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Summary

In Saccharomyces cerevisiae efficient global genome nucleotide excision
repair (GGR) requires a heterotrimeric protein complex of Abfl, Rad7 and Rad16
termed the GGR complex. Abfl is a site specific DNA binding protein with known
roles in DNA replication, transcription and repair. Rad16 has a DNA translocase
activity and is a functional component of an E3 ubiquitin ligase. Rad16 has recently
been shown to regulate the occupancy of GenS and histone H3 K9K 14 acetylation in
response to UV damage.

The current study investigates how GGR is organised throughout the genome
using chromatin-immunoprecipitation coupled to microarrays. Abfl is observed to
bind the genome at a high frequency and is preferentially localised to promoters. By
analysing other genome-wide datasets in relation to Abfl binding, Rad16 dependent
histone H3 K9K 14 acetylation and efficient GGR are observed to colocalise with
Abf1 binding sites at promoters. Rad16 binding is also mapped and is found to
colocalise with Abfl binding sites at many promoters. Peaks of Rad16 binding are
lost in a UV dependent manner and based on previous studies, this is suggested to
occur by DNA translocation of Rad16. The differences in Rad16 binding levels are
found to correlate with Rad16 dependent acetylation and efficient GGR.

In addition to studying the occupancy of Abfl, novel tools are built for the
genome-wide analysis of Abfl DNA binding kinetics. A recombinant protein termed
a competitor is designed for this purpose. The competitor consists of an Abfl DNA
binding domain fused to a hormone dependent regulatory cassette. Following
activation, the rate at which the competitor replaces Abfl at a DNA binding site 1s
monitored by chromatin immunoprecipitation to qualitatively measure Abfl DNA
binding kinetics. Preliminary results are shown that might suggest changes in Abf1
DNA binding kinetics following UV are mechanistically linked to GGR.
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(6-4)PP - Pyrimidine (6—4) pyrimidone photoproduct
aa - Amino acid
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GFP - Green fluorescent protein

GGR - Global genome NER

GR - Glucocorticoid receptor

GRF - General regulatory factor

HAT - Histone acety! transferase

HBD - Hormone binding domain

HLB - High level binding

HR - Homologous recombination

IP - Immunoprecipitation/Immunoprecipitate
LBD - Ligand binding domain

LLB - Low level binding

MMR - Mismatch repair

NDR - Nucleosome depleted region

NER - Nucleotide excision repair

NHEJ - Non-homologous end joining

NTS - Non-transcnibed strand

OB - Oligonucleotide binding

ORF - Open reading frame

PAR - Poly ADP-nbosc

PCNA - Proliferating nuclear antigen

PCR - Polymerase chain reaction

PIC- Preincision complex
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Chapter 1

1. Introduction

1.1 DNA damage

Deoxyribonucleic acid (DNA) encodes the genetic blueprint of cellular life.
Using the four nucleotides of guanine, cytosine, adenine and thymine, DNA functions
to store the information necessary for the development of all cellular components
including all protein and RNA. Accurate preservation of this molecule and inheritance
to the daughter cell is critical to life, and mechanisms that perturb these processes are
considered to play fundamental roles within ageing, cancer and cell death. Therefore,
maintenance of cellular DNA is imperative for the stable development and replication
of all living organisms.

Within the cell, DNA is not inherently stable and is constantly exposed to
agents that alter its pnmary structure, as well as spontaneous alterations. Deamination
of four of the five bases present in DNA (cytosine, adenine, guanine and 5-
methylcytosine) can result in the conversion to alternative nitrogen bases (uracil,
hypoxanthine, xanthine, thymine). In addition, uracil may be introduced into DNA
during semi-conservative replication, which may also incorrectly incorporate non-
complementary bases resulting in DNA mismatches. Similarly, non-replicative DNA
synthesis may also introduce DNA mismatches. Cleavage of the N-glycosyl bond
between a base and sugar phosphate within DNA produces an abasic site. Reactive
oxygen species (ROS) denived from aerobic respiration and other sources can produce
intracellular “OH radicals which result in electrophilic additions to nucleobases or
hydrogen abstraction of deoxyrbose sugar, which can induce single strand breaks. A
wide vaniety of DNA damage is also introduced as a result of exogenous
environmental factors. Ionizing radiation (from cosmic radiation and radionuclides)
can induce regions of localised ROS which can induce a variety of DNA lesions
including oxidative damage to bases, as well as single and double strand DNA breaks.
UV irradiation (from sunlight) induces the saturation of the 5,6 double bond of
pyrimidines to produce a wide variety of lesions including cyclobutane pyrimidine
dimers, pyrimidinc-pyrimidone (6-4) photoproducts, pyrimidine hydrates and thymine
glycol. Alkylating agents (such as methyl chloride or S-adenosylmethionine) transfer
alkyl groups to nucleophilic centres within DNA bases and the backbone. Alkylation

also weakens the N-glycosyl bond and thus promotes formation of abasic nucleotides.
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Chapter 1

Further to these examples, a plethora of extra DNA damages and sources of damage
have been characterised (Friedberg, 2006).

In order to maintain the structure of DNA and promote cell survival, the cell
has evolved a large repertoire of biochemical pathways to both reverse DNA damage
and tolerate damage during DNA replication. A wide varicty of sources of DNA
damage to the cell have existed throughout evolution and these have functioned to
impose a high sclective pressure for the maintenance of these pathways.
Consequently, most DNA repair pathways are highly homologous throughout the
cukaryotic kingdom, and as such, model organisms including the yeast
Saccharomyces cerevisiae have been, and continue to be, implemental in the quest for
deciphering the molecular mechanism of eukaryotic DNA repair. The research
presented here concerns the repair of UV induced DNA damage by the repair pathway

nucleotide excision repair, using S. cerevisiae as a model organism.

1.1.1 UV irradiation induced DNA damage and mutagenesis

Ultra-violet radiation (UV) is subdivided into three ranges termed UVA (320-
400nm), UVB (290-320nm) and UVC (200-290nm). Exposure of humans to UV from
solar radiation principally consists of wavelengths from UVA (95%) and longer
wavelengths in UVB (5%), whilst the earth’s ozone layer absorbs the majority of
shorter wavelengths from UVB and UVC. UV radiation is both cytotoxic and
mutagenic and a plethora of evidence demonstrates UV exposure is a primary factor
in the development of skin cancers (Pfeifer et al., 2005). This is principally due to UV
induced DNA damage. UV is readily absorbed by DNA and exposure induces a wide
variety of DNA lesions; principally dipyrimidine photoproducts (discussed below) but
also less commonly other damages including interstrand crosslinks, ssDNA breaks
and oxidative lesions (Bourre et al., 1987; Douki et al., 2003; Ravanat et al., 2001).
Pyrimidine photoproducts are refractory to DNA replication and if they are not
tolerated by the cell, can result in necrosis (Prakash et al., 2005). Nucleotide excision
repair (NER) is the principle pathway for the repair of UV damaged DNA (discussed
below). Mutations which inactivate this pathway arec the molecular cause of the
homozygous recessive genetic disecase Xeroderma pigmentosum (XP). This disease
exemplifies the role of DNA damage in UV induced cytotoxicity and mutagenesis;
XP patients show severe sensitivity to sunlight and a ~2000-fold increase in the
incidence of skin cancer (Friedberg, 2006).

Page | 2
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In the absence of repair, DNA damage may be tolerated during DNA
replication by a host of specialised polymerases termed translesion synthesis (TLS)
polymerases, which mediate DNA replication past a lesion (Prakash et al., 2005).
Although this process can occur via one polymerase, often damage is bypassed by the
combinatonal activities of two polymerases; the first adds nucleotides opposite a
lesion and the seconds extends synthesis beyond the lesion. Whilst these activities
promote the tolerance of DNA damage, and cell survival, because the enzymes
typically have a low fidelity this occurs at the cost of accurate DNA replication
(Prakash et al., 2005). This inaccurate replication drives mutagenesis, and the vast
majority of UV induced DNA mutagenesis in cukaryotes is dependent upon the
activity of TLS polymerases (Abdulovic and Jinks-Robertson, 2006; Yoon et al.,
2009, 2010).

Most DNA mutations induced by UVB or UVC light are base substitutions at
dipyrimidines, most commonly C->T transition events (Armstrong and Kunz, 1992;
Brash et al., 1987; Drobetsky et al., 1987; Dumstorf et al., 2006; Gueranger et al.,
2008). UVA induced DNA mutagenesis is currently a hot topic of debate, and in some
expenmental sctups, it appears UV A induces a differential pattern of mutagenesis to
that of UVB or UVC (Runger and Kappes, 2008). This correlates with a differential
pattern of UVA induced DNA damage (Douki et al., 2003). However, as with UVB
and UVC, pyrimidine photoproducts still remain the primary DNA damage and these
lesions have been correlated with UVA mutagenesis including the prototypical C->T
transition (Mouret et al., 2006; Rochette et al., 2003; Runger and Kappes, 2008). In
addition, UVA is considered only to contribute 0.01-10% of DNA damage from solar
radiation (Runger and Kappes, 2008). Within the laboratory, UV damage is
commonly induced by a germicidal lamp emitting principally wavelengths close to
254nm, in the UVC range. This wavelength is not readily absorbed by proteins, but is
near to the absorption maxima of DNA, permitting experimental selectivity for UV
induced DNA lesions (Friedberg, 2006). It may thus be observed that whilst this does
not recapitulate UV exposure from natural sunlight, the experimental procedure
remains highly biologically relevant by inducing the same DNA damage and

mutations as natural sunlight.
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1.1.2 Cyclobutane pyrimidine dimer (CPD)

The most common DNA lesion induced by UV irradiation occurs between
adjacent pyrimidines which covalently link between the C5 and C6 double bonds of
the respective bases to form a 4 carbon ring (Fig. 1.1). Such lesions are termed
cyclobutane pyrimidine dimers or CPDs, and are classically represented between
bases with “<>" such that a CPD between two thymines is denoted as T<>T.
Theoretically four stereoisomers of the CPD exist, although in B-form DNA the lesion
predominately occurs as the cis-syn isomer (Friedberg, 2006).

CPDs may form between any dipyrimidines, however lesion incidence is
influenced by multiple factors. In this respect, base composition of the dipyrimidine
appears to be important. Treatment of naked DNA with UVC induces CPDs between
the adjacent pynmidines T<>T, C<>T, T<>C, C<>C, at a ratio of 68:13:16:3, whilst
UVB treatment achieves a similar ratio of 52:19:21:7 (Mitchell et al., 1992). The
formation of CPDs plateaus at high levels of UV irradiation (Douki and Cadet, 2001;
Douki et al., 2000). It should be noted that numerous studies have analysed the
incidence of the CPD lesion for these four dipyrimidines using various techniques
with both in vitro and in vivo DNA substrates. Whilst the ratios reported do differ
from those stated above, two universal observations generally hold; that UVB and
UVC induce CPD lesions at similar ratios for the dipyrimidines (and a given
experimental condition) and that the T<>T CPD is the most frequent lesion observed
(Bourre et al., 1987; Brash and Haseltine, 1982; Douki and Cadet, 2001; Rochette et
al., 2003). Furthermore, the intracellular environment does not have a large influence
upon the relative distribution of CPD incidence at dipyrimidines (Douki and Cadet,
2001; Lippke et al., 1981; Teng et al., 2010). Interestingly, application of UVA to
DNA does not induce the same pattern of DNA damage as that of UVB or UVC;
neither C<>C CPDs nor (6-4)PPs (see below) are detectably induced and the ratio of
T<>T CPD to other CPD lesions is far greater (Besaratinia et al., 2005; Courdavault et
al., 2004; Douki et al., 2003; Rochette et al., 2003). Whilst this was predicted to
suggest that UVA may induce CPD formation via an indirect method (thus contrasting
with UVB and UVC), two recent reports strongly suggest damage induction occurs
via direct absorption of the wavelength (Douki et al., 2003; Jiang et al., 2009; Mouret
et al., 2010). As with UVB and UVC irradiation, the predominant lesion in UVA
damaged DNA is the CPD (Courdavault et al., 2004; Douki et al., 2003; Mouret et al.,
2006).
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The CPD has long been suspected to be the principle mutagenic lesion induced
by UV irradiation due to its abundant presence and slow repair in vivo (Courdavault
ct al., 2005). In support of this, selectively repairing CPDs after UV damage by
photoreversal, drastically reduces UV induced mutagenesis in both yeast and
mammalian cells (Armstrong and Kunz, 1992; Brash et al., 1987; Jans et al., 2005;
Yoon et al., 2010; You et al., 2001). The most common base substitution at a CPD is a
C->T transition (Yoon et al,, 2009; You et al., 2001). Interestingly however, TLS past
the cis-syn T<>T CPD is not a highly mutagenic process in vivo (Gibbs et al., 1993;
Yoon et al, 2009). Indeed, it has been demonstrated that a T<>T CPD may be
cfficiently bypassed in an error-free manner by the TLS polymerase Poln (Johnson et
al,, 1999b; Masutan et al.,, 1999a; Washington et al., 2000; Yoon et al., 2009).
Furthermore, genetic abnormalities within this polymerase are the molecular basis of
a vanant form of XP (termed XPV) in which UV induced mutagenesis is highly
prevalent (Johnson et al., 1999a; Masutani et al.,, 1999b). This suggests Poln is the
principle polymerase involved in CPD TLS; the same conclusion is also made in yeast
(Gibbs et al., 2005).

In a recent study it was shown that mammalian polymerases Polk and Poll
function in independent mutagenic TLS pathways for the CPD (Yoon et al., 2009).
Polx cannot bypass this lesion, whilst Pol bypass occurs infrequently (Johnson et al.,
2000a; Johnson et al., 2000b; Nelson et al., 1996). However, both can extend from a
nucleotide opposite the 3° thymine of a T<>T CPD, and both do this preferentially
from an incorrectly incorporated guanine base (Johnson et al., 2000b; Washington et
al., 2002). Therefore, it is predicted that an as yet to be identified TLS polymerase
functions upstream of both Polk and Poll dependent TLS to insert a nucleotide(s)
opposite the CPD lesion (Yoon et al., 2009). Interestingly, two further human studies
have produced contrasting results with that of Yoon et al. (2009) for CPD
mutagenesis. Ziv et al. (2009) found that whilst Pol{ was necessary for CPD
mutagenesis, their study suggested the polymerase functioned in two TLS pathways;
one of which was dependent upon Poli and the other Polx (Ziv et al., 2009). In further
contrast to these reports, a third study has suggested Pol{ does not have a role in CPD
mutagenesis (Shachar et al., 2009). At least some of these differences probably reflect
the disparity in the experimental conditions; whilst all studies used plasmid based
assays to assess mutagenesis, the latter two studies introduced the lesion upon a

region of single stranded DNA and thus probably reflect TLS at post replication gaps
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Chapter 1

I.1) (Lippke et al., 1981). The damage is termed a pyrimidine-pyrimidone (6-4)
photoproduct or (6-4)PP. The incidence of CPD relative to the (6-4) PP DNA damage
depends both upon flanking DNA sequence and the wavelength of UV radiation;
estimates typically calculate between three to ten fold higher levels of CPD incidence
(Bourre et al., 1987; Brash and Haseltine, 1982; Douki et al.,, 2003; Perdiz et al.,
2000). In addition, the (6-4)PP also exists as a Dewar valence isomer (see Fig 1.1). As
with the CPD, the incidence of (6-4)PP DNA damage is influenced by its nucleotide
scquence. For both UVB and UVC irradiation, the (6-4)PP is most prevalent at TC
dimers, while TT or CC (6-4)PPs occur around 5-10 times less often and CT (6-4)PPs
are very uncommon; this pattern is true of both purified and intracellular DNA (Brash
and Haseltine, 1982; Douki and Cadet, 2001; Lippke et al., 1981). Under conditions
where the relationship between lesion formation and UVB/UVC irradiation is linear,
the only Dewar valence isomer detected is the CC (6-4)PP isomer (Douki and Cadet,
2001). However, as UV imradiation exposure increases the relative distribution of
damage alters such that (6-4)PP formation plateaus, whilst Dewar (6-4)PP continues
to increase (Douki and Cadet, 2001; Douki et al., 2000). Whilst UVA irradiation
cannot induce the formation of (6-4)PPs in DNA, it has been demonstrated to
photoisomenze the damage into its Dewar valence isomer (Besaratinia et al., 2005;
Douki et al., 2003; Rochette et al., 2003). As a consequence, simulated sunhight (95%
UVA, 5% UVB) DNA damage results in high levels of Dewar valence isomers at a
cost of (6-4)PPs when compared with UVB DNA damage alone (Douki et al., 2003;
Perdiz et al., 2000). The nucleotide composition of the dipyrimidine also influences
this process and TT (6-4)PPs are photoisomerized more efficiently than TC (6-4)PPs
by UV A (Courdavault et al., 2005).

The most common base substitution induced by the (6-4)PP 1s a T->C
transition for both yeast and mammalian cells (Bresson and Fuchs, 2002; Gibbs et al.,
1995: Yoon et al., 2010). Interestingly, despite its error-free role in CPD TLS, Poln is
responsible for the majority of (6-4)PP induced mutagenesis in yeast (Bresson and
Fuchs, 2002; Zhang and Siede, 2002). In vitro the polymerase preferentially inserts
guanine opposite the 3° thymine of a TT (6-4)PP (Johnson et al., 2001). This activity
would result in the T->C transition mutations most frequently observed at the (6-4)PP
in vivo. Polt may also insert nucleotides opposite a TT (6-4)PP and does this with a
low fidelity (Haracska et al., 2001; Johnson et al, 2000b; Tissier et al., 2000;

Vaisman et al., 2003). Irrespective of which polymerase inserts a nucleotide(s)
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opposite the (6-4)PP, neither can bypass the damage in vitro (Johnson et al., 2001;
Seki and Wood, 2008; Vaisman et al., 2003). In both circumstances addition of Pol(
continues DNA polymerisation, which occurs consistently with the stated mutagenesis
of a (6-4)PP above, by preferentially extending from an incorrectly inserted guanine
nucleotide opposite a lesion thymine (Johnson et al., 2001; Johnson et al., 2000b). In
vivo, Pol( is considered to the principle polymerase for TLS of the (6-4)PP in yeast
(Gibbs et al., 2005).

In contrast with yeast, in humans these three polymerases appear to function
independently in (6-4)PP TLS pathways; Poln and Poli function in error-prone
pathways whilst Pol( is necessary for error free bypass of the lesion (Yoon et al.,
2010). Given the above biochemical properties of these polymerases, this suggests
that at least two more TLS polymerases must exist; one to extend from Poln and Polt
nucleotide insertion opposite the lesion, and another to act upstream of Pol( extension.
Pol® may be one likely candidate given that it can efficiently extend TLS across a (6-
4)PP with Poh in vitro (Seki and Wood, 2008). A second recent human study has also
explored (6-4)PP mutagenesis pathways but produced contrasting results with Yoon et
al. (2010), suggesting Pol( is the predominant driver of (6-4)PP mutagenesis (Shachar
et al.,, 2009). As discussed above, the differences may result from the experimental

setup reflecting different types of TLS at ssDNA and dsDNA lesion substrates.

1.2 Eukaryotic DNA repair pathways
By way of introduction to eukaryotic DNA repair the following account

briefly summarises the repair pathways common to all eukaryotes; double strand
break repair, mismatch repair and base excision repair, followed by a detailed account

of nucleotide excision repair.

