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ABSTRACT
All organisms must control the effects of DNA damage to protect the integrity of

their genomes. In addition to DNA repair, this requires DNA damage tolerance
pathways, which allow the continuation of essential processes in the presence of DNA
damage. One such mechanism is translesion synthesis (TLS), in which a specialized
polymerase replicates a damaged DNA template. These studies address the regulation of
the eukaryotic TLS polymerase eta, which is particularly important for accurately
bypassing UV-induced DNA damage.

Here I identify a regulatory domain of Saccharomyces cerevisiae polymerase eta
and show that it is essential for pol eta's function. This domain interacts with ubiquitin,
and has been named the UBZ (ubiquitin binding zinc finger) domain because its human
homolog is a zinc finger. However, results presented here demonstrate that, in S.
cerevisiae, neither the sequence nor the functional significance of the zinc finger within
the UBZ domain is conserved. I present the first analysis of DNA-association of S.
cerevisiae pol eta, demonstrating a UBZ-dependent increase in its chromatin-association
in response to DNA damage. These results are consistent with the UBZ domain of S.
cerevisiae pol eta forming a zincless finger, similar in structure and function to its human
counterpart, and mediating a physical interaction with ubiquitinated PCNA to promote
pol eta's association with damaged DNA.

Another eukaryotic TLS polymerase is Rev1, which is thought to play a structural
role in TLS by binding the other TLS polymerases. In mammals, Rev and pol eta
robustly interact. Here, I show that any physical interaction between Rev and pol eta in
S. cerevisiae is too weak or conditional to observe by coimmunoprecipitation.

Finally, I describe a genetic study to elucidate the functional interactions of pol
eta with Rev and another TLS polymerase, pol zeta. The results presented here are
consistent with TLS during two distinct periods during the cell cycle, with pol eta
contributing most to S-phase TLS. Pol eta's complex genetic relationships with the other
polymerases show that pol eta generally acts independently, but may cooperate with the
other polymerases in a damage-induced pathway. Alternative explanations of the data
are also discussed.

Thesis Supervisor: Graham C. Walker
Title: American Cancer Society Professor of Biology
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Chapter 1: Introduction

The Role and Regulation of Polymerase eta

in DNA Damage Tolerance



1. Overview

All organisms are equipped with an array of well-regulated DNA damage

response mechanisms which allow them to survive and to maintain the continuity of

genetic information. DNA damage is caused by a variety of agents, many of which are

produced as byproducts of normal cellular metabolism. For example, reactive oxygen

species, produced primarily by mitochondrial respiration, react with the DNA to cause

adducts, strand breaks and base losses at a rate of several thousand per cell per day [1].

In addition, DNA is prone to spontaneous alterations such as demethylation, deamination,

and even base loss (depyrimidation or depurination), any of which disrupts the structure

of the DNA. As well as these endogenous sources, DNA is frequently subjected to

damage by environmental agents such as ionizing radiation, reactive chemicals, and

ultraviolet radiation (UV). These agents alter the structure of the DNA by chemical

crosslinking, cleavage of the DNA strands, alkylation, or by other chemical alterations to

the DNA bases. The net effect of spontaneous and exogenous DNA damage is that a

human cell suffers over ten thousand DNA lesions per day [2], and therefore depends

heavily on DNA damage responses to protect the genetic information. Their importance

is highlighted by the many genetic diseases caused by deficiencies in the DNA damage

response pathways, which are typically characterized by the early onset of cancer,

premature aging, or both [3].

la. DNA repair and DNA damage tolerance pathways. The DNA damage

response mechanisms are placed into one of two broad categories: DNA repair and DNA

damage tolerance. Mechanisms of the first class actually repair the lesions, by excision

of the damaged base followed by re-synthesis, or direct reversal of damage, returning the

DNA to a normal structure. DNA damage tolerance mechanisms, in contrast, only

decrease the lethality of the lesions by allowing continuation of cellular processes, such

as DNA replication and transcription, which otherwise would be disrupted by the

presence of DNA damage. In this way, damage tolerance mechanisms essentially give

the cell more time to repair DNA lesions. This study will focus on a damage tolerance



mechanism known as translesion synthesis (TLS), but begins with a brief introduction to

DNA repair.

There are multiple DNA repair pathways, each of which promotes repair of a

different subset of DNA lesions. though many specific lesions can be repaired by more

than one mechanism. Base modifications can be repaired either by direct reversal, in

which the damaged base is returned to its original structure, as in photoreactivation [4], or

by excision repair, in which the damaged base is removed from the DNA and replaced by

re-synthesis. The three major types of excision repair - mismatch repair (MMR), base

excision repair (BER) and nucleotide excision repair (NER) - all involve recognition of

damaged DNA by a specific damage recognition factor, followed by excision of the

lesion (and some surrounding DNA, dependent on the pathway), to produce a gap which

is refilled with newly-synthesized, undamaged DNA [3]. BER primarily repairs

alkylated DNA and depurinations [3-5], while MMR repairs mismatches produced by

DNA replication [3, 6]. NER repairs a great variety of large bulky or distorting lesions,

including the (6-4) pyrimidine dimers produced by UV radiation [3, 7]. Defects in NER

are the causes of several human diseases, including Xeroderma Pigmentosum (XP) [3],

which will be discussed further in Section 3a-2. DNA breaks are repaired by another set

of pathways, which include non-homologous end-joining (NHEJ), homologous

recombination (HR) and single strand annealing (SSR).

DNA damage tolerance. Even with all these DNA repair pathways intact, DNA

lesions are not repaired instantly, and are constantly generated, making DNA damage

tolerance mechanisms important for cell survival and propagation. There are several

DNA damage tolerance processes which allow DNA replication and transcription to

continue in the presence of DNA lesions. Recombinational repair and replication fork

regression (see Figure 1), use an undamaged homologous strand to complete DNA

replication (reviewed in [3]). In contrast, translesion synthesis (TLS), which occurs in all

domains of life, involves the direct replication, by a specialized DNA polymerase, of the

damaged template DNA. The TLS polymerase inserts a base directly opposite an

otherwise replication-blocking base modification.

TLS has inherent mutagenic potential because it uses a structurally altered DNA

template. TLS therefore makes a significant contribution to damage-induced



mutagenesis (See Section 3c) [8], generally producing base substitutions or frameshifts.

In addition to the potential for mutagenesis during bypass of damaged DNA, TLS

polymerases are 100-1000 times less accurate than replicative polymerases when

replicating undamaged DNA in vitro [9-11]. This loss of fidelity is offset by the gain in

reliably quick replication, which helps to reduce genomic rearrangement and cell death.

In spite of its mutagenic potential, TLS can also be an anti-mutagenic process. The

presence of at least five distinct TLS polymerases in eukaryotes (see Section 2a), allows

each polymerase to be specialized to bypass particular (cognate) DNA lesions with

relatively high efficiency and often good accuracy, thus reducing the cumulative

mutagenic effect of TLS.

This discussion will focus on the functions and regulation of one widely

conserved eukaryotic TLS polymerase, polymerase eta (pol r) , whose cognate lesion is

the cyclopyrimidine dimer (CPD), a major product of UV radiation of DNA [ 12, 13]. Pol

rl functions as part of the post-replicative repair pathway [14], which is discussed below.

Post-replicative repair: a DNA damage tolerance pathway. The historic

observation of post-replicative repair (PRR) in yeast demonstrates the effect of DNA

damage tolerance on replication. Even before molecular mechanisms of DNA damage

tolerance were known, researchers measured the size distribution of nuclear DNA in

alkaline sucrose density gradients after UV-induced DNA damage and pulse-labeling of

the DNA. They observed that the nascent DNA in undamaged cells was longer than then

nascent DNA from cells recently subjected to DNA damage. The nascent DNA from

damaged cells grew longer the more recovery time was allowed after DNA damage, until

it reached the full size observed in undamaged cells [15]. This process of recovery of

full-length DNA was named post-replicative repair (PRR) [3], because it repairs the gaps

or breaks created in the course of replication of damaged DNA, although unlike most

"repair" pathways, does not repair the original DNA lesions.

In the budding yeast Saccharomyces cerevisiae, the PRR pathway is synonymous

with the RAD6 epistasis group (see also Sections 2c and 4c-1), which regulates several

damage tolerance mechanisms. The RAD6-dependent damage tolerance pathway is

initiated by the Rad6 and Radl8 proteins, which form a heterodimer [16]. The PRR

subpathways include translesion synthesis as well as at least two additional "error-free"



sub-pathways which promote non-mutagenic DNA damage tolerance by poorly

understood mechanisms [17] [18]. The PRR pathways which make up the RAD6 epistasis

group are not essential in yeast because other DNA damage responses, including Rad52-

mediated homologous recombination, can substitute for the Rad6-dependent processes in

their absence to prevent replication collapse. However, Radl 18 becomes essential in yeast

if other pathways, or their regulation, are disabled [19].

In yeast, persistent DNA damage leads to activation of the Mec 1 (homolog of

mammalian ATR) and Tell kinases, which play a central role in DNA damage or S phase

checkpoint signal transduction [20]. Mecl accumulates at stalled replication forks, in

response to the accumulation of ssDNA, initiating a kinase cascade by controlling a web

of secondary kinases including Rad53, Dunl, and Chkl [21, 22]. These kinases in turn

regulate various responses to DNA damage, including cell cycle arrest and the damage-

induced transcription of specific target genes. In Xenopus laevis, the timing of activation

of the ATR-dependent DNA damage checkpoint coincides with the activation of the PRR

pathway [23]. Although the function of Rad6 and Rad18 does not depend upon the

damage checkpoint response, this is consistent with the possibility of interactions

between PRR and DNA damage checkpoint. Indeed, there is evidence of interaction

between PRR and Mecl, as well as Mec 1-target proteins including Rad9 and Ddcl

(discussed further in Section 4c-2) [24-26].

lb. Translesion synthesis in context: the replication of damaged DNA. DNA

replication is carried out primarily by the replicative polymerases, poi delta and poi

epsilon in eukaryotic nuclei, which are optimized for efficient, high fidelity replication of

undamaged DNA, not for bypassing DNA damage. The replicative polymerases copy

undamaged DNA quickly, efficiently, and with high fidelity, introducing a mismatch with

a frequency of only 106 to 10-8 per nucleotide [10, 11]. The high fidelity of DNA

replication by such enzymes is due both to highly stringent structural requirements for

catalysis and to an intrinsic proofreading exonuclease domain [27]. These same features

of the replicative polymerases can become liabilities when the replisome encounters a

DNA lesion. Many DNA lesions distort the structure of the DNA such that it cannot be

accommodated in the active site of the replicative polymerases. Even if the polymerase

can insert a base opposite to a lesion, the improper structure can be recognized by the



polymerase's exonuclease domain, leading potentially to futile cycles of excision and

extension [28]. In either case, the polymerase is stalled by a lesion in the template DNA.

It has recently been shown that damaged DNA can be replicated in a

discontinuous fashion, even on the leading strand, where the nascent DNA is canonically

thought of as one continuous strand. On both the leading and the lagging strand,

repriming can occur downstream of an unrepaired blocking lesion, leaving behind a

single strand gap in the DNA [29]. When the replicative polymerase on the leading

strand encounters a blocking lesion, the leading strand polymerase and lagging strand

polymerase temporarily uncouple, producing a region of single stranded DNA on the

leading strand up to 3 kb long [29]. DNA damage tolerance mechanisms allow the

completion of replication.

There are two distinct models of how a TLS polymerase gains access to a specific

stretch of DNA: polymerase switching and gap filling. These two models were once seen

as mutually exclusive, but now it is apparent that both are relevant. In the polymerase

switching model, the TLS polymerase is recruited directly to the stalled replication fork

just upstream of the lesion, where it replaces the replicative polymerase, incorporates a

few nucleotides opposite and just past the lesion, and then is replaced by the replicative

polymerase [30]. Polymerase-switching results in replication of continuous (not gapped)

DNA, and thus implicitly occurs in S phase. In the gap-filling model, the TLS

polymerase is recruited to the lesion-containing single strand gaps left behind in the

nascent DNA by the replicative polymerase re-priming downstream of lesions as

discussed above. Lesion-containing gaps can also be produced during NER, if two

lesions are close together on opposite strands. Gap-filling TLS is thought to occur

predominantly after S phase, during G2 129]. Although both gap-filling and polymerase

switching are now recognized as being relevant to TLS in general, specific TLS

polymerases may contribute differentially to these two modes of damage tolerance. For

example, in yeast, the TLS polymerase Rev (introduced in Section 2a below), which is

most abundant during G2/M [31], is thought to act primarily through gap-filling, while

pol rl is thought to be act primarily during S phase [32]. It is unclear whether these two

modes of TLS are regulated by the same or different pathways (this will be discussed

further in Chapters 4 and 5).



2. TLS polymerases

2a. Kinds of TLS polymerases. The TLS polymerases are distinguished from

the replicative polymerases by their ability to insert nucleotides opposite a lesion on the

template. Based on sequence homology, the known DNA polymerases can be divided

into five groups, or families, of which the most recently recognized is the Y family of

DNA polymerases [33]. The majority of TLS polymerases are members of the recently

discovered Y family, all of whose known members are involved in TLS [33]. Members

of this family are found in all domains of life, and can be further categorized into five

sub-families: UmuC/PolV, DinB/PolIV/Polymerase kappa (K), Revi, polymerase iota

(L), and pol lq. Another TLS polymerase which will be discussed here, pol zeta (ý), is a

member of the B family of DNA polymerases [34]. It is common for an organism to

have multiple TLS polymerases, including more than one member of the Y family. For

example, E. coli have both Pol IV and Pol V, while humans have pol ý and four Y family

members: Rev , and polymerases K, L, and jl. The budding yeast Saccharomyces

cerevisiae, the model organism used for this study, contains three TLS polymerases:

polymerase ý, Revl, and pol T (also known as Rad30). The variety of TLS polymerases

allows each to be specialized to bypass particular ("cognate") DNA lesions, and to play

distinct roles in other processes, such as homologous recombination and somatic

hypermutation (see Sections 3b and 3c) [35-39].

2b. Protein Structure and lesion-bypass mechanisms of the Y family TLS

polymerases. The Y family polymerases, despite being unrelated to other polymerases

by primary sequence, do have an overall structure similar to other DNA polymerases.

The crystal structures of several Y family members including a truncated form of S.

cerevisiae pol r have revealed that their structure resembles a right hand, including palm,

thumb and finger domains [40-46]. Enzymatically, Y family polymerases function

similarly to other known polymerases, in that catalysis of phosphodiester bond formation

relies on a triad of magnesium-coordinating carboxylate groups. However, the active

sites of Y family polymerases are characterized by other structural differences that enable

them to accommodate unusual DNA structures.



The Y family polymerases make fewer contacts with the template DNA and have

shorter fingers and thumb domains, resulting in looser, or more open, active sites [47]

(Figure 2). They also notably lack intrinsic a 3' to 5' exonuclease proof-reading

exonuclease activity. Some Y family polymerases, including pol r, compensate for the

reduced DNA-interaction surface that results from this differences through an additional

DNA-interaction domain, known as the little finger or palm-associated domain (PAD),

which substantially strengthens the polymerase's interaction with DNA [41].

Additionally, Fingers domain of Y family polymerases such as pol rl lacks the helices O

and 01, which are critical for the high-fidelity mechanism used by replicative

polymerases to enclose the active site and check the steric match between the incoming

nucleotide and template base [48-50]. A more flexible interaction of the thumb domain

with the DNA is thought to allow pol 1l to accommodate bulges in the template DNA and

to reduce its processivity [51]. Finally, structural and mechanistic differences between

the various TLS polymerases account for their distinct lesion bypass activities, the details

of which are beyond the scope of this thesis (for a review on the subject, see [52].

Protein-protein interactions may activate catalysis by specific TLS polymerases,

thereby influencing their functions. For example, there is evidence that factors such as

RFC, Ctf 18-RFC, PCNA and the Werner Syndrome protein WRN each can modulate the

activity of TLS polymerases [53-55]. Some of these are discussed further in Chapter 5.

2c. Polymerase 7. Polymerase (pol) r (eta), which is very broadly conserved

among eukaryotes, was the first member of the Y family to be characterized as a TLS

DNA polymerase [12]. It was found to be an effective replicator of damaged DNA

templates, although it replicates undamaged DNA with the relatively low fidelity of 102

to 10(3 errors per base [12, 56]. The TLS activity will be explored in greater detail in

section 3a-3.

Pol r was first studied in S. cerevisiae, in which it is one of three TLS

polymerases. The story of their discovery gives some insights into their functional

similarities and differences. REV1, REV3 and REV7 (the latter two of which encode the

subunits of pol ý) were identified in a screen for "reversionless" mutants, defective in

UV-induced mutagenesis [57, 58]. RAD30 was not found in any genetic screen. Instead,



RAD30 was discovered decades later when it was identified by its sequence similarity to

REV1 and to two bacterial genes, dinB (pol IV) and umuC (pol V) [14, 59], which were

already known to contribute to DNA damage tolerance and mutagenesis [57, 60].

Knocking out the RAD30 gene in S. cerevisiae resulted in hyper-sensitivity to killing by

UV radiation, and it was therefore designated a RAD gene despite not having been

identified in the screens that found most other RAD genes in S, cerevisiae [14]. This

phenotype was consistent with a role in DNA damage tolerance or repair, and similar to

the effects of both rev] and umuC mutants. However, functional differences were also

immediately apparent: while the REV genes are required for the majority of damage-

induced mutagenesis [61], loss of RAD30 function has only subtle and complex effects on

reversion frequencies (discussed further in Section 3c), which explains why it was not

found in the screens that identified the rev mutants [59].

It was clear that RAD30 is involved in DNA damage tolerance, rather than repair,

when epistasis analysis revealed that, like REV], REV3 and REV7, RAD30 belongs to the

RAD6/RAD18 epistasis group, defining the post-replicative repair (PRR) pathway (see

sections lb and 4c-1) [14]. There is a synergistic relationship, indicating partial

redundancy, between rad30 and the error-free pathway represented by rad5 [14].

Epistasis analysis also revealed that RAD30 can function independently of the error prone

pathway involving REV], REV3 and REV7 [14]; the complex functional relationships

between pol 1, Rev and pol ý will be addressed further in Chapters 3 and 4. The

importance of pol il's function was made clear by the discovery that a human disease,

Xeroderma Pigmentosum Variant (XPV), results from loss of the human homolog (see

Section 3a-2) [62, 63].

3. Physiological significance of pol ir

3a-1. Pol il's role in the survival of DNA damage: CPDs/UV. Pol T's primary

role in organisms from yeast to humans is thought to be in bypassing the lesions

produced by ultraviolet radiation, a DNA damaging agent to which most organisms are

frequently exposed in the form of sunlight. The major lesions produced by UV

irradiation are covalent dimers of adjacent pyrimidines on the same DNA strand: the cis-

syn cyclobutane pyrimidine dimer (CPD), and the somewhat less abundant (6-4)



photoproduct [3] (Figure 3). While some organisms also encode photolyase enzymes

capable of direct reversal of CPDs, (6-4) photoproducts, or both, humans do not [3, 4].

The 6-4 photoproduct causes greater distortion of the DNA helix than the CPD, but is a

substrate for efficient nucleotide excision repair (NER) [64]. The CPD, in contrast, is

repaired so inefficiently that nearly 50% of CPDs remain unrepaired even 24 hours after

UV irradiation [65]. As a result of their persistence, CPDs cause most of the UV-

associated mutagenesis and cell death [66]. DNA damage tolerance is therefore

particularly important for survival of CPDs, and is also responsible for the avoidance or

creation of mutations at the sites of CPDs.

Although the CPD lesion does not severely distort the B-DNA helix structure, it

does present major problems for bypass by most DNA polymerases. Because the

adjacent bases of the CPD are fixed parallel to each other, they are resistant to the

common polymerization mechanism of placing one templating base in the polymerase

active site for each step of primer extension, while flipping out the base immediately 5' to

the templating base [67]. Furthermore, although the 3' thymine of a T-T CPD is capable

Watson-Crick base-pairing, the orientation of the 5' residue impairs its hydrogen

bonding, impeding accurate replication [68]. However, pol r can accommodate and

bypass CPDs [45], and does so both efficiently and accurately [12]. Mechanistic and

structure studies suggest that pol r1 performs TLS by employing an induced-fit

mechanism and uses the energy of hydrogen bonding, base-pairing, and base stacking in

selection of a nucleotide to achieve this translesion synthesis [45, 69-721.

Pol r is the primary TLS polymerase responsible for error-free CPD bypass in

many organisms, including yeast and human [66, 73, 74]. Without the CPD bypass

activity of pol r, UV radiation results in the production of double strand DNA breaks

when unrepaired lesions are encountered during DNA replication, which can ultimately

cause cell death or genomic rearrangement [3, 75, 76]. Furthermore, in the absence of

pol rl, CPD bypass which does occur is significantly more mutagenic, resulting in the

high frequency of UV-induced mutagenesis and skin cancer among XPV patients (see

section 3a-3). More error-prone bypass of CPDs may be performed by other TLS

polymerases such as pol t and pol L [77, 781.



Pol ir has only a limited, and relatively mutagenic, ability to bypass the other

major UV photoproducts, (6-4) photoproducts or Dewar photoproducts [79, 80] and is

less involved in bypassing them in vivo [74, 81]. Instead, these lesions are generally

bypassed by polymerase ý, acting together with Rev and polymerase delta [741. To the

extent that pol ri does bypass (6-4) photoproducts, it can contribute to UV-induced

mutagenesis (see Section 3c) [82].

3a-2. Cancer prevention: Xeroderma pigmentosum variant (XPV).

Xeroderma Pigmentosum is a rare autosomal recessive disease characterized by

dramatically increased incidence of skin cancer and sensitivity to ultraviolet radiation

(UV) [83]. XP is caused by mutations in any one of seven different genes, six of which

are essential to the nucleotide excision repair (NER) pathway [84]. The seventh, which

accounts for about 20% of XP patients, encodes pol r [62, 63], and is named XPV (for

XP-Variant) because, unlike other XP cells, XPV cells have no defect in nucleotide

excision repair [85]. Instead, cytological studies show that they are defective in post

replication repair (PRR, also discussed in Section ib) of UV-induced DNA damage,

suggesting a defect in DNA damage tolerance [86]. Most of the mutations causing XPV

are truncations of pol r which certainly result in severe loss of function, but there are also

a few point mutations [87, 88].

TLS is not abolished in XPV cells, but without pol r, TLS past the major UV-

induced DNA lesion is both less efficient and more error-prone (see section 3a-1),

demonstrating that the fidelity of TLS depends on the pairing of the specific lesion and

polymerase (see also Section 3c) [79]. For reasons discussed in Section 3a-1 above, XP-

V cells are both more sensitive to UV and also more mutable by UV than regular human

cell lines [89-95]. The lack of pol r results in a 25-fold increase in UV-induced mutation

frequency in XPV cells [78], which contributes to the high cancer rates in XPV patients,

since mutagenesis is frequently an early step in carcinogenesis. The accumulation of

DNA strand breaks, which in turn produce increased genomic rearrangements [3], may

also contribute to carcinogenesis. Pol rj's dramatic role in mutation avoidance is

particularly striking in contrast to the pro-mutagenic activities of Rev , which contributes

substantially to mutagenesis [61].



3a-3. Pol l's roles in the bypass of other DNA lesions. Pol il also contributes

significantly to the survival of many other DNA lesions. In vitro, pol i is able to bypass

a broad range of DNA lesions that are neither extraordinarily bulky nor dramatically

distorting to the overall DNA structure [96-102], including byproducts of oxidation and

alkylation damage, as well as base loss. Oxidative DNA damage, produced by the free

radicals and reactive oxygen species that are continuously produced by the metabolic

processes of living cells, as well as by ionizing radiation or UV [3], contributes to aging,

carcinogenesis, and neurodegeneration. One common, and highly mutagenic, type of

oxidative damage is 7,8-dihydro-8-oxoguanine (8-oxoG). This lesion is repaired chiefly

by Oggl, an 8-oxoG DNA glycosylase, to a lesser extent by NER [103]. The synergistic

genetic relationship between rad30 (RAD30 encodes pol r in yeast) and oggl for survival

of oxidative damage in yeast demonstrates that pol 1 is also important to survival of 8-

oxoG [98]. Like the CPD, 8-oxoG can be bypassed both efficiently and accurately by pol

1i [80, 98, 104, 105]. Pol i also bypasses other oxidative lesions, including thymine

glycol [96]. Pol r is also able to successfully bypass alkylation lesions. For example, pol

r is involved in bypass of damage caused by cisplatin and other platinum-based

chemotherapeutic agents, which produce bulky alkyl adducts and crosslinks in the DNA

[99, 106]. Because many alkylating agents are used in chemotherapy, this function of pol

r also has clinical significance. Indeed, it has been suggested that pol r1 may reduce

cisplatin's mutagenic effect in human cells [107]. Pol 1 also plays more minor roles in

survival of other lesions such as abasic (AP) sites [96, 100, 108], and may cooperate with

other polymerases to bypass other lesions, such as the bulky adducts produced by

benzo[a]pyrene [109].

3b. Homologous recombination. Mammalian pol 1 promotes restart of stalled

replication forks not only by TLS, but also through a role in homologous recombination.

Other TLS polymerases have also been shown to be involved in recombinational repair

136, 110, 111]. [112], suggesting that this may be one of their general functional features.

