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Abstract

The duplication of DNA is possibly the most critigarocess for the
faithful transmission of the chromosomes from thaeptal cell to the two
daughter cells. At the molecular level, multipleeris necessary for DNA
replication, DNA damage recognition and histone cd@mn occur at the
proximity of the replication fork. An important fot of investigation is to
determine the identity of the proteins that arenheitstably or transiently
associated with the replication forks during nord&lA replication or when the
DNA template is damaged.

To achieve this goal we have developed an innogapproach, described
as DNA mediated chromatin pull-down (Dm-ChP), tladibws for specific
recovery of newly assembled chromatin by captuting newly synthesised
DNA and to analyse the protein component associaitulit.

The Dm-ChP procedure has been thoroughly validatéd specificity and
captured chromatin bound proteins can be analygdabth immunoblotting and
large scale proteomic approaches. We have confithndproteins known to be
either constitutively or transiently associated hwithromatin during DNA
duplication and DNA repair can be captured with lyesynthesised DNA.
Proteomic analysis of the Dm-ChP captured mateandicates that several
hundred different proteins can be identified wignstive mass spectrometry
approaches.

Furthermore, we have used this technique to begivestigating
relationship between chromatin protein compositiamd the temporal
programme of DNA synthesis. Using a quantitativessngpectrometry approach
together with a synchronisation procedure we predidreliminary evidence that
different relative amounts of replication proteican be found at DNA
replicating at different times during S phase

Finally, using the Dm-ChP methodology in combinatiwith pulse and
chase experiments we defined the dynamics of @pic proteins binding with
newly synthesised and mature chromatin. Replicatiaieins such as PCNA,
Mcm7, RPA and Fen-1 were enriched at the nasceA BN after replication
forks moved away they are not retrieved on mathrernatin. On the contrary,
scaffold attachment protein such as lamin B1 or KlDM DNA and RNA
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binding protein, involved in several nuclear pr@sss including pre-mRNA
splicing and non homologous end joining repair ofildle-stranded DNA breaks
were absent on nascent DNA and recruited to chiomedter passage of
replication machinery.

Our studies establish DNA mediated chromatin palid as a powerful

technique that can be applied to investigate mapgaets of DNA metabolism.
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Chapter 1 Introduction

1.1 Cell division and the cell cycl

The cell cycle isthe sequence of events theicludes chromosome
duplication andtheir distribution into new daughter cells. it a fundamente
process required fahe development of all living organismBhe eukaryotic ce
cycle is divided into four stageS phase, M phasend two gap phases; and G
(Figure 1.1).Cells can also ent Gy phase that is quiescent or resting s

occurring outside of the cell cyc(Morgan, 2007).

Mitosis , M checkpoint

Gz checkpoint —_ -M q Cell division
Preperation | I ’ S
for division

N
.

G checkpoint
Genome
replication - ol Cell gowth

Figure 1.1 Schem®f eukaryotic cell cycleThe cell cycle consists of four distinct phasey, S,
G, and M The transition from one phase of the cell cycl¢the next is controld by cycle-
dependent kinases.h€ckpointsare represented by stars.,@hase is not showiPicture taken
from http://www.1llec.com/Genetics/Cell Cycle/ControCal Cycle.sw

The G phaseoccurs before DNA synthesand during that phase ce
grow and synthesi proteins necessary for DNA replicatioDuring S phase
DNA is duplicated to ensure propDNA content and cell division later in |
phase. In G cells continue to grow and synthesiggoteirs essential for
execution of M phase.his includes production ahicrotubules and membra
componentsDuring mitosis, DNA condensation and chromosome separe
occurs, followed by cell division, a process knoas cytokinesis(Morgan,
2007) DNA replication andcell division must be achieved with extrel
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precision to avoid atormalities. Many mechanisms haegolved to maintai
cell cycle integrity,and thei loss may induce cell death or pathological st

such as cancer.

1.2 Molecular mechanismof the cell cycle progressio

1.2.1 Cyclin-dependent kinase and cyclins

The cell cycles regulatecthrough thefamily of enzymes called thCdks
(Cyclin-dependent kase). Activity of these serine/threonine protein kiaass
required for efficient progression of the cell ®«Cdks modify different cellula
substrates regulating theirll cycle functions (reviewed ifSuryadinata et al
2010)).Each phase possesses specific Cdk complexes ithalate progressio
of that phase.

Cyclins werefirst characterised b)Richard Timothy Hun during the
studiesof the cell cycle of sea urchi (Evans et al., 1983)Cyclins can be
divided into four classes: cycliA, B, D and E(Satyanarayana and Kald
2009).Cyclin levelsoscillate throughout the cell cycl@th cyclin E having the
sharpesaind cyclin D the broadest window proteinexpression (igure 1.2).

Concentration

rd
/

v

G, Phase S Phase G, Phase Mitosis

Figure 1.2 Level of cyclins througout the stages of the cell cycléicture takenform

http://upload.wikimedia.org/wikipedia/commons/cfeg¢lin_Expression.s

Cyclin A, D and E are targeted the nucleus, while most of the cyclin B
found in the cytoplas (Satyanarayana and Kaldis, 2008I).cyclins are broadly
expressed ivarioustypes of tissueindicating that their functions are requil

for proliferation of cells with different origi(Sherr, 1993).
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Cdks associate with different cyclins avide versato form a complex in
which the Cdk shows the catalytic activity, howeegclins are mandatory for
activation of Cdks. Activity of Cdk/cyclin complegechanges during the cell
cycle and corresponds with important events in gattéise of the cell cycle.
Broadly, Cdk4/cyclin D regulates;hase, Cdk2/cyclin E is active at the/$
transition, Cdk2/cyclin A is essential for S pha=mgtry, Cdkl/cyclin A and
Cdk1/cyclin B complexes play a role during the siion from G to M phase
(Brown et al., 1999; Humphrey and Brooks, 2005).

1.2.2 Regulation of cyclindependent kinases activity

Cdks activity is precisely regulated by differenechanisms to ensure
proper execution of the cell cycle. One of thentastrolled by cyclins access
(Figure 1.2) and other by post-translational madifion of Cdks.

As mentioned in the previous section, levels ofiogcchange to allow for
temporal activation of particular Cdk at differetiine during the cell cycle.
Cyclins availability is regulated at transcriptib@&ad post-transcriptional levels
(Mazumder et al., 2007). For example, studies dflicyE in human cells
demonstrated that no cyclin E mRNA is present mirsestarved fibroblasts (G
phase), as represented on the Figure 1.2. Howéaals of cyclin E mRNA
appeared in middleGwhen cells processed to S phase (Koff et al., 1991
Consistently, overexpression of cyclin E leads horer G phase and (S
phase transition (Almasan et al., 1995). The lewélsyclin E are regulated by
either transcription factor E2F or by proteasonedrddation (Mazumder et al.,
2007). Free cyclin E can be phosphorylated by GSi&plex (dycogen
synthase_lnase-3, resulting in rapid ubiquitin-dependent prote@y&Clurman
et al., 1996; Mazumder et al., 2007). In contrastding to its Cdk partner Cdk2
leads to change in cyclin E conformation, therebgbitising cyclin E and
preventing proteasome degradation (Clurman efl@f6). Cyclin E can be also
degraded after formation of Cdk2/cyclin E complexthrough
autophosphorylation at Ser380. This automodifiecatibCdk2 results in cyclin E
release and disassembly of Cdk2/cyclin E compleksasequent destruction of
cyclin E by the SCE*** (Skp1-Qullin—F-box) ubiquitin ligase (Reed, 2006; Won
and Reed, 1996).

23



In addition to cyclin-dependent regulation of Cdlectivity, Cdk
complexes, such as mitotic Cdk, require post-teditgial modification at the
activating (Thrl60) and inhibitory (Thrl4) sites IAK (cyclin activating
kinase) and Weel kinase, respectively (reviewedSan¢hez and Dynlacht,
2005)). For full activation of Cdkl/cyclin B complephosphorylation of
inhibitory site Thrl4 has to be removed. This ita@sed by a member of the
Cdc25 family of phosphatases, Cdc25A. Upon Cdkivainbn, APC (aaphase
promoting_ ®mplex) is stimulated and activates mitosis.

Cdk activity can be also regulated by the grouproteins known as CKils
(Cdk inhibitors) (reviewed in (Besson et al., 2008)). fEhare two families of
CKils: the Ink4 (imnibitors of Cdk4d and the Cip/Kip (gclin-dependent kinase
inhibitory protein/kinase_nhibitory protein) (Sherr and Roberts, 1999). The Ink4
family includes p18*® p16™*2 p18"™c and p1$*‘? proteins that regulate
progression of @by disrupting the interactions between D-type agland
Cdk4 and Cdk6 kinases. The 21, p27*! and p5%P? are the members of
Cip/Kip family that interact with both cyclins (cyes A, B and E) and Cdks
(Cdkland Cdk2). The Cip/Kip family inhibits actiyibf Cdk complexes in all
phases of the cell cycle (reviewed in (Besson et 2008)). The Cip/Kip
inhibitors can also indirectly inhibit activity ofCAK, thereby averting
phosphorylation of Cdks (Kato et al., 1994; Polgalal., 1994). Overexpression
of CKIls leads to inhibition of cell proliferatiomd G, arrest (Chen et al., 1995;
Hirai et al., 1995).

1.3 DNA damage response and cell cycle checkpoints

DNA damage response (DDR) is an entangled netwdrkheckpoint
proteins that cooperate to restore DNA integrityg(i@-Mari et al., 2011). DDR
components can be divided into three main clag3dg damage sensors, signal
mediators and effectors (Figure 1.3) (reviewedQmc¢ia and Elledge, 2010)).
The DDR pathway is heavily controlled by proteim{gin interactions and post-
translational modifications such as phosphorylatiod SUMOylation (reviewed
in (Bergink and Jentsch, 2009). In the event of Dii@mage, DNA damage
sensor proteins quickly accumulate at the DNA darsites. Activity of these

proteins at DNA lesions attracts DNA damage sigma&diators that further
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enhances the response (Harper and Elledge, 200@)lyf- effector proteins are
activated leading to the cell cycle arrest and Di¢fair or programmed cell
death (apoptosis) (reviewed in (Zhou and Elled@®02). The cell cycle can be
stopped by specific mechanisms termed the cellecgiokeckpoints (described in
following subsections), to allow efficient DNA rapaHowever, the DNA
damage response can also activate apoptosis toveeoetls that were unable to
efficiently repair their DNA (Figure 1.3).

Two families of sensor proteins play a central rale DNA damage
response: the PIKKs family [jpsphatilylinositol 3-knase like protein ikases)
that includes the DNA-PK_(DNAlependent_motein knase), ATM (&axia
telangiectasia_ntated) and ATR _faxia Elangiectasia alated) (reviewed in
(Harper and Elledge, 2007)). The second DNA dansagsor family are PARPs
(poly(ADP)ribose_mlymerasek (reviewed in (Ciccia and Elledge, 2010; Harper
and Elledge, 2007)). The ATM and DNA-PK kinasesaotvated in response to
DNA double strand breaks (DSB), while PARP proteans recruited to DNA
single strand breaks (SSB) where they facilitatB 8pair through base excision
repair (BER) (reviewed in (Ciccia and Elledge, 2018y contrast, ATR kinase
forms a complex with ATRIP_(ATRnteracting potein) and regulates both firing
of replication origins and repair of stalled reption forks in response to DNA
damage (reviewed in (Cimprich and Cortez, 2008)).

The sensors regulate activity and functions of ewediproteins that are
efficiently recruited to the sites of DNA damageediators include proteins such
as Mdcl (nediator of INA damage_keckpoint protein 1), BRCA1_(bast
cancer type susceptibility protein 1) and 53BP1 3ding potein 1), MRN
complex (Mell, Rad50 and_Nsl) and Claspin (reviewed in (Ciccia and
Elledge, 2010; Harper and Elledge, 2007)). Manytltd mediator proteins
contain BRCA 1 C-terminus (BRCT) domains that fiéaié interaction with
phospho-proteins and are important for DNA damageasing (reviewed in
(Harper and Elledge, 2007)). Finally, mediator pno$ activate effectors such as
Chk1 (cleckpoint 1) and Chk2_(&tkpoint 2) kinases (reviewed in (Ciccia and
Elledge, 2010; Harper and Elledge, 2007)). Phospaion of Chkl and Chk2
by ATR and ATM, respectively, activates phosphdigla cascade leading to
cell cycle arrest through inactivation of Cdk by d28. Moreover, effector

proteins stimulate assembly and activity of DNA aiepcomplexes or induce
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apoptosisthrough regulation of nuclear guardian protein p(reviewed in
(Ciccia and Elledge, 201).

DNAdamage

DNAdamage
sensors

DNAdamage

mediators

|

sl N
JESiGERERES  onArepair Celldeath

Figure 1.3 DNA damage respons(DDR) pathways.After DNA damac sensor proteins
recognise the lesionand recruit mediatc proteins. DDR cascademplifies the signal by
recruitment of many effector proteins, ther facilitates initiation ofcell cycle arrest, DN/
repair or programmed cell dea

1.3.1 Cell cycle checkpoint

Essential for cell survival and proliferation igthability of cells to maintai
genomic integrity. Any aberrations in DNA replicati and maintenance c
induce cell death or cancer as a resuldeleteriousmutations. To prevent tt
occurrence of diffeent mstakes, a cell’'s progress througfie cell cycle is
monitored by specific pathways called checkpoihtd Bire present in, S, G
and M phases (Figure 1.(Lodish et al., 2000; Shackelford Rodney E et
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1999). Additionally, in the event of DNA damage,eckpoints delay the cell
cycle progression and provide essential time fpairebefore DNA replication

and mitosis (Kaufmann and Paules, 1996).

1.3.1.1 G; phase checkpoint

The G checkpoint delays entry into S phase if cells aontlamaged DNA
(reviewed in (Zhou and Elledge, 2000)). This medsanprotects and prevents
replication of a damaged template (Shackelford RgdiE et al., 1999).
Activation of G checkpoint is dependent on the two master regstatioe ATM
and ATR (Harper and Elledge, 2007). Upon DNA dama§éM and ATR
kinases are activated through autophosphorylatiot eontrol functions of
downstream proteins by their post-translational ifications (Zhou and Elledge,
2000). The tumour suppressor protein (p53) is phogpated at Serl5 and
Ser20 by ATM and ATR or by the ATM/ATR target kimgsChk2 and Chkl
(Canman, 1998). In unstressed cells, p53 interadtis the ubiquitin ligase
MDM2 (murine duble mnute 2 protein), thereby it is constantly targefed
degradation (Chehab et al., 1999). Phosphorylaitbnp53 leads to its
accumulation as modified p53 can be no longer atsate of MDM2 (Chehab et
al., 1999). In addition, after DNA damage, MDM2 atso modified by the
ATM/ATR kinases and targeted for proteasomal degfiad, leading to
enhancement of p53 protein release and accumuldhtaya et al., 2001).
Activation of p53 leads to expression of targetegenncluding p21, the cyclin-
dependent kinase inhibitor 1 (Kastan and BartekP420 p21-mediated
inactivation of Cdk2/cyclin E stalls progression &f phase(Costanzo, 2003).
Moreover, a parallel Chk1l/Chk2-Cdc25A-dependenthwaly exists and
amplifies signal for the cell cycle arrest throudgactivation of Cdk2/cyclin E
complex (Lukas et al., 2004). Whether the initiakat is induced by the ATM-
Chk2-Cdc25A pathway or the ATR-Chk1-Cdc25A pathwisys rapid response
is followed by the p53-mediated maintenance @fSGarrest (Bartek and Lukas,
2001).

1.3.1.2 S phase checkpoint

The S phase checkpoint network can be induced imada encountered by

replication forks or by unrepaired DNA that evad&dcheckpoint (Bartek et al.,
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2004; Osborn et al., 2002). It is crucial to protexplication fork integrity as
collapsed forks are highly toxic (reviewed in (Bdrtet al., 2004)). Upon DNA
damage, the S phase checkpoint is activated vieaat two parallel branches,
ATM- and ATR-dependent (Falck et al., 2002). In finst pathway, ATR-Chk1
and ATM-Chk2 phosphorylate Cdc25A and target it €dmiquitin-dependent
degradation. The SCF ubiquitin ligaB&rCP modifiesCdc25A, which is then
hydrolysed (Busino et al., 2003). Destabilisatioh ©dc25A leaves the
Cdk2/cyclin E and Cdk2/cyclin A complexes inactitteereby preventing Cdc45
loading onto origins and completion of DNA syntlses{Falck et al., 2001;
Moyer et al., 2006). In addition, in the absenc€dt45, the DNA polymerase
cannot be loaded onto DNA, thereby inhibiting DNpnthesis (reviewed in
(Bell and Dutta, 2002)).

In the second pathway, mobilisation of a numbeDNfA damage response
proteins, such as ATM, BRCAL, Nbsl ifiNegen lveakage yndrome 1) and
Smcl (sructural maintenance of lromosomes 1) occurs (Falck et al., 2002;
Kitagawa et al.,, 2004; Olson et al.,, 2007; Yazdi at, 2002). ATM
phosphorylates BRCAL1 (Serl387, Serl423, Serl52B31NSer343, Ser966)
and Smcl (Ser957, Ser966) (Kastan and Bartek, 2Ridd, 2003; Scully and
Livingston, 2000; Xu et al., 2002Nbs1 has been shown to be a part of the
Mrell-Rad50 complex, important for recombinatiopaie of DNA double-
strand breaks (Abraham, 2001). Depending on thegitmrylation state of Nbs1,
ATM phosphorylates one of the components of theeswhcomplex, Smcl and
this phosphorylation is also required for the Ssegheheckpoint (Xu et al., 2002;
Yazdi et al., 2002). In addition, ATM-dependent gploorylation of BRCAL is
essential for efficient checkpoint and DNA repdteaDNA damage (Scully and
Livingston, 2000).

1.3.1.3 G,/M checkpoint

The G checkpoint prevents cells from entering mitosithwinrepaired or
not fully replicated DNA (Xu et al., 2002). As pieusly described, ATM-Chk2
and ATR-Chk1 branches lead to degradation of Cdgq@t@3phatase in response
to genotoxic stress (Capasso et al., 2002; Falckalgt 2001). Cdc25C
phosphorylation at Ser216 creates a binding site 1#-3-3 proteins. This
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interaction targets Cdc25C to the cytoplasm and iaesl its subsequent
degradation (Mailand et al., 2000). Loss of Cdczifiivity impedes the full
activation of the mitosis-specific Cdkl/cyclind®mplex (reviewed in (Sancar et
al., 2004)) and prevents activation of Cdkl throwgphosphorylation of the
Thrl4 and Tyrl5 by Cdc25AThis results in inactivation of Cdkl/cyclin B
complex and blockage of entry into mitosis (Boddawd &Russell, 1999; Peng,
1997). Additionally, phosphorylation of p53 by AT&ikl and ATM-Chk2
pathways increases expression of p21 leading tibitidn of Cdkl/cyclin B
complex (Bunz et al., 1998).

1.3.1.4 Spindle assembly checkpoint

The SAC (indle asembly beckpoint) is necessary for proper attachment
of microtubules to chromosomes. This checkpoinhway is conserved from
yeast to human and takes place in early mitosis. FAC ensures the fidelity of
chromosome segregation in mitosis and defects i pathway lead to
chromosome mis-segregation and aneupldMsllee et al., 2006). The SAC
components in budding yeast include Aurora B kinaBeibl (ludding
uninhibited by lenzimidazole), Mpsl _(onoplar indle 1), Bub3, Madl
(mitotic arrest _ceficient) and BubR1 that localise to kinetochoresrirdy
promethaphase (reviewed in (Przewloka and GlovéiQ9). The SAC
checkpoint monitors proper kinetochore-microtutattachment to chromosomes
and spindle tension (reviewed in (Musacchio anan®al 2007). In response to
abnormal kinetochore-microtubule attachment, Mgsfthosphorylated by Bubl
in a Bub3-dependent manner leading to formationtted MCC (nitotic
checkpoint_omplex) (Hardwick and Murray, 1995; Hardwick et, 41996). The
MCC complex contains Mad2, BubR1/Mad3, Bub3 and 20d¢reviewed in
(Musacchio and Salmon, 2007)). The Cdc20/Mad2 subptex binds to BubR1
and inhibits E3 ubiquitin ligase activity of the BRC (anaphase_wmoting
complex/g/closome), thereby preventing degradation of cyclh and
Pds1/Securin _flecocious_thsociation of_wsters) (McGuinness et al., 2009;
Peters, 2006). When correct microtubule-kinetochatachment and spindle
tension is restored, activated APC/C complex remmaesidual sister chromatin
cohesion at kinetochores through Securin degradatereby promoting mitosis
entry (reviewed in (Nezi and Musacchio, 2009)).
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1.4 DNA synthesis

1.4.1 Overview

DNA replication, repair and the cell cycle contesk the most important
cellular processes necessary to transmit genefiicniation from the parental
cell to the two daughter cells (Jiang et al., 1998A replication is a tightly
coordinated process and recruits different repbcaproteins to ensure that one
genome equivalent is completely duplicated oncd, @y once, per cell cycle
(Boye et al., 2000; Lei and Tye, 2001). In additistudies of DNA synthesis in
different organisms revealed that most of the oapilbn factors are highly
conserved from yeast to human (Cvetic and Wal@®d52 Semple and Duncker,
2004).

1.4.2 Discovery of DNA

Deoxyribonucleic acid (DNA) is a carrier of geneitiformation found in
all living organisms (except some viruses) (SindE994). It was first isolated
and analysed in 1869 by the Swiss physician FebdiMiescher during
leukocyte extraction (Miescher, 1871). He charas¢erthe novel molecule with
large numbers of phosphorous groups and namedutlém” (Dahm, 2008;
Miescher, 1871).

In 1919, another biochemist Phoebus Levene peribrpagtial hydrolysis
of yeast nucleic acid and identified major compdseaof DNA: adenine,
guanine, thymine, cytosine, deoxyribose and a gietspgroup (Levene, 1919).
He demonstrated that identical units, that he dallecleotides, were formed by
the various components linked together throughpthesphate groups. Levene
proposed "tetranucleotide hypothesis” saying thidiADvas made up of equal
amount of bases repeated in a fixed order (i.eG-GA-G-C-T-A) (Levene,
1910).

This hypothesis was disproved by Erwin Chargafftlie late 1940s.
Chargaff postulated new base pairing rules, known Gharagaff's rules.
According to Chargaff the amount of adenine basalwsays equal to thymine
residues and the amount of cytosine equals guai@hargaff et al., 1952).

Therefore, DNA strands must be complementary and stmand contains
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information about the sequence of the other str@mdrgaff also postulated that
two sets of hydrogen bonds are formed betweendked Adenine always pairs
with thymine by two hydrogen bonds and cytosineagfsvinteract with guanine
by three hydrogen bonds (Chargaff et al., 1951).

A few years later, the chemical structure of DNAswelucidated by
Watson and Crick (Watson and Crick, 1953). X-rdjraction analysis showed
that DNA is a linear, un-branched polymer of fouclkeotides connected through
phosphodiester bonds. The DNA helix is stabilisgdhlydrogen interactions
between the bases from both strands, and a nelyativarged sugar-phosphate
backbone provides high water solubility. DNA strarate aligned in an anti-
parallel manner. One end called 3’-end containsriaihal hydroxyl group and
the other 5’-end possesses a phosphate group. WVatsb Crick postulated a
three-dimensional model of DNA in which two righadded DNA strands are

twisted around the same axis.

1.4.3 Features of DNA synthesis in prokaryotes and
eukaryotes

DNA synthesis is a semi-conservative process irchveach DNA strand
serves as a template for replication reaction. Dmatvanded DNA has to be
melted to allow polymerase access to the ssDNA lampDNA duplication is
coordinated by complex of proteins that are orgahisito a structure known as
the replication fork (Langston et al., 2009). Regflion forks are bidirectional
“V” shape-like structures where nucleotide incogimn occurs (Voet and Voet,
1995). Because DNA polymerases can read the niddestquence only from 3’
to 5 direction (Champe et al., 2008), one of thearsdds is replicated
continuously as the leading strand, meanwhile theerolagging strand is
replicated through short intermediates known asz@kiafragments (Nelson et
al., 2000). To start DNA synthesis of the leadingl dagging strands, DNA
primase needs to add short RNA primers that wihtbe extended by replicative
polymerases. These primers are later removed apndesnlting gaps are filled
by polymerase | and DNA fragments are ligated byADigase |.

DNA replication in both prokaryotes and eukaryotss bidirectional
(Abdurashidova et al., 2000; Diffley, 1996; Tashewa Roufa, 1994). Unlike in
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prokaryotic cells, where the genome has only alsioggin of replication (Mott
and Berger, 2007), the genome of eukaryotic celigains an estimated 30 000
replication origins (Arias and Walter, 2007; Franet al., 2009; Tudzarova et al.,
2010). Prokaryotic DNA synthesis is carried out dysingle polymerase lll,
whereas eukaryotic DNA is duplicated by polymerasa the leading strand and
polymerases® anda on the lagging strand (Burgers, 2009; Fang et1&99).
Prokaryotic DNA is not packed as extensively aws ibbserved in eukaryotes,
however it forms structures called the nucleoiderglas eukaryotic DNA is
organised into chromatin (Voet and Voet, 1995). theo difference is the shape
of DNA, which in prokaryotes is circular, whereagkaryotic DNA is linear
(Jackson, 2005). Moreover, the rate of DNA synthas prokaryotic cells is
relatively faster (100 kb/minute) compared to eyktic DNA synthesis (0.5-5
kb/minute) (Herrick and Bensimon, 2008; Kornberd &aker, 1992).

1.5 Prokaryotic DNA replication

1.5.1 Bacterial DNA synthesis

Escherichia coli has provided the greatest understanding of DNA
metabolism and replication (McGlynn and Lloyd, 2@ coligenome contains
about four million base pairs, 1@mes less than the human genome (Champe et
al., 2008).o0riC is a single, unique origin (Champe et al., 200&réh and
Worcel, 1977; Ozaki and Katayama, 2009) that hascgmately 250 base pairs
in length (Kaguni, 1997; Mott and Berger, 2007;rSfeeld et al., 1996)oriC
contains two distinct elements at its ends, thepeats of thirteen base pairs and
four repeats of nine base pairs namely 13-mersrmoe, respectively (Kaguni,
1997; Mott and Berger, 2007; Stansfield et al.,6)923-mers contains AT-rich
clusters and plays a role as DNA unwinding elem(@&WE), whereas 9-mers
also called DnaA boxes binds DnaA initiator protétuller et al., 1984; Speck
and Messer, 2001).

Bacterial DNA replication is initiated when DnaA opein binds
specifically to the DnaA boxes (Kaguni, 1997; Mattd Berger, 2007). Only
DnaA-ATP complex is active during initiation (Mess€002; Sekimizu et al.,
1987) and ATP-dependent melting of DNA strands de&al separation and
formation of ssSDNA (Champe et al., 2008). In thetrsep, the DUE region is
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unwound andnaB helicases loaded (Figure 1.4). As @B proteil has a low
affinity to bind s®NA covered withsingle-standed DNA binding prote

(SSB), it need$o be loaded with the help initiator proteinDnaA and helicas
loader DnaC(Messer, 200:.. DnaC binds ATP and stabiliséise DnaB-DnaC
complex (Wahle et al., 198!, but to activate DnaB helicas®€TP-dependent
release of thdnaC loadethas to occu(Barcena et al., 2001; Messer, 20
Wabhle et al., 1989)The two hexamers of DnaB assembl&o the replication
origin and mediatexpansion of ssDN region, thusformation of replication

forks occurgFang et al., 199.

Origin recognition Origin remodelling Helicase loading

ATP-DniaA ATP-DnaBC
P @
I \
X

ADP-DnaC

Figure 1.4 Initiation of bacterial DNA replicatior. DnaA protein (green), associates with F-
affinity to specific DNAbinding sites throughout the cell cycle. Durilinitiation of DNA
replication, additional molecules of A—DnaA bind to the origin, oligomete into a large
nucleoprotein complex and methe DNA-unwinding elemented). In the next st, DnaB
helicase (blue) idoadedonto DNA by the helicase loader DnaC (purplBjcture taken froi
(Mott and Berger, 2007).

DnaG primaseaequires approximately a 100 nucleotiggbble to initiate
synthesis of RNAprimers on both lagging and leading stra(Messer, 002). In
the next step, DNA polymerase Ill holoenzymre loaded onto each templz
thus initiating DNA replication (Fang et al., 1999)The RNA primers ar
subsequently removed frathe lagging strand by RNase Hdemuclease ai the
synthesised gap DNA is ligated DNA ligase.DNA replication is terminated i
the region opposite to the initiation site and @sanhen replication forks reas
specific sequencesalled termination sis (Mulugu et al., 200.. The terminus
sequence (Ter) contains multiple sites that binuniteus utilisation protei
(Tus). This complexarrests replication forks a polar fashionDepending on the

terminator orientation, such replication blockaggps replication fors coming
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from one direction, whereas the converging forkrapphing from the opposite

direction is not stalled (Bussiere and Bastia, 3999

1.5.2 Regulation of bacterial origin firing

Escherichia colievolved different mechanisms that limit originirfg.
These include origin sequestration and DnaA taratiMesser, 2002). In both
mechanisms, DnaA anatiC are targets of regulatory control (Mott and Beyger
2007). After initiation of DNA replicationpriC chromosome region and DnaA
initiator are transiently inactivated bgirect contact with the assembled
replisome (Boye et al., 2000; Gille et al., 1991arlyblin and Bernander, 2004).
A second mechanism that prevents re-replicatiorolues titration of DnaA
protein (Margolin and Bernander, 2004; Roth and ddes 1998).E. coli
chromosome contains five regions caltedA (DnaA titration), which have high
affinity for DnaA binding (Kitagawa et al., 1998)patA loci control excess to
DnaA protein, by reducing the levels of free Dnag@ldw this, required to
stimulate further rounds of DNA replication (Kitaga et al., 1998; Margolin
and Bernander, 2004; Mott and Berger, 2007).

1.6 Initiation of eukaryotic DNA replication

Eukaryotic DNA replication is divided into two majsteps: the initiation
of DNA synthesis and the elongation reaction. Bif€)RC complex binds to the
origins (Nishitani and Lygerou, 2004) and faci@sitrecruitment of two other
proteins Cdc6 and Cdtl (Cvetic and Walter, 2005heW these replication
factors are loaded onto chromatin the last compookepre-replicative complex
(pre-RC), the Mcm2-7 helicase is recruited (Eviirale 2009; Tsakraklides and
Bell, 2010). The formation of the pre-RC during @ase of the cell cycle also
known as licensing reaction is essential for effntiinitiation of DNA replication
(Figure 1.5) (Lei and Tye, 2001; Thommes and Hubsct990).

Initiation of DNA synthesis takes place during/& phase transition for
early origins and throughout S phase for middle kad origins (Cvetic and
Walter, 2005; Lei and Tye, 2001). Thus, not allgms are activated
simultaneously (Lei and Tye, 2001; Santocanale Rifitey, 1996; Walter and
Newport, 1997).Two S phase promoting kinases Cdc7/Dbf4 and Cdkge$]
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and Blow, 2000)mediat¢ firing of replication origins(Walter and Newpor
2000). The Cdc7/Dbf4 kinasphosphorylates Mcmand othemmembers of th
MCM helicase atthe N-terminal serine/threonine cluster, thus leading
attraction ofCdc45 protein onto orig (Masai et al., 2006; Sclafani and Holz
2007).

QRC

Replication origin (cis-acting sequence)

\ Cdt1

cms 3 Mems
¢ BRC
j#oo& ,
—
pre-RC
Cdc7 kinase —

Cyclin-dependent kinase

f- Qc45

Mcms @, Mcms

={{Q{RC (:!Ci _—

Figure 1.5 Model of preRC formation and initiation of DNA synthesisThere are twcseparate

steps to initiate origin firing. First step involyghe assembly of p-replicative complexes
seqiential loading of ORC, Cdc Cdtl and the MCM helicase to the origin. In theaset step
origins are activated by Cdc7 and Crdependent phosphorylatioof MCM complex anthe
recruitment of Cdc8, thereby formation of p-initiation complex (pre-IC)Picture taken fron
(Sawa and Masai, 2008).

1.6.1 Proteins involvedin formation of pre-replication complexes
1.6.1.10rigin specification
1.6.1.1.1 DNA sequence

Replication oriins in Saccharomyces cerevisiamntain 150 b ARS

(autonomous eplication sequence) elemen{®Raghuraman et al., 20(. These
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sequences mediate interactions with replicatiortggmosuch as ORC (Gilbert,
2001b). Budding yeast genome possesses 200-400eMdR&nts and most of
them serve as a potential replication origin (Breveed Fangman, 1987,
Huberman et al., 1988). All ARS sequences shaeethunctional modules: an
essential 11 bp ACS_ (RS mnsensus exjuence) and three additional B sub-
domains B1, B2 and B3 (Newlon and Theis, 1993; Rygvet al., 1995). Beside
the conserved ACS core, ARS elements contain additiess conserved 17 bp
EACS (extended ACSsequences) at both&nd 3 sites of the ACS (Chang et al.,
2011). The B sub-domains are located 3’ to thechi-strand of the ACS and any
mutation of the B1 region abolishes the ARS agtifiRao and Stillman, 1995).
The ACS together with B1 element play an importatg in origin function as
ORC complex binding sequence (Bell and Stillmar92)9 The B2 element is
believed to mediate pre-replication complex forimatthrough interaction with
replication protein such as Mcm2-7p helicase and6@dAdditionally, role of
B2 element as a DNA unwinding element has been @misposed (Wilmes and
Bell, 2002). The B3 element is bound by ABF1 (regiion factor ARS-knding
factor 1) (Rao et al., 1994).

1.6.1.1.2 The Origin Recognition Complex (ORC)

In contrast to yeast, higher eukaryotes do notgssssa specific sequence
that determines position of the replication origimssuch has not been identified
yet (Chang et al., 2011). Heterohexameric initiammplex ORC arrives first at
eukaryotic replication origins, thereby marking thieysical sites of replication
origins (Bell and Dutta, 2002; Bell and Stillmar§92; Lau et al., 2007; Thome
et al., 2000)The six subunits of ORC (Orc1-Orc6) are evolutionaryseErved
and bind to the DNA in an ATP-dependent manner|(Betl Stillman, 1992;
Speck et al.,, 2005). ORCs are the foundation fgembly of pre-replication
complex (Bell and Stillman, 1992; Makise et al.02p The largest subunit of
recognition complex, Orcl together with Orc5 forptize ATPase (Klemm et
al., 1997; Makise et al., 2003), but only Orc1l A$®@&s crucial for DNA binding
and assembly of pre-RC in budding yeast (Speck.e2@05). Both Orcl and
Orc5 contain consensus nucleotide-binding sequefdesnm et al., 1997; Loo
et al., 1995). Orcl contains two motifs referredsdNalker A and B, contrary to
Orc5 which contains only Walker B (Koonin, 1993; e et al., 2003). Walker
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A motif, but not Walker B, binds ATP and with halpthe latter hydrolyses ATP
(Klemm and Bell, 2001). Additionally, Orcl ATPasetiaity was shown to be
blocked or reduced after establishment of ORC-DNoplex at replication
origin (Klemm et al., 1997; Klemm and Bell, 2001). In aast to Orc2-Orc6
levels which appear constant throughout the cetlegyOrcl is present in G
phase, butlestabilised during S phafi@eePamphilis, 2003; Semple and Duncker,
2004; Tatsumi et al., 2003).

1.6.1.1.3 Oirigin selection in higher eukaryotes

Identification of replication initiation sites haseen widely studied to
understand how genome duplication is coordinatéahy different systems and
methodological approaches are used to map DNAcapmn initiation sites in
higher eukaryotes. The majority of origins werenitfeed by mapping of ORC
and MCM binding siteg vivoby ChIP. Moreover, purification of nascent DNA,
microarray hybridisation or chromatin fibers andgka scale sequencing were
also used to unravel origin firing events (revievirdMéchali, 2010)). However,
current approaches suffer from various difficultideerefore novel concepts are
needed to find a unified model of initiation of DN#eplication in higher
eukaryotes.

Chromatin immunoprecipitation of ORC, MCM and arsadyof nascent
DNA sequences in higher eukaryotes identified ntbam a few hundred origins
per genome (Cadoret et al., 2008). Moreover, anbubset of assembled pre-
RCs is activated while the rest remain silent dbotmg to the overall origin
map Early labelled-fragment hybridisation (ELFH) in hster cells showed that
the origin firing decision is already made in ghase (Wu and Gilbert, 1996).
Moreover, chromatin fibers analysis revealed tlnt majority of replication
origins is activated in clusters and these are exwesl between cell cycles
(Takebayashi et al., 2001). However, unlike in yed&lse consensus origin
sequence has not been found in higher eukaryotéshi, 2010)Additionally,
no major histone modifications has been currentiplicated in regulation of
replication origins in human androsophilg suggesting that origins in higher
eukaryotes may be independent of DNA sequence &bohe marks (Martin et
al., 2011). Possibly the lack of autonomous orggguence in higher eukaryotes
may be a consequence of genome heterogeneity \whesence of euchromatin
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and heterochromatin affects origin regulation (Harst al., 2008). Indeed, ChIP
experiments irbrosophilademonstrated that ORC binding sites co-localigh wi
euchromatin (Karnani et al., 2010; MacAlpine et 2004). Moreover, detailed
analysis of Drosophila chromosome 4 revealed that this heterochromatic
chromosome possesses small number of origins ase thre later in S phase
(Cayrou et al., 2011). On the contrary, a largeybofddata suggests that origins
are closely associated with transcriptionally actregions of chromatin. For
instance, high throughput sequencing and microagxgeriments in mouse and
human cells detected origins downstream of trapson initiation sites (Lucas
et al., 2007; Martin et al., 2011; Sequeira-Mendesl., 2009). ORC binding
sites overlap with RNA polymerase Il and transeooiptregulatory factor binding
regions (RFBR) (Karnani et al.,, 2010; MacAlpineatt, 2004). Consistently,
analysis of short nascent strands in human cellsated positive correlation
between localisation of origins and transcriptiegulatory elements such as c-
Jun and c-Fos (Cadoret et al., 2008). These dg@gestthat chromatin structure
regulates origin localisation in higher eukarycdes these are more likely to be
found within more relaxed and active euchromatiddifionally, the majority of
mouse and human origins are found within close ipridyx of GC-rich regions
and CpG islands and these are also associateceustiromatin (Aladjem et al.,
1995; Cadoret et al., 2008; Sequeira-Mendes e2@09).

It is still unclear how these factors influenceestibn and usage of the
origins. The identification of a true number of ginis may be necessary to
decode the principles of origin regulation. Highetlnghput sequencing of newly
synthesized DNA has become a leading method fopmg@and characterisation
of replication origins. However, these techniqueies several limitations such
as usage of an amplification step, poor recoverpascent DNA fragments or
large set of microarrays needed to sufficiently ezothe genome. On the
contrary, protein-based methods such as mappin@RE€ and MCM DNA
binding sitesn vivo are not specific because of high cellular leveld multiple
roles of ORC and MCM beside DNA replication (Prdbaet al., 2004).
Additionally, from the large pool of assembled R€s only a subset is activated
and the rest remain dormant origins. ldentificatbbthe conformation properties
or specific mutations that lead these proteinsht replication initiation sites

could be an alternative method to characteriseicapmn origins in higher
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eukaryotes. Genome-wide mapping of DNA replicatimitiation sites is
necessary to understand if the position of repboabrigin has an important role

for cell survival and development.

1.6.1.2The Cdt1 protein

In eukaryotic cells, Cdtl (€i10-cependentranscript 1) is responsible for
licensing and directly interacts with the Mcm2-7fqaex (Khayrutdinov et al.,
2009). Furthermore, Cdtl interaction with Dbf4, tegulatory subunit of Cdc7
kinase, promotes recruitment of Cdc45 and Mcm240 @hromatin (Ballabeni
et al., 2009). Additionally, gel shift and DNA hedise assays show that Cdtl
stimulates helicase activity of Mcm2-7 complex, gesfing that it may promote
DNA unwinding (You and Masai, 2008).

The Cdtl protein is a member of the nucleotide-ddpet loading factors
and it is conserved from yeast to human (Nishi&ral., 2001). Cdtl levels are
tightly controlled during the cell cycle. Cdtl islg present during early G
phase and is quickly degraded as cells enter SeBadl and Dutta, 2002; Liu et
al., 2004; Nishitani et al., 2001; Semple and DenckR004)Regulation of Cdtl
is mediated by two different mechanisms: S and Geminin-dependent (Li
et al., 2003; Liu et al., 2004; Wohlschlegel ef 2000; Xouri et al., 2007). Cdtl
degradation by two different ubiquitin ligases StFand DDB1-Cul4 has been
shownin vivo andin vitro (Li et al., 2003) (see section 1.6.2). Tight cohtf
Cdtl levels limits its functions in initiation ofNDA replication, abolishes Cdt1-
MCM helicase interaction later in the cell cycledagorevents re-replication of
DNA (McGarry and Kirschner, 1998; Xouri et al., 200

1.6.1.3The Cdc6 protein

Cdc6 is another member of the nucleotide-dependeading factors
(Perkins and Diffley, 1998; Semple and Duncker, 400Cdc6 contains
conserved nucleotide binding/ATPase domains (Bell Rutta, 2002) and plays
a role as an ATP-dependent MCM protein loader (Menand Stillman, 2000;
Saha et al., 1998; Weinreich et al., 1999). ORQ1@ad Cdc6 form a complex
that clamps MCM helicase around DNA (Oehimann gt28l04). In mammalian
cells, Cdcé is crucial for DNA replication and imnuadepletion of Cdc6 inhibits
initiation of DNA replication in HelLa cells (Yan at., 1998).
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In contrast to Cdtl, human Cdc6 protein level isatreely stable
throughout the cell cycle and lower levels of Cdcé observed in &and mitosis
(Coverley et al., 2000; Mendez and Stillman, 20@@jliams et al.,, 1997).
However, similarly to Cdtl, as cells enter S ph&s#;6 functions are terminated
by Cdk2-mediated phosphorylation and transporhefgrotein to the cytoplasm
(Cook et al., 2002; Furstenthal et al., 2001; Sathal., 1998). In addition, Cdc6
can be phosphorylated by both Cdk2/cyclin A and Zclclin Ein vitro (Jiang
et al., 1999b; Petersen et al., 1999). Overexmess Cdc6 in Gphase human
cells inhibits Cdkl1/cyclin B and blocks mitosis sntsuggesting that increased

levels of Cdc6 are toxic for cells prior to mito§i&ay-Farrace et al., 2003).

1.6.1.4The minichromosome maintenance (Mcmz) proteins

The MCM complex belongs to the large family of &A™ ATPases and
it is the core component of the replicative helkcg€osta and Onset, 2008;
Forsburg, 2004; lyer et al., 2004; Semple and DeanckR004). MCM family
members are well conserved and all eukaryotes gpssr MCM genegBell
and Dutta, 2002; Costa and Onset, 2008; Kearsey aloith, 1998). All six genes
are essential in both budding and fission yeasta{&u and Holzen, 2007). In
Xenopusgg extracts MCM is required for efficient initiati of DNA replication
(Chong et al., 1995; Kubota et al., 1997; Madinalgt1995). In budding yeast,
cellular localisation of Mcm2-7 complex is tightlggulated during the cell cycle
(Nguyen et al., 2000). MCM proteins co-localisetie nucleus in gand S
phases, but are excluded from nucleus a@Gd M phases through activity of
Cdks (Bell and Dutta, 2002). Only two MCM membekdc(n2 and Mcm3)
possess nuclear localisation signals (NLSs) inohigathat MCM hexamer has to
be formed prior to nuclear localisation (Bell andtfa, 2002).
The archaeal MCM proteins can be functionally ddddnto three domains: N-
terminal, AAA" and C-terminal (Figure 1.6). An N-terminal portitiat retains
helicase activity contains Z-finger motif and itiisportant for DNA binding and
formation of MCM hexamer. An AAAcatalytic domain located in the centre of
the protein is required for ATPase and DNA unwigdactivities. Moreover, the
AAA™ domain can be divided into three motifs: Walkerndl @ needed for ATP
binding and hydrolysis anfl-a-p insert essential for DNA duplex unwinding
(Sakakibara et al., 2009). The third domain locaethe C-terminus contairss
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helix-turnhelix (HTH) motif of unknown function(Costa and Onset, 20C
Jenkinson and Chong, 2006; Sakakibara et al., . Studies of th MCM
proteins from Methanothermobact thermautotrophicus and Sulfolobus
solfataricusshowed thaC-terminal deletions had increased ATPase and hel
activities, suggestin@n inhibitory role of the Germinal domain in DN/
unwinding(Barry et al., 2007; Jenkinson and Chong, 2.

N-terminal domain AAA* domain C-terminal domain

Zn finger Walker A B-op insert Walker B HTH motif

Figure 1.6 Domains organiation and structural motifs of the MCM helicas MCM protein
contains three main donns: N-terminal with zinc-finger motitatalytic AA/* ATPase domain

containing Walker A anB motifs and conservefia-f insert, and the HTH @erminal domair

Although the MCM proteins exist as a heterohexam®tcm?2/3/4/5/6/i
structure, sulwomplexessuch as Mcm2/4/6/7, Mcm4/6/7 and Mcm3/5 w
identifiedin vivo andin vitro (Lee andHurwitz, 2000; Poplawski et al., 20(. It
has been demonstrated that all subunits of MCM dexnpontainan ATPase
motif, but onlythe Mcm4/6/7sub€omplex possesses helicase acti(Lee and
Hurwitz, 2001; You et al., 200. Furthermore,ite DNA helicase activity of th
Mcm4/6/7 heterotrimer is abolished by tinteractions with either Mcm:-3 or
-5 (Ishimi et al., 199¢. Additionally, an ATP-dependent gateas identifiedin
the Mcm27 complex between Mcm2 and McmSubunits (reviewed |
(Bochman and Schwacha, 20) (Figure 1.7). Introduction of point mutatio
either in Mcm2 (Mcm2RA) or Mcm5 (Mcm5KAprevents closing of th
Mcm2/5 gate, perturbs communication between subuamid block helicase
activity. Additionally, mutation of Mcm3 and Mcm6 &lker A motifs results in
increasedATP hydrolysis butweak DNA unwindingactivity (reviewed in
(Bochman and Schwacha, 20).

Four hypothetical mods have been proposed for DNA unwinding proct
the stericexclusion model, the ploughshare model, the ropanyp model an
dsDNA pump model (Figure 1.{(Bochman and Schwacha, 2009; Laskey
Madine, 2003; Seakibara et al., 200.
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Helicase activity —————a=~
turned OFF ™

Helicase activity
turned ON

Gate I

Open conformation Closed conformation

Figure 1.7 Role of Mcm2/5 gate irMCM complex In physiological conditions gate betwe
Mcm2/5 stays in the balance between open and clossfdrmatiols. ATPbindingis required to
activate Mcm2/5 gatéclosed state¢, thus stimulating DNA unwinding BMICM complex. n
contrast, openconformationdoes not possess helicase activity but rfejlitate loading of

Mcm2< complex onto chroma. Picture taken fronfBochman and Schwacha, 20.

In the stericexclusion model the helicase encircles ssDNA witgh!
affinity, translocates ahead one strand of DNA ardudes the complerntary
strand from the core of the McI-7 that promotes strands separation and [
unwinding (Bochman and Schwacha, 2009; Takahashi et al.,). The
ploughshare schemis related to the steric-excios model. This mechanis
postulates that helicase moves along duplex DNA aasingle hexame
(Takahashi eal., 2005. Mcm2-7 wraps dsDNA, melts DNA, moveaway from
theorigin by helical rotation ar separates the DNA duplex using rigid wedgt
pin (it can be part of helicase, associated probeiprotein domain(Bochman
and Schwacha, 2009; Sakakibara et al., z. The rotary pump model involve
direct DNA rotation an loading of multiple helicases onto theplication origit.
After translocation at a distance frothe replication origin helicases rotai
intervenirg DNA in the opposite directic through the axi®f its ring structur,
causing unwinding of the origi(Bochman and Schwacha, 2008) the dsDNA
pump model twdvicm2-7 helicases accumulate on chromatinboth sides of
replication forkforming head-to-head complex. dsDNA psimged toward the
origin and extrude as a ssDNA through channin thehelicase (Bochman and
Schwacha, 2009; Laskey and Madine, 2.

In addition to MCN roles in initiation and elongation stages of DI
replication(Barry et al., 2007; Nitani et al., 2008; Shecrgeal., 2004, MCM

complex is believed to be involved in DNA damagspanse(Cortez et al.,
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2004; Forsburg, 2008; Snyder et al., 2( and transcription regulatic
(Forsburg, 2004; Snyder et al., 2i).

Steric exclusion

Rotary pump

Figure 1.8 Theoretical models of DNA unwinding by MCM helica: In the steri-exclusion
model helicase encircles ssDNA, translocates ahemae strand of DNA and excludes
complementary strand what promotes DNA unwindimgthle ploughshare scheme helic
moves along duplex DNA as a single hexamer andcaligr separates the DNA duplex usil
rigid wedge or pin. The rotary pump model suggdstsctly DNA rotation and multiple helicas
loading on a both sides of rédcation forks Helicases rotate intervening DNA in oppo:
directions through the axis of its rirstructure, causing unwinding of the DNFhe dsDNA pump
modelinvolves formation of he«to-head conformatiobetween two helicasthat pump dsDNA

and extruded it lateras an ssDN. Picture taken from(Bochman and Schwacha, 20.
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1.6.2 Regulation of licensing

To prevent re-licensing of origins after initiatiof DNA replication, pre-
initiation complex is inactivated and transformetbi post-replicative complex.
There are several pathways to control this phenomémeviewed in (Truong and
Wu, 2011)).

