DNA past the time when in untreated cells, the replisome complex had moved away from
origins (Figure 16C, E). The C-terminal gate also had the additional effect of increased Mcm4
origin association at 30 minutes and beyond, something which the N-terminal gate lacked,
whilst still showing stable association. Because the latch contains an endogenous MCM4 which
has a selection marker present already, for the insertion of the FRB, Mcm?2 was chosen to be

tagged instead with penta-FLAG.
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Figure 24: ChIP-gPCR analysis of replication factor origin association in the context of the inter-hexamer latch. A) ChIP-qPCR
of Mcm4-FLAG at the early origin ARS305, the late origin ARS501, and non-origin ARS305+9kb DNA. Samples were released
from alpha-factor arrest into S phase with and without the addition of 1 UM rapamycin for up to 75 minutes. Error bars for
Mcm2 indicate standard error of the mean (s.e.m.) for six individual replicates. B) As for A, but for Cdc45-FLAG, and error bars
represent standard deviation (s.d.) of three individual replicates. C) As for B, but for Rfal-FLAG. D) As for C, but for Mcm10-
FLAG. E) As for D, but for Pol2-FLAG. Error bars represent the standard deviation (s.d.) of two replicates.
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The origin-association dynamics of Mcm2-FLAG in the latch closely resemble that of Mcm4
in the C-terminal gate and WT strains for the untreated cells (Figure 24A, Figure 17A). The
protein maintains stable association with the ARS305 origin DNA until 30 minutes, before
helicase action and replisome movement decrease the association beyond this time. In
rapamycin-treated cells, Mcm2-FLAG maintains a more-or-less stable association with the
origin DNA up to 75 minutes. However, in contrast to the C-terminal gate, the increase in signal
is modest. Because of the flow cytometry analysis that shows escape from the latch-induced
arrest beginning between 45 and 60 minutes (Figure 22D), it has to be considered that the slight
fall-off in pull-down efficiency and overall lower efficiency levels might have been due to the
escape of some replisomes from the arrest. Regardless, the ChIP-qPCR data showed a strong
association of MCM2-7 with origins at least until the 45-60 minute mark, where some escape
from the latch construct-mediated arrest was perhaps expected (Figure 24A). In general for the
inter-hexamer latch, the variability of ChIP efficiency between replicates was greater than that
observed in the other two gate constructs. The reason for this was likely two-fold. Firstly,
because the end-point arrest generated in the latch construct was less stable overall, as
evidenced by the flow cytometry, and also highly dependent on rapamycin concentration, the
level and immediacy of “escape” from the arrest varied from experiment to experiment. This
effect was occasionally visible in flow cytometry analysis (data not shown), and this had a
knock-on impact for ChIP-qPCR analysis. In particular, the later time-points were harder to
reproduce. The second reason was the development of the experimental handling. Some of the
earlier replicates suffer from an inherently higher variability due to technical variance. This
variability was greatly reduced over time, through several optimisation methods. One method
involving conducting all of the replicates for one replication factor on successive days, which

greatly improved reliability, possibly by reducing reagent or cell culture variabilities.
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To build up a more complete picture of the arrested complex, ChIP-qPCR was repeated with
several other tagged replication factors. The origin association dynamics of Cdc45 were very
informative, since this protein showed an increase in association with origin DNA around when
origin activation was predicted to begin, and because Cdc45 forms part of the CMG complex,
it gives a second marker for replisome movement away from origins. In the inter-hexamer
latch, it was promising that the penta-FLAG tagged Cdc45 was tolerated in combination with
the latch construct. It was a concern that, in part because it shared one of the insertion sites, the
latch construct might share the rapamycin-independent effects on replication initiation
impairment. For Cdc45-FLAG association dynamics in untreated cells, the latch again
resembled both wild-type and the C-terminal gate cells (Figure 24B, Figure 16, Figure 17). The
same correlation between strains was seen for the late origin ARS501 without rapamycin
addition. With rapamycin treatment, Cdc45-FLAG in the latch strain showed different
dynamics to either the C- or N-terminal gate constructs. The efficiency of pull-down was
increased in the latch after 30 minutes compared to the untreated sample, but not to the same
extent as for the C-terminal gate. However, it did show an increased efficiency of pull-down,
unlike the N-terminal gate. In the inter-hexamer latch, most likely due to replisomes “escaping”
the rapamycin-mediated arrest, the association of Cdc45-FLAG with the origin began to fall
after 45 minutes, and this correlated with the flow cytometry indication of the timing of the
“escape”. From the Cdc45-FLAG analysis, then, it seemed that the latch caused a similar arrest
phenotype to the C-terminal gate, with a slight “hyper-crosslinking” effect, but the arrest is
shorter-lived as the complex escapes the physical block.

To test if the increase in efficiency did correlate with single-stranded DNA production as with
the C-terminal exit gate arrest, the association dynamics of Rfal-FLAG were tested in the
context of the inter-hexamer latch (Figure 24C). The results showed a very similar profile to

Cdc45, where in untreated cells, the dynamics were identical to wild type and the C-terminal
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gate strain. The effects in treated cells were also similar to the previous factor, with an increase
in efficiency compared to the untreated cells, that was followed by an overall loss of RPA
origin association from 45 minutes onwards. This suggested that, in contrast to the N-terminal
gate, the latch arrest blocked the initiating complex at a stage when single-stranded DNA was
indeed present. Again, the observed increases in pull-down efficiency post-30 minutes could
then be due to the increased “hyper-crosslinking” suggested above in the presence of ssDNA.

The most interesting observation was made with SId3-FLAG. In both previous constructs, the
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Figure 25: ChIP-gPCR analysis of Sld3-FLAG in the context of the three rapamycin-dependent linkage constructs. A) ChIP-qPCR of Sld3-
FLAG in the context of the inter-hexamer latch construct for the ARS305 origin locus. Cells were released from alpha-factor arrest with
and without the presence of rapamycin, and samples harvested at the time points displayed. Error bars represent th standard deviation
(s.d.) from 3 independent experiments. B) Amalgamation of Sld3-FLAG ChIP-qPCR data from all three constructs, at the ARS305 origin
sequence, at various time-points. Pink shows the N-terminal intra-hexamer gate construct data, blue shows the C-terminal intra-hexamer

gate construct data, and green the inter-hexamer latch data. Error bars represent the standard deviation (s.d.) from 3 independent
experiments.

Sld3 behaviour had not been particularly informative. The N-terminal construct showed
association and slow accumulation of Sld3, presumably prior to the production of ssDNA. The
C-terminal construct showed a loss of SId3 association, and, more tellingly, S1d3 did not show
any effect from the “hyper-crosslinking” observed at and beyond 30 minutes. In contrast, the
latch construct showed association of SId3 at least as long as some of the other replication
factors, and a clear increase in ChIP efficiency at 30 minutes suggested that SId3-FLAG was
undergoing the “hyper-crosslinking” effect (Figure 25). This in turn suggested that Sld3

binding to the initiating complex was coincident with the production of single stranded DNA.
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Whilst previous arrest stages generated by the other constructs implied that S1d3 release from
the complex occurred prior to ssSDNA generation, the latch construct was able to delay Sld3
release until ssDNA production. Based on this data, it was hypothesised that the latch construct
interferes with a process that results in or requires the disassociation of Sld3, and that whilst
this process usually occurs prior to ssDNA production, completion of the Sld3-releasing
process is not fully necessary for the ssDNA production.

The latch construct was designed to prevent inter-hexamer relative motion, including
separation, twisting and slipping past each other. S1d3 appears to bind the MCM2-7 double
hexamer near the interface, and the tetramer of SId3/7 observed by crystal structures could
suggest that two Sld3/7 dimers, each bound to a separate hexamer, could bridge the hexamers
in the DH. The fact that latch-mediated arrest appears to prevent the release of Sld3 could
indicate that the release of SId3 is dependent on double hexamer splitting. If this is the case,
and so far the data lacks definitive proof of the latch’s physical and structural function, then
the combined information of all three constructs may be able to suggest an order to the two
large-scale physical rearrangements required for helicase activation.

The early arrest, and minimal amount of ssDNA produced in the N-terminal gate-mediated
intermediate, might suggest that initial unwinding occurs near the N-terminus and the DH
interface, and blocking the exit channel of the ssDNA in this region prevents much further
unwinding. This suggestion of the initial unwinding site is also indicated by other genomic
approaches used by L.M. Reuter to study this process (L.M. Reuter, manuscript submitted).
After initial unwinding, it is likely that the extrusion progresses from the N-terminus to the C-
terminus along the 2/5 DNA gate. This progression causes structural changes that enable the
stable recruitment of later-stage replication factors, for example Sld2, Dpbl1, GINS and
Mcml10. By the time the arrest intermediate generated by the C-terminal gate construct is

reached, the early initiation factor S1d3 has disassociated, and many of the factors that form the
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replisome progression complex are present, making the complex resemble a fully active
helicase complex, but for the remaining S1d2 and Dpb11 proteins, that do not show association
with a fully active RPC.

The latch construct arrest shows many of these same late-stage factors associating, with the
key difference of Sld3 association. Because of the suggested mode of action of the latch, a
hypothesis was proposed where initial and continued unwinding allows the first separation of
the hexamers, and this process is carried out by, requires the disassociation of, or causes the
release of SId3. In the closed latch, ssDNA extrusion progresses towards a later stage, but the
correct separation of the hexamers may be impaired, and this key structural difference
implicates S1d3’s involvement in that rearrangement.

ChIP-qPCR was only able to focus on the DNA association of a single replication factor in any
given experiment, and use the efficiency of origin DNA pull-down as a proxy for the
quantitative binding of a factor to the replication activation complex. Mass spectrometry
offered an alternative way to quantitatively investigate factor binding to initiation complexes,

without the possible biases introduced by using pulled-down DNA as the read-out of the assay.
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Figure 26: Ordering of structural rearrangements in replication initiation using replication factor association dynamics from
two intra-hexamer single-stranded DNA exit gate constructs and an inter-hexamer latch construct. Association or
disassociation with origin DNA of these factors, and their interaction with a “hyper-crosslinking” effect, led to proposal of this
hypothesis. The block of the most N-terminal region of the ssDNA exit gate arrests complexes early in the initiation process.
Blocking the C-terminal region of the 2/5 gate arrests relatively late, and association of RPC complex members is detectable.
The inter-hexamer latch arrests between these constructs, and more closely resembles the C-terminal intermediate, but with
the retention of Sld3, possibly due to a relationship of this protein with hexamer separation. Sld3/7, Cdc45, GINS and Mcm10
are displayed, whilst other late stage factors are excluded for clarity, though ChIP-qPCR data suggests their arrival at
approximately similar times to GINS and Mcm10. Single-stranded DNA exit gate data collected by LM. Reuter, and inter-
hexamer latch collected by C. Weekes. Hypothesis proposal and data analysis resulted from discussions between the
researchers previously mentioned and C. Speck.

CMG

171



3.2 - Native IP of replisome component Psf2

3.2 Native IP of replisome component Psf2

3.2.1 Single-step IP using Psf2-TAP and magnetic IgG-coupled beads

The use of immunoprecipitation to investigate the eukaryotic replisome has been utilised
previously, which found a large number of the factors that we now consider core replisome
components (Gambus et al., 2006, 2009). Recent advances in Liquid Chromatography coupled
Mass Spectroscopy (LC-MS) mean that samples of greater complexity can be processed than
ever before (Cox & Mann, 2008; Yu & Huang, 2017). Because of this, we attempted to
reproduce the findings of previous work on active replisomes, before adapting the technique to
investigate more specific complexes during the initiation of DNA replication. Previously, two
subunits of the GINS complex, SId5 and Psf2 were tagged endogenously with a TAP tag and
used to co-purify a “Replisome Progression Complex” (RPC) (Gambus et al., 2006). In this
case, instead of using an IgG Sepharose column, magnetic beads were utilised, which tend to
have an advantage over agarose beads and matrix columns for the smaller sample sizes that
were being targeted in this approach (Safarik & Safarikova, 2004). Significantly smaller
volumes of cell culture were used in this study than previously, enabled by the ability to submit
an entire immunoprecipitated eluate for LC-MS analysis, whilst retaining the sensitivity and
detection capabilities to identify and quantify low-abundance peptides.

The temporal program of origin activation in yeast is well documented, and some of the earliest
firing origins are already activated by twenty minutes post-release (Raghuraman et al., 2001;
Yabuki, Terashima & Kitada, 2002; Alvino et al., 2007). From experiments carried out by
L.M.Reuter (Section 3.1.1), M. Miyazawa-Onami et al. (Miyazawa-Onami, Araki & Tanaka,
2017) and A. Gambus et al. (Gambus et al., 20006), it is clear that GINS associates with origins
and replication complexes at this time. As such, cells containing TAP-tagged Psf2 were

arrested in G1 using a-factor, and released at 25°C for twenty minutes before harvesting as

172



3.2 - Native IP of replisome component Psf2

described previously (Seki & Diffley, 2000; Gambus et al., 2006) to pull-down replication
complexes.

It was observed that the TAP-tag IP was successful in isolating protein bands that were not
present, or much less abundant, in the negative control (NC) strain that did not contain a tagged
Psf2 (Figure 27, A and B). The silver staining visualisation method is sensitive enough to detect
small changes in protein amounts (Blum, Beier & Gross, 1987), and the detection of IP-specific
single protein bands can be seen (Figure 27, B, comparing lane 1 and 2). From this technique,
however, identification of the IP-specific bands was not possible, though the presence of
specific IP bands was a promising sign. Some of these groups of IP-specific bands were at
molecular weights corresponding to known replisome components, such as for GINS and

MCM (Figure 27, lanes A7 and B2), though this needed confirmation.
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Figure 27: Initial IP experiments using the Psf2-TAP construct and magnetic bead-based purification. A) IP experiment showing
inputs and flowthroughs (FT) alongside IP eluates and purified protein complexes. PreScission protease was used in the elution
step and is included separately for reference. B) A second replicate IP, showing clearer definition of IP-specific protein bands.
MCM2-7 and GINS complex members indicated by yellow and blue markers respectively. MCM2-7 expected Mw: 99 kDa, 107
kDa, 105 kDa, 86 kDa, 113 kDa, 95 kDa. GINS expected Mw: 34 kDa (Sld5), 31 kDa (Psf2+TAP), 24 kDa (Psf1), 22 kDa (Psf3)

These IP tests did exhibit some potential drawbacks of both the IP protocol used, and the silver
staining visualisation method. For this process, a single step IP was used, and the elution step
required an increase in temperature, reducing conditions in the form of DTT, and addition of

PreScission protease. It was clear that, in the negative control (NC), significant protein was
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detected (Figure 27, A lane 6 and B lane 1). Four main issues existed in the negative control in
terms of protein presence. First, the lab-purified protease itself contributed a large amount of
non-specific bands, at both low and high molecular weight, with a particularly strong band
around 45 kDa (Figure 27, lane 10). The higher and lower molecular weight bands are likely
either purification impurities, or degradation products, with the degradation products only
explaining the lower molecular weight bands. The appearance of these protein bands was fairly
consistent, but importantly seemed to affect negative control and tagged samples similarly.
Other than concealing or disguising other gel bands in their proximity, the bands due to the
protease were not considered much of a concern. Similarly, the elution conditions appeared to
cause release of some heavy and light chain IgG from the beads, and these produced the band
around 66 kDa, as well as a second band overlapping with the protease band. Again, these were
shared in the control and IP sample, and so were only an inconvenience. At a height between
the 116 and 200 kDa. marker, there was a third dense protein band (Figure 27, A lanes 6 and
7, B lanes 1 and 2). The source of this band was subsequently found to be due to bovine serum
albumin (BSA) introduced during preparation of the magnetic beads. This band was more
inconvenient since it was quite close to high molecular weight proteins of interest, for example
MCM2-7, and quite high in intensity. More concerning was the general protein background
that was visible in the control samples. Compared to results obtained using a two-step approach
with Sepharose beads and Calmodulin resin (Gambus et al., 2006), this background was much
higher. This could be explained by the reduction in purification expected from a single- versus
a two-step method, but could also be due to increased non-specific binding introduced with the
use of the magnetic beads, which may have different surface interactions than their agarose
counterparts.

This experiment also highlights some issues with the silver staining method in general. As

mentioned previously, identification of specific proteins when the level of purification does not
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show only a few major bands is often impossible. In addition, the quantification of silver
staining can pose challenges (Winkler et al., 2007; Westermeier & Marouga, 2005). The
development reaction is not self-limiting, and so consistency of staining can pose a challenge
across gels, as can be seen by the relatively lower development visible in Figure 27B than in
Figure 27A. Furthermore, there can be inconsistencies within the gel as well, since silver
staining is reliant on certain functional groups which could lead to some proteins staining less
well than others, and high intensity bands often cause a “halo” or “crater” effect where the
centre of the band stains yellow/orange rather than grey/black (Westermeier & Marouga,
2005), which can clearly be seen in Figure 27 in many places. Since quantification in this study
was intended to be done using mass spectrometry approaches, this did not pose significant
problems. A further issue is that because of the sensitivity of the silver stain, and its low
dynamic range (Westermeier & Marouga, 2005), the loading of inputs and flowthroughs has to
be carefully adjusted so as not to be overdeveloped. The higher complexity of these samples,
since they are whole cell extracts, also means that evaluation of the silver stain with regard to
inputs and flowthroughs is limited to overall protein levels and pattern matching of highly
expressed protein bands to ensure comparable processing of samples during harvesting and cell

lysis.

3.2.2 Optimisation of IgG-bound beads to reduce background proteins

Before progressing with further analysis of the pulldown proteins, it was decided to attempt to
reduce as much of the non-specific protein from the eluate as possible. This optimisation began
with the identification of the high molecular weight protein bands that in some experiments
were causing visual obstruction of IP-specific protein bands of interest (Figure 27B). Mock IPs
were carried out on beads alone, with no cell extract added (Figure 28A,B). The elution step

was carried out in standard elution buffer (see materials and methods) with and without the
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addition of PreScission protease, since the elution buffer had relatively high levels of detergent,
and contained the reducing agent DTT, which could affect the bead-bound antibody. In both
cases, the high molecular weight band was detected in both the eluate and bound to the beads
after elution, and the protease had only a small effect on release of this high molecular weight
contaminant from the beads (Figure 28, A).

During coupling of the IgG antibody to the bead surface, buffers containing BSA were used
to help prevent bead aggregation and potentially block nonspecific interactions with the bead
by antibody and other cell extract proteins later on. By varying the levels of BSA used, it was
clear that the BSA was responsible for a band at 66 kDa, as well as the higher molecular weight
bands, which are likely aggregates of multiple BSA proteins (Figure 28, B). Removing BSA
from these buffers heavily reduced these bands, but did not prevent their appearance entirely,
possibly due to either the beads or IgG themselves having BSA present in their storage buffers.
It was apparent, however, that stable IgG coupling was slightly reduced when BSA was omitted
(Figure 28, B, comparing lanes 1 and 3 to lane 7). A test IP was nonetheless carried out with
beads prepared without BSA (Figure 28, C). The levels of IP-specific proteins were lower than
when using BSA-treated beads, and the non-specific background was less of a non-specific
“smear” but showed clearly defined non-specific protein bands (compare Figure 27 and Figure
28, panel C). During this process, the behaviour of these beads was noted to differ from
previous immunoprecipitations. Resuspension and washing of these beads was more
challenging than previously, and they gathered against the side wall of the tube when on a
magnetic rack in a much more dense manner. Microscopic examination of these beads observed
a greater degree of aggregation with these beads, which could explain both the reduction in
IgG coupling, and subsequent reduction in IP-specific protein binding.

During these initial IPs, the amounts of IgG used to couple to the surface of the beads was

conservative, and it was considered that if IgG concentration during bead preparation was
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Figure 28: Optimisation of the IgG-coupled magnetic beads. A) Mock IP of IgG-coupled beads, washed as in the regular
protocol, and eluted in elution buffer containing or omitting the PreScission (PreSc.)protease itself. The high molecular weight
contaminant is present in all samples, irrespective of protease treatment, and is not present in the PreScission protease
solution itself. B) Mock IP carried out on beads prepared under different IgG-coupling solution BSA contents. The high
molecular weight contaminant presence on beads and in eluate is clearly dependent on BSA content during preparation steps.
C) Test IP using beads prepared without the addition of BSA to solutions during the IgG-coupling preparative step. In both
negative control (NC) and tagged (IP) strain extract eluates, the background is relatively high, and contains many strong non-
specific protein bands. The IP also contains few IP-specific bands and these are not well enriched over the background. D) Test
IP using beads with a higher ratio of IgG to beads. The BSA bands are much reduced, and previously observed IP-specific bands
are much more evident.E) Test IP with varying ratios of beads to protein extract. Reduction in beads to 0.25x caused significant
loss of IP-specific bands, whilst doubling bead amounts yielded no visible improvement.

limiting, this could leave more surface area for BSA to bind non-specifically. To test this, an
IP was carried out using BSA levels as described, but with a tenfold increase in the amount of
mouse IgG added (increased amount as stated in materials and methods). This had quite an

exceptional effect on the IP. The IP-specific proteins were visible and possibly even present at
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greater levels than before, and despite BSA presence in prior steps, the level of BSA visible in
the eluate was significantly reduced (Figure 28, D).

Due to the presence of IP-specific bands, the next step was to both ensure that the IP was as
specific as possible to pull down replisome components, and to begin looking at this complex
in the context of cells arrested during replication using the constructs described in Section 3.1.
It seemed quite likely that the IP was successfully isolating the GINS complex, due to the
consistent presence of a high intensity band at approximately 31 kDa, which matched
reasonably closely to the expected molecular weight of Psf2 when modified with the TAP tag
we used, once it has been cleaved to leave the relatively small V5 tag. This band in clearly
visible in Figure 28D as a light orange band at the 31 kDa marker, and in Figure 27A as a dark

brown band at the same location.

3.2.3 Wash step optimisation

It was possible that some of the non-specific proteins carried through into the eluate was
because of proteins coating the surface of the larger 15 mL Falcon tubes used in the wash steps.
Additionally, the volume of beads used was small compared to the wash tube, making the loss
of beads during aspiration greater than desired. The IP was repeated as before, but wash steps
were carried out in 1.5 mL low-protein binding tubes, and beads were transferred into new
tubes after each wash step. During trials of smaller wash volumes in 1.5 mL tubes, samples of
the wash solutions after removal from the beads were kept to observe how clean the flow-
through was considering the smaller wash volume. It was determined from this experiment that
the washes were likely enough to ensure a level of specificity to the pulldown (Figure 29, panel
A), and that the eluate itself contained proteins that were members of both the immediate target
complex GINS, which the tagged protein is a stable component of (Figure 29B, lane 8), and
proteins of the larger replisome complex of the CMG (Figure 29C, lane 8). Of what IP-specific

protein was bound to the beads, only very minimal amounts were detected in the washes,
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indicating a stable association (Figure 29, panels B and C, lanes 4-7). In addition, it appeared
that most of the bound proteins of interest were eluted from the beads upon treatment with the
PreScission protease (Figure 29, panels B and C, lane 9). The IP protocol used to generate these
samples was therefore taken forward to investigate the composition of the pull-down by mass

spectrometry approaches.
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Figure 29: Reducing wash volume and replacing tubes has no observable negative effect on IP specificity. A) Single-stage IP
of Psf2-TAP using low protein-binding Eppendorf tubes for wash steps with tube replacement. Initial washes contain large
amounts of protein (lanes 4 and 5), but subsequent wash steps and the pre-elution buffer exchange wash contain much lower
protein amounts. The elution has relatively low background, and several previously identified IP-specific bands can be
identified, including what is likely Psf2 itself at the 31 kDa marker level (marked with arrow). B) Western blotting samples of
the same IP with an anti-Sld5 antibody (#42, Genscript (108-SId5)) show that SLd5 is present in the elution at a much greater
rate than in the wash flow-throughs (blue arrow). There is some cross-reactivity with the rabbit light chain IgG visible due to
use of an anti-rabbit secondary (red arrow), and also some possible reactivity with the protein A present in the Psf2-TAP prior
to elution (green arrow). C) Western blotting the samples with anti-Mcm2 antibody (#5, CSHL in-house (49-Mcm?2)) shows
presence of Micm2 in the IP (expected size 107 kDa), and successful removal from the beads, with no detectable losses in wash
steps following IP incubation
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3.2.4 Investigation of pull-down complex identity

Once a sufficient pull-down of replication complexes was established, the aim of this approach
was to combine a purification protocol with the intra-hexamer linkage constructs allowing
arrest and study of the replication complex during initiation. As such, the tagged Psf2-TAP
would be combined with Mcm?2/5 intra-hexamer gate constructs, allowing purification of
rapamycin-arrested complexes that might represent an intermediate step in activation.

3.2.4.1 Validation of IP function in DNA-exit gate strains

As shown above (Figure 28D), pulldown of GINS via a TAP tag gives multiple IP-specific
bands, some of which can be speculatively assigned to match the molecular weights of expected
complex members, for example the four GINS subunits themselves. The presence of Mcm?2

was also confirmed in the elution (Figure 29C). To confirm that strains carrying both the TAP
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Figure 30: IPs of Psf2-TAP tagged or control strains in the context of the intra-hexamer linkages. A) IP of Psf2-TAP from strains
containing the N-terminal gate, but not treated with rapamycin. GINS can be seen in an IP-specific manner, but the intensity
of higher molecular weight IP-specific bands is low. B) IP of Psf2-TAP from strains containing the C-terminal gate, also not
treated with rapamycin. GINS is visible in an IP-specific manner (see comparison purified GINS for reference), and higher
molecular weight IP-specific bands are also visible. In both panels, lanes containing other conditions have been omitted for
visual clarity.
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tagged Psf2 and the DNA-exit gate constructs allowed efficient pull-down, the IP was repeated
using these strains for analysis by mass spectrometry (Figure 30).

The C-terminal gate construct IP showed clear enrichment of certain protein bands, including
higher molecular weight bands running at or around the running level of the MCM2-7 proteins
(Figure 30, panel B), with many other IP-specific bands also visible, suggesting pull-down of
a quite large associated complex, possibly resembling the replisome progression complex
(RPC). However, the N-terminal gate construct did not show as clear an enrichment of protein
factors in the tagged IP sample (Figure 30A, lanes 3 vs. 4).

This finding may reflect the fact that the binding sites for several proteins involved in
activation are found towards the N-terminal tier of the MCM2-7 hexamer, including GINS
(Sun et al., 2015; Yuan et al., 2016; Deegan, Yeeles & Diffley, 2016; Georgescu et al., 2017),
and it is possible that the insertion of the rapamycin-dependent linkages, even in the absence
of rapamycin, and despite any major impact on cellular viability (pers. comm. L.M. Reuter),
may affect the stability of GINS binding in the context of a pull-down.

To test the ability of this pull-down to isolate an intermediate complex generated by the N-
and C-terminal intra-hexamer linkage constructs, the pull-down was repeated with and without
rapamycin.

Both of the DNA exit gate constructs were tested for their compatibility with the Psf2-TAP IP.
In the case of the N-terminal gate, which showed already reduced purification of high
molecular weight bands, the addition of rapamycin further reduced the binding of these bands

of interest (Figure 31A, lane 3 vs. 2). Instead, the [P-specific bands were limited to the lower-
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Figure 31: Impact of addition of rapamycin to DNA-gate strains containing Psf2-TAP on IP efficiency and GINS binding. A)
expanded version of Fig. 10A above, showing IP of Psf2-TAP in the context of the N-terminal DNA exit gate construct with and
without the addition of rapamycin. Rapamycin addition causes a general reduction of high molecular weight IP-dependent
proteins. B) As in A, but in the context of the C-terminal gate construct, and an expanded version of Fig. 30B instead. Here,
rapamycin addition causes no detectable change in the number or intensity of the IP-dependent protein bands. C) Flow
cytometry analysis of C-terminal DNA exit gate containing cells released from a-factor, monitoring change in DNA content in
the presence/absence of rapamycin-mediated gate obstruction. Rapamycin addition causes significant arrest of cells and
acute prevention of S phase entry D) ChIP-qPCR analysis of Psf2 association with origin DNA in vivo following a-factor arrest
in the presence/absence of rapamycin. ARS305 is an early-activating origin, and ARS305+9kb acts as a negative control for
origin DNA, that can also detect the passage of mobile replisomes during S phase progression.

molecular weight bands suspected to be GINS, and a single high molecular weight band (later
suggested to be Ctf4). Based on the work of L. Reuter (Section 3.1.1), this effect can be
explained by the early stage at which the N-terminal DNA gate construct caused arrest of
complex progression. The N-terminal gate, prevented the association of many late-stage

replication factors, including GINS (Section 3.1.1.1). By preventing GINS association in this
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way, rapamycin treatment would preclude the formation of a complex containing GINS bound
to the replisome, and prevent pull-down of potential replication complexes.

The C-terminal gate, contrastingly, showed very little difference in the IP-specific bands
observed by silver stain between rapamycin treated and non-treated cells (Figure 31B, lane 3
vs. 2). Both high molecular weight bands and low molecular weight bands appeared identical.
Whilst surprising, since this construct did show differences in replication factor recruitment by
ChIP-qPCR (Section 3.1.1.1), this result appeared to confirm that rapamycin treatment did not
prevent GINS association with the replication complex.

For this reason, further investigation of the Psf2-TAP IP in the context of intra-hexamer
linkage constructs was limited to the C-terminal gate.

ChIP-qPCR of Psf2-TAP tag was carried out to establish how the intra-hexamer linkage would
affect GINS recruitment to origins and the replication complex in this strain (Figure 31D). In
cells not treated with rapamycin, pull-down of Psf2 yielded ARS305 origin DNA that showed
association as expected. Levels of GINS binding to origins was maximum between 15 and 30
minutes post release, which correlates well with the beginning of DNA replication as observed
in flow cytometry data (Figure 31C). Levels of origin association then decrease, as GINS
maintains binding with the replisome as it moves away from the origin. In the rapamycin treated
cells, GINS association begins at a similar time, but is maintained for far longer at the origin,
and the magnitude of origin DNA isolated is much higher, due to cross-linking effects.

Since the Psf2-TAP IP could presumably isolate GINS containing complexes in both
unperturbed S phase and in a gate-arrested activation step, samples of the IP elution under these
conditions was analysed by mass spectroscopy to obtain a more detailed and specific protein

composition profile for each of these complexes (Figure 32).
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3.2.4.2 Mass spec analysis of GINS-associated complex in non-arrested and rapamycin-
arrested contexts

To obtain a list of the most enriched factors, an enrichment value was calculated by comparing
label-free quantification (LFQ) normalised protein intensities between the pull-down and
negative control samples. This value was then logz transformed to generate an enrichment
score. These enrichment scores were compared between replicates to observe which proteins
were consistently enriched. In the nascency of the project, because the samples were run
independently on the MS instrument, direct comparison of protein intensities between
replicates was not attempted, due to variabilities from technical effects that might be
proportionately large compared to biological variability. However, comparison of enrichment
scores from paired pull-downs and their associated controls provided a reasonably reliable
measure of which proteins were enriched consistently.

Silver staining of the pull-downs revealed very clear IP-specific bands, which provided
confidence in the sample quality (Figure 32A). Downstream protein identification also
provided enough quantitative evidence to retrospectively suggest identities for the clearest IP-
specific bands, and so those bands which could be tentatively assigned an identity based on
molecular weight and abundance in the mass spectrometry are marked (Figure 32A). The most
enriched proteins in this experiment were the GINS proteins, Psf1-3 and S1d5 (Figure 32B).
Given the tag was fused to Psf2, and these proteins form a stable complex (Takayama et al.,
2003), it was expected that soluble GINS would be a large component of the pull-down. Ctf4,
too, has extensive interaction with GINS (Simon et al., 2014), and has been previously shown
to purify well in tandem with GINS (Gambus et al., 2009). This analysis also showed clear
enrichment of the MCM2-7 helicase (Figure 32C), which provided evidence that this GINS

pull-down was able to isolate active or activating replisomes from DNA.
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Figure 32: Initial mass spectrometry analysis of Psf2-TAP pull-downs indicates specific IP of many known replisome progression
complex members. A) Representative silver stain shows clear enrichment of IP-specific proteins, from both rapamycin-treated and
untreated cells. Cells were released from a-factor arrest before harvesting on ice after 40 minutes at 25 C. Based on expected
molecular weights and aided by MS quantification (see panel B), plausible assignment of protein bands identity is possible. (blue
arrows: GINS complex, including SId5, top arrow, Psf2, middle arrow, and Psf1 and Psf3, lower arrow. Red arrow: bands that likely
include Cdc45. Light green arrow: Ctf4. Dark green arrow: Mrcl. Orange bracket: MCM2-7 expected position.). B) Most enriched
proteins over three independent replicates. Enrichment presented as mean of enrichment values in each replicate. Where proteins
were not detected in the untagged control, manual imputation based on the lowest intensity proteins identified provided an
enrichment value. Mcm10 was detected only in the IP of replicate 1, but with a high enough imputed enrichment to merit display. C)
Mean enrichments displayed for these proteins, grouped in subcategories based on either subcomplex identity, or known core RPC
identity. Error bars represent the s.d. about the mean enrichment, to display the variability in this value. Clearly enriched proteins
include the GINS complex, the MCM2-7 helicase, several members of active RPC (Cdc45-Dpb2), the fork protection complex (Csm3,
Tof1 and Mrc1) and other origin or replisome associated proteins.
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Other members of the replisome were also among the most enriched proteins, showing
consistency with previous GINS IPs (Gambus et al., 2006, 2009). Cdc45 and the two largest
subunits of polymerase &, which structural studies have shown to be closely associated with
the GINS-coupled helicase, are present, as well as the three members of the fork-protection
complex, Csm3, Mrcl and Tof1, of which recent structures have shown significant interaction
with the N-terminal ring of MCM2-7 (Bareti¢ et al., 2020). Also present were members of the
FACT complex, Spt16 and Pob3, and Topoisomerase I, Topl, all known to associate with
GINS pull-down (Gambus et al., 2006). Interestingly, members of the SCFP!*? ubiquitin ligase,
Dia2 and Cdc53, were also enriched in this pull-down. These proteins are involved in the
ubiquitination and subsequent disassembly of the replisome during termination (Mimura et al.,
2009; Maculins et al., 2015), suggesting at the 40 minutes post-release that cells were harvested
at, a not insignificant number of replisomes were undergoing termination and disassembly. It
is also possible, however that this complex associated with MCM2-7 complexes during
isolation, as removal from DNA may present a binding surface for this termination-associated
complex.

Whilst not detected in the subsequent replicates, Mcm10 was detected in the first replicate of
the Psf2-TAP pull-down. Due to its consistent absence in negative control samples, its
enrichment was imputed based on the intensity of the lowest abundance proteins in the negative
control, on the premise that, since mass spectrometry detection has a reasonably clear cut-off
limit, since Mcm10 peptides were not detected in the negative control, its abundance is at or
below the intensity measured for the lowest detected protein. By proxying negative control
intensity of Mcm10 as this upper bound, an approximation of enrichment can be calculated.
This should be an underestimate, since the true “intensity” of Mcm10 in the negative control
is likely well below that of the lowest detected protein. Nonetheless, caution should be advised

when carrying out such operations. Other proteins in this list also utilised imputation, such as
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Topl and Mrcl, but showed a much more consistent presence in tagged samples. The
inconsistency in Mcm10 pull-down is likely related to previous findings that Mcm10 seems to
maintain association with the complex during pull-downs at very high salt, possibly due to
extensive use of hydrophobic interactions (Gambus et al., 2006). This IP was at relatively lower
salt levels, hence Mcm10 association would be generally compromised.