Recombination can rebuild a collapsed replication fork, but during this process an

intermediate DNA structure, the D-loop, is formed. The D-loop structure is a poor

substrate for the replicative polymerase, pol delta, and may instead be replicated by pol

q1. Pol r has recently been shown to efficiently interact with and replicate the D-loop



intermediate during homologous recombination in vitro [36]. Consistent with the in vitro

findings, pol ri is required in vivo for efficient Ig gene conversion and in double strand

break (DSB)-induced homologous recombination in DT40 cells [111].

The price of using the error-prone TLS polymerases to fill gaps during

homologous recombination could be a higher local mutation frequency at sites of

recombination. Consistent with this prediction, DSB-induced recombination in mitotic

cells causes a 100 to 1000 fold increase in mutagenesis in genes adjacent to DSBs [113].

This increased mutation frequency may be evolutionarily tolerated as a small cost relative

to the loss of genomic stability which could result from replication fork collapse during

recombination. Additionally, the use of TLS polymerases to replicate recombination

intermediates could function to induced mutagenesis at specific, targeted sites.

3c. Mutagenesis. While XPV makes it clear that pol r has a beneficial role in

preventing UV damage-induced mutagenesis in humans, these findings belie a much

more complex role in mutagenesis. RAD30, encoding yeast pol , has seemingly

contradictory effects on reversion frequency, preventing mutations in some experiments,

but promoting mutagenesis in others [14, 59]. This is probably due, at least in part, to

differences in its fidelity when bypassing the many distinct lesions pol i encounters in

the cell. As noted in the preceding discussion, (Section 3a-3) TLS by pol 1 is anti-

mutagenic when employed to bypass certain DNA lesions (such as CPDs and 8-oxoG),

but has a more mutagenic effect when bypassing others, such as (6-4) photoproducts.

Additionally, pol 1 , like TLS polymerases in general, is highly error-prone when

replicating undamaged DNA, producing errors at a frequency of 10-2 to 103 [12, 114].

[115]. Furthermore, human pol r can promote mutagenesis by incorporating oxidized

nucleotides into the nascent DNA [116], and pol r has been shown to generate and

extend from tandem base substitutions at an unusually high rate [117].

Additional data support a complex role for pol T in mutagenesis in vivo.

Depletion of pol r by siRNA in human cells causes an increase in mutation frequency

[118, 119], consistent with a role for pol 1 in avoidance of mutagenesis. Conflicting

reports on whether pol 1 depletion affects the mutation spectrum, or only the frequency

[119, 120], suggest that in limited circumstances, pol 1 probably does produce some

mutations itself. Clearer evidence of the mutagenic potential of pol r is seen in yeast,



where over-expression of pol r can cause increased damage-induced mutagenesis [121,

122], although this effect has not been observed in human cells [115].

Mutagenesis in eukaryotes is not necessarily detrimental. A case in point is

somatic hypermutation of immunoglobulin variable regions during antibody maturation,

to which pol 1 contributes. After V(D)J recombination, somatic hypermutation (SHM) is

a further step in many organisms, including humans, for fine-tuning Ig gene

diversification in B lymphocytes in order to produce sufficiently high affinity antibodies

during an infection. Transcription-coupled cytidine deamination within Ig genes creates

dU lesions, which then act as targets for mutagenesis by error-prone DNA synthesis [39].

Pol r is the primary mutator of A:T base pairs during SHM [123-1251. Although XPV

patients have altered SHM mutation spectra, they are normal with respect to SHM

mutation frequency and immune response [126, 127], demonstrating that at least one

other polymerase, with distinct mutagenic properties, can substitute for pol rl in SHM.

This is consistent with the observation that several other TLS polymerases also contribute

to SHM [128-134].

Given the complex effects of mutagenesis on the survival of the cell or organism,

it is not surprising that the mutagenic potential of pol i (and TLS in general) must be

carefully regulated to prevent the excessive mutation frequencies that could result from

its overuse or misuse. As pol rl has the potential either to promote or to prevent

mutagenesis, its global effect on mutagenesis is likely to be very dependent upon which

specific DNA templates it is allowed access to: damaged or undamaged, and if damaged,

with what specific lesion(s).

4. Regulation of polymerase 7r

Pol iis a physiologically important enzyme, but one which presents a potential

hazard if it is misused. The simple observation that pol ri does not normally cause an

increase in mutations, despite being an error-prone replicator of undamaged DNA,

suggests the pol Tr does not usually replicate undamaged DNA. This implies that the

polymerase is regulated in such a way as to allow it to be active only under specific

conditions e.g., at sites of DNA damage. In this thesis project, I have undertaken to

improve the understanding of the mechanisms by which pol ri's activity is regulated,



especially in S. cerevisiae. What follows is a summary of the current literature regarding

pol r regulation.

In general, proteins can be regulated at many levels. The most basic of these is

the protein's abundance, which will be addressed in Section 4a. Protein abundance can

be affected by regulation at the level of transcription, translation, or proteolysis. Proteins

can also be regulated by post-translational modifications, which will be discussed in

Section 4b. Post-translational modifications can be used to regulate a protein's physical

interactions or their likelihood of proteolytic digest. A protein's physical interactions

define another layer of regulation, the subject of Section 4c, resulting in the protein's

sequestration into or away from protein complexes, or directly influencing its activity.

Given the complex roles that pol r plays in the cell, it is not surprising that many of these

mechanisms are implicated in its regulation.

4a. Regulation of protein abundance. Some regulation of pol r's activity at the

level of protein abundance in yeast is suggested by the finding that overexpression of pol

rl in a repair-deficient strain can result in a mutator phenotype [121]. However, this

observation does not address whether the abundance of pol r is changed, in response to

conditions such as cell cycle or replication stress, or simply maintained at a constant

level.

There have been very few studies on the protein abundance itself of pol rl, but

transcriptional regulation has been observed. In yeast, RAD30 transcript (encoding pol rl)

is induced 3-4 fold in response to UV radiation [14, 59]. In mouse, however, expression

of the XPV gene (encoding pol I) is not induced by UV radiation; instead, it has been

found to increase about 4-fold during cell proliferation [135]. It is not yet clear how

these species-specific changes in pol r transcript affect its abundance or function, as will

be discussed further in Chapter 4.

A significant change in protein abundance has been observed in yeast for the

other Y family member , Revl. Rev1's abundance is responsive to the cell cycle: it is

least abundant in G 1, then gradually increases during S phase to become about 50-fold

more abundant during G2/M [31], consistent with a model in which Rev is most active

for post-replicative gap-filling. I found that, unlike Rev 1, the abundance of pol n does



not change significantly in response to the cell cycle in yeast (my unpublished results and

[31].

4b. Pol 71 and post-translational modifications. Pol rl has been shown to be

modified by covalent attachment of a mono-ubiquitin moiety [136, 137], although the

functional significance of this modification is not yet understood. Ubiquitination of pol rl

is dependent on a ubiquitin-binding domain of pol il, which will be discussed further in

Chapter 2. The monoubiquitination of pol r is not dependent on the post-replicative

repair (PRR) proteins Rad6 and Radl8, and is not responsive to DNA damage [136], as

might be expected for a regulatory modification of pol r. This has led some to argue that

the modification is not regulatory [138]. However, because pol r is regulated by physical

interactions with ubiquitin and with ubiquitinated proteins (See Section 4c) such as

PCNA and Rad 18, another hypothesis is that the covalently attached ubiquitin serves as a

negative regulator of pol rl by inhibiting these interactions. It has also been proposed that

pol rl monoubiquitination is a precursor for polyubiquitination, which targets pol r for

proteolytic degradation [139]; this will be discussed in Chapter 4.

To date, pol r has not been shown to be phosphorylated, but various evidence

points to a role for phosphorylation in translesion synthesis, mainly involving the Mecl

(ATR) damage checkpoint kinase (see Section ib). The formation of Radl8 foci in CHO

cells in response to DNA damage is presumed to be dependent on phosphorylation, as it

can be prevented by kinase inhibitors, although it is not known whether Radl8 itself is

phosphorylated [140]. There is more evidence for phosphorylation affecting Rev1

function. One study observed the apparent phosphorylation of Rev 1 itself in yeast, in a

Mec 1-dependent fashion, although they did not convincingly demonstrate that the

phosphorylated species is functionally significant [141]. In addition, Revi's association

with double strand breaks is also Mecl-dependent [142]. Rev1 may interact specifically

with phosphorylated proteins through its BRCT domain, a type of phospho-protein

binding domain [143]. The BRCT domain of Revl mediates an interaction with PCNA

(the processivity clamp), and is required for Revl function and for its localization to

nuclear foci in the absence of exogenous damage [144, 145]. The possibility that pol r

is itself phosphorylated will be considered further in Chapter 2.



4c. Protein-protein interactions recruit pol q to damaged DNA. Pol 1l

appears to be found in the nucleus constitutively [146], but it's access to the DNA is

regulated by the post-replicative repair pathway (see also sections lb and 2c). The post

replication repair (PRR) pathway in S. cerevisiae is defined by the genes RAD6 and

RAD18, which are both epistatic to RAD30 with respect to survival of UV-induced DNA

damage [14]. Rad6 is a ubiquitin conjugator, and it forms a stable dimer with Rad18, a

ubiquitin ligase and single stranded DNA binding protein [16, 147-150]. In HeLa cells,

Radl8 localizes to sites of DNA damage independently of replication, cell cycle stage, or

nucleotide excision repair [151], perhaps through its specific interaction with single

stranded DNA.

In mammalian cells, pol i also forms damage-induced nuclear foci which co-

localize with DNA lesions: they are seen in a small percentage of untreated cells and

accumulate in the majority of cells that have been treated with DNA damaging agents

such as UV or MMS [146]. Pol 1 foci also accumulate in cells subjected to hydroxyurea-

induced replication stress [32]. The pol 1 foci co-localize with Radl8 foci [152].

Furthermore, the formation of pol q foci is largely dependent on Rad18: only a very

small proportion of radl8- - cells contain pol foci, and, unlike the pol l foci in wildtype

cells, their frequency does not increase in response to DNA damage [152]. Formation of

pol 1 foci also depends on its C-terminal, non-catalytic region [146], suggesting that this

region mediates the recruitment of pol l to sites of DNA damage (this is discussed

further in Chapter 2). It is assumed that the nuclear pol l foci represent sites of TLS,

although it should be kept in mind that focus formation does not necessarily imply

activity. For example, a mutant form of Radl8 that is unable to form foci nonetheless

activates DNA damage tolerance pathways [151].

Notably, while Radl8 functions similarly in yeast and mammals, its role can vary

in other species, such as the chicken [153]. However, this discussion will focus on data

from yeast and mammals. The Rad6/Radl8 complex recruits pol 1 to sites of DNA

damage by two mechanisms: by ubiquitinating the replication factor PCNA (discussed

further below), and also by a PCNA-independent effect on pol 1 function and

localization, perhaps involving its direct physical interaction with pol 1 [152], which is

discussed immediately below.



4c-1. Physical interaction of Radl8 and polymerase 71. Mouse pol q forms a

direct physical interaction with Radl8 involving C-terminal domains of both proteins

[152]. This interaction can be observed in the presence or absence of DNA damage

[152]. A (possibly indirect) physical interaction between Radl8 and pol 1 also occurs in

human cells, from which a complex including Radl8, Rad6, Revl and pol 1 has been

purified: the complex is enriched in the chromatin fraction in response to UV radiation or

S phase arrest [154]. This is consistent with pol r's association with stalled replication

forks, and therefore with the model that Radl8 is involved in the functionally significant

recruitment of pol 1 to sites of damage.

A mutant form of Rad 18 protein that is unable to physically interact with pol 1

scarcely supports formation of pol 1 foci in response to UV irradiation (about 15%, vs.

60% in the wildtype), despite retaining PCNA-ubiquitinating activity in vivo [152]. This

suggests that the direct physical interaction with Radl8 plays an important role in pol T's

recruitment to nuclear foci in response to DNA damage. However, the same mutant

completely fails to rescue the UV sensitive phenotype of radl8-' - mouse cells [152],

while the loss of polymerase T does not cause so severe a phenotype. Since the radl8 l-

null is much more sensitive to DNA damage than a pol il deficient strain, the severity of

the radl8-/- mutant's phenotype suggests that this region of Radl8 is needed to activate

additional activities downstream of Rad18, not just pol 1 function. Thus, it is unclear

whether the defect in pol 1 foci formation is due specifically to loss of the physical

interaction between pol 1 and Rad18, or is instead caused by a larger disruption of Radl8

function (in which case the physical interaction between pol 1J and Radl8 may have a

different, unknown function). Direct physical interaction between Radl8 and pol T in S.

cerevisiae has not been demonstrated.

4c-2. Pol il's interaction with PCNA is regulated by Rad6/Radl8. The

processivity clamp PCNA (Proliferating Cell Nuclear Antigen) is a homotrimeric ring

protein which is loaded onto DNA at primer termini and localizes to replication forks

where it interacts with many proteins involved in DNA replication and damage tolerance

[155, 156]. Pol T has a direct physical interaction with PCNA, mediated by pol T's C-

terminal PCNA-binding motif (PIP-box) [146]. The interaction between PCNA and pol



rl plays an important role in pol 1 function, which is at least partially attributed to the

stimulatory effect of PCNA on pol r's TLS activity in vitro [146, 157, 158].

In addition, pol l's interaction with PCNA can be enhanced by

monoubiquitination of PCNA, a modification that is regulated (in yeast and mammals) by

Rad6 and Radl8 [159]. The heterodimer made up of Rad6, a ubiquitin conjugator, and

Radl8, a ubiquitin ligase, modifies PCNA by conjugating a mono-ubiquitin to PCNA's

lysine-164 in response to a variety of DNA damaging agents including UV and MMS, as

well as to replication stress induced by hydroxyurea [152, 159-162]. PCNA then remains

mono-ubiquitinated and immobilized on the DNA for an extended time [161], where its

modification state is thought to modulate its interactions with other proteins including pol

1.

The ubiquitinated form of PCNA is created and maintained as a specific response

to the presence of DNA damage. Monoubiquitination of PCNA in cell-free human

extracts is efficient only in the presence of polymerase stalling or DNA secondary

structures [163]. Single-stranded DNA, exposed at sites of stalled replication forks by

the uncoupling of the replicative DNA polymerase and the MCM helicase, may be the

signal that targets PCNA monoubiquitination to sites of damage, mediated by Radl8's

single stranded DNA binding activity [23, 159]. While it persists, the ubiquitinated

PCNA promotes DNA damage tolerance by TLS (see next section). Monoubiquitinated

PCNA is eventually returned to the unmodified state by the deubiquitinating enzyme

USP1 (ubiquitin specific protease) [118]. In the presence of DNA damage, USP1 is

inactivated by self-cleavage, leading to protection of the ubi-PCNA while damage

persists [118].

To complicate matters, there are two known alternative modifications of the same

lysine on PCNA, which may compete with monoubiquitination (Figure 4). Lysine-164 of

PCNA is conjugated to SUMO (small ubiquitin-like modifier) during S phase in yeast

[159]. The SUMOylated form of PCNA acts to inhibit homologous recombination

during DNA replication [164-166]. SUMOylated PCNA does not promote damage-

induced mutagenesis, but does contribute to spontaneous mutagenesis (along with

monoubiquitinated PCNA), suggesting that error-prone TLS by Rev and pol ý can be

activated by either SUMO or ubiquitin-modified PCNA [160].



PCNA is also modified at K164 by attachment of a K63-linked poly-ubiquitin

chain, which requires members of a non-TLS "error-free" PRR subpathway: Mms2,

Ubcl3 and Rad5 [159, 167]. The K63-linked polyubiquitin chain does not target PCNA

for proteolytic degradation (which typically involves a K48-linked poly-ubiquitin chain).

Instead, polyubiquitinated PCNA initiates the "error-free" post replicative repair

pathway, which promotes DNA damage tolerance by a recombination mechanism. It is

interesting to note that in this system, the monoubiquitinated PCNA may be an

intermediate in the production of the polyubiquitinated PCNA, suggesting that TLS may

be activated prior to the "error-free" PRR pathway.

Monoubiquitinated PCNA. TLS by pol T1 is largely dependent upon

monoubiquitinated PCNA, which is thought to recruit pol rj to sites of DNA damage, as

will be discussed in Chapter 2. Mammalian pol i foci co-localize with foci of mono-

ubiquitinated PCNA in the nucleus [161], and accumulation of pol rl foci in response to

DNA damage is dependent upon mono-ubiquitinated PCNA [168], although a small

proportion of cells (5-10%) do have pol rl foci in radl8-& - or pol30(K164R) mutants, in

which PCNA is not monoubiquitinated [152]. A similar proportion of cells contain pol r

foci in the absence of DNA damage, consistent with a model in which PCNA

monoubiquitination induces pol rl's response to exogenous DNA damage, above a low

level of uninduced DNA-association by pol rf.

The dependence of pol -r's damage-induced foci on mono-ubiquitinated PCNA is

attributed to pol rl's interactions with PCNA and ubiquitin [168], which give pol r a

competitive advantage over the replicative polymerase delta for PCNA association [152,

154] Pol l's interaction with monoubiquitinated PCNA is mediated by both the PCNA

interaction motif (PIP-box), and a novel ubiquitin interacting motif, the UBZ, which is a

Ubiquitin Binding Zinc finger (Figure 5). The UBZ is the subject of Chapter 2. The

UBZs of both yeast and mammalian pol r are required to complement the UV sensitivity

of pol rl deficient cells [136, 137]. Mono-ubiquitinated PCNA may also promote TLS by

enhancing pol r's catalytic activity, but in vitro results have been inconsistent [169, 170].

Chapters 4 and 5 will address the extent to which pol r function can be independent of

PCNA monoubiquitination.



4c-3. Pol q 's interactions with other TLS Polymerases. There is mounting

evidence that the TLS polymerases physically and functionally interact with one another.

Mammalian Revl interacts not only with pol r, but also with pol i, pol i and pol t, all

via its C-terminus [171-174]. The conservation of the physical interaction between Revl

and the other TLS polymerases is the subject of Chapter 3. A complex including both pol

ri and Rev1 is enriched in the chromatin-associated fraction of HeLa cells after UV

damage or arrest in S phase, consistent with its being an active complex [154, 175]. The

interaction of pol rl with Rev is not conserved in all species (see Chapter 4), but a novel

interaction with pol ý (Kosarek and Friedberg, personal communication) could

functionally replace it in some organisms. As will be discussed further in Chapters 3 and

4, Rev l's interactions with so many other TLS polymerases may be involved in their

recruitment or activation. The cell cycle specific changes in Rev1 protein abundance in

yeast suggest it may specifically recruit other polymerases for post-replicative gap-filling

[31, 171-173].

In addition to Revl, pol r also interacts directly with pol L [154, 171]. Foci of pol

rl colocalize, at least partially, with both Revl and pol t foci [172, 176]. Furthermore,

formation of pol L (but not Rev 1) foci is dependent on pol rl [176], suggesting a role for

pol r in recruitment of pol L to sites of TLS. The colocalization of the TLS polymerases

implies there is yet another layer of regulation required to select the appropriate

polymerase for TLS past different lesions or in specific contexts.

5. Summary of this dissertation

In Chapter 2, I show that yeast pol r has a UBZ domain of degenerate sequence

but conserved functional significance. I demonstrate that the association of pol r with

chromatin increases in response to DNA damage in a manner that depends on the UBZ

domain. By additional sequence and mutational analysis, I also identify potential

modification sites and structural features of pol Tr. Chapter 3 is a comparison of the

physical interactions of Revl with other polymerases in several model organisms. We

show that the Revl/pol rl interaction, while conserved in flies and mammals, in absent

from budding yeast, S. pombe, and C. elegans. I investigate the functional interactions of

pol rl with the other TLS polymerases of yeast, Rev 1 and pol ý, in Chapter 4 by genetic



analysis, including cell-cycle specific epistasis assays, and show that the DNA damage

response of pol rl is not due to an increase in protein abundance. Conclusions and

discussion of all these studies are presented in Chapter 5.
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Figure 1. Some mechanisms of lesion bypass. The lesion is represented as a ball on the
parental (red) DNA. A, Translesion synthesis by polymerase switching. The stalled
replicative polymerase is replaced at the replication fork by a TLS polymerase, which
bypasses the lesion, extends a few nucleotides, and is replaced by the replicative
polymerase. B, Gap-filling translesion synthesis. The replicative polymerase reprimes
downstream of the lesion, leaving behind a single stranded gap in the DNA which is later
filled by a TLS polymerase. C, Fork regression allows use of the undamaged nascent
DNA as template, thereby bypassing the lesion without directly replicating the damaged
DNA.
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Figure 2.
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Figure 2. Structures of TLS polymerase and replicative polymerase. Both

polymerases fold into a right-hand-shaped fold, which the active site at the palm. The

TLS polymerase eta, shown in A, has smaller thumb and fingers domains, and has an

additional PAD domain not present in T7 DNA polymerase, shown in B.
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Figure 3.
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Figure 3. Common lesions produced by UV radiation. Structures of DNA helices
containing UV-induced DNA lesions: A, cyclopyrimidine dimer or CPD; B, (6-4)
photoproduct.



Figure 4.
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Figure 4. Modification states of PCNA. A, Unmodified. X marks the interaction site
(on each of the three monomers) of the common PCNA-interaction motif known as the
PIP-box. B, PCNA can be monoubiquitinated at the conserved residue K164. PCNA is
monoubiquitinated by Rad6 and Rad 18 in response to DNA damage, and promotes
translesion synthesis. C, PCNA is polyubiquitinated at K164 by Mms2, Ubcl3 and
Rad5, as part of an error-free PRR pathway. D, E, PCNA is SUMOylated at K164 or
K127. In S. cerevisiae, this modification is part of a regulatory pathway to prevent
recombination during S phase. SUMOylated PCNA can also contribute to translesion
synthesis in the absence of exogenous damage.



Figure 5

Figure 5. Solution structure of UBZ from human pol eta [23]. The zinc-coordinating
cysteine and histidine side chains are shown. The outer face of the alpha-helix, on
the left, interacts with ubiquitin [23].
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SUMMARY

I have constructed a set of substitution mutations to alter the sequence of the C-

terminus of the translesion synthesis polymerase eta (r) from Saccharomyces cerevisiae.

I find that the UBZ (ubiquitin binding zinc finger) domain of polymerase r is both highly

conserved and functionally important. Intriguingly, although the UBZ domain of human

polymerase r requires a zinc finger motif to stabilize its structure, my genetic data

indicate that the functional contribution of the UBZ domain from S. cerevisiae

polymerase rl to survival of UV-induced DNA damage does not require zinc binding. I

propose that the UBZ domain from S. cerevisiae polymerase r is a rare zincless UBZ

domain. I have assayed the chromatin-association state of the translesion synthesis

polymerase rl in S. cerevisiae. Polymerase r is found in the chromatin-associated

fraction in the absence of exogenous DNA damage, and the amount of chromatin-

associated polymerase rI increases in response to UV-induced DNA damage.

Furthermore, a UBZ mutant which disrupts polymerase rl function also precludes this

damage-induced increase in chromatin-association, consistent with a role for the UBZ

domain in recruitment of polymerase rq to damaged DNA. In addition, I identify some

potential phosphorylation sites in the sequence of S. cerevisiae polymerase rl.



INTRODUCTION

All organisms are equipped with an array of well-regulated DNA damage

response mechanisms which allow them to survive and to maintain the continuity of

genetic information. DNA damage tolerance mechanisms are needed to allow cells to

continue normal cellular processes, such as DNA replication and cell cycle progression,

which otherwise would be disrupted by DNA lesions. One such DNA damage tolerance

mechanism is translesion synthesis (TLS), in which specialized DNA polymerases

directly replicate a damaged DNA template.

Polymerase (pol) eta (q), a TLS polymerase encoded by RAD30 in S. cerevisiae,

functions in the RAD6 post-replicative repair (PRR) epistasis group [1], which includes

both error-prone and error-free pathways that are activated by Rad6 and Radl8 [2-4].

The mechanism by which Rad6 and Radl8 activate the PRR pathways has recently been

elucidated. Rad6, an E2 ubiquitin conjugator, and Radl 18, an E3 ubiquitin ligase, form a

heterodimer which associates with single-stranded DNA at stalled replication forks [5, 6].

The Rad6/Radl8 heterodimer ubiquitinates PCNA at lysine 164 in response to DNA

damaging agents such as UV and MMS [7]. Mono-ubiquitinated PCNA localizes to sites

of DNA damage. PCNA can also be polyubiquitinated or SUMOylated at the same site

[7, 8]. Measurements of sensitivity to UV radiation indicate that a po130K164R mutation,

which prevents any modification of PCNA at lysine 164, is epistatic to rad30 [8, 9].

Monoubiquitination of PCNA is thought to promote the recruitment of pol 11 to stalled

replication forks, as it is required for the damage-induced increase in pol rj foci which is

observed in mammalian cells [10].

Pol rl is a member of the Y family of DNA polymerases, which is made up of the

pol il, pol KI/DinB/PolIV, pol t, Rev1, and PolV sub-families [11]. The polymerases of

the Y family share a conserved polymerase domain, composed of five motifs, which form

a right hand structure including Fingers, Thumb, and the Palm domain where catalysis

takes place. All the Y family DNA polymerases are involved in the bypass (translesion

synthesis) of DNA damage.

Pol 1 is broadly conserved among eukaryotes, where it bypasses a variety of

DNA lesions [12], but is particularly important for its ability to accurately and efficiently

bypass UV radiation-induced cyclobutane pyrimidine dimers (CPDs) [13, 14]. Closest to



the N-terminus is the Y family polymerase domain, followed by the PAD (Palm

Associated Domain), also known as the Little Finger, which binds DNA and is required

for DNA polymerase activity in vitro [15].

