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ABSTRACT

hRev7 IS INVOLVED IN MUTAGENIC TRANSLESION SYNTHESIS PAST UV-
INDUCED DNA DAMAGE IN HUMAN FIBROBLASTS

by
Kristin McNally

Translesion synthesis (TLS) is a damage tolerance pathway that uses
specialized DNA polymerases to insert nucleotides at or near sites of DNA
damage. TLS can be an error-free or an error-prone process depending on the
type of DNA damage encountered, the sequence context surrounding the
damage site, and the specialized polymerase involved. The enzymes involved in
TLS have been widely investigated in E.coli and yeast cells, and over the past
five years, several human homologs of the TLS polymerases have been
identified. One of the specialized DNA polymerases involved in TLS is
polymerase (pol) zeta (£). Pol £ in human cells is thought to be composed of
hRev3, the catalytic subunit, and hRev7, a noncatalytic subunit. Previous studies
in the Carcinogenesis Laboratory have shown that human cells expressing
antisense against hRev3 demonstrate a significant reduction in the frequency of
ultraviolet (UVa2ssnm)-induced mutations, suggesting that hRev3 is critically
involved in replication past UV-induced DNA damage (Gibbs et al., 1998).
hRev7 was first identified in a yeast-two-hybrid assay using part of the hRev3
protein as bait, and hRev7 shares 23% identity and 53% similarity at the amino

acid level with the yeast Rev7 protein. A role for hRev7 in TLS was hypothesized



based on its interaction with hRev3, as well as the significant homology hRev7
shares with yeast Rev7. Despite this evidence, however, the role of hRev7 in
mutagenesis has remained uncharacterized. To determine whether hRev7 is
involved in mutagenesis and TLS, RNA interference was used to establish cell
strains with significantly reduced hRev7 protein. Cells with greatly reduced
hRev7 were UV irradiated, and their survival and mutation frequency was
compared to that of their parental cell strain and a vector control cell strain. Cell
strains with reduced hRev7 were more sensitive to the cytotoxic effects of UV
radiation than parental or vector control cells. In addition, the frequency of UV-
induced mutations in the HPRT gene in cells with reduced hRev7 was
significantly decreased compared to parental and vector control cells. These
data strongly suggest that hRev7 is involved in UV-induced mutagenesis in
human cells. The kinds of UV-induced base substitutions in cells with decreased
hRev7 differed from those induced in parental and vector control cells, also
suggesting an important role for hRev7 in bypass of UV-induced DNA damage.
Furthermore, cells with decreased hRev7 exhibited a UV-induced delay in S-
phase progression compared to control cells. Taken together, these data
indicate that hRev7 plays an important role during replication past UV-induced
DNA damage in human cells, and strongly suggest that hRev7 interacts with

hRev3 to constitute human polymerase C.
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INTRODUCTION

DNA damage is ubiquitous in nature, and is potentially lethal to cells if left
unrepaired. Many forms of damage distort the DNA structure and block DNA
synthesis. In order to overcome this barrier, cells have evolved different
mechanisms to deal with DNA damage. Cells have several repair pathways that
remove or repair damaged DNA, which are critical to ensure faithful replication of
DNA (for review see Marti et al., 2002; Sinha and Hader, 2002; Charames and
Bapat, 2003). One of the major classes of genes known to be involved in cancer
comprise DNA repair proteins, underscoring the importance of these pathways in
preventing cancer (Cotran et al., 1999). In addition to repair pathways, cells may
activate checkpoints to delay cell cycle progression, thereby allowing more time

for repair of the damage before replication proceeds.

In addition to DNA repair pathways and cell cycle checkpoints, cells have
damage tolerance pathways to temporarily cope with DNA damage. One
damage tolerance pathway, called damage avoidance (DA), allows cells to use a
copy of the region of damaged DNA, such as the newly replicated daughter
strand, as an undamaged template for replication (for review see Broomfield et
al., 2001; Smirnova and Klein, 2003). Because an undamaged copy is used as
the template, damage avoidance is considered to be an error-free process.
Translesion synthesis (TLS), another damage tolerance pathway, uses
specialized DNA polymerases to incorporate nucleotides across from DNA

damage. Most of these specialized polymerases belong to the Y family of DNA




polymerases and have characteristics that give them the unique ability to insert
nucleotides across from DNA damage, unlike replicative polymerases. These
characteristics include being poorly processive, and lacking a 3 to &
exonuclease proofreading activity. Like classical DNA polymerases, Y family
polymerases have an overall right hand three-dimensional structure. However, Y
family polymerases have wider active sites, which cause them to be less
discriminating when incorporating nucleotides (Trincao et al., 2001; Ling et al.,
2001; Zhou et al., 2001; Silvian et al., 2001). Because of this ability to be less
discriminating, TLS is frequently an error-prone process; therefore, although TLS
polymerases potentially enhance survival, the risk of generating mutations also

increases.