Extending the analysis to all detected peptides in untreated pull-downs confirms previous
observations from the most enriched proteins (Figure 33). The complex or complexes isolated
contain many factors associated with the replisome progression complex, and reliably recruited
the MCM2-7 helicase, and all members of the core CMG. In a strain where RPC formation and
subsequent S phase progression was not impeded, the Psf2-TAP IP reflects an active replisome
composition. To investigate what effect the prevention of ssDNA extrusion would have on the
complex composition, rapamycin-treated samples were compared against these untreated

samples (Figure 34).
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Figure 33: Analysis of all detected proteins in non rapamycin-treated Psf2-TAP pull-downs. The Perseus software from
MaxQuant was used to generate scatter plots of normalised intensity in tagged vs. untagged samples. A) scatter plot of Psf2-
TAP IP intensity (Y-axis) vs. untagged negative control (X-axis) for replicate 1. Colour scheme as for Fig. R6B/C: yellow/orange
= MCM2-7, blue = GINS, red = Cdc45, light green = Ctf4, Pol2, Dpb2, dark green = Fork protection complex, purple = SCFPia2,
dark blue = FACT, turquoise = Top1. B) as for A), but for replicate 2. C) as for A), but replicate 3. D) Plot of average enrichment
across all three replicates against average intensity in the pull-down sample. Many consistently enriched proteins are
observed in the top right following the colour scheme above, with the addition of Polymerase alpha (pink), and Mcm10
(purple, above polymerase alpha).
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Figure 34: Analysis based upon all proteins detected in pull-down samples with and without intra-hexamer linkage binding.
As in Figure 33, protein intensities for each replicate were plotted against each other. In this case, instead of tagged vs.
untagged, the scatter plot shows the correlation between Psf2-TAP pull-down from rapamycin-treated cells and a Psf2-TAP
pull-down from untreated cells. A) scatter plot of Psf2-TAP protein intensity in rapamycin-treated sample (Y-axis) vs.
untreated sample (X-axis) for replicate 1. B) as in A), but for replicate 2. C) As in A), but for replicate 3. D) Representative flow
cytometry analysis of DNA replication in cells used for the IP. Rapamycin treatment prevents normal entry into S phase and

limits DNA replication.
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Surprisingly, it was observed that rapamycin treatment had little effect on the overall
composition of the GINS-associating complex (Figure 34, panels A-C). The protein intensities
demonstrated good linear correlation, and there were no clear and consistent variants from this
overall trend. This seemed to contradict previous results involving this construct (Section.
3.1.1.1). In previous ChIP-qPCR experiments, stable association of the more transient
replication factors SId2, SId3/7 and Dpbll can clearly be seen at origins. It had been
hypothesised that these proteins in particular, since they do not form part of the active
replisome, would be enriched in the stalled intermediates generated by the DNA gate strain.
However, similarly to the active replisome pull-down, these proteins were not detected at all
in the arrested state achieved with rapamycin. In addition, because the ChIP-qPCR was only
able to investigate factors that were chosen to be tagged, the pull-down was expected to be
more of an “agnostic” approach, which could identify new factors that previously had not been
identified as necessary in this activation process. However, no proteins showed a consistent
enough or large enough enrichment in the rapamycin-treated sample over the untreated samples
to suggest as possible new interactors. Importantly, the non-rapamycin-treated cells with Psf2-
TAP and the gate displayed no replication-associated phenotype of any kind, and cells showed
no loss of viability or replication speed, which suggests there was no specific defect introduced
by interference of the gate and the TAP-tagged Psf2-TAP.

Why, then, did the pull-down method utilised above, not reproduce the data observed in ChIP-
qPCR experiments? There are several possible reasons:

Firstly, ChIP-qPCR has been known to produce spurious results. In particular, DNA loci that
have a very “open” chromatin state, such as transcription initiation sites on highly expressed
genes, can produce false positives in terms of DNA pull-down efficiency (Teytelman et al.,
2013). Origins of replication can be adjacent to active promoters and do have a defined

nucleosome-free region (ML et al., 2010). However, given the time-specific association of the
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replication factors and the relatively high efficiency values observed in the ChIP-qPCR
compared to negative control non-origin regions, this would seem to not be a likely cause.
Secondly, whilst ChIP-qPCR results indicate that in the C-terminal intra-hexamer gate
construct GINS shows strong association with the origin, it may be in a configuration unlike
that seen in the CMG. It is possible that before full activation has been achieved, and DNA
extrusion has occurred, GINS is less stably bound to the replisome. This hypothesis would fit
with the idea that GINS and Cdc45 cover the DNA exit gate and prevent loss of the leading
strand (Petojevic et al., 2015). For the lagging strand extrusion to occur, GINS must not yet be
in such a binding state as to prevent gate opening. In this case, the binding mode of GINS may
not be stable enough to enable complex pull-down through sequential washes, and so any
activating complexes would not be represented in the final mass spectrometry analysis.
However, aside from a small de-enrichment in replicate 3, the amount of MCM2-7 and other
replisome components detected in the pull-downs did not decrease as might be expected in an
unstable pull-down. How would MCM2-7 be pulled-down in this instance? This is not entirely
clear, but possibilities included some replisomes that escaped the rapamycin-induced arrest, or
complexes that progressed in assembly despite rapamycin addition, resulting in a more stable
CMG-like state.
Complete escape of replisomes seems unlikely, as FACS analysis shows a stable arrest in the
rapamycin-treated strain, but the small amount of DNA synthesis observed in these strains
during arrest, hypothesised to be due to mitochondrial replication which uses a minimal and
distinct replisome (Milenkovic et al., 2013), could also be due to replisomes that escape the
gate-mediated arrest. This possibility also assumes that there are enough of these complexes to
saturate the IP beads to the same level as a cell extract containing freely replicating CMG,
which given the optimisation of bead levels carried out, also weighs in against this hypothesis

(Figure 34E).
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The alternative hypothesis could explain this effect, but does not fully explain why the
complex was able to escape rapamycin enough to release transient replication factors that are
present in the ChIP-qPCR, but not enough to progress with replication. It is possible that during
the harvesting and cell lysis steps, the concentration of rapamycin is lowered, and allows partial
release of the gate arrest, enough for the potentially quick progression through an activation
step. All these processes are carried out at 4°C, however, so cellular processes should be slowed
dramatically.

Finally, an explanation of the similarity between rapamycin-treated and untreated complexes
could be found in the alternate preparation methods used in these protocols. The ChIP-qPCR
approach fixes cells in 1% formaldehyde, which causes cross-links between protein and DNA,
and also between proteins and other proteins. This has the added benefit of causing a very
immediate halt to cellular processes, as protein complexes are cross-linked and presumably fail
to continue to function correctly. The replication factors’ origin-association observed in the
ChIP-qPCR could be dependent on transient and weak interactions, which only survive through
a pull-down procedure when proteins are extensively cross-linked together. The fixation may
prevent the disruption of the complex and preserve the interaction of transient replication
factors. The instability of these initiation factors’ association may also explain their absence
from even the active CMG pull-downs. The temporal variability between early and late origins
in yeast means that activation complexes should be present, albeit in small proportions, even
in a cell mid-S-phase. Perhaps the lack of these initiation factors in these pull-downs and others

is due to the lability of the complexes they form during the activation of DNA replication.
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3.3 ChIP-MS to investigate complex composition and interactors

Immuno-precipitations have proven valuable in the past but rely on the presence of a
reasonably stable complex, and optimisation of buffer conditions to ensure integrity of the
complex during the pull-down steps. This was apparent even for the relatively stable replisome
progression complex, where salt concentrations had to be very high in the buffers for Mcm10
association with the complex to be stable. The constructs used in this project were designed to
arrest this complex prior to formation of the stable RPC, during structural rearrangements
involving single-strand DNA exclusion. The proteins involved during this process are unlikely
to be as stably associated as factors are with the CMG, and there are initiation factors that are
ever only transiently associated with origins, e.g. SId3/7, S1d2 and Dpb11, and so it is possible
their binding modes are much less stable than factors that associate with the RPC during the
main stage of S phase. Hypothetically, even if the time-point of activation were chosen
precisely enough to guarantee the highest yield of activation intermediates, or a construct were
used to stall all replisomes at an intermediate step, the complexes present in these samples
might be so labile that they would not survive the pull-down and washing steps. In addition,
there is a possibility that after cell lysis, the stalled gate construct may resolve from an unstable
intermediate, into a more stable form reminiscent of the CMG. As mentioned above, this could
explain why a non-gate-arrested RPC looks very similar to the arrested RPC in the C-terminal
gate strain.

Other work involving the gate constructs had made extensive use of formaldehyde cross-
linking during ChIP-qPCR protocols to identify replication factor origin association dynamics.
Under these conditions, the rapamycin-treated gate construct displayed a marked difference
from non-treated complexes. Indeed, these experiments (Figure 16, Figure 17, Figure 18 and
Figure 31D) show not only that complex composition changes between the two conditions at

the time-points investigated by mass-spectrometry, but that the quantitative association of
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replication factors was also very different (see Figure 31D, Psf2 IP efficiency at 45 mins post
release). Formaldehyde cross-linking has been used for many years as a fixative, and has been
used in ChIP-qPCR protocols to stabilise the interaction between DN A-associated proteins and
the genomic regions with which they bind to great success (Hoffman et al., 2015).
Formaldehyde has a wide range of chemical groups that it can react with, and the same
reactions that form the chemical cross-link between DNA bases and protein amino groups are
also able to generate short-range protein-protein cross-links (Metz et al., 2004; Chang & Loew,
1994). Despite widespread use, only recently has there been any real information on how the
formaldehyde cross-link appears chemically (Tayri-Wilk et al., 2020). This has made the use
of formaldehyde in what is traditionally termed cross-linking mass spectrometry (XL-MS)(Yu
& Huang, 2018), where information gained from specifically the cross-linked peptide pairs can
help determine protein or complex structure, limited (Tayri-Wilk et al., 2020). However,
formaldehyde has seen use in contexts that are more appropriate to our use case, where the
cross-linking is utilised to stabilise weak or transient protein-protein interactions, allowing
downstream mass spectrometry to identify previously overlooked complex members
((Guerrero et al., 2006, 2008; Kaake et al., 2010)(PhD thesis Nath Kedar).

Due to the successful pull-down that is produced by ChIP-qPCR methods, this protocol was
adapted so as to enable pull-down and analysis of proteins rather than DNA. Both methods
harvested similarly, but the ChIP method used bead beating to lyse cells, prior to sonication.
This suited the culture volumes that were being used better than the freezer milling that was
previously in use for native pull-downs, and so was adopted for this protocol. In addition,
because it was anticipated that formaldehyde cross-linking may produce a higher level of
aggregation and “sticky” protein complexes, the wash conditions for regular ChIP was also
adopted in the first instance. These in general contained higher levels of non-ionic and ionic

detergents, such as NP-40, sodium deoxycholate and Triton X-100, and higher levels of salt,
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mainly potassium, sodium and chloride, as opposed to the potassium, magnesium and chloride
used previously. Since FA-induced cross-links were to be used to stabilise protein complexes,
however, changes in salt concentration may not affect the pull-down as much as might
otherwise be expected.

The introduction of formaldehyde was also hypothesised to potentially negatively affect the
TAP tag function in the IP. Since the protein A domain of the tag requires an intact three-
dimensional tertiary structure to effectively bind the constant regions of IgG on the beads, the
action of formaldehyde cross-linking this domain may interfere with this step. Because of this,
an alternative tag was considered. At the same time, GINS was reconsidered as an ideal pull-
down target. ChIP-qPCR data and other literature (Miyazawa-Onami, Araki & Tanaka, 2017)
showed that other replication factors associated at earlier steps, such as Cdc45. Cdc45 also
benefited from being a long-term member of the travelling replisome, and Cdc45 tagged with
a penta-FLAG tag showed good ChIP-qPCR pull-down efficiency. The FLAG sequence does
contain two lysines, which are a target of formaldehyde, but is a relatively small tag, and the
antibody recognition, since the flag epitope is relatively short, seems less likely to depend on
well folded tertiary structure that formaldehyde might be detrimental to. Another benefit is that
the recognition domain of the TAP-IgG interaction, namely the protein A fragment, undergoes
cross-linking, whilst in the case of the FLAG tag, the recognition side of the interaction is by
the specific anti-FLAG used to coat magnetic beads, and does not get exposed to formaldehyde.
To compare the two tags, the protocol was standardised as much as possible between them.
Notably, this meant that elution from beads was accomplished in the same manner as for ChIP-
qPCR, which utilised an elution buffer containing 1% SDS and heating at 65°C for 25 minutes,
for both strains. Analysis of this eluate for the Psf2-TAP pull-down showed that this method
did manage to elute a large amount of protein from the beads (Figure 29, panel A). However,

in contrast to previous native pull-downs, the resultant eluate was not as easy to analyse by
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silver stain. Previously, eluates had several clear and distinct IP-specific bands, with a low
background (see Figure 29A for an example). In this case, the lane was more of a smear, and
the previously easy to detect indicative bands of Ctf4 and GINS were not distinguishable.
Similar results were seen with the Cdc45-FLAG pull-down, but comparison with the untagged
control strain demonstrated that despite not forming clear bands, the protein smear observed
appeared to be IP-specific (Figure 35). In subsequent MS analysis, both IPs contained high

abundance of the respective tagged proteins, indicating a successful IP (Figure 35C).

The two pull-downs, using Psf2-TAP and Cdc45-FLAG respectively, along with the untagged
control sample, were submitted for mass spectrometry analysis together. As previously, the
lack of certain proteins in the negative control strain posed problems for calculating
enrichments, particularly for some replication proteins that have limiting concentrations in the
cell (Mantiero et al., 2011), and so are unlikely to be present in a negative control background
proteome. In this case, a conservative imputation was performed, where any missing values in
the negative control were replaced with an average of the lowest 10 percent of intensities in

that negative control, to allow calculation of an enrichment value.
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Figure 35: Cross-linking immunoprecipitation of Psf2-TAP and Cdc45-FLAG yields contrasting results. A) Silver stain of Psf2-
TAP IP from 1% formaldehyde cross-linked cells. The elution appears more complex than in previous native pull-downs. B) As
in A, but for Cdc45-FLAG pull-down and accompanying untagged strain control. The smear observed in Psf2-TAP (panel A,
lane 4)) and Cdc45-FLAG eluates seems IP-specific, and is likely related to cross-linking. C) Most highly enriched proteins from
mass spectrometry analysis of Psf2-TAP and Cdc45-FLAG are listed. Psf2-TAP IP shows strong GINS enrichment, but other
replisome components are less well enriched. Cdc45-FLAG shows strong enrichment of a range of replisome components. The
colour scheme follows that used previously (Figure 32) D) Gene ontology analysis (GO) using the Panther dataset, comparing
the most enriched proteins (proteins that showed an log.[enrichment] value of 2 or more) against the entire genome,
identifies many enriched biological processes, of which a selection are displayed here. In general, Cdc45-FLAG pulldown is
more enriched for GO terms relating to replication and replication-associated processes. Not enriched (n.e.) shows a specific
GO term was not significantly enriched in this pull-down.

197



3.3 - ChIP-MS to investigate complex composition and interactors

The proteins with the highest resulting enrichment value are listed for both pull-downs (Figure
35D). The Psf2-TAP pull-down after formaldehyde treatment maintained enrichment of the
GINS complex, but other members of the DNA replication machinery were markedly absent
from the most enriched proteins. This might be due to a greater proportion of soluble GINS
being pulled-down compared to chromatin-bound GINS, which may suffer more extensive
cross-linking due to its proximity to DNA, and particularly single-stranded DNA, which are
potent targets for formaldehyde cross-linking.

In contrast, the Cdc45-FLAG pull-down showed strong enrichment of Cdc45, GINS, and
many other replication proteins. The MCM2-7 complex was distributed down the list, but all
members are present at a reasonable level of enrichment. Strikingly, the Cdc45 IP contained
S1d3, Sld7 and Dpbll, which were not previously detected and are clear markers of an
activating complex. The Psf2-TAP pull-down was also able to detect these proteins under
cross-linking conditions, but at markedly lower enrichment levels (Figure 36, panels C and D).
For both pull-downs, gene ontology (GO) term enrichment analysis identified several DNA
replication-related biological processes (Figure 35E). These processes extended beyond just
DNA replication and DNA replication initiation, to DNA repair and replication checkpoint
signalling, though it is worth noting that many of the core replication machinery proteins are
also assigned these tags due to their involvement in these processes as part of their role in
replication itself. However, for the Cdc45-FLAG pull-down in particular, the enrichment of
genuine repair factors such as Senl, Msh6, and Rdh54, linked to transcriptional-coupled repair,
mismatch repair, and recombination respectively does confirm this link (Alzu et al., 2012;
Marsischky et al., 1996; Klein, 1997). Enriched gene ontologies and factors will be discussed
in greater detail in later sections.

As mentioned, the observed differences could be due to multiple factors. The use of the penta-

FLAG tag was predicted to behave better under cross-linking conditions, but why cross-linking
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effects seem to reduce the Psf2-TAP pull-down of chromatin-bound GINS is unclear. The
Cdc45-FLAG-mediated pull-down of S1d3/7 and Dpbl1 under cross-linking conditions was
highly exciting, and opened up the potential ability to study the composition of replication
complexes in early stages of activation. The appearance of these elusive factors might have
been due to the use of the earlier-associating Cdc45, or the use of cross-linking to stabilise
transient intermediate complexes, or both, and it was unclear from this experiment which of
these effects had the greatest influence.

The variability in enrichment of the MCM2-7 complex subunits under cross-linking conditions
where previously they clustered near the top of the enriched proteins list could also be due to
multiple effects. Cross-linking may have caused increased pull-down of proteins that are
normally removed during wash steps, and these proteins now are able to compete for the highest
enrichments where they were not able to before. Equally, the effect on general background
proteins induced by the new protocol and formaldehyde cross-linking may have had an effect
on the number of highly enriched factors, simply as a result of a reduced signal-noise ratio,
potentially due to increased “stickiness” and non-specific binding of cross-linked protein
complexes to beads and plasticware. Certainly, the number of factors identified in negative
control samples, the “background”, was greater than previously seen under native IP conditions
(Figure 36B). In this experiment, almost 2,400 proteins were present in even the negative
control, whereas in the previous runs, the number of proteins identified in the negative control
was more in the region of 300-700. This increased background might also be due to the less-
specific elution step of boiling. The native IPs used PreScission protease cleavage of the tag to
elute, which should only affect specifically-bound complexes. Regardless, an increased
background ultimately proves helpful for reducing the amount of imputation necessary, if the
signal to noise ratio can be appropriately managed. Lastly, since formaldehyde cross-linked

peptides are not recognised by mass spectrometry correctly, if a certain protein has more tryptic
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peptides that are formaldehyde-modified, it will reduce the peptides available for quantification
of that protein by MS. This variability may drive the variance in enrichment seen even for
members of the same complex as for MCM2-7.

Despite the increased background, the pull-downs did retain the ability to isolate and enrich
specific factors (Figure 35C-E). When imputation was carried out in the Perseus software for
MS analysis, the negative control could clearly be seen to have more factors needing
imputation, without reaching an inappropriate level of imputation (Figure 36A). The tagged
samples reported some unique proteins over the negative control, but the reverse was not true
(Figure 36B). This indicated that despite the levels of background having been generally higher
in this experiment, certain proteins were enriched above the detection threshold in the tagged
samples, but weren’t in the negative control. In terms of enrichment rather than simply looking
at presence or absence, the cross-linking conditions had mixed results. In general, enrichment
values were reduced when compared to native pull-downs (compare Figure 32B to Figure 35C,
and Figure 33A-C to Figure 36C,D). Despite this, there were clearly replication-associated
factors enriched in these pull-downs, and scatter plots show that whilst these proteins did not
necessarily make the most highly enriched factor list in the Psf2-TAP pull-down, they were
still enriched at some level for the most part (Figure 36C). The Cdc45-FLAG pull-down
displayed better enrichment of replication factors (Figure 36D), and aside from S1d2, which in
this experiment did not enrich well, most of the replication proteins used as diagnostic markers
here were enriched.

Cdc45 forms a stable interaction with the replisome at an earlier point than GINS, making it a
better candidate for detection of activation intermediates in the earliest stages of DNA
replication. In addition, the Cdc45-FLAG pull-down outperformed the Psf2-TAP pull-down

here in terms of specificity of factor enrichment. For these reasons, for the next series of
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36: Analysis of all detected proteins in cross-linking pull-downs. A) Distribution of protein intensities plotted as a

histogram. Imputation was carried out within the Perseus software and imputed values are displayed in red. These values do
not form a large proportion of the detected proteins in any sample, and fit within the expected distribution. The negative
control contains the most imputed values as expected. B) Venn diagram showing presence of detected proteins in each
sample. Most proteins are detected at some level in all samples, and proteins that are unique to a sample are more prevalent
in the tag-specific samples. C) Scatter plot of protein intensities compared between Psf2-TAP pull-down and the negative
control. IP-enriched factors (upper left) contain very obviously the GINS complex (dark blue markers), but other replication
factors are less clearly enriched. Dark blue = GINS, light blue = Dpb11, Sld2 and RPA, light green = Ctf4, dark green = fork
protection complex and polymerases, red = Cdc45, pink = Sld3/7 and Mcm10. D) Scatter plot as in C, but comparing Cdc45-
FLAG to the negative control. Here, a more reliable enrichment of a range of replication factors is observed, consistent with
the most enriched factors listed previously (Figure 35D).
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experiments, Cdc45-FLAG was used as the protein and tag of choice to investigate the

composition of the replisome during and after activation.

3.4 The complex composition and interactome of active CMG (Cdc45 ChIP-MS)

To gain a reliable and comprehensive view of the proteins that form associations with the
Cdc45-bound replisome during replication, the pull-down of the tagged Cdc45 from a
formaldehyde cross-linked context was repeated three times, and the eluates would be
processed in parallel for mass spectrometry analysis. To get the best comparative analysis, it is
important to run individual samples as a group on the MS instrument, as the detection and
quantitation can vary between runs, enough that the label-free quantification (LFQ) steps used
are no longer reliable to normalise samples to each other.

In the previous trial of cross-linking conditions, the non-specific background was considered
to be too high. To try and reduce the carryover of non-specific proteins, the sample tubes used
during wash steps were changed to Eppendorf LoBind® tubes (catalog number: 0030108434).
This appeared to have little effect on the protein bands visible in silver stain, but the use of
these tubes was continued nonetheless as they are recommended for proteomics applications.

For the triplicate, 1 L cultures were released into S phase from o-factor arrest for 40 minutes
at 25°C. After formaldehyde cross-linking and harvesting as for the previous ChIP-MS trial,
they were lysed, sonicated, and anti-FLAG pull-down of the cell extract carried out. By
superficial silver stain analysis, all three processed replicates looked similar in their overall
protein content, and in the IP-specific smear observable in each IP sample (Figure 37A). Earlier
work optimising levels of the anti-FLAG antibody and magnetic beads had also provided
western blot examples of the presence of Cdc45-FLAG within IP eluates (Figure 37B). The
comparison of molecular weight and band heights in the western blot led to the tentative

assignment of a Cdc45-FLAG band in the silver stain, at around the 97 kDa marker band
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(Figure 37A), and this band was consistently present in all three replicates in an IP-specific
manner. In addition to the tagged pull-downs and negative controls, a small amount of input
for each tagged sample was also submitted. Mass spectrometry analysis on all nine samples
gave a large number of identified proteins. An average of 2954+184 were identified in the
tagged samples, and an average of 14454348 were identified in the untagged negative controls.
The inputs contained on average 351045 proteins. Principal component analysis of the proteins
identified showed that samples grouped mainly by type, with a single component that
accounted for most of the variability cleanly separating the tagged and untagged samples
(Figure 37C). Reflecting the variance seen from the number of identified proteins, the negative
control samples displayed more variance between them than the tagged pull-downs did, though
the first replicate IP did differ more from the very similar second and third IP replicates.
However, given the separation between IP and negative controls, and crucially the fact that
samples did not group within their replicates but within their sample type, this data was
appropriate for further comparative analysis. Some of this analysis was carried out in the
Perseus software package as used previously.

By principal component analysis, the samples looked acceptable, but how much did the
calculated enrichment values of individual proteins vary between replicates? The differences
between replicates for the enrichment value (i.e. tagged pull-down intensity over negative
control intensity) of each protein was calculated, and the median difference value between the
replicates was plotted (Figure 37D). The values cluster tightly about zero, indicating that the
replicates were not providing drastically different enrichments, further substantiating their

reproducibility.
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Figure 37: Quality control for Cdc45-FLAG ChIP-MS triplicate. A) Silver stains of the three replicate pull-downs carried out for this
experiment. Note that replicate 1 was run on a separate gel than replicates 2 and 3, indicated by panel separation. As for previous
cross-linked IPs, the tag-specific proteins are present as a smear in the lane as opposed to clear and distinct bands. B) Western blot
testing for the presence of Cdc45-FLAG in eluates. A companion experiment tested the effect of bead concentration on pull-down
yield. This blot is the sample containing comparable bead concentration to the main IP. Cdc45-FLAG is clearly detected by anti-FLAG,
as well as several degradation bands. C) Principal component analysis carried out using the Perseus software package shows clear
distinction between tagged samples (IP) and untagged controls (NC). In the largest component, x, the pull-downs are distinct from
the negative controls. A secondary component segregates the controls and IPs further, showing some variation between replicates.
D) Histogram showing the median difference in protein enrichment between replicates. The tight clustering about zero suggests for
most proteins the replicates display good reproducibility and only small amounts of variance, enabling comparative analysis. E)
Histograms displaying range of protein intensities in each individual sample. Controls have overall lower levels of proteins present.
F) As in E, but after the use of imputation in Perseus. Pull-down samples are relatively unaffected, but control samples have a large
number of missing values (IP-specific proteins) that do perturb the distribution.

In contrast to previous cross-linking experiments, the number of proteins in the negative
control was substantially less than that for the tagged pull-downs. This would mean that there
would be many missing values in the controls when enrichment values were computed. The
use of imputation here can mitigate this problem. Manual imputation was carried out using the
average intensity of the protein with the lowest intensity that was detected in all three negative
control samples, whilst imputation was also carried out using the inbuilt function of Perseus to
assign a random scatter of low intensity values to missing values. The effect of this can be seen
in Figure 37, panels E and F. For the controls, with large numbers of missing values, the
imputation is disruptive to the distribution, introducing lots of data. However, the imputation
did not cause the introduction of many values in the tagged pull-downs, and, since a clean
negative control is likely to have many proteins falling below the detection threshold that will
be abundant in the tagged IP, this was considered an acceptable process for this data.

Calculating enrichment values for all proteins, and averaging across all three replicates
generates similar results to the trial experiment performed previously (Figure 38A, compare to
Figure 35D). Cdc45 is the most highly enriched protein, as is expected, and all six of the
MCM2-7 proteins are among the most highly enriched, suggesting a reasonable amount of
MCM-bound Cdc45 is purified, representing a replicative complex on chromatin. Other
proteins immediately recognisable as fork-associated factors are also present, such as Rfal and

2, Ctf4, Tofl, and several polymerases required for DNA replication. Interestingly, other
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proteins not usually associated with a non-perturbed fork are present, such as Senl (Alzu et al.,
2012), and Fun30, which after this data was collected was shown to associate with replication
forks in humans (Sirbu et al., 2013). In yeast, however, Fun30 has yet to be directly

linked to the replication machinery, and its high enrichment value in this experiment suggests
that it may show strong association with replication forks.

The presence of Leu3 and Ssfl, however, cannot be so easily explained. Whilst both are
chromatin-associating (Friden & Schimmel, 1988; Fatica et al., 2002), they do not appear to
have any clear role to play in replication in the literature or their predicted activities. Whether
these proteins associate with the replisome itself, whether they are interactors of soluble Cdc45,
or whether they are false positives, is difficult to say, and is a limitation of this approach in
identifying novel roles of factors. Further validation should be carried out to rule out the
possibility of a false positive.

Summarising the recruitment of a range of replisome-associating proteins and subcomplexes,
similar to presented previously for nascent chromatin capture (NCC) (Alabert et al., 2014),
shows in general a strong enrichment of a core replisome complex, with most of the major
interacting subcomplexes present in a reliable manner (Figure 38B). Some proteins show lower
enrichments, and for a some of these, this low enrichment is reproducible, for example Csm3
or Dpb3. Whether this is because of fewer direct contacts with Cdc45 and the core replisome
or less reliable inter-subcomplex cross-links to preserve their association, this could be due to

the formaldehyde-coupled technique affecting specific proteins more than others.
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Figure 38: Enriched proteins in the Cdc45-FLAG pull-down. A) The most enriched proteins across all three replicates, with
average enrichment values. Many members of the DNA replication machinery are again present. Proteins without recorded
intensity in the negative control relied on an imputed value to determine an enrichment score. B) Mean enrichment scores
of a set of replication proteins across all three replicates. Error bars represent the standard deviation of this value. Members
of several replication-associated complexes are consistently enriched, but some members’ enrichments are generally lower
than others. C) Volcano plot comparing enrichment between pull-down and negative control samples. The Y axis represents
reproducibility of a proteins enrichment across replicates. The false discovery rate (FDR) for the threshold line is 0.01, and the
S0 value is 0.3. Imputation carried out within the Perseus software. Colour identification matches panel B. D) as in C, but for
pull-down versus input samples. Imputation was not carried out on this dataset, since both sample types contained proteins
that the other did not. E) A students’ t-test was carried out in Perseus to identify significantly enriched proteins from the
analysis presented in C, and these proteins were compared against the reference genome to identify gene ontology (GO)
biological functions enriched in this subset of significant proteins (Ge et al., 2020). The twenty most enriched terms are
represented here. FDR for GO enrichment analysis is 0.05.

By plotting the enrichment values of proteins in the pull-down vs. negative control against a
p-value obtained from a two-sample t-test, it was possible to generate a volcano plot which can
be very informative when interpreting mass spectrometry data. For this dataset, it could be seen
that many of the targeted replisome-associated factors shown in Figure 38B were enriched in
a reliable manner (Figure 38C, Figure 39A). It also showed that quite a large number of other
proteins are similarly enriched (Figure 38C). This was interesting because non cross-linked
samples processed via pull-down for mass spectrometry often show only a few, highly enriched
factors, which are clearly distinguishable on such a plot that shows enrichment values against
some other metric (Figure 33D). In this case, whilst the most enriched factors were clearly
separable, there is a continuous “cloud” of factors across a wide range of enrichment values.
However, it is plausible that this effect is directly due to the action of formaldehyde in this
experiment. By forming many cross-links between proteins that either transiently interact, or
share a close cellular proximity, formaldehyde could enable specific pull-down of a wide range
of factors, even beyond direct interactors. Cross-linked factors could even “bridge” complexes
to the replisome when in close proximity.

Because of concerns about the need for imputation in negative controls to calculate enrichment
values, a comparison was also made between pull-down samples and their respective inputs
(Figure 38D). In this instance, many more factors were enriched in the input sample, which is

unsurprising, since it contains an entire cell extract. In addition, whilst normalisation of total
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protein concentration prior to mass spectrometry processing was a key step, input samples may
have been at an overall higher protein level at the point of MS analysis. They did not contain
any antibody, which was something that undoubtedly affected the protein concentration
readout for the eluates. Furthermore, the label-free quantification (LFQ) method requires an
unchanging “background” to have maximum reliability, and whilst this is provided when
comparing two samples that have both undergone pull-down, it was not comparable between
an IP and the whole cell extract input. As a result, the observations from comparing pull-down
and input were less clear than from when using negative controls. Replication proteins still
display a level of enrichment in this comparison, but it is less strong and much less reliable.

A Student’s t test was performed to compare significantly different proteins in pull-downs and
negative controls. Proteins significantly enriched in the pull-down by this metric were analysed
against a reference genome to assess significantly enriched gene ontology (GO) terms. The top
twenty enriched biological processes are displayed in Figure 38E. The identities of these GO
terms confirmed previous preliminary results carried out using only a single replicate (Figure
33E). DNA replication was enriched strongly, and, similarly to before, DNA repair processes
were also supposedly enriched within this enriched subset of proteins. Again, it is worth
considering that many of the normal components of the replication machinery play roles in
repair similar to their normal function, and so are assigned this term without necessarily being
an indicator of repair processes by themselves. However, there are many genuine repair-
specific factors that are enriched in this pull-down (Figure 39B/C).

From looking at the distribution of the replication factors in the volcano plot more closely, it
is possible to draw some preliminary conclusions and hypothesise about the nature of
complexes pulled-down in this experiment (Figure 39A). The consistent high enrichment of
the MCM2-7 proteins suggests strong association and cross-linking that most likely reflects the

close interaction in the core CMG. The slightly lower enrichments of GINS are more puzzling,
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since they lie close to Cdc45 in the CMG, and so should associate and cross-link very well.
Perhaps the available residues for cross-linking are few at the GINS-Cdc45 interface, or,
perhaps quite a large proportion of Cdc45-MCM2-7 complexes do not contain GINS, which
would also be surprising, given at the time point cells were harvested, most origins of
replication are expected to have fired, and so any initiating complexes should have been
converted to active replisomes or been removed by the passage of forks through origins.
Notably, however, Sld3/7, Dpbll and Mcm10, do show an enrichment in this pull-down,
despite all but the latter being almost exclusively associated with initiating complexes, though
Dpbl11 also associates with sites of DNA damage (Wang & Elledge, 2002; Puddu et al., 2008).
This would suggest that, in fact, some initiating complexes remain intact at this time point, and
this pull-down is able to isolate a not-insignificant number of them. They most likely represent
a minor sub-population in the pull-down, reflected in the lower enrichment scores for these
activation factors compared to MCM2-7 or GINS.

Whilst identification of subcomplexes containing known replication factors was of interest for
future work, a main purpose of this pull-down was to identify factors that associate with the
replication complex that had not been previously known to do so, or were thought to only
associate upon specific events or signals. Many of the factors enriched in this pull-down are
known to be associated with replication-linked activities, and some of these only loosely.
Figure 39B displays some of the factors that may not have been expected to show such strong
enrichment with a replication complex.

Given that the pull-down enriches several proteins linked to the DNA damage response and
DNA repair, a similar analysis was performed to that for nascent chromatin capture
(NCC)(Alabert et al., 2014). By identifying the yeast homologs of the genome maintenance
factors used to show a replication-dependent and replication-independent bias in their study, it

was shown that a similar bias exists in this data (Figure 39C). Replication-dependent damage
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and checkpoint factors are more often enriched in the Cdc45 pull-down, and replication-
independent factors are more often not-enriched. This does suggest that despite the
promiscuous activity of formaldehyde, enriched factors do generally show association with the
process of replication.

Intriguingly, reliable enrichments of certain proteins were also detected in the negative control
samples over the pull-down samples (Figure 39D). This runs contrary to expectations, as it is
initially counter-intuitive to understand why a protein would associate more in the untagged
control than in the tagged pull-down.

Nonetheless, factors are reliably enriched in the negative control. One hypothesis is that in the
absence of a genuine FLAG sequence to bind, the anti-FLAG antibody is able to bind more
broadly, and so some FLAG-mimicking peptides may be able to bind in a semi-specific manner
to the beads. Another is that without specific complex coating the surface of the beads, non-
specific binding is increased, and if certain proteins are particularly prevalent in a non-specific
background then these may become over-represented. Upon closer examination, these enriched
proteins contain several members of the anaphase promoting complex (APC), and also actin.
Actin filaments may fit the description of a protein that is especially able to bind surfaces non-
specifically. The rationale as to why the APC complex is specifically de-enriched in the tagged
pull-down, however, is not clear. It may be that an APC subunit has a “cryptic” FLAG
sequence, or that this complex binds surfaces well. Otherwise, perhaps APC’s de-enrichment
could be due to a factor in the specific IP that causes its degradation, as the extract is from a

pre-M-phase state.
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Figure 39: Visualisation of enriched proteins in Cdc45-FLAG pull-down. A) extension of Figure 38C, showing in greater detail
the enriched protein factors that are core fork and initiation components. B) Additionally enriched protein factors that are
either suggested to associate with replication forks from literature (e.g. Ctf18, Rrm3), form part of complexes involved in DNA
damage, chromatin remodelling or other chromatin-related processes (e.g. Msh3/6, Sen1, ISW, Sir3), or possess activities
that make them interesting hits with regard to potential new roles in the context of replication (e.g. Fun30). C) Enrichment
values of a selection of DNA damage-associated factors in the IPs. Pol2 and Hhol are control protein representing replisome
and chromatin IP respectively. DNA damage factors are assigned to be “replication-associated” or “non-replication
associated” by their homology to human factors as presented in Alabert et al., 2014, and S.cerevisiae literature. D) Additional
view of the volcano plot of Figure 38C, showing surprisingly reproducibly de-enriched proteins.

The ChIP-MS of Cdc45-FLAG presented here can be considered to have been highly
successful. The pull-down identified strongly enriched proteins that are known to be part of the

replication machinery, and displayed good reproducibility for these factors. The pull-down also
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enriched for the transient initiation factors indicative of activating complexes which this project
aimed to study. These complexes appeared to be a sub-population within the complexes
enriched in this experiment, reflective of a heterogenous population of Cdc45 complexes, the
majority of which seemed to be associated with MCM2-7 and likely reflect active CMG
complexes and associated proteins. This is fairly consistent with the cell cycle stage that the
harvested cells had reached by the time of cross-linking. In addition to core factors of the CMG,
this IP displayed enrichment of replication-associated complexes, such as the anticipated
polymerases €, 0 and a, the FACT complex, the Pol30 DNA clamp and its clamp loader, the
hub protein Ctf4, and the ssDNA binding protein RPA. It also identified many repair-associated
proteins and chromatin remodellers aside from FACT, which may not have been expected to
be recruited so well.

