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DNA POLYMERASE C -DEPENDENT MUTAGENESIS:

MOLECULAR SPECIFICITY, EXTENT OF ERROR-PRONE

SYNTHESIS, AND THE ROLE OF dNTP POOLS

Olga V. Kochenova, Ph.D.
University of Nebraska, 2016
Supervisor: Polina V. Shcherbakova, Ph.D.

Despite multiple DNA repair pathways, DNA lesions can escape repair and
compromise normal chromosomal replication, leading to genome instability. Cells utilize
specialized low-fidelity Translesion Synthesis (TLS) DNA polymerases to bypass lesions
and rescue arrested replication forks. TLS is a highly conserved two-step process that
involves insertion of a nucleotide opposite a lesion and extension of the resulting
aberrant primer terminus. The first step can be performed by both replicative and TLS
DNA polymerases and, because of non-instructive DNA lesions, often results in a
nucleotide misincorporation. The second step is almost exclusively catalyzed by DNA
polymerase € (Polt). This unique role of Polt allows the misincorporated nucleotide to
remain in DNA, resulting in a mutation. Because of the low fidelity of PolIt, a processive
copying of undamaged DNA beyond the lesion site by this polymerase is expected to be
mutagenic. To restore faithful DNA replication, PolC must be immediately replaced by an

accurate replicative DNA polymerase. However, in vivo evidence for this is lacking.

To elucidate the late steps of TLS, we aimed to determine the extent of error-
prone synthesis associated with mutagenic lesion bypass in yeast. We demonstrate that
TLS tracts can span up to 1,000 nucleotides after lesion bypass is completed, leading to

more than a 300,000-fold increase in mutagenesis in this region. We describe a model



explaining how the length of the error-prone synthesis may be regulated and speculate
that PolC could contribute to localized hypermutagenesis, a phenomenon that plays an

important role in cancer development, immunity and adaptation.

To gain further insight into the mechanisms of PolC-dependent mutagenesis, we
determined how the increase in dNTP levels occurring in response to DNA damage in
yeast affects PolC function. Surprisingly, increasing the dNTP concentrations to
“‘damage-response” levels only minimally affected the activity, fidelity and error
specificity of Pol(, suggesting that, unlike the replicative DNA polymerases, Pol is
resistant to fluctuations in the dNTP levels. Importantly, we demonstrated that PolC-
dependent mutagenesis in vivo does not require high dNTP levels either. Altogether, our
results suggest a novel function of PolC in bypassing lesions or other impediments when

dNTP supply is limited.
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Chapter 1. Introduction



1.1 Types of DNA damage and repair pathways

All types of DNA damage can be divided into two major groups, endogenous and
exogenous, based on the nature of DNA-damaging factors. Endogenous DNA damage
mostly results from spontaneous alterations in DNA structure due to hydrolytic and
oxidative reactions, the consequences of cell metabolism (reviewed in (Friedberg et al,
2006)). One of the most common types of endogenous DNA damage is the loss of
exocyclic amino groups, or spontaneous deamination. Deamination can occur through
pH- and temperature-dependent reactions, and also through enzymatic activity of
specialized DNA editing enzymes, deaminases (Lindahl, 1993, Lindahl & Nyberg, 1974,
Rebhandl et al, 2015). Because of changes in pairing properties of the altered bases,
products of deamination can lead to mutagenesis during replication (Lindahl, 1974). In
addition, subsequent processing of deaminated bases by specialized DNA glycosylases,
may give rise to another highly mutagenic DNA lesion, apurinic/apyrimidinic (AP) sites
(reviewed in (Boiteux & Jinks-Robertson, 2013, Lindahl, 1979)). AP sites also can be
formed by spontaneous loss of purine or pyrimidine base from DNA due to cleavage of
the N-glycosyl bond (Friedberg et al, 2006, Lindahl & Barnes, 2000, Lindahl & Nyberg,
1972). Formation and mutagenic properties of AP sites will be reviewed in details in the

Subsection 1.1.1.

Other common types of endogenous DNA damage result from oxidative stress.
Reactive oxygen species, generated as by-products of aerobic metabolism, can produce
various oxidized lesions such as thymine glycol, 7,8-dihydro-oxoguanine, and various

modified bases in DNA (reviewed in (Friedberg et al, 2006)).

On the contrary, exogenous DNA damage is a result of exposure of living cells to

various environmental chemical and physical agents that can alter DNA (reviewed in



(Friedberg et al, 2006)). The most common types of exogenous sources of DNA
damage are ionizing radiation, ultraviolet (UV) radiation, alkylating agents, and cross-
linking chemicals. Exposure of DNA to these agents may result in the formation of
single-strand breaks, bulky DNA adducts, alkylated bases, and DNA-DNA or protein-

DNA crosslinks.

DNA damage can impair various processes in living cells, including faithful
transmittance of genetic material and gene expression. In addition, it can cause cell
death, or, on the contrary, provoke uncontrollable cell division (Hoeijmakers, 2009). To
avoid all of these destructive consequences of exogenous and endogenous DNA
damage, cells evolved multiple pathways that remove lesions from DNA and restore the
original sequence (Figure 1.1 ). Collectively, these processes are known as DNA repair

pathways.

One of the most frequently utilized repair pathways is base excision repair (BER)
that deals with single-strand breaks, modified or mispaired bases in DNA such as uracil,
7,8-dihydro-oxoguanine, products of alkylation, and thymine - guanine mispairs
(reviewed in (Boiteux & Jinks-Robertson, 2013, Friedberg et al, 2006, Zharkov, 2008)).
BER is initiated by specialized DNA glycosylases that recognize particular classes of
modified bases in DNA and cleave N-glycosyl bonds leaving an AP site in DNA. The
resulting AP sites are processed by AP lyases or endonucleases that initiate a short- or

long-patch BER, followed by ligation of the resulting nick.



DNA damaging agents

lonizing radiation lonizin o
. . g radiation
Reactive oxygen species UV light Cisplatin | Replication errors |
Hydrolysis Psoralens
Alkylating agents

In/Del

(6-4)PP |

Base excision repair Nucleotide excision Recombinational repair Mismatch repair
repair Inter-strand crosslink
repair

Figure 1.1 Types of DNA damage and repair pathways.

Most common types of DNA damaging agents (top), examples of DNA lesions that they
induce (middle), and DNA repair pathways dealing with these lesions (bottom) are
shown. Abbreviations: 8-oxoG - 7,8-dihydro-oxoguanine, SSBs - single-strand breaks,
(6-4)PP — (6-4) pyrimidine-pyrimidone photoproduct, CPD - cys-sin cyclobutane
pyrimidine dimer, ICLs - interstrand crosslinks, DSBs — double-strand breaks, In/Del —
insertion/deletion mismatch.



Nucleotide excision repair (NER) removes bulky DNA lesions resulting from UV
irradiation or exposure to chemical DNA damaging agents. Bulky lesions can
significantly affect DNA replication and transcription by blocking DNA and RNA
polymerases (reviewed in (Boiteux & Jinks-Robertson, 2013, Friedberg et al, 2006,
Scharer, 2013)). NER consists of two pathways depending on mechanism of lesion
recognition and factors that participate in this step. In global genome NER, bulky lesions
are directly recognized by multiprotein complexes across the whole genome. In contrast,
transcription-coupled NER is initiated by the stalling of RNA polymerase at the lesion site
and, therefore, functions only on the transcribed strand. After recognition of a lesion,
multiple proteins bind to the damage site and form a so-called preincision complex that
unwinds DNA duplex around the lesion. This allows specific endonucleases to perform
incisions on both sides of the lesion and release a lesion-containing single-stranded
DNA fragment. The remaining gap is filled and ligated by DNA polymerases and DNA

ligase, respectively.

Many DNA repair intermediates can be converted into another cytotoxic lesion —
double-strand breaks. Double-strand breaks are particularly dangerous to cells, because
they can lead to replication fork collapse, chromosome rearrangements or loss, and
eventually, cell death. Double-strand breaks are repaired by homologous recombination
(HR) pathway or non-homologous end-joining in higher eukaryotes (Kowalczykowski,
2015, Waters et al, 2014). The first step of HR involves resection of the double-strand
break to produce single-stranded regions and is mediated by helicases and
exonucleases. Next, single-stranded ends invade a homologous DNA molecule to
initiate new DNA synthesis. Finally, this leads to formation of Holliday junctions and
either nucleolytic resolution or topological dissolution of these structures. In contrast,

non-homologous end joining does not require invasion of the homologous region, but



directly promotes ligation of the double-strand break. The first step of non-homologous

end joining involves recognition and binding of the ends of the double-strand break by a
multisubunit protein complex to promote end bridging. The next step assures formation

of ligatable DNA ends through their processing by nucleases or DNA polymerases.

During the last step, DNA ligase complex ligates processed DNA ends.

Interstrand crosslink repair removes lesions that covalently bind two DNA strands
and block replication and transcription (reviewed in (Duxin & Walter, 2015, McVey,
2010). Although the underlying principle of interstrand crosslink repair is generally
conserved among species, different organisms utilize various subsets of proteins and
different combinations of repair pathways to deal with these lesions. For example,
interstrand crosslinks are repaired by combination of NER and HR in bacteria and yeast.
First, nucleases catalyze incisions on both sides of the crosslink, creating a gap. Such
gaps contain so-called unhooked crosslinks, and can be either filled by specialized DNA
polymerases or repaired by HR. During the last step, the unhooked crosslink is removed
by NER. Interstrand crosslink repair is more complicated in higher eukaryotes. The
choice of DNA repair pathway depends on the stage of the cell cycle. Outside of S-
phase, interstrand crosslinks are recognized and repaired by the NER pathway. In
contrast, during S-phase, repair of crosslinks is initiated by the convergence of two
replication forks at the lesion. This promotes recruitment of a specialized complex
(Fanconi Anemia complex) that introduces incisions on both sides of the lesion in one of
the crosslinked strands. The resulting gap in one strand and double-strand break in
another are filled by specialized DNA polymerases and repaired through HR,

respectively. Later, the remaining unhooked adduct is removed by NER.

Although DNA damage is a considerable source of mutations in DNA, mutations

can arise during replication of undamaged DNA when DNA polymerases misincorporate



a nucleotide. In addition to misincorporation of deoxyribonucleotides, replication errors
often can result from primer-template misalignments that can lead to formation of
insertion-deletion loops. Both single-nucleotide mismatches and insertion-deletion loops
are recognized and removed by components of the DNA mismatch-repair (MMR)
pathway (reviewed in (Fishel, 2015)). Briefly, mismatches or insertion-deletion loops are
recognized by MMR machinery, and then a short patch of DNA including the incorrect
nucleotide(s) is excised from the duplex. Later, the gap is filled by DNA polymerases. In
addition to replication errors, MMR can also act on some modified deoxyribonucleotides

in double-stranded DNA.

In the next two subsections, AP sites and UV-induced lesions, as well as repair
pathways that deal with removal of these lesions in yeast, will be discussed in more

detail.

1.1.1 Abasic site

It has been estimated that approximately 10,000 apurinic sites and 500
apyrimidinic sites may be generated in a mammalian cell daily, which makes AP sites
the most frequent endogenous DNA damage (Figure 1.2) (Tropp, 2012). The main
source of AP sites is a spontaneous hydrolysis of N-glycosyl bond that happens at
considerable rates in living cells (Lindahl & Nyberg, 1972, Loeb & Preston, 1986,
Shapiro, 1981). Pyrimidine nucleosides are bound to deoxyribose through more stable
N-glycosyl linkage, and, therefore, the loss of cytosine and thymine happens at a much
lower rate than that of adenine and guanine (Lindahl & Karlstrom, 1973). The remaining
deoxyribose residues can acquire an open aldehyde form that can be later converted to
single-strand break. AP sites, as well as the resulting single-strand breaks, are repaired

by BER (reviewed in (Boiteux & Guillet, 2004, Zharkov, 2008)). In yeast, AP



endonucleases Apn1 and Apn2 are involved in the repair of the majority of AP sites, with
Apn1 being responsible for the excision of 97% of all AP sites. Although Apn2 is
involved in the repair of only 3% of AP sites in wild-type cells, it can compensate for
Apn1 deficiency in vivo (Johnson et al, 1998, Popoff et al, 1990). AP endonucleases cut
on the 5’-side of AP site producing 3’-OH end and a 5’-deoxyribose-phosphate. Polf in
mammalian cells or Pole/Pold in yeast remove 5’-blocking end and incorporate a single
nucleotide to fill the gap. In addition, AP sites can be processed by AP lyase activity of
any of the three known DNA N-glycosylases/AP lyases in yeast: Ogg1, Ntg1, and Ntg2.
AP lyase activity catalyzes cleavage on the 3’ side of the AP site producing a 5'-
phosphate end and 3’- deoxyribose-phosphate. After removal of 3’-blocking ends by AP
endonuclease, repair is completed by DNA polymerase and DNA ligase activities
(reviewed in (Boiteux & Guillet, 2004, Friedberg et al, 2006, Lindahl, 1979, Zharkov,

2008)).