Homologs of TLS enzymes have been found in many organisms, suggesting that
this phenomenon has been conserved throughout evolution (Gibbs et al., 1998;
Han et al., 1998; Van Sloun et al., 1999; Gibbs et al., 2000; Murakumo et al.,
2000; Eeken et al., 2001; Masuda et al., 2002; Sakai et al., 2002; Sakamoto et
al., 2003; Sonoda et al., 2003; Simpson and Sale, 2003). In human cells, there
are five enzymes known to be involved in TLS: polymerase (pol) eta (n), pol iota
(1), pol kappa (x), pol zeta (), and Rev1. Pol £ is composed of two proteins;
Rev3 and Rev7. Based on yeast studies, pol £ is an error-prone TLS polymerase
involved in the tolerance of many kinds of DNA damage, including UV radiation,
ionizing radiation, and several chemical carcinogens (Lemontt 1971; Lemontt

1972; Prakash 1976; Ruhland and Brendel, 1979; Henriques and Moustacchi,



1980; Lawrence et al., 1984; Lawrence et al., 1985). Much less is known about
pol £ in human cells. Human Rev3 (hRev3) is a member of the B family of DNA
polymerases because it contains classical DNA polymerase motifs (Morrison et
al., 1989; Gibbs et al., 1998; Morelli et al., 1998; Xiao et al., 1998). Rev3 is
unique, then, as a TLS polymerase because all other polymerases involved in
TLS belong to the Y family of DNA polymerases (for review see Lawrence, 2004;
Vaisman et al., 2004; Ohmori et al., 2004; Yang, 2005). Studies in the
Carcinogenesis Laboratory have shown that cells expressing high levels of
antisense against hRev3 have significantly reduced UV- and BPDE-induced
mutation frequencies, indicating that hRev3 is important for the tolerance of DNA
damage induced by these agents in human cells (Gibbs et al, 1998). To date,
human Rev3 has not been isolated, presumably because of the very low cellular
levels of hRev3. Because of this limitation, in vitro data about the abilities and
preferences of hRev3 in bypassing different types of DNA lesions is currently

lacking.

Rev7 forms a heterodimer with Rev3 and is a non-catalytic subunit of pol £ in
yeast. Human Rev7 shares high homology with the yeast protein and it also
interacts with hRev3 in yeast-two-hybrid assays and in vitro binding assays
(Murakumo et al., 2000; Murakumo et al., 2001). Taken together, these data
strongly support the hypothesis that hRev7 is the noncatalytic subunit of human
pol £. However, the role of hRev7 in mutagenesis remained uncharacterized.

The purpose of this dissertation research has been to elucidate the role of hRev7



in mutagenesis. | hypothesized that hRev7 is the human homolog of the yeast
Rev7 protein, such that, it plays a role in mutagenic TLS as a subunit of pol &.
The results of my studies have shown that hRev7 is involved in mutagenic

translesion synthesis past UV-induced DNA damage.

This dissertation is organized into four parts. Chapter | is a comprehensive
review of the literature, focusing on the process of TLS in the three most widely

studied systems to date: E.coli, Saccharomyces cerevisiae, and humans.
Chapter Il describes experiments that elucidate the effects of reduced hRev7 in
human fibroblast cells. This chapter contains results of the experiments using
UV radiation as the DNA damaging agent, which will be submitted as a
manuscript. Chapter lll describes the results of research carried out on cells that
overexpress hRev7. Chapter IV is the final chapter, which discusses the areas

of important future research involving hRev7.
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Chapter |

LITERATURE REVIEW

A. DNA DAMAGE AND REPAIR

Damage to DNA can occur from physical agents, such as UV radiation, and
chemical agents, such as benzo [a] pyrene diol-epoxide (BPDE). DNA damage
can also occur from endogenous sources such as oxidative agents. If left
unrepaired, DNA damage can lead to mutations in the genetic code. A major
way that DNA damage can lead to a mutation is through the action of specialized
DNA polymerases during translesion synthesis (TLS) (discussed in detail later).
Removing DNA damage is important for maintaining cellular survival because
DNA damage blocks replication by pol delta. Blocked replication forks can break
down and lead to decreased cellular survival. Cells have several sophisticated
pathways to repair DNA damage so that the polymerase delta replication
complex can accurately replicate the DNA. These repair pathways include base

excision repair, nucleotide excision repair, and mismatch repair.