First, assembly of pre-RC occurs only during M/@hase transition,
therefore pre-RCs are inactive during S phase aw pre-RCs cannot be
formed until mitosis is completed (Li et al., 2004fter DNA replication,
proteins involved in initiation of DNA replicatioare disassociated from the
origins, inactivated or targeted for proteasomarddation (reviewed in (Blow
and Dutta, 2005)). As ORC, Cdc6 and Cdtl are nacgdsr MCM complex
loading, the levels of these proteins diminish ($aka et al., 2000; Tsakraklides
and Bell, 2010). Cdc6 phosphorylation by Cdk2 clesnghe sub-cellular
localisation of the protein, which is transporte@ni the nucleus to the
cytoplasm, thereby prohibiting re-replication of BN(Cook et al., 2002;
Furstenthal et al., 2001; Saha et al., 1998).dtdiso been reported that during S
phase the Orcl, the largest subunit of ORC compiegergoes phosphorylation
by Cdkl1/cyclin A which results in loss of Orcl aify to DNA, thus inhibiting
formation of active ORC complexes (Li et al., 2004)

The regulation of Cdtl protein is mediated by twifedent mechanisms:
through the SCEP? ubiquitination pathway and high levels of gemirtime main
Cdtl inhibitor (Li et al., 2003; Liu et al., 200Wohlschlegel et al., 2000; Xouri
et al., 2007). Cdtl is degraded by two differeniqutiin ligases SCE®? and
DDB1-Cul4 in vivo and in vitro (Li et al., 2003). The second mechanism,
sufficient to block re-replication, involves activiof geminin. Geminin is absent
in G; and M phases and accumulates exclusively duringn® G phases
(McGarry and Kirschner, 1998). These fluctuatiomsitl Cdtl actions and
abolish Cdtl interaction with Mcm2-7 helicase, tippsventing re-replication of
DNA (McGarry and Kirschner, 1998; Xouri et al., Z00Recent studies revealed
that Cdtl forms two complexes with geminin: inhoioyt (no Cdtl activity) and
permissive (partial Cdtl activity) (De Marco et, &009; Lutzmann et al., 2006).
Differences between these complexes lie in the munolb geminin and Cdtl

molecules involved in their formation. The inhilligocomplex possesses three
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geminins and single Cdtl molecule, whereas in =g conformation two
geminins interact with Cdtl. The latter compleoads chromatin association of
MCM, thus origin licensing even in the presencegeminin (De Marco et al.,
2009).

Re-initiation of DNA synthesis can be also inhilitd&arough regulation of
Cdkl and Cdk2 activities (reviewed in (Kelly andofn, 2000). Cdc20 and
Cdh1, the subunits of APC/C, mediate degradationyefin A/B and geminin
(Machida and Dutta, 2007). In addition, the Emi&rlg mitotic inhibitor 1)
inactivates the APC/C complex at/6 transition leading to accumulation of
cyclin A and geminin (Moshe et al.,, 2011). High dé&/ of geminin and
Cdk2/cyclin A prevent pre-RC assembly by inhibitiohCdtl activity (Xouri et
al., 2007) and degradation of Cdc6, respectivebyoCet al., 2002).

1.6.3 Proteins involved in activation of licensed origins

1.6.3.1The Cdc7 and Cdk2 kinases

Cdk2 and Cdc7 _(@l division cycle 7) kinases are the two enzymes
essential for initiation of DNA synthesis (Sawa afdsai, 2008; Walter, 2000).
Cdc7 was first characterised in budding yeast asrme/threonine kinase that
promotes DNA replication by activating eukaryowplication origins (Hereford
and Hartwell, 1974; Sawa and Masai, 2008). Geratt biochemical studies in
different species propose a crucial role of Cdc#eplication of DNA.Cdc7
gene is essential for cell viability in budding afssion yeast (Masai et al.,
1995). Similarly, mice lackingCdc7 gene are not viable. Cdc7 depletion in
conditionally targeted mouse embryonic stem (E8$ ¢eads to activation of the
S phase checkpoint and eventual p53-dependerdezt (Kim et al., 2002).

Cdc7 is essential for origin firing, but not for gming replication fork
activity (Bousset and Diffley, 1998; Donaldson kt #998). Cdc7 kinase activity
is regulated in a cell cycle-dependent manner (Masd Arai, 2002; Masai et
al., 1999). Cdc7 forms two different complexes withf4 (Dumkbell former 4)
also known as activator of S phase kinase or Dbbf4-related &ctor 1)
(Montagnoli et al., 2002), but the roles of thesgutatory subunits are not fully
understood. Studies Kenopusshowed that Cdc7/Drfl complex is required for

initiation of DNA replication in embryonic cells, vereas Cdc7/Dbf4 plays an
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essential role in DNA synthesis in somatic cellakd@hashi and Walter, 2005).
Additionally, a second activator protein Drfl apggetd be also involved in both
S and M phase progression (Yoshizawa-Sugata €2C415). Activity of Cdc7 is
strictly regulated upon binding of the regulatotjpsnits and thus, is dependent
on their levels(Montagnoli et al., 2002). Additionally, Cdc7 plagsrole in
checkpoint response induced by replication str€sstanzo, 2003; Heffernan et
al., 2007). The major Cdc7 substrates are MCM prstsuch as Mcm2, Mcm4
and Mcm6 (Sheu and Stillman, 2010). PhosphorylanénrMcm2 by Cdc7
stimulates DNA unwinding and initiates DNA replicat (Sclafani, 2000). Cdc7
phosphorylates Mcm2 among others at Ser40, Ser83San108 (Cho et al.,
2006; Montagnoli et al., 2006). Interestingly, pblosrylation of the Mcm2 at
Ser40 and Ser26 by Cdc7 appears after sequentappbrylation of Ser41 and
Ser27 by Cdk2 (Cho et al., 2006). These Mcm2 phosites at Ser40 and Ser53
are sensitive biomarkers of Cdc7 activityvivo (Montagnoli et al., 2008; Natoni
et al., 2011).

It has been reported that Cdc7 interacts with gtineteins such as Claspin
(Kim et al., 2007; Lei et al., 1997), Cdtl (Ballabet al., 2009), Cdk2 (Grishina
and Lattes, 2005) and CAF-1 l{fomatin _asembly_&ctor ) (Gerard et al.,
2006).In vitro studies suggested that budding yeast polymerasea substrate
of Cdc7 kinase (Weinreich and Stillman, 1999). &sdromXenopusllustrated
that Cdc7/Drfl forms a stable complex with Scc245and that it is essential for
Scc2/Scc4 recruitment to chromatin. From this oy mypothesise that loading
of Scc2/Scc4 onto chromatin may be dependent okittese activity of Cdc7
(Takahashi et al., 2008).

Cdk2 is a second kinase critical for initiation@NA synthesig(Bell and
Dutta, 2002) Studies in many systems demonstrated an essesigabfr Cdk2 in
DNA replication. In Xenopusegg extracts, immunodepletion of Cdk2 or
inhibition of its activity leads to accumulation o€lls in S phase (Fang and
Newport, 1991). However, knockout 6lk2in mice reveals thatdk2is not an
essential gene in this system (Berthet et al., R0@3has been reported that
human Cdk2 is physically associated with chromand interacts with several
replication proteins such as ORC complex, Cdc6l(&=adl Dutta, 2002), Mcm3
and Mcm4(Chi et al., 2008). In budding yeast, the singlek @tiosphorylates
Sld2 and SId3 and this is essential for initiattdDNA synthesis. These proteins
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are the two major substrates of Cdk that once pgiwsgated mediate interaction
between Cdc45 and GINS (Tanaka et al., 2007).

1.6.3.2The Cdc45 protein

The Cdc45 (@l division gycle 45) is a nuclear initiation factor, essential
for assembly of the pre-initiation complex ontoarhatin (Jares and Blow, 2000;
Masai et al., 2006; Pacek and Walter, 2004). Cdietsacts with proteins at the
replication forks such as ORC, RPA, MCM helicas®dlA polymerase: (Bell
and Dutta, 2002). Cdc45 localises to the nucleusra/lits levels are relatively
constant throughout the cell cycle (Owens et &@97). Recruitment of Cdc45
onto chromatin is mediated by its association Withtl and Cdc7 (Ballabeni et
al., 2009). Moreover, Cdc45 is required for thermgment of DNA polymerase
a onto DNA, thereby initiating replication originrilng (Zou and Stilman, 2000).
Chromatin association of Cdc45 strongly depend€dk activity and correlates
with initiation of DNA replication (Walter and Newp, 2000). S phase
progression releases Cdc45 from chromatin, thepebyenting re-initiation of
DNA replication (Bell and Dutta, 2002).

1.6.3.3The GINS complex

The GINS (go-ichi-ni-san) is a complex composedooir subunits: SId5,
Psfl, Psf2 and Psf3 (Chang et al., 2007; MacN&6i1,0). All four subunits of the
complex are highly conserved in all eukaryotes prekent at constant levels
throughout the cell cycle (MacNeill, 2010; Pospiezthal., 2010). The GINS
complex has 1:1:1:1 stoichiometry and a horseshapes(De Falco et al., 2007).
The GINS is an essential component of the replistha¢ moves with the
replication forks and it is required during botle thitiation and elongation stages
of DNA synthesis (Boskovic et al., 2007; Changlet2007; llves et al., 2010).
Additionally, GINS complex interacts with DNA polwrasea to facilitate
synthesis of primers on the lagging strand in bogldyeast (Gambus et al.,
2009). InXenopussimilarly to PCNA, GINS complex interacts and silates
activity of the DNA polymerases anda. However, electron microscopy (EM)
experiments excluded that GINS acts as the DNA glddbe Falco et al., 2007,
Kamada et al., 2007; Shikata et al., 2006). The Sslsomplex binds
preferentially to single-stranded DNA and it isahxed in recruitment of RPA to
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ssDNA (Labib and Hodgson, 2007; Pospiech et allp20Time-resolved ChlIP-
chip analysis showed that the GINS complex is prieaereplication origins and
migrates with replication forks in both directioas S phase progresses (Sekedat
et al., 2010). Together with Cdc45 and MCM helicaS&NS forms complex
called CMG where the GINS mediates stable intevastbetween Mcm2-7 and
Cdc45 (Choi et al.,, 2007; Gambus et al., 2009). TMG complex from
Drosophila melanogasterembryo extracts has an ATP-dependent helicase
activity and it is essential for fork progressioKathada et al., 2007).
Furthermore, CMG complex is a central subunit opliseme progression
complex (RPC) (Aparicio et al., 2006; Gambus et2006). Budding yeast RPC
contains many proteins, such as Mrcl, Tofl, Csra@uired for replication fork
stability), chromatin-associated protein Ctf4 (ilwenl in sister chromatid
cohesion), histone chaperone FACT, TopoisomersadlMcm10 (Gambus et
al., 2006).

1.6.3.4The Mcm10 protein

The Mcml0 is the conserved nuclear replication ofagequired for
efficient initiation of DNA synthesis (Nishitani driygerou, 2004)Mcm10gene
was first characterised in the same genetic scesadicm2-7 but shows no
sequence conservation with the other members ditts! family. Two-hybrid
assay indicated that physical interaction betweeemiD and at least five
members of the Mcm2-7 helicase occurs, suggedtiaigfiinctional and physical
relationship between these proteins is importanirfidiation of DNA replication
(Homesley et al., 2000; Tye, 1999). In addition,mM® interactions with ORC
complex and subunits of DNA polymerasandd have been also demonstrated
(Kawasaki et al., 2000; Ricke and Bielinsky, 20@ludies in fission yeast have
shown that Mcm10 interacts with Cdc7/Dbf4 kinasel atimulates effective
phosphorylation of MCM helicase by Cdc7/Dhbifdvitro (Lee et al., 2003). Loss
of Mcm10in budding yeast impedes initiation of DNA reptioa and cell cycle
progression, suggesting its role in both initiateomd elongation stages of DNA
synthesis (Ricke and Bielinsky, 2004). Furthermatepletion ofMcm10 in
Xenopusand budding yeast prevents loading of replicatamidrs such as Cdc45
and RPA onto DNA and promotes dissociation of Mcm2emplex from the
chromatin(Homesley et al., 2000; Wohlschlegel et al., 2002)reover, recent
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studies demonstratethat Mcm10 physically interacts witRecQ4 helicas
(potential Sldzhomologu) and promotes its association witttmz2-7 and GINS

during initiation of DNA replicatior(Xu et al., 2009).

1.7 The dongation reaction

Unwinding of DNA strands triggers recruitment ofe single-stranded
DNA-binding protein RPA (Sclafani and Holzen, 2007)Furthermore
polymerases, 6 ande together with the GINS complare loadd onto DNA in
an ATPdependent manne¢(Masai et al., 2005; Nishitani and Lygerou, 20
Waga and Stillman, 19€. Polymerase: synthesises short RNA primers on b
DNA strands(Albertson et al., 2009; Bermudez et al., 2. RNA primers ar

Figure 1.9 Model ofreplication fork formation and elongatio of DNA replication. After
assembly of pranitiation conplex, phosphorylated MCMecruits essential DNA plication
factors such as Cdc45 a GINS.Chromatin association of PCNA and DNA polymes a, 6

and ¢ generates active replication forks. Picture takéom (Sawa and Masai, 200.

subsequently extend(Burgers, 2009) and serve ateaplate recognised Ilthe
PCNA-RFC complexBermudez et al., 2011rom that point DNA synthesis

49



continued by polymerasé and polymerasen on the lagging strand and
polymerases on the leading strand (Figure 1.9) (Burgers, 2008nkel and
Burgers, 2008; Waga and Stillman, 1998).

1.7.1 Proteins involved in elongation of DNA synthesis

Different factors were identified to be involved tine elongation step of
DNA synthesis in eukaryotes. These are listed inlda.1. Several proteins that
were used in this study as replication markerslaseribed in some detail. These
factors were used to characterise changes in psotessociated with newly
synthesised DNA at different times during S phase (Chapter 5, section 5.2).
We also described DNA polymerasess ande the major enzymes involved in
DNA replication and incorporation of nucleotide kgaes such as 5-bromo-2’-

deoxyuridine (BrdU) or 5-ethynyl-2’-deoxyuridinedB).

1.7.1.1Replication protein A

The RPA (Replication _potein A) is the most abundant single-stranded
binding protein (SSB) in mammalian cells (Iftodeatt 1999; Prakash et al.,
2011) and it is essential for stabilisation of gigastranded DNA (Fanning et al.,
2006; Iftode et al., 1999). RPA was first isolafemm human cells as a crucial
component of SV40 DNA replication system (Fairmad &tillman, 1988). RPA
exists as a heterotrimeric complex composed of mitdp70, p34, and pl4d
(Prakash et al., 2011; Wold, 1997). All three RP4bumits are essential in
Saccharomyces cerevisigBrill and Stillman, 1991). Binding of the RPA to
ssDNA is dependent on Cdc45 and precedes recruitofgmolymerasen and
polymerased onto DNA (Kenny et al., 1989; Walter and Newp@®©00). In
addition, RPA stimulates DNA unwinding by MCM helge through
stabilisation of ssDNA, thus preventing DNA re-aaliveg or degradation (Waga
and Stillman, 1998). RPA is phosphorylated in d cgtle-dependent manner.
During DNA replication, the p34 subunit of RPA iodified by Cdks at the N-
terminal sites Ser23 and Ser29 (Dutta and Stillrh882).

In addition to its role in DNA replication, RPA $ideen implicated in
major DNA repair pathways, including nucleotide isian repair (NER) (De
Laat et al., 1998; Sancar et al., 2004), base iexcrepair (BER) (DeMott et al.,
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1998) and homologous reccombination (HR), whebénitls to sSSDNA generated
during this processes (Stauffer and Chazin, 20@#)pathways reviewed in
(Oakley and Patrick, 2010)). Furthermore, RPA ugdes hyperphosphorylation
in S and G phasesin response to DNA damage (Zou et al.,, 2006). Nine
phosphorylation sites have been identified: See8SSerll, Serl2, Serl3,
Thr21, Ser23, Ser29 and Ser33 (Nuss et al., 200&eover, RPA interacts with
nucleosome remodelling complex FACT (VanDemark kf 2006), DNA
polymerasen, DNA repair factor XPA, p53 (reviewed in (Fanniagal., 2006))
and different DNA damage proteins such as Rad5t5Rblays et al., 1998;
Park et al., 1996; Sugiyama and Kowalczykowski,20and ATRIP (Zou and
Elledge, 2003).

1.7.1.2PCNA and RFC complex

The PCNA (Foliferating @Il nuclear_atigen) plays a pivotal role in both
the DNA duplication and DNA repair (Essers et a005; Moldovan et al.,
2007). PCNA contains well conserved domains fountly on DNA sliding
clamps (Moldovan et al., 2007; Naryzhny, 2008). tA¢ C-terminus, PCNA
possesses a hydrophobic pocket that contains eipototein interaction
domain (Moldovan et al., 2007; Naryzhny, 2008). Mosthe PCNA partners
contain PCNA binding motif namely PIP box (consenssequence
QXX(L/IMMXX(FIY)(F/Y)) (Warbrick, 2000). Proteinslike CAF-1, DNA
polymerasepy or the p50 subunit of DNA polymeraseinteract with PCNA
through the PIP-related sequence QLXLF (Dalrymplale 2001; Miller et al.,
2010; Naryzhny, 2008). Additionally, PCNA is inveld in DNA repair
pathways and its interactions with the DNA repaoteins such as Fen-1Ié8p
endoruclease-1) and Msh-2 (1t homologue 2) have beeaescribed (Maga and
Hubscher, 2003).

This ring-shaped homotrimeric structure of PCNAimdes DNA and can
slide spontaneously along DNA molecule in both aioss (Moldovan et al.,
2007). PCNA has been shown to travel with the capibn forks and tether DNA
polymerases to DNA (Moldovan et al., 2007; Prosge9B7). PCNA interaction
with double-stranded DNA results in enhanced prsigdyg of DNA polymerases
¢ ando (Essers et al., 2005; Majka and Burgers, 2004pepbcation of both
leading and lagging strands is PCNA-dependent EEl&k and Bell, 2004).
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Additionally, PCNA coordinates efficient movemenit eplication forks and
prevents dissociation of polymerases from the DN/dlate(Bowman et al.,
2004; Maga and Hubscher, 2003).

Both RFC complex_(Bplication_actor Q and ATP are essential for PCNA
chromatin association, however, ATP hydrolysisigpédnsable for the RFC and
PCNA interaction (Mossi and Hubscher, 1998). RF@& ishaperone-like, arc-
shaped complex composed of five subunits and pssse®NA binding and
ATPase activities (Majka and Burgers, 2004). RF@giex binds to the PCNA
ring and through ATP hydrolysis deposits the claanpp DNA (Bowman et al.,
2004). Interestingly, RFC-PCNA complex binds prefaially to primed DNA at
its 3’-ends, suggesting that these may be primengimhg sites of the RFC-PCNA
complex (Moldovan et al., 2007).

1.7.1.3DNA polymerases

DNA polymerases are the main effectors of the DNAlication process.
At least 19 different eukaryotic polymerases hagerbdiscovered (Hubscher et
al., 2002), including the five main DNA polymeras#assified by Greek letters:
a, B, v, 6, ande (Thommes and Hubscher, 1990). DNA polymerfase mainly
responsible for DNA repair and recombination (Ptsky et al., 2001), while
DNA polymerasey is involved in mitochondrial DNA synthesis and a@&p
(Thommes and Hubscher, 1990). Because polym@rasely are not involved in
the replication of bulk nuclear DNA, they will nbe described in this section.
The process of DNA replication is jointly supporteg the three polymerases
8, ande (Bermudez et al., 2011; Burgers, 2009).

DNA polymeraseu is the only polymerase that has a unique abititgtart
DNA synthesisde novo(Burgers, 2009; Waga and Stillman, 1998plymerase
a is a heterotetrameric enzyme consists of four sibuPoll, Poll2, Pril and
Pri2. All subunits of polymerase possess different functions. The largest Poll
subunit (p140) harbours DNA polymerase activity,evdas Pril (p48) catalyses
the RNA primers synthesis (Garg and Burgers, 2@ Bitocanale et al., 1993;
Waga and Stillman, 1998). Both Pri2 (p58) and Po(pZ9) subunits are
involved in stabilisation and regulation of the dehizyme (Garg and Burgers,

2005). DNA primase initiates DNA replication by $iyasis of 10 nucleotides

52



long RNA primer on both DNA strands (Albertson bt 2009; Bermudez et al.,
2011). RNA primers are subsequently extended fathem 20 nucleotides by
polymerasea (Burgers, 2009). As mentioned before, this shoRAFDNA
hybrid is efficiently recognised by PCNA-RFC compléJpon the binding of
PCNA-RFC and establishment of PCNA tethering, DNAlymerasea is
displaced from the primer (Bermudez et al., 20RAjom that point, DNA
synthesis is continued by either polymerasa polymerase on the lagging or
leading strand, respectively (Burgers, 2009; Kurkedl Burgers, 2008; Waga
and Stillman, 1998).

DNA polymerase: is the first polymerase loaded onto DNA after adslg
of the pre-initiation complex (Bermudez et al., 20Garg and Burgers, 2005). It
has also been proposed that polymerasea component of the pre-replication
complex and may interact with proteins required faitiation of DNA
replication (Bermudez et al., 2011). Similarly BNA polymerasea, DNA
polymerases contains four subunits Pol2, Dpb2, Dpb3, and DfB4rg and
Burgers, 2005). Budding and fission yeast geneobfrperases is essential for
cell viability (Feng et al., 2003). Zlotkin and Edgues showed that polymerase
¢ is required foiin vivo DNA synthesis, but not for SV40 (simian virus 4NA
replicationin vitro. This indicates that polymerasés the leading strand enzyme
(Zlotkin et al., 1996). In budding yeast, analysis polymerases mutation
revealed that polymeraseexecutes replication of the leading but not laggin
strand (Pursell et al., 2007). Polymeraspossesses 3'-5' exonuclease activity
that allows proof-reading of errors arising durdDiyA replication (Essers et al.,
2005; Majka and Burgers, 2004).

DNA polymerases is the second major polymerase at the replicdtok
and it is involved in the lagging strand synth€Bisrgers, 2009; Stillman, 2008).
This enzyme comprises of four subunits Pol2, PdR132 and Cdm1 (Garg and
Burgers, 2005) and it is the most conserved polgserbetween eukaryotes
(Hubscher et al., 2002)n vitro studies in SV40 DNA replication system
demonstrated that polymerasenteracts with replicating DNA and together with
polymerasea is sufficient to duplicate leading and laggingastts (Nick
McElhinny et al., 2008). Together with Fen-1 andN2Cit is involved in
maturation of Okazaki fragments (Burgers, 2009; éinal., 2003). DNA
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polymerase is required for several processes beside DNA sggh(Xie et al.,
2005). DNA polymerasé participates in the telomere additionvivo (Diede
and Gottschling, 1999) and DNA repair mechanismargBrs, 1998).
Polymerased possesses 3'-5' exonuclease activity that allowefpeading of
errors (Kunkel and Burgers, 2008; Pavlov et al.080and similarly to
polymerasee, processivity of polymerasé is increased by the presence of
PCNA (Essers et al., 2005; Majka and Burgers, 2004)

1.7.1.4Flap structure-specific endonuclease 1

Fen-1 is a member of the XPG/RAD2 family of enddeases with 5’-flap
endonuclease and 5'-3’ exonuclease activities @ieh997). Fen-1 is involved
in both DNA synthesis and DNA repair (Nikolova dt, 2009). It has been
reported that Fen-1 removes RNA primers attacheke®’-end of each Okazaki
fragment (Waga and Stillman, 1998) and togethem WRRCNA and RPA
stimulates Okazaki fragment maturation (Zheng ahdn$2011). Mammalian
Fen-1 interacts with cyclin A, Cdkl and Cdk2 (Hekmet al., 2003). Activity of
Fen-1 is promoted by physical interaction with PCR#&ank et al., 2001), but
recent studies demonstrated that RFC also stinsulaetivity of Fen-1
independent of ATP hydrolysis (Cho et al., 2009)Ydaonally, Fen-1 is
required for a long-patch base excision repair (Kitval., 1998) and restart of

stalled replication forks (Nikolova et al., 2009).

NETE] Functions ‘ References

through interaction with Dbf4 could

Cdc5 Polo-like kinase _ (Chen and
o regulate the function of Cdc7/Dbf4 o
(cell division cycle 5) _ Weinreich, 2010).
kinase
(Bloom and
Cdc14p (cell division o Cross, 2007);
_ dephosphorylates replication factors _ _
cycle 14 protein , _ (reviewed in
SId2 and Dpb2 in budding yeast _
phosphatase) (Mocciaro and

Schiebel, 2010)).

Ctf4 (Chromosome recruits polymerase to DNA via
e . _ _ (Zhu et al., 2007).
transmission fidelity 4) | interaction with Mcm10
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Dna2 endonuclease

removes RNA primer and cleaves long
RPA-bound flap structures on the
lagging strand

(Kao et al., 2004;
Kim et al., 2006).

DNA ligase

ligates the Okazaki fragments on the
lagging strand

(Pascal et al.,
2004).

GEMC-1 (geminin
coiled-coil containing

protein 1)

interacts with TopBP1 and Cdc45, its
phosphorylation by Cdk2 promotes
initiation of DNA synthesis and loading
of Cdc45

(Balestrini et al.,
2010).

Mcm8

recruits RPA p34 and facilitates the
processivity of DNA polymerases

(Maiorano et al.,
2005).

Noc3 (Nucleolar

interacts with ORC and MCM helicase;

. o ' (ZZhang etal.,

complex-associated promotes association of Cdc6 and Mc n2002b)
protein 3) with chromatin in budding yeast '

may play a role in modulation of
RecQ1 (ATP- o o

replication forks activity and rate; plays (Thangavel et al.,
dependent DNA _ o

_ role in DNA unwinding and promotes | 2010).

helicase Q1) ) .

PCNA loading onto chromatin

interacts with the MCM helicase througltThangavel et al.,
RecQ4 (ATP- Mcm10, plays a role in DNA unwinding 2010; Xu et al.,
dependent DNA and promotes RPA and PCNA loading 2009); reviewed
helicase Q4) onto chromatin; potential orthologue of in (Bachrati and

SId2 in human

Hickson, 2008).

RFC (Replication

PCNA clamp loader; stimulates activit)

(Cho et al., 2009;

factor C) of Fen-1; facilitates polymerases switchYao et al., 2003).
removes RNA primers from lagging
RNase H2 strand and single ribonucleotides (Bubeck et al.,

(Ribonuclease H2)

integrated in a DNA, interacts with
PCNA

2011).

Sld2 (Synthetically
lethal with Dpb11-2)

Cdk substrate; promotes loading of
TopBP1 and Cdc45 in budding yeast

(Pospiech et al.,
2010; Sclafani
and Holzen,
2007).
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SId3 (Synthetically

Cdk substrate; promotes loading of
TopBP1; required for Cdc45-Mcm2-7

(Pospiech et al.,
2010; Sclafani

lethal with Dpb11-3) | o . and Holzen
interaction in budding yeast '
2007).
Pob3 (DNA interacts with DNA polymeraseand (Formosa et al.,
polymerasea binding | facilitates DNA accessibility. Subunit af 2001; Ransom et
protein 3) FACT complex in budding yeast al., 2010).
involved in control and modification of
DNA topology; mediates a transient _
Topl (DNA (Austin and

_ single-strand break in the
topoisomerase ) Marsh, 1998).

phosphodiester backbone at the

replication forks

involved in control and modification of
Top2 (DNA

topoisomerase Il)

DNA topology during synthesis; (Austin and

catalyses formation of double-strand | Marsh, 1998).

breaks in DNA

together with TopBP1 promotes loadingKumagai et al.,
of Cdc45, phosphorylated by Cdk2 2010).

Treslin

Table 1.1 Other proteins involved in eukaryotic DN&nthesis.

1.7.2 Regulation at stalled replication forks

Replication stress can be induced by differentnahitnpediments such as:
alternative DNA structures (e.g. left-handed Z-DN&hanges in the expression
of components necessary for the DNA synthesis,eprdDNA interactions or
collisions between replication and transcription chiaeries (reviewed in
(Branzei and Foiani, 2010; Mirkin and Mirkin, 20Q.7Replication stress can
also be induced atrtificially (reviewed in (Burhaasd Weinberger, 2007)) by
drugs that can cause depletion of dNTP supply (&ogl., 2004), inhibition of
polymerase activity (Krokan et al., 1981), inhibiti of the topoisomerase | or
the topoisomerase k activities (Allen et al., 2011). To ensure profzxNA
duplication cells have evolved different pathwaygteserve genome integrity,
such as S phase checkpoint (see section 1.3.3)frpading of DNA template
during DNA synthesis and DNA repair mechanismsdAlét al., 2011).

Stalled replication forks can be repaired by ddfdrpathways (Allen et al.,
2011; Michel et al.,, 2004). Upon replication stretise activity of DNA
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polymerase is inhibited, howevin vitro studies inXenopusooctyes confirme:
that Mcm27 helicase continues to unwind DNA strands leadlingroduction o
long ssDNA track (Byun et al.,, 2005) The mechanism of DNA helica
inhibition after replication stress is still unalgahowever, hig-density
oligonucleotide array and -immunoprecipitation analyses in budding ye
suggest that direct interaction of Mc-7 with fork pausing complex (FP
(Mrc1/Tofl/Csm3) may stabilisthe replisome and prevent further unwinding
dsDNA (Katou et al., 200:. Accumulation of ssDNA occurs at block
replication forks and ssDNA is immediately covelsdRPA (Zou and Elledge
2003) Excess of ssNA and accumulation of RPA lead to activation o t8
phase checkpoingShioteni and Zou, 2009)Interestingly, analysis cXenopus
ooctyes extracts containing reduced levels of RPA showeat ttheckpoin
activation and phosphorylation of Chkl is indepetiden RPA hyperloadin
onto stalled replication for, suggesting that additionadechanisrs are involved

in complete activation of S phase checkp(Recolin et al., 201.

e

Checkpoint \'

Inhibition of origin firing
G2——>M )

Figure 1.10 Stabilisation of stalled replication forksThe ATR kinase plays a major role

replication fork stabilisation. Upon replicationrsss, ATR promotes cascade phosphorion of
protein complexes loaded onto the replication fc Additionally, phosphorylation of Mcm
helicase by ATR recruits Pclike kinase 1 (PLK-1)and facilitates the completion of DM
synthesisPhosphorylated substres are indicatedon the picture with letter | Picture taken
from (Cimprich and Cortez2008).
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Once stalled, replication forks are stabilised tevpnt their collapse and
replisome dissociation (Errico and Costanzo, 201Bj)gure 1.10). The
maintenance of the stalled replication forks antivaton of the checkpoint
mechanism is mediated by the FPC complex (Erricd @ostanzo, 2010;
Yoshizawa-Sugata and Masai, 2007). The FPC is ceatpof Timl (Tineless
protein homologue 1), Tipin (Timeless-interactingtein) and Claspin (Errico
and Costanzo, 2010). RNAi analysis in human celiiscated that both Tipin and
Timeless are essential for Chk1l phosphorylatiomugenotoxic stress (Kemp et
al., 2010). Moreover, Tipin-RPA interaction stad#is the FPC complex and
facilitates Claspin-mediated Chk1l phosphorylatianSar317 and Ser345 by
ATR. This leads to activation of ATR/Chkl respornsshway (Branzei and
Foiani, 2010; Kemp et al., 2010n vitro binding assays with purified ATR,
ATRIP and naked or RPA-coated biotinylated oligosnesvealed that RPA-
coated ssDNA is able to recruit ATRIP or ATR/ATR¢&®mplex to the DNA
damage sites, but it is not required for ATR asstomn with ssDNA (Zou and
Elledge, 2003). Additionally, RNAi-mediated knockdo of RPA confirmed that
RPA is essential for ATR/ATRIP foci formation aftBNA damage (Ball et al.,
2005). Zou and colleagues also illustrated thatsphorylation of the Rad17-
RFC2-5 clamp loader by ATR/ATRIP is dependent orARP vitro (Zou and
Elledge, 2003). In budding yeast and human celd9Rdus1-Radl and Radl17-
RFC2-5 complexes co-localise at the site of DNA dgen(Kondo et al., 2001,
Zou et al., 2002). Electron microscopy analysis9ef-1 and Radl17-RFC2-5
complexes in insect cells demonstrated that phogfdted Radl7-RFC2-5
stimulates loading of Rad9-Husl-Radl (9-1-1) hétener onto 5DNA
template junctions (Bermudez, 2003). Additionatlgent evidences obtained by
immunodepletion of TopBP1 and polymerasgom NIB-250 chromatin extract
in Xenopusconfirmed that TopBP1 and polymeragedirectly mediate the
assembly of 9-1-1 complex onto stalled replicatiorks in vitro (Yan and
Michael, 2009).

Studies in both human cells and DT40 mutantRafi9’", andRad17"
confirmed that phosphorylation of Rad9 at Ser387sudficient for Chkl
activation. Additionally, Rad9 phosphorylation isquired for interaction with
TopBP1 through BRCT domains I-Il (Delacroix et &007). Further analysis of
XenopusTopBP1 mutants lacking BRCT I-1l repeats showedt timteraction
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between Rad9 and TopBP1 is essential for furtheogeition of TopBP1 by
ATR/ATRIP, and thus for full activation of ATR kisa (Delacroix et al., 2007;
Lee et al., 2007). Once activated, ATR phosphoggldicm2 at Ser108 (Yoo et
al., 2004), thus facilitating recruitment of PLKRo{o-like kinase 1) as indicated
by immunodepletion oXenopusPLK1 homologue Pxil (Trenz et al., 2008)
(Figure 1.10). In the event of stalled replicatiorks, PLK1 promotes firing of
adjacent DNA replication origins by recruitment @&dc45 and DNA
polymerases onto chromatin (reviewed in (Cimprict €ortez, 2008)).

Stalled replication forks must restart to contirhe DNA synthesis. A
number of different DNA proteins are involved instlprocess including DNA
helicases such as BLM (@m syndrome) (Bachrati and Hickson, 2008), WRN
(Werrer syndrome), FANCM _(&nhconi-maemia_omplementation group M
(Luke-Glaser et al., 2010), HLTE €lcase ike transcription_&ctor) (Unk et al.,
2010) and SMARCAL1 (®/I/SNF-related _matrix-associated cin-dependent
regulator of _tiromatin subfamily_Aike protein 1) (Driscoll and Cimprich,
2009). Most of them are recruited near blockediseptie machinery by RPA
(reviewed in (Cimprich and Cortez, 2008)). Termiypalrrested replication forks
can collapse and DNA synthesis in this region camdscued and completed by
activation of nearby dormant origins (Errico ands@mzo, 2010). The dormant
origins do not normally fire during unchallenged PMynthesis (Ge et al.,
2007).

In the recent years techniques such as chromosdone &nd DNA
combing become leading approaches to study fotkngtaspeed and movement
of individual replication forks and firing of newrigins. Additionally,
combination of DNA fibre with FISH (fluorescenaesitu hybridisation)allows
the dynamics of replication fork at specific genordoeus to be studied.
However, these methods cannot distinguish defectfoik stabilisation and
detect specific DNA structures associated with D8isfmage such as Holliday
junctions. Moreover, usage of nucleotide derivaive label DNA can affect
replication forks progression and create artifadtging analysis when two
different labelling fluorophores are used (Petermand Helleday, 2010).

In vitro cell-free systems such as Drosophila embryosXambpusocytes
allows for the study of proteins associated with ADNamage sites and their

potential role in DNA damage response and repboastress. Recently, the
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Helleday group described CldU-based method forllialgeof ssSDNA to analyse
the role of Rad51 in the restart of stalled repiara forks (Petermann et al.,
2010). However, different parameters must be takser consideration during
this procedure such as denaturation of dsDNA anditéty of antibody-based
purification. Nevertheless, site-specific analydistalled replication fork has not
been performed so far. Dm-ChP methodology develagpet described in this
study allows purifying proteins that are associatedh active or stalled
replication forks in mammalian celis vivo. This approach can be also used to
study post-translational modification of differgarbteins upon replication stress.
Additionally, Dm-ChP permits investigation of tingependent dynamics of

proteins associated with chromatin under replicasivess conditions.

1.8 Termination of DNA replication

1.8.1 Termination by converging replication forks

Termination of replication in eukaryotic cell istngell understood. Linear
DNA of eukaryotic cell contains thousands of differ origin sites (Arias and
Walter, 2007; Francis et al., 2009)), thus repitatforks meet and terminate
randomly in the regions between activated origidedlin and Dalgaard, 2003;
Fachinetti et al., 2010).

In budding yeast, termination of DNA synthesis ascuon-specifically
within a 4.3 kb region located between two orig{fFachinetti et al., 2010).
ChlIP-chip analysis in fission and budding yeastficmed the presence of 5 kb
termination regions (TERs) where the two replicafiorks converge (Codlin and
Dalgaard, 2003; Fachinetti et al., 2010). Thesmitetion regions were present
between both the early and late replicated origimsudding yeast, replication
forks can terminate at specific replication forkrrieas (RFBs) that mediate
termination by arresting one of the replicationkor(Fachinetti et al., 2010).
Topoisomerase Il is involved in termination of DNé@plicationin vitro andin
vivo (Baxter and Diffley, 2008)Topoisomerase Il function in this process is to
remove DNA catenates that were created during D&#igation, thus allowing
subsequent chromosome segregation (Field-BerrnbDafamphilis, 1989; Lucas
et al., 2001).
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1.8.2 Termination at telomeres

Eukaryotic chromosome ends are protected by telesngrackson, 2005;
Vega et al., 2003). Vertebrate telomeres are unigfNé sequences containing
tandem TTAGGG repeats at the ends of the chromos@méewed in
(Blackburn, 2005; Jackson, 2005)). Synthesis ofontelre caps during
chromosome duplication is stimulated by the tel@ser thus preventing
chromosome shortening and degradation (GreideBéaxkburn, 1989; Jackson,
2005). Most human cells have a finite replicatiapacity known as a Hayflick
limit (Hayflick, 1965) and it is the consequencetefomeres shortening with
each cell division due to the lack of telomerasgvig in somatic cells (Harley
et al.,, 1990). Chromosome shortening was obsenveajing cells, confirming
contribution of telomerase activity to aging andestence (Jackson, 2005).

Precise termination mechanism of the DNA replica@b telomeres is well
understood.Telomeres are added at the 3’-end of eukaryotiornbsomes by
telomerase. Telomerase is RNA-dependent DNA polgseercomposed of
catalytic subunit containing reverse transcriptaeenain (TERT) and RNA
molecule (TERC) that serves as a template for tet@mDNA synthesis. Using
RNA primers telomerase binds to the 3’-end of thewemosome and synthesises
a new telomere using the RNA template. After eldiogaof single telomere
sequence, telomerase translocates to initiate sgistiof new TTAGGG repeat
(reviewed in (Autexier and Lue, 2006)).

1.9 Temporal regulation of DNA replication

All eukaryotic cells duplicate their genome durfdgphase of the cell cycle
(Gilbert, 2010). The location of all replicationigins and firing time have been
well defined in budding yeast (Raghuraman et a0013. Saccharomyces
cerevisiaegenome consists of 16 chromosomes that are dugdicaithin 25-30
minutes of S phase (Yabuki et al., 2002). Replcatrigins in budding yeast are
fired in a temporally coordinated manr{&im and Huberman, 2001) and it has
been estimated that approximately 40 kb of DNAadplicated from a single
replication origin (replicon) (Donaldson, 2005).otigpic-labelling of newly
synthesised DNA in budding yeast allowed charasation of all replication
origins (Donaldson, 2005; Raghuraman et al., 2004dditionally, DNA
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microarray analysis demonstrated that most of épéaation origins are firing in

the middle of the S phase and their activation cau the clusters of adjacent
origins. Moreover, base composition of budding yegsmome showed that in
contrast to human cells, there is no relationsl@fpwben GC-rich regions and
early replication timing. Furthermore, origins pdcin vicinity of telomeres are
firing later than centromeric origins (Raghuramaale 2001).

Temporal hierarchy of origin firing in humans istasdished during &
phase of the cell cycle (Raghuraman et al., 19R&plication origins are firing,
as clusters of replication domains, in a time-deleab manner to duplicate
specific chromosome segments (Costantini and Beir2008). Early replicating
origins are spread randomly within the nucleus, rebg late replicating origins
are localised at the nuclear periphery (Dimitrownd &ilbert, 1999; Masai et al.,
2010). The temporal regulation of DNA synthesisrelates with chromatin
dynamics, chromosome architecture and gene expresgPliss and
Malyavantham, 2009). Chromosomes are divided iegpons that contain either
Gimesa dark chromosome bands (G bands) or Gimgisadhromosome bands
(R bands) (Gilbert, 2002). G bands are highly hoemegus in AT content, while
R bands are enriched in GC content (Holmquist ¢t18l82). GC-rich regions
that contain more accessible euchromatin and higklyressed genes tend to
replicate early, while AT-rich regions containingengtically inactive
heterochromatin and infrequently transcribed gearesgenerally replicated in
late S phase (reviewed in (Grewal and Jia, 20@yn¢iér and Ohlsson, 2009))
(see section 1.10.1). Several studies on humant@/ial., 2004; Woodfine et
al., 2005; Woodfine et al., 2004), mouse (FarkasiaAet al., 2008; Hiratani et
al., 2008) oDrosophilamodels (MacAlpine et al., 2004; Schibeler et2002;
Schwaiger et al., 2009) have revealed that eagicaion is correlated with
chromatin structure, transcription activation, gemensity and GC content.
Details of particular experiments determining region timing in different
organisms are presented in Table 1.2.

Epigenetic marks also control the temporal orderraglication. Microarray
hybridisation of genomic DNA isolated from S phasgested HelLa cells
revealed that acetylation of histones is a chariatiemark for transcriptionally
active genes, while deacetylation and tri-methghatiof H3K9 is generally

associated with silenced chromatin (Gondor and <oinls 2009) (see section
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1.10.6). Additionally, study of human genome usiBJCODE microarrays
showed that tri-methylation of histone H3 at Lys&@s associated with late
replicating chromatin (ENCODE Project Consortiumakt 2007).0n the other
hand, early replicated regiorngnalysed by anti-BrdU immunoprecipitation,

followed by microarray hybridisatiowere associated with histone acetylation of

histone H4 at Lys16 and transcription sitesDrosophila (Schwaiger et al.,

2009).

Exoressed 40% of the genes
P showed strong .
sequences correlation between (Schibeler et
at 20.5 kb - al., 2002)
resolution early replication
and transcription
Early replicated
. genes co-localise
. Ke (derived Chromo- | with RNA (MacAlpine
Drosophila | from FACS
dissociated sortin some 2L | polymerase I et al., 2004)
embryo) 9 binding sites and
y gene density
Early replication
regions correlate
Whole with transcription | (Schwaiger
genome | activation and et al., 2009)
acetylation of
H3K16
L1210 Relationship
(lymphocytic ‘baby- between early (Farkash-
Iezijmia machine’ replication regions, | Amar et al.,
cells) sorting transcription and 2008)
Mouse Whole | gc content
Embryonic genome | licated
stem cells FACS Early rep |cate_ (Hiratani et
and Neural sortin genes are enriched al., 2008)
precursor 9 with GC content N
cells
Relationship
HFL-1 between early .
(Primary lung sF(;Ar\t?nS g:;??gé replication regions (2\3/82; etal,
fibroblast) 9 and transcriptional
activity
Human
FACS Relationship
C0202 (male sorting Chromo- between early (Woodfine et
lymphoblasto| (gene copy some 6 replication regions, al., 2005)
ids) number GC content and v
analysed) active transcription

63



cell-cycle Higher gene density
synchronisa| Chromo- | and GC content are (Jeon et al
Hela cells tion some 21 | associated with 2005) v
(thymidine- and 22 | early replicated
aphidicolin) DNA
FACS bChrolino_some
- - reakpoints o
7 different sorting Whole preferentially occur (Janoueix
Neuroblasto (copy ithi Lerosey et
. genome | Within
ma cell lines number early replicating al., 2005)
cell-cycle Relationship
synchronisa] ENCODE | between early (Karnani et
Hela cells tion (1% of replication and
- . al., 2007)
(thymidine- | genome) | transcriptional
aphidicolin) activity
HCT116(colo 25 000 Cell-cycle and
rectal cancer FACS CD'N A apoptosis related | (Watanabe e
cells) p53° sorting microarray | 9€N€S are replicated al., 2007)
and p53"* Y1 early in p53 cells
Early replicating
) regions localise
Erythr0|(|1, | FACS near hlghly
mesencnymal Sortlng Whole expressed -g.enes (Desprat ot
and (gene copy while late-firing
. genome .- al., 2009)
Embryonic number origins are
stem cells analysed) associated with
regions lacking
active genes
Various Replication timing
FACS Whole correlates with (Hansen et
human cell . .
. sorting genome | chromatin al., 2010)
lines -
accessibility
Chromatin
FACS Whole compgctlon S (Chenetal.,
Hela cells sortin enome negatively 2010)
9 g correlated with
replication timing

Table 1.2 Determination of replication timing forarious organisms using genome-
wide analysisTable adapted from (Farkash-Amar et al., 2008; M&sal., 2010).

Additionally, the temporal regulation of genome licgtion changes
during development. Active X chromosome is dupédagarly in S phase and is
less condensed than inactive X chromosome as tedicay Schwaiger and
colleagues (reviewed in (Pope et al., 2009); (Salpevaet al., 2009)). On the
contrary, study on female mouse embryonic fibrdklassing immuno-RNA

FISH and ChIP analyses showed that inactive X cbemme contains tri-
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methylated H3K9, a mark for a transcriptionallyesited chromatin that is
consistent with late replicating pattern (Heardlet2001).

Genome-wide and high-throughput approaches prowadesignificant
contribution into understanding of temporal regolat of the mammalian
genome. However, these techniques need to be imgrovorder to clarify the
several aspects of replication timing that stilimeen unexplored. Firstly,
resolution of synchronisation procedures is limiteg the speed of the
mammalian replication forks that move at averadgekb/minute, thus labelling
times need to be reduced to improve technique utsnl Moreover,
optimisation of purification of replication regions necessary to increase
resolution and sensitivity of sequencing methods dAferent sets of replication
origins are fired in various cells, recent methpadsvide an average origin choice
in a cell population, the single cell analysis wbhbk appropriate. Understanding
how replication timing varies in the single celldamow it is regulated during cell
development is crucial to determine mechanism ofAD#plication. Methods
such as fluorescenae situ hybridization (FISH) or DNA fibres could be used t
determine temporal regulation in single cell, thaddressing the issue of
replication-timing heterogeneity.

Alternatively, a method such as Dm-ChIP due tospecificity and high
resolution could provide a powerful tool to invgstie how replication timing
affects chromatin deposition and DNA component essed with replication

origins at different times during S phase.

1.10 Structure and organisation of the chromatin

Each human cell contains 1.7 meters of DNA thataisked into a nucleus
of 5 um in diameter (Ho and Crabtree, 2010; Mara¥itez et al., 2005). In
mammalian cells DNA is organised in a highly compétructure that contains
DNA and DNA binding proteins called chromatin. Cimatin has several levels
of organisation (reviewed in (Fedorova and ZinkQ&0 and this packaging is
necessary for regulation of DNA accessibility dgrimuclear processes, such as
DNA replication, transcription and DNA repair (Schet al., 2009a).
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1.10.1 Euchromatin and heterochromatin

The chromatin packaging depends on the stage ofdghecycle and it is
most condensed in metaphase and less condenseteiphiase (reviewed in
(Grigoryev et al., 2006)). Interphase cell DNA igganised into two
morphologically different forms: euchromatin anddrechromatin (reviewed in
(Fedorova and Zink, 2008).

Heterochromatin was first described by Emil Heigsdéd on his work with
the moss model (Heitz, 1928). He noticed that nmasdeus contains regions
which remain condensed throughout the cell cyclddiiy 2004; Straub, 2003).
Heitz distinguished euchromatin (‘true chromatiag a less packed form of
DNA from the heterochromatin (‘other chromatin’) i is highly and
constitutively condensed (reviewed in (Grewal ara 2007; Grigoryev et al.,
2006)). Further findings demonstrated that hetewxolatin contains infrequently
transcribed genes and it is also less accessibletife replication and
transcription machineries, whereas euchromatinagenaccessible and contains
genes that are highly expressed (reviewed in (GramgJia, 2007).

Heterochromatin contributes to important biologi¢ahctions, such as
chromosome segregation (reviewed in (Tamaru, 2080)Q maintaining of
genomic stability (reviewed in (Cann and Dellai2§11)). Heterochromatin
protein 1 (HP#&) is a multifunctional protein involved in heterosomatin
formation, gene silencing and heterochromatic gequession (Grewal and Jia,
2007). However, recent studies revealed thatyHplays an additional role in
regulation of euchromatin genes (Kwon and Workn#41,1). Heterochromatin
can be found in the regions occupied by lamin pmetewhich are involved in
formation of nuclear membrane structures (reviewedOlins et al., 2010)).
Lamins provide heterochromatin with molecular dagkisites at the nuclear
periphery (Shumaker et al., 2006). ConsistentiyimaB is observed to localise
to late replicating DNA and heterochromatin regigfennedy et al., 2000).
Additionally, euchromatin and heterochromatin cae Histinguished by
nucleosome modifications. Heterochromatin is tyjhycaassociated with
hypoacetylation and histone H3 tri-methylation ays® (H3K9), whereas
euchromatin is associated with acetylated histoBeahtl H4 and tri-methylated

histone H3 at Lys4 (reviewed in (Tamaru, 2010)).
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1.10.2 The nucleosom: organisation

Nucleosomes arthe basic, repeating blocks that pdaklA into highe-
order structure$Woodcock and Ghosh, 20.. The nucleosome coiconsists of
147 base pairs aflouble-stranded DNA that wraps aroundhastone octam.
The histone octameés composed of two copies of each chigones H3 and H4
(central tetramerand side flankin dimers of histones H2A#2B (reviewed in
(Groth et al., 2007, (Arents and Moudrianakis, 1993 fifth histone H:
associates with linker DNAand serves as an anchbetween DNA an
nucleosome thereby mediating DNA compactionFgure 1.1) (reviewed in
(Delage and Dashwood, 2008; Mal-Ramirez et al., 2005; Ramakrishn
1997).

Entry and exit
point of DNA

from nucleosome
core particle

H2A
C-terminal tails

H2A

Figure 1.11Organisation of the nucleoson. The single nucleosonmntain: histone octamer
(two molecules of each histoniH2A (light blue), H2B (geen), H3 (yellow) and H4 (pinl that

wraps 147 base pairs cdouble-stranded DNA (dark bluepicture adapted fron(Down et al.,
2007).

The 2.8 A resolutio structure of the nucleosome core revealed the
core histones in the nucleosome interact with de-stranded DNA(Luger et al.,
1997).In a single nucleosome, DNA interacts -covalently with the histone
core in 14 different region(Luger, 2006).These specific regions are the tar

for chromatin remodelling factors that case exchange of histone varie.
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Nevertheless, the contact regions of histone H3 424 are both located in
central and ends of the nucleosome core. In thenaesof DNA, the histone
octamer dissociates into H3-H4 tetramer and two H28 dimers, suggesting
that presence of the DNA helix stabilises formatwinthe histone octamer
(reviewed in (Szerlong and Hansen, 2011)). Condigteat high ionic strength
conditions, the intact nucleosome core can be fdrenxen in the absence of

DNA or cross-linking agents (reviewed in (Ramaknigh, 1997)).

