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Summary

SUMMARY

Repair of UV-induced damage in the cell is crucial to maintain genome integrity and
stability. Acetylation of the histone amino-terminal tails plays key roles in transcription
and DNA repair pathways. Acetylation states are determined by a balance between the
activities of histone acetyltransferases (HATSs) and histone deacetylases (HDACs). This
study examined the roles of histone deacetylation in transcription and nucleotide excision
repair (NER) in Saccharomyces cerevisiae using mutant strains defective in one or more
of the genes encoding the deacetylases Rpd3, Hdal, Hos1, Hos2 and Hos3.

Single mutations in the genes RPD3 and HDAI and the various tested combinations
of triple mutations did not cause any detectable loss of transcriptional repression of the
model MFA2 gene. rpd3 and hdal mutants were not found to confer a significant change
in sensitivity to UV radiation, however all triple mutations tested resulted in increased
UV sensitivity of the cells. Examination of the removal of UV-induced cyclobutane
pyrnmidine dimers from the genome overall revealed that combined mutations in RPD3,
HOS! and HOS2 or in RPD3, HOSI and HDAI resulted in enhanced NER, which
intriguingly appears to contradict the UV sensitivity effects. Enhanced NER was also
observed at the repressed MFA2 gene for the same triple mutations, indicating roles for
the histone deacetylase genes in chromatin alteration during both global and local NER.
The NER effects were only observed upon deletion of multiple genes, suggesting a
degree of functional redundancy among the deacetylase proteins.

Increasing evidence for an epigenetic histone code and interplay between post-
translational histone modifications led to speculation that histone phosphorylation may
also play a role in NER. Increased UV sensitivity was conferred by specific mutations in
the tails of histone H2A and H2B. Genome-wide analysis in a histone mutant with the
H2B tail truncated at serine position 125 suggested that any roles for this site in NER are
likely to be specific to certain regions of the genome rather than involved in global NER.
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General Introduction Chapter 1

Chapter 1
General Introduction

1.1 DNA Damage

DNA is the biomolecule that governs genetic inheritance from one generation
to the next and provides a blueprint for the operation of any individual cell. Genetic
stability and maintenance are therefore imperative in order to prevent DNA damage
accumulating and resulting in mutations which can ultimately cause cancer, hereditary
disease and cell death. Conversely, however, DNA damage is an essential occurrence
for the maintenance of life as it enables genetic variation to arise, the fundamental
basis for adaptation and Darwinian evolution. A delicate balance between the two
outcomes therefore exists in order to enable genetic variation to arise whilst
maintaining the integrity of genetic material (Friedberg, 2001, 2003). DNA is a
dynamic molecule and vulnerable to constant attack from both exogenous and
endogenous sources, resulting in a variety of forms of DNA damage which alter the
structure and biochemistry of the DNA. If such damage is not removed or repaired, it
may result in mutations which are passed on to the next cellular generation, or lead to
cellular death (apoptosis).

The cell has to contend with a broad spectrum of different types of DNA
damage, arising from both intra- and extra-cellular sources. Many forms of DNA
damage can arise endogenously due to the spontaneous alterations of DNA bases
(Lindahl, 1993; Friedberg et al., 2005) or from essential DNA-mediated cellular
activities such as recombination, replication and repair (Friedberg et al., 2005), for
example the semi conservative nature of DNA replication lends itself to the possibility

of mispairing bases, deletions and insertions; and incomplete DNA repair can lead to
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apurinic/apyrimidic (AP) sites in the DNA. Types of alterations to the DNA bases
include deamination of adenine, guanine or cytosine to form xanthine, hypoxanthine
and uracil, respectively; hydrolysis of the N-glycosydic bond between purines or
pyrimidines and the deoxyribose backbone of DNA, forming AP sites; and base
alterations formed by reactive oxygen species (ROS) (Friedberg ef al., 2005; Balajee
and Bohr, 2000). Exogenous DNA damage arises through exposure of the cell to
environmental agents such as ionising radiation and certain chemicals with mutagenic
or carcinogenic properties such as alkylating agents. Types of DNA damage varying
from simple base methylation to complex bulky lesions and DNA-protein crosslinks
can result (Balajee and Bohr, 2000). Ionising radiation can be absorbed by living
cells and induce DNA damage either directly, by causing breaks in the DNA strands,
or indirectly by generating ROS during the hydrolysis of water. This study focuses on
DNA damage induced by ultraviolet (UV) light. The implications of exposure to UV

light will thus be discussed in further detail.

1.1.1 UV Radiation and DNA Damage

Early work using UV radiation as an experimental tool resulted in the
accidental discoveries of the fact that living cells could recover from the effects of
DNA damage induced by the UV (Kelner, 1949; Dulbecco, 1949). UV radiation has
since become the best characterised and most extensively studied model system to
investigate DNA damage and repair. It is also a highly relevant model as life on Earth
has always had to contend with the incidence and effects of solar radiation. The UV
radiation spectrum consists of three distinct wavelength bands, namely UV-A (400 to
320 nm), UV-B (320 to 290 nm) and UV-C (290 to 100 nm). Solar radiation reaching

Earth consists mainly of UV-A and UV-B, as wavelengths below 320 nm are largely
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filtered out by the atmospheric ozone layer. In contrast to many other DNA damage-
inducing agents which cause an array of different types of DNA damage (Friedberg et
al., 2005; Balajee and Bohr, 2000), UV radiation induces mainly two types of
photoproduct which are bulky, helix-distorting lesions and responsible for the
mutagenic and tumorigenic effects of UV. Cyclobutane pyrimidines dimers (CPDs)
and pyrimidine-pyrimidone (6-4) photoproducts (6-4 PPs) account for the vast
majority of all UV-induced lesions and result from the covalent linking of adjacent
pyrimidines (Mitchell, 1988). Purines absorb UV less efficiently and consequently

constitute less than 1% of UV-induced lesions (Friedberg et al., 2005).

Cyclobutane Pyrimidine Dimers (CPDs)

A germicidal UV lamp delivers UV radiation at a wavelength of about 254
nm. This is close to the absorption maximum of DNA, about 260 nm, and can result
in two adjacent pyrimidines utilising the UV energy to become covalently bonded as a
dimer structure. The thymine-thymine (T-T) dimer was first identified by Setlow in
the 1960s as a stable and naturally occurring DNA lesion resulting from exposure of
cells to sunlight which caused considerable distortion of the DNA structure, impacting
upon processes such as replication and transcription (Setlow and Carrier, 1964). The
formation of the namely cyclobutane pyrimidine dimers (CPDs) constitutes 70-85%
of the total photoproducts induced by UV (Mitchell and Nairn, 1989).

The induction of CPDs is influenced by the flexibility of DNA, with
sequences facilitating bending and unwinding appealing most for CPD formation
(Thoma, 1999). The specific nucleotide composition of DNA also plays a vital role,
with CPDs forming preferentially between two adjacent thymine residues (T-T), and

further enhanced by the presence of a pyrimidine 5’ to the dipyrimidine site (Gordon
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specific binding of proteins, thus seriously affecting DNA-mediated regulatory
processes. However, some reports have indicated that cis-syn CPDs may also form
without such major distortion (Taylor et al, 1981). CPDs can induce bends or kinks in
the DNA of 7-9° (Husain et al., 1988; Wang and Taylor, 1991; Kim et al., 1995;
Friedberg et al., 2005) although bends of up to 30° have also been reported (Park et
al., 2002). The induction of CPDs is further affected by the compacting of DNA into
chromatin and the nature of interactions of the DNA with histones and other proteins.

These aspects will be considered further in later chapters.

Pyrimidine-Pyrimidone (6-4) Photoproducts (6-4 PPs)

In addition to CPDs, UV radiation also induces 6-4 PPs which constitute 15-
30% of the total UV-induced photoproducts (Mitchell and Nairn, 1989). These are
preferentially formed in the linker regions, with a six-fold greater incidence, than in
the core nucleosomal regions of chromatin, unlike CPDs which form in equal
abundance in both regions (Mitchell ef al., 1990). The heterogeneity of each type of
dimer formation is further evident at the TATA box, where the transcription factor
TATA-box binding protein (TBP) promotes selective formation of 6-4 PPs in the
TATA-box itself where DNA is bent, in contrast to CPDs which preferentially form at
the edges and outside of the TATA-box, where the DNA is not bent (Thoma, 1999).
This trend has been observed in vitro and in active yeast cells and it has been
suggested that the structural distortion of DNA by TBP is the same in vitro and in the
initiation complexes in vivo, highlighting the importance of protein-DNA interactions
in the induction of UV-induced photoproducts (Thoma, 1999; Aboussekhra and

Thoma, 1999).
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abasic lyase activity that is strikingly similar in function to endonuclease V of phage

T4 (Grafistrom et al., 1982; Shiota and Nakayama, 1997; Friedberg et al., 2005).