Base excision repair (BER)

BER is an important pathway responsible for repairing apurinic/apyrimidinic (AP)
sites, oxidative damage, and single strand breaks present in DNA (Mitra et al.,
1997; Wilson, 1998). The process of BER is conserved from E.coli to humans,

and includes recognition of damaged DNA, excision of the damaged base from



phosphor-ribose backbone by DNA glycosylases, conversion of the 3’ termini to a
3'-OH by AP endonucleases, incorporation of nucleotides by pol 8, and sealing of
the patch by DNA ligase (Nash et al., 1996; Piersen et al., 1996; Srivastava et
al., 1998; Wilson, 1998; Tomkinson and Mackey, 1998; Pearl, 2000; Zharkov et
al., 2002). Gross defects in BER are thought to be lethal, based on the
observation that mice engineered to have a major defect in BER do not survive
embryogenesis (Xanthoudakis et al., 1996; Gu et al., 1994). More recently,
however, minor defects in BER have been linked to colorectal and lung cancer
demonstrating the importance of repairing DNA damage via the BER pathway

(Chow et al., 2004; Frosina, 2004).

Nucleotide excision repair (NER)

Ancther repair pathway, NER, efficiently removes bulky lesions that severely
distort the DNA structure, such as those caused by UV radiation and BPDE.
Numerous proteins are required for NER, and each protein is involved in a
different step of recognizing DNA damage, recruiting additional factors, excising
the damaged region, and filling of the gap (for review see Sancar, 1996; Wood,
1997; Sancar et al, 2004). After recognition of damage, a strand of
approximately 23-32 nucleotides containing bulky DNA damage is excised
(Huang et al., 1992). Once the damaged region has been removed, the resulting
gap in the DNA is filled by the combined efforts of DNA pol delta, proliferating cell

nuclear antigen (PCNA), single-strand (ss) binding protein, and DNA ligase.
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The importance of NER is clearly demonstrated by the xeroderma pigmentosum
(XP) phenotype. XP is an autosomal recessive disease occurring in humans at a
frequency of 1:250,000 in the US (Bootsma et al., 1998). Cells from XP patients
are sensitive to the cytotoxic effects of UV radiation and are hypermutable after
exposure to UV radiation. Patients with XP have a defect in one of the eight
major proteins involved in NER (Cleaver, 1968). These different
complementation groups vary in the severity of their phenotype, but all XP
patients have a high rate of skin cancer directly related to their inability to repair
UV-induced DNA damage (reviewed in Berneburg and Lehman, 2001).
Specifically, UV-induced DNA damage is excised at significantly reduced rates in
cells from XP patients compared to normal cells, leading to large amounts of
unrepaired DNA damage (Cleaver, 1968). The presence of damage at the time
of DNA replication causes a high frequency of mutations, which leads to an
increased incidence of cancer. Overall, the frequency of cancer in XP patients is
approximately 1000 times that seen in the general population under 20 years of

age (Cleaver, 1999).

Mismatch Repair (MMR)

MMR is responsible for repairing single base pair mismatches and short
mismatched loops in newly synthesized DNA, which are often a result of
replicating microsatellite regions (reviewed in Bronner et al., 1994; Peltomaki,
1997; Peltomaki and de la Chapelle, 1997). Microsatellites are regions of DNA

where single nucleotide or short DNA sequences are repeated. Regions of
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microsatellites are prone to replication errors because replication of these
regions can cause the replication complex to slip, resulting in inaccurate
replication. This phenomenon is known as microsatellite instability (MSI). A link
to cancer was discovered when MSI was determined to be the genetic basis for
tumorigenicity in hereditary nonpolyposis colorectal cancer (HPNCC) (Boland
and Goel, 1998; Lynch et al., 2003; Colombino et al., 2003). HPNCC is an
autosomal dominant disease accounting for 5-10% of the total number of colon
cancer cases (Thorson et al.,, 1999). Defects in MMR genes were found to be
responsible for the high frequency of mutations found in HPNCC, ultimately
leading to tumor formation (Fishel et al., 1993; lonov et al., 1993; Thibodeau et
al., 1993; Bronner et al., 1994). To date, greater than 400 mutations in MMR

genes have been found in this type of cancer (Peltomaki, 2003).