If left unrepaired, AP sites can produce single base substitutions (reviewed in
(Boiteux & Guillet, 2004)). It has been shown that in Escherichia coli (E. coli) there is a
strong preference for dATP incorporation across from AP sites, so called “A-rule”. In
yeast and human cells, AP sites also have mutagenic potential, but AP sites in
eukaryotes can produce a greater variety of nucleotide substitutions. It appears that the
“A-rule” is still followed in eukaryotes, but predominant insertion of dCTP or dGTP can
also be observed depending on the sequence context or genetic assay used (Avkin et al,
2002, Cabral Neto et al, 1994, Chan et al, 2013, Gentil et al, 1992, Gibbs & Lawrence,
1995, Gibbs et al, 2005, Haracska et al, 2001, Kunz et al, 1994, Neto et al, 1992,
Weerasooriya et al, 2014, Zhao et al, 2004). More specifically, early studies in yeast
utilized genetic assays, in which a natural site-specific AP site or its artificial analog,

tetrahydrofuran were located on a gapped-duplex or a single-stranded plasmid,



respectively (Gibbs et al, 2005, Zhao et al, 2004). At least for the sequence contexts
used in these systems, it was observed that the preferred nucleotide inserted opposite
AP site is dCTP. On the contrary, when natural or artificial AP sites were located in the
duplex DNA, the majority of mutations at this site resulted from A incorporation opposite
the lesions. The studies of mutations induced by methyl methanesulfonate in the apn1
apnZ2 background revealed the following frequencies of nucleotide incorporation opposite
the AP sites: dATP (64%), dCTP (14%), dGTP (11%), and dTTP (11%) (Haracska et al,
2001). Additionally, Pagés et al. observed preferable dATP incorporation opposite a site-
specific tetrahydrofuran in a double-stranded plasmid (Pages et al, 2008), regardless of
the lesion location in the leading or lagging strand. Finally, chromosomal AP sites
generated by sequential action of cytosine deaminase and uracil N-glycosylase in yeast
also predominately induced C to T substitutions, indicative of an dATP incorportion
across from the AP sites (Chan et al, 2013). The relative frequencies of dATP or dCTP
insertion at particular sites were significantly affected by the sequence context, with
some motives having a stronger preference for dCTP insertion. Altogether these studies
suggest that artificial and endogenously generated AP sites have the same mutagenic
potential. However, the specificity of nucleotide incorporation opposite AP sites can vary
depending on the lesion location in the gapped/ single-stranded plasmids or in the
dsDNA. This observation suggests the involvement of different proteins to the copying of

damaged templates during replication of single-stranded and double-stranded DNA.



Figure 1.2 lllustration of an AP site in DNA.

The arrow indicates an abasic deoxyribose in DNA backbone.
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1.1.2 UV-induced lesions

UV radiation induces various types of DNA lesions with cys-sin cyclobutane
pyrimidine dimers (CPDs) and (6-4) pyrimidine-pyrimidone photoproducts ((6-4)PPs)
being the most frequent types of lesions (Figure 1.3). The overall ratio of CPDs and (6-
4)PPs formation in UV-irradiated DNA was estimated to be 3:1 (Mitchell & Nairn, 1989).
While both of these lesions can be formed at any of the adjacent pyrimidine
dinucleotides: TT, TC, CT, and CC (Ravanat et al, 2001), some dinucleotides are more
prone to forming photolesions than others, depending on the surrounding sequence
context and doses of UV irradiation. Generally, TT and TC sites are more susceptible to
photoreaction than CT and CC sites. In addition, CPDs are predominately observed at
TT sites, while (6-4)PPs are more frequently formed at TC sites (Brash & Haseltine,

1982, Mitchell et al, 1992, Mitchell et al, 1990, Pfeifer et al, 1991).

Biochemical and genetic studies of NER components in yeast significantly
contributed to elucidating the mechanism of UV photolesions repair. Removal of UV-
induced lesions is a complex process that involves the following steps: 1. Damage
recognition by Rad14 protein; 2. Unwinding of DNA by multiprotein complex TFIIH; 3.
Excision of a short DNA fragment containing the lesion by Rad1-10 and Rad2; 4. Gap
filling by replicative polymerases and ligation of the resulting nick by DNA ligase |
(reviewed in (Boiteux & Jinks-Robertson, 2013, Rastogi et al, 2010, Scharer, 2013)).
Most of the UV-induced lesions are removed very quickly after UV irradiation by global
genome NER and transcription-coupled NER. Studies in yeast showed that at 4 hours
post-UV irradiation approximately 80% and nearly 100% of CPDs are removed by NER
from non-transcribed and actively transcribed strands, respectively (Tremblay et al,
2008). Although NER operates across the whole genome, the efficiencies of UV

photolesions removal vary for different genomic regions. The removal of (6-4)PPs and
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CPDs on the transcribed strand occurs at similar rates as they presumably inhibit RNA
polymerase with similar efficiencies. However, (6-4)PPs are removed faster than CPDs
on the non-transcribed strand (Tijsterman et al, 1999). It was proposed that because of
the more profound DNA structure distortion and/or nucleosome destabilization that (6-
4)PP creates, they can be recognized by global genome NER faster than CPDs (Kim &
Choi, 1995, Mann et al, 1997, Taylor et al, 1988, Tijsterman et al, 1999). The latter idea
is supported by the fact that the removal of CPDs by global genome NER is greatly
affected by the positioning of nucleosomes, and sites with a slower rate of CPDs

removal coincide with the position of nucleosome cores (Tijsterman et al, 1999).
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Figure 1.3 lllustration of (6-4)PPs (left) and CPDs (right) using thymine-thymine
(top part) and thymine-cytosine (bottom part) dipyrimidine sites as examples.
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1.2 DNA damage tolerance pathways

Although cells developed multiple mechanisms to remove lesions from DNA and
restore its original sequence, additional pathways are frequently required that would
allow the cell to temporarily tolerate lesions in DNA during replication. Lesions that are
not removed prior to the S phase of cell cycle can cause replication fork collapse,
because the highly selective active sites of replicative DNA polymerases cannot
accommodate unusual DNA structures (Broyde et al, 2008, McCulloch & Kunkel, 2008).
Therefore, several mechanisms exist that help cells to complete DNA replication by
resuming stalled replication without removing the blocking lesion. These pathways are
usually referred to as DNA damage tolerance pathways or the post-replication repair
pathways (reviewed in (Boiteux & Jinks-Robertson, 2013, Budzowska & Kanaar, 2009,
Waters et al, 2009)). Two main subpathways, translesion synthesis (TLS) and HR-
mediated template switching, are responsible for bypassing lesions at stalled replication
forks. Although the two subpathways share some common regulatory factors, they utilize
completely different mechanisms to deal with the lesion. The template switching relies
on recombination-based mechanisms involving newly synthesized strand of the sister
chromatid as a template and, therefore, is very accurate (Branzei & Szakal, 2016,
Budzowska & Kanaar, 2009). On the contrary, TLS requires the function of specialized
low-fidelity DNA polymerases to bypass a lesion and is highly error-prone (Figure 1.4)

(Waters et al, 2009).

Both TLS and template switching require post-translational modifications of
proliferating cell nuclear antigen (PCNA), a processivity factor for DNA polymerases

(Ulrich & Walden, 2010). Upon induction of DNA damage, PCNA is monoubiquitylated
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Figure 1.4 DNA damage tolerance pathways.
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Stalling of leading strand replication at the lesion site (red star) (a) can lead to
uncoupling of the leading and lagging strand synthesis (b, g). The template switching at
the fork (left part) is initiated by the fork regression (c), which provides a template for
DNA synthesis and leads to the formation of a “chicken foot” structure (d). The “chicken
foot” structure can be resolved by the action of structure-specific endonucleases (e) or
through a strand realignment (f). Alternatively, the stalled replication forks can be
rescued by HR-mediated template switch behind the fork (middle part). After replication
fork uncoupling (g), DNA synthesis can be re-initiated downstream of the stalled
replisome, leaving a single-stranded gap (h). The strand invasion (i) to the sister
chromatid initiates DNA synthesis. Later, the newly synthesized strand realigns with its
original template (j). Finally, two models of TLS (right part) propose that rescue of stalled
replication forks by TLS can occur in the context of ongoing replication (k) or in the gaps
(). In both cases, specialized DNA polymerases bypass a lesion by directly
incorporating a nucleotide opposite the lesion site, often resulting in a mutation.
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at lysine 164 (K164) by Rad6-Rad18 complex to promote TLS, and subsequent K63-
linked polyubiquitylation at this residue by Ubc13-Mms2/Rad5 regulates template
switching (Haracska et al, 2004, Hoege et al, 2002, Kannouche et al, 2004, Stelter &
Ulrich, 2003). Since polyubiquitylation requires a monoubiquitylated PCNA as a
substrate, Rad6-Rad18 deficiency compromises all post-replicative repair. Interestingly,
inactivation of PCNA polyubiquitylation leads to a strong mutator phenotype, indicating
that HR-mediated template switching is a preferable pathway to rescue stalled

replication forks.

1.2.1 Lesion bypass by template switching

HR can promote lesion bypass via two possible mechanisms, template switching
at the fork, also known as fork reversal, or template switching behind the fork (left and
middle parts of the Figure 1.4, respectively) (reviewed in (Boiteux & Jinks-Robertson,
2013, Budzowska & Kanaar, 2009, Ulrich, 2011). While initiation of both processes
requires a strand-exchange protein Rad51, E2/E3 monoubiquitylation complex Rad6-
Rad18, and ubiquitin-conjugating complex Ubc13-Mms2, the subsequent steps are
regulated by distinct factors. More specifically, fork reversal and formation of a “chicken-
foot” structure is facilitated by the activity of Mph1 helicase and, presumably, Rad5
(Figure 1.4 (c, d)). The template switching behind the fork requires the Shu complex that
couples damage tolerance to HR (Choi et al, 2010). While it has been proposed that fork
regression can happen on both strands, HR-mediated template switch behind the fork is
mostly used for the damage bypass on the lagging strands (Boiteux & Jinks-Robertson,
2013). However, the HR-mediated template switch behind the fork is possible on the
leading strand as well, assuming the re-priming of replication can occur downstream of

the lesion.
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1.2.2 Translesion synthesis

In the case of TLS, a damaged nucleotide is used as a template by TLS
polymerases (Figure 1.4 (k, I)). An open active site and/or an ability to perform primer
loop-out at abnormal templates allow the TLS polymerases to replicate over a great
variety of DNA lesions and catalyze synthesis on damaged templates (Lee et al, 2015,
Sale et al, 2012, Yang, 2014). However, low fidelity of specialized polymerases involved
in lesion bypass and miscoding potential of the lesion itself make TLS a highly error-

prone process.

In higher eukaryotes, there are multiple DNA polymerases that are involved in
TLS including the Y-family enzymes Poln, Poli, Polk, and Rev1, the A-family
polymerases Polv and Pol8, the B-family enzyme Polt, and PrimPol (Helleday, 2013,
Hogg et al, 2011, Sale, 2013, Takata et al, 2015, Wan et al, 2013, Waters et al, 2009).
The yeast Saccharomyces cerevisiae (S. cerevisiae) has only homologs of Poln, Rev1
and PolC (Boiteux & Jinks-Robertson, 2013, Waters et al, 2009). According to the current
model of TLS, upon replisome stalling at the lesion site, replicative polymerase
dissociates from the primer terminus (Figure 1.5). PCNA monoubiquitylation by Rad6-
Rad18 complex recruits TLS DNA polymerases to bypass a road-blocking lesion

(Waters et al, 2009).

Lesion bypass by TLS polymerases is achieved through a two-step process that
involves insertion of a nucleotide opposite the lesion and extension of the resulting
aberrant primer terminus (Figure 1.5). The insertion of a nucleotide across from the
lesion can be performed by any of the TLS polymerases or, with lower efficiency, by
replicative DNA polymerases. The type of the DNA lesion determines the choice of

polymerase that
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Replication fork collapse at the lesion site and dissociation of replicative
polymerase

Figure 1.5 A two-step TLS model.

Stalling of replisome at the lesion site (black star) leads to replicative polymerase (blue
circle) dissociation from the PCNA (red ring). PCNA ubiquitylation (Ub) recruits TLS
polymerases to insert a nucleotide (N) across from the lesion site. The “inserter” DNA
polymerase then hands off the aberrant primer terminus to the” extender” TLS
polymerase (purple square) in order to complete lesion bypass. The subsequent
switching to replicative DNA polymerase restores faithful replication.
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will perform a nucleotide insertion. The second step requires a specialized “extender”
TLS polymerase that is able to efficiently utilize mispaired or aberrant primer termini
(Lawrence, 2004, Livneh et al, 2010, Prakash et al, 2005). It has been proposed that the
“extender” polymerase incorporates several nucleotides beyond the lesion site to
prevent the removal of the TLS tract by the exonuclease activity of replicative

polymerase (discussed in more details in the Section 3.1 and in (Fujii & Fuchs, 2004)).

While the molecular details of the insertion and extension steps have been
studied extensively for a variety of lesions, the late steps of TLS remain poorly
understood. Specifically, it is not known when and where the switch back to replication
by accurate DNA polymerases occurs after the lesion bypass is completed. The high
infidelity of the TLS polymerases suggests that their participation in replication past the

lesion site must be limited.