1.10.3 Higher-order DNA structures

DNA of the eukaryotic cell is packed according tal@omatin folding
system (Grigoryev et al., 2006). The primary lesklchromatin compaction is
determined by 10 nm fibre structures of nucleosonaéso called "string-of-
beads" (reviewed in (Li and Reinberg, 2011)). le firesence of high ionic
strength, nucleosomes are further coiled into 30chnmematin fibres (reviewed
in (Woodcock and Ghosh, 2010)).

This superhelical structure of chromatin is presanboth interphase and
metaphase chromosomes (reviewed in (Szerlong amddda 2011)). 30 nm
fibre condensation depends on interactions betwseN-terminal tail of histone
H4 and the acidic region of the H2A-H2B dimer (ewed in (Marino-Ramirez
et al., 2005)). Microscopy studies proposed thriegndt models for the 30 nm
chromatin fibre, the two-start helical ribbon (Zgg) model, the two-start
crossed-linker model and the one-start solenoiden@gure 1.12) (reviewed in
(Li and Reinberg, 2011; Marino-Ramirez et al., 2005

In the one-start helix/solenoid model, the adjacantleosome units are
positioned in a hand-to-hand orientation and corteby a bent DNA linker
(reviewed in (Li and Reinberg, 2011; Marino-Ramietal., 2005)The one-start
solenoid superhelix is formed by the superheliGtlp around an inner cavity
with 6-8 nucleosomes per turn and 11 nm pitch éwed in (Szerlong and
Hansen, 2011)). In this structure, neighbouringlensomes interact with each
other, which is not observed in two-start helix foomation (Figure 1.12 a)
(Kruithof et al., 2009).
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Figure 1.12Three model:of the 30 nm chromatin fibre. aYhe onestart solenoicmodelb) The
two-start helical ribbon (Zi-zag) modek) The two-start crosselinker mode. Nucleosome is
pink and linker DNA is yellow. Picture taken fr(Wu et al., 2007).

The twostart helix model is based on the comation in which repeatin
units of nucleosome are oriented on the oppoditessof the fibre and connect
by astraight DNA linker (reviewed ii(Li and Reinberg, 2011; Marir-Ramirez
et al., 2005)In the Zi¢-zag arrangement nucleosome units are assemblesk
each other. In addition, two stacksnucleosomesre rotated by about ° with
respect to each oth(Robinson and Rhodes, 2008he orientation of Zi-zag
ribbon is directegarallel tothe long axis of the filer (Figure 1.12 b(reviewed
in (Szerlong and Hansen, 20).

The twostart crosse-linker model was originally proposed by Richmc
and colleague@Robinson and Rhodes, 20. This model is based on the crys
structure of foumucleosome cores lacking the linker histone. Irs tmodel.
nucleosome units form twisted ribbon with a diamof 25 nm and compactic
of 56 nucleosome per 11 n(Li and Reinberg, 2011).he linker DNA was
located perpendicur to the long axis of the fibre anthe two stacks c
nucleosomes are connected together by two DNA dddlicns since they do n
interact with each other directly (Figure 1.12 cdviewed in(Szerlong and
Hansen, 2011)Robinson and Rhodes, 20).
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1.10.4 Canonical histones

Histones are the main architectural proteins in@dlvin chromatin
packaging (see section 1.10.2-1.10.3). All fouredaistones H2A, H2B, H3 and
H4 together with linker histone H1 are known asaracal histones (Marzluff et
al., 2008). In higher eukaryotes canonical histoaesencoded by a cluster of
genes. These genes are highly expressed duringse jgimd their transcription is
tightly associated with DNA synthesis (Marzluff at., 2008; Talbert and
Henikoff, 2010). During S phase, approximately hblecules of each histone
core are synthesised and mRNA levels are rapidlyredsed when genome
duplication is finished. There are three replicattependent histone gene loci in
human cells: the major HIST1 that is located orostosome 1 and two smaller
HIST2 and HIST3 that are located on chromosome &rg¢Mff et al., 2002). All
H1 histone genes are located in a large HIST1 elusthereas all core histone
genes are clustered together in all three loci i(Alnd Doenecke, 1997). The
HIST1 locus contains genes encoding 49 core hisgames and 6 histone H1
genes. The HIST2 locus contains one of each H2BamBH4 genes and 3 of
H2A genes, while HIST3 cluster contains 3 genesefich H2A, H2B and H3
histones (Marzluff et al., 2002). All 14 histone Hnes encode the same
protein, while 11 histone H3 genes encode 3 diffieheéstone H3 proteins (H3,
H3.1 and H3.2). Histones H2A and H2B genes enc@dé2ldifferent H2A and
H2B proteins (Koessler et al., 2003; Marzluff ef 2D02).

All core histones share characteristic structuzatdres termed the “histone
fold” motif. The histone fold is a hydrophobic stture found on the N-terminal
of each histone and consists of a core of tlrd®lices: a longi-helix flanked
by the two shorti-helices.These heterodimerise forming a ‘handshake motif’
necessary for interactions of core histones (Alvaale 2007). Furthermore,
histones N-terminus possesses flexible amino daiti domain (NTD), that is
subjected to different post-translational modificas (reviewed in (Groth,
2009)). Modifications of histone tails are essdrftia nucleosome stability and
facilitate its assembly and disassembly. MoreoMeterminal tail of histone H4
interacts with histone H2A to stabilise higher-ordehromatin structure

(reviewed in (Marino-Ramirez et al., 2005)).
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1.10.5 Histone variants

Chromatin architecture is modulated by histoneards, post-translational
modifications and histone chaperones (reviewedPiar and Luger, 2006a)).
Assembly of histone variants into the nucleosomeurx independently from
DNA replication and leads to chromatin differentat (reviewed in (Henikoff
and Ahmad, 2005)). The canonical histones playiagyy function in DNA
packaging and gene regulation, while non-canoniaalants are involved in a
wide range of processes including DNA repair, meiotecombination,
chromosome segregation, transcription initiation d artermination, sex
chromosome condensation and sperm chromatin paakégiviewed in (Talbert
and Henikoff, 2010)). Histone variants include:tbime H2A (H2A.Z, H2A.X,
macroH2A, H2ABbd), histone H2B (H2BFWT and hTSH2&8)d histone H3
(H3.3, H3.4, H3.5 and CENP-A). There are no seqeiefciants of histone H4
(reviewed in (Marino-Ramirez et al., 2005). Funetioand localisation of the
major histone variants are presented in Table 1.3.

The H2A variant H2A.Z is evolutionary conservedmss species (Guillemette et
al., 2005). The H2A.Z is essential in mammaliansgddut not inSaccharomyces
cerevisiae(reviewed in (Henikoff and Ahmad, 2005)). It is maited to the
nucleosome in ATP-dependent manner by chromatideiting complex Swrl
in budding yeast (Keogh et al., 2006). The Swrl glem does not replace
individual histones, but replaces the entire H2ABHBr H2A.Z-H2B dimers.
The H2A.Z histone is deposited onto chromatin imsheiently of DNA
replication (Jin and Felsenfeld, 2007). In mamnmlieells H2A.Z shows
heterochromatic distribution and interactions witR1o and Inner centromere
protein (INCENP) (Fan et al., 2004), and thus plagle in heterochromatin
formation and chromosome segregation (reviewedDalnasso et al., 2011),
(Guillemette et al., 2005)). Nucleosomes contairttt2\.Z variant are necessary
for recruitment of RNA polymerase Il in both mamraal and budding yeast
(Adam et al., 2001; Hardy et al., 2009). Additidpalthe H2A.Z variant is
believed to be involved in many processes includNA repair, gene activation
and silencing (reviewed in (Talbert and Henikof1R). Studies irbrosophila

and Saccharomyces cerevisiaéso demonstrated that H2A.Z prevents spreading
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of silenced heterochromatin (reviewed in (Zlataneval Thakar, 2008)). The

H2A.Z functions are influenced by post-translatiomadifications in particular

_histone | variant |
- associated with both |
transcriptionally active and
inactive chromatin; (Altaf et al., 2009;
H2A.Z prevents the spreading of silencglatanova and
heterochromatin; Thakar, 2008).
implicates in transcription
activation
phosphorylated upon DNA g:rt?lfgftfagglo'
H2A HaAx ?:crpl?i?seDNA repair machinery van Altikum and
Gasser, 2009).
associated with transcriptionally (Chadwick and
active chromatin; Willard. 2001
H2A.Bbd excluded from the inactivated Gautier' ot al '
X-chromosome; 2004) v
reduces nucleosome stability '
aﬁsociated with inactive X- (Ladurner, 2003;
chromosomes ) ' '
MacroH2A contains non-histone enzymatic Mietton et al.,
. : 2009).
active macrodomain
associated with telomeric
sequence (Boulard et al.,
H2BFWT induces nucleosome instability| 2006; Gaucher et
when associated with somatic-| al., 2010).
HoB typg hlsto_ne
enriched in genes for
spermatogenesis
hTSH2B induces nucleosome instability (zlggr;;moud etal,
. ) : )
when associated with somatic-
type histone
associated with transcriptionally (Ahmad and
H3.3 active chromatin Henikoff, 2002)
derepression of genes ’
H3.4 found in primary spermatocytes  (Witt et al., 1996)
expressed in the seminiferous
tubules of human testes
H3 H35 preferentially associated with | (Schenk et al.,
' euchromatin 2011).
can replace an essential functipn
of H3.3 in cell growth
localised in centromeric (Malik and
chromatin Henikoff, 2003;
CENP-A essential for assembly and Santaguida and
preservation of kinetochores | Musacchio, 2009).

Table 1.3 The major histone variants.
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acetylation (Bruce et al., 2005). In chicken cellscleosome core particles
containing non-acetylated H2A.Z are more stable iancompact conformation
than those containing acetylated histone, suggeshiait acetylation of H2A.Z is
essential for efficient chromatin relaxation (Iskshbi et al., 2009). The H2A.X
variant of histone H2A has a similar structure émanical H2A except for the
presence on the C-terminus consensus S-Q-(D/E)-td, where & represents a
hydrophobic residue. The Serl39 residue in the emsws motif is rapidly
phosphorylated by ATM, ATR and DNA-PK in responedXSBs DNA damage
(reviewed in (Henikoff and Ahmad, 2005; Talbert atehikoff, 2010)). H2A.X
phosphorylated at Serl39 is also knownyH2A.X and this phosphorylation
results in the recruitment of DNA repair factorelsas thos¢hat facilitate non-
homologous end joining (NHEJ) or homologous recoration (HR) repair
pathways (Morrison and Shen, 2009; van Attikum aBGdsser, 2009).
Additionally, SQEY motif of mammalian H2A.X is pholsorylated at Tyr142 by
the WSTF (Wliams—Beuren gndrome_tanscription &ctor) and it is pivotal for
a DNA damage response. Phosphorylation of Tyrl49 faeilitate changes in
chromatin structure, thus promoting maintenancey-6f2A.X. However, the
relation between dephosphorylation of Tryl42 andsphorylation of Serl39
still remain unclear (Xiao et al., 2009). It hasebedemonstrated that direct
interaction between phosphorylated Ser139 and Malglitates accumulation of
DNA repair proteins on the sites of damage suckb3BP1, Nsbl, ATM and
prevents yH2A.X dephosphorylation. On the contrary, phosplairgn of
Tyrl42 masks binding sites of thel2A.X, thus prevents Mdcl binding (Stucki
et al., 2005). This inhibitory activity of phosplytated Tyr142 is abolished by
the dephosphorylation of Tyrl42 by the EYAL1/3 phHugpse upon DNA
damage, thus generating and maintaining-bi2A.X (reviewed in (Talbert and
Henikoff, 2010; Xiao et al., 2009). Beside the risldNA damage response, the
H2A.X variant is also involved in remodelling antactivation of male mouse
sex chromosomes in meiosis (Talbert and Henik®f,03.

MacroH2A is another characterised variant of H2#tdmne that contains an
additional non-histone globular ‘macrodomain’ ag¢ t@-terminus (Talbert and
Henikoff, 2010). This domain plays an importanerol nucleosome assemtaty
vitro. Moreover, the macroH2A preferentially pairs wahcanonical histone
H2A and increases octamer stability (Chakravartng @uger, 2006). The
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macroH2A variant is found in the inactive regioisrammalian X chromosome
and it is required for silencing of the heterochatim (Chakravarthy and Luger,
2006).

On the contrary, another vertebrate-specific var@nH2A histone, the
H2A Barr body-deficient (H2A.Bbd) contains a sh@dterminal truncation of
the docking domain (Talbert and Henikoff, 2010).eTKH2A.Bbd shows
association with active chromatin and it is exchlidi®m inactive regions of X
chromosomes in fibroblasts (Chadwick and WillardQP2). Study in mammalian
cells revealed that H2A.Bbd is exchanged in nudetsfaster than its canonical
histone H2A (Gautier et al., 2004). Additionallyhet H2A-H2B dimers are
preferentially replaced for H2A.Bbd-H2B by nucleos® assembly protein 1-
like 1 (NAP1L1)in reconstituted nucleosomes vitro (Okuwaki et al., 2005).
Additionally, reconstituted H2A.Bbd nucleosomes anstable in the absence of
DNA and do not undergo SWI/SNF remodelling (Tallzer Henikoff, 2010).

The hTSH2B and H2BFWT are the two-testes-speciidants of the
histone H2B (Talbert and Henikoff, 2010). The hT&H2 enriched in genes for
spermatogenesis and induces nucleosome instabilitgn associated with
somatic-type histone (Hammoud et al., 2009), whetd2BFWT, is associated
with telomere binding complex in human sperm (Dasmaet al., 2011). The
hTSH2B contains N-terminal domain of S/T amino acithat undergoes
phosphorylation. In chicken cells the reconstitubestone octamer containing
the hTSH2B variant showed reduced stability congbate nucleosome
containing the H2B counterpart, but presence of HES does not affect
nucleosome mobility or nucleosomal DNA topology étial., 2005).

CENP-A was the first homologue of histone H3 thatswiound to co-
purify with nucleosome core particles (Palmer et287). CENP-A localisation
at kinetochore provides structure for spindle ntidooles attachment during
mitosis and meiosis (Henikoff and Ahmad, 2005)s lan epigenetic marker for
centromeric chromatin that mediates proper chromessegregation (Malik and
Henikoff, 2003). CENP-A incorporation into nucleases occurs during late
telophase to Gphase independently of DNA synthesis (Jansen et2@07).
Several histone chaperones play a role in CENP-fosigon such as
Retinoblastoma binding accessory protein 48 (RbApidunit of hCAF-1
chaperone), Nucleophosmin and HJURPI(iday junction recognition_potein)
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(reviewed in (Ransom et al., 2010)). Purificatioh pre-deposited CENP-A
complexes revealed that CENP-A specifically inteyawith Nucleophosmin,
RbAp48 and HJURP (Dunleavy et al., 2009). Neveeb®l RNAi studies
showed that HJURP and RbAp48, but not nucleophosanen essential for
localisation of CENP-A at centromeres (Dunleavyakt 2009; Foltz et al.,
2009).

The H3.3 variant is expressed throughout the cegtllec (Loyola and
Almouzni, 2007) and unlike the canonical histoneddB undergo assembly onto
the nucleosome in a replication-dependent or inceget fashion (Talbert and
Henikoff, 2010). The H3.3 is highly structurallynslar to histone H3; the
difference appears only at four amino acids pas#i®l, 87, 89 and 90. Residues
87 and 90 play an essential role in histone H3.8lemsome incorporation
through replication-independent mechanism (Dalmatsal., 2011). Assembly
of H3.3 histone to actively transcribed regionmidiated by histone regulator A
complex (HIRA) (Lewis et al., 2010), while H3 coampart requires chromatin-
assembly factor 1 (CAF-1) for deposition onto chatim during DNA synthesis
(Dalmasso et al., 2011). Recent studies demondtthtd proteins such as the
death domain associated protein (DAXX) and dkbalassemia X-linked mental
retardation protein (ATRX) alone or in complexes -lacalise with
heterochromatin and facilitate efficient assembly wewly synthesised
nucleosomes containing H3.3 variant onto telomehommatin (Lewis et al.,
2010). Mutation of histone H3.3 Lys27 results imatmal heterochromatin
formation in the mouse embryo (Santenard et allp20

The H3.1 and H3.2 variants are highly conservedsinodv 99% identity to
their canonical counterpart (Loyola and Almouzip2). The H3.1 and H3.2 are
only expressed during S phase and are depositedcbnbmatin in replication-
dependent pathway by CAF-1 chaperone (Tachiwara.,e2011). In addition,
both H3.1 and H3.2 co-localise with heterochromatmd their nucleosomes
deposition is mediated by universal histone chapsp such as nucleosome
assembly protein 1 (Nap-1) (Osakabe et al., 20D0@) rauclear autoantigenic
sperm protein (SNASP) (Loyola and Almouzni, 200Bost-translational
modifications of H3.2 are associated with genensileg (tri-methylation of

H3.2K27), whereas modifications of H3.1 are spealfy enriched during both
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gene activation (acetylation of H3.1K14) and silagc (di-methylation of
H3.1K9) (Hake et al., 2006).

Recent studies demonstrated that the H3.5 variaeteggntially co-
localised with euchromatin and is specifically eeqsed in the seminiferous
tubules of human testes. Interestingly, RNAi-mestiadiepletion of H3.3 results
in the cell growth retardation and this can beuweddoy H3.5 variant, suggesting

potential redundant functions of some histone wsiéSchenk et al., 2011).

1.10.6 Histone posttranslational modifications

The histones tail is subject to post-translationadifications (PTMs) that
directly influence chromatin organisation and dyr@anHistone PTMs provide
epigenetic marks that are inherited by daughtels d®un et al., 2011). The
combination of these marks are known as the ‘hesttde’ initially proposed by
Allis and Turner (Barth and Imhof, 2010). The ‘lisé code’ or ‘epigenetic
code’ is an hypothesis predicting that post-traimstal modifications of the
histones tail could serve as a signal platform dpecific regulatory proteins,
thereby modulating chromatin structure and othevrddream cellular processes
(Fillingham and Greenblatt, 2008; Strahl and AII&)00). Many different
histone modifications have been identified and ehesclude acetylation,
methylation, ubiquitylation, SUMOylation of lysinand arginine residues,
phosphorylation of serines and threonines and Ab&sylation of glutamate
residues (Gelato and Fischle, 2008; Kouzarides/R00

1.10.6.1 Acetylation

Acetylation of lysine and arginine residues is arfethe most explored
histone tail modifications. Acetylation of lysinenao acids neutralises positive
charge of lysines or arginines and leads to dd&ation of nucleosomes
(Bannister and Kouzarides, 2011). This modificatadnhistones is a dynamic
process mediated by two groups of enzymes: hishoeéyltransferases (HATS)
and histone deacetylases (HDACs). There are twasetaof HATs: the type-A
and B. Type-A HATs acetylate multiple sites on Nw¢erminal tail of histones
and they are usually associated with large multgnocomplexes. The type-B
HATSs function in cytoplasm and acetylate newly sgsised free histones before
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they are transported and assembled onto chromBéinn{ster and Kouzarides,
2011). All type-B HATs are highly conserved andrshsequence homology to
budding yeast Hatl (Kuo and Allis, 1998).

Acetylated histones are recognised by proteins anoing HATS
bromodomains. The large family of histone modifi@atreaders include the
double-bromodomain  containing proteins TAF1, Spt,daA Gcnb
acetyltransferase (SAGA) complex (Gen5 and Spt@, ttiple chromodomain
containing chromatin-remodelling complex (RSC) oo rbromodomain
containing proteins such as HPihat non-specifically recognises acetylated
histones (Yun et al., 2011).

On the contrary, the HDAC enzymes remove acetylaesidues from
histones after their assembly onto chromatin. Téssores the positive charge of
lysine residues and stabilises histone-DNA intévast and therefore higher-
order chromatin structure (Bannister and Kouzai@@11).

The acetylation of histones plays an important lelassembly and can be
found in most of the transcriptionally active reggoof chromatin (Sterner and
Berger, 2000). Analysis of radioactively labelledstbnes revealed that
acetylation marks are highly dynamic and exchamgedly with a half-life of a
few minutes (Barth and Imhof, 2010; Chestier andiYal979).

Acetylation of the H4K5 and H4K12 by the two-sulduHAT1-RbAp46
enzyme is a characteristic mark present only onlyneynthesised histone H4
(Barman et al.,, 2006). Both marks are important deposition of newly
synthesised histone H4 onto chromatin by CAF-1 (ighat al., 2002a). The
H4K5 and H4K12 deacetylation occurs 20-60 minufesr @assembly of histone
H4 onto chromatin (Taddei et al., 1999). Acetylatiof H4K16 increases
chromatin accessibility and plays a role in traipdimmal activation and
euchromatin maintenance (Shogren-Knaak et al., 2@dilarly, acetylation of
histone H3 at Lys9 and Lys16 serves as a markemdadly synthesised histone
H3 and these are often associated with euchromegions (Gelato and Fischle,
2008).

Acetylation of newly synthesised histone H3K56 litaties its deposition
onto newly replicated chromatin and plays a direge in transcriptional
activation and chromatin reassembly following theAdamage (Chen et al.,
2008; Costelloe and Lowndes, 2010; Williams et 2008). Acetylated H3K56
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decrease binding affinity of the H3-H4 tetramerDdIA, and thus increases
DNA unwrapping in budding yeast (Williams et alQ08). After DNA damage,
H3K56 acetylation facilitates nucleosome assemblysbmulation of H3-H4
tetramer chaperones (reviewed in (Zhu and Wani,0p01Recent findings
suggested that acetylation of Lys56 is induced byARlIamaging agents such as
IR, UV, HU or MMS and co-localises withH2AX foci after IR in human.
Additionally, assembly of acetylated H3K56 at thees of DNA repair is
mediated by CAF-1 and Asf-1 chaperones (Das et2809). Similar studies
published by Tjeertes and colleagues demonstrgipdsite effect for acetylated
H3K56 that was rapidly reduced in response to DNndge (Tjeertes et al.,
2009).

1.10.6.2 Methylation

Methylation is another post-translational modifioatof histonegMartin
and Zhang, 2005Methylation occurs on the side chain of lysined arginines.
Additionally, modification of lysine comes in threiferent flavours: mono- di-
and tri-methylation (Barth and Imhof, 2010). Thisvalent modification is the
most stable histone modification known and is miediaby histone lysine
methyltransferases (HKMTase) such as Su(var)3-9Bipgressor of position
effect vaiegation) (Bannister and Kouzarides, 2011; Yuralet2011), ASH1L
(Absent,_mall or lomeotic disc 1ike) (An et al., 2011), Setl and DotlL
(Disruptor d telomeric silencing 1like protein) (Nguyen and Zhang, 2011).
Many histone lysine methyltransferases contain lgiglsonserved SET
chromodomain consisting of two flanking cysteinghriregions (Zhang and
Reinberg, 2001). On the contrary, DotlL does nattaio SET chromodomain,
but instead possesses SAM motig&nosyl-L-nethionine) (Min et al., 2003).
Histone H3 lysine and arginine residues are metbgldoy Su(var)3-9H1 and
nuclear receptor CARML1 ¢eactivator associatedginine nethyltransferase 1),
respectively (Zhang and Reinberg, 2001). PRMTlotgn arginine N-
methyltransferase 1) is a specific histone H4 argininengigansferasen vitro
andin vivo (Wang et al., 2001; Zhang and Reinberg, 2001).

Histones methylation is associated with differegions of chromatin. Tri-
methylation of histone H3K4 and H3K36 mark transtonally active
euchromatin and are required for transcriptionatiation and elongation,
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respectively (Maze and Nestler, 2011). Thigpgposite tomono-methylation of
H3K27, tri-methylation of H3K9 and H4K20 that appéa localise largely to
heterochromatin (Gelato and Fischle, 2008)e H3K9 di-methylation, H3K27
tri-methylation, H4K20 mono-methylation, H3K4 di-thglation are major
marks of the inactive X chromosome (Brinkman et, &006). Different
localisation of individual histone modification rkarreflects various functions.
Mono-methylation of histone H4K20 is essential foell-cycle regulation,
whereas di-methylation of H4K20 controls DNA damabeckpoints (Wang and
Jia, 2009). Furthermore, tri-methylation of H3K9nsilates binding to HRi
protein, therebyinfluences formation of heterochromatin and chromatin
compaction (Grewal and Moazed, 2008Jl methylation marks are relatively
stable, showing a half-life between 0.4-3 days. iAdidally, the turnover rate for
active modifications such as mono-methylationH3K4 and H3K36 is higher
than for repressive marks such disnethylationof H3K9 or H3K27 andri-
methylationof H3K9 or H3K27 (Barth and Imhof, 2010).

1.10.6.3 Phosphorylation

Phosphorylation on serine, threonine and tyrosimena acids mainly
associated with transcriptional activation (Bartid dmhof, 2010; Maze and
Nestler, 2011). The half-life of histone phosphatign varies between 30
minutes to 2 hours (Barth and Imhof, 2010). Orillinathe phosphorylation
marks of histone were associated with chromosomsenaisly and segregation
during mitosis (Johansen and Johansen, 2006). Tést Iksharacterised
phosphorylation site of histone H3 is Serl0 (Mapel &estler, 2011). The
H3S10 phosphorylation promotes subsequent acetylaim Lys9 and Lys16 of
histone H3 by the recruitment of associated HATayeres (Barth and Imhof,
2010; Maze and Nestler, 2011). This phosphorylateent is facilitated by
Aurora B kinase, and it is a characteristic halkrfar chromosome condensation
and mitotic progression (Adams et al., 2001; Hiettal., 2005).

1.10.7 3D organisation of nuclear structure and functions

Different sub-nuclear structures present within theleus such as the
nuclear membrane, nuclear bodies and chromosomwmties (CTs) determine
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the three-dimensional organisation of the humarogen(Lenser et al., 2010).
Genome architecture influences different processesh as gene expression,
DNA replication and DNA repair (Cremer et al., 2D0%he three-dimensional
organisation of the nucleus was first suggeste@dy Rabl and Theodori Boveri
(Boveri, 1909). Using light microscopy, they obsatv that interphase
chromosomes are divided into distinct territori€sirther studies of nucleus
structure using electron microscopy revealed thxatept mitosis chromosomes
are attached to nuclear membrane and arrangedamaverlapping territories
(Comings, 1968). However, development of a FISHrepgh (fuorescencen
situ hybridization) in a combination with confocal lasstanning microscopy
allows direct visualisation of individual chromosermdomains (Langer-Safer et
al.,, 1982). Additionally, chromosome conformatioapture (3C) technique
identified chromatin interactions between two distigenomic loci located at the
same or different chromosomes by PCR-based anabjsizoss-lined DNA
fragments (Dekker et al., 2002).

Positioning pattern seems to be conserved throwglut®on indicating
functional role of genome self-organisation (Talwaaet al., 2008). FISH
analysis revealed that chromosome territories vpdseed into the nucleus in
specific positions. Analysis of human lymphocyterathosomes 18 and 19
demonstrated their radial position in the humanleusc Chromosome 18
composed of GC-poor regions showed peripheral ikatadn, while
chromosome 19 containing a high gene-density wascested with interior of
the nucleus (Croft et al., 1999). Moreover, furttetudies of chromosome
morphology confirmed that transcriptionally actieechromatin and gene-dense
regions are located in the centre of the nucleuslewgene-poor segments and
transcriptionally silenced heterochromatin are fedaat the nuclear periphery
(Gilbert, 2001a). Studies of theglobin gene in differentiating mouse erythroid
cells (Kosak et al., 2002) and analysi<SATA-3andc-mafgenes during murine
T lymphocytes development by FISH demonstrated thattive genes are
located at the nuclear periphery and upon actinatiese genes relocate toward
to the nuclei centre (Hewitt et al., 2004). The kvof Osborne and colleagues on
mouse chromosome 7 using combination of FISH andaB@lyses provided
evidence for coalescence of active genes into imat transcription factories

(Osborne et al., 2004). Additionally, analysis 8f\tA genes in yeast using
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fluorescent oligonucleotide probes indicated tiztlA and tRNA genes located
at different chromosomes co-localise to form nueleolusters (Thompson et al.,
2003). Consistent with these data, immuno-DNA Fi&tdlysis confirmed that

rDNA genes in human cells are located in nucleolganiser regions (NORS)
(Dimitrova, 2011). It has been also found thatglze of chromosome affects its
position in the nucleus. The FISH analysis of g-amtomeres of human

chromosomes revealed that small chromosomes amgetbacentrally in the

nuclei, while large chromosomes tend to localisth&onucleus periphery (Sun et
al., 2000). Recent improvement of the 3C technigllewed chromosome

conformation capture-on-chip (4C) (Simonis et @006) and Hi-C methods

(Lieberman-Aiden et al., 2009) to study nuclearamigation in high-throughput

manner.

4C technique was used to identify specific chrommscsegments that
interact with the mouses-globin gene (Simonis et al.,, 2006). This result
emphasises clusters of interactions that were foumda cis position on
chromosome 7 and located a few megabases away thierfi-globin locus.
Comparison between transcriptionally active feitadrl cells and fetal brain cells
that do not express thieglobin gene revealed different interaction clusters. In
fetal liver, 80% of the interacting DNA segmentsi@ned one or more active
genes and were located toward the telomere oftttemmosome. On the contrary,
74% of thep-globin interacting genes in brain cells were localisedai the
centromere of chromosome and were transcriptionalienced. These
observations suggested cell-to-cell variabilitycimomosome organisation and
that features of the neighbouring segments mayitttei gene-gene interactions
(Simonis et al., 2006).

Most recently developed Hi-C approaches combinexiprity-based
ligation with massively parallel sequencing andw8 for mapping of chromatin
interactions across the human genome at a resolati@Mb (Lieberman-Aiden
et al., 2009). Maps generated using Hi-C were abeisi with previous data that
gene-rich chromosomes are located at the centileeafiuclei and preferentially
interact with each other (Boyle et al., 2001). Aduhally, it has been shown that
open and closed conformation of the chromatin agsoaevith different spatial
compartments in the nucleus (Lieberman-Aiden et aD09). Recently,

Rajapakse and colleagues used computational apmeao define dynamic
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correlation between gene expression and the spatiglanisation of
chromosomes durinigp vitro differentiation of mouse hematopoietic progenitors
(Rajapakse et al., 2009). Analysis of rosette-basemmosomal association
matrices showed that chromosome organisation iseseduring differentiation,
opposite to the ordering of gene expression. Theszefthe position of the
chromosome is coordinated by gene expression Bctivi

Electron microscopy and FISH methods provided wtdading of genome
three-dimensional organisation by characterisatioh different genome
territories. However, these approaches suffer fuamous limitations. Electron
microscopy allows high resolution but it is labarsoand partially destroys 3D
structure. Moreover, it cannot be applied to stadgcific genome loci. On the
contrary, light microscopy preserves 3D structbrg,due to limited resolution is
not suitable to define chromosome conformatiorhatrmolecular level (Dekker
et al., 2002). A FISH approach visualises only aie number of DNA loci but
involves harsh treatment during sample preparahahmay affect chromosome
organisation. Additionally, microscopy-based assa@ysot allow for unbiased
analysis of the genome segments that interact avjgarticular locus (Fraser and
Bickmore, 2007).

Development of chromosome conformation capture ate#ind its variants
4C and Hi-C approaches allow for screening of atireengenome and
identification of different DNA sequences interagtiwith each other (Simonis et
al., 2006). All 3C-based methods provide only agerasight into properties of
the chromosome conformation in the cell populafglarti-Renom and Mirny,
2011). Additionally, 3C technique has a very lirditdaroughput and sequence-
specific primers have to be used to identify aredygene. This method cannot
be applied to characterise unknown sequences tit@tact with a locus of
interest (Lanctot et al., 2007). To overcome timstation 4C method based on
re-circulisation of the template permits identifioa of different DNA sequences
interacting with specific locus by inverse PCR dmgh-throughput sequencing
(Marti-Renom and Mirny, 2011). Nevertheless, idésdtion of interacting loci
using both methods is still limited as only oneunhpequence can be analysed at
the time. An additional Hi-C technology has beerccesgsfully used to

characterise chromatin interactions across whateme at 1 Mb resolution.
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However, different challenges involving computaibrata analysis such as
high background noise or the difficulties of incsiggy resolution need to be still
improved.

In conclusion, all techniques described in thistisacare powerful tools
that will further allow understanding the relatibis between chromosome
organisation and genome activity during interphagereover, detailed three-
dimensional map of the chromosomes conformation emaracterisation of
specific chromatin modification proteins and tramgon factors facilitating
interactions between different loci would providdetter understanding of the

genome organisation.

1.11 Chromatin assembly

1.11.1 Dynamics of chromatin assemblyn vivo

The dynamic nature of the chromatin is a hallmarfk chromatin
organisation (reviewed in (Kumaran lleng et al.0&). The assembly of the
nucleosome occurs by sequential deposition oftaresH3-H4 tetramer and two
H2A-H2B heterodimers onto double-stranded DNA. Mafshe histones H3 and
H4 are incorporated into chromatin during DNA swdis and stay bound to it,
whereas more rapid exchange of histone H2A and H2B: been observed
(Kimura and Cook, 2001). The fluorescence recovaftgr photobleaching
(FRAP) experiments in living cells, that utilisecéstone GFP-H1 demonstrated
that the histone H1 linker binds to chromatin wille residence time between
220-250 seconds. It was also observed that itnéirmmaously exchanged in both
euchromatin and heterochromatin regions (Mistelalet 2000). New histones
H3-H4 are deposited only onto newly replicated ofatin, whereas new
histones H2A-H2B and linker histone H1 are beliet@dssociate with newly

and pre-existing chromatin (reviewed in (Groth, 200

1.11.2 Replication-dependent chromatin  assembly and

maturation

Chromatin assembly is tightly associated with DNAtkesis (Clemente-
Ruiz and Prado, 2009). Progression of the repbaoafiork requires disruption of
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the parental nucleosome ahead of the replicatioksfand reassembly of two
new nucleosomes after its passage, thereby leadingestoration of proper
chromatin conformation (Clemente-Ruiz and Prad®92@roth et al., 2007b).
Nucleosome disassembly is facilitated by the movenud replication fork
machinery and occurs at one or two nucleosomesdabifetihe replication forks
(reviewed in (Groth, 2009)). In addition, co-immgnecipitation and RNAI
studies in human cells indicated that the H2A-H2Bet and H3-H4 tetramer
are displaced ahead of the replication fork bydmetchaperones FACT and Asf-
1 (Groth et al., 2007a; Tan et al., 2006). Electroicrographs of replicating
SV40 minichromosomes treated with psoralen showestatbilisation of the
nucleosome that leads to formation of approxima®€l9 bp naked DNA ahead
of the forks (Gasser et al., 1996). H2A-H2B dimamnsl H3-H4 tetramers can be
further assembled onto newly synthesised DNA (Fgurl3) (Groth et al.,
2007b). As the excess of histones is toxic fordéks, monitoring of histones
supply and their deposition onto newly replicatedDis an important cellular
mechanism. Both pre-existing adeé novosynthesised histones are distributed
between new nucleosome binding sites (Polo and Aimip 2006). Different
approaches including cell-free models, RNAi-mediatknockdowns, co-
immunoprecipitation and reconstitution of nucleosormssembly machinery
confirmed an essential role of histone chaperondsstone deposition (Groth et
al., 2007a; Ito et al., 1996). Newly synthesisestdnies H3-H4 dimers are bound
by histone chaperone Asf-1, thus preventing tetrdorenation. Asf-1 facilitates
distribution of de novo synthesised H3-H4 dimeeréby assists in CAF-1 and
HIRA-mediated histone assembly (reviewed in (GrdBbp9); (Groth et al.,
2007a)). In similar fashion, other histone chapesysuch as Nap-1 meditatkes
novo nucleosome assembly by transporting of newly sgifed histone H2A-
H2B dimers into the nucleus and their depositiotoddNA. This was clearly
demonstrated by nucleosome assembly on short molemsome-sized DNA
fragments or x-ray crystallography of budding yedap-1 (Mazurkiewicz et al.,
2006; Park and Luger, 2006b). Additionally, FRETu@fescence esonance
energy _tansfer) analysis of nucleosome assembly thermadiasaindicated that
histone chaperone Nap-1 destabilises non-nucleofi¥fehistone interactions,
thus facilitating assembly of the nucleosonresvitro (Andrews et al., 2010).

Moreover, studies of salt-dependent assembly asdssgembly of the DNA-
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labelled nucleosomes by sin¢-pair FRET experiments, revealed stepv
mechanism of ntleosome disassemb(Gansen et al., 2009)hese finding:
demonstrate that Hz-H2B dimer is dismced from the nucleosome before-
H4 tetramer Additionally, dissociation c¢H2A-H2B dimer from the nucleoson
is preceded by opening the H2A-H2B dimer and HB#4 tetramer interface
Interestingly, nucleosome assembly follothe exact same pathway, | in a
reverse directiofBohm et al., 201..
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Figure 1.13 Nucleosome disruption and assembhReplication machinery and histo
chaperones cqmerate to disrupt pr-existing nucleosomes in front of the replicatiorkéoand

assembly of new nucleosol after the passage of replication forl&icture taken forn(Ransom
et al., 2010).

Newly assembled nucleosos contain al:1 ratio of histones recycle
from the parental strands ade novaosynthesised. Assembled -H4 tetramer is
stably associated with nucleosome, while IF-H2B dimers can be exchang
with free histones H2A and H2B (reviewed (Ransom et al., 201). In
addition, in vitro analysis of radi- and density-labellethistones revealed th
exchange of histones H3 and H4 occurs slower thstortes H2A and H2I
(Jackson, 1990)The same approach was used to illustratenewly assemble
H3-H4 heterotetramer consists of parentade novosynthesised F-H4 dimers,
but not a mixture of both in the same nucleosome.t®e contrary, newl
deposited H2AH2B heterodimercan contain a mixture of new and parel
H2A-H2B dimers (Figure 1.13)(Jackson, 1987, 1988; Jackson, 1.

Furthermore, histones acquire a specific pattern pads-translational
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modifications that are passed to newly synthesibetones to facilitate
chaperone recognition and nucleosome assemblyh(Bad Imhof, 2010) (see
section 1.10.6). Using S150 chromatin extracDmosophila embryos, Scharf
and colleagues demonstrated that mono-methylatidnstone H4 at Lys20 is
required for efficient deacetylation of histone HHAys for nucleosome assembly
and chromatin maturation (Scharf et al., 2009b)cldlnbsome assembly begins
rapidly as the replication fork machinery movesvieg behind 250 bp of naked
DNA that can immediately wrap around the histonee®ansom et al., 2010;
Sogo et al., 1986).

First, acetylation of H4-H3 tetramer (H4K5/12 andBK9/16/56; see
section 1.10.6.1) mediates CAF-1/Rtt106 assembly deposition of H3-H4
tetramer onto newly replicated DNA (Gelato and Riec 2008; Zhang et al.,
2002a). This is followed by two H2A-H2B dimers bing to the complex
(reviewed in (Groth, 2009)). The acetylation maaks essential for nucleosome
formation, but not for chromatin maturation, therateacetylation step occurs
20-60 minutes after assembly to stabilise nucleesstructure (Taddei et al.,
1999; Worcel et al., 1978). Recent study of historaifications dynamics, by
selective isotopic labelling of newly synthesiséstdnes (pSILAC), followed by
mass spectrometry confirmed that deacetylationevfly synthesised histones
occurs within 2 hours after histone deposition umian cells (Scharf et al.,
2009a). Lastly, H1 histone linker has to be assethbhto chromatin to facilitate
chromatin maturation. Native gel electrophoresiseated that NASP_(rclear
autoantigenic_germ potein) chaperone specifically interacts with hnstoH1
(Finn et al., 2008). Moreover, nucleosome arrayeexpents determined that
NASP mediates binding of H1 histone linker withid-&0 seconds after passage
of the replication machinery, thereby facilitatingaturation of newly assembled
chromatin (Bavykin et al., 1993; Finn et al., 2Q08)

Genome duplication involves not only synthesis ata copy of DNA but
also maintaining of epigenetic information thatilitates chromatin assembly.
These processes are critical for genome stabitityfar maintaining of cell-type
identity (Margueron and Reinberg, 2010). Variouprapches such as ChiIP-chip
and ChIP-seq have been extensively used to idethigfydistribution of a given
DNA interacting protein across the genome (seei®edi2.1). However, these

methods suffer from several limitations such as hesolution and sensitivity.
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Recently developed fluorescence techniques sudtR& and its combination
with single molecule studies (spFRET) were succdlgsiised to determine
dynamics of nucleosome assembly (Andrews et all02@86hm et al., 2011;
Buning and van Noort, 2010). However, the main t@tons of the FRET and
the spFRET methods are an unspecific incorporadiofiuorescent dyes and
sensitivity. FRET is limited by incomplete labeliimand the time resolution.
Magnetic tweezers is another single-molecule tephathat allows investigation
of nucleosome assembly. Recently, Gupta and caleEsagllustrated that
chromatin assembly is inhibited by positive supkche tension in the DNA
(Gupta et al., 2009). However, magnetic tweezergamparison with other
single-molecule techniques suffers from manipufagettings. Additionally, the
large size of the connected bead can change baoallogiioperties of any analysed
DNA molecule. Moreover, unspecific binding betwdeNA and glass surface
and time resolution of this approach is limitedsoycalled the grabbing rate.
Mechanism of chromatin reassembly, maturation amgblichtion of
epigenetic marks is still poorly understood duethe lack of techniques that
allow recovery of proteins that are associated wétly synthesised DNA. Dm-
ChP approach provides a powerful tool to study wmfatin assembly and
maturation as small fragments of nascent chrongambe efficiently recovered
and proteins associated with newly synthesised aturated DNA can be
analysed by both immunoblotting and mass spectmymedpecificity and
flexibility of Dm-ChP, together with the possibjtiof manipulating the cellular
systems, labelling times and conditions of extraceparation will allow
investigation of how chromatin remodelling and nnation are linked to the

duplication of its basic constituent the DNA.

1.11.2.1 Role of chaperones in nucleosome assembly

Chaperones associate with histones and promote ititeractions with
DNA and other proteins (Loyola and Almouzni, 200Zhey facilitate the
nucleosome formation, but are not part of the rasdene itself (Ransom et al.,
2010). Different classes of histone chaperones hmean identified by their
ability to bind either H3-H4 tetramer or H2A-H2Bnaer (Loyola and Almouzni,
2004). The H3-H4 tetramer is recognised by Asf-ht{A&ilencing function 1),
CAF-1 (Chromatin_asembly &ctor 1), HIRA (hstone_egulatory homologue A
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and Spt6 (8ppressor of ¥ 6) (Moshkin et al., 2009; Ransom et al., 2010)ilev
H2A-H2B dimer can be bound by histone chaperoneduding Nap-1
(Nucleosome ssembly potein-1), Nucleolin and Nucleophosmin (De Konirg e
al., 2007; Loyola and Almouzni, 2004). Both H3-H&ramer and H2A-H2B
dimer are recognised by FACT complex ¢Hitates diromatin _tanscription)
(Das et al., 2010).

Anti-silencing function 1 complex (Asf-1) is highgonserved and one of
the major histone H3-H4 chaperones (Moshkin et 2009). Asf-1 possesses
three helical linkers on the top of the cdiesandwich domain with highly
conserved acidic patches that mediates interagtitnhistones (Bao and Shen,
2006). Asf-1 is implicated in chromatin assembly neplication-dependent
manner through interaction with CAF-1 and Mcm2-1idase (Groth et al.,
2007a). Additionally, Asf-1 can act in replicatiomdependent pathway through
interaction with HIRA complex (Tagami et al., 2008)oreover, Asf-1 mediates
chromatin assembly and disassembly following DNAaie by binding to the
histone acetyltransferase Rtt109 (Chen et al., 2@0glish et al., 2006). In
budding yeast, Asf-1 directly interacts with DNAndage checkpoint kinase
Rad53, suggesting that Asf-1 activity may be imaatrtfor recovery after DNA
damage (Emili et al., 2001).

Nucleosome assembly protein 1 (Nap-1) is a wellseored histone
chaperone that interacts with H2A-H2B dimers, ban @lso bind with similar
affinity all histonesin vivo (Andrews et al., 2008; Krogan et al., 2006).
Microscopy studies in mammalian cells demonstrébed localisation of Nap-1
protein is cell cycle-dependent. Nap-1 is predomilyapresent in cytoplasm
throughout the cell cycle and only in S phase lseal in to the nucleus
(Marheineke and Krude, 1998). Nap-1 meditatesnovonucleosome assembly
by transporting newly synthesised histone H2A-H2Bats into the nucleus and
their deposition onto the DNA (Mazurkiewicz et &006; Park and Luger,
2006b). Similarly to Asf-1, Nap-1 mediates chroma@ssembly by both
replication-dependent and independent pathwaysk (@aal., 2005). Studies in
budding yeast demonstrated that Nap-1 is a comparfeBwrl complex that
specifically exchanges H2A.Z variant (Mizuguchi at, 2004). Furthermore,

Nap-1 catalyses active histone exchaimgeitro by the reversible removal and
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replacement of H2A-H2B dimers with canonical higsror its variants (Park et
al., 2005), thereby promoting nucleosome slidingrkR”and Luger, 2006b).

Facilitates chromatin transcription complex (FAGAgs first identified in
budding yeast as an important factor for transiomyatl elongation (Orphanides et
al., 1998; Winkler and Luger, 2011). Further stsdiennected this chaperone to
nucleosome re-organisation during DNA synthesis@N@ repair (Winkler and
Luger, 2011). FACT complex contains two subunitSRE-1 (®ucture_pecific
recognition_potein 1) and hSptl6 (man _Sippressor of_¥ 16) (Abe et al.,
2011). FACT forms a stable complex with H3-H4 teteasis as well as H2A-H2B
dimers, thereby promoting their assembly and desabsy onto DNA (Tan et al.,
2006; Winkler and Luger, 2011). Releasing of theAHZB dimer and
nucleosome destabilisation by FACT complex mediggassage of the RNA
polymerase Il and allows gene transcription (Biethal., 2009; Winkler and
Luger, 2011). RecentlyDrosophila melanogasterHPly has been shown to
mediate interaction between FACT and RNA polymerdsein vitro.
Additionally, interaction with HP{ leads to recruitment of FACT complex to
euchromatin and supports transcriptional activatbreuchromatin (Kwon and
Workman, 2011). FACT complex is involved in the do®y of histone H3.3
variant to pre-existing nucleosomes through assooiawith other histone
chaperone HIRA (Nakayama et al., 2007). Additionalecruitment of CHD1
by FACT complex permits CENP-A assembly onto cem&gnc chromatin
(Okada et al., 2009). In DNA synthesis, FACT waantified as a component of
the RPC complex (Gambus et al., 2006). Direct adgons with replication
proteins, such as RPA (Fanning et al., 2006), D/mperaser (Wittmeyer and
Formosa, 1997) and MCM helicase (Tan et al., 2@ddicate that FACT is an
important factor for DNA synthesis (Tan et al., 8D0Depletion of FACT
subunit SSRP-1 in chicken cells inhibits progressid replication forks and
reduces the length of newly replicated DNA trackaggesting that FACT
complex is involved in the elongation stage of DBiathesis (Abe et al., 2011).
Moreover, in response to DNA damage, FACT mediatashange of H2A.X
variants and when in complex with CK2 g&&in _knase 2) promotes
phosphorylation of the tumour suppressor protei pb Ser392 (Heo et al.,
2008; Keller and Lu, 2002).
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The histone chaperone Chromatin assembly fact@AF{1) mediatesle
novonucleosome assembly during DNA synthesis (StillmMi®86; Takami et al.,
2007; Verreault, 2000). CAF-1 co-localises to regdiion fociin vivo and
interacts preferentially with histones H3 and H4ru#le, 1995). These
interactions are essential for proper assemblyhef riucleosomes onto newly
synthesised DNA (Takami et al., 2007). CAF-1 isedehotrimeric protein that
consists of three subunits p150, p60 and p48 (Kanfet al., 1995). Subunits
p48 and p60 bind histones H3 and H4 through WD#@ae domain. The p48
subunit has been characterised as a member ofAfi& Hnd HDAC1 families in
chicken cells (Ahmad et al., 1999). Two larger sutsupl50 and p60 are
essential for nucleosome assembly in mammaliars ¢ghufman et al., 1995).
Additionally, p60 promotes interaction with histookaperone Asf-1 and p150
mediates binding to PCNA (Nabatiyan et al., 20060l &iPT. (Quivy et al.,
2008). Despise the role of CAF-1 in DNA replicatistudies in mammalian
cells also linked CAF-1 to chromatin assembly feilog DNA repair (Hoek et
al., 2011). This chaperone is involved in nucledtekcision repair (Gaillard et
al., 1996), where it deposits histones onto regiatere UV-induced DNA
damage was repaired (Green and Almouzni, 2003)eMar, CAF-1 was shown
to interact with BLM (Jiao et al., 2004) and WRNdaherefore it is considered
to play a role in the maintenance of genome stglfiliao et al., 2007).

1.11.3 Replication-independent chromatin assembly

Assembly of chromatin can occur outside of the &sphindependently of
the DNA synthesis (Avvakumov et al., 2011; Lewisakt 2010). Deposition of
histone variants in a replication-independent manaemediated by histone
chaperones Asf-1, CAF-1 and FACT, but also by uaighaperones such as
DAXX, ATRX and HIRA (Lewis et al., 2010; Ray-Gallet al., 2002). Assembly
and disassembly of the nucleosome plays an importéa during the repair of
damaged DNA or transcription (Avvakumov et al., 20Lewis et al., 2010).
Deposition of nucleosomes after DNA damage remaneferred to as “access-
repair-restore” model (Smerdon, 1991). Upon DNA dg&) nucleosomes have
to be first disassembled to allow repair machinecgess to the DNA damage
site and subsequently re-establish after repavieineed in (Ransom et al.,
2010)). It is still unclear if histones are disasbéd or just moved away from
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damage sites by histone chaperones (reviewed imamov et al., 2011)). It
has been suggested that histone eviction may ievattivities of the chromatin
remodelers such as SWI/SNF, INO80 and RSC (revieme@Ransom et al.,

2010)). During DBSs repair, RSC and INO80 mediatzeasibility of DNA ends

for the end processing enzymes, thereby facilizding of repair proteins such
as Mrell, RPA and Rad51 to the damage sites (MakuAt et al., 2007).