By narrowing down the heterogeneity of the replication complex present in the whole cell
extract, or by making the pull-down specific for particular sub-populations of replication
complexes, this approach could generate a great deal of qualitative and quantitative data on the

proteins associated with various stages of replication in vivo.
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3.5 Complex composition and interactors during stages of replication initiation

(Sld2/3/Dpbl11 IPs)

ChIP-MS had been shown to be able to isolate a heterogenous population of replication
complexes by tagging of Cdc45. The presence of Sld3/7 and Dpbl1 indicated that some of
these complexes were isolated during an early stage of replication initiation, and this state was
potentially preserved by the formaldehyde cross-linking present. The enrichment of transient
replication initiation factors was significant, but not as large as the enrichments observed for
some other replication proteins that form part of the stable CMG during active replication. To
study the activating complexes and the interactors present at that stage, it would be ideal to
only isolate those complexes that were undergoing activation.

Since S1d2, SId3 and Dpb11 show transient binding to the MCM2-7 helicase complex that is
restricted to the activation phase, these proteins could act as a selective mechanism for targeting
the replisome at this stage. To test whether the Cdc45-FLAG pull-down could be easily
modified to provide reproducible interactomes that show the proteins that associate with the
replisome during activation in vivo, tagged strains containing the penta-FLAG tag fused to each
of these three proteins were tested for their ability to pull-down specific complexes. To try and
increase the proportion of origins undergoing activation, an earlier time point was used for
these pull-downs, otherwise an identical approach was used as for Cdc45 pull downs.

These experiments showed a clear pull-down of the targeted factors, along with soluble
binding partners, Sld3 associated with Sld7 and Cdc45 for example, and SId2 and Dpbll
showed a pull-down of subunits of polymerase €.

The tagged factors in this pull-down are thought to only associate with the replication
machinery during the process of activation, except for Dpb11, which has some involvement
with DNA damage resolution. This brief association was used to attempt to isolate a sub-

population of activating complexes. Any MCM2-7 subunits detected in these experiments, for
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example, was therefore likely to be from activating replication complexes. However, this
necessarily meant that the proportion of helicase complexes that were in a state amenable to
pull-down would be minimal. In the resulting pull-down experiments targeting SId2, SL.d3 or
Dpbl1 showed much less of a pull-down of the larger replication complex as a whole.

Given the transient association of these factors with the complex during initiation, this is likely
due to an over-representation of soluble complexes of SId2, Sld3 and Dpb11 in their respective
pull-downs.

Interestingly, it is thought that these initiation factors are in limiting concentration in the cell,
in order to properly control origin replication timing (Mantiero et al., 2011; Lynch et al., 2019).
S1d3 especially is thought to be a key regulator of stochastic origin firing. If this is indeed the
case, it might be expected that during activation, when Sld3 is in greatest “demand”, most of
the SId3 in the cell would be associated with replication origins and bound to activating
replication complexes. The data from the attempted Sld3 IP would appear to contradict that
expectation, suggesting that despite the limiting concentration of these firing factors, they do
exist in a soluble form at a reasonable level even during the transition into S phase.

Without reducing the proportion of soluble complexes pulled-down, or increasing the
proportion of pulled-down complexes that were bound to the larger replication complexes,
these pull-downs were unlikely to give the same level of success as pull-downs of more

consistent members of the replication complex.
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3.6 Changing complex composition and interactome of MCM2-7 in the cell cycle

(MCM4 IP timepoints)

3.6.1 Initial validation of Mcm4-FLAG ChIP-MS

Tagging GINS limited complex pull-down to replisomes that were almost fully activated.
Using Cdc45 as the tagged bait protein improved the range of complexes that could be isolated,
extending the pull-down to complexes during the early stages of activation. Since the primary
component of the replicative complexes was the helicase itself, and this complex is loaded onto
DNA during G1, specifically targeting the MCM2-7 proteins would enable isolation of the
helicase complex at any and all stages of replication. MCM proteins had already been shown
to produce efficient pull-downs in the ChIP-qPCR experiments in Section X. Nonetheless, the
efficiency of pull-down achievable using ChIP-MS was tested to see how it compared to the
other factors used previously for ChIP-MS.

To test the ability of Mcm4-FLAG to pull-down helicase complexes at time-points prior to
activation, a test I[P was carried out both on S phase cells, and on cells that were arrested by
alpha factor treatment. The S phase cells were released from alpha factor-arrest for 40 minutes
before harvesting, in an attempt to isolate maximum amounts of active replisomes. In addition
to the tagged cells, untagged negative controls at both time points were also processed, and
submitted for mass spectrometry analysis (Figure 40). As common with cross-linking treated
samples, the results of silver staining the pull-down eluates was inconclusive, and the presence
of IP-specific bands was difficult to confirm (Figure 40A). Only one possibly IP-specific band
was observed at around 80 kDa in the alpha factor-arrested pull-down, but despite this, the
samples were submitted to MS. Mass spectrometry analysis was an efficient way to evaluate

the entirety of the pull-down composition, both to check if the Mcm4-FLAG IP was able to
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efficiently pull-down the MCM2-7 helicase, and to investigate the associated proteins at the
time points chosen.

Both samples were shown to efficiently pull-down the MCM2-7 complex, and the Mcm
subunits were among the most enriched proteins in each (Figure 40B,C). The sample that was
prepared from alpha factor-arrested cells displayed good MCM2-7 enrichment, but other
replication-associated proteins were conspicuously absent from the most enriched proteins.
Only one of the “core replisome” labelled proteins used in this study was enriched enough to
make the list, and surprisingly this was a member of the replication factor C (RFC) complex.
This result was not surprising, as in alpha factor-mediated arrest, the MCM2-7 complex was
predicted to be present as a stable double-hexamer, with activation processes yet to begin,
requiring kinase activity. Many of the replisome factors studied here would not be expected to
associate until later, once the helicase was active and replication forks established. In this sense,
the strong enrichment of RFC3 was therefore surprising. However, care was taken with this
result, since this was only a single test replicate, and statistical methods are required to ensure
the rate of false positives in mass spectrometry data is kept low. Present in the most enriched
list was Tah11/Cdtl, the protein required for the process of MCM2-7 loading at origins and
component of pre-RC intermediates formed during this process. Since cells had been
maintained in alpha factor for 2 hours prior to harvesting, it was considered unlikely that this
association was due to the presence of helicases still undergoing loading. Instead, this could
represent weak residual binding of Cdtl to the double-hexamer, or association with MCM2-7
hexamers in solution, that had not been loaded, and would still associate with Cdtl. It is
important to note that the tagging and isolation method used here does not preclude the isolation

of such chromatin-independent MCM2-7 complexes.
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Figure 40: Trial ChIP-MS of Mcm4-FLAG from cells at two different stages of the cell cycle. Cells were arrested in alpha factor,
and either harvested in alpha arrest or released into S phase for 40 minutes before harvesting. A) Silver stain of pull-down
eluates sent for mass spectrometry analysis. As for most cross-linked samples, IP-specific bands are difficult to distinguish. B)
The most enriched proteins in the alpha factor arrest pull-down. For missing values in the negative control, conservative
manual imputation was carried out as previously, using the lowest 10% of NC proteins average intensity. The successful pull-
down of MCM_2-7 helicase is confirmed. C) As in B, but for the S phase time point. The enrichment of both MCM2-7 and other
replisome associated factors can clearly be seen in this sample. D) Comparison of enrichment values observed for each
timepoint for known replisome components. The 40 minute sample shows greater enrichment of replisome-associated
factors, as expected. The RFC complex and Pol30 display a surprising level of enrichment in alpha factor arrest
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By contrast, the S phase sample showed not only high efficiency MCM2-7 pull-down, but also
very high efficiency pull-down of replication-associated factors (Figure 40C). Whilst Cdc45
and GINS were not as enriched as when either was tagged as the bait, they were very abundant
in the pull-down sample. Polymerases, in particular polymerase &, were also very well enriched
in the S phase sample, and fork protection complex members Tofl and Mrc1 were also present
in large abundance, likely due to the close association of both the Pol2 CTD and the fork
protection complex to the hexamer itself (Yuan et al., 2020; Bareti¢ et al., 2020). Tah11/Cdt1
was still observed in this sample, lending credence to the hypothesis that non-chromatin bound
MCM2-7 was also being pulled-down along with the chromatin-loaded MCM2-7.

By organising the data to specifically show the enrichments of known replication factors, two
observations became apparent. Firstly, the Mcm4-FLAG IP was able to isolate a complete
replisome with similar effectiveness to the Cdc45-FLAG pull-down shown above (compare
Figure 40D and Figure 38B). Indeed, most components of the “core replisome” considered
were present, and the same proteins that showed variable or lower enrichment in the Cdc45-
FLAG IP also tended to show reduced enrichment in the Mcm4-FLAG IP. This indicated that
these proteins were not being pulled-down well by this method, regardless of the bait protein
used. This either meant that their association with the CMG was weaker, that they were
particularly negatively affected by formaldehyde cross-linking, or generally more difficult to
detect by mass spectrometry. The exact reason may vary depending on the protein, but at least
for the polymerase holoenzymes and the fork protection complex, it was generally the smaller
subunits that showed the lowest enrichment and therefore lowest abundance in the pull-down.
This means they would generate fewer tryptic peptides for MS identification and quantification
and so this could affect their detection efficiency. With the addition of formaldehyde cross-
linking, the fewer tryptic peptides these smaller proteins could produce may also be negatively

affected by modification that further reduces detection ability.
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Secondly, whilst replisome proteins were not among the most enriched proteins in the alpha
factor sample, the enrichments of certain factors and subcomplexes were higher than might
have been expected (Figure 40E). Cdc45 was fourfold enriched in the pull-down sample
compared to the negative control, and Ctf4 was similarly enriched. In addition, subunits of
polymerase o and & were slightly enriched, and the sliding clamp and its clamp loader complex,
Pol30 and RFC, showed surprisingly high enrichment.

The mass spectrometry data was further analysed using the Perseus software, to gather a
holistic understanding of the complexes isolated (Figure 41). By comparing the number of
proteins identified in each sample between the tagged pull-down and untagged control, it was
possible to observe how complex each sample was, and how many proteins were exclusively
detected in each (Figure 41A). The alpha arrested samples showed what might be more
expected of a pull-down. The overall number of proteins detected in the tagged IP was greater
than for the control, but there was a set of non-IP-specific proteins that comprised a general
background due to tag-independent bead association. Correspondingly, there are very few
proteins exclusively detected in the negative control, since the non-specific interactions with
beads were present in both samples, although there may have been a slightly greater surface of
bead unbound in the negative control due to the lack of FLAG-tagged complexes binding.
There are many proteins that are exclusively detected in the IP. These proteins reflect those
that are co-immunoprecipitated with Mcm4-FLAG that do not form a detectable part of the
non-specific background. The S phase time point, in contrast, showed a less expected
distribution of proteins identified. In this sample, the negative control displayed a considerable
number of exclusive proteins, and an overall large number of proteins compared to the alpha-
arrested sample. It was not clear exactly why this occurred, but with the ChIP-MS technique,
it had been observed that the amount of non-specific background was much higher than in the

native pull-downs, even despite more stringent wash steps. Regardless, the number of proteins
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detected in the IP was similar to the other time point, and there were still a number of IP
exclusive proteins.

The histograms of identified proteins with abundance information showed that indeed, when
imputation was applied, disproportionately more proteins had their abundance imputed in the
alpha-arrested negative control (Figure 41B). This sample was the only one where the applied
imputation affected the overall distribution strongly. It was therefore expected that particularly
at the low-abundance range of intensities, some proteins would be reliant on imputed values
that could introduce some error. Otherwise, the distributions appeared well balanced and
suitable for direct comparison. Figure 41C shows the result of a direct comparison of protein
abundances in the alpha-arrested IP and negative control. Reassuringly, all six subunits of
MCM2-7 are clearly enriched in the IP, as was Tah11/Cdtl. Also showing enrichment were
Spt16 and Pob3, components of the FACT complex. Association of FACT with the replisome
was observed both in the native Psf2-TAP pull-downs carried out in this study, and in the
original GINS-TAP pull-down carried out previously (Gambus et al., 2006). Interestingly, this
IP confirms that this association is present prior to the full activation of the replication
machinery as also observed in that work. While previously this activation-independent
association had also been seen with Mcm10, this ChIP-MS IP did not detect enrichment of
Mcm10 at the alpha-factor-arrest stage. The methods used to prevent or preclude activation
differ in each case. This experiment looked at alpha-arrested cells, whilst previously, a Psf2
degron was used to eliminate GINS activity and prevent full activation. There will have been
several differences in the state of the cell and replication complex between these experiments,
most notably, the MCM2-7 will have been phosphorylated and prepared for activation in the
degron experiments, just unable to fully activate due to lack of GINS. In this experiment, the

MCM2-7 complex will not have been yet prepared for activation in this way.
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Figure 41: Trial ChIP-MS of Mcm4-FLAG in two separate cell cycle stages. A) Venn diagrams showing the proteins identified
in the tagged pull-downs (red) and untagged control (grey) for both time points.The negative control sample for the 40
minutes has more total proteins and more unique proteins than ideal, but the tagged samples are comparable in proteins
identified. B) Histogram of proteins identified and their intensities. The imputation affects the distribution of the negative
controls, and most notably the alpha factor control. C) Scatter plot of protein abundances in the pull-down and untagged
control samples from alpha-arrested cells. MCM2-7 is clearly enriched in the pull-down. D) As in C, but for the S phase sample.
In addition to MCM2-7, many replisome proteins are also enriched in the pull-down. E) Visualisation of the enrichments of
the most enriched proteins when comparing the S phase pull-down to the alpha-arrest pull-down. Many of the factors that
increase in Mcm4 association are replisome factors.
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The effects of imputation could be observed in this time point in the low-abundance proteins
(Figure 41C). A cluster of proteins in the lower left of the plot showed a shift to the left, which
is normally indicative of enrichment. In this case, due to the larger population shifted in this
way, particularly at the low end of abundances, care must be taken with these proteins, as
imputation can cause similar shifts.

The readout from the pull-down from S phase cells is much clearer (Figure 41D). Again, all
six MCM2-7 subunits are enriched, along with many other factors already identified in Figure
40C. Many proteins comprising the core replisome are clearly enriched in this IP, similar to
the Cdc45-FLAG IPs performed in the previous section. Comparing only the IPs from these
two timepoints allowed investigation of how the complex composition changes over time
(Figure 41E). The proteins with the strongest enrichment in S phase opposed to alpha-arrest
are almost exclusively proteins with a known role in the replication fork, that associate during
helicase activation in early S phase. A few non-replication associated proteins made this list
(grey bars), where no clear explanation for their enrichment was found from a brief literature
search. Because this was a single replicate, however, further data was required before any of
these targets were considered for further investigation. A single replicate could reflect
enrichment values that are not consistent, and there is always the risk that protein abundances
detected in one sample are the result of cross-contamination. Whilst this risk was minimised as
much as possible, further replicates were required to investigate exactly how the replication

complex composition varied throughout its life cycle.
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3.6.2 Mcm4-FLAG ChIP-MS: from loading to termination?

In the previous section, it was shown that the changing composition of the replication complex
could be investigated using a ChIP-MS approach with Mcm4-FLAG as the bait protein. These
initial experiments were done using the G1-like arrest induced by alpha-factor treatment of
mating type a cells. The results from these experiments provided evidence for the changing
complex, detectable by the ChIP-MS technique. The results also suggested that even in the
alpha factor arrest, there appeared to be some association of replication complex components
with the MCM2-7 helicase. Whilst activation of the helicase had not yet occurred in alpha
factor, it was considered that the arrest state may superficially resemble G1, but by using this

“artificial” arrest, the results may not fully represent the true progression from G1 to S. Since
loss of synchronicity would both reduce the efficiency of replisome pulldown, and make time-
dependent analysis impossible, to test this hypothesis, a synchronisation step was required to
replace the pheromone treatment. Therefore, a methionine-promoter driven Cdc20 method was
utilised to arrest cells in mitosis, as described in the methods section. Addition of methionine
to cells containing this construct caused repression of the cell’s sole copy of Cdc20, a protein
required for APC/C activation and mitotic exit. This block enables synchronisation of cells in
a mitotic state. Cells that are grown in the absence of an external source of methionine or that
have methionine-containing media washed away with media lacking methionine, are able to
exit mitosis and divide normally.

The MetP-Cdc20 construct was integrated into cells containing Mcm4-FLAG, and the arrest
phenotype tested (Figure 42A). Treatment with both solely methionine to a final concentration
of 2.5 mM, and replacement of the media with YPD was tested. Both approaches were found
to cause a secure mitotic arrest after two hours of treatment, but release from the block was

much more immediate and reliable in cells that were arrested using YPD.
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Figure 42: Initial tests of a pMet-Cdc20-induced arrest followed by release and the effect on cell cycle event timings. A)
Flow cytometry data of DNA content as measured by SYTOX incorporation in cells containing the sole copy of Cdc20 under
the copy of the Met promoter under different media conditions followed by release from said media conditions. B) Flow
cytometry analysis of the DNA content as measured by SYTOX incorporation in pMet-Cdc20 cells arrested in YPD, then
released into media lacking Methionine for the indicated time. C) ChIP-gPCR analysis of Mcm4-FLAG origin association
over the course of a release from mitotic arrest mediated by the pMet-Cdc20-mediated arrest. Error bars represent
standard deviation (s.d.) of three independent experiments (n=3). D) Flow cytometry analysis of cells taken at specific
time-points post-mitotic release. Cells at 30, 60 and 75 minutes were also used for an Mcm4-FLAG ChIP-MS experiment.
E) Silver stain visualisation of SDS-PAGE analysis of Mcm4-FLAG ChIP-MS samples. Input indicates cell extract immediately
prior to addition of IP antibody, eluate refers to sample directly after bead elution prior to preparation for mass
spectrometry analysis. F) Western blot of SDS-PAGE gel run of samples equivalent to those in E. Membrane was incubated
with anti-FLAG HRP overnight at 4 °C before visualisation.

Flow cytometry analysis was carried out on cells arrested using this method, to look for
potential post-release times that could be used to investigate specific MCM2-7 complexes
during loading, activation or normal replication (Figure 42B). At thirty minutes post release,
roughly half the cells had successfully divided, and this was chosen as a time-point to
investigate the complexes involved in helicase loading, since it would be around this time that
helicases would be being loaded at origins. At around sixty minutes, the first signs of DNA
replication were observed, making this a reasonable time-point to investigate activating
complexes at early origins. At seventy-five minutes, most of the cells in the population were
actively replicating, with quite a large proportion of cells in the main body of S phase. This
time-point was selected as the most likely time to produce the largest proportion of actively
replicating replisomes. Post seventy-five minutes, fewer and fewer cells remained in S phase,
making these timepoints interesting to study exclusively terminating complexes. Because the
arrest was now more distant in time from the entry into S phase, there was more opportunity
for drift of the cells away from synchronicity. In addition to the natural variation in firing times
of early and late origins, this drift would likely mean that the seventy-five minute time-point
would be highly heterogeneous in terms of the helicase-containing complexes present. There
could easily be a sub-population of initiating complexes alongside complexes that were
undergoing termination. This risk is not entirely unique to this experiment, even in alpha-factor

arrested cells, there are likely to be late origins still firing, whilst replication forks produced
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from early origins that are close may have met and the replisomes terminated. This approach
would probably increase the overall heterogeneity, however.

To show MCM2-7 dynamics with respect to chromatin association, ChIP-qPCR of Mcm4-
FLAG was carried out over the course of a release from mitosis using the inducible Cdc20
expression (Figure 42C). Prior to 30 minutes, there was minimal association of MCM2-7 with
origin DNA, indicating that helicase loading had not yet begun. The peak of MCM2-7
association depended on the origin tested, but was generally around 45 to 60 minutes. Given
maximal MCM2-7 loading is expected when the maximum number of complexes are loaded
at origins, which would be after loading but prior to activation, this suggested an activation
time in the region of 45-60 minutes for ARS305, and 60-90 minutes for ARS501, which
matches the difference in firing times observed for these origins in the literature (Santocanale,
Sharma & Diffley, 1999).

As an initial test of some of the time-points chosen, ChIP-MS was carried out on mitosis-
released cells after 30, 60, and 75 minutes and sent for mass spectrometry analysis (Figure
42D-F). The flow cytometry analysis in Figure 42C shows a close match to the previously
observed cell cycle dynamics (compare to Figure 42B), though at the 75 minute time-point,
cells were in general further progressed through S phase. The pull-downs were checked by
silver staining, and showed a number of surprisingly clear IP-specific bands (Figure 42E). A
western blot confirmed that the pull-down sample eluates, but not a representative negative
control sample, contained a FLAG-tagged protein (Figure 42F). Surprisingly, when IP input
and flowthrough samples were also blotted with anti-FLAG, the negative control sample
produced equal signal to the tagged samples in these lanes (Figure 42F, lane 4). This could
indicate the presence of factors in the control and tagged strains that could generate non-
specific binding of anti-FLAG antibody. Regardless, the purification procedure effectively

removed this signal in the negative control eluate, suggesting while it was able to bind the
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blotting antibody in a non-specific manner, it did not bind to the anti-FLAG beads in a
meaningful way.

Following mass spectrometry analysis, all three time-points tested appeared relatively
consistent in the overall protein levels, and number of factors identified in each pull-down and
untagged sample (Figure 43). In general, the untagged controls showed fewer identified
proteins than their respective pull-downs, and very few unique proteins. The 75 minute time-
point did show a slightly greater number of proteins in the negative control than the others, but
still fewer than its pull-down pair (Figure 43A). By comparing the protein sets by principal
component analysis, it was clear that the pull-downs grouped closely with each other, and were
well separated than the more variable untagged controls (Figure 43B). Moving on from analysis
of the protein set as a whole, the proteins which showed the most enrichment in each of the
time-points were calculated and displayed in Figure 43C. The MCM2-7 subunits showed
consistently strong enrichment, and were represented among the most enriched proteins in all
three samples, aside from Mcm2 in the 75 minute timepoint. However, with an enrichment
score of 5.54, this subunit was still very much enriched.

Most interestingly, the composition of the most enriched proteins was seen to vary across the
time-points, replicating effect seen in the explorative experiment shown above (Figure 41). At
30 minutes, prior to the activation of replication, the pull-down contains much fewer
replication-associated factors. Of the factors associated with replication forks, only Pol2, Top1
and Ctf18 show very strong enrichment. Instead, some of the most enriched proteins are the
MCM2-7 complex itself, and the MCM2-7 binding partner involved in origin licensing,

Cdtl/Tahl1.
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Figure 43: Analysis of the mass spectrometry data generated from the Mcm4-FLAG ChIP-MS extended time-course of a single
replicate. A) Venn diagrams indicating the proteins identified by MS, showing shared and unique proteins in tagged (IP) and
untagged (NC) samples for each of the three time-points tested. B) PCA analysis of the tagged and untagged pull-downs. C)
The most enriched proteins in the pull-downs, 30 min, 45 min and 75 min post-mitosis (left to right). For missing values in the
negative control, conservative manual imputation was carried out as previously, using the lowest 10% of NC proteins average
intensity. D) Average LFQ values of MCM2-7, the GINS complex, and ORC1-6 over the three time-point IPs (n=1).

Over the course of this exploratory time-course, the number of replication fork associated

factors represented in the most enriched proteins increased. By the 75 minute time-point, Ctf18

and Pol2 are the most enriched proteins, and many other replication factors are also strongly
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enriched, for example Cdc45 and Ctf4. The maintenance of Cdtl/Tahll among the most
enriched proteins likely indicates that soluble MCM2-7 complexes are still being isolated
alongside chromatin-bound MCM2-7, even at the later time-points. Several other highly
enriched factors were also noted in this experiment, including Fun30, Rrm3 and Sir3. As
discussed, these factors had been shown to have either loosely-associated roles in replication,
or had a chromatin-associated role with no proven replication involvement. The high
enrichment values observed for these proteins were of interest, and the behaviour of these
factors in larger scale experiments was closely monitored going forwards. Fun30, whose
human homolog’s association with the replisome had not yet been published, was of particular
interest, since it was known to be a chromatin remodeller, and appeared to be enriched most
prior to activation, during loading. It was hypothesised that Fun30 may have a role to play in
establishing a chromatin environment at origins that was permissive or restrictive to loading.
This role may be specific for in vivo replication of chromatinised DNA, and so could implicate
Fun30 as a new factor required for replication or the regulation thereof.

By applying a more quantitative approach, and observing the changes in LFQ intensity (a
normalised measure of the protein abundance in the MS sample) for multi-subunit complexes
involved in replication, general trends could be observed that fit with the observations based
on individual factors and cell cycle state (Figure 43D). The MCM2-7 complex shows stable
abundance in the pull-down, as should be expected since this stable hexamer contains the bait
protein Mcm4. This indicated that the combination of loading equal protein amounts and the
post-MS normalisation, was generating well-comparable samples. Confident that despite being
limited to a single replicate, this experiment could still provide useful data, this analysis was
extended to other factors. The average observed intensity of the GINS complex was
representative of many other individual factors and subcomplexes associated with the fork in

this experiment (data not shown). Indeed, the dynamics observed also fit with expectations
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from cell cycle stage. At 30 minutes, prior to activation, GINS showed very little association
with MCM2-7. Once activation was seen to begin around 60 minutes (Figure 42C), the
abundance of GINS in the pull-down increased greatly. By 75 minutes, when many cells were
undergoing the main to late stage of S phase, the association of GINS with MCM2-7 was
greatest, most likely representing the presence of many CMG complexes, where GINS is stably
associated with the helicase. The opposite trend was observed for ORC. ORC1-6 was seen to
reduce in abundance in the pull-down over time. This fits predictions well, as during loading,
the association of ORC with MCM2-7 is clear, since it physically binds MCM2-7 to load the
helicase onto origin DNA. ORC abundance in the pull-down decreases over the time-course,
as the helicase loading activity in cells is ceased, and MCM2-7 complexes move away from
the origins where ORC generally binds. The dynamics of many other factors were also
investigated, which exemplifies the strength of ChIP-MS when compared to ChIP-qPCR, since
it can observe the association of many factors simultaneously, as opposed to the single factor
ChIP-qPCR approach.

The success of this single-replicate condensed time-course supported the progression to a
much larger, multiple replicate time-course with more time-points. Running the time-course in
quadruplicate would allow a much more quantitative measure of the dynamics observed of
factors, whilst further time-points could explore more sectors of the cell cycle, and investigate

previously targeted temporal regions with more precision.

3.6.3 Mcm4-FLAG ChIP-MS full time-course in quadruplicate

Following the success of the single-replicate Mcm4-FLAG ChIP-MS time-course, the
experiment was repeated in quadruplicate covering extended time-points. The Cdc20-mediated
mitotic arrest was again utilised, and cells were released from this block into S phase. Six time-
points were selected to harvest cells at: 0, 30, 45, 60, 75 and 90 minutes post release.

Immediately after release represented a mitotic state, where MCM2-7 hexamers should all be
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non-chromatin associated, and provide a control of sorts to remove soluble MCM2-7
interactors from comparative enrichment analyses. Thirty minutes was chosen to investigate
the formation of pre-RC and MCM2-7 loading complexes prior to double hexamer formation.
At forty-five minutes, DNA replication had not yet begun, but the majority of cells had
undergone cytokinesis, and Mcm4-FLAG ChIP-gPCR under this release protocol showed
maximum Mcm4 origin association at this time (Figure 42C). This was likely to represent a
state prior to replication initiation, and be as close as possible to the alpha factor-mediated
arrest previously studied. The first signs of DNA replication by flow cytometry were visible at
around sixty minutes (Figure 42D), and so this time was chosen to attempt to capture the
complexes undergoing the transition from double hexamer to functional helicase. At seventy-
five minutes, a large proportion of cells were in the main body of S phase and so this was used
to further investigate the active replisome isolated by Mcm4-FLAG with more replicates. By
ninety minutes, most cells had a DNA complement of near 2N, indicating that DNA replication
was nearing completion or had ended. This time-point would be used to try and investigate
terminating complexes and their protein complexes. Cell cultures were grown on four
successive days to reduce the variability of growth conditions, and the ChIP-MS extract
preparation and wash steps were carried out on two separate days, two replicates per day,
processed separately. Figure 44 panel A shows the results of SDS-PAGE analysis of the sample
eluates visualised by silver stain. The presence of certain IP-specific bands and general protein
smear density was visible in the tagged samples, and mostly the general protein density of
tagged samples was greater than the untagged negative controls. In some of the untagged
controls (e.g. replicate 4, lane 4-6), a level of density was visible that was greater than expected.
To rule out the possibility of cross-contamination and confirm the efficiency of the Mcm4-
FLAG pull-down, the SDS-PAGE analysis was repeated and Western blotting used to

investigate the presence of FLAG epitope in the eluates (Figure 44B). All of the tagged samples
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displayed reasonably high levels of FLAG epitope at the expected height of the Mcm4-FLAG
protein, with the cross-linking induced smearing also visible. The quantity of Mcm4-FLAG
present in the eluted samples was not entirely consistent between samples, and there was no
clear temporal pattern visible over the time-course. However, in the untagged controls, there
was very little FLAG epitope signal visible compared to the pull-downs. Most samples showed
no signal even at greater exposure, though in one untagged control (rep. 4 NC 60 minutes) there
was a faint band visible (high exposure blot not shown).

At each time-point cells were harvested, a small number of cells were taken for flow cytometry
analysis (Figure 44C). An exemplar replicate release profile is shown. In contrast to previous
trials of this release (Figure 42B,D), the cells proceeded into S phase faster in all four replicates,
with signs of DNA replication visible at 45 minutes, and with a large number of cells in the
main body of S phase by 60 minutes. This adjusted the stages of the replication complex that
were being isolated in this experiment. However, the offset did allow many of the intended
stages to be investigated. In this large scale experiment, then, 45 minutes appeared to be the
time-point where initiating replication complexes could be isolated. 60 minutes would be the
time-point where active replisomes were likely to dominate, and whilst 75 and 90 minutes
would likely appear more similar than previously, 75 minutes would likely have active and
terminating replisomes, and 90 minutes could possibly be dominated by terminating complexes

with very few active replisomes remaining.
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As a further quality control measure, the number of unique proteins in each sample of the
tagged and untagged pairs was compared across the experiment (Figure 44D). Generally, the
number of unique proteins in the tagged sample was greater than that in the untagged sample.
The majority of proteins detected were present in both samples in the pair, however. Some
pairs showed more unique proteins in the tagged pull-down than others, but there was no clear
pattern overall that caused any concern. The number of proteins detected overall in each pair
was also consistently high, with an average of 2747+152 proteins detected for each IP-NC pair.
Principal component analysis was carried out on the samples following mass spectrometry
analysis (Figure 45). Pool samples, made up of small volumes taken from every sample, were
also run to ensure the spectrometer functionality was maintained over the course of the run,
and these were included in the PCA analysis. Importantly, there was both a clear separation
between the tagged samples and the untagged controls, and the samples tended to group with
others of the same time-point rather than with samples of the same replicate. A slight trend also
emerged in the PCA analysis, where except for 0 minutes, the other time-points showed a linear
relationship along both principal components, possibly indicating a progression of the isolated
complex over time. The 0 minute timepoint also associated the closest with the untagged
controls, which could indicate that this sample had fewer IP-specific proteins, and overall lower
complexity. It is not possible to draw too many firm conclusions from such analysis, however.
To investigate the composition of the helicase complex at each timepoint, the enrichment of
proteins in pull-down over the untagged control was calculated as before. Where a protein was
not detected in the untagged control, imputation was carried out manually or in the Perseus

analysis software as previously.
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Figure 45: Principal component analysis of all time-course samples submitted to mass spectrometry, including a set
of 4 “pool” samples containing a small sample volume from every sample mixed, to ensure comparability of the start
and end of the instrument run. Tagged pull-down samples are indicated by filled circles, and untagged controls
indicated by open circles, coloured by time-point.

Figure 46 shows the distribution of intensity values of detected proteins for each sample.

Protein values that were imputed are shown in red. For the tagged pull-down samples, the

relative number of imputed values was generally low, and the resultant introduced low intensity

values filled out, rather than disrupted, the lognormal distribution of the protein intensities. The

0 minute timepoint showed the most need of imputation, which reflected the fact that at this

time-point, the MCM2-7 complex was not chromatin bound, and so possibly had a much

reduced set of associated proteins. This could have led to more of the low cellular abundance,

replication specific proteins not being detected and showing up as missing values due to their

lack of MCM2-7 interaction at this time. The untagged control samples showed on the whole

a much increased number of imputed values. The introduction of these values did disrupt the

smooth lognormal distribution. However, since these were untagged negative controls meant
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to show the non-specific background, a lower number of proteins were expected to be detected
in these samples. In this case, imputation was still occurring on the lower end of protein
intensities, reducing the chances of inappropriately high artificial enrichments being produced.
Some of the untagged control samples displayed greater numbers of missing values that
required imputation than others. This indicated that the non-specific background was slightly
variable over all samples. This could be due to variability introduced at multiple points, but is
most likely a result of slight variance in wash steps. This variability was introduced despite all
due care being taken to carry out this step across all four replicates within a narrow time frame,

utilising the same buffers, and standardising the technique.
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Figure 46: Histograms of protein intensities in time-course mass spectrometry samples. Proteins with measured intensities
are shown in blue, and imputed proteins are indicated in red. Imputed proteins fall at the lower end of the intensity scale, and
are more prevalent in the untagged controls, which have a greater number of missing values due to the lack of tag-specific
pull-down.
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Despite minor issues with imputation specifically in the untagged controls, the pull-down data
was of sufficient quality to proceed to more detailed analysis of protein composition and
dynamics across the time-course. As before, an informative method of displaying enrichment
data in mass spectrometry is a volcano plot, combining the enrichment values in one dimension
with the significance values of a permutation based two-sample t-test on the other. Performing
this analysis on the six time-points collected when comparing the tagged pull-down to the
untagged negative control generated the plots shown in Figure 47.

In all cases, the six MCM2-7 subunits were among the most reliably enriched proteins (Figure
47A-F, yellow points). This confirmed that the pull-down was correctly targeting and enriching
for this complex at every stage of the time-course. Whilst the exact positioning of the subunits
was variable from time-point to timepoint, reflecting changes in both the calculated enrichment
score and the p-value, the overall position towards the top right of the chart was consistent.

Another relatively consistent factor present in the pull-down was the MCM2-7 binding partner
Cdtl. As discussed above, this factor binds hexamers prior to and during loading onto DNA,
and therefore likely represents the amount of soluble non-chromatin associated MCM2-7. The
enrichment of Cdtl was highest at the 0 minute time-point (Figure 47A), but nonetheless
remained high throughout the time-course, indicating reasonable amounts of soluble MCM2-7
present. It was proposed that the level of Cdtl in the IP generally could be used as a proxy
measure for the amount of soluble vs. chromatin-bound MCM2-7.

The enrichment of other factors was more variable across the time-course, however. A notable
protein that displayed variable enrichment was the origin recognition complex (ORC). The
complex, excluding Orc3, was not enriched at the 0 minute timepoint, but by 30 minutes, five

out of the six subunits were significantly enriched in the pull-down (Figure 47B, dark green).
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Figure 47: Volcano plots showing the relationship between factor enrichment in the tagged IP versus untagged control and p-value as
calculated by a two-sample t-test for each of the time-points. For all plots the false discovery rate (FDR) was set to 0.05, and the SO value set
to 0.1. Amanually curated subset of factors associated with the replication complex are highlighted as coloured filled circles, and significantly
enriched members of this subset are labelled. The factors are colour-coded as follows: Red = Cdc45, = MCM2-7, Pink = Polymerases,
Dark green = ORC1-6, Turquoise = Topoisomerases 1/2, = RPA, Blue = Ctf4, Dark blue = Clamp and clamp loader complex, Purple =
Fork protection complex, Black = Cdt1, Light green = additional protein factors of interest.

This increased association of ORC1-6 in the pull-down indicated that a subset of the pulled-
down MCM2-7 had become chromatin-associated. ORC is consistently DNA-bound, and binds
to origins of replication strongly in G1. This was a clear indication that helicase loading was
being carried out at the 30 minute time-point. ORC1-6 enrichment could be seen to decrease at
further time-points, indicating that the association of ORC and the MCM2-7 complex was
reduced. This could be the result of MCM2-7 helicases activating and moving away from the
origins. An alternative hypothesis suggested by data collected by L.M. Reuter in the lab would
suggest that once MCM2-7 is loaded as a double hexamer, ORC is displaced from origins
(manuscript submitted). If this is indeed the case, the reduced ORC1-6 association would then
reflect completion of helicase loading and double hexamer formation. By the 60 minute time-
point, ORC1-6 enrichment is much reduced compared to 30 minutes, either suggesting
movement of helicases away from origins, or completion of loading and double hexamer
formation. Flow cytometry data from this experiment favoured the first hypothesis, since in
this case, replication had clearly begun by 60 minutes (Figure 44C), but it is possible that
loading was still occurring at the 45 minute time-point and ORC association with MCM2-7
does indeed decrease immediately following double hexamer formation.