1.2.1 Double strand break repair
DNA double strand breaks (DSBs) are a highly cytotoxic DNA lesion and are

the product of multiple sources including ionizing radiation, oxidative stress and
replication of damaged DNA. DSB repair can occur via two repair mechanisms; non-
homologous end joining (NHEJ) or homologous recombination (HR) (Heyer et al,,
2010; San Filippo et al., 2008). Since HR requires a second region of dsDNA
homologous to the region in which a DSB has occurred, NHEJ is the only DSB repair

option in any circumstance where this template is unavailable. NHEJ occurs using
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various functional components including a DSB multifunctional recruitment factor, a
polymerase, nuclease, kinase/phosphatase and ligase, members of which are given for
both yeast and humans in Fig. 1.2. For vertebrate NHEJ, when a DSB breaks forms,
the DNA ends are bound by Ku and this complex functions to recruit the nuclease,
polymerase and ligase activities (Lieber, 2010). Artemis:DNA-PKcs has a 5’
exonuclease activity as well as 5’ and 3’ endonucleolytic activities and is able to
process a wide variety of damaged DNA overhangs. PolA and Polp bind Ku, and the
latter is able to perform template independent DNA synthesis. A complex of
XLF:XRCC4:DNA ligase IV functions as a flexible ligase able to ligate incompatible
DNA ends and across gaps. Ku does not sequentially recruit these processive factors
and thus DNA duplex ends may be processed by any one of these catalytic activities
at any one time. Processing may transiently terminate when two strands anneal, or
permanently terminate when one or both of the duplex strands ligate (Lieber, 2010).
When a DSB is repaired by HR, DNA ends are processed by nucleolytic
resection in the 5°->’3 direction to leave 3’ ssSDNA ends (San Filippo et al., 2008). In
S. cerevisiae this processing involves four nucleases Mrel 1-Rad50-Xrs2, Exol, Dna2
and Sae2 as well as the helicase Sgsl (Heyer et al., 2010). ssDNA ends are coated
with RPA to prevent secondary structures forming, but subsequent recombination
requires the formation of a nucleoprotein filament of Rad51 and the ssDNA termed
the presynaptic filament. Formation of the filament is mediated through three classes
of factors; Rad51 paralogues, Rad52 and BRCA2 (the latter is only present in higher
eukaryotes). The presynaptic filament then searches for homologous dsDNA and
subsequent Rad54 mediated strand invasion results in formation of the D loop (see
Fig. 1.2). Formation of the D-loop represents a branching point whereby three
pathways may occur (Heyer et al, 2010). DNA polymerase extension of the 3’
invaded strand may extend the filament beyond the point at which the DSB occurred.
In the absence of a complementary presynaptic filament the D-loop may become a
replication fork in a process termed break induced replication. Alternatively, the
extended filament may re-anneal with the reciprocal resected 3° DNA filament
restoring the dsDNA; this mechanism is termed synthesis dependent strand annealing.
The second presynaptic filament may also anneal to the D-loop to produce two
holiday junctions which may both be extended by DNA polymerisation. These
junctions may be resolved in a variety of ways to produce both recombinant and non-

recombinant dsDNA. Finally, if following nucleolytic resection the two ssDNA
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Chapter 1

accumulation of these mutations promotes carcinogenesis. MMR principally occurs
via a mechanism that involves ssDNA resection over the mismatched DNA, followed
by DNA polymerase dependent resynthesis. Crucially, this pathway requires a
mechanism to discriminate newly synthesised DNA with a mismatch from the
template DNA to prevent ‘repair’ of the template and thus mutagenesis.

In eukaryotes, DNA mismatches are recognised by the MutS homologues
MSH2, MSH3 and MSH6 (Kunkel and Erie, 2005). These proteins function as
heterodimers of MSH2-MSH6 (MutSa) or MSH2-MSH3 (MutSp), which encircle the
DNA at a mismatch in an asymmetric binding manner. Msh2-Msh6 (the yeast
homologue of human MSH2-MSH®6) can slide along DNA in an ATP independent
manner in the absence of rapid deassociation/reassociation events (Gorman et al.,
2007). Upon encountering DNA mismatches the complex is kinetically stabilised,
which 1s predicted to signal MMR events (Zhai and Hingorani, 2010). MSH3 and
MSH®6 physically interact with proliferating cell nuclear antigen (PCNA), and this
interaction has been predicted to couple MMR with DNA replication (Kunkel and
Ene, 2005). A second heterodimeric complex important for MMR includes the MutL
homologues which exist as MutLa (MLH1-PMS2 in humans, Mlhl-Pmsl in yeast),
MutLg (MLH1-PMSI, MIh1-MIh2 in yeast) and MutLy (MLH1-MLH3). MutLa has
been demonstrated to function as a nicking endonuclease able to produce single
stranded nicks in dsDNA (Kadyrov et al., 2006). MutLa is recruited by MutSa, and
both PCNA, MutLa and MutSa can form complexes on DNA. The interaction with
PCNA is necessary to activate the endonucleolytic activity of MutLa, and it appears
that the onentation upon which PCNA is loaded onto DNA dictates which strand is
incised (Pluciennik et al., 2010).

Bidirectional eukaryotic MMR has been reconstituted in vitro with the human
proteins MutSa, MutLa, Exol, replication protein A (RPA), replication factor C
(RFC), PCNA, DNA polymerase & (Pol3) and DNA ligase I (Constantin et al., 2005;
Jiricny, 2006b). Reconstitution of efficient MMR requires both a mismatch and a
single strand nick, which may be situated either 5’ or 3° to the mismatch. DNA is
resccted in an Exol dependent manner between the nick and the mismatch, and
subsequent DNA polymerisation by Pold restores the DNA. However, a second
pathway that depends upon nucleotide displacement by Pold instead of Exol resection
has also been implicated (Kadyrov et al., 2009). One paradox of these observations

was that Exol is a 5°->3° exonuclease and yet DNA was resected irrespective of the
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orientation of the nick to the mismatch. In the absence of RFC and PCNA, DNA is
only resected in the 5°->3’ direction by Exol, even if the mismatch is found in the
opposite direction. However, in their presence RFC can suppress futile 5°->3’
exonuclease activity from a nick that lies 3’ to the mismatch (Dzantiev et al., 2004).
In addition RFC loads PCNA and this induces the MutLa endonucleolytic activity
which may then introduce new nicks into the dsDNA 5’ to the mismatch. From these
novel nucleation sites DNA may then be resected by Exol (Jiricny, 2006a).

In addition to in vitro studies, a nick or DNA end may also provide a strand
discnmination signal in vivo, and these signals are predicted to arise from the ends of
actively replicating DNA (Crouse, 2010). In support of this model, a recent
publication using DNA polymerase mutants demonstrated MMR of base substitutions
by Pola are corrected several fold more efficiently than those of Pold (Nick
McElhinny et al., 2010). Given that DNA polymerised by Pola (on the lagging strand)
will always be more proximal to the end of the replicating strand (and thus a
discrimination signal) than DNA polymensed by Pold, it was suggested MMR is more

likely to occur within the former.

1.2.3 Base excision repair
The base excision repair (BER) pathway is important for the repair of a wide

varicty of chemical lesions at the base of a single deoxyribonucleic acid.
Toxicological chemical modifications repaired by BER include oxidation, alkylation
and base deamination, however subdivisions of the BER pathway are also important
for the repair of covalently attached DNA topoisomerase and the repair of DNA single
strand breaks (Almeida and Sobol, 2007). Whilst the repair mechanism is well
conserved throughout the eukaryotic kingdom, many of the biochemical roles in BER
are performed by non-homologous factors when comparing BER of S. cerevisiae with
that of H.sapiens (Kelley et al., 2003). The minimal BER pathway may be
reconstituted with only 4 or 5 enzymes, consisting of a DNA glycosylase, AP
endonuclease, DNA polymerase and a DNA ligase. BER is initiated through the
activity of a DNA glycosylase, which functions to recognise a lesion and cleave the
N-glycosidic bond between a damaged base and the deoxyribose sugar, thus removing
the lesion from the DNA molecule. Following this, the deoxyribose phosphate
backbone adjacent to the apyrimidic/apurinic (AP) site is cleaved, either 5’ to the AP

site by an AP endonuclease or 3’ to the AP site via an AP lyase activity present n
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some AP glycosylases. The cleaved DNA backbone may then be further processed by
a vanety of enzymes to produce a substrate compatible for DNA replication. The
missing nucleotide is ultimately replaced by a DNA polymerase (primarily DNA pol B
in mammals or pol ¢ in yeast), and the nicked DNA ligated by DNA ligase III (or
ligase 1, and in yeast Cdc9). The process of DNA replication may function to add a
single nucleotide, a mechanism termed short-patch BER, or altemnatively replace a
further 1-12 downstream nucleotides in a mechanism termed long-patch BER. In long
patch BER, DNA, cleaved by the AP endonuclease APE1 (or in yeast Apnl), is
displaced by DNA polymerase in a PCNA dependent manner during replication. The
displaced ssDNA fragment then is resolved by the endonuclease FEN1 (Rad27 in
yeast) allowing DNA ligation to complete the reaction.

The eukaryotic cell contains a diverse range of DNA glycosylases; to date 11
different mammalian glycosylases have been identified, a list of which, along with S.
cerevisiae homologues, are given in Table 1.1 (Robertson et al., 2009). Most DNA
glycosylases are promiscuous, thus many DNA damages are known to be repaired by
numerous glycosylases with differing kinetics according to their substrate preference
(Hegde et al., 2008). Following the activity of a DNA glycosylase the primary AP
endonuclease in mammalian cells termed APE1 (or Apnl in S. cerevisiae), incises the
DNA backbone (Boiteux and Guillet, 2004). This incision either occurs 5’ to an AP
site to leave a 3°-OH and 5’ deoxyribophosphate (dRP), or if the DNA backbone was
cleaved by a bifunctional DNA glycosylase, a 3’ phosphodiesterase activity may
climinate the 3’-a, unsaturated aldehyde (sce Fig. 1.3) (Chen et al., 1991; Robson
and Hickson, 1991; Winters et al.,, 1994). Whilst the latter incision produces a
substrate compatible for nucleotide incorporation by Pol B, the former requires that
the 5°dRP is eliminated through a catalytic activity present within this polymerase
(Matsumoto and Kim, 1995). Interestingly, both APEl and Apnl have also been
demonstrated to nick DNA 5’ to many base lesions independent to prior detection by
a DNA glycosylase, initiating a repair pathway termed nucleotide incision repair
(Davict et al., 2007; Ischenko and Saparbacv, 2002).

Whilst APE1 is the archetypal enzyme necessary for the tailoring of DNA
suitable for gap filling by DNA polymerase, other proteins have been demonstrated to
play such roles in BER. One special case is seen with the bifunctional DNA
glycosylases NEIL1 and NEIL2. In addition to their DNA glycosylase activity, these

enzymes can perform a B,8 elimination of the DNA ribose backbone yielding a gap
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with both 5’ and 3' phosphates (Hazra et al., 2002). In this circumstance, PNKP,
which possesses a far stronger 3’-phosphatase activity than APEI, functions to
climinate the 3’ phosphate (Wiederhold et al., 2004). A second example is the activity
of tyrosyl-DNA phophodiesterase (TDP1). This protein is able to cleave peptides
covalently attached to the 3’ phosphate of the DNA backbone via a tyrosyl residue
(Interthal et al., 2001). The activity 1s important for the repair of stalled topoisomerase
covalently linked to DNA (Pouliot et al, 1999). The resultant nick may then be
repaired by downstream BER enzymes. In addition to TDP1, APE1 is also known to
be able to cleave 3’-phosphotyrosyl bonds, and recently a human enzyme that cleaves
5’-phosphotyrosyl bonds was also identified (Cortes Ledesma et al., 2009; Wilson,
2003).

| DNA glycosylase S. cerevisiae | H. sapiens
3-Methlyl-adenine DNA glycoylase 11 MAGI
8-Oxoguanine DNA glycosylase 0GGl1 0GGl1
Endonuclease III/ endonuclease 111 like-1 NTGI/NTG2 | NTHL1
Adenine-DNA glycosylase MUTYH
Methyl-CpG binding domain protein 4 MBD4
Uracil-DNA glycosylase UNGI UNG
Single-strand selective monofunctional uracil-DNA SMUGI
glycosylase |
G:U mismatch specific DNA glycosylase’ thymine- TDG
DNA glycosylase
Endonuclease VI1ii-like | NEILI
Endonuclease VIli-hke 2 NEIL2
N-Mecthylpunne-DNA glycosylase MPG

Table 1.1. List of known DNA glycosylases from fHomo sapiens and Saccharomyces cerevisiae,
derived from (Robertson et al., 2009).

Following incision of the DNA backbone, two further proteins are considered
to be important for the mechanism of BER termed XRCC1 and PARP1. XRCC1 has
been demonstrated to bind a wide variety of BER enzymes including multiple DNA
glycosylases, PARP1, DNA ligase Il and DNA pol B, (Caldecott et al., 1996;
Campalans et al., 2005; Masson et al., 1998). A catalytic activity is not associated
with this protein, and it is thought to function as a scaffold protein by recruiting a
protein complex necessary for BER to a lesion. PARP1 has long been identificd as a
molecular sensor of single stranded DNA nicks, and is considered to initiate repair of

such lesions derived from endogenous oxidative metabolism or exogenous
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environmental agents (Almeida and Sobol, 2007; de Murcia and Ménissier de Murcia,
1994). The enzyme catalyses the polymerisation of a covalently attached poly(ADP-
ribose) (PAR) moiety to various protein targets including itself, in response to DNA
damage. PARP1 dependent PAR polymerisation is readily detected at single strand
breaks; the role of this activity is not fully understood but there is good evidence that
the mechanism includes the ability to recruit XRCCl1 to the damage site (El-Khamisy
ctal., 2003; Okano et al., 2003). Whilst PARP-1 could conceivably play a similar role

for the repair of single strand breaks from BER reaction intermediates this has not yet

been demonstrated.

1.3 Nucleotide excision repair
Nucleotide excision repair (NER) is a powerful repair mechanism within the

cell and the principle repair pathway for the restoration of DNA following UV
damage. The pathway is also observed to repair a wide range of helix distorting
lesions, including those induced by aromatic hydrocarbons or electrophilic molecules
such as cisplatin, as well as intrastrand cross-links (Gillet and Scharer, 2006). The
basic mechanism of NER entails five stages; DNA damage detection, separation of
the dsDNA surrounding the lesion, incision of ssDNA both 5’ and 3’ to the lesion,
extrusion of the damage containing oligonucleotide and finally DNA resynthesis (Fig.
1.4). The pathway is split into two subpathways which differ only in their mechanism
of damage detection. Transcription coupled NER (TCR) is initiated through damage
mediated inhibition of RNA polymerase 1l (RNAPII) transcription (Hanawalt and
Spivak, 2008). TCR is confined to only the transcribed strand (TS) of active genes,
and is classically observed to promote rapid repair in these regions in comparison to
the remaining genome. The second subpathway, termed global genome NER (GGR),
restorcs DNA damage throughout the entire genome and repairs both active and
inactive genes as well as intergenic regions. Damage detection in this pathway
principally requircs the mammalian protein XPC. Interestingly, the S. cerevisiae
orthologue of XPC, Rad4, is required for damage detection in GGR, but in contrast to
XPC, also has an essential role in TCR (Prakash and Prakash, 2000). With minor
exceptions, the molecular mechanism of mammalian NER and S. cerevisiae NER are
highly homologous. As exemplificd in table 1.2, nearly all NER factors implicated in
the pathway from damage detection through to damage incision have equivalent

orthologues between human and S. cerevisiae. The following account of this repair
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Main activity 3. cerevisiae | H. sapiens | Description/Activity

Damage detection RAD4 XPC DNA damage recognition

in GGR RAD23 HR23B Downstream recruitment of NER factors
RAD33 CEN2
7 DDBI1 DNA damage recognition; chromatin
? DDB2 remodelling?

Pre-incision RAD3 XPD 5" > 3’ DNA helicase

complex RAD2S XPB 3" 5° DNA helicase
SSL1 GTF2H2 Core TFIIH subunit p44
TFBI GTF2H1 Core TFIIH subunit p62
TFB2 GTF2H4 Core TFIIH subumit p52
TFB4 GTF2H3 Core TFIIH subunit p34
TFBS TTDA Stabilise TFHIH
TFB3 MATI Member of kinase complex CAK/TFIIK
KIN28 CDK7 Member of kinase complex CAK/TFIIK
CCL1 Cyclin H Mamber of kinase complex CAK/TFHK
RADI14 XPA Structural role? Damage vernification?
RFAI1-3 RPA1-3 ssDNA binding protein

Dual Incision RADI XPF Endonuclease for incision of ssDNA 5° to damage
RADI10 ERCC1
RAD2 XPG Endonuclease for incision of ssDNA 3’ to damage

GGR specific ABFl1 ? Site specific DNA binding protein
RAD?7 ? SOCS box E3 ligase component
RADI6 ? SnF2 family ATPase, RING finger

TCR specfic RAD28 CSA WDA40 repeat E3 ligase component
RAD26 CSB SnF2 family ATPase

Table 1.2. List of core NER genes for both S.cerevisiae and H.sapiens. Homologues are presented in
the same rows.

1.3.1 Transcription coupled repair
RNAPII is proposed to function as the initiator of the TCR pathway by

arresting at a lesion during transcription clongation. This proposition is based upon a
plethora of experimental observations. Firstly, lesions within DNA that function to
inhibit transcription elongation by RNAPII are repaired by TCR. Such lesions include
cisplatin or a CPD (Laine and Egly, 2006; Sarker et al., 2005; Selby et al., 1997a;
Tomaletti, 2009; Tomaletti and Hanawalt, 1999; Tremeau-Bravard et al., 2004).
Conversely, an N-2-aminofluorene adduct, which fails to inhibit RNAPII elongation,
is not preferentially repaired within the TS of a gene; the operational definition of
functional TCR (Donahue et al., 1996; Tang ct al., 1989). Secondly, functional TCR
requires ongoing transcription. Inhibiting RNAPII function either through chemical
inhibition or through the usc of temperature sensitive RNAPII mutants prohibits

preferential repair of the TS of a gene (Christians and Hanawalt, 1992; Sweder and
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Hanawalt, 1992). Thirdly, using high resolution technologies, it has been observed
that preferential repair of the TS begins adjacent to a transcription start site (TSS), and
that the kinetics of repair are uniform along the TS (Teng et al., 1997; Tijsterman et
al., 1999; Tijsterman et al., 1997). The latter observation is important since chromatin
structure 1s known to strongly influence GGR repair kinetics (Li and Smerdon, 2004;
Tijsterman et al, 1999; Waters et al., 2009). Damage recognition is commonly
considered the rate limiting step in NER (Chaudhuri et al., 2009; Lommel et al.,
2000b). Thus, RNAPII, as a processive tracker along DNA, conceivably cannot
preferentially distinguish lesions according to their position in chromatin. This
provides a tantalising model to explain the absence of chromatin influence upon repair
kinetics in TCR. Lastly, the incision reaction of TCR can be reconstituted in vitro at a
lesion arrested RNAPII with recombinant NER proteins excluding the addition of
XPC (Laine and Egly, 2006). In GGR, XPC is considered a fundamental damage
recognition factor and is absolutely required for reconstitution of the reaction in vitro
(Mu et al., 1996b; Rademakers et al., 2003; Volker et al., 2001).

The current model for TCR states that following arrest of RNAPII at a lesion,
downstream NER factors are recruited (Laine and Egly, 2006). The exact order in
which this occurs, and the molecular mechanisms necessary for this process are still
an area of intense research. Of the factors common to both TCR and GGR, TFIIH and
XPA are predicted to preclude the ammval of further downstream repair proteins (Laine
and Egly, 2006). In contrast, other studies have indicated XPG is independently able
to recognise and bind RNAPII arrested at a lesion; indeed the two proteins interact in
vivo (Sarker et al., 2005). However, the strongest candidate necessary for the
molecular mechanism of TCR following RNAPII is the mammalian protein CSB. An
interaction between CSB and RNAPII has been confirmed in vivo, and is stimulated
upon UV damage (Fousteri et al., 2006a; van Gool et al., 1997). In vitro, this factor
has been demonstrated to facilitate binding of TFIIH, CSA and XPG to RNAPII
(Sarker et al., 2005; Tantin, 1998). More recently, it has been demonstrated in vivo,
that CSB is essential for the recruitment of a wide array of NER factors to RNAPII in
response to UV damage, including TFIIH, XPG, XPA, ERCC1 and CSA (Fousteri et
al., 2006a). Lastly, in further support of the role of CSB to recruit TFIIH, in yeast, an
absolute requirement for the CSB homologue Rad26 in TCR, is alleviated in regions
of a gene promoter where TFIIH remains associated with RNAPII (Tijsterman et al.,
1997).
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Historically, the potential role of CSB in TCR was originally implicated by its
structural similarities to an important TCR repair protein in Escherichia coli (E. coli)
termed Mfd. In E. coli, RNA polymerase (RNAP) stalls at a DNA lesion and restricts
damage binding by the recognition factors UvrA and UvrB. Upon binding RNAP,
Mfd translocates along DNA and is thought to push RNAP toward a lesion, causing it
to dissociate from the damaged DNA; Mfd then functions to recruit UvrA through a
direct protein interaction (Deaconescu et al., 2007). Mfd is a member of the family 2
ATPases/helicases, containing the seven signature domains necessary for ATPase
activity that drives the Mfd translocase. CSB is also a member of this family, and thus
has been suggested to similarly function to recruit NER factors by displacing RNAPII
(Svejstrup, 2003; Troelstra et al., 1992). Indeed CSB/Rad26 is known to be a DNA
dependent ATPase without detectable helicase activity, akin to Mfd (Citterio et al.,
1998; Guzder et al., 1996a; Selby and Sancar, 1997). However, in contrast to Mfd,
CSB cannot displace RNAPII stalled at a lesion in vitro (Selby and Sancar, 1997).
Interestingly, in a second contrast to the TCR pathway in E. coli, both DNA incision
and oligonucleotide extrusion have been observed in vitro without the dissociation of
RNAPII, despite the fact that DNA footprninting suggests RNAPII occupies a 30-40
nucleotide territory around a CPD (Selby et al.,, 1997b; Tornaletti et al., 1999,
Tremecau-Bravard et al, 2004). Therefore, despite sequence similarities, the
biochemical activities of CSB and Mfd may well contrast.