After DNA damage repair, histone variafli2A.X is removed from the
chromatin by Swrl complex in budding yeast (reviéwe (Rossetto et al.,
2010); (Papamichos-Chronakis et al., 2006)). Histcmaperone FACT mediates
further exchange ofH2A.X-H2B dimers with unmodified versions (Heo ¢t a
2008). To complete chromatin re-establishmentohistchaperones CAF-1 and
Asf-1 mediate assembly of newly synthesised H3.1l-tHdhers similar to
nucleosome restoration after DNA replication (rexgd in section 1.11.2 and
(Avvakumov et al.,, 2011)). In addition, acetylaticat Lys56 of newly
synthesised histone H3 plays an important rolehs ¢hromatin re-assembly
following DNA damage (Chen et al., 2008; Costebmel Lowndes, 2010; Das et
al., 2009; Williams et al., 2008). It has been rggad that CAF-1 is tightly
regulated during DSBs repair by the RecQ familyDdfA helicases such as the
BLM and WRN. The WRN helicase recruits CAF-1 tcesitof DNA damage
(Jiao et al., 2007), whereas BLM inhibits CAF-1-na¢ed chromatin restore
after DNA repair (reviewed in (Ransom et al., 2Q01@hromatin restoring by
both Asf-1 and CAF-1 is essential for deactivatainthe checkpoint pathway
after DNA repair (Kim and Haber, 2009).

Transcription is another process that requiresroatm disruption. Studies
in Xenopusegg extracts demonstrated that the presence téoamnes at DNA
affects transcriptionin vitro (Knezetic and Luse, 1986). The transcription
initiation requires assembly of the transcriptioraaminery onto promoters,
followed by binding of RNA polymerase Il (reviewed (Williams and Tyler,
2007)). Transcription regulation is mediated thitowgiromatin remodelling and
post-translational modification of histones (reveelvin (Li et al., 2007)). In
budding yeast, nucleosome loss was detected aPH@5 gene during active
gene transcription (Reinke and Horz, 2004). Disaddg of nucleosomes by
histone chaperones such as Asf-1, Nap-1, FACT aitAHs mediated after
PTMs of the histone tail (reviewed in (Avvakumovaét 2011; Li et al., 2007)).
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To disrupt existing nucleosome, chromatin remodeterch as Nap-1, RSC or
FACT remove H2A-H2B dimers and this is followed H8-H4 disassembly by
Asf-1. During transcription elongation histones dandisplaced by both active
RNA polymerase Il and FACT complex (reviewed in [N&ms and Tyler,
2007)). Recruitment of FACT onto chromatin and dgjpan of H2A-H2B dimer
is facilitated by mono-ubiquitination of histone Blzat Lys123 (Pavri et al.,
2006). Ubiquitination of H2BK123 is mediated by Patranscriptional
elongation complex (Ng et al., 2003). Pafl is atiprdtein complex composed
of four subunits Ctr9, Cdc73, Leol, and Rtfl (Resarand Manley, 2005) that
together with RNA polymerase 1l (Shi et al.,, 199&8nd FACT promote
transcription elongation in budding yeast (Formeisal., 2002).

Beside DNA repair and transcription, depositiorhistone variants such as
H3.3 and CENP-A also occurs independent of DNA msgsis. CENP-A is
deposited onto centromeres by HJURP and RbAp48reabenewly synthesised
H3.3 is incorporated at telomeric chromatin or\adti transcribed genes by
DAXX-ATRX complex and HIRA, respectively (Jansenadt, 2007; Lewis et
al., 2010).

1.11.3.1 Chromatin remodelling factors

Different factors have been identified to facilgathromatin dynamics.
These factors called remodelers possess high tgffiai nucleosomes (Clapier
and Cairns, 2009). Remodelers have conserved Afiding/hydrolysis domains
and utilise energy from ATP breakdown to fulfil thepecific biological roles
(Khorasanizadeh, 2004) (Figure 1.14). Chromatinodaters are classified based
on their sequence and structure of the ATPase dorRaur families: SWI/SNF,
INO80, CHD and ISWI have been distinguished (Ho @nabtree, 2010).

The SWI/SNF class of remodelers was first iderdifia budding yeast
during screening for genes influencing the matyyet switching (SWI) and
sucrose fermentation (SNF) (Carlson et al., 19&ljidthy et al., 2009). Beside
the catalytic ATPase domain essential for remaugkind translocation of DNA,
SWI/SNF family possesses C-terminal bromodomainpmsed of four helices.
Bromodomain binds to acetylated histones but atsdalicase-SANT (HAS)
subunit. HAS is a part of N-terminal SNF domaindiwed in actin and actin-
related proteins interactions (Figure 1.14) (Halidet al., 2009; Tang et al.,
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2010). The SWI/SNF remodelers bind to nucleosomth Wil stoichiometry
(Hargreavesm and Crabtree, 2011) and may exchaisgené H2A.Z variant
(Mizuguchi et al., 2004), but does not assist inbgl chromatin assembly,
suggesting a local nucleosome processing by tleesedelers (Hargreavesm and
Crabtree, 2011). Furthermore, SWI/SNF remodelliogvey is dependent on
histone linker H1.

The ISWI (Imitation Swich) is the second family of ATP-dependent
remodelers. It was first purified froDrosophilaembryo extracts (Tsukiyama et
al., 1995). The ISWI family can be divided into dbr classes: NURF
(Nucleosome_emodelling _&ctor), ACF (AIP-dependent lmromatin-assembly
factor) and CHRAC _(Clematin_&cessibility_omplex) (reviewed in (Dirscherl
and Krebs, 2004)). NURF assists in both transampby RNA polymerase I/l
and transcriptional repression (Morillon et al.p20Zhou et al., 2002). The ACF
and CHRAC complexes facilitate the heterochromfimmation and regulation
of the nucleosome assembly/spacing (Dirscherl aregb¥ 2004). All members
of the ISWI family contain a core catalytic ATPademain and the unique
SLIDE and SANT domains at the C-terminus (Figur4)L(Clapier and Cairns,
2009). The SANT domain appears to be involved amdcriptional regulation,
while the SANT-related SLIDE motif plays a role mmucleosome recognition
(Boyer et al., 2002).

The Chromodomain helicase DNA-binding (CDH) famdya third class of
ATP-dependent chromatin-remodelling complexes. CDEbntains a
characteristic chromodomain tandem at the N-term{iMarfella and Imbalzano,
2007) (Figure 1.14). There are three subfamilie€idD, classified according to
their similarities in domains structure (Hargreaweand Crabtree, 2011). The
first subfamily contains CDH1 and CDH2 proteinstthassess C-terminal DNA
binding motif (Stokes and Perry, 1995). CHD3 andDd@Hepresent a second
subfamily that includes the N-terminal PHD zincgfan-like domain but lack of
the DNA binding domain (Woodage et al., 1997). Tied subfamily includes
the proteins of CHD5-9. This subfamily has addisibnlomains at their C-
terminus, such as BRK (Brahma and Kismet), a SAK&-bnd CR domains
(Clapier and Cairns, 2009; Marfella and Imbalza@607). The tandem of
chromodomain in CHD family mediates recognitionttod modified histone H3
(tri-methylation of H3K4). Additionally, CHD1 padipates in histone H3.3
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deposition onto chromatin vivo (Konev et al., 2007)CHD3 and CHD4 are pa
of the large protein complex NURLCnhucleosome-€modelling and histor
deacetylase that mediates access to acetylated histone thrazlgomatir
remodelling(Xue et al., 199¢.

H5A Bromo
g O e 5 s B
family
DExx  Short HELICc
insertion
SANT SLIDE
e W N s N S I o s B
family
Tandem
chroma
ity [ LT D[] |
family
H5A Long insertion
e I i [ T ]
family
DiEscx HELICc

Figure 1.14 Chromatin remodelers.All families contain DExx and HELICc ATPase doma
Each family contains unique domains: Bromo, SANTDE, Tander, chromo or lonrinsertion.
Picture taken fronfClapier and Cairns, 200.

The INO80 family is the last family of S\like ATP-dependent
chromatinremodelling complexes. The core catalytic ATPasaala isdivided
into two fragments by long insertion dom: (Hargreavesm and Crabtree, 2(
(Figure 1.14. This insert motif binds llicase related RuvB1/2 proteins and
suggestsa potential role of INO¢ in DNA damage respons(Morrison and
Shen, 2009)INO80 members remove canonical F-H2B dimers and replac
them with H2A.ZH2B varant (Clapier and Cairns, 200%urthermor, INO80
complex has apecial affinity to bind histone H2A.Z angH2A.X, suggesting
that it is required foDNA repair or checkpoint respons@dorrison and Sher
2009).
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1.12 Techniqgues widely used for the study of DNA
replication

1.12.1 Evaluating cell proliferation methods

1.12.1.1 [*H] thymidine incorporation

Radioactive {H] thymidine labelling was first used to visualigieia faba
(English broad bean) chromosomes (Taylor et ab7L9The labelling procedure
involved growing of the roots in the media contagiH] thymidine in the
presence or absence of cell proliferation inhilsitdrhe roots were subsequently
released from°H] thymidine containing media and allowed to grourther.
Finally, DNA fragments were extracted from the mo@nd incorporation of
radioactive {H] thymidine into cellular DNA was measured using
autoradiography or scintillation counters (Taylbrak, 1957). Nevertheless, this
technology suffers several limitations, such as tlaadling and disposal of
radioisotopes or time consuming autoradiographed®n step that initially
lasted for several months (Salic and Mitchison,80@8dditionally, microscopy
images obtained with*ffi] thymidine were characterised by the poor resofut
and low signal-to-noise ratios (Salic and Mitchisa2008). Furthermore,
incorporation of radioactive®fl] thymidine is not suitable for all cell type
models or conditions (Drach et al., 1981).

1.12.1.2Incorporation of halogenated nucleotides

Halogenated nucleotides such as 5-bromo-2’-deodinei (BrdU), 5-
chloro-2’-deoxyuridine (CldU) and 5-iodo-2’-deoxydine (IdU) are non-
radioactive alternative to °fl] thymidine-based cell proliferation studies
(Yokochi and Gilbert, 2001). These permeable, piine analogues similarly to
tritiated thymidine, are incorporated into newlynthesised DNA during DNA
replicationin vitro andin vivo (Morstyn et al., 1983). Within the cells, these
analogues are phosphorylated and incorporated Né& via the nucleotide
salvage pathway (Kuebbing and Werner, 1975; Wiksinghe, 1981; Zupanc
and Horschke, 1996).

BrdU detection based on quenched fluorochromes deasloped by
Samuel A. Latt (Latt, 1973) and immediately introdd in flow cytometric
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studies (Franceschini, 1974). Further developmérgpecific antibodies raised
against the halogenated nucleosides allowed tomdxealysis of labelled DNA
by immunofluorescence (Gratzner, 1982) and immuwstobhemistry (Morstyn et
al., 1983). Additionally, fluorophore-conjugatedceadary antibodies provide
another significant tool to study DNA synthesis ¢idshima and Hoshino, 1985).
BrdU can be also applied in high-resolution chroomes combing that can
detect parameters, such as density of active arigipeed of replication forks
and replicone size (Michalet et al., 1997).

Nevertheless, the major disadvantage of halogenatedleotides
incorporation is requirement to denature the dosbinded DNA to allow
epitope exposure for antibody recognition (Gratzri382). Typically harsh
conditions for DNA denaturation, such as stronglese treatment or extreme
temperatures often result in degradation of progpitopes (Salic and Mitchison,
2008; Zeng et al., 2010).

1.12.1.3Incorporation of 5-ethynyl-2’-deoxyuridine

Recently, a novel method based on incorporation Seéthynyl-2’-
deoxyuridine (EdU) into newly synthesised DNA wassdibed (Salic and
Mitchison, 2008; Zeng et al., 2010). EdU is a thgime-like nucleotide and it is
incorporated into DNA very efficiently during S e (Salic and Mitchison,
2008). Detection of EdU is based on a Huisgen-3ésspl, 4-cycloaddition
reaction also known as Click reaction, which is aepper (I) catalysed
transformation between an azide and an alkyne masi@¥loses and Moorhouse,
2007). The EdU contains the alkyne functional grthat can be coupled to any
azide group containing reagent to form a stablazdie ring. As the reaction
occurs under mild conditions, protein epitopes diADsecondary structures are
not adversely affected (Buck et al., 2008). The anagdvantages of DNA
labelling with EdU is the detection step that dnesrequired DNA denaturation
(Salic and Mitchison, 2008).

Originally, EdJU methodology was developed for gaibliferation assays
such as flow cytometry or fluorescence microscopyere EAU was coupled to
fluorophore azide-containing probe and fluorescem@s measured directly
(Zeng et al., 2010). Additionally, EdU labelled DNéan be detected by
conventional anti-BrdU antibody after EAU couplity BrdU azide derivative
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called 5-BMA (5-bromo-5'-azido-2’,5’-dideoxyuride) (Cappella et al., 2008).
Recent studies demonstrated that the EAU appraacbe introduced to analyse
components of labelled chromatin (this study, (Kd=zak et al., 2011) and (Sirbu
et al., 2011). In this methodology, EdU is linkeda biotin azide analogue and
labelled chromatin can be further recovered by eatienal pull-down with
streptavidin-coated resin, followed by immunoblugtianalysis (Kliszczak et al.,
2011; Sirbu et al., 2011).

1.12.2 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) methodologyswast developed
by Alexander Varshavsky to study histone distritmitin Drosophila (Solomon
et al., 1988; Solomon and Varshavsky, 1985) andcképirevolutionised
experimental approaches to stuthnscription, DNA replication and DNA repair
(Orlando et al., 1997). Chromatin immunoprecipttatimethodology involves
the covalent cross-linking of proteins to DNA sttarby cross-linking agents
such as formaldehyde, cells lysis and DNA sheatg small fragments. The
DNA-protein complex is subsequently immunopreciediausing an antibody
specific to a feature of interest. After capturif@NA-protein cross-link is
reversed, followed by DNA purification and ampldtoon by PCR using primers
specific to predicted binding site. ChIP is a wydapplied technique that allows
for determination of genomic sequences of specliomosomal proteins vivo
(Aparicio et al.,, 2004). Additionally, ChIP assayasvused to characterise
genome binding site of mammalian transcription dexct(Ren and Dynlacht,
2004) or to detect checkpoint regulatory proteiasruited to sites of DNA
damage such as Nbsl, ATM, XRCC4, Tofl and Mrcl KBech et al., 2007,
Katou et al, 2003). Multiple approaches based othroroatin
immunoprecipitation method are available to ingse global DNA-protein
interactions across the genome such as DNA miapanybridisation (ChlP-
chip) (Katou et al., 2006; Ren et al., 2000) or shady parallel sequencing
(ChlIP-seq) (Robertson et al., 2007; Wang et alQ920These techniques are
widely used, for example to study histone postdiaional modifications at

genomic scale (reviewed in (Schones and Zhao, 2008)
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The ChlIP-chip approach was developed by Bing Remdaitor genome
specific localisation of two transcription fact@sl4 and Stel2 in budding yeast
(Ren et al., 2000). The method was further usedRichard Young’'s group to
determine localisation of 106 transcription fact@sross the budding yeast
genome (Lee et al., 2002). The ChIP-chip technimwelves combination of
chromatin  immunoprecipitation and DNA microarray abmsis. After
immunoprecipitation of chromatin, DNA sequencedguiidown specifically or
non-specifically are amplified by LM-PCRidgation-nediated—plymerase lain
reaction) and labelled with different fluorophor&snally, DNA fragments are
hybridised to a single DNA microarray containing E¥Rand intergenic regions
of budding yeast genome (Ren et al., 2000). NowsdaNA microarrays were
replaced with high-density DNA tiled arrays (oligmheotide DNA chip)
containing whole budding yeast or human genomesé@ ttailed arrays possess
shorter 25 bp oligonucleoties probes compared @1RWO bp probes in single
microarrays, thus increase the resolution of tisay¢Katou et al., 2006). ChiP-
chip has quickly become a powerful method for higbelution study of
localisation of chromatin bound proteins such asdcription factors or histone
post-translational modifications (reviewed in (Seb® and Zhao, 2008)). The
ChIP-chip method is not suitable to study mammab@nomes, due to their
large size and presence of repetitive sequenceagtem et al., 2007; Mikkelsen
et al.,, 2007). Instead of whole human genome asalyrany studies in
mammalian cells have focused on specific regiorth s promoters or small
chromosomes (Bernstein, 2005; Kim et al., 2005;tKetal., 2007; Roh et al.,
2006). Technical limitations of ChlIP-chip approadych as large set of
microarrays needed to sufficiently cover the genotasgge amounts of DNA
used and potential cross-hybridisation that impedesysis of repeat sequences
lead to development of more suitable methods tdyshwman genome such as
the ChIP-sequencing (Mikkelsen et al., 2007).

The ChIP-sequencing approach couples chromatin moprecipitation
with massively parallel sequencing (ChiP-seq) (Mikken et al., 2007).
Principles of the ChIP-seq involve several stegee first, DNA fragments are
precipitated according to the standard ChIP prdtostier DNA purification,
DNA fragments are blunted and conjugated at bottisewith the specific

adaptors. These fragments are then immobilisedsahd-phase PCR amplifies
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precipitated DNA. Finally, sequencing by DNA syrdlseis performed and
resulting fragments are analysed by comparison vgdmomic reference
sequences (Schmidt et al., 2009; Schones and 20a8).

In contrast to the ChIP-chip assay, the ChlP-segahgreater coverage and
allows the analysis of DNA-protein interactionshimman genome (Mikkelsen et
al., 2007; Robertson et al., 2007). AdditionallyhlE-seq does not require a
hybridisation step as amplified DNA is directly qified by the sequencing
methods (Morozova and Marra, 2008), thus givesebetignal resolution with
fewer artefacts than ChIP-chip microarrays apprdaetiewed in (Park, 2009;
Schones and Zhao, 2008)). The ChIP-seq techniguébad many applications
such as high-resolution analysis of histone p@stdiational modifications
(Barski et al., 2007a) or nucleosome architect@argki et al., 2007b; Schmid
and Bucher, 2007) and became a pivotal tool toystyehe regulation and
epigenetic marks (reviewed in (Park, 2009)).

Both ChIP-chip and ChlIP-seq approaches are brazi#yg to study DNA
replication in particular to map replication origitn both budding and fission
yeast. The identification of replication sites drased on characterisation of
sequences bound by the proteins of the pre-refitabmplex such as ORC or
Mcm2-7 helicase. Nevertheless, due to high backgtonoise during the
analysis, to date there is no examples of suchysisaln mammalian cells
(reviewed in (Gilbert, 2010)).
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1.13 Aims of this study

It has long been recognised that the fidelity of diMeplication is crucial
for the maintenance of genome stability (Sclafamd alolzen, 2007). More
recently it has also been realised that the pretéhat coat the DNA, such as
histones and transcription factors also carry irtgrgrinformation that specifies
cell function and identityKouzarides, 2007). As the DNA is replicated, hist®
and DNA binding proteins are displaced from the DMAront of a replication
fork and re-occupy their binding sites after itssgmge. Since twice as many
binding sites exist after DNA duplication, previbusesident DNA binding
proteins are supplemented from a pool of solubletems. Therefore the
duplication of DNA imposes a source of stress fog maintenance of the
epigenetic information and for the regulation ohgeexpression (Jasencakova
and Groth, 2010).

Molecular mechanisms of chromatin dynamics, such hastone
assembly/disassembly and duplication of epigenatarks are not fully
understood. This is due to a lack of biochemicethtégues that allow analysis of
proteins that are associated with replication farkyivo. We predict that if a
technique could be established it would provideowerful tool to investigate
different aspects of chromatin dynamics.

Therefore the main goal of this study was to geeeaxdool for the analysis
of proteins associated with newly synthesised DNJsing the developed
technology we wanted to investigate how cells seagle chromatin proteins
onto newly replicated DNA after passage of the icafibn forks and how
chromatin maturation is coupled to DNA synthesidditionally, we wanted to
investigate the relationship between chromatin ginst composition and the
temporal programme of DNA replication.
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Chapter 2 Materials and methods

2.1 Materials

2.1.1 Chemical reagents

Chemicals used during this study were of analytggalde and purchased
from Sigma-Aldrich (Arklow, Ireland), Fisher Sciéit (Lecienstershire, UK)
and GE Healthcare (Buckinghamshire, UK). EdU (5yeih2 -deoxyuridine),
biotin-TEG azide and 6-carboxyfluorescein-TEG azwdere purchased from
Berry & Associates (Dexter, USA).

All solutions were prepared using Milli-Q purifiediater (Millipore,
Billerica, USA) and autoclaved (125 for 15 minutes) prior to use if required.
Organic solvents were supplied by Sigma-Aldrichk{éw, Ireland) or Fisher
Scientific (Lecienstershire, UK), unless otherwssated.

All common reagents and buffers used throughowt $hiildy are presented in

Table 2.1.

20% sucrose, 100 mM EDTA

6 x DNA loading
dye

pH 8.0, 1% SDS, 0.25%
bromophenol blue, 0.25% xylene
cyanol

Notes and references

For DNA sample loading

prior to running agarose ge

Click reaction
Mix |

10 mM ascorbic acid,
0.1 mM 6-carboxyfluorescein-
TEG azide, 2 mM CuSQO added

in the order indicated

For labelling of S phase
cells for flow cytometry
and fluorescence

microscopy

Click reaction
Mix 1l

10 mM ascorbic acid,

0.1 mM 5’-BMA azide, 2 mM
CuSQ - added in the order
indicated

For the capturing of
labelled chromatin in Dm-
ChP using 5’-BMA azide

Click reaction
Mix I

10 mM ascorbic acid,
0.1 mM biotin-TEG azide, 2 mM
CuSQ - added in the order

indicated

For the capturing of
labelled chromatin in Dm-
ChP using biotin-TEG

azide
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Coomassie 1 g Coomassie in 50% methanol, o )
- ) ) For staining protein gels
Brilliant Blue R | 10% acetic acid
50 mM HEPES pH 7.8, 150 mM | For lysis and preparation @
CL buffer NacCl, 0.5% NP-40, 0.25% Triton| soluble fraction of human
X-100, 10% glycerol cells in Dm-ChP
100 mM Tris-HCI, pH 8.0, To mount slides for
DABCO

90% glycerol, 200 mM DABCO

fluorescence microscopy

Destain solution

12% methanol, 7% acetic acid

To destain Coomassie

stained gels

Elution buffer

1% SDS, 100 mM NaHCO

To elute purified DNA
from the agarose beads

Extraction ) ) | To extract peptides from
5% formic acid, 65% acetonitrile
buffer the gel
Fixation To dry Coomassie and
_ 4% methanol, 1% glycerol _ _
Solution 1 sliver stained gels
Fixation ) ) To fix SDS-PAGE for a
_ 50% ethanol, 10% acetic acid , o
Solution 2 silver staining
Fixation ) To fix SDS-PAGE for a
_ 50% methanol, 1% acetic o
Solution 3 GelCode Blue staining
Freezing _ For freezing down
_ 10% DMSO in 20% FBS _
medium mammalian cells
5 x Laemmli 5% SDS, 20% glycerol, 0.004% _
| For denaturation and
buffer - SDS bromphenol blue , 125 mM Tris- _ _ _
loading of proteins prior to
PAGE sample | HCI pH 8.0, 109§3-
SDS-PAGE
buffer mercaptoethanol

Lysis Buffer

50 mM Tris-HCI pH 7.5,
150 mM NacCl, 1% Triton X-100

For cell lysate preparation
and analysis by SDS-PAG

10 x PBS

137 mM NaCl, 2.7 mM KClI,
100 mM NaHPG,, 2 mM
KH,PO,

Make up to 1x solution

with Sigma tablets

PBSTween 20

Phosphate buffered saline with
0.05% Tween 20

To wash nitrocellulose

membrane

Ponceau S

solution

0.5 g Ponceau S, 5% acetic acid

To stain proteins on the

nitrocellulose membrane
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RIPA buffer

10 mM Tris-HCI pH 8.0,

140 mM NacCl, 0.1% sodium
deoxycholate, 0.1% SDS, 1%
Triton X-100

Extraction of chromatin
fraction in Dm-ChP

protocol

Running buffer

25 mM Tris-HCI, 250 mM
glycine, 0.1% SDS

For running SDS-PAGE

gels

SDS lysis buffer

1% SDS, 50 mM Tris-HCI pH 6.8

For whole cell lysate
preparation and analysis b
SDS-PAGE

Y

0.3 M NacCl, 0.03 M sodium

For transfer of DNA from

1 mM EDTA

2xSSC citrate, pH adjust to 7.0 with citri¢ agarose gels to nylon
acid membrane
_ To dissolve nucleic acids.

10 mM Tris-HCI pH 8.0,

TE To protect DNA or RNA
1 mM EDTA _

from degradation

40 mM Tris-acetate pH 8.0,

TAE To run agarose gels

Transfer buffer

72 mM Tris-HCI, 58.5 mM
glycine, 15% methanol

For the wet transfer of
SDS-PAGE onto

nitrocellulose membrane

Trypsin digest
buffer

50 mM ammonium bicarbonate,

10% acetonitrile

To digest proteins for mas

spectrometry analysis

UA buffer

8 M urea, 10 mM Tris-HCI pH 8.0

To washMicrocon YM-I0
column after SDS elution
for mass spectrometry
analysis

UB buffer

8 M urea, 10 mM Tris-HCI pH 8.}

To washMicrocon YM-I0

| columnafter SDS elution

1]

for mass spectrometry

analysis

Wash buffer

10 mM Tris-HCI pH 8.0,
200 mM NacCl, 0.5 mM DTT

To wash beads after IP an
Dm-ChP assays

Table 2.1 Common reagents and buffers.
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2.1.2 Molecular biology reagents

DNA size
(Hertfordshire, UK). Protein size markers were diggb by New England
Biolabs, Bio-Rad (Hercules, USA) or Fermentas (@emnie, USA). Protein A-

ladders were obtained from New England |die

agarose beads for immunoprecipitation assays wepplisd by GeneSpin
(Milano, ltaly). High capacity Streptavidin-coateajarose beads for DNA
mediated chromatin pull-down (Dm-ChP) assays wdrgined from Thermo
Scientific (Rockford, USA).

Table 2.2 lists the antibodies used in westerrtibpthroughout this study,
their working dilutions and source.

. . Working _
Antigen Species type - Supplier
dilution

) Mouse Becton Dickinson
anti-BrdU (clone B44) 1/50
monoclonal (Oxford, UK)
_ Mouse Becton Dickinson
anti-BrdU (clone 3D4) 1/1000
monoclonal (Oxford, UK)
anti-biotin-Peroxidase Mouse Sigma-Aldrich
1/8000
(Clone BN-34) monoclonal (Arklow, Ireland)
] Rabbit Abcam
anti-RbAp48 (CAF-1) 1/1000 _
polyclonal (Cambridge, UK)
_ Mouse Abcam
anti-Cdc7 1/2000 _
monoclonal (Cambridge, UK)
Gift from Dr. H.P.
) Rat )
anti-Cdc45 1/50 Nasheuer (Bauerschmidt
monoclonal
et al., 2007)
) Rabbit Cell Signalling
anti-pSer317 Chkl 1/2000
polyclonal (Danvers, USA)
] Mouse Santa Cruz Biotechnology
anti-Chk1 1/2000
monoclonal (Santa Cruz, USA)
_ _ Rabbit Abcam
anti-Claspin 1/2000 _
polyclonal (Cambridge, UK)
) Mouse Abcam
anti-FACT (SSRP-1) 1/1000 _
monoclonal (Cambridge, UK)

104




_ Mouse Roche
anti-GFP 1/2000
monoclonal (Mannheim, Germany)
Rabbit Abcam
anti-Fen-1 1/2500 _
polyclonal (Cambridge, UK)
Rabbit Upstate
anti-Histone H2A 1/2000 o
polyclonal (Billerica, USA)
o Rabbit Abcam
anti-Histone H3 1/8000 _
polyclonal (Cambridge, UK)
Rabbit Abcam
anti-Histone H4 1/2000 _
polyclonal (Cambridge, UK)
Rabbit Abcam
anti-Lamin B1 1/1000 _
polyclonal (Cambridge, UK)
_ Rabbit Abcam
anti-Mcm2 1/2000 _
polyclonal (Cambridge, UK)
, Mouse Thermo Scientific
anti-Mcm7 1/1000
monoclonal (Rockford, USA)
) Mouse Calbiochem
anti-Msh2 1/250
monoclonal (Darmstadt, Germany)
_ Rabbit Abcam
anti-p54nrb (NONO) 1/2000 _
polyclonal (Cambridge, UK)
Shee : :
anti-Nucleolin P 1/1000 Gift from Prof. Brian
polyclonal McStay (NUIG)
_ _ Rabbit Abcam
anti-Nucleophosmin 1/2000 _
polyclonal (Cambridge, UK)
, Mouse Santa Cruz Biotechnology
anti-PCNA 1/1000
monoclonal (Santa Cruz, USA)
_ Rabbit Abcam
anti-RPA 1/2000 _
polyclonal (Cambridge, UK)
_ Rabbit Bethyl
anti-Smcl 1/2000
polyclonal (Montgomery, USA)
, Goat Santa Cruz Biotechnology
anti-Smc3 1/2000
polyclonal (Santa Cruz, USA)

Table 2.2 Primary antibodies used in this study.
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FITC (fluorescein
isothiocyanate)conjugated Goat 1/32 Sigma-Aldrich
. . polyclonal (Arklow, Ireland)
anti-mouse whole antibody
HRP (horseradish
_ _ Sheep GE Healthcare
peroxidase}conjugated 1/10 000 _ _
] _ polyclonal (Buckinghamshire, UK)
anti-mouse whole antibody
HRP (horseradish
peroxidase}conjugated Donkey GE Healthcare
) _ 1/10 000 _ _
anti-rabbit whole polyclonal (Buckinghamshire, UK)
antibody
HRP (horseradish
_ _ Donkey Abcam
peroxidase}conjugated 1/10 000 _
) ) polyclonal (Cambridge, UK)
anti-goat whole antibody
HRP (horseradish
_ _ Donkey Jackson Labs
peroxidase}conjugated 1/10 000
] i polyclonal (Bar Harbor, USA)
anti-rat whole antibody

Table 2.3 Secondary antibodies used in this study.

2.1.3 Tissue culture cell line and reagents
2.1.3.1 Cellline

HelLa CCL-2 cells (Epitheloid carcinoma, cervix, hamh were obtained
from The American Type Culture Collection (Middlgs&JK). The cell line was
negative when tested for mycoplasma contaminati®ingu MycoTrace
mycoplasma PCR detection kit according to the magtufes’ instructions (PAA
Laboratories Ltd, Yeovil, UK). The cell stock wasaimtained in culture for a
maximum of four months and then replaced from admsample. The cell
concentrations were determined with an automatdd ccainter Countes¥'
(Invitrogen, Carlsbad, USA).

Table 2.4 shows drugs used in this study for pheotogical treatment of
HeLa cells.
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Hydroxyurea 10 mM To arrest replication forks | Sigma-Aldrich
_ . (Arklow,
Thymidine > mM To synchronise the cells in Ireland)
G4/S phase

Table 2.4 Drugs used in this study.

2.1.3.2 Cell culture reagents

Cell culture reagents were obtained from Sigma-8kd(Arklow, Ireland)
and sterile plastic-ware from Sarstedt AG (Numbte&ermany). HelLa cells
were cultured in Dulbecco’s Modified Eagle’s medigBMEM) supplemented
with heat inactivated0% fetal bovine serum, 1 x non-essential amindsa@
mM L-glutamine and 1% penicillin-streptomycin (aitom Sigma-Aldrich,
Arklow, Ireland).

Cell culture procedures were carried out in an $®fe 1.2 hood (Bioair
EuroClone Division, Italy). Disposable sterile glasvare were used for all cell
culture protocols. Surfaces were sprayed with 7BP% solution prior to carrying
out cell culture procedures. The cells were cutturea Steri-Cycle C&) HEPA
Class 100 incubator (Thermo Scientific, RockforA) at 37C and 5% CQ

2.1.4 Computer programmes

For classification analysis of proteins identifieg mass spectrometry
analysis, UniProt (Universal Protein Resource) protein Knowledgebase
(http://www.uniprot.org), Genome brows&nsembl(http://www.ensembl.org)
andGeneCardghttp://www.genecars.org) online databases weee.us

Immunofluorescence was performed using an OlympxXsbB microscope
with 60 x (NA 1.4) or 100 x (NA 1.35) and driven BpenlLab software (version
5, Improvision, Emeryville, USA).

Flow cytometry analysis was carried out using @@llest (version 3.3,
Becton Dickinson, Oxford, UK) or BD FACS Diva Sofive (version 6.1.2,
Becton Dickinson, Oxford, UK).

107



2.2 Nucleic acid methods

2.2.1 Preparation of genomic DNA

To prepare genomic DNA, 1.7 x 1MelLa cells were harvested and
chromatin fraction was prepared in RIPA buffer (Sesble 2.1; see section
2.3.7.1). The chromatin was subsequently treatddd @il mg/ml RNase A at
37°C for 30 minutes, followed by 2 hours incubation4&tC with 0.1 mg/ml
Proteinase K (both from Sigma-Aldrich, Arklow, laeld). DNA was extracted
by adding an equal volume of phenol: chlorofornoaimyl alcohol (25:24:1) to
the lysate, followed by mixing and centrifugatiar £ minutes at 16 100 ¢ at
4°C. The aqueous phase was transferred to a new Toberecipitate the DNA,
1/20 volume of 3 M sodium acetate pH 5.2 togethi¢h at least 2 volumes of
100% ice-cold ethanol were added to the agueouseplfaecipitated DNA was
recovered by centrifugation at 16 10@xor 20 minutes at €. DNA was air
dried for 15 minutes, re-suspended in 50 pl of Exblffer (see Table 2.1) and
store at 4C or -20C for a long-term storage.

2.2.2 Agarose gel electrophoresis

Generally 0.8% or 1.5% agarose gels were prepasi) @lectrophoresis
grade agarose (Sigma-Aldrich, Arklow, Ireland) im TAE buffer containing 0.1
ul/ml SYBR Safe DNA gel stain (Invitrogen, CarlshatSA). Gels were run in
1 x TAE buffer for 40-60 min at 110V itmne Mini Horizontal Gel Units (Medical
Supply Co. Ltd., Dublin, Ireland). After electroplesis, gels were analysed
using a Multi Image Light Cabinet (Chemilmager 558{(pha Innotech, Medical
Supply Co. Ltd., Dublin, Ireland) and the imagesaeveaptured with a digital

camera.

2.2.3 DNA transfer and detection

DNA was purified as previously described in secth.1 and was then
separated on an agarose gel. DNA was nicked binteza with 0.25 M HCI for
20 minutes at room temperature on a platform shakdrthen denatured in 0.5
M NaOH/1.5 M NacCl for an additional 20 minutes. DN¥as transferred by
capillary transfer onto positively charged nylon mieane (Hydron-N, GE
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Healthcare, Buckinghamshire, UK) in 2 x SSC tranbtdfer (see Table 2.1). To
permanently attach the DNA to the membrane, DNA wasliated with UV 300
Jienf using a UV Cross-linker (Hoefer UVC500, GE Headtles
Buckinghamshire, UK); alternatively the membraneswacubated in an
Economy incubator (Weiss-Gallenkamp, LoughborougK) at 70C for an
hour. After incubation, the membrane was washedMilli-Q water and
incubated in blocking solution (5% not-fat, dry knih 0.05% (v/v) Tween 20 in
PBS) for an hour. The DNA was probed by overniglcubation with anti-BrdU
antibody (see Table 2.2) and detection step wasedaout as for western blot

analysis (see section 2.3.5).

2.2.4 Polymerase Chain Reaction (PCR)

Polymerase chain reaction was performed using Sifjatp polymerase.
PCR experiments were carried out on a TGradienonBira, Gottingen,
Germany). Table 2.5 gives an example of the PCRIitons and programme
used. Prior to PCR reaction, DNA recovered by DnrCissay (see section
2.3.8) was purified using PCR purification Cleankifp(Sigma-Aldrich, Arklow,
Ireland). DNA concentration was determined usingndthop ND-1000
spectrophotometer (Thermo Scientific, Rockford, J8Ad 100 ng of DNA was

used for each PCR reaction.

SigmaTaqg Polymerase

buffer (10x) | 1x, supplemented with 2.5 mM MgCl
Reagent Primers 0.29M
concentrations dNTP’s 200uM
Enzyme 0.2d (5U/ul)
‘hot start’ 94C — 2 minutes
Denaturation 9% — 30 seconds
PCR steps Annealing 66C — 30 seconds
Extension 72C — 2 minutes
final extension 72°C — 10 minutes
No. of cycles 50

Table 2.5 Example of typical PCR reaction conditmn
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2.3 Protein methods

2.3.1 SDS-Polyacrylamide Gel Electrophoresis (SD8AGE)

The Mini-Proteafi Cell System Bio-Rad (Hercules, USA) was used for

mini gels (10 x 10 cm). Wide gels (10 x 20 cm) weaeriedin the Vertical Maxi

2 Gel Device, Medical Supply Co. Ltd. (Dublin, med). Standard gels (mini)
were generally run at 25 mA for about 60-90 minuite$ x running buffer (see
Table 2.1). Wide gels were run at 55-70 mA for Belrs depending on gel
percentage. Standard SDS-PAGE gels were prepadaty to Table 2.6.
30% acrylamide: bisacrylamide (37:5:1) stock wamimled from Sigma-Aldrich
(Arklow, Ireland).

375 mM Tris-HCI pH 8.8 375 mM Tris-HCI pH 8.8
10% 12%
acrylamide/bis acrylamide/bis
Resolving Gel Mix 0.1% SDS 0.1% SDS
0.05% APS 0.05% APS
0.05% TEMED 0.05% TEMED

125 mM Tris-HCI pH 6.8

4% acrylamide/bis

Stacking Gel Mix 0.1% SDS

0.05% APS

0.1% TEMED

Table 2.6 Preparation of SDS-PAGE gels for westétotting procedure.

2.3.2 Protein sample preparation

Protein samples for western blotting were generlaietysing HelLa cells
for 10 minutes on ice bath in lysis buffer of cloisupplemented with protease
and phosphatase inhibitors) depending on the axpeti performed. Lysis
buffers used are described in Table 2.1. AfterslyBINA and cell membranes

were removed by centrifugation at 16 10@ or 10 minutes at %C. Protein

110



concentration in the supernatant was determineBrhagford Protein assay (see
section 2.3.3.1) or BCA Protein assay (see se@i8r8.2). Normally 20-25 g
of cell lysate per well was loaded onto a gel. Epiadtein sample was boiled at
95°C for 3 minutes in 1 xxaemmlisample buffer (see Table 2.1). The samples

were either stored at -20 or loaded directly onto the gel.

2.3.3 Methods to determine protein concentration
2.3.3.1Bradford Protein assay

To determine protein concentration in samples, Bredford assay was
used (Bradford, 1976). Bovine serum albumin (BSAgswsed to prepare a
standard curve and the appropriate lysis buffer wgzsl as a blank. Briefly, 1 pl
of lysate was diluted in 0.5 ml of Bradford solutiobtained from Sigma-Aldrich
(Arklow, Ireland) and brought up to 1 ml using N4) water. Samples were
transferred to the plastic cuvettes and an absoeban595 nm was measured by
a spectrophotometer (Eppendorf, Hamburg, Germdrmg.protein concentration
was calculated based on a BSA standard curve, ichvabsorbance was plotted

vs.varying concentrations of the BSA protein.

2.3.3.2BCA Protein assay

For a protein samples containing high concentrabbrdetergents (e.g
SDS) the BCA Protein kit (Thermo Scientific, Roddp USA) was used to
determine proteins concentration. According to nienufacturers’ instructions,
BCA Protein assay was performed in 96-well multiplell plate. A series of
BSA protein dilutions were used to create standawrde. The appropriate lysis
buffer solution was used as a blank. Briefly, aquadt of 10 pl of each sample,
standard and blank sample were diluted in 200 H@A working reagent (50:1
solution A: solution B). The plate was incubate@ZLC for 30 minutes and after
cooling down the absorbance was measured at 562smy the Wallac 1420
VICTOR?® multilabel plate reader (Perkin Elmer, MassachasetSA). Using the
BSA standard curve the protein concentration irmeanple was calculated.
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2.3.4 SDSPAGE staining methods

2.3.4.1Coomassie Blue staining

Proteins in the gel were visualised by incubatiotih WZoomassie Blue dye
solution (see Table 2.1) for an hour on a platf@maker at room temperature.
Gels were then transferred into the destain soluisee Table 2.1), placed on a
shaker and rinsed several times with fresh destaliation until the excess dye
was removed. Gel images were taken using HP Scénhj2t10 scanner and
further dried after treatment with a fixation sabut 1 (see Table 2.1) using the
Hoefer Slab Gel Dryer SE1160 (Amersham BioscienBescataway, USA) for
90 minutes at 7.

2.3.4.2GelCode Blue staining

After SDS-PAGE electrophoresis gels were rinsedehime with Milli-Q
water for 5 minutes and fixed in fixing solution(ee Table 2.1) for 15 minutes
on a platform shaker at room temperature. To viseigroteins, GelCode Blue
stain reagent (Thermo Scientific, Rockford, USA)swadded and gels were
incubated with shaking for an hour at room tempeeatTo remove the excess of
dye, gels were rinsed several times with freshiM)Iwater. Images of gels were

taken as described in section 2.3.4.1.

2.3.4.3Silver staining

To visualise protein bands on gel for further chaasation by mass
spectrometry, the ProteoSilver Plus kit (Sigma-#ldy Arklow, Ireland) was
used. After electrophoresis, the gel was placeglantlean tray with 50 ml of the
fixing solution 2 (see Table 2.1) and incubatedroight at room temperature.
The following day, the gel was rinsed in sequend B0% (v/v) ethanol in
Milli-Q water, followed by Milli-Q water wash for @ minutes and further
exposed to sensitizer solution for 10 minutes. @bk was rinsed twice with
Milli-Q water leaving each wash for 10 minutes. TWr®teoSilver Silver solution
was added to equilibrate the gel for 10 minutes \aadhed away for 1 minute
with Milli-Q water. Proteins were detected using tRroteoSilver Developing
solution for 2-5 minutes to produce the desirednstg intensity. Developing

reaction was stopped by adding the ProteoSilvegp Stdution to the mixture for
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5 minutes. The stained gel was stored in Milli-Qavaat 4C and later dried as

described in section 2.3.4.1.

2.3.5 Western blotting

For immunoblotting, proteins were separated by $A&E and then
transferred onto nitrocellulose membrane (WhatmambB, Dassel, Germany).
This was carried out using a wet transfer systen®@minutes at 250 mA in 1 x
transfer buffer (see Table 2.1) either & 4€r room temperature. For mini gels,
the Mini Trans-Blot Cell transferred system was dus&Vide gels were
transferred using the Trans-Blot Cell (both fronodad, Hercules, UK). The
gel and membrane were placed between sponge pdddtanpapers (Whatman
GmbH, Dassel, Germany). Air bubbles that formedveenh the gel and the
membrane were removed. Prior to transfer, the teacassettes were assembled
with the nitrocellulose membrane on the cathode sidd the gel on the anode
side. Two filter papers were placed on each sidin@fmembrane and gel and a
sponge was then placed outside the filter papehns. ffansfer apparatus was
assembled; an ice-pack was placed in the tanktemdgparatus was filled with
1 x transfer buffer (see Table 2.1). The qualitypuaitein transfer was confirmed
either by the presence of the pre-stained proterken on the membrane or by
staining with Ponceau S solution for 5 minutes if&gAldrich, Arklow, Ireland)
(see Table 2.1). The Ponceau S solution was remfyeed the membrane by
rocking in 0.05% (v/v) Tween 20 in PBS washing $olu (see Table 2.1) for 10
minutes. To prevent non-specific binding of eithiee primary or secondary
antibodies, the membrane was incubated in blockmigtion (5% not-fat, dry
milk in 0.05% (v/v) Tween 20 in PBS) at room tengiare for an hour under
agitation and then washed once in 0.05% (v/v) Twa@mn PBS to remove the
excess of milk. Meanwhile, the primary antibody waspared in 5% not-fat
milk or 1-5 % (w/v) BSA in PBS at the recommendeidtin (see Table 2.2).
The membrane was incubated with the primary angilmarnight at 2C on the
rolling mixer (SRT9, Stuart Scientific, Stone, UKJhe following day, the
membrane was washed three times in 0.05% (v/v) mw&® in PBS while
agitating for 10 minutes to remove the residuatary antibody. After rinsing,

membrane was incubated for an hour at room temperavith secondary
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antibody conjugated to HRP (see Table 2.3). Bettatction with enhanced
chemiluminescence, the membrane was washed thmees tin 0.05% (v/v)
Tween 20 in PBS. The membrane was placed in a ttagrand incubated for 1
minute with the Western Blotting Detection ReagerftSE Healthcare,
Buckinghamshire, UK) or Immobilon Western-Chemilaescent HRP substrate
detection system (Millipore, Billerica, USA). Theembrane was placed protein
side up in the cassette wiim autoradiograph film (Konica Minolta & Graphic,
USA). Filmswere exposed initially for 2 minutes and then re-expogadthe
optimal time as needed. Films were developed atatlfby passing it through a
developing machine (CP 1000, AGFA, Brentford, UK)by using solutions in
the trays. If necessary the membrane was strippibdtine Restore Western Blot
Stripping buffer (Thermo Scientific, Rockford, USfr 30 minutes at 3T and

incubated with primary antibody again, as previgpuscribed.

2.3.6 Dot Blot procedure

For a spotting sample assay, the Bio-Dot Apparéis-Rad, Hercules,
USA) was used. A sheet of nitrocellulose membraias wre-wet in PBS and
then clamped between gasket and 96-well samplelagep\fter assembly of the
apparatus, 100 pl of each sample was slowly filtete@ough the membrane
using vacuum pressure. As soon as the buffer solutiied out the vacuum was
disconnected, the dried membrane was placed imtashing tray and rinsed in

PBS. Protein signal was detected as describeceinqus section 2.3.5.

2.3.7 Chromatin immunoprecipitation
2.3.7.1Chromatin preparation

To cross-link proteins to DNA, typically, 1.7 x 1®elLa cells were
incubated for 10 minutes at°@ with an aqueous solution of 1% (v/v)
formaldehyde. To quench un-reacted formaldehyde3M glycine was added
and cells were incubated additionally for 10 misugs 4C. Cells were then
washed three times with PBS and lysed in 1.2 miCbf buffer containing
protease inhibitors (Protease inhibitor cocktaill, lIFisher Scientific,
Lecienstershire, UK) by incubating afGt with end-over-end mixing for 10

minutes. This was followed by centrifugation at 180g for 5 minutes.
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Supernatant was collected and labelled as a sdiaaigon. The residual pellet
was then washed in 1.2 ml of wash buffer (see Tabl¢ supplemented with
protease inhibitor cocktail for 10 minutes &C4by end-over-end mixing and
centrifuged again. The pellet was then re-suspemaeéd?2 ml of RIPA buffer
(see Table 2.1) containing a protease inhibitork@lc To shear chromatin,
lysate was sonicated on ice at 40% amplitude forainds of 10 seconds with 2
minutes interval between rounds using a Digital ifsem(Branson, London,
UK). The extract was clarified by centrifugationld 100 xg for 10 minutes at
4°C. Protein concentration was determined using eBnadford or BCA protein

assays (see sections 2.3.3.1 and 2.3.3.2).

2.3.7.2Immunoprecipitation

For immunoprecipitation experiments, the chromdtaction previously
extracted (see section 2.3.7.1) was pre-cleaneld %@t ul of wet Protein A-
agarose beads on a rotating mixer (Stuart Scient8itone, UK) to remove
proteins that non-specifically bind to the beadfalwhile, 50 pl of wet pre-
washed Protein A-agarose resin was re-suspended nm of RIPA buffer
containing 2 pg of appropriate antibody and incetddbr 2 hours at°€. After
antibody binding and three washes with wash byfee Table 2.1), beads were
used for immunoprecipitation. Typically, 1.5 mg lgéate was incubated for 2
hours at 4C with antibodies previously bound to the Proteiagarose beads.
After binding, the resin was washed three times Witml of wash buffe(see
Table 2.1), centrifuged at 160gxfor 3 minutes at ©C and transferred to a fresh
tube. To reverse protein-DNA cross-linking, beagsanincubated for 6 hours at
65°C. Immuno-complexes were recovered by addingLhemmlisample buffer
(see Table 2.1), followed by boiling for 3 minus<Y5C.

2.3.8 Immunoprecipitation of BrdU labelled, purified DNA

Chromatin fraction from HelLa cellabelled with 30uM BrdU (Sigma-
Aldrich, Arklow, Ireland) for 24 hours was prepared described in section
2.3.7.1. Later, DNA was purified from the chromdtiaction (see section 2.2.1).
Purified DNA was re-suspended in RIPA buffer andttienatured at 96 for 5

minutes, followed by rapid cooling on ice. 4% oé thupernatant was taken and
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then used as control input sample. DNA solution imasbated at % by end-
over-end mixing with anti-BrdU (see Table 2.2) ontol IgG antibodies, that
were previously pre-bound to the Protein A-aganesen (see section 2.3.7.2).
After immunoprecipitation, a sample of supernataas taken and kept as an
unbound fraction. The beads were then washed timess with 1 ml of wash
buffer (see Table 2.1) and centrifuged at 16@ for 3 minutes at €. The
purified DNA was eluted from beads using IP elutmrifer (see Table 2.1) and
either electrophoresed in a 1.5% agarose gel aadsferred onto nylon
membrane (see section 2.2.3) or used as a tenipiad®R reaction (see section
2.2.4).

2.3.9 Immunoprecipitation of BrdU labelled chromatin

HelLa cells were labelled with 10 uM BrdU for an hooollected and
incubated in 2M HCI supplemented with 1% (v/v) ®nitX 100 for 10 minutes
to denature DNA before chromatin preparation (seetien 2.3.7.1). Protein
content was quantified by BCA Protein assay (set@e2.3.3.2) and 25 pg of
the supernatant was saved as the input for immottoig.