1.2.2.1 Translesion Synthesis DNA Polymerases in yeast

PolC is a key player in mutagenic TLS in S. cerevisiae as it is the only
polymerase known to be capable of efficient extension of nucleotides incorporated
opposite lesions. This unique role of PolT allows the altered DNA sequence to remain in
the newly synthesized strand, leading to conversion of the misincorporation into a
mutation. Therefore, Pol-deficient cells have substantially reduced spontaneous and

DNA damage-induced mutagenesis (Lawrence, 2004, Makarova & Burgers, 2015).

Yeast PolC is comprised of four subunits encoded by the REV3, REV7, POL31
and POL32 genes (Johnson et al, 2012, Makarova et al, 2012, Zhong et al, 2006).
Despite being a member of the B family DNA polymerases (Braithwaite & Ito, 1993, Ito &
Braithwaite, 1991), PolC lacks exonuclease activity and is at least two orders of

magnitude less accurate than the replicative polymerases Pole and Pold (Zhong et al,
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2006). In addition to its four subunits, the function of PolC in TLS also requires Rev1, a
protein that interacts with both replicative and TLS polymerases (Acharya et al, 2005,
Acharya et al, 2009, D'Souza & Walker, 2006, Guo et al, 2003, Murakumo et al, 2001,
Ohashi et al, 2004, Tissier et al, 2004) and possesses deoxycytidyl transferase activity
(Nelson et al, 1996a). The essential role of Rev1 is structural and likely involves
recruiting Pol to the lesion site and enhancing its lesion bypass capability (Waters et al,
2009). The catalytic activity of Rev1, although not important for the overall efficiency of
TLS, is utilized during the bypass of some lesions and helps to shape the mutagenic
specificity of bypass (Chan et al, 2013, Kim et al, 2011, Otsuka et al, 2005, Pages et al,
2008, Wiltrout & Walker, 2011, Zhou et al, 2010). For example, the Rev1 deoxycytidyl
transferase is responsible for the high frequency of dCTP incorporation observed in vivo

during the bypass of AP sites (Chan et al, 2013, Kim et al, 2011).

Poln is the third known TLS DNA polymerase in yeast, encoded by the RAD30
gene (McDonald et al, 1997). The fidelity of Poln on undamaged templates is among the
lowest determined for DNA polymerases in vitro (Johnson et al, 2000b, Matsuda et al,
2000, Washington et al, 1999). However, the moderate increase in the level of
spontaneous mutagenesis in yeast cells overexpressing Poln, suggests that the access
of Poln to replication of undamaged DNA is largely restricted (Pavlov et al, 2001a).
Despite the low fidelity, Poln was shown to be involved in accurate bypass of TT CPDs
(Abdulovic & Jinks-Robertson, 2006, Gibbs et al, 2005, Kozmin et al, 2003, Yagi et al,
2005). Poln-deficient cells show increased sensitivity to UV irradiation and elevated
mutagenesis, suggesting that in the absence of Poly CPDs can be bypassed in an error-
prone manner by Polt-dependent TLS (Abdulovic & Jinks-Robertson, 2006, Lawrence &
Hinkle, 1996). While reducing mutagenic potential of TT CPDs, Polny was shown to be

involved in mutagenic bypass of TT (6-4)PPs in wild-type yeast and cytosine-containing
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pyrimidine photolesions in PolC-deficient strains (Bresson & Fuchs, 2002, Kozmin et al,

2003, Zhang & Siede, 2002).

1.3 The role of ANTP pools in DNA damage bypass

The efficient response to DNA damage requires activation of signaling cascades
that regulate DNA repair processes and induce temporary arrest of the cell cycle
progression. This provides extra time for removal or bypassing a lesion and allows the
cell to enter mitosis with completely replicated chromosomes (Zhou & Elledge, 2000). In
yeast S. cerevisiae, the slowdown or arrest of the cell cycle in response to DNA damage
is achieved through the activation of protein kinases Mec1/Rad53/Dun1 (Baldo et al,
2012). In addition to slowing down the progression through S phase, Mec1/Rad53/Dun1
pathway activates ribonucleotide reductase (RNR), the enzyme that catalyzes the first
step in de novo synthesis of dNTPs (Andreson et al, 2010, Chabes et al, 2003,
Reichard, 1988). During normal S-phase the tight regulation of RNR activity provides
optimal dNTP levels that allow efficient DNA replication (Labib & De Piccoli, 2011).
Failure to provide balanced dNTP supply may promote genome instability by either
reducing the fidelity of DNA polymerases or by slowing down fork progression (Ahluwalia
& Schaaper, 2013, Gon et al, 2011, Kumar et al, 2011, Kumar et al, 2010, Mertz et al,
2015, Schaaper & Mathews, 2013, Tse et al, 2016, Watt et al, 2016). Conversely,
dNTPs pools expand approximately six- to eight-fold after treatment with DNA damaging
agents, such as UV light, methyl methanesulfonate and 4-nitroquinoline 1-oxide (Chabes
et al, 2003). This is achieved by Mec1/Rad53/Dun1-mediated degradation of RNR
inhibitor Sml1 and by inducing expression of genes encoding the RNR subunits (Figure
1.6) (Andreson et al, 2010, Huang et al, 1998, Zhao et al, 2001). The expansion of
dNTP pools significantly improves cell survival during DNA damage (Chabes et al,

2003), and is proposed to facilitate lesion bypass by replicative DNA polymerases, as
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well as TLS DNA polymerases (Chabes et al, 2003, Sabouri et al, 2008). In agreement
with this view, higher dNTP concentrations enhance the efficiency of lesion bypass by
various DNA polymerases in vitro (Haracska et al, 2000, Haracska et al, 2001, Johnson
et al, 2001, Johnson et al, 2000a, Sabouri et al, 2008, Stone et al, 2011). In addition,
studies in E. coli suggested that high dNTP levels stimulate TLS in vivo by shifting a
balance between proofreading and polymerization activities of replicative DNA
polymerase Il toward the elongation mode allowing the TLS tract to remain in DNA (Gon
et al, 2011). However, it has not been established whether elevated dNTP pools can
enhance TLS polymerases activity in vivo. While facilitating lesion bypass, high dNTP
levels could conceivably further reduce the fidelity of TLS DNA polymerases leading to

accumulation of more mutations in the genome.
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Figure 1.6 The mechanisms of RNR activation in response to DNA damage and
replication block.

Prior to activation of DNA damage response by Mec1/Rad53/Dun1 kinases, the large
subunit of RNR complex, Rnr1, is inactivated by Sml1 binding (left part). In response to
DNA damage, Sml1 is degraded, which allows an assembly of an active RNR complex
via binding of two Rnr1 subunits to Rnr2 and Rnr4 subunits. In addition to Sml1
degradation, Dun1 kinase promotes increased production of the RNR complex through
transcriptional induction (right part). Active RNR catalyzes conversion of NDPs to
dNDPs.
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1.4 Participation of DNA polymerase T in replication of
undamaged DNA

Besides the important role in TLS, Poll and Rev1 are recruited to replicate
undamaged DNA when the normal replication is impaired because of a mutation
affecting one of the components of replisome (Northam et al, 2006, Northam et al, 2014,
Northam et al, 2010). Defective replisomes stall more frequently at DNA sequences that
are prone to formation of short hairpin structures. Such stalling triggers the recruitment
of Rev1 and PolC that help to bypass these structures (Northam et al, 2014). Increased
participation of the error-prone Pol( in the replication of undamaged DNA leads to
substantial elevation of the rate of spontaneous mutation leading to a phenomenon
called Defective-Replisome-Induced Mutagenesis (DRIM). DRIM can be induced by
mutations in almost any component of the replisome. It can be promoted by defects in
DNA polymerases a, 6 and ¢ (Northam et al, 2006, Pavlov et al, 2001b, Shcherbakova et
al, 1996), in non-catalytic replisome components (Aksenova et al, 2010, Becker et al,
2014, Garbacz et al, 2015, Grabowska et al, 2014, Kraszewska et al, 2012, Northam et
al, 2006) or replication-coupled chromatin remodeling factors (Kadyrova et al, 2013), as
well as by treatment of wild-type cells with hydroxyurea (HU), a well-known replication
inhibitor (Northam et al, 2010). Similar to TLS, DRIM requires monoubiquitylation of
PCNA by Rad6-Rad18 (Northam et al, 2006), suggesting that the recruitment of Pol(-
Rev1 to stalled defective replisomes is regulated in the same way as in the case of

lesion bypass.

One of the best-studied genetic models of DRIM in yeast is the po/3-Y708A
mutant. This mutation leads to an alanine substitution for Tyr708 at the active site of

Pold (Pavlov et al, 2001b). A slow growth phenotype, HU sensitivity and constitutive
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PCNA monoubiquitylation in the po/3-Y708A strains suggest the existence of replication
stress in these mutants. Moreover, approximately 90% of the spontaneous mutagenesis
in this strain is dependent on Polt indicating its significant contribution to DNA replication
in this mutant, which makes it a good model for studies of PolC-dependent mutagenesis
during replication of undamaged DNA. Measurement of the size of ANTP pools in
logarithmically growing wild-type and pol3-Y708A strains showed a seven-fold increase
in the total ANTP level in the pol3-Y708A mutant in comparison to the wild-type strain
(Figure 8.1 (A)). The increases for individual dNTPs range from approximately six- to
nine-fold and are similar to those observed during DNA damage response (Chabes et al,
2003). This finding is in accord with the view that TLS polymerases always function in
situations when dNTP pools are elevated. However, it still remains unknown whether this
expansion of dNTP pools stimulates Polt activity and/or is essential for Pol(-dependent

mutagenesis.

1.5 Dissertation overview

The work described in this dissertation addresses two important aspects of TLS-
associated mutagenesis: possible contribution of TLS polymerase € to mutagenesis
beyond the lesion site, and the effect of intracellular dNTP fluctuations occurring during
DNA damage response on the level and specificity of Polt-dependent mutagenesis.
Overall, the results in this dissertation support the following statements: (1) mutagenic
bypass of plasmid-borne and chromosomal lesions is associated with untargeted
mutagenesis in the adjacent DNA region, (2) untargeted mutagenesis likely results from
the processive copying of undamaged DNA by Polt, (3) Polt is remarkably resistant to
the fluctuations in ANTP pools naturally occurring in response to DNA damage. Based

on our findings, we provide a model explaining how the length of PolC-dependent error-
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prone synthesis can be regulated during TLS in yeast and propose a novel function of

Polt in rescuing stalled replication forks when dNTP supply is low.

Chapter 3 of this dissertation describes a genetic system that can be used for
phenotypical identification of the products of mutagenic TLS across from a site-specific
plasmid-borne AP site. A survey of the region downstream of the lesion site (in respect
to the direction of TLS) for the presence of additional mutations revealed that the bypass
of a single AP site is associated with untargeted mutagenesis within at least 200 bp from
the lesion. The occurrence of the untargeted mutations in the bypass products indicates

error-prone polymerase activity in this region.

Chapter 4 of this dissertation describes a genetic system for selection of the
products of TLS through a site-specific chromosomal UV lesion. This chapter presents
evidence that, as in the case of AP site bypass, Polt-dependent bypass of UV-induced
lesion is accompanied by more than 300,000-fold increase in mutation rate in the region
downstream from the lesion site. This indicates that the untargeted mutagenesis is a
common phenomenon associated with Polt-dependent TLS regardless of the lesion
type. In addition, experiments described in this chapter investigate whether PolC or
another TLS polymerase is responsible for the generation of untargeted mutations

beyond the lesion site.

Experiments described in Chapter 5 of this dissertation thoroughly characterize
the effect of the increase in ANTP levels occurring during DNA damage response on
Polt-dependent mutagenesis. Biochemical experiments described in this chapter
provide evidence that four-subunit Polt (Polt,), as well as five-subunit complex, PolZ,-
Rev1 (PolCs), are remarkably insensitive to the changes in dNTP levels. Furthermore,

experiments in this chapter demonstrate that the high dNTP levels are not required for
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Polt-dependent lesion bypass or Polc-dependent copying of undamaged DNA in vivo.
We provide evidence that high dNTP levels facilitate function of replicative polymerases
upon DNA damage or replication stress, while PolC is uniquely capable of rescuing

perturbed DNA replication in the absence of ANTP pools expansion.