An interesting result was observed when looking at factors typically representative of fully
active replication complexes, such as polymerases, RPA, Ctf4 and the fork protection complex.
Generally these factors did not show significant enrichment at 0 minutes, prior to the beginning
of helicase loading, but some of them began to show significant enrichment as early as 30
minutes (Figure 47B). Flow cytometry data indicated that this was a significant period before

replication activation (Figure 44C). The presence of close association of these factors with
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Mcm4 at this time-point was therefore unexpected. Whilst all three of the replicative
polymerases showed significant enrichment of at least one of their subunits, since they are
stable complexes, it would be expected that they would display similar enrichments. The
enrichment of polymerase ¢ is therefore the least certain at this time, with only Dpb4 being
significantly enriched. However, polymerase a shows significant enrichment of all four
subunits at this very early time-point. It is hard to conclusively show that this is not as a result
of early initiation events in some cells, but given time before replication was visible by flow
cytometry, and the magnitude of the enrichment, this enrichment appears to occur prior to
activation for a reasonable proportion of helicases. Together, the association of certain
replication factors with the helicase prior to initiation indicated some pre-association of factors.
This need not be direct pre-association with the MCM2-7 helicase itself, since the cross-linking
step allows retention of factors that might be indirectly linked by intermediate factors or by
DNA. However, it does indicate that certain replication proteins, may be associated with the
origins of replication and/or MCM2-7 earlier than might have been expected.

At 45 minutes post mitotic release, the complex composition appeared to build upon what had
been observed at 30 minutes (Figure 47C). Notably, Cdc45 was significantly enriched at this
time, implying that helicase activation, driven by kinase activity, was underway. Almost all of
the polymerase subunits detected in the mass spectrometry were now significantly enriched
(aside from Dpb4), and Ctf4 showed very strong enrichment. Because cells in this experiment
had proceeded more quickly to S phase than previous trials (Figure 44C), this could correspond
to the activation of replisomes.

After 45 minutes, though, the trend that had been observed did not appear to continue. Instead
of more replication factors associating with the complex as might be expected of a replisome
transitioning to a fully functional state, few factors showed an increase in enrichment over

previous time-points, and the number of factors significantly enriched dropped markedly. The
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flow cytometry data indicated that at 60 minutes, a large proportion of the cell population were
in S phase (Figure 44), which should have meant a large number of active replisomes. MCM2-
7 enrichment remained high, but other, more peripheral, replication factors were seen to be
much less reliably enriched at this and later time-points (Figure 47D-F). A reduction in
enrichment of replication factors was expected at the later time-points as termination events
occurred, reducing the number of active replisomes, but 60 minutes was considered too early
for termination events to have much of an effect.

Despite the unexpected results from the latter three time-points, further investigations were
carried out into both the composition of proteins in the pull-downs at each time-point, and also
how the time-points compared to each other in this regard (Figure 48, Figure 49, Figure 50).
By simply ranking the detected proteins by enrichment values as done for previous
experiments, a few interesting observations could be made. Firstly, the consistency of MCM2-
7 and Cdtl/Tahl1 enrichment could be seen across the time-points (Fig. Figure 48A). The
number of replication associated factors in the most enriched proteins could be seen to increase
over the time-course, reflecting the progression from unloaded MCM2-7 hexamers, through to
stable double hexamer, and finally to active replisomes, possibly ending with terminating
complexes. However, there were overall fewer expected replication factors making the most
enriched protein list than previous experiments. The presence of certain protein factors in this
list appears to chart the progression of the complex over time. Ctf4, Cdc45 and Tof1 all show
greatest enrichment values at 60 minutes, when the helicase complex is part of an active
replisome, and the enrichment values decline as the time-course progresses, potentially
indicating loss of replisome complexes to termination events. As mentioned previously, a
surprisingly high enrichment of Ctf4 was observed at 45 minutes, when only a small amount

of DNA replication was detected (Figure 44C).
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Figure 48: Enrichment analysis of proteins in Mcm4-FLAG ChIP-MS across different time-points post-mitotic-arrest. A)Tables
showing the most enriched proteins when comparing tagged pull-downs against the untagged negative controls for each
time-point. Proteins that are part of the manually curated set of replication factors are coloured according to the colour
scheme used in prior figures. Enrichment values are the mean enrichments across four replicates. Where a protein was not
detected in the untagged control, conservative imputation was used to assign a value equal to the mean of the lowest 10%
of detected proteins in the untagged control. B-D) Enrichment analysis of proteins in Mcm4-FLAG ChIP-MS comparing tagged
pull-downs against tagged pull-downs from different time-points. Protein enrichments between tagged samples were plotted
against the p-value from a permutation-based two-sample t-test carried out in the Perseus software, using an FDR of 0.01,
and an SO value of 0.1. Proteins are coloured according to the previously used schema. B) Volcano plot showing enrichment
against p-value for the comparison between Mcm4-FLAG cells at 30 minutes post-mitotic-arrest against Mcm4-FLAG cells at
0 minutes post-mitotic-arrest. C) As in B, but for 45 minutes post-mitotic-arrest against 0 minutes post-mitotic-arrest. D) As
in B, but for 60 minutes post-mitotic-arrest against 0 minutes post-mitotic-arrest.

By comparing pull-down protein intensities directly and conducting a t-test between them,
volcano plots could be constructed that show the protein composition changes directly between
time-points (Figure 48B-C). This has advantages over the comparison of enrichment values. It
is clear from multiple tests of ChIP-MS and even the replicates within this large scale
experiment, that the variability of the untagged controls is large. Both the protein composition
and protein quantity can be inconsistent. By comparing the pull-down samples directly, this
source of variability can be removed.

By comparing the protein quantification at 30 minutes post-mitosis release to the
quantification at the 0 minutes time-point (Figure 48B), the increased association of many of
the factors identified from enrichment analysis (Figure 47A and B) could be confirmed. Most
of the subunits of ORC1-6 showed significant enrichment at 30 minutes over 0 minutes at an
FDR 0f 0.01, and so too did most of the polymerase o subunits, as indicated previously (Figure
47A-B). The increased Mcm4 association of Ctf4 by 30 minutes was also confirmed to be
significant, as was the association of Tofl. Cdc7 was also shown to be significantly enriched
at 30 minutes over 0 minutes. This is interesting, as Cdc7 is one subunit of the two-protein
DDK kinase which is responsible for MCM2-7 phosphorylation to initiate initiation factor
binding. Dbf4, the other subunit, was not detected in the mass spectrometry. This might
indicate the potential for MCM2-7 activation from thirty minutes onwards, and possibly
explain some of the association of later replication factors. Several subunits of the RFC

complex were also significantly enriched at 30 minutes over 0 minutes. These proteins are
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responsible for the loading of the Pol30 clamp on daughter strands behind the active replisome.
The enrichment of these factors by 30 minutes is surprising, as they would potentially indicate
an active replisome. While it is possible that some small proportion of complexes initiate prior
to this timepoint, and because of the scarcity of these complexes, the small protein Cdc45 is
not detected in the mass spectrometry, this data could also represent evidence of pre-association
of certain complex members.

The same analysis carried out on the 45 minute time-point, comparing it to 0 minutes yielded
more confirmatory results to the enrichment comparisons (Figure 48C). A greater number of
polymerase components and Cdc45 were now significantly enriched. The particularly high
enrichment of Pol2 and Cdc45 was indicative that at this time-point, some replisomes had
begun to be activated. Overall, this data mirrored that of the IP/NC enrichment analysis,
suggesting that the variability of untagged controls was not having a consequential effect on
the visibility of the overall trends.

Comparing the 60 minute and 0 minute pull-downs directly yielded a confusing result. Under
the same FDR and SO constraints, none of the replication associated factors tested showed
significant enrichment in 60 minutes over 0 minutes. This was highly surprising, but did
suggest that the unexpected results of the enrichment analysis (Figure 47D) reflected the
underlying data. From the PCA analysis, it could be seen that 60 minute pull-down from
replicate 4 showed separation from the other three samples at this time-point. However,
conducting the analysis again without this sample did not improve the analysis a great deal.
Considering only three 60 minute replicates, and a relaxed FDR of 0.05, only Pol2, Tofl and
Ctf4 were significantly enriched. Enrichment of replication factors could still be observed
(Figure 48D), but did not reach statistical significance.

To explain why complexes at such diverse stages of the cell cycle could appear so similar, it

was considered whether the proportion of soluble MCM2-7 complexes isolated could be
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underlying this effect. Since at 0 minutes, the majority of MCM2-7 complexes were soluble
and not associated with the replication machinery, any sample that pulled-down a large
proportion of soluble non-chromatin associated MCM2-7 complexes would on the whole
resemble the 0 minute sample. The enrichment of replication factors caused by chromatin-
associated MCM2-7 could be insignificant if a low enough proportion of these complexes was
isolated.

The volcano plots from the 75 and 90 minute time-points appeared similar (data not shown).
Termination events prior to 75 and 90 minutes could explain the loss of chromatin-bound
MCM2-7 in the pull-down for these samples, but the behaviour of these samples was similar
enough to that of the 60 minute sample to suggest a common explanation for these timepoints.
Pol2, Tofl and Ctf4 were tending to enrichment in even the 90 minute timepoint, but did not
reach the level of significance. This suggested that replication complexes were present as a
subpopulation in all three of these later time-points, but were disproportionately few compared
to the soluble MCM2-7 that was being pulled-down.

Whilst it was not clear what was causing this effect in the data at these later timepoints, three
hypotheses were suggested from the data and the experimental method. Firstly, the reduction
in significant enrichment could be caused simply by an increase in the variability between
samples. Since the later time-points were further away from the synchronous arrest stage,
population drift in cell cycle stage could be responsible for increased variability of protein pull-
down. This was a tempting hypothesis, but flow cytometry data showed a large proportion of
cells in S phase at 60 mins (Figure 44C), and this should create an abundance of replication
complexes that would be expected to cause a significant enrichment of replication proteins
despite slight cell cycle heterogeneity in the cell population. Secondly, it was hypothesised that
there could be a mechanism by which chromatin-bound MCM2-7 was eliminated from the pull-

down in favour of the soluble MCM2-7. It was possible that a high level of cross-linking to
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DNA, coupled with inefficient sonication, could result in a loss of chromatin bound MCM2-7.
This matched well with the results of these later time-points, but did not easily explain why
this effect did not negatively impact the 30 and 45 minute time-points as well. Whilst not
conclusive, it was suggested that this difference might be due to the cross-linking to ssDNA
present in the active replisome, but not in double hexamer. If excessive cross-linking and
inefficient chromatin fragmentation was to blame, then MCM2-7 cross-linking to ssDNA
should have been affected more, due to the preferential cross-linking of ssDNA over dsDNA.
Thirdly, it has to be acknowledged that termination of replication forks does not occur
uniformly at the end of S phase, but stochastically whenever two opposing forks meet. In some
regions of the genome, many early-firing origins are clustered close together. It is clear that
from even very shortly after release into S phase, a population of replisomes will be
terminating/have terminated. In fact, most termination likely occurs quite rapidly after entry
into S phase, an effect that is exacerbated by the similar initiation timings of early and late
origins that was observed in the Cdc20 release (Figure 42C). Unloading of MCM2-7 from
DNA during termination creates a large population of soluble pull-down targets that are likely
to out-compete chromatin-bound complexes. By the later timepoints, this effect is likely to be
very evident, and is therefore the most likely reason for reduced replisome pull-down in the
timepoints past 60 minutes.

Regardless of the cause of the issue, the latter three timepoints of the experiment clearly
showed issues with either the reliability of the pull-down, or the proportion of chromatin-bound
MCM2-7 present, and so any analysis on these samples should be considered with some
scepticism.

For those proteins that were significantly enriched in the tagged pull-down over the untagged
control in the first three time-points, gene ontology enrichment analysis was carried out (Figure

49). All three time-points showed enrichment of GO terms relating to DNA replication, with
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the enrichment significance being much greater in both the 30 and 45 minute time-points when
compared to the 0 minute timepoint (Figure 49, compare panels B and C to panel A). The
enrichment shown for DNA replicative processes at the 0 minute time-point is likely mainly
due to the presence of the MCM2-7 and Cdtl proteins, which are reliably enriched. At the two
later time-points, the presence of multiple additional replication proteins is likely the cause of
the increase in significance.

To compare how the set of replication-associated proteins behaved over the course of the
time-course, the average enrichment values of this set of factors across all four replicates was
plotted for all time-points (Figure 50). In comparison to previous trials of the Mcm4-FLAG
ChIP-MS, the detection of these factors in the mass spectrometry was much less complete. As
previous figures show, the pull-down of MCM2-7 subunits was efficient in this experiment,
but the pull-down of certain other replication factors was impaired comparatively. Notably, the
initiation proteins Sld3, S1d3 and Dpbl11 were not detected at any time-point in any sample,
and S1d7 and Mcm10 were only detected at the 45 minute time-point in the tagged sample.
Most concerningly, of the GINS complex, only Psfl was ever detected across all samples and
timepoints.

As previously noted, the behaviour of Cdc45 and Ctf4 roughly followed the expected
progression of the complex, increasing from very low enrichments at 0 minutes, through to
high enrichment at 45 minutes, before slowly reducing in enrichment through 60, 75 and 90
minutes. Of the fork protection complex proteins, Tofl and Mrc1 followed this trend, but their
complex partner Csm3 did not show a similar trend. In this case, the levels of Csm3 detected
in the tagged sample were low enough that the conservative manual imputation caused this
protein to display a negative enrichment value. Psfl, the only GINS member detected, was also
affected by this same issue, showing negative enrichments throughout. A trend similar to that

noted for Cdc45, Ctf4, Tofl and Mrcl was also seen for several of the subunits of polymerase
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g, though Dpb3 and Dpb4 often were only detected at low abundances, and were also affected
by imputation effects. The early association of polymerases o and & with MCM2-7 is still
visible in this visualisation, showing increases in enrichment prior to those shown by the other

replication factors, highlighting the possible pre-association of these factors.

250



3.6 - Changing complex composition and interactome of MCM2-7 in the cell cycle (MCM4 IP timepoints)

A Gene ontology enrichment analysi of significantly enriched proteins in IP/NC at 0 mins

OMA unwinding invlves in DNP. re,.slcallol

T rr~ph::|| et 0\3.11;‘ nl
Pra-replicalive complax assembly involved in i
Prevreplicative complox assambly imvohead n nucles

'}NA duplex; urwinding
DA geomatric change

Dioubie-sirand break repair via break-induced regication
Muclear DMA regieation

on

-log10(FDR})

Skant mating-lype cassatle halarochr['émal
Double-sirand break repair via '|a|1|uk|gnuillr:|\:|. ritd
L 1 an
Facombinatianal repalr
DIMA contanmatian change
OnA-depersdant DMA repdcation
Dauble-strand break repalr
DOMA rE'.;HETJ
Protein: DRA oo {:Imc AssEm
Prolaln-DhA cor |'[J|E-a subunt organizalion
[ matabolic procass
Cellsar respongs 1o siress
hremosome organization
Response 1o sifess
Gallar respanss o BEmulus
Respanse o stimulus
Nuckic acd melabali: pracess
Celdular aromatic compound meatabalic procass
Mudepbass-conlainng compound metabalic process
Heterocycka mataballc procsss

(RN NN NN N

N. of Genes
® 10
e 20
e 30

LR N |

:uwulullllll”HH

=]
a
]
a
@
D
-
a
-
a

-
(=]
a
m
=1
3
g
3
@
=

B Gene ontology enrichment analysi of significantly enriched proteins in IP/NC at 30 mins

Pra- rnp.l'allur rnm[?k:‘- assnminty
I.'ll;.l irrvadved in oail spcle DNA replication
In nuclear W" C pcia D I\Dnlna‘loq
i nelnc change

Maturation of 5.85 rRMNA [rom Bcstanie iRNA ranseris! (S50 |F':N|'\ a a MA, LSL-FR

Eaturalion of § 65 AN

T‘u.r:l DHA camplex assemibly
(5T omra-mallor. thﬂl‘qa
Protein-DMNA camplex subunit organizatk
FRMA process
RAMA melabolc r.v'nr
Chramatii orgar
Ritonuclesgrotain complax p’ngprc\ds
Ribosome bogenass
MeRMA professing
Chramosome crgantcation
ANA processing
RMA metabokc procass
Mucleic acid melabolc process
lluiar compoenent togenssis
Mucleabase-cond g ompadnd metaboke process
Celluar aremalic compaund meatabokc procass
Heterocycle metabolc process
Organic cyehe compaund metaboks procesa
SENE @NPresson
Callutar campenent organizalicn or biogenesis
Celular nitmagen compaund metabolic crocess
cromokecule metabole process
Milmagen Lﬂlwullﬂ melabolc process
rimary metabobc process

Pre-feplicalive complex as
Pre-repicative complex assambly n

-log10(FDR)

18
15
12
]

M. of Genes

* 25
® 50
® 75
® 100

-muumulllllllll”m|

-

'.‘I? 1'5 ';.‘]
Fold Enrichment

C Gene ontology enrichment analysi of significantly enriched proteins in IP/NC at 45 mins

Pre-repicalive complex as

Pra-replicative compax assemily mvolved n ced cycle DA repd
Pre-replicative complox assembly invobed n |u|:|r~I ; 3 i
OMA comp [ -

Protain-OWA complex subunk organization =

RANA proces. -

-log10(FDR)
Chomatin organization

AAMNA matabalic precess

MeRNA processing

Rbasome hisgenesis
RAibomidieopratein complex blagenesis
MA matabalc process

processing

Chromozome organization

ANA metabalic procoss

1 ol irenscription, DA-lemplaied
kol acid-lemplated Iranscriplion
n ol BNA blasynihetic process
Callular cormponent bisganesia

MNugleic acd metabalic process

Regulation of gens sxpression

Muchaobasa-contain n_g campound metabalks procass
Celular aromatic |'.'A'.Irll|.|l.'-l. 1d msatabolic process

cycia 'r-atat:oll" process

G gapression

Cnganic cyclic compewnd matabolic process

Celular component organization or blegenesk
Cellular nifregen compowid metabalic process
Macromolecwis matalbolic procass

Nitregen caompound metabalic process

Regulali
Aegulation of
Reg

N. of Genes
* 30
& B0
® o0

v ] [ "
5 0 15 20

Fold Enrichment

ca

Figure 49: Gene ontology enrichment analysis for the first three time-points. T-test significantly enriched proteins between
tagged and untagged pairs were compared against the total proteome to identify enriched biological processes (Ge et al.,
2020). A) Analysis of the 0 minute time-point. B) Analysis of the 30 minute time-point. C) Analysis of the 45 minute time-point.
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Figure 50: Enrichment analysis of a core set of replication-associated factors.

Enrichment values were calculated using average LFQ values from four replicates for each time-point. Where proteins
were not detected in the untagged negative control, a conservative manual imputation was performed as previously.
A) Enrichment analysis for cells arrested immediately after mitotic-arrest release. B-F) As in A, but for each time-point
tested: 30, 45, 60, 75 and 90 minutes post mitotic-arrest release.
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Clearly, this experiment showed different results than in previous trials. The lack of detection
of the GINS complex and most of the transient initiation factors was disappointing. It was also
not entirely apparent why mass spectrometry analysis of this pull-down was not able to detect
these proteins when it had with consistency before. It is possible that high levels of cross-
linking and insufficient sonication could explain both the issues with the later time-points and
the lack of certain replication factors. An underrepresentation of chromatin-bound MCM2-7
complexes would impact the overall levels of replication proteins isolated. GINS subunits are
among the smallest proteins in the replication factor set, and so are already less easy to detect
by mass spectrometry, especially if present at low levels. Cross-linking artifacts preventing
peptide recognition will only exacerbate this issue. The lack of detection of GINS and other
factors could have been because they were at a low enough abundance in the sample to drop
below the detection threshold of the MS instrument.

Because calculated enrichment values, and specifically the ones utilising imputation, were
generating misleading results, it was decided to investigate complex composition and protein
abundance over the time-course looking only at the LFQ normalised intensity values for
individual protein factors. Whilst not as quantitative as an approach like SILAC or TMT
labelling, LFQ normalisation can produce reliable normalisation of protein abundance.
Comparing LFQ intensity of individual proteins should not be used in isolation, but with
information gained from more statistically controlled methods displayed above, some
conclusions could nonetheless be drawn from this dataset.

Firstly, the average LFQ intensities for the six MCM2-7 subunits over the time-course do
decrease (Figure 51A). This would appear to fit the hypothesis that a subset of MCM2-7
complexes are not released from cross-linked chromatin, and so are “lost” from the pull-down.
This trend was consistent for all subunits, so indicated a general effect for intact hexamers. In

particular, the trend for Mcm?7 did not display a markedly different profile. Because Mcm?7 is
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the subunit that is ubiquitinated by SCFP!2 and then targeted by the Cdc48 segregase (Moreno
et al., 2014; Maric et al., 2014, 2017), it might have been expected that Mcm?7 abundance
decreased if termination was occurring. Instead, Mcm?7 closely matched the profiles of the other
subunits, even at ninety minutes. This held true for both calculated enrichment values and LFQ

intensities (Figure 52).

Calculating average LFQ intensities of other factors also yielded results consistent with the
previous analysis. The abundance of Cdc45 within the pull-down samples followed the
expected pattern (Figure 51B). Initially, very little Cdc45 was detected, but once MCM2-7 was
loaded at origins at 30 minutes and beyond, Cdc45 abundance levels in the pull-down
increased. The maximum abundance was detected at 60 minutes, which would agree with flow
cytometry data suggesting that this time-point contains the most cells actively in S phase
(Figure 44C). After this point, the abundance levels decreased, which would correlate with the
termination of replication and disassembly of CMG complexes.

Similarly, by looking at the dynamics of ORC abundance in the pull-down, an easily explained
pattern was observed (Figure 51C). Levels were low at 0 minutes, since MCM2-7 was not
chromatin-associated. However, once ORC-dependent MCM2-7 loading at origins begun, the
association of ORC with MCM2-7 increased. ORC abundance began to decrease immediately
after its peak association at 30 minutes, due to two interlinked possible causes. Loading
reactions, responsible for the direct structural interaction of ORC and MCM2-7, ceased, and
MCM2-7 double hexamer occupancy at origins displaced ORC complexes from their binding
sites. By the end of DNA replication as visualised by flow cytometry, ORC-MCM2-7
association as measured by ORC1-6 abundance in this IP, were once again much reduced to

around the mitotic level.
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Figure 51: Bar plots displaying the averaged normalised intensities for individual proteins at each time-point. The mean of
LFQ values from the four replicates was calculated. Where displayed, error bars indicate the standard error in the mean
(s.e.m.). A) Plot showing the average mean LFQ intensity for the MCM2-7 subunits at each time-point. B) Plot showing the
mean LFQ intensity of Cdc45 over the time-course. C) As for B, but for the origin recognition complex subunit Orc1. D) As for
B, but showing the normalised mean LFQ intensity of the larger subunits of the three main replicative polymerases, Pol ¢, Pol
g and Pol o respectively. Intensity means were normalised to maximum values in the time-course for visual clarity and
comparison with the other polymerases. E) As for B, but for Tof1. F) As for D, but for the three subunits of the ssDNA-binding
protein RPA. G) As for B, but for FACT subunit Pob3. H) As for D, but for two proteins involved in helicase ubiquitination,
unloading and degradation, Cdc48 and Skp1.
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Figure 52: Quantification of MCM2-7 subunits across all time-points and replicates by two separate metrics. A) Calculation of
an enrichment value for Mcm5 and Mcm7 was carried out by comparing tagged sample intensity against untagged sample
LFQ intensity pairwise for four replicates individually. The resulting average enrichment value is plotted, error bars represent
standard error of the mean (s.e.m.). B) The average LFQ intensity for the Mcm5 and Mcm?7 subunits in the tagged IP samples
across four replicates is plotted. Error bars represent standard error of the mean (s.e.m.).

The intensity variations for other replication factors over this experiment were also visualised.
As a measure of polymerase association, the intensity values of the larger subunits of
polymerases a, € and 9, Poll, Pol2 and Pol3 were compared (Figure 51D). These subunits were
chosen because they showed the most reliable intensity values in this ChIP-MS experimental
run, as previously mentioned, the smaller subunits displayed some issues with the detection
threshold. However, the larger subunits showed robust quantification values here, and so were
used as a proxy for the polymerase multi-subunit complexes associations with MCM2-7.
Comparing their normalised intensities, it was possible to see a similar pattern to that of Cdc45,
with some key differences. For polymerases a and 0, their peak abundance was detected at 45
minutes, suggesting this was the time-point where these proteins showed maximal association
with MCM2-7. Whilst the abundance after this time followed a similar trend to Cdc45, likely
correlating with the number of active forks, the majority of cells at 45 minutes had either not
started or were just initiating DNA replication. Indeed, the rise in association of polymerase o
and o with MCM2-7 was seen even at 30 minutes, at a time where MCM?2-7 was being or had
only recently been loaded at origins. This was a clear demonstration of the “pre-association”
of these factors with the MCM2-7-bound origin, even before activation of the helicase

complex. In comparison, polymerase € showed a more Cdc45-like pattern. This is likely due to
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the role of polymerase ¢ in the activation step of DNA replication initiation, where it is recruited
by kinase activity, along with GINS, S1d2 and Dpb11. It was an interesting observation that the
other two polymerases show such early association, and should this data prove reproducible, it
poses questions about what exactly is causing this association. Are polymerases o and o
recruited to origins prior to replication initiation? If so, what is the mechanisms behind this
recruitment? Is it via direct interaction with MCM2-7 or is another factor present at origins
responsible?

The fork protection complex comprises Tofl, Mrcl and Csm3. Csm3 is a very small protein,
and as such was often not detected in ChIP-MS experiments. However, Mrcl and Tofl were
both reliably detected in Mcm4-FLAG pull-downs. Both these factors demonstrated a similar
profile to Cdc45 over this time-course (Figure 51E, Mrcl data not shown) which does suggest
that these proteins’ abundance in the pull-down does track the formation of an active replication
complex.

Abundance investigation of RPA subunits did not yield so clear a result (Figure 51F). Not only
were the raw LFQ intensity values very different between the three subunits, but the abundance
of these factors was already relatively high at 0 minutes. This indicated the background noise
level of this factor was high, or that there was some RPA-MCM2-7 interaction in solution,
which was considered unlikely. Whilst the general trend for this factor mirrored that of other
replication factors, this high background meant that whilst usually this factor can be used to
reliably indicate the presence of ssDNA, in this experiment it most likely did not indicate this.

Another factor that showed a perhaps surprisingly early association with the MCM2-7
complex was the FACT complex (Figure 51G). The FACT complex is required for progression
of the replication fork in vivo and travels with the replication fork (Zhang, Feng & Li, 2020;
Kurat et al., 2017; Gambus et al., 2006). Studies in human and yeast cells indicated that the

MCM2-7 FACT interaction was important for FACT recruitment to origins, and that disruption

257



3.6 - Changing complex composition and interactome of MCM2-7 in the cell cycle (MCM4 IP timepoints)

of this interaction delayed DNA replication initiation (Han et al., 2010; Tan et al., 2006).
Interestingly, in this time-course, Pob3, one subunit of FACT showed a high increase in
abundance from 0 to 30 minutes. This indicated association with MCM2-7 that was in some
way regulated by MCM2-7 origin association. Either FACT was already present at origins and
MCM2-7 loading subsequently caused in increased association, or origin-bound MCM2-7
recruited FACT. Consistent with previous literature, the abundance of FACT remained high
throughout replication, showing the same decrease over time seen for other replication factors.
Confident that by analysing the data on the individual protein abundance level yielded results
that confirmed previous data, and could provide new insights, this approach was continued for
a further set of factors. This experiment aimed to characterise the complex composition of the
MCM2-7-containing replisome over the life cycle of the helicase. ChIP-MS had not previously
been attempted to investigate terminating complexes, as work in the lab focusses mainly on
initiation. A key step in termination is the ubiquitylation of Mcm7 by SCFP#2| followed by
Ufd1/Npl4-guided Cdc48 mediated disruption of the replicative helicase complex (Xia, 2021;
Maric et al., 2014; Moreno et al., 2014). Whilst SCFP# was thought to travel with the
replication machinery, it might have been predicted that Ufd1, Npl4 and Cdc48 might show
increases in intensity towards the later time-points. Dia2 itself was not detected in this ChIP-
MS run, but Skp1, a component of SCF, showed fairly constant abundance in the pull-down,
even at 0 minutes (Figure 51H). Care must be taken with these results, since they do not take
into account abundance in the untagged control, and indeed, the LFQ intensity levels of Skpl
in the pull-down are only roughly two-fold greater (data not shown). Similarly, Npl4 and Ufd1
showed low enrichments over the negative control, and fairly constant intensity values. Cdc48
appeared to show a slight increase in association over the course of the experiment, but it too
showed minimal enrichment, suggesting the abundance observed was simply non-specific

background. This would fit with the hypothesis that SCFP*? associates only once CMG is
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released from chromatin, and previous interactions identified in the literature (Morohashi,
Maculins & Labib, 2009; Maculins et al., 2015) were artifacts of the isolation protocol. In
contrast, the ChIP-MS technique is not so susceptible to post-isolation interactions due to the
temporal restriction of the activity of cross-linker, and so this data may represent the true, very
minimal, levels of SCFP? interaction with the replisome. In addition, SCFP#? regulates many
processes during S phase and may have many binding partners, making the amount binding to
the replisome at any given time minimal

From the enrichment analysis, several factors were identified that either had been recently
linked to replication, or could feasibly have a previously unidentified role in replicative
processes. A factor that showed consistently strong enrichment was Fun30, a member of the
SNF2-family of chromatin remodellers. This factor was also not unique to this single
experiment, it had been observed in multiple other ChIP-MS experiments, which increased the
confidence in its genuine association with MCM2-7. While yeast Fun30 had previously been
implicated in DNA damage pathways, a recent study of the human homolog SMARCADI was
the first literature outside of this study to suggest that Fun30 might be a component of the
replication fork (Lo et al., 2021; Costelloe et al., 2012; Terui et al., 2018; Adra et al., 2000; Bi
et al., 2015; Eapen et al., 2012). To investigate how Fun30 might be functioning in the yeast
system, the changes in abundance over the time-course were compared with other replication
factors (Figure 53A). Interestingly, the dynamics of Fun30 did not reflect the profile of Cdc45,
Tofl and other factors associated specifically with the active fork (compare Figure 51B with
Figure 53A). Instead, Fun30 showed the greatest abundance in the pull-down at the 30 minute
time-point, when MCM2-7 was recently associated with origins. The increase in association
from 0 minutes was very clear, so the Fun30 association with MCM2-7 was chromatin-
dependent. After this timepoint, Fun30’s MCM2-7 association was maintained to a certain

extent, but did decline faster than other fork factors. Given Fun30’s previously ascribed activity
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as a chromatin remodeller (Strélfors et al., 2011; Chen et al., 2012; Awad et al., 2010; Siler et
al., 2017; Bantele & Pfander, 2019), this behaviour was very interesting. This data suggested
that instead of travelling directly with the fork, which may still occur to a lesser extent than for
other fork factors, Fun30 may instead have a role in modifying origin chromatin environments
to modulate replication-associated processes. Fun30 could potentially act at the stage of
MCM2-7 loading, which may require nucleosome repositioning to accommodate the double
hexamer at origins, or later, at the stage of activation, ensuring access of replication factors and

remodelling chromatin to allow the generation of the forks themselves. Compared to other
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replication factors, Fun30 association actually resembled ORC dynamics more than fork
factors, indicating that perhaps the role in loading was more likely.

The quantification of Hrql, another protein that had shown enrichment in ChIP-MS
experiments in this study, most notably in artificial arrest states (see Section 3.7.1), followed
the trend set by Fun30, displaying a clear increase in abundance from 0 to 30 minutes, before
levels gradually declined over the time-course (Figure 53B). In contrast to Fun30, the possible
role of Hrql at origins at this stage of the cell cycle is not as clear. Hrql’s role in yeast has

previously been looked at in the context of inter-strand cross-link repair (Rogers et al., 2020,
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Figure 53: Quantification of average LFQ intensity over the time-course for a range of factors. Mean LFQ values from four
replicates were calculated, and error bars represent the standard error of the mean (s.e.m.) of this value. A) Quantification
of Fun30 intensity over the time-course. B) As in A but for Hrq1. C) As in A but for Rrm3. D) As in A but for Sir3. E) As in A but
for Fkh1. F) Comparison of the normalised mean LFQ intensities of the Isw1lb complex, error bars represent the standard error
of the mean (s.e.m.) and values are normalised to the highest mean LFQ intensity over the time-course, separately for each

factor.
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2017; Bochman et al., 2014; Rohrig et al., 2018), and there is no obvious rationale as to why
this activity would be required at origins prior to initiation. Regardless, the intensity values
were consistent, and Hrql was not detected in the untagged controls in this experiment at any
time-point, giving strong confidence in this protein’s association.

In contrast to the previous two factors, Rrm3, another protein of interest that was investigated
in more detail here, showed abundance changes that more closely resembled those of a fork
factor (Figure 53C). Considering previous literature concerning this protein, this was not in
fact surprising. Not only has Rrm3 been shown to associate with replication forks (Schmidt,
Derry & Kolodner, 2002), it has been shown to have a role at sites of replication fork pausing
where it has a counteracting activity to Tofl (Ivessa et al., 2002; Torres, Schnakenberg &
Zakian, 2004; Mohanty, Bairwa & Bastia, 2006). Whilst Rrm3’s intensity changes do indicate
that reports of fork association are correct, the higher variability of its abundance could well
indicate that the association is not always present, and may rely on the fork stalling to induce
association.

Among the factors identified as being of potential interest from this and previous experiments
was the protein Sir3. Despite canonical roles in silencing telomeric chromatin (Renauld et al.,
1993; Hecht et al., 1995; Buchberger et al., 2008), the Sir proteins have also been implicated
in determining timing of origin activation in yeast (Crampton et al., 2008; Hoggard et al.,
2018). Interestingly, Sir3 in this time-course shows an intermediate association profile (Figure
53D). It shows a large increase in abundance in the pull-down from 0 to 30 minutes, but does
not peak in abundance until 45 minutes, in contrast to Fun30 and Hrql which show greatest
abundance at 30 minutes. The abundance also decreases faster than for the for the genuine and
suggested fork factors Cdc45, Tofl and Rrm3. Of particular interest to the lab and the aims of
this project, Sir3 shows the greatest abundance at the time-point where replication initiation

can be seen to be occurring in the cells. It has a profile that is highly similar to that of Fkhl
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(Figure 53E), a known origin timing regulator (Knott et al., 2012b; Reinapae et al., 2017; Zhang
etal., 2019).

Further to these factors that appear to be involved with specification of origin timing, and have

association dynamics that appear to show maximum MCM2-7-factor association at the point
of S phase entry, the Isilb complex was also investigated by this approach (Figure 53F). This
complex was seen to show a robust association profile that matched Sir3 and Fkh1, potentially
implicating this protein complex in similar activities. As a chromatin remodeller, Isw1b could
well be involved in processes regulating chromatin accessibility to allow helicase activation
(Eriksson & Clark, 2021).
The above investigation showed that despite issues within this large-scale experiment, the LFQ
intensity values produced across the time-course can still be used to infer information about
possible roles of replication-associated factors. With appropriate caution, especially
considering the abundance in the untagged control, factors that had no previous literature
implicating an involvement with replication could well be identified for future investigation to
confirm.

Because the intensity profile proved useful, further analysis was done using profile plots and
Pearson correlation analysis in the mass spectrometry Perseus software (Figure 54). A selected
protein’s profile plot was used to identify other proteins whose profiles closely matched the
selected protein. Given the results in previous section, it was hypothesised that the profile plot
of a protein can be used to infer association dynamics of proteins with MCM2-7. As a test of
principle, this analysis was performed on Mcm2 and Cdc45. If the analysis was able to identify
factors that covary with these proteins that are also known replication proteins, then the results
for the other factors of interest may generate some interesting proteins for further investigation.
The top ten factors identified in this manner are displayed in Figure 54 for all the factors tested.