How CSB is recruited to RNAPII, and how this functions to recruit
downstream NER factors remains elusive. An intimate link between CSB and
transcription has been previously reported suggesting that not only may the protein
interact with RNAPII in the absence of damage, but that it may also have a role in
transcription (Malik et al., 2010; van den Boom et al., 2004). Upon UV damage this
interaction with RNAPII is stabilised and a net recruitment of CSB to chromatin 1s
observed (Fousteri et al., 2006a; van den Boom et al., 2004). Chromatin recruitment,
but not DNA binding, requires the ATPase activity of CSB, which has been shown to
relicve an autorepressive N-terminal domain within the protein (Lake et al., 2010).
How might CSB proceed to function in TCR? CSB has been demonstrated to induce
negative supercoiling in dsDNA, have an ATPase dependent chromatin remodelling
activity and the ability to catalyse both ssDNA annealing and strand exchange in vitro
(Beerens et al., 2005; Citterio et al., 2000; Muftuoglu et al., 2006; Newman et al.,
2006). Furthermore, CSB has also been indicated to physically interact with TFIIH,
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XPA and CSA (Groisman et al., 2006; Henning et al., 1995; Selby and Sancar, 1997).
How each of these properties play a role in recruiting downstream NER factors and/or
contribute to as yet undefined molecular mechanisms remains to be seen.

Studies in S. cerevisiae that have explored the roles of Rad26 in TCR have
revealed some contrasting features with CSB. In yeast there are two apparent
subpathways of TCR; the first is dependent upon Rad26, whilst the second is
dependent upon a non-essential subunit of RNAPII, Rpb9. Thus Rad26 is not essential
for TCR in yeast (Li and Smerdon, 2002; Li and Smerdon, 2004). Rpb9 TCR strictly
depends upon active transcription of a gene, whilst Rad26-mediated TCR is
unaffected by temperature sensitive inhibition of transcription (Li et al., 2006a; Li et
al., 2006c¢). In addition to this, RAD26 dependent NER has also been observed within
the non-transcribed strand (NTS) of a repressed gene (Li et al., 2006a; Li et al., 2007).
These observations clearly make it difficult to implicate Rad26 in a role that functions
to couple the transcription machinery with core NER factors. Indeed, the requirement
for Rad26 and Rpb9 in TCR is abolished in a spt44 mutant (Jansen et al., 2000; Li et
al., 2006c). How Spt4 functions to prohibit TCR is unknown, but the observation has
important implications. It demonstrates coupling of the transcription machinery to the
NER machinery can occur independently of both Rad26 and Rpb9, which may imply
that RNAPII is in fact intrinsically competent to do this itself. In support of this
model, in vitro a mammalian lesion stalled RNAPII can recruit most core NER factors
in the absence of CSB (Laine et al., 2006; Tremeau-Bravard et al., 2004). Therefore,
CSB may function to alleviate conditions refractory to the recruitment of NER factors
(such as chromatin environment or RNAPII binding proteins), rather than coupling
RNAPII with them as seen for Mfd. Finally, another study in S. cerevisiae has also
implicated RADS5/ dependent homologous recombination to functionally couple
transcription to NER in vivo (Aboussekhra and Al-Sharif, 2005).

Like CSB, CSA is also known to be exclusively required for TCR. In humans
CSA is essential for TCR, whilst surprisingly, mutation of the yeast homologue
RAD28 does not secem to affect repair kinetics (Bhatia et al., 1996, Venema et al.,
1990). As observed with CSB, CSA shows a UV dependent accumulation at lesion
arrested RNAPII (Fousteri et al., 2006a; Groisman et al., 2003). CSA is a member of
an E3 ubiquitin ligase complex, that includes Cul4A, Rocl and all eight subunits of
the COP9 signalosome (Groisman et al., 2003). E3 ubiquitin ligases target the

covalent addition of an ubiquitin molecule to protein lysines, which often initiates
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proteasomal degradation of the protein (Finley, 2009). Remarkably, the GGR specific
factor DDB2 also resides in an identical complex in place of CSA. COP9 functions to
negatively regulate the CSA E3 ubiquitin ligase. To date, the only known substrate of
this ligase is CSB (Groisman et al., 2006). Studies by Groisman et al., have shown
that following UV damage, CSA mediated ubiquitin ligation targets CSB for
protcasomal degradation, depleting cellular CSB hours after UV irradiation.
Remarkably, they show that this activity is necessary for the recovery of RNA
synthesis following UV damage. Unlike CSA, deletion of Rad28 does not affect post-
UV recovery of RNA synthesis (Reagan and Friedberg, 1997). CSA is not considered
to reside in a stable complex with CSB, and the two are thus considered to only
transiently interact in vivo (van Gool et al., 1997). Furthermore, CSA is only required
for the recruitment of TFIIS, HMGN1 and XAB2 to RNPAII for TCR, and thus plays
a functionally distinguishable role in TCR from CSB (Fousteri et al., 2006a).

One of the latest concepts to emerge in DNA repair is the importance of post-
translational modifications to both core and accessory repair factors for the molecular
mechanism of DNA repair. In particular, the covalent attachment of ubiquitin, through
E3 ubiquitin ligases such as the CSA complex, and the structurally related SUMO
polypeptides to repair proteins is highly prevalent (Bergink and Jentsch, 2009). In
addition to CSB, the large subunit of RNAPII (Polll LS) is also known to be
ubiquitylated in response to UV damage, resulting in proteasomal degradation of the
protein (Ratner et al., 1998; Woudstra et al., 2002). Interestingly, this phenotype
strictly depends upon the presence of both CSA and CSB, which founded the
hypothesis that the modification was necessary for the mechanism of TCR. In support
of this, DNA damage that is not repaired by TCR cannot induce this phenotype
(Bregman et al., 1996). Arrest of an elongating RNAPII (by DNA damage or through
chemical inhibition) appears to be the primary stimulus for Polll LS ubiquitylation,
thus DNA damage per se is not a pre-requisite (Lee et al,, 2002a; Somesh et al.,
2005). In S. cerevisiae it was later shown that inhibition of Polll LS ubiquitylation did
not affect TCR in vivo, and that the E3 ligase that targeted Polll LS was not Rad28
(Lommel et al., 2000a; Somesh et al., 2005). Whilst ubiquitylation and degradation of
Polll LS are important for UV survival, mutations of this pathway are not epistatic
with mutations in Rad26 (Somesh et al.,, 2007, Woudstra et al., 2002). These
observations have led to the proposal that in the absence of successful TCR, an

arrested RNAPII may be removed through degradation of Polll LS by the proteasome
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as ‘a last resort’ mechanism (Somesh et al, 2005; Svejstrup, 2007). If the two
pathways are independent, then how are CSA and CSB required for Polll LS
ubiquitylation? In fact the E3 ubiquitin ligase that targets Polll LS is conserved from
S. cerevisiae to humans and the repair proteins are not required for this activity. This
was recently established in an elegant study that demonstrated mutations in CSA/CSB
that function to delay recovery of RNAPII transcription after UV treatment, actually
cause a reduction of the substrate of Polll LS ubiquitylation, a lesion arrested RNAPII
(Anindya et al., 2007). Despite this evidence, and that RNAPII does not sterically
inhibit TCR in vitro, the degradation of Polll LS and subsequent elimination of
RNAPH for TCR is still a working model (Fousteri et al., 2006a; Malik et al., 2010;
Tremeau-Bravard et al., 2004). Finally, in S. cerevisiae, transcription arrested RNAPII
also induces SUMOylation of Polll LS, however the covalent modification does not
seem to influence TCR or degradation but instead looks to mediate activation of
downstream DNA damage response pathways (Chen et al., 2009).

Very recently, CSB was identified to possess an ubiquitin binding domain
(UBD) at its C-terminus (Anindya et al., 2010). In the absence of this domain, CSB is
unable to dynamically associate with TCR complexes resulting in sequestration of the
protein at a lesion. Remarkably, the truncated protein can still function to recruit all
the proteins necessary for DNA incision and oligonucleotide extrusion at a lesion,
however neither activity can be detected (Laine and Egly, 2006). Thus an
ubiquitylation event seems absolutely required for onset of TCR via a CSB directed
regulation mechanism. Interestingly, the yeast homologue of CSA, Rad28, is not
essential for Rad26 dependent TCR (Bhatia et al., 1996). Given that Rad26 does not
contain the UBD identified in CSB, this ubiquitin mediated regulation mechanism
appears exclusive to higher eukaryotic TCR and most probably occurs through the E3
ubiquitin ligase activity of CSA, which may explain the difference in necessity for

CSA to Rad28 in TCR.

1.3.2 Formation of the preincision complex

Following DNA damage recognition a collection of factors associate with the
lesion forming a multi-protein complex termed the preincision complex (PIC) (Mu et
al., 1997; Wakasugi and Sancar, 1998). Sequential construction of the PIC leads to
separation of the dsDNA around a lesion, followed by dual incision of ssDNA and

subsequent extrusion of the damaged oligonucleotide. Oligonucleotide extrusion has
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been recapitulated in vitro with purified proteins for both GGR and TCR (Lainé and
Egly, 2006; Riedl et al., 2003). Whilst GGR requires the addition of XPC-HR23B for
damage recognition and TCR requires RNAPII and CSB, all other additional factors

required are identical and thus, following damage recognition, the two pathways

converge.

1.3.3 TFIIH

The exact order of recruitment, if indeed an order exists, for the factors
necessary to form the PIC has been a topic of debate for well over ten years (Gillet
and Scharer, 2006; Reardon and Sancar, 2004). Following damage recognition, in
vitro binding of the three factors TFIIH, XPA and RPA to a lesion are partially
interdependent both for GGR and TCR (Lainé and Egly, 2006; Mu et al., 1997;
Wakasugi and Sancar, 1998). However, more sensitive in vitro studies and in vivo
evidence strongly suggest TFIIH is the first protein complex to join a damage site
following detection (Riedl et al., 2003; Tapias et al., 2004; Volker et al., 2001; Zotter
et al., 2006). TFIIH is a multi-subunit complex necessary for the transcription of RNA
polymerase | and Il genes (Thomas and Chiang, 2006). It consists of a core complex
of XPD, XPB, p62, p44, p34, pS2, and TTDA, and an associated three subunit
complex termed the CDK activating kinase (CAK). Of special interest, are the XPD
and XPB subunits (yeast homologues Rad3 and Rad25), which possess 5’ = 3’ and 3’
= 5° helicase activity respectively (Drapkin et al., 1994; Guzder et al., 1994;
SchaefYer et al., 1994; Schaeffer et al., 1993; Sung et al., 1993; Sung et al., 1987). For
GGR, TFIIH 1s recruited through a direct protein-protein interaction with XPC
(Araujo et al., 2001; Uchida et al., 2002; Yokoi et al., 2000). In vitro this recruitment
seems to be ATP independent, whilst recent in vivo data suggests the ATPase activity
of XPB is absolutely required for recruitment to damage sites in chromatin (Oksenych
et al., 2009; Riedl et al., 2003).

Following recruitment, TFIIH has been previously suggested to verify the
presence of a lesion. This bipartitc damage rccognition mechanism was originally
proposed bascd upon the observation that lesions which fail to significantly alter DNA
structure, are only cfficiently repaired by NER if combined with a mismatch loop
(Hess et al., 1997; Sugasawa et al.,, 2001). Given that a mismatch loop without a
lesion is not a target for NER, these results indicate repair requires both DNA

distortion and a lesion to initiate. Recently, an elegant study has extrapolated upon
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these observations (Sugasawa et al., 2009). Here the authors demonstrated that a
mismatch loop up to 160 nucleotides away from a CPD lesion remarkably enhanced
the efficiency of its NER. Interestingly, the enhanced repair was only apparent when a
loop was situated 5° to a lesion (see Fig. 1.5). Given that XPC preferentially binds a
mismatched loop over a CPD, in an orientation specific manner, the results suggest
that an NER complex would have to translocate in a 5° - 3’ direction to locate the
damage (Sugasawa et al., 2002). This activity is likely driven by the 5° < 3’ helicase
of XPD, and in support of this, addition of TFIIH and XPA to an electrophoretic
mobility shift assay (EMSA) containing XPC, relocalises the XPC bound complex
from the mismatch loop to the damage site. Interestingly, both the ATPase and
helicase activity of Rad3, is attenuated by UV induced DNA lesions (Naegeli et al.,
1992). However, attenuation strictly depends upon the presence of damage within the
strand upon which Rad3 translocates. This strand is predicted to pass through a small
pore of XPD, which conceivably could provide a mechanistic explanation for damage
perception (Wolski et al., 2010). Complementary to the studies in yeast, archaeal XPD
helicase activity has also recently been demonstrated to be attenuated by a CPD,
resulting in a stable interaction between XPD and the damage site (Mathieu et al,,
2010). Interestingly however, the CPD does not function to attenuate the ATPase
activity of XPD. Collectively, these data strongly suggest that damage dependent
inhibition of TFIIH translocation functions to verify the presence of a lesion and
situate PIC formation (Fig 1.5).

Once localised to a damage site, TFIIH subsequently functions to separate the
dsDNA surrounding a lesion (Evans et al., 1997a; Evans et al., 1997b). Strand
separation by TFIIH requires ATP hydrolysis and is thus predicted to be a function of
the two helicases XPB and XPD (Tapias et al., 2004). More recent in vivo evidence
has suggested that whilst the helicase activity of XPD is essential for NER, an ATPase
activity devoid of helicase function within XPB is sufficient to support the reaction
(Coin et al., 2007). In light of the recent data indicating TFIIH translocation in NER,
Sugasawa ct al. have suggested the above result indicates that XPB may scparate
DNA using an ATPasc activity alone, whilst XPD functions to translocate TFIIH
along DNA and separate the strands (Sugasawa ct al., 2009). Given this translocation
isin a S > 3’ direction, it may be predicted that inhibition of motility by a lesion
would result in a bubble of separated DNA primarily situated 5’ to the damage.

Indeed, experiments that analyse either strand separation or cleavage of DNA relative
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al., 2008). This suggests TFIIH is a dynamic complex in NER, in complete contrast
with previous mammalian studies which suggested that CAK was statically engaged
with TFIIH both during repair and transcription (Araujo et al., 2001; Mu et al., 1996a;
Riedl et al., 2003). However, in support of these observations, S. cerevisiae NER has
also been demonstrated to utilise TFIIH independent of the CAK complex (termed
TFIIK in yeast) (Svejstrup et al., 1995).

1.3.4 RPA and XPA
Once the DNA strands are separated by TFIIH, recruitment of XPA, RPA and

XPG functions to further separate the DNA around a lesion and this completes
formation of the PIC (Tapias et al., 2004). The first stable NER multi-factor complex
detectable upon a lesion in vitro consists of XPC-HR23B, TFIIH, RPA and XPA, with
damage binding affinity increased upon introduction of XPG (Ried] et al., 2003;
Wakasugi and Sancar, 1998). Binding of XPG is thought to be concurrent with the
loss of XPC-HR23B from the PIC, whilst other studies have implicated XPA-RPA to
stimulate the loss of XPC-HR23B (Mu et al., 1996a; Riedl et al., 2003; Wakasugi and
Sancar, 1998; You et al., 2003). In vivo, there is no apparent interdependence between
these three factors for damage binding, and thus a strict order of recruitment cannot be
ascertained (Rademakers et al., 2003; Volker et al., 2001).

RPA 1s a heterotrimenic complex composed of subunits 70, 32 and 14kDa,
commonly referred to as RPA1, RPA2 and RPA3 respectively (or Rfal, Rfa2 and
Rfa3, in yeast) (Frniedberg, 2006). Recently, a homologue of RPA2, termed RPA4, has
also been identified and heterotrimeric complexes with either RPA2 paralogue can
support NER (Kemp et al., 2010). RPA has a high affinity for ssDNA and stable
interaction of the complex with ssDNA occludes a region of ~30 nucleotides, however
RPA may also bind shorter DNA fragments with a lower affinity (Kim et al., 1994,
Kim et al., 1992; Matsunaga ct al., 1996). Interestingly, the 30 nucleotide DNA
binding mode of RPA corresponds well with the predicted size of DNA strand
scparation during NER (Evans et al., 1997a; Mu et al,, 1997; Riedl et al., 2003). RPA
is also known to have a high preference for binding pyrimidines and UV induced
DNA lesions such as (6-4)PPs (Kim et al., 1992; Wakasugi and Sancar, 1999). DNA
binding is conferred by oligonucleotide binding (OB) domains; RPA1 contains 4 OB
domains, whilst RPA2 and RPA3 each have one, and all three subunits contribute to

DNA binding (Bastin-Shanower and Brill, 2001; Bochkarev et al., 1997; Bochkareva
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et al,, 2002; Salas et al., 2009). DNA binding by RPA occurs with a strict polarity.
When bound to ssDNA, RPA aligns such that RPAI is located toward the 5’ of the
strand with RPA2 and RPA3 following distally toward the 3’ of the strand
(Bochkareva et al., 2002; Khlimankov et al., 2001; Kolpashchikov et al., 2001; Salas
ct al,, 2009). High affinity DNA binding occurs at the 5’ of ssDNA via the RPA1 OB
domain DBDA, and this is required for all DNA binding, whilst the weaker DNA
interactions that occur toward the 3° (by subsequent OB domains in RPA1 and 2) are
required specifically for binding with longer nucleotide sequences (>12nt) (Bastin-
Shanower and Brill, 2001; de Laat et al., 1998b).

During NER, binding of RPA to the separated DNA strands is thought to both
stabilise the ssDNA intermediates whilst co-ordinating PIC formation through specific
protein-protein interactions (de Laat et al., 1998b). Both RPA1 and RPA2 physically
interact with XPA (He et al., 1995; Kemp et al., 2010; Li et al., 1995a; Stigger et al.,
1998). In vitro, addition of RPA has been demonstrated to co-operatively enhance
damage binding by XPA (He et al., 1995; Kemp et al., 2010; Wakasugi and Sancar,
1998; Wakasugi and Sancar, 1999). Thus, a stable interaction between XPA and RPA
occurs at a damage site, and RPA protein domains necessary for both ssDNA binding
and binding of XPA are essential for efficient NER (Stigger et al., 1998). Given the
polanity of RPA ssDNA binding, and the strong interaction between RPA2 and XPA,
it has been suggested that RPA may function to position XPA toward the 5’ of a DNA
lesion (Mer et al.,, 2000). RPA also has roles in positioning and regulating the
activitics of XPG and XPF-ERCC1. RPA physically interacts with and stimulates the
DNA incision activity of both endonucleases (He et al., 1995; Matsunaga et al., 1996).
Importantly, RPA only functions to recruit both endonucleases to their specific DNA
junctions in onc DNA binding orientation (de Laat et al., 1998b). Binding of RPA in
the opposing direction prohibits binding of the endonucleases. These data strongly
suggest RPA must bind the PIC with specific polarity to functionally recruit XPG and
XPF-ERCC1. These conclusions also indicate that RPA must therefore bind the non-
damaged ssDNA of the NER PIC.