In addition to these domains, most pol r9 homologs include another 100 to 200

amino acids at their C-termini. The C-terminal region of pol r1 is the region of the protein

whose structure and functions are least characterized. It is not required for pol r's

catalytic activity, as a truncated form of pol q is capable of TLS in vitro [16]. Instead,

the C-terminus is known to mediate protein-protein interactions. One of these is the

interaction between pol rl and PCNA [17]. PCNA is a homotrimeric ring-shaped protein

which is loaded onto DNA at primer termini and acts as a processivity factor for

replicative polymerases, but also regulates access to DNA for many DNA damage repair

and tolerance factors [18]. The very C-terminus of pol vr harbors its PCNA interaction

motif (PIP box), as well as a nuclear localization sequence (NLS). In mammals, pol 7r's

C-terminus interacts with Revl and Radl8 [19-21] (See Chapter 3). The C-terminal

region of mammalian pol r is also required for its re-localization into nuclear foci in

response to DNA damage [17], pointing to an important role in the regulation of pol rI

recruitment to the DNA. Between the PAD and the NLS of S. cerevisiae pol r is a region

of about 100 amino acids which has been the focus of this study.

In this chapter, I present the first study of chromatin-association of pol r9 in yeast,

showing a DNA damage-induced increase in chromatin-associated pol 7r. As one

approach to a better understanding of the regulation and function of pol r, I have

performed a thorough analysis of the C-terminus of S. cerevisiae polymerase ri using

both bioinformatic and genetic approaches. My mutational analysis of the conserved

motif surrounding the degenerate C2H2 zinc finger demonstrates that it is required for

pol ri's contribution to survival of UV-induced DNA damage and for pol v's damage-

induced increase in chromatin-association. However, my genetic studies strongly suggest

that these functions do not depend upon coordination of zinc. These findings are

remarkable in light of other concurrent studies which found that this motif is in fact a

conserved ubiquitin interaction domain, now called the UBZ (ubiquitin binding zinc

finger) domain [22], whose structure and ubiquitin-interacting function in human pol vr

depend upon an intact zinc finger [10, 23]. UBZ domains have also been identified in



Radl8 and Mgsl (WRNIP1) [241. Furthermore, I compared all available pol r1

sequences, and found that the UBZ domain is broadly conserved and nearly always

includes a C2H2 zinc finger consensus sequence that should be capable of binding zinc. I

identify a new UBZ domain in the transcription termination factor Pcfl 1, and find that

the UBZ domains outside of pol r all include an intact zinc finger motif, suggesting that

the UBZ domain of S. cerevisiae pol 1r has a rare variant structure which can be stabilized

without coordinating zinc. Structural and functional implications are discussed.

My analysis includes the rest of the C-terminal sequence of S. cerevisiae pol r as

well as the UBZ domain. I also identify a generally conserved region of predicted protein

disorder located between the polymerase domains and the UBZ domain, which may

explain why crystallization of pol q has required its truncation [15]. By bioinformatic

analyses, I have identified potential phosphorylation sites, and I present genetic evidence

that they are needed for pol r function.

RESULTS

Conservation of the UBZ domain. Early characterizations of pol r identified a

putative C2H2 zinc finger motif located near the C-terminus of the protein [25, 26].

However, in S. cerevisiae pol 1 , the motif is degenerate. The consensus sequence of a

C2H2 zinc finger is CxxC.....HxxxH, whereas S. cerevisiae pol r's sequence is

CCKY.....HADYH (Figure Ic-d). In spite of this degeneracy, and perhaps because of

the presence of the two adjacent cysteines, this motif of S. cerevisiae pol r is often

referred to as a C2H2 zinc finger motif, using the same terminology that is used for the

conserved C2H2 motifs in other pol r homologs.

When I initially aligned the C-termini of pol r homologs, I identified a conserved

region including, but notably not limited to, the C2H2-like motif, as the most highly

conserved amino acid sequence between the PAD domain and the NLS (Figure Ic) [271,

suggesting that this region has functional significance separate from, or in addition to, the

zinc finger itself. In the course of my study, this region was identified as a ubiquitin

interaction domain, the UBZ (ubiquitin binding zinc finger) domain [27]. Similar UBZ

domains have since been identified in polymerases kappa (K) as well as in human Radl 18,



WRNIP1/Mgsl, and Mtmrl5 [24]. I searched for additional UBZ domains (using PSI-

BLAST), and identified one novel UBZ domain in the transcription termination factor

Pcfll (Figure Id).

To further investigate how well the UBZ domain is conserved among pol rj

homologs, I used BLAST and protein alignments to identify known or putative proteins

homologous to pol r from about sixty different species [27]. The great majority of these

pol r homologs contain a readily identifiable UBZ domain, indicating a high level of

conservation. Several of the predicted pol r homologs that do not have a UBZ domain

lack the C-terminus entirely (Supplemental Table la). The existence of truncated pol 1

homologs raises the possibility that, in some species, functions normally performed by

the C-terminus are instead carried out by a protein interaction partner of pol r.

The broad conservation of the UBZ domain among pol r homologs is consistent

with it performing one or more functions important to pol rl activity and/or regulation.

The known function of the UBZ domains in pol i, Radl8, and WRNIP1, as well as pol l,

is to bind ubiquitin non-covalently [22, 24, 28]. I therefore searched the UBZ-free pol r

homologs from Arabidopsis thaliana, Caenorhabditis elegans, Oryza sativa, and

Leishmania major for an alternative ubiquitin interaction motif, the UBM (ubiquitin

binding motif), which is found in the pol 1 orthologs Rev and pol i [22]. Intriguingly,

one pol rl homolog, from A. thaliana, contains a UBM-like motif (Figure le) instead of a

UBZ domain. These results imply that the interaction with ubiquitin is important for the

function of pol r in most species.

Among the many pol r homologs with UBZ domains, I found that all but two

include the canonical C2H2 zinc finger sequence, CxxC .... HxxxH. The two degenerate

zinc fingers are pol 1r from S. cerevisiae, as previously mentioned, and a predicted

protein from the wasp Nasonia vitripennis (accession number XP_001607964). This

suggests that, in most species, the domain is a true zinc finger. Indeed, a recent NMR

study determined the structure of the UBZ domain from human pol rl, revealing that it is

indeed a zinc-coordinating beta-beta-alpha zinc finger (see Chapter 1) [23]. Also in

human pol 1, the UBZ domain's interaction with ubiquitin can be disrupted by

substitution of alanine for one of the conserved, zinc-coordinating histidines or cysteines

[10, 22, 23]. Based on these results, one might predict that the degenerate UBZ domain of



S. cerevisiae pol r would fold improperly, due to failure to coordinate zinc, and therefore

would not be functional. However, my finding that the UBZ domain of S. cerevisiae pol

r, is required for its function suggests that it is a properly folded, functional motif.

Mutational analysis of the UBZ motif of S. cerevisiae pol r1. My observations led

me to conduct a mutational analysis to learn, first, whether the UBZ domain of S.

cerevisiae pol ri affects its function and, second, whether it might coordinate zinc in spite

of its degenerate C2H2 sequence. I therefore mutated specific conserved residues within

the UBZ domain, both singly and in groups, and mutants were assayed for their ability to

rescue the UV sensitivity of a rad30 null strain (Figure 2).

My results clearly demonstrated that the degenerate UBZ is required for pol r

function. Substitution of leucines for both histidines (H568L+H572L) resulted in a

dramatic loss of function, close in severity to the null or the catalytic dead mutant (in

which alanines are substituted for two residues of the catalytic triad, D155 and E156)

(Figure 2b; Figure 3c, e). Because this phenotype could have been caused by a failure to

express the protein or by degradation of the mutant protein, I tagged both wildtype pol r

and H568L+H572L double mutant pol r1, and compared their expression levels by

immunoblotting. To avoid any tag-specific effects on pol r, I used two different tagged

forms of pol rl: one with an N-terminal 6His tag, the other with a C-terminal -TEV-

ProA-7His tag. Neither of these tags interferes with the function of the wildtype protein

([12] and Chapter 3, Figure 4a). In both cases, I observed, by immunoblotting, that the

cellular levels of the mutant pol rl was similar to that of the wildtype protein, while,

regardless of the tag, the H568L+H572L double mutant exhibited a severe defect in UV

survival (Figure 3a-d). These results demonstrated that the H568L+H572L double

mutant pol ri is expressed but inactive. These results demonstrate that the UBZ domain

of S. cerevisiae pol ir is functional and is required for pol rl function, even though it has a

degenerate sequence.

To gain greater insight into the function disrupted by the H568L+H572L double

mutation, I tested the mutant for a dominant negative effect. I assayed the UV sensitivity

of a strain in which wildtype pol r is expressed endogenously, while the H568L+H572L

double mutant is expressed from a plasmid (Figure 3e). The presence of the

H568L+H572L double mutant did not cause increased UV sensitivity in the wildtype



background (Figure 3e). Thus, like the catalytically dead mutant shown here as a control,

the H568L+H572L double mutant results in a recessive phenotype, demonstrating that it

does not interfere with the function of the wildtype protein.

These results demonstrate that the UBZ domain is essential to pol ri's function in

survival of UV-induced DNA damage. This conclusion was corroborated by another

recent study, in which mutation of the conserved aspartate residue (D570) of S. cerevisiae

pol rl was shown to disrupt its function [29]. Additionally, the authors found that the

UBZ domain of yeast pol ri, like its zinc-coordinating human counterpart, physically

interacts with ubiquitin [30]. A simple hypothesis is that the H568L+H572L double

mutant disrupts the physical interaction between pol rl and ubiquitin, and that this

interaction is required for pol r function. Taken together, these results implied that,

despite having a degenerate zinc finger sequence, the UBZ domain of S. cerevisiae pol rl

does have a functional structure. This raised the question of whether the variant UBZ is

stabilized without binding zinc.

My analysis of other mutations disrupting the C2H2-like motif demonstrate that

loss of any potential capacity to coordinate zinc is not sufficient to cause the severe

phenotype that results from the H568L+H572L double mutant. If zinc coordination were

necessary for the function of S. cerevisiae pol rl's UBZ domain, then substitution

mutations at the cysteine or either histidine individually should result in the same loss of

function. I tested single site substitutions of either alanine or leucine for each of the

histidines individually, and for both of the adjacent cysteines (since either of them could,

in principle, be involved in zinc coordination). Notably, the C552R+C553R double

mutant (Figures 2c and 3a), and the H572A (Figure 2b) and H572L (Figure 3c) single

mutants, had no detrimental effect on the ability of pol r to rescue the UV sensitive

phenotype of a rad30 null strain, while H568A (Figure 2b) and H568L (Figure 3c) single

mutations resulted in a much milder defect in UV sensitivity than is seen in the

H568L+H572L double mutant (Figures 2 and 3). This result in S. cerevisiae contrasts

dramatically with the effect of substituting alanine either for one of the conserved

cysteines or for one of the conserved histidines in human pol r , which results in a severe

(thought not complete) loss of function [10, 22]. Thus it appears that, unlike human pol

rl, yeast pol ri's function does not depend on a zinc-coordinating UBZ.



Therefore, I conclude that this variant UBZ domain has a function which is

independent of any structural requirement for zinc binding. This is consistent with a

hypothesis suggested by its sequence: namely, that the UBZ domain of S. cerevisiae pol

rq forms a "zincless finger", in which the structure (and function) of the zinc finger are

conserved without requiring zinc for stabilization. A zincless finger structure has been

observed once before in a natural protein [311], and has also been successfully engineered

[32, 33].

Another very recent study, by Acharya et al. [34], made a similar finding with

respect to mutation of the cysteines of S. cerevisiae pol qr's UBZ domain. Intriguingly, in

the same study, the authors substituted alanines for both histidines (H568A+H572A), and

observed no significant defect in UV survival of the resulting mutant pol 1. This result

shows that loss of the potentially zinc-binding histidines does not affect pol q function.

This result confirms that the severe loss of function resulting from my H568L+H572L

double mutation is not caused by a loss of zinc binding, but is the result of a structural

perturbation which is caused by substitution of leucines, but not alanines, for the histidine

residues.

This leaves open the question of what function is disrupted by the H568L+H572L

mutation. The ability of the UBZ domain of human pol rl to interact with ubiquitin is

dependent on zinc coordination [10, 22, 23], presumably due to loss of structure of the

UBZ domain in the absence of zinc. When interpreting the mutant phenotype, Acharya et

al. [34] assume that the same is true in yeast, and therefore conclude that S. cerevisiae pol

r's UBZ domain-mediated interaction with ubiquitin is not essential for pol r function

distinct from ubiquitin binding. They therefore posit that the defect of the previously

studied UBZ mutation, D570A[29, 34], results from disruption of an unknown zinc-

finger-independent function. However, ubiquitin binding would not be disrupted by the

mutations used in their study if the UBZ motif of S. cerevisiae pol r folds independently

of zinc, either into a zincless zinc finger, or into a structure which differs more from the

structures of other UBZ domains but is still capable of interacting with ubiquitin.

I constructed two more UBZ domain mutants in addition to the cysteine and

histidine mutants described above. One of these is an alanine patch (patch-548) at

positions 548 to 551, of the sequence PKLE. These amino acids immediately precede the



first cysteine of the C2H2-like motif (Figure Ic). The other, Y571A, is a substitution of

alanine for the well-conserved tyrosine residue at position 571, which is located between

the two histidines. Both of these mutations resulted in mild but significant defects in UV

survival (Figure 2d-e).

It is possible to rationalize the effects of all of my mutants without positing a

function of the UBZ domain beyond ubiquitin binding. The partial loss of function

caused by the single mutations H568A, H568L, and Y571A, (Figures 2b, 2d, 3c) might

result from a weakening of the UBZ domain's interaction with ubiquitin by each

mutation. In the structural model of the human pol l UBZ domain's interaction with

ubiquitin, the ubiquitin-interaction surface of the UBZ domain is one face of the alpha-

helix in the P-P-a fold (See model in Chapter 1 Figure 5) [23]. If we assume a similar

(though zincless) structure of the yeast pol r UBZ domain, it places both the histidines

and tyrosine 571 on the helix close to, but not directly involved in, the ubiquitin

interaction surface. This assumption is consistent with the finding that the conserved

aspartate residue (D570 in S. cerevisiae), which was shown by NMR to be directly

involved in the interaction with ubiquitin in the UBZ of human pol rl [23], is also

required to allow S. cerevisiae pol r to bind ubiquitin [29]. Thus, substitutions at the

individual histidines, H568 and H572, or at Y571, could interfere with the ubiquitin

binding surface by altering the structure of the helix. Similarly, the finding that the

H568L+H572L double mutation causes a much greater defect than substitution (of either

leucine or alanine) for either histidine alone (Figures 2b and 3c), or of alanines for both

[34], cannot be due to loss of zinc-binding, but can be explained by a cumulative steric

disruption of the structure of the ubiquitin-interacting face of the UBZ domain.

The cysteines, in contrast, are located away from the interaction interface in

human pol il's UBZ domain, and would not be expected to have any direct effect on the

interaction surface if zinc coordination is not required to stabilize the entire structure.

Therefore, the finding that the C552R+C553R double mutant is fully functional in UV

survival (Figure 2c and 3a) is not inconsistent with an important role for ubiquitin

binding in pol r's function.

The patch-548 mutation, which causes a partial defect in UV survival, substitutes

an alanine patch for the residues immediately N-terminal to the cysteines. Substitution of



these residues is unlikely to affect ubiquitin binding, based on the structural model, but

might partially destabilize the interior structure of the UBZ domain. Another possibility

is that the lysine at position 549 could be a site of modification by either SUMO or

ubiquitin. This motif is similar to the SUMO conjugation consensus sequence (PK-E), but

there is currently no evidence that pol r is SUMOylated. Pol r is known to be covalently

modified by ubiquitination: a ubiquitin association distinct from, but apparently

dependent on, the non-covalent ubiquitin interaction mediated by the UBZ domain [10,

22, 29, 351. Although there is not a known consensus sequence for ubiquitination sites,

one known feature of the sequence surrounding sites of ubiquitin conjugation is that they

tend to be enriched for serine and threonine residues [36]. The presence of a threonine at

position 547 (see Figure Ic) is therefore consistent with the possibility that K549 may be

a site of ubiquitination.

DNA damage causes a UBZ domain-dependent change in chromatin-

association of pol qv in yeast. In mammalian cells, the accumulation of pol Tl foci in

response to DNA damage is dependent on a functional UBZ domain [10] as well as on

Radl8 and PCNA [19]. PCNA is ubiquitinated at K164 by Rad6/Radl8 in response to

DNA damage [7]. One model of pol qj foci formation is that the pol i molecules are

recruited into foci by their physical interaction with PCNA at sites of DNA damage. The

UBZ domain is thought to play a central role in this process by promoting a stronger

physical interaction of pol 1 with mono-ubiquitinated PCNA than with unmodified

PCNA, thereby mediating focus formation specifically in response to DNA damage.

To address whether the UBZ domain of S. cerevisiae pol r~ is involved in pol l's

association with damaged DNA, I used a well-established chromatin association assay,

the chromatin spindown [37 Diffley 1997], to characterize the wildtype pol ri and

compare it with the H568L+H572L double mutant (Figure 4). Orc 1, a protein which is

almost entirely chromatin-associated [38] was used as a control to compare the amounts

of pol r~ in the chromatin-associated fraction in the presence or absence of DNA damage.

This is the first report to address the DNA association of pol r in S. cerevisiae.

Intriguingly, I found that a significant amount of pol i is DNA associated even in the

absence of DNA damage. The amount of wildtype pol q (relative to Orc 1) found in the

chromatin-associated fraction is greater after exposure to UV than after mock-treatment



without exogenous DNA damage (Figure 4). The H568L+H572L double mutant is also

found in the chromatin-associated fraction, but in contrast to the wildtype, the amount of

chromatin-associated H568L+H572L pol r is decreased after UV irradiation (Figure 4).

The D570A mutant, which has been shown to disrupt the ubiquitin interaction of pol r,

behaved similarly to the H568L+H572L double mutant. These results are consistent with

the UBZ domain functioning to promote chromatin-association of pol rl in response to

DNA damage.

Conservation of predicted disorder. Although I did not identify broadly

conserved motifs outside of the UBZ domain, I observed that most pol r homologs

include significant regions of predicted structural disorder on either side of the UBZ

domain. I used the protein disorder prediction program PONDR [39, 40] to compare the

regions of predicted disorder of several pol Tl homologs (Supplemental Figure 1). All the

pol r homologs examined have regions of predicted disorder C-terminal to the UBZ

domain. In most species analyzed, including human, Xenopus, mouse, chicken,

Drosophila, and S. pombe, there is an additional region of predicted disorder N-terminal

to the UBZ domain, such that the UBZ domain is sandwiched between two regions of

predicted disorder. The prediction of a conserved region of protein disorder between the

catalytic domain and the UBZ domain suggests the possibility of allosteric

communication between the UBZ domain and the DNA-binding PAD domain. However,

in the closely related S. cerevisiae and Candida glabrata pol rl homologs, the sequence

on the N-terminal side of the UBZ domain is not predicted to be disordered

(Supplemental Figure 1). Because the region of predicted disorder between the PAD and

UBZ is absent in C. glabrata, which has a normal UBZ sequence, as well as in S.

cerevisiae, its absence seems to correlate with this particular lineage, rather than being an

adjustment to an altered UBZ structure in S. cerevisiae. These yeast species may actually

include disordered regions which are not predicted by PONDR [39, 40]. In addition, the

C-terminal region of C. elegans pol rl, which lacks a recognizable UBZ domain, is

predicted to include several disordered regions, similar to the vertebrate pol r homologs.

Given that S. cerevisiae pol rl's UBZ is functionally conserved but of degenerate

sequence, it should be noted that the pol rl homologs, such as C. elegans pol Tl , in which I



have failed to identify a UBZ domain by sequence homology, may nevertheless contain a

functionally similar domain of even more divergent sequence.

Additional mutations of the C-terminus of pol r~. In the course of my analysis,

I noted that some of the amino acids that flank the UBZ domain of S. cerevisiae pol r are

conserved among ascomycetes species, although they are not more generally conserved

(Figure ib, c). To elucidate the functional significance such residues, I constructed S.

cerevisiae pol n mutants in RAD30 on a low-copy vector. RAD30 expression was

controlled by its own promoter, and fully rescued the UV sensitivity of a rad30 null strain

[1 ]. Mutant constructs were assayed for their ability to rescue the UV sensitive

phenotype of the rad30 null (Figure 5). Mutants which were unable to fully rescue the

UV sensitive phenotype were shown to be expressed at a level similar to the wildtype pol

r~ (data not shown).

The phenotypic effects of these mutants varied: some caused no defect, thereby

demonstrating the specificity of the others, which resulted in partial loss of function. The

most significant defect in UV survival was caused by the T514A mutation, which

disrupts a potential phosphorylation site that is well conserved among fungi (Figure 5g).

This is consistent with a model in which phosphorylation of the threonine at position 514

promotes pol r's activity. Two alanine patch mutations, patch-540 and patch-587, were

both designed to disrupt a motif, SSK, which is not conserved at a specific location, but

which recurs in pol r homolog sequences. Disruption of the SSK motif at positions 587

to 589, by alanine substitution for all three residues, resulted in a partial defect in UV

survival (Figure 5c). Interestingly, substitution of aspartate for the first serine of this

patch resulted in an increase in UV survival relative to the wildtype (Figure 5d),

consistent with the possibility that phosphorylation at this site, in addition to T514,

activates pol rl for TLS.

Milder but reproducible defects in UV survival were also caused by replacing

LLF with an alanine patch at positions 598-600 (Figure 5e) or by disruption of another

predicted phosphorylation site [41] in the S592A mutation (Figure 5f). Substitution of an

alanine patch for the sequence VDM, residues 516 to 518, did not impair pol r function

at all (Figure 5a). Neither did substitution of alanines for two serines at positions 540-

541, an SSK motif and potential phosphorylation site (Figure 5b). The partial loss of



function phenotypes resulting from mutations of potential phosphorylation sites, at T514,

S587, and S592, suggest that phosphorylation at several partially redundant sites plays a

role in activation of pol rl,

In an effort to learn whether phosphorylation plays a role in pol r regulation or

activity, I purified pol r from S. cerevisiae and analyzed it by mass spectrometry (by

Forest White). No phosphorylation sites were detected on pol r from undamaged cells.

A different assay was used to test a broader range of conditions. For this purpose, I

immunoprecipitated pol 1 from undamaged cells and from cells which had been

subjected to UV radiation, either when growing asynchronously or upon release from G 1.

Immunoprecipitated pol q was separated by polyacrylamide gel electrophoresis and the

gel was stained specifically for phosphoproteins. Regardless of DNA damage or cell

cycle stage, phosphorylated pol i was not observed (data not shown). However, both

because pol 1 may have been de-phosphorylated in the extract, and because only a

limited set of conditions was assayed, these experiments do not rule out the possibility

that pol r is regulated by phosphorylation.

DISCUSSION

My analysis of the C-terminus of pol r has offered insights into the structure and

function of the important TLS DNA polymerase 1l. I have shown that the degeneracy of

the C2H2 motif within the UBZ domain of S. cerevisiae pol r is a very unusual variation

in a well-conserved domain. My mutational analyses demonstrate that the UBZ domain

of S. cerevisiae pol r is critically required for its function, but that the putative zinc-

binding residues within the UBZ domain are dispensable for pol r function in S.

cerevisiae pol r. Although I have not formally ruled out the possibility that the UBZ

domain forms a highly unusual zinc finger in spite of its degenerate sequence and also

has an additional zinc-independent function which is critical for TLS, my results strongly

suggest that the UBZ domain of S. cerevisiae pol 1 does not bind zinc. This leads me to

propose that this unusual UBZ domain folds into a zincless finger. A zincless finger has

been previously described in NEIL1, a human DNA repair endonuclease [31]. The

zincless finger domain of NEILl forms a structure similar to an antiparallel P-hairpin
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zinc finger, although it cannot bind zinc [31]. NEILl's zincless finger is required for its

activity, and is therefore thought to be a functional DNA-binding domain, as is the

structurally similar zinc finger of its homolog from E. coli, Nei [31, 42].

Furthermore, I have studied the chromatin-association of pol q in yeast, and

showed an increase in chromatin-associated pol rl in response to DNA damage. This

damage-induced increase in chromatin-association is dependent on an intact UBZ

domain, which accounts, at least partially, for the extreme UV sensitivity of some UBZ

domain mutants. I hypothesize that the damage-dependent increase in chromatin

association of yeast pol i requires the UBZ domain for its interaction with ubiquitin,

most likely the ubiquitin modification of PCNA. Additionally, I have identified potential

phosphorylation sites of S. cerevisiae pol rI, as well as a region of predicted protein

disorder separating the PAD and UBZ domains in most other species.

Zinc is not required for UBZ domain function. I have shown that mutation of

the UBZ domain of S. cerevisiae pol r, specifically the H568L+H572L double mutation,

can cause a severe loss of function, resulting in a UV sensitive phenotype similar to a

rad30 null. However, I also confirm that the cysteines and one histidine of the C2H2

motif, which in the human homolog coordinate a zinc ion [23], can be replaced in S.

cerevisiae without phenotypic consequences, indicating that the loss of function caused

by the H568L+H572L double mutant is not due to disruption of the putative zinc finger.

These histidines, however, are located within the most conserved part of the UBZ

domain's sequence, among the residues which form an alpha-helix in human pol r [231.