1.1.2 Cellular Responses to DNA Damage

Cells are constantly bombarded and under attack from a wide variety of
damage-inducing sources. Since the 1930s it has been observed that living cells can
recover from the lethal effects of UV radiation and other sources (Hollaender and
Curtis, 1936), and in the 1940s the first clues to repair mechanisms were realised
(Kelner, 1949; Dulbecco, 1949), even before the nature of DNA structure was
elucidated by Watson and Crick (1953a). In order to maintain genetic integrity, the
cell has evolved to develop an array of different responses and mechanisms to tolerate
and repair the various forms of DNA damage, enabling cellular functions to proceed
and promote viable transmission of genetic information from mother to daughter cells.
The diverse nature of DNA damage is overcome by the varying specificity and
redundancy of the different repair pathways and responses. When DNA damage is
induced in eukaryotic cells, it apparently triggers a cascade of cellular responses,
directed by signal transduction and collectively referred to as the ‘DNA damage
response’ (Wang, 1998; Zhou and Elledge, 2000; Lowndes and Murguia, 2000;
Walker, 2000; Abraham, 2001; Friedberg, 2001; Rouse and Jackson, 2002).
Biological responses include (i) the activation of cell-cycle checkpoint pathways to
slow or arrest progression of the cell cycle, thus enabling DNA repair pathways and
other repair mechanisms to initiate; (i) the operation of one or more enzymatic DNA
repair pathways and (iii) the up-regulation of specific genes, often including some
genes governing aspects of DNA repair. However, it is not always feasible to

completely repair the DNA damage, particularly if it is extensive. In this instance, the
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cell has two further possible responses: (iv) to activate mechanisms to tolerate
mutations at a reasonable level, by operating biochemical processes to bypass DNA
damage, despite the inevitability of resulting mutations; or (v) presumably as a ‘last
resort’ when all other mechanisms are insufficient, the cell can activate pathways for
programmed cell death (apoptosis). The above responses rarely operate independently
but rather function cooperatively to complement and enhance the overall repair or
tolerance of DNA damage by the cell. The precise combination of responses
triggered is dependent upon the nature and severity of the DNA damage incurred.
The specific nature of signals resulting from a given type of DNA damage is not fully
understood, but it is thought that it may involve arrested DNA replication or the
stalling of RNA polymerase II transcription which may initiate the signalling cascade

to ultimately implement the described cellular responses (Friedberg, 2001).

1.1.3 Cell Cycle Responses to DNA Damage

The Cell Cycle

The somatic cell cycle consists of the series of events that occur from one
mitotic cell division to the next. The period from the end of one mitosis to the start of
the next is termed interphase and is divided into a number of different phases (Figure
1). S phase (synthetic period) refers to the phase when DNA is replicated, M phase
refers to the period of actual division of the cell and nucleus (visible mitosis), the two
intervening periods where no DNA synthesis occurs, but other processes such as
transcription and translation occur, are termed gap phases G1 and G2. GO denotes a
non-dividing state called quiescence. The result of mitosis is the production of two

identical diploid daughter cells, each of which then enter G1 of their own cell cycle.
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Cell Cycle Progression

It is vital that the S phase and M phase are coordinated so that the genome is
replicated accurately and fully but only once prior to mitosis. There are two major
points during the cell cycle at which a decision is made to continue or arrest the cycle,
considering the regulatory signals received by the cell and the current state of health
of the cell in terms of DNA damage. Firstly, the cell commits to chromosome
replication during G1 phase and if the checkpoint is ‘passed’ there is a lag period
followed by entry to S phase (G1/S control). Second, the cell commits to mitosis at
the end of G2 phase (G2/M control) and if the cell fails to divide at this point it
remains with twice the normal diploid chromosome complement (4rz). Internal cell
cycle controls, termed checkpoints, ultimately ensure that the initiation of a later event

in the cell cycle depends upon the successful completion of an earlier event.

G1/S control has been best defined for yeast cells, where it is termed START,
and the analogous point in animal cells is termed the restriction point (denoted R in
Figure 1). G1 control is the major control point for cultured animal cells and G2?M
control is subsidiary. The length of G1 is adjusted in response to growth conditions,
but when completed and the cultured cell enters G2, it will proceed to division. Some
cell phenotypes do not divide and are considered to have ‘left’ the cell cycle. This
non-dividing state is termed GO and certain cells can be stimulated to leave or re-enter
the cell cycle at this point which occurs before the restriction point (Lewin, 2000).
The timing of S phase in yeast involves the assembly of pre-replication complexes
(pre-RCs) which are converted to post-RCs as replication proceeds. The post-RCS
are unable to initiate replication so prevent the cell re-copying the genome prior to

mitosis (Stillman, 1996). The MCM family proteins Cdcé and replication licensing

10
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factors (RLFs) were first identified in yeast and have been implicated as components
of pre-RCs. Homologues have also been identified in higher eukaryotes (Brown,

1999).

Cell cycle control is mediated largely by protein kinases which phosphorylate
and activate enzymes, phosphatases which dephosphorylate enzymes and other
proteins with specific functions within the cell cycle. The kinases are regulated
themselves, partly by cyclin proteins which are present in the nucleus throughout the
cell cycle.  Other inhibitory proteins are also involved and the overall control of the
cell cycle is very complex, depending on the abundance of various cyclins, kinases
and other proteins (Brown, 1999; Lewin, 2000; Qin and Li, 2003; Woo and Poon,

2003).

Cell cycle checkpoints regulate replication and repair of DNA damage

The internal control points within the cell cycle are termed checkpoints and
exist at various stages of the cell cycle to monitor events and initiate other cellular
responses if needed. The two main checkpoints govern G1/S transition and G2/M

transition, but there is also an intra-S-phase checkpoint.

The G1/S checkpoint prevents replication of damaged DNA which could lead
to mutations or chromosomal breaks, subsequently leading to cancer. The DNA is
checked for damage prior to replication, involving the recognition and response to
both intrinsic and extrinsic forms of damage, thus damage sensors such as the RAS
families of proteins and ATM/ATL proteins (Tell/Mecl in budding yeast), signal

transducers such as the CHK kinase proteins and effector proteins which vary
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depending on the stage of the cell cycle, are required in the checkpoint pathway. Cell
cycle arrest at the G1/S checkpoint is mediated by the tumour suppressor protein p53
which acts as a DNA sequence-specific transcription factor. Its regulation involves
multiple modification such as phosphorylation, dephosphorylation, acetylation and
ubiquitination The role of p53 in cell cycle arrest is fairly well understood in terms
of its action as a transcription factor affecting multiple target genes (Zhao et al.,
2000). Three key target genes are p21, GADD45 and 14-3-3¢ . The induction of p21
arrests cells in G1 phase and prevents entry to S-phase whilst GADD45 and 14-3-3¢
control the G2/M transition (Benchimol, 2001). None of these genes appear to play
roles in p53-dependent apoptosis, another function of p53 thought to be important for
its role as a tumour suppressor. Defects in cell cycle arrest are a major contributor to
genetic instability in cancer cells, and over 50% of human cancers exhibit mutations

in p53 or its regulators.

In addition to delaying cell cycle progression to enable time for DNA damage
to be repaired, checkpoint pathways also help facilitate DNA repair pathways, for
example, p53 has been widely implicated in the regulation of NER (Adimoolam and
Ford, 2003; Benchimol, 2001) and also in BER (Zhou et al., 2001), although the latter

is less well understood.

The G2/M checkpoint monitors the completion of DNA replication and checks
if the cell can safely initiate mitosis and successfully separate the sister chromatids.
This checkpoint is activated by, and particularly important in the repair of, DNA
daxﬁage due to ionising radiation. The G2/M checkpoint pathway can arrest the cell
cycle using both p53 dependent and independent mechanisms, and defects in this

pathway result in chromosomal abnormalities.
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The S phase checkpoint was discovered when Paulovich and Hartwell (1995)
showed that one response of yeast to DNA damage was to slow down or stop DNA
replication, which was subsequently linked with the activation of certain genes
involved in DNA repair (Elledge, 1996). S phase checkpoints prevent replication of
DNA occurring if there are problems with the integrity of the DNA due to breaks or
other forms of DNA damage. As with the regulation of entry to S phase, cyclin-
dependent kinases are involved and may respond to damage-detection signals from
proteins associated with the replication fork, such as the single strand binding factor
RPA, accessory protein RFC and possibly polymerase € (Waga and Stillman, 1998;

Brown, 1999).