The DNA repair pathways are very important for repairing damaged DNA
because DNA damage plays a critical role in the process of mutagenesis. DNA
damage is often miscoding, which can cause the incorrect nucleotide to be
inserted during replication, ultimately leading to a mutation. The process of DNA
damage being converted into a mutation is called translesion synthesis and is
discussed in detail in this literature review. To summarize, DNA damage can
lead to mutations in the genetic code, which in turn, play a causal role in the

development of cancer.

B. MUTAGENESIS LEADS TO CARCINOGENESIS
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Mutations in the DNA can lead to cancer. In most cases, this process requires,
first, that a mutation give rise to a selective growth advantage for a cell and for
that cell to undergo clonal expansion. Then, another mutation may occur in this
population giving rise to another selective advantage, and as this process
continues, the accumulated changes allow for transformation of the cells, leading
to cancer. Hanahan and Weinberg (2000) define seven categories of changes
that cells can acquire to become malignant including self-sufficiency in growth
signals, insensitivity to growth-inhibitory signals, limitless replicative potential,
evasion of apoptosis, sustained angiogenesis, tissue invasion, and metastasis.
There are, however, some interesting and well investigated examples of a
mutation in a tumor suppressor gene leading to many of the aforementioned
changes and, ultimately, to cancer. Tumor suppressor genes, including p53 and

RB, are genes that lead to cancer when they become inactivated.

p53 is a transcription factor that plays a role in many cellular functions including
cell cycle regulation, transcriptional regulation, and apoptosis. Over 50% of
human cancers have a mutation in the p53 gene, underscoring the importance of
this protein in preventing human cancer (Soussi and Beroud, 2001). Specifically,
thousands of different mutations in p53 have been reported (Soussi et al., 2005).
Many of the mutations are located in the DNA binding domain of p53, and these
mutations create either loss of function and gain of function mutations. Often,
these mutations function as dominant negative mutations, sequestering normal

p53 from its cellular activities. In addition, mutant p53 may interact with p63 and
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p73 proteins, homologs of p53, which are important for inducing apoptosis
(Melino et al., 2002). Depending on the mutation, the normal cellular role of p53
in apoptosis, transcription, and induction of cell cycle checkpoints may become
deregulated, leading to the induction of mutations and cancer. The high
frequency of p53 mutations in human cancers is one reason why p53 has been
so widely investigated, and why it may one day be an important therapeutic

target for cancer treatment.

A second example of a tumor suppressor gene is the Retinoblastoma (RB) gene,
which when mutated, causes retinoblastoma, an autosomal dominant disorder
manifested as retinal tumors, occurring in 1/20,000 live births (Suckling et al.,
1982). There are two forms of retinoblastoma, heritable and nonheritable, both
resulting from what Knudson defined as the two-hit hypothesis (Knudson, 1971).
The heritable form occurs when a mutation in RB is first inherited from a parent in
germinal cells, and then a second mutation in RB occurs in somatic retinal cells.
This type of Retinoblastoma results in tumor formation in one or both eyes. The
nonheritable form arises when two mutations occur in somatic retinal cells.
Because of the low frequency of such a mutational event, tu.mors only form in
one eye in this condition. In 1986, the RB gene was cloned from a fragment of
genomic DNA that was known to be homozygously deleted in retinoblastoma
(Dryja et al.,1986; Friend et al., 1986). The RB gene encodes pRb, a 928 amino
acid protein, which is part of a family of nuclear proteins that bind to the E2F

family of transcription factors (Umen and Goodenough, 2001). pRb is regulated
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by phosphorylation, and its most prominent role is regulating cell cycle
progression (Mittnact, 1998). During the G1 phase of the cell cycle,
hypophosphorylated pRb binds to E2F and represses E2F-mediated
transcription. In late G1, pRb becomes phosphorylated and releases E2F,
allowing transcription of E2F-regulated genes required for cell division. Overall
then, pRb functions as a tumor suppressor by controlling cell cycle phase
transition by transcriptional repression. In addition to cell cycle regulation, pRb
has other tumor suppressive roles in apoptosis and differentiation (for review see
DiCiommo et al.,, 2000; Classon and Harlow, 2002). When Rb becomes
mutated, these functions become deregulated, leading to transcriptional
activation of many different genes. Mutations in Rb have been identified in over
1000 patients with retinoblastoma, demonstrating the important tumor
suppressive function of pRb (Lohmann, 1999). Taken together, the previous
examples demonstrate the importance of DNA repair systems in the prevention

of mutations because mutations play a causal role in the development of cancer.