The surface of this alpha-helix, which is similar to previously recognized ubiquitin

interaction motifs (the UIM/IUIM and reverse UIM), interacts directly with ubiquitin in

the NMR structure of the human pol q UBZ domain [23]. As the histidines at positions

568 and 572 are likely to be located in this alpha helix (see Chapter 1, Figure 5), the

H568L+H572L double mutant could cause loss of function by disrupting the UBZ

domain's interaction with ubiquitin. The substitution of leucines for both histidines could

either interfere directly with the interaction, or could disrupt it indirectly, by altering the

structure of the UBZ domain.

This hypothesis assumes that the ability to interact with ubiquitin is independent

of zinc coordination in S. cerevisiae, unlike human pol rI, in which the interaction with



ubiquitin can be lost due to substitution at just one of the histidines (H654) [10]. My

finding that neither the cysteine mutant nor either single histidine mutant in yeast causes

a dramatic UV survival phenotype, could suggest either that the interaction with ubiquitin

is independent of zinc binding in S. cerevisiae pol r, or alternatively that the interaction

with ubiquitin is not actually required for pol r's function, as suggested by Acharya et al

[34]. However, the latter possibility would require that there is an additional, unknown,

function which accounts for the significance and conservation of the UBZ domain and is

independent of zinc binding. The degeneracy of the UBZ domain of S. cerevisiae pol rl,

and the results of my genetic analysis, can be explained more simply by the hypothesis

that S. cerevisiae pol ri contains a zincless UBZ domain, in which both the structure and

the ubiquitin-interacting function are stabilized without zinc coordination.

An ongoing project seeks to differentiate these two possibilities. To determine

whether the UBZ domain of S. cerevisiae pol n folds into a stable structure in the absence

of zinc, I will assay the structure and zinc content of the purified UBZ domain. In

addition, I will compare the ubiquitin-binding activities of the mutant and wildtype UBZ

domains. If the interaction with ubiquitin, rather than some unknown function, is the key

activity of the UBZ domain whose disruption causes altered chromatin-association and

loss of function in the H568L+H572L double mutant and the D570A mutant [29], then

the UBZ domain mutants that did not affect UV survival, such as the C552R+C553R

double mutant, should support a normal ubiquitin interaction, while H568L+H572L

double mutant should not. If, as I hypothesize, S. cerevisiae pol r's UBZ domain does

not coordinate zinc, further study will be needed to learn whether its structure is

essentially conserved relative to the canonical UBZ domain structure, analogous to a

zincless zinc finger [31-33], or whether it forms a substantially different structure than

human pol r's UBZ domain.

As well as being structurally interesting, the possibility that S. cerevisiae pol r

contains a zincless UBZ domain has broad implications for models of the regulation of

pol r function, specifically with respect to the functional significance of the interaction

with ubiquitin, and the probability of one or more additional UBZ domain functions.

UBZ domain is required for damage-induced increase in chromatin-

association. Here I have shown that pol r is significantly chromatin-associated even in



the absence of exogenous DNA damage. Furthermore, I have found that in response to

UV, more pol ri becomes chromatin-associated in a UBZ domain-dependent fashion.

This is consistent with a model in which pol rI is recruited to sites of DNA damage by a

UBZ domain-mediated interaction with ubiquitinated PCNA. Although the UBZ domain

is not required for chromatin-association of pol r in the absence of DNA damage,

disruption of the UBZ domain's function causes the pool of chromatin-associated pol r

to decrease in response to UV. This suggests that the factors that promote pol rl's

association with chromatin are different in the presence and absence of exogenous DNA

damage, and implies that the H568L+H572L double mutation disrupts a damage-specific

interaction. The UBZ domain promotes pol q's interaction with its DNA damage-

associated interaction partner, ubiquitinated PCNA, such that pol r lacking a functional

UBZ domain cannot compete for this damage-associated interaction with other TLS

polymerases or other PCNA- and ubiquitin-interacting proteins. Importantly, chromatin

association alone must not be sufficient for pol r's function; if it were, the

H568L+H572L double mutant, because it is detectably chromatin-associated even after

damage, would be expected to have only a mild defect in UV survival, instead of the

severe loss of function I have observed. This implies that pol r must be precisely located

and/or oriented for activity, or may require a specific interaction to activate its TLS

activity, and that the UBZ plays a role beyond general chromatin association.

Distribution and functions of the UBZ domain. A variety of ubiquitin binding

domains have been characterized [43]. The presence of two different ubiquitin interaction

motifs in different members of the Y family DNA polymerases, all of which derived from

a common polymerase ancestor, suggests a functional difference between the two

ubiquitin interaction motifs. Polymerases rl and Kc contain UBZ domains, but polymerase

iota (L) and Revl interact with ubiquitin via UBMs (Ubiquitin Binding Motifs) [22] [35,

44]. Like the UBZ domain, UBMs are also found outside of the Y family DNA

polymerases; specifically, I have identified homologous motifs in Toml (Trigger of

Mitosis or Temperature dependent Organization in Mitotic nucleus) and other HECT-

domain E3 ubiquitin ligases (data not shown). It is particularly striking that pol L, whose

sequence is generally more similar to pol rj than to Revl [11, 45], contains the UBM

rather than a UBZ domain. The distribution of UBZ domains and UBMs among the Y



family polymerases may be the result of an evolutionarily conserved functional

difference between the two ubiquitn-binding motifs. This difference might reside in their

effects on the ubiquitin-interacting protein or the strength of the interaction with

ubiquitin. Like the UBZ domain, the UBM can also mediate a functional interaction with

ubiquitinated PCNA, as it does for Revi [35, 44].

The observation that UBZ domains are found predominantly in DNA damage

response proteins [24] also suggests that the UBZ domain is not functionally

interchangeable with other ubiquitin interaction domains. To gain insight into UBZ

domain-specific functions, I have compared the functions of the proteins known to

contain UBZ domains. Many of these proteins do have common interaction partners in

addition to ubiquitin. Four of the UBZ domain proteins, pol K, pol r, Rad18 and Mgs1,

are known to physically interact with PCNA [7, 46, 47]. Although interaction with

PCNA does not absolutely require the UBZ domain, the structure of the UBZ domain

may enable it to uniquely influence the character of the interaction with ubiquitinated

PCNA. Another potential interaction partner of several UBZ proteins is the Werner

syndrome protein, WRN (Sgsl in yeast), which interacts physically with Mgsl/WRNIP1

[48] and stimulates the extension activity of TLS polymerases in vitro [49].

The UBZ domain has been shown to play a role in self-association as well. Radl8

requires its UBZ domain for its self-interaction in both human and yeast [50, 51] and for

the formation of replication-independent Radl8 foci [52 Usami 2006]. The UBZ domain

of pol r is required for damage-induced accumulation of pol r foci [10], possibly

mediated by a similar self-interaction. The formation of detectable nuclear foci by pol K,

pol r, Radl8 and Mgsl, may depend on self-association as well as on the interaction with

ubiquitin/PCNA. However, it is doubtful that the UBZ domain mediates interactions

among the different UBZ domain proteins because, although pol and Rad 18 do

physically interact [19], and their interaction may involve pol r's UBZ domain, the

accumulation of pol rl foci after DNA damage depends on Radl8 but not on Radl8's

UBZ domain or on Radl8 focus formation.

The UBZ domain is required for covalent ubiquitination of several UBZ domain-

containing proteins, including Radl8 [50], WRNIP1 (at several sites) [24], and pol rl [22,

29 Ulrich, 2006]. Monoubiquitination of yeast pol r does not require either Rad6 or



Radl8 [29, 53], but is diminished in their absence [53]. Because the UBZ domain is

required for pol r ubiquitination, it has been suggested that pol r ubiquitination could

involve autocatalytic ligation of an activated ubiquitin from an El or E2 onto pol r by the

UBZ domain [541. This would not be unusual, as many ubiquitin-interacting proteins are

known to promote their own mono-ubiquitination [55-57].

The functional significance of pol ri's ubiquitination is not yet understood, but it

may play roles in self-association (through the UBZ domains), in regulation of

interactions with ubiquitinated proteins such as PCNA, or in proteosomal degradation.

The hypothesis that pol r ubiquitination targets it for proteosomal degradation has been

suggested by the observation of poly-ubiquitinated pol r in a protease-deficient yeast

strain [58], namely, that mono-ubiquitination of pol r may serve as the substrate for

further polyubiquitination to promote protein degradation. However, my results,

presented in Chapter 4 of this thesis, show that pol r protein levels do not change

significantly in response to DNA damage, and others have found that pol r is not rapidly

degraded ([53]; Mary Ellen Wiltrout and Graham Walker, unpublished results). These

and other results presented in Chapter 4 suggest that the degradation observed by

Skoneczna et al. [58] was due to their use of a destabilizing tag to detect pol r. I

therefore propose that pol rl ubiquitination is more likely to modulate pol r's interactions

with itself, with ubiquitinated PCNA, or with other ubiquitin-binding proteins.

Mutational analysis of the UBZ domain of pol Tr does not yield insight into the

hypothesis that pol ri's ubiquitination negatively regulates its interaction with

ubiquitinated PCNA, as mutating the UBZ domain simultaneously disrupts both the

interaction with ubiquitinated PCNA and the ubiquitination of pol ri. A direct assay of

the effect of pol r ubiquitination would require identifying the ubiquitination site and

mutating that alone, so as to disrupt ubiquitination without also disrupting the non-

covalent interaction with ubiquitin.

The role of phosphorylation in TLS. Pol rl is known to be ubiquitinated[29],

and the recent finding that its paralog Revi is phosphorylated in yeast [59] led me to ask

whether pol Tr is phosphorylated as well. Although I did not identify a phosphorylated

species of pol r, my mutational analysis did identify a potential phosphorylation site

which contributes to survival after UV-induced DNA damage. The UV sensitivity of the
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T(514)A mutant, as well as the lesser defects of the S(592)A mutant and the alanine patch

mutant at position 587, suggest that pol rl may be activated by phosphorylation at

multiple, partially-redundant sites. Recent evidence has pointed to a role for

phosphorylation in the activity of pol ý [60] as well as Rev [59, 60]. Therefore, one

possible role of this putative phosphorylation of pol rl may regulate a direct or indirect

interaction with pol ý and/or Revl (See Chapters 3 and 4). Further study is needed to

determine whether pol r is, indeed, phosphorylated, and if so, under what conditions.

MATERIALS AND METHODS

Strains and plasmids

Yeast strains are listed in the table below. For the experiment shown in Figure 3a,

I used a BY4741/BY4742 derivative strain constructed by mating of yeast deletion

project strains 14255 and 6430. All other experiments use derivatives of W1588-4C

(MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1 RAD5), which is a W303

strain in which a rad5 mutation is replaced by the wildtype RAD5 sequence [61].

Deletion of RAD30 was constructed by gene replacement using PCR amplified

rad30::KanMX from the Saccharomyces Genome Deletion Project strain 4255. To

produce the TEV-ProA-7His tagged Rad30 fusion protein, the tag cassette was amplified

from pYM10 [62] and inserted by homologous recombination to replace the stop codon

of RAD30. See Table 1 for additional information on strains. The plasmids pEGUh6

[63] and pEGUh6-RAD30 [12], of which the latter expresses 6His-Rad30 from Pgal,

were the kind gifts of Zhigang Wang. Roger Woodgate and John McDonald generously

provided the plasmid pJM96 (RAD30 cloned into pRS415) [1]. See Table 2 for

additional plasmid information. Mutants were constructed by site-directed mutagenesis

using QuikChange. Mutants are listed in Table 3.

UV treatment

Cultures were grown to saturation for 3 days at 30 degrees C, diluted in water to

approximately 6 CFUs per microliter, and equal amounts of the dilution were spread on



each of several selective minimal medium plates. Within 30 minutes, plates were

irradiated using a G15T8 UV lamp (General Electric) at 254nm, 1 J/m 2 per second for

varying amounts of time. After irradiation, plates were kept in the dark at 30 degrees C

for 3 days before colonies were counted. The data shown are averages of at least three

independent cultures, and error bars represent standard error.

Chromatin purification

For chromatin purification, exponentially growing cultures were collected by

centrifugation and resuspended to OD600~0.5 in water. Cultures were then split, so that

one half was not treated, while the other half was poured into a wide plate and irradiated

with 50 J/m 2. Irradiated and untreated cells were separately collected by centrifugation

immediately after UV treatment, resuspended in selective media, and incubated at 30

degrees C until 120 minutes after irradiation. The incubation time was based on previous

work suggesting that both Rev and Rad30 appear to respond to DNA damage on this

time scale [1, 58, 64, 65].

Chromatin-associated fractions were prepared as previously described [37 Diffley

1997] with modifications. Briefly, exponentially growing cells were pre-incubated in

pre-spheroplasting buffer (100 mM Pipes-KOH, pH9.4), spheroplasted by treatment with

Zymolyase in spheroplasting buffer (0.6 M Sorbitol, 10 mM DTT, 50 mM potassium

phosphate, pH 7.5), then washed three times in lysis buffer (0.4 M Sorbitol, 150 mM

potassium acetate, 2 mM magnesium acetate, 20 mM Pipes-KOH, pH 6.8). Cells were

lysed by resuspending at no more than 8x108 cells per mL in lysis buffer plus 1% Triton

X-100 and protease inhibitors (Roche Complete cocktail). After 5 minutes on ice, the

lysate was underlayed with 150 mL of 30% sucrose and the chromatin was pelleted by

centrifugation at 15,800 RCF for 15 minutes. This first supernatant was carefully

removed, and the pellet was washed once in lysis buffer, then re-collected by

centrifugation at 15,800 RCF for 10 minutes. The soluble fraction was prepared by re-

centrifugation of the first supernatant to ensure that it was free of all precipitate. The

chromatin-associated fraction was solubilized from the washed pellet by resuspending it

in lysis buffer plus 150 mM NaCl, 5 mM CaCl2 and 0.5 mM MgCl2 with MNase

(Worthington) for 10 minutes at room temperature to digest the DNA. After



centrifugation at 15,800 RCF for 15 minutes, the chromatin associated fraction, separated

as the supernatant, was carefully saved. Samples were then analyzed by immunoblot.

Immunoblotting

Whole cell extracts were prepared by trichloroacetic acid precipitation [62].

Protein samples were separated on 7.5% or 4-12% SDS-polyacrylamide gels, transferred

to a polyvinylidene difluoride membrane (Immobilon-P; Millipore), and probed with

appropriate antibodies. ProA-tagged protein was detected using rabbit peroxidase anti-

peroxidase (PAP) antibody diluted 1:5,000 (Sigma); the 6His tag, PGK, and Orc were

detected using mouse anti-His (Qiagen), mouse anti-PGK (Molecular Probes) and rabbit

anti-ORC (kind gift of Stephen Bell) antibodies, respectively, all diluted 1:1,000. Blots

were visualized using HRP-conjugated goat anti-mouse or anti-rabbit secondary antibody

(Pierce) and SuperSignal West Dura Extended Duration Substrate (Pierce) or SuperSignal

West Femto Maximum Sensitivity Substrate (Pierce).

Phosphoprotein detection

For phosphoprotein detection assays, protein was separated on 4-12%

polyacrylamide gels (Cambrex) and phosphorylated proteins were detected by Pro-Q

Diamond Phosphoprotein stain (Invitrogen) according to manufacturer's protocol. The

sensitivity of the stain is 1-16 ng/lane.

Sequence analysis

Alignments were made using T-Coffee [27]. BLAST and PSI-BLAST were used

to identify homology in the database [66, 67]. Predictions of protein disorder were

performed by PONDR [39, 40]. Access to PONDR® was provided by Molecular

Kinetics (6201 La Pas Trail - Ste 160, Indianapolis, IN 46268; 317-280-8737; E-mail:

main@molecularkinetics.com ). VL-XT is copyright© 1999 by the WSU Research

Foundation, all rights reserved. PONDR® is copyright@2004 by Molecular Kinetics, all

rights reserved. NetPhosYeast 1.0 was used to predict phosphorylation sites in S.

cerevisiae Rad30 protein [41]. I used additional motif prediction tools including: Motif

Scanner, NetPhos 2.0 [68], and NetPhosK 1.0 [69].



TABLES AND FIGURES

Table 1. Yeast strains used in this study

Strain Genotype

RWY10 MATa leu2Al his3A1 met5AO ura3AO rad5::kanMX rad30::kanMX

W1588-4C MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1 RAD5

RWY 13 MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1 RAD5 RAD30-TEV-

ProA-7His::HIS3MX

RWY15 MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-l RAD5

rad30::KanMX

Table 2. Plasmids used in this study
Plasmid Relevant gene Description/Comments
pJM96 RAD30 pRS415 derivative containing RAD30
pEGUh6Rad30 6His-RAD30 pEGUh6 derivative expressing His-tagged

Rad30p from a galactose-inducible promoter
pRW 1001 6His-rad30(C552R+ C553R) pEGUh6-Rad30 derivative
pRW1002 6His-rad30(H568L+H572L) pEGUh6-Rad30 derivative
pRW1004 rad30(H572A) pJM96 derivative
pRW1005 rad30(Y571A) pJM96 derivative
pRW1006 rad30(H568A) pJM96 derivative
pRW1007 rad30(T514A) pJM96 derivative
pRW1018 rad30(patch-516) pJM96 derivative
pRW1020 rad30(patch-540) pJM96 derivative
pRW 1021 rad30(patch-548) pJM96 derivative
pRW1022 rad30(patch-587) pJM96 derivative
pRW 1024 rad30(patch-598) pJM96 derivative
pRW1025 rad30(H568L+H572L) pJM96 derivative
pRW1027 rad30(C552R+C553R) pJM96 derivative
pRW1029 rad30(D155A+E156A) pJM96 derivative containing catalytically

inactive rad30 mutant [70]
pRW1031 RAD30-YMIO pJM96 derivative with tag: -TEV-ProA-7His
pRW1045 rad30(H568L+H572L)-YMIO pJM96 derivative with tag: -TEV-ProA-7His
pRW1046 rad30(H568L)-YM1O pJM96 derivative with tag: -TEV-ProA-7His
pRW1047 rad30(H572L)-YM1O pJM96 derivative with tag: -TEV-ProA-7His
pRW1048 rad30(HS68A)-YMIO pJM96 derivative with tag: -TEV-ProA-7His
pRW1049 rad30(T5S4A)-YMIO pJM96 derivative with tag: -TEV-ProA-7His
pRW1050 rad30(patch-587)-YMJO pJM96 derivative with tag: -TEV-ProA-7His
pRW1035 rad30(S587D)-YMIO pJM96 derivative with tag: -TEV-ProA-7His
pRW 1051 rad30patch-598)- YMIO pJM96 derivative with tag: -TEV-ProA-7His
pRW1052 rad30(DI55A+E156A)-YMIO pJM96 derivative with tag: -TEV-ProA-7His
pRW1054 rad30(S592A)-YMIO pJM96 derivative with tag: -TEV-ProA-7His
pRW1055 rad30(patch-548)-YMJO pJM96 derivative with tag: -TEV-ProA-7His



Table 3: Nomenclature for RAD30 mutants used in this study

Mutant name Mutant description

catalytic Substitution of alanines for two residues of the catalytic triad,

Asp155 and Glu156

H568L+H572L Substitution of leucines for His568 and His572

C552R+C553R Substitution of arginines for Cys552 and Cys553

H568L Substitution of leucine for His568

H568A Substitution of alanine for His568

H572L Substitution of leucine for His572

H572A Substitution of alanine for His572

Y571A Substitution of alanine for Tyr571

D570A Substitution of alanine for Asp570

Patch-548 Substitution of alanines for Pro548, Lys549, and Glu551

Patch-516 Substitution of alanine patch for Val516, Asp517 and Met518

Patch-598 Substitution of alanine patch for Leu598, Leu599 and Phe600

Patch-540 Substitution of alanines for Ser540 and Ser541

Patch-587 Substitution of alanine patch for Ser587, Ser588 and Lys589

T514A Substitution of alanine for Thr514

S587D Substitution of aspartate for Ser587

S592A Substitution of alanine for Ser592



Figure 1. UBZ is broadly conserved in pol il, while flanking regions are not. A,
domain architecture of human and yeast pol r~. N represents the Nuclear Localization
Sequence (NLS). P represents the PCNA interaction motif (PIP-box). B, Alignment of
fungal pol l homologs for the region between the PAD and UBZ domains, positions 505
to 543 of S. cerevisiae pol I. Sites of substitution mutations are marked with asterisks
(*). C, Alignment of pol rj homologs from the start of the UBZ domain and to the NLS,
positions 544 to 600 of S. cerevisiae pol q, showing broad conservation of the UBZ; the
position of the conserved cysteine absent from S. cerevisiae pol ri is highlighted in red.
Sites of substitution mutations are marked with asterisks (*). D, Alignment of known and
putative UBZ motifs found in S. cerevisiae. Alignments were made by TCOFFEE [27].
E, Alignment of residues 622 to 669 of Arabidopsis thaliana pol i with UBMs from pol L
and Revl.
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Figure 2. UV phenotypes of UBZ mutants. In a rad30 null background (RWY 15),
effect on UV sensitivity of plasmids carrying RAD30 (pJM96 or pRW1031), squares;
specified mutants, triangles or empty vector (pRS415), circles. Error bars represent
standard error. A, H568L+H572L double mutant (pRW1002), red triangles. B,
H568L+H572L double mutant (pRW1025), red, causes greater loss of function than
either H568A (pRW1006), orange, or H572A (pRW1004), green. C, C552R+C553R
double mutant (pRW1027), blue triangles. D, Y571A (pRW1005), gray triangles. E,
Alanine patch at PKLE 548 (pRW1021), open triangles.
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Figure 2, continued.
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Figure 3. Mutation of histidines doubly, but not singly, causes recessive loss of
function. A, Ability to rescue UV sensitivity in rad5rad30 background of plasmid-born
wildtype RAD30 (pEGUh6-Rad30), black squares; H568L+H572L double mutant
(pRW1002), red triangles; C552R+C553R double mutant (pRW1001), blue triangles; or
empty vector (pEGUh6), circles. B, Anti-His immunoblot comparing expression of
6His-tagged mutant H568L+H572L Rad30p (pRW1002), left lane, with 6His-tagged
wildtype Rad30p (pEGUh6-Rad30). C, In a rad30 null background (RWY 15), effect on
UV sensitivity of Rad30p C-terminally tagged with -TEV-ProA-7His: Wildtype
(pRW 1031), black squares; H568L+H572L double mutant (pRW 1045), red triangles;
H568L mutant (pRW1046), orange; and H572L mutant (pRW1047), green; or empty
vector (pRS415), black circles. Error bars represent standard error.
D, Immunoblot showing expression of the H568L+H572L double mutant (pRW1045),
left lane, compared with the wildtype (pRW1031), right lane. E, H568L+H572L
phenotype is recessive. Empty vector (pRS415) in rad30 null (white) or wildtype
background (light gray); plasmid-born wildtype Rad30p (pJM96) in wildtype background
(dark gray); plasmid-born H568L+H572L double mutant (pRW1025) in rad30 (yellow)
or wildtype background (yellow striped); plasmid-born catalytically dead mutant Rad30
(pRW1029) in rad30 (green) or wildtype background (green striped).
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Figure 4.
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Figure 4. Effect of DNA damage on chromatin association of pol rl. A, Controls:
Immunoblots of chromatin spindown samples in the presence (lanes 3 and 4) or absence
(lanes 1 and 2) of DNA damage, to detect Orcl (top). primarily in the chromatin
associated fractions (lanes 2 and 4), and PGK (bottom), predominantly in the soluble
fraction (lanes 1 and 3). B, Pol r is found in both the chromatin associated fraction (lane
2) and soluble fraction (lane 1). Immunoblots detecting the ProA tag on Rad30-TEV-
ProA-7His (top) and Orcl (bottom) in chromatin spindown samples. C, UBZ domain
mutant prevents damage-induced increase in chromatin-association of pol r. Chromatin
associated fractions containing wildtype pol r (lanes 1 and 2) or H568L+H572L double
mutant pol r (lanes 3 and 4). Lanes 1 and 3 are chromatin associated fractions of
undamaged cultures; lanes 2 and 4 are the chromatin associated fractions from UV-
irradiated cultures.
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Figure 5. Effects on UV survival of pol rl mutations outside the UBZ domain. In a
rad30 null background (RWY 15), effect on UV sensitivity of plasmids carrying RAD30
(pJM96 or pRW1031), squares; specified mutants, triangles or empty vector (pRS415),
circles. Error bars (representing standard error) are included for all data points, but in
many cases are smaller than the symbols marking the data points. A, Alanine patch at
VDM 516-18 (pRW1018). B, Alanine patch at SS 540-41(pRW1020). C, Alanine patch
at SSK 587-89 (pRW1022). D, S587D (pRW1035). E, Alanine patch at LLF 598-600
(pRW1024). F, S592A (pRW1054). G, T514A (pRW1007).
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Figure 5, continued.
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Figure 5. Effects on UV survival of pol 1 mutations outside the UBZ domain. In a
rad30 null background (RWY 15), effect on UV sensitivity of plasmids carrying RAD30
(pJM96 or pRW1031), squares; specified mutants, triangles or empty vector (pRS415),
circles. Error bars (representing standard error) are included for all data points, but in
many cases are smaller than the symbols marking the data points. A, Alanine patch at
VDM 516-18 (pRW1018). B, Alanine patch at SS 540-41(pRW1020). C, Alanine patch
at SSK 587-89 (pRW1022). D, S587D (pRW1035). E, Alanine patch at LLF 598-600
(pRW1024). F, S592A (pRW1054). G, T514A (pRW1007).
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Figure 5, continued.
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Figure S

A.