The top ten factors for Mcm2 contain four of the remaining five subunits of the MCM2-7
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complex, Cdtl/Tahl1, and four other proteins that from a brief literature search appear to be
highly-expressed non-specific dirt (Figure 54A). Because the MCM2-7 complex contains the
bait protein of the pull-down, its variance within this assay is not as informative as other factors,
such as Cdc45. The top ten factors correlating with Cdc45’s profile are all likely members of
an active replisome, with the exception of Pdc6, which is likely a non-specific highly expressed
background protein (Figure 54B, note the highest orange track starting at the left side of the
graph, which does not vary too much over the time-course and shows the abundance of Pdc6).
Repeating the analysis with Fun30, Rrm3 and Sir3 showed different results in each case. The
majority of the proteins that best matched the Fun30 profile over the time-course were involved
in either transcriptional control and post-processing, chromatin regulation or ribosomal
synthesis and export (Figure 54C). Notably both Spt3 and Chdl are members of the SAGA
complex, responsible for histone acetylation as part of transcriptional activation (Dudley,
Rougeulle & Winston, 1999; Sterner et al., 1999; Tran et al., 2000; Pray-Grant et al., 2005).
Ino80 is a member of the ISW1 group of chromatin remodellers (Yen et al., 2012). Dstl, also
known as elongation factor TFIIS, is involved in modulating polymerase pausing during
transcription (Ishibashi et al., 2014). The E3 ligase Brel is involved with a number of
chromatin related functions, including ubiquitylation of histones and the DNA damage
response (Sen et al., 2013; Kim & Roeder, 2009). Dbp3 and Dbp7 are both involved in rRNA
processing (Weaver, Sun & Chang, 1997; Daugeron & Linder, 1998), and Noc2 and Rrp6 both
have roles in RNA nuclear export (Hilleren et al., 2001; Hierlmeier et al., 2013). These were
quite a diverse range of proteins and functional roles, and it was not clear why these proteins
would show similar dynamics to Fun30. Several of these proteins are chromatin associated and
function in chromatin modification like Fun30 itself, so could be active in a similar role to
Fun30. It was also possible that the association of Fun30 with MCM2-7 at origins occured in

specific contexts, such as at sites which show localisation near to highly expressed genes. This
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could cause a correlation between these genes generally associated with transcription and
Fun30 itself. It is also always possible that the correlation to Fun30 is coincidental, and the
matched proteins are simply background factors that by chance show variation over the time-
course to match the profile of Fun30. For Fun30, though, the correlated proteins were not able
to provide clear additional data.

By contrast, the matched protein profiles for Rrm3 showed many overlapping proteins with
the Cdc45 set, and all the most correlated proteins were replication factors (Figure 54D). This
dataset clearly and unambiguously grouped Rrm3 with replication factors by its abundance
profile.

Sir3 showed a more mixed result for the most well-correlated protein profiles (Figure 54E).
Some replication-associated factors were among these proteins, including Topl, Rfc2 and
Sptl6. This was a slightly different subset of factors to those associating with Cdc45 or Rrm3,
which fit with the previous visual distinction noted for this factor (Figure 51D). The other
factors, similarly to that observed with Fun30, had a range of canonical activities in nuclear
processes. Chdl and Rpd3 function in histone acetylation and deacetylation (Pray-Grant et al.,
2005; Rundlett et al., 1996). Nmall is a nuclear serine protease with a role in promoting
cellular apoptosis. Bdf1 is a transcriptional activator that also shows association with DNA
damage repair. Smt3 is a homolog of SUMO, and is required for signalling and chromatin

segregation.
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Figure 54: Profile plots of factors of interest in Mcm4-FLAG ChIP-MS time-course. Diagrams show traces of all proteins’ LFQ
intensities across all conditions and replicates (grey lines). Coloured are the reference profile, and the nine most similar protein
profiles identified using a Pearson correlation in the Perseus software package (Tyanova et al., 2016). The list displays all ten
proteins coloured, in order of their average LFQ value across all samples, most abundant first. A) Profile plot of Mcm2 and
closely matched proteins by profile. B) As in A, but for Cdc45. C) As in A, but for Fun30. D) As in A, but for Rrm3. E) As in A, but
for Sir3.
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3.7 ChIP-MS to investigate replication complexes arrested during initiation

The ChIP-MS method had been shown to provide a comprehensive and complex interactome
of replication proteins, and identified many proteins known to be associated with active forks,
as well as some factors with less well characterised roles that showed association with
replication complexes. Extension of this method to investigate replication complex
composition over time produced an interactome that varied in time, and added temporal
information to the association dynamics of both known replication factors, and of less well-
categorised factors. However, detection of certain transient initiation factors such as S1d2, S1d3,
S1d7 and Dpb11 was not as consistent in the large-scale time-course that was conducted. The
lack of detection of other more stably associated replication factors such as GINS suggested
that conditions of the ChIP-MS protocol needed further optimisation to be fully consistent from
replicate to replicate. This was not the only issue facing this approach, however. Heterogeneity
was prevalent in both the cell cycle stage of cell populations, and in the stages of replication
complexes themselves. Cell cycle stage homogeneity could be improved given time to optimise
the release of larger volumes of cells from synchronous arrest. The heterogeneity in complex
composition due to a population of replication complexes at different stages of activation was
less easily redressed. Two aims of this study were to investigate the dynamics of transient
replication factors during initiation, and identify any novel factors specific to replication
initiation in vivo. By utilising the rapamycin-dependent linkage constructs discussed in Section
3.1, replication complexes could be arrested at a single step across the cell and origin
population. These arrested complexes would then be amenable to examination by the ChIP-
MS approach, with a predicted reduction in the heterogeneity. This would potentially improve
the detection of both known transient initiation factors, and increase the likelihood of

identifying a novel factor in this process.
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Previous work had focused on using ChIP-qPCR to analyse the origin association dynamics
of replication factors in the presence of a rapamycin-dependent linkage. ChIP-qPCR has proven
to be a very useful method in this lab and many others, but in the context of this use case, it
exhibited two drawbacks:

Firstly, it was a very narrow approach. Each experimental run required a focus on a single
replication factor. This meant that investigating association dynamics of a range of known
factors was time-consuming and involved generation of multiple endogenously-tagged strains.
It also meant that discovery of novel factors was not within the scope of this type of experiment.
Secondly, the readout of the ChIP-qPCR method was the abundance of particular DNA
sequences using PCR quantification. This was highly useful in identifying the association of
factors to origins, but the identification of cross-linking effects that seemed to be caused by the
generation of ssDNA during activation meant that the exact quantification of factors was
influenced heavily by the stage of complex activation. Since ChIP-MS also utilises cross-
linking, some cross-linking effects may affect quantification, as observed in previous
experiments. However, because the read-out of the ChIP-MS is peptide abundance, the cross-

linking of DNA to protein should be a less crucial factor.

3.7.1 Mcm4-FLAG ChIP-MS in the context of the DNA exit gate constructs

At the inception of the proposal to investigate arrested complexes using ChIP-MS, the most
well characterised rapamycin-dependent linkage constructs were the Mcm2-McmS5 intra-
hexamer ssDNA gates. Extensive ChIP-qPCR analysis had suggested that two versions of the
gate, using the N-terminal and C-terminal insertion sites, induced arrest at slightly different
stages of initiation (see Section 3.1.1). This provided two possible complex states to investigate
using the ChIP-MS approach. In particular, it was anticipated that the mass spectrometry

quantification of factors in pulled-down complexes could provide a more accurate measure of
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the abundances of factors in each construct’s arrest state. Cross-linking effects believed to be
caused by production of large amounts of ssDNA in the C-terminal gate construct made
comparisons between these complexes by ChIP-qPCR difficult, and so in addition to
potentially identifying novel proteins involved in initiation, this method would give an
overview of the two arrest states.

Because this experiment was to investigate the process of initiation, the bait protein chosen was
Mcm4 endogenously tagged with a penta-FLAG tag on the C-terminus, as used in Section 3.6.
Whilst Cdc45-FLAG showed an effective IP as well, the initial association of Cdc45 with the
MCM2-7 hexamer was not too temporally distant from the cell cycle stages to be investigated,
and so the Mcm4 bait was chosen to provide better consistency between complex stages. The
use of Mcm4-FLAG also allowed analysis of the replication complex at a time-point
immediately after release into S-phase as a “ground state” control, prior to initiation events.

Since initiation events during S phase were the target of the investigation, there was no need
of a release from as far back as mitosis, such as for the Cdc20-mediated arrest used in Section
3.6.2 and 3.6.3. Indeed, the alpha-factor arrest and release had proven to be more reproducible
in the lab (see cell cycle variability identified in Section 3.6.3), and a more well-founded
technique.

For quantitative mass spectrometry analysis by label-free quantification, the experiment was
replicated in quadruplicate, to ensure valid statistical analysis and as insurance if one replicate
was in some way compromised during the experiment.

This experiment was carried out as a collaborative effort between L.M. Reuter and C.Weekes,
and the initial steps of cell culture, arrest, release, formaldehyde cross-linking, and harvesting
were carried out by L.M. Reuter with assistance from C.Weekes. The following steps through
to mass spectrometry sample submission and then analysis of MS data was carried out by

C.Weekes.
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Figure 55: Quality control for the large-scale Mcm4-FLAG ChIP-MS analysis in the context of rapamycin-dependent gate
linkage constructs. 600 mL of cell culture were harvested for all strains and time-points post alpha-factor mediated arrest,
and processed according to the ChIP-MS method. A) Silver stain visualisation of samples after elution from beads analysed by
SDS-PAGE. Note some lanes are re-arranged for visual clarity. B) Venn diagram visualisation of unique proteins in each tagged
and untagged sample pair. Unique proteins in tagged IPs are displayed on the right, and unique proteins in untagged controls
are displayed on the left. C) Average number of proteins in each sample by type across all four replicates, including tagged
and untagged samples. Error bars displayed are one standard deviation (s.d.). D) Principal component analysis of all samples.
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The eluates of all four replicates were run using SDS-PAGE, and proteins visualised by silver
staining (Figure 55A). A clear distinction between tagged pull-down samples and untagged
control samples was noted as previously (Section 3.6.3). As before, this analysis method does
not easily identify IP-specific bands when in conjunction with cross-linking, but the intensity
of the protein smear can indicate the amount of protein in each sample. There was some
variability noted between the replicates, with some appearing to have slightly varying protein
amounts overall, but this can be explained by the need to run multiple gels which may show
variation in the development of the stain.

Following Trypsin digest, these samples were loaded and analysed by LC-MS. The tagged and
untagged sample pairs were superficially compared across sample types and replicates by
analysing the number of shared and unique proteins between them (Figure 55B). Most pairs
show a greater number of unique proteins in the tagged pull-down sample than the untagged
control sample, as expected. The amount of unique proteins versus the number of proteins
shared in the pairs did vary across samples and replicates, and it could be seen that this ratio
roughly tended to vary across replicates rather than sample type. This indicated a batch effect
introduced during cell culture and harvesting or during the IP and washes. Only one sample
showed a greater number of unique proteins in the untagged control than in the tagged pull-
down.

The overall numbers of proteins identified in each sample type across the replicates was very
consistent (Figure 55C). Despite the slight variations in distribution of proteins between tagged
and untagged samples, overall the protein list identified remained consistent. The factor most
likely to result in these variations is the sample wash steps. Care was taken to ensure that these
replicates were as reproducible as possible in the manner in which they were washed, but some

variability is nonetheless expected.
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Principal component analysis was also conducted in the Perseus software package.
Comparisons of samples in this manner showed a clear distinction between almost all of the
tagged and untagged samples (Figure 55D). The untagged control for the N-terminal gate for
the 0 minute timepoint in replicate 2 showed an alarming similarity to the other tagged samples
rather than the other untagged controls. This was also visible in the Venn diagrams (Figure
55B), where this untagged sample actually showed more unique proteins than the tagged
sample. Because the paired tagged pull-down did not group with the untagged controls, this
was not the result of sample mis-identification. Instead, this result was considered due to cross-
contamination, and this sample was excluded from further analysis.

As part of the pipeline of analysis in Perseus, an automated imputation was carried out as
previously (Figure 46). The distribution of protein intensities in each sample with the imputed
values highlighted in red is displayed in Figure 56. For the tagged pull-down samples, the
number of imputed values was low, and did not often distort the distribution. For untagged
controls, as identified previously, the lack of certain IP-specific factors from the general
background led to a large number of missing values. This in turn led to a large amount of
imputation at the low end of the intensity plot. As always, whilst allowing semi-quantitative
analysis of IP-specific factors, this approach did lead to a risk of giving inaccurate
measurements of enrichment values, particularly for low-abundance proteins in the tagged
sample. Because missing values were expected in the untagged controls, as the non-specific
background did not contain every cellular protein at high enough abundances to be detected,

analysis was continued with appropriate caution, utilising these imputed values.
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Figure 56: Histograms of protein LFQ intensity distributions in intra-hexamer linkage construct Mcm4-FLAG ChIP-MS for each
individual sample. Samples are arranged according to type and replicate, with untagged controls at the top, tagged pull-
downs at the bottom. Replicates progress from left to right. For proteins that were not detected in untagged control samples,
but were present in 2 or more tagged pull-downs from a single condition, imputation was carried out in the Perseus software
(Tyanova et al., 2016), to replace the missing value to allow for approximate quantification in later steps. Such proteins are

coloured red.
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Comparing the enrichment and p values of proteins between the tagged pull-downs and
untagged controls, It was immediately apparent that the pull-down was successful in isolating
an MCM2-7 containing complex across all samples (Figure 57). In every pull-down sample,
the MCM2-7 subunits were present at a consistently high enrichment over the respective
untagged control, and are therefore observed in the top right side of the volcano plots. Many
other replication-associated proteins could also be seen to be enriched, dependant on the time-
point and strain observed. As with previous experiments utilising Mcm4-FLAG as bait, Cdtl
was ubiquitous in the pull-downs, likely reflecting the presence of soluble MCM2-7 complexes
alongside the chromatin-bound complexes of interest.

Reassuringly, in this experimental run, GINS, SId2, SId3, SId7 and Dpbl11 were all detected
and showed consistent presence across replicates. Whatever issue prevented the identification
of these factors in the Mcm4-FLAG ChIP-MS large-scale cell cycle analysis above (Section

3.6.3) was not problematic in this experiment.

In addition, attention was paid to the quantification of those factors that were of interest in
previous sections. The enrichment values of Fun30, Hrql, Rrm3 and Sir3 were monitored in
each of the samples analysed, to observe if they showed any interesting changes in association
when the rapamycin-inducible linkages were present.

The WT strain, which was released into S phase from alpha factor without the presence of any
rapamycin-dependent linkages, showed comparative results to those seen in the prior test
experiment, with greater detail and further replicates allowing more statistical analysis. At 0
minutes, immediately after release from alpha-factor mediated arrest, many factors showed
statistically significant enrichment with MCM2-7 (Figure 57A). At this time-point, MCM2-7
was still expected to be in the form of a stable double hexamer, and, prior to the Mcm4-FLAG

ChIP-MS experiments in this project, was expected to show little to no association with the
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replication factors that are part of the replication fork. For samples that had been investigated
by ChIP-qPCR, this was especially true. ChIP-qPCR of Cdc45 showed low origin DNA
abundance in the pull-down at 0 minutes post G1 arrest, with only slightly greater ARS305
signal than signal of the control non-origin region ARS305+9kb (Figure 16B). By ChIP-MS
enrichment analysis, however, Cdc45 was clearly significantly enriched even at 0 minutes. This
was true for multiple other replication factors that were previously investigated using ChIP-
qPCR and others that were not. Mcm10, which showed minimal origin DNA association at 0
minutes in ChIP-qPCR (Figure 17C), showed significant enrichment to MCM2-7 at 0 minutes
by ChIP-MS. The RFC complex, Pol30, and Ctf18 also showed significant enrichment at 0
minutes, despite having roles that are specifically related to the active replication fork. The
FACT complex behaved similarly, and showed modest but consistent enrichment even at 0
minutes. For Cdc45, this association at 0 minutes is surprising, but could be due to low levels
of DDK activity prior to S phase entry.

Interestingly, all six subunits of the ORC complex were enriched at 0 minutes, suggesting
some continued association of ORC with MCM2-7 even after double hexamer loading.
Whether this is from a subset of complexes at specific origins or a general feature of the double
hexamer in G1 arrest is unclear. Fun30, Hrql and Sir3 all showed significant enrichment at this
time-point too. This further confirmed the results of the above time-course study that suggested
these proteins showed MCM2-7 association prior to activation (Figure 51). Sir3 showed a
particularly strong enrichment, which is interesting. Because of the Sir proteins’ role at
telomeres, it was considered that the Sir3-MCM2-7 association was a result of close
associations limited to telomeric ARS sequences (Renauld et al., 1993; Radman-Livaja et al.,
2011; Hoggard et al., 2018), and was not a general feature of origins throughout the genome.
The enrichment values observed here would seem to make this possibility less likely, as a small

subset of complexes would be unlikely to generate such high enrichment values. This data
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rather suggested that Sir3 might have a greater role to play at origins across the genome, which
fits with recent research indicating Sir protein association with origin-adjacent nucleosomes,
and a replication timing control function of Sir2 (Hoggard et al., 2018, 2020).

Some factors showed a clear absence of enrichment, however, in keeping with ChIP-qPCR
results. SId2, GINS and Dpbl1 all did not show significant enrichment at 0 minutes. This
suggested that whilst other replication proteins might begin to associate prior to activation, the
pre-LC components that have been said to function in a switch-like manner in complex
progression are indeed tightly regulated and show no association with MCM2-7 at this early
time-point (Muramatsu et al., 2010; Miyazawa-Onami, Araki & Tanaka, 2017).

At the 30 minute time-point, many further replication factors showed significant enrichment
over the untagged control (Figure 57B). Consistent with previous data, the progression to active
replisomes caused a much clearer and reproducible association of polymerase €, GINS and all
three subunits of RPA. Cdc45 showed a much greater magnitude of enrichment at 30 minutes,
and so too did Tofl and Mrcl. The third member of the fork protection complex, Csm3, was
not detected consistently in the four replicates, and was removed by quality control measures
in the Perseus software pipeline. Fewer ORC subunits were significantly enriched, perhaps as
a result of complex movement away from origins. The enrichment of ORC still observable was
possibly due to double hexamers that had not undergone activation by 30 minutes, as would be
the case for many late origins. Rrm3 was clearly significantly enriched at 30 minutes, consistent
with its association with active forks, and previous time-course data (Schmidt, Derry &
Kolodner, 2002; Azvolinsky et al., 2006) (Figure 53C). The FACT complex continued to show
highly consistent but modest enrichment, and from this visualisation it was hard to tell whether

this complex showed an increased MCM2-7 association after activation than before it.
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Figure 57: Enrichment analysis of proteins in Mcm4-FLAG ChIP-MS in context ofintra-hexamer linkage constructs comparing tagged
pull-downs against their respective untagged controls by volcano plot. Protein enrichments between tagged samples and untagged
controls were plotted against the p-value from a permutation-based two-sample t-test carried out in the Perseus software (Tyanova
etal., 2016), using an FDR of 0.05, and an SO value of 0.1. Proteins are coloured according to the previously used schema. A) Volcano
plot showing enrichment against p-value for the comparison between Mcm4-FLAG cells without a rapamycin-dependent linkage
construct against the untagged negative control cells, at 0 minutes post-G1 arrest. B) As in A, but for 30 minutes post-G1 arrest. C)
Volcano plot showing enrichment against p-value for the comparison between Mcm4-FLAG cells in the context of the C-terminal
intra-hexamer rapamycin-dependent linkage against the untagged negative control cells, at 0 minutes post-G1 arrest. D) As in C, but
for 30 minutes post-G1 arrest. E) Volcano plot showing enrichment against p-value for the comparison between Mcm4-FLAG cells in
the context of the N-terminal intra-hexamer rapamycin-dependent linkage against the untagged negative control cells, at 0 minutes

post-G1 arrest. F) As in E, but for 30 minutes post-G1 arrest.

Analysing the data for these same two time-points but for the rapamycin-inducible linkage
constructs showed some minor differences at 0 minutes, but some more obvious differences at
30 minutes (Figure 57C-F). Overall, the rapamycin-dependent linkage constructs showed
enrichment of a similar set of factors at 0 minutes to the WT, including evidence of the same
pre-association of replication factors. An obvious difference was that Cdc45 did not show
significant enrichment in the N-terminal rapamycin-dependent linkage construct. For the 30
minutes, differences were more apparent, including a very strong enrichment of Dpb11 in the
C-terminal construct, and a general lack of enrichment of several replication factors in the N-
terminal construct.

To exhibit the enrichments of a core set of replication factors more clearly, the average
enrichment values of these factors in each sample type are shown in Figure 58 and Figure 59.
The consistently high enrichment of the subunits of MCM2-7 could be seen at 0 (Figure 58)
and 30 (Figure 59) minutes. Figure 58A, in particular, shows that in the Mcm4-FLAG ChIP-
MS of a sample not containing any rapamycin-dependent linkages, all of the selected factors
displayed enrichment over the untagged control. The most clearly observed differences already
remarked upon, namely the lack of Cdc45 enrichment in the N-terminal construct at 0 minutes,
and the strong enrichment of Dpb11 in the C-terminal construct at 30 minutes, can be clearly

observed here.
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Figure 58: Plots showing the enrichment of a manually curated set of replication factors across different constructs at 0
minutes post alpha-factor release. Enrichment values were calculated using the mean LFQ intensities from tagged pull-down
samples across all four replicates, and the mean LFQ intensities from a pool of untagged control samples across all four
replicates, shared between the constructs. The error bars displayed are the calculated standard errors in the mean (s.e.m.)
scaled appropriately for the log,(enrichment). A) enrichment plot for the set of replication factors in the ChIP-MS of an Mcm4-
FLAG strain containing no rapamycin-dependent linkages. B) As for A, but for a strain containing the C-terminal rapamycin-
dependent linkage, treated with 100 nM rapamycin. C) As for B, but containing the N-terminal rapamycin-dependent linkage.
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Figure 59: Plots showing the enrichment of a manually curated set of replication factors across different constructs at 30
minutes post alpha-factor release. Enrichment values were calculated using the mean LFQ intensities from tagged pull-down
samples across all four replicates, and the mean LFQ intensities from a pool of untagged control samples across all four
replicates, shared between the constructs. The error bars displayed are the calculated standard errors in the mean (s.e.m.)
scaled appropriately for the log,(enrichment). A) enrichment plot for the set of replication factors in the ChIP-MS of an Mcm4-
FLAG strain containing no rapamycin-dependent linkages. B) As for A, but for a strain containing the C-terminal rapamycin-
dependent linkage, treated with 100 nM rapamycin. C) As for B, but containing the N-terminal rapamycin-dependent linkage
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Carrying out volcano-plot based analysis on pairwise comparisons of conditions in this
experiment allowed identification of proteins that were significantly enriched or de-enriched
dependent on the time-point and construct under investigation (Figure 60).

As a first step, this analysis was conducted within the construct types, comparing the 30 minute
time-point to the 0 minute time-point (Figure 60A-C). This would show the changes in protein
composition of the complexes over the process of activation from the double-hexamer state of
the G1 arrest, through to the active replisome in the WT strain, and through to the arrest
intermediate generated in the rapamycin-dependent linkage strains. The strain without any
linkage showed the most significant changes, with a number of protein significantly enriched
and de-enriched in the 30 minute time-point versus the 0 minute time-point (Figure 60A). The
identities of these factors was consistent with the expected structural and compositional
changes expected in the transition from double-hexamer prior to activation, through to a fully
active replisome. The GINS complex, which associates as part of the pre-LC complex during
activation, and then stays stably bound to the replisome (Gambus et al., 2006; Muramatsu et
al., 2010), showed one of the highest enrichments in 30 minutes compared to 0 minutes.
Cdc45 and Mcm10 also showed a relative increase in abundance in the 30 minute time-point,
despite showing a reasonable presence in both individual time-points (Figure 57A and B). This
is likely due to an increase in the stability of these proteins’ interaction with MCM2-7 following
activation.

Ctt4 showed an increased association in the 30 minute time-point, and since this protein acts
as a central interacting hub at the replisome, an increased association once replication begins
makes sense, since it is then that its binding partner GINS has associated with the replisome,
and the overall structure of the complex allows it to couple to other factors to link them with

the core helicase (Simon et al., 2014; Gambus et al., 2009).
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Figure 60: Enrichment analysis of proteins in Mcm4-FLAG ChIP-MS in intra-hexamer linkage constructs comparing tagged pull-
downs against other tagged pull-down conditions by volcano plot. Protein enrichments between tagged samples were plotted
against the p-value from a permutation-based two-sample t-test carried out in the Perseus software, using an FDR of 0.05, and
an SO value of 0.1. Proteins are coloured according to the previously used schema. A) Volcano plot showing enrichment against
p-value for the comparison between Mcm4-FLAG cells without the presence of a rapamycin-dependent linkage at 30 minutes
post-G1 arrest against Mcm4-FLAG without the presence of a rapamycin-dependent linkage cells at 0 minutes post-G1 arrest.
B) Asin A, but in the context of cells containing the C-terminal intra-hexamer rapamycin-dependent linkage C) As in B, but in the
context of the N-terminal linkage D) Volcano plot showing enrichment against p-value for the comparison between Mcm4-FLAG
cells in the context of the C-terminal linkage against Mcm4-FLAG cells without any rapamycin-dependent linkage present, at 30
minutes post-G1 arrest. E) As in D, but for the N-terminal linkage against the cells without any linkage. F) As in D, but for the
comparison between cells containing the C-terminal intra-hexamer rapamycin-dependent linkage against cells containing the
N-terminal linkage, at 30 minutes post-G1 arrest.

The detected members of the fork protection complex, Tofl and Mrcl, as well as most of the
subunits of polymerases o and ¢ were also significantly enriched. These protein complexes
show stable association with the replication fork, and so it is likely that the transition increases

the stability of their association or induces their association in the first place, as for polymerase

In addition, the three subunits of RPA all show significant enrichment, which is a clear
indication of the presence of ssDNA, as expected at active replication forks. Whilst two of
three subunits showed enrichment in the 0 minute time-point individually, the clear enrichment
here demonstrates that the active fork has significantly more RPA association. The enrichment
observed at 0 minutes for RPA could perhaps be the result of ssDNA-independent recruitment
to origins, and is overall unlikely to represent the real presence of ssDNA prior to activation.

Several factors are de-enriched in the transition from 0 to 30 minutes (Figure 60A). Among
these proteins are the transient initiation factors S1d3 and S1d7, several subunits of ORC, Fun30
and Hrql. Because of the pre-association observed for Sld3/7 at 0 minutes, the lower
abundance of these proteins is not unexpected. Once initiation has completed, both Sld3 and
S1d7 are released from MCM2-7. The 0 minute time-point suggests that SId3 and SId7 show
some amount of pre-association, despite this having been shown to require DDK
phosphorylation of MCM2-7 (Fang, Cao & Lou, 2016; Deegan, Yeeles & Diftley, 2016). If

S1d3/7 are indeed pre-associated, then this was either an unstable association stabilised by

283



3.7 - ChIP-MS to investigate replication complexes arrested during initiation

cross-linking that does not require phosphorylation of MCM2-7, or there was some level of
DDK activity in the G1 arrest. Regardless, these two factors showed pre-association in this
experiment, and so once activation begins, these factors will begin to be lost from MCM2-7
complexes, resulting in a greater proportion of active replisomes without Sld3/7 bound, and a
lower proportion of double hexamers awaiting activation.

The loss of ORC association is more easily explained. Despite the initial ORC association at
0 minutes seeming to contradict data from the lab suggesting double hexamer formation and
ORC origin binding are mutually exclusive (L.M. Reuter, manuscript in preparation), some
level of interaction or association clearly remained at origins. This association does therefore
seem to be confined to origins, since at 30 minutes, many more MCM2-7 complexes have been
activated and so the amount of ORC association was shown to be lower at this time-point, as
MCM2-7 complexes move away from origins as part of replication forks.

Previous experiments in this study (Section 3.6.3), showed that Fun30 and Hrql showed
greatest abundance in ChIP-MS samples prior to activation. As the 30 minute time-point here
should contain a lower proportion of pre-activation MCM2-7 complexes, the association of
these proteins with MCM2-7 was also seen to decrease, further exemplifying that whatever the
association of these factors might be, it seems either confined spatially to origins, or temporally
to pre-activation MCM2-7 complexes.

A key observation and measure of reliability was that the enrichment of MCM2-7 subunits
themselves when comparing between pull-downs was not significantly different. Since culture
volumes were the same, the pull-down performed the same way, and protein concentrations
normalised during preparation for MS submission, the level of MCM2-7 in each sample should
be similar. A possible exception could be caused by production of new MCM2-7 complexes or
degradation of old MCM2-7 complexes. This would be more of a consideration if more

complexes were expected to be terminating, but at 30 minutes this proportion was expected to
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be low. Whilst the enrichment in 30 minutes over 0 minutes was not significant, there was still
a slight enrichment of MCM2-7 in the 30 minute timepoint over 0. It was not entirely clear
why this occurred, but it was consistently enriched at 30 minutes over 0 minutes for all strains
(Figure 60A-C).

For the C-terminal rapamycin-dependent linkage construct specifically, there were a number
of replication factors that showed enrichment in the 30 minute over the 0 minute time-point
(Figure 60B). Notably, among these factors were Dpb11, S1d2, Mcm10 and three of the four
GINS subunits, with S1d5 trending towards significant enrichment but not quite making the
threshold. These factors are indicative of late stage activation, which fits well with the ChIP-
qPCR experiments studying the C-terminal linker arrest phenotype. It does indeed appear that
the complex is arrested in the process of a late stage initiation step, and that failure to complete
this step appropriately prevents the release of Dpb11 and SId2. The enrichment of Mcm10 also
indicates that unlike the iAID-induced depletions of pre-LC components that prevented Mcm10
association (Miyazawa-Onami, Araki & Tanaka, 2017), the C-terminal rapamycin-dependent
linkage arrests at a later step, once pre-LC components have performed some function that
allows for Mcm10 binding. This could be the result of the splitting that Miyazawa-Onami et
al. claim is caused by the activity of the pre-LC, or of some other process that Dpb11, SId2 and
GINS are required for.

This arrested complex also showed enrichment of Cdc45 when compared to 0 minutes. As
with the cells without a linkage construct, this increase in abundance could have been caused
by generation of a more stable interaction, as a result of MCM2-7 phosphorylation during S-
phase entry, or of some other change, perhaps the N-terminal extrusion of ssDNA through the
Mcm2-McmS5 gate that allowed Cdc45 to bind over this interface securely.

The remaining factors that showed significant enrichment in the C-terminal linkage construct

at 30 minutes when compared to 0, are two of the three subunits of RPA, Tofl and Dpb2. The
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increased association of RPA correlates with the ChIP-qPCR data that suggested the arrest state
of the C-terminal linkage was able to produce ssDNA (Figure 17B). The enrichment of Tofl
without a clear increase in Mrcl was not easy to explain. Perhaps some functional change in
the complex during activation allows the pre-association of Tofl displayed in 0 minute samples
to become a more stable interaction, or, perhaps the presence of ssDNA increases the
propensity of this complex to cross-link from protein to DNA, and this enhances the stability
of these complexes during the pull-down process. Dpb2 as a subunit of polymerase € was easier
to explain in isolation, since polymerase ¢ is recruited as part of the pre-LC along with the
notable initiation factor Pol2, and so it makes sense that this protein was enriched. The lack of
significant enrichment of the other members of polymerase &€ makes this factor’s enrichment
alone harder to explain, but Pol2 does trend towards significant enrichment even if it does not
meet the standard for significance.

In the N-terminal linkage construct, there were no replication factors that met the standard for
significance in their enrichment in 30 minutes over 0 minutes. This suggested that the complex
composition of the arrested intermediate in this construct was overall similar to that of the
double hexamer in G1. This also fits well with the hypothesis that by preventing DNA ssDNA
extrusion at the N-terminus, the activation process is halted early on.

While there weren’t any replication factors significantly enriched in the N-terminal linkage
strain, there were a few factors that tended towards high enrichment, but were too variable to
meet the significance threshold. The three clearest factors in this group were Cdc45, SId3 and
S1d7. Because these factors are among the first to associate in response to activation signals
(Zou & Stillman, 1998; Seki & Diffley, 2000; Pacek & Walter, 2004; Walter & Newport,
2000), it makes sense that they are the factors most tending towards enrichment, which could
indicate the first steps of activation. Further study including more replicates would most likely

be able to investigate this more fully and show if the enrichment is real.
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From the comparative temporal analysis, it was clear that the cells without a linkage, and the
cells with a C-terminal linkage did show clear differences in complex composition over time,
whilst cells with an N-terminal linkage showed little difference in complex composition. The
factors that were enriched in the C-terminal linkage were also generally enriched in the cells
without a linkage, with the exception of Dpbl1, which indicated that the C-terminal linkage
complex could well represent a stalled intermediate state where the transient factor Dpb11 had
not yet been released.

To further confirm the differences between construct arrests, direct comparison was carried
out as previously between time-points, but instead between constructs at 30 minutes. By
comparing the complexes generated by the constructs at this time-point, the amount of complex
progression in these cells compared to the cells not hindered by rapamycin-dependent linkages
could be shown (Figure 60D-F).

First, both construct-containing pull-downs were compared to the “wild type” unhindered pull-
down individually. For the C-terminal linkage construct, there were enriched proteins in each
of the conditions relative to the other (Figure 60D). This was important, because the process of
initiation is known to not simply be a sequential association of factors that accumulate to form
the final complex, but also requires the activity of transient associating factors. The constructs
used here were intended to interfere with activation at a point where transient initiation factors
were potentially still bound. Excitingly, the ChIP-MS confirms the indications from ChIP-
qPCR with regard to the transient factors, as Dpb11 and SId2 both show clear enrichment in
the C-terminal construct-induced arrest state, over the un-arrested replisome present in the
“wild type”. Interestingly, Mcm10 is also enriched in this arrested complex relative to active
replisomes. Although it is not entirely clear whether Mcml10 is a component of active,
unperturbed replisomes, the balance of evidence over the past few years would suggest that it

does interact with the active replisome post-activation (Thu & Bielinsky, 2013). Because
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Mcm10 behaves similarly to Dpb11 and Sld2, which are not thought to associate with active
forks (Gambus et al., 2006, 2009), this data could suggest that Mcm10 does associate much
more during activation steps than with the active fork. Alternatively, the interaction of Mcm10
with the MCM2-7 could be much stronger during activation, and weaker during fork
progression. The need of high salt conditions to co-purify Mcm10 with the replisome during
replication could support the hypothesis that Mcml10 association during replication is
maintained by weaker hydrophobic interactions than the interactions during activation.

Two subunits of ORC also showed significant enrichment in the C-terminal linkage construct
at 30 minutes post-release, and the others did show enrichment that did not reach the threshold
for statistical significance. The mechanism by which the rapamycin-dependent intra-hexamer
linkages are thought to arrest complex progression is by prevention of proper ssDNA exit from
the MCM2-7 hexamer. By restricting the motion of DNA in and around the helicase, it is likely
that movement of the complex is reduced, both possibly by the inactivity of the helicase, and
the constrained DNA. The ChIP-qPCR data suggested that the MCM2-7 complex maintains
association with origin DNA when arrested with the intra-hexamer linkages, and the
enrichment of ORC in the C-terminal linkage construct would seem to confirm that this was
indeed the case here as well.

Two of the subunits of MCM2-7, Mcm4 and Mcm3, also showed enrichment in the C-terminal
construct state. Whilst the other subunits show variable levels of enrichment, these two subunits
are statistically enriched in this construct. This was surprising, since in both conditions, Mcm4
was used as the bait protein, and so MCM2-7 subunits should not be significantly enriched in
either case. Despite this, in several of the conditions in this experiment, a general trend of
MCM2-7 enrichment could be seen when comparing conditions. It’s not clear why this

occurred, since overall MCM2-7 levels are expected to fairly consistent across the conditions.
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Despite this bias of MCM2-7 enrichment, there are still many proteins that were enriched in
the “wild type” condition not containing any linkage (Figure 60D). These factors are some of
the familiar factors that are associated with active replication forks. Tofl and Mrcl both
showed strong and consistent enrichment, and so too did GINS and Ctf4. Several members of
polymerase complexes were significantly enriched, as well as members of the RFC and related
complexes. Cdc45 was also enriched in this condition, but did not meet the threshold of
significance. RPA showed a single subunit that was significantly enriched, Rfal, but the other
two, whilst enriched, were not significantly so.

Altogether, this group of factors confirm that the “wild type” has a greater abundance of active
replisome-associated factors, indicating that the C-terminal linkage-induced complex, whilst
clearly at a late stage in activation, is not yet a fully formed replication fork, able to recruit all
the usual factors. The higher abundance of Cdc45 and GINS in the “wild type”, despite these
factors being present in the linkage construct-induced arrest (Figure 58D,Figure 59B,Figure
60B), suggests that the strength of the interaction with MCM2-7 is improved in the “wild type”.
Because of the C-terminal linkage causing interference of ssDNA extrusion through the Mcm2-
McmS5 interface, where Cdc45 and GINS eventually bind in the CMG (Sun et al., 2015), it is
possible that the binding of these factors is not fully secured due to the blocked or improper
ssDNA exclusion. The variable enrichment of the subunits of RPA, whilst not overall
significant, does tend towards enrichment in the active replication complex which suggests
despite ssDNA expected to be present in the C-terminal linkage-mediated arrest complex
(Figure 17B), the amount of RPA associated with that complex is still less than that of a fully
active fork, putting a limit on how much ssDNA could be produced in the arrest complex.