To remove non-specific binding of proteins to theads, pre-cleaning of
chromatin fraction was achieved by incubation vathpul of Protein A-agarose
beads on a rotating mixer (Stuart Scientific, StddK). Typically, 1.5 mg of
lysate was incubated for 2 hours 4C4with anti-BrdU or control IgG mouse
antibodies previously bound to the Protein A-agafosads (see section 2.3.7.2).
After binding, beads were washed three times witmllof wash buffer(see
Table 2.1) and centrifuged at 160yXor 3 minutes at . To reverse protein-
DNA cross-linking, the resin was incubated for Gitsoat 68C or 5 minutes at
95°C. Immuno-complexes were recovered by addingLhemmlisample buffer
(see Table 2.1), followed by boiling for 3 minust<H5C.

2.3.10 Immunoprecipitation of EdU labelled, naked DNA usirg
5'-BMA azide

HelLa cells were grown in the presence @i EdU for 24 hours, fixed in
formaldehyde and permeabilised with 0.1% (v/v) dmitX-100 in PBS for 10

minutes on ice. The Click reaction was performeBBS for 30 minutes at room
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temperature in the dark by adding the Click reactidix Il to the cells (see
Table 2.1), followed by the addition of 10 volunwdsl% (w/v) BSA, 0.5% (v/v)
Tween 20 in PBS and incubated for a further 10 teswAfter three washes in
PBS, the chromatin fraction was extracted as desdrin section 2.3.7.1 and
DNA was purified as previously described in seco®.1. 4% of the supernatant
was taken as the input sample for agarose gelrepdairesis. Purified labelled
DNA was incubated at°@ by end-over-end mixing with anti-BrdU or control
IgG antibodies (see Table 2.2) previously pre-botmdhe Protein A-agarose
resin (see section 2.3.7.2). After immunoprecitatthe unbound sample was
saved. Beads were washed three times with 1 mlashvbuffer(see Table 2.1)
and centrifuged at 160 ¢ for 3 minutes at %C. Purified DNA was eluted from
the beads using IP elution buffer (see Table DNA was then electrophoresed
in a 1.5% agarose gel, stained with 0.1ul/ml of KYBafe DNA gel stain
(Invitrogen, Carlsbad, USA) and later transferreadoonylon membrane (see
section 2.2.3).

2.3.11 Immunoprecipitation of EdU labelled chromatin using 5’-
BMA azide

HeLa cells were labelled with 10 uM EdU for an hamd the chromatin
fraction was extracted as described in sectiorv23and 2.3.10. Protein content
was quantified using the BCA Protein assay (se@ose2.3.3.2) and 25 pg of
the supernatant was saved as the input for immottoig. Chromatin fraction
was pre-cleared with 50 pl of wet Protein A-agarbsads on a rotating mixer
(Stuart Scientific, Stone, UK) to remove non-spedifinding of proteins to the
beads. Typically, 1.5 mg of lysate was incubated2fdiours at ZC with anti-
BrdU or control IgG antibodies previously pre-bouadthe Protein A-agarose
beads (see section 2.3.7.2). After binding, beagl® washed three times with 1
ml of wash buffef(see Table 2.1) and centrifuged at 16§fer 3 minutes at %C.
To reverse protein-DNA cross-linking, resin wasubated for 6 hours at 85 or
for 5 minutes at 9. Immuno-complexes were recovered by adding 1 X
Laemmli sample buffer (see Table 2.1), followed by boilfog 3 minutes at
95°C.
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2.3.12 DNA mediated chromatin pull-down of EdU labelled
chromatin using biotin-TEG azide

HelLa cells were pulsed with 10 uM EdU before theclCleaction was
performed in the presence of the Click reaction Mix(see Table 2.1). The
chromatin fraction was extracted as described aticge 2.3.7.1. Protein content
was quantified using BCA protein assay (see se@i@8.2) and 25 pl of the
supernatant was saved as the input for westertirtgotTypically 1-2 mg of
extract was used for the pull-down step with 500filwet streptavidin-coated
resin. Before use, streptavidin-coated beads werghed twice with 1 ml of
wash buffer (see Table 2.1), equilibrated in RIP4ffdr (see Table 2.1) and
blocked overnight at°€ with 0.5 mg/ml BSA and 0.4 mg/ml pre-sheared salm
sperm DNA (both from Sigma-Aldrich, Arklow, IrelapdChromatin extracts
were incubated for 2 hours or overnight &€ 4vith pre-blocked streptavidin-
coated beads. After binding, unbound material wallected and resin was
washed three times with 1 ml of wash buffer (sebl@@.1) and centrifuged at
160 x g for 3 minutes at%C. To reverse protein-DNA cross-linking samples and
elute proteins from streptavidin-coated beads, $ssnwere incubated for 5
minutes at 9%C in 1 x Laemmlisample buffer and loaded onto protein SDS-
PAGE gel.

2.4 Mass spectrometry methods

2.4.1 Filter aided sample preparation (FASP) method

Dm-ChP was performed as described in 2.3.12 antlicapproteins were
prepared for proteomic analysis using FASP metWitsrfiewski et al., 2009).
Streptavidin eluted material was transferred to &rdton YM-10 column
(Millipore, Billerica, USA) and the volume was reskd to 30 pl by
centrifugation at 16 100 g at room temperature. To remove detergent, the
column was washed three times in sequence withu2@® UA and UB buffers
(see Table 2.1) and centrifuged at 16 1@Xor 30 minutes at room temperature.
To carboxyamidomethylate thiol residues, proteinsrewincubated for 20
minutes at room temperature in the dark with 10@fu50 mM iodoacetamide

(IAA). Filter units were washed again three timesthwUB buffer and
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centrifuged at 16 100 g for 30 minutes at room temperature. Proteins were
digested overnight at 3¢ with trypsin digest buffer (see Table 2.1) comitag 5
ng/ml of trypsin. Digested peptides were elutedcbmtrifugation at 16 100 g

for 30 minutes and filter units were additionallashed twice in 100 pl of 500
mM NaCl. All fractions were combined, peptides wer@dified using 100%
TFA and then desalted using ZipTip columns (MillipoBillerica, USA, see
section 2.4.2).

2.4.2 Peptides purification using ZipTip

ZipTip (Cyg) desalting column (Millipore, Billerica, USA) wasaced in a
1.5 ml Eppendorf tube and the resin was activatsthgu50 pl of 100%
methanol. The column was centrifuged at 4@pfar about 5-10 seconds and the
level of supernatant was monitored to prevent dyyifi the resin. After two
washes with 100% methanol, the column was washedtimes using 50 ul of
0.1% (v/iv) TFA, 70% (v/v) acetonitrile in water awdntrifuged at 400 g for
about 5-10 seconds. After the third wash, the Egpdriube was changed for a
new one and the column was washed four times witBo0(v/v) TFA. The
digested peptides (see section 2.4.1) were loads®d the column and
centrifuged at 400 g for 5-10 seconds. After peptide binding, the caluwas
again washed four times with 0.1% (v/v) TFA andchsferred to a new tube.
Peptides were eluted using 200 pl of 70% (v/v) auéile in water by
centrifugation, dried in a MiVac vacuum centrifugBarnstead, GeneVac,
Suffolk, UK) and analysed by mass spectrometry.

2.4.3 Mass spectrometry sample preparation and protein
identification after FASP method

Samples for mass spectrometry analysis were preépareording to the
protocol for Filter Aided Sample Preparation methgde sections 2.4.1 and
2.4.2). Peptideamples were analysed with a nanoelectrospray eshakgdent
6510 Q-TOF mass spectrometer interfaced with aiclenment column (Michrom
Bioresources Inc, Cap Trap500 nl volume) and separation column (Agilent
150 mm length, 73 pm diameter Zorbax 300SB-C18 5particles) and driven

by Agilent Technologies 1200 series nano/capilla@ysystem. The system was
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controlled by MassHunter Workstation Data Acquisiti(ver B.02.00. Build
1128.5, Patches 1, 2, 3, Agilent Technologies).tiep were loaded onto the
enrichment column at 7 pl/min for 3 minutes in W) acetonitrile(ACN) and
0.1% (v/v) formic acid with the trapping column get enrichment using the
capillary pump. At 3.1 minutes an inbusiivitching valve waset to separation,
and peptides were eluted directly into the Q-TOFrdua 60 minutes gradient
(1-60% ACN) at 0.4 pl/min using the nano pump. A@as then increased to
99% at 65 minutes and maintained at this concentraintil 75 minutes. At 75.1
minutes, gradients were set to initial conditionsd are-equilibrated for 20
minutes. The Q-TOF was run in positive ion modengissource settings as
suggested by Agilent and with MS scans from 360020 at 2 scans/s and
with MS/MS scans set from 60-240@zat 1 scan/s. Top 3 precursor ions were
selected for auto MS/MS at an absolute threshol806f counts and a relative
threshold of 0.01%with maximum of three precursoper cycle, and active
exclusion set at 2 spectra and released after WiteniRrecursor ion charge-state
selection and preference were set to 2, 3 and e8upsors, respectively and
selection was by charge then abundafgd.OF collision energy settings were
adjusted for a slope of 3.6 volts (V) per 100 Dadtavith an offset of minus
4.8V. Resulting MS/MS spectra were opened in Massétu Workstation
Qualitative Analysis (ver B.02.02, Build 2.0.197.®atches 3 Agilent
Technologies) and MS/MS compounds exportedlascot generic filesvhich
were then searched using the Global Proteome Madgarch engine using both
XTandem! and XHunter! algorithms. The search rasafe stored on the GPM
database (www.thegpm.org, index search numbers GPM32100083ard
GPM20100004555, respectively).

2.5 Cell biology methods

2.5.1 Tissue culture techniques

2.5.1.1Cryopreservation

Cells were removed from flasks by treatment with ttypsin in PBS for 3
minutes. The cells were centrifuged at 16Q for 5 minutes, counted and re-

suspended at 1.5 x Ml in cold freezing medium (see Table 2.1). Thé ce
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suspension was transferred to pre-labelled 1.5 mbvials (Sarstedt AG,
Numbrecht, Germany) in 1 ml aliquots. To maintaafi membrane integrity, the
cells were slowly cooled at a rate of approximatElg/minute by placing the
cryovials in a Cryo %C Freezing Container-Mr Frost{Nalgen€, Sigma-
Aldrich, Arklow, Ireland) containing 250 ml of 100#0opropanol and stored at -
8¢C.

2.5.1.2Resuscitation

HelLa cells were resuscitated by rapid thawing efdhll at 37C. 1 ml of
pre-warmed medium was placed in a 15 ml sterile tamd the cell suspension
was added and incubated af@7%or 1 minute. 2 ml of DMEM culture medium
was then added, followed by incubation af@#or 1 minute. 15 ml of pre-
warmed DMEM culture medium was placed in a 75° dtask, and the cell
suspension was then added to the flask. The cells imcubated at 3 and 5%

CO,. The culture medium was changed the following day.

2.5.1.3 Cell cycle synchronisation using double thymidine lock

HelLa cells were grown in DMEM culture medium to soibfluent density.
The following day, the cells were exposed to 2 nilyintidine for 18 hours at
37°C. After the first block, thymidine was removed bgsing the cells three
times with PBS and the culture was released irgehfrmedium for 9 hours at
37°C. After the indicated time, cells were blocked &second time with 2 mM
thymidine for a further 17 hours at®7 Treatment was terminated by washing
cells with PBS three times and releasing syncheshcells into fresh medium to
progress throughout the cell cycle. The cells warther collected at different
time points and cell synchrony was monitored byvfloytometry of propidium

iodide-stained cells.

2.5.1.4Stable isotope labelling with amino acids in cell Wdture (SILAC)

method

HelLa cells were grown in three sets of SILAC megdih purchased from
Dundee Cell Products, Dundee, UK). Medium labeleedium contains 13C

labelled arginine and deuterium labelled lysine rmacids (R6K4) and heavy
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labelled medium contains 13C and 15N labelled amgirand 13C and 15N
labelled lysine (R10K8). Control cells were growm $ILAC medium that
contained unlabelled arginine and lysine amino sa¢RIOKO0). All media were
supplemented with filtered FCS (Dundee Cell Proslubundee, UK). The cells
were cultured for six cell divisions in labelled darunlabelled media to
metabolically incorporate heavy amino acids intatkgsised proteins. Growth

media were replaced with fresh media every thrgs daer a period of a week.

2.5.2 Detection of DNA synthesis by fluorescence microspp
2.5.2.1BrdU labelling

To detect DNA synthesis by immunofluorescence sogltbwing on round
coverslips (@ 13 mmyWR International, Dublin, Ireland) were incubatedh
30 uM BrdU (Sigma-Aldrich, Arklow, Ireland) for 1&inutes. After labelling,
cells were rinsed twice with PBS and fixed with 76étd ethanol for 30 minutes
at room temperature. Ethanol excess was removenh&ng the coverslips three
times with PBS. At this point the coverslips coudd stored at %€ prior to
immunostaining. The cells were incubated in 2 M K130 minutes at 3T to
fragment and denature DNA of the labelled cellse Tells were then washed
three times with PBS and non-specific antibody inigasites were blocked with
1% (w/v) BSA in PBS for 30 minutes at room temperat Cells were incubated
with anti-BrdU antibody (see Table 2.2) for 30 ntemiat 37C. After three
washes in PBS, a secondary anti-FITC conjugatetaiy (see Table 2.3) was
applied and coverslips were incubated in the dark30 minutes. DNA was
counterstained with 1 pg/ml of DAPI (Sigma-Aldrichrklow, Ireland), and the
Superfrost slides (Menzer-Glasser-Fisher, Dublmelahd) were mounted in
DABCO solution (see Table 2.1). The image analygas carried out using an
Olympus BX51 microscope with 60 x (NA 1.4) or 10MmBjective (NA 1.35).
Images were analysed using OpenlLab software (wver&p Improvision,
Emeryville, USA).

2.5.2.2EdU labelling

For detection of DNA synthesis by fluorescence oscopy, cells growing

on round coverslips (@ 13 mmyWR International, Dublin, Ireland) were
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incubated with 10 uM EdU for 30 minutes at’G7and fixed with an aqueous
solution of 1% (v/v) formaldehyde for 10 minutesrabm temperature. After
PBS wash, cells were permeabilised with 0.3% (Vhrjon X-100 in cold PBS
for 15 minutes on ice and subsequently washed timesss with 1% (w/v) BSA
in PBS. Non-specific sites on the slide were blackéh 1% (w/v) BSA in PBS
for 30 minutes at room temperature and coverslipeewinsed three times with
PBS. The Click reaction was performed in PBS for iBthutes at room
temperature in the dark by adding to the cells iCigaction Mix | (see Table
2.1). After staining, cells were washed three timéth 1% (w/v) BSA, 0.5%
(v/v) Tween 20 in PBS. Nuclei was counterstainedhwi pg/ml of DAPI
(Sigma-Aldrich, Arklow, Ireland), and after thragther washes, coverslips were
mounted onto Superfrost slides (Menzer-Glasseregfisbublin, Ireland) in
DABCO solution (see Table 2.1). Images were takehanalysed as previously

described in section 2.5.2.1.

2.5.3 Flow cytometry analysis

2.5.3.1Analysis of DNA content and DNA synthesis using pgidium iodide
and BrdU

2 x 10 Hela cells were incubated with 30 pM BrdU for 3thutes, re-
suspended in 5 ml of PBS and fixed by drop wiseteatdof pre-chilled water
solution of 70% (v/v) ethanol and stored &E 4rior to flow cytometry analysis.
The following day, cells were washed in pre-warr®EM culture medium to
remove precipitated salt and DNA was then denatunsthg 2 M HCI
supplemented with 0.7% (v/v) Triton X-100 in PBS f80 minutes at room
temperature. Next, cells were washed twice with RB& incubated in the dark
with primary anti-BrdU antibody for 30 minutes (s€able 2.2), washed again
twice with PBS, followed by incubation for 20 miestwith secondary anti-FITC
antibody (see Table 2.3). Before analysis, cellsewe-suspended in 1 x PBS
supplemented with 10Qg/ml RNase A and 4@g/ml propidium iodide (BD
Pharmingen, San Diego, USA). After incubation abmotemperature for 20
minutes, optionally overnight in the dark, cellsreveanalysed using a FACS
Calibur (Becton Dickinson, San Jose, USA) and @alest software (version
3.3, Becton Dickinson, Oxford, UK).
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2.5.3.2Analysis of DNA content and DNA synthesis using-AAD and 5’-
BMA

2 x 10 Hela cells were labelled with 3M EdU for 30 minutes at 3C.
After incubation, cells were collected and fixedan aqueous solution of 70%
(v/v) ice-cold ethanol overnight af@. The cells were then washed with 1%
(w/v) BSA in PBS, followed by an additional washRBS. The Click reaction
was performed in PBS for 30 minutes at room tentpegan the dark by adding
to the cells Click reaction Mix Il (see Table 2.19]lowed by addition of 10
volumes 1% (w/v) BSA, 0.5% (v/v) Tween 20 in PBSI amcubated for a further
10 minutes. Later, cells were washed twice with RB8 incubated in the dark
with primary anti-BrdU antibody for 30 minutes (s€able 2.2), washed again
twice with PBS followed by incubation for 20 minsteith secondary anti-FITC
antibody (see Table 2.3). Finally, after three veassWwith PBS, samples were re-
suspended in 1 x PBS supplemented with §@0nml RNase A and 4@g/ml
propidium iodide (BD Pharmingen, San Diego, USAJ amcubatedor an hour
in the dark. Analysis was carried out using a FAC&to (Becton Dickinson,
San Jose, USA) and data were processed using B[SHAG software (version
6.1.2, Becton, Dickinson, Oxford, UK).

2.5.3.3Analysis of DNA content and DNA synthesis using-AAD and 6-

carboxyfluorescein TEG azide

To analyse the cell cycle profile using 6-carbougfiescein-TEG azide
cells were processed as described previously ihogse2.5.3.2. Click reaction
was performed with the Click Reaction Mix | (seeblea2.1) and after three
washes with PBS, the cells were re-suspended ihdf RBS containing 1.25 ug
of 7-AAD (Invitrogen, Carlsbad, USA) as a DNA intafator and incubated for
an hour in the dark. Analysis was carried out &vipusly using a FACS Canto
and BD FACS Diva software.
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Chapter 3 Development of DNA mediated chromatin

pull-down technique

3.1 Introduction

Chromatin immunoprecipitation (ChIP) methodologys h&volutionised
experimental approaches to stuthanscription, replication and DNA repair
(Orlando et al., 1997). It allows the associaticowringin vivo between defined
proteins at specified loci to be investigated. Traglitional ChIP method was
modified and described here as DNA mediated chrionpatll-down (Dm-ChP)
(see section 2.3.12). The Dm-ChP procedure invobes®ral steps: protein to
DNA cross-linking using formaldehyde, DNA shearingrotein pull-down,
cross-link reversal and protein detection. Eachthafse steps was optimised

individually as outlined in the following sections.

3.2 Preliminary steps for developmentof Dm-ChP method

3.2.1 Optimisation of the crosslink step

Cross-linking is required to stabilise DNA and iotinteractions before
subsequent analysis. The aim of cross-linking fsxtthe protein of interest to its
chromatin binding site. Proteins like histones gemerally tightly associated
with DNA and may not require cross-linking, but ettDNA binding proteins
have a weaker affinity and need to be cross-linlkcea@void their dissociation
from the chromatin during lysig.he cross-linking agent should possess several
unique properties: a suitable cross-linking distarmontrollable kinetics of cross-
linking and ease of reversibilityfrormaldehyde reversibly cross-links primary
amino groups in proteins forming a gkhethylene cross-link bridge (Kiernan,
2000). It is one of the shortest cross-linkers knaoilockenbusch and Kast,
2010). The distance between cross-linked groupsttse proximity 0f2.3-2.7 A,
suggesting an interaction at the range of van daalsVradii(Zeng et al., 2006).
The formaldehyde cross-link can be reversed bygh temperature treatment
(Orlando et al., 1997)ime of cross-linking is a critical parameter anatessive

cross-linking can interfere with cell breakage dgrlysis, affect fragmentation
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and solubilisation of the DNA during sonication. eféfore it is necessary to
perform a time course experiment to optimise cfivésag conditions.

To optimise protein-DNA cross-linking, cells weredted with 1% (v/v)
formaldehyde (see section 2.3.7), harvested atrdift times and analysed by
western blotting using anti-PCNA antibody. Immuremtve bands
corresponding to the PCNA were detected in all dasngnalysed. Additionally,
after fixation, the cross-linked form of the PCNAsvdetected in the chromatin
fraction as an additional slower migrating bandy(ife 3.1; lanes 2-6).

1% formaldehyde cross-link
[kDa] 0 10 20 30 40 60 time [minutes]
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Figure 3.1 Optimisation of protein-DNA cross-linkip step.Cells were treated with 1% (v/v)
formaldehyde for different times, harvested andlys®al by western blotting using anti-PCNA
antibody.

The apparent molecular weight of the cross-linkathfof PCNA corresponds to
the homotrimeric form of protein. This form was moesent in the control, non
cross-linked cells (Figure 3.1; lane 1). The intgnsf the band did not increase
much across a defined time window, suggesting1B8&20 minutes fixation was
possibly sufficient to generate the protein-DNA anrdtein-protein cross-links
(Figure 3.1; lanes 2-6).

3.2.2 Preparation of chromatin enriched fraction

To eliminate cytoplasmic proteins that are not ralynpresent in the
nucleus but may interfere with subsequent analysishromatin and to further
enrich for proteins associated with DNA, a celcfranation was performed. We

investigated whether the cross-linking step coftiiecathe fractionation process.
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We hypothesised that if a protein interacts loosslth DNA it should be
enriched in the chromatin fraction after formaldaégross-linking.

To assess this, HelLa cells were either mock treatedcubated for 10 or
30 minutes at %€ with 1% (v/v) formaldehyde. Cells were subseqlyeyted in
isotonic, low stringent CL buffer to extract solalproteins. The residual pellet
containing nuclei was resuspended in RIPA bufferptepare the chromatin
enriched fraction (see section 2.3.7.1). Proteiesewseparated on SDS-PAGE
and analysed by western blotting using antibodexognising the indicated
proteins (Figure 3.2). Claspin, Cdc7, Mcm2, Cdc#a &PA were chosen as

examples of nuclear and chromatin associated piotei

Soluble fraction Chromatin fraction
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Figure 3.2 Preparation of chromatin enriched fraacn. The soluble fraction was extracted

using CL buffer, followed by chromatin preparationRIPA buffer. Proteins were separated on

SDS-PAGE and analysed by western blotting usinigp@dies recognising the indicated proteins.

We could detect all of the replication proteins lgsed in the positive
control extract prepared in 1% SDS. In the absefceross-linking Claspin,
Cdc7 and RPA were mostly extracted with CL buffeiggre 3.2; lane 2). As
predicted, following cross-linking these same prateare recovered in the
insoluble fraction (Figure 3.2; lane 6 and 7). @e tontrary, Cdc45 was only
detected in the insoluble fraction both in absesoe presence of cross-linking.

This suggests that in absence of cross-linkingAG&de more tightly bound to the
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chromatin and CL buffer is not stringent enoughrétease Cdc45 into tt
soluble fractionConstant level of the Mcm2 throughout samples imigis tha
not all cellular proteins arcross-linking to DNA (Figure 3;2lanes -7). We
conclude that all of the replication proteins asaly can be easily retained in
insoluble fraction after cro-linking to DNA and that the crodsiking step help:

to stabilise protei™dNA interactions

3.2.3 Optimisation of sonication stej

In the standar chromatin immunoprecipitation protocdlse approximat
size of DNA fragments rang: between 10®00 base pair irlength. DNA
fragments of this lengtensure good resolution during analyassthey coveone
to three nucleosom. Our goal was to find thexperimentalconditions to
generatdDNA fragments of simile size.

To achieve thisHeLa cells were incubated f&0 minutes at °C with 1%
(v/v) formaldehyde. Thehromatin fraction was prepared in RIPA buffer
sonicated on ice for different pers of time from 0 to 70 secon. Between each
round of 10 secondsonicationsamples were allowed to cool down on for 2
minutes (see section 2.3.7.1)DNA was isolated, purified with phenc
chloroform isoamyl alcohc extraction and separated on an agarose gel
sections 2.2.1 and 2.2.

[kb] 0 10 20 40 50 60 70 time [seconds]

Figure 3.3 DNA shearing by sonication.Chromatin was sheared by sonication at 4
amplitude for up to 70 seconds. DNA fragments wsaated and after purification separated

an agarose gel.
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Untreated DNA (Figure 3.3; lane 1) migrates sloagya single band at the top of
the gel, whereas during sonication DNA was shemredime-dependent manner
and runs as a smear. Sixty seconds of sonicatisrmsuficient to generate DNA

fragments with the desired size of approximatel®-800 base pairs in length

(Figure 3.3; lane 6).

3.2.4 Protein detection after DNA-protein crosslink reversal

To permit the recovery and analysis of proteing fnotein-DNA and
protein-protein cross-linking must be reversed.sTstiep includes treating the
sample at high temperatures, but this has a pat@atcause protein degradation.
To investigate the effect of cross-linking reversahromatin fractions from
cross-linked and mock treatedlls (see section 2.3.7.1) were incubated &€65
over a time course of 0-6 hours. PCNA was usedmaaréier to assess the cross-

linking reversal.

Mock Cross-linked
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Figure 3.4 Detection of PCNA after reversal of ciedinking. Chromatin fractions from cross-
linked and mock treatecklls were incubated at 85 for up to 6 hours. Proteins were separated
on SDS-PAGE and analysed by western blotting wsiigPCNA antibody.

Western blotting analysis verified that we couldedée PCNA in all of the
samples analysed. PCNA from mock treated cellsategras a single band, but
after exposure to cross-linking agent, we couldected slower migrating band,
corresponding to the homotrimeric form of the pirmtdhis band disappeared in
a time-dependent manner (Figure 3.4; lanes 9-h@ublation for 4-6 hours at
65°C was enough to reverse most of the formaldehyossdinking (Figure 3.4;
lanes 12 and 13). The 6 hour time point was usednast of the future
experiments. Alternatively, to reverse the actibfoomaldehyde samples can be
incubated in 1 xaemmlisample buffer (see Table 2.1) for 5 minutes €95
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3.3 Chromatin pull -down of replication proteins

3.3.1 Immunoprecipitation of Mcm2

As a proof of concept that we can pull-down knowplication proteins
that interact with DNA under these experimentaldibons, we performed an
immunoprecipitation experiment using an antibodgiast Mcm2. Briefly, HeLa
cells were either mock treated or cross-linked X0r minutes with 1% (v/v)
formaldehyde. The chromatin fractions from cros&éid and mock treated cells
were prepared in RIPA buffer as previously descrifsee section 2.3.7.1) and
subsequently incubated with control IgG or anti-Mcantibodies for 2 hours at
4°C (see section 2.3.7.2). After immunoprecipitatiprotein-DNA cross-linking
was reversed by incubation for 6 hours afG@5Immuno-complexes were
recovered by boiling for 3 minutes at®°@5in 1 x Laemmlisample buffer (see

Table 2.1) and analysed by immunoblotting.

Cross-linked Mock
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Figure 3.5 Immunoprecipitation of Mcm2 proteinChromatin fractions from cross-linked and
mock treated cells were incubated for 2 hours @@ @ith control IgG rabbit or anti-Mcm?2
antibodies. After IP we reversed cross-link andlgsed the input material (Input), material that
did not bind to the anti-Mcm2 or IgG antibodies @dnind) and material eluted from the beads
(Mcm2 IP or IgG R IP) by western blotting using thdicated antibodies.

Mcm2 protein was successfully detected in the irgnat unbound samples
from both cross-linked and mock treated cells (Feg.5, top panel; lanes 1, 2
and 5, 6). A similar amount of Mcm2 protein was iomaprecipitated in mock
treated and cross-linked cells (Figure 3.5, topepdanes 3 and 7), but not when

a control IgG rabbit was used (Figure 3.5, top pdares 4 and 8).
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Additionally, we looked at interactions between Mtrand other MCM
proteins. Under the experimental conditions usedniVl a known subunit of the
MCM helicase complex, was detected in the input anbdound material from
both cross-linked and mock treated cells (Figute Bottom panel; lanes 1 and
2). Using the anti-Mcm2 antibody we could co-immprezipitate Mcm7 from
cross-linked cells (Figure 3.5, bottom panel; I&ebut in mock treated cells
this interaction was weaker, possibly because tl@&VvVcomplex is disrupted
during cell lysate preparation (Figure 3.5, bottpamel; lane 7). This result
suggests that cross-linking stabilises the MCMdaske throughout the various

stages of the experiment.

3.4 Immunoprecipitation of BrdU labelled DNA

The aim of my project was to capture newly syntes$iDNA and analyse
the protein components associated with it. To aehibis we first used 5-bromo-
2’-deoxyuridine (BrdU) to label nascent DNA, folled by immunoprecipitation
of chromatin with an anti-BrdU antibody (see Tablg).

Halogenated nucleosides, such as BrdU have beeloitexpb as an
alternative to {H] thymidine-based cell proliferation studies (Yaokd and
Gilbert, 2001). This permeable analogue is widedgduto detect cellular DNA
synthesis in a variety of organisms in both celldthassays an vivo models
(Morstyn et al., 1983). Upon phosphorylation, BrédJincorporated into the
nascent DNA by the DNA polymerases (Kuebbing andridle 1975;
Wlkramasinghe, 1981; Zupanc and Horschke, 1996¢. [belled DNA is then
detected by using specific antibodies raised agawuasogenated nucleosides
(Gratzner, 1982).

3.4.1 Detection of BrdU incorporation in HelLa cells

To detect DNA synthesis, HelLa cells were grown avecslips and
labelled for 30 minutes with 30 uM BrdU (see sett5.2.1). Replication foci
were detected by immunofluorescence using an adtidEantibody coupled to a
secondary FITC-fluorescein fluorophore (Figure 3u@&en fluorescence; middle
panel). To visualise the nuclei, DNA was stainethgdDAPI (see Table 2.1)
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(Figure 3.6, blue fluorescence; left panel). Thyltipanel shows overlaichages
(Figure 3.6; right panel).

We observed a fraction of cells positive for Brdtaising and this
corresponded to actively replicating cells (Figle®). Moreover, dispersed
patterns of replication foci throughout the nucleusre observed in cells that
incorporated BrdU (Figure 3.6, green fluorescenogjdle panel). No green
fluorescence was detected in non S phase, congéitd ¢Figure 3.6, green
fluorescence; right panel).

DAPI BrdU Overlay

Figure 3.6 Immunofluorescence analysis of BrdU st&d cells.Non-synchronised HelLa cells

were grown on coverslips and incubated with BrdW 30 minutes, followed by anti-BrdU
antibody detection. DNA was visualised using DARft panel shows DNA nuclear staining
(blue fluorescence), middle panel shows BrdU lageDNA (green fluorescence) and right panel

shows overlaid images (Overlay). (Scale bar 10um).

We also used flow cytometry to further assess ticerporation of BrdU
into nascent DNA (see section 2.5.3.1). Cells Wabelled for 30 minutes with
30 uM BrdU, fixed and stained using anti-BrdU andti-&ITC antibodies
(Figure 3.7). DNA content was determined by stagjniNA with propidium
iodide (PI). A characteristic DNA content histografor an asynchronous
population of HeLa cells is presented (Figure &it;panel). Cells in g G, and
M phases have a 2n and 4n DNA content, respectivetii S phase cells lying
in between these two DNA content markers (Figuré; 3eft panel). To
specifically detect BrdU positive cells, DNA contemas plotted against FITC
fluorescence using scatter plots. We detected baakd levels of fluorescence
in mock treated cells (Figure 3.7, middle panebhgreas the population of cells
that incorporated BrdU showed a characteristicrlaoence pattern known as

“horseshoe” (Figure 3.7, right panel). The numbeércells in S phase was
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expressed as a percentage of total cells analySediré 3.7. right panel).
Microscopy and flow cytometry analysis were rouynesed to monitor DNA

synthesis in HelLa cells.

Mock BrdU labelled
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b - [ — ﬁ" 33.6%
&2 - o ' J 4
5 | g - %
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Figure 3.7 DNA content and BrdU incorporation usindlow cytometry.HelLa cells were
labelled for 30 minutes with 1@M BrdU and later analysed by flow cytometry for its
incorporation DNA content was measured using the PI. The pergentd BrdU positive cells is

indicated in the figure.

3.4.2 Immunoprecipitation of BrdU labelled, naked DNA

To assess if BrdU labelled DNA can be immunopreaipd using an anti-
BrdU antibody, HelLa cells were incubated with 30 BxiiU for 24 hours, the
chromatin fraction was prepared in RIPA buffer &satibed previously (see
section 2.3.7.1) and DNA was purified with pheraditoroform: isoamyl alcohol
extraction and ethanol precipitation (see sectioR.12. To allow epitope
exposure for antibody recognition, DNA was denaturg heat shock and used
in immunoprecipitation using either anti-BrdU orntml| IgG antibodies (see
section 2.3.8). After the immunoprecipitation, taptured DNA was eluted from
the beads in elution buffer (see Table 2.1). Tectef DNA was present in the
immunoprecipitated samplesye used a PCR-based assay that relies on
amplification of DNA fragments usingrimers specific to a 300 bp actin
fragment (see section 2.2.4). Amplified DNA was seduently separated by
electrophoresis on a 1.5% agarose gel.

Gel electrophoresis demonstrated that DNA contgirire target 300 bp
actin sequence was present in all samples from tjinpmbound and
immunoprecipitated material (Figure 3.8, lanes 1-Me labelled DNA was
captured with anti-BrdU antibody (Figure 3.8, laf)e but also with control IgG
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antibody(Figure 3.8, lane 7 Therefore we concluded that nepecificcapturing
of DNA occurredduring immunoprecipitation of BrdlabelledDNA.

BrdU labelled
e o e o
- B S 3 =
=5 O _ = ~ =]
k] £ 5 g 5 %

1 2 3 4 5 6 7

Figure 3.8 Detection of ant-BrdU immunoprecipitated DNA by PCRAfter IF, purified DNA
frominput material (Input) material that did not bind to the arlirdU or IgG mouse antibodie
(Unbound) andmaterial eluted from the bea(BrdU IP or IgG M IP)was amplified by PCI
reaction using primers specific for a 300 bp actiagment and then separated onto 1.

agarose gel.

To minimise no-specific binding of DNA, Protein A&garose beacwere
blocked overnight usg 0.4 mg/ml pre-sheared salmgrean DNA an: the pre-
blocked resin wasubsequenthused in theimmunoprecipitation experime.
After elution, captured DN/and salmon sperm DNA eithen their ovn (Figure
3.9; lanes 2 and)3or as amixture (Figure 3.9; lane Were used irthe PCR
reaction with the same actin primers. Simil, the 300 bp actin fragment w
amplified in allsamplesWe observed that pre-smed salmon sperm DNA us
for Protein Aagarose beacblocking was also a template the PCR reaction
(Figure 3.9; lane 3). Due the above=xperimental limitations we switched an
alternative method for detion of naked, Ilabelled DNA after

immunoprecipitation procedur

134



PCR template
+ + — Captured DNA
[kb] + - + Salmon sperm DNA

1.5—
1.0—

05—

03—
01—

1 2 3

Figure 3.9 Amplification of an actin fragment by PC Immunoprecipitation olabelled DNA

was performed using ti-BrdU antibody conjugated to Protein #&garose beadweither pre-
blocked with presheared salmon sperm DNA or not. Eluted DNA anohgalsperm DNeither
in the mixture or alone were used as a templatePlGR reaction using primers specific fol

300 bp actin fragment and then separated onto la§#sose ge

We a&andoned this PC-based assay in favour of a Souéster blotting-
based assayDNA labelling and immunoprecipitation were performed
described abovéAfter captur, the DNA was eluted from the bei in elution
buffer (see Table 2., resolved by electrophoresis anl1.5% agare gel and
transferredby capillarity onto a nylon membrang¢see section 2.2.. The
membrane was subsequently blocked and pi with the antiBrdU antibody
(see Table 2.13imilar to western blotting. & electrophoresis arSYBR Safe
DNA gel staining Bowed that DNA was present in input and unboun
samplesrom both BrdUlabelledand mock treated cells. Howevere observed
asignificantly lower amount of DNA isolated fromock treateatells. We could
not detect immunoprecipitated DNA the pulleddown samples (Figure 3.10 .
This might be due to a looamount of pulleddown DNA fragments which ai
below the imit of detection for this techniqg. After the transfer onto the nylc
membrane and the probing with «BrdU antibody, BrdUlabellec DNA was
detected in the input and unbound samples from Elabelledcells, but not ir
mock treated cells (Figure 3.10 b; lanes 1, 2 grif).dmportantlylabelled DNA
fragments were recovered when the immunoprecipitatias performed with tt
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anti-BrdU antibody in BrdUlabelled cells (Figure 3.10 bane 3), but not in

control IgG (Figure 3.10 b; lane 5)or the mock treated cells
immunoprecipitatioa (Figure 3.10 b; lanes 8 and 10).

a) BrdU labelled
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Figure 3.10 Immunoprecipitation of BrdU labelled, naked DNA.DNA from either Brdl
labelledor mock treated cells was purified frcthe inputmaterial (Input), material that did ne
bind to antiBrdU or 1gG antibodies (Unbound) and material eluted frtime beads (BrdU IP ¢
IgG M IP) a) DNA wasseparated by agarose gel electrophoresis and JiseilbySYBR Safb)

DNA was thentransferred onto nylon membrarand membrane waprobec with anti-BrdU
antibody.

3.4.3 Immunoprecipitation of BrdU Ilabelled DNA from
chromatin fraction

To investigate if newhsynthesised DNA coulde immunoprecipitated froithe

chromatin fraction and DNA associated proteidetected, BrdU labelled

136



chromatin wasised as starting material for the immunoprecigt. HelLa cells
were either mock treated dabelled with 30 uM BrdUfor an hour. Aftel
formaldehyde fixation, cells were harvested and DM#s denatured using 2
HCl supplemented with 1% (v/v) Trit-X 100 (see section 2.3.9). T
chromatin fractions werpreparedn RIPA buffer (see section 2.3.7.1). As a

step, labelledNA was immunoprecipitated using ariirdU or IgG antibodie
and protein complexes were analysed by westertingafsee section 2.3.9). V
hypothesised that using this approach we shoulibleeto detect proteins close
associated witlthe DNA moecule such as histonemd for this reasc histone

H2A was used as a pro

BrdU labelled Mock
2 o 2 a
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Figure 3.11Immunoprecipitatior of newly synthesised cbhmatin using ant-BrdU antibody.
DNA from chromatin fraction was denatured with 2NLI, followed by immunoprecipitationf
labelled DNA using an-BrdU antibody. Input material (Inputynaterial that did not bind t
anti-BrdU antibody Unbound) an material elued from the beads (BrdU IP)ere analysed by

western blotting using histone H2A antib.

After immunoblotting, histone H2A was detected in the input and unbc
fractions form either BrdUabelled or mock treated cellBigure 3.11; lanes 1,
and 4, 9. Unfortunatel, histone H2A was notrecovered in the
immunoprecipitation using a-BrdU antibody neither in th&rdU labelled or
mock treated samples, suggesting that we faileguit-down BrdU labelled
chromatin using this approa(Figure 3.11; compare lanes 36p

Taking these data together we concludec labelled,naked DNA, but no
labelledDNA from the chromatin fraction, can be immymecipitated under ot
experimental conditiol. This may reflect either failure of tH#&NA denaturatior
step or theinability of the antiBrdU antibody to recognise DN.under such

conditions.
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3.5 DNA mediated chromatin pull-down methodology

Due to unsuccessful immunoprecipitation of Brdabelled DNA from the
chromatin fraction we decid to explore a different nucleotidterivativecalled
5-ethynyl-2'deoxyuridine (EdU). EdU is a thymidinéke nucleotide the is

incorporatedinto DNA during S phase of the cell cyclgery efficiently.

Detection of EdU is based onHuisgenSharpless 1, 4 cyclodition reaction
(also known as [tk reaction), which is copper (I) catalysd transformatiol
between an azide and anyne moietiefMoses and Moorhouse, 20

The EdUcontains the alkyne functional group which carcovalentlycoupled
to an azidezontaining molecule such asfluorochrome, biotin or -BMA (5-

bromo-5-azido2’,5’-dideoxyuridine) to drm a stable, triazole rin(Cappella et
al., 2008) As this reaction occurs under mild conditions @rabes not require
the denaturation of doul-stranded DNA proteins are natdverselyaffected
(Buck et al., 2008)Figure 3.1)).
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HN ’ ; e -
)\ | EdU labeling Click reaction”
—_— _—

o N Formaldehyde Chromatin

cross-linking shearing
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HO ‘V/OH
5-ethynyl-2"-deoxyuridine
1 1
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Figure 3.12Generalstrateg) for tagging of newly synthesised chromatwith EdU. 5-ethynyl-
2'-deoxyuridineis used to label newly replicating DM Next, azidesontaining reagentis

selectively linked to the reactive alkyl group afLEcontaining DN, through Click reactio.

3.5.1 Detectionof EdU incorporation in HelLa cells

To confirm tha EdU can be used as an alternative method for I
labelling, HeLa cells weregrown on coverslips and pulsed for 30 minutes v

10 uM of EdU.Cells were fixed wit formaldehyde anghermeabilisec Upon
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Click reaction the EdU incorporated into the DNA swiéinked to a 6-
carboxyfluorescein-TEG azide molecule (see sec®@n2.2). Coverslips were
then washed with PBS and nuclei were stained wi#PD(Figure 3.13, blue
fluorescence; left panel).

As before (see section 3.4.1) we observed a fracticells positive for EAU
staining and this corresponded to actively repicpaicells (Figure 3.13). The
characteristic patterns of replication foci disgershroughout the nucleus were
observed in cells that incorporated EdU in earph&se, whereas replication foci
patterns typical for cells in middle/late S phakeven perinuclear and nucleolar
staining (Anachkova et al., 2005; Dimitrova and Gilbert, 294Figure 3.13,
green fluorescence; middle panel).

DAPI Overlay

Figure 3.13Analysis of DNA synthesis using EdU and 6-carboxydlescein-TEG azidetHelLa

cells grown on coverslips were incubated with Edld 30 minutes and afterwards EdU was

conjugated to 6-carboxyfluorescein-TEG azide byclClieaction. DNA was visualised using
DAPI. Left panel shows DNA nuclear staining (bldeofescence), middle panel shows
replication foci of EAU labelled DNA (green fluooemice) and right panel shows overlaid

images (Overlay). (Scale bar 10 um).

We also used flow cytometry to assess incorporatioBdU into nascent
DNA. HelLa cells were incubated with 10 uM EdU f@ @inutes and fixed with
ice-cold 70% (v/v) ethanol (see section 2.5.3.3)otJ Click reaction the EdU
was coupled to 6-carboxyfluorescein-TEG azide ahADRvas stained with 7-
amino-actinomycin D (7-AAD).

A characteristic DNA content histogram for an asyoaous population of
HelLa cells is presented by plotting cell count aggi7-AAD content (Figure
3.14, left panel). To specifically detect S phasJEpositive cells, 7-AAD
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content was plotted against 6-carboxyfluoresceiGTazide fluorescence using
scatter plots. We detected background levels adrélscence in mock treated
cells (Figure 3.14, middle panel), whereas the faimn of cells that
incorporated EdU showed a characteristic patteowknas “horseshoe” (Figure
3.14, right panel). The number of cells in S phaas expressed as a percentage

of total cells analysed (Figure 3.14, right panel).
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Figure 3.14 Detection of DNA content and EdU incaymtion using flow cytometryHelLa

cells were incubated with 10 uM EdU for 30 minwaed EdU incorporation into the DNA was
detected by flow cytometry after Click reactionhw@-carboxyfluorescein-TEG azide. DNA
content was measured using the DNA intercalatorADAThe percentage of EdU positive cells

is indicated in the figure.

Microscopy and flow cytometry analysis confirmedttidbNA labelling
using EdU was detectad vivo. EdU was successfully incorporated into newly
replicated DNA undergoing semi-conserved synthasts could be detected by
covalent linkage to a fluorochrome through a spedcfick chemistry reaction.
We compared EdU and BrdU protocols and observetl dhta obtained are
identical and in addition EdU approach was fasted alid not required

denaturation of DNA.

3.6 Capturing of EdU labelled DNA from chromatin

enriched fraction

To address the question whether EdU labelled DNAzarecovered from
the chromatin fraction, two approaches were ingastid. Firstly, EdU labelled
DNA was covalently linked to BrdU azide probe cdl-bromo-5-azido-2’,5'-
dideoxyuridine (5-BMA) through Click reaction (Cpglla et al., 2008) and

chromatin was captured using an anti-BrdU antib@edgure 3.15). The second
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approach involveghe covalent linkage of biotif-FEG azide. Recovery of new

replicated chromatin was achievedstreptavidin-coated res{rigure 318).

3.6.1 Immunoprecipitation of EdU labelled, naked DNA using
5'-BMA azide

First we investigated if Edllabelled naked DNA can be coupled the 5'-
BMA molecule and further immunoprecipitated usingti-BrdU antibody
(Figure 3.15). To assess that, HeLa cells veither mock treated cincubated
for 24 hours with 5 uM EdU and proteins were c-linked to DNA with
formaldehyde. €lls were permeabilised and the EdU was coupled5’-BMA
molecule through Click chemistry reaction (Figurd53. Cells were lysed i
isotonic buffer, followd by nuclei extraction in RIPA buffer and DNA shiegr
by sonication(see section 2.3.7). DNA molecules were further purified .

previously described (see section 2..
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S-ethynyl-2'-deoxyuridine 5-bromo-5'-azido-2’,5'-dideoxyuridine

Figure 3.15Strategy for tagging ancapturing of newly synthesised chromar using 5’-BMA
azide.EdU is used to label newly replicating DNA. After piat&NA-cross«-linking, 5’-BMA
azide is selectively linked to the reactive alkybup of EdU containing DNA. After DN
shearing small fragments of chromatin are captuethg ant-BrdU antibody

Finally, labelled DNA was immunoprecipitated using aBrdU or IgG
antibodies prdésound toProtein A-agarose beads (stion 2.3.1). DNA was
eluted fromthe resii by incubation in elution uoffer (see Table 2.1DNA was

separated on a 1% agarose gel (Figure 3.16 subsequently transferred or
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nylon membrane and probed with -BrdU antibody (sesection 2.2.3) (Figur
3.16 b).After staining the agarose gel wSYBR Safewe detected DN/n the
input and unbound samples from bottU labelledand mock treated cell
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Figure 3.16 Immunoprecipitation of IdU labelled, naked DNADNA prepared from either Ed
labelledor mock treated cells was purified frcthe inputmaterial (Input), material that did n¢
bind to the antBrdU or IgG antibodies (Unbound) and material eluted frime beads (BrdU i
or IgG M IP) a) DNA fragments werelectrophoresed on agarose gaid visualised by SYE
Safeb) DNA was therransferrec onto nylon membrane and EdU labelBNIA tagged with 5’-
BMAwas detected using a-BrdU antibody.
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We observed a significantly lower amount of DNAIl&ed from EdU labelled
cells. We could not detect DNA in immunoprecipithkamples (Figure 3.16 a).
This again could be due to the low amount of recedddNA and the detection
limit of SYBR Safe. After transferring the DNA froitihe gel onto the nylon
membrane and blotting with anti-BrdU antibody, EtHbelled DNA linked to
5’-BMA was detected in the input sample from EdUDdied (Figure 3.16 a; lane
1), but not from mock treated cells (Figure 3.18ames 6 and 7). We observed
that labelled DNA was efficiently depleted from woind sample probably due
to the low amount of labelled DNA in the startinguerial (Figure 3.16 b; lane
2). Labelled DNA fragments were recovered with-&rdU antibody only when
the cells previously incorporated EdU (Figure 3bl6ane 3), but not in control
IgG (Figure 3.16 b; lane 5) or mock treated catisnunoprecipitation (Figure
3.16 b; lanes 8 and 10). Since we observed un&bd&lNA in the unbound
sample (Figure 3.16; compare lanes 2 a and b)ikal/ that 24 hours labelling
with 5 uM EdU was not sufficient to label all DNAIlternatively, it is possible
EdU labelled DNA was in excess to 5’-BMA azide agriClick reaction. From
these experiments we concluded that combinatioBdd and 5-BMA allows

naked, labelled DNA immunoprecipitation using aBitdU antibody.

3.6.2 Immunoprecipitation of EdU labelled DNA from
chromatin fraction using 5’-BMA azide

To test whether EdU labelled 5’-BMA tagged newlnthesised chromatin
can be purified, HeLa cells were either mock tréate incubated for an hour
with 10 uM EdU. Proteins were subsequently crassell to DNA using
formaldehyde, permeabilised and the 5’-BMA azide \iaked to EdU molecule
through the Click reaction. Cells were lysed in Buffer, followed by nuclei
extraction in RIPA buffer (see Table 2.1 and secfd.7.1). DNA was sheared
by sonication and finally, immunoprecipitations wgrerformed using anti-BrdU
or IgG antibodies previously bound to Protein Araga beads (see section
2.3.11). Beads were eluted by incubation in laemmlisample buffer at &,
thus obtaining DNA and protein containing fractiothgt were subsequently
analysed by western blotting using anti-histonead8body.

143



We foundthat histone H3 was presentthe inputand unbound sampl:
from both EdUlabellec or mock treated cells (Figure 3.Xkcgmparelanes 1, 2 to
6, 7). HistoneH3 wasnot capturedn the immunoprecipitation performed w
chromatin preparedrom mock treated cellgFigure 3.17; lanes 3 and ‘!
Unfortunately, histone H3 wasnon-specifically immunoprecipitated from
chromatin fractiondy either an-BrdU or control IgG antibodies (Figure 3..
lanes 8 and 10).
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Figure 3.17Immunoprecipitation of EdUlabelled 5’-BMA tagged DNArom chromatin using
anti-BrdU antibody. Chromatin fractiois were prepared either from EdUabelled or mock
treated cells. EdUabellec DNA was linked to 5BMA azide and immunoprecipitated using -
BrdU or control IgG antibodiesThe inputmaterial (Input), material that did not bind to &
BrdU or IgGantibodies (Unbound) ar material eluted from Protein Agarose bead(BrdU IP
or IgG M IP) wereanalysed by western blotting using ~histone H3 antibod

The EdU-5"BMA-based approach was initially promising, but under
experimental conditions trnon-specific binding of labelleBNA to Protein A-
agarose beads was most likely the reason for tkedspecificity Therefore we
concluded that this meth may not be suitable for studying protein con
associated with newly synthesised DI

3.6.3 Capture of EdU labelled naked DNA using biotir-TEG
azide

Due to thetechnica problems described in the previous sec we decided
to use an alternative tagging mole(, biotin-TEG azide and capturing bee
such as streptavidicoated resin (Figure 3.18). To assdéiss feasibility and
specificity of DNAmediated chromatin p-down,logarithmically growing cell:

were either mock treated or incubated with EdU2bhours prior t collection.
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Figure 3.18 Schematic principles for taggir and capturing of newlysynthesised chromat
using biotin-TEG azideEdU is used to label newly replicating DNA. Afterotein DNA-cross-
linking, biotin-TEGazide is selectively linked to the reactive alkglup of EdU containing DN/

After DNA shearing small fragments of chromatin eaptured usin(streptavidir-coated beads.