Overall, the highly complex system of checkpoints monitoring DNA repair,
replication and cell division, collaboratively functioning to maintain the integrity of
DNA, are an integral and vital part of the overall cellular response to genotoxic stress
and multiple forms of DNA damage. An extremely sophisticated system of sensor
molecules, signal transduction pathways and effector proteins help coordinate and
regulate essential processes within the cell, including DNA repair, DNA replication
and apoptosis, to ensure genomes are replicated accurately before dividing into
daughter cells during mitosis. When cell cycle checkpoints and regulation does not
- function correctly, the consequences to the cell are often genetic instabilities which

can ultimately lead to mutations and cancers.

1.2 DNA Repair Mechanisms
In order to protect the integrity of genetic information carried by the genome,

the cell is well equipped with an arsenal of mechanisms to detect and repair the
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diverse types of DNA damage from intracellular and environmental sources. DNA is
the only biomolecule that is specifically repaired rather then replaced. There are three
general modes of action to deal with DNA damage. The damage may be (i) directly
reversed, (if) physically excised from the DNA and a new portion inserted, or (i) it
may be tolerated by the cell and bypassed in cellular processes. Various mechanisms
exist in the cell to enable these outcomes (see Table 1.1). Some of the repair
processes will be briefly considered, but only those relevant to this study will be

discussed in detail.

1.2.1 DNA Repair by Reversal of Damage

Table 1.1 Summary of cellular responses and mechanisms to process DNA damage

Cellular Response to DNA Damage Repair / Tolerance Mechanism

Direct reversal of DNA damage Enzymatic photoreactivation of CPDs, 6-4 PPs
Repair of other photoproducts

Repair of alkylated base damage

Ligation of DNA strand breaks

Excision of DNA damage Base Excision Repair (BER)
Nucleotide Excision Repair (NER)

Mismatch Repair (MMR)

Tolerance of DNA damage Replicative bypass of template damage
(gap formation and recombination)
Translesion DNA synthesis

Cells possess mechanisms to increase the fidelity of DNA-mediated processes

which inevitably introduce errors that would ultimately lead to mutations, such as the
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indispensable 3’ to 5’ exonuclease activity of many DNA polymerases to monitor and
rectify wrongly inserted bases during DNA synthesis (Friedberg et al., 2005; Lodish
et al., 2000). However, such repair mechanisms are not infallible and can themselves
induce further DNA damage. Additionally, mechanisms have evolved to directly
revetse some forms of DNA damage such as base modifications induced by chemical
agents and radiation. The direct reversal of DNA damage entails enzymatic reactions
to restore the primary DNA structure to its correct sequence. The best studied
example of damage reversal is the repair of CPDs during photoreactivation by the

enzyme CPD photolyase.

Photoreactivation

Early studies (Dulbecco, 1949; Kelner, 1949) observing the capability of
living cells to recover from the lethal effects of UV radiation led to the initial
discovery of photoreactivation. In the late 1950’s, studies using E. coli and S.
cerevisiae showed that photoreactivation is an enzyme-catalysed reaction (Rupert et
al, 1958; Rupert, 1960). The mechanism involves photolyases (photoreactivating
enzymes) which repair CPDs (CPD photolyase) or, less frequently, 6-4 PPs (6-4 PP
photolyase) by monomerization of the dimers into their constituent pyrimidines,
thereby reversing the damage (Sancar, 1990, 2000). Firstly, the target dimer is
specifically recognised by the enzyme which binds to form a stable complex. The
second stage of repair is a light-dependent reaction whereby the dimer is split by
photolysis and the original pyrimidines are recovered. CPD photolyase contains two
chromophores which absorb light energy. In all photolyases, one chromophore is
FADH and the other is either methenyl-tetrahydrofolate (MTHF) or 8-hydroxy-5-

deazaflavin (8-HDF). MTHF and 8-HDF gather light and transfer the energy to
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FADH', which is then used to split the dimer (Eker ef al., 1990; Malhotra ef al., 1992;
Schieider et al., 2005). CPD photolyases have been identified in bacteria, fungi,
plants and many vertebrates, but not placental mammals (Yasui ef al., 1994; Yasui
and Eker, 1998). 6-4 photolyases have been found in insects (Todo ef al., 1996),
reptiles and amphibians (Todo ef al., 1997) but not in E. coli, yeast or mammals.
However, despite limited evidence for photolyases in humans, light-dependent loss of
pyrimidine dimers has been reported in living cells in culture and in intact human skin

cells (Sutherland et al., 1980; Wagner et al., 1975).

Repair of Alkylation Damage

Some forms of alkylation are directly reversible by enzymes that can transfer
the alkyl group from the damaged nucleotide to their own polypeptide chain. A
common example of a chemical that can cause such damage is the alkylating agent N-
methyl-N -nitro-N-nitrosoguanidine (MNNG), which reacts with DNA to produce O-
alkylated and N-alkylated products. O°-alkylguanine and O*-alkylthymine are
potentially mutagenic and their repair by reversal of the damage has been extensively
studied in E. coli (Friedberg et al., 2005). The damage to specific bases is directly
reversed by the activity of methyltransferase enzymes. O°-alkylguanine-DNA
alkyltransferases operate to reverse alkyl groups of varying size, from methyl to
benzol. For example, the O%-methylguanine-DNA methyltransferase enzyme (O°-
MTG) transfers a methyl group from the O° position of guanine in DNA to a cysteine
residue in the protein to restore the native chemistry of guanine and directly reverse
the base damage (Olsson and Lindahl, 1980; Friedberg et al., 2005). However, once

the alkyl group is transferred to the enzyme, the protein is permanently inactivated as
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alkyl cysteine is very stable. Thus the synthesis of new repair molecules is required

for additional repair.

Repair of single-strand DNA Breaks

Ionising radiation such as X-rays and gamma rays, and some chemical DNA-
damaging agents, can induce breaks in one or both strands of DNA. Under certain
conditions of a single-strand break, where there are two free ends of the DNA strand,
no missing nucleotides and the presence of adjacent 3° hydroxyl and 5° phosphate
termini, the damage can be repaired by simply rejoining the ends, catalysed by DNA
ligase enzyme in a direct reversal of the break (Friedberg er al., 2005). However,
breaks which exceed simple breaks of a phosphodiester bond, with additional DNA
backbone damage or base damage require more complex processing and repair, and

cannot be reversed by simply sealing the nick.

1.2.2 DNA Repair by the Excision of Damage

To remove many diverse types of damage, including bulky, helix-distorting
lesions from DNA, cells possess mechanisms to detect and excise the damage before
resynthesising the affected portion of a DNA strand using the undamaged strand as a
template and sealing the gap to restore the native structure of the DNA helix. These
processes are termed ‘excision repair’ pathways and are essential for the removal of
photoproducts induced by UV radiation such as CPDs. A general model for excision

repair is illustrated in Figure 1.4.
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mismatch/helix distortion is

DNA damage is induced and the
(1
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Endonucleases cleave the DNA
(2 either side of the damage

R

portion of DNA, leaving a gap in

Exonucleases excise the damaged
(3)
the damaged strand
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(4) gap by DNA polymerase

s
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(5)
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Figure 1.4. General schematic model of excision repair mechanisms. (1) DNA
damage is induced by a variety of sources, resulting in a base pair mismatch or
structural distortion of the DNA double helix. The cell possesses mechanisms
to recognise such damage. (2) Endonucleases cleave the DNA strand
containing the damage either side of the lesion. (3) The portion of DNA
containing the damage is excised from the strand by exonucleases. (4) The
resulting gap is filled by DNA polymerases synthesising new DNA. (5) The
final nick is sealed by DNA ligase and the original DNA structure is restored.
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1.2.2.1 Mismatch Repair (MMR)

Mismatched DNA bases can arise from various sources including DNA
replication errors, recombination processes involving heteroduplex formations, or
hairpin formations between imperfect palindromes (Friedberg ef al., 2005). Specific
mismatch repair (MMR) mechanisms are required to correct such errors and serve to
increase the fidelity of DNA replication by several orders of magnitude (Modrich and
Lahue, 1996; Marti et al., 2002; Jiricny, 2006). Other repair processes specifically
recognise chemical abnormalities or base modifications, which are not produced as a
result of mispaired bases — the bases are simply in the wrong position. MMR systems
however, in addition to detecting some chemical errors, can detect the mispairing of
chemically unaltered bases between the parent and daughter strands of DNA,
consequently excising the mismatched portion of the daughter polynucleotide and
resynthesising the gap in a similar way to other excision repair mechanisms (Brown,
1999; Friedberg et al., 2005; Jiricny, 2006; Jun et al., 2006).