The N-terminal linkage construct shows a different result when compared directly against the
“wild type” (Figure 60E). In this case, no replication factors showed significant enrichment in

the construct-mediated arrest condition. Instead, only the active, un-arrested replisome showed
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significant enrichment of replication factors. These factors are similar to those identified in the
enrichment over the C-terminal construct, indicative of a fully functioning replisome, and
indicating recruitment of these factors to the arrested construct was much lower. Among the
factors that tended towards significant enrichment in the construct-mediated arrest, are S1d3,
S1d7 and ORC. These factors make sense as they indicate an origin-bound complex that is early
in the stage of initiation, as discussed. It is possible with improved reproducibility and
additional replicates this enrichment could be significant.

Finally, the two construct-mediated arrests were directly compared (Figure 60F). Again, the
N-terminal linkage construct complex showed no significantly enriched replication factors over
the compared condition. However, the C-terminal construct complex showed significant
enrichment of several replication factors. Unsurprisingly, this included S1d2, Dpb11 and GINS.
These pre-LC members associate at a stage later than that which the N-terminal construct is
able to reach, and so there is a clear enrichment in the C-terminal construct. Similarly, there is
an enrichment of RPA, of which Rfal is the only subunit reaching statistical significance here.
This agrees with ChIP-qPCR data that suggests only a slight recruitment of RPA to the N-
terminal arrest, but more RPA recruitment to the C-terminal arrest (Figure 17B and Figure
18B). Tof1 was also significantly enriched, which continued to imply that this factor begins its
association relatively early with the MCM2-7 complex, despite its binding position on the N-
terminus of the MCM2-7 hexamer and engagement with parental DNA at the fork (Bareti¢ et
al., 2020). Finally, Cdc45 also showed significant enrichment. This was surprising, as the
factors that came closest to significant enrichment in the N-terminal construct from 0 to 30
minutes were Cdc45 and S1d3/7 (Figure 60C). SId3/7 did not show any enrichment when
comparing N- and C-terminal constructs, yet Cdc45 did. This could be explained by the fact
that whilst Sd3/7 are transient replication factors that are lost from the complex during

activation, Cdc45 retains association post-activation. Thus, as complex progression continues
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from early to late stages of activation, a progression reconstituted by these two linkage
construct-induced arrests, Cdc45 association is likely to tend towards becoming more stably
bound. This could be the rationale behind its increased abundance in the C-terminal linkage
construct.

The investigation of the dynamics of known replication factors was only one aspect of the
ChIP-MS study into these arrest states. A further goal was to observe any factors that showed
enrichment with any complex that had not previously been indicated to have a role in
replication, and specifically replication initiation. The un-arrested Cdc45-FLAG ChIP-MS and
Mcm4-FLAG ChIP-MS time-course had already generated a list of possible interactors that
associated with active replication, and the time-course had narrowed down the association of
some factors to actually be prior to activation, but there was still no clear indication of any
factor that specifically could be tied to initiation itself. Therefore, by calculating the enrichment
values when comparing the pull-downs from this experiment over both their paired untagged

controls, and each other, potential novel factors could be highlighted (Figure 61).
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Figure 61: Analysis of the most enriched proteins in multiple pairwise comparisons. A) Tables showing the 25 most enriched
proteins when comparing tagged pull-downs against the untagged negative controls for each condition at 30 minutes post
Gl-arrest. Proteins that are part of the manually curated set of replication factors are coloured according to the colour scheme
used in prior figures. Enrichment values are the mean enrichments across four replicates. Where a protein was not detected
in the untagged control, conservative imputation was used to assign a value equal to the mean of the lowest 10% of detected
proteins in the untagged control. B) As in A, but comparing the two linkage construct arrest conditions against the strain
without a linkage present, also at 30 minutes post G1-arrest. C) Gene ontology enrichment analysis for the subset of proteins
enriched in the C-terminal gate samples versus the tagged WT samples. All proteins with a log,(enrichment) greater than 1
were submitted for analysis using the ShinyGO (Ge et al., 2020) online tool, with all other detected proteins as the submitted
background. Shown are the GO molecular function terms that were significantly enriched, with an FDR set to 0.05.
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Initially, the enrichment values were simply calculated for the pull-downs over their untagged
controls at 30 minutes (Figure 61A). Unsurprisingly, the most enriched proteins in the cells
without a linkage construct showed a similar set of factors to the prior experiments using
Mcm4-FLAG (Figure 38C). The extended list of enriched factors, which contains over 300
proteins with an enrichment of two-fold or greater, contains many protein factors that could be
linked to replicative processes either by known involvement, or by involvement with adjacent
process such as DNA damage signalling or repair. Three additional factors beyond the
manually curated set of replication factors were present in the 25 most enriched proteins, Ddcl,
Asil and Nat5. Ddcl is a component of the yeast 9-1-1 sliding clamp, and is involved in the
DNA damage response pathway responding to double-stranded breaks, where, interestingly, it
cooperates with Dpbl1 (Longhese et al., 1997; Hong & Shirleen Roeder, 2002; Wang &
Elledge, 2002; Burgess, Han & Zhang, 2014). Asil is an E3 ubiquitin ligase that is localised in
the inner nuclear membrane ER sub-compartment, and is involved in degradation of misfolded
proteins there (Zargari et al., 2007; Foresti et al., 2014; Khmelinskii et al., 2014). Other than
an interaction with the Cdc48 protein, that also functions in replication termination
(Pantazopoulou et al., 2016; Maric et al., 2014, 2017), the possible link to replication is unclear.
Not much is known about Nat5, but it is classified as one of a distinct family of N-terminal
acetyltransferases based on sequence similarity to other enzymes of this type, with no
substrates identified as of yet (Polevoda & Sherman, 2003). This protein was only sporadically
detected in the pull-down samples, and was not present in untagged controls, so represents an
uncertain hit.

The C-terminal linkage construct sample contains many of the same proteins on the list of
most enriched, as the “wild type” does, and they broadly fall under the same categories of
molecular function. The top 25 enriched proteins are also similar, but the increased enrichment

of the transient replication factors over the “wild type” is clear, as Sld2, S1d3, SId7 and Dpbl11
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all make the top 25 factors for this condition (Figure 61A). Of the top 25 factors, there are a
few outside of the expected curated set. Nat5 is once again present, along with Pdr11, Cac2,
Ptal and Pccl. Pdrll is a drug transporter and so natively exists in a separate cellular
compartment, and so is unlikely to be a genuine hit (Buechel & Pinkett, 2020). It also has no
quantification in the untagged controls, so could have an inflated enrichment value due to the
imputation process. Ptal is involved with the cleavage and polyadenylation of mRNA and
tRNA 3’ ends as part of the yeast homolog of cleavage-polyadenylation specificity factor
(O’Connor & Peebles, 1992; Zhao et al., 1999). Despite the possible proximity of transcription-
related processes and DNA replication events, it is also unclear why this protein would be
associating with replication machinery, particularly at a complex stalled during an initiation
step. Pccl is a member of a conserved but enigmatic nuclear complex that has been implicated
in telomere length maintenance and tRNA modification (Srinivasan et al., 2011; Daugeron et
al.,2011; Huetal., 2013). Understudied complexes present avenues for possible new functions,
but the other members of the Pccl-containing complex, Kael, Bud32 and Cgil21 are only
enriched slightly over untagged control, if they are present at all, making this hit also somewhat
dubious.

Cac?2 is a member of the CAF-1, the complex required for assembly of new histones onto newly
replicated DNA (Smith & Stillman, 1989; Krude, 1995). This complex has a clear role in
replication, and is associated with the replication fork by interactions with Pol30 (Krawitz,
Kama & Kaufman, 2002; Zhang, Shibahara & Stillman, 2000a). Because of the nature of the
arrested complex present in the C-terminal linkage construct sample, it was surprising that a
member of this complex showed association at this stage, prior to the successful formation of
replication forks. Because this associated was unexpected, and was at a stage where initiation
was artificially prevented from completion, Cac2 was taken forward for further investigation

with regard to a role in replication initiation.
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Despite having a similar number of enriched factors, the N-terminal linkage construct most
enriched proteins contained far fewer factors that are related to DNA replication or DNA repair
(Figure 61A). This is likely due to the fact that the arrest state generated by this construct is
very similar to the inactive double-hexamer prior to the start of activation, only a few of the
initial activation factors have begun to associate at the stage it was stalled. SId3 and Cdc45 are
both enriched, being early stage initiation factors, although the association of Mcm10 is still
surprising. For additional factors not part of the curated list of replication factors, it shares
several with the C-terminal arrest state, such as Pdrl1, Ptal and Pccl. Of the other factors
present in this list, the most interesting hits are Farl, YDR132C, and Yrf1-X.

Perhaps most interesting as a method to identify initiation-specific factors is the comparison
between the two arrest states generated by the linkage constructs, and the “wild type” 30 minute
condition. This would be able to identify any factors that were highly abundant at the arrested
states, but were then lost during the transition into a fully active replication complex. Because
both samples were pull-downs, and neither was a negative control, imputation could lead to
inflated enrichment values at a much higher rate than normal, increasing the noise in the data
significantly. The most enriched proteins presented in Figure 61B are therefore only those
factors that were at least detected in both conditions.

Unsurprisingly, the C-terminal construct most-enriched list is headed by Sld2 and Dpbl1, as
explained previously. Mcm10 is also near the top of the list. Other than the presence of Mcm4
and Orc3, which have also been discussed in the explanation of the previous figures, there are
no other members of the curated list present. The N-terminal construct most-enriched list
contains none of the curated replication-associated factors (Figure 61B), but does include some
interesting proteins, such as the yeast Ku70 protein, which is involved in telomere maintenance
and double-strand break repair (Doherty & Jackson, 2001). Other potential factors of interest

included Rbd2, of which very little is known (McQuibban, Saurya & Freeman, 2003).
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However, many of these factors showed differences because of noise, as they were not
particularly, or even negatively enriched in the C- or N-terminal construct pull-downs
themselves. For example, the APC/C subunits (e.g. Apc2) shown here actually have high de-
enrichment in the pull-downs due to non-specific binding in the untagged negative controls.
When controlling for enrichment within the individual pull-downs, very few factors show an
enrichment of magnitude, other than the already known and categorised replication-associated
proteins. Those proteins with a log2(enrichment) of 1 or higher in the C-terminal gate construct
were compared against all proteins identified across the samples, and gene ontology enrichment
was carried out on this subset versus the larger set of identified proteins using the ShinyGO
tool (Ge et al., 2020) (Figure 61C). Few terms were found to be significantly enriched in this
subset, and of those, many pertained to DNA replication or cell cycle associated processes.
However, the presence of Dpbl1, Sld2, Mcm10 and Mcm5 in this subset alone was enough to
cause a significant enrichment of several of these GO terms. For the other factors present in
this subset, then, there are likely no GO terms that show significant enrichment. For the N-
terminal gate construct, no terms met the significance threshold with an FDR set to 0.05.

Despite the lack of identification of a prominent novel factors, the ChIP-MS analysis
performed here in combination with the rapamycin-dependent intra-hexamer linkages between
Mcm?2 and McmS5, helped elucidate the complex composition when the linkage was utilised to
arrest complexes during initiation. For the most part, the data confirmed the results of the ChIP-
qPCR data, but expanding the dataset to include the association dynamics of many more
replication factors in the context of these initiation arrests. A small number of factors were
identified that either showed more association than might previously have been expected, or
showed an association which was entirely unexpected. Some of these factors were taken

forward for validation and to investigate their roles in the process of replication initiation.
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3.7.2 Mcm4-FLAG ChIP-MS in the context of the inter-hexamer latch construct

The Mcm4-FLAG ChIP-MS experiment in the context of the intra-hexamer gate constructs
yielded a detailed picture of complex composition at the arrest state generated by these
constructs. This technique was able to quickly validate the ChIP-qPCR data of replication
factors, whilst also monitoring the association of a much greater range of replication factors
than would be possible only by iterating ChIP-qPCR analysis over multiple target factors. As
part of this research, a new construct was designed and tested (Section 3.1.2). This rapamycin-
dependent inter-hexamer latch had been tested with a limited number of replication factors,
and was thought to generate a unique arrest state that was distinct from either of the intra-
hexamer gate-induced arrest states. This arrest state was also thought to be within the process
of replication initiation. The use of ChIP-MS on this construct arrest could therefore be hoped
to quickly and comprehensibly investigate the complex composition at this arrest state. A large-
scale experiment was carried out in quadruplicate to characterise the protein composition of
the latch construct arrest, and comparator gate construct pull-downs were included to compare
this arrest state to that investigated previously.

Following analysis of the data generated in this experiment, specifically for the expected set
of replication-associated proteins, it was observed that the pull-down in this experiment was
not of as good quality as previously. Whilst MCM2-7 subunits were consistently highly
enriched, the levels of other expected factors in the experiment were highly variable or not
detected. Even the co-IP of closely-associated proteins was unexpectedly inefficient. The
enrichment of Cdc45 was much lower than expected, and the GINS complex was not detected
at all, which stood in stark contrast to the strong enrichments seen in previous experiments of
this type. For other components of the replisome, and initiation factors, the enrichments were
also disappointingly low, well below previously observed levels. This was true even in the

intra-hexamer gate construct, so was not a problem uniquely introduced by the inter-hexamer
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latch. Instead, the experimental conditions for this analysis had somehow caused this issue for
both types of construct.

From the analysis of the data, it seemed as though the large majority of MCM2-7-containing
complexes pulled-down in this experiment were not chromatin associated. The
disproportionate loss of chromatin-associated MCM2-7 was something that was thought to
affect the latter time-points of the Mcm4-FLAG ChIP-MS experiment previously and appears
to have affected this experiment particularly severely. Again, the hypothesis is that incomplete
sonication and/or improved DNA-crosslinking of the arrested replication complex resulted in
a disproportionate loss of chromatin-bound replication complexes from the pull-down.
Following this experiment, attention was focused on ensuring a reproducible quality of pull-
downs, before attempting to repeat this experiment. Full characterisation of the inter-hexamer
latch, then, is a goal that will unfortunately fall outside of the attainment of this project by the

time of this thesis’ completion.
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3.8 ChIP-MS validation, troubleshooting and optimisation

In progressive experiments carried out as part of this project, it was observed that utilising
formaldehyde cross-linking and washing using buffers of salt and detergent levels commonly
used for ChIP-qPCR protocols seemed to give improved results for mass spectrometry-linked
pull-downs. Whilst pull-downs under native conditions were able to isolate the core CMG very
well, and also identify a range of other replisome-associated factors in addition (Section 3.2,
Figure 32D), the change in protocol to the ChIP-MS method led to the identification of further
replication-associated factors and in particular, several initiation factors such as Sld2, Sld3,
S1d7 and Dpb11 (Section 3.3 and 3.4). It was important to confirm that this improvement in
factor detection was in fact due to this change in technique, and not due to small optimisations
in the general cell harvesting, sample handling or preparation for mass spectrometry analysis.
Additionally, later ChIP-MS experiments identified a prevailing issue in the experimental
technique, where pull-downs were losing not correlating with previous runs, and certain known
interactors were increasingly absent from the mass spectrometry identification. The possible
source of this issue was thought to be an inefficiency in the release of chromatin-associated
complexes from chromatin. Variability in either the formaldehyde-induced cross-linking, or in
the efficiency of sonication could have resulted in large pieces of intact chromatin remaining
in the sample. Over-crosslinking could compact the chromatin to a point where it would almost
inevitably pellet out of solution during clarification steps, or insufficient sonication could result
in large chromatin fragments that would also be lost. Overall this would result in an over-
abundance of soluble bait complexes at the expense of chromatin-bound complexes, which is
indeed what was observed in some of the later experiments. To test whether the current ChIP-
MS protocol was an improvement over native IP, and to test if the loss of chromatin-bound
protein could reduced, an experiment was carried out to directly compare the native IP method

against the new cross-linking method and an optimisation to the ChIP-MS. All conditions used
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the Cdc45-FLAG bait protein, so as to be comparable. Cdc45-FLAG was chosen since native
IP had only been attempted with Cdc45-FLAG (data not shown) and Psf2-TAP. A regular

ChIP-MS would be carried out alongside a native IP, and a modified ChIP-MS protocol with
the addition of Benzonase digestion immediately prior to sonication, to potentially help with
chromatin disruption.

In addition to the native IP carried out as for the Psf2-TAP pull-downs demonstrated earlier,
there was also a sample that was treated the same as the ChIP-MS sample, only without the
cross-linking. This was to ensure any differences were not only due to the modified preparation
between native IP and ChIP-MS. This was because there were several differences between the
original protocol and the ChIP-MS one (see materials and methods for full details). The most
notable differences were in the method of cell lysis, the method of chromatin disruption,
presence or absence of clarification, and the wash buffers. The ChIP-MS protocol used bead-
beating instead of freezer-milling for cell lysis, sonication instead of Benzonase treatment for
chromatin disruption, did not make use of an ultracentrifugation step, and used more stringent
wash steps using buffers with a generally higher detergent concentration. Also present was a
negative control sample prepared in the same manner as for the ChIP-MS, but in an untagged
strain. 500 mL of cell culture grown and arrested in alpha-factor and subsequently released for
40 minutes was the input for all the conditions. After pull-down steps were complete, and
isolated protein eluted from magnetic beads using boiling in the presence of 1% SDS, the

samples were prepared for mass spectrometry analysis in the same manner.
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Figure 62: Analysis of the comparative ChIP-MS and native IP samples. A) Silver stain visualisation of samples run on SDS-
PAGE. Inputs refer to cell extracts immediately prior to addition of IP antibody, and eluates refer to samples after elution from
beads immediately prior to preparation for mass spectrometry submission. Sample 1: reqular ChIP-MS, sample 2: Optimised
ChIP-MS with addition of Benzonase ®, sample 3: non-cross-linked sample processed using ChIP-MS sample prep and washes,
sample 4: Native IP as in section 3.2. B) Comparison of the total number of proteins identified in each sample, based on
quantified LFQ values. C-E) Enrichment analysis of the set of manually curated replication factors across three pull-down
samples. Enrichment was calculated using LFQ values from pull-down samples for each protein and comparing to LFQ values
in the untagged control sample. Imputation was carried out manually where missing values were present in the untagged
control using the mean LFQ intensity of the lowest 10% of detected proteins in the untagged control. C) Enrichment of
replication factors in the regular ChIP-MS protocol. D) Enrichment of replication factors in an optimised ChIP-MS protocol
utilising Benzonase ®. E) Enrichment of replication factors in an original native IP in this same experiment.

From silver stain analysis of the samples run on SDS-PAGE, clear differences can already be
seen (Figure 62). The lack of cross-linking is visible in the inputs of lanes 3 and 4. Strikingly,
in the eluates, lane 7, ChIP-MS with the addition of Benzonase® prior to sonication, shows a
much greater protein content than the other samples. All tagged pull-down lanes also show
greater protein levels than the untagged negative control. The number and clarity of pull-down
specific bands in lane 8, the native IP, is less than observed previously (Section 3.2). This had
been observed in the native FLAG-tag pull-down of Cdc45 in prior tests (data not shown) as
the elution method of boiling from beads using SDS is less clean and specific than the use of
PreScission® protease to elute target complex. In terms of total numbers of proteins identified,
the most obvious effect, again, was that the Benzonase®-treated ChIP-MS sample contained
many more proteins at a high enough abundance for MS detection (Figure 62B). Surprisingly,
the native IP showed a greater number of detected proteins than the regular ChIP-MS protocol,
indicating a more complex pull-down than expected with this sample. It is worth noting that
the numbers of proteins identified in both samples, however, was lower than what was usually
detected in regular ChIP-MS experiments. The untagged control demonstrated the lowest
number of identified proteins, and the non-cross-linked cells processed using the ChIP-MS
method otherwise showed a number of proteins lower than the regular ChIP-MS. This was
actually surprisingly high, since ChIP-MS washes were thought to be much more stringent, and
so in the absence of cross-linking, fewer factors were expected to be pulled-down. To

investigate how abundant the proteins detected in these samples actually were, and specifically
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for the replication factor curated set, enrichment values were calculated and plotted for the
samples (Figure 62C-E). Firstly, the results for the regular ChIP-MS were disappointing,
reflecting the issues that had been affecting this technique in several of the most recent ChIP-
MS experiments. Many expected replication factors were not present in the sample, including
many GINS and polymerase subunits that should have been associated with Cdc45 at the time-
point tested. However, a clear difference was seen in the sample treated with Benzonase®
(Figure 62D). The enrichment data for this sample resembles much more the initial ChIP-MS
data obtained in Section 3.3. The native pull-down in this experiment also underperformed,
with many replication factors missing, and the reason for this is not entirely clear (Figure 62E).
The sample not treated with formaldehyde, but processed as a ChIP-MS sample after that point,
showed enrichment of almost none of the replication-associated factors, only showing clear
enrichment for Cdc45, Ctf4 and Pol3. This showed that it was clearly the introduction of cross-
linking, in combination with the stringent washes of the ChIP-MS protocol, that resulted in
maintained association of replication factors in the pull-down. Without it, the stringent washes
removed many more associated factors, as expected.

A quick analysis of the variation in LFQ intensities across these samples was also carried out
for these samples (Figure 63). In terms of Cdc45 abundance in the sample, the native IP
performed the best (Figure 63 A, bar 3). Since all pull-downs in this experiment relied upon the
Cdc45-FLAG-anti-FLAG interaction, this was likely due to the less stringent washes removing
fewer Cdc45 proteins from the beads in the native IP. Otherwise, the results were mainly as
expected, though the Benzonase®-treated sample (Figure 63, bar 2) showed surprisingly low
abundance of Cdc45 relative to the regular ChIP-MS sample (Figure 63, bar 1). Reassuringly,
the non-cross-linked sample (Figure 63, bar 4) showed abundance of Cdc45 roughly equal to
that of the regular ChIP-MS. Since the Cdc45-FLAG-beads interaction remained the same, and

the washes were the same in both cases, this was expected.
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Figure 63: Individual protein abundance analysis across test conditions of ChIP-MS and regular IP. LFQ intensity values of the
specified proteins are displayed relative to one another. For proteins other than Cdc45, the relative ratio of that protein to
Cdc45 in the pull-down samples is displayed below. A) LFQ intensity of Cdc45 across the samples. B) Average LFQ intensity of
MCM2-7 across the samples, and the ratio of this intensity to Cdc45 in the pull-down samples. C) As in B, but for the GINS
complex. D) LFQ intensity of Pol2 across samples, and the ratio of Pol2 to Cdc45 in the pull-downs. E) As in D, but for Tof1.

This analysis was also repeated for other replication-associated proteins. Similarly to Cdc45,
MCM2-7 showed the greatest abundance in the native IP (Figure 63B). This was also as
expected, the interactions between Cdc45 and MCM2-7 are stable and are clearly not
significantly disrupted in the native IP. Tellingly, this is where the Benzonase®-treated ChIP-
MS sample showed an advantage over the regular ChIP-MS, indicative of loss of Cdc45-

MCM2-7 complexes in the regular ChIP-MS. The non-cross-linked ChIP-MS sample showed
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very little MCM2-7 abundance in comparison to the other samples, which suggested that the
more stringent washes were capable of disrupting CMG complexes when cross-links were not
present.

The ratio of MCM2-7 abundance to Cdc45 abundance was also calculated to give information
on MCM2-7 pull-down efficiency normalised to Cdc45 amount. The native IP and
Benzonase®-treated ChIP-MS performed similarly, indicating about the same proportion of
Cdc45 was associated with an MCM2-7 hexamer in each pull-down.

The GINS complex showed variable presence in these pull-downs, and subunits were only
detected in the Benzonase®-treated ChIP-MS and the native IP. Comparing the average
abundance of the detected subunits shows a similar trend to MCM2-7 between the two samples
which showed GINS presence (Figure 63C). Whilst by abundance, the native IP again
performed better, the ratio of GINS to Cdc45 was slightly higher in the modified ChIP-MS
protocol.

Moving on to replication factors that showed less direct association to Cdc45, but were still
associated with the replisome demonstrated that in this case, ChIP-MS appeared to be superior
to native IP, and that the Benzonase®-treated ChIP-MS protocol improved further and helped
combat some of the recent issues. Pol2 abundance was drastically lower in the native IP than
in either of the cross-linked samples, and as a result, showed a much better ratio to Cdc45 in
the ChIP-MS protocols, with the modified protocol performing better (Figure 63D). Tof1l
showed a similar pattern to Pol2 and several other more peripheral replication factors such as
Poll, Pol30 and RFC (data not shown). Tofl abundance was higher in the ChIP-MS samples,
and highest in the Benzonase®-treated ChIP-MS (Figure 63E). As such the protocol showing
the most efficient pull-down of this protein was again the modified version of the ChIP-MS
protocol, which pulled-down substantially more Tof1 relative to the Cdc45 abundance than the

other samples.
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This seemed to be a clear indication that somehow, it was the presence of DNA and chromatin
in the regular ChIP-MS that was causing the issues in previous runs of ChIP-MS, as predicted
by the bias towards soluble complexes in recent experiments. Given this data, it is likely that
the sonication of the ChIP-MS samples over recent experiments was inefficient, resulting in
large tracts of intact chromatin that would be lost during spin steps prior to the pull-down.
Whilst data from later ChIP-MS experiments was still of enormous value, it is possible that
with the addition of Benzonase®-treatment, results would become more reproducible and the

isolation of chromatin-bound replication complexes would be more effective.
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3.9 Replisome-associated proteins observed in ChIP-MS

Several factors showed enrichments or abundance dynamics in one or several of the
replication-complex associated pull-downs, to merit further investigation of their possible role
in replication. By focusing on specific factors, the aim was to hopefully validate the results of
the ChIP-MS data for these factors, whilst also revealing potentially novel functionality. An
initial step was to confirm whether or not FLAG-tagged versions of these factors of interest
were able to show an origin-association via ChIP-qPCR methods. Additionally, deletion strains
were also prepared to test if the null mutants showed any noticeable phenotype generally
(Figure 64), but crucially whether they showed any specific phenotype relating to replication
and replication initiation.

Fun30 was a protein that was reliably detected and strongly enriched in ChIP-MS experiments
in this study. It often showed very high levels of enrichment, and analysis of the dynamics of
MCM2-7 association for this factor showed an interesting pattern (Figure 53). This protein
appeared to show maximum association with MCM2-7 from the point of loading at origins and
showed continued association through to time-points where active replisomes were present
(Figure 39), but with decreased association. This pattern indicated that Fun30 associated with
MCM2-7 during or after loading, and whilst it was possibly able to travel with the active
replisome, the decrease in association over time post-activation indicated this association was
most likely limited to origins of replication. Because of the role of Fun30 as a nucleosome
remodeller (Lee et al., 2017; Lee, Choi & Lee, 2018; Costelloe et al., 2012; Neves-Costa et al.,
2009), it was considered that Fun30 may have a role in shaping the origin chromatin
environment which could modulate either the loading or activation step of MCM2-7, and was
therefore chosen for further investigation.

There is some evidence that in addition to helping resolve fork-stalling at replication blocks

(Torres, Bessler & Zakian, 2004; Ivessa et al., 2003; CF et al., 2019), Rrm3 also interacts with
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members of the replisome and may even associate with the fork in the absence of replication
fork blocks, though this is disputed (Azvolinsky et al., 2006; Schmidt, Derry & Kolodner,
2002). The association of Rrm3 with MCM2-7 complexes was clear in this study, and dynamics
of the association (Figure 53) as well as lower association with the rapamycin-dependent
linkage constructs (Figure 60), indicated that this factor indeed preferentially associates with
activated replisome complexes. The magnitude of the enrichment observed over control
samples suggested that this association is possibly with a large proportion of replisomes, rather
than a small subset encountering blocks, suggesting an ubiquitous interaction with active forks,
without the need of fork blocks. This factor was therefore investigated further to confirm this
association and identify any additional functions of this protein.

Sir3 was another protein that was reproducibly enriched in many of the ChIP-MS pull-downs
in this study. Though canonically this protein is associated with establishment and spreading
of heterochromatin at telomeres and the mating type locus, it and Sir2 have been linked to
replication origins in their ability to compensate for MCM loading defect mutations and in the
changing origin firing patterns upon Sir2 deletion (Pappas, Frisch & Weinreich, 2004;
Crampton et al., 2008). Despite this previously reported indication for Sir3 association with
origins, the high enrichment values reported via ChIP-MS made this protein an interesting
target for further investigation.

Though Hrql showed varying abundance in regular ChIP-MS with either Cdc45-FLAG or
MCM4-FLAG, this protein was one of the few proteins with previously suggested chromatin
association that was enriched in the arrested intermediate complex generated by the intra-
hexamer C-terminal gate construct (Figure 60D). Tracking the intensity of this protein over
time in the time-course ChIP-MS showed that it appeared to associate with the replication
complex at origins, prior to activation (Figure 53). Though there is little evidence of Hrql’s

involvement with replicative processes, the RecQ4 helicase in humans contains a region

308



3.9 - Replisome-associated proteins observed in ChIP-MS

homologous to replication factor SId2 in addition to the Hrql homology domain (Rogers et al.,
2017). Hrql itself appears to mainly act in repair of interstrand cross-links independently of
replication (Sanders et al., 2020; Rogers et al., 2020a, 2020b, 2020c), but its unique position
as an enriched factor in an initiation-arrest complex and identity as a helicase with a link to
RecQ4’s S1d2 homology domain made it worthy of further study.

Cac2 is a subunit of the CAF-1 complex, which in yeast has been associated with telomeric
and other heterochromatin silencing, as well as deactivation of the DNA damage checkpoint
after successful repair of the damage . Despite no prior association with replication origins,
Cac2 showed a high imputed enrichment value in the wild type Mcm4-FLAG ChIP-MS in G1.
The association of CAF-1 with replication-coupled histone deposition is clearer in humans than
in yeast, but this role could link Cac2 with a possible role in histone dynamics at origins. Whilst
not well enriched in the time-course ChIP-MS, Cac2 was still considered for further

experiments.
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Figure 64: Confirmation and viability of strains generated to investigate factors of interest. A) Western blot of SDS-PAGE
analysis of cell extracts prepared from clones from hygromycin-containing media to select for integrated penta-FLAG tags at
the C-termini of the genes displayed. Membrane was treated with HRP-coupled anti-FLAG antibody. All major bands match
well with the expected sizes of the FLAG-tagged proteins, within the range possible due to posttranslational modifications.
Expected 5xFLAG size: approx.. 5 kDa B) Colony PCR analysis of genomic DNA isolated from positive colonies selected on
hygromycin-containing media to select for deletion of the endogenous copy of the displayed genes. Primers used were #2369,
which anneals to the Hygromycin resistance gene in the integration cassette, and primers that anneal to genomic DNA to the
3’ of the coding region of the gene of interest. These were #2781, #2685, #2782, #2783 and #2780 corresponding to the genes
CAC2, FUN30, HRQ1, RRM3 and SIR3 respectively. C) Dot-spot viability assay of the deletion mutants generated and confirmed
in B. 10-fold dilutions of cells from the same initial quantity were grown on YPD plate to asses any intrinsic growth defects
caused by gene deletion. “WT” is YC160, the in-house W303 base strain.
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3.9.1 Fun30

To attempt to confirm the association of the Fun30 protein at replication origins and potentially
at replication forks as well, ChIP-qPCR was carried out using a endogenously tagged Fun30-
5xFLAG to isolate chromatin associated with this protein. Cells were synchronised in alpha-
factor before being released in a manner identical to that described in section 3.1, and at specific
time-points during and after release, cells were harvested and ChIP-qPCR performed.
Unfortunately, initial results proved unpromising (Figure 65A). Although a general signal of
origin DNA was observed at origins, it was extremely variable in initial tests, and showed
indistinguishable association with the non-origin control region. This was despite showing
more DNA signal than an IgG control. Whilst the ChIP-MS association of Fun30 with MCM2-
7 appeared to be maximal prior to activation (Figure 53), there was still some association visible
post-activation. During this time period, research implicating the Fun30 homolog SMARCAD1
in protection of replication forks from certain DNA damage was published (Lo et al., 2021). It
was considered if Fun30 origin-proximal association would be increased in the presence of
hydroxyurea (HU), which can both slow/stall replication forks, and induce DNA damage (Kog
et al., 2004; Alvino et al., 2007; Singh & Xu, 2016). The ChIP-qPCR experiment was repeated
with cells released into S phase in the presence of 200 mM HU, and under these conditions, a
small increase in Fun30 origin association was seen over time, to a maximum at 45 minutes
(Figure 65B). The timing of the association increase matched well with the association timings
of replication factors at this origin (Figure 65C), particularly given that the HU treatment was
likely to stall forks close to the origin. Notably, this time-dependent change in DNA pull-down
was not replicated in the non-origin control DNA, for Fun30 or Cdc45 (Figure 65B,C). This
provided evidence for the association of Fun30 with replication forks, but did not fully validate
the ChIP-MS data, which suggested association with MCM2-7 mainly prior to replication

initiation.
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Figure 65: ChIP-gPCR analysis of Fun30-FLAG association with origins. A) ChIP-qPCR of Fun30-FLAG cells released from alpha-
factor arrest. The IP efficiency of ARS305 origin DNA, and of the non-origin ARS305+2 kb DNA is shown. Also shown is the IP
efficiency of ARS305 from the same strain but using a non-specific IgG antibody for the pull-down step. B) As in A, but cells
were treated with 200 mM hydroxyurea (HU) to prevent nucleotide incorporation and stall replication forks. C) As in B, using
a control Cdc45-FLAG strain to test the effect of the HU treatment on a known replication factor.(n=1) D) Further data from
a replicate of A, testing alternative origins and genomic regions (n=1). The 55 rDNA locus is used as a control for a site of
highly active transcription, and therefore high DNA accessibility.
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It is possible that the strong association of Fun30 with Mcm4 could be due to an interaction at
a subset of origins prior to initiation. To investigate this possibility, the initial qPCR was
repeated for other replication origins and genomic regions. None of the other origins tested had
markedly different pull-down efficiency in the Fun30-FLAG ChIP-qPCR, and there was no
observable pattern between early (ARS305, ARS607, ARS1021) and late (ARS501, ARS1429)
origins (Raghuraman et al., 2001). The pull-down of the highly expressed locus of the 5S rRNA
was the most efficient of the genomic loci tested. Given Fun30 has a proposed function in
histone remodelling around the RNA polymerase complex (Lee et al., 2017; Lee, Choi & Lee,
2018), this enrichment could be due to this role of Fun30. High pull-down efficiency is also
observed with highly expressed regions of open chromatin in ChIP-based experiments, and so
this could also reflect this effect (Teytelman et al., 2013). As with several of the factors in this
section, the absence of ChIP-qPCR signal need not be taken as a definitive lack of association.
A possible issue with these proteins is that the epitope tagging may disrupt the binding of the
factor in the replication-associated context and prevent origin association.