XPA, and the yeast orthologue Radl4, both contain a zinc finger motif and
preferentially bind UV damaged DNA (Guzder et al., 1993; Tanaka et al., 1990;
Wakasugi and Sancar, 1998). XPA is known to bind UV lesions in a co-operative
manner with RPA, and is predicted to function as a dimer (Wakasugi and Sancar,

1998; Wakasugi and Sancar, 1999; Yang et al., 2002b). Whilst this has implicated the
Page | 28



Chapter 1

protein in damage detection, XPA is no longer considered to play this primordial role
due to the absolute requirement of XPC for damage localisation of XPA in vivo
(Volker et al,, 2001). In addition, direct lesion recognition by XPA is not a
prerequisite for repair excision (Missura et al., 2001). Indeed rather than detecting
lesions per se, XPA has been demonstrated to have a high affinity for kinked DNA
structures (Camenisch et al., 2006). This activity, in combination with the single
stranded DNA binding affinity of RPA, has been suggested to provide XPA-RPA
with a highly sensitive method for molecular verification of the early NER PIC
(Missura et al., 2001). However, the exact molecular function of XPA for the core
NER reaction 1s unknown. It is noteworthy that the protein interacts with a remarkable
number of the core NER factors and is thus likely to play a scaffold-like function
within the PIC (reviewed in Gillet and Scharer, 2006). It is also known to be
necessary for the recruitment of XPF- ERCC1 (Orelli et al., 2009).

More recent research has further identified XPA as a potential pivotal
intermediate between the core NER reaction and DNA damage responsive checkpoint
proteins. Numerous studies have demonstrated NER functions both upstream of, and
downstream to cellular responses to DNA damage mediated by checkpoint proteins
(Auclair et al., 2008; Giannattasio et al., 2004; Yu et al., 2001). Rad14 physically
interacts with Ddcl and Mec3, two checkpoint proteins, and thus may play a role in
damage recruitment of these factors necessary for activation of DNA damage
responses (Giannattasio et al., 2004). Conversely, in mammals XPA is known to
physically interact with the checkpoint protein ataxia-telangiectasia mutated and
Rad3-related (ATR), and this interaction is required for UV dependent nuclear
localisation of XPA (Shell et al., 2009; Wu et al., 2007). In addition, in response to
UV, ATR functions to phosphorylate XPA and this modification improves CPD repair
kinetics and post-UV cellular survival (Wu et al., 2006). Furthermore, XPA is
acetylated and SIRTI (Sir2 in yeast) mediated deacetylation, induced by UV damage,
is necessary for proficient CPD repair (Fan and Luo, 2010). Together, these data
suggest that post-translational modifications of XPA may function to modulate NER

activity.

1.3.5 Dual Incision

Binding of XPG completes formation of the PIC and subsequent recruitment

of XPF-ERCC1 results in dual incision and oligonucleotide extrusion (Constantinou
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et al., 1999; Evans ct al., 1997a; Evans et al., 1997b; Mu et al., 1997; Riedl et al.,
2003). In vitro, addition of XPG is absolutely required for the recruitment of XPF-
ERCC1 suggesting this factor is the last to join prior to DNA incision (Ried! et al.,
2003). XPG and XPF-ERCC]1 are structure specific endonucleases which function to
incise the lesion containing oligonucleotide 3’ and 5° to the damage respectively
(O'Donovan et al,, 1994; Sijbers et al., 1996a). The 5 incision is made 15-24
nucleotides from the lesion whilst the 3’ incision occurs 2-8 nucleotides away,
rcleasing an oligonucleotide of ~27 nucleotides (Huang et al., 1992; Matsunaga et al.,
1995. Moggs et al., 1996). Interestingly in vitro studies of yeast GGR demonstrate
extrusion of the oligonucleotide is an active process requiring superhelical torsion
produced by a heterotrimeric complex termed the GGR complex (discussed below)
(Yu et al., 2004). This observation is reminiscent of the role of UvrD for
oligonucleotide extrusion in prokaryotes, although in contrast to UvrD, the GGR
complex 1s not a DNA helicase (Orren et al.,, 1992; Yu et al., 2009). Whether
mammalian NER requires active extrusion of the oligonucleotide remains to be
determined.

XPG 1s a structure specific endonuclease and incises ds/ssDNA junctions,
splayed arms and bubble structures within the 5’ extending ssDNA (Evans et al.,
1997a; Hohl et al., 2003; Matsunaga et al., 1995; O'Donovan et al., 1994). This
incision occurs within one nucleotide of the ds/ss junction depending upon the
structure of the substrate (Hohl et al., 2003). The yeast homologue of XPG, Rad2, has
also been demonstrated to posses an identical structural specificity, and activity in
NER (Habraken et al., 1995). XPG/Rad?2 interacts with TFIIH and this interaction is
important for the stable recruitment of XPG to damage in vivo, and functional repair
(Araujo et al., 2001; Dunand-Sauthier et al., 2005; Habraken et al., 1996; Ito et al.,
2007; Thorel et al., 2004). XPF-ERCC'1 is an obligate heterodimer, which functions to
incisc DNA structures with an exact opposite polarity to that by XPG (Sijbers et al.,
1996a). Incision occurs within 2-8 nucleotides of the ds/ss junction (de Laat et al.,
1998a). The dimer interacts at the C-terminal of both proteins, and the interaction is
essential for functional NER (de Laat et al., 1998c; Sijbers ct al., 1996b). The yeast
orthologue, Radl-Radl0, functions in NER in an identical manner although the
protein interaction domains between the two complexes are non-homologous (Bailly
et al., 1992: Bardwell et al., 1993; Bardwell et al., 1994; de Laat et al., 1998c). XPF-
ERCC1 and Rad1-Rad10 are recruited to the NER PIC by TFIIH and this interaction
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1s essential for functional NER (Guzder et al., 2006; Guzder et al., 1996b; Li et al.,
1995b; Orelli et al., 2009; Tsodikov et al., 2007).

Whilst the order of recruitment for the two endonucleases is well defined in
vitro, an outstanding controversy has remained over the order in which the two incise
DNA dunng NER. In contrast to reconstituted NER in S. cerevisiae, under certain
conditions both uncoupled 5’ and 3’ incisions have been observed in mammalian
NER (Evans et al., 1997a; Guzder et al., 1995; Matsunaga et al., 1995). Whilst XPG
can perform an incision in the absence of XPF-ERCCI1, XPF-ERCCI1 requires the
presence but not the catalytic activity of XPG for incision (Constantinou et al., 1999;
Mu et al., 1996a; Wakasugi et al., 1997). However, efficient XPG incision requires
both the presence and catalytic activity of XPF-ERCC1 (Tapias et al., 2004). A recent
report demonstrated in vivo that the incision by XPF-ERCC1 was sufficient to initiate
downstream DNA synthesis, in the absence of the XPG incision (Staresincic et al.,
2009). Given this observation, the authors concluded that the 5° incision of NER may
occur prior to and be necessary for the 3’ incision in vivo. This observation is difficult
to reconcile with previous reports of uncoupled 3’ incisions, however, to date such
studies have only been performed upon naked DNA templates. Whether 3’ uncoupled
incisions may occur in vivo is as yet to be ascertained, and will be fundamentally

important for understanding the regulation of dual incision.

1.3.6 DNA resynthesis
Following extrusion of the damaged oligonucleotide, resynthesis of the DNA

molecule restores its native structure. In vitro, reconstitution of NER DNA resynthesis
can be achieved through the addition of RPA, PCNA, RFC, DNA polymerase 6 or €
(pold/€) and DNA ligase | (Aboussekhra et al., 1995, Araujo et al., 2000; Mocquet et
al., 2008; Shivji et al., 1995). This pathway with respect to NER is poorly
characterised and thus the molecular mechanism is extrapolated from supposed
parallcls in DNA replication (Gillet and Scharer, 2006). RFC is a pentameric complex
which functions to load the trimeric ring structure of PCNA proximal to 3’ primer
DNA. PCNA then interacts with a DNA polymerase and the complex functions to
resynthesise DNA, thus replacing the lost oligonucleotide. DNA ligase subsequently
restores the missing phosphodiester bond between the final nucleotide incorporated

and the dsDNA molecule.
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Evidence for an in vivo role for these DNA replication factors in NER is also
apparent. Cell free extracts depleted of PCNA cannot perform DNA resynthesis of
NER substrates (Shivji et al., 1992). Furthermore, PCNA co-localises to UV damage
in vivo and complexes with RPA in a UV dependent manner (Essers et al., 2005;
Green and Almouzni, 2003; Mocquet et al., 2008; Moser et al., 2007). In yeast,
temperature sensitive mutants of pold/€ fail to progress beyond the incision step of
NER (Budd and Campbell, 1995). As shown for PCNA, mammalian pold also
colocalises with UV damage and complexes with RPA (Mocquet et al., 2008; Moser
ct al., 2007). In vitro, RFC is absolutely required for efficient catalytic activity of
pold. € implying an vivo role for NER (Podust et al., 1992). Finally, temperature
sensitive mutants of S. cerevisiue DNA ligase 1 (Cdc9) fail to ligate the DNA
backbone following repair of NER substrates (Wu et al., 1999). Mammalian DNA
ligase I also localises to UV damage in a cell-cycle regulated manner (Moser et al.,
2007).

More recent research in mammalian NER has also implicated another DNA
polymerase, polk, and ligase, XRCCI-DNA ligase Illa (DNA ligase III), to be
important for resynthesis (Moser et al., 2007; Ogi and Lehmann, 2006). Pol3 and polx
apparently function within the same pathway, and depleting all three polymerases is
sufficient to inhibit DNA resynthesis in vivo (Ogi et al., 2010). Recruitment of pold to
the NER reaction 1s mediated by RFC, whilst pol€ requires the alternative clamp
loader CTF18-RFC and polx requires XRCC1 and ubiquitylated PCNA. DNA ligase
111 localises to UV damage in vivo, and in contrast to DNA ligase I, at all stages of the
cell cycle and is apparently the predominant ligase in mammalian NER. Interestingly,
pol€ has an identical cell cycle dependence for UV damage localisation to DNA
ligase I, whilst pold is independent of the cell cycle, suggesting the two polymerases
may utilise the different ligases (Moser et al., 2007).

Another aspect of NER that is poorly understood is the transition between
incision (cxtrusion) and DNA resynthesis. A recent in vitro study demonstrated that
proficicnt DNA resynthesis of an oligonucleotide extruded substrate required both
RPA and XPG (Mocquet et al., 2008). RPA is known to remain associated with DNA
following oligonucleotide extrusion, perhaps without surprise given its fundamental
role in the resynthesis stage (Ried! et al., 2003; Shivji et al., 1995). XPG is also
known to physically interact with PCNA and thus may play a role in recruiting this

factor, although the requirement of this interaction for NER is yet to be proven (Gary
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et al., 1997). XPF is refractory to RFC and PCNA recruitment and thus is predicted to
leave prior to their recruitment; this may support a model whereby XPF incision and
DNA resynthesis occur prior to XPG incision (Mocquet et al., 2008; Staresincic et al.,
2009). Mechanisms that co-ordinate this transition are particularly topical given the
recent observation that attenuation of DNA resynthesis in NER promotes activation of
DNA damage responsive checkpoint proteins (Giannattasio et al., 2010). Checkpoint
activation depends upon the nuclease Exol, which was demonstrated to promote long
strands of ssDNA in an UV damage and Radl4 dependent manner. Thus it was
proposcd that in the absence of DNA resynthesis, Exol resects the ssDNA gap to

produce longer gaps that promote checkpoint activation (Giannattasio et al., 2010).

1.4 Proteins necessary for GGR

1.4.1 XPC-HR23B-centrin2

In mammals mutations within XPC specifically inhibit GRR but do not affect
TCR (Venema et al., 1991). In vivo, XPC is a constituent of a heterotrimeric complex
of XPC-HR23B-centrin2, which is known to have a fundamental role in DNA damage
detection (Nishi et al., 2005; Volker et al., 2001).

In vitro, XPC-HR23B binds dsDNA but has a greater affinity for UV or
cisplatin damaged dsDNA or dsDNA containing a (6-4)PP, platinum crosslink or
cholesterol moiety (Batty and Wood, 2000; Kusumoto et al., 2001; Sugasawa et al.,
1998; Wakasugi and Sancar, 1999; You et al., 2003). DNA binding is mediated by the
XPC protein (Yokoi et al., 2000). The ability of XPC to bind a broad variety of
structurally unrelated DNA lesions suggests the protein must utilise a non-specific
binding mode, which is thought to function by detecting perturbations in the canonical
DNA structure caused by lesions (Sugasawa, 2009). In support of this, a non-lesion
containing 5bp mismatch in dsDNA is readily bound by XPC-HR23B, however it is
not excised by the NER machinery (Sugasawa et al., 2001). Furthermore, the CPD
lesion, which is known to cause minimal alterations to thc DNA helical structure is
poorly bound by XPC-HR23B and poorly repaired when compared with (6-4)PPs
(Batty et al., 2000; Kusumoto ct al., 2001; Sugasawa et al., 2009). However, if the
CPD is incorporated into a mismatch, the binding affinity of XPC-HR23B is higher
and the efficiency of repair is dramatically increased (Mu and Sancar, 1997;
Sugasawa et al., 2001). XPC binds ss/dsDNA junctions with high affinity and thus

separation of the dsDNA by a lesion is considered the primary determinant for
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damage binding (Buterin et al., 2005; Sugasawa et al., 2002). Indeed, a recent study of
DNA adduct structure demonstrated a good correlation between lesion derived
dsDNA separation, XPC binding affinity and NER efficiency (Mocquet et al., 2007).
Further studies have shown XPC also has a very high affinity for ssDNA, which is
attenuated by UV damage, implying the protein may in fact primarily bind the non-
damaged strand at a lesion (Maillard et al., 2007). This conclusion is heavily
supported by two other recent studies demonstrating that eliminating perturbations in
the non-damaged DNA strand suppressed NER damage excision (Buterin et al., 2005;
Sugasawa et al., 2009). Remarkably, a very recent study has functionally uncoupled
the ability of XPC to bind dsDNA mismatch loops and ssDNA (Camenisch et al.,
2009). The two activities lie within different regions of the XPC DNA binding
domain (DBD), and suggest XPC binds lesions with a bipartite recognition
mechanism. XPC binds dsDNA mismatches asymmetrically aligning toward the 5° of
such structures (Sugasawa et al., 2002). Damage binding is concurrent with further
separation of the dsDNA at a lesion (Evans et al., 1997b; Tapias et al., 2004).

XPC is known to be post-translationally modified by both ubiquitin and
SUMOI in a UV dependent manner (Sugasawa et al., 2005; Wang et al., 2005). Both
modifications require DDB2 (discussed below). SUMOylation appears to be
important for the stabilisation of XPC following UV (Wang et al., 2005). The stability
of XPC is reduced after UV, and whilst this requires the activity of the proteasome,
surprisingly it does not require ubiquitylation of the protein (Wang et al., 2007).
Indeed, XPC ubiquitylation is readily reversible within the cell (Sugasawa et al.,
2005). Mutation of lysine 655 inhibits post-translational modifications of XPC,
recruitment of XPG to UV damage (although XPA and XPB are unaffected) and
abolishes GGR (Wang et al., 2007).

The role/s for HR23B in GGR are less clear. In mammalian cells, HR23B is
known to express a paralogue called HR23A. Whilst the two proteins seem to play a
functionally redundant role in NER, the majority of XPC complexes with HR23B
(Araki et al., 2001; Ng et al., 2003). In vitro, addition of HR23B stimulates NER
activity, and both the HR23B N-terminal ubiquitin like domain and XPC interaction
domain are required for this activity (Masutani ct al., 1997; Sugasawa et al., 1996).
Currently, the only role attributed to HR23B in NER is its ability to stabilise XPC

levels, and over-expression of XPC functions to partially relieve the UV sensitivity of
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mHR23A-/-, mHR23B-/- cell lines (Ng et al., 2003). The protein has also been
suggested to contribute to tumover of XPC-HR23B at the PIC (You et al., 2003).
More recently XPC-HR23B was found to be in complex with centrin2;
centrin2 binds XPC (Araki et al., 2001). Centrin2 is a calcium binding protein, whose
affinity for an XPC peptide is strongly promoted by calcium presence (Popescu et al.,
2003). Binding of XPC by centrin2 is necessary for efficient repair in vivo and is

demonstrated to increase damage binding by XPC in vitro (Nishi et al., 2005).

1.4.2 Rad4-Rad23-Rad33

S. cerevisiae contains homologues of XPC, termed Rad4, and HR23B, termed

Rad23 which form a stable heterodimeric complex (Guzder et al., 1998a; Wang et al.,
1997). In addition, a likely homologue of centrin2 also exists, termed Rad33, which
physically interacts with Rad4 (den Dulk et al., 2008). In contrast to mammalian
NER, Rad4 is absolutely required for both GGR and TCR, however the role of Rad4
in TCR 1s unknown (Teng et al., 2010). Similarly, mutations in RAD23 and RAD33
also prohibit efficient GGR and TCR (den Dulk et al., 2006; He et al., 1996; Mueller
and Smerdon, 1996).

Rad4-Rad23 shows high affinity binding for lesions including (6-4)PPs and N-
acetyl-2-aminofluorene adducts, but poorly recognises CPDs (Guzder et al., 1998a;
Jansen et al., 1998; Xie et al., 2004). The structure of Rad4-Rad23 binding a CPD
within a 3bp mismatch was recently solved (Min and Pavletich, 2007). In agreement
with damage binding models of XPC, Rad4 primanly binds DNA at a lesion through
interactions with the non-damaged strand. Rad4 binding is concurrent with
dinucleotide flipping at both the lesion and at the opposing complementary
nucleotides, and a B-hairpin of Rad4 inserts between the double stranded DNA at this
position. This structure predicts that lesions which function to locally destabilise the
structure of dsDNA will facilitate both nucleotide flipping and B-hairpin insertion, and
thus be readily bound by Rad4; again in agreement with observations described for
XPC above.

In contrast to mammalian cells, the role yeast Rad23 plays within the cell has
been extensively characterised. Like its mammalian homologue, Rad23 consists of an
N-terminal ubiquitin-like domain (UbL domain), a Rad4 binding domain and two
ubiquitin associated domains (UBA domains), which lie either side of the Rad4

binding domain (Dantuma et al, 2009). Rad23 is known to interact with the
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proteasome and is thought to function to target this to the various cellular pathways to
which it contnbutes.

The ubiquitin-proteasome pathway (UPP) is responsible for the targeted
degradation of proteins. The proteasome is a large multisubunit complex consisting of
two principle particles termed the 19S regulatory particle and the 20S core particle
(Finley, 2009). The 20S forms a large barrel-like structure; at either end there is an
opening to which a 19S complex may interact. The 19S is further divided into two
structures termed the base, which interacts with the 20S, and a peripheral lid. Proteins
are targeted for degradation through covalent attachment of at least four ubiquitin
molecules (Thrower ct al., 2000). The 19S functions to recruit, unfold and translocate
such targeted proteins into the 20S core where they are subsequently cleaved into
small peptides.