C. TRANSLESION DNA SYNTHESIS IN PROKARYOTES

1. The SOS response in E.coli
The SOS system is a cellular response to DNA damage in E.coli (Radman, 1975;
Witkin, 1976; Walker, 1985). After exposure to DNA damaging agents, the SOS

response results in the induction of over 40 genes that are involved in DNA repair
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and damage tolerance (reviewed in Friedberg et al., 1995; Fernandez et al.,
2000; Sutton et al., 2000). The SOS system ensures that E.coli cells adequately
respond to DNA damage, which helps to enhance their survival. Several proteins

play pivotal roles in the SOS response, including LexA and RecA.

LexA is a repressor protein responsible for keeping the SOS-responsive genes
down-regulated until their functions are required (Brent and Ptashne, 1981; Little
et al.,, 1981). LexA binds to the SOS box located in or near the promoters of
SOS responsive genes. Binding of LexA to the SOS box interferes with the
binding of RNA polymerase and subsequently prevents transcription of these
genes. Thus, the repressor function of LexA is a critical regulatory mechanism

underlying the SOS response.

Another key protein required for the SOS response is RecA (Miura and
Tomizawa, 1968; Walker, 1985). When DNA damage blocks the replicative
polymerase, it is believed that replication is aborted, exposing single-strand (ss)
regions of DNA (Craig and Roberts, 1981; Sassanfar and Roberts, 1990). RecA
becomes activated by binding to these ssDNA regions, creating a nucleoprotein
flament. The activated form of RecA/ssDNA stimulates LexA to cleave itself via
autodigestion (Little, 1984; Little, 1993). This results in a decrease in the cellular
levels of the LexA repressor protein and an increase in SOS proteins through an
induction of the SOS regulon. The SOS-induced proteins then perform repair or

tolerance functions, allowing the cells to cope with damage. As cells recover
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from DNA damage, the amount of ssDNA decreases, reducing the amount of the
activated RecA/ssDNA nucleoprotein filament.  This, in tum, results in
reaccumulation of the LexA repressor protein and shutdown of the SOS
response. The SOS system is, therefore, a complex and critical response to

DNA damage in E.coli cells.

2. TLS polymerases: Pol IV and Pol V

Based on genetic evidence using a temperature sensitive pol |ll alpha subunit
mutant, it was initially thought that pol lll, the major replicative polymerase, was
responsible for SOS mutagenesis in E.coli (Bridges and Mottershead, 1976;
Hagensee et al., 1987; Bridges and Bates, 1990). More recently, however, two
SOS inducible proteins, pol V (umuD’2C) and pol IV (DinB), were found to play a
role in damage-induced mutagenesis via TLS. These proteins belong to the Y
family of DNA polymerases and are required for TLS in E.coli (for review see
Fuchs et al., 2004; Yang, 2005). TLS is the basic mechanism of SOS
mutagenesis, allowing bypaés of DNA damage that blocks the normal replicative
polymerase (Friedberg et al., 1995). This tolerance, however, comes with the

risk of generating mutations.

2.1 DNA polymerase V (umuD_'C)
UV-induced mutagenesis in E.coli requires both the umuC protein and the umuD’
protein (Burchkhard et al., 1988; Nohmi et al.,, 1988; Shinagawa et al., 1988).

The umuDC operon was initially identified using a genetic screen for mutant
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E.coli cells that were deficient in induced mutagenesis (Steinborh, 1978). umuD’
is a proteolytically cleaved fragment of the umuD precursor protein. Upon
interaction with the RecA nucleoprotein filament, umuD undergoes autodigestion
resulting in cleavage of the N-terminal 24 amino acids (Walker, 1985).
Autodigestion generates the umuD’ protein, which can bind to umuC and form
the umuD’,C complex (Bruck, 1996). It was initially believed that the umuD’>C
complex assisted pol Ill in bypass of DNA damage in vivo (Bridges and
Mottershead, 1976). In vitro evidence was lacking because of the inability to
purify active umuC. More recently, however, two independent groups have
reconstituted TLS in vitro using purified E.coli proteins. Goodman and
colleagues (Tang et al., 1998; Tang et al., 1999) and Livneh and colleagues
(Reuven et al., 1998; Reuven et al., 1999) found that umuD’>C alone was unable
to promote TLS in vitro, however, the addition of RecA and single-strand binding
protein (SSB) stimulated the polymerase activity of umuD’>C (Tang et al., 1998;
Reuven et al., 1998). The absence of pol Il in this system provided solid
evidence that umuD’2C has intrinsic polymerase activity. This polymerase
activity was further stimulated by the addition of the 8 clamp and the y clamp
loader (from the pol Il complex), suggesting in vivo roles for these proteins
during TLS. Because of this polymerase activity, umuD’2C is now called E.coli
DNA pol V (Tang et al., 1998; Tang et al., 1999). The observation that umuC
alone was capable of minimal DNA synthesis on undamaged templates
suggested that the catalytic activity of pol V resides within umuC (Reuven et al.,

1999). In addition, a mutant form of pol V that lacked polymerase activity was

18



unable to catalyze TLS, linking the polymerase activity of pol V to TLS (Tang et
al., 1999).