Chromatin fractions were prepared in RIPA buffer(section 2.3.7.1) at
DNA molecules werepurified as previously described (see section 2.
Finally, EdU labellec, biotin-TEG azide tagged DNA was captured us
streptavidineoated bea. DNA was eluted from the resin by incubation
elution buffer (see Table 2.: resolved ora 1.5 % agarose gel ¢ stained with
SYBR Safe DNAgel stait (see section 2.2.2).

EdU labelled Mock
= =
S = S =
[kb] a E E a B E
Emxoa E 53O 6
15 —
1.0 —
05 —
02—
D1 —

1T 2 3 4 5 6

Figure 3.19 Pull-downof EdU labelled, naked DNA using biotif-EG azid¢. Dm-ChP assay
was performed from either Edlabelled or mock treated cellBurified DNA fragmentfrom the
input material (Input), material that did not birtd streptavidi-coated beads (Unbounand

material eluted from streavidin-coated beads (Dm-ChP) were separaiedr agarose gel.
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After staining of the g, we detected DNA in thénput and unboun
samples from both Edllabelled and mock treated ce(Bigure 3.19,compare
lanes 1, 2 and 4, 5). We could also detect recd DNA in pullec-down sample
only when the cells were previously incubated with EFigure 3.1, lane 3),
but not in the mock treated ¢ pull-downs (Figure 3.19; lane 6)his is the first
time that we observed a strong signal in the rema/eample usinSYBR Safe,
suggesting that btin tagging and put-down is more efficient than previo
approaches.

To confirm the presenceof biotinylated residues orthis DNA, the
recovered material wasubsequentlyanalysed by dot blot (see section 2.2
DNA from either mock treated (EdU labelled cells fronthe inpu or pulled-
down material was spotted onto nitrocellulose meméran analysed using
anti-biotin HRPconjugated antibody (see Table 2.2). Biotinylatesidues wer
detected only in thénput and pulleddown samples from the lls previously
labelledwith EdU. No biotinylated DNA was present the input and pulle-
down samples from the mock treated c(Figure 3.20).

EdU labelled Mock

Dm-ChP

Input
Input
Dm-Ch

. L4 Anti-Biotin

Figure 3.20Detection of biotin conjigated to EdU in purified DNAPurified DN/ from extract
(Input) and biotin puldown (Dn-ChP) form either EdU labelledr mock treated cells we

spotted onto nitrocellulose membrane and blottetl amt-biotin antibody.

Together these dasuggest that the capture of purifiBdNA is depender
on EdU labellingand it is not due to ne-specific binding tostreptavidi-coated
beads or aggregatiaturing the pull-down step.
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3.6.4 Capture of EdU labelled DNA from chromatin fraction

To testwhethe EdU labelled, biotinFEG azide tagged chromatcan be
captured using stpeavidir-coated beads, Hela cells wemock treated o
incubated with 10 uMedU for an hour. After EdU labellingnd formaldehyd
protein-DNA crosdinking, cells were permeabilised and upohck reaction the
EdU incorporated into the DN was linked to a bioti-EG azide. Cells we
lysed in CL bufferfollowed byre-suspension of the nucle RIPA buffer anc
DNA fragmentationby sonication (see section 2.3.7.E)nally, labelled DNA
together with bound proteins v recovered using prelocked streptavidin-
coated beads. Chromatin fragments were then eligedthe resin by incubatic
in 1 x Laemmlisamyle buffer at 98C, a step that also reverses formaldehyde
crosshnk, thus obtaining DNA and pron containing fractions(see section
2.3.12).Proteins present ithe chromatin fractions from theput, unbound an
streptavidin captured material wi analysed by western blotting using -
histone H3 antibody.
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Figure 3.21 DmChP analysis of EdUlabelled chromatin.Dm-ChP assay was performed m
either EdU labellecbr mock treated cells ar material from the inpu€input), material that did
not bind to streptaviditoated beadfUnbound) or material eluted from streptavi-coated
beads (DmchP) were analysed by western blotting using -histone H3 antibody. Tw
exposures of the same film are shc

This analysis revealed that histone H3 was detestethe input ant
unbound fractions from both Edlabelledand mock treated cells (Figure 3..

comparelanes 1, 2 and 5, 6Histone H3 was pulledown in EdUlabelled, but
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not detected in the mock treated cells (Figure ;3&ies 3 and 7) even after a
prolonged exposure (Figure 3.21, bottom panel; [Bndhus, unlike in the 5'-
BMA approach, using biotin tagging and streptavidiated beads the capturing
of labelled chromatin was specific (Figure 3.2da).
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Chapter 4 Characterisation of DNA mediated chromatn

pull-down technology

4.1 Introduction

The DNA mediated chromatin pull-down methodologyliee on
incorporation of a dNTP analogue such as EdU, liyeceplication forks, into
newly synthesised DNA. EdU labelled DNA can be édko a biotin-TEG azide
molecule allowing it to be affinity purified usingfreptavidin-coated resin. In
Chapter 3 we provided evidences that the Dm-ChPhadelogy has been
established and in principle can be applied toce@uring of proteins associated
with EdU labelled DNA. In this chapter we furthealidate Dm-ChP technique
aiming to assess its sensitivity and specificity.

4.2 Requirements for DmChP

To pull-down labelled chromatin using streptavidoated beads, EdU
tagged DNA needs to be covalently linked to a hiorivative. This reaction is
catalysed by copper (II) sulphate that needs tm ls&u reduced to copper (1) by
a reducing agent such as sodium ascorbate (Salicdvaithison, 2008). The
reaction requires an alkyne moiety (EdU labellinglesule), an azide group
(biotin tag molecule) and copper (I) as a cataiydie present in the mixture. To
assess if all the reagents necessary for Clickiozaare required for the binding
of the labelled chromatin to the streptavidin-cddteads, HeLa cells were either
mock treated or incubated with 10 uM EdU for anrhédter EdU labelling and
formaldehyde protein-DNA cross-linking, cells wgvermeabilised. The Click
reaction was subsequently performed in the absemc@resence of each
particular component: EdU, biotin-TEG azide or ocepgll) sulphate. The
chromatin fraction was further extracted in RIPAffeu and DNA was
fragmented by sonication. EdU labelled DNA fragnsetdgether with bound
proteins were recovered using pre-blocked stregitandoated resin and eluted in
1 x Laemmlisample buffer at & (see section 2.3.12). As previously described,

histone H3 was used as a probe to detect chromatin.
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Figure 4.1 Requirements for DNA mediated chromatipull-down procedure. Dm-ChP was
performed in thepresence (+) or absence) of the indicated componenf the Click reactio.
Material from theinput (Input) anc material eluted from streptavidiceated beads (D-ChP)

were analysed by western blotting using -histone H3 antibody.

Immunoblottinganalysis demonstrated that histone H3 was pregetfie
input from all samples (Figure 4.1; lane-4). Histone H3 was only recovered
samplesvhere all reagents necessary for the Click reaatiere present (Figul
4.1; lane 6). The omission of EdU,otin-TEG azide or copper (ll) sulphe
prevented chromatioapture as assessed by a latkistone H: in the pulled-
down samplegFigure 4.1; lanes -9). These data indicate that p-down of

labelledchromatin is Click reactic-dependent.

4.3 Specificity of Dm-ChP

Using a nonsynchronised cell population and short Elabelling times,
only a fractiom of cells arein S phase and dhese cells only a small proporti
of cellular DNA islabellec with EdU. Therefore a chromatin extract prepe
from these cedl contains botlabelled and unlabelled DNA.

Because of th, we asked the question if D@hP specifically caures
EdU labelledchromatin from a mixture dabelled and ulabellec chromatin. To
assess this, waixed extracts prepared from HelLa ce¢hatalongwith normal
histones also express a functional histone H3 fusion (Figure 4.2, gre
fluorescencemiddle panel) with extracts from unmodified Heldlgeeither
labelled or ufabellec EdU. Briefly, unmodified HelLa cells or HelLa ce
expressing H3sFP were either mock treated or incubated with ¥DgdU for

an hour.Chromatin fractions were prepared as previouslygrilesd (see sectic
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2.3.7.1). An equal amount of extracts prepared frbath cell lines was
combined and labelled chromatin was recovered usiagblocked streptavidin-

coated beads (see section 2.3.12).

DAPI GFP-Histone H3 Overlay

Figure 4.2 Stable expression of GFP-histone H3 ireda cell line.HelLa cells expressing GFP-
histone H3 were visualised by fluorescence micnpgctmages show nuclear DNA stained with
DAPI (blue fluorescence, left panel), GFP-histon2 (dreen fluorescence, middle panel) and

overlaid images (Overlay, right panel). (Scale h@rpm).

As expected after immunoblotting we found that dnst H3 and histone
H4 were present in all input samples. We also deteGFP-histone H3 in input
samples prepared from cells expressing the fusiotein (Figure 4.3; lanes 1-6).
We could specifically capture GFP-histone H3 onhew HelLa expressing GFP-
histone H3 were labelled with EdU (Figure 4.3, figmel; lanes 9, 10 and 12).
Unmodified histone H3 and histone H4 were preserglli EQU treated samples
(Figure 4.3, middle and bottom panels, respectjalyes 8-12). Chromatin was
not recovered from mock treated cells (Figure aBe 13).

Importantly, GFP-histone H3 was not detected whetnaets from EdU
labelled HelLa cells were mixed with extracts ofalp@lled chromatin that was
marked with GFP-histone H3, indicating that intelecalar aggregation
between biotinylated and untagged chromatin fragendones not occur (Figure
4.3, top panel; lane 11). Together these resufip@ti the notion that chromatin
can be specifically pulled-down by EdU labellingdamiotin tagging of nascent
DNA.
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Figure 4.3 Specificity of Dn-ChP technologyDm-ChP was performefiom cellslabelled (+)
or not labelled (-)with EdU either expressing GFP-Histone H@sion protein(HeLa GFP-H3)
or parental HeLa cells (HeLa]The input (Input) and pulledewn material (Dr-ChP) were
analysed by western blotting using -GFP (top panel), anthistone H3 (middle panel) or a-
histone H4 (bottom panel) antibodi

4.4 Sensitivity of Dm-ChP

The DNA mediated chromatin pi-down methodology as devised witl
the idea of capturing and analysing proteins pies¢rthe replication forks
Eukaryotic replication forks progressa velocity of 0.742.3 kb/minute(Herrick
and Bensimon, 200 and the DNA fragments obtained durithg sonication step
are approximatel800 bp in lengtt Therefore, théength of the EdU pulse a
critical parameternf the aim is to captu chromatin in close proximity t
replication machinery

First we decided to test the minimum time required to detEdl
incorporation into nascent DNA. To assess, HelLa cells were incubated wi
10 pM of EdU for different perics of time (1 minute to hour), harvested ar
fixed for cell cycle analysi(see section 2.5.3.2). AfterwardsgU was couple
to 5’-BMA azide througtthe Click reaction and further stainading ant-BrdU
and anti-FITCantibodie. DNA content was determindal staining DNA with
PIl. To specifically detecEdU positive cells Pl content was plottecainst FITC

fluorescence usincscatter plots (Figure 4.4, bottom panel). We dett
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background levels of fluorescence in mock treatells Figure 4.4, bottom
panel), whereas the population of cells that incaajed EdU showed a
characteristic fluorescence pattern known as “lsbrse’. Fluorescence from
EdU labelled cells increases linearly with the tioié&=dU incubation (Figure 4.4,

bottom panel).

Mock 1 5 10 30 60 EdU labelling
w4 y g 3 | [minutes]
O & = H K ® E

2n  4n 2n 4n 2n 4n 2n 4n 2n 4n 2n 4n

DNA content (PI)
o
L
3k | | J | |
% 2n  4n 2n 4n 2n 4n 2n  4n 2n 4n 2n 4n
i}

DNA content (PI)

Figure 4.4 Cell cycle analysis of DNA content anddB incorporation. HeLa cells were
labelled with 10¢M EdU for the indicated times and EdU incorporatimas detected by flow
cytometry analysis after Click reaction with 5’-BM#&ide molecule. DNA content was measured

using the PI staining.

To investigate the minimum time of EdU labellingquired to detect
pulled-down proteins associated with nascent, labeDNA such as histones,
logarithmically growing HelLa cells were mock trehtw labelled with 10 uM of
EdU for different periods of time (10 minutes tohdurs), harvested and
permeabilised. The chromatin fraction was extracteRIPA buffer, followed by
sonication to shear genomic DNA (see section 2.3.WUpon Click reaction EdU
was coupled to biotin-TEG azide and recovered upiegblocked streptavidin-
coated beads (see section 2.3.12). Eluted matesimbnalysed either by western
blotting (Figure 4.5 a) or by SDS-PAGE stained wilodeBlue Gel Stain
Reagent (see section 2.3.4.2; Figure 4.5 b).

As previously described, histone H3 was used a®laepto detect labelled
chromatin. Histone H3 was detected in the inpuimfrall of the samples
analysed. Furthermore, using the Dm-ChP strategyweee able to captured
histone H3 associated with DNA that was synthesisétin 10 minutes of

labelling. The amount of pulled-down histone H3 egus to increase in a time-
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dependentmanner and after 30 minu it levels out,suggestinga positive

correlation betweerihe amount of labellegdhromatin and recovered histc

within a certain rang(Figure 4.5 a).

a) 1 15 30 60 90 120 -EdU labelling time

o [minutes]
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Input
Dm-ChP
Input
Dm-ChP
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Input
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Input
Dm-Ch
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Figure 4.5 Detetion of histone H3 and other proteins upodifferent EdU labelling times.
HelLacells were either mock treated or incubated withuM EdU for the different times lore
harvesting and processed Dm-ChP(a) The input material (Input) anchaterial eluted fron
streptavidineoated beadsDm-ChP) were analysed by western blotting usingant-histone H3

antibody (b) or by staining the SC-PAGE with CodeBlue Gelt&n Reagent. Streptavidin (
band is indicated.

Additionally, SD$-PAGE followed by CodeBlue staining ‘rther
confirmed our observati. In addition, to thepredominant streptavic band
present in all pulledlown samples, we observed an increasthe intensity of

histone derivedands th: corresponded to time of EAU pulddoreover, we
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detected amumber ofnon-histone bands that gaxified with newlysynthesised
DNA (Figure 4.5 b).

4.5 Linearity and resolution of Dm-ChP

To investigatethe relationship between the amounit EdU labelled
chromatinin the starting matericand the amount afecovered proteii in the
pull-down stepHelLa cells were either mock treated or incubatetth D pM
EdU for an hourlf there is apositive correlatiorbetween these two paramete
we expected to pi-down increasing amount of proteim@th the increasint
amount of EdUlabellec DNA. After harvesting, cells were permeabilised &
EdU was coupled to biot-TEG azide upon Click reaction. Chromatin fracti
were extracted in RIPA buffer and DNA was fragmdnby sonication (se
section 2.3.7.1)The EdU labelledextract was combined w mock treated
extractat different ratis before the pull-down step in suclway that 1 mg of
protein extract wasisec in each sample. EdU labelled DNfagment together
with bound proteinswere then recovered using frcked streptavid-coated
beads (see section 2.3.1. Pulled-downmaterial was analysed by westt
blotting using antPCNA antibod (Figure 4.6).

Western blotting analysis showed that we recoveP&NA in EdU
labelled, but not imock treated cells. Aositive correlation between t amount
of EdU labelledchromatin and pulleedown PCNA wasobserved (Figure 4).
These data suggest that -ChP procedure is not only specific, but it can

potentially semiguantitative

Ratio between
Neat 1 033 014 0066 Mock EdU labelled/unlabelled DNA

35— G, -— PCNA

Figure 4.6 Linearity ofDm-ChP procedureHelLa cells were mockdated or incubated wit10
uM EdU for an hour. EdUabelled chromatin was diluted with mock treated chromats
indicated. Streptavidin recovered material was gsatl by western blotting ug anti-PCNA

antibody.
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To assess the efficiency of the EdU labelled DNAtgee we performed
dot blot analysis of the input and unbound matdr@in previous experiments.
Different concentrations of extract (3 pg-12 pgyevspotted onto nitrocellulose
membrane and blotted with anti-biotin HRP conjudeatatibody (see Table 2.2
and section 2.3.6).

Meat 1 0.33 014 0.066 Ratio between

- - - - — EdU labelledfuniaballed DNA
[ c | o | o
=3 = | e | o | i |

s o s =] ) [=] it [=] st (=]

I & F oA T OH T H T A

(a8 [ (=8 = =5 o (=} [ sur (=8 [

£ 3 £ 3 £ O £E O3 E O

12pg
6 pg

Jug anti-biotin

1 2 3 4 5 6 7 8 9 10

Figure 4.7 Dot blot analysis of EdU labelled chroria Different concentrations of chromatin
from the input material (Input) and material thatichot bind to the streptavidin-coated beads

(Unbound) were spotted onto nitrocellulose membiame: blotted with anti-biotin antibody.

Biotin-tagged DNA was detected in all starting miale analysed.
Additionally, the intensity of the signal producdxy the anti-biotin HRP
conjugated antibody correlated with the amountatifelled chromatin spotted
onto the membrane. We observed that by using mehatlodiluted extracts, we
saturated the streptavidin-coated beads as labefieanatin was still detected in
unbound material (Figure 4.7; lanes 2 and 4). Eali¢lled chromatin was fully
depleted from extract containing 25% or less otled DNA (Figure 4.7; lane
6, 8 and 10) indicating that resin saturation osowhen 25-50% of labelled

DNA is used during pull-down step.

4.6 Saturation of streptavidin-coated resin during DmChP

Next we decided to investigate whether saturatibstieptavidin-coated
beads occurs during Dm-ChP procedure. Moreovertitvated the streptavidin
and biotin-TEG azide to test how recovery of prmetorrelates with the amount
of these reagents. To address these questions, ¢&dlsawere mock treated or
incubated with 10 yuM EdU for an hour. After harvegt cells were
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permeabilised and EdU was coupled to 50 ul, 100rp200 ul of biotin-TEG

azide through the Click reaction. The chromatircticmn was extracted in RIPA
buffer, followed by DNA shearing (see section 2.B)7 Labelled chromatin
fragments were captured using 50 upl, 100 pl or 1800of pre-blocked

streptavidin-coated beads and further separated SBXS-PAGE (see section
2.3.12). To visualise proteins the gel was staimgith GelCode Blue Stain
Reagent (see section 2.3.4.2; Figure 4.8).

Biotin-PD Mock
E 50 100 200200 200 biotin-TEG azide [ul]
- 50 150 50 100 streptavidin beads [pl]

[kDa]

250 —
150 —
100 —

70—

25—

F0~—
20—

¥ - — — —— g

1 2 3 4 5 6 7 8

Figure 4.8 Relationship between amount of streptinicoated beads, biotin-TEG azide and
captured materialDm-ChP was performed using different amounts @fgavidin-coated beads
and biotin-TEG azide in pull-down and labelling gde respectively. The input material (Input)
and captured material (Dm-ChP) from EdU labelledmock treated cells were separated onto
SDS-PAGE and stained with CodeBlue Gel Stain Reagarptavidin (*) band is indicated.

We could detect the streptavidin moiety as a sibgled in the lanes where
recovered material was loaded, but not in the isamiple (Figure 4.8; compare
lanes 1 and 3-8). The intensity of the streptavidand correlated with the
amount of beads used (Figure 4.8; lanes 3-8). Hitiad to streptavidin, we
could also detect proteins that were captured Vaitielled chromatin. Proteins
were not detected when chromatin was prepared fnaick treated cells (Figure

4.8; lanes 7 and 8). By assessing the intensitCadeBlue gel staining, we
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observed that proteins recovery correlated withreasing amount of

streptavidin-coated beads (Figure 4.8; lane 6)nbtiwith the increasing amount
of biotin-TEG azide used (Figure 4.8; lanes 3-RisTsuggests that all EdU
labelled DNA was tagged with the biotin moleculel @treptavidin-coated beads
may be a limiting factor in Dm-ChP.

To confirm that amount of streptavidin-coated beads limiting factor for
Dm-ChP, we performed immunoblotting analysis oftgiro complexes captured
using different concentrations of streptavidin-eohtbeads. HelLa cells were
either mock treated or labelled for an hour withuld EdU. Dm-ChP procedure
was subsequently performed as previously descrifssd section 2.3.12).
Constant amount of lysate was incubated with irgtnga amounts of
streptavidin-coated resin and the input and stvghita captured material were
then analysed by western blotting using anti-PCNid aanti-histone H3
antibodies.

PCNA and histone H3 were detected in the input fedtiner EAU labelled
and mock treated cells (Figure 4.9; compare lanasdl?2). Additionally, PCNA
and histone H3 were specifically recovered only nvicells were treated with
EdU (Figure 4.9; lanes 4-6). Proteins were not olegsk when chromatin was

pulled-down from mock treated cells (Figure 4.968).

Input Dm-ChP
[kDa] = o % 25 50 100 streptavidin beads [ul]
KR — — — PCNA

. “ e wmme WP Histone H3

1 2 3 - ] 6

Figure 4.9 Titration of streptavidin-coated beadsleLa cells were either mock treated or
labelled with EAU. Dm-ChP assay was performed amnNABprotein complexes were recovered
using either 25 pl, 50 pl or 100 pl of streptavidimated beads. The input material (Input) and

streptavidin recovered material (Dm-ChP) were asaly by western blotting using an indicated
antibodies.
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Similar to the previous experiment, the levels eftavered PCNA and
histone H3 increased with the amount of streptavadiated beads used (Figure
4.9; lanes 4-6). This data strongly suggests thateu these experimental
conditions and time used for DNA labelling, strefdién-coated beads become
saturated when 25 or 90 and possibly 10Qul of streptavidin-coated beads are
used. Thus, titration experiment suggests tha@atheunt of streptavidin-coated

beads is a limiting factor for the quantitative twap of biotinylated chromatin.

4.7 Conclusions

Dm-ChP approach was developed and validated insetssitivity and
feasibility. Brief summary of the major Dm-ChP stegre presented in Table 4.1.
We confirmed that chromatin can be specificallylgnddown by EdU labelling
and biotin tagging of nascent DNA.

Optimisation and validation of Dm-ChP:

Number of cells used - 2 x 10 cells for mass spectrometry analysjs
- 2 x 10 cells for biological studies

10 puM EdU for short pulses and 5 uM for 24

hours labelling

EdU labelling

Formaldehyde cros-linking 10 minutes atC

1.2 ml of RIPA buffer supplemented with
Chromatin enriched fraction L )
protease inhibitor cocktail

_ _ 10 seconds sonication at 40% amplitude
Chromatin shearing o
repeated six times

Click reaction 30 minutes at RT

Amount of biotin-azide used for

100 pl of 10 mM stock
2 x 10 cells

Amount of pre-blocked
o 100 pl of bed volume
Streptavidin beads

Pull-down steg Overnight at AC

Reverse of DN/-protein cross-
link

5 minutes at 9%

Table 4.1 Summary of major steps of Dm-ChP approach
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4.8 Proteomic analysis of labelled chromatin recovered
after Dm-ChP

4.8.1 Introduction

Histones are the most abundant proteins assocwitbédchromatin, but
many different low abundangeoteins bind to DNA. We aimed to identify novel
non-histone proteins that are associated with Edbelled chromatin by
combining Dm-ChP and mass spectrometry approath@®over, we wanted to
assess compatibility of the Dm-ChP method with gwotic analysis.
Additionally, we decided to further validate the BZhP method and confirm
that pulled-down material contains proteins knoven bie present at active
replication forks and can be specifically captubgdDm-ChP. We hypothesised
that using Dm-ChP we will purify several hundredtpms that specifically
associate with nascent DNA. We also aimed to ifienew components of the
replisome that could be subsequently characterigéel.strongly believe that
such knowledge could help to understand DNA repbcaand shed light onto
different biological mechanisms involved in DNA ¢lyesis and chromatin
maturation.

Mass spectrometry is a powerful tool used to idgn&ind quantify
unknown proteins present in a sample. Briefly, magsctrometry separates
peptides according to their mass to charge ratw@alther and Mann, 2010).
Peptide sequences can be identified by mass spestinp and this information
can be further used to specifically search a warit online databases to
determine protein identity (Beavis, 2006). Initetempts at mass spectrometry
analysis of the streptavidin eluted material wesggrmed by Brendan Harhen at
NCBES at NUI Galway, using an Agilent Q-TOF in MS#\node. A schematic
diagram of sample preparation is presented in Eigud2. For quantitative
proteomic analysis based on SILAGdBle sotope &belling with_anino acids in
cell culture) samples were analysed in collaboratatn Dundee Cell Product
Laboratory Ltd. (Dundee, UK).
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4.8.2 Detection of chromatin associated proteins after D-ChP

To characterise proteins associawith newly replicated chromatitEdU
labellingwas performed for an hoand samples were processed accordirthe
Dm-ChP protocol (see section 2.3.12). Recov proteins wer separated on
SDS-PAGE andnalyed by silver staining (see section 2.3.4.3).

Using SDSPAGE staining weobservedhe predominant streptavidoand
in both EdU labellednd mock treated cells pull-down @ire 4.1(; lanes 1 and
2). Additionally, inthe sample pulsed with EdU, we detectiedtone derivel
bands together witha great number of bands that morified with newly
synthesised labelle®NA fragments (Figure 4.10; lane 1Although silver
staining is not quantitative, the lack of bandgha sample from mock treat
cells further indicates that capturing of the pircgeis specific due to Ed
labelling (Figure 4.1(; lane 2).
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Figure 4.10Detection of noi-histone proteins in pulled-dowmaterial after Dn-ChP.Dm-ChP
pulled-down material (Dr-ChP) performed from EdU labelled)(or mock treated-) cells was
separated on SDBAGE and stained with silvi Streptavidin (*) band isndicated
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4.8.3 Preparation of protein complexes for mass spectrontey
analysis using FASP metho

To identify the proteins associated wilabelledchromatit we performed
proteomic analysisf Dm-ChP captured material. After the D@hP procedul,
recoveredproteins were luted from the beads in 1% SDS elution buffer {
Table 2.1) at 9%. Eluted materii was subsequentlyprepare for trypsin
digestion of proteir by adapting the FASP methdwisniewski et al.,2009)
(see section 2.4;1Figure 4.1). Briefly, eluted materialvas applied oni a
Microcon YM-10 column (Millipore, Billerica, USA) and concented by
centrifugation. To remo\ the detergent, theolumn was washed with UA al
UB buffers in sequencesee Table 2.1), followed by protemeduction with
dithiothreitol and alkylation usingiodoacetamide. Proteinsvere digested
overnight at 37C with trypsin (Sigm-Aldrich, Arklow, Irelanc) and purified
peptides were eluted from the filter unit, acidifiend further purified on the

ZipTip desalting columns (see section 2.4

1) Dm-ChP 2) Microcon YM-10 3) Denaturation 4) Reduction 5) Alkylation
filter unit (Urea) (DTT) (1AA)
(10kDz cut-off)
é. Buffer Buffer Buffer
_— —_— — —_>
é exchange % exchange exchange
v v V v
Centrifugation: Centrifuge Centrifuge Centrifuge

- Proteins <10kDa

6) Enzymatic digestion 7) Peptide Elution

‘ Overnight ‘
_—

g ——>
T

. ¢
N A %

Undigested proteins &
peptides >10kDa

Digested peptides 8) Processed for mass-

_—
<10kDa spectrometry

s

Figure 4.11 Filter-aided sample preparation (FASPpr MS-based proteomic analys FASP
methodconsists of six simf steps. Eluted material recovered after hP was applied ont
ultrafiltration devices. SDS was further removed dxchange with ureibuffel followed by
reduction and alkylation steps. As a last , proteins are digested overnight with digest

enzymdike trypsin and collected as a filtre.
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The ZipTip desalting column was activated by washing with @edt,
followed by washes witl0.1% (v/v) TFA and 70% (v/v) acetonitri Peptides
were bound to the resin and eluted w70% (v/v) acetonitrileEluted peptide
were dried in avMiVac vacuum centrifuge (Barnstead, GeneVac, SkfftlK)

and analysetdly mass spectrome (see section 2.4.3).

4.8.4 Functional classification of Dn-ChP proteome

Purepeptides werenalysed bynass spectrometry using an Agil Q-
TOF in MS/MS mode (see section 2.). The generated lisdf proteinswas
exported as a GPM3{obal Foteome_Michine) generic fileTo obtain the ame
and function of eac protein UniProt (http://www.uniprot.org) anGeneCards
(http://lwww.genecards.org) databe were usedConsortium, 2011; Rebhan
al., 1998).277 proteins werewecognisedand subsequently manually classif
into 29 dfferent classes (Figure 4.13; see AppendixAs expected, proteir
known to interact with nucleic acidlike histones or proteins involved
chromosome functior like histone modification factors and chapero
(Retinoblastoma binding prote, CAF-1, nieleophosmin, FACT compl) were
identified. Chromosomal proteins like Smcl, Smc3 were alsceg-down with
EdU labelledchromatin fragment

Filter Aided sample preparation (FASP)

Peptide desalting
(C18 column)

Q-TOF mass-spectrometer
Peptides analysed by HPLC coupled to tandem MS/MS

Global Proteomic Machine
(UniProt or GeneCards databases)

Figure 4.12 Scheme ofthe procedure used for protein identificatiorEluted proteins wer
prepared for a tryptic digestion using FASP metHody, followed by desalting of peptide
Purified peptides were subsequently analysed uagilgnt C-TOF in MS/MS modeProtein list
was generated using Global Proteomic Machine proteins werecharacterised using UniPr¢

and GeneCards databas
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DNA replication proteins like MCM helicase and PCIMADNA repair proteins
including DNA helicases Ku80, Ku70 and PARP wersogbresent in captured
material. Additionally, we identified a large numlzeé ribosomal proteins. These
proteins are highly positively charged and may stamlventitious binding to
chromosomes. For this reason they were previousfined as chromosome
hijacker proteins(Ohta et al., 2010). Contamination in the form wéctural and
cytoskeletal proteins (e.g. actin, vimentin) wersoafound in streptavidin
captured material. The full list of the proteinsemdified with the relevant

information is reported in Table 2 of Appendix 2.

. tRNA Synthetases 3
Chromaosomal periphery

proteins 2

Cellcycle 3 Transport4

Translation factors 8

Centromere 3

Chromosomal proteins 4 Transcription factors 5

. Structural 2
Cytokinereleted 1

Splicing related factors9

Cytoskeleton 27
SNRNP 21

DNArepair5

RNA modifying enzyme and

DNA replication 5
- related proteins 3

Histone modification 4 .
RNA helicases 8

Histones 13 RNA binding proteins 18

hnRNP 19

Metabolism 10 Ribosomal proteins 55

Mitochondrial 9

N/A 3

Protein modification 5 Protein transport 8

Figure 4.13 Functional classification of Dm-ChP pteome. 277 proteins identified were
classified into 29 different classes using inforimatfrom UniProt (Universal Protein Resource)

protein Knowledgebase and GeneCards databases. &lushiproteins in each class is indicated.

4.8.5 ldentification of non-histone proteins associated with EdU

labelled chromatin by western blotting

To confirm mass spectrometry results, Dm-ChP wa®peed from HelLa
cells either mock treated or labelled with 10 pMeofU for an hour (see section
2.3.12). Material eluted from the streptavidin-emhtbeads was analysed by
western blotting (Figure 4.14). A range of avaiéahhtibodies against chromatin
associated proteins were used as probes.

We could detect all proteins analysed in the irgaumples from either EAU

labelled or mock treated cells (Figure 4.14; lahesd 2). We were also able to
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detect the presence of r-histone proteins such as Smcl and 3, involved in
sister chromatid cohesion, Mcm7 and P(, key components of the DN
replication machinel, and the nuclear chaperone nucleopho, specifically in
the pulled-downmaterialfrom EdU labelled cells (Figure 4.14ane 4). Thes
proteins were absent in tlpull-down frommock treated cells (Figure.14; lane
5). This result indicate that the DmEhP procedure can be used to an:
proteinsassociated with newly synthesised chron by bothimmunoblotting

and mass spectrome.

Input Dm-ChP
[kDa] + — + — EdU

Smcl
130— n o~

Smc3
130—. u

- $— Nucleophosmin

25—

35— ey PCNA
1 2 3 4 5

Figure 4.14Detection of noi-histone proteins in pulled-dowmaterial after Dn-ChP.Dm-ChP
pulled-down material (Dr-ChP) performed from EdU labelldd) or mock treated-) cells was
analysed together wittthe input material (Input) by western blotting using antibes
recognising the indicated proteil

4.8.6 Conclusiors

Mass spectrometry and immunoblotting results cordot thathe Dm-ChP
procedure can be used to analyse proteins assbaiate newly synthesise
chromatin. Mass spectrometry approach revealetha leumber of contaminar
(cytoskeletal and structurgroteins) that were captured with nascent DI

Different cellular fractionation method such as rfete press or Dounce
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homogenisation could be tested to exclude the mamebrand cytoplasmic
proteins from the final nuclear fraction thus, e&se the sensitivity of the Dm-
ChP reaction. Moreover, to verify whether ribosonmbteins bind non-

specifically to DNA during extract preparation, additional pre-cleaning step
with an excess of internal unlabelled DNA fragmertsld be performed prior to
Dm-ChP. As proteins specifically associated withoamatin are cross-linked to
DNA, only proteins that non-specifically bind toetnrDNA during extract

preparation will be removed using this step andsegbently excluded from the
Dm-ChP captured material. Additionally, severalhhigtringent wash buffers
such as those containing high salt or detergentdcbe used to remove non-
specific binders. Furthermore, immunoblotting asel\of the ribosomal proteins
could also be helpful to understand the naturehefrtinteractions with EdU

labelled DNA.
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Chapter 5 Assessment of protein dynamics during DNA

synthesis and chromatin maturation

5.1 Introduction

In previous chapters we demonstrated that Dm-Chdpaesific and can be
used to analyse proteins associated with labeledneatin. In this chapter we
provide evidence that the combination of Dm-ChP,amjative mass
spectrometry and immunoblotting approaches allawdysng changes occurring

in the protein-DNA complexes at different timesidgrS phase of the cell cycle.

5.2 Dm-ChP studies of DNA replicating at different times
during S phase

5.2.1 Introduction and SILAC methodology

After the development and initial analysis of theAmediated chromatin
pull-down we started to address the qualitative guhtitative differences in the
protein content associated with early and lateicafphg chromatin. To assess
this we decided to apply highly sensitive and qiiaiinte approaches for protein
characterisation.

As different genomic regions are replicated duragly and late S phase,
we hypothesised that different amount of known aogel proteins may be
associated with DNA replicating at different stagels S phase. As more
replication origins is fired in early S phase comgghto late S phase, we
speculated that replication factors involved in DNynthesis will be enriched
with euchromatin. Furthermore, late replicatingehethromatin should be then
associated with the proteins involved in heterogtatin assembly such as HE1
chromatin remodelling factors or cohesin and cosolecomplexes.

SILAC (Sable sotope _a&belling with _anino acids in_ell culture) is a
powerful approach characterised by high accuraay @sed to detect small
changes in protein abundance among different san{@ag et al., 2002). This
method relies on incorporation of non-radioactividbelled amino acids into

mammalian proteinsn vivo. By culturing cells in media supplemented with
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normal ancheavy isotops of amino acids, proteins can di&erentially labelled
during theirsynthesis. After several cell cycles, each amind adl be replace
by its isotopdabellec analogue Since there is no chemical difference betw
labelled and “light’amino acids, ce behavior is identical ifabellec and regular
culture. However, proteins prepared from the “light” &@hdavy” media can b
easily distinguished due to small differences imirthmasses using ma
spectrometryFigure 5.1 (Zhang and Neubert, 2009).

We decided to take an advantage of SILAC metfogy and combine
with Dm-ChP procedureThis approach will allow us to directly compare

guantify proteins present in the various sam

‘Light’ ‘Heavy’

Extract
proteins

Figure 5.1 Cartoon representation of SILAC methodagjy. Cells ae cultured in“light” and

“heavy” SILAC mediumrespectively to differentially label proteins. Afta number of cel
divisions,each amino aciwas replaced by its isotope labelled analogféer harvesting cell
were combined together and proteins were isoladégksted and subjectd¢o massspectrometry

analysis. Picture adapt¢from (Gingras et al., 2007).

5.2.2 Proteome analysis of early and late replicating clamatin

using SILAC approach

To elucidate the molecular correlation between chronfaatures and the

temporal programmn of DNA replicatio, Dm-ChP technologywas combined
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with cell cycle synchronisatic and quantitative protenic analysis based «
SILAC. Briefly, isotop¢ pre-labelledHelLa cells (see section 2.5.1.4) w
synchronised athe G;/S border using aouble thymidine block (see secti
2.5.1.3). After arrest, cells were released fon& @& hoursinto a synchronouS
phaseto analyse early anmiddle/late replicating chromatimespectively Cells
were labelledvith 10uM of EdU for 30 minutes beforeltection ani processed
according with theDm-ChP protocol as described previously (see se
2.3.12). After DmEhF, beads were mixed together and eluted in 1% <The
early S phase ceflopulation wadabelled with isotoperhediun” media, while
the middle/lateS phase ce population was labelled withhtavy’ media. Mock
treated cells were grown ¢light” media (see section 2.5.1.4¢ell synchrony
and EdU incorporatiorwas monitored by flow cytometranc fluorescence
microscopy, respectivel

DNA content was determined by staining DNA witr-AAD. A
characteristic DNA content histogram for an asyoonbus population of Hel

cells is presented (Figure 5.2; top par

Release from thymidine block [hours]
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# % 3 21
& 3 i
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Figure 5.2 DNAcontent of metabolicalllabelledcells released from a thymidine block for O
2h or 6h.Hela cells arrested at the,/S transition were released from the cell cycleckland
allowed to progress into a synchronous S phase. Bbdient oflogarithmically growingcell

population (Asynchnoous, mock treated) arcells collected athe 0, 2 and 6 hoi post-release

was analysed by flow cytome

169



Cells in G phase and at /8 border have a 2n and 4n DNA content,
respectively, with S phase cells lying in betwdsese two DNA content markers
(Figure 5.2; top panel). Cells arrested with douliteymidine showed
accumulation at the £#5 boundary, confirming a successful synchronisatio
procedure. Cells re-entered S phase after 2 hawstrelease (Figure 5.2, top
panel), whereas 6 hours after block, cells reachattlle/late S phase (Figure
5.2, top panel). To specifically detect EdU positieells, 7-AAD content was
plotted against 6-carboxyfluorescein-TEG aziderisoence using scatter plots.
We detected background levels of fluorescence ickmceated, asynchronous
cells (Figure 5.2, bottom panel). Only cells labélwith EdU (synchronous, 2
and 6 hours post-release) showed increased levdlaooescence (Figure 5.2,
bottom panel).

To further demonstrate that cells were synchroneadl labelled with EAU we
performed fluorescence microscopy. Briefly, syndised Hela cells were
grown on coverslips and labelled for 30 minuteshwi® pM of EdU before
collection at 2 hours and 6 hours post-release floable thymidine block (see
section 2.5.1.3). Cells were fixed with formaldedyand permeabilised. Upon
Click reaction the EdU incorporated into the DNA swéinked to a 6-
carboxyfluorescein-TEG azide molecule (see sec®@n?.2). Coverslips were
then washed with PBS and nuclei were stained wigPD(Figure 5.3, blue
fluorescence; left panel).

We verified that over 90 % of the cells were labellvith EAU andEdU
signal was exclusively nuclear (Figure 5.3). Momgwlassical patterns of early
and middle/late replicating chromatin were obseryBidnitrova and Gilbert,
1999; Frum et al., 2009); cells taken at 2 hout-pelease were all EdU positive
and showed replication foci distributed homogengtistoughout the nucleus as
a dispersed, punctate pattern (Figure 5.3, top Ip@neen fluorescence). Six
hours after release, replication foci are mostlyated at the periphery of the
nucleus and around the nucleolus, confirming theltscwere enriched for
middle/late S phase population (Figure 5.3, botfmanel; green fluorescence).
Together these experiments demonstrated that welte labelled with EdU,
synchronised and efficiently released into S phgesgerating cell populations

either in early or middle/late stages of S phase.
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DAPI EduU Overlay

Early S phase

Middle/Late S phase

Figure 5.3 DNA replication foci identified by EdUnicorporation in cells released into S phase.
HelLa cells grown on coverslips were arrested at@uS transition released from the cell cycle
block and allowed to progress into a synchronoy#h&se. EdU labelling was performed for 30
minutes and afterwards EdU was conjugated to 6-wsyHuorescein-TEG azide by Click
reaction. DNA was visualised using DAPI. Left panehow DNA nuclear staining (blue
fluorescence), middle panels show replication fdwracteristic for an early and middle/late S
phase (green fluorescence; top and bottom panesgpectively) and right panels show overlaid

images (Overlay). (Scale bar 10 um).

Finally, proteins from either EdU labelled or mdc&ated cells from early
(2 hours post-release) and middle/late (6 hours-gedsase) replicating cells
were recovered by Dm-ChP (see section 2.3.12). a0%luted material after
Dm-ChP was analysed next to 1 pg of input sampl8D8-PAGE, followed by
silver staining (see section 2.3.4.3; Figure 5®)e rest of the material was
analysed using a quantitative mass spectrometryoapp based on SILAC
labelling (Dundee Cell Product Ltd., Dundee, UK).
Gel staining showed that the eluted material coethia sufficient amount of
proteins for MS analysis (Figure 5.4). In the mapsctrometry analysis, 315
proteins were identified and characterised by patara such as unique peptide
number, signal intensity or sequence coveragensitites of the medium and
heavy labelled peptides to light labelled ones esgprmedium/light (M/L),
heavy/light (H/L) and heavy/medium (H/M) ratios. Mauant algorithm was
used for protein quantification determined as thedian value of multiple
peptides (Cox and Mann, 2008).
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Figure 5.4 Detection ofproteinsrecovered with EdU labelled chromatiafter Dm-ChP. Dm-
ChP pulleddown material (Dr-ChP) performed from EdU labelled cettsgether with the inpt

materialwas separated on SFPAGE and stained with silver.

Studying ratios between heavy, medium and llabellec peptides we
monitored for small changes between analysed dondit Therefore, grois of
the proteins with high M/L and H/L ratios (valued)>represent specif
interactions with EdUabelled DNA ad proteins with M/L and H/L ratios le
than 1 were considered as contaminants. Similpriyteins with high H/M ratic
(values >1) were more abundant in the sarlabelledwith heavy amino acids

Table 3 in Appendix 3 shows41l proteins identified \ith at least 2
unique peptides. We also detecteuncharacterisefdroteins such as C14orfl€
C7orfl13, C20orfl74 (Zir-finger protein 831) and C120rfl12 -complex
protein 1). These proteins were excluded from thal flist as they were eith:
identified with low confidence (one unique peptide) or werasslfied a:
experimental contaminants according to the M/L Hfidratios.

The average normalised signal intensity of theiqadr peptide wa
calculated using MaxQuant software. MaxQuant iinternal calibration methao
to normalise peptide ratios. In this method, thealiare logarithnic value of the
SILAC ratios was obtained by its comparison withgeoup of predicter
contaminants whose median logariic values were set as zgf©ox and Mann
2008). The graphical representation of mass spectrometty dan be obtaine

by plotting log(H/M) SILAC ratio for all proteins identified on the y axis a
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ordinal number for each proteins on the x axis f@g5.5). One hundred and
sixteen proteins with high heavy/medium ratio (be#w 1.85-0.9) were
identified as enriched in middle/late S phase caepp#o early S phase, whereas
125 proteins with a lower ratio (between 0.8-0.08)icated association with

early synthesised chromatin (see Appendix 3).

1.50

1.00

0.50

0.00

250
-0.50

loz2{H/M) SILAC ratio

-1.00

-1.50

4
j

-2.00

Figure 5.5 Graphical representation of SILAC data.

Proteins such as histone chaperones FACT and CAReived preferential
association with chromatin synthesised after 2 ipost-release form thymidine
block. In addition, several factors involved in DNAynthesis, such as
Replication factor C, Flap endonuclease 1, Topoeases 1 and 2, Mcm7,
PCNA, Smcl and Smc3 were enriched in the fractissoaated with early
replicating DNA. On the contrary, proteins involvadchromatin organisation
such as scaffold attachment factor B2 (SAFB2) amiin A and B1 were more
abundant with the middle/late replicating DNA. Fatmore, proteins involved
in nucleosome assembly such as nucleophosmin areéatin were also found in
pull-down of late chromatin. Intriguingly, we obsed that ribosomal proteins
were enriched in the 6 hours compared to 2 hoors goint (see Appendix 3).
To confirm SILAC results, we performed similar expgeent where Dm-
ChP material was analysed by mass spectrometrg (uatt shown). We have
identified 363 proteins with minimum 2 unique peps and these includd®5
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unique proteins compared to the first experimerdweler, analysis of heavy,
medium and light ratios indicated that most of pineteins (only 3 proteins had
M/L ratio values >1 and 26 proteins have H/L ratadues >1) were enriched in
the control sample, suggesting that we pulled-dpvateins non-specifically. It
is rather unlikely, that proteins such as Lamin @lcondensin that we have
preciously observed as enriched with late replgathromatin would be now
more abundant in control unlabelled cells. We dohave an explanation for this
discrepancy but it is possible that MBalysis was not performed properly in the
second experiment or despite that the proteins werss-linked to DNA some
complexes could exchange among labelled and uihdabehriantsThe observed
differences between both SILAC analyses could bkatag to different
experimental approaches. Unlike in the first experit where separate pulled-
down samples were mixed after Dm-ChP, we combirdld from different time
points (2 and 6 hours post-release from thymidileek) and then processed by
Dm-ChP and mass spectrometry.

5.2.3 Characterisation of proteins associated with DNA

synthesised at different time during S phase

To confirm the findings from quantitative SILAC dysis and extend our
examination to regions of the genome replicatingy V&te in S phase, HelLa cells
were released from the& boundary and labelled with 10 uM EdU for 15
minutes before collection at the 2 hours (earljn&se), 6 hours (middle S phase)
and 8 hours (late S phase) periods. Samples weregsed by Dm-ChP (see
section 2.3.12) and analysed by flow cytometry #lndrescence microscopy
(Figure 5.6 a, b).

As previously described, flow cytometry and flua@sce microscopy
were used to assess synchronisation and DNA lagelDNA content was
determined by staining DNA with 7-AAD. Flow cytomgtanalysis confirmed
that cells released into S phase and harvested @tad 8 hours post-release
were labelled with EdU and enriched in early, meddind late S phase,
respectively (Figure 5.6 a). Moreover, fluoresceneecroscopy analysis

confirmed previous observations of cell synchrong ahowed a characteristic
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patternfor early, middle and late replicating chromatinparticular time points
(Dimitrova and Gilbert, 1999; Frum et al., 20 (Figure 5.6 b).
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Figure 5.6 Analysis of chromatin replicating at early, middland late stages of thS phase.
Hela cells arrested at the,/S transition were released from the cell cycleckland allowed t
progress into a synchronous S ph a) DNA content and EdU incorporatiorf logarithmically
growing cell population (Asynchronous, mock treated) cells collectedat different times po-
release were analysel) Representative images BMNA replication foci dentified by EdU
incorporation in cellsharveste( at the indicated times postelease into S phase. (Scale bar
pm).

We scored EdU poive cells and quantified numbef cells showing

patterns consistent witearly, middle and late S phas¢ each time poin
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Approximately 300 cells per slide were scored (€dhll). We observed that at
the 2 and 6 hour time points 95% of cells were Eulditive and possess the
classical pattern for early and middle/late repiiga chromatin, respectively
(Dimitrova and Gilbert, 1999). At the 8 hour timeimt only 40% of cells
incorporated EAU and from those only 63% were st@a® cells with a late S
phase replication pattern (Table 5.1).

All these experiments demonstrated that cells wgnehronised in S phase
and successfully labelled with EdU upon releade i phase. Additionally, cells
harvested at the 2, 6 and 8 hour post-releasespmmeed to population of cells

in early, middle and late S phase, respectively.

. EdUposive | EdUnegative |
Early Middle Late
2h 95.6 1.8 - 2.7
6h 27.3 63.6 34 5.7
8h 7.4 7.0 25.1 60.5

Table 5.1 Quantification of cells showing EdU ingporation pattern consistent with early,
middle and late S phaseCells were synchronised by double thymidine bloeleased into

S phase and labelled with 10 uM EdU before colbectit the 2, 6 and 8 hour post-release. 300
cells were scored in each time point using fluoeese microscopy.

Finally, Dm-ChP captured material prepared as destrat the beginning of this
section was analysed by immunoblotting (Figure .5Different replication
proteins, previously identified by mass spectrogpnetnalysis, were used as
probes to validate their association with chromatiulifferent stages of S phase.
We could observe all proteins analysed in the irgauhples. Proteins were not
recovered in Dm-ChP from mock treated cells (Fighré, lanes 11-13)We
observed that many replication proteins, such as®KJ®CNA FACT, Msh2 and
Fen-1 were specifically enriched in the pull-dovireen 2 and 6 hour time points
(Figure 5.7; lanes 8 and 9) and their capture wgsfeantly reduced at 8 hour
post-release (Figure 5.7; lane 10). The bindinglamfin B1, nucleolin and
NONO (non-POU-domain-containing, octamer-bindingotein) was more
efficient in chromatin replicating in late S phgségure 5.7; lanes 8 and 9). As

observed by SILAC data and previous studies thesteips are associated with
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transcriptionallyinactive genes, that are replicated late in S p|(Olins et al.,
2010; Shavfal and Zipori, 202). Moreover, levels of histone H4, histo
chaperone CAR- anc Smcl remained fairly constaffigure 57; lanes 7-9).
These data showhat Dn-ChP can be applied to investigaimteir complexes
and their associationith early-, middle- and lateeplicating chromati.
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Figure 5.7 Proteins associated witchromatin replicating in early, midle and late S phas:
Hela cells were synchronisec G,/S boarder using double thymidine block and reldasén S
phase for 2, 6 and 8 hoursefore collection cells were either mock treatedor labelled with
EdU (+) for 15 minutesAfter Dm-ChP, thenput material (Input) and streptavidicaptured

material (DMChP) were analysed by western blotting using amcatéd antibodie:
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5.2.4 Conclusions

Using the Dm-ChP method with a combination of poate techniques,
we provided preliminary evidence that DNA repliogtiat different times during
S phase can be found together with different netaimount of proteins involved
in DNA replication. At present we speculate that thbservation is possibly
consistent with the idea that in mammalian celliata S phase, replication forks
move at a faster rate (Frum et al., 2009; Herrict Bensimon, 2008), thus the
ratio between EdU labelled DNA in close proximitythe replication machinery
and EdU labelled DNA away from it and not crossdible to replication factors
is lower. Nevertheless, to perform statistic analymd to be able to properly
interpret the SILAC data it is necessary to repleatmass spectrometry analysis.
Moreover, the careful quantification of the levedé any given protein in
different samples is a key technical hurdle for dise of this technique in future
studies. To be able to compare samples prepareer utiferent experimental
conditions it is necessary to perform Dm-ChP ushrggconstant amount of EdU
labelled DNA instead of constant protein conceriraas was performed so far.