MMR in E. coli is initiated by the action of three proteins. Firstly, MutS
protein recognises various mismatches and binds the second protein, MutL, which
subsequently activates MutH, an endonuclease, to cut the unmethylated daughter
DNA strand containing the mispaired base. Uvr D, a DNA helicase II, then unwinds
kthe DNA duplex from the nick generated by MutH. The precise nature of these
protein interactions however remains unclear (Kunkel and Erie, 2005; Jun et al,
2006). The activity of MutS in MMR is a critical step and important aspects of its
function in mismatch recognition and initiation of MMR have recently been
elucidated. MutS binds to mismatches and initiates repair in an ATP-dependent
manner (Lamers et al., 2003; Natrajan et al., 2003). Two residues, phenylalanine

(Phe) 36 and glutamate (Glu) 38, are involved in the recognition of various
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mismatches: Phe 36 stacks onto a mismatched base, and a hydrogen bond is formed
from the base to the Glu 38 residue (Natrajan et al., 2003). The charge on Glu 38 is
important in discriminating the mismatched base from the correctly paired base
(Lebbink et al., 2006). In addition to its role in recognition, the Glu 38 residue is
further involved in the initiation of repair as the hydrogen bond formed induces
intramolecular signalling events, leading to the inhibition of the ATPase activity of
MutS and the formation of a stable MutS-ATP-DNA clamp, triggering further MMR
events (Lebbink et al., 2006).

The MMR system is conserved but is more complex in eukaryotes than the
prokaryotic system (Kolodner, 1996; Jiricny, 2006; Jun et al., 2006). Organisms from
yeast to mammals possess five MutS homologues (MSH proteins) and four MutL
homologues (MLH and post meiotic segregation, PMS, proteins), which function as
heterodimers with multiple proteins (Mankovich et al., 1989; Prolla et al., 1994; Jun
et al., 2006, Waters, 2006). However, no orthologues of MutH or UvrD have been
identified by genetic studies in yeast to date (Hafe and Robertson, 2000). Defective
MMR in humans, particularly involving the proteins hMSH2 and hAMLHI, has been
implicated in genetic diseases such as hereditary nonpolyposis colorectal cancer
(HNPCC) (Gimble and Sauer, 1986; Leach ef al., 1993; Parsons et al., 1993; Mandal

et al., 1993; Lynch and de la Chapelle, 1999; Heinen et al., 2002; Li, 2003).

1.2.2.2 Base Excision Repair (BER)

Base excision repair (BER) involves the removal of a damaged nucleotide and
the resynthesis of DNA to fill in the resulting apurinic/apyrimidimic (AP) site. The
process operates on many types of modified nucleotide suffering relatively minor

damage and is initiated by DNA glycosylases which cleave the B-N-glycosidic bond
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between a damaged base and the deoxyribose-phosphate component of the nucleotide.
DNA glycosylases are a diverse class of specific enzymes which each recognise a
single or small subset of chemical alterations or mismatches of bases. Most
organisms possess DNA glycosylases to successfully repair deaminated bases such as
uracil or hypoxanthine; oxidation products such as thymine glycol, 8-oxo0-7,8-
dihydroguanine (8-oxoGua) and 5-hydroxycytosine; and methylated bases such as 2-
methylcytosine and 7-methylguanine (Seeberg et al., 1995; Krokan et al., 1997,
Barnes and Lindahl, 2004; Fromme and Verdine, 2004). They remove a damaged
base by flipping the structure to a position outside of the DNA double helix and then
detaching it from the polynucleotide chain (Kunkel and Wilson, 1996; Roberts and
Cheng, 1998). Following recognition and cleavage by a DNA glycosylase, an AP
endonuclease or AP lyase excises the AP site. This step may be achieved by various
activities. Commonly, an AP endonuclease such as the E. coli endonuclease IV cuts
the phosphodiester bond 5’ to the AP site. The endonuclease alone may then also
remove the deoxyribose component, or a separate phosphodiesterase may be required.
Alternatively, some DNA glycosylases are able to cut the DNA at the 3’ side of the
AP site simultaneously to removing the damaged base, again followed by
phosphodiesterase activity to completely remove the damaged nucleotide. The
resulting nucleotide gap is subsequently resynthesised by a DNA polymerase (Pol § in
mammals) using the intact strand as a template and finally, the gap is sealed by the
insertion of a phosphodiester bond by DNA ligase (Seeberg et al., 1995; Brown,
1999; Friedberg et al., 2005).

In human cells, a major AP endonuclease is Apel which is involved in the
repair of DNA single strand breaks containing 3'-phosphoglycolate (3'-PG) ends

(Demple et al., 1991; Parsons et al., 2004). Further repair is then achieved through at
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least two distinct BER subpathways, involving different subsets of enzymes, which
result in the replacement of one nucleotide (short-patch BER), or two or more

nucleotides (long-patch BER) (Sung and Demple, 2006).

1.2.2.3 Nucleotide Excision Repair (NER)

The mismatch repair and base excision repair systems have limited
specificities in the types of DNA damage upon which they can operate. For more
extensive types of damage, cells possess a nucleotide excision repair (NER)
mechanism. NER responds to DNA damage which distorts the native helical
structure and operates on a broad spectrum of different forms of damage, ranging
from minor base alterations to intrastrand crosslinks and large bulky adducts which
cause high degrees of helix distortion (Friedberg et al., 2005; Balajee and Bohr, 2000;
Friedberg, 2001). The UV-induced photoproducts cyclobutane pyrimidine dimers

(CPDs) and 6-4 photoproducts (6-4 PPs) are among the common targets for NER.

1.2.2.4 NER in prokaryotes

NER has been extensively studied in prokaryotic systems, particularly E. coli
(Van Houten, 1990; Sancar and Sancar, 1988; Friedberg et al., 2005; Brown, 1999).
The most common pathway is the ‘short-patch’ NER pathway (Figure 1.5), so called
due to the relatively short oligonucleotide excised during repair, commonly 12
nucleotides in length although this is variable. This process is initiated by a
multienzyme termed the UvrABC endonuclease, constituting the UvrA, UvrB and
UvrC proteins (Howard-Flanders et al, 1966). Initially, a trimer of two UvrA
proteins and one UvrB protein specifically binds at the site of damage. The broad

specificity of binding suggests that damage recognition is general, such as detection
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of the distortion of the DNA double helix, rather than detection of specific forms of
DNA damage. Following the UvrA,;B binding, UvrA dissociates and UvrC protein
binds to form a UviBC dimer. A conformational change is induced enabling the
bound UvrB protein to cut the DNA 4 nucleotides 3’ to the site of damage (e.g. a
CPD). UvrC subsequently catalyses an incision in the DNA 7 nucleotides 5’ to the
damage to complete bimodal incision either side of the damage. Following incision,
UwiD protein (helicase II) enables the dissociation of UvrC and the excision of the
oligonucleotide containing the DNA lesion. UvrB apparently remains bound to the
gapped DNA and is released during the repair synthesis reaction catalysed by DNA
polymerase (Pol) I. The final step, catalysed by DNA ligase, seals the nick to
complete NER, and restores the native undamaged DNA structure.

Less-well studied in E. coli is the ‘long-patch’ NER pathway which also
employs the Uvr proteins but can result in repair synthesis patches of up to 2kb and
additionally requires the activities of RecA and LexA proteins, which regulate the
inducible NER ‘SOS responses’ whereby numerous genes are derepressed in an
additional response to DNA damage (Cooper, 1982; Friedberg et al., 2005). More
extensive DNA degradation is observed in long patch NER, presumably to repair
forms of DNA damage affecting a greater proportion of DNA than those repaired by

_ short-patch NER.

1.2.2.5 NER in eukaryotes

Overall NER in eukaryotes resembles the process in prokaryotes but is far
more complex, involving over 30 proteins and remains less well characterised, largely
due to the increased genome sizes and complex packaging of nucleosomal DNA in

eukaryotic cells. The proteins involved do not appear to be homologues of the E. coli
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Uvr proteins. However, in eukaryotes, the mechanisms and proteins involved are
highly conserved from yeast to higher eukaryotes including humans. Much of the
current information known has been elucidated from studies involving human cells
from patients suffering with Xeroderma pigmentosum (XP) and Cockayne Syndrome
(CS), two hereditary disorders associated with defective NER pathways, in
conjunction with studies utilising homologous yeast mutant strains (Balajee and Bohr,
2000; Friedberg et al., 2005).