In vitro experiments using templates containing different types of DNA lesions
have provided information about the translesion bypass abilities of pol V. Pol V
efficiently bypasses synthetic abasic sites, TT cis-syn cyclobutane pyrimidine
dimers (CPD), and TT 6-4 pyrimidine-pyrimidone photoproducts (PP), in contrast
to the pol 11l holoenzyme, which is strongly inhibited by these lesions (Tang et al.,
1999; Tang et al.,, 2000; Fujii et al., 2004). In addition, the nucleotide
incorporation specificities for pol V in vitro correlated with in vivo data, indicating
a physiological role for pol V in DNA damage bypass (Lawrence et al., 1990a;
Lawrence et al., 1990b; LeClerc et al., 1991; Smith et al., 1996). We now know
that umuC is the founding member of the Y family of DNA polymerases. Since
then, several homologs of umuC have been found in higher eukaryotes (Nelson
et al., 1996b; Johnson et al., 1999a; Masutani et al., 1999; Lin et al., 1999a; Lin

et al, 1999b; McDonald et al., 1999; Gerlach et al., 1999).

Pol V is also believed to play a regulatory role in cells by eliciting a cell cycle
checkpoint response to DNA damage. Opperman and colleagues have shown
that umuC and uncleaved umubD inhibit the recovery of replication after exposure
to DNA damaging agents (Opperman et al.,, 1999). Because uncleaved umuD
has a cellular function distinct from umuD’, it is hypothesized that the two

proteins act as a molecular switch, telling the cell when to activate TLS.
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Opperman proposed the following model: the presence of DNA damage leads to
the upregulation of umuD and umuC through the SOS response. Together these
proteins act to inhibit DNA replication, which allows DNA repair to occur. If the
damage persists, there is an increase in RecA/ssDNA nucleoprotein filaments,
which interact with umuD to stimulate its autodigestion to umuD’. This interaction
shifts the cellular pool of umuD to umuD’, inactivating the checkpoint and
activating TLS. This response ensures the most efficient repair of DNA damage,
followed by TLS of any remaining damage, keeping the risk of mutations minimal,

but allowing mutagenesis when necessary.

2.2 DNA polymerase IV (dinB)

In 1995, Ohmori and colleagues identified an open reading frame (ORF) that
contained a LexA repressor binding site in the promoter region (Ohmori et al.,
1995). This ORF was identified as dinB, or the damage inducible locus, which
was previously shown to be up-regulated as part of the SOS response (Kenyon
and Walker, 1980). The dinB protein shares strong sequence homology with

umuC-like proteins, members of the Y family of DNA polymerases.

After exposure to DNA damaging agents, E.coli cells that have a mutant dinB are
not different from wildtype cells in induced mutagenesis in vivo. In contrast, dinB
mutant E coli cells no longer demonstrate untargeted mutagenesis (UTM) of
lambda phage (Brotcorne-Lannoye and Maenhaut-Michel, 1986). UTM is the

process of mutagenesis on undamaged lambda phage as a result of being
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replicated in a UV-irradiated host cell. In addition, E.coli cells that overexpress
dinB exhibit an increased spontaneous mutation frequency (Kim et al., 1997).
Taken together, this evidence suggested that dinB is involved in mutagenesis in

E.coli.

When Wagner and colleagues used a His-tagged dinB fusion protein in primer
extension reactions, they found that it had DNA polymerase activity (Wagner et
al., 1999). Mutating conserved residues in dinB abolished the catalytic activity in
vitro, and also abolished the lamba phage UTM in vivo, directly linking the
polymerase activity of dinB to mutagenesis (Kim et al., 1997; Wagner et al.,
1999). dinB is now called E.coli DNA polymerase IV (Nohmi et al., 1988; Wagner

et al., 1999).