Chapter 2. Materials and Methods

28



29

2.1 Strains and plasmids

The haploid S. cerevisiae strains PS1001/PS1002 (MATa adeb lys2-Tn5-13 trp1-
289 his7-2 leu2-3,112 ura3A apn1A::loxP apn2A::loxP) and OK29/30 (MATa adeb5-1
lys2::InSE 14 trp1-289 his7-2 leu2-3,112 ura3-G764A-LEU?2) were used to determine the
extent of the error-prone synthesis during AP site and UV lesion bypass, respectively.
PS1001 and PS1002 are two independent isolates of the same genotype derived from
CG379A (Shcherbakova et al, 1996, Shcherbakova & Pavlov, 1996) and obtained by D.
L. Daee in the Dr. Shcherbakova laboratory by replacement of the APN1 and APN2
genes by the loxP-LEUZ2-loxP and loxP-kanMX-loxP cassettes, respectively (Kochenova
et al, 2015). The LEUZ2 and kanMX4 markers were removed by expressing Cre
recombinase as described in (Guldener et al, 1996). OK29 and OK30 are two
independent isolates of the same genotype derived from E134 (MATa ade5-1
lys2::InSEa14 trp1-289 his7-2 leu2-3,112 ura3-52) (Shcherbakova & Kunkel, 1999)) as
follows. First, the E134" strain was obtained by M. R. Northam in the Dr. Shcherbakova
laboratory by substituting the ura3-52 allele in E134 with a wild-type copy of the URA3
gene. Next, the ura3-G764A mutation was created by site-directed mutagenesis in a
yeast integrative vector containing the URA3 and LEUZ2 genes cloned into pUC18
(Shcherbakova & Pavlov, 1993), yielding pUC18-ura3-G764A-or1. Finally, OK29 and
OK30 were obtained by substituting the wild-type chromosomal URA3 gene of E134"
with the PCR-amplified ura3-G764A-LEUZ2 cassette. The primers for amplification had 20
bp of homology to pUC18 regions flanking the ura3-G764A and LEU2 genes on the 3’
end and 45 bp of homology to the 3’ and 5’ untranslated regions of the chromosomal

URA3 gene on the 5’ end. The rev3A, rad30A and msh2A derivatives of OK29/30 and

msh2A derivatives of PS1001/1002 were obtained by transformation with PCR-
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generated DNA fragments carrying the kanMX cassette flanked by a short sequence
homology to the REV3, RAD30 or MSH2 genes. The rev3-L979F derivatives of OK29/30
strains were constructed by using SnaBl-cut pREV3Cav2-L979F plasmid, (Sakamoto et

al, 2007), and the presence of the mutation was confirmed by DNA sequencing.

To study the genetic interaction of the po/3-Y708A allele and Dun1 deficiency,
first, the DUN1T gene was replaced with kanMX4 cassette in the haploid strains 1B-D770
(MATa adeb-1 lys2-Tn5-13 trp1-289 his7-2 leu2-3,112 ura3-4) and E134 (Shcherbakova
& Kunkel, 1999). Next, dun1A derivatives of 1B-D770 and E134 were crossed to
produce a homozygous diploid OK46 (MATa//MATa ade5-1//adeb-1 lys2-Tn5-13//
lys2::InSE 14 trp1-289//trp 1-289 his7-2//his7-2 leu2-3,112//leu2-3,112 ura3-4//ura3-52
dun1A::KanMX4//dun1A::KanMX4). The heterozygous POL3/pol3-Y708A derivative of
OK46 was constructed by replacing one copy of the wild-type chromosomal POL3 gene
with a mutant copy by transformation with Hpal-cut p170 plasmid (Pavlov et al, 2001b).
The wild-type diploid strain was obtained by crossing E134 to 1B-D770. Its heterozygous
POL3/pol3-Y708A derivative was constructed as described above. The presence of the
pol3-Y708A allele was confirmed by DNA sequencing. Next, diploid strains were
sporulated on potassium acetate medium, and the haploid progeny of diploid strains

were analyzed by tetrad dissection.

The E134 strain and its isogenic derivative PS446 (same, but rev3A::.LEU2)
(Northam et al, 2006) were used to study the effects of ANTP pools expansion on
mutagenesis in vivo. To obtain the pol3-Y708A mutants, E134 and PS446 strains were
transformed with Hpal-cut p170 plasmid, and the mutation was introduced through
integration/excision gene replacement as described earlier (Pavlov et al, 2001b). The

presence of mutation was confirmed by sensitivity to 100 mM HU (Sigma-Aldrich).
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The pRS315-URA3 OR2 plasmid (Lada et al, 2011) containing the URA3 gene
cloned into the Hindlll site of pRS315 (Sikorski & Hieter, 1989) was kindly provided by
Dr. Youri Pavlov (University of Nebraska Medical Center, Omaha, U.S.A). In addition to
the URAS3 gene, it carries the following elements: a LEUZ2 selectable marker, the yeast
origin of replication ARS4, a yeast centromere sequence, and the f1 phage origin of
replication. The single-stranded DNA (ssDNA) form of pRS315-URA3 OR2 contains the
transcribed URA3 strand. Escherichia coli F’ strain DH12S (Invitrogen) and M13KO7
helper phage (New England Biolabs) were used for isolation of the pRS315-URA3 OR2
ssDNA. The E. coli strains XL10-Blue and MC1061 (Invitrogen) were used for plasmid

rescue from yeast cells and for propagation of plasmid DNA.

MC1061 electrocompetent cells and CSH50" strains were used to yield M13mp2
plaques in the lacZ polymerase assay as described previously (Bebenek & Kunkel,

1995).

2.2 Proteins

Purifications of yeast PCNA and RPA used in this work were performed by T. M.
Mertz in the Dr. Shcherbakova laboratory and have been described earlier (Mertz et al,
2015). Preparations of Polt,, PolCs and RFC were provided by Dr. Peter M. J. Burgers

(Washington University School of Medicine, St. Louis, MO).

2.3 Construction of the double-stranded plasmid with a site-

specific AP lesion
The single-stranded pRS315-URA3 OR2 phagemid was purified as described in

(Banerjee et al, 1990) with some modifications. The DH12S strain transformed with

pRS315-URA3 OR2 was grown in LB medium and infected with M13KO7 (final
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concentration of 1 x 10° pfu/ml) at OD600 of 0.05. The next day, the bacteriophage
particles were collected from the culture supernatant by PEG precipitation. First, E. coli
cells were pelleted by centrifugation at 4,000 x g for 15 min. Approximately 90% of
supernatant was transferred to a new tube. The centrifugation was repeated at least two
times. Next, bacteriophage particles were recovered from the cell-free supernatant by
stirring it with 4% PEG - 0.5 M NaCl at 4°C for 1 h and subsequent centrifugation at
4,000 x g for 30 min. The pellets were washed with 10 mM Tris-HCI and re-suspended in
10 mM Tris-HCI pH 8.0. The residual cell debris was then removed by centrifugation at
60,000 x g for 15 min at 4°C. To recover the phage particles, a subsequent overnight
centrifugation was performed under the same conditions. The pelleted bacteriophage
particles were re-suspended in 2 ml of 10 mM TE buffer. To remove residual fragments
of bacterial DNA or RNA that could anneal to the pRS315-URA3 OR2 ssDNA, the
bacteriophage particles were incubated with 120 U/ml T4 DNA polymerase (New
England Biolabs) and 5 ug/ml RNAse A (USB) in NEB2 buffer (New England Biolabs) at
37 °C for 2 h. To stimulate the 3’-exonuclease rather than the DNA polymerase activity
of T4 DNA polymerase, the incubation with the polymerase was performed in the
absence of dNTPs. The enzymes were then removed by incubation with 5 ug/ml
Proteinase K (Sigma-Aldrich) at 55°C for 30 min, and the pRS315-URA3 OR2 ssDNA
was purified from pre-cooled bacteriophage particles by three sequential extractions with
phenol, two extractions with phenol-chloroform, and one extraction with chloroform,
followed by ethanol precipitation. Samples were shaken gently to prevent shearing of the

DNA. Purified ssDNA was stored in 10 mM TE buffer at -80°C.

The double-stranded plasmid containing a site-specific tetrahydrofuran lesion
and a control undamaged plasmid were constructed by annealing oligonucleotides 5'-

AGGTTACGATTGGTTGATTATGACACTHFCGGTGTGGGTTTAGATGACA-3', where
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“THF” is an AP site analog, tetrahydrofuran, (Oligos etc) and 5’-
AGGTTACGATTGGTTGATTATGACACGGCGTGTGGGTTTAGATGACA-3' (IDT),
respectively, to the pRS315-URA3 OR2 ssDNA and synthesizing the complementary
strand by T7 DNA polymerase. The oligonucleotides are complementary to the URA3
nucleotides 579-625. The control oligonucleotide contains three bases (underlined) that
do not match the wild-type URA3 sequence and produce a triple CCG — GGC
substitution (the ura3-103,104 allele) resulting in a Ura™ phenotype. The oligonucleotides
were PAGE-purified and annealed to the pRS315-URA3 OR2 ssDNA by incubating a
two-fold molar excess of the oligonucleotide with the 400 ng of ssDNA at 72°C for 2 min
in T4 DNA ligase buffer (New England Biolabs) and then cooling slowly to room
temperature. The whole volume of the annealing mix was then incubated with 10 U of T7
DNA polymerase, 200 uM dNTPs, 4 mM ATP and 10 U of T4 DNA ligase (New England
Biolabs) in T7 DNA polymerase buffer at 37°C for 1.5 h. The reactions were then treated
with Proteinase K (Invitrogen) at 37°C for 20 min. The covalently closed double-stranded
plasmids were isolated from 0.8% agarose gel by centrifugation through premade
Sephadex-10 columns (Pharmacia Fine Chemicals) as described elsewhere (Wang &

Rossman, 1994) and then ethanol precipitated.

2.4 Isolation and analysis of the AP Site bypass products

Ten-fold diluted overnight PS1001/PS1002 cultures were grown to a logarithmic
phase at 30 °C in liquid YPDAU medium [1% yeast extract, 2% bacto-peptone, 2%
glucose, 0.006% adenine, and 0.0625% uracil] (Northam et al, 2010). PEG-mediated
transformation was used to introduce double-stranded tetrahydrofuran-containing and
control plasmids into the yeast cells (Amberg et al, 2006). Yeast cells were then plated
on synthetic complete (SC) medium without leucine (SC —leu) to allow for selection of

transformants. On the third day of growth colonies were replica-plated on synthetic
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complete medium without leucine and uracil (SC -leu —ura) to identify individual TLS
products by half-sectored phenotype. Genomic yeast DNA was purified from the Ura
part of the half-sectored colonies using the MasterPure™ Yeast DNA Purification Kit
(Epicentre). To isolate plasmids from the total DNA samples, 5-7 ul of each genomic
DNA preparation was used for transformation of the XL10-Blue or MC1061 E.coli strain,
and plasmid DNA was purified from individual bacterial colonies by using the High-
Speed Plasmid Mini Kit (IBI Scientific). The region comprising 550 nucleotides upstream
and 1.7 kb downstream of the tetrahydrofuran position (in respect to the direction of
lesion bypass), as well as the corresponding region in the progeny of the control

plasmid, were analyzed by Sanger sequencing.

2.5 Isolation and analysis of UV lesion bypass products

To select for the independent UV-induced Ura® revertants or canavanine-
resistant (Can') mutants of the OK29 and OK30 strains or their rev3A, rev3-L979F,
rad30A or msh2A derivatives, the strains were streaked to single colonies on YPDAU
plates and grown for three days at 30°C. Single colonies were inoculated into 5 ml of
liquid YPDAU and grown overnight at 30°C. The next day, cells were washed with and
resuspended in 2.5 ml of water. Next, 200-ul aliquots were spread on a SC —ura plate or
SC supplemented with 60 mg/L L-canavanine but lacking arginine (SC —arg +CAN), and
irradiated immediately with 60 J/m? of 254 nm UV light. The plates were incubated for
seven days (for Ura® revertants) or five days (for Can” mutants) to allow for colony
formation. One revertant or Can” mutant was randomly picked from each plate for DNA
isolation. Genomic yeast DNA was purified from the revertants and Can' mutants using
the MasterPure™ Yeast DNA Purification Kit (Epicentre). A 5-kb region comprising 2.5

kb upstream and 2.5 kb downstream of the ura3-G764A mutation site was amplified by
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PCR using Pfu DNA polymerase kindly provided by Dr. Farid Kadyrov (Southern lllinois

University School of Medicine, Carbondale, U.S.A.) and analyzed by DNA sequencing.

2.6 Measurement of the mutation frequency

The frequency of UV-induced ura3-G764A reversion was determined as follows.
Appropriately diluted overnight cultures of the ura3-G764A mutants were plated on SC
and SC —ura media and irradiated with 254 nm UV light at doses indicated in Figure 4.2
within 30 min after plating. The plates were then incubated for five to seven days at 30
°C. The ura3-G764A reversion frequencies were calculated by dividing the number of
revertants on selective plates by the number of colonies on SC plates multiplied by the

dilution factor.

The effect of HU treatment on DRIM was determined by using a fluctuation test.
At least nine independent cultures of each strain (wild-type, pol3-Y708A and pol3-Y708A
rev3A) were started from single colonies and grown overnight at 30 °C in liquid YPDAU
medium containing HU at concentrations indicated in Figure 5.6. Appropriate dilutions of
the overnight cultures were plated onto SC —arg +CAN for selection of Can' colonies and
onto SC medium for viability count. To calculate the Can" mutant frequency, the number
of Can’ mutants was divided by the number of colonies on SC medium and multiplied by
the dilution factor. The median frequency of Can" mutants was used to compare
mutagenesis in different strains and at different HU doses. The significance of
differences between mutation frequencies was determined by using the Wilcoxon-Mann-

Whitney nonparametric criterion.