Eukaryotic NER may be referred to as ‘long patch’ but only about 25-30
nucleotides are usually replaced (Petit and Sancar, 1999; Prakash and Prakash, 2000)
compared to the much longer patches observed in prokaryotes, and the term is simply

used to distinguish NER from base excision repair (Brown, 1999).

NER in Saccharomyces cerevisiae

The genes involved in NER in yeast have been identified and can be classified
into two groups depending on the magnitude of their requirement for NER and the
degree of UV sensitivity inflicted upon cells due to the mutation of the genes. The
first class are essential for NER and mutations confer high levels of UV sensitivity
and profound defects in the incision step of NER. This class consists of the RAD
genes RADI, RAD2, RAD4, RADI10 and RADI14, the genes encoding subunits of the
RPA complex, namely RFAI, RFA2 and RFA3, and the genes encoding subunits of
core TFIIH, including RAD3, RAD25/SSL2, SSL1, TBFI, TBF2, TBF3 TBF4 and
TBF5) (Prakash et al., 1993; Wang et al., 1995; Lauder et al., 1996). The second
class consists of genes that are not essential for NER and mutations inflict moderate

UV sensitivity and lesser effects upon the incision step of NER compared to those due
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Biochemical studies have elucidated possible or likely roles for many NER
proteins, although the activities of some remain to be determined. Many of the NER
proteins work in complexes with one another or function closely alongside other
proteins, and such associations are indicated in the table by the groupings of certain
proteins together. A particularly important complex is the 10-subunit complex TFIIH

which plays key roles in both NER and transcription (see Section 1.3.1).

Molecular mechanism of NER in eukaryotes

The general principles and basic steps of eukaryotic NER resemble those of
prokaryotic systems but the overall process is far more complicated and requires the
involvement of over 30 proteins. The nature of the protein interactions and sequential
activities during NER has been extensively studied using both yeast and human
proteins to reconstitute the NER process in vifro. A key question explored was how
such a large number of proteins were organised and their complex interactions and
activities regulated to enable effective NER. It has been reported that a large pre-
assembled multiprotein complex or ‘repairosome’ exists prior to the incidence of
DNA damage in yeast (Svejstrup ef al., 1995; Rodriguez et al., 1998) and human cells
(He and Ingles, 1997). However, most current widely-accepted models of NER
support the alternative concept of a sequential, stepwise assembly of the NER proteins
at the sites of DNA damage (Friedberg et al., 2005; Guzder ef al., 1996b; Araujo and
Wood, 1999; Prakash and Prakash, 2000; Araujo et al., 2001; Friedberg, 2001; Volker
et al., 2001; Politi et al., 2005).

The mechanism of NER can be described as five main sequential steps:

i. Recognition of DNA damage. 1t is postulated that the distortion of the DNA helix

is recognised to initiate NER, rather than the specific modification or lesion itself.
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ii. Open complex formation. The DNA surrounding the damage is unwound by DNA

iii.

helicase activities of proteins within the complex TFIIH to create a ‘bubble’ in the
DNA, or an open complex. This affords repair proteins access to the DNA and lesion.

Dual incision. Endonucleases incise the DNA either side of the damage.

iv. Excision of damage. An oligonucleotide, typically 25-30 nucleotides in length,

containing the lesion, is excised from the DNA helix.

v. Repair synthesis and ligation. New DNA is synthesised to replace the excised

fragment, using the opposite intact strand as a template, and the final nick is sealed to
join the new portion to the polynucleotide chain of the original DNA helix.

An overview of eukaryotic NER is illustrated in Figure 1.6. For simplicity, only the
names of yeast proteins are given, although the process is conserved in mammalian

cells and the homologous human NER proteins can be deduced using Table 1.2.

Recognition of DNA damage

NER is initiated by DNA damage recognition which is widely acknowledged
as the rate-limiting step of the process (Sugasawa ef al., 1998; Thoma, 1999; Balajee
and Bohr, 2000; Friedberg, 2001) and the binding of the recognition proteins to DNA

may be affected by numerous factors such as the chemical nature of the lesion and the

- degree of helical distortion induced by a particular lesion (Van Hoffen ef al., 1995;

Balajee et al., 1999; Balajee and Bohr, 2000). NER can be classified into two sub-
pathways, differing mainly in how damage is recognised. Global genomic repair
(GGR) repairs DNA damage inflicted in the non-transcribed regions of the genome,
including the non-transcribed strand (NTS) of active genes whereas transcription-

coupled repair (TCR) removes damage at a faster rate from the actively transcribed
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regions of the genome, specifically the transcribed strand (TS) of active genes. The
details of each pathway will be discussed further in Section 1.2.2.6.

Damage recognition during GGR is thought to involve the yeast Rad4-Rad23
complex (human XPC-HR23B), Rad14 (human XPA) and the single-stranded DNA
binding protein RPA (replicating protein A) complex (Prakash and Prakash, 2000;
Friedberg, 2001). Purified Rad4 (XPC) protein preferentially binds DNA inflicted
with various types of DNA damage identified as NER substrates (Friedberg et al.,
2005; Wood, 1999; Sugasawa et al., 1998; 2001; Friedberg, 2001) and is likely the
initial and rate-limiting event in NER (Sugasawa ef al., 1998; Friedberg, 2001). The
recognition of a specific subset of lesions, including UV-induced CPDs and 64
photoproducts, may be further enhanced by the DDB protein complex (XPE) (Keeney
et al., 1993; Tang et al., 2000; Wittschieben et al., 2005). The exact roles of DDB are
yet to be clarified, but it appears the complex may be involved at a very early stage of
NER, probably to recognise DNA damage in chromatin. The binding of the Rad4-
Rad23 (XPC-HR23B) heterodimer is immediately followed by the recruitment of
further proteins Rad14 (XPA), RPA, TFIIH complex and Rad2 (XPG).

TCR is generally thought to be initiated in RNA Pol II genes by the stalling of
the polymerase complex at the site of DNA damage on the transcribed strand (TS) of
an active gene (Mellon and Hanawalt, 1989). The arrested complex may then recruit
further NER proteins to continue the repair process (Tsutakawa and Cooper, 2000;
Friedberg, 2001). Although eukaryotic TCR has been best characterised for RNA Pol
II transcribed genes, it has also been observed for rDNA transcribed by RNA Pol I in
yeast (Verhage et al., 1996; Conconi et al., 2002; Meier et al., 2002; Conconi, 2005).

It is thought that potentially, most mechanisms involved in TCR of RNA Pol II genes
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may also apply to Pol I transcribed rDNA if the rDNA is accessible to repair proteins
(Conconi et al., 2005; Conconi, 2005).

The molecular mechanisms of TCR are less well understood than GGR and in
humans it is apparently independent of XPC damage recognition (Sugasawa et al.,
1998; Tsutakawa and Cooper, 2000). However, in yeast, the homologous protein
Rad4 is required for both GGR and TCR in RNA Pol II transcribed genes (Guzder et
al., 1995; Prakash and Prakash, 2000), but is not required for TCR in RNA Pol I
genes (Verhage et al, 1996). Recently, it has been reported that the Rad4-
independent repair of rDNA requires a protein showing homology to Rad4, newly
termed Rad34 (den Dulk ef al., 2005; 2006). Rad4 and Rad34 may therefore play
similar roles in different regions of the genome but are unable to replace each other as
rad34 mutants proficient in Rad4 cannot preferentially repair the transcribed strand of
Pol I-transcribed genes (den Dulk et al., 2005). Additionally, another protein, newly
termed Rad33, has also been recently identified and implicated in both TCR and GGR
of RNA Pol I transcribed rDNA (den Dulk et al., 2006). In Pol II transcribed genes
only GGR is completely defective in rad33 mutants, aithough TCR shows reduced
efficiency. Rad33 may stabilise Rad4/Rad23 but likely plays additional, as yet

unknown roles in NER (den Dulk et al., 2006).