The UbL domain of Rad23 is known to bind the Rpnl subunit of the 19S base
subcomplex (Elsasser et al., 2002; Saeki et al., 2002). This functions to recruit Rad23
to the proteasome but does not result in its rapid degradation (Schauber et al., 1998;
Watkins et al., 1993). Indeed the UBA2 domain of Rad23 has been demonstrated to
protect the protein from proteolytic degradation (Heessen et al., 2005). Both UBA
domains have been demonstrated to bind mono-, di- and tetraubiquitin species
(Bertolaet et al., 2001; Chen et al., 2001; Raasi et al., 2005; Rao and Sastry, 2002;
Verma et al., 2004). However, the predominant physiological target of the UBA
domains appears to be ubiquitylated proteins rather than free ubiquitin chains (Chen
and Madura, 2002). The simultaneous binding of UBA domains to ubiquitylated
substrates and the UbL domain to the proteasome has founded the hypothesis that
Rad23 is important for the recruitment of ubiquitylated proteins to the proteasome
(Elsasser et al., 2004; Verma et al., 2004). In support of this model, various
proteolytic substrates have been demonstrated to be stabilised in rad234 mutants,
concurrent with increased cellular levels of polyubiquitylated proteins (Lambertson et
al., 1999; Rao and Sastry, 2002; Verma et al., 2004). Furthermore, Rad23 also binds
the E4 ubiquitin chain elongation factor Ufd2 via its UbL domain suggesting it may
couple ubiquitylation to subsequent degradation (Kim et al., 2004). However, the
Rad23 UBA domains have also been shown to suppress polyubiquitin chain
polymerisation in vitro (Chen et al., 2001; Ortolan et al., 2000). Similarly, the UBA
domains of the Schizosaccharomyces pombe orthologue of Rad23, Rhp3, have also

been shown to suppress de-ubiquitylation of polyubiquitylated substrates (Hartmann-
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Petersen et al., 2003). These observations suggest Rad23 could also stabilise protein
substrates by regulating polyubiquitylation, and overexpressing Rad23 has been
shown to increase the half life of some UPP targets (Chen and Madura, 2002; Ortolan
ctal,, 2000). Interestingly, the effect Rad23 has on protein stabilisation in vitro is dose
dependent; Rad23 promotes protein degradation unless a large molar excess is added
whereby it inhibits the same activity (Verma et al., 2004). Thus although Rad23 can
inhibit substrate polyubiquitylation, at physiological concentrations the protein is
currently regarded to primarily promote UPP dependent degradation.

S. cerevisiae rad234 mutants arc known to have an intermediate repair
capacity and UV survival compared to mutants of essential NER genes such as Rad4
or Radl14, suggesting it may have a regulatory role in the reaction (He et al., 1996;
Mueller and Smerdon, 1996; Prakash and Prakash, 2000). As with mammalians,
Rad23 has been suggested to be important for the stability of Rad4 in vivo, although
this has been disputed (Gillette et al., 2006; Lommel et al., 2002; Ortolan et al., 2004).
Expression of the Rad4 binding domain of Rad23 alone, which functions to stabilise
Rad4, or overexpressing Rad4 in the absence of Rad23, is not sufficient to restore
wild type UV survival demonstrating Rad23 plays a role beyond stabilising Rad4 in
NER (Ortolan et al., 2004; Xie et al., 2004). Deletion of the UbL domain of Rad23
renders cells with an intermediate UV sensitivity between wild type and rad234
mutants; interestingly replacing the UbL domain with ubiquitin suppresses the UV
sensitivity (Watkins 1993). Given an alternative proteasome interaction module can
suppress the UV sensitivity of UbLA Rad23 it is likely the primary role of this domain
is to accommodate an interaction with the proteasome (Dantuma et al., 2009). Whilst
Rad4, Rad23 and the proteasome have been co-purified suggesting a role for the UPP
pathway in NER, only mutations in the 19S specifically affect NER, suggesting a role
independent of proteolysis is important in the molecular mechanism (Russell et al,
1999; Schauber et al., 1998). The 19S has been demonstrated to negatively regulate
the ratc of lesion removal in vivo; however this activity is modulated through an
interaction with the UbL domain of Rad23 which functions to suppress this (Gillette
et al., 2001). Currently, the molecular mechanism behind these observations is
unknown, however it has been shown that the pathway functions independent of de
novo protein synthesis (Gillette et al., 2006).

Finally, whilst some previous reports have not seen UV sensitivity in RAD23

with UBA domain mutations, it has been reported that UV sensitivity is observed
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when doses of UV are repeatedly applied (Bertolaet et al., 2001; Heessen et al., 2005:
Ortolan et al., 2004). The authors suggested that the already low levels of Rad23 with
a mutation in the UBA2 domain are depleted following a single UV dose rendering

the cells sensitive to a subsequent UV dose.

1.4.3 UV-DDB complex

A second complex implicated in damage recognition in mammalian cells is
termed the UV damaged DNA binding complex (UV-DDB) (Sugasawa, 2009). The
complex consisting of the two subunits termed DDB1 (p127) and DDB2 (p48) is able
to bind a vanety of DNA lesions including (6-4)PPs, CPD and AP sites (Wittschieben
ct al,, 2005). Mutations of DDB2 are the molecular defect in XPE patients, cell lines
of which are known to have defects exclusively in GGR (Hwang et al., 1999; Tang
and Chu, 2002). XPE lines are known to have highly deficient CPD repair but only
mild defects in (6-4)PP repair. In vivo, the UV-DDB complex has been demonstrated
to bind both (6-4)PPs and CPDs, and damage recognition occurs independent of XPC-
HR23B-Centrin2 (Luijsterburg et al., 2007; Moser et al., 2005). Interestingly, despite
the molecular defect of XPE, cell-free extracts do not require the UV-DDB complex
for efficient NER, however addition of the complex has been shown to have a
stimulatory role for the repair of CPD (Wakasugi et al., 2002). Such assays employ
naked DNA for repair, implying that UV-DDB may have a predominant role in the
repair of chromatin (Rapic-Otrin et al., 2002).

The above data strongly indicate a role for UV-DDB in damage recognition
and specifically a role in promoting CPD repair in vivo. Recently, the X-ray crystal
structure of UV-DDB was resolved bound to DNA containing a (6-4)PP or abasic
analog lesion, tetrahydrofuran (Scrima et al.,, 2008). The study demonstrated DNA
damage recognition occurs exclusively through DDB2. Binding of DDB2 results in
flipping of a dinucleotide at the lesion and insertion of a three residue hairpin into this
region, thus separating the DNA strands. The protein-DNA complex also results in
extensive kinking of the DNA at the lesion. Both UV-DDB and XPC-HR23B bind
DNA damage, but only XPC is essential for GGR (Hwang et al., 1999). Therefore,
UV-DDB is proposed to function to bind DNA damage and promote XPC recruitment
thereby enhancing GGR, especially so at lesions that are poorly recognised by XPC
such as the CPD (Scrima et al., 2008). Indeed, there are many examples

demonstrating enhanced damage binding of XPC as a consequence of UV-DDB
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(Fitch et al., 2003; Moser et al., 2005; Yasuda et al., 2007). Furthermore, XPC and
UV-DDB have been shown to physically interact (Sugasawa et al., 2005).
Comparison of the structure of UV-DDB and the XPC homolog Rad4 suggests that
the two damage binding complexes could not bind a lesion simultaneously, however
given that XPC DNA binding is bipartite utilising two domains (that bind both DNA
strands around a lesion) a ternary complex of DDB2-DNA-XPC may transition the
exchange (Scnima et al., 2008).

In vivo the UV-DDB complex is part of an E3 ubiquitin ligase, including
CuldA (or Cul4B), Rocl, and all members of the COP9 signalosome (Groisman et al.,
2003; Guerrero-Santoro et al., 2008). The COP9 signalosome functions to negatively
regulate the E3 ubiquitin ligase and dissociates from this in response to UV damage.
Both UV-DDB and associated E3 ubiquitin ligase subunits are recruited to damage
sites as a complex (Luijsterburg et al., 2007). Following UV, the UV-DDB complex
has been demonstrated to ubiquitylate a vanety of targets including DDB2, XPC and
histones H2A, H3 and H4 (El-Mahdy et al., 2006; Kapetanaki et al., 2006; Sugasawa
et al.,, 2005; Wang et al., 2006). DDB2 is degraded in an UV-dose dependent manner,
and it was suggested that ubiquitylated DDB?2 is degraded to allow access of XPC to a
lesion (Kapetanaki et al., 2006; Sugasawa et al., 2005). However, recent evidence has
demonstrated that the damage binding of UV-DDB is far more rapid than the half life
of DDB2 in response to UV, and that UV dependent degradation occurs independent
of XPC (Alekseev et al.,, 2008; Luysterburg et al., 2007). Instead, UV-DDB
ubiquitylation has been hypothesised to recruit XPC through an ubiquitin dependent
interaction with HR23B, or degrade DDB?2 to release DDBI for subsequent damage
responsive ubiquitylation activities (Alekseev et al., 2008; Kapetanaki et al., 2006). In
contrast to DDB2, low-level degradation of XPC occurs in an UV-dose independent
manner and a large fraction of the protein is known to be reversibly polyubiquitylated
in response to damage (El-Mahdy et al.,, 2006; Sugasawa et al., 2005). The
mechanistic significance of XPC ubiquitylation is unknown, however the post-
translationally modified protein is observed to have a higher DNA binding affinity.
The functional significance of histone ubiquitylation is also unknown; it has been
suggested to help recruit XPC through HR23B or by changing nucleosome structure

and therefore increasing DNA accessibility (Kapetanaki et al.,, 2006; Wang et al,,

2006).
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1.4.4 The GGR complex

In §. cerevisiae no direct homologues of UV-DDB are known, however it is
emerging that functional homologues may instead exist. The genetics and biochemical
properties of UV-DDB share considerable similarities with a heterotrimeric complex
of Rad7, Radl16 and Abfl (discussed below), termed the GGR complex (Reed and
Gillette, 2007; Yu et al., 2004). In contrast to UV-DDB, the genes RAD7 and RADI6
arc cssential for the majonty of GGR for both (6-4)PPs and CPDs (Teng et al., 1997;
Terleth ct al., 1990; Tijsterman et al., 1999; Verhage et al., 1994; Wang et al., 1997).
Interestingly, two recent reports have indicated the potential of Radl6 independent
GGR spectfically within the NTS of repressed genes (Li et al., 2006a; Li et al., 2007).
This repair activity is strictly dependent upon Rad26 and is attenuated by
transcnptional activation of the gene.

In vitro, the dimeric complex of Rad7 and Rad16 has been demonstrated to
posses high affinity binding for UV-damaged DNA (Guzder et al., 1997). Damage
binding requires ATP and is independent of Rad7 alone, thus it is likely to depend
upon the two zinc dependent DBDs of Rad16 (Bang et al., 1992; Guzder et al., 1998b,
1999). Rad16 is a member of the Snf2 family of ATPases, many members of which
are known to remodel chromatin (Durr et al., 2006; Flaus et al., 2006). This suggests
that Radl6 is also important for chromatin remodelling (further discussed in Chapter
4.1). Through the activity of Radl6, the GGR complex functions as a DNA
translocase (Yu et al., 2009). In vitro, Radl6 ATP hydrolysis is stimulated in the
presence of DNA, however, addition of UV-damaged DNA attenuates this activity
(Guzder et al., 1998b). This observation has led to the hypothesis that the GGR
complex functions to translocate along DNA until encountering a lesion, to which the
complex binds, attenuating DNA translocation and ATP hydrolysis.

The GGR complex has been implicated to be important for UV responsive
NER dependent and NER independent events (Guzder et al., 1997; Reed et al., 1998;
Yu et al., 2005). In vitro, addition of both Rad7-Rad16 and Rad4-Rad23 to UV-
damaged DNA results in synergistic binding of both complexes to a lesion (Guzder et
al.. 1999). Rad7 and Rad4 are known to interact, and deletions in Rad7 that disrupt
this interaction render the cell with a UV sensitivity equivalent to rad74 (Wang et al.,
1997). This result implies all activities that the GGR complex contributes to the
survival of the cell following UV damage require an interaction with Rad4.

Interestingly, like UV-DDB, the GGR complex has been implicated in damage
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responsive activities independent of Rad4 (see below). In contrast to UV-DDB
however, a potential role for the GGR complex in promoting the recruitment of Rad4-
Rad23 (or the reverse) to a lesion is yet to be explored in vivo. Recently, it has been
demonstrated that Rad16 is important for global histone H3 K9K 14 hyperacetylation
in response to UV damage (Teng et al., 2008). Damage responsive increases in H3
acetylation, which are a requisite for efficient GGR, occur independently of both
Rad4 and Radl4, but not Rad16 (Yu et al., 2005). Given that Radl6 is not a histone
acetyl transferase (HAT) it has been predicted that the GGR complex may function to
remodel chromatin and thus facilitate the recruitment of HATs (Teng et al., 2008). A
recent report provided strong evidence that Rad16 regulates UV dependent histone H3
K9K 14 hyperacetylation by regulating the occupancy of HATs such as GenS (see
Chapter 4.1, Yu et al., 2011). Following dual incision around a lesion, the extrusion of
a damage containing oligonucleotide has been demonstrated to require a domain of
superhelicity in vitro (Yu et al., 2004). The GGR complex is able to produce negative
superhelical torsion through a catalytic activity in Radl6, and this has been shown to
be necessary for damage excision in vitro. As observed with other members of the
Snf2 protein family, this superhelical torsion is predicted to result from the activity of
translocation (Lia et al., 2006; Yu et al., 2009).

The GGR complex is also part of an E3 ubiquitin ligase with the factors Cul3
and Elcl (Gillette et al., 2006; Ramsey et al., 2004). This complex has been
demonstrated to ubiquitylate Rad4 in response to UV, which results in UPP dependent
degradation of the protein (Gillette et al., 2006). Interestingly, both Rad23 and the E3
ligase of the GGR complex play functionally redundant roles for cellular UV survival.
It was shown that the ubiquitylation event, rather than subsequent degradation of
Rad4, was important for UV survival. The functional contribution of Rad4
ubiquitylation to UV survival depended upon de novo protein synthesis, strongly
suggesting the post-translational modification regulates a transcriptional response to
UV. To date the only known target of the GGR complex E3 ubiquitin ligase is Rad4,
however, whilst mutations that eliminate the ability of the complex to ubiquitylate
Rad4 do not predispose cells sensitive to UV, mutations designed to eliminate the
RING domain of Radl6, and thus all E3 ligase activity, do (Deshaies and Joazeiro,
2009: Gillette et al., 2006; Ramsey et al., 2004; Yu et al., 2011). This result implies
that the E3 ligase may have more as yet unidentified targets, which could include
those already discussed for UV-DDB.

Page | 41



Chapter 1

1.5 Autonomously replicating sequence binding factor I

Autonomously replicating sequence binding factor I (Abfl) was originally
identified for its ability to bind DNA at a variety of origins of DNA replication, as
well as the silencing loci HML and HMR (Diffley, 1992). A plethora of literature
subsequently identified Abfl to bind within the upstream activating sequences
(UAS:s) of a large array of gene promoters. It is now well established that Abfl is an
abundant, essential, global site-specific DNA binding protein (Yarragudi and Morse,
2006). The protein has been physically mapped to 1964 unique binding sites
throughout the genome (Schlecht et al., 2008). The protein binds the DNA consensus
sequence 5°-CGTnnnnnnTGAT-3, which is predicted to be found at thousands of sites
throughout the genome (Mukherjee et al., 2004; Yu et al., 2009). In addition Abf1 has
been demonstrated to bind at sites that do not match this consensus sequence (Della
Seta et al., 1990; Schroeder and Weil, 1998). Abfl is known to play roles in many
areas of chromatin metabolism including transcription, silencing, DNA replication
and repair (Loo et al., 1995; Reed et al., 1999; Rhode et al., 1992). Its multifunctional
character has resulted in the classification of the protein as a General Regulatory
Factor (GRF), of which members also include Rapl and Rebl (Fourel et al., 2002).
Like many transcription factors (TF), Abfl is bipartite consisting of N-terminal DBDs
and a C-terminal activation domain (AD) (Yarragudi and Morse, 2006). The AD is
further subdivided into two domains termed CS1 and CS2 (Miyake et al., 2002). Abfl
DNA binding alone 1s not sufficient for its many activities and the C-terminal AD 1s
known to be necessary for its roles in replication, transcription and silencing (Li et al.,
1998; Miyake et al., 2002). The following account reviews the characteristics of the
protein in its many roles and discusses the molecular mechanisms proposed to account

for these activities.

1.5.1 A role for Abfl in DNA replication

Abfl is known to bind only a subset of replication origins within the genome
at an auxiliary clement such as the B3 element of ARS/ (Marahrens and Stillman,
1992). A role for Abfl in DNA replication was first demonstrated when plasmids
based upon the ARS! or ARSI21 origin of replication were shown to have a reduced
stability when their Abfl binding site/s were mutated (Walker et al., 1990; Walker et
al., 1989). Cells expressing a temperature sensitive DNA binding mutant of Abfl,

termed abfl-1, also show a reduced stability of such plasmids (Rhode et al., 1992).
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These results demonstrated that Abfl is not essential for DNA replication but instead
stimulates the efficiency of replication at ARSs to which it binds. The stimulatory role
for Abfl binding seems to be independent of both orientation and distance:;
functioning to stimulate DNA replication when placed up to 1.2Kb away from the
essential ARS core element (Walker et al., 1990). Furthermore, the Abfl binding site
of ARSI can be functionally replaced by either a Rapl or Gal4 binding site, or by
tethering vanous TF acidic ADs proximal to the ARS core element (Hu et al., 1999:
Li et al.,, 1998; Marahrens and Stillman, 1992; Salghetti et al., 2001).

The functional redundancy of many DNA binding proteins at the B3 element
of 4RS! has been proposed to implicate that these must function in a similar manner;
suggested to include chromatin remodelling (Venditti et al., 1994). However, the
functional redundancy shown between various TFs is not always observed and in the
case of ARS121 only Abfl functions to stimulate efficient DNA replication (Wiltshire
et al., 1997). Furthermore, a second study which used an ARS/ derived plasmid
devoid of a centromere and selectable marker found no stimulatory role for Abfl
binding (Kohzaki et al., 1999). The latter result demonstrates the role which Abfl
plays in replication is context dependent. In support of this concept, addition of an
Abfl binding site to certain ARS devoid of this element can inhibit replication
efficiency (Kohzaki et al., 1999).

1.5.2 Abfl as a transcriptional regulator
Following identification of a consensus DNA binding site (DBS) for Abfl, the

protein was quickly recognised to bind a large number of gene UASs. Such Abfl
binding domains are able to activate transcription when placed upstream of a reporter
construct devoid of a promoter (Della Seta et al., 1990). Furthermore, Abfl binding
sites isolated from either an origin of replication or silencer are also competent in
transcriptional activation (Buchman and Kornberg, 1990). However, Abfl alone is a
weak transactivator compared with other prototypical TFs such as Gal4. A strong
transactivation potential is only achieved when the binding site is combined with a
second UAS element (Buchman and Komberg, 1990; de Winde and Grivell, 1992).
Abfl functions to synergistically activate transcription with a variety of other cis-
acting regulatory elements (Martens and Brandl, 1994; Trawick et al., 1992;
Yarragudi et al., 2004). The synergistic activation of genes is also known to occur

with other GRFs such as Rapl and Rebl (Buchman and Komberg, 1990; Chasman et
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al., 1990). However, Abfl binding upstream of a gene does not always function as a
transactivator. For example, mutation of the Abfl binding site at FOX3 functions to
alleviate transcriptional repression of the gene under non-inducing conditions
(Einerhand et al., 1995). More recent microarray analysis, using the DNA binding
temperature sensitive abfl-1 allele identified 50 Abfl activated genes and 36 Abfl
repressed genes (Miyake et al., 2004). This is remarkably lower than the number of
genes predicted to be bound by Abf1 (Lee et al., 2002b; Schlecht et al., 2008). Indeed,
two latter studies have predicted Abfl to regulate up to 235 or even 3214 genes
(Schlecht et al., 2008; Yarragudi et al., 2007).

Akin to its role in DNA replication, Abfl seems to function as a transactivator
in an orientation independent manner (Yoo et al,, 1995). Often Abfl binding sites
known to be important for activation are found hundreds of bases away of a TSS
(Trawick et al., 1992; Yoo et al.,, 1995). Furthermore, the role Abfl binding plays in
transcription seems to be functionally redundant with numerous other DNA binding
factors. A Rapl or Rebl DBS can functionally substitute for an Abfl DBS within a
promoter without loss of transcriptional activity (Kraakman et al., 1991; Martens and
Brandl, 1994). Conversely, an Abfl or Rapl DBS may functionally replace a Rebl
DBS at a promoter (Martens and Brandl, 1994; Remacle and Holmberg, 1992).