To determine the effect of HU treatment on UV-induced mutagenesis,
appropriate dilutions of overnight cultures of E134 and PS446 strains were plated onto

SC and SC —arg +CAN media supplemented with HU at concentrations indicated in
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Figure 5.7 and Figure 5.8. The plates were then immediately irradiated with 10 J/m? of
UV light and incubated at 30 °C. The mutant frequency was calculated as described
above. The effect of HU pre-treatment on UV-induced mutagenesis was determined by
growing ten-fold diluted overnight cultures of E134 strain for 4 h in the presence of 100
mM HU prior to UV irradiation. Appropriate dilutions of the logarithmic cultures were then
plated onto SC and SC —arg +CAN media containing 100 mM HU and irradiated with UV
light at doses indicated in Figure 5.8. The mutant frequency was calculated as described

above.

2.7 DNA polymerase activity assay

To generate an oligonucleotide substrate for the polymerase reactions, a Cy5-
labeled primer (5'-Cy5-CAGCACCACAAACCATACAAAAACA-3’) was annealed to a
template strand (5'-
GCCATTATCGGGTTTCTAATATACTGTTTTTGTATGGTTTGTGGTGCTG-3') by
incubation at 85°C for 2 min in the presence of 150 mM NaAc. The annealing reactions
were then allowed to cool down slowly to room temperature. DNA polymerase reactions
contained 40 mM Tris-HCI (pH 7.8), 60 mM NacCl, 8 mM MgAc2, 1 mM dithiothreitol, 0.2
mg/ml bovine serum albumin, 25 nM DNA substrate, and 10 nM Pol{, or Polls. The
reactions were performed at either S-phase (39 uM dCTP, 66 pM dTTP, 22 yM dATP,
and 11 yM dGTP) or damage-response (195 uM dCTP, 383 pM dTTP, 194 uM dATP,
and 49.5 yM dGTP) dNTP concentrations (Chabes et al, 2003, Sabouri et al, 2008).
Reactions were incubated for 3 or 10 min at 30 °C and stopped by placing the tubes on
ice and adding formamide loading dye. The reactions were then analyzed by
electrophoresis in a 12% denaturing polyacrylamide gel. Products of polymerase
reactions were detected and quantified using the Typhoon imaging system and

ImageQuant software (GE Healthcare).
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2.8 Measurement of DNA polymerase fidelity in vitro

M13mp2 gapped substrate was prepared as described previously (Bebenek &
Kunkel, 1995). Briefly, M13mp2 ssDNA and dsDNA were purified from the NR9099
strain as described in (Bebenek & Kunkel, 1995). Double-stranded form of the M13mp2
was digested with Pvull to produce four blunt-ended fragments of 6789, 268, 93, and 46
bp in size. Next, 6789-bp fragment was purified by precipitation with 6% polyethylene
glycol (PEG) and 0.55 M NaCl. To produce the gapped substrate, 6789-bp fragment was
first denaturated at 70 °C and then hybridized to M13mp2 ssDNA by incubating the
mixture at 60 °C for 5 min in the presence of 300 mM NaCl and 30 mM sodium citrate.
Following the cooling down of the hybridization mixture on ice, the gapped substrate was

gel-purified as described in (Mertz et al, 2015).

Gap filling reactions (25 ul) contained 40 mM Tris-HCI (pH 7.8), 60 mM NaCl, 8
mM MgAc,, 0.5 mM ATP, 1 mM dithiothrietol, 0.2 mg/ml bovine serum albumin, 20 nM
PCNA, 8 nM replication factor C (RFC), 200 nM replication protein A (RPA), 1 nM
gapped substrate, and 40 nM Pol, or 50 nM Polls. The reactions were performed at
either equimolar dNTP concentrations (100 uM each) or at the intracellular
concentrations (39 yM dCTP, 66 uyM dTTP, 22 yM dATP, and 11 uM dGTP for S-phase,
or 195 uyM dCTP, 383 pM dTTP, 194 uM dATP, and 49.5 pM dGTP for damage-
response concentrations; (Chabes et al, 2003, Sabouri et al, 2008)). The reactions were
carried out at 30 °C for 60 min and stopped by placing the reactions on ice and adding
1.5 pl of 0.5 M EDTA. The efficiency of gap filling was determined by separating the
reaction products in 0.8% tris-acetate-EDTA agarose gels at 4 °C for 20 h. Aliquots of
the reactions were used for transformation of E. coli to determine the frequency of
mutant plaques. The purification of mutant M13mp2 plaques and isolation of ssDNA

were performed as described previously (Bebenek & Kunkel, 1995). Error rates for
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individual types of mutations were calculated by using the following formula: ER = [(N/N)
x MF]/(D x 0.6) where N; — the number of mutations of a certain type, N — the total
number of analyzed mutant plaques, MF — frequency of mutant plaques, D — the number
of detectable sites in the lacZ reporter gene for that type of nucleotide change, and 0.6 is
the probability that a mutant allele of the lacZ gene will be expressed in E. coli (Bebenek
& Kunkel, 1995). Multiple mutations in a single mutant /acZ sequence were considered
independent events and included separately in the error rate calculations if the distance
between mutations was greater than ten nucleotides. Multiple mutations separated by
ten or fewer nucleotides were classified as complex mutations and excluded from the
calculation of error rates for individual mispairs. The frequency of complex mutations,
deletions of more than one nucleotide and large rearrangements were calculated by
dividing total number of these types of mutations by the total number of detectable
mutations. All data are based on analysis of lacZ mutants from at least two independent

gap-filling reactions.
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Chapter 3. The length of DNA fragments
synthesized in an error-prone manner
during the bypass of a plasmid-borne

abasic site

Material presented in this chapter was published in the following

article:

Kochenova OV, Daee DL, Mertz TM, Shcherbakova PV (2015). DNA
Polymerase {-Dependent Lesion Bypass in Saccharomyces cerevisiae |s
Accompanied by Error-Prone Copying of Long Stretches of Adjacent DNA. PLoS

Genet 11(3): €1005110.
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3.1 Introduction and rationale

Numerous biochemical and genetic studies of TLS in E. coli, yeast and
mammalian cells resulted in two models for lesion bypass (reviewed in (Lehmann &
Fuchs, 2006, Waters et al, 2009)). In the polymerase-switching model, also known as
“TLS at the fork” (Figure 1.4 (k)), TLS polymerases act in the context of active DNA
replication providing for continuous synthesis of the nascent DNA strand. Upon DNA
damage, monoubiquitylation of PCNA stimulates a temporary exchange of replicative
and TLS polymerases at the primer terminus to allow TLS polymerases to bypass a
lesion and extend past the resulted aberrant primer terminus. A further polymerase
switch restores accurate DNA replication. In contrast, the gap-filling model postulates
that TLS polymerases bypass lesions outside of the S-phase of cell cycle. In this
scenario, replication fork stalling at the damage site is followed by a quick re-priming
downstream of the blocking lesion, leaving ssDNA between the site of the lesion and the
site of the replication restart (Figure 1.4 (1)). TLS polymerases are then recruited post-
replicatively, in the late S-phase or G2/M, to bypass lesions and facilitate filling of these
gaps. While the direct switching from a replicative to a TLS polymerase and back was
observed in biochemical studies of lesion bypass in vitro (Fujii & Fuchs, 2004, McCulloch
et al, 2004), multiple genetic studies provide evidence that TLS in vivo might
predominantly occur post-replicatively (reviewed in (Lehmann & Fuchs, 2006, Ulrich,
2011, Waters et al, 2009)). Specifically, the unaffected rate of fork progression in TLS-
deficient mutants (Callegari et al, 2010, Elvers et al, 2011, Lopes et al, 2006) and the
accumulation of gaps in the nascent DNA, observed in multiple studies of UV-irradiated
E. coli, yeast and mammalian cells (lyer & Rupp, 1971, Lehmann, 1972, Lopes et al,
2006, Meneghini, 1976, Prakash, 1981, Rupp & Howard-Flanders, 1968), strongly favor

the gap-filling model of TLS. Electron microscopy revealed that UV irradiation of yeast
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cells leads to uncoupling of leading and lagging strand replication producing gaps of up
to 1,000 nucleotides and that TLS polymerases prevent persistence of ssDNA gaps
(Lopes et al, 2006). Nevertheless, these in vivo data cannot exclude that some lesions
can be bypassed in S-phase via polymerase switching at the fork, and, therefore, two
described TLS models are not necessarily mutually exclusive. Importantly, the mode of
TLS could determine the extent of the error-prone synthesis by TLS polymerases. The
“TLS at the fork” model proposes that the switch back to the replicative polymerase
occurs as soon as the lesion no longer blocks its activity. In vitro, the eukaryotic
replicative polymerases Pold and Pole can continue DNA synthesis once the primer-
template terminus is elongated by two to five nucleotides past the lesion (McCulloch et
al, 2004). This parallels nicely the fact that replicative DNA polymerases can sense
mismatches in the duplex DNA up to six base pairs from the primer terminus (Fujii &
Fuchs, 2004, McCulloch et al, 2004, Zhang et al, 2002), and suggests that the size of
TLS patch should be long enough to prevent its degradation by the exonuclease activity
of a replicative polymerase and not much longer to prevent the accumulation additional
mutations in the vicinity of a lesion (Fujii & Fuchs, 2004). In contrast, in the gap-filling
model of TLS, the switch to replicative DNA polymerase may not be required. A recent
finding of a DNA damage-induced proteasomal degradation of the catalytic subunit of
Pold in yeast suggests that replicative polymerases may not be immediately available to
replace TLS polymerase once the lesion bypass is completed (Daraba et al, 2014).
Therefore, it is likely that TLS polymerases could be capable of filling of a large portion
of the gap or even closing it completely. A model where error-prone TLS could proceed
well beyond the lesion and generate “untargeted”, or “hitchhiking”, mutations
downstream of the lesion site has been discussed previously in (Maor-Shoshani et al,

2000, Ruiz-Rubio & Bridges, 1987), but has never been tested. The involvement of the
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error-prone PolC in the extension step during TLS makes it a possible candidate for

performing DNA synthesis and generating “hitchhiking” mutations past the lesion site.

The experiments described in this chapter examine if the PolC-dependent bypass
of a single plasmid-born lesion is accompanied by the error-prone synthesis in the
adjacent region and define the size of DNA copied in an error-prone manner. The
genetic system for identification of individual lesion bypass products described here

provides a basis for future investigations of the late steps of TLS in vivo.

3.2 A Genetic System to Identify the Products of Mutagenic AP

Site Bypass

Earlier studies in yeast showed that Polt is required for mutagenic bypass of
both endogenously generated and artificial AP sites in yeast (Gibbs & Lawrence, 1995,
Haracska et al, 2001) and, thus, AP site bypass can be used to study Polt-dependent
TLS. To select for individual products of AP site bypass in yeast, we constructed a
double-stranded plasmid containing an artificial analog of AP site, tetrahydrofuran, at a
specific position in the URA3 gene. The plasmid also contained a yeast replication origin
ARS4, centromere sequence, and the LEUZ2 gene for selection of cells bearing the
plasmid (Figure 3.1 (A)). Replication of this plasmid was studied in apn1A apn2A strains
to prevent repair of the lesion by BER system. The lesion bypass in yeast can be
accomplished through several pathways, including TLS and HR-mediated template
switching. To distinguish between the products of these two branches of post-replicative
repair, we took advantage of the earlier observations that mutagenic lesion bypass
through AP sites predominantly results in a dATP or dCTP incorporation opposite the
lesion (Auerbach et al, 2005, Chan et al, 2013, Gibbs & Lawrence, 1995, Kim et al,

2011, Kow et al, 2005, Pages et al, 2008, Zhao et al, 2004). A C at position 605 in the
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wild-type URA3 sequence was replaced with an artificial AP site, such that a dATP or
dCTP incorporation opposite it would result in a Ura” phenotype. Accurate bypass by
template switching or infrequent repair of the lesion by AP lyases prior to replication
(Torres-Ramos et al, 2000) would result in a restoration of the wild-type sequence at this
position and a Ura" phenotype (Figure 3.1 (B)). While non-TLS events produce Ura®
colonies, TLS events result in the formation of half-sectored colonies, where the Ura
and Ura" halves result from the replication of the AP site-containing and the
complementary undamaged strands, respectively (Figure 3.1 (C)). During replication of a
double-stranded AP site-containing plasmid in yeast, mutagenic TLS through AP sites
may result in a small percentage of dTTP or dGTP incorporation as well (e.g.
approximately 1% and 8% of all TLS products contained a T and G, respectively, at the
lesion site in the study by (Pages et al, 2008)). In addition to dATP or dCTP
incorporation opposite AP sites, our assay is able to identify dTTP insertions as TLS
events, since it produces a Ura” phenotype as well. However, the dGTP insertions
cannot be distinguished from non-TLS events in our system and, therefore, were not

included in the analysis.

Only a small fraction of transformants with the AP site-containing plasmids
(approximately 1%, e.g. 394 out of ~ 40,000 transformants analyzed) had the half-
sectored phenotype indicating that the mutagenic TLS is a minor pathway responsible
for AP sites bypass in yeast. While this is in agreement with previous studies (Pages et
al, 2008), we cannot exclude the possibility that non-sectored colonies in our assay
could be a progeny of the undamaged strand only, as a result of replication fork
uncoupling at the lesion site (Lopes et al, 2006). To detect possible “hitchhiking”

mutations, we isolated the plasmids from the Ura™ part of the half-sectored colonies and



sequenced a 1.7-kb region downstream of the lesion site extending in the direction of

lesion bypass, as well as a 550-bp region upstream of the lesion site.
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Figure 3.1 A genetic system to analyze the products of TLS through an artificial
AP site.