PONDR prediction of pol eta

0.

0.

0.

0.

0.

C'

8

7

6

5

C2H2

-- Scer
-Cgla

MKlac
-a- Hsap

- Dmel
-+- Ggal
-- Mmus

-100 -50 0 50

location relative to C2H2

NOWMMM ------ w

Jib IL



Figure Si. A, Graphical representation of predicted probability of disorder for each
residue of pol rj homologs beginning 100 amino acids N-terminal to the first C of the
C2H2. Predictions were performed by PONDR (see Materials and Methods). PONDR
uses 0.5 as the cutoff below which disorder is not predicted. B, Another representation of
the data shown in A. Box represents the C-terminus of polymerase rl; colored lines
represented regions of predicted disorder in each species.



Table S1. Lists species in which known or putative pol r homologs were identified, and
whether I was able to recognize the UBZ motif in their sequences.

Classification

Ciliate

Frog

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes *

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Ascomycetes

Fungus: Basidiomyces

Fungus: Basidiomyces

Fungus: Basidiomyces

Green algae

Insect

Insect

Insect

Insect

Insect: fly
Insect: fly
Nematode

Plant: eudicot

Organism

Paramecium tetraurelia

Xenopus laevis

Saccharomyces cerevisiae

Ashbya gossypii

Aspergillus nidulans

Aspergillus niger

Aspergillus terreus

Botryotinia fuckeliana

Candida albicans

Candida glabrata

Chaetomium globosum

Coccidioides immitis

Debaryomyces hansenii
Gibberella zeae

Kluyveromyces lactis

Lodderomyces elongisporus

Neosartorya fischeri

Neurospora crassa

Phaeosphaeria nodorum

Pichia guilliermondii

Pichia stipitis

Saccharomyces bayanus

Saccharomyces castellii

Saccharomyces kluyverii

Saccharomyces kudriavzevii

Saccharomyces paradoxus

Schizosaccharomyces pombe

Sclerotinia sclerotiorum

Yarrowia lipolytica

Coprinopsis cinerea

Cryptococcus neoformans

Ustilago maydis
Ostreococcus lucimarinus

Nasonia vitripennis

Aedes aegypti
Anopheles gambiae
Tribolium castaneum
Drosophila melanogaster
Drosophila pseudoobscura

Caenorhabditis elegans
Arabidopsis thaliana

UBZ status

yes

yes

Degenerate zinc finger: cckyqvtftdqkalqehadyh

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes
NO. Short

Degenerate zinc finger: pnicgqsilvekfdehndyh

yes
yes

yes
yes
yes
NO. No UBM.
NO. However, contains UBM



Plant: monocot

Sea urchin

Trypanosome

Trypanosome

Trypanosome

Trypanosome

Trypanosome

Vertebate: Mammal

Vertebate: Mammal

Vertebate: Mammal

Vertebate: Mammal

Vertebate: Mammal

Vertebate: Mammal: Opposum

Vertebate: Mammal: platypus
Vertebate: Mammal: Rodent

Vertebate: Mammal: Rodent

Vertebrate
Vertebrate: bird

Oryza sativa

Strongylocentrotus purpuratus

Leishmania braziliensis

Leishmania infantum

Trypanosoma brucei

Trypanosoma cruzi
Leishmania major

Bos taurus

Canis familiaris

Equus caballus

Homo sapiens

Pan troglodytes

Monodelphis domestica

Ornithorhynchus anatinus

Mus musculus

Rattus norvegicus
Danio rerio
Gallus gallus

NO. No UBM.

yes
NO. No UBM.
NO. No UBM.
NO. short

NO. Short

NO. No UBM.
yes

yes

yes

yes

yes

yes

yes

yes

yes

yes
yes
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Summary

Eukaryotes are endowed with multiple specialized DNA polymerases, some (if

not all) of which are believed to play important roles in the tolerance of base damage in

DNA. Among these DNA polymerases, Rev1 protein (a dCMP transferase) from

vertebrates interacts with multiple other specialized polymerases via a highly conserved

C-terminal region. The present studies sought to determine whether these interactions are

retained in experimentally tractable yeasts and other invertebrates. Using well-

documented technologies that identify in vivo interactions we observed an interaction

between Revl protein and various Y-family DNA polymerases in Drosophila. However,

regardless of the fact that the extent of amino acid identity and similarity in the C-

terminal region of Drosophila Revl protein is no less than that in other invertebrates,

such interactions were not observed in the yeasts S. cerevisiae or S. pombe. Futhermore,

Revl protein from Drosophila and both yeasts readily interacts with Rev7 protein (the

catalytic subunit of the B-family DNA polymerase Polt). These studies advocate special

consideration when making mechanistic extrapolations between diverse eukaryotes.

1. Introduction

The rescue of arrested DNA replication at sites of template base damage is critical

for cell survival. Not surprisingly, prokaryotic and eukaryotic cells have evolved multiple

strategies for mitigating the lethal effects of arrested DNA replication without prior

removal of the offending DNA damage; so-called DNA damage tolerance [1]. The

replicative bypass of base damage by DNA translesion synthesis (TLS) represents a

specific mode of damage tolerance that utilizes specialized low-fidelity DNA

polymerases to overcome arrested DNA replication, often at the expense of introducing

errors and hence generating mutations [1] . To date ten such specialized DNA

polymerases have been identified in vertebrates. A newly-discovered subset of these

proteins (Rev 1, Polrl, Poli, and Poli) is designated the Y-family of DNA polymerases [1-

31.



Among the Y-family of DNA polymerases Revl protein is highly conserved in

eukaryotes, but no archaeal or bacterial Rev1 orthologs have been detected. Structural

orthologs of Poly and Polt are also apparently absent in prokaryotes. In contrast, a readily

identifiable ortholog of PolK (DinB protein in E. coli) is present in bacteria. Rev1 is

unique among the Y-family in that its DNA polymerase activity is restricted to the

incorporation of one or two molecules of dCMP regardless of the nature of the template

nucleotide. It is thus often referred to as a dCMP transferase [4]. Remarkably, while the

catalytic domain of Revi protein is required for the replicative bypass of sites of base

loss (AP sites), Revi's catalytic function is not required for UV-induced mutagenesis in

yeast or mammals. [5, 6].

Revl protein also possesses a conserved N-terminal BRCT domain that is

required for TLS in yeast and mammalian cells exposed to UV radiation [7, 8] and

presumably other types of base damage. Indeed, a single amino acid substitution in the

BRCT domain of otherwise catalytically active yeast Revl abolishes the bypass of [6-4]

photoproducts, suggesting a non-catalytic role(s) for Revl protein during UV radiation-

induced mutagenesis [7]. Additional support for the notion that Revl has a TLS

function(s) independent of its dCMP transferase activity is implicit in the observation that

the protein interacts with the Y-family polymerases PolK, Polyr and Polt, and with Rev7

protein [a subunit of a heterodimeric specialized DNA polymerase called PolH] through a

C-terminal 100 amino acid region that is highly conserved among vertebrates [9-11]. The

functional significance of these interactions is not understood. However, the additional

observations that PCNA also interacts with these DNA polymerases and with Revl

protein [8, 12-14], and that PCNA and some Y-family members (including Revl protein)

undergo monoubiquitination, has prompted the hypothesis that Revl plays a key role in

the process of TLS [3, 15, 16].

Several non-vertebrate eukaryotic organisms, such as the yeasts S. cerevisiae and

S. pombe, the fruit fly Drosophila melanogaster and the nematode C. elegans, have

proven to be informative model systems for various mechanistic studies in vertebrates. In

view of the fact that these model organisms are endowed with Revl protein as well as

one or more other Y-family DNA polymerases, they offer the potential for gaining

fundamental insights into the molecular biology of TLS in eukaryotes. In the present



studies we have compared interactions between Rev1 protein and other members of the

Y-family of DNA polymerases from animals and fungi.

Here we report that Y-family DNA polymerases from the fruit fly Drosophila

melanogaster interact with Rev1 protein from this organism as well as that from the

mouse. In contrast to the corresponding mouse proteins, Drosophila Y-family

polymerases Polt and Poly each use two independent regions to interact with Revl.

However, comparison of a similarly located Revl-interacting domain in Poly, Polt or

Polifrom mouse or Drosophila reveals little sequence conservation and does not

obviously predict conserved structures. Indeed, in contrast to the extensive conservation

of the C-terminal 100 amino acids of Rev1 protein in vertebrates, this region of Revl is

also less conserved in the yeasts S. cerevisiae and S. pombe, and is not conserved in the

nematode C. elegans. We also document a failure to observe interactions between Y-

family DNA polymerases and Rev protein from the yeasts S. cerevisiae and S. pombe by

the yeast two-hybrid or co-immunoprecipitation technologies, although Revl protein

from both yeasts readily interacts with the Rev7 subunit of the specialized DNA

polymerase ý (Polý). Thus, notwithstanding the presence of Revl protein and some

specialized DNA polymerases in invertebrates and fungi, interactions between these

proteins differ qualitatively among themselves and from the Revl-DNA polymerase

interactions observed in vertebrates.

We conclude that no single model eukaryote thus far examined can be considered

a prototypic model system for generalizing the molecular mechanism of TLS in

eukaryotes, and suggest that care must be exercised in making mechanistic extrapolations

from one eukaryotic system to another.

2. Materials and Methods

2.1. Pair-wise yeast two-hybrid assays and interaction domain mapping

S. cerevisiae constructs. Rev1 was PCR amplified from Revlp-GST-pJN60 (Christopher

Lawrence) and cloned into the AD vector pACT2 (Clontech) or BD vector pGBKT7

(Clontech). Rad30 was PCR amplified from pEGUh6b-Rad30 (Zhigang Wang) and



cloned into BD vectors pGBKT7 or pGBT9 (Clontech). Rev7 was PCR amplified by

colony PCR and cloned into AD vector pGADT7 (Clontech).

C. elegans constructs. Rev-1 was PCR amplified by RT-PCR of total RNA

(prepared by bead disruption and RNAeasy prep of N2 hermaphrodite worms) and cloned

into pGADT7. Polr-1 was PCR amplified by RT-PCR and cloned into pGBKT7. Two

spliced products were detected, one with a 57 bp deletion in exon 7, as previously

reported [17]. Both products were assayed. PolK-i was amplified by RT-PCR and

cloned into pGBKT7.

S. pombe constructs. Revi (SPBC1347.01c) was PCR amplified by RT-PCR of

total RNA and cloned into pGADT7 or pGBKT7. Esol+(Polqr), PolK(SPCC553.07c),

and Rev7 were amplified by RT-PCR and cloned into pGBKT7 or pGADT7. Exon

boundaries for Rev7 were redefined and annotated accordingly on online databases.

Drosophila constructs. Revi was amplified by RT-PCR of total RNA prepared by Trizol

extraction of Kc cells and cloned into pACT2. Polr and Polt were amplified from

pGEX-dPolyq and pGEX-dPolL [18] and cloned into pGBKT7. Rev7 was PCR amplified

by RT-PCR and cloned into pGBKT7. Truncation experiments were performed using

fragmented cDNAs cloned by PCR.

Mouse constructs. As previously described [9]. Truncation experiments were

performed using fragmented cDNAs cloned by PCR.

2.2. Yeast transformation and growth selection

Pair-wise combinations of yeast two hybrid constructs and corresponding negative

controls containing an empty vector were transformed into freshly prepared AH109

competent cells (Clontech) and plated on DDO media (-Trp/-Leu). After 4 days of

growth at 300 C, 2-3 colonies were picked, suspended in sterile water, and plated on QDO

media (-Trp/-Leu/-Ade/-His) and grown for up to 10 days at 300 C to select for positive

interactions. Side by side plating on DDO was performed as a control.

2.3. 3-galactosidase assays

Pair-wise combinations of full-length or truncated yeast two-hybrid constructs and

corresponding negative controls containing an empty vector were transformed into



freshly prepared Y 187 competent cells (Clontech) and plated on DDO media (-Trp/-Leu)

to grow for 3-4 days at 300 C. Overnight cultures grown in selective media were used to

prepare log phase cultures and 3 aliquots per culture in Z-buffer were flash frozen. Each

sample was subjected to the addition of Z-buffer+p-mercaptoethanol and ONPG substrate

(Sigma) and subsequently measured (<24 hours) for their spectrophotometric values with

respect to time.

2.4. Immunoprecipitation and immunoblot analysis of dRevl and dPollI

The full-length ORFs for dRevI and dPoly were cloned into expression vectors using the

Drosophila Gateway system. Kc Drosophila cells (40-80% confluency) were co-

transfected with dRevl-pAMW(N-terminal Myc) and dPoly-pAWV(C-terminal YFP) or

empty pAMW with dPoly-pAWV using Effectene reagent (Quiagen). Transfected cells

selected in puromycin (20mg/mL)/CCM-3 reached confluency and were split after 24

hours. Transiently transfected cells were harvested after 48 hours and extracted in lysis

buffer (50mM Tris pH 7.5, 150mM NaCl, ImM EDTA, 0.5% NP-40) spiked with

protease inhibitor (Sigma). The lysate was incubated with rabbit anti-GFP serum

(Molecular Probes) and added to washed Protein A Sepharose (Amersham), followed by

incubation for 3h at 40 C. The beads were washed and the contents bound to the beads

were analyzed by Western blot using anti-Myc or anti-GFP.

2.4. Yeast strains

Strains are listed in Table 2. Yeast strains used for the Revl/Rad30 coIP are derivatives

of W1588-4C (MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1 RAD5),

which is a W303 strain corrected for RAD5[19]. Deletion of REV1 and RAD30 were

constructed by gene replacement by PCR amplification of revl::KanMX and

rad30::KanMX, respectively, from the Saccharomyces Genome Deletion Project strains

1643 and 4255, respectively. To produce the tagged Rad30 fusion protein, the TEV-

ProA-7His tag was PCR amplified from pYMO1 [20] and inserted to replace the stop

codon of RAD30. Revi-HA was expressed from pAS311-REV1-HAC, which has been

described previously'along with YSD5, YLW20 YLW70 [21].



2.5. UV radiation survival of yeast

At least three independent cultures of each strain (RWY13, RWY15, and W1588-4C)

were used. Cultures were grown to saturation for 3 days at 300 C, diluted in water, plated

on SC-H, and immediately irradiated using a G15T8 UV lamp (General Electric) at

254nm, 1 J/m2 per second for varying amounts of time. After irradiation, plates were kept

in the dark at 300C for 3 days before colonies were counted.

2.6. Survival after exposure to methyl methanesulfonate (MMS)

As described previously [21]. In short, after induction in galactose, appropriate dilutions

of yeast cells (W1588-4C plus pAS311; YLW20 with pAS311 or with pAS311-REV1-

HAC) were plated on SC-W plates with 2% galactose and the indicated amount of MMS.

2.7. Immunoprecipitation and immunoblot analysis of S. cerevisiae Revl and pol vi

Yeast cultures were grown in selective media with raffinose for 2 days, then subcultured

into selective media with galactose to induce protein expression overnight. For UV

treatment, cells were spun down and resuspended in water to OD, ~ 0.5, poured into

large dishes to form a thin layer, then exposed to 50 J/m2 of UV (resulting in

approximately 50% killing of WT). Irradiated cells were then resuspended in selective

media with galactose and incubated at 300 C for 110-120 minutes after irradiation before

harvesting, because previous work suggests that both Revl and Rad30 respond to DNA

damage on this time scale [22-25]. Immunoprecipitations were performed essentially as

described previously [21, 26]. Cell pellets were washed once in water, then resuspended

in ice-cold lysis buffer (50 mM HEPES, pH7.6, 150 mM NaCl, 1 mM EDTA, 1% Triton

X-100, 0.1% sodium deoxycholate, 1 mM DTT and Roche complete protease inhibitor

cocktail). Cells were lysed either by bead-beating or by French Press. The lysate was

centrifuged 13,500 RCF for 7 minutes, and PMSF was added to 1 mM. For the

precipitation of ProA tagged proteins, the supernatant was bound to 50 ml IgG Sepharose

(Amersham) for 1-2 hours. For Myc or HA tags, the supernatant was mixed with 2 [tg of

anti-Myc (mouse monoclonal 4A6; Upstate) or anti-HA (mouse monoclonal HA.11 clone

16B12; Covance) antibody and incubated for one hour on ice. 20 l1 of ProG-agarose

(Sigma) was then added and the whole was incubated for 1-2 hours at 40 C mixing



gently. The resin was washed 3 times in 500 ml of lysis buffer, and bound proteins were

eluted by boiling the resin in SDS sample buffer.

Several alternate colP procotols were performed, all yielding similar results. One

alternate technique is represented in figure 4C. Yeast cultures were grown as above, but

resuspended in alternate lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM

EDTA, 5 mM MgSO 4, 10% glycerol, 0.05%NP40, 1 mM DTT, Roche complete protease

inhibitor cocktail). Cell suspension was frozen drop-wise in liquid nitrogen, then lysed

by grinding the frozen cells with dry ice in a coffee grinder. Thawed lysates were

centrifuged 10,000 RCF for 15 minutes. The supernatant was then incubated with IgG-

coupled magnetic beads (Dynabeads M270-Epoxy, Dynal) for 4 hours at 4°C. The beads

were collected and washed three times in alternate lysis buffer lacking glycerol. Bound

proteins were eluted by boiling the beads in SDS sample buffer.

For immunoblotting, protein samples were separated on SDS-polyacrylamide gels

(Cambrex), transferred to a polyvinylidene difluoride membrane (Immobilon-P;

Millipore), and probed with appropriate antibodies. ProA-tagged proteins were detected

using rabbit peroxidase anti-peroxidase (PAP) antibody (Sigma); Myc and HA tags were

detected using mouse monoclonal antibody clone 4A6 (Upstate) and mouse monoclonal

HA.11 clone 16B12 (Covance), respectively, followed by HRP-conjugated goat anti-

mouse secondary antibody (Pierce).

2.8. Protein sequences analysis

Iterative searches of the non-redundant protein sequence database (National center for

Biotechnology Information, NIH, Bethesda) were performed using the PSI-BLAST

program [27] with standard parameters and the composition-based statistics applied to

eliminate spurious hits emerging as a result of amino acid compositional biases [28].

Multiple alignments of protein sequences were generated using the Clustal W program

[29]. Protein secondary structure prediction was performed using the JPred program

[301.



3. Results

3.1. Interactions between Revl protein and Y-family DNA polymerases in animals

and yeast

As already mentioned, interactions between the Y-family of DNA polymerases

and Rev1 protein from humans and mice transpire via the C-terminal 100 amino acids of

Rev1, a region of the protein that is highly conserved in vertebrates (Fig. 1). An iterative

search of the NCBI's non-redundant protein sequence database demonstrated that this

region of Revl is also conserved in a number of invertebrates, and fungi also reveal

homologous sequences (Fig. 1). However, the extent of the amino acid conservation is

considerably reduced compared to that in vertebrates (Fig. 1). Furthermore, the C-

terminal 100 amino acids are not conserved in nematodes. Exhaustive sequence searches

failed to reveal any sequences homologous to the nematode Revl C-terminus in other

eukaryotes or in prokaryotes. Thus, it appears that the C-terminal domain of Rev1 is an

innovation of the animal-fungal lineage that was lost in nematodes.

To examine physical interactions between Rev1 and specialized DNA

polymerases from various non-vertebrate eukaryotes, cells were co-transformed with

vectors that expressed the cloned REV] gene and a DNA polymerase of interest, and

interactions were examined using the yeast two-hybrid system and in some cases by co-

immunoprecipitation. In confirmation of previous studies, mouse Rev1 protein interacted

with the mouse Y-family DNA polymerases PolI, Poli and Poli (Fig. 2 and Table 1).

Similar results were obtained when cells were transformed with vectors that express Rev1

and either PolyI or Polt from D. melanogaster (Fig. 3A and Table 1), an organism which

is not endowed with a POLK gene. This result was confirmed by immunoprecipitating

YFP-tagged Poly from Drosophila cell lysates and detecting Myc-tagged Revl on YFP-

PolI-bound beads (Fig. 3B).

No interactions were observed between Rev1 and Poly (Rad30/esol+) from the

yeasts S. cerevisiae and S. pombe using the two-hybrid assay (Fig. 3C). To confirm this

result, an S. cerevisiae strain chromosomally modified to express endogenously tagged

Rad30(Poly)-ProA was transformed with a vector expressing yeast Rev1 tagged with

HA. Both tagged proteins were functional as evidenced by their ability to complement the

sensitivity of yeast rev1A and rad30A (polrl) mutants to killing by UV radiation or MMS



(Fig. 4A and 4B). However, in contrast to the control co-IP between Rev7-Myc and

Revl-HA (Fig. 4E and 4F), when Rad30 (Poly)-ProA was immunoprecipitated from cell

extracts (either in the absence or the presence of DNA damage) Rev1-HA failed to co-

precipitate (Fig. 4C, 4D). Like Drosophila, the yeast S. cerevisiae does not harbor a

POLK gene. However, Revl protein from S. pombe failed to interact with PolK protein

from this organism (Table 1). Revl protein from the nematode C. elegans failed to

demonstrably interact with either Poll or PolK from this organism, an observation

consistent with the divergent C-terminal domain of Revl in nematodes (Table 1).

3.2 Drosophila Polr and Polk have different requirements for an interaction with

Revl

The interaction between Drosophila Revl and Drosophila Poly or Poli was

further examined to determine a requirement for the Revl C-terminal region, as

previously demonstrated in mice and humans. As shown in Fig. 5A, the C-terminal 117

amino acids of Drosophila Rev are necessary and sufficient for an interaction with Pol'r.

However, a region adjacent to the C-terminus of RevI is required for its interaction with

Polt (Fig. 5B). Unlike the C-terminal domain, this region of Drosophila Revl is poorly

conserved, even in the orthologs from mosquitoes (data not shown). Additional

experiments demonstrated a robust interaction between mouse Revl C-terminus and

Drosophila Polrl, but not between the mouse Rev1 C-terminus and Drosophila Polt (Fig.

5C).

In summary, interactions between Revl protein and specialized DNA

polymerases from the Y-family (Poly, Polt or PolK) from mouse or humans are

apparently conserved in the fruit fly D. melanogaster, but not in the worm C. elegans or

the yeasts S. cerevisiae or S. pombe. Furthermore, whereas Drosophila Poly interacts

with the conserved C-terminus of Rev1, Drosophila Polt exhibits a different requirement

for interaction with Revl.

3.3 Mapping RevI-interaction domains in Y-family DNA polymerases

Having identified a requirement for the C-terminal region of mouse and Drosophila Rev 1

protein for their interaction with some Y-family DNA polymerases, we sought to identify



and compare the Revl-binding domains in these proteins. Truncated cDNAs for mouse

Poll, Polu, and PolK were constructed and tested for their ability to interact with full-

length Rev1 in the yeast two-hybrid assay. With respect to the mouse polymerases,

regions spanning ~50 amino acids in the C-terminal half of Polh, PolL, and PolK

supported an interaction with Rev1 (Fig. 6). Similar experiments were performed with

truncations of Drosophila Polq and Polt. Once again, regions in the C-terminal half of

both proteins supported an interaction with Drosophila Revl (Fig. 7). Surprisingly,

interactions with Drosophila Revl were also observed in the presence of an N-terminal

280 amino acid peptide from Drosophila Poly and an N-terminal 300 amino acid peptide

from Drosophila PolL(Fig. 7). These observations were confirmed using a j3-

galactosidase reporter assay (Fig. 8).

The amino acid sequences of the Revl-interacting regions of Pol I, Polt or PolK

from mouse and Drosophila are shown in Fig. 9. The Revl-interacting regions that are

located closer to the C-termini in these polymerases are poorly conserved. In contrast, the

N-terminal regions of Polr and Polk comprise the polymerase domain proper and are

highly conserved in most eukaryotes. These findings reveal a paradox. The ~50-amino

acid regions interacting with Rev1 are similarly located in various Y-family polymerases.

They represent the hinge between the N-terminal polymerase domain and the C-terminal

Zn-finger and, as noted above, are poorly conserved, with no reliable alignment observed

outside groups of closely related species. For instance, the Revl-binding regions of

mouse PolK, PolhI, and Polk show significant sequence conservation only within the

respective sets of mammalian orthologous proteins: neither orthologs from more distant

species nor paralogs could be reliably aligned within these regions. In the absence of

sequence conservation, we compared the predicted secondary structures of these regions,

and found that they are all predicted to be disordered (data not shown) [29, 30]. In

contrast, the N-terminal regions of PolrI and Polt, which also interact with Rev1 in

Drosophila, belong to the polymerase domain proper that is extremely highly conserved

in most eukaryotes.



3.4 Interactions between Revl protein and Rev7 protein, the catalytic subunit of the

B-family DNA polymerase Polt

In addition to its ability to interact with various Y-family DNA polymerases, the

highly conserved C-terminal region of mouse Revi protein interacts with the Rev7

subunit of Polt, a specialized DNA polymerase from the B-family, which is also

implicated in TLS in eukaryotes. In the present studies, we demonstrated that Rev1

protein from Drosophila and the yeasts S. pombe and S. cerevisiae also interact with

homologous Rev7 protein (Tablel, Fig. 4, and Fig.10). Additionally, we observed by 2-

hybrid that mouse Revl maintains an interaction with Rev7 from both yeasts and fly

(data not shown), suggesting that the region of Rev7 responsible for binding Rev1 is

structurally conserved.