The precise activities through which Abfl functions to regulate transcription
arec unknown. Abfl binds to the promoters of multiple proteins that contribute to the
same protein complex, indicating the protein is likely involved in co-regulating gene
clusters (Tan et al., 2007). Indeed, Abfl and Rapl are known to bind to nearly all
ribosomal protein genes. Interestingly, Esal, the catalytic subunit of the histone
acetyltransferase complex NuA4 also co-localises to these gene promoters suggesting
Abfl and Rapl may recruit histone modifiers (Reid et al., 2000). Indeed, mutation of
a Rapl binding site was found to eliminate recruitment of Esal, although the same
experiment was not performed for Abfl. Deletion of the transcriptional co-activators
EAFS. EAF7, GCNS5, HOS2, ISW2, SETI, SPT3, TAFI] and TBP all affect the
expression of genes that overlap significantly with those bound by Abfl (Steinfeld et
al., 2007). Therefore, the protein could potentially stimulate transcription by
recruiting some of these factors also, although it is not known to physically interact

with any of them.
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1.5.3 Abfl is important for DNA silencing
The two mating type cassettes HMLa and HMRa are maintained

transcriptionally inactive in co-ordination with cis-acting DNA regulatory sequences
termed silencers, and the Silence Information Regulator genes (SIR genes) (Loo and
Rine, 1994). Each cassette is flanked by one E silencer, and at the other end, one |
stlencer. Each silencer contains an ARS domain and may also contain an Abfl and/or
Rapl DBS. Abfl is known to bind sites at HMR-E, HMR-I and HML-I (Buchman et
al., 1988). A genetic screen for temperature sensitive mutants of silencing, identified
that Abfl is important for efficient silencing at both HML and HMR (Loo et al.,
1995). HMR-E consists of three cis regulatory elements termed A, E and B bound by
the ongin recognition complex (ORC), Rapl and Abfl respectively (Brand et al,,
1987; Kelly et al., 1994). These three factors show a functional redundancy since only
two of the three elements are required for maintenance of silencing. This is also
observed at HML-I (Boscheron et al., 1996). This is thought to relate to a shared
ability of all factors to ultimately recruit the SIR complex (Allis et al., 2006).
Individually these DNA elements do not function as a bona fide silencer, however
artificially combining all three can produce a functional silencer (McNally and Rine,
1991; Rivier et al., 1999). Given that these DNA elements are often found in pairs
where they do not function as silencers clearly demonstrates their effects are context
dependent. The combinatonal necessity for the three binding sites has resulted in each
individually being dubbed a ‘protosilencer’. Each protosilencer is able to co-operate
with a silencer up to 4kb away, in an orientation independent manner, to establish a
repressed domain, but cannot alone function to silence chromatin (Boscheron et al.,
1996).

A second example where Abfl is known to function as a protosilencer is
within the subtelomeric regions. All telomeres contain a region termed the core X
clement, a 473bp region with a strong ability to silence genes (Pryde and Louis,
1999). All core X elements contain an ARS consensus sequence (ACS) and 31 of 32
also contain a consensus Abfl DBS. Mutation of either of these elements strongly
relieves the repressive activity. Interestingly, the core X clement alone does not
function as a silencer but instead is able to potentiate the activity of a proximal

silencer, at either the telomere or the mating type cassettes (Lebrun et al., 2001).
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1.5.4 The multifunctional roles of Abfl: extensive repertoire of biochemical

activities or a universal context dependent role?

Having observed the large spectrum of roles Abfl plays in chromatin

mctabolism, the obvious question arises as to how Abfl achieves so many, and in
some circumstances contrasting, activities. Abfl itself is thought to possess little
intrinsic regulatory activity, but is known to have a large array of interacting partners
involved in histone methylation and acetylation, nucleosome assembly, cell cycle
checkpoints, DNA repair and replication, and posttranslational protein modification
(28 partners in total from last count at Saccharomyces Genome Database;

www.yeastgenome.org). In many circumstances, Abfl has been observed to amplify

the activity of its interaction partners, and has hence been dubbed an ‘obligate
synergiser’ (Fourel et al., 2002).

Models attempting to explain the role of Abfl in transcriptional regulation,
silencing and replication share many commonalities, all implicating the protein to be
fundamentally important for chromatin organisation. Mutations in Abfl DBSs are
often associated with a loss in chromatin organisation. Specifically, it has been
observed that areas proximal to Abfl DBSs often pertain defined nucleosome
positions, which in response to loss of the binding site result in either changes in this
positioning or a loss of definition. This has been observed at multiple ARS, silencers
and UASs (de Winde and Grivell, 1992; Ganapathi et al., 2010; Hu et al., 1999;
Lascans et al., 2000; Lipford and Bell, 2001). At ARS/, Abfl binding has been
demonstrated to prevent the encroachment of nucleosomes into the ACS and B
clements, occupancy of which is known to inhibit DNA replication; this activity
correlates well with its ability to stimulate DNA replication (Bodmer-Glavas et al.,
2001; Hu et al., 1999; Simpson, 1990; Venditti et al., 1994). Nucleosome remodelling
at ARS1 specifically requires the CS2 domain of Abfl (Miyake et al., 2002). The same
activity has also been demonstrated for various DNA binding proteins that can
substitute for Abfl at ARS1 (Bodmer-Glavas et al., 2001; Hu et al., 1999). Similarly,
abolition of Abfl occupancy at RPS28A4 causes a loss in the strict positioning of
nuclcosomes; the authors here suggested a model in which Abfl defines nucleosome
positioning by forming a physical boundary for nucleosomes (Lascaris et al., 2000).
Abf1 is also proposed to position a defined nucleosome proximal to its DBS at the

silencers HML-I and HMR-E. In this circumstance it has been predicted that the
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positioned nucleosome facilitates the SIR complex to propagate silenced chromatin,
thereby defining the directionality of silencing (Zou et al., 2006).

A second commonly observed property of Abfl is the ability to define a
nucleosome depleted region (NDR) (Badis et al., 2008; Ganapathi et al., 2010). Abfl
binding is commonly associated with an area of MNase/DNase hypersensitivity
(Ganapathi et al., 2010; Hartley and Madhani, 2009; Hesselberth et al., 2009). In a
genome wide study, binding sequences for Rebl and Abfl were two of the five most
commonly associated sequences with a NDR (Lee et al., 2007b). Furthermore,
introduction of an Abfl binding site into a nucleosomal domain often repositions the
nucleosome, excluding it from the Abfl DBS (Hartley and Madhani, 2009; Lipford
and Bell, 2001; Yarragudi et al., 2004). Interestingly, the ability to compete with
nucleosome occupancy and chromatin remodelling have been suggested to be
mutually exclusive activities since only the former activity appears to be independent
of CS1 and CS2 (Yarragudi et al., 2004). Loss of the AD of Abfl is known to only
affect expression of some genes under Abfl regulation implying the protein may
function to activate transcription by more than one mechanism (Yarragudi et al.,
2007). It has been predicted that the combined effects of chromatin remodelling and
maintaining a NDR are necessary for facilitating the access of secondary TFs to their
cis elements (Yarragudi et al., 2004; Yarragudi and Morse, 2006). In support of this
model, the requircment of a Rapl binding site at HIS4 for Gcen4 dependent
transcription is abrogated when Gen4 is artificially tethered to the promoter (Yu and
Morse, 1999). An Abfl binding site may also functionally substitute for a Rapl
binding site at H/S4 (Yarragudi et al., 2004).

In addition to these properties Abf1 binding has the ability to confine areas of
differing chromatin states, most commonly between regions of silenced and active
chromatin (Fourel et al., 2002; Yu et al., 2003). Binding of the protein to chromatin
prevents spreading of a silenced domain beyond it; a protein with such property may
be referred to as a genome partitioner, barrier element or insulator. By defining a
NDR, Abfl is believed to inhibit the spread of silenced chromatin by inhibiting the
propagation of the Sir complex along a nucleosomal array (Bi et al., 2004). In
addition, Abf1 and Rapl arec known to be able to bend DNA upon binding (McBroom
and Sadowski, 1994b). Other GRFs that may functionally substitute for Abfl have
many of the above characteristics described. For example, both Rapl and Rebl have

been demonstrated to remodel chromatin, define NDRs and function as barrer
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elements (Bemstein et al., 2004; Hartley and Madhani, 2009; Lee et al., 2007b; Yu
and Morse, 1999; Yu et al,, 2003). Cells expressing a fusion protein which replaces
the essential AD of Abfl for a partially homologous domain in Rapl are viable
(Goncalves et al., 1996). The functional redundancy between GRFs suggests their
molecular functions must be similar.

The C-terminal domain CS2 is necessary for the role of Abfl in silencing,
transcniptional regulation, barrier activity and DNA replication (Fourel et al., 2002;
Miyake ct al., 2002). Given the interdependence of these activities it is tempting to
speculate that the fundamental molecular mechanism through which Abfl acts is the
same in all these circumstances. However, it should be noted that in some
circumstances the relative affects of Abfl mutants do not equally attenuate its ability
to function in its various contexts (Fourel et al., 2002; Reed et al., 1999; Rhode et al.,
1992; Yarragudi et al., 2004). This potentially implies that Abfl may in fact play
multiple roles in chromatin metabolism at a single binding site (Yarragudi et al.,
2004). It 1s now also apparent that only subsets of promoters regulated by GRFs share
the same cofactors (Deminoff and Santangelo, 2001; Reid et al., 2000). Clearly the
physiological consequence of Abfl binding is not always completely consistent and is
dependent upon the context in which the protein binds. The interplay between Abfl
and its various cofactors, and how these contrnibute to chromatin metabolism remain to
be clucidated. Furthermore, other mechanisms disparate to the protein’s role as a
chromatin organiser have been proposed to account for Abfl’s activities; these
include recruitment of chromatin to nuclear subcompartments and chromatin looping
(Fourel et al., 2002). Further investigation at the level of the gene in combination with
both genome-wide and three dimensional studies will be required to elucidate how
GRFs regulate such a diverse range of nuclear functions.

Lastly, it is worth noting that investigations into GRFs in yeast are likely to
provide insights into the molecular biology of higher eukaryotes. Whilst a homologue
of Abfl has not been identified in metazoans, proteins with highly similar properties
to GRFs have been identified. A good example of this is CTCF; an abundant site
specific genome-wide DNA binding protein. CTCF has been implicated in context
dependent promoter activation/repression, silencing, barrier activity and long-range
chromatin interactions (Phillips and Corces, 2009). The protein is highly conserved,

ubiquitously expressed and cssential. Many other similar examples are also appearing
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(Fourel et al., 2002; Phillips and Corces, 2009 and references therein). Therefore,

GRFs may emerge as fundamental regulators of all eukaryotic genomes.

1.5.5 The role of Abfl in GGR

A role for Abfl in GGR was originally implicated from the observation that
the protein co-purifies with Rad7 (Reed et al., 1999). In the absence of UV damage,
Abfl forms a stable heterotrimeric complex with Rad7 and Rad16, termed the GGR
complex. However, approximately only one third of cellular Abf1 is predicted to be in
complex with Rad7 and Radl6. A temperature sensitive DNA binding mutant of
ADbfl, termed abfl-1, was demonstrated to possess a highly deficient repair activity of
UV damage at the restrictive temperature. Subsequent to this observation, it was
demonstrated that mutating an Abfl DBS inhibited efficient GGR both in vitro and in
vivo (Yu et al., 2009). These results demonstrate that Abfl promotes efficient GGR
through its site specific DNA binding activity. In vitro, mutation of an Abfl DBS at
the HMLa-1 silencer inhibited efficient binding of Abfl, Rad7 and Rad16. When this
mutation was incorporated in vivo, a ~400bp domain of deficient repair was situated
upstrecam of the mutated Abfl DBS. These observations were interpreted to suggest
that Abf1 promotes efficient binding of the GGR complex to a consensus DBS, which
facilitates the formation of GGR domains in response to DNA damage (Yu et al.,
2009). The unidirectional defect in repair at HMLa-/ with the DBS mutation suggests
that Abfl may direct the biochemical activities of the GGR complex in an orientation
specific manner. Indeed, Abfl DNA binding has been suggested to be strictly
oricntated such that it predominantly contacts one face of the DNA helix at the
adjacent major grooves 3 '-GCA-5' and 3’-YYRCTR-S' of the DNA binding
consensus sequence (McBroom and Sadowski, 1994a). This could subsequently direct
the activity of the Rad16 DNA translocase, which promotes GGR (Ramsey et al.,
2004: Yu et al., 2004; Yu et al., 2009). Indeed, in response to UV damage, Abfl
occupancy was shown to fall at HML-I, potentially reflecting a relocalisation of the
GGR complex following UV. The above observations have been consolidated as a

model presented in Fig. 1.6 (Yu et al., 2009).
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general) TFs, including site specific DNA binding proteins such as TBP. Nor does it
include proteins that influence transcriptional regulation via recruitment by TFs
(termed co-activators/co-repressors) such as histone modifiers or chromatin
remodellers. A TF, in this sense, is equivalent to any protein categorised in

transcriptional ‘orchestration’ from the given reference (Venters et al., 2011).

1.6.2 The in vivo lifetime of TF:DBS complexes
It is now well established that the regulation of transcription is at least partially

controlled through TFs; proteins that function to recognise and bind a site specific
DNA binding site (DBS) proximal to a gene’s core promoter and initiate a progressive
recruitment of protein factors necessary for RNA polymerase mediated transcription
(Weake and Workman, 2010). Prior to the advent of in vivo technologies such as
chromatin immunoprecipitation (ChIP) or live-cell imagery, the delineation of this
complex mechanism was established using in vitro assays. Using such assays, it was
commonly observed that site specific DNA binding by a TF resulted in a highly stable
complex with DNA. For example, a complex of the glucocorticoid receptor (GR) or
NF-xB with its respective DBS has a half-life of 108 minutes or 45 minutes
respectively (Perlmann et al., 1990; Zabel and Baeuerle, 1990). The vast majority of
TFs in vitro form long-lived complexes with their cognate DBSs. Such observations
founded the notion that upon activation, TFs stably bound DNA and resided at a
promoter for the duration of transcriptional activation (reviewed in Hager et al.,
2006). It was therefore surprising when the occupancy of the oestrogen receptor-a
(ERa) was observed at a promoter in vivo using ChIP. Using this technique the
occupancy of ERa was observed to cyclically rise and fall in a pattern that
periodically repeated every 80 minutes (Shang et al., 2000). The rise and fall in
occupancy of both ERa and co-activators within this period was interpreted to
represent a single binding event, indicating that the in vivo half life of ERa at a DBS

was only around 20 minutes (see Fig. 1.7).
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Figure 1.7. Graphical representation of the occupancy of ERa at the capthepsin D promoter following
addition of estradiol. ChIP results were presented in (Shang et al., 2000).

Whilst the data produced by Shang et al. (2000) was correct, the interpretation
is likely flawed. The mistake made was to assume that the changes seen were directly
representing the in vivo DNA binding kinetics of ERa. At a similar time to this
publication, a study using live-cell imagery demonstrated the remarkable observation
that the in vivo half-life of the GR at a promoter was of the order of a few seconds
(McNally et al., 2000a). The rapid exchange of a TF with its promoter in vivo was
later also observed for ERa, and has been made for all nuclear hormone receptors
tested (Klokk et al., 2007; Rayasam et al., 2005; Sharp et al., 2006). These
observations quickly altered the models derived from ChIP experiments, and, for
some TFs including ERa, the oscillations in occupancy are now believed to reflect
gradual changes in the chromatin environment that alter the accessibility of TF DBSs
(and thus TF occupancy) over time (Hager et al., 2009; Karpova et al., 2008).
Collectively this work demonstrates that a far more powerful appreciation of in vivo
DNA binding by TFs is provided through studies that complement ChIP with
techniques that analyse DNA binding kinetics. Secondly, this demonstrates that ChIP
is not well suited for the analysis of DNA binding kinetics (discussed below).

Whilst the exploration of nuclear dynamics has become facile with the use of
live-cell imaging, the analysis of site specific DNA binding kinetics (as opposed to
generic DNA or chromatin binding) in vivo has remained very limited due to the vast

technical difficulties in acquiring such information. Rapid exchange of DNA binding
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proteins is clearly not always observed in vivo; histones H3 and H4 remain bound
within chromatin for several cell generations in HelLa cells, whilst different
populations of H2B show variable half-lives ranging from 6 minutes to 8.5 hours
(Kimura, 2005). In addition to the nuclear hormone receptors, two site specific DNA
binding TFs, NF-xB and Acel (in S. cerevisiae) have been demonstrated to rapidly
exchange at a promoter in vivo (Bosisio et al., 2006; Karpova et al., 2008). The
prevalence of these examples is currently unknown; these studies typically investigate
only a single cognate promoter bound by the TF using low resolution analysis. In
contrast, under inducing conditions three TFs have been shown to reside at a cognate
DBS/promoter in vivo with a half-life of at least 20 minutes; Gal4 (from S.
cerevisiae), HSF (from D.Melongaster), and HIF-1 (from mammalians) (Nalley et al.,
2006; Yao et al., 2006; Yu and Kodadek, 2007). However, a recent publication has
indicated that the stable binding of Gal4 observed at a promoter may result from an
artefact of the experimental conditions employed and thus not reflect the wild type
behaviour of the protein (Collins et al., 2009). Lastly, nuclear foci of the TF RUNX2,
which represent regions of RNAPII mediated transcription, contain a mixed
population of both rapid and slow exchanging proteins (Pockwinse et al., 2011).
Although limited, the wide variance in the results obtained to date likely reflect that
mechanisms that regulate DNA binding kinetics of TFs are both complex and diverse.
Therefore, future studies will need to expand the repertoire of TF DNA binding
kinetics analysed and include multiple chromosomal locations in order to substantiate

how this property is regulated in vivo, and its resultant physiological consequences.

1.6.3 The regulation of DNA binding Kinetics
The stark contrast in the lifetime of a DNA bound complex of GR or NF-xB

with its cognate DBS in vitro, compared in vivo, suggests that exogenous factors must
function to disrupt (or ‘turnover’; a term used here, not to be confused with
proteolytic turnover) DNA bound protein complexes within the cell. In support of
this, addition of nuclear extracts function to dissociate TF:DBS complexes in vitro
(Fletcher et al., 2000; Fletcher et al., 2002; Rayasam et al., 2005). ATP depletion
immobilises a fraction of GRs at a promoter array in vivo, suggesting that such
activities require energy (Agresti et al., 2005; Stavreva et al., 2004). Furthermore, in
situ depletion of soluble nuclear factors inhibit the nuclear mobility of the GR (Elbi et
al., 2004). One complication with the latter observation is that the GR has been
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suggested to be sequestered at the nuclear scaffold (Stenoien et al., 2001). However, it
is generally agreed that a significant fraction of GR is chromatin bound and thus
nuclear factors must be important for turnover of chromatin bound GR, and
presumably also site-specific DNA bound GR (Agresti et al.,, 2005; Hager et al.,
2009).

To date two classes of proteins have been demonstrated to actively turnover
TF:DBS complexes in vitro. The first class of these are molecular chaperones. For
example, p23 functions to disrupt thyroid receptor (TR) binding at a DBS in vitro
(Freeman et al., 2000; Freeman and Yamamoto, 2002). This activity seems to have a
physiological consequence in vivo since artificially tethering p23 proximal to a DBS
functions to reduce transactivation by GR, TR, AP1 and NF- xB. The same effect was
also observed for the molecular chaperone Hsp90 (Freeman and Yamamoto, 2002). It
was also shown in situ, that the loss of GR mobility due to nuclear factor depletion (as
discussed above) could be restored through the addition of a cocktail of seven
chaperones/co-chaperones (Elbi et al., 2004). The second class of proteins include
members of the Snf2 family of ATPase chromatin remodellers. In vitro, SWI/SNF has
been demonstrated to displace DBS binding by the androgen receptor (AR) and GR
(Fletcher et al., 2002; Klokk et al., 2007). Interestingly, and in complete contrast to
the above experiments for p23, displacement of protein binding strictly depended
upon a chromatin template since identical experimental procedures using a naked
DNA template did not result in TF turnover. This strongly suggests that the activity of
chromatin remodelling is required, and a role for chromatin remodellers in regulating
DNA binding by altering the accessibility of a DBS within chromatin has been
proposed (Karpova et al., 2008; Nagaich et al., 2004). In this regard, SWI/SNF may
parallel the activity of another Snf2 member Isw2. This has been demonstrated to
displace DNA binding of the artificial activator Gal4 DBD-VP16 AD by sliding a
nucleosome into the vicinity of a Gal4 DBS (Kassabov et al., 2002). As a final
example, turnover of Acel on chromatin was demonstrated to be accelerated by Rsc2,
however the results were concerned only with non-specific chromatin interactions,
and have not been tested at a DBS (Karpova et al., 2004).