Open complex formation

Following damage recognition and the initiation of NER, the DNA
surrounding the lesion is unwound to form a ‘bubble’ structure, primarily through the
activity of the general transcription factor TFIIH which is either recruited by Rad4-
Rad23 (GGR) or as part of the stalled RNA pol II complex (TCR). TFIIH (or yeast

transcription factor b) is a multiprotein complex which plays key roles in both NER
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and transcription initiation (Wang et al., 1994). Subunits Rad3 (XPD) and Rad25
(XPB) possess 5’ to 3’ and 3’ to 5° DNA helicase activities respectively and
cooperatively function to unwind the DNA and form the bubble structure of
approximately 30 nucleotides in length (Sancar, 1996; Lindahl and Wood, 1999;
Friedberg, 2001; Fuss and Cooper, 2006). The TFIIH helicases also perform this
function of unwinding the DNA during transcription to facilitate initiation of
transcription to generate new mRNA transcripts (Friedberg, 1996a), but in contrast,
during NER, unwinding leads to discrete junctions between double- and single-
stranded DNA at the bubble’s edges, essential for the subsequent incision step
(Friedberg, 2001). RPA and Radl14 (XPA) proteins recruited with TFIIH serve to
stabilize the open complex, which is possibly further stabilized by Rad2 (XPG) (de

Laat et al., 1999; Friedberg, 2001).

Dual incision

In addition to stabilizing the DNA bubble, RPA and Rad14 (XPA) also help to
position Rad1-Rad10 (XPF-ERCC1) complex and Rad2 (XPG) protein at the double-
stranded/single-stranded DNA junctions at either edge of the DNA bubble. The
binding of Rad1-Rad10 (XPF-ERCC1) consequently completes the assembly of the
NER multiprotein complex. Rad1-Rad10 (XPF-ERCC1) and Rad2 (XPG) possess
duplex/single-stranded DNA endonuclease activities to cut the DNA at each junction.
The first incision is performed by Rad2 (XPG) 3’ to the DNA lesion, which
subsequently coordinates the second incision by Rad1-Rad10 (XPF-ERCC1) 5’ to the
damage (Wagasugi et al., 1997; Constantinou et al., 1999; de Laat et al., 1999,
Lindahl and Wood, 1999; Prakash and Prakash, 2000; Friedberg, 2001). The junction

specificity of the Rad2 (3’) and Rad1-Rad10 (5°) endonucleases ensures that the
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correct DNA strand of the bubble formation is cut during the incision step, thus
preventing the formation of double strand breaks in the DNA. The damaged base is
always located closer to the 3’ incision than that at the 5’ end but precise distances
between the bimodal incisions may vary depending upon the nature of the lesion
(Wood, 1997; Lindahl and Wood, 1999; Prakash and Prakash, 2000; Friedberg, 2001;
Hoeijmakers, 2001) but generally, an oligonucleotide fragment of 25-32 nucleotides

results, containing the DNA damage (Fuss and Cooper, 2006).

Excision of the damage-containing fragment

The oligonucleotide fragment containing the lesion is not passively removed
from the DNA although the precise mechanism of excision remains unclear.
However, in yeast, the Rad7-Rad16-Abf] heterotrimeric protein complex, essential
for the GGR subpathway of NER, may play a key role in excision by generating
superhelical torsion in the DNA, mediated by the catalytic activity of Rad16, which
enables displacement of the lesion-containing fragment (Reed ef al., 1998; Yu et al.,

2004).

Repair synthesis and DNA ligation

The excision of the damage-containing fragment renders the DNA with a large
single-stranded gap which must be filled with newly-synthesised DNA. Such gaps
may be susceptible to nuclease attack and so it may be possible that the excision step
of NER is mechanistically linked to repair synthesis in order to avoid such attack
(Friedberg, 2001). A second multi-protein complex is required for the repair
synthesis and ligation steps to complete NER. DNA polymerases delta (Pol 3) and

epsilon (Pol €) are required for the repair synthesis step (Wu et al., 2001) with
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additionally required accessory replication proteins PCNA (proliferating cell nuclear
antigen), RFC (replication factor C) and RPA (replication protein A) (Shivji et al.,
1995; Friedberg, 2001). The gap is filled using the intact opposite strand as a
template and the final gap is sealed by DNA ligase to join the newly synthesised
portion of DNA to the existing polynucleotide chain. In mammals, it is likely that
DNA ligase I performs this function as gene mutations can lead to UV sensitivity
(Bamnes et al., 1992). Ligation completes the NER process and the DNA helix is

restored to its original, undamaged chemical structure.

1.2.2.6. Heterogeneity of NER in the genome

DNA damage is not repaired by NER uniformly throughout the genome but
can follow one of two subpathways, dependent upon the transcriptional activity of the
local DNA in which the damage occurs (Verhage et al., 1998; Balajee and Bohr,
2000; Hanawalt, 2002). The major difference between the pathways lies in the
damage recognition step of NER but either mechanism initiates the subsequent
stepwise assembly of the core NER proteins common to both subpathways (Figure
1.7). Additionally, GGR and TCR also differ in the biological outcome of NER
whereby GGR protects against cancers ultimately caused by mutations in the overall
genome generated following replication of unrepaired lesions, whereas TCR ensures
the accurate transcription of genes which helps protect against premature ageing

(Mitchell et al., 2003; Andressoo and Hoeijmakers, 2005; Fuss and Cooper, 2006)

(i) Global Genomic Repair.
GGR (or GG-NER) is the slower pathway of the two, which operates to

remove DNA damage from the silent regions of the genome that are not transcribed,
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including the non-transcribed strand (NTS) of active genes (de Laat et al, 1999;
Balajee and Bohr, 2000; Friedberg, 2001; Li and Smerdon, 2004). 6-4 photoproducts,
which cause a higher degree of helical distortion to the DNA, are removed rapidly and
predominantly by GGR, in comparison to CPDs which are repaired much more
slowly by this pathway (Van Hoffen, 1995).

GGR in yeast requires the Rad7 and Rad16 proteins (Terleth et al, 1989;
Verhage et al., 1994; Reed et al., 1998) which function as a complex, along with Abfl
(autonomously replicating sequence binding factor 1) protein (Wang et al., 1997; Yu
et al, 2004). The heterotrimer complex is thought to generate superhelicity in DNA
mediated by the catalytic activity of the Rad16 protein, and the torsion generated is
necessary during the excision step of NER to release the damage-containing
oligonucleotide (Yu ef al., 2004). Additionally, the Rad7-Rad16-Abfl complex may
also play a role in early DNA damage recognition during GGR (Guzder et al., 1997,

1998; Prakash and Prakash, 2000).

(ii) Transcription-Coupled Repair.

TCR (or TC-NER) operates to preferentially repair transcribed genes faster
than non-transcribed regions of the genome (Bohr et al., 1985), specifically operating
on the transcribed strand (TS) of transcriptionally active genes (Mellon et al, 1987;
Mellon and Hanawalt, 1989; Smerdon and Thoma, 1990). TCR was initially
observed, and has been best characterised, in the removal of CPDs, but it has also
been demonstrated for other types of DNA damage in many diverse organisms
(Mellon and Hanawalt, 1989; Friedberg, 1996a; Wood, 1997). TCR is thought to be
initiated by a stalled RNA polymerase II complex at the site of the lesion which acts

as the damage recognition signal and subsequently recruits the core NER machinery
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(Mellon and Hanawalt, 1989; Mu and Sancar, 1997; Tornaletti and Hanawalt, 1999;
Citterio et al., 2000).

Two important human proteins essential for TCR are CSA (Cockayne
Syndrome A) and CSB (Cockayne Syndrome B). The nomenclature of these proteins
reflects the human disorder resulting from the defective proteins, which confers UV
sensitivity and renders the cell deficient in the TCR pathway (de Boer and
Hoeijmakers, 2000; Bootsma ef al., 2001; Mitchell er al, 2003). The yeast
homologues of the CS4 and CSB genes have been identified as RAD28 (Bhatia et al.,
1996) and RAD26 (van Gool et al., 1994) respectively. The molecular function of
Rad28 has yet to be clarified but rad28 cells are not defective in TCR (Bhatia et al.,
1996). To date, the precise function of CSB/Rad26 in TCR remains to be clarified but
Rad26 has been implicated in various roles. The Rad26 protein is a DNA-dependent
ATPase (Guzder ef al., 1996a) and both CSB and Rad26 belong to the Swi2/Snf2
family of chromatin remodelling proteins, hence may be involved in altering protein-
DNA interactions during DNA repair (Ura and Hayes, 2002; Green and Almouzni,
2002). In rad26 cells the resultant defect in TCR is believed to be due to an inability
to release stalled transcription complexes at sites of DNA damage (Tijsterman and
Brouwer, 1999). Rad26 is also believed to be required for the recruitment of TFIIH
(You Z, et al., 1998) which is vital in the stepwise assembly of the NER machinery.
RAD26 and CSB have been reported to play a role in transcription elongation in yeast
and humans respectively (Lee ef al., 2001; Selby and Sancar, 1997) and, interestingly,
Rad26 appears to promote transcription through DNA bases suffering from certain
forms of damage to advocate cell survival (Lee et al, 2002). Furthermore, this

function appears to be independent of any excision repair pathway (Lee et al., 2002).
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Unlike CSB cells, rad26 yeast cells do not show increased UV sensitivity and
TCR is not completely abolished (van Gool et al., 1994; Verhage et al., 1997),
suggesting alternative subpathways of TCR may exist in eukaryotes. This has been
reported to be the case by Li and Smerdon (2002), who identified an altemative,
Rad26-independent TCR subpathway mediated by the Rpb9 subunit of the RNA Pol
II complex itself. The Rpb9 TCR subpathway appears to be most effective in the
coding regions of genes, in contrast to the Rad26 pathway which operates with equal
efficiency in both the coding and transcribed regions. The study also suggests a role
for Rpb4, another subunit of RNA pol II, in the regulation of both TCR pathways.
The deletion of both RAD26 and RPB9 genes completely abolishes TCR, indicating
there are no other TCR subpathways for RNA pol II genes in yeast (Li and Smerdon,

2002; 2004).