Primer extension reactions further demonstrated that pol IV is a poorly
processive enzyme (Wagner et al., 1999). Like pol V, the processivity of pol IV
was stimulated by the addition of the pol lll g clamp in vitro; however, whether
this occurs in vivo remains to be determined (Tang et al., 2000; Wagner and
Nohmi, 2000). Like other Y family polymerases, pol IV lacks a 3’ to &
exonuclease activity, although on undamaged templates, pol IV preferentially
catalyzes the incorporati‘on of the correct nucleotide in primer extension reactions
(Wagner et al., 1999; Kobayashi et al., 2002; Tang et al., 2000). These results
demonstrate a relatively high fidelity for pol 1V, at least at the incorporation step,

and suggest that the role of pol IV in mutagenesis is primarily through extension
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of mismatched primer termini. The relative contribution to mutagenesis for pol IV
insertion compared to extension has not been shown in vivo. However, pol IV is
able to efficiently extend mismatched primer termini in vitro, supporting the
hypothesis that the major role of pol IV in mutagenesis is at the extension step

(Kobayashi et al, 2002).

Base substitutions are greatly increased during pol IV mutagenesis in vitro, with
70% of base substitutions representing changes at guanine residues (Kobayashi
et al., 2002). Overexpression of pol IV demonstrated a similar spectrum in vivo,
with the majority of base substitutions at G:C base pairs, suggesting that pol IV is
primarily responsible for tolerating damage on guanine residues both in vitro and

in vivo (Wagner and Nohmi, 2000).

The ability of pol IV to bypass different types of DNA damage has been
investigated in vitro as well as in vivo. In vitro bypass by pol IV has varied
efficiencies, but includes the following lesions: TT cis-syn CPD’s, TT 6-4 PP’s,
abasic sites, 8-oxoguanines, Og-methylguanines, N-2-AAF adducted guanines,
and BPDE-adducted guanines (Suzuki et al., 2002; Shen et al., 2002; Maor-
Shoshani et al., 2003). Bypass of BPDE adducts are especially efficient in vitro,
which suggested a primary role for pol IV in bypass of BPDE-induced DNA
damage in vivo (Napalitano et al., 2000; Shen et al., 2002; Maor-Shoshani et al.,

2003).
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In vivo data indicates that pol IV efficiently bypasses a BPDE-adducted guanine,
suggesting a primary role for bypass of this type of damage. Pol IV can bypass,
with less efficiency, a 4-nitroquinoline N-oxide (4-NQO) lesion and oxidative
damage (Napolitano et al., 2000; Kim et al., 2001; Wagner et al., 2002). The
discrepancies between the in vitro and in vivo capabilities of pol IV bypass are
presumably a result of sequence context and different requirements for TLS in

vitro and in vivo (Lenne-Samuel et al., 2000; Napalitano et al., 2000).

While our understanding of the Y family polymerases in E.coli has greatly
advanced over the last decade, additional in vivo studies are needed to clearly
establish the process of TLS within E.coli cells. In addition, studies in higher
eukaryotes need to be performed and compared with the current understanding
of the E.coli system to generate a clear picture of the specific roles of each

polymerase during TLS.

D. TLS IN EUKARYOTES

1. TLS in Yeast (Saccharomyces cerevisiae)

Studies in yeast cells have provided some of the best information regarding TLS
polymerases. Rev1 was discovered in yeast and shares high homology at the
amino acid level with the umuC protein of E.coli, providing some indication that
TLS occurs in yeast as well as in E.coli, and suggesting that the process of TLS

is conserved in higher eukaryotes. TLS occurs in yeast cells in the absence of
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UV irradiation, suggesting that a DNA damage-inducible SOS-like mechanism

does not exist in yeast cells.

1.1 The REV proteins

The Rev proteins were first identified using a screen for yeast mutants with
reduced frequencies of UV-induced mutations (Lemontt 1971; Larimer et al.,
1989; Morrison et al., 1989). The REV3 gene and the REV1 gene were identified
in these studies. Lawrence later identified the REV7 gene using a similar
approach (Lawrence et al., 1985a; Torpey et al., 1994). Characterization of the
Rev genes demonstrated that they were important for mutagenesis induced by
several DNA damaging agents including ionizing radiation, 4-nitroquinoline-1-
oxide, ethyl methane sulfonate, and several alkylating agents (Lemontt, 1972;
Prakash, 1976; McKee and Lawrence, 1979a; McKee and Lawrence, 1979b;
Ruhland and Brendel, 1979; Lawrence et al., 1985b; Lawrence et al., 1985c). In
addition, Rev1 and Rev3 mutants demonstrated a significant reduction in the rate
of spontaneous mutations, suggesting that Revl and Rev3 are involved in
spontaneous mutagenesis (Quah et al., 1980; Glassner et al., 1998). These
initial studies clearly demonstrate an important role for the Rev proteins in

induced mutagenesis in yeast cells.