(A) Sequential steps of the AP site bypass assay. A double-stranded centromeric (CEN)
plasmid containing an AP site at position 605 of the URA3 gene (white rectangle), a
selectable marker (LEUZ2) and the yeast replication origin (ARS4) is introduced into the
apn1A apn2A yeast strain. Transformants are selected by leucine prototrophy and then
replica-plated on the medium lacking uracil to identify half-sectored colonies (shown by
the arrows). The Ura- parts of the half-sectored colonies originate from cells that
underwent error-prone TLS through the AP site (see text for details). (B) Possible
phenotypic outcomes of the AP site bypass at position 605. The lesion is indicated with
an “X”. The newly synthesized strands are in blue (correct incorporation) or in red
(incorrect incorporation), with nucleotides across from the lesions highlighted in bold.
The amino acids at the corresponding position of the protein and the resulting
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phenotypes (Ura+ or Ura-) are listed next to the triplet sequences. (C) Identification of
TLS events by the half-sectored colony phenotype. Images of two colonies exhibiting
full-growth on medium lacking leucine (SC—Ileu) and half-growth on medium lacking
uracil (SC—leu—ura) are shown. (D) A schematic showing the “bubble’-type mismatch in
the control plasmid and phenotypes associated with copying of each strand. Nucleotides
that differ from the wild-type URA3 sequence are in bold. The position 605 of the URA3
gene is marked with an asterisk. Other symbols are as in (B) (adapted from (Kochenova
et al, 2015)).
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The region corresponding to the primer used to construct the AP site-containing
plasmid (20 nt before and 26 nt after the lesion) was removed from the analysis due to a
high probability of errors resulting from in vitro oligonucleotide synthesis. All of the
plasmids isolated from the Ura™ parts of the half-sectored colonies (a total of 394) had a
nucleotide substitution at the AP site position, confirming the mutagenic lesion bypass.
The distance from the lesion site at which “hitchhiking” mutations were found was used

as an estimate for the length of the error-prone synthesis.

The multistep process used to construct the AP-containing plasmid is expected
to result in an accumulation of spontaneous DNA damage in the vector sequence and,
thus, give rise to mutations not related to the bypass of AP site. To evaluate the level of
these “background” mutations to the overall mutagenesis in the 1.7-kb region past the
lesion site, we constructed a control plasmid via the same procedure as the AP site-
containing plasmid but without introducing a site-specific lesion. To be able to isolate
and analyze the progeny of the same strand that is replicated in an error-prone manner
during lesion bypass, we engineered the control substrate so that the two strands of the
control plasmid confer different phenotypes. We substituted three nucleotides at the
position equivalent to that of the AP site (the ura3-103, 704 mutation) in one strand of a
double-stranded plasmid, while another strand contained the wild-type URA3 sequence
(Figure 3.1 (D)). Transformation of yeast cells with a double-stranded plasmid bearing
the ura3-103,104 mutation in one strand resulted in approximately 21% of half-sectored
colonies. This is consistent with the segregation of the wild-type copy of the URA3 gene
and ura3-103,104 allele into the daughter cells. Inactivation of MMR by disruption of the
MSH2 gene only slightly increased the proportion of the half-sectored colonies (by
approximately 12%) indicating that MMR is not efficient in recognizing and correcting

multiple neighboring mismatches. The Ura® colonies could possibly result from the
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presence of several plasmid copies in some cells, loss of a fraction of daughter plasmids
and/or repair of the three-nucleotide mismatch by an unknown mechanism. For the
purpose of this study, only half-sectored colonies were used for the analysis of control
replication products. DNA sequence analysis of the regions upstream and downstream

of the mismatch provided an estimate of the frequency of background mutations.

3.3 Determination of the Length of TLS Tracts During AP Site

Bypass

We selected for and analyzed a total of 394 AP site bypass products and 456
products of the control plasmid replication by DNA sequencing. The majority of bypass
events led to a dATP (243/394; 62%) or dCTP (80/394; 20%) insertion opposite the
lesion. Incorporation of dTTP was observed in 18% of all cases (71/394). A total of 18
mutations were found in the downstream region at distances between 34 and 1529
nucleotides from the lesion site (Figure 3.2 (A); Table 3.1). These untargeted mutations
were noticeably concentrated within an approximately 220-nucleotide region in the
vicinity to the AP site. In contrast, 11 mutations found among the 456 control plasmids
downstream of the three-base mismatch were randomly scattered throughout the
analyzed region. Moreover, no mutations were observed within the first 220 nucleotides
in control plasmids, in contrast to ~40% in the TLS products (p = 0.0045, Fisher’s exact
test). The rate of mutation in the 220-bp region downstream of the AP site was 8.1 x 10
(Table 3.2) and exceeded the genome-wide mutation rate in yeast by approximately
300,000-fold. Interestingly, the rate of untargeted mutations in this region is similar to the
rate of errors estimated for purified PolZ in vitro (5.6 x 10, (Zhong et al, 2006)). Notably,
the rate of untargeted mutations upstream of the AP site did not differ from that in the

control plasmids (Figure 3.2 (A)). This further supports the idea that the hypermutated
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patch downstream of the lesion site is a consequence of the error-prone TLS initiated at
the lesion site. The rate of mutations downstream of the AP site was reduced to the
background level at distances greater than 220 nucleotides. Consequently, the types of
nucleotide changes in these distant regions resembled those in the control plasmids
(predominantly C—T transitions and -1 deletions). On the contrary, only one C—T
transition and no -1 frameshifts were found in the 220-bp region in the vicinity of the AP
site (Figure 3.2 (B); Table 3.1). This led us to conclude that untargeted mutations
observed in the AP bypass products beyond the 220-bp segment must have originated
from damage of ssDNA during the plasmid construction, and only those present within
the 220-bp segment resulted from the error-prone DNA synthesis associated with the AP
site bypass. We also analyzed the 220-bp segment in 47 TLS products and 57 control
plasmids recovered from msh2A strains to determine whether errors made during AP
bypass-associated replication are removed by MMR. MMR deficiency did not increase
the frequency of untargeted mutations over that in Msh2" strains (Table 3.2), indicating
that MMR does not correct errors in TLS tracts. This idea is also supported by the
previous studies showing that MMR does not efficiently correct Pol(-dependent errors

(Lehner & Jinks-Robertson, 2009).
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Table 3.1 Mutations found in AP site bypass products and in the control plasmids.

Substrate | Nucleotide Additional mutations downstream of the AP site position
mserte@ Type of Distance Position in Position in
opposite the | mutation® from the the URA3 the vector®
AP site lesion site gene®

(nt)

AP site C A—-G - 444 4516
A C—T - 378 4450
A G-C - 368 4440
A Cins - 367 4439
A TC — AA -24 629 4096
C T—>A + 34 571 4038
T A—C + 46 559 4030
A A—C + 92 513 3984
A GAT del + 108 497 3968
A A—C + 168 437 3908
C C—->T + 193 412 3883
A G—->T + 213 392 3863
A G del + 338 267 3738
T G del + 341 264 3735
T A del + 498 107 3578
C G—-C + 626 3450
A A del + 799 3277
T A del + 799 3277
C CoT + 980 3096
C G—-C + 1064 3021
A A>T + 1397 2688
T C—->T + 1405 2680
A C—o>T + 1529 2556

Control NA A del - 498 4575

NA C—T - 460 4537
NA Cins - 368 4445
NA T del - 325 4402
NA C—-G - 221 826 4298
NA C—T -34 639 4111
NA A—-G + 236 369 3840
NA G del + 376 229 3700
NA A del + 498 107 3578
NA T->C + 610 3466
NA T del + 784 3292
NA C—->T + 907 3178
NA Co>T +1012 3073
NA G-oT + 1209 2876
NA C—>T + 1242 2843
NA A—C + 1447 2638
NA Co>T + 1621 2812
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“Nucleotide changes in the strand complementary to the AP-site-containing strand are
shown.

®Numbering for the URA3 gene is from the first nucleotide of the open reading frame.
°Numbering for the vector is from the first nucleotide following the ARS4 sequence.

nt, nucleotide; del, deletion; ins, insertion; NA, not applicable. Data shown in this table
were previously published in (Kochenova et al, 2015).
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Table 3.2 The rate of mutation downstream of the lesion site in the AP site bypass
products.

Mutation rate per nucleotide
Region MMR-proficient MMR-deficient
Within 220 bp 8.1x10° <9.7x10°
Genome-wide 2.2x107°¢2 ND

The rate of mutation downstream of the lesion site in the AP site experiment was
calculated as follows: y=m/(L*n), where m is the number of mutations, L is the length of
the DNA region analyzed by sequencing (in nucleotides), and n is the number of TLS
products examined.

The rate of TLS-associated mutation in MMR-deficient strains was estimated similarly
taking into account the rate of background mutation in the corresponding control
experiments.

@Spontaneous genome-wide mutation rate as calculated in (Drake et al, 1998).

ND, not determined.

Data presented in this table are adapted from (Kochenova et al, 2015).
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3.4 Discussion

In this chapter, we described a genetic system that could be efficiently used for
analysis of the mutagenic TLS through a site-specific artificial AP site in the context of
replication of dsDNA. Consistent with the earlier study of the artificial AP site in yeast
(Pages et al, 2008), the bypass of a tetrahydrofuran in our assay results mostly in dATP
incorporation opposite the lesion. This supports the hypothesis that the bypass of AP
sites follows “A rule” during bidirectional replication in yeast. According to the previous
studies (Haracska et al, 2001), Incorporation of dATP implies the predominant role of
Pold in the insertion step of TLS in our system. The second most common type of
nucleotide incorporation, dCTP insertion, suggests that Rev1 (Gibbs et al, 2005,
Haracska et al, 2001) can be frequently used as an inserter polymerase during the

bypass of artificial AP site on a double-stranded plasmid as well.

Importantly, unlike previous studies, the experiments described in this chapter
characterized not only the mutagenic potential of the AP site itself, but also aimed to
determine the extent of the error-prone synthesis past the lesion site. Until now the best
model for studying the bypass of a site-specific AP site in the context of the bidirectional
replication was the plasmid-based assay described in (Pages et al, 2008). However, this
system does not allow detection of the untargeted mutagenesis past the lesion site,
because TLS across from AP site in this assay resulted in the formation of Ura* yeast
colonies. Therefore, non-synonymous untargeted mutations resulting from a processive
error-prone synthesis are likely to be overlooked, as they would inactivate the URA3
gene. On the contrary, identification of the mutagenic bypass products by the Ura’
phenotype in our system allowed the detection of any additional mutations in the TLS
products. The sequencing of the regions adjacent to the AP site in our system revealed

that the error-prone synthesis is not limited to the lesion site, but spans a much greater
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region than was previously appreciated. We observed that the error-prone synthesis in
the described assay continued for approximately 200 nucleotides after the AP site
bypass was completed. While a potential source of these untargeted mutations and the
importance of this observation for the field will be thoroughly discussed in Chapter 6, this
subsection will focus on the directions for future research in which this study can be

expanded.

First, the results presented in this chapter pose a question of whether the
untargeted mutagenesis is a common trait of the TLS across from various types of
lesions or whether this phenomenon is unique for the AP site bypass. The extent of the
error-prone synthesis can be determined by the type of the “inserter-extender” pair of
DNA polymerases used during the bypass of a certain lesion. Although PoIt is the
predominant extender polymerase in yeast, in vitro studies show that Poln is also
capable of extending from distorted primer termini (Zhao et al, 2004). Because of its low
processivity (Washington et al, 1999), if Poln acts as an extender during the bypass of
some lesions (e.g. UV photolesions), it is expected to dissociate from the primer termini
at a shorter distance from the lesion site than PolC. Because our genetic system allows
us to analyze only the events where PolC participates in the extension step of lesion
bypass, a separate study is required to test this hypothesis. Specifically, the analysis of
the length of TLS tracts during the bypass of other types of lesions, e.g. TT CPDs, where

Poln acts as both inserter and extender polymerases would help to clarify this point.

The experiments described in this chapter also raise a question of whether the
bypass of chromosomal lesions is associated with error-prone synthesis beyond the
lesion site. Although yeast vectors containing chromosomal replication origins and
centromeres are maintained and replicated as chromosomal DNA (discussed in

(Newlon, 1988)), we cannot exclude the possibility that the error-prone synthesis is more
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tightly controlled on a chromosome. Thus, one of the probable explanations for the
occurrence of untargeted mutations past the lesion site could be a lack of the regulatory
mechanism that allows immediate replacement of the TLS polymerases with an accurate
replicative polymerase after the completion of the bypass on a chromosome. To exclude
this possibility, it would be important to determine the extent of error-prone synthesis

during the bypass of chromosomal lesions.