Because immunoblotting analysis did not fully retdpte mass
spectrometry data it is essential to use more themsiand quantifiable
approaches such as infrared fluorescence imagirsersg. An alternative
approach would be to carefully titrate pulled-domvaterial prior to loading onto
SDS-PAGE thus allowing for signal quantificationdditionally, to confirm that
we indeed pull-down euchromatin or heterochromatiie, known chromatin
markers, such as histone modifications or presasicepecific transcription
factors could be analysed. Early replicated chrome&n be detected by the
presence of histone modifications such as acetylaif histone H4 at Lys5 and
Lys12 or acetylation of histone H3 at Lys9 and l6/sDn the contrary, tri-
methylation of histone H3 at Lys9 is characterishark for late replicating
heterochromatin. Additionally, early and late repting chromatin is marked
with different transcription factors such as intediary factor TIFa and

transcriptional repressor protein YY1, respectively
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5.3 Dm-ChP studies of protein dynamics during chromatir

maturation

5.3.1 Introduction

In the previous section, we demonstrated ta combination o Dm-ChP
with mass spectromet approachegsan be used to study prot enrichment at
replicating DNA at different timepoints during S phaséher we sought to
determinethe identity of proteins stably or transiently asated with activ or
stalled replication fork. To achieve thiswe combined cell synchronisat
procedure with pulsehase methodology.

We predicted that replisome factors will be asdediawith newly
synthesised DNA and displaced from the chromatimegdéication forks mow
away from the site of rcleotide incorporation. Converselgroteins involved it
chromatin matration such as lamin B1, condensin or chromatinocting
factors should not be associated with nascent DitAvaill be recruited to DN/

after passage of replication machinery as chronmasitures

Chase post-EdU labelling
0,5h 8h

+HU

Stalled replication forks

R

Oh

Figure 5.8 Graphtal representation of EdU pul:-chase experimentduring labelling period
EdU is incorpeated into nascent DN a) After EAU labellingand during chasreplication forks
move away from thiabellec DNA in time-dependent mannigy In the presencof hydroxyurea

replication forks are staed in close proximity to the EdU labelled DNA.
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5.3.2 Proteins associated with active replication forks

To investigate protein assembly and disassemblg feo nascent DNA,
HelLa cells were synchronised at the/$ boundary using double thymidine
block and released into early S phase for 105 regjudbllowed by labelling for
15 minutes with 10 uM EdU. Afterwards, cells weedeased into fresh medium
without EdU, collected at different time points apbcessed by the Dm-ChP
protocol as previously described (Figure 5.8 a; seetion 2.3.12). Cell
synchrony and EdU incorporation were monitored bywf cytometry and
fluorescence microscopy, respectively.

DNA content was determined by staining DNA with AIA. Similarly as
before, flow cytometry analysis confirmed cell shrany at the @S boundary
(Figure 5.8). We observed that 2 hours post-reléase thymidine block cells
re-entered S phase (early replication stage) (Eigu®). During the chase
procedure, cells progress through S phase and labuBs post-chase, cells

Chase after 2h release from thymidine block [hours]

Asynchronous 0 05 1

Counts

il P O
J I,

2n 4n 2n 4n 2n 4n

DNA content (7-AAD)

Figure 5.9 DNA content analysis of early replicatincells pulsed and chased into synchronous
S phaseCells were synchronised by double thymidine bloeleased into early S phase and
labelled with EdU for 15 minutes. Cells were sulsadly chased into fresh medium for different
periods of time. DNA content of logarithmically giag cell population (Asynchronous) and

cells collected at indicated times post-chase (®8rs) were analysed.
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reached middle S phase (Figure 5.9), whereas aBtheur time point cells
finished S phase and accumulated at thid@®order. A small portion of &cells
was observed at 8 hours post-release (Figure 5.9).

Fluorescence microscopy analysis further confirntbdt cells were
synchronised and were EdU positive. We could oleseharacteristic patterns of
early replicating chromatin and its maturation.|€éhken 0-4 hours post-chase
were EdU positive and showed early S phase punggdterns of replication foci
(Figure 5.10, bottom panel; green fluorescence).®urs after chase, we can
observe early events of chromatin condensationu(Eigp.10, bottom panel;
green fluorescence). At the 8 hour time point sa®ls reached &M border
and EdU labelled DNA could be observed in condefised.

Chase time after 2 h release
0 05 1 2 4 6 8 [hours]
.. . . . - . o
.. . -.. . -

Figure 5.10 Analysis of EdU foci in pulse-chase expment. HeLa cells arrested at the &

transition were released from the cell cycle blankd after EdU labelling chromatin was
incubated in EdU free media. Representative imaddsdU incorporation sites were collected

and show cells harvested at the indicated timesBdb pulse. (Scale bar 10 pm).

Finally, Dm-ChP was performed as described at #ggriming of this section and
the captured material was analysed by westernifdofFigure 5.11; see section
2.3.12). As representative samples we analysed mpterial taken at the 0 and
8 hour time point. We could detect all replicatjpmoteins analysed in the input
samples. No proteins were recovered from mockedeaells (Figure 5.11; lane
4). Replication proteins such as PCNA, Mcm7, CdddBA, Fen-1 and FACT

were enriched at newly synthesised DNA (Figure Sdries 5 and 6). With time,
association of these proteins with labelled DNA wggnificantly reduced,

suggesting that these replication factors are ssw@ated with mature chromatin

(Figure 5.11; lanes 7-11). The amount of Smcl rexx was constant at early
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time points (Figure 5.11; lane-9) when the cell population was in S phase,
at the 6 and 8 hour p-chase levis of Smcl decreased (Figure 5.11; lane:

and 11), suggesting that cohesin complex splaced from chromatin as ct
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Figure 5.11 Proteindynamics during chromatin maturationHeLa cells wee synchronised at
the G/S boarder usinglouble thymidine bloc released into S phase forh®urs and cells wer
either mock treated olabellec with EdU for 15 minutes. Cells were subsequentlyset intc
fresh medium for different peris of time before harvesting. D8RP was performed anthe

input (Input) and recovered material (-ChP) were analysed by western blotting us
indicated antibodies.
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exit S phase. The pull-down of the histone chapermurcleophosmin as well as
Cdc7 remained fairly constant throughout the amalfiSigure 5.11; lanes 5-11).
The binding of NONO and lamin B1 was more efficianthe late time points as
these proteins show a mark preference only for tumed DNA (Figure 5.11;
lanes 6-10), consistently with our previous datatrigquingly, capturing of
histone H3 and H2A was delayed at the early timatpdFigure 5.11; lane 5)
and remained constant at later times (Figure Sdries 6-11), suggesting that
reassembly of chromatin may not occur immediatefterapassage of the

replication forks.

5.3.3 Conclusions

Immunoblotting analysis of nascent versus maturerohtin revealed that
replication factors are indeed displaced from thBlIADafter passage of
replication forks, suggesting that these may notimelved in chromatin
maturation. However, we could detect most of th@ication proteins such as
Cdc45 and PCNA at maturated chromatin which is isterst with their role in
processing of Okazaki fragments. Moreover, we vedrie to detect weak signal
from other replication proteins at the mature chmbmbut this could be due to
ongoing EdU incorporation after removal of mediataning the nucleotide
derivative. In the future, chase media should hpmented with an excess of
thymidine to ensure complete inhibition of EdU irmoration. Additionally, a
more specific set of antibodies could be used tmitap chromatin maturation
and nucleosome assembly after passage of rephcatiachinery. We could
analyse histone modifications such as mono-metbylaif H4 at Lys20 or de-
acetylation of histone H4 at Lys5 or Lys12, chraméctors, including HPd or
histone modification enzymes Suv39h1 (histone nigtnsferase) and HDAC1
(histone deacetylase 1) to study chromatin matumatMoreover, proteomic
analysis of proteins associated with nascent andratad chromatin should be
performed to provide novel insights into the allmgmonents involved in

chromatin duplication and maturation.
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5.4 Dm-ChP studies of protein dynamics during chromatin

maturation after DNA damage

5.4.1 Introduction

HU inhibits deoxyribonucleotide reductase and itaicommon reagent
used for a S phase synchronisation. ImmidiateligraflU treatment S phase
checkpoint is activated and as a result replicafitoks are stabilised. However,
when cells are expose to HU for a longer periodiroe, double-strand breaks
(DSBs) are induced (Petermann et al., 2010).

As we were interested in the effects of replicattress on the replisome
we decided to perform similar experiments as dbsedriabove and analyse
chromatin maturation under replication stress domak. We hypothesised that
components of the replisome such as PCNA or Mcnmil7 bei associated with
nascent DNA prior to addition of HU. However, wendered whether different
proteins may be recruited or displaced from thecer@isDNA upon replication
stress. We expected that HU treatment should sabrkeplication forks to
prevent their collapse, thus levels of many refilicaproteins should not change
during the time of the experiment. We also predicthat after prolonged
exposure to HU we may be able to observe destatwdrs of the replisome

machinery.

5.4.2 Proteins associated with stalled replication forks

To investigate proteins assembly and disassembiy fa nascent DNA
when replication fork are stalled, synchronised Bdt labelled HelLa cells were
released from double thymidine block into early Bage for 105 minutes,
labelled with EdU for 15 minutes and released fresh medium without EdU in
the presence of 10 mM HU prior to performing Dm-Cfifgure 5.8 b). Cell
cycle progression and checkpoint activation weraitoced by flow cytometry
and western blotting, respectively. EdU labellingswexamined by fluorescence
microscopy.

DNA content was determined by staining DNA with AB. As

previously demonstrated, flow cytometry analysiafcmed synchronisation of
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cell after double thymidine block (synchronous)abfdition, we observed that at
the 2 hour time point cell had just re-entered &sghand initiated DNA synthesis
(O hour time point) (Figure 5.12 a). Subsequernily, was added to the medium
and cells were collected at different times frof @ 8 hours. We observed that
HU treatment inhibited DNA synthesis; thereforelc@lere arrested in S phase
and did not progress through the cell cycle as Dpiafile did not change
(Figure 5.12 a).

a)
HU treatment after 2h release from thymidine block [hours]
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Figure 5.12 Analysis of DNA content and EdU foci jpulse-chase experiment in the presence

8 HU treatment [hours]

DAPI

of HU. HelLa cells arrested at the % transition were released from the cell cycleckland
after EdU labelling chromatin was incubated in Edide but HU containing mediu@) DNA
content of logarithmically growing cell populatigAsynchronous) and cells collected at different
times after EAU labelling (0-8 hourk) Representative images of EdU incorporation sitesew

collected and show cells harvested at the indicéiteds post-EdU pulse. (Scale bar 10 pm).

Fluorescence microscopy analysis was consistertt flaw cytometry

results. We could observe replication foci in &ll€ analysed. The cell foci were
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identical throughouthe experiment and charadstic for early S phase, eith
before or after HU treatme confirming S phase arrest (Figure 5.12

To assess if replication checkpoint was activ, we measured
phosphoylation of Chkl atSer317.We could detect activatioof S phase
checkpointafter half an hour pc-HU treatment thatasted till the end of the
experiment.Chkl Ser317 phosphorylation slicy increased in timr-dependent
manner, showing that cells were effntly arrested by HU (Figure £3).
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‘é g chase time after 2h release
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Figure 5.13Analysis of S phas checkpoint activationHeLa cells were synchronised in S ph
using double thymidine block and reled for 2 hours into early S phase and further cid for
different periodsof time into HU medium. After collecting, cells wdysed in 1% SDS lys

buffer and analysed by western blotting using indidedatibodiesMcm?2 and Chk1 were used

loading controls.

Finally, Dm-ChP captured mater prepared as described at the begini
of the section was analysed by immunobloi (see section 2.3.12). Diflent
antibodies against replication proteins were usegrabes. All proteins wel
present in the inpuidamples taken ¢he 0 and 8 houime points.Proteins were
not recovered fronmock treated cells (Figure '4; lane 4). \# observecthat
levels of most proteins such as Smcl, Smc3, McmCNA CAF-1,
nucleophosmin, lamin B1 and histone Hare fairly constant throucout the
time of theexperimer (Figure 5.14; lanes 5-11). Thevel of replication protein
such as Cdc4&nd RPA decreas in time-dependent manngfigure 5.4; lanes
5-11).
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Assessment of protein dynamics during DNA synthasts chromatit

maturation
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Figure 5.14 Proteindynamics during chromatin maturation after replican forks stall. HeLa
cells were synchronised at - G,/S boarder using double thymidine block and reldaisgo S
phase for 2 hours. €ls were either mock treated labelled wth EdU for 15 minutes an
subsequently chased into HU medium for differemtods of time before harvesting. -ChP
was performed anthe inputmaterial (Input) and recovered material (D8kRP) wereanalysed

by western blotting usinindicated antibodies.

5.4.3 Conclusions

As we expected, the immunoblotting analysis of -ChP pulle-down
material after replication stress showed replicatiorks arrest and replison
stabilisation. Levels of PCNA, Mcm7 or Smcl wereaffected upon HLU
treatment. On the contrary, proteins such as Cdod5RPA were displaced fro
labelled DNA in aime-dependent manner. This suggests tha-ChP is able to
detect early events of replisome stabilisation disdssembly. This could be d
to recruitment of DNA repair proteins to stalleglreation forks. To confirm thi
hypothesis, we could analyse chromatin associatiggroteins such agH2A.X,
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Rad51, MRN complex and Ku70/80 that are known tord@uited to DNA
damage sites. This analysis could provide novedrmétion about spatial and
temporal regulation of different DNA damage reppmoteins at stalled or
collapsed replication forks. Additionally, histongarks could be used to study
arrested replication forks in two different approes. Firstly, in response to
replication blockage we should not detect histonadifications, such as tri-
methylation of histone H3 at Lys9 that are assediatith chromatin maturation
and assembly as this process should be inhibitédlUrtreated cells. Secondly,
histone modifications at the site of replicatiorodd could be also analysed.
However, to properly interpret such Dm-ChP expentagpull-downs should be
performed using identical amounts of EdU labellddADfor each time point as

previously discussed.

5.5 Preliminary attempt to capture the replisome

Our previous experiments showed that 1 minute pwsh EdU is
sufficient to detect labelled DNA by flow cytometayalysis (see Figure 4.4 in
section 4.4). Additionally, using Dm-ChP in comktina with western blotting
we were able to specifically detect histone H3ha pulled-down material from
asynchronous cell populations using EdU pulseshast as 10 minutes (see
Figure 4.5 a in section 4.4). Under these conditioeplication forks have
synthesised approximately 20 kb of hascent DNADARA fragments generated
during sonication step are approximately 300 bm the average every &6
recovered fragment should contain a replicatiok.fdherefore to increase the
chances of capturing the replisome we hypothegtsscthe labelling time could
be dramatically reduced since the cell populatsosynchronised in S phase.

To test whether replication proteins can be captwae or within close
proximity to replication forks, HelLa cells were symonised by double
thymidine block, released into early S phase ftwofrs and labelled with EAU
for 2 and 5 minutes prior to collection (see sett5.1.3). Additionally, after
EdU labelling other cells were also incubated ifUHdee, but HU containing
medium for 30 minutes before harvesting. Cell syoaoit and HU-induced
stalling of replication forks were monitored by ilocytometry and western

blotting, respectively.
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As previousl' demonstrated flow cytometry analysis confirme
synchronisatiorof cells that afterthymidine block showed accumulatiat the

G4/S boundarysynchronous.

Chase after 2h release

Asynchronous Synchronous 2 5 EdU labelling [minutes]
+ _ + HU

Counts

2n 4n 2n 4n 2n 4n 2n 4n 2n 4n 2n 4n

DNA content (7-AAD)

EdU () EdU(+
W

2n 4n 2n 4n 2n 4n 2n 4n 2n 4n 2n 4n

Counts

EdU incorporation

Figure 5.15DNA contert and EdU incorporation analyses of cells labelledth EdU for 2 and
5 minutes.HelLa cells were synchronised by douthymidine block, releasedto early S phase
and labelledwith EdU for 2 and 5 minutes prior collection. Atdinally, after EdUlabelling
different set of cells was chased into 10 mM HU iorador 30 minutes. DNA content and E

incorporation were analyd by flow cytometry.

To detect EdU incorporation, cell counts werglotted against -
carboxyfluoresceiFEG azide fluorescence us histogram plotsFigure 5.15;
bottom panel)We detected background levels of fluorescence iokmeatec
asynchronous cells (Figure 5, bottom panel). Only cellabellec with EdU for
2 and 5 minuteshowed increased levels of fluorescence and hadasicell
cycle profiles as @S arrested cells igure 5.15, bottom panelAdditionally,
after HU treatmet we observed similaDNA profiles and levels of EdI
incorporationcompared to mock treated c, suggesting that DNA synthe:
was inhibitedefficiently (Figure 5.15, top panel).

To further confirm replication fork stalling and exdkpoint activatiorafter
HU treatmentwe analysed Chkl Ser317 phosphorylatby western blotting
(Figure 5.16) Chkl was present in all samples analysed, how
phosphorylation of Chkl Ser317 was only observéer aiU treatmer (Figure
5.16; lanes 4 and 6).
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Figure 5.16 Detection of Chkl phosphorylation in HU treated &s. HelLa cells were
synchronised by double thymidine block, reld into early S phase ardbellec with EdU for 2
and 5 minutes prior collection. Additionallafter EAU labellingdifferent set ocells was chased
into 10 mM HU medium r 30 minutesAfter harvesting cells were lysed in 1% SDS lgsifer

and anaysed by western blotting us indicated antibodies.

The same samples were analyby the Dm-ChPprocedure (see secti
2.3.12) usingantibodies again different replication proteingrigure 5..7). We
could detect a timdependent increase Cdc45 and PCNAevelsafter as short
as 2 and 5 minutesllowing EdU labelling. This suggests thak are possibly
capturing proteinslosely asociated with theeplication machinel (Figure 5.17;
lanes 7 and 9). Witthelabelledchromatin that was synthesised within 5 min
we could alsaecove the FACT complex, Cdc7 and RPAigEre 5..7; lanes 7
and 9), suggestintipat either these proteins associate with DNA aeplication
fork passage or their amountbelow detection limit in th@ minute EdU puls
samplenterestingly histone H3 was not recovered aftiee 2 and 5 minu EdU
pulses. This ionsistentwith our previous observatiortbat therecould be a
delay in histonéoading onto newlyeplicated chromatin (Figure '7; lane 10).

After HU treatmer, we could detect all proteidmit not histone Hin both
samples labelled fo2 and 5 minutes. Histone H3 was ombcovere after 5
minutes of EdU plse followed by HL (Figure 5.17; lane 10)his suggests that
theseproteins associe with chromatin in response to Hidduced replicatiol
forks stalling orthat EAU incorporation was not fully inhitad by FU treatment
(Figure 5.17lanes 8 and 1. Moreover, we observedfaster migrating form @

RPA only in samples exposed to HU. This could gmgscorrespon to the
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Assessment of protein dynamics during DNA synthast chromatit
maturation

phosphorylatedorm of RPA although this would require furthconfirmation
(Figure 5.17lanes 8 and 10

This dhort time pulse experiment revealed tDm-ChP can be a good tc
to studyproteins that are part of the replisome and pretémat associate wi

stalled replication fork.

Chase after 2h release
Input Dm-ChP

2 5 0 2 5 1] EdU labelling [minutes]
- - HU

FACT

Cdc7

Cdc45

RPA
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Histone H3
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Figure 5.17 DmChP analysis of proteins in close oximity to thereplication forks.HeLa cells
were synchronised by double thymidine block, red into early S phase arlabelled with EAU
for 2 and 5 minutes prior collection. Additionallafter EJU labellingdifferent set ocells was
chased into 10 mMU mediumor 30 minutes. DnGhP procedure was performed athe input
material (Input) and captured material (C-ChP) were analysed by western blotting us
indicated antibodies.
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Chapter 6 Discussion

In this study we have developed an innovative nuilogy referred to as
DNA mediated chromatin pull-down (Dm-ChP). The DmFRCallows specific
recovery of the newly synthesised chromatin andlyaisa of the protein
components associated with it. This novel techniglies on incorporation of a
thymidine analogue EdU by active replication fork#o nascent DNA. This
analogue is further coupled to a biotin-TEG azialgging molecule through the
Click reaction allowing nascent chromatin to beiratfy purified using
streptavidin-coated resin (Kliszczak et al., 2011).

6.1 Development of DNA mediated chromatin pulHdown

technique

To investigate proteins associated with newly sgsiged DNA we have
based our approach on the chromatin immunopretigutgprotocol. We have
addressed each individual step, including formaldehprotein-DNA cross-
linking, DNA shearing and DNA-protein cross-linkingversal (see section 3.2).
Under these optimised experimental conditions weevable to capture known
replication proteins such as Mcm2. We could aldgeaea known subunit of the
MCM helicase complex, Mcm7, that co-immunoprecigithwith Mcm2 (Figure
3.5). These data indicate that after several stapgag lysate preparation such as
formaldehyde cross-linking and cross-link revershtpmatin bound proteins are
largely unaffected and can be further analysedrygunoblotting.

To identify proteins associated with newly repliogt chromatin, we
explored three different strategies. These appemevere based on tagging of
nascent DNA with distinct molecules such as BrdtBMA and biotin.

The first strategy involved BrdU labelling of nastdNA, followed by
immunoprecipitation with an anti-BrdU antibody. bgithis approach we were
able to capture purified, labelled DNA (Figure 3.1Blowever, we failed to
immunoprecipitate nascent DNA from the chromatiacfion as assessed by a
lack of histone H2A recovery in anti-BrdU pull-dogvifFigure 3.11). To allow
epitope exposure for antibody recognition, the denstranded DNA needs to be

denatured, therefore we initially believed thastfailure was due to inefficient
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exposure of the BrdU moiety (Gratzner, 1982). Wetetd several DNA
denaturation conditions such as different pH rar{@®sHCI, 0.1M NaOH), high
temperature (heat-shock) or 4M urea (Ageno efl8b9). However, we were not
able to purify BrdU labelled chromatin in any oktkonditions analysed (data
not shown). We suspect that the denaturation st&p evitical for chromatin
immunoprecipitation from cell lysate. This mightusa protein degradation that
could further affect the ability to detect recovkq@oteins by immunoblotting.
Moreover, we cannot exclude the other potentialtofac such as lower
accessibility of labelled DNA when immunoprecipédtfrom the chromatin
fraction.

Interestingly, a similar approach has recently bdescribed where anti-
BrdU antibody was used to capture 5-chloro-2’-demidine (CldU) labelled
ssDNA to study the role of Rad51 in the restarHof stalled replication forks
(Petermann et al., 2010). The affinity of the Brdbtibody towards the CldU
analogue is higher than for BrdU, suggesting thahay be easier to capture
CldU labelled DNA than BrdU labelled DNA. These aauggest that capturing
of the labelled chromatin based on this BrdU taggipproach is possible but the

denaturation step needs to be further improvedogtichised.

Due to unsuccessful pull-down of BrdU labelled Dft&m the chromatin
fraction, we decided to explore a labelling andgtag strategy based on a
different nucleotide derivative called EdU. The arajadvantage of DNA
labelling with EdU is the detection step which alfobaccess to the incorporated
thymidine analogue without DNA denaturation (Sadicd Mitchison, 2008).
Using this approach, EdU labelled DNA was covalestnjugated to a BrdU
probe called 5’-BMA through the Click reaction (@afla et al., 2008). Next
chromatin was captured using an identical appraashdescribed above for
BrdU. Under the experimental conditions used weld@pecifically recover
purified, labelled DNA fragments (Figure 3.16). Mover, we were able to pull-
down labelled chromatin from cell lysate. Unforttely, recovery of labelled
DNA from the chromatin fraction was not specifiaglire 3.17). To minimise
non-specific binding of labelled chromatin to theotein A-agarose beads we
performed a pre-cleaning of the lysate. Howevas, $tep did not prevent non-

specific capturing of labelled chromatin as histéi® was again detected in a
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control immunoprecipitation sample (data not showie EdU-5-BMA-based
approach was initially promising but under our expental conditions it may
not be suitable for studying proteins associatedh wiewly synthesised
chromatin. Pre-blocking of the Protein A-agarosadsebefore the pull-down
step could prevent the non-specific binding of Ik chromatin to the resin

although this was not investigated.

6.2 Validation of Dm-ChP technique

As a third strategy, we investigated a differemjgiag molecule, biotin-
TEG azide, to capture nascent DNA, followed by aeidin pull-down. This
method excludes the use of antibodies that may iaterfere with detection of
the recovered proteins. Additionally, since thengtf§ of streptavidin to biotin is
higher than the affinity between BrdU and anti-Brdbtibody (Diamandis and
Christopoulos, 1991), we hypothesised that this@gagh could be more efficient
at pulling-down labelled chromatin. In a similarpapach to the second strategy
(EdU-5’-BMA-based approach), newly replicated chabim was labelled with
EdU. Through the Click reaction EdU labelled DNA snvaubsequently
conjugated to biotin moiety and recovered usingpsavidin-coated beads. This
method was referred to as DNA mediated chromati-dmwn (Dm-ChP).
Using the Dm-ChP approach the capturing of labatledmatin was specific as
histone H3 was recovered only in the pull-down fréme EdU labelled cells
(Figure 3.21).

The sensitivity of the Dm-ChP methodology dependsseveral factors
including the time period of EdU labelling. We haletermined that a 1 minute
pulse with EJU was sufficient to detect labelled Dbl flow cytometry (Figure
4.4). Additionally, using Dm-ChP in combination fwivestern blotting approach
we were able to specifically capture histone Hhwiite labelled DNA that was
synthesised within 10 minutes (Figure 4.5 a). Theéat indicate that DNA
labelling with EdU is robust and very efficient. &aldition, specific recovery of
histone H3 suggests that the Dm-ChP could be appbestudy the protein
components of different processes that involve DdyAthesis.

To further characterise this novel Dm-ChP approaelperformed several

control experiments to validate its specificity. \emonstrated that omission of
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each of the components required for the Click reagirevented capturing of the
labelled chromatin (Figure 4.1). Additionally, wehosved that Dm-ChP
specifically captures EdU labelled chromatin frommature of labelled and
unlabelled DNA. We verified that intermolecular agggation/precipitation
between biotinylated and untagged chromatin fragsmeloes not occur as
showed by lack of GFP-histone H3 signal in pulledvd samples when extracts
from EdU labelled HeLa cells were mixed with extsacf unlabelled chromatin
that was marked with GFP-histone H3. This cleadyndnstrates that the Dm-
ChP is specific and that the capturing of chromatidue to EdU-biotin tagging
of the nascent DNA (Figure 4.3).

We performed titration experiments which revealstt bne of the limiting
factors for capturing of the biotinylated chromasrthe amount of streptavidin-
coated beads used in the pull-down step. LeveBGNA and histone H3 that
were recovered with labelled chromatin after the-OhP increased with the
amount of resin used (Figure 4.9). Moreover, whiéierént amounts of labelled
chromatin were presented in the starting material ebserved a positive
correlation between the amount of EdU labelled Dai#l PCNA recovered in
the pull-down (Figure 4.6). These data demonstrdtat the Dm-ChP
methodology meets the important requirements ofyewassay, because i
specific andpotentiallysemi-quantitative.

Finally, we were able to confirm our hypothesistthize efficiency of
chromatin capture is dependent on the amount @flisb DNA and the amount
of streptavidin-coated resin used in the pull-dostep. In titration experiments
we varied the amount of the biotinylated DNA in thput sample and found that
labelled DNA can be fully depleted at particulatioa of labelled DNA to
streptavidin-coated beads. This indicates thatbatin-tagged chromatin is
accessible and can be successfully recovered @#&yuj.

When a constant amount of streptavidin-coated beses used in pull-
downs and increasing amounts of biotin-TEG azideewesed to tag labelled
chromatin we did not enrich protein capture (Figdr8). This result indicates
that there was no more available EdU alkyne mdiedy could react with biotin
azide to increase the efficiency of recovered clatomfragments. This also
strengthens the possibility that all EdU incorpedatinto nascent DNA was
tagged with biotin. We cannot exclude the possibthat un-reacted EdU is left
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in DNA and cannot be tagged with biotin moietiesedio steric hindrance
making some of the labelled DNA unavailable for onesry. However, the

average GC-content of an 100 kb fragment of the mallan genome ranges
from 35-60% depending upon the genomic locationnflRaier et al., 2010).

Therefore a 300 bp DNA fragment obtained underesyperimental conditions is
estimated to contain between 60 and 98 thymidiredues which can be
replaced with EAU molecules during DNA synthedigréfore it is probable that
each DNA fragment should contains at least oneirbiotsidue after the

conjugation reaction. A single biotin moiety is fetient to capture a labelled
DNA fragment as shown by Syvanen and colleaguesdi®n et al., 1988).

Taken together these data suggest that streptasi@ited beads are the limiting
factor for the quantitative capture of biotinylatechromatin. Careful

quantification of the amount of biotin labelled DNiould be also essential to
address this question in future work.

After thorough characterisation and validation lné Dm-ChP procedure,
we used this technique in combination with massctspmetry to analyse
proteins associated with nascent chromatin (settorse4.8). Using the Global
Proteome Machine search engine we have identifiéd Proteins using
XTandem! and XHunter! algorithms. We recognised @itdteins with a log(e) <
-3, where the log(e) corresponds to the base-1Midfpe expectation that any
particular protein assignment was made at randowal(ie) (Appendix 2; Table
2). Proteins were classified manually into 29 ddfe classes using information
from UniProt protein database (Figure 4.13). We identified garet known to be
either constitutively associated with chromatirs{bines, cohesin), or transiently
during DNA duplication (DNA helicase, topoisomerasECNA, MCM), DNA
repair (Ku70/80, DNA-PK) or histone chaperones (CAF nucleolin,
nucleophosmin) that can be captured with newlyicafgd DNA (Appendix 2;
Table 2). Similar to other proteomic studies whehe composition of
chromosomes were examined (Ohta et al., 2010), eeevered ribosomal
proteins using Dm-ChP. The majority of the ribosbiteins have high pl
values and may bind adventitiously to DNA possidblying extract preparation.
Therefore, these proteins have been defined asndsmmehijacker proteins
(Ohta et al., 2010). Additionally, we also recowkpoteins involved in mRNA

processing (transcription and splicing factors)hdis recently been confirmed
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that DNA replication and transcription processesaosely associated (Bermejo
et al., 2011). During transcription hybrids betwdadA and an mRNA product
is formed and creates R-loop like structures (Bgoreeal., 2009; Bermejo et al.,
2011; Gomez-Gonzalez et al., 2009; Zlatanova anud WMalde, 1992). It is
possible that the newly synthesised and labelled Nranscribed immediately
after passage of the replication fork, thus trapsion factors that are bound to
this chromatin become cross-linked to DNA and reced during the process of
Dm-ChP pull-down.

6.3 Dm-ChP studies of DNA replicating at different times
during S phase

The Dm-ChP approach in combination with highly duative mass
spectrometry analysis was used to investigate ipsesssociated with replicating
chromatin at different times during S phase. Thagins identified were listed
according to an increasing heavy/medium normalisdgtb (H/M), reflecting
their relative abundance in the early and middie/laynthesised DNA,
respectively. Most of the proteins present at #@ication forks such as PCNA,
Mcm7, Replication factor C, Fen-1 and Topoisomesdsand 2 were enriched in
the early replicating chromatin (Appendix 3; TalBlp This data is consistent
with the evidence that the average rate of mammakgplication forks is not
constant throughout S phase (Housman and Huberh®aih). The replication
forks in early stages of S phase are 2-3 timesealavhen compared to those
firing in late S phase (Herrick and Bensimon, 20G8us the probability of
capturing the replisome at this time point is higti&n in late S phase. On the
contrary, we observed that the lamin B1, involveddrmation of the nuclear
envelope, was enriched in the late replicating ctatin. This is consistent with
the evidence that lamin marks transcriptionallgrstied genes (heterochromatin)
that are replicated later in S phase (Olins efall0).We also detected increased
levels of ribosomal proteins associated with laplicating chromatin, a time
when replication of rDNA occurs, suggesting thibsomal DNA transcription
and ribosome assembly are closely coupled (Boisteal., 2007). As the Dm-
ChP procedure involves vivo protein-DNA cross-linking we suggest that

ribosomal proteins may interaatvivo with the chromatin in a localised manner
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Using semi-quantitative immunoblotting analysis were able to confirm
some of the SILAC data. We distinguished two catiegoof proteins. In the first
group we found proteins that either completely antiplly confirmed theSILAC
results, while the second category included prstéiat were not consistent with
this analysis. Similarly to SILAC data, the bindiaglamin B1 (H/M ratio 1.05),
and NONO (H/M ratio 1.15) to chromatin was moraogéht in cells replicating
in late S phase (Figure 5.7). Proteins that weeatitied, and were consistent
with mass spectrometry data, included replicatiaatdrs: PCNA (H/M ratio
0.58), Mcm7 (H/M ratio 0.55), FACT (H/M ratio 0.4@nd Fen-1 (H/M ratio
0.64). These proteins were enriched in the eapgh&e (2 hour post-release) and
reduced at the 6 hour time point when analysed IbAG, whereas such small
difference has not been observed using immunobtpfirigure 5.7). However,
we did detect decreased chromatin binding of thpesteins in late S phase (8
hour post-release). In contrast to SILAC data, wh@oteins such as histone H4
(H/M ratio 0.92), histone chaperone CAF-1 (H/M 0a@l.50) and Smcl (H/M
ratio 0.31) showed a marked preference for earpfia&ing chromatin, the
immunoblotting revealed constant levels of thesetgins throughout the
analysis (Figure 5.7). The differences observedvéen immunoblotting and
SILAC could be related to the low dynamic range abfemiluminescence
immunoblotting and slightly different experimentisign such as a 15 minutes
shorter EdU labelling pulse in immunoblotting arsady It may be possible to
resolve this problem by using quantitative immuwttohg such as the Odyssey
infrared fluorescence imaging system as was peddrhby Sirbu and colleagues
(Sirbu et al., 2011).

6.4 Dm-ChP studies of protein dynamics during chromatin

maturation

Next, we sought to define chromatin bound protdimst are stably or
transiently associated with active replication ®rdo assess this we used a
combination of the Dm-ChP and pulse-chase apprsatfgng immunoblotting
we monitored maturation of the chromatin that vadselled with EdU in early S
phase. Replication proteins such as PCNA, Mcm748dRPA and FACT were
abundant at newly synthesised DNA (section 5.5ufeigh.11). As chromatin
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was maturing, interaction of these proteins witlscemt DNA was reduced,
suggesting that these replication factors are ssw@ated with mature chromatin
(Figure 5.11). During our analysis we also obsemad level of proteins such as
lamin B1 and nucleolin was fairly low on nascent AMnd increased on
matured chromatin, indicating that these protemesi@aded onto the DNA after
passage of replication machinery. Intriguingly, tieservation that lower levels
of histone H3 and H2A are associated with nascéwf Bompared to mature
chromatin, suggest that there may be a delay inldading of histones onto
newly synthesised chromatin.

PCNA not only travels with the replication forks dariethers DNA
polymerases to a DNA template (Moldovan et al.,2@®osperi, 1997) but also
marks nascent chromatin for the histone chaperoA&-T (Shibahara and
Stillman, 1999). Association of PCNA with chromatfter DNA synthesis was
demonstrated inXenopuswhere PCNA promotes Cdtl ubiquitination, thus
preventing re-replication (Arias and Walter, 200B)oreover, the presence of
PCNA on matured chromatin supports the role of PCiNAthe process of
maturation of Okazaki fragments. Additionally, PCNi#&teracts with Fen-1 to
remove RNA primers and subsequently with Ligl (DNgase 1) to ligate the
nick between fragments of nascent DNA (Ayyagardlet 2003). The decreased
levels of PCNA observed during our analysis miglg & result of its
displacement from synthesised Okazaki fragmentsil&iy, we observed in our
analysis that Fen-1 is associated with nascent RNt is gradually displaced
from maturing chromatin, which is consistent with iole in maturation of the
lagging strand (Ayyagari et al., 2003). Cdc45 isthrr chromatin bound protein
analysed that was more abundant with the nascerA BN its levels were
reduced on mature chromatin. Studies in buddingtyage consistent with our
observations and suggest the role of Cdc45 in ra@dur of Okazaki fragments
(Reid et al., 1999). Furthermore, it has been shdvet S phase progression
releases Cdc45 from chromatin, thereby preventiagnitiation of DNA
replication (Bell and Dutta, 2002). Pulse-chaselyasis revealed that MCM
complex similarly to replication proteins mentionalove was preferentially
associated with newly replicated chromatin an@s#sociation with the DNA was
reduced as chromatin was maturating. This is ctergiwith different studies

presented in the literature. MCM complex is requiifer DNA unwinding and it
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is constitutively displaced from DNA as cells pregg through S phase
(Dimitrova et al., 1999). Recent studiesXanopusegg extracts, confirmed that
Mcm2-7 helicase is associated with chromatin gi@ssage of the replication
forks and is disassembled from the chromatin by MBR®M (MCM-binding
protein) at the end of S phase (Nishiyama et aQ112 Additionally,
MCM/FACT complex interacts with Cdc45 (Tan et &010) that is consistent
with the similar behavior of these proteins aftasgage of replication machinery
presented in our analysis. We observed low levelSmcl at late time points
during pulse-chase experiments and this is comsistgth its role in sister
chromatid cohesion. Smcl is the component of tHeesia complex that is
loaded onto chromatin during;@hase by Scc2/Scc4 heterodimer (Ciosk et al.,
2000). While cells progress to M phase the cohesig is dissolved, thereby
facilitating chromosome separation (Cuylen and ge2011).

Association of Cdc7 with chromatin has not beenlveblaracterised.
Cdc7/Dbf4-dependent phosphorylation of Mcm2 is esak for initiation of
DNA synthesis (Sheu and Stillman, 2006), but thesreno direct evidence
supporting whether Cdc7 physically interacts witinotnatin or if it travels with
replication forks. To our knowledge this is thesfireport demonstrating that
Cdc7 not only binds to newly replicating DNA butalso associated with mature
chromatin, suggesting possible novel role of Caic@hromatin maturation.

The single-stranded DNA binding protein RPA showerkferential
binding to the nascent DNA and its levels decreaseding chromatin
maturation. The presence of RPA on mature chronvedis rather surprising as
after replication fork passage it is not expecteat there should be any single-
stranded DNA that RPA could bind to. From our as@lyve also cannot rule out
that the observed chromatin association of RPAr a#fglication fork passage is
due to its binding to dsDNA, its roles in the presmiag of Okazaki fragments
(Bae et al.,, 2001) or its interactions with othawotgins, such as FACT
(VanDemark et al., 2006). These results may alggest that RPA could have

some unidentified roles in chromatin maturation.
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6.5 Dm-ChP studies of protein dynamics during chromatin

maturation upon replication stress

The Dm-ChP approach was also used to analyse titeiprcomponent
associated with  stalled replication forks. Hydrosear inhibits
deoxyribonucleotide reductase leading to depletddndeoxyribonucleotides,
activation of S phase checkpoint and stabilisatadnthe replication forks
(Petermann et al., 2010). After the EdU pulse, lladechromatin was allowed to
mature in the presence of HU. We observed that fdbkment resulted in stable
chromatin association of replication proteins sasliPCNA, Smcl, Smc3, Mcm7
or Fen-1, compared to untreated samples (compgted=5. 11 and 5.14). Levels
of proteins such as lamin B1 or NONO that werepresent on the nascent DNA
and arrived later after passage of active repboatorks remained constant after
replication forks stall. Intriguingly, chromatin twod proteins such as Cdc45 and
RPA were gradually unloaded from the chromatin urimteh replication stress
and physiological conditions.

These data indicate that after inhibition of DNAngesis, replication
proteins that were loaded onto newly synthesised D&main associated with
this DNA. This is consistent with the notion thaplisome stabilisation is
required for replication fork restart and completimf DNA synthesis after block
removal (Lucca et al., 2003; Segurado and Terc2@®9). Experiments in
budding yeast, showed that proteins such as Cdods MCM helicase are
retained at stalled forks after HU treatment (Caddz&t al., 2005). Moreover,
dissociation of Mcm2-7 complex from stalled replioa forks prevents recovery
of DNA replication in budding yeast (Katou et &003; Labib et al., 2000).
Consistently, we observed stable levels of Mcm7Avéwer levels of Cdc45
decreased after replication fork stalling. Thisco#pancy may be a result of
interspecies differences between yeast and humiés arerepresents an early
event in replisome disassembly. Even though RPAuractates at single-
stranded DNA after fork pausing in both human andding yeast (reviewed in
(Cimprich and Cortez, 2008)), we observed a timgedéeent decrease of this
protein, suggesting that RPA is unloaded from estialieplication forks at later

time points, possibly allowing recruitment of DNA&pair and replication fork
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stabilising proteins. To test this hypothesis weldanonitor levels of Rad51 that
displaces RPA from single-stranded DNA to allow licgtion fork restart

through recombination (Stauffer and Chazin, 2004).

6.6 Overall conclusions and future perspectives

The primary goal of the Dm-ChP technology was tafpiproteins at or
within close proximity to the replication fork. Wkecided to investigate whether
this approach is sensitive enough to capture tpésoeme. We have already
validated that EdU incorporation can be detectedldy cytometry after a 1
minute EdU pulse (Figure 4.4). To maximise the clearfor replisome recovery
we decided to combine cell synchronisation thaivedl us to increase the fraction
of cells in S phase with short EdU labelling pulsAdditionally, we blocked
progression of the replication forks by HU treatméfle provided preliminary
evidences that replication proteins such as PCN¥&4S, RPA, Cdc7 and FACT
can be captured with labelled chromatin synthesigétin 2-5 minutes (Figure
5.17). Intriguingly, after HU addition we could @rse increased amount of all
the proteins analysed, suggesting that EdU incatsr was not immediately
inhibited by HU treatment (Figure 5.17). Althoughe do not fully understand
all of our observations, these preliminary datadaté that the Dm-ChP is highly
sensitive and may be suitable to capture protdittseareplication fork.

While completing this study, Bianca M. Sirbu andvearkers reported the
development of a new method named iPOND (isolatibproteins on nascent
DNA). This technique was used to study protein dyica at active and stalled
replication forks (Sirbu et al., 2011). Similarty ®Pm-ChP, iPOND relies on EdU
labelling of nascent DNA and biotin-mediated cajptgirof chromatin using
streptavidin beads. The authors use a biotin talgeute that is photocleavable
and allows biotinylated chromatin to be eluted withdenaturation conditions.
This advantageous elution method increases théypafricaptured material and
is more compatible with proteomic approaches (Kimak, 2009) when
compared to Dm-ChP. The remaining differences beteoth methods include
experimental variations such as extract preparatimss-linking, Click reaction
conditions and number and type of cell line usadhe iPOND method proteins

are cross-linked to DNA for 20 minutes at room tenapure and the Click
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reaction is performed for 1-2 hours (Sirbu et 2011). The Dm-ChP approach
relies on 10 minutes cross-linking &C4and the Click reaction is performed for
30 minutes. Both cross-linking and the Click reactivere optimised during the
development of Dm-ChP and optimal times were usegrevent excessive
cross-linking or non-specific labelling of chrommat{(Kliszczak et al., 2011).
Moreover, the Dm-ChP approach utilises cell frawiitton and preparation of the
chromatin enriched fraction in RIPA buffer, whilehale cell lysate prepared in
1% SDS lysis buffer is used to capture chromatifP{@ND method. The cellular
fractionation approach allows for elimination otaglasmic proteins that are not
normally present in the nucleus but could interferd any subsequent analysis
of the chromatin fraction. Depending on the expentand EdU labelling pulse
typically 2 x 16 to 2 x 10 Hela cells were used in Dm-ChP and approximately
1.5 x 1§ HEK 293T cells in the iPOND method. The higher amtaf cells may
have been used to allow for efficient capture abatatin using very short EdU
pulses and we are not sure if Sirbu and co-wortested lower amount of cells
(Sirbu et al., 2011).

In summary, we have established a methodology #iliws the
investigation of proteins that are associated wilwvly replicated DNA by the
EdU labelling and biotin tagging of newly synthesisDNA. As the chromatin
bound proteins appear to be largely unaffected H®y ¢hemical conditions
required for biotin conjugation, formaldehyde crtisking and cross-link
reversal they can be further analysed with simpi@unological techniques or in
large scale proteomic studies. The specificity #exibility of this technique,
together with the possibility of manipulating thellalar systems, labelling times
and conditions of extract preparation, make the Cm® a potential leading
method not only for the study of the relationshigggween chromatin proteins
and the temporal regulation of DNA synthesis, botengenerally in studies on
chromatin maturation and for investigating how thpsocesses are linked to the

duplication of its basic constituent the DNA.
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Appendix

APPENDIX 1

Table 1 Oligonucleotides used for PChased amplification

Actin 1217-1541-FW

GGCGTCATGGTCGGTATG

Actin 1217-1541-RV

CGGTGGTCCTGCCGGAGG

For amplification of capture
DNA

FW - forward primer, RV - reverse primer.

APPENDIX 2

Table 2 List of proteins identified by proteomics aalysis in the Dm-ChP pulled-

down material using either XHunter! or XTandem! algorithms with a log(e) score <

-3.