Accumulating evidence suggests that for some TFs there exists an intimate
link between transcription and proteolytic turnover. For example, many ADs contain
degrons, a TF’s stability is often inversely proportional to its transactivation potential

and in some cases, inactivation of the proteasome completely inhibits functional
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transcription (Collins and Tansey, 2006). These data suggest that proteolytic turnover
of some TFs is necessary for functional transcription. Furthermore, given that the
proteasome is recruited to many promoters and that inhibition of transcription often
leads to stabilisation of a TF, it is commonly proposed that proteolytic degradation of
a TF occurs whilst DNA bound at a promoter and is mechanistically coupled to
functional transcription (Kodadek et al., 2006; Morris et al., 2003; Reid et al., 2003;
Sikder et al., 2006; Zhu et al., 2007). This model therefore describes a third
mechanism by which the cell may function to regulate the turnover of a DNA binding
protein at a DBS. Innumerable papers imply proteolytic turnover of a TF at a
promoter; for example, in response to galactose only the transcriptionally active pool
of Gal4 is rapidly degraded, whilst the remaining pool is stable (Muratani et al.,
2005). However, only a handful of examples directly demonstrate a role for
proteolytic turnover at the DBS. Occupancy of HIF-1a at a promoter is negatively
regulated by the proteasome, and given that the protein stably binds a promoter in
vivo, this activity is likely to occur whilst chromatin bound (Yu and Kodadek, 2007).
Live cell imagery has demonstrated a slower exchange of both the GR and NF-xB at a
promoter in response to proteasome inhibition or mutation of a degron respectively
(Bosisio et al., 2006; Stavreva et al., 2004). Furthermore, SREBP1 is phosphorylated
and ubiquitylated in response to binding a promoter and inhibition of the proteasome
results in a rapid accumulation of phosphorylated SREBP1 at a promoter, without a
concurrent cellular accumulation of the phosphorylated species, directly
demonstrating the protein is proteolytically turned over whilst bound at a promoter

(Punga et al., 2006).

1.6.4 Regulation of DNA binding kinetics by the 19S sub-particle of the

proteasome
Perhaps the best characterised regulator of TF DNA binding kinetics at a DBS

is an apparent activity within the 19S sub-particle of the proteasome (Ferdous et al,,
2007). Here the authors demonstrated that the 19S is able to dissociate a stable
interaction between a TF and its cognate DBS in vitro. As with p23, this activity was
detectable using naked DNA templates. The activity does not prevent the TF from
reassociating to a DBS suggesting that it does not involve proteolytic degradation or
denaturation of the protein. Furthermore, the activity required a physical interaction

between the 19S and a TF AD, and required ATP, and is thus likely to be a function
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of the chaperone activity of the 19S AAA ATPases. The second seminal finding of the
paper was that monoubiquitylation of a TF functioned to attenuate this activity. It was
later determined that the ubiquitin moiety interacts with the 19S subunits Rptl and
Rpnl, and as such is believed to allosterically inhibit a 19S interaction with an AD
(Archer et al., 2008a). As with the 19S interaction, monoubiquitylation required the
presence of an AD. Collectively, these data demonstrate that post-translational mono-
ubiquitylation of a protein may function to regulate the lifetime of TF:DBS
interactions.

Whilst these observations are very interesting, are they physiologically
relevant in vivo? A derivative of Gal4, termed Gal4D, which lacks a region of the C-
terminal AD necessary for monoubiquitylation, cannot efficiently occupy a cognate
promoter in vivo or activate transcription (Archer et al., 2008b). However, in vitro the
ability of Gal4D to bind DNA is not compromised (Wu et al., 1996). If the loss of
DNA occupancy in vivo was due to 19S mediated disruption of TF:DBS complexes
then inactivation of the 19S activity or artificially tethering ubiquitin to Gal4D should
restore promoter occupancy; indeed this is the case for both (Archer et al., 2008b).
Under certain experimental conditions, the turnover of Gal4 at a promoter is far more
rapid under non-inducing conditions than inducing conditions for transcriptional
activation (Nalley et al., 2006). This observation has led the authors to propose that,
under inducing conditions, Gal4 monoubiquitylation functions to antagonise the
destabilisation activity of the 19S resulting in stable, long lived, Gal4-DBS complexes
(Ferdous et al.,, 2007). Indeed, indirect evidence has been provided for this
ubiquitylation event under inducing conditions at a Gal4-binding promoter (Archer et
al., 2008b). Whilst Gal4D cannot efficiently occupy a cognate promoter in vivo, a
further deletion of Gal4D, which removes the 19S interaction module, seems to
restore the ability of Gal4 to occupy its binding site in vivo (Nalley et al., 2006).
However, the truncated protein does not retain kinetic stability on DNA under
inducing conditions; it possesses a shorter half-life at a DBS when compared with the
full length protein. Thus via a mechanism independent to monoubiquitylation, the
ability to drive transcription also seems to stabilise the DNA binding kinetics of Gal4;
an observation previously made for other TFs (Klokk et al., 2007; Reid et al., 2003;
Stavreva et al., 2004; Yu and Kodadek, 2007).

Whilst the physiological relevance of 19S regulated DNA binding kinetics has

only been demonstrated in vivo for Gal4, a variety of evidence indicates this
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phenomenon may be utilised for many TFs within the eukaryotic cell. Firstly, in vitro
it was shown that DBS binding by Pho4 and p53 is also disrupted by the 19S,
indicating that any protein that directly interacts with the 19S may be susceptible to
the activity (Ferdous et al., 2007; Kim et al., 2009). Secondly, monoubiquitylation has
been demonstrated to stimulate the occupancy and transactivation potential of
multiple TFs (Brés et al., 2003; Greer et al., 2003; Le Cam et al., 2006; Salghetti et
al., 2001). Lastly, the activity of the 19S has also been demonstrated to disrupt both
site specific and generic DNA binding of p53; in vivo p53 recruits the 19S to a
promoter and inhibition of the 19S both increases promoter occupancy and gene

transcription (Kim et al., 2009).

1.6.5 Is there a physiological rationale in regulating DNA binding Kinetics?

Whilst it has become apparent that mechanisms exist within the cell that alter

the DNA binding kinetics of proteins in vivo, is this property important for the
regulation of cellular metabolism or just a consequence of such activity? It is intuitive
to suppose that, given the presence of a TF often promotes gene expression, changes
that function to increase the occupancy of a TF (or Ka, see Fig. 1.8) should function to
increase the transactivation potential. But does it matter how long it resides at a DBS?
This topic is a matter of hot debate, but two studies have indicated the answer may
well be yes (Brady et al., 2005; Yang et al., 2002a). In both examples a TF was
isolated with DBD point mutations that failed to substantially alter the Ka of the
protein at a DBS in vitro, but significantly altered the rate at which the protein bound
and dissociated from the DBS (the Kon and Koff rates respectively). In both cases, the
TF derivative which stably bound a DBS attained a far greater transactivation
potential than that which was kinetically labile. These studies illustrate two important
points. Firstly, they demonstrate that altering the lifetime of TF:DBS complexes may
provide the cell with an elegant mechanism for the regulation of the physiological
function of such proteins, a concept now receiving considerably support (Hager et al.,
2009). This correlates well with the observations that mono-ubiquitylation functions
as a licensing factor for TFs, and stabilises their turnover at a DBS in vitro. It also
correlates with two studies that have demonstrated the TFs Gal4 and HSF to be
kinetically stabilised at a promoter in response to environmental cues that activate
transcription (Nalley et al., 2006; Yao et al., 2006). Secondly, they demonstrate that
technologies designed to measure DNA binding such as EMSA or ChIP, which
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measure a protein’s occupancy at a DBS (or Ka), will not necessarily observe changes
in the DNA binding kinetics. This is because these techniques analyse the relative
equilibrium between protein-bound and free DBSs, but do not measure the flux of the
equilibrium. If a change in flux results in a change in the equilibrium then this is
detected, however, flux can alter without detectable changes in the equilibrium, as

demonstrated by the above references (see also Fig. 1.8).
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1.7 Aim of the current study
As described in 1.4.4, Abfl is part of a heterotrimeric complex with Rad7 and

Rad16 termed the GGR complex. Rad7 and Rad16 are generally essential for GGR in
vivo, the mechanism of which has been partially characterised. Rad16 is able to
induce superhelical torsion in the DNA molecule necessary for oligonucleotide
extrusion in vitro. Rad7 and Rad16 have also recently been demonstrated to promote
histone H3 K9K 14 acetylation and remodel chromatin in vivo, the activities of which
are necessary for efficient GGR (further discussed in Chapter 4). As discussed in
1.5.5, the ability of Abfl to promote GGR correlates with its site specific DNA
binding activity. The protein is hypothesised to function by promoting binding of
Rad7/Radl6 to domains in the genome in which their biochemical activities promote
efficient GGR. The aim of the current study is to further characterise the Abfl and
Radl6 proteins using ChIP coupled to microarrays (ChIP-on-chip). In Chapter 3,
Abfl ChIP-on-chip is performed both in the absence and presence of UV damage. In
Chapter 4, Rad16 ChIP-on-chip is similarly performed both in the absence and
presence of UV damage. How GGR is organised in relation to the genome-wide
distribution of both Abfl and Radl6 is investigated using global datasets for both
histone H3 K9K 14 acetylation and CPD repair.

As discussed in Chapter 1.6, the DNA binding kinetics of TFs is an emerging
field of research. Numerous studies have indicated that there exists an intimate link
between the DNA binding kinetics of TFs and transcriptional activation. Abfl is
structurally homologous to canonical TFs (see Chapter 5.1), and in many
circumstances functions as a transcriptional activator (Chapter 1.5.2). The cell appears
to have many mechanisms that function to regulate the DNA binding kinetics of a TF
in vivo including ubiquitylation and chromatin remodelling by Snf2 protein family
ATPases. The GGR complex has both an E3 ubiquitin ligase activity and Rad16 is a
member of the Snf2 protein family. Given the structural and functional similarities
between Abfl and other TFs, and that the GGR complex has two activities that could
regulate DNA binding kinetics, this study aimed to investigate if changes in Abfl
DNA binding kinetics were mechanistically linked to GGR. In Chapter 5, tools
necessary for analysing Abfl DNA binding kinetics in vivo using the ChIP-on-chip
technology are created and optimised. The aim of chapter 6 is then to use these tools
to measure the genome-wide DNA binding kinetics of Abfl both in the presence and

absence of UV damage, as a complementary study to Chapter 3.
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2. Materials and Methods

This chapter describes the molecular biological techniques employed in this study.
Whilst the majority of solutions are described within the text, some solutions have
been named but their contents not described; these descriptions may be found in

Appendix L.

2.1 Strains, growth and storage
For the short term storage of strains, cell culture was streaked upon either

YPD/synthetic drop out media agar plates and incubated at the appropriate
temperature (30°C unless otherwise stated) in a LEEC compact incubator until
colonies had formed (typically 2 days). Plates were stored at 4°C. For long term
storage, cell cultures were grown in exponential phase, glycerol was added to a final
concentration of 30% and cells were frozen at -70°C.

For the growth of cells, a single colony was picked from a plate, inoculated in
fresh liquid media and maintained in exponential phase. This preculture was then used
to inoculate large volumes of liquid media. Liquid cultures were incubated at the
appropriate temperature (30°C unless otherwise stated) in an Infors HT multitron
standard at 180rpm. Cell cultures taken from frozen stocks were first streaked onto
plates, and colonies allowed to grow before proceeding with the above protocol.

For nearly all experimental purposes cell culture was grown to a density of
2*107 cells/ml. This density was calculated in two manners. Firstly, 1ml of cell
culture was measured at 595nm with a Jenway 6300 Spectrophotometer, blanked
against liquid media without cell culture. Cells were grown to a typical OD value of
0.6. Secondly, cell density was calculated using an Improved Neubauer BS748 2 cell

counting chamber (Hawksley).

2.2 UV damage
Yeast cells were collected by centrifugation and resuspended in chilled PBS

(4°C) to a density of 2*107 cells/ml. 50ml of resuspended culture was poured into a
Pyrex dish with a diameter of 15cm and exposed to 100J of UV light at 254nm from a

germicidal lamp at a fluence of 10W/m2. This was repeated S50ml at a time until all

culture had received 100J of UV light. Yeast cells were subsequently collected and
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resuspended in liquid media for all downstream applications including crosslinking by
formaldehyde. All cultures compared with UV treated cells were resuspended in PBS

in an identical manner to that of UV treated cells.

2.3 DNA manipulations

2.3.1 DNA gel electrophoresis
Gel electrophoresis of DNA was routinely used for multiple applications

including inspecting the success of PCR reactions or plasmid preparations, resolving
restriction digestions, observing the uniformity of sonicated DNA samples, and the

separation and isolation of DNA fragments for downstream cloning applications.

1. Various agarose concentrations were prepared depending on the downstream
application. Typically, if DNA was to be purified from the gel, 0.7% agarose was
used, otherwise a 1.0% agarose gel was prepared. Agarose was added to TAE buffer
(40mM Tns-Acetate, ImM ethylenediamine tetraacetic acid (EDTA), pH8.0) and

heated in a microwave to dissolve.

2. Agarose solution was cooled to ~50°C. To 100ml of agarose solution, lul of
10mg/ml ethidium bromide was added and mixed well. Gels were either cast in a
Horizon 58 (Life Technologies) or a Mini-Sub cell GT (Bio-Rad) and left to cool for

one hour at room temperature.

3. 50-200ng of DNA was mixed with water to a total of 10ul, to which 2ul of 6x
MassRuler loading dye (Fermentas) was added. To DNA samples with a large volume
more loading dye was added. Gel tanks were filled with TAE buffer and samples were
loaded into the wells. To one well a DNA ladder was loaded; either GeneRuler 1kb
DNA ladder or FastRuler low range DNA ladder (Fermentas). Gels were run at 75V

on a power-pac 200 (BioRad) at room temperature.

4. Following electrophoresis DNA was visualised using a BioDoc-It Imaging system
(UVP) at 302nm. If DNA was to be purified following electrophoresis then it was
visualised at 365nm to minimise UV damage, and excised from the gel with a scalpel.

DNA was purified from excised gel samples using the PureLink quick gel extraction
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kit (Invitrogen) according to the manufacturer’s protocol. DNA was purified to 30ul

of water.

2.3.2 Polymerase Chain Reaction (PCR)

Unless otherwise stated all PCR reactions were performed using the Expand
High fidelity PCR system (Roche). Typically PCR was performed in a total reaction
volume of 50pul. If larger quantities of DNA were required multiple 50ul reactions

were performed and pooled together during purification.

1. To a 0.2ml PCR tube on ice, the following were added:

10x buffer with magnesium chloride (Roche) 10ul
dANTP mix 10mM (Fermentas) 1 pl
Forward primer (10uM) 0.8 pul
Reverse pnmer (10 uM) 0.8 ul
25mM Magnesium chloride (Roche) 2 pul
DNA template 1-10ng plasmid,
100-500ng genomic DNA
Water Up to a total volume of 49.3 nl

2. To this 0.7ul of polymerase enzyme (Roche) was added and the tube was
immediately vortex mixed, spun down and run on a PTC-200 PCR machine (MJ
Research) with the following conditions:

1. 95.0°C for 4:00 minutes

2.94.0°C for 0:30 minutes

3. AT®C for 0:30 minutes

4. 72.0°C for ET minutes

5. Go to 2. x30 times

6. 72.0°C for 10:00 minutes

7. End

AT (the annealing temperature) was calculated as five degrees Celsius lower than the
lowest primer Tm. ET (extension time) was calculated as 1:00 minutes per kb of DNA

to be amplified.

3. Fusion PCR: For fusion PCR the above protocol was also used with a single
modification. DNA fragments to be fused were added to the reaction in equimolar

concentrations to a total of 50-100ng of DNA.
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4. All PCR products were purified into water using the QIAquick PCR purification kit

(Qiagen) according to the manufacturer’s instructions.

2.3.3 Cloning
Extensive DNA manipulations were performed for a wide variety of cloning

purposes presented in subsequent chapters. Such manipulations included DNA
restriction and DNA ligation. In these circumstances all enzymes used to perform
these manipulations were from New England Biolabs. The following account outlines

the common strategies employed for the production of a novel plasmid.

1. All DNA used for recombinant manipulations was purified into either water or
10mM Tns-Hcl pH8.0 and quantified using a Nanodrop 1000 spectrophotometer

(ThermoScientific) according to manufacturer’s instructions.

2. For DNA restrictions: All restriction digestions were performed in a total volume of
40pl. 1500ng of DNA was combined with water to a total volume of 34 pul for single
enzyme digests, or 32 ul for double enzyme digests. To this 4 pl of enzyme buffer
was added. 1 pl of each enzyme (at a starting concentration of 10,000 or 20,000
units/ml) to be used was added to this and the reaction was incubated at 37°C for 90
minutes. The reaction was briefly spun to collect condensation and a further 1 pl of
each restriction enzyme was added. This was incubated at 37°C for a further 90
minutes. DNA was either directly purified with the QIAquick PCR purification kit

(Qiagen) to 30pul water or purified following gel electrophoresis as described above.

3. DNA ligation and cloning: DNA samples were combined with water to total a
volume of 18ul consisting of ~200ng of DNA. Typically a single insert: vector ratio
of 3:1 was used. For three fragment ligations insert: insert: vector ratios were altered
according to size, where smaller fragments were added in a larger molar ratio. For
cxample a 1kb:3kb:5kb (vector) ligation would typically have a 5:3:1 molar ratio
respectively. To the DNA solution 2pl of 10x T4 DNA ligase reaction buffer and 1pl
of T4 DNA ligase (400,000 cohesive end untis/ml; NEB) was added. Reactions were
incubated at 16°C for 2-3 hours or at 4°C overnight. 100ul of Library efficient DH5a

chemically competent cells (Invitrogen) were subsequently transformed with 10ul of
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the ligation reaction according to the manufacturer’s protocol. All plasmids in the
current study used ampicillin as a selection marker. Treated cells were plated onto LB
plates supplemented with 100pg/ml ampicillin and left overnight to grow at 37°C.
Single E. coli colonies were tested for the transformation of the correct
plasmid by colony PCR (see below). Positive colonies were subsequently picked and
grown overnight in LB supplemented with 100pg/ml ampicillin at 37°C, 225 rpm in a
Multitron standard incubation shaker (Infors AG). For mini-preps, 5ml of culture was
purified to 50ul of EB buffer with the QlAprep spin miniprep kit (Qiagen). For midi-
preps 50ml of culture was purified to 1ml of elution buffer with the GenElute HP
plasmid midiprep kit (Sigma Aldrich). Plasmid preparations were analysed by
restriction digestion using half of the reaction volume to that stated above (20ul in
total) and incubated at 37°C for one hour. Following this 3ul of 6x MassRuler loading
dye (Fermentas) was added and the samples were run on a 1% agarose TAE gel.
Positive plasmid preparations were finally selected for sequencing to confirm the

correct clone had been isolated.

2.3.4 DNA sequencing

All sequencing reactions were performed using the BigDye terminator v3.1

cycle sequencing kit (Applied Biosystems).

1. A PCR reaction was prepared in a 0.5ml polypropylene tube on ice with the

following:

Template DNA 2-3ug genomic DNA
3-10ng for 200-500bp PCR product
5-20ng for >500bp PCR or plasmid DNA

Primer 0.32ul of 10uM stock

Ready reaction premix 4ul

BigDye sequencing buffer 2ul

Water Up to a total of 20ul
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2. A PCR reaction was performed on a PTC-200 PCR machine (MJ Research) with
the following conditions:

1. 96.0°C for 1:00 minutes

2.96.0°C for 0:10 minutes

3. 50°C for 0:05 minutes

4. 60.0°C for 4:00 minutes

5. Go to 2. X25 times

6. End

3. Precipitation: To each PCR reaction Sul of EDTA and 60ul of absolute ethanol
were added. Samples were centrifuged at 13000 rpm for 20 minutes in a Beckman
Coulter Microfuge 22R centrifuge at 4°C. The supernatant was removed and the pellet
was washed with 60pul of 70% ethanol. A second centrifugation was performed for 5
minutes as above. The supernatant was again removed and pellets were air dried for

15 minutes.