Although the AP site bypass assay described in this chapter provides an
opportunity to study late steps of TLS in the context of replication of a double-stranded
plasmid, we recognize several limitations of this system. The first limitation is related to a
high level of spontaneous damage to ssDNA used for the plasmid construction. The high
level of background mutagenesis precluded analysis of a fraction of error-prone
synthesis that could have spanned a distance greater than 200 nucleotides. The second
limitation is related to mutations in the primer sequence that result from errors during the
oligonucleotide synthesis in vitro. This prevented detection of untargeted mutations
within 26 nt after the lesion. Finally, because of the low frequency of mutagenic AP site
bypass in our system, it is challenging to determine which TLS polymerase is
responsible for generating untargeted mutations. Inactivation of genes encoding for TLS
polymerases is expected to dramatically decrease the frequency of mutagenic AP site
bypass and, as a result, the frequency of sector colonies. Conversely, the system
described in the following chapter allowed us to overcome these limitations and, in

addition, to address some the questions discussed above.
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Chapter 4. The length of DNA fragments
synthesized in an error-prone manner
during the bypass of a chromosomal UV

lesion

Most of the material presented in this chapter was published in the
following article:
Kochenova OV, Daee DL, Mertz TM, Shcherbakova PV (2015). DNA Polymerase

(-Dependent Lesion Bypass in Saccharomyces cerevisiae Is Accompanied by Error-

Prone Copying of Long Stretches of Adjacent DNA. PLoS Genet 11(3): e1005110.
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4.1 Introduction and Rationale

As described in the previous chapter, sensitivity of the plasmid TLS assay is
limited due to the high level of mutagenesis resulting from spontaneous DNA damage in
the plasmid backbone. The high level of background mutagenesis results from the
multiple in vitro procedures used for substrate constructions. To overcome this limitation,
we set out to develop an approach to study the extent of the error-prone synthesis
during bypass of a lesion at a specific location on a chromosome. One of the
advantages of a system with chromosomal lesion is eliminating multiple in vitro

manipulations with ssDNA.

Because introducing a single site-specific AP site in a yeast chromosome
appeared to be challenging, we decided to use UV light as a source of DNA damage. As
described in Subsection 1.1.2., UV light induces formation of UV photolesions at any of
the four dipyrimidine sites: TT, TC, CT and CC. Similar to the AP site bypass, TLS
through cytosine-containing CPDs and (6-4)PPs is highly mutagenic and requires
Pol{/Rev1 (Gibbs et al, 2005, Kozmin et al, 2003, Yu et al, 2001). The genetic system
described in this chapter allows selection of individual products of mutagenic Polt-
dependent UV lesion bypass at a specific TC site in the chromosome. Similar to the AP
site assay, we then use DNA sequence analysis of the regions upstream and
downstream of the TC site to identify untargeted mutations in these TLS products. We
present data demonstrating that untargeted mutagenesis accompanies the error-prone
bypass of a chromosomal UV-induced lesion as well. However, a comparison of the
distribution of untargeted mutations in the AP site and UV lesion bypass products
revealed that the error-prone synthesis through the chromosomal lesion could span a

greater distance than was observed in the plasmid-based assay. We determined that the
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bypass of a single chromosomal lesion could be associated with an error-prone copying
of undamaged DNA for a distance up to 1000 bp downstream from the TC site.
Furthermore, the UV lesion bypass assay allowed us to test which TLS polymerase is
responsible for generating the untargeted mutations in this region. Unlike the AP site
bypass assay, the genetic system described in this chapter is based on the positive
selection for the mutagenic TLS events and allowed us to investigate the extent of the
error-prone synthesis in different genetic backgrounds, including mutants with severely
decreased rate of bypass. Sequencing of the UV lesion bypass products obtained from
PolZ-, Poln- deficient strains and a strain bearing a mutator allele of Polc, rev3-L979F,
suggested a role for PolC in generating untargeted mutations downstream of the lesion

site.

4.2 A Genetic System to Identify the Products of TLS through a

UV-Induced Chromosomal Lesion

To select for individual products of TLS through a chromosomal UV lesion, we
introduced a single base substitution, G to A, at the 764 nucleotide of the chromosomal
URAS3 gene. G to A substitution at this location results in a mutant allele, ura3-G764A,
and creates a TC dipyrimidine site for a possible UV-induced lesion formation (Figure
4.1 (A)). The occurrence of either substitution upon UV treatment of yeast cells
manifests the UV photolesion formation at this site and its subsequent mutagenic

bypass.

In yeast, there are two known TLS polymerases that are capable of

accomplishing the mutagenic bypass of UV-induced lesions at TC sites, Polt and Poln.
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Figure 4.1 A genetic system to analyze the products of TLS through a
chromosomal UV lesion.

(A) The ura3-G764A allele and the most common UV-induced single nucleotide
substitutions that lead to a Ura* phenotype (marked in red). The sequence of the non-
transcribed DNA strand is in black, and the transcribed strand is in grey. The site of
potential UV lesion formation is indicated with a “v”. (B) A schematic showing the
structure of the ura3-G764A-LEUZ2 cassette in chromosome V, the direction of the UV
lesion bypass, and the region that was analyzed by DNA sequencing. The 2-kb Hpal
LEUZ2 fragment used as a selectable marker for introducing the ura3-G764A allele into
the chromosome is in dark yellow. Open arrows indicate open reading frames. Black
numbers show chromosomal nucleotide position in respect to the left telomere; dark
yellow numbers with the “i” index show nucleotide position within the LEUZ2 insert in
respect to the end of the Hpal fragment (previously published in (Kochenova et al,
2015)).
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To confirm that the mutagenic TLS at the TC site in our system is dependent on PolC
and not Poln, we first determined the frequency of the ura3-G764A reversion in the wild-
type, rev3A, rad30A strains, and in the strain bearing a mutator allele of Polg, rev3-
L979F. The mutator allele rev3-L979F results in a single amino acid substitution in the
active site of PolC that significantly reduces the fidelity of DNA synthesis by PolC on
undamaged DNA (Sakamoto et al, 2007) and can be used to provide additional support
for the proposed role of PolC in generating of mutations past the lesion site, as it is
expected to elevate the level of untargeted mutagenesis in this region. First, we
demonstrated that the frequency of the ura3-G764A reversion showed a significant
dose-dependent increase in the wild-type, Poln-deficient and rev3-L979F strains in
comparison to the spontaneous reversion frequency in these strains (Figure 4.2). On the
contrary, PolC deficiency led to a lack of the robust increase in the reversion frequency,
and only three-fold increase was observed at the highest dose of UV light used in this
study. These results indicate that PolC is required for the mutagenic bypass of UV
lesions at this site. Poln-deficient strains showed a slight decrease in the reversion rate
in comparison to the wild-type strain at all doses. This observation indicates that Poln is
only rarely involved in the mutagenic bypass of the UV-induced lesion at the TC site in
our system and is in agreement with preferential participation of Poln in the non-
mutagenic bypass of CPDs and (6-4)PPs ((Abdulovic & Jinks-Robertson, 2006, Gibbs et
al, 2005, Kozmin et al, 2003, Yagi et al, 2005)). Conversely, the reversion frequency was
increased three-fold in the strains bearing the rev3-L979F allele in comparison to the
wild-type strain at all doses (Figure 4.2). Altogether these data indicated that UV
irradiation readily induces DNA damage at position 764 of the URA3 gene that is

bypassed by Polt-dependent TLS to produce the Ura® revertants.
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Previous in vitro studies showed that PolC has a limited capacity to incorporate a
nucleotide across from 3’ base of UV lesions (Guo et al, 2001, Nelson et al, 1996b), but
is able to efficiently extend from a nucleotide inserted opposite 3’ T of the TT (6-4)PP by
Poln (Johnson et al, 2001). To determine that the mechanism of TLS across from UV
lesion in our in vivo system is consistent with the previously proposed model where Polg
participates in the completion rather than initiation of the bypass, we analyzed the
frequencies of nucleotide substitutions induced by UV irradiation atthe 5 T and 3’ C
bases of the dipyrimidine site in the wild-type, rev3A, rad30A and rev3-L979F strains.
DNA sequence analysis of the URA3 gene in 165 independent revertants obtained in the
wild-type strain after irradiation with 60 J/m? UV light confirmed that all of the revertants
had nucleotide substitutions at 3' C, 5' T or multiple nucleotide changes (Table 4.1,
Table 4.2). Most of the reversion in the wild-type strain occurred via nucleotide
substitutions at the 3’ C position of the dipyrimidine site (95/165) (Table 4.1, Table 4.2).
Deletion of the RAD30 gene led to a two-fold decrease in the frequency of nucleotide
substitutions at the 3’ C, but not at the 5' T of the TC site, in comparison to the wild-type
strain (Table 4.2). This is in agreement with the role of Poln in generating mutations at
the 3’ base of the TC (6-4)PP (Kozmin et al, 2003). Conversely, PolC deficiency
decreased the frequency of nucleotide substitutions at both positions (Table 4.2).
Although we are not able to determine whether PolC can also act as an inserter
polymerase in our assay, the requirement of PolC for mutagenesis at both of the
positions of the TC site is consistent with its proposed participation in extension from
both 3’ and 5’ bases of the TC site. Interestingly, we observed the complete absence
and a significant decrease in the frequency of multiple nucleotide changes at the GAC
codon in the rev3A and rad30A strains, respectively (Table 4.2). This suggests that Polt

and Poln may cooperate to generate these types of reversions. Additionally, we
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observed that the L979F change in the Rev3p elevated the frequency of nucleotide
substitutions at both positions of the TC site and substantially increased the frequency of
multiple nucleotide changes at the GAC codon, which frequently involved mutations in
the 5’ T and the next +1 nucleotide, in comparison to the wild-type strain (Table 4.1,
Table 4.2). In summary, our results support the role of PoltC in the extension step of the
UV lesion bypass and a smaller role of Poln in the mutagenic bypass of UV photolesions

in our genetic assay.

Next, we set out to determine the extent of the error-prone synthesis past the UV
lesion by sequencing the 2.5-kb regions upstream and downstream from the reversion

site (Figure 4.1 (B)).
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Table 4.1 Nucleotide changes at the site of the presumed UV lesion at positions
763-765 of the URA3 gene in UV-induced revertants of the ura3-G764A strain.

Number of occurrences in the strain

Reversion type

wild-type rad30A rev3A rev3-L979F

GAC — AAC 62 45 124 28
GAC — TAC 28 28 53 4
GAC — CAC 6 2 3 4
GAC — GGC 31 42 39 13
GAC — GTC 15 19 10 14
GAC — GCC 8 26 2 3
GAC — TTC 2 1

GAC — ATC 1 1
GAC — AAT 1

GAC — GTT 9 12
GAC — GGT 1 2
GAC — GCT 1 5
GAC — CCT 1
GAC — AGT 1
GAC — CTT 1
AGAC — TAAC 1 1

AGAC — GAAC 1
AGAC — CCAC 1

AGAC — TTAC 1

The location of the potential photolesion site and the true and pseudo reversion
pathways are explained in detail in Figure 4.1 (adapted from (Kochenova et al, 2015).
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Figure 4.2 Frequency of UV-induced reversion of the ura3-G764A allele in the wild-
type, rev3A, rad30A, and rev3-L979F strains.

The data are mean frequencies for at least six determinations. Error bars are shown
unless they are smaller than the plot symbol and represent standard errors.
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Table 4.2 The frequencies of mutations at 3’ C, 5’ T or multiple nucleotide changes

at the 5°’TC3’ dipyrimidine site.

Strain Frequency of nucleotide changes, x 10

3C 5T Multiple changes
wild-type 19 11 3.2
rev3A 2.3 0.64 <0.01
rev3-L979F 43 35 26
rad30A 9.5 11 0.38

The data are based on the sequencing of 165 revertants for the wild-type strain, 231
revertants for the rev3A, 164 for the rad30A, and 91 for the rev3-L979F strains. The
frequency of nucleotide substitutions was calculated as follows: the proportion of
mutations at a specific position of the 5TC3’ site was multiplied by the overall frequency
of UV-induced reversion of the ura3-G764A allele for each particular strain at the UV

dose of 60 J/m?.
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4.3 Determination of the Length of TLS Tracts During the

Bypass of a Chromosomal UV Lesion

Like in the case of the AP site bypass, mutagenic bypass of the chromosomal UV
lesion was frequently associated with increased mutagenesis in the 2.5-kb region
downstream of the lesion site. In addition to a mutation at the 3’ or 5’ nucleotide of the
TC doublet, 12 out of 165 revertants had a base substitution at the next G presumably
not involved in the formation of UV photolesion (+1 position; Table 4.1). Because the
fidelity of nucleotide insertion at this position is likely profoundly affected by the
distortions in DNA structure at the damaged site, these mutations were excluded from

the calculation of mutation rate in the downstream region.

A total of 15 additional mutations were found in the 165 TLS products at
distances between 16 to 2155 nucleotides downstream of the reversion site (Figure 4.3;
Table 4.3). Similar to the AP site bypass, the “hitchhiking” mutations noticeably
concentrated in the region in the vicinity of the lesion, but the hypermutated patch
spanned a substantially larger distance — up to 1 kb from the presumed lesion position
(Figure 4.3). The mutation rate in this 1-kb region constituted 6.7 x 10™° (Table 4.4) and
was similar to the level of mutagenesis observed in the products of TLS through the AP

site.