Un||<PBrot Eggf: g (Irl/ljra) Description Localisation

08IZL8 27043 438 1240 F.’rolme-, glutamlc acid- and leucine- Nuclear Transcription
rich protein 1 factors
075607 10360 4.55 19.3 Nucleophosmin Nuclear Clomgsr
P19338 | 4691| 46| 766 Nucleolin Chromosome. romosemal
periphery proteins
099733 1676 46 42.8 | Nucleosome assembly protein 1-like Nuclear Hlstgpe .
4 modification factors
P62258 7531 4.63 29.2 14-3-3 protein epsilon Cytoso Chaperones
P06748 4869 464 326 Nucleo!ar phosphoprotein B23, Chromosome Chr.omosomal .
numatrin periphery proteins
P10105 | 10627| 4.65 19.8 Myosin, light chain 12A Gyto Cytoskeleton
proteins
Q14974 3837 4.68 97.1 Karyopherin (imporfir) Nuclear Protein transport
D6RE23 2771 472 11.2 Guamng nucleotide binding protein N/A N/A
(G protein)
Q09028 | 5928 | 4.74) 47.6  Retinoblastoma binding motei | Nuclear Histone
’ ’ gm modification factors
QOBUFS | 84617| 4.77) 49.8 Tubulip:6 Cytosol Cytoskeleton
proteins
P07437 | 203068 4.78 49.4  Tubufirthain (Tubulirg-5 chain) | Cytosol ;ﬁﬁﬁ‘:'emn
A6GNEOQ9 | 388524| 4.78 32.9) Ribosomal protein SA psgade 58| Ribosome Ribosomal proteir
P68371 | 10383| 479 agg 'upulin.p-2C Cytosol Cytoskeleton
proteins
POSSES 3921 4.79 328 40S ribosomal protein SA; Laminin | Ribosome Ribosomal proteins
receptor 1
000410 3843 4.8 125.%5  Importin 5, Importin-b N Nazal Protein transport
Q92973 3842 483 102. Transportin-1; Impoft Nuclear Protein transport
015029 9343 284 1094 U5 small nuclear ribonucleoprotein Nuclear SNRNP
component
QIKMD3 | 221002| 4.85| g5 Hetérogeneousnuclear Nuclear hnRNP
ribonucleoprotein U-like protein 2
P68366 | 7277 | 4.93 49.9 Tubulnda Cytosol Cytoskeleton
proteins
060812 | 343069 4.93 32 Heterogeneous nuclear Nuclear hnRNP
ribonucleoprotein C-like 1
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P68363 | 10376| 4.94 50.1 Tubulinlb Cytosol Cytoskeleton
proteins
Heterogeneous nuclear
P07910 3183 4.95 33.6 ribonucleaprotein C (C1/C2) Nuclear hnRNP
Q15084 | 10130| 4.95 a4gq "rotein disulfide isomerase family A o oo Chaperones
member 6
P08238 | 3326 | 496 837 Heatshockprotein 0kDaclassB | o oo Chaperones
member 1
P12270 | 7175| 4.97| 267.1 Nucleoprotein TPR Chromosgnigromere
proteins
RNA modifying
Q86U42 8106 5.04 32.7)  Poly(A) binding protein, macll Nuclear enzyme and related
proteins
P08670 | 7431| 505 536 Vimentin Cytosol | Ctoskeleton
proteins
P11021 3309 506 72 3 Heat shock 70kpa protein 5(glucose- Cytosol Chaperones
regulated protein)
P07900 | 3320 | 507 9s. Heatshockprotein 0kDaclassA | oo Chaperones
member 2
Q6IS14 143244  5.07 16.8 Eukaryotlc_ translation initiation Nuclear RNA .blndlng
factor 5A-like 1 proteins
P20700 4001 5.11 66.4 Lamin B1 Nuclear Structural
Q15393 | 23450| 5.3 1355  Splicing factor 3b, subnit Nuclear fi'i't'g'rrs'g related
Q12905 | 3608 | 5.18| 43| Interleukin enhancer bindintpf2 | Nuclear EgtAe i?]';‘d'”g
Q6IBN1 3190 519 51 Heterogeneous.nuclear Nuclear hnRNP
ribonucleoprotein K
013813 6709 520 2844 Spef:trln,a, non-erythrocytic 1o- Cytosol Cyto§keleton
fodrin) proteins
P68032 70 5.23 42 || a-actin, cardiac muscle 1 Cytosol Cytos.keleton
proteins
013185 11335 523 20.8 Chromobox homologue 3 (HRP1 Chromosome Chromosomal
homologueDrosophilg) proteins
P52292 3838 5.25 57.8 Karyophesit2 Nuclear Protein transport
QONQX3 | 10243| 525 797 Gephyrin Membrane | Cytoskeleton
proteins proteins
POG576 506 526 56.5 ATP synthgse, H+ transporting, Cytosol Mltoc.hondrlal
mitochondrial F1 complex proteins
043707 81 | 527 104.8 a-actinin4 Cytosol Cytoskeleton
proteins
043432 | 8672 | 527 1765 CukaWolC translation initiation Nuclear Translation factors
factor 4y-3
Q04637 1981 5.27 175.4 Eukaryotic translation initiation Nuclear Translation factors
factor 4y-1
014566 2175 528 9248 Minichromosome maintenance Chromosome DNA .repllcatlon
complex component 6 proteins
P60709 60 | 529 417 p-actin Cytosol Cytoskeleton
proteins
Q5JYR4 | 6185 | 53| 182 Ribophorin I Membrane | Protein
proteins modification
P63261 71 | 531 41.8 yactin1 Cytosol Cytoskeleton
proteins
P11142 3312 5.37 70.9 Heat shock 70kDa protein 8 togoy Chaperones
Eukaryotic translation initiation .
P60842 1973 5.32 46.1 factor 4A1, DEAD-like Q motif Nuclear RNA helicases
Proteasome (prosome, macropain)
Q16401 5711 5.34 56.2 26S subunit Nuclear Chaperones
013283 | 10146| 536 521 Clhaseactvatngprotein (SH3 | o RNA binding
domain) binding protein 1 proteins

235




Heterogeneous nuclear

P52597 3185 5.37 45.6 . . Nuclear hnRNP
ribonucleoprotein F
Q08043 89 | 5.37| 103.2 w-actinin-3 Cytosol Cytoskeleton
proteins
Eukaryotic translation termination .
Q96CG1 2107 54 45.4 Cytosol Translation factors
factor 1
P58107 | 83481| 543 5528 Epiplakin, epidermal antige Cytosol Cytoskeleton
proteins
Spliceosome RNA helicase BAT1, .
Q13838 7919 5.44 49 RNA helicase DEAD Q motif Nuclear RNA helicases
T-complex protein 1 subunit epsilon
P48643 22948 5.44 59.6 TCP-1-epsilon Cytosol Chaperones
000148 | 10212| 546 49.1 AT"-dependent RNA helicase Nuclear RNA helicases
DDX39
Q59EJ3 3303 5.47 70 Heat shock 70, Hsp 70 Cytosol hap€rones
075369 | 2317 | 547 278 p-Filamin B Cytosol Cytoskeleton
proteins
Q00610 1213 5.48| 191. Clathrin, heavy chain 1 (Hc) Cytosol Transport
P35579 | 4627 | 55| 2264 Myosin, heavy chain 9 Cytosol | CYyioskeleton
proteins
P55060 1434 5.51 110.3  Exportin/Importin Csel-like Nuclear Protein transport
Q99829 8904 5.52 59 Copine Cytosol Transport
Q13263 10155 5.52 88.5 Transcription intermediaogtdr 18 | Nuclear ;Z;r;:nptlon
P25205 21172 553 90.9 Minichromosome maintenance Chromosome DNA.repllcatlon
complex component 3 proteins
P50990 10694 5.53 59.4 T-complex protein 1 sultheta Cytosol Chaperones
P13010 7520 555 82.7 ATP-deper?dent DNA helicase 11 80 Chromosome DNA .repalr
kDa subunit proteins
QBPDF7 | 3895 556 | 149.5 Kinectin 1 Memprane Protein transport
proteins
P35232 5245 5.57 29.8 Prohibitin Cytosol Cell-cymleteins
Q96IE3 | 5339 | 5.59| 517.7 Plectin Cytosol | CYioskeleton
proteins
Q07065 10970 5.63 66 Cytoskeleton-associated prdtei Cytosol FC):r);t;siI:Saleton
Q14980 4175 5.64| 238.FY Nuclear mitotic apparatasepr 1 Chromosome F(J:rr:)rt(;rirr]](;somal
P61224 | 5908 | 565 208 Ras-related protein Rap-1b tosGy Cytoskeleton
proteins
Q96C61 | 2316 | 5.69| 279.8 a-Filamin A Cytosol Cytoskeleton
proteins
P60228 3646 5.71 52.2 Eukaryotic tran; lation initiation Cytosol Translation factors
factor 3, subunit E
P53618 | 1315 572 107.q COAlomer protein complex, subunit| o oo Protein transport
B-1,HEAT
075643 23020 5.73| 244.4 Small nuclear ribonucleeprqU5) | Nuclear SnRNP
QoY490 | 7094 | 577| 269.6 Talin 1, Vinculin/catenin t@pl Cytoskeleton
proteins
Q8NF37 79888 577 591 Lysophosphatidylcholine Memprane Metabolism
acyltransferase 1 proteins
015371 8664 5.79 63.9 Eukaryotic tran;; lation initiation Cytosol Translation factors
factor 3, subunit D
P17987 | 6950 | 58| 60.3 gg‘a" nucleolar RNA, HIACABOX | ciear SNRNP
Q9P1N9 3376 5.82| 144.4 Isoleucyl-tRNA synthetase cléar tRNA Synthetases
Q2F832 6741 5.85 21.4  Sjogren syndrome antigen B clddu snRNP
P43243 | 9782| 587 946 Matrin-3 Nuclear | RIVAbinding
proteins
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Heat shock 70kDa protein 9

P38646 3313 5.87 73.6 . Cytosol Chaperones
(mortalin)
QONZM1 | 26509 | 5.87| 233.3 Myoferlin (Fer-1-like priot@) Membrane | 1. 1sport
proteins
Coiled-coil domain containing
Q8TBZO | 256309 5.88 96.7 . Nuclear N/A
protein 110
P31043 | 3187 | 589 49.7 Heterogeneous nuclear Nuclear hnRNP
ribonucleoprotein H1
P55795 | 3188| 5.89 49 Heterogeneous nuclear Nuclear hnRNP
ribonucleoprotein H2
. - ) Cytoskeleton
P15311 7430 5.94 69.4 Ezrin; p81; Cytovillin; iR Cytosol .
proteins
P04843 | 6184| 596 685 Ribophorin | Membrane | Protein
proteins modification
P04792 3315 5.98 22.8 Heat shock 27kDa protein 1 tosoy Chaperones
P49327 | 2194 | 6.01 273.3 Fatty acid synthase Cytosol | Mitochondrial
proteins
pP78371 10576 6.01 57.5 T-complex protein 1 sukfunit Cytosol Chaperones
P29692 | 1936| 6.02 712 Elongation factds (EF-19) Cytosol g;gfg”pm”
pP27708 790 6.02| 242. CAD protein Nuclear Metabolis
Qov2e5 | 8607 | 6.03] 502 RuvB-like 1 Chromosorpe romosomal
proteins
095766 | 221960, 6.06 55.8 UPF0550 protein C70rf28 - -
Q77405 | 3192 | 607 se.g Heterogeneous nuclear Nuclear hnRNP
ribonucleoprotein U
P33993 2176 6.08 81.4 Minichromosome maintenance Nuclear DNA.repllcatlon
complex component 7 proteins
. Cytoskeleton
P26038 4478 6.08 67.8 Moesin Cytosol .
proteins
Dolichyl-diphosphooligosaccharide- :
P39656 1650 6.09 50.8 protein glycosyltransferase 48 kDa Memprane Protc.al.n .
. proteins modification
subunit
RNA modifying
Q9UMS4 | 27339 6.14 55.1 Pre-mRNA-processing facfor 1 Nuclear enzyme and related
proteins
Q15019 4735 6.15 415  Septin 2 N/A Cell-cycle prete
P12956 2547 6.23 69 8 X-rax repair cross-complementing Chromosome DNA .repa|r
protein 6 proteins
P40227 908 6.23 58 T-complex protein 1 subunit zeta | Cytosol Chaperones
P31942 | 3189 | 637 369 ewerogeneous nuclear Nuclear ANRNP
ribonucleoprotein H3
P33991 2173 6.28 96.5 Minichromosome maintenance Chromosome DNA.repllcatlon
complex component 4 proteins
Eukaryotic translation initiation .
Q14152 8661 6.38| 166. factor 3, subunit A Cytosol Translation factors
P13639 1938 6.41 95.3 Eukaryotic translation elongation Cytosol Translation factors
factor 2
Q08211 1660 6.41| 140.9 ATP-dependent RNA helicase A | Nuclear RNA helicases
Structure specific recognition protein Histone
Q08945 6749 6.45 81 1 FACT Nuclear modification factors
Q552Y0 10576 6.46 579 Sgaperonin containing TCP1, SUbuthytosol Chaperones
099729 | 3182 | 649 359 Heterogeneous nuclear Nuclear hnRNP
ribonucleoprotein A/B
- . . Protein
Q5vuU81 9898 6.49| 103.9 Ubiquitin associated progelike | N/A e
modification
P02248 6233 6.56 8.6 Ubiquitin-60S ribosomal protef0 | Ribosome Ribosomal protein
P62988 | 7314 | 658 8.6 Ubiquitin N/A Protein

modification

237



P02545 4000 6.57 74.1 Lamin A/C Nuclear Structural
015365 5093 6.66 375 Poly(rC) binding protein 1, KH type Nuclear RNA.blndlng
2 proteins
P47897 5859 6.71 87.7  Glutaminyl-tRNA synthetase cléar tRNA Synthetases
000571 | 1654 | 673 73.2 ATP-dependentRNAhelicase Nuclear RNA helicases
DDX3X
Q7KZF4 27044 674 101.¢ Staphylpcoccal huclease domain- Nuclear Transcription
containing protein 1 factors
Q9Y3I0 51493 6.77 55.2 UPF0027 protein C220rf28
BADLA1 | 5501 | 6.81| 4651 D\A-dependentprotein kinase Chromosome| DA repair
catalytic subunit proteins
P25398 6206 6.81 14.5 40 S ribosomal protein S12 bogeime Ribosomal proteins
Q92945 | 8570 | 6.84 73.1 :ar upstream element-binding proteiny oo hnRNP
P53396 a7 6.95| 120. ATP citrate lyase Cytosol bigtam
P62826 | 5901 | 7.01 244 RAN, member RAS oncogendyamiNuclear g;gfg”pt'o”
P06733 2023 7.02 47.1) a-enolase N Cytosol Metabolism
B1AMXO0 | 29085 7.03 13.7| Phosphohistidine phosphatase Cytosol Metabolism
P31040 6389 706 728 SU(')CII’?ate dehydrogen{ase ' Cytosol Mltoc.hondrlal
[ubiquinone] flavoprotein subunit proteins
Putative pre-mRNA-splicing factor .
. RNA hel
043143 | 1665 | 7.12| 90.9 ATP-dependent RNA helicase Nuclear elcases
DHX15
Q5TCG3 | 10492| 717 62.6 Sterogeneous nuclear Nuclear hnRNP
ribonucleoprotein Q
Q96AE4 8380 718 675 Far upstream element-binding prote nNucIear Splicing related
1 factors
Qovess | 2193 | 731 575 Z:s:rﬂf"a“y"tRNA synthetase, Nuclear {RNA Synthetases
P29401 7086 7.58 67.8 Transketolase N Cytosol \oditah
Euk tic t lati I ti .
Q2F840 | 1937 | 759 6.1 _-<ayouctransiationelongation i\ jear Translation factors
factory-1
P63244 | 10399| 7.6 351 Cuaninenucleotide-binding protein | o oo Ribosomal proteins
subunitp-2-like 1
014103 | 3184 | 7.61 384 Sterogeneousnuclear Nuclear hnRNP
ribonucleoprotein D
015260 | 6836 | 7.64] 304 Surfeit4 Membrane | o iein transport
proteins
ABK220 | 5478 | 7.69| 1g | Peptdylprolylisomerase A Cytosol Chaperones
(cyclophilin A)
Macrophage migration inhibitory .
P14174 4282 7.72 12.5 factor Cytosol Cytokine related
Putative small nuclear SNRNP
Q5VYJ4 | 414153 7.84 10.7| ribonucleoprotein polypeptide E-like| Nuclear
protein 1
P14618 5315 7.96 65.9 Pyruvate kinase, muscle Qlytos Metabolism
P23528 | 1072| 822 188  Cofilin 1 (non-muscle) Cytoso | CYioskeleton
proteins
Q8WTY5 | 7155 | 822| 1823 DNA topoisomerasp 2- Chromosome| Chromosomal
proteins
Q9BV64 | 10236 | 8.23| 712 Heterogeneous nuclear Nuclear hnRNP
ribonucleoprotein R
Qoveco | 23788 825 333 Mitochondrial carrier hongoie2 | Cytosol F")"r'(t)‘::i:z”d”a'
Q06830 5052 8.27 22.1 Peroxiredoxin 1 Cytosol Mettain
P27695 328 8.32 35.5 APEX nuglease (multifunctional Chromosome DNA.repa|r
DNA repair enzyme) 1 proteins
Q5JXL7 989 8.35 44.8| Septin-7 (CDC10 protein hogo&) | N/A Cell-cycle proteins
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P07737 | 5216 | 844 15| Profilin 1 Cytosol | CYtoskeleton
proteins
P14866 | 3101 | 846 64.1 Hcrerogeneous nuclear Nuclear hnRNP
ribonucleoprotein L
B4DXP5 | 5004 | 85| 335| Poly(rC) binding protein 2 Neac RNA binding
proteins
C9JFV5 3609 8.56 82.7 Interleukin enhancer bindéator 3 Nuclear ;Egit:gdmg
P04406 | 2507 | 857 36| Chceraldehyde-3-phosphate Cytosol Metabolism
dehydrogenase
KH domain containing, RNA -
Q07666 10657 8.73 48.2) binding, signal transduction Nuclear RNA .blndlng
; proteins
associated 1
Q5XXA6 | 55107 | 8.76| 114| Anoctamin-1 Membrane | L. isport
proteins
) . . . RNA modifying
043809 11051 8.85 26.2 NUFIIX (nucleoside @phosphate IInkGdNucIear enzyme and related
moiety X)-type motif 21 .
proteins
ASBMWD | 100130 8.93 85 small nut.:lear ribonucleoprotein G- Nuclear SNRNP
9 932 like protein
Q8TCM5 | 4670 | 8.94| 736 Heterogeneous nuclear Nuclear hnRNP
ribonucleoprotein M
Heterogeneous nuclear
P22626 3181 8.97 37.4 ribonucleoprotein A2/B1 Nuclear hnRNP
P62308 6637 8.98 8.5 Small nuclear ribonucleopndgei Nuclear snRNP
P09874 142 8.99 113 Poly [ADP-ribose] polymerase 1 Chromosome DNA .repa|r
(PARP) proteins
000425 10643 8.99 63.7 In.su!m-llke gr.owth factor 2 mRNA- Nuclear RNA .blndlng
binding protein 3 proteins
015233 | 4841 | 901 549 NON-POU domain containing, Chromosome| DNVA replication
octamer-binding protein proteins
Q9P258 55920 902 56 Prote.ln RCC2 (Telophase disk Chromosome Centljomere
protein) proteins
Q9Y2X3 | 51602 9.03 59.5| Nucleolar protein 58 Nuclear | snRNP
P17844 | 1655| 906 69 Hrobaple ATP-dependent RNA Nuclear RNA helicases
helicase DDX5
P51091 | 220088 9.1| 30 Heterogeneous nuclear Nuclear hnRNP
ribonucleoprotein A3
Q05639 | 1917 | 911 504 Eukamotictransiation elongation |\ oo Metabolism
factor 1a-2
Mitochondrial import receptor Mitochondrial
=
Q15785 10953 9.12 34.5 subunit TOM34 Cytosol proteins
P25705 | 498 | 916 59.7 17 synthase subunit Cytosol Mitochondrial
mitochondrial proteins
P40939 | 3030 | 9.16 82.9  Trifunctional enzyme subunit Cytosol Mitochondrial
proteins
Q9BUQD 5725 921 596 Polypyrimidine tract binding protein Nuclear RNA .blndlng
1 proteins
P35268 | 6146 | 921 148 60 S ribosomal protein L22 Ribosome | o osomal proteins
Q9BVP2 26354 9.23 62 Small nucleolar RNA, C/D b&B1 | Nuclear SNRNP
000567 10528 9.24 66 Small nucleolar RNA, C/D b6x 8 | Nuclear sSnRNP
Q9P1IN8 7112 9.26 41.8)  Thymopoietin N/A N/A
poc7TM2 | 3178 | 9.27] 342 Heterogeneous nuclear Nuclear hnRNP
ribonucleoprotein Al-like 3
013310 8761 931 707 Poly(A) binding protein, cytoplasmic Cytosol RNA .blndlng
4 proteins
Q9NR30 9188 9.32 87.3 Nucleolar RNA helicase 2 Baic| RNA helicases
QU6FN5 | 113220 933  56.6  Kinesin family member 12 roBtosome S;Tgi‘;?ere

239



Q96EY4 | 55319 9.33 23.8/ UPFO0534 protein C4orf43 - -
B4DW28 6224 9.4 16 40S ribosomal protein S20 Ribuso Ribosomal proteins
P23284 | 5479 | 942 237 heptidviprolylisomerase B Cytosol Chaperones
(cyclophilin B)
Q8NCF7 | 5250 | 9.43] 39.9 Solute carrier family 25 men® | Cytosol Mitochondrial
proteins
P23246 6421 945 76.1 Spllcmg fagtor, proline- and Nuclear Splicing related
glutamine-rich factors
P30050 6136 9.48 17.8 60 S ribosomal protein L12 bosime Ribosomal proteins
Q15717 | 1994 | 95| 39| ELAV-like protein 1 Nuclear | RNAbinding
proteins
P11940 26986 952 70 6 Poly(A) binding protein, cytoplasmic Cytosol RNA .blndlng
1 proteins
Q71UM5 | 51065 9.57 9.5 40 S ribosomal protein SR&-li Ribosome Ribosomal proteins
Q8NEJ9 | 25983| 957 359  Neuroguidin, EIFAE bindinggin | Nuclear RNA binding
proteins
Q5QPM2 | 221913 9.63  30.3  RNA-binding protein Raly cear RNA binding
proteins
P62913 6135 9.64 20.2 60 S ribosomal protein L11 ibosdome Ribosomal proteins
P23396 6188 9.68 26.7 40 S ribosomal protein S3 ofvime Ribosomal proteins
PO5141 | 292 | 971 328 ADP/ATP translocase 2 Cytosol | Mitochondrial
proteins
P46782 6193 9.73 22.9 40 S ribosomal protein S5 ofRime Ribosomal proteins
P46777 6125 9.73 34.3  Small nucleolar RNA, C/D Bbx Nuclear SnRNP
P61247 6189 9.75 29.9  Small nucleolar RNA, C/D B8A Nuclear SnRNP
ABMYX5 6156 9.76 12.9| Ribosomal protein L30 Ribosom | Ribosomal proteins
075367 9555 9.8 39.6/ H2A histone family, member Y hraihosome| Histones
P08708 6218 9.85 15.5 40 S ribosomal protein S17 bogeime Ribosomal proteins
P62906 4736 9.94 24.8 60 S ribosomal protein L10a ibosome Ribosomal proteins
P08621 6625 9.94 51.5 U1 small nuclear ribonucletem Nuclear SnRNP
P32969 6133 9.96 21.8 60 S ribosomal protein L9 ofbime Ribosomal proteins
Q9Y383 51631 | 10.02 46.5 I?utatnve RNA-binding protein Luc7- Nuclear RNA .blndlng
like 2 proteins
P37108 | 6727 | 1004  14.6 s:g:‘e"’i‘:]recog”'t'on particle 14 kDa | 50l Receptor proteins
P38150 | 27316| 10.06 42.3 Heterogeneous nuclear Nuclear hnRNP
ribonucleoprotein G
P62263 6208 10.07 16.3 40 S ribosomal protein S14 iboseme Ribosomal proteins
P62081 6201 10.0 22.1 40 S ribosomal protein S7 bogeime Ribosomal proteins
Q9BRL6 10929 | 10.0S 12.7|  Serine/arginine-rich splidactor 8 Nuclear ;[():Itlglrr;g related
P27635 | 6134 | 1011  24.6 %na" nucleolar RNA, HIACABOX | ciear SNRNP
P62851 6230 10.14 13.7 40 S ribosomal protein S25 iboseme Ribosomal proteins
P62244 6210 10.14 14.8 40 S ribosomal protein S15a Ribosome Ribosomal proteinsg
Q6NO037 | 9584 | 1014 586  RNA binding motif protein 39 Nuclear RNA binding
proteins
P46783 6204 10.15 18.9 40 S ribosomal protein S10 iboseme Ribosomal proteins
P62701 6191 10.16 29.6 40 S ribosomal protein Sihked Ribosome Ribosomal proteins
P62861 2197 10.1] 14.4 40S ribosomal protein S30 bo$eime Ribosomal proteins
P18621 6139 10.1. 214 60 S ribosomal protein L17 ibosdome Ribosomal proteins
P62249 6217 10.21 16.4 40 S ribosomal protein S16 iboseme Ribosomal proteins
P27816 | 4134 | 1022 509  Microtubule-associated jprdte | Cytosol Cytoskeleton
proteins
P15880 6187 10.25 31.3 40 S ribosomal protein S2 bogeime Ribosomal proteins
P42766 11224 10.3 10.6 60 S ribosomal protein L35 ibosdme Ribosomal proteins
P62807 3017 10.3] 13.9 Histone cluster 1, H2bc @bsome | Histones
P33778 3018 10.31 13.9 Histone cluster 1, Histame D Chromosome|  Histones
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P62280 6205 10.31 18.4 40S ribosomal protein S11 bo$eime Ribosomal proteins
P62241 6202 10.32 24.2 Small nucleolar RNA, C/D §5x Nuclear SnRNP
P62318 6634 103 18 Small nu.clear ribonucleoprotein D3 Nuclear SARNP
polypeptide 18kDa
075494 | 10772| 10.33 222  Serine/arginine-rich smidactor 10| Nuclear ;Tt'g'r”g related
J Small nucleolar RNA, C/D box 4A,
P62750 6147 10.44 17. Ribosomal L25/23 Nuclear SnRNP
P61513 6168 10.44 10.3 60 S ribosomal protein L37a Ribosome Ribosomal proteins
P46778 6144 10.4 18.6 60 S ribosomal protein L21 ibosdme Ribosomal proteins
P62266 6228 10.5 15.8 40 S ribosomal protein S23 bogeime Ribosomal proteins
P62829 9349 10.5] 14.9 60 S ribosomal protein L23 ibosdome Ribosomal proteins
P62277 6207 10.5 17.2 40 S ribosomal protein S13 iboseme Ribosomal proteins
P62899 6160 10.54 14.5 60 S ribosomal protein L31 ibosdome Ribosomal proteins
P61254 6154 10.54 17.2 60 S ribosomal protein L26 ibosdome Ribosomal proteins
P61353 6155 10.5¢ 15.8 60 S ribosomal protein L27 ibosdme Ribosomal proteins
Q02878 6128 10.5¢ 32.7  60S ribosomal protein L6 oRime Ribosomal proteins
P62424 6130 10.6] 30 Small nucleolar RNA, C/D béx 2 | Nuclear SnRNP
pP18124 6129 10.6¢ 29.2 60 S ribosomal protein L7 bosime Ribosomal proteins
P46781 6203 10.6¢ 22.6 40 S ribosomal protein S9 bogeime Ribosomal proteins
Q02543 6142 10.72 20.7 60 S ribosomal protein L18a Ribosome Ribosomal proteinsg
Q92522 8974 10.76 22.5 H1 histone family, member X Chromosome| Histones
Q92522 8971 10.7¢ 22.5 Histone H1x Chromosome  Hésto
P62847 6229 10.7 15.4 40 S ribosomal protein S24 iboseme Ribosomal proteins
P46779 6158 10.84 19.1 60 S ribosomal protein L28 ibosdme Ribosomal proteins
P62753 6194 10.8t4 28.7 40 S ribosomal protein S6 bogeime Ribosomal proteins
Q9BTM1 | 55766 10.9 14 H2A histone Chromosome  Hisone
P20671 | 3013 | 109  14.1 E?Eg;'?;ﬁrzpsziz Histone Chromosome| Histones
P16401 3009 10.9] 22.6 Histone cluster 1, H1b Chsome | Histones
P16403 3006 10.94 21.4 Histone cluster 1, HlctoHesH5 Chromosome  Histones
P50914 9045 10.94 23.4 60 S ribosomal protein L14 ibosdme Ribosomal proteins
P40429 23521 10.9 23.6 Small nucleolar RNA, C/ 32A Nuclear SnRNP
P62269 6222 10.9 17.7 40S ribosomal protein S18 bofeime Ribosomal proteins
P46776 6157 11 16.6/ 60 S ribosomal protein L27a oftime Ribosomal proteins
P62854 6231 11.01 13 40 S ribosomal protein S26 odoime Ribosomal proteins
P16402 3007 11.0% 22.3 Histone cluster 1, H1d ofsH5 Chromosome  Histones
P10412 3008 11.0 21.9 Histone H1.4; Histone H1b ro@bsome | Histones
P62917 6132 11.04 28 60 S ribosomal protein L8 sobe Ribosomal proteins
P04908 3012 11.0% 14.1 Histone cluster 1, H2ab iBbsome | Histones
P36578 6124 11.07 47.7 60 S ribosomal protein L4 bosime Ribosomal proteins
P68431 8350 11.1 15.4 Histone cluster 1, H3a Cbsome | Histones
P63162 | 6638 | 112 244 Small nuclearribonucleoprotein- oo SNRNP
associated protein N
P62995 6434 11.24 33.6 Transformer-2 protein hogus@ Nuclear fSa‘Z)ltlglrrslg related
pP83731 6152 11.26 17.8 60 S ribosomal protein L24 ibosdme Ribosomal proteins
P62805 554313 11.3 11.4 Histone cluster 4, H4 @bsome | Histones
P49207 6164 11.4 13.3 60 S ribosomal protein L34 ibosdome Ribosomal proteins
P84098 6143 11.4 23.5 60 S ribosomal protein L19 ibosdme Ribosomal proteins
P62314 6632 11.5¢ 13.3 Small nuclear ribonucleeprddl Nuclear snRNP
P84103 6428 11.64 19.3 Serine/arginine-rich sgii¢actor 3 Nuclear ;Tt'glrrslg related
P26373 6137 11.6% 24.2 60 S ribosomal protein L13 ibosdme Ribosomal proteins
P47914 6159 11.6¢ 17.7 60 S ribosomal protein L29 ibosdome Ribosomal proteins
Q07020 6141 11.73 21.60 60 S ribosomal protein L18 ibosdome Ribosomal proteins
Q16629 6432 11.83 27.4 Serine/arginine-rich spdidactor 7 Nuclear Splicing related

factors
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Histone
modification factors
Serine/arginine repetiti i ici

‘ /arg petitive matrix Nuclear Splicing related
protein 2 factors

Q9Y3Y2 | 26097 11.9 26.4| Uncharacterized protein Clorf77 Nuclear

QOUQ35 | 23524| 11.9] 299.4

APPENDIX 3

Table 3 List of proteins identified by quantitative proteomic analysis in the Dm-
ChP pulled-down material collected either at the 2 or 6 hour fter release from a
thymidine block.

The proteins identified are listed according to réasing heavy/medium
normalised ratio, reflecting their relative abuncinn the early versus late

replicating DNA. For further details see supplemdntable 4 (Kliszczak et al.,
2011).

Q96PK6 . RNA-binding protein 14
Q14683 8243 143.2]  Structural maintenance of chromes protein 1A 0.31 2.49 0.51
P35249 5984 39.7 Replication factor C subunit 4 30.3 2.30 0.53
Q9UQE7 9126 141.5|  Structural maintenance of chromes protein 3 0.33 2.18 0.7%
P61956 6613 10.8 Small ubiquitin-related modifier 2 0.34 1.75 0.60
Q13263 10155 88.5 Transcription intermediary fadtgr 0.36 1.90 0.60
Q13185 11335 20.8 Chromobox protein homologue 3 104 2.28 0.72

SWI/SNF-related matrix-associated actin-dependent

060264 8467 1219 regulator of chromatin subfamily A member 5

p78347 2969 112.4  General transcription factor -1 0.44 1.50 0.49
P11388 7153 182.7| DNA topoisomerase 2- 0.45 1.26 0.68
Q9UIGO 9031 170.9| Tyrosine-protein kinase BAZ1B 5.4 1.67 0.87
Q08945 6749 81.07 FACT complex subunit SSRP1 046 331 0.58
Q9Y5B9 11198 119.9| FACT complex subunit SPT16 0.47 1.87 0.99

Histone-binding protein RBBP4, Chromatin assembly

Q09028 | 5928 4181 factor 1 subunit C

0.50 1.75 0.94

P35659 7913 48.02| Protein DEK 0.53 1.68 0.92
P33993 4176 81.3 Minichromosome maintenance congamponent 7 0.55 1.34 0.58
Q16401 5711 56.19| 26S proteasome non-ATPase regukibunit 5 0.56 1.35 0.57
P11387 7150 99.07 DNA topoisomerase 1 0.57 168 509
POCG48 7316 77.03  Polyubiquitin-C 0.58 0.88 0.51
P12004 5111 28.77|  Proliferating cell nuclear amtige 0.58 1.86 1.12
P46063 5965 73.46  ATP-dependent DNA helicase Q1 1 0/6 0.90 0.62
P39748 2237 42.59  Flap structure-specific endoaseld 0.64 1.56 0.95
Q9Y2wW1 9967 108.66 Thyroid hormone receptor-assediprotein 3 0.65 0.88 0.62
Q9Y265 8607 50.23| RuvB-like 1 0.67 151 112
Q9Y230 10856 | 51.16f RuvB-like 2 0.67 1.48 1.04
P52292 3838 57.86  Importin subuai2 0.67 0.91 0.67
pP78527 5591 469.08 DNA-dependent protein kinasdydat subunit 0.70 1.22 0.81
P31689 3301 44.87) DnaJ homologue (Hsp40) subfafihember 1 0.71 0.81 0.70
P62316 6633 13.53 Small nuclear ribonucleoproteirD® 0.72 1.72 1.20
P09874 142 113.08 Poly (ADP-ribose) polymerase 1 730 0.97 0.85
Q6FI13 8337 14.09| Histone H2A type 2-A 0.76 0.85 590.
Q86UP2 3895 156.27 Kinectin 0.77 0.90 0.67
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Q15393 23450| 135.5 Splicing factor 3B subunit 3 770.| 1.29 0.96
Q562R1 | 345651 42.008 B-actin-like protein 2 0.77 1.14 0.83
Q01081 7307 27.87| Splicing factor U2AF 35 kDa subun 0.78 1.67 1.00
P68032 70 42.02| o-actin, cardiac muscle 1 0.78 11 0.8
P09429 3146 24.89| High mobility group protein B1 8(@. 1.36 0.88
Q01130 6427 25.47|  Splicing factor, arginine/serinh-2 0.80 1.44 1.17
P08670 7431 53.65  Vimentin 0.82 0.76 0.59
P57053 54145 13.92  Histone H2B type F-S 0.2 086 .720
P67809 4904 41.91]  Nuclease-sensitive element-lgrutiotein 1 0.83 0.68 0.61
POCOS5 3015 13.55 Histone H2A.Z 0.83 1.60 117
095347 10592 135.6 Structural maintenance of chsomes protein 2 0.84 0.39 0.3
Q16778 8349 13.92| Histone H2B type 2-E 0.84 0.90 650
P18754 1104 48.14 RCC1-I 0.85 143 1.13
Q08J23 54888 86.47  tRNA (cytosine-5)-methyltrareferNSUN2 0.85 0.96 0.76
Q13838 7919 50.68| Spliceosome RNA helicase BAT1 508 1.05 1.09
P46940 8826 | 189.2 Ras GTPase-activating-like jpré@sAP1 0.85 0.65 0.53
Q92945 8570 73.11)  Far upstream element-bindingjorét 0.85 0.96 0.83
P42166 7112 75.49 Lamina-associated polypeptid®yirma 0.85 0.92 0.71
P62826 5901 26.41] Putative uncharacterized pr&taN 0.86 1.29 1.07
P26368 11338 53.5 Splicing factor U2AF 65 kDa sitbun 0.88 1.64 1.09
P62995 6434 33.631  Splicing factor, arginine/serice 10 0.88 0.90 0.87
Q9Y383 51631 | 46.513 Putative RNA-binding proteircTdike 2 0.88 0.98 0.79
P58107 83481| 555.6 Epiplakin 0.88 0.73 0.60
P16401 3009 22.58  Histone H1.5 0.88 1.07 0.85
P11142 3312 70.89 Heat shock cognate 71 kDa protein 0.88 1.28 1.24
Q92973 3842 102.3% Transportin-1 0.89 0.76 0.63
P13010 7520 82.700 ATP-dependent DNA helicase 2rstuBu 0.89 0.91 0.94
Q71DI3 | 333932| 15.39| Histone H3.2 0.90 0.84 0.65
Q14974 3837 97.17)  Importin subufil 0.90 0.87 0.56
Serine/threonine-protein phosphatase 2A 65 kDa

P30153 | 5518 | 6531 SIS N Subunif N isoﬂ’)’rm P 090 | 080 | 079
P08107 3303 63.92  Heat shock 70 kDa protein 1 0/900.93 0.96
P62081 6201 22.13 40S ribosomal protein S7 0.91 3 0[9 0.85
Q08211 1660 140.96 ATP-dependent RNA helicase A 109 1.07 114
P46013 4288 | 358.6 Antigen KI-67 0.91 0.54 0.58
P35579 4627 | 226.5 Myosin-9 0.92 0.76 0.71
P62805 8359 11.37,  Histone H4 0.92 0.75 0.59
Q15149 5339 | 516.47 Plectin-1 0.93 0.75 0.59
Q9UBF2 26958 97.62| Coatomer subynz 0.94 1.14 0.62
P06748 4869 32.57)  Nucleophosmin 0.94 131 121
P35637 2521 | 53.37 RNA-binding protein FUS 094 50.F 0.76
000571 1654 73.24) ATP-dependent RNA helicase DDX3X 0.94 0.78 0.80
075367 9555 39.62| Core histone macro-H2A.1 095 71 1.29
P22626 3181 37.43 Heterogeneous nuclear ribonucisps A2/B1 0.95 0.78 1.15
P16403 3006 21.36 Histone H1.2 0.95 0.59 0.56
P52597 3185 45.67) Heterogeneous nuclear ribonudteop F 0.95 0.91 0.92
075494 10772 31.3 FUS-interacting serine-arginicle{protein 1 0.95 1.13 1.16
Q92841 10521 80.27| Probable ATP-dependent RNAdsdi®DX17 0.96 0.77 0.80
P17844 1655 69.15  Probable ATP-dependent RNA fseliEdX5 0.96 0.62 0.63
Q08170 6429 56.68|  Splicing factor, arginine/seriob-4 0.96 0.72 0.74
P42677 6232 9.46 40S ribosomal protein S27 0.7 4 0[8 0.81
P19338 4691 76.61)  Nucleolin 0.97 1.33 1.36
P84103 6428 19.33| Splicing factor, arginine/seriok-3 0.98 1.05 0.86
095373 10527 119.5  Importin-7 0.98 0.78 0.83
Q86U42 8106 32.75| Polyadenylate-binding protein 2 980 0.72 0.93
P43243 9782 99.96 Putative uncharacterized prM&mR3 0.99 0.98 0.97
P07910 3183 32.34  Heterogeneous nuclear ribonucissp C1/C2 0.99 1.22 1.15
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P12268 3615 | 55.80 Inosine-5'-monophosphate dehgdesg 2 0.99 0.68 0.7¢
P1295 2547 69.84/  ATP-dependent DNA helicase 2 subun 1.0 0.98 1.01
P00558 5230 44.61) Phosphoglycerate kinase 1 10 7 0.80.80
Q12905 3608 43.06| Interleukin enhancer-bindingofat 1.0 1.18 121
P14866 3191 64.13| Heterogeneous nuclear ribonudtp L 1.01 0.93 0.94
P08107 3303 70.05  Heat shock 70 kDa protein 1 1/011.53 1.67
Q07955 6426 27.74|  Splicing factor, arginine/seriob-1 1.02 0.99 0.97
P61978 3190 48.56) Heterogeneous nuclear ribonudesp K 1.02 1.32 1.26
Q12906 3609 95.81| Interleukin enhancer-bindingoia8t 1.02 0.91 0.98
P62263 6208 16.27,  40S ribosomal protein S14 103 191 0.92
Q07666 10657 148.23 KH doma'in—contain'ing, RNA—t?inding, signal 103 0.98 1.04
transduction-associated protein 1
P52272 4670 77.52] Heterogeneous nuclear ribonudtsp M 1.03 0.97 0.96
P47914 6159 17.78 Ribosomal protein L29 1.03 0.880.89
Q13151 10949 30.84) Heterogeneous nuclear ribonorcezin AO 1.03 1.03 0.91
P23528 1072 18.50) Cofilin-1 1.03 1.37 0.93
P26599 5725 59.63|  Polypyrimidine tract binding pimotL 1.03 1.12 1.24
P20700 4001 66.41 Lamin-B1 1.03 1.14 1.30
P62241 6202 25.19  40S ribosomal protein S8 1.03 8 1j0 1.09
Q00341 3069 141.4f  Vigilin 1.04 0.66 0.62
P07437 203068 49.67 B-Tubulin chain 1.04 0.78 0.80
P49368 7203 60.53 T-complex protein 1 subwynit 1.04 0.64 0.83
Q96AG4 55379 34.93| Leucine-rich repeat-containirgein 59 1.05 0.83 0.94
P02545 4000 74.14 Lamin-A/C 1.05 1.26 1.31
Q14103 3184 38.43| Heterogeneous nuclear ribonud&sp DO 1.05 1.13 1.33
P08865 3921 33.31 40S ribosomal protein SA 1.05 01j0 0.96
Q5SSJ5 50809 61.2¢ Heterochromatin protein 1-bgngiotein 3 1.05 0.76 0.85
P31942 3189 36.93 Heterogeneous nuclear ribonudssp H3 1.05 0.79 0.69
P09651 3178 38.85 Heterogeneous nuclear ribonucisnp Al 1.07 1.14 1.16
P38919 9775 46.87| Eukaryotic initiation factor 4A-1 1.07 0.65 0.59
Q04637 1981 175.5/ Eukaryotic translation initiatfaotor 4y-1 1.07 0.61 0.63
Q96AE4 8880 68.90| Putative uncharacterized prdteiBP1 1.07 1.04 1.18
P61313 6138 24.17 Ribosomal protein L15 1.07 0.92 .081
P46379 7917 122.3| Large proline-rich protein BAT3 .081 0.72 0.69
Q15365 5093 37.49| Poly(rC)-binding protein 1 1.08 .750 | 0.94
000231 5717 47.53| 26S proteasome non-ATPase reguiibunit 11 1.08 0.95 1.11
Q9Y262 51386 70.90| Eukaryotic translation initiatfactor 3, subunit E 1.09 0.58 0.8
P31948 10963 62.66  Stress-induced-phosphoprotein 1 1.10 0.76 0.97
Q16629 6432 27.36 | Splicing factor, arginine/serine-rich 7 1.10 0.73 0.82
P83731 6152 19.57)  60S ribosomal protein L24 110 940/ 084
P31943 3187 51.23  Heterogeneous nuclear ribonudtsp H 1.10 1.11 1.23
P63241 1984 20.17| Eukaryotic translation initiatiactor 5A-1 1.10 0.98 0.82
Q01844 2130 69.05| RNA-binding protein EWS 110 70.8 1.04
P63244 10399 37.89  Guanine nucleotide-binding pratgbunitp-2-like 1 1.11 0.73 0.85
Q13148 23435 4499 TAR DNA-binding protein 43 1.11 1.01 1.17
043390 10236 70.94  Heterogeneous nuclear ribonudesin R 111 0.94 1.17
P46778 6144 18.56)  60S ribosomal protein L21 111 001] 1.05
P39023 6122 46.11]  60S ribosomal protein L3 111 308 0.96
P62249 6217 16.45  40S ribosomal protein S16 1/11 7304 091
P46777 6125 34.36) 60S ribosomal protein L5 111 510 1.27
P18077 6165 12.54  60S ribosomal protein L35a 1.11 .00 1| 0.93
P62244 6210 14.84|  40S ribosomal protein S15a 112 .10 3} 0.95
Q99729 3182 35.97| Heterogeneous nuclear ribonud&sp A/B 1.12 1.19 1.33
P68371 10383 49.83  Tubull2C chain 1.13 0.67 0.91
P62851 6230 13.74  40S ribosomal protein S25 113 141 1.13
Q7KZF4 27044 102 Staphylococcal nuclease domaitagung protein 1 1.13 0.64 0.80
014979 9987 46.44| Heterogeneous nuclear ribonudtsip D-like 1.14 1.08 1.11
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060841 9669 138.8) Eukaryotic translation initiatfaotor 5B 1.14 0.69 0.74
P29401 7086 68.74)  Transketolase 1.15 0.86 0.99
P38159 27316 42.33) Heterogeneous nuclear riborudesn G 1.15 1.21 1.43
Q15717 1994 38.99 ELAV-like protein 1 1.16 0.75 9.7
P60866 6224 16.01  40S ribosomal protein S20 106 211 1.10
P25398 6206 14.53  40S ribosomal protein S12 1/17 06 1} 1.15
Q13283 10146 52.16) Ras GTPase-activating proteidiin protein 1 1.17 0.81 0.85
P35241 5962 71.05 Radixin isoform b 1.17 0.78 0.86
P07900 3320 98.16 Heat shock protein HSR. 90- 117 0.89 1.00
P62266 6228 15.81]  40S ribosomal protein S23 117 870} 0.99
P23246 6421 76.15  Splicing factor, proline- andaghine-rich 1.18 1.07 1.20
P23396 6188 26.69  40S ribosomal protein S3 118 8 0|8 1.00
P08621 6625 51.56 U1 small nuclear ribonucleopmotéi kDa 1.18 0.81 1.31
P62701 6191 29.60, 40S ribosomal protein S4, X rsofo 1.18 0.93 0.96
P61247 6189 29.95  40S ribosomal protein S3a 119 04 14 1.08
P18621 6139 21.39  60S ribosomal protein L17 119 031] 1.10
P27635 6134 26.59| 60 S ribosomal protein L10 1.19 .790| 0.80
P62753 6194 28.68  40S ribosomal protein S6 120 30(9 094
Q06830 5052 22.11| Peroxiredoxin-1 1.20 1.06 1.06
P62424 6130 29.99| 60S ribosomal protein L7a 1.20 970f 1.08
P60228 3646 52.22  Eukaryotic translation initiatiactor 3 subunit E 1.21 0.63 0.72
- 648000| 32.42| Ribosomal protein L7 pseudogene 23 21 1) 0.67 1.08
Q00839 3192 90.58/ Heterogeneous nuclear ribonudezp U 1.21 1.25 1.45
P46783 6204 18.89  40S ribosomal protein S10 121 750, 0.85
P51991 220988 39.59 Heterogeneous nuclear ribaspraiein A3 1.21 0.98 1.01
P08238 3326 83.26) Heat shock protein HSB 90- 1.21 0.85 1.09
P62906 4736 25.03  60S ribosomal protein L10a 1p1 810 0.99
P55884 8662 99.04 Eukaryotic translation initiatiactor 3 subunit B 1.21 0.69 1.1¢
P05388 6175 34.27|  60S acidic ribosomal protein PO 221 1.22 1.09
P15880 6187 31.32)  40S ribosomal protein S2 1p2 409 1.09
P46782 6193 22.88  40S ribosomal protein S5 1p2 409 1.03
Q8Wz42 7273 3829.8 Titin 1.22 1.08 1.39
P62750 6147 22.69  60S ribosomal protein L23a 1p2 800 1.10
Q15233 4841 54.23] Non-POU domain-containing octanirating protein 1.22 0.80 1.14
Q13427 5478 24.38| Peptidyl-prolyl cis-trans isorsera 1.22 0.38 0.72
P46776 6157 16.56| 60S ribosomal protein L27a 1p2 960 1.00
P31943 10492 62.66 Heterogeneous nuclear riborprassn Q 1.23 0.85 1.05
- 6219 15.92| Ribosomal protein S17 pseudogene 2 3 112 1.02 1.00
P46781 6203 22.59  40S ribosomal protein S9 123 109 1.05
P11021 3309 72.42 78 kDa glucose-regulated protein 1.23 0.51 0.45
P40429 23521 23.58 60S ribosomal protein L13a 1.230.78 1.00
P62277 6207 17.22  40S ribosomal protein S13 123 8905 0.90
Q1KMD3 | 221092| 85.10| Heterogeneous nuclear riboopetgein U 1.24 0.86 0.86
P21333 2316 280.7  Filamin-A 1.24 0.67 0.82
- - 40.41 | Putative uncharacterized protein DKFZ8E&5L59 1.24 0.75 0.90
P62913 6135 20.25  60S ribosomal protein L11 1.24 980] 0.99
Q8NC51 26135 44.97| Plasminogen activator inhibit&NA-binding protein 1.25 0.79 1.08
P46779 6158 15.75  60S ribosomal protein L28 1.25 820| 0.96
P30050 6136 17.82)  60S ribosomal protein L12 126 111] 1.10
P62917 6132 28.03 60S ribosomal protein L8 126 10 1.05
P63104 7534 27.75  14-3-3 protéid 1.26 1.00 0.96
P13639 1938 95.34  Elongation factor 2 1.26 0.55 0.71
P55010 1983 49.221  Eukaryotic translation initiati@ctor 5 1.27 0.69 0.89
P49327 2194 273.4) Fatty acid synthase 1.27 0.64 0.75
P11940 26986 70.67  Polyadenylate-binding protein 1 1.27 0.45 0.62
P32969 6133 21.86 60S ribosomal protein L9 1.27 70/ 1.06
P07195 3945 36.64| L-lactate dehydrogenase B chain 28 1 0.73 0.81
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Q02878 6128 32.87| 60S ribosomal protein L6 1.28 20p 121
P62280 6205 18.43  40S ribosomal protein S11 128 99 0 1.00
Q13310 8761 72.39| Polyadenylate-binding protein 4 .281| 0.54 0.81
P62829 9349 14.87)  60S ribosomal protein L23 129 021] 126
Q07020 6141 21.63| 60S ribosomal protein L18 1.29 131 1.36
P50914 9045 23.79  60S ribosomal protein L14 131 690] 1.16
P26373 6137 24.26  60S ribosomal protein L13 1832 940/ 1.09
P50991 10575 57.95  T-complex proteird Bubunit 1.33 0.60 1.24
Q14152 8661 166.57 Eukaryotic translation initiatfactor 3 subunit A 1.35 0.68 0.86
P62899 6160 14.63  60S ribosomal protein L31 186 740] 0.79
P6317 6169 8.22 60S ribosomal protein L38 1.36 1.031.34
Q02543 6142 20.76| 60S ribosomal protein L18a 1.87 .880| 1.02
Q7L1Q6 9689 5128 ?asic leucine zipper and W2 domain-containing pnote 137 066 093
P26641 1937 56.15 Elongation factet 1.37 0.62 0.91
043707 81 104.9| a-actinin-4 1.38 0.48 0.65
P29692 1936 71.41 Elongation facet 1.39 0.83 1.03
Q14151 9667 107.5| Scaffold attachment factor B2 014 1.20 1.71
P10809 3329 61.05 60 kDa heat shock protein, nitedtial 1.40 0.80 1.18
P24534 1933 24.76 Elongation factopg 1- 1.40 0.45 0.60
P42766 11224 14.55 60S ribosomal protein L35 1.41 .620[ 0.90
P60842 1973 46.15  Eukaryotic initiation factor 4A-I 1.41 0.51 0.84

QouQ80 5036 43.79| Proliferation-associated pra2&d 1.43 0.62 1.06
00030 8665 39.15| Eukaryotic translation initiatfantor 3 subunit F 1.43 0.82 1.1¢
P84098 6143 23.47)  60S ribosomal protein L19 144 051) 113
P36578 6124 47.70  60S ribosomal protein L4 145 808 1.25
P06733 2023 47.17| a-enolase 1.47 0.75 1.13
P61353 6155 15.79)  60S ribosomal protein L27 147 011] 135
P18206 7414 123.8  Vinculin 1.48 0.80 0.81
P61254 6154 17.26  60S ribosomal protein L26 1.50 780 0.82
P62269 6222 17.72)  40S ribosomal protein S18 152 900} 1.16
043175 26227 56.65 D-3-phosphoglycerate dehydragena 1.53 0.49 0.85
P68104 1915 50.14 Elongation factos-1- 1.53 0.70 1.05
P62841 6209 17.04  40S ribosomal protein S15 154 800 1.07
P62847 6229 15.42  40S ribosomal protein S24 158 67 0f 1.05
P00338 3939 36.69 L-lactate dehydrogenase A chain .68 1 0.70 1.03
P04406 2597 36.05 Glyceraldehyde-3-phosphate depgdase 1.70 0.61 1.01
P04075 226 45.26| Fructose-bisphosphate aldolase A .82 1 0.46 0.91
P14618 5315 65.93  Pyruvate kinase isozymes M1/M2 851 0.45 0.87

APPENDIX 4

Public presentations, posters and publications arisg from thesis

work

1. Poster presentations

Kliszczak, A.E and Santocanale, Gwestigating molecular interactions of DNA

replication proteins(A poster presented at the NCBES Science Reseaagh D
National University of Ireland Galway, 7th Janu&§10, Galway, Ireland).
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Kliszczak, A.E, Harhen, B., Rainey, M.D., Santocanale, @MNA mediated

chromatin pull-down: a novel method for chromatimabysis(A poster presented
at the Keystone Symposia, DNA Replication and Rdzpnation, 26th February-
4th March 2011, Keystone, Colorado, USA).

2. Public presentations

Kliszczak, A.E and Santocanale, @NA mediated chromatin pull-down: a

novel method for the analysis of newly synthesisldmatin (A seminar
presented at the Waters Postgraduate Prize in Slaasstrometry for Proteomics
and Biopharmaceuticals symposium 27th January 2Daiblin, Ireland; finalist

of the Waters Postgraduate competition).

3. Publications

Kliszczak, A.E, Rainey, M.D., Harhen, B., Boisvert, F.M., Samtoale, C.

(2011) DNA mediated chromatin pull-down for the study dfromatin
replicationSci Repl, 95.

247