To investigate whether the deletion of Fun30 would have any noticeable effect on the timing
of DNA replication initiation, the progression or speed of replication itself, or the loading of
MCM2-7 at origins, strains that had their endogenous copy of Fun30 deleted were created.
Cells without Fun30 were then tested for any phenotypic changes relative to control strains
(Figure 66). Initially the progression of cells with or without endogenous Fun30 into and
through S phase was investigated using DNA content quantification by SYTOX incorporation
and flow cytometry. In cells released into S phase from alpha-factor arrest, there was no
discernible effect on the timing of S phase entry or the completion of S phase in Afun30 cells
at the population level (Figure 66A). Previous studies suggested that Fun30 had a protective
role in the response to genotoxic agents (Bi et al., 2015), and so the cell cycle analysis was

repeated but with the presence of 200 mM of HU (Figure 66B).
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Figure 66: Phenotypic effects of the deletion of FUN30 on cells. A) DNA content changes as measured by SYTOX incorporation
and flow cytometry of wild type and AFun30 cells released from alpha factor-induced G1 arrest into normal media. B) As in
A, but released into S phase in the presence of 200 mM HU. C) Dot-spot viability assay of wild type (WT) and Afun30 cells
grown on plates containing the indicated concentrations of HU. Cells were plated in 10-fold serial dilutions. E) ChIP-gPCR
analysis of Mcm4-FLAG origin association in the context of wild type or Afun30 cells. Asynchronous (cyc) cells were arrested
in G1 and released into S phase, and the origin association of Mcm4-FLAG compared at several stages of the time-course.
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longer-term effects of HU on Afun30 a dot-spot viability assay was performed with increasing
concentrations of HU in the plate media (Figure 66C). A very minor loss of viability was
observed in the Afun30 cells relative to the wild type. Finally, to test whether the loss of Fun30
had any effect on the origin-associated processes leading up to and including replication
initiation, Fun30 was knocked-out in the context of an Mcm4-FLAG containing strain. By
carrying out an Mcm4-FLAG ChIP-qPCR in Afun30 cells, it would be possible to see if the
association of MCM2-7 with origins in G1 was affected by the loss of Fun30, or if the timing
of replisome assembly and loss of MCM2-7 association with origins was affected.
Disappointingly, it was not possible from this particular assay to see any effect caused by the
loss of Fun30. The levels of Mcm4 at origins were consistent in alpha factor-mediated G1 arrest
between Afun30 and wild type cells. Similarly, the loss of MCM2-7 complexes occurred within
the same time-frame, and dynamics of this loss appeared identical. This was true for both of
the origins tested in this case, ARS305 and ARS607. Given time limitations, it was not possible
to follow up on this particular investigation, but further experiments looking at other origins,
over tighter time-points and with other tagged replication factors could all be considered to
look for a more specific or more subtle effect of the loss of this factor in the processes leading

up to and including DNA replication initiation.
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Figure 67: Overview of previously proposed Fun30/SMARCAD1 functionalityA) scFun30 and hsSMARCAD1 share significant
homology, but mostly within the ATP-binding and helicase C-terminal domain (Neves-Costa et al., 2009), crystal structure by
Liu and Jiang, 2017 (Liu & Jiang, 2017) orange and red bars show the regions of protein that have been structurally determined
in the S. cerevisiae Fun30 and human SMARCAD1 respectively. B) Fun30 is thought to act in nucleosome remodelling at sites
of double-strand breaks (Bantele & Pfander, 2019). C) Fun30 also appears to play a similar role in histone remodelling ahead
of RNA polymerase Il (Lee, Choi & Lee, 2018).
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3.9.2 Rrm3

A similar strategy to that used with Fun30 was used to further investigate the replication
association of Rrm3. ChIP-qPCR was carried out on strains containing endogenously tagged
Rrm3-5xFLAG and origin DNA quantified (Figure 68). A clear association of Rrm3 with
origin and with the non-origin but origin-proximal site ARS305+5kb was observed. This result
appeared to tentatively confirm previous studies that suggested Rrm3 associates with the
replication fork even in unperturbed conditions. Given this data suggested the association of
Rrm3 began with forks at or very near the origin just after or perhaps even during activation, it
also suggests the interaction between Rrm3 and the replisome begins early. It is worth noting
that this data is the result of a single replicate, so should be interpreted with caution. Further
replicates and more detailed time-courses might be able to further elucidate the stage at which

Rrm3 first associates with the origin.
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Figure 68: ChIP-qPCR evaluation of Rrm3 origin association. Cells were collected for processing from three separate
conditions: asynchronous cycling cells, alpha factor-induced G1 arrest, and 30 mins post-G1 arrest. Origin DNA pull-down
efficiency was compared across several origin and non-origin sites in the Rrm3-FLAG samples and a with samples from a mock
IP using non-specific IgG. Represented data comes from a single test replicate.
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Further experiments into a possible role of Rrm3 at origins of replication during loading or
initiation were carried out using strains in which the endogenous copy of Rrm3 had been
deleted (Figure 69). Firstly, wild type and Arrm3 cells were released from an alpha factor-
induced G1 arrest into S phase (Figure 69A). Two interesting aspects were noted about the
replication dynamics of the Arrm3 cells. Firstly, the overall completion of replication was
delayed in the Arrm3 cells, and this likely results from the studied function of Rrm3 in
overcoming replication fork blocks (Torres, Schnakenberg & Zakian, 2004; Ivessa et al., 2002,
2003; Azvolinsky et al., 2006; Torres, Bessler & Zakian, 2004). However, the entry of cells
into S phase is remarkably synchronous in the Arrm3 population. At 45 minutes post-release,

the Arrm3 cells have almost all started DNA replication. In contrast, there remains a significant
number of cells in the wild type population that have yet to begin DNA replication and enter S
phase. This effect was remarkably consistent over multiple replicates (data not shown). This
effect is visible in previous experiments involving Arrm3 strains in the literature (Ivessa et al.,
2002), but goes seemingly unremarked upon. It is unclear how the current proposed functions
of Rrm3 could cause this effect, which suggests an additional role of Rrm3 in modulating S
phase entry and DNA replication, possibly at a whole-cell level. Given research suggesting a
role in controlling replication via interactions with ORC (Syed et al., 2016), and the data from
the ChIP-MS time-course in this study suggesting an association with MCM2-7 that starts prior
to full activation (Figure 53), it was considered that Rrm3 might affect aspects of helicase

loading or activation.
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Figure 69: Phenotypic effects of the deletion of RRM3 on cells. A) DNA content changes as measured by SYTOX incorporation
and flow cytometry of wild type and Arrm3 cells released from alpha factor-induced G1 arrest into normal media. B) As in A,
but released into S phase in the presence of 50 mM HU. C) As in B, but with 100 mM HU. D) Dot-spot viability assay of wild
type (WT) and Arrm3 cells grown on plates containing the indicated concentrations of HU. Cells were plated in 10-fold serial
dilutions. E) ChIP-qPCR analysis of Mcm4-FLAG origin association in the context of wild type or Arrm3 cells. Cells were arrested
in G1 and released into S phase, and the origin association of Mcm4-FLAG compared.
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Studies on Arrm3 strains show a reduced response of cells to HU during S phase due to the
reduction of checkpoint activity in these cells (Syed et al., 2016). The effect of releasing Arrm3
cells into high concentrations of HU was tested (Figure 69B,C). In each case, Arrm3 still
showed similar levels of replication stalling in contrast to the replication dynamics of these
cells in the literature. Similarly to the published literature, however, the Arrm3 cells showed
no loss of viability on plates with increasing concentrations of HU (Figure 69D).

Finally, the effect of loss of Rrm3 was tested, as with Fun30, on the origin association of
MCM2-7 as measured by ChIP-qPCR of Mcm4-FLAG (Figure 69E). As with Fun30, at this
stage, no significant differences were observed between Arrm3 cells and wild type cells in
MCM2-7 origin-association dynamics. Roughly similar levels of MCM2-7 were associated in
G1 for both strains across both origins tested, and the dynamics of replication initiation and
replisome movement away from the origin were mostly indistinguishable. Again, as with the
further investigation of Fun30, additional replicates and further experiments could indicate the
presence of a role of Rrm3 at origins, but at present, it cannot be said that Rrm3 influences

helicase loading or initiation at the time-points and origins tested.
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3.9.3 Sir3

For Sir3, too, it was sought whether the ChIP-qPCR assay could show the presence of this
protein at origins. Several lines of inquiry have suggested that Sir3 and the related protein Sir2
are active at nucleosomes adjacent to origins (Radman-Livaja et al., 2011; Hoggard et al.,
2018). The tagging of the endogenous copy of SIR3 allowed assessment of origin binding
(Figure 70). The levels of Sir3 associating with the origins DNA was comparatively small, with
a similar association at the non-origin ARS305+9kb site as at the ARS305 site. For comparison,
the levels of Sir3 associating with the MAT locus, a domain known for Sir protein-mediated
silencing, was also quantified by qPCR, and showed around 100-fold greater association than
origin DNA.

From this, and observation of previous genome-wide data, it was concluded that the Sir3
association at origins might be too subtle of an effect to pick up with ChIP-qPCR. It was also
possible that the Sir3 association with origins is limited to a subset of origins, that account for
most of the association of MCM and Sir3 in the ChIP-MS data. The ARS sequences in
telomeric regions are obvious loci that deserve further investigation of the co-association of

Sir3 and the replication machinery (Stevenson & Gottschling, 1999).
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Figure 70: ChIP-qPCR evaluation of Sir3 origin association. Cells were collected for processing from three separate conditions:
asynchronous cycling cells, alpha factor-induced G1 arrest, and 30 mins post-G1 arrest. Origin DNA pull-down efficiency was
compared across several origin and non-origin sites in the Sir3-FLAG samples and a with samples from a mock IP using non-
specific IgG. Represented data comes from a single test replicate.
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Strains were also generated lacking SIR3 (Figure 71). However, due to the loss of the
pheromone response due to a loss of silencing of the HML and HMR mating type loci, Asir3
cells could not be synchronised using a-factor. Otherwise, the Asir3 cells appeared normal in
their response to treatment with HU, and showed no loss of viability under HU treatment

compared to wild type cells
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Figure 71: Phenotypic effects of the deletion of SIR3 on cells. A) Trial attempt to synchronise Asir3 cells using a-factor. Asir3
cells lack a functional response to a-factor. B) Dot-spot viability assay of wild type (WT) and Asir3 cells grown on plates
containing the indicated concentrations of HU. Cells were plated in 10-fold serial dilutions.
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3.94 Hrql

The behaviour of Hrq1-FLAG in a ChIP-qPCR assay for origin association was not promising
from the results of the first initial replicate (Figure 72). Though the signal of origin DNA at all
cell-cycle points tested was well above the levels of an IgG control, The ARS305+9 region, as
a non-origin locus, showed significantly more signal than the ARS305 region itself. Because
Hrql only showed reproducible association with the MCM2-7 complex when initiation was
arrested by an intra-hexamer linkage, it is possible that its association with origins is too brief
to visualise using ChIP-qPCR at the time-points chosen. Another possibility is that the Hrql
protein, with links to DNA repair , is recruited to the arrested complex to resolve the block to
replication initiation artificially created by the construct. Unfortunately, this possibility was not
able to be tested within the time constraints of the project, but is an avenue for further
investigation of why the Hrql protein showed association in ChIP-MS in this specific sample.
Cells without an endogenous copy were created in the same manner as for the other proteins
investigated as part of this project. The DNA replication dynamics and viability of Ahrql cells

were tested under varying concentrations of hydroxyurea
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Figure 72: ChIP-qPCR evaluation of Hrq1 origin association. Cells were collected for processing from three separate conditions:
asynchronous cycling cells, alpha factor-induced G1 arrest, and 30 mins post-G1 arrest. Origin DNA pull-down efficiency was
compared across several origin and non-origin sites in the Hrq1-FLAG samples and a with samples from a mock IP using non-
specific IgG. Represented data comes from a single test replicate.
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In cell cycle analysis, Ahrgl did not behave any differently to the wild type cells when released
into S phase with or without the presence of 50 or 100 mM HU (Figure 73). However, in a
viability assay, 4hrgl cells showed a slight loss of viability when compared to the wild type
cells when exposed to chronically higher concentrations of HU (Figure 73D). This was contrary
to the evidence that Ahrql S.cerevisiae cells showed no loss of viability in previous studies.
When treated with HU (Leung et al., 2014), though it did reflect similar results to studies of

strains of S.pombe or Arabidopsis thaliana with deleted or mutated Hrq1 homologs (Groocock

et al., 2012; Rohrig et al., 2018).
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Figure 73: Phenotypic effects of the deletion of HRQ1 on cells. A) DNA content changes as measured by SYTOX incorporation
and flow cytometry of wild type and Ahrq1 cells released from alpha factor-induced G1 arrest into normal media. B) As in A,
but released into S phase in the presence of 50 mM HU. C) As in B, but with 100 mM HU. D) Dot-spot viability assay of wild
type (WT) and Ahrq1 cells grown on plates containing the indicated concentrations of HU. Cells were plated in 10-fold serial
dilutions. E) ChIP-qPCR analysis of Mcm4-FLAG origin association in the context of wild type or Ahrq1 cells. Cells were arrested
in G1 and released into S phase, and the origin association of Mcm4-FLAG compared.

324



3.9 - Replisome-associated proteins observed in ChIP-MS

3.9.5 Cac2

Though it was a lower-confidence candidate overall, Cac2 was tagged and a single replicate of
ChIP-gPCR was carried out to observe if there was any clear origin association of this protein
with this method (Figure 74). In this case, similarly to some of the other factors, it was not clear
if the DNA signal in the ChIP-qPCR truly indicated association of Cac2 with origins. Whilst
the signal was much greater than that of the IgG control, the non-origin ARS305+9 kb locus
showed DNA pull-down efficiencies of a similar order of magnitude to those of the origins
tested. Overall the results were too close to determine any conclusive information from a single
replicate, but the preliminary test indicated that in addition to a general background of DNA
pull-down in ChIP-qPCR, there might be a very slight indication of an interaction in G1 with

a subset of origins which might be worth further replicates and investigation.
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Figure 74: ChIP-qPCR evaluation of Cac2 origin association. Cells were collected for processing from three separate conditions:
asynchronous cycling cells, alpha factor-induced G1 arrest, and 30 mins post-G1 arrest. Origin DNA pull-down efficiency was
compared across several origin and non-origin sites in the Cac2-FLAG samples and a with samples from a mock IP using non-
specific IgG. Represented data comes from a single test replicate.

A Acac? strain was created to observe if there were any phenotypic effects on the cell cycle or
overall viability from loss of Cac2. Flow cytometry was used to analyse wild type and Acac2
cells replication dynamics from a G1 arrest in the presence or absence of 50 mM and 100 mM

HU (Figure 75A-C). There were no observable differences between wild type and Acac2 cells
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in terms of their cell cycle progress. In testing the viability of Acac2 cells when exposed to
chronic HU treatment, a slight loss of viability was observed (Figure 75D). This was surprising,
as although compromising CAF-1 was deleterious in cells treated with DNA damage causing
double strand breaks, treatment with HU had not been shown to cause any loss of viability in

these cells (Linger & Tyler, 2005).

™ B release from G1 C release from G1
release from G1 + 50 mM HU +100 mM HU
WT Acac2 WT Acac? WT Acac?
cye _I|'II 'l.__ a4 cye g cye ._,'Irl"-. \ I.l' L
f'l \ :.",I -"‘.\
G1 L &1 G1 )_,{ i
i = | = L
= 11 | E | 1=
z sl A - el AL | M| E<l AL
—~ i M, : © {
g *| 3 | A 2| A A
g i | — @30 .- - - & 0 ! — —
s« | ; A e A
) - r W a8 -~ - G 45 ! —=
t ol A | LA | & A = 1A
x| TAL Al AT IR Al AT
a0 y ‘1__ . £ =11 /1’\_‘: B /F T an A T {\ T
. y | L y i b ) l ) - - -
o A i i 1 |
| | |
ic 2C 1C 2C 1C  2C ic  2C 1Cc 2C 1C 2C
DNA content DMA content DMA content

D

YPD
25 mM HU
50 mM HU
100 mM HU

200 mM HU

Figure 75: Phenotypic effects of the deletion of CAC2 on cells. A) DNA content changes as measured by SYTOX incorporation
and flow cytometry of wild type and Acac2 cells released from alpha factor-induced G1 arrest into normal media. B) As in A,
but released into S phase in the presence of 50 mM HU. C) As in B, but with 100 mM HU. D) Dot-spot viability assay of wild
type (WT) and Acac2 cells grown on plates containing the indicated concentrations of HU. Cells were plated in 10-fold serial
dilutions. E) ChIP-gPCR analysis of Mcm4-FLAG origin association in the context of wild type or Acac2 cells. Cells were arrested
in G1 and released into S phase, and the origin association of Mcm4-FLAG compared.
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4 Conclusions and Perspectives

The understanding of the molecular events that led up to, and are part of, DNA replication has
grown dramatically over the last few decades. In particular, the advent of cryo-EM techniques
to analyse large macromolecular protein complexes assembled in vitro has generated a
remarkable series of structural discoveries relating to the DNA replication machinery (Riera et
al., 2017; Georgescu et al., 2017; Jones et al., 2021; Sun et al., 2015). However, the
investigation of the same mechanisms in vivo can produce completely new findings and benefit
from being examined in the cellular environment in which they take place. Technological
advancement has not been excluded from in vivo work either, with next-generation sequencing
combined with genomic techniques such as ChIP-Exo, and improvements in proteomic
methods generating new and exciting ways to investigate the genomic binding and
interactomes of protein complexes on chromatin in a quantitative manner. Despite the wealth
of structural data and assay-based techniques generated by in vitro techniques, in vivo methods
remain of outstanding importance to the discovering and understanding of biological
mechanisms. This study used a combination of in vivo techniques to uncover new mechanisms
of DNA replication initiation, and systematically identify the proteins associated with helicase
loading, helicase activation and beyond.

4.1 Design and investigation of novel chemical-biology constructs to investigate

key steps in replication activation

Three individual rapamycin-dependent linkages were investigated as part of this project. These
constructs were designed to interfere with the progression of replication activation in different
ways. Two constructs were investigated that utilised an intra-hexamer linkage between Mcm?2
and McmS5 subunits of the same hexamer and were shown by L.M. Reuter to successfully arrest

DNA replication initiation, most plausibly by interfering with the proper extrusion of the
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lagging strand DNA through the proposed DNA exit gate. This project was able to determine
that the complex composition of each stage of arrest facilitated by these linkage constructs was
different. This in turn implied that the stage of arrest was dependent on the positioning of the
linkage along the length of the double-hexamer Mcm2-McmS5 interface. Combined with
genomic methods such as ChIP-Exo and potassium permanganate ChIP-seq (PIP-seq) (L.M.
Reuter, pers. comm.) this data provided compelling evidence that the extrusion of lagging
strand DNA begins at the interface of the MCM2-7 double hexamer (N-termini). The reduced
association of pre-LC components, and lack of a ssDNA-associated hyper-crosslinking effect,
in the N-terminal linkage arrest also implied that the initial extrusion of ssDNA only occurs at
a later stage, once initiation factors that form the pre-LC attached to the helicase. The retention
of pre-LC components and association of Mcm10 observed in the C-terminal intra-hexamer
linkage arrest was also indicative that initial extrusion of lagging strand DNA could occur and
was associated with progression of the complex to the active CMG state. The mechanistic event
that caused release of the transient initiation factors Sld2 and Dpbl1 was prevented in this
arrest, demonstrating that the complex was a true intermediate.

The second clear structural change in initiation, other than ssDNA extrusion, is hexamer
separation. It was considered if it was possible to physically block this structural
rearrangement. The inter-hexamer Mcm4-Mcm5 linkage was designed to keep the hexamers
closely bound and prevent lateral sliding or twisting. Testing revealed that this construct, too,
was able to induce an arrest prior to the full activation of replication. Most interestingly of all,
differences were observed in the arrest state generated by this inter-hexamer latch linkage
construct compared to the intra-hexamer gates, most notably the stability of the arrest and the
retention of the initiation factor SId3. ChIP-qPCR results for replication factors in the context

of the inter-hexamer linkage were highly informative. The complex composition state was
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consistent with an intervening stage between the N-terminal intra-hexamer gate and the C-
terminal intra-hexamer gate.

The components of the pre-LC complex showed strong association, but it was the retention of
S1d3 that was the most elucidating. In total, the data implied that hexamer separation was
required for or linked to the release of Sld3 from the complex. Considering the replication
factors present in each of the arrest states generated, it was possible to suggest an order to
structural events during initiation.

It appeared that in vivo an initial amount of DNA extrusion occurred at the N-terminal interface
of the double-hexamer, prior to the CDK-dependent association of the pre-LC. This is
interesting, since studies investigating complex formation in the absence of Mcm10 suggest
that this factor is responsible for activation of the full unwinding activity of the replisome, and
in the absence of Mcm10, splitting occurs (at least in vitro), and the replisome recruits all other
initiation factors competently (Miyazawa-Onami, Araki & Tanaka, 2017) but does not fully
extrude ssDNA (Douglas et al., 2018). This data would suggest that, although Mcm10 is still
likely a more “final” initiation factor, unwinding is not a separate process that occurs in single
hexamers post-splitting, but is more concerted in vivo.

It is likely that pre-LC association then allowed progression of the complex to hexamer
separation, which it appeared Sld3 release was dependent on. Evidence of a possible role for
S1d3 during later stages of activation is highly informative, since while S1d3’s role in recruiting
early factors to replication complexes at origins during the earliest stage of initiation (Fang,
Cao & Lou, 2016; Tanaka et al., 2011; Deegan, Yeeles & Diffley, 2016), studying later events
is challenging, since interference with Sld3 function arrests complexes at an early stage due to
the protein’s role in recruitment of Cdc45 (Miyazawa-Onami, Araki & Tanaka, 2017).
Finally, the completion of lagging strand extrusion from the C-terminal end of the MCM2-7

hexamer happened after hexamers had separated. This proposed ordering of the structural
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changes during initiation suggests that ssDNA extrusion begins sometime before double
hexamer separation, but is not completed until after a degree of separation of the hexamers has

occurred, implying some form of concerted mechanism (Figure 76).
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Figure 76: Model of ordering of events in replication initiation.

DNA extrusion occurs over multiple complex composition changes. Double-hexamer splitting, as prevented by the inter-
hexamer latch, occurs sometime during or prior to the final extrusion of ssDNA from the C-terminus of the MCM2-7.
Preventing separation prevents the release of Sld3, suggesting these two changes are linked. Pre-LC and Mcm10 are already
present prior to splitting, or the failure to split does not interfere with their recruitment timings and ability.

This is a tentative model, since it is based on the in vivo complex characterisation shown in
this project, and additional genome-wide methods (L.M. Reuter, pers. comm.), but matches
well with previous in vivo data (Miyazawa-Onami, Araki & Tanaka, 2017), and the genetic and
biochemical experiments conducted previously. The suggestion that hexamer separation is
associated with S1d3 release, and occurs prior to Sld2/Dpbl1 release, while completion of
ssDNA extrusion is associated with S1d2/Dpb11 release, are novel findings of this collaborative
study that have not been shown previously.

There are some considerations to take into account when using these constructs to draw
conclusions about mechanistic events. Firstly, whilst the linkages were designed to interfere in

specific structural changes, it is difficult to determine the actual mechanism by which they

330



4.1 - Design and investigation of novel chemical-biology constructs to investigate key steps in replication
activation

mediate an arrest to the cell cycle. By far the most plausible mechanism is the physical linkage
they were designed to impart, and this is further corroborated by the overall lack of a phenotype
in the absence of the linkage-inducing rapamycin. However, in the absence, at present, of
structural data of these modified complexes at arrest, it cannot be fully excluded that a linkage
could form in another configuration, between Mcm4 and Mcm5 of the same hexamer, either
by circling around the hexamer circumference, or across the N-terminal interface. This is
considered unlikely, both due to the limited length of the FRB/FKBP and linker inserts, but
also because of the arrangement of the double hexamer preventing a short access route between
Mcm4 and Mcm5 of the same hexamer. Indeed, Mcm4 and Mcm5 were chosen because they
were the subunits that showed the closest proximity to the other in the opposite hexamer, whilst
being diametrically opposed to the other subunit within their own hexamer. Further testing with
shorter linkers or linkers with a lower flexibility could help rule this possibility out.

Another unknown quantity was how completely the inter-hexamer latch was able to prevent
relative motion of the hexamers. The construct was competent to induce an arrest, but it was
not known how tightly the hexamers were held and what the margins of the linkage were like
at a structural level. Were the two hexamers held so tightly that no motion was possible, or was
there some room for lateral motion of the hexamers to “slip” laterally or separate a small
distance? Equally, though the inserted domains were clearly able to form a linkage, were there
any structural distortions that affected the activity of the replication complex? Without accurate
structural information, these are still open questions when using the constructs.

In addition, though the inter-hexamer linkage was fully able to induce an arrest in replication
initiation, it was found that induction of this arrest required 10-fold higher levels of rapamycin
than the intra-hexamer linkages previously, and the arrest generated was not as stable over
time. This was considered to reflect the fundamental differences in the structural events being

inhibited by the two types of linkage. If the separation of the hexamers is driven by strong
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forces, then it may be more susceptible to disassociation if rapamycin concentration is not high
enough to ensure very high occupancy. The MCM2-7 helicase is an ATPase motor, and so if
the separation process is in any way related to the potentially very high driving force of this
motor, then this might explain the relative instability of the arrest over time. It is also possible
that accessory factors might be recruited over the lifetime of the arrest, and aid the separation
process. Because the activation step has been difficult to study in vivo up to this point, this
arrest construct represents a method to test if such factors function in this context.
Experiments investigating the activation of DNA damage in the context of the intra- and inter-
hexamer linkage construct arrests were inconclusive (data not shown), but it is possible that
protein activity, such as accessory helicases that function in other replication-related events
(Deegan et al., 2019), was able to “resolve” the impediment to helicase activation in the inter-
hexamer latch in a way not possible with the intra-hexamer gates. In fact, the possible existence
of such a resolution mechanism during replication initiation seemingly only recruited after
some elapsed time was of great interest, and the further analysis of the inter-hexamer arrest
complex composition by proteomic methods was hoped to elucidate whether such a mechanism
was represented in protein factors present, see below. The finding that early and efficient
origins in human replication have a distinct mutation signature due to dsDNA breaks at origins
and error-prone synthesis proximal to the origin (Murat, Guilbaud & Sale, 2021), suggests that
evolution of damage control mechanisms specifically focussed on origins and activating
replisomes is plausible.

Regardless of the considerations, the experiments herein represent a unique method of
investigating the key steps in replication initiation, and were able to corroborate previous
proposals about the subcomplexes recruited in initiation, e.g. CDK-dependent pre-LC

association and DDK-dependent S1d3/7 and Cdc45 association. In addition, the combination
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of the linkage constructs was able to hypothesise about a proposed ordering of structural events

in replication initiation.

4.2 Optimisation and adaptation of a ChIP-MS protocol to investigate labile

complexes and transient interactors of large in vivo protein complexes

Affinity purification techniques have been applied to the process of DNA synthesis as a whole,
but targeted investigation of replication initiation has not been investigated in this manner. This
is most likely due to the probably transient and labile nature of such complexes. A native pull-
down approach was optimised and shown to be able to isolate GINS-containing replisomes
efficiently after only one step of purification that could be characterised by mass spectrometry
(Section 3.2.4, Figure 32, Figure 33). However, after testing this approach in the intra-hexamer
gate strains, it was shown that the isolated interactome of Psf2-TAP in this context appeared
unchanged, with no observably enriched or de-enriched protein factors (Section 3.2.4, Figure
34).

To solve this issue, in an approach directly analogous to the ChIP-qPCR method, termed ChIP-
MS, cells would be fixed with formaldehyde in vivo, and then specific complexes isolated using
tagged proteins and washing steps derived from those used in ChIP-qPCR.

Use of the Cdc45-FLAG tag and the ChIP-MS technique was able to isolate and characterise
a replication-associated complex from cells in vivo (Section 3.4), and identify the enrichment
of many of the core replication factors that were indicative of the replisome progression
complex and whose human homologs had been identified with alternative cross-linking based
techniques in human cells (Gambus et al., 2006; Alabert et al., 2014). In particular, the
comparison of the factors enriched in the ChIP-MS of replication complexes in yeast, with
those identified in human cells using nascent chromatin capture (NCC) was favourable. Many

of the homologues of fork components identified by Alabert et al. were also clearly enriched
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in the ChIP-MS, though for the purpose of this study, the ChIP-MS method had some
advantages. The NCC technique relied upon the production of nascent DNA to identify
interacting factors, which is of use when comparing protein association with nascent or matured
chromatin (Alabert et al., 2014). The ability of the ChIP-MS technique to identify a similar
complex without the need of nascent chromatin as a pull-down target meant that this technique
could be used to investigate complexes prior to the synthesis of nascent DNA, i.e. during
replication initiation. Correspondingly, and very excitingly, even this initial Cdc45-FLAG
ChIP-MS investigating un-arrested replication, was able to identify enrichment of S1d3, S1d7
and Dpbl1 (Figure 38). This was very exciting, as the detectable presence of these transient
initiation factors meant that this technique was likely capable of studying transient complexes
formed during replication initiation, a key goal of the project and an aim of the replication field
as a whole. In particular, this was thought to be unlikely to be due to association of these
initiation factors with active replisome, due to a predicted overlap of the binding sites for Sld3
with the active replisome-associated GINS complex in the CMG (Fang, Cao & Lou, 2016).
Testing FLAG-tagging of the Mcm4 subunit as an alternative target showed competent
recruitment of replication complexes, and initially a small number of time-points were tested
which showed clear temporal dynamics for protein association with the MCM2-7 complex, in
line with expectations from a protein’s role (Section 3.6.1, 3.6.2). A large scale time-course
investigating the interactome of MCM2-7 through multiple stages of the cell cycle, including
Gl and several time-points of S phase was conducted (Section 3.6.3). the goal of this
experiment, to investigate complex dynamics using ChIP-MS, was shown to be very much
achieved, and generated novel data regarding association dynamics of a wide range of proteins,
particularly for the earlier time-points investigated.

As part of ongoing attempts to characterise the arrest states of the linkage constructs, ChIP-

MS was also applied in large-scale experiments to investigate the complex compositions of
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arrest states of the intra-hexamer gates and the inter-hexamer latch, to varying degrees of
success (Section 3.7). The data obtained for the intra-hexamer gates provided valuable
information confirming aspects of complex composition, and was used to help aid
understanding of these constructs and their modes of action (manuscript in preparation).

As discussed in Sections 3.6 and 3.8, indications suggested that certain issues of reliability
with this technique were due to inefficient break-up of cellular chromatin, a problem potentially
compounded due to formaldehyde cross-linking causing large tracts of heavily inter-linked
protein-DNA complexes. It was apparent that, in the current state of the technique, this release
from chromatin needed to be improved. Whilst the level of cross-linking or efficacy of
sonication could have been root causes, these were standardised as much as possible during the
project. Instead, by utilising DNase treatment to ensure maximum release of protein factors
from chromatin, the problem might be avoided entirely. Indeed, initial tests involving
Benzonase® treatment appeared highly successful and offered significant improvement. This
extra release of chromatin-bound MCM2-7 complexes likely allowed them to compete against
the soluble MCM2-7 complexes that were likely binding preferentially prior to full break-up
of cellular chromatin. It was possible that extended tracts of DNA were acting to bridge proteins
in the pull-down, and enabling enrichment of indirect interactors in the standard ChIP-MS
technique. However, in the initial tests utilising Benzonase®, there were no significant
populations of proteins that showed a loss of enrichment due to degradation of DNA, indicating
indirect interactions mediated by DNA were not a common form of bridging interaction in the
pull-down. In potential future development of this technique, this effect should be monitored

closely, as it remains an important unknown regarding the ChIP-MS technique.
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4.3 Impact and advantages of the ChIP-MS technique

Though native pull-downs have been applied to yeast replication complexes (Gambus et al.,
2006, 2009), and cross-linked isolation of proteins linked to nascent chromatin has also been
carried out , this project represents the first application of cross-linking and affinity purification
targeting the yeast replication machinery, particularly that involved in the initiation of DNA
replication itself. The high sensitivity of the mass spectrometry instrumentation used here also
gives advantages over earlier analysis of the yeast replication machinery, and the development
of label-free quantification allows comparison of samples directly without the need for SILAC
or other more involved mass spectrometry techniques.

Several large-scale ChIP-MS experiments were performed as part of this study, and provide a
significant amount of data regarding the interactome of the replication machinery even in
unperturbed cells. The Cdc45-FLAG ChIP-MS dataset was able to show enrichment of almost
all of the proteins noted as enriched in previous native pull-downs (Gambus et al., 2006, 2009),
except histones and Csm3 (Figure 39). These proteins are relatively small, and so may result
in fewer tryptic peptides, an issue that may be compounded by formaldehyde cross-linking.
Histone proteins were detected reliably in earlier ChIP-MS experiments, however. Beyond the
set of core replication factors, most interesting was the enrichment of initiation factors Sld3,
S1d7 and Dpbl1. These proteins are known initiation factors that associate transiently, and in
the case of SId3/7, exclusively, with replication complexes during initiation (see Section 1.4.2
and 1.4.3). The presence of these factors indicated that even in an S phase cell population, there
appeared to be some complexes isolated that were actively undergoing initiation. In addition
to these initiation factors, the Cdc45-FLAG ChIP-MS also showed a great number of
significantly enriched factors over the negative control (Figure 39). Comparison of these listed
proteins with the human homologs identified in nascent chromatin capture identified quite a

number of shared hits. In particular, the Cdc45-FLAG ChIP-MS showed enrichment of several
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replication-associated DNA damage factors, such as members of the mismatch repair pathway
Msh3 and Msh6 (Marsischky et al., 1996), and Rad51 and Rad52, proteins linked to
homologous recombination (Lee et al., 2003; Symington, Rothstein & Lisby, 2014) (Figure
39B,C). This matches well with the findings from nascent chromatin capture in human cells,
where DNA damage and repair factors show association with nascent chromatin even in normal
media .

In addition, many chromatin remodellers were also enriched, suggesting a close association of
the replication fork with these proteins, including the FACT complex, and the protein Fun30,
which until recently had not been linked to DNA replication (Alabert et al., 2014).

The data from large scale Mcm4-FLAG ChIP-MS also showed many enriched factors in
unarrested replisomes in S phase (Sections 3.6.3, 3.7.1). Among them for the Mcm4-FLAG at
30 minutes are many of the same factors enriched in the Cdc45 ChIP-MS. In both sets of
experiments, there were also additional proteins that were repeatedly well enriched. Among
these were Fun30, Sir3 and Rrm3. All three showed consistently high enrichment values across
both tagged proteins and were considered for further investigation. The most interesting aspect
of the Mcm4-FLAG time-course, however, was the ability to monitor the changing MCM2-7
complex over time and the cell cycle (3.6.3). Changes in abundance of complex components
were reproducible for many factors, and showed clear dynamics of association over the course
of the experiment. In addition to many replisome factors that showed dynamics that matched
both theoretical expectations and experimental ChIP-qPCR data, unexpected dynamics were
observed for several members of the replication machinery. As an example, polymerase o and
d showed association with MCM2-7 prior to the time-point where the initiation of replication
was expected to begin. Such early association was surprising, given the suggested link between
Mcm10 and Ctf4 replisome association and the stabilisation of polymerase a at origins (Ricke

& Bielinsky, 2004).
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Given a small amount of early firing forks in the timecourse, this profile of polymerases could
be representative of the initial usage of DNA polymerases at the origin, where polymerase a
and 0 catalyse DNA addition of the first section of unwound DNA, before a polymerase switch
occurs (Aria & Yeeles, 2018). It could also be representative of a recruitment mechanism pre-
initiation for these enzymes. Pol a interacts with both Mcm10 (Warren et al., 2009) and Ctf4
(Zhu et al., 2007; Gambus et al., 2009), and this interaction, and similar interactions for
polymerase & could ensure pre-initiation association for efficient initial DNA synthesis. The
association of these two polymerases contrasts interestingly with the association of polymerase
¢ during replication. The catalytic activity of polymerase € may not be required initially (Yeeles
et al.,, 2017; Guilliam & Yeeles, 2020), yet the noncatalytic subunit of polymerase ¢ is
absolutely required for the initiation process as part of the pre-LC (Kesti et al., 1999; Dua, Levy
& Campbell, 1999; Goswami et al., 2018). Whether this is a quality control mechanism
ensuring engagement of the main leading strand polymerase prior to full activation, or it serves
some other mechanistic function will require further elucidation of the mechanism of initiation
in its entirety in the future.

However, perhaps the most useful aspect of analysing replication profiles was applying
comparative analysis to factors with more undetermined roles in replication (Figure 53). Fun30,
Hrql, Sir3, Forkhead factors 1 and 2, and members of the ISW 1b complex all showed dynamics
indicative of association with origins prior to and during helicase activation. Interestingly, by
comparing the profiles of several of these factors with similar profiles in the dataset (Figure
54), it was determined that Fun30 followed a similar association dynamic to that of Rpd3, a
protein known to have a role in specifying origin timing (Aparicio et al., 2004; Knott et al.,
2009; Yoshida et al., 2014).

Further time-course based experiments with a higher temporal resolution might be able to

determine in even finer detail the association dynamics of these factors. For now, however, the
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association and calculated enrichment values are indicative of an interaction with the
replication complex, and may suggest a possible aspect of their function, but validation and
confirmation by other methods are still required.

When analysing the intra-hexamer gates in comparison to wild type using ChIP-MS, the
method functioned as expected, and was able to show differences in the associations of certain
replication factors between the arrest states. In the context of the inter-hexamer latch however,
as previously mentioned, the method suffered some issues linked to release of chromatin-bound
proteins.