4. Discussion

Previous studies indicate that Rev1 protein in eukaryotic organisms maintains one or

more functions in DNA damage tolerance independent of its dCMP transferase activity

[6, 7]. In light of the observation that human and mouse Rev1 interact with multiple Y-

family DNA polymerases via a highly conserved C-terminal domain [9-11], we inquired

whether similar if not identical interactions are conserved in invertebrates and fungi that

also possess Y-family homologues. Surprisingly, given that S. cerevisiae Revl and PolyI

(Rad30) are both required for the replicative bypass (translesion DNA synthesis) of

lesions in DNA generated by exposure of cells to UV radiation, we find no evidence of

interaction between S. cerevisiae Revl and Polr (Rad30 protein), regardless of whether

cells were exposed to UV radiation or not. Remarkably, the amino acid sequence of the

Revl C-terminus shows considerable sequence similarity to the corresponding region of

Drosophila Revl, which interacts with both Poly and Polt (Fig. 3A, 3B). These findings

are consistent with the observation that, unlike Revl and the PolH complex (Rev3/Rev7)

in S. cerevisiae, Rev1 and Rad30 do not exhibit an epistatic interaction with respect to

UV radiation sensitivity 131].

An interaction between the polymerase accessory domain (PAD) of purified Rev 1

and Polyh (Rad30 protein) in vitro was recently reported [32]. This interaction was not
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documented in vivo. However, the authors reported that purified yeast Rev1/Rev7

complex precludes interaction between Rev1 with Poll in vitro [32]. Conceivably, in the

native cellular environment of S. cerevisiae where Rev7 (the regulatory subunit of DNA

polymerase t) is abundant, this protein sequesters most, if not all Rev1, thus preventing

complex formation between Rev and Polrl (Rad30 protein).

Recent studies from one of our laboratories (GCW) have documented that Rev1

protein levels are cell cycle regulated in S. cerevisiae [33]. To further explore a possible

functional relationship between Rev1 and Y-family polymerases in S. cerevisiae we

performed epistasis analysis between Revl and Polq (Rad30 protein) in G1 or G2

arrested cells with respect UV radiation exposure and observed no cell-cycle dependent

genetic relationship at low dosage. Similar results have been reported for asynchronous

cells [23 and R. Woodruff and G. Walker, unpublished results]. The absence of physical

and genetic interactions may explain the observation that S. cerevisiae Revl and Rad30

are not required for the replicative bypass of the same UV radiation-induced cognate

lesions [7, 34]. Indeed, since Rad30 is apparently not required for UV radiation-induced

mutagenesis (unlike Revl or PolH), it has been speculated that Poly (Rad30) protein

participates in an error-free repair pathway independent of Revl protein [31, 35]. In

summary, it seems reasonable to suggest that the C-terminus of Revl acquired novel

functions in more complex eukaryotes. Alternatively, different sets of interactions may

execute similar functions, as suggested by the observation that S. pombe Rev7 protein

interacts with Rev1, PolK and Polh (esol+) [J. N. Kosarek and E. C. Friedberg,

unpublished results].

The observation that Drosophila Revl protein interacts with both PolrI and Polt is

intriguing. Drosophila is not endowed with an adaptive immune system [36] suggesting

that these interactions did not evolve to support somatic hypermutation, a process in

which several Y-family polymerases in higher eukaryotes are implicated [37, 38].

Remarkably, Drosophila Polrl interacts with the C-terminal 117 amino acids of

Drosophila Rev1, just as in mouse and humans. Drosophila Polrl also maintains an

interaction with the C-terminus of mouse Revl, suggesting functional homology between

the C-terminal domains of mouse and Drosophila, despite reduced sequence

conservation. In contrast, Drosophila Poli does not interact with the C-terminus of Rev1,
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but rather with a distinct domain that does not appear to be conserved in Revl protein

from the other species examined, nor does it show any sequence similarity to closely

related species (data not shown). The minimal conservation of this Polt-binding domain

in Drosophila Revl suggests that Drosophila Revl may have a unique mechanism for

switching between PolL and Poll.

Our experiments demonstrate that Drosophila Polyr and PolL each utilize two

independent domains for interacting with Rev1. In addition to the domain in the C-

terminal half of these proteins, (similarly located to the Revl-interaction domains

identified in the mouse homologues of PolI, Poli, and PolK) we identified a second

Revl-interaction domain located at the N-terminus of Drosophila Polyr and PolL. The N-

terminal motifs of Drosophila PolL and Poli that bind Revl contain the five characteristic

Y-family motifs, including the catalytic domains of the polymerases, which are well

conserved among all species. The N-terminal fragment of Drosophila Poly can also

support an interaction with mouse Revl protein (data not shown), suggesting there are

functional differences between the N-terminus of mouse Poly and Drosophila Polq,

notwithstanding the high degree of amino acid conservation. The additional observation

that Drosophila Revl interacts with the catalytic domains of Poly and Polt raises the

possibility that these interactions may affect the catalytic properties of these proteins, as

has been shown for the interaction between yeast Revl and Rev3 (Polý) [39].

The Rev -interacting regions in the similarly located mouse and Drosophila Y-

family polymerases examined in our studies are predicted to share disordered structures.

Disordered interaction domains have been observed among transcription factors [40] and

a variety of other regulatory proteins. A structured protein that interacts with multiple

unstructured partners has also been observed [41]. Furthermore, functionally analogous

domains have been observed which have little sequence similarity but to share intrinsic

disorder 142], which is predicted to be the case for Revl-binding partners. UmuD and

UmuD' proteins from E. coli, which are also involved in DNA damage tolerance, have

also been shown to be intrinsically disordered (S.M. Simon, F.J.R. Sousa, R.S. Mohana-

Borges and G. C. Walker, manuscript in preparation). UmuD and UmuD' are the

products of the umuD gene; they stably interact with and functionally regulate the activity
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of the prokaryotic Y-family member UmuC, and interact with many other proteins,

including RecA, DinB, and polymerase subunits a, 13, and E [43-48].

Interaction between Rev1 and Rev7 (the catalytic subunit of Polt) is maintained

in all organisms studied, suggesting that these proteins co-evolved to maintain an

essential function for TLS. Studies in yeast have shown that Polý is indispensable for

DNA damage-induced mutagenesis and that Revl is required for the function of Polt [4,

49]. Furthermore, kinetic analyses have shown that Rev1 enhances Polý function during

mismatch extension as well as extension past abasic sites and [6-4] photoproducts [39].

While the specific role of the Rev1/Rev7 interaction remains to be determined, our results

provide evidence that this interaction may underlie a distinctly conserved TLS function.

In conclusion, in our efforts to expand studies of the Revl/Y-family polymerase

interactions to a more tractable model organism, we conclude that no single eukaryote

thus far examined can be considered a prototypic model system for generalizing the

molecular mechanism of TLS in eukaryotes, and that particular domains of these proteins

and their functions are more divergent than originally thought. These studies should

advocate special consideration when making mechanistic extrapolations from lower to

higher eukaryotes and vice versa.
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Figures and Tables

Figure 1.

Hs(1156-1216) APNLAGAVEFNDVKTLLREWITTIS---DPMEEDILQVVKYCTDLIEEKDLEKLDLVIKYMKRLM

Mm(1156-1216) APNLAGAVEFSDVKTLLREWITTIS---DPMEEDILQVVKYCTDLIEEKDLEKLDLVIKYMKRLM
Tn(1218-1278) TPTLAGACDLTDTRALLREWVTTIT---EPMEEDILQVVKYCTDLIEEKDLEKLDLIIKYMKRLM
Rn(1156-1216) APNLAGAVEFSDVKTLLREWITTIS---DPMEEDILQVVKYCTDLIEEKDLEKLDLVIKYMKRLM

Gg( 657-717) APNLAGAVEFNDVKTLLKEWITTIS---DPMEEDILQVVKYCTDLIEEKDLEKLDLVIKYMKRLM
Xl(1135-1195) PPNLAGAIEFSDVKTLLREWITTIS---DPMEEDILQVVKYCTDLIEEKDLEKLDLVIKYMKRLM
Dm(889-949) PVEMPELLMGDNYKDLLNDWVSREE---VPKPNDVDLILKQVSRMIKNDQLDHVCDVMKYWCRI I
SP(838-899) IVTFQHVQSLEDLRGLLTKWYSKASK--GPNIHDVNYFANYVCRVIREEKNLGKAQMMLKWLYQL
Ust(1377-1439) IPTIRGLSHPRDVEILLSQWISAFARK-GPREGDVNRIATYLADVVRTASVTRVEDTQKASSLLG
Asp(1042-1104) IFTSKKLTALTDLRDEVGAWHATFADE-GPFNEDVETLARYLKSVVVDEKDIDKAVSVVTWLMWL
Sc(874-937) PIKFQNLTRFKKICQLVKQWVAETLGDGGPHEKDVKLFVKYLIKLCDSNRVHLVLHLSNLISREL

HS(1217-1250) --------------- QQSVESVWNMAFDFILDNVQVVLQQTYGSTLKV

Mm( 1217-1250) --------------- QQSVESVWNMAFDFILDNVCVVLQQTYGSTLKV
Tn(1279-1312) --------------- KQSAESVWNMAFDFILDNVQVVLQQTYGSTLKV
Rn(1217-1250) --------------- QQSVESVWNMAFDFILDNVCVVLQQTYGSTLKV
Gg(718-752) --------------- QSSVESVWNMAFDFILDNVQVVLQQTYGSTLKV
X1(1196-1230) --------------- QQSVESVWNMAFDFILDNVQVVLQQTYGSTLKV
Dm(950-985) NM------------- KRSSSCCWHVAYKHIEESIQNQMLTIEGYSLLF
Sp(900-934) N--------------RKECNKPWEKAIDKIIETVQGECLQRNIPPLMI
Ust(1440-1487)FIQERLDEVQYKID-DGFASEEWETAKRKIRDAVQAKSREVFGGAELE
Asp(1105-1153)VEDANATRGGECQSGSSHGTITWEAAIRSLQKGVSDGVEERGLPPVEF
Sc (938-979) NLCAFLNQ------- DHSGFQTWERILLNDIIPLLNRNKHTYQTVRKL

Figure 1. The C-terminus of Revl is highly conserved in vertebrates but to a lesser
extent among invertebrates. The sequence of the C-terminal 100 amino acids of Revl
protein in various higher and lower eukaryotes is shown. Hs, H. sapiens; Mm, M.
musculus; Tn, Tetradon nigroviridis; Rn, Rattus norvegicus; Gg, Gallus gallus; Xl,
Xenopus laevis; Dm, Drosophila melanogaster; Sp, Schizosaccharomyces pombe; Ust,
Usilago maydis; Asp, Aspergillusfumigatus; Sc, Saccharomyces cerevisiae.
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Figure 2.

DDO QDO

Mouse Revl/Polq

Mouse Revl/Pohl

Mouse Revl/PoIL

Mouse Revl/Rev7

Figure 2. Revl interacts with specialized DNA polymerases in mice.
The C-terminus of mouse Revi (~120 a.a.) interacts with Poly, PolK, Polt, and Rev7 in
the yeast two-hybrid assay. Yeast transformants expressing a mouse Revi-activation
domain (AD) fusion protein and the designated polymerase (Poli, PolK, PolrI , or Rev7)-
binding domain (BD) fusion protein are selected on double drop out (DDO) media (-Trp
or Leu). Positive interactions are indicated by growth on quadruple drop out (QDO)
media acids (-Trp, -Leu, -Ade, -His). Growth on QDO media indicates the two proteins
physically interact, as their proximity results in the expression of proteins required for
histidine and adenine biosynthesis.
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Figure 3. Interactions between Rev1 protein and Y-family DNA polymerases.
(A) Yeast two-hybrid results for Drosophila Rev1 with Drosophila Poly and Poli. (B)
Drosophila Rev1 co-precipitates with Poly; Lane 1: input Revl-Myc + YFP; Lane 2: IP
Rev1-Myc + YFP; Lane 3: input Revl-Myc + Polq-YFP; Lane 4: IP Revl-Myc + Polr-
YFP. (C) Revl does not interact with Polrl homologs (Rad30 or esol+) in S. cerevisiae
or S. pombe.
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Figure 3, continued.

DDO QDO

S. cerevisiae Revl/Rad30 (Polh)

S. pombe Revl/ Esol (Poll)

Figure 3. Interactions between Revl protein and Y-family DNA polymerases.
(C) Revl does not interact with Poly homologs (Rad30 or esol+) in S. cerevisiae or S.

pombe.
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Figure 4. S. cerevisiae Revl does not immunoprecipitate Rad30.
(A) Tagged Rad30 (Polyl) is fully functional for UV radiation survival: comparison of
WT (W1588-4C), Rad30-TEV-ProA-His (RWY13), and rad30A (RWY15) strains. Error
bars represent standard error. (B) Revl-HA-pAS311 can rescue the MMS sensitivity of the
rev] null mutant. Top row: wildtype (W1588-4A + pAS311), second row: revlA
(YLW20 + pAS311) bottom row: Revl-HA (YLW20 + pAS311-REV1-HAC). (C) Revl
and Rad30 (Polrl) do not co-immunoprecipitate in the absence of DNA damage. IgG was
used to precipitate Rad30-TEV-ProA-7His protein using the alternate coIP protocol with
strains RWY75 and YSD7. Lane 1: RWY75 input sample probed with PAP for Rad30-
TEV-ProA-7His; Lane 2: RWY75 input; Lane 3, YSD7 IP; Lane4, RWY75 IP, showing
Rad30 band only. Lanes 2-4 probed with anti-HA antibody, detects Revl-HA present in
the input and also (through the IgG-binding activity of ProA) nonspecifically detects the
high concentration of Rad30-ProA in the IP. (D) Rev] and Rad30 (Polir) do not
coimmunoprecipitate in the presence of DNA damage. Yeast extracts were made from
cells that had been subjected to UV radiation. IgG was used to precipitate Rad30-TEV-
ProA-7His protein by the primary coIP protocol. Lane 1: Revl-HA and Rad30-ProA
(RWYRWY254 + pAS311-REV -HAC); Lane 2: Revl-HA only (RWY270 + pAS311-
REV 1-HAC); Lane 3: Rad30-ProA only (RWY254). (E) Revl-HA coimmunoprecipitates
endogenously tagged Rev7-Myc. Lane 1: Revl-Cterm-HA and Rev7-13Myc (YSD5 +
pAS31 1-REVICT239-HAC); Lane 2: Full length Revl-HA and Rev7-13Myc (YSD5 +
pAS311-Revl-HAC); Lane 3: Rev7-13Myc alone (YSD5 + pAS311). Full length Revi
is produced at lower levels than the C-terminal 239 amino acid fragment, resulting in the
difference in quantity of Rev7-Myc which colPs in lane 1 compared with lane 2. (F)
Endogenously tagged Rev7 immunoprecipitates Revl-HA. Rev7-13Myc
immunoprecipitates Revl in the presence (+) of Revl-HA (YSD5 + pAS311-RevI-HAC)
but does not in the absence (-) of Revl-HA (YSD5 + pAS311). Revi-HA is undetectable
in the input (not shown).
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Figure 4.
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Figure 4. S. cerevisiae Revl does not immunoprecipitate Rad30.
(A) Tagged Rad30 (Polij) is fully functional for UV radiation survival: comparison of
WT (W1588-4C), Rad30-TEV-ProA-His (RWY 13), and rad30A (RWY 15) strains. Error
bars represent standard error. (B) Revl-HA-pAS311 can rescue the MMS sensitivity of the
rev] null mutant. Top row: wildtype (W1588-4A + pAS311), second row: revlA
(YLW20 + pAS311) bottom row: Revl-HA (YLW20 + pAS311-REV 1-HAC).
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Figure 4 (continued).

WB: PAP WB: a-HA

IP: IgG/ProA
i

i II

Revi-HA

Rad30-ProA

I I IP

Figure 4. S. cerevisiae Revi does not immunoprecipitate Rad30.
(C) Rev] and Rad30 (Polrj) do not co-immunoprecipitate in the absence of DNA damage.
IgG was used to precipitate Rad30-TEV-ProA-7His protein using the alternate coIP
protocol with strains RWY75 and YSD7. Lane 1: RWY75 input sample probed with
PAP for Rad30-TEV-ProA-7His; Lane 2: RWY75 input; Lane 3, YSD7 IP; Lane4,
RWY75 IP, showing Rad30 band only. Lanes 2-4 probed with anti-HA antibody, detects
Revl-HA present in the input and also (through the IgG-binding activity of ProA)
nonspecifically detects the high concentration of Rad30-ProA in the IP
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Figure 4 (continued).

D + + - Revl in extract
+ - + Poli in extract

Innunt Rev1-HA 'w

Input: Rad30-ProA (Polrl)

IP: Rev1-HA

IP: Rad30-ProA (Poly)

Figure 4. S. cerevisiae Rev1 does not immunoprecipitate Rad30.
(D) Rev] and Rad30 (Polrj) do not coimmunoprecipitate in the presence of DNA damage.
Yeast extracts were made from cells that had been subjected to UV radiation at a dose of
50 J/m 2. IgG was used to precipitate Rad30-TEV-ProA-7His protein by the primary coIP
protocol. Lane 1: Revl-HA and Rad30-ProA (RWYRWY254 + pAS311-REV 1-HAC);
Lane 2: Rev1-HA only (RWY270 + pAS311-REV1-HAC); Lane 3: Rad30-ProA only
(RWY254).
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Figure 4 (continued).

IP: a-HA
WB: ca-Myc

Revl -HA

Revl Input

Rev7 Input

IP

1 2 3

Ii Input

I Rev7-Myc

I'll I

] IP: at-Myc
WB: a-HA

Figure 4. S. cerevisiae Rev1 does not immunoprecipitate Rad30.
(E) Revl-HA coimmunoprecipitates endogenously tagged Rev7-Myc. Lane 1: Revl-
Cterm-HA and Rev7-13Myc (YSD5 + pAS311-REV1CT239-HAC); Lane 2: Full length
Rev1-HA and Rev7-13Myc (YSD5 + pAS311-Revl-HAC); Lane 3: Rev7-13Myc alone
(YSD5 + pAS311). Full length Rev1 is produced at lower levels than the C-terminal 239
amino acid fragment, resulting in the difference in quantity of Rev7-Myc which colPs in
lane 1 compared with lane 2. (F) Endogenously tagged Rev7 immunoprecipitates Revl-
HA. Rev7-13Myc immunoprecipitates Rev1 in the presence (+) of Revl-HA (YSD5 +
pAS311-Rev 1-HAC) but does not in the absence (-) of Rev 1-HA (YSD5 + pAS311).
Rev1-HA is undetectable in the input (not shown).
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Figure 5.
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Figure 5. Drosophila PolrI and Poll have different requirements for interaction with
Revl.
(A) Revi interacts with dPolr through its conserved C-terminal domain (~117a.a.). (B)
dPoli requires amino acids upstream of the C-terminus. (C) Drosophila Polq interacts
with the C-terminus (~120a.a.) of mouse Revl, while Drosophila Polt does not.
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Figure 6. Mapping of mouse Revl-interaction domains in Y-family DNA
polymerases.
The interaction between mouse Revi and the Y-family polymerases requires a region
spanning ~50 a.a. in the C-terminal half of (A) Poli (500-550), (B) PolL (500-560), and
(C) PolK (560-605).
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Figure 7. Drosophila Poll and PolL bind Revl with two independent regions.
(A) dPoly and (B) dPolt interact with Rev via an N-terminal peptide as well as a region
located in the C-terminal half of each protein.
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Figure 8. Expression of 1-galactosidase confirms two Revl binding domains in
Drosophila Pohl and PolL.
(A) dPolt and (B) dPoly interact with Revi via an N-terminal peptide as well as a region
located in the C-terminal half of each protein. Full-length protein interactions for Polyl
and Polt are set at a value=1 unit (not shown). All displayed values are normalized to the
full-length interaction.
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Figure 9.
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Figure 9. The amino acid sequences of Revl-binding regions Drosophila and mouse
Y-family polymerases.
Similarly located binding domains in (A) Drosophila and (B) mouse Y-family DNA
polymerases comprise a disordered hinge between the N-terminal polymerase domain
and the C-terminal Zn-finger. These sequences reveal no reliable alignment outside
closely related species. Drosophila Poly and Poli N-terminal fragments comprise a
second binding domain not observed in mouse.
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Figure 9 (continued).
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Figure 10.
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Figure 10. Revi interacts with Rev7 in S. pombe, D. melanogaster, and S. cerevisiae.
Homologs of (A) S. pombe Revl and (B) Drosophila Revl interact with Rev7 homologs
in the yeast two-hybrid assay. S. cerevisiae Rev 1 and Rev7 also interact (C).
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Mouse Fly Worm Budding Fission
yeast yeast

PolT + +
Pol + +
PolRK +
Rev7 + + _ _+ +

Table 1. The conservation of TLS polymerase interactions with Revl protein within
different species. The presence (+) or absence (-) of a DNA polymerase interaction with
Revl (as determined by the yeast two-hybrid or other methods described here) is
indicated. Shaded boxes indicate that the polymerase has not been identified in the
species.

Table 2. S. cerevisiae strains used in this study.

.Strain

W1 588-4C
W1 588-4A
YSD5

YLW20

YLW70

RWY13

RWY15

RWY254

RWY270

Gpnntvne

MA Ta leu2-3, 112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1 RAD5
MATa leu2-3, 112 ade2-1 can1-100 his3-11,15 ura3-1 trpl-1 RAD5
MATa leu2-3, 112 ade2-1 can1-100 his3-11, 15 ura3-1 trpl-1 RAD5
barl::LEU2 REV7-13MYC::HIS3MX6
MATa leu2-3, 112 ade2-1 can1-100 his3-11, 15 ura3-1 trpl-I RAD5
revl::KanMX
MATa leu2-3, 112 ade2-1 can1-100 his3-11,15 ura3-1 trpl-1 RAD5
barl::LEU2
MA Ta leu2-3, 112 ade2-1 can1-100 his3-11,15 ura3-1 trpl-1 RAD5
RAD30-TEV-ProA-7His::HIS3MX
MATa leu2-3,112 ade2-1 can1-100 his3-11,15 ura3-1 trpl-1 RAD5
rad30::KanMX
MATa leu2-3, 112 ade2-1 can1-100 his3-11,15 ura3-1 trpl-1 RAD5
barl::LEU2 RAD30-TEV-ProA-His::HISMX
MATa leu2-3, 112 ade2-1 can1-100 his3-11,15 ura3-1 trpl-1 RAD5
barl::LEU2 pep4::KanMX
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ABSTRACT

This genetic study elucidates nuances of the translesion synthesis (TLS)

subpathways of post-replication repair (PRR) in Saccharomyces cerevisiae. The four

TLS genes of S, cerevisiae, RAD30 (encoding pol eta), REV], REV3 and REV7 (together

encoding pol zeta), are all regulated by the RAD6/RAD18 PRR pathway. Longstanding

genetic evidence divides the TLS polymerases among two independent subpathways:

Rev 1 and pol ý (zeta) in one, and Rad30 in the other. However, recent findings have

suggested that in some species, pol rl (eta) physically interacts, and can function

cooperatively, with Rev and pol ý. I present data consistent with conditional

cooperation between pol r and the other TLS polymerases. I also address the distinct

shapes of the UV killing curves of the TLS mutants. I find that pol 1 protein levels are

not induced in response to DNA damage, ruling out the previously proposed model that

such induction accounts for the complex shapes of the killing curves of TLS mutants. I

suggest that they may be explained either by a persistence-like phenomenon, or by the

timing and regulation of TLS.
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INTRODUCTION

Polymerase (pol) r (RAD30) acts as part of the RAD6 post replication repair

(PRR) epistasis group [1], as do the other translesion synthesis (TLS) DNA polymerases

of S. cerevisiae, Revl and Pol t (encoded by REV3 and REV7). The PRR pathway is

initiated by the action of Rad6 and Rad 18, which ubiquitinate PCNA (and possibly other

targets), leading to the activation of TLS and other DNA damage tolerance mechanisms.

The activities of the TLS polymerases differ with respect to the efficiency and

accuracy of bypass of specific lesions. For instance, the cyclobutane pyrimidine dimers

(CPDs) caused by UV radiation are bypassed efficiently and accurately by pol r (Rad30),

while the other major type of UV-induced lesion, the (6-4) photoproduct, is bypassed

predominantly by the combined activities of Rev and pol t [2-4]. In contrast, pol r,

Rev and pol t each contribute to the bypass of abasic sites [5].

Rev1 and pol t function cooperatively in mutagenesis [6], and therefore define an

"error-prone" subpathway of PRR. PRR also includes at least two "error-free"

subpathways which do not involve translesion synthesis [7] [8]. Although Rev1 has

deoxycytidyl transferase activity, which is important for the survival of some lesions ([9],

Wiltrout and Walker, unpublished results), it also plays a major non-catalytic role in TLS

[10]. Its physical interaction with pol t [11] enhances pol t's TLS activity [12]. The

classic error-free pathway involves RAD5, MMS2, and UBC13, which avoids both point

mutations and gross chromosomal rearrangements by a TLS-independent mechanism [8].

RAD30 resists classification into either "error-free" or "error-prone" branches of PRR,

both because its effect on mutagenesis is subtle and context-dependent [1, 13] and

because it is genetically independent of RAD5. Therefore, RAD30 may define its own

distinct sub-pathway.