4. DNA pellets were submitted to Central Biotechnology Services (Cardiff

University) for analysis.

2.4 Yeast transformation
The protocol was regularly used for the transformation of plasmids and stable

integration of DNA via recombination.

1. 50ml of cell culture was grown to an OD600 of 0.6-0.8.

2. Cells were collected by spinning at 3600 rpm for 5 minutes in an Eppendorf
centrifuge 5810R at room temperature. The pelleted cells were washed once in 20ml
of water and collected as before.

3. Cells were resuspended in 15ml of lithium acetate solution (100mM lithium

acetate, 10mM Tris base, ImM EDTA, pH7.5) and left at room temperature for one

hour.
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4. Once permeabilised, cells were collected as before and resuspended in 500ul
lithium acetate solution. For each transformation the following was added to a 1.5ml

polypropylene tube:

50% Polyethlene glycol 3800, 100mM lithium acetate, 10mM Tris | 300ul
base, ImM EDTA, pH7.5

Cells in lithium acetate solution 50-100pl

Denatured UltraPure salmon sperm DNA solution 10mg/ml | 15ul
(Invitrogen)

DNA to be transformed (plasmid ~30ng, integrating DNA ~1-| 1-5ul
10ug)

5. Solutions were incubated on a Mini Labroller rotator (Labnet) at room temperature
for 30 minutes and then transferred into a water bath set at 42°C for 15 minutes. After

15 minutes the cells were placed on ice for 3 minutes.

6. To precipitate the cells 1ml of water was added to each tube, the solution was spun
at 3600 rpm for Sminutes in an eppendorf centrifuge 5414D and the supernatant
discarded. Cells were resuspended in 100ul of water and plated on selective media
plates as undiluted, 1:10 diluted and 1:100 diluted cell solutions. Occasionally, to
increase the efficiency of transformation, cells were resuspended in YPD and
incubated for one hour in a Multitron standard incubation shaker (Infors AG) prior to

plating.

7. Plates were incubated at a controlled temperature until visible colonies had formed.
Transformation of the correct DNA was initially confirmed by colony PCR, and
ultimately by DNA sequencing and/or confirmation of protein expression by western

blot.

2.5 Colony PCR
Colony PCR was performed to check the correct integration of exogenous

DNA into both E. coli and S. cerevisiae cells.
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1. Cell colonies were numbered on the plate as a reference. A P10 pipette tip was used
to touch each colony on the plate. Each tip was then placed into 11.5ul of water
within a 0.2ml PCR tube. Tips were left for 5 minutes to allow cells to transit into
solution, removed and the PCR tubes were closed and micro-waved at full power
(800W) for 2 minutes. To each tube, 0.5ul of a forward and reverse primer (at a
starting concentration of 10uM) were added, followed by 12.5ul of 2x ReddyMix
PCR master Mix (ThermoScientific).

2. PCR reactions were vortex mixed, spun down and run on a PTC-200 PCR machine
(MJ Research) with the following conditions:

1. 95.0°C for 4:00 minutes

2.94.0°C for 0:40 minutes

3. 55.0°C for 0:50 minutes

4. 72.0°C for 1:00 minutes

5. Go to 2. +3 sec/cycle x30 times

6. 72.0°C for 10:00 minutes

7. End

3. For each sample 7ul of the PCR mix was loaded onto a 1% agarose TAE gel with a

ladder to check for production of the correct product.

2.6 Protein work

2.6.1 Yeast whole protein lysates
The following protocol was performed for the isolation of the soluble protein

fraction from yeast cell lysates.

1. 50ml of cell culture was grown to an OD600 of 0.6-0.8.

2. Cells were collected by spinning at 3600 rpm for 5 minutes in an Eppendorf

centrifuge S810R at room temperature.
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3. Pelleted cells were resuspended in 500ul of cold yeast dialysis buffer (20mM
HEPES-KOH pH7.6, 10mM magnesium sulphate, 10mM ethylene glycol tetraacetic
acid, 20% glycerol) supplemented with Sul of 100x proteinase inhibitors (1mg/ml
pepstatin, Img/ml leupeptin, lmg/ml chymostatin, 1mg/ml antipan, 250mM
benzamide, 100mM phenylmethylsulfonyl fluoride in ethanol) and transferred to a
1.5ml polypropylene tube.

4. 500ul of acid washed glass beads (Sigma Aldrich) were added to each sample.
Cells were lysed by vortexing on a Vortex Genie 2 (Scientific Industries) at the
highest setting. Tubes were vortexed for 2 minutes at 4°C and then transferred to ice

for 1 minute. This was repeated four times in total.

5. Lysed cells were spun for 15 minutes at 13000 rpm in a Beckman Coulter
Microfuge 22R at 4°C to collect cell debris. The supernatant was transferred to a new
1.5ml tube. Protein lysates were quantified using the Bradford assay (see below),

aliquoted, frozen in liquid nitrogen and stored at -80 °C.

2.6.2 Bradford Assay

The Bradford Assay was performed for the quantification of protein content.
This had various applications including quantification of yeast whole protein lysates

and whole cell extracts from ChIP.

1. A dye solution was prepared by diluting protein assay dye reagent concentrate
(Bio-Rad) five fold in water. A series of standards and samples were then prepared in
duplicate; for both standards and samples 1ml of diluted protein assay concentrate
was added to a 1.6ml polystyrene cuvette (Fisher Scientific). For standards,
1.38mg/ml lyophilised bovine serum albumin (Bio-Rad) was added to produce a
linear range of five standards. Typically this range lay between 2-20 pg/ml. For

samples, 1ul of protein was added to the cuvette.
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2. All cuvettes were mixed by brief vortexing. Standards and samples were measured
for absorbance at 595nm on a Beckman Coulter DU 800 spectrophotometer. Protein
concentrations of unknown samples were calculated using the systems and
applications software for DU 800 UV/visible spectrophotometer (Version 2.0,

Beckman Coulter), calibrated against the standard’s linear range of absorbance.

2.6.3 Western blotting
All western blots were performed using the Bio-Rad Mini-PROTEAN 3. Gel

electrophoresis and protein transfer were performed as described in the Mini-
PROTEAN 3 instruction manual (Bio-Rad). The following account does not reiterate
the entire protocol but instead includes details necessary for an exact reproduction of
the work entailed.

All electrophoresis gels performed were 1.5mm thick. All stacking gels were set

using the 1.5mm 10 slot combs (Bio-Rad).

1. Two western gels were always prepared at one time using the reagents listed below
in table 2.1. Gel solutions were not degassed under vacuum. Ammonium persulphate
(APS) and N,N,N’ N’-Tetramethylethylenediamine (TEMED) were added last to
prevent polymerisation prior to pouring the gel solutions. 1ml of water was added to

the surface of the resolving gel prior to its polymerisation.

20ml Resolving gel — 7.5% acrylamide | 20ml Resolving gel — 5% acrylamide |
3.75ml 40% acrylamide/bisacrylamide | 2.5ml 40% acrylamide/bisacrylamide

19:1 (Bio-Rad) 19:1 (Bio-Rad)

5.00ml 1.5M Tris-Hcl (pH8.8) 5.00ml 1.5M Tris-Hcl (pH8.8)
10.90ml H>O 12.15ml HO

2001 10% sodium dodecyl sulphate 200ul 10% sodium dodecyl sulphate
100ul 10% APS 100ul 10% APS

16ul TEMED (Sigma Aldrich) 16ul TEMED (Sigma Aldrich)

8ml Stacking gel — 4% acrylamide
800ul 40% acrylamide/bisacrylamide
19:1 (Bio-Rad)
5.00m! IM Tris-Hcl (pH6.8)
6.1ml HLO

80ul 10% sodium dodecyl sulphate
40ul 10% APS
8ul TEMED

Table 2.1. Recipes used for western blot resolving and stacking gels.
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2. 15pug of protein from yeast whole protein lysates were combined with water to a
total of 10ul. To this 10ul of 2x SDS loading buffer (100mM Tris base, 4% sodium
dodecyl sulphate (SDS), 0.2% bromophenol blue, 20% glycerol, 20mM dithiothreitol,

pH6.8) was added. Protein samples were subsequently heated to 95°C for 10 minutes.

3. Each 20ul sample was subsequently loaded to the polyacrylamide gel. Each gel
included one lane loaded with 10ul of Kaleidoscope Precision Plus protein standards
(Bio-Rad).

4. Polyacrylamide gels were run using 1x SDS-PAGE running buffer (25mM Tris
base, 250mM glycine, 0.1% SDS, pH8.3) at 100V on a power-pac 300 (Bio-Rad) for
60 to 180 minutes at 4°C.

5. Proteins were transferred from the gel to Immuno-Blot PVDF 0.2um for protein
blotting (Bio-Rad). PVDF membranes were cut to the same size as the gel, submerged
in methanol and then water prior to loading to a cassette. Transfer was performed
using Western transfer buffer (25SmM Tris-base, 150mM glycine, 20% methanol,
0.015% SDS) at 4°C, 100V for 90 minutes.

6. Following transfer membranes were air dried for 40 minutes, submerged in
methanol, and then water and transferred to a plastic tank. Membranes were blocked
in 2% ECL advance blocking reagent (GE Healthcare) TBST (150mM sodium
chloride, 10mM Tris-HCI pH 8.0, 0.05% TWEEN 20 (Sigma Aldrich)) overnight at
4°C. Membrane tanks were rocked at 20 rev/min on a Stuart Scientific platform

shaker STR6.

7. In the morning membranes were prepared for chemiluminescent detection. The
entire procedure was performed at room temperature on the platform shaker at 20
rev/min. Membranes were first washed in 20ml TBST for 5 minutes. A primary
antibody was diluted in 10ml 2% ECL advance blocking reagent TBST. Membranes
were incubated with the primary antibody for one hour. Then three washes of 20ml

TBST for 10 minutes were performed. A secondary antibody was diluted in 10ml 2%
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ECL advance blocking reagent TBST. Membranes were incubated with the secondary

antibody for one hour. A final three washes of TBST for 10 minutes were performed.

8. Chemiluminescent antibodies bound to the membranes were detected using ECL
advance solution (GE Healthcare). Membranes were removed from TBST and blotted
dry using tissue paper at the membrane edge. 1.5ml of development solution (solution
A and B mixed) was applied to the membrane surface and left for 5 minutes.
Membranes were subsequently blotted dry as before and applied to a plastic sheet for

detection.

9. Chemiluminscence was detected with the AutoChemi Biolmaging system (UVP)
and images were captured using Labworks (Version 4.6.00.0, UVP). Typically images

were exposed for | minutes 30 seconds, and re-exposed up to 9 times.

10. Reprobing membranes: Membranes were incubated with 100ml stripping buffer
(62.5mM Trnis-HCl pH6.7, 2% SDS, 100mM 2-mercaptoethanol) for 30 minutes at
50°C with moderate shaking on a Hybaid Maxi 14 hybndization oven
(ThermoScientific). Stripped membranes were washed for 5 minutes in TBST and
blocked for one hour in 2% ECL advance blocking reagent TBST. The protocol was

then resumed from step7.

2.7 Chromatin immunoprecipitation (ChIP)

ChIP was performed in a similar manner to that previously detailed (Yu et al.,
2009).

1.100ml cell samples were grown either in YPD or selective media to a density 2*107

cells/ml.

2. To crosslink cells, 2.8ml of 36.5% formaldehyde (Sigma) was added to the
medium. Cell samples were left to crosslink for 20 minutes during which time,

samples were mixed every 5 minutes by swirling by hand.
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3. After 20 minutes, 5.5ml of 2.5M glycine was added and left at room temperature
for 5 minutes. Subsequently, each cell sample was equally divided into two 50ml

polypropylene conical tubes (Falcon).

4. Cells were pelleted by centrifugation at 4000rpm for Sminutes at 4°C in an
Eppendorf centrifuge S810R. Cells were resuspended in 20ml of TBS (25 mM Tris,
150 mM NaCl, 2 mM KCI, pH 7.4) at 4°C and pelleted by centrifugation as before.
Each sample was combined from the two conical tubes by resuspending the pellets in
500ul TBS (4°C) and transferring both cell solutions to a single 1.5ml polypropylene
tube. Cells were pelleted by centrifugation at 4000rpm for 5minutes at 4°C in a
Beckman Coulter Microfuge 22R centrifuge, resuspended in 1ml lysis buffer (S0mM
HEPES-KOH pH7.4, 140mM NaCl, ImM EDTA, 0.5% Igepal CA-630, 0.5% sodium
deoxycholate), and pelleted once more as before. The mass of each cell pellet was
measured using a Sarorius CP 124 S scale. These were flash frozen in liquid nitrogen

and stored overnight at -80°C.

5. Cell pellets were thawed, and resuspended in 500pul of lysis buffer supplemented
with Sul 100x proteinase inhibitors. To this 500ul of acid washed glass beads (Sigma)
were added. Cells were lysed by vortexing the tubes on a Vortex genie 2 on the

highest setting for 15 minutes at 4°C.

6. The cell lysate was separated from glass beads as shown in Fig. 2.1. A 25G needle
was heated under a Bunsen burner and used to make a small hole in the base of the
1.5ml tube. These were subsequently placed into 2ml polypropylene tubes. Cell lysate
was collected by a short centrifugation at 2000rpm, 4°C. 200ul lysis buffer/1x
proteinase inhibitors was added to the glass beads to wash away remaining lysate and

collected as before.
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Figure 2.1. Cartoon representing the separation of cell lysate from glass beads.

7. The cell lysate was centrifuged at 13,000rpm for 15 minutes at 4°C in a Beckman
Coulter Microfuge 22R. The supernatant was decanted to remove the soluble protein
fraction. Cell pellets were resuspended according to their mass; 100pul lysis buffer/1x

proteinase inhibitors was added per 0.01g of cell pellet.

8. For sonication 0.5-1ml of cell lysate was pipetted into 15ml centrifuge tubes
(Comning). Using a Bioruptor (Diagenode) three cell lysate samples were sonicated at
a time with amplification poles for six cycles of 30 seconds on/ 30 seconds off at
highest setting (200W), 4°C. This typically sheared DNA to an average length of 200-
800bp (see Fig. 2.2A).

9. To pellet cell debris, sonicated samples were transferred to a 1.5ml polypropylene
tube and centrifuged at 13,000rpm for 20 minutes at 4°C in an Eppendorf centrifuge
5810R. The supernatant was collected, aliquoted and flash frozen in liquid nitrogen.
In addition, protein was quantified using the Bradford assay. For all
immunoprecipitation and input samples an identical volume was aliquoted totalling

~300ug of protein.

2.7.1 Immunoprecipitation (IP)

10. Immunoprecipitated antibody-antigen complexes were isolated using Protein G
sepharose 4 fastflow (GE healthcare). Sepharose beads were twice washed in 1ml

lysis buffer and collected by centrifugation at 3000rpm for 2 minutes on an Eppendorf

Page | 74



Chapter 2

centrifuge 5810R. Beads were equilibrated by incubating in Iml lysis
buffer/400pug/ml single stranded salmon sperm DNA (Sigma)/10pg/ml BSA (NEB)
for one hour at 4°C on a Mini Labroller rotator (Labnet). Finally beads were washed
twice in 1ml lysis buffer as above and resuspended with lysis buffer to make a 50%

bead slurry (v/v).

11. To each immunoprecipitation sample lysis buffer/0.25% SDS/1x proteinase
inhibitors was added to total volume of 500ul. To clear the solution of non-specific
interactions 20l of beads slurry was added and incubated at 4°C on a Mini Labroller
rotator (Labnet) for 2-3 hours at 4°. Following this, beads were collected as above and

the solution transferred to a fresh 1.5ml tube.

12. Antibody was added to each sample and left to incubate overnight at 4°C on a
Mini Labroller rotator (Labnet). Antibody necessary for maximal chromatin
immunoprecipitation was determined empirically by titrating the concentration and
calculating DNA content by qPCR (see below). Antibody-antigen complexes were
captured by adding 40ul of bead slurry the next morning and incubation was

continued for 3 hours at 4°C.

13. To remove non-specific interactions, beads were sequentially washed with the
four buffers below. All washes were incubated at room temperature for 10 minutes on
a Mini Labroller rotator (Labnet). Beads were collected by centrifugation (2000rpm,
2minutes, Eppendorf 5415D centrifuge) and the supernatant aspirated through a 25G
microlance needle to avoid removing beads.

Wash 1. Lysis buffer

Wash 2. Lysis buffer with an increased NaCl concentration of S00mM.

Wash 3. LiCl buffer (10mM Tris-HCI, 250mM LiCl, ImM EDTA, 0.5% Igepal CA-
630, 0.5% sodium deoxycholate)

Wash 4. TE buffer (10mM Tris-Cl, pH7.5, ImM EDTA)
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2.7.2 Preparation of DNA from immunoprecipitated and input samples

14. Input samples: Input solution volume was adjusted to 80ul with lysis buffer to
which 20ul of 5x pronase buffer (125mM Tris-HCI pH7.5, 25mM EDTA, 2.5% SDS)
and 6ul of 20mg/ml pronase (Roche) was added.

Immunoprecipitation samples: Following aspiration of the TE wash, beads were
resuspended into 110ul 1x pronase buffer (25mM Tris-Cl pH7.5, SmM EDTA, 0.5%
SDS) and heated at 65°C on a Thermomixer comfort (Eppendorf) with shaking at
1400rpm for 15 minutes to interrupt protein-protein interactions. Samples were
centrifuged at 13,000 rpm for 2 minutes on an Eppendorf 5415D centrifuge and 100yl
of the solution was transferred to a fresh 1.5ml polypropylene tube. 6ul of 20mg/ml

pronase (Roche) was added.

15. For all samples: Protein was digested by incubating the solutions at 65°C

overnight. In the moming, Iml of 10mg/ml RNase A (Sigma) was added and left to

incubate at 37°C for 30 minutes.

16. Each sample DNA was purified to 30ul EB buffer using the QIAquick PCR

purification kit (Qiagen) according to the manufacturer’s instructions.

17. To ensure that sonicated DNA samples were evenly sheared and to an appropriate
length (~200-800bp), 10ul of each input DNA was run on a 1.5% TAE agarose gel
alongside 5ul of FastRuler low range DNA ladder (Fermentas). A gel typical of

sheared DNA appropriate for chromatin immunoprecipitation is shown in Fig. 2.2A.

2.7.3 Quantification of DNA by gPCR

1. All DNA samples were quantified by quantitative PCR (qQPCR) using SYBR green

I. Typically, one input sample was diluted into water to prepare a 10-fold dilution

range from 10-1 down to 10-5. This range was used as a reference for relative DNA
quantification between samples. For quantification, all input samples were diluted

1000-fold in water and all immunoprecipitation samples were diluted 4-fold in water.
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2. All gPCR reactions were performed in 96 well PCR plates (Type: LW2215, Alpha
Laboratories) and each reaction was prepared with the reagents listed in the below
table. A mastermix of all reagents excluding the DNA sample to be quantified was
prepared and 18pul aliquots were dispensed into wells using an Eppendorf multipette

stream.

qPCR wells each contained:

2x iQ SYBR Green Supermix (Biorad) 10ul
Primer 1 (100uM) 0.06ul
Primer 2 (100uM) 0.06ul
H20 7.88ul
DNA to be quantified 2ul
Total 20ul

3. All PCR reactions to be quantified were repeated in triplicate including the dilution
range. Plates were film sealed and DNA was quantified using an icycler thermal
cycler (Bio-Rad) coupled to a My iQ optics module (BioRad). qPCR reactions were

performed under the following conditions:

1. 95°C for 3 minutes

. 95°C for 0:15 minutes

. 55°C for 0:20 minutes

. 55°C for 0:10 minutes — followed by optical image
. Go to 2. x44 times

. 95°C for 1:00 minutes

. 55°C for 0:30 minutes

. Melt curve from 55°C

0 N N W s W
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