The ChIP-MS of the intra-hexamer gate constructs confirmed several of the observations from
ChIP-gPCR analysis of the arrest state, such as the increased and continued association of
initiation factors Dpbll, Sld2 and Mcm10 with the complex when the C-terminal intra-
hexamer gate was induced. By contrast, the association of many replication factors linked to
active replication was comparatively reduced in the C-terminal intra-hexamer linkage,
supporting the previously hypothesised model of the function of the construct and the nature
of the arrested complex (Sections 3.1.1, 3.4, 3.7). Unfortunately, though it had been anticipated
that analysis of the arrested complex might identify novel factors associating with the initiating
replisome, there were few significantly enriched factors in either the C-terminal or N-terminal
intra-hexamer linkage arrests (Figure 60). The most reliably enriched likely chromatin-
associated factor was Hrql, which showed enrichment in the C-terminal construct-induced
arrest. Further investigation of Hrql association in the context of the arrested complex was not
carried out, but it would be valuable to confirm this association and investigate the mechanism
that may underlie it.

Overall, the use of the ChIP-MS technique as presented in this project allowed the stabilisation
and isolation of a range of replication-associated complexes from yeast in vivo. The technique

was able to identify transient interactors of these complexes, as well as interacting factors more
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peripheral to the complex. Application of the approach in a time-variant manner showed the
ability of this technique to detect subpopulations of replication complexes throughout the cell
cycle, and analyse their compositions. This included complexes at or around the time of
helicase loading, helicase activation, and active replication. Future attempts at time-resolved
ChIP-MS might additionally identify and analyse complexes associated with termination, or
by increasing the temporal resolution, gain a more accurate insight into the dynamics affecting
replication complexes during initiation. The ChIP-MS method also identified a number of
factors that have an indistinct or previously unknown role at replication complexes. As has
been stated when using this kind of affinity enrichment technique coupled to mass spectrometry
(Rajala et al., 2015), it is not possible to absolutely define a list of certainly replication-
associated proteins, because of certain considerations that will be discussed below. However,
with appropriate validation techniques, new interactions and functions can be ascribed to
factors of interest. Additionally, from the high proportion of known replication factors showing
enrichment in this study, it is certainly possible that many of the factors with no known function
in replication, may yet be proven to have one in future research (Rajala et al., 2015).

Despite this, ChIP-MS in this study has identified a few factors that are likely to have a
previously unknown role during replication or the events leading up to it, with Fun30 as a
leading candidate, supported by recent research suggesting the homolog SMARCADI1 travels
with replication forks in humans (Lo et al., 2021). In particular, it is interesting to hypothesise
that a suggested chromatin remodeller such as Fun30 could have important roles at the origin
regulating the interaction of the replication protein complexes and chromatin. Fun30 could help
ensure that progression of the active replisome is unimpeded by nucleosomes, as it has been
suggested to do with RNA polymerase (Lee, Choi & Lee, 2018), or it could function at the
origin, ensuring expansion of a nucleosome free region to allow expansion in size of the

replication complex, possibly first during loading of one, and then two, helicases, or during the
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activation of the complex to allow the association of further replication factors, unwinding of
DNA, and complex activation. As a non-essential protein, Fun30 may have a minor role at
many origins or as part of a normal replication fork, or may have a specific but as yet
unacknowledged, role during replication stress or at specific origins of replication (Figure 77).
Validation of the activity of Fun30 and other proteins of interest at the fork or during helicase
loading and activation has yet to be conclusively obtained in the work detailed in this study.
However, further work investigating these factors with more specific assays and techniques
may yet show a clear role for Fun30 and other candidate proteins at replication origins or active
replication.

ORC

X

MCM2-7

FUN30

Figure 77: Models of Fun30 function in S.cerevisiae. The data presented here and a recent study in humans (Lo et al., 2021)
suggests that Fun30 associates with replication machinery, and this could be at active forks as suggested in humans (left
hand side of figure), or at origins to aid in helicase loading and/or activation (right hand side of figure).

4.4 Considerations of the ChIP-MS method

While the ChIP-MS method has shown its ability to identify enrichment of a multitude of
factors, many with known links to replication and many without, there are some considerations
regarding its use. Whilst the data obtained has in many cases been useful, the technique is
unable to categorically state whether or not proteins are enriched because of a real association
with the target complex or process, or whether they are a false positive. The very same rationale
that enables the detection of transient interactors, the cross-linking, makes the technique

susceptible to a potentially high false positive rate. A high nuclear protein and DNA density,
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combined with the proximal activity of other DNA-associated events such as transcription and
transcript processing, could possibly lead to a high rate of cross-linking to the replication
machinery. Indeed, there were often large numbers of transcript processing or rRNA biogenesis
factors that showed enrichment in ChIP-MS experiments. It was not entirely clear whether
these were due to non-specific binding to beads or due to inadvertent pull-down due to
proximity, though enrichment over untagged negative control samples would suggest the latter.
RNA transcription and processing complexes are likely to have a major effect on replisome
progression, so these factors may yet prove to be valid candidates for interactors or replisome-
proximal factors. Regardless, the high level of false positives is a clear trend in those
experiments relying on cross-linking to increase isolated complex stability. There are several
approaches to combat this effect that have been attempted. Some methods use very stringent
and denaturing wash buffers to ensure that only the tightest protein-protein interactions, and
those stabilised by cross-links, remain (Mohammed et al., 2013; Guerrero et al., 2006). Other
techniques make use of an elaborate set of negative controls or comparative conditions to best
enable true interactors to be separated (Rajala et al., 2015; Natarajan, 2013).

The first approach can reduce non-specific binding false positives by separating genuine cross-
linked interactors from the non-specific noise. However, if the “false-positives” are instead
proteins that share a cellular compartment, and cross-link due to proximity, they will not be
affected. In addition, by relying so heavily on the cross-linking to stabilise pull-down
complexes, the results could be biased towards proteins that cross-link well to the tagged
protein/complex, and the enrichments may be skewed towards, for example, proteins with an
abundance of exposed lysine residues or that share a large interaction interface that is exposed
to formaldehyde reaction from some orientation. This approach also reduces the general
background that is able to be picked up in negative controls, which creates a large number of

missing values. As a result, many methods utilising stringent washes operate on a rationale that
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considers proteins as interaction partners only when they are detected in the pull-down, and are
not detected at all in the corresponding negative control. This provides the advantage of a very
binary interactor/non-interactor definition, but could lead to many missed potential interactors.
In this approach, it must be accepted that many interactors could be missed, or that imputation
of some form must be used to counteract the many missing values in controls.

The second approach works better at reducing the missing values, but is experimentally more
challenging, since the negative control(s) must be chosen appropriately. Rajala et al. use a
combination of non-crosslinked sample controls, and a control involving a tagged Luciferase
that is biochemically directed towards the cellular environment from which the similarly tagged
protein of interest is being isolated from (Rajala et al., 2015). This approach limits the problem
of missing values, while controlling for the effect of proximity cross-linking in the cellular
locale the tagged protein is in. Currently, the version of ChIP-MS used in this project uses
relatively stringent washes with a high salt and high detergent content. However, it falls well
short of the stringency used in other studies such as the RIME or QTAX protocols (Guerrero
et al., 2006; Mohammed et al., 2013). The negative control used at present is simply an
untagged strain, which does not fully control for the cellular compartment proximity cross-
linking effects (Rajala et al., 2015), and such a control could be adopted in future.

Another consideration of the ChIP-MS technique used in this study, particularly when
investing complex composition over time (Section 3.6.3), is that the complex being purified is
quite heterogenous. Whilst this effect could be eliminated when studying initiation via the
artificial complex arrests created by the intra-hexamer and inter-hexamer linkage constructs, it
was still present in the time-course ChIP-MS experiment. It is inevitable that some replication
complexes would be undergoing initiation at later-activated origins, whilst others would be
terminating. Overall, whilst differences in factor association and therefore enrichment could be

seen between these time-points, for clear statistical significance for multiple factors there
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would need to be an increase in the number of replicates, or an increase in reproducibility. With
the current protocol, reproducibility was controlled as much as possible, and so further
replicates would be required. This would be very intensive both on processing time and
instrument time, and might not be possible, especially if more time-points to achieve greater
temporal resolution was required. Methods to increase signal to noise ratio could be considered
to help manage this problem, such as by using a 10xFLAG tag to compensate for epitope loss
due to cross-linking, and generally increase pull-down efficiency.

As with many cross-linking purifications followed by mass spectrometry, the uncertainty due
to high false positives, even in the most well-controlled experiments (Rajala et al., 2015),
means that protein hits require validation before they are considered “real” interactors
(Guerrero et al., 2006; Wang et al., 2013; Mohammed et al., 2013; Rajala et al., 2015; Wang
et al., 2017; Leissing et al., 2021), and this ChIP-MS technique is no exception. While
confidence can be increased due to the identification of many well-established proteins in the
replication machinery in these experiments, further work is required to properly validate some
of the factors that show association with the replication machinery in this study.

The addition of formaldehyde itself to the cells might cause a perturbation in the replication
machinery. Cross-linking of the entire cellular environment is not instantaneous, and
formaldehyde induced cross-links could well act as impairments to DNA replication that affect
the recruitment of DNA damage factors to the replication fork and to DNA-protein adducts that
stall the fork (Grafstrom et al., 1983; de Graaf, Clore & McCullough, 2009; Kawanishi,
Matsuda & Yagi, 2014). This might be a possible reason that DNA damage response factors
such as Msh3/6 and Rad51/Rad52 were shown to be associated with replication forks in this
study. Alabert et al. also showed that genome stability factors were present at unperturbed forks
(Alabert et al., 2014), and follow-up research investigating factors associating with stalled or

broken forks showed clear differences, suggesting the DNA damaging effects of the
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formaldehyde itself cause much smaller effects than intentionally added DNA damaging agents
(Nakamura et al., 2021). It is, however, a possible mechanism for the low levels of repair and
damage response factors seen at forks in this study and their original work (Alabert et al., 2014).
Finally, the method used for quantification of peptides in the mass spectrometry in this study
was label free quantification (LFQ) in MaxQuant (Cox et al., 2014). Though this normalisation
method is very robust, it is possible that stark differences between pull-down and untagged
control samples could impair the ability of this software to provide accurate quantification.
However, in this instance, the presence of a non-specific background in the untagged negative
controls in the ChIP-MS data was thought to aid in the normalisation since the samples had a
greater overlap in terms of identified proteins than if there were no non-specific background.
It seems that the differences between pull-down and negative control samples did not adversely
affect this normalisation, something that was observed when attempting to apply LFQ across
input and pull-down samples together (data not shown). Comparing results with and without
this normalisation step did not drastically change the results of any ChIP-MS experiments, and
given the protein loading onto MS instruments was normalised as much as possible, this
normalisation was considered effective and appropriate in this use case. Other label-free

methods have also proven similarly effective on pull-down data (Choi et al., 2012).

4.5 Future perspectives

The application of chemical biology and proteomic techniques has produced many valuable
insights in this study. The development of the inter-hexamer latch construct to prevent hexamer
separation and the development of the ChIP-MS technique additionally provide many further
lines of inquiry. The definition of the molecular mechanism that underlies the inter-hexamer
latch arrest and the prevention of S1d3 release during initiation in the presence of this linkage

is one that requires additional investigation. Validation that the linkage is functioning as
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designed, by preventing hexamer separation or lateral movement past one another, is another
requirement for building on these findings in a meaningful way. Further work on the intra-
hexamer gate constructs has been carried out using genome-wide techniques to establish
binding of RPA and detection of ssDNA production at a base pair resolution (L.M. Reuter, pers.
comm.) and this is an approach that might be considered for the inter-hexamer latch.
Additionally, the construct could be instead used in an in vitro context, and investigated
structurally, using cryo-EM or by cross-linking mass spectrometry techniques to compare
intermediate structures in replication initiation with and without the presence of the latch inter-
hexamer linkage.

Regarding the ChIP-MS technique, there are many possible future directions for this method.
By further optimising the protocol to ensure reproducibility and efficient release of protein
complexes from chromatin, and by considering alternative negative control types and washing
conditions, future experiments may be able to investigate complex composition in a range of
contexts with greater precision and reliability. Improvements to temporal resolution in the time-
course experiments as carried out in this study could further define the dynamics of many
replication factors, and analyse replication complexes in contexts such as termination, stalled
forks, or in other DNA-damaging conditions. Furthermore, in addition to several other studies
(Vasilescu, Guo & Kast, 2004; Schmitt-Ulms et al., 2004; Guerrero et al., 2006; Mohammed
et al., 2013; Wang et al., 2013; Natarajan, 2013; Yu et al., 2016; Rajala et al., 2015; Leissing
et al., 2021), this research suggests that formaldehyde cross-linking followed by affinity
purification coupled to mass spectrometry analysis can be a useful tool to investigate labile or
transient complexes in a range of organisms.

Extensive modifications could also be made to the ChIP-MS technique described here, to allow
for alternative functionaility. Addition of a second purification step, as originally utilised for

GINS-based purification of replication complexes (Gambus et al., 2006), could ensure greater
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specificity of the pull-down and increased purity of replication complexes. Secondary
purification of a tagged factor unique to a specific stage of replication, e.g. Sld3, could much
reduce heterogeneity in complex composition, though yields would likely be substantially
decreased, requiring much larger cell cultures. Additionally, whilst mass-spectrometry
cleavable cross-linkers, able to identify the locations of protein-protein cross-links and provide
structural information (Yu & Huang, 2018), are not feasible in vivo with yeast culture due to
the large volumes involved and a relatively impermeable cell wall, a combinatorial approach
could be considered. Formaldehyde cross-linking in vivo to stabilise complexes and fix cells
as used here, could be combined with in vifro cross-linking using specialised cross-linking
reagents once cell extract was prepared. Such combinations of formaldehyde and MS-cleavable
cross-linkers have been used fully in vitro to stabilise complexes for structural studies, but not
yet used in a purification-based technique (Yu & Huang, 2018). This could expand the
capabilities of the technique beyond just quantification and identification of interacting proteins,
but also allow generation of structural data as well.

In conclusion, the ChIP-MS technique, as developed in this project, represents a versatile and
informative technique that can be applied to a range of biological questions, and has been
applied in this case to provide a large amount of information regarding the changing
interactome of the DNA helicase during helicase loading, helicase activation, and DNA

replication.
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4.6 Summary

The promising findings generated by use of the rapamycin-inducible helicase linkages, and the
ChIP-MS method, will also be promising starting points for further research. The function of
Fun30 could be further interrogated utilising the deletion strain generated as part of this work,
and subjecting it to further genotoxic stress, monitor fork speed in the deletion strain, analyse
Fun30 fork association (for example, by using eSPAN (Yu, Gan & Zhang, 2018)), and/or probe
a greater number of genomic sites for the binding of Fun30 under various additional
environmental and cell cycle conditions.

The association of Sld3 with the splitting of the double hexamer remains one of the most
promising aspects of this work. In the absence of any structural data regarding the activation
complex, this presents the first indication of the mechanistic role of SId3 in this process. Does
S1d3 have an active role in the mechanistic splitting of the hexamers, perhaps working in
tandem with pre-LC components as a physical wedge? Or, does SId3 act as a quality control
component, only able to associate with double-hexamer, and, once the hexamers separate, the
binding site of Sld3 is lost? With the suggestion of a function, work generating specific
mutations to interrupt the function of this protein can be more targeted. This suggested function
also suggests that S1d3 is likely, but not certainly, to show localisation in an activation complex
that is somewhat localised to the interface of the two double hexamers, which may guide

structural studies.
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S Appendices

5.1 Appendix 1 — Plasmids

for mating type switching

Speck
Plasmid lab description source
identifier
Synthesised Mcm4-FRB
Mcm4-FRB (203) synthesised 451 sequence with FRB+linkers (Samel et al.,
sequence inserted after Mcm4 amino acid 2014)
203
Synthesised Mcm4-FRB
Mcm4-FRB (252) synthesised 623 sequence with FRB+linkers (Samel et al.,
sequence inserted after Mcm4 amino acid 2014)
252
pFABA-3HA-His3MX6 (pYM2)
His-selection vector for PCR 80 vector used for subcloning of (Janke et al.,
amplification Mcm4-FRB sequences into for 2004)
PCR amplification
pFA6a-Mcm4-FRB(aa 203)-stop- this stud
amplification base Mcm4-FRB (aa 3HA-His3MX6 template for y
1095 e ) . (subcloning of
252) amplification of integration PCR ;
451 into 80)
product
pFA6a-Mcm4-FRB(aa 252)-stop- this stud
amplification base Mcm4-FRB (aa 3HA-His3MX6 template for y
1096 e ) . (subcloning of
203) amplification of integration PCR ;
623 into 80)
product
e pKL255 (5xFLAG-hphNT) .
gmpllflcanon template of a 5xFLAG 762 plasmid containing 5XFLAG and gift frqm
integron (hph) ; : K.Labib
hygromycin resistance gene
e pKL506 (5xFLAG-URA3CP) .
gmpllflcatlon template of a 5xFLAG 764 plasmid containing 5xFLAG and gift frqm
integron (URA) h : . K.Labib
ygromycin resistance gene
gift from
pJH283 HO endonuclease under | j Haper
HO endonuclease expression 792 Galactose-inducible transcription, (Rudin &

Haber, 1988)
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5.2 Appendix 2 — Oligonucleotides

Speck lab

Oligonucleotide identifier sequence source
Mcm4-FRB +RE GCTACCCGGGATGTCTCAACAGTCTAGC S. Samel (Samel
site amplification 1884 TCTCCAACAA )
fwd etal., 2014)
Mcm4-FRB +RE GCTATTAATTAATCAGACACGGTTATTCA S. Samel (Samel
site amplification 1885 GGC )
etal., 2014)
rev
Mem4-FRB S. Samel (Samel
integration primer 1890 ATGTCTCAACAGTCTAGCTC )
fwd et al., 2014)
Mcm4-FRB GCTATAATTAATTAGTATTTATTAATTGTTA S. Samel (Samel
integration primer 1891 CGCAGGGAATGATTGTAGTAGACAGCAG et’ al., 2014)
rev AATTCGAGCTCGTTTAAAC v
GTGAAGATCTTTCACCATTCCTGGAGAAG | L.M. Reuter
Cdc45 tagging fwd | 2274 CTGACCTTGAGTGGATTGTTACGTACGCT | (based on Janke
GCAGGTCGAC et al. 2004)
Cdeds ATATTCATATGCTGGTATATATGTACGACT | L.M. Reuter
tagging/deletion rev 2275 AAATAATATAAATTTGATTAATCGATGAAT | (based on Janke
TCGAGCTCG et al. 2004)
GGAAACTAAAGAAACTTCTGACGGTAGTG | L.M. Reuter
Mcm10 tagging fwd | 2276 CCAGCGATCTTGAGATAATACGTACGCTG | (based on Janke
CAGGTCGAC et al. 2004)
Mcm10 CAAAAGTAATACCATTTTGGGGCCCTGAA | L.M. Reuter
tagging/deletion rev 2277 AAGCACACCAATACTTATTTAATCGATGA | (based on Janke
ATTCGAGCTCG et al. 2004)
GCTGAAGCCGACTATCTTGCCGATGAGTT | L.M. Reuter
Rfa1 tagging fwd 2278 ATCCAAGGCTTTGTTAGCTCGTACGCTGC | (based on Janke
AGGTCGAC et al. 2004)
Rfa1 TTTCTCATATGTTACATAGATTAAATAGTA | L.M. Reuter
tagging/deletion rev 2279 CTTGATTATTTGATACATTAATCGATGAAT | (based on Janke
TCGAGCTCG et al. 2004)
GTCCTTGGCGAGGGTGTAAGGAGATCAG | L.M. Reuter
Mcm4 tagging fwd | 2280 TTCGCCTGAATAACCGTGTCCGTACGCTG | (based on Janke
CAGGTCGAC et al. 2004)
Mcma TAATTAGTATTTATTAATTGTTACGCAGGG | L.M. Reuter
tagging/deletion rev 2251 AATGATTGTAGTAGACAGCAATCGATGAA | (based on Janke
TTCGAGCTCG et al. 2004)
GTATTACGGTTTTGATATATTATTGAGTTG | L.M. Reuter
Pol2 tagging fwd 2285 TATTGCTGATTTGACCATACGTACGCTGC | (based on Janke
AGGTCGAC et al. 2004)
Pol2 TTTTCATGGTAAAGAGGCCATTGAACCTC | L.M. Reuter
tagging/deletion rev 2286 GCGTTATATACTGCTTACTCAATCGATGA | (based on Janke
ATTCGAGCTCG et al. 2004)
CTAAAACTGCCAAAGAAAAACCGATTCTC | L.M. Reuter
Sld2 tagging fwd 2295 TAATGGACGATGGGGAAGAAGGCGTACG | (based on Janke
CTGCAGGTCGAC et al. 2004)
SId2 TAGGTTTCTATAAATTACAAATGTTTGTAT | L.M. Reuter
tagging/deletion rev 2296 TATTTACGCCATCACGCTCAATCGATGAA | (based on Janke
TTCGAGCTCG et al. 2004)
ATAGCTCAAAAAGGAGAGTAAGAAGACGT | L.M. Reuter
SId3 tagging fwd 2297 TTATTTGCTCCAGAATCCACACGTACGCT | (based on Janke
GCAGGTCGAC et al. 2004)
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SId3 GTTGGGTCAACTACTTGCCAGCGAAGGT | L.M. Reuter

tagging/deletion rev 2298 GGTCTCGCAGTTTCTTATTCTAATCGATG | (based on Janke
AATTCGAGCTCG et al. 2004)
TGGAGGATATAATTTATGATGAAAACTCG | this study (based

Fun30 tagging fwd | 2683 AAACCGAAGGGAACCAAAGAACGTACGC | on Janke et al.
TGCAGGTCGAC 2004)

Fun30 TTTGGTTTATTTTCTGCTTATCTATTTACTT | this study (based

tagging/deletion rev 2684 TTTTACTATATTTTTATTTATTTAATCGATG | on Janke et al.
AATTCGAGCTCG 2004)
GAGCTACGAAAGACGATACTCATACAAAT | this study (based

Hrq1 tagging fwd 2707 GAAATCATTAAAAAAGAGATACGTACGCT | on Janke et al.
GCAGGTCGAC 2004)

Hrg?1 GTAGTAGAATAGAGTATTTATATTCGGTTT | this study (based

tagging/deletion rev 2708 ACAAACTACAAATAGCGTGCTTAATCGAT | on Janke et al.
GAATTCGAGCTCG 2004)
GCACCAATGAAAGAGTAAAAGATTTCTAT | this study (based

Rrm3 tagging fwd 2753 AAACGTTTAGAAACTTTGAAACGTACGCT | on Janke et al.
GCAGGTCGAC 2004)

Rrm3 AAGAAAAGAAAACTTCAACTAGAGTATAT | this study (based

tagging/deletion rev 2754 GCATTTATTCGTTGCAAGTCAATCGATGA | on Janke et al.
ATTCGAGCTCG 2004)
TAAATTACGCCTTTTCGATGGATGAAGAA | this study (based

Sir3 tagging fwd 2755 TTCAAAAATATGGACTGCATTCGTACGCT | on Janke et al.
GCAGGTCGAC 2004)

Sir3 CATAGGCATATCTATGGCGGAAGTGAAAA | this study (based

tagging/deletion rev 2756 TGAATGTTGGTGGTCAATCGATGAATTCG | on Janke et al.
AGCTCG 2004)
CGATAGTAAAAAGAGGCGCATACATCCTA | this study (based

Cac?2 tagging fwd 2759 CGCCAGTCGATTTGCGTACGCTGCAGGT | on Janke et al.
CGAC 2004)

Caco GCTGGCAAACTAGATTAGGCATTCTTATG | this study (based

) . 2760 TACCGCATTAAATATATTAAAAAATCGATG | on Janke et al.

tagging/deletion rev AATTCGAGCTCG 2004)
CAGTAAGGAACGTAAACAAGAAAAAGAGA | this study (based

Fun30 deletion fwd | 2687 GAAAATACGCTATAGTTGAAAACATGCGT | on Janke et al.
ACGCTGCAGGTCGAC 2004)
GAACAAGCTCAAAAGTCGAGAGATTTGTT | this study (based

Rrm3 deletion fwd 2771 CTTATAAGACATCCCGATGCGTACGCTGC | on Janke et al.
AGGTCGAC 2004)
CAGGGGTTTAAGAAAGTTGTTTTGTTCTA | this study (based

Sir3 deletion fwd 2772 ACAATTGGATTAGCTAAAATGCGTACGCT | on Janke et al.
GCAGGTCGAC 2004)
GAAGGAGGCAGAAAAGCTTAGAGCAAAG | this study (based

Cac2 deletion fwd 2775 GGGCAGGACAATGCGTACGCTGCAGGTC | on Janke et al.
GAC 2004)
GAGATGGTTAAGGTCGTAGAAAAGAAATG | this study (based

Hrqg1 deletion fwd 2776 TTCATTTGAGAAGGAAAAATGCGTACGCT | on Janke et al.
GCAGGTCGAC 2004)

colPCR for hph

selection 2369 TCGGGCGTACACAAATC L.M. Reuter

integration fwd

colPCR for URA

selection 2784 CATCGTAGGTCGTGGTC this study

integration fwd

ColPCR for CdedS 1 5370 AGCCGCGCACAAAATATG L.M. Reuter

rev
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f:\'/PCR forMem10 | 5565 ATTGCAACCAAAATCAC L.M. Reuter
fg\'/PCR for Fun30 | 55g5 CCGTGCCCATTTTAGCGGGC this study
colPCR for Sir3 rev | 2780 CTGTCCTGAAGTTTGATTAGG this study
fg\'/PCR forCac2 | 5764 GTTGAAATCGTGATGACGATG this study
f:\'/PCR forHra® | 5782 GAGGACATTAAGCGTAAAATGG this study
fg\'/PCR forRm3 | 5763 GCATACGTAGGCTTAGCTAA this study
fg\'/PCR forMemd | 5799 AAATGTAATCATCCTTCGGG L.M. Reuter
gAFI’CR rRNASS-2- 1 5544 AAGATTGCAGCACCTGAGTTTCG L.M. Reuter
feF:/CR rRNA5S-2- | 5545 ATGTCTGGACCCTGCCCTCATAT L.M. Reuter
GPCR ARS305_fw | 2258 AGCCTTCTTTGGAGCTCAAG L.M. Reuter
GPCR ARS305_rev | 2259 TTTGAGGAATTTCTTTTGAAGAG L.M. Reuter
qPCR 2260 CGATAACGGCTAAAACAATTAAA L.M. Reuter
ARS305_+2fw M.

gPCR 2261 GCTAGAACAGCGACAATGTTTTTG L.M. Reuter
ARS305 +2rev o

gPCR 2262 GGTACAATCATAGAAAAAGGG L.M. Reuter
ARS305_+4fw M.

gPCR 2263 GGATTTGCTGAGTTCGCGTA L.M. Reuter
ARS305_ +4rev o

qPCR 2264 TGTTCTTCATTAGCGATCAGATAAGC L.M. Reuter
ARS305_+6fw M.

gPCR 2265 AAACAACAAACCTAAACACTCTTGGTATT | L.M. Reuter
ARS305_+6rev M.

gPCR 2266 AACTTGGCCTTATGTAGAATTTCTT L.M. Reuter
ARS305_+9fw M.

gPCR 2067 AGCAATTCCACCGACCATAC L.M. Reuter
ARS305 +9rev o

GPCR ARS501 fw | 2272 CTCATCATCATCCCCGGTA L.M. Reuter
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ARS1429 rev

gPCR ARS501_rev | 2273 CGTACACTAGCCCGTTGAGGT L.M. Reuter
gPCR ARS607 fw | 2688 GTGGTGATATAAACACTACATTCGC L.M. Reuter
gPCR ARS607 rev | 2689 TCCATAATATTTACCTTACGCTGGG L.M. Reuter
gPCR ARS1021_fw | 2692 GCGTGTGTTGGTTACTTAGGTT L.M. Reuter
T ey 2693 GGCTCTGTTTTGTTTATTTCCAGAT L.M. Reuter
gPCR ARS1429_fw | 2696 AGTTCTTGGACAAGATTGGATACAT L.M. Reuter
9PCR 2697 TTACCTTTCAATGCGGCACG L.M. Reuter
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5.3 Appendix 3 — Yeast strains

- *indicates the use in a ChIP-MS study

Speck lab
Strain Genotype Source
identifier
MATa ade2-1 ura3-1 his3-11,15 trp1- | laboratory
W303 WT* YC160
1 leu2-3, 112 can1-100 GAL+ strain
as YC160 plus: psi+ TOR1-1
Mcm2/Mcm5 C-terminal mcm?2::mem2 FRB-long (aa 712)- L.M. Reuter
YC525
intra-hexamer linkage* HisMX6 mcm5::mecmb5 FKBP-long (Speck lab)
(aa 591)-kanMX6A Afpr1::NAT
as YC160 plus: psi+ TOR1-1
Mcm2/Mcm5 N-terminal mem?2::mecm2 FRB-long (aa 221)- L.M. Reuter
YC536
intra-hexamer linkage * HisMX6 mcmb::mem5 FKBP-long (Speck Lab)
(aa 72)-kanMX6A Afpr1::NAT
as YC160 plus: psi+ TOR1-1
Mcm4/Mcmb5 inter-hexamer mcm4::mem4 FRB-long (aa 252)-
YC671 this study
linkage* HisMX6 mcmb::memb5 FKBP-long
(aa 72)-kanMX6A Afpr1::NAT
Mcm4/Mcmb5 inter-hexamer
As YC671 plus: URA::GPD-TKb5x,
linkage, BrdU-incorporation YC729 This study
AURT1c::ADH1-hE
strain
Rfa1-FLAG Mcm2/Mcm5 N- as YC536 plus: rfat::rfa1-5xFLAG- L.M. Reuter
YC546
linkage hph (Speck lab)
Mcm4-FLAG Mcm2/Mcm5 N- as YC536 plus: mcm4::mcm4- L.M. Reuter
YC547
linkage* 5xFLAG-hph (Speck Lab)
Mcm10-FLAG Mcm2/Mcm5 as YC536 plus: mem10::mcm10- L.M. Reuter
YC552
N-linkage 5xFLAG-hph (Speck lab)
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Pol2-FLAG Mcm2/Mcm5 N- as YC536 plus: pol2::pol2-5xFLAG- L.M. Reuter
YC558

linkage hph (Speck Lab)

Sld2-FLAG Mcm2/Mcm5 N- as YC536 plus: sld2::sld2-5xFLAG- L.M. Reuter
YC572

linkage hph (Speck lab)

SId3-FLAG Mcm2/Mcm5 N- as YC536 plus: sld3::sld3-5xFLAG- L.M. Reuter
YC574

linkage hph (Speck Lab)

as YC536 plus: psf2::psf2-TAP

Psf2-TAP Mcm4-FLAG L. Karl (Speck
YC578 (Psf2-V/5-PreSc-ProtA)

Mcm2/Mcm5 N-linkage Lab)

mem4::mem4-5xFLAG-hph

Mcm10-FLAG Mcm2/Mcm5 as YC525 plus: mem10::mcm10- L.M. Reuter
YC580

C-linkage 5xFLAG-hph (Speck lab)

Cdc45-FLAG Mcm2/Mcm5 as YC525 plus: cdc45::cdc45- L.M. Reuter
YC584

C-linkage 5xFLAG-hph (Speck Lab)

Mcm4-FLAG Mcm2/Mcm5 C- as YC525 plus: mem4::mcm4- L.M. Reuter
YC588

linkage™ 5xFLAG-hph (Speck lab)

Pol2-FLAG Mcm2/Mcm5 C- as YC525 plus: pol2::pol2-5xFLAG- L.M. Reuter
YC590

linkage hph (Speck Lab)

Rfa1-FLAG Mcm2/Mcmb5 C- as YC525 plus: rfat::rfa1-5xFLAG- L.M. Reuter
YC592

linkage hph (Speck lab)

Sld2-FLAG Mcm2/Mcm5 C- as YC525 plus: sld2::sld2-5xFLAG- L.M. Reuter
YC594

linkage hph (Speck Lab)

SId3-FLAG Mcm2/Mcm5 C- as YC525 plus: sld3::sld3-5xFLAG- L.M. Reuter
YC596

linkage hph (Speck Lab)

Mcm10-FLAG Mcm4/Mcm5 as YC671 plus: mecm10::mecm10-
YC675 this study

linkage 5xFLAG-hph

Cdc45-FLAG Mcm4/Mcm5 as YC671 plus: cdc45::cdc45-
YC676 this study

linkage 5xFLAG-hph

SId3-FLAG Mcm4/Mcm5 as YC671 plus: sld3::sld3-5xFLAG-
YC678 this study

linkage

hph
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Pol2-FLAG Mcm4/Mcmb

as YC671 plus: pol2::pol2-5xFLAG-

YC679 this study
linkage hph
Rfa1-FLAG Mcm4/Mcm5 as YC671 plus: rfat::rfa1-5xFLAG-
YC680 this study
linkage hph
Mcm2-FLAG Mcm4/Mcm5 as YC671 plus: mecm2::mcm2-
YC682 this study
linkage 5xFLAG-hph
Sld2-FLAG Mcm4/Mcm5 as YC671 plus: sld2::sld2-5xFLAG-
YC683 this study
linkage hph
Mcm4-FLAG Mcm4/Mcm5 as YC671 plus: mcm4-FRB-
YC829 this study
linkage* HisMX6::mcm4-FRB-5xFLAG-hph
as YC160 plus: mcm4::mcm4-
Mcm4-FLAG* YC779 this study
5xFLAG-hph
as YC160 plus: cdc45::cdc45-
Cdc45-FLAG* YC785 this study
5xFLAG-hph
as YC160 plus: fun30::fun30-
Fun30-FLAG YC809 this study
5xFLAG-hph
as YC160 plus: sir3::sir3-5xFLAG-
Sir3-FLAG YC862 this study
hph
as YC160 plus: cac2::cac2-5xFLAG-
Cac2-FLAG YC863 this study
hph
as YC160 plus: hrq1::hrq1-5xFLAG-
Hrq1-FLAG YC864 this study
hph
as YC160 plus: rrm3::rrm3-5xFLAG-
Rrm3-FLAG YC865 this study
hph
pMet:Cdc20 for methionine as YC160 plus: cdc20::pMet-cdc20-
YC874 this study
induced mitotic arrest TRP1
as YC874 plus: mcm4::mcm4-
pMet:Cdc20 Mcm4-FLAG YC840 this study
5xFLAG-hph
Afun30 YC803 as YC160 plus: fun30::hph this study
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Asir3 YC878 as YC160 plus: sir3::hph this study
Acac2 YC876 as YC160 plus: cac2::hph this study
Ahrg1 YC889 as YC160 plus: hrq1::hph this study
Arrm3 YC877 as YC160 plus: rrm3::hph this study
as YC803 plus: mecm4::mcm4-
Afun30 Mcm4-FLAG YC920 this study
5xFLAG-URA
as YC877 plus: mcm4::mcm4-
Arrm3 Mmc4-FLAG YC912 this study
5xFLAG-URA
mating type test strain (14a) | YC533 MATa his1 Straller lab
mating type test strain (17a) | YC534 MATa his1 Straler lab
5.4 Appendix 4 — Antibodies
, Speck lab q
Antibody identifier use species source
. . . CSHL in-house
anti-Mcm2 5 Western blotting (primary) | mouse (49-Mcm2)
anti-Sld5 42 Western blotting (primary) | rabbit gg;cnpt (108-
anti- . . . CSHL in-house
panMCM 2 Western blotting (primary) | rabbit (CS687)
anti-FLAG- Western blotting .
HRP 100 (primary+HRP) mouse Sigma -A8592
PAP secondary 17 \F"VF‘:;t)em blotting (anti- rabbit Sigma -P1291
anti-mouse secondary 18 Western blotting goat Sigma -A4416
(secondary)
anti-rabbit secondary 3 Western blotting goat Sigma -A6154
(secondary)
anti-BrdU 108 dot-blotting mouse BD Biosciences -
555627
anti-FLAG 25 ChIP-gPCR and ChIP-MS | mouse Sigma -1804
. Thermo -MA5-
anti-GFP 113 ChiIP-gPCR mouse 15256
Jackson Immune
rabbit 1IgG 106 IP-MS and ChIP-MS rabbit Research - 011-
000-003

357




5 Appendices
5.5 Supplementary Figures

Possible Mcm3-Mcm5

ssDNA channel in CMG

Insertion point for Mcm5 (Bareti¢ et al. 2020)
FKBP (N-term) aa7 7

N-term ring

C-term ring

Figure S1: Supplementary figure showing the proposed ssDNA exit channel observed in recent structural studies (Baretic et al.,
2020), alongside the insertion point of the FKBP linkers on Mcm5 for the latch construct.

Structural data derived from the structure of the yeast double hexamer on origin DNA (Noguchi et al., 2017)(PDB: 5BK4). Path
of the exit channel drawn based on the trajectory proposed by Baretic et al. The insertion point and subsequent localisation of
the inserted FKBP is far enough away from the ssDNA exit channel as to not be likely to interfere with this process directly.
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