However, the functional interaction of pol r with Rev1 and pol t is intriguingly

complex. Initial studies of S. cerevisiae RAD30 found that it was genetically independent

of REVI [1, 13]. However, it was more recently discovered that, in many species,

polymerase 1 physically interacts with Rev protein [14](see Chapter 3). In S. pombe,

pol r does not interact directly with Revl (see Chapter 3), but it does interact with pol r

(Kosarek and Friedberg, personal communication). Since pol t and Revl stably

associate, it is possible that an interaction between pol r and pol t could functionally
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replace the interaction between pol rl and Rev1 in some species. The function of this

physical association is unknown, but one hypothesis, consistent with Rev1's many

interactions and the finding that much of Revl's activity is independent of its catalytic

function, is that Rev 1 plays a structural role in the recruitment of the other TLS

polymerases to the DNA.

In this study, I have used genetics to query the functional relationship between

pol rl and the other TLS polymerases of S. cerevisiae, Rev and pol t. I address the

complex effects of UV dose on survival of TLS-deficient strains. I find that there is no

induction of Rad30 protein abundance in response to DNA damage, such that another

effect must account for the complex and distinct shapes of the rad30 and revl killing

curves. I present models that can account for these effects based either on pre-existing

physiological heterogeneity of yeast cultures, or on complex and damage-dependent

functional interactions among the TLS polymerases.
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MATERIALS AND METHODS

Strains and Plasmids:

I used derivatives of W1588-4C (MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1

trpl-1 RAD5), which is a W303 strain whose rad5 mutation is replaced by the wildtype

RAD5 sequence [15]. Deletion of RAD30 was constructed by gene replacement using

PCR amplified rad30::KanMX from the Saccharomyces Genome Deletion Project strain

4255. Deletion of REV1 was similarly constructed using the Saccharomyces Genome

Deletion Project strain 1643. The barlA strains were constructed by insertion of

linearized pZV77 (gift of Steve Bell lab) to disrupt BAR1. Double knockout strains were

constructed by mating of rad30 and revl, rev3, or rev7 spores and using PCR to test for

disruption of both genes. Clones of three separately isolated spores of this genotype were

used for the epistasis assays. To produce the TEV-ProA-7His tagged Rad30 fusion

protein used in the UV induction assay, the tag cassette was amplified from pYM10 [16]

and inserted by homologous recombination to replace the stop codon of RAD30. The

Rad30-TAP tag [17] was PCR amplified out of the Rad30-TAP strain (Open Biosystems)

and transformed into our strain background. Chris Kaiser kindly provided pMRT7 [18].

See strain list (Table 1) and plasmid list (Table 2) for more details.

UV sensitivity assays:

For asynchronous assays, cultures were grown to saturation for 3 days at 30 degrees C.

For the cell-cycle specific assays, overnight cultures were arrested with either 50 ng/ml

alpha-factor or 15 ug/ml nocodazole for at least 3 hours at 30 degrees C, then washed

twice with water (for alpha-factor) or 1% DMSO (for nocodazole). Microscopic analysis

of cells confirmed arrest. Synchronous or asynchronous cultures were then diluted in

water and spread on selective minimal medium plates. To avoid interference with the

UV from the plate walls, cells were never spread out to the edges of the plates. Plates

were irradiated within 20 minutes using a G15T8 UV lamp (General Electric) at 254nm,

1 J/m2 per second for varying amounts of time. After irradiation, plates were kept in the

dark at 30 degrees C for 3 days before colonies were counted. For the assay in Figure 7,
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all cultures were grown overnight in 1 micromolar copper sulfate prior to the assay, and 1

micromolar copper sulfate was added to the plates as well, to induce ubiquitin expression.

MMS sensitivity assays:

Cultures were grown as for UV sensitivity assays, diluted in water, and plated on YPD

plates containing the indicated percentage of methyl methanesulfonate (MMS). Plates

were incubated at 30 degrees Celsius for 3-4 days before colonies were counted.

UV induction time-course:

Exponentially growing cultures were collected by centrifugation, washed once in water,

and resuspended at OD,-~1. After they were sonicated briefly to separate clumps of

cells, cultures were poured into petri dishes in 15 mL batches and irradiated using a

G15T8 UV lamp (General Electric) at 254nm, at 1 J per square meter per second, for

either ten or eighty seconds. Based on plating of cells before and after irradiation, -90%

survive the low dose, while ~30% survive the high dose of UV. After irradiation, cells

were immediately diluted in 2 x YPD growth medium and incubated at 30 degrees C until

their harvest. Before irradiation, and at 15, 40, 75, 105 and 270 minutes after irradiation,

equivalent amounts of culture (based on OD6) were collected, and whole cell extract

was prepared from them by trichloroacetic acid precipitation. Samples were analyzed by

immunoblotting.

Immunoblotting. Whole cell extracts were prepared by trichloroacetic acid precipitation

[16]. Protein samples were separated on SDS-polyacrylamide gels, transferred to a

polyvinylidene difluoride membrane (Immobilon-P; Millipore), and probed with

appropriate antibodies. ProA-tagged protein was detected using rabbit peroxidase anti-

peroxidase (PAP) antibody diluted 1:5,000 (Sigma).
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RESULTS

UV survival curves consistent with two modes of UV damage tolerance. In

order to gain insight into the functional relationships of Rad30 (pol q) with Revl and pol

t (Rev3 and Rev7), I compared the UV sensitivity of wildtype, rad30, and rev], strains

(Figure 1). The UV sensitivities of rev3 and rev7 strains are very similar to revl (data

not shown), consistent with evidence that they can function in the same genetic pathway

[19, 20]. For these assays, yeast cultures were grown for 3 days into stationary phase,

diluted, and spread on plates shortly before exposure to UV. A comparison of the killing

curves of the single mutant strains alone reveals a significant difference between rad30

and rev]. The rev] strain is dramatically sensitive to the low dose (10 J/m 2), but its

sensitivity is much less affected by increasing UV between 35 and 55 J/m2 than between

0 and 35 J/m 2. This cannot be due to edge effects from the plate, because cultures were

not spread to the edge of the plates, and the colonies that survive high doses are found

across the surface area on which cells were spread.

In contrast, the killing curve for the rad30 strain exhibits a shoulder. At 10 J/m 2,

rad30 is as UV-resistant as the wildtype, but at higher doses, the rad30 strain is

increasingly sensitive to changes in dose (Figure 1). At a high dose, 55 J/m2 in this assay,

the rev] and rad30 strains reach a state of identical sensitivity (Figure 1). At still higher

doses (not shown here), it is possible to observe a reversal of the relative UV sensitivities

of the rad30 mutant and rev3 mutant (which we assume is similar to rev]) [21].

The change in slope of the rev] mutant's survival relative to UV dose could result

from a phenomenon similar to bacterial persistence. Persisters are a small subpopulation

within a bacterial (or yeast, [22]) culture whose distinct physiological state makes them

unusually resistant to stress [23]. This data could be explained by a the presence of a

persister population, making up about 1% of the culture before irradiation, whose UV-

resistance is uncovered when high levels of damage kill off the rest of the culture in the

rev] strain. Stationary yeast cultures are physiologically quite heterogeneous and

asynchronous, and therefore could reasonably harbor such a subpopulation.

Alternatively, this pattern may be accounted for by TLS promoting survival of

UV-induced DNA damage by more than one mode. A simple model is that a primarily
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Revl/pol t-dependent mode is used at low levels of damage, and a more pol nr-dependent

mode contributes to survival at higher levels of damage, with the transition between the

modes resulting in the killing curve shapes that have been observed. For example, Pol t

and Rev 1 might have a constitutive, low level of activity, which can be saturated by high

levels of DNA damage, while Rad30 (pol i) is activated in response to a higher threshold

level of DNA damage or replication stress. Such an arrangement is unexpected because

pol r is generally less mutagenic than Revl and pol t. Therefore, constitutive activity by

Rev and pol t would promote use of the more mutagenic activity as a first response to

low levels of damage, rather than only as the last resort under extreme stress.

Effect of UV-induced DNA damage on Rad30 protein abundance. It has been

proposed that the increasing significance of pol at higher doses results from its

activation, in response to DNA damage, by a damage-induced increase in pol r

concentrations in the cell [21]. This would be consistent with the observation of a

damage-induced increase in RAD30 message [1, 13, 24]. Maintaining pol r at low levels

except in the presence of significant DNA damage would minimize the potentially

mutagenic effects of pol r. Pol r activity can be mutagenic [25]; for instance, it is highly

error-prone when replicating undamaged DNA [26], and can also promote mutagenesis

by incorporating oxidized dNTPs into the nascent DNA [27, 28].

To determine whether there is such a dose-dependent increase in the abundance of

Rad30 protein (pol l), I prepared protein from cells after either treatment with UV or

mock treatment, and compared the amounts of Rad30 protein at specific times after

treatment. Results of a representative assay are shown in Figure 2a. For this assay, I

fused the YMIO tag [16] into the genomic RAD30 locus, producing a C-terminal TEV-

ProA-7His tagged Rad30 protein which is fully competent for UV survival (Figure 2c).

Cells were irradiated in water at two doses: a low dose which killed 10% of the cells, and

a high dose which killed 70%. Total protein was TCA precipitated, and tagged Rad30

was detected by immunoblot, using PGK as a loading control (not shown). In multiple

experiments with various UV doses, no significant change in Rad30 protein was observed

in response to UV.

In contrast to our observations, a modest change in Rad30 protein levels in

response to DNA damage was observed in one recent study [29]. In this study,

134



polyubiquitinated Rad30 was observed, and Rad30 protein was found to have a short

half-life, suggesting that Rad30 protein is subject to proteolytic digestion, and that its

increased abundance after DNA damage is the result of stabilization of this otherwise

unstable protein. However, other researchers have more recently reported a much longer

half-life for Rad30 protein ([24]; M. Wiltrout and G. Walker, unpublished results) and

have failed to observe polyubiquitinated Rad30 [24, 30]. The discrepancy between these

results may be due to Skoneczna et al. [29] having used a C-terminal TAP-tag to detect

the short-lived Rad30 protein. I have shown that this tag abolishes Rad30's in vivo

function (Figure 2b), and a very recent study reports a similar finding [24]. In contrast,

the C-terminal TEV-ProA-7His tag I used did not interfere with Rad30's function (Figure

2c). I found that the TAP-tagged and TEV-ProA-His-tagged versions of Rad30 were

detected at the same levels by western blotting against the ProA epitope common to both

tags (data not shown), demonstrating that there is not a problem with expression of the

TAP-tagged protein. Therefore, it is likely that the TAP tag is responsible for

destabilizing the protein in the previous study, resulting in altered degradation kinetics. I

conclude that Rad30 protein abundance does not normally increase after UV irradiation,

and therefore is not the cause of the biphasic contribution of TLS to survival of UV-

induced DNA damage. During the preparation of this manuscript, a similar analysis

using Myc-tagged pol r was reported and confirmed no change in protein abundance in

response to DNA damage [24].

Epistasis analysis. There may, however, be a different conditional change in the

regulation of pol r. Revl's putative structural role in TLS [10] and its cell cycle

dependence [31] led us to ask whether pol r can conditionally participate in a pathway

with Rev and pol t. Initial studies concluded that RAD30 does not belong to the same

epistasis group as REV1 or REV3 with respect to UV survival [1, 13]. However, more

recent studies have shown that Rev 1, pol ý and pol r are all required for G-to-T

mutagenesis at the site of a benzyoapyrene adduct in vivo [32]. In addition, the finding

that pol r interacts physically with Rev1 in some species [14] (See Chapter 3) and with

pol ý in others (Kosarek and Friedberg, personal communication), implies that the two

TLS pathways might not be entirely independent.
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To assess the possibility that pol r can conditionally cooperate with Revl and pol

C, epistasis analysis was performed using cultures grown asynchronously to stationary

phase as before, and treated with low (10 J/m 2) and high (55 J/m 2) UV doses (Figure 3a

and b). At the low dose, 86% of wildtype cells survive, and all three rev mutant strains

are dramatically more sensitive than rad30. At this dose, I find that rad30 is synergistic

with respect to all three of the other mutants, rev], rev3 and rev7 (Figure 3a). At the high

dose, which 13% of wildtype cells survived, the rev] and rad30 strains were similarly

UV sensitive, and rev3 is slightly more sensitive than either (at the high dose, rev7 is not

shown), possibly representing a Rev 1-independent function of pol t. In contrast to the

results from the low dose, at 55 J/m 2, rev] and rad30 have additive effects on UV killing,

and rev3 and rad30 appear epistatic.

This is consistent with a model in which pol r participates in the same pathway

with pol t to promote survival of moderately high levels of DNA damage, while acting in

a separate, and partially redundant, pathway from Rev and pol t for survival of lower

levels of DNA damage. A complex, dose-dependent genetic relationship between rev3

and rad30 [1, 21], and between revl and rad30 [1] with respect UV survival has been

observed in the past, but the complexity has never been explained. The previous studies

found that a synergistic relationship reappeared at doses higher than assayed here, but did

not observe the synergy between rev3 and rad30 at low doses [1, 21].

To determine whether RAD30 (pol 1) and REV1 might act in the same epistasis

group to promote survival of a different type of DNA damage, I assayed the sensitivities

of rev] and rad30 mutants to long-term DNA damage by spreading them on plates

containing the alkylating agent methyl methanesulfonate (MMS) at a concentration of

0.02% (Figure 3c). At this dose, the relationship between the two genes appears to be

additive (Figure 3c). It should be noted that this assay is significantly different from the

UV survival assay, not only because of the types of DNA damage produced, but also

because in this case the cells must grow in the continuing presence of the damaging agent

to be counted as survivors. I therefore compared these results with those of another

study, in which yeast cultures were treated by short-term (30 minute) exposure to MMS

at higher concentrations [5], resulting in rad30 and rev] killing curve shapes similar to

136



those observed for UV-induced damage [5]. However, in this study also, rev] and rad30

were not found to be epistatic [5].

UV sensitivity upon release from G1 arrest: Pol Tl and Pol l. Because Rev is

cell-cycle regulated [31], I reasoned that assays of synchronized cultures might both

provide insight into the complex relationship between pol r1 (RAD30) and pol ý (REV3,

REV7), and reveal any cell-cycle specific genetic interaction between RAD30 (pol r) and

REV]. The cleanest synchronization of yeast cultures is achieved by arresting with

alpha-factor in G1. Cultures were arrested in G1 before irradiating, replicating the

condition under which Revl has the greatest effect on UV sensitivity [31]. Cells were

released from arrest by washing, diluting, and spreading them on minimal plates. The

plates were then irradiated within 20 minutes of spreading, in order to expose the cells to

DNA damage just as they exit the G 1 arrest.

The UV survival phenotypes of wildtype, rad30, rev] and radl8 strains are

shown in Figure 4a. The basic shapes of dose dependent killing of WT, rad30 and revl

strains by UV upon G1 release are similar to those observed for asynchronous cells

(Figure 4a). Even though Rev1 is disproportionately important to UV survival under

these conditions [31], a mutation in radl8, which is epistatic to both rev] and rad30 [1],

causes greater UV-sensitive than the revlmutation alone (Figure 4a). Interestingly, the

UV sensitivity of the radl8 strain forms a similar pattern to, a rev] mutant's, rather than

forming a shoulder like rad30.

The UV survival phenotypes of the pol ý (rev3 and rev7) and pol ir (rad30)

mutants are addressed in Figure 4, while assays relevant to the cell cycle specificity of

Revl function will be shown in Figure 5. Figure 4b shows the UV survival of all strains

when treated with a low UV dose upon release from GI (rev] is shown here for

comparison). At a low UV dose, the results are similar to what was observed for

asynchronous cultures: rad30 deletion alone has little effect on UV sensitivity, but in a

revl, rev3, or rev7 background, additional deletion of rad30 causes a synergistic defect in

UV survival (Figure 4b). At a higher UV doses, I found that rev7 was additive with

rad30 (Figure 4c), and rev3, as in the asynchronous assay, was epistatic to rad30 (Figure

4d). It is intriguing that rev3 and rev7 mutants differ, since both genes encode subunits

of pol ý. These data imply that the catalytic subunit, encoded by REV3, may have a
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damage-induced function independent of Rev7, and cooperative with Rad30. These

results are consistent with a model in which pol rl (Rad30) dose-dependently acts in the

same pathway with pol t to promote survival of UV-induced damage in either

asynchronous or synchronized culture.

Cell cycle specific UV assay of genetic interaction between S. cerevisiae REV1

and RAD30. Previous studies have shown that S. cerevisiae polymerase rl and Rev

have a non-epistatic genetic relationship, and therefore act independently with respect to

UV induced DNA damage [1, 4]. However, such experiments were performed only with

asynchronously growing yeast cultures. More recent work demonstrated that Rev

protein abundance is strongly cell cycle regulated, and that its relative importance in

survival of UV-induced DNA damage is cell cycle dependent [31, 33]. Therefore, I

addressed the possibility that the use of asynchronous cultures has obscured a cell-cycle

specific genetic interaction between RAD30 and REV1. To learn whether the cell cycle

has any effect on the functional relationship between Rev and Rad30, I assayed the UV

survival of WT, revl, rad30 and revlrad30 strains under the same conditions used

previously to demonstrate the cell cycle dependence of Rev function [31]. Cultures

were arrested with alpha-factor in G or with nocodazole in G2, and were then exposed

to DNA damage upon release from arrest. As noted previously, all strains are more UV

sensitive when irradiated in G1 than when irradiated in G2, and revl's UV sensitivity is

particularly enhanced by irradiation upon release from G1 [31].

In the cultures irradiated upon release from G2 arrest (Figure 5a), I found that the

revlrad30 double knockout was substantially more sensitive to killing by UV radiation

than either single mutant, indicating a synergistic relationship between REV] and RAD30,

in which the two genes act independently, and are partially redundant, in promoting UV

survival. I observed that irradiation upon release from G2 does not result in a complex,

dose-dependent genetic relationship between rad30 and rev] such as was observed in

asynchronous cultures for rad30 with rev3 and possibly rev], or in G1-synchronous

cultures for rad30 with rev3 and rev7. However, the relationship between the killing

curves of the single mutants is similar to what was observed previously in that the rad30

strain has a shoulder at a low dose of 20 J/m2 while the revl strain is more sensitive, but

at a higher dose, revi and rad30 strains are similarly sensitive to UV (Figure 5a). It
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should be noted that, due to the reduced sensitivity of all strains when irradiated in G2,

effects that depend on high stress or lethality would only be revealed at much higher

doses than were used here.

Epistasis analysis with respect to UV irradiation on release from G shows a

complex, dose-dependent relationship between REV] and RAD30 (Figure 5b). At a low

dose of 5 J/m2, the revlrad30 mutant is synergistically more UV-sensitive than either the

revl or rad30 strain, but at a dose of 10 J/m2, the difference in survival between the

revlrad30 and the rev] strain decreases. At high doses of 15-20 J/m 2, REV] appears to

be epistatic to RAD30 (Figure 4b). Notably, this is the only condition under which I have

observed apparent epistasis between REV] and RAD30, suggesting that the two genes

may function together in a cell cycle-dependent and dose-dependent pathway.

At higher doses (not shown here), I observed greater variability in survival

frequency among individual cultures, but the general trend was reproducible; i.e., a

reduced slope for both rev] and revlrad30 killing with respect to dose at high doses.

This is unlikely to be the effect of mutagenesis, as the UV-induced mutation frequency of

a rev] strain are substantially lower than the approximately 1% survival frequencies

observed [34]. The leveling off of killing at higher doses could, however, be due to

uncovering a small population of asynchronous cells which were not arrested in G1 phase

prior to DNA damage, and which would therefore have a higher UV resistance than the

arrested cells. Although microscopic analysis was used to confirm the arrest of the culture

in G or G2 for these experiments, arrest is confirmed for only 95-100% of the

population. However, the recurrence of a decreased slope in the rev and radl8 killing

curves at higher doses suggests that this is not simply an artifact of cell cycle

synchronization. It may, however, be explained by a physiologically heterogeneous cell

culture in a which a small sub-population is more UV-resistant than the bulk of the cells,

similar to persistence in bacterial cultures. This possibility is addressed in the discussion.

The exposure of a more UV-resistant sub-population, rather than an actual epistatic

relationship between the two genes, might cause the overlap observed between the

survival of revlrad30 and rev] strains.

Alternatively, the apparent dose-dependent epistasis between rev] and rad30 in

G1 but not in G2 suggests that the functional interactions of Rad30 with Revl and pol t
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vary depending on both the stage of the cell cycle and the level of DNA damage

experienced by the cell. While RAD30 and REV1 act in independent pathways in cells

irradiated upon release from G2, they may act together in a common pathway when the

cell is subject a heavy load of DNA lesions just before S phase. These are not the first

data to suggest that pol i and Rev work together for specific types of bypass [32].

Cell cycle specific MMS assay of genetic interaction between S. cerevisiae

REV1 and RAD30. To learn whether the cell cycle specificity observed for UV

sensitivity is independent of the type of DNA damage, I performed a similar assay using

the methylating agent methyl methanesulfonate (MMS) to introduce DNA damage

(Figure 6). Cultures were synchronized as for the UV assay, washed, and plated on plates

containing 0.01% or 0.02% MMS. Note that in this assay, exposure to DNA damage is

over an extended period of time, whereas in the UV assay, all exogenous lesions were

caused simultaneously upon release from cell cycle arrest.

I observed that the MMS sensitivity of the rad30 strain is scarcely distinguishable

from the wildtype at either stage of the cell cycle (Figure 6). The revl mutation,

however, causes a dramatic increase in MMS sensitivity, particularly when MMS

exposure began on release from G1 (Figure 6b), consistent with the model that Revl's

function is cell cycle dependent. The MMS treatments at either stage of the cell cycle

cannot distinguish between an additive and epistatic relationship between revl and rad30

because of the low level of sensitivity exhibited by the rad30 mutant at these doses

(Figure 6a). However, there is a clear absence of the strong synergy that was observed

between the two genes for UV sensitivity at the low doses to which rad30 cells are as

resistant as wildtype (Figures 3a, 4b, 6b). This indicates either a lesion-dependent

difference in the role or the regulation of TLS by pol r, or a difference between long-

term and short-term exposure to DNA damage, as discussed previously.

Effect of overproduction of ubiquitin on UV sensitivity. Epistasis assays have

suggested the possibility of a conditional pathway in which pol rl (Rad30) depends on

Rev 1 for its function. The functions of both pol i and Rev 1 depend partially on

ubiquitinated PCNA [35-37]. One hypothesis is that Rev1 may be required for a context-

dependent function of pol r which is independent of ubiquitinated PCNA. If so, Rev

would be partially redundant to ubiquitinated PCNA with respect to the final outcome of
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survival. In this case, ubiquitinated PCNA, and therefore ubiquitin, should be more

important for survival in a rev] background. I overexpressed ubiquitin in WT, rev], and

rad30 backgrounds, and measured the UV sensitivity with or without excess ubiquitin

(Figure 7). Consistent with the hypothesis that Revl may be partially redundant with

ubi-PCNA, I found that in the rev] strain, and not the WT or rad30 strains,

overexpression of ubiquitin did confer an increase in UV resistance, implying that

ubiquitin is more necessary for survival of DNA damage in the absence of Revl protein.

This is consistent with Rev1 promoting a less ubiquitin-dependent mode of DNA damage

tolerance.

CONCLUSIONS

I have shown that biphasic killing curves of TLS mutant strains to UV survival

cannot be explained by induction of Rad30 (polymerase rl) protein levels in response to

DNA damage. The biphasic killing curves could reflect either the physiological state of

the cell culture, or a dose-dependent regulation of TLS.

Persister-like sub-population. One explanation of the biphasic pattern of UV

sensitivity of asynchronous rev strains could be that the cultures used in the assay are

physiologically heterogeneous, containing a small subpopulation analogous to the

persisters which have been observed in bacterial culture [23]. In this case, the cultures

used in this study, which are grown to stationary-phase from single colonies before

plating and UV irradiation, would contain at least two subpopulations distinguished by

their physiological states. The majority population is highly UV sensitive in the absence

of Revl or pol t, and is more dependent on Rev and pol t than pol rl for survival of

UV-induced DNA damage. These cells account for the behavior seen at low doses, but

completely die off at higher doses, revealing the greater UV resistance of the minority

population. A persistence-like phenomenon has been observed with respect to drug-

resistance in biofilms of C. albicans [22]. Although a physiologically resistant

subpopulation has not been observed in stationary cultures of haploid S. cerevisiae [38],

such cultures are quite heterogeneous, and therefore might include such a population

[39]. In addition, similar killing curve shapes were observed for the single mutants

whether the irradiated cells were stationary phase cultures or cultures synchronized in G1

141



phase or G2 phase, although the flattening of the revl curve is seen at a much higher

survival frequency in G2-synchronized cells. Thus, if there is a more resistant sub-

population, it would be more abundant in G2-synchronized culture. Such a sub-

population might result from the advantageous induction of a DNA damage repair

pathway or checkpoint prior to UV irradiation in a small percentage of cells.