1.2.2.7. Human consequences of NER deficiencies

Cellular responses to DNA damage, whether attempts at repair or alternative
signalling cascades to induce cell senescence (arrested growth) or apoptosis, are vital
in the promotion of longevity and in the prevention of cancers in humans (Mitchell et
al., 2003; Andressoo and Hoeijmakers, 2005). The importance of damage responses
‘to maintain genetic integrity is highlighted by the dramatic clinical consequences
observed in several rare human disorders, whereby the causative genes are known to
play key roles either directly in DNA repair or in signal transduction processes to
initiate alternative cellular responses to persistent damage (Mitchell ez al., 2003).
NER is a vital repair pathway and key NER proteins have been implicated in the
human disorders xeroderma pigmentosum (XP), Cockayne syndrome (CS) and

trichothiodystrophy (TTD) and other conditions conferring UV (solar) sensitivity (de
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Boer and Hoeijmakers, 2000; Friedberg, 2001; Mitchell ef al., 2003; Fuss and Cooper,
2006). XP and CS are particularly important conditions as much of our current
knowledge and understanding of NER has been elucidated from studies of patients

suffering from these disorders. A summary of the implicated genes, clinical features

and molecular defects associated with each disorder is given in Table 1.3.

Table 1.3 Summary of human disorders resulting from defects in NER.

Human Disease

Genes

Clinical Features

Molecular Defect

Xeroderma pigmentosum
(XP)

XPA, XPB, XPC, XPD,
XPE, XPF, XPG, XPV

Sun sensitivity, cancer
Neurological defects

NER, translesion synthesis

Cockayne Syndrome

CSA,CSB

Sun sensitivity, post-natal

Transcription-coupled repair

(CS) developmental defects, (TCR)
Neurological defects,
premature ageing
XP/CS XPB, XPD, XPG Both XP and CS Both global and transcription-
coupled NER
Trichothiodystrophy XPD Premature aging, brittle hair, NER
(TTD) scaly skin
UV-sensitive Syndrome | CSB, unknown gene(s) sun sensitivity Transcription-coupled repair
(TCR)
Photosensitive XPB, XPD, TTDA Sun sensitivity, post-natal NER, transcription
developmental defects
(Adapted from Fuss and Cooper, 2006)
Xeroderma pigmentosum (XP)

XP was first described in the late nineteenth century (Hebra and Kaposi, 1874)

and named in reference to the characteristic dry, pigmented skin characteristically
observed in patients. It is a rare, recessive hereditary disease which has been well
characterised and linked to defects in NER (Cleaver, 1968; Kraemer et al, 1987;

Hoeijmakers, 1994; Bootsma et al., 1998; de Boer and Hoeijmakers, 2000; Friedberg,
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2001; Mullenders et al., 2001; Magnaldo and Sarasin, 2004). The main symptoms of
XP include increased UV sensitivity, pigmentary changes, premature skin ageing and
a predisposition to the development of malignant tumours. Eye and neurological
abnormalities are also common. XP can be detected at the age of 1-2 years, and the
average age of onset of skin cancer is 8 years. Fewer than 40% of XP patients survive
past the age of 20 years. Seven XP repair genes XPA-XPG have been identified
which play key roles as part of the core NER machinery in both the TCR and GGR
pathways (detailed previously in Section 1.2.2.5). Additionally, the XP-variant (XPV)
gene has been identified, which encodes a DNA polymerase involved in DNA
replication past UV lesions, termed ‘translesion synthesis’ (Fuss and Cooper, 2006).
The seven complementation groups which correspond to defects in the XPA-XPG
genes have been described and differ in their frequency of incidence (for example,
XPA is relatively common compared to XPE which is rare) and disease severity (for
example, XPG is severe whereas XPF is relatively mild). There is currently no cure
for XP but clinical treatments and gene therapies are continually being researched and

developed (Herouy ef al., 2003; Magnaldo and Sarasin, 2004; Khader et al., 2005).

Cockayne syndrome (CS)

CS was first described in the 1930s (Cockayne, 1936) and is a developmental
disease characterised by symptoms including dwarfism, profound mental retardation,
premature ageing and increased sun sensitivity. Unlike XP, however, there is no
predisposition to skin cancer (Bootsma et al., 2001; Friedberg, 2001; Fuss and
Cooper, 2006). There are two subtypes of CS: classic CS, or CS-I, which becomes

apparent in childhood and typically causes death by 20-30 years of age, and severe
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CS, or CS-1I, which is apparent at birth and typically results in childhood death at 6-7
years.

In 90% of cases, CS arises from defects in either the CS4 or CSB genes
(Friedberg, 1996b; 2001; Rapin ef al., 2000). Both gene products are required for the
TCR subpathway of NER, although the precise function of CSB remains to be
determined. CSA and CSB, in conjunction with core NER proteins TFIIH (XPB and
XPD) and XPG, are thought to function in the removal of a stalled polymerase at a
DNA lesion and in recruiting further NER proteins (van den Boom et al., 2002;
Mitchell ef al., 2003). Interestingly, it has been reported that a complete deficiency in
the CSB protein may cause UV-sensitive syndrome (UVsS), a very mild disorder
characterised by sun sensitivity and mild freckling without the severe clinical features
of XP and CS, but may not result in Cockayne syndrome (Horibata et al., 2004).

In rare cases, specific mutations in XPB, XPD and XPG result in a disorder of
XP combined with CS (XP/CS) in which patients are severely affected with clinical
manifestations of both diseases (Rapin ef al., 2000; Lindenbaum et al., 2001). Skin

cancer at a young age is observed in some but not all cases (Lehmann, 2000).

Trichothiodystrophy (TTD)

TTD is characterised by sulphur-deficient brittle hair, icthyosis (fish-like
scales on the skin), mental retardation, and photosensitivity in most cases (Pollitt et
al., 1968; Lehmann, 2000; Bootsma et al., 2001; Friedberg, 2001). In most cases of
TTD, NER of UV-induced lesions is defective but skin cancer has not been
documented for TTD (Weeda et al., 1997; Friedberg, 2001). The XPB and XPD
genes have been implicated in photosensitive TTD but the severe skin and

neurological features of XP and CS are not developed (Stefanini et al., 1986;
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Hoeijmakers, 1994; Weeda et al., 1997; Lehmann, 2000; Bootsma et al., 2001;
Friedberg, 2001). Besides XPB and XPD, a third TTD complementation group, TTD-
A has also been identified (Giglia-Mari et al, 2004) and the TTDA protein (also called
Tfb5) was recently identified in yeast as a subunit of TFIIH (Ranish et al., 2004).
Thus, remarkably, TTDA, XPB and XPD defects are all associated with subunits of
TFIIH, suggesting mutations in TFIIH components may cause transcriptional
insufficiency in addition to NER effects, which may explain part of the non-XP
clinical features of TTD (Giglia-Mari et al, 2004).

The genetic defects for XP, CS and TTD often involve common genes, such as
XPB and XPD and yet different manifestations are apparent and only XP patients
exhibit a predisposition to cancer. The precise mechanisms of how mutations in the
same key genes can lead to different clinical disorders are yet to be fully understood

(Friedberg, 2001).