Rev1 shares sequence similarity in certain regions with the umuC protein of

E.coli (Larimer et al., 1989). Because of this homology, Rev1 is classified as a
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member of the Y family of DNA polymerases. The Rev1 protein contains 985

amino acids with a mass of 112 kDa.

Yeast Rev1 has two distinct functions in cells. First, Revl was shown to possess
a template-dependent deoxycytidyl transferase activity (Nelson et al., 1996b).
Using in vitro primer extension reactions with an abasic site as the lesion, Rev1
was found to preferentially insert a C residue opposite the lesion. Because it was
previously known that the majority of bypass events at abasic sites in vivo result
from insertion of a C residue, the deoxycytidyl transferase activity of Rev1 gained
physiological relevance (Gibbs and Lawrence, 1995). Otsuka and colleagues
demonstrated, however, that the deoxycytidyl transferase activity of Revl was
not completely essential for bypass of an abasic site. The investigators mutated
specific residues in Rev1 that abolished tranferase activity and showed that the
mutant Rev1 was able to bypass some abasic sites, suggesting that Rev1 has
another function important for TLS that is distinct from the deoxycytidyl tranferase

(Otsuka et al., 2002).

The as-yet unidentified second function of Rev1 appears to be important during
TLS. Because the phenotype for Rev1 mutant cells was similar to that seen with
Rev3 or Rev7, it is hypothesized that Rev1 is required for pol £ activity during
TLS. For example, Rev1 function was found to be required for bypass of a TT 6-
4 PP (Nelson et al., 2000). Cytosine incorporation occurs only very rarely

opposite this type of lesion, suggesting that the role of Rev1 in bypass of the TT
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6-4 PP requires a function different from the deoxycytidyl transferase. The exact

role of Rev1 during TLS, however, has yet to be established.

The REV3 gene encodes a protein of 1504 amino acids with a mass of 173 kDa.
Sequence analysis of the REV3 gene revealed a protein distantly related to DNA
polymerase delta, containing polymerase motifs characteristic of B family DNA
polymerases (Morrison et al., 1989). The polymerase activity of Rev3 was first
demonstrated using in vitro primer extension assays with a GST-Rev3 fusion
protein. Rev3 was found to interact with Rev7 in a yeast-two-hybrid assay, and
the addition of purified Rev7 to the primer extension reaction enhanced the
polymerase activity of Rev3 over 20-fold, suggesting that the interaction between
Rev3 and Rev7 is functional (Nelson et al., 1996a). The Rev7 protein contains
245 amino acids with a molecular weight of 29 kDa. Rev7 contains a HORMA
domain, thought to be important for protein-protein interactions and recognition of
chromatin (Aravind and Koonin, 1998). Together, Rev3 and Rev7 form the sixth

DNA polymerase discovered in eukaryotic cells, called pol zeta (£). All in vitro

experiments have subsequently used both subunits of pol .

Rev3, the catalytic subunit of pol £, is expressed at very low levels in yeast cells.
This is presumably due to an upstream ATG in the 5 untranslated region (UTR),
reducing the translational efficiency of the correct ATG. Because of the low
cellular levels of Rev3, it is thought to be the limiting factor for pol £ activity.

However, because native pol £ has never been isolated from cells, it is unclear if
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other proteins are involved in the pol £ complex. Pol £ is a poorly processive
enzyme lacking a 3' to 5’ exonuclease activity, similar to Y family polymerases
(Nelson et al., 1996a). Pol £ is unique because it is a member of the B family of
DNA polymerases, but participates in TLS and has many characteristics of Y

family polymerases.

In vitro data have provided insight into the specific functions of Rev3 as the
catalytic subunit of pol £ during TLS. Pol £ is extremely efficient at extending
mismatched primer termini (Lawrence and Hinkle, 1996; Johnson et al., 2000;
Lawrence et al., 2000a). For example, when a primer terminal G was mispaired
with a template T, pol £ had an extension efficiency of 54% for this particular
mismatch (Lawrence et al., 2000a). Other mismatches were less efficient, but
pol £ was consistently and significantly more efficient at extending mismatches
than pol a, which also lacks a 3' to 5 exonclease proofreading activity
(Mendelmen et al., 1990). Pol £ can also incorporate nucleotides, although onl