Damage-induced changes in TLS regulation. Instead of (or in addition to) a

resistant sub-population, there may be dose-dependent damage-induced Rad30 regulation

at one or more levels. The dose-dependent epistasis between rev3 and rad30 suggests the

possibility of a damage-induced pathway involving both pol t and pol r1. One potential

mediator of damage-induced regulation is PCNA (proliferating cell nuclear antigen) [40,

41]. Poli , Revl and pol ý are all regulated by PCNA [30, 42-45], but differences

between the PCNA-mediated regulation of the different polymerases could account for

their dose-dependent effects on survival of UV-induced DNA damage. PCNA activates

distinct pathways depending on whether it is mono-ubiquitinated, SUMOylated, or

polyubiquitinated [40, 46]. PCNA is monoubiquitinated by Rad6/Radl8 in response to

DNA damaging agents such as UV or MMS [40]. Rad30 interacts physically with both

PCNA itself and the ubiquitin moiety (See Chapter 2) [30, 47], and either interaction

alone is sufficient to partially rescue the UV sensitive phenotype of a rad30 null [37]. A

mutation which prevents PCNA ubiquitination, po130(K164R) , has been shown to be

epistatic to both rad30 and rev3 with respect of survival of high levels (50-150 J/m2) of

UV-induced DNA damage [46, 48]. Because the po130(K164R) mutant also prevents

accumulation of pol rl foci in response to DNA damage, the interaction of pol rl with

ubiquitinated PCNA is thought to be required to recruit pol rl to the sites of DNA

damage. While an extensive study of the dose-dependence of PCNA modification state

has not been performed, one study found ubiquitinated PCNA after moderate amounts of

DNA damage but not after a very high level of DNA damage (due to exposure to 0.3%

MMS) [401. At least some pol t functions are independent of PCNA ubiquitination [49-

51]. The BRCT domain of Rev is required for interaction with unmodified PCNA but

not with ubiquitinated PCNA [35]. The formation of Revi foci in the absence of DNA

damage is almost entirely dependent on Revl's BRCT domain, suggesting that it is

predominantly independent of PCNA monoubiquitination. Pol rl may be similarly
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regulated both by interaction with unmodified PCNA, in the absence of exogenous

damage, and by a more robust interaction with monoubiquitinated PCNA which causes

the increased formation of pol r foci at sites of DNA damage.

Another possible mode of regulation could be a damage-threshold-induced

pathway in which Revi and Rad30 act together. This is consistent with our observations

of conditional epistasis between RAD30 and REV1. The repeated observation of

complexity in the genetic relationships between RAD30 and the REV genes suggests a

complex functional relationship between Rad30 and the error-prone TLS pathway,

consistent with this hypothesis.

Timing is everything. All our observations can be understood as the result of

Rev 1, Pol t, and Rad30 having differential effects on survival of UV-induced DNA

damage. This can be accounted for by supposing that they function predominantly at

different times during the cell cycle. TLS is thought to occur both during S phase, to

allow continuous DNA replication, and during G2, to fill lesion-containing single-

stranded gaps produced in the DNA during replication or excision repair [31]. The

regulation and relative contributions of the different polymerases in each context may

vary among species, but in S. cerevisiae, the cell cycle regulation of Rev 1 protein

abundance implies that it may be most active in gap-filling TLS [31, 33, 52]. As pol t's

function is largely dependent on Revl, I will assume for this model that pol t also

functions primarily in gap-filling in yeast. The observation that rad30 cells are much

more likely than revi cells to arrest as unbudded cells after UV-induced DNA damage

suggests that Rad30 is more frequently required than Rev1, to allow passage through S

phase [31]. This is consistent with a Rev -independent role for pol 1 in TLS during S

phase. Therefore, any Rev 1-dependent function of pol i is more likely to occur later in

the cell cycle as part of gap-filling TLS.

At low doses in asynchronous or G1 cells, I observed that revl, rev3, or rev7

strains were dramatically more sensitive to UV than the rad30 strain, but that the double

mutants display a synergistic defect in survival, suggesting that Rad30 becomes

important for survival only in the absence of Revi or pol t. This can be explained by

supposing that the gap-repair function of Revland pol g, since it acts temporally later

than S-phase TLS, can compensate for the rad30 strain's deficiency in S-phase TLS at
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low doses. The absence of Rev or pol t, in a revl, rev3 or rev7 strain at low doses,

uncovers the importance of the S-phase TLS for survival, resulting in the observed

synergy. The failure to observe the same synergistic effect of low doses in our MMS

assay is because in that assay, the cells are chronically exposed to DNA damage,

removing the influence of the order of events in the cell cycle. The results of a short-term

MMS exposure assay in another study are consistent with this hypothesis [5].

At the higher levels of DNA damage in asynchronous or GI cells, I found that the

rad30 strain is not less sensitive than the revl, rev3 or rev7 strains, and the sensitivity of

the double mutants suggests an epistatic relationship between RAD30 and the REV genes.

This may result from Rad30 (pol rl) being recruited to play a damage-induced role in

gap-filling TLS. If gap-filling TLS is dependent on pol r at high doses, it can no longer

compensate for the loss of RAD30, and therefore the rad30 strain is as sensitive to killing

at higher doses as the rev strains. This could be equivalent to, or involve, a damage-

induced function of pol r in a Revl-dependent pathway, as discussed above, which

would result in the epistasis observed. The observation of synergy at still higher doses in

other studies [1, 21] suggests that at very high levels of damage, Rad30's independent

function may again become pre-eminent, possibly due to the loss of ubiquitinated PCNA

or some other regulatory signal.
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FIGURES
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Figure 1. UV sensitivity of TLS mutants. UV sensitivity of asynchronous cultures.
Wildtype (filled diamonds), rad30 (open squares), rev] (open triangles). Error bars
represent standard error.
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Figure 2.
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Figure 2. Rad30 protein abundance does not change in response to UV damage. A,
Immunoblots of endogenously expressed Rad30-TEV-ProA-7His at various time points
after UV treatment or mock treatment. The low UV dose killed 12% of cells, while the
high UV dose killed 70%. B, Endogenously expressed TAP-tagged Rad30 was not used
because it is not functional. UV survival assay of: Wildtype, diamonds; rad30, triangles;
RAD30-TAP, open squares. Error bars represent standard error. C, Untagged Rad30 and
Rad30-TEV-ProA-7His are similarly proficient for bypass of UV-induced DNA lesion.
UV survival assay of: Wildtype, squares; rad30, triangles; RAD30-YM10O, diamonds.
Error bars represent standard error.
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Figure 3.
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Figure 3. Genetic relationships assayed in asynchronous cultures. A, Sensitivity of
asynchronous cultures to low dose of UV, 10 J/m2. B, Sensitivity of asynchronous
cultures to a high dose of UV, 55 J/m2. C, Survival of asynchronous cultures plated on
0.02% MMS. Error bars represent standard error.
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Figure 4.
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Figure 4. Genetic relationship of RAD30 with Pol t (REV3 and REV7) assayed upon
release from G1. All cultures were arrested with alpha-factor and released from arrest
just prior to UV irradiation. A, UV survival of wildtype (diamonds), rad30 (triangles),
revl (open squares), and rad18 (filled squares) cultures. B, Epistasis analysis at low
dose. Sensitivity to treatment with a UV dose of 5 J/m2 upon release from G1.
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Figure 4, continued.
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Figure 4. Genetic relationship of RAD30 with Pol t (REV3 and REV7) assayed upon
release from G1. All cultures were arrested with alpha-factor and released from arrest
just prior to UV irradiation. C, Genetic relationship between REV7 and RAD30.
Wildtype (filled diamonds), rad30 (open squares), rev7 (filled triangles), and rev7rad30
(open triangles). D, Genetic relationship between REV3 and RAD30. Wildtype (filled
diamonds), rad30 (open squares), rev3 (filled circles), and rev3rad30 (open circles).
Error bars represent standard error.
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Figure 5. Cell cycle specific assays of REV1 and RAD30 with respect to UV
sensitivity. Percent survival of UV-induced DNA damage for the wildtype (diamonds),
rad30 (triangles), revl (squares) and revlrad30 (circles) strains A, after release from G2
arrest in nocodazole, or B, after release from G arrest in alpha-factor. Error bars
represent standard error.
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Figure 6. Cell cycle specific assays of REV1 and RAD30 with respect to MMS
sensitivity. Wildtype (diamonds), rad30 (triangles), revl (squares) and revlrad30
(circles). A, MMS treatment upon release from G2. B, MMS treatment upon release
from GI. Error bars represent standard error.
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Figure 7.
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Figure 7. Protective effect of ubiquitin overexpression. Sensitivity to UV at a dose of
21 J/m 2. Ubiquitin is overexpressed from the plasmid pMRT7. All cultures were grown
overnight in the presence of 1 micromolar copper sulfate to effect the induction of
ubiquitin expression in strains carrying pMRT7. Error bars represent standard error.
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1.

W1588-4C
RWY13

RWY15

LSW6

Genotvne
MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1 RADS
MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1
RAD30- TEV-ProA- 7His::HIS3MX
MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1
rad30::KanMX
MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1
barl::LEU2

LSW7 MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1
barl::LEU2 revl::kanMX

LSW8 MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1
barl::LEU2 rad30::KanMX

RWY229 MATa leu2-3,112 ade2-1 can]-100 his3-11,15 ura3-1 trpl-1
barl::LEU2 revl ::KanMX rad30::KanMX

RWY252 MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1
barl::LEU2 pAS311-REV1-HAC

RWY249 MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1
barl::LEU2 pAS311-REV1AN-HAC

LSW9 MATa leu2-3,112 ade2-1 can]-100 his3-11,15 ura3-1 trpl-1
barl ::LEU2 rev3::kanMX

LSW10 MATa leu2-3,112 ade2-1 can]-100 his3-11,15 ura3-1 trpl-1
barl::LEU2 rev7::kanMX

RWY116 MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1
barl::LEU2 rev3::kanMX rad30::kanMX

RWY114 MATa leu2-3,112 ade2-1 canl-100 his3-11,15 ura3-1 trpl-1
barl::LEU2 rev7::kanMX rad30::kanMX

Tahle 2.
Plasmid
pJM96
pRW1031
pMRT7
pRW1003

Relevant gene
6His-RAD30
RAD30-YM10O
UBI-C-MYC
RAD30-TAP

Description/Comments
pRS415 derivative containing RAD30
pJM96 derivative with tag: -TEV-ProA-7His
2micron vector with Pcupl-Ubi-c-myc
pJM96 derivative with TAP tag

Table
Strain

RAD5

RAD5

RAD5

RADS

RAD5

RAD5

RAD5

RAD5

RADS

RAD5

RAD5

RAD5
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CHAPTER 5:

SUMMARY AND PERSPECTIVES
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My dissertation research has focused on the regulation of polymerase eta (pol l)

in Saccharomyces cerevisiae by protein expression, localization, and protein-protein

interactions. In Chapter 2, I have analyzed the ubiquitin-interacting domain and assayed

the chromatin-association state of yeast pol T1. In Chapter 3, I tested the hypothesis that

Rev and pol f physically interact in yeast. In Chapter 4, I examined the genetic

relationships of pol rl (RAD30) with the other TLS polymerases Rev and pol zeta (0),

and determined that pol r protein abundance does not vary significantly in response to

DNA damage.

In Chapter 2, I uncovered a significant difference between regulatory domains of

yeast and mammalian pol rl. I had initially observed, within the sequence of S. cerevisiae

pol Il, a conserved region including a motif notated as a zinc finger [1]. However, the

zinc finger motif is degenerate in S. cerevisiae pol Yl, lacking one of the key zinc-

coordinating cysteine residues. Further sequence analysis revealed that other pol r

homologs had complete zinc finger motifs, unlike the degenerate motif of S. cerevisiae

pol rl, but also that the region surrounding the putative zinc finger was highly conserved,

even in S. cerevisiae pol T.

Although its function was not yet known, I predicted that mutation of this highly

conserved region would interfere with pol r activity by disrupting a protein-protein

interaction. I also wondered whether the degenerate zinc finger could possibly

coordinate a zinc ion. By mutational analysis, I found that the conserved region is

required for UV resistance, but that substitutions can be made at the putative zinc-

coordinating residues without phenotypic consequences. Therefore, I hypothesized that

S. cerevisiae pol rl does not bind zinc.

In the course of this work, other studies identified this conserved region as a novel

ubiquitin-interaction domain, the UBZ (Ubiquitin Binding Zinc Finger) domain, which

mediates an interaction with ubiquitin in both yeast and mammalian pol r homologs [2-

4]. Recently, the NMR structure of the UBZ domain from human pol r was solved,

showing that it is a zinc-coordinated zinc finger [5]. In human pol l, substitutions at the

zinc coordinating residues resulted in loss of function and disrupted the interaction with

ubiquitin [2, 4]. My results, together with these findings, suggest that the ubiquitin-

interacting function of the UBZ domain of yeast pol q is conserved between yeast and

162



human. In contrast, neither the sequence, nor the functional significance, of the ability to

coordinate zinc are conserved in S. cerevisiae pol r.

I propose that the UBZ domain of yeast pol r forms a structure similar to that of

its human homolog but, unlike the human homolog, does not require zinc binding to

stabilize its structure. I plan to test this hypothesis directly by assaying the structural,

zinc- and ubiquitin-binding properties of a purified UBZ domain from S. cerevisiae pol

r. I expect the UBZ domain of S. cerevisiae pol rj to form a stable structure and bind

ubiquitin in the absence of zinc. If this is the case, S. cerevisiae pol r will be the second

reported naturally occurring "zincless finger" [6]. Such structures have successfully been

engineered twice in the past as well [7].

As I was beginning to write this thesis, a study of mutations very similar to my

own was published [8]. The authors of this study assume that the UBZ domain of S.

cerevisiae pol rn contains a normal zinc finger. This leads them to conclude that because

zinc finger residues can be mutated without affecting pol r's function, the UBZ domain's

interaction with ubiquitin is not important for po 1 function in S. cerevisiae. Instead,

they suggest that an unknown, zinc-independent function accounts for the conservation of

the UBZ domain in pol rl homologs. By determining directly whether the UBZ domain

of S. cerevisiae pol rl binds zinc, I will clarify what conclusions can be drawn about the

functions of the UBZ domain.

In mammals, pol rl's UBZ domain is required for the formation of pol r foci in

response to DNA damage [4]. Focus formation is thought to result from the interaction

of pol r with ubiquitinated PCNA at sites of DNA damage [4, 9]. Although the UBZ

domain of S. cerevisiae pol r has been shown to interact with ubiquitin [3], there had

been no previous studies of focus formation or DNA association in S. cerevisiae to

determine whether the biological significance of the ubiquitin interaction is the same in

yeast and mammals. Toward this end, I performed the first study of the chromatin-

association state of pol r in yeast. I found that the wildtype pol r protein is chromatin-

associated even in the presence of DNA damage, but the amount of chromatin-associated

pol r increases by approximately 2-fold after the cells are treated with UV to induce

DNA damage. The increase was not observed when cells were harvested immediately

after UV treatment, but was seen after 35 or 120 minutes (data shown is for 120 minutes).
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Furthermore, I found that the damage-induced increase in chromatin-association

of yeast pol rl is dependent upon its UBZ domain. The UBZ domain mutants which

cause a defect in UV-survival also cause the amount of chromatin-associated pol r1 to

decrease, rather than increase, in response to DNA damage. Intriguingly, the UBZ mutant

pol rl is chromatin-associated in the absence of exogenous damage, and differs from

wildtype only in its response to UV-induced DNA damage. My results are consistent

with a similar roles for the UBZ domain in S. cerevisiae and in mammals.

The chromatin-association assays I performed measure DNA-association more

inclusively than do the focus-counting assays used in mammalian cells. The chromatin-

associated pol r should include not only the focus-forming pool of pol rj, as well as any

additional pol rl which may have access to the DNA. It has not been determined whether

focus-formation necessarily correlates with activity for pol r~ in mammalian cells. My

results imply that chromatin-association is not sufficient for pol rl activity, because the

UBZ mutation, without impairing pol l's catalytic activity, causes a severe loss of

function in pol r, but is still detectably chromatin-associated after DNA damage.

Therefore, the UBZ domain itself must be required for a more specific function beyond

general chromatin association to promote pol rl function. I hypothesize that the UBZ

domain-mediated interaction with ubiquitinated PCNA is required for precise placement

of pol r in an orientation to enable it to bypass DNA lesions.

With respect to the function of the UBZ domain, I was also intrigued by the

presence of two different ubiquitin-interaction motifs, the UBM and the UBZ domain, in

the Y family of DNA polymerases. In particular, although pol iota (t) has greater overall

sequence similarity to pol r than to Rev1, it includes a UBM, like Rev1, while pol kappa

(rc) and pol rl contain UBZ domains. This pattern suggests that the two ubiquitin

interaction domains may have evolved for distinct functions. I searched, by homology,

for UBM- and UBZ-containing proteins in the database in order to compare and contrast

their functions. I identified a new UBZ-containing protein, Pcf 11, a transcription

termination factor. It will be interesting to see what functional differences further studies

may uncover between these two related domains.

There is still much to be learned about the function of the UBZ domain in general

and with respect to the activity of polymerase 1r. One reminder of the incompleteness of
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our understanding is that the UBZ domain interacts better with polyubiquitin than

monoubiquitin [4, 10], while pol il's function is supported only by monoubiquitinated

PCNA, and not polyubiquitinated PCNA. It may be that pol ri does interact with

polyubiquitinated PCNA, but that this interaction sequesters pol f in an inactive position,

while the interaction with ubiquitinated PCNA helps place pol Y in a position where it is

TLS-enabled.

I also investigated the modification state of pol Yr itself. By mutation analysis, I

found several potential phosphorylation sites in the C-terminal region of polymerase r

whose mutation affects UV survival. I also identified a functionally significant potential

SUMOylation site or ubiquitination site located very close to the ubiquitin-interacting

UBZ domain. Since the activities of Revi and pol ý are known to be influenced by

kinases [11, 12] and Revl itself not only contains a potential phosphoprotein-binding

motif (the BRCT) [13], but can also be phosphorylated itself [12], phosphorylation of pol

T in yeast may regulate any physical interaction it has with Rev and/or pol ý.

In Chapter 3, I have demonstrated another significant difference between yeast

pol r~ and its mammalian counterpart: by coimmunoprecipitation I was unable to detect

an interaction between pol 1 and Revi in yeast. My collaborator, Nicole Kosarek, in

Errol Friedberg's laboratory, used a different technique, yeast 2-hybrid, to assay the

interactions of Rev 1 with pol ri and other polymerases from several species. She was

able to detect an interaction between the Rev and pol rl homologs from Drosophila

melanogaster, but not from S. cerevisiae or Schizosaccharomyces pombe. We concluded

that there is no direct physical interaction between pol r1 and Revl in S. cerevisiae.

However, a study was just published in which an interaction between the purified yeast

pol 1 and Rev1 proteins is observed [14]. The fact that this interaction has only been

observed for the purified proteins, and not under more physiological conditions, could

imply that it is not physiologically relevant. However, even if we assume that it is a

physiologically relevant physical interaction, there remains a striking difference between

the species in which the interaction is robustly detectable by 2-hybrid and/or coIP, and

organisms such as yeast, in which the interaction is significantly weaker or more

conditional. There may be a physiologically relevant interaction in yeast which is
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dependent on the presence of other factors such as additional interactions, or the

modification states of the proteins involved.

Another intriguing finding of Chapter 3 is that sequence analysis could not

identify a conserved Rev -interacting motif shared among the regions from different

proteins which were shown to interact with Revl. Instead, the Rev -interacting regions

were all predicted to be disordered. Because of the work of a recent graduate of my lab

[15], which demonstrated that the UmuD protein which regulates translesion synthesis in

E. coli is an intrinsically unstructured protein, I recognized this as a finding of potential

functional significance. Interactions with disordered regions have distinct properties,

making them ideal for highly specific and reversible interaction, or for allosteric

coupling. Therefore, we propose that Rev1 is able to interact specifically with its many

interaction partners, and to quickly switch between them and adapt to changing

conditions.

It is unknown what function a physical association between pol r and Revl/pol (

might have. One possibility is that Rev1 might be involved in recruiting pol 1 to sites of

DNA damage. An entirely different possibility is that their association allows pol 1 (the

more abundant protein) to be associated with every Revl/pol ý in order to compete with

them. Genetic analysis could help determine whether pol rl acts conditionally in the

same pathway with Rev /polý, or instead acts in a competing pathway, but has not been

done in those species in which Revl and pol r are known to physically interact.

In Chapter 4, I have undertaken the most thorough analysis to date of the genetic

interactions between pol r~ and Revi and pol ý in yeast, to elucidate the functional

interaction between these proteins. I demonstrated that pol q protein abundance does not

change significantly in response to UV-induced DNA damage in yeast, and therefore

cannot account for a putative damage-induced activation of pol r function. The complex

results of my genetic analysis have led me to ask whether there may be multiple

overlapping modes of regulation of pol q in yeast. One possibility is a cell-cycle specific

role for Rev in pol ql's regulation.

Pol Y has additional known and possible protein interaction partners which have

not been discussed in this dissertation, but which may contribute to its multi-faceted

regulation. While TLS is clearly promoted by PCNA monoubiquitination, it is not
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exclusively dependent on this signal. An allele of POL30 (encoding PCNA) which

abolishes ubiquitination of PCNA and SUMOylation at K164 by K164R substitution is

epistatic to rad30, revl, rev3 and rev7 with respect to UV killing [9, 16]. However, pol 5

has some mutagenic activity independent of PCNA modification [16-18], and

SUMOylation can also promote spontaneous mutagenesis [9].

A small proportion of mammalian cells, about 10%, do have pol i foci in the

absence of PCNA ubiquitination, or in the absence of DNA damage (when ubiquitinated

PCNA is undetectable) [4, 19]. The same is true of Revl foci [20], which also form in

response to DNA damage [21]. The BRCT domain of Rev1 is required for interaction

with unmodified PCNA but not with ubi-PCNA [20]. The formation of Rev I foci in the

absence of DNA damage is almost entirely dependent on Revi's BRCT domain,

suggesting that it is predominantly independent of PCNA monoubiquitination. Pol r

may be similarly regulated both by interaction with unmodified PCNA, in the absence of

exogenous damage, and by a more robust interaction with ubi-PCNA which causes the

increased formation of pol rl foci at sites of DNA damage.

There is also the possibility of PCNA-independent DNA association. One way

this may be achieved is by interaction with an alternative clamp. The 9-1-1 complex

(named for the S. pombe genes encoding it) is a heterotrimeric ring protein with structural

similarity to PCNA [22]. This complex binds the DNA, where it acts as a DNA damage

sensor in conjunction with the damage-induced checkpoint response (see section lb), and

also contributes to DNA repair [23]. In S. cerevisiae the 9-1-1 complex is composed of

Ddcl, Radl7 and Mec3 proteins [24]. A recent study found that Ddc1 is involved in pol

ý's association with chromatin, specifically in response to UV radiation, and that pol 5-

dependent mutagenesis is partially dependent on Ddcl [25].

Another factor that may help to recruit pol rl, and which physically interacts with

it, is an alternate PCNA-loading complex, Ctfl8-RFC [26]. PCNA is normally loaded

onto the DNA by RFC, but this process can also be performed by Ctfl 18-RFC, a variant

complex which is involved in sister chromatid cohesion [26]. Ctfl8-RFC was found to

stimulate pol 1 activity in vitro by both PCNA-dependent and PCNA-independent means,

suggesting that its interaction with pol rl may help recruit the polymerase to the DNA

[26]. Additional evidence of a connection between cohesion proteins and pol 1 has been
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found in S. pombe, where the pol ir homolog is Esol, a protein made up of both pol Tr and

a Ctf7-homolog, which is required for establishment of sister chromatid cohesion [27,

28].

TLS polymerases may also be activated through distinct mechanisms in response

to specific types of damage or situations. One example is the observation that pol C-

dependent ionizing radiation (IR) induced mutagenesis in yeast is only partially

suppressed in a pol30KI64R background [16-18]. Since IR produces double strand

breaks (DSBs) in the DNA, the observation of a Radl8- and Ddc -independent means of

recruiting Revi and pol ý to DSBs in another study [11] may be part of the same

phenomenon. The association of Revl and pol ý with DSBs (monitored by ChIP),

requires the checkpoint kinase Mecl (ATR homolog); failure to identify a specific Mecl

target suggests that the phosphorylation of multiple proteins promotes the TLS

polymerases' association with DSBs [11].

Although pol rl has not been shown to associate with DSBs, it is involved in DNA

replication under a variety of different conditions, for which it may be regulated by

distinct mechanisms. At a very basic level, TLS during gap-filling occurs at a different

stage of DNA replication and the cell cycle than initiation of TLS by polymerase

switching), so that different protein/protein interactions may be involved in the two

modes of TLS. Pol r also participates in several known specialized functions, including

somatic hypermutation of Ig variable regions and homologous recombination.

The role of TLS in somatic hypermutation (SHM) is thought to be regulated by

PCNA modification, because po130(K164R) and radl8 mutations greatly reduce SHM

[29, 30]. However, SHM is not abolished by these mutations [30]. Furthermore, a

physical and functional interaction between pol ri and the mismatch repair protein

heterodimer MSH2-MSH6 contributes specifically to pol q's role in SHM. MSH2

physically interacts with pol rl and stimulates its catalytic activity [31], while MSH2-

MSH6 is partially required for pol r's contribution to SHM [32, 33].

A specific protein interaction partner, which is not involved in the response to

UV-induced DNA lesions, also mediates pol rl's role in homologous recombination

(HR). This is the recombination factor Rad51, a DNA-binding protein involved in D-

loop formation and cancer inhibition [34]. Rad51 helps to recruit pol 1 to D loop
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structures in vitro, either by direct interaction with pol rl or by alteration of the DNA

structure [35].

Ultimately, the results of my dissertation research and of all the studies of TLS,

have merely characterized the tip of an iceberg. As we expand our collective

understanding of the nuances of DNA damage tolerance mechanisms and their regulation,

I hope the results will lead not only to a better understanding of the early events that lead

to carcinogenesis, but also perhaps to more effective ways of targeting cancer therapies to

kill tumor cells specifically.
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