1.3 DNA Repair and Transcription

NER and transcription are intimately linked processes in both prokaryotic and
eukaryotic cells. This link is clearly apparent by the TCR phenomenon (see Section
k1.2.2.6) whereby a stalled RNA polymerase activates repair of DNA lesions in the
transcribed strand (TS) of active genes (Mellon et al, 1987; Mellon and Hanawalt,
1989; Smerdon and Thoma, 1990). In E. coli, NER is mediated by the Uvr protein
system (see Section 1.2.2.4), which preferentially repairs lesions in the TS by TCR
(Selby and Sancar, 1994; Mellon, 2005). TCR is abolished by mutations in the MFD
(mutation frequency decline) gene (Selby and Sancar, 1991; Selby et al., 1991; Selby

and Sancar, 1994). The Mfd protein is a coupling factor with dual roles in the
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dissociation of a stalled RNA polymerase complex at the site of a DNA lesion and the
recruitment of NER proteins (Scicchitano and Mellon, 1997). Following repair, the
next polymerase complex to traverse the gene is able to resume transcription. A
similar mechanism exists in eukaryotes involving the general transcription factor

TFIIH, known to have dual roles in transcription and repair.

1.3.1 TFiH

Independently of TCR, TFIIH is a vital component of both the transcription
and NER machineries (Feaver et al., 1993; Drapkin et al., 1994; Wang et al., 1994).
In transcription, the DNA helicase activity of TFIIH is required for unwinding the
DNA helix at the transcription start site during transcription initiation (Dvir et al.,
1996; Holstege et al., 1996). It also regulates the transition from initiation to
elongation, presumably mediated by its CTD kinase activity (Dahmus, 1994; O’Brien
et al, 1994), and has additionally been shown to promote the transition from very
early elongation complexes to stable elongation complexes, thus performing multiple
functions prior to, during and following transcription initiation (Dvir ef al., 1997,
Hampsey, 1998).

The roles of TFIIH in NER were detailed in Section 1.2.2.5, and the complex
is particularly important in the formation of the open complex DNA structure
whereby the helicase subunits XPD (yeast Rad3) and XPB (Rad25) unwind the local
DNA. TFIIH is either recruited to the damage site by Rad4-Rad23 (GGR) or as part
of the stalled RNA pol II complex (TCR).

TFIIH exists in alternative forms, consisting of a core-TFIIH component
which can associate with other proteins to form the holo-TFIIH complex associated

with transcription or the repairosome complex associated with NER (Svejstrup ef al.,
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1995). The yeast TFIIH form active in transcription is composed of a 5-subunit core,
the Ssl2 protein and a complex of three additional polypeptides that possesses protein
kinase activity (Svejstrup ef al, 1995; Hampsey, 1998). However, the TFIIH
complex associated with NER does not contain the kinase complex and in addition to
the core and Ssl2 components, interacts with all other proteins known to be required
for NER in yeast: Radl, Rad2, Rad4, Rad10, and Rad14 (Svejstrup et al., 1995;
Hampsey, 1998). Since the kinase and repair complexes can associate and dissociate
reversibly from the core TFIIH, a model has been proposed whereby the kinase form
is required for initiation but can be replaced by the repair form when DNA damage is
encountered (Svejstrup ef al., 1995) but this model is challenged by the evidence for
sequential assembly of NER proteins rather than a pre-existing repairosome
(Friedberg et al., 2005; Guzder et al., 1996b; Araujo and Wood, 1999; Prakash and
Prakash, 2000; Araujo ef al., 2001; Friedberg, 2001; Volker et al., 2001; Politi et al.,
2005).

Overall, TFIIH is clearly a vital component of transcription and NER and
provides a functional link between the two processes. Its importance is further
highlighted by the clinical disorders resulting from defective NER which largely
result from defects in TFIIH subunits. The precise mechanisms of TFIIH in
transcription and NER remain elusive and our understanding will be greatly enhanced
by innovative techniques such as live-cell imaging to monitor the dynamic
movements of TFIIH in vivo (Volker et al., 2001; Hoogstraten et al., 2002; Fuss and
Coober, 2006; Giglia-Mari et al., 2006) and help unravel the specific mechanisms

involved in human NER disorders.
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1.4 Chromatin Implications in Transcription and DNA Repair

1.4.1 Chromatin Structure

In order to fit into the nucleus of a cell, eukaryotic DNA is associated with
histones and other proteins to be packaged compactly into chromatin (Kornberg,
1977; Wolffe, 1998; Lewin, 2000; Luger, 2006). The basic unit of chromatin is the
nucleosome (Luger et al., 1997), which comprises of 147bp of DNA wrapped around
a histone octamer of two each of the core histone proteins H2A, H2B, H3 and H4.
Histones H3 and H4 are extremely highly conserved, suggesting a significant overlap
in function in all eukaryotes. H2A and H2B are also conserved but show a degree of
species-specific variation (Lewin, 2000). Nucleosomes are connected in a ‘beads on a
string’ manner by linker DNA, and are subsequently compacted into further higher
order chromatin structures by sequential steps of folding and coiling, ultimately
resulting in highly condensed chromatin and the metaphase chromosome structure
visible under a light microscope (Figure 1.8).

The ‘linker’ histone protein H1 also plays an important role in DNA
packaging in many eukaryotes, including humans. Located outside of the core
nucleosome, the precise function of histone H1 remains elusive, but it is thought it
may have a structural function in helping secure DNA to the core histone octamer
(Lewin, 2000; Philippe and Hansen, 2001) and possibly roles in chromatin
modification (Veron et al., 2006). Previously, Hl was not thought to exist in yeast,
but a possible homologue has been identified, encoded by the HHO! (Histone H One)
gene. (Ushinsky et al., 1997; Patterton et al., 1998; Freidkin and Katcoff, 2001; Veron

et al., 2006).
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However, rather than roles in chromatin organisation, its gene product may instead be
involved in recombination (Patterton et al., 1998; Downs et al., 2003).

Protruding from each of the core histone proteins is a flexible, amino-terminal
‘tail> of 25-40 residues, which contains multiple sites for modification that are
important in chromatin function. The tails of histones H3 and H4 are particularly
highly conserved. Important modifications include acetylation, deacetylation,
methylation and phosphorylation, which may change the overall charge of histone
proteins and thereby alter the functional properties of the core histones, how they
interact with other proteins and ultimately help modulate chromatin structure (Wu and

Grunstein, 2000).

1.4.2 implications of chromatin structure
1.4.2.1. Chromatin and the formation of UV-induced damage

UV-induced CPDs and 6-4 photoproducts are the best studied forms of DNA
damage in chromatin. The two lesions are not distributed with equal incidence
throughout the genome and this is partially dependent upon the local chromatin
structure, in addition to DNA sequence and protein associations (Thoma, 1999; 2005;
Ura and Hayes, 2002). CPDs are induced in core nucleosomal DNA of UV-treated
chromatin with a periodicity of 10.3 bases, with the highest incidence at the sites
where the minor groove of the helix faces away from the histone surface (Gale ef al.,
1987; Pehrson, 1989; Gale and Smerdon, 1990). Such periodicity is not observed in
the linker regions of DNA (Pehrson, 1995). In contrast, 6-4 photoproducts are
distributed more randomly throughout nucleosomal DNA but preferentially form in

linker and nucleosome-free regions of DNA (Gale and Smerdon, 1990). The
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reasoning for the distinction between the formation of CPDs and 6-4 photoproducts
remains unclear, but there appears to be no site within nucleosomal DNA that totally

resists damage formation (Thoma, 2005).

1.4.2.2. Chromatin and DNA-mediated processes

The structure of chromatin clearly impedes essential DNA-mediated processes
such as transcription, DNA repair and replication as the DNA is tightly compacted
and access by the relevant proteins is severely restricted (Luger ef al., 1997; Moggs
and Almouzni, 1999). Chromatin organisation is heterogeneous throughout the
genome and exists as two main forms: euchromatin is the ‘relaxed’ or ‘open’ state
whereby the DNA is less tightly compacted and thus more accessible, whereas
heterochromatin is much more tightly compacted in a ‘closed’ state typically observed
in silent regions of the genome. Chromatin, however, is dynamic and can undergo
local conformational changes, involving the active repositioning of nucleosomes
(Widom, 1998; Workman and Kingston, 1998), to exist in either repressive or more
permissive states, a phenomenon central to the regulation of processes such as
transcription and repair. Chromatin dynamics can be modulated by post-translational
histone modifications, such as acetylation, and by ATP-dependent chromatin
remodelling activities (Kingston and Narlikar, 1999; Wolffe and Hayes, 1999; Ura
and Hayes, 2002; Saha et al., 2006). Such activities to alter nucleosome positioning
may be targeted to specific loci or may function globally to effect structural chromatin

changes (Becker and Horz, 2002; Peterson and Cote, 2004; Thoma, 2005).
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