To confirm that these mutations were indeed associated with TLS at the TC site
in the ura3-G764A reporter and were not a result of additional UV damage to this region,
we irradiated cells with the same dose of UV light but selected for mutations at a distant
locus, the CANT gene, rather than Ura® reversion. The CAN1 gene is located
approximately 83 kb away from the ura3-G764A reporter gene in the same chromosome

V. Only one out of 161 sequenced independent Can" mutants contained a nucleotide
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change in the 1000-nt region downstream of the ura3-G764A (Figure 4.3). Also, no
nucleotide substitutions were observed at the TC site in the ura3-G764A allele in the
sequenced Can" mutants. This confirms that the additional mutations in the Ura®
revertants were, indeed, related to the mutagenic bypass of nearby DNA damage and
were not the result of a high level of genome-wide mutagenesis in irradiated cells.
Furthermore, the frequency of mutations upstream of the ura3-G764A site was did not
exceed the level of background mutagenesis observed in the Can' controls, consistent

with the idea that the error-prone synthesis initiated at the site of ura3-G764A mutation.

The rare mutations we observed in the Can' controls and in the Ura” revertants
outside the hypermutated 1000-nt region likely resulted from additional UV damage. It
has been estimated that the dose of 60 J/m? is expected to generate approximately one
lesion per 1-2 kb (Budd & Campbell, 1995, Unrau et al, 1973). The rate of mutagenesis
we observed in the Can' controls is about 100-fold lower. This is consistent with the
assumption that the majority of lesions are removed by NER, and only a fraction of the

remaining lesions are converted to mutations.

PolC was shown to be required for the extension step during the TLS through AP
sites and UV-induced photolesions (see (Gibbs et al, 2005, Haracska et al, 2001,
Kozmin et al, 2003, Lawrence, 2004, Yu et al, 2001)) and could, thus, be responsible for
generating untargeted mutations in the downstream region. To exclude the involvement
of another low-fidelity yeast polymerase, Polr, in the error-prone synthesis in this region,
we analyzed the 1000 nt region downstream of the TC site in 165 Ura” revertants
obtained in Poln-deficient background (Table 4.1) after irradiation with 60 J/m?. As
mentioned in the previous section, the reversion frequency was only marginally affected

by the inactivation of RAD30 (Figure 4.2).



Table 4.3 Mutations found in UV-induced Ura® revertants of the ura3-G764A strain

and Can' controls.

Nucleotide Additional mutations downstream of the
change at presumed UV lesion
positions 763-765 Mutation Distance from | Chromosomal
of the U§A3 type® the lesion site position®
gene (nt)

Ura” GAC—GCC A>T - 635 116294

revertants GAC—GTC G—A - 23 116906

S(Iifajrt:; GAC—AAC G—A +16 116946

G764A GAC—AAC A—>G + 34 116964

mutation) GAC—AAC A>G + 40 116970

GAC—AAC Ains + 177 117107

GAC—AAC Cins + 190 5i

GAC—-GGC Ains + 262 77i

GAC—AAT Tins +414 229i

GAC—-GGC A>T + 631 446i

GAC—CAC Ains + 636 451i

GAC—AAC Co>T + 772 587i

GAC—HGTT G- A + 886 701i

GAC—AAC G- A + 968 783i

GAC—GTC G—-A + 1654 1469i

GAC—AAC G—oT + 2015 1830i

GAC—GCC CoT + 2155 1970i

Can’ NA A>T - 1774 115155

controls NA T—C - 181 116748

(t?; ;ﬁ j‘ft NA CoT + 621 436i

ura3-G764A

mutation)

®Nucleotide changes (bold) are shown for the coding DNA strand complementary to the

strand containing the dipyrimidine sequence at positions 763-764.
®Numbers with the “i” index indicate the position of the mutation in the inserted LEU2
gene fragment (see Figure 4.1 (B) for a more detailed explanation of the numbering

system). Abbreviations are as in
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Table 3.1 (previously published in (Kochenova et al, 2015).

Table 4.4 The rate of mutation downstream of the lesion site in the products of UV
lesion bypass.

Mutation rate per nucleotide
Region MMR-proficient MMR-deficient
Within 1000 bp 6.7 x 10° <7.7x10°
Genome-wide 0.4x107°2 ND

The rate of mutation downstream of the lesion site in the UV lesion bypass experiment
was calculated as described in the Table 3.2 legend, except the background mutation
rate (0.6 x 10”°; calculated from sequencing of the 1-kb region next to the ura3-G764A
site in UV-induced Can' mutants) was subtracted from the observed rate of TLS-
associated mutation.

aGenome-wide mutation rate in cells undergoing UV-induced mutagenesis was
estimated based on the observance of three mutations within the sequenced 5-kb region
in the UV-induced Can" mutants.

ND, not detected (adapted from (Kochenova et al, 2015)).
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A total of five mutations were observed at distances of 505-1026 nucleotides
from the reversion site, which corresponds to a mutation rate of 3 x 10°°. This is similar to
what we observed in the Poln-proficient strain and argues against a major role of Polr in
generating untargeted mutations. In contrast, PolC appeared to be essential for the
mutagenesis downstream the lesion site. Although very little induced mutagenesis could
be seen in PolZ-deficient strain (Figure 4.2), irradiation with 60 J/m? of UV light led to
approximately three-fold increase in the reversion frequency. This let us recover the rare
revertants resulting from PolC-independent bypass. Sequencing of the 1000-nt segment
downstream of the ura3-G764A reversion site in 231 Ura” revertants obtained in Pol(-
deficient background (Table 4.1) detected no additional mutations. This suggested that
the long stretches of hypermutation downstream of the DNA damage site are specifically
associated with PolC-dependent lesion bypass. This result strongly implicates Polc in
generating untargeted mutations. Sequencing of a 300-bp region downstream from the
lesion site in the revertants obtained in the rev3-L979F background showed a two-fold
increase in the level of untargeted mutagenesis in this region in comparison to the level
of mutagenesis in the wild-type strain in the same region (26 x 10 in the rev3-L979F
strains and 12 x 10 in the wild-type strain) (Table 4.5). No mutations were observed in
the 48 sequenced Can' controls obtained from the rev3-L979F strain at the same dose
of UV irradiation, which corresponds to an error rate of < 7 x 10” in this region. The two-
fold increase in the frequency of untargeted mutations in this region correlates with the
effect of L979F substitution on the overall PolC fidelity observed in our strains
(approximately a three-fold decrease; Figure 4.2). This result provides a further support
for the role of PolC in replication of undamaged DNA past the lesion site. Interestingly,

two complex mutations, the hallmark of Polt mutagenesis, were observed in the
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immediate vicinity upstream of the lesion site (-3 and -4 positions) in the revertants

obtained in the rev3-L979F background (Table 4.5).

As in the case of the AP site bypass assay, sequencing of the 1-kb region from
UV-induced Ura" revertants obtained in the MMR-deficient background showed that the
rate of untargeted mutations was not elevated in the msh2A strain (Table 4.4). This
result indicates that the MMR does not efficiently correct errors in TLS tracts during the

bypass of chromosomal lesions either.



Table 4.5 Mutations found in UV-induced Ura® revertants of the rad30A and rev3-

L979F strains.
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Nucleotide Additional mutations downstream of the
change at presumed UV lesion
positions 763-765 Mutation Distance from | Chromosomal
of the URA3 type? the lesion site position®
gene? (nt)

Ura® GAC—GTC C—-G + 505 320i
revertants GAC—AAC G- A + 928 743i
obtained GAC—AAC Cins + 994 8009i
from the GAC—GGC Cins + 994 809i

rzﬁgﬁ? GAC—AAC G- A +1026 841i

Ura* GAC—GGC GC — AG -4 116926
revertants GAC—GGT CA - GA -3 116927
obtained GAC—AAC A->G + 59 116989
from the GAC—GTC A>T + 99 117029

rev3-L979F GAC—HGTT A>T + 99 117029
strain GAC—AAC A—G + 108 117038
GAC—CAC C—-T + 116 117046

GAC—GTT C—-T + 125 117053

GAC—AAC G- A + 276 91i

®Nucleotide changes (bold) are shown for the coding DNA strand complementary to the
strand containing the dipyrimidine sequence at positions 763-764.

®Numbers with the

wsn

i” index indicate the position of the mutation in the inserted LEU2

gene fragment (see Figure 3.1 for a more detailed explanation of the numbering
system). The data shown in this table are partially published in (Kochenova et al, 2015).
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4.4 Discussion

In this chapter, we described a genetic system that allows us to select for
products of mutagenic bypass of individual UV-induced chromosomal lesions. The
results presented in this chapter demonstrate that the bypass of chromosomal lesions is
also accompanied by an increased untargeted mutagenesis in the adjacent downstream
region. Similar to the AP site bypass assay, the rate of mutagenesis in the hypermutated
patch exceeded the genome-wide mutation rate by more than 300,000-fold. This
indicates that untargeted mutagenesis is not limited to the bypass of AP sites, butis a
common characteristic of mutagenic Polc-dependent TLS through various types of
lesions. In addition, the results presented in this chapter demonstrate that the bypass of
lesions on the double-stranded plasmid and on a chromosome is controlled in a similar
way and provide an important insight into the late steps of TLS. Our findings suggest
that TLS polymerases are not always immediately replaced by accurate replicative
polymerases, as it was proposed in the “TLS at the fork” model. On the contrary, our
results argue that, upon DNA damage, TLS polymerases can contribute to replication of

a substantial portion of the genome, supporting the “gap-filling” model of TLS.

The genetic approach described in this chapter helped us to overcome the
limitations that we faced in the earlier plasmid-based assay. First, by eliminating the
unwanted background mutagenesis associated with in vitro manipulations, we were able
to detect untargeted mutations at greater distances from the lesion site and to compare
the extent of the error-prone synthesis in the two assays. Although the rate of
untargeted mutagenesis was similar in both assays, the length of TLS tracts was
substantially greater in the case of UV-induced lesion bypass. We speculate that the
difference in the length of TLS tracts in the two assays may reflect a possible regulatory

mechanism of TLS that will be thoroughly discussed in Chapter 6.
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In addition, by using the genetic system described in this chapter, we were able
to analyze the extent of the error-prone synthesis in the various TLS mutants. This
allowed us to provide support for the involvement of PolC in generating the untargeted
mutations past the lesion site. Interestingly, similar to the AP site bypass, the MMR
deficiency did not elevate the rate of untargeted mutagenesis past the UV lesion. These
results further confirm that MMR does not efficiently correct Polt-dependent errors in
TLS tracts. However, the rate of untargeted mutagenesis in these regions was still
approximately ten-fold lower than expected if Pol were continuously copying
undamaged DNA (in vitro studies in Chapter 5 and (Zhong et al, 2006)). This intriguing
observation suggests a possibility that another process operates in the TLS tracts that
corrects PolC errors. Arguments supporting the role of PolC in generating untargeted
mutations, as well as the possible mechanism contributing to the removal of PolC errors

in TLS tracts will be discussed in Chapter 6.

Furthermore, the experiments described in this chapter provide additional
support for the distinct roles of PolC and Poln in the mutagenic bypass of the UV
photolesion. Our results are consistent with the previously proposed model where the
mutagenic bypass of UV lesions involves incorporation of a nucleotide across from 3’
base of the UV lesion by Poln or another polymerase and extension from the resulting
primer terminus by PolC. Interestingly, we observed that the mutator variant of PolC
generates more multiple nucleotide substitutions at the UV lesion site suggesting that
sometimes PolC can also act as an inserter polymerase during the bypass of UV
photolesions. This is further supported by the occurrence of two complex mutations in
the adjacent upstream region in the revertants obtained from the strains with the mutator
variant of PolC. This observation suggests that the switch to PolC can sometimes occur a

few nucleotides upstream of the lesion, when the replicative polymerase, unable to
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extend the abnormal primer terminus, utilizes its exonucleolytic activity. However,

separate studies are required to confirm this hypothesis.

In summary, the genetic assay described in this chapter is efficient for studies of
the late steps of TLS and can be used to identify factors that regulate the length of TLS

tracts.
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Chapter 5. The role of dNTP pools in PolC-

dependent mutagenesis
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5.1 Introduction and Rationale

Despite being a member of the B family DNA polymerases (Braithwaite & Ito,
1993, Ito & Braithwaite, 1991), Pol( that lacks exonuclease activity is at least 10-fold less
accurate than replicative polymerases Pole and Pold (Fortune et al, 2005, Shcherbakova
et al, 2003). Therefore, while the unique ability to extend mismatched and aberrant
primer termini makes Pol essential for rescuing stalled replication forks, participation of
PolC in genome replication is mutagenic and, as we showed in the previous chapter, can
lead to accumulation of mutation not only at the lesion sites but in the adjacent region as
well. Therefore, identifying factors that can alter Pol( fidelity is important to understand
the mechanisms that contribute to or attenuate accumulation of Pol-dependent errors in

DNA.

The study described in this chapter was inspired by the recent finding that the
mutagenic potential of many replicative DNA polymerase variants is greatly affected by
changes in intracellular dNTP levels (Mertz et al, 2015, Williams et al, 2015). For many
years balanced deoxynucleotide triphosphate (ANTP) pools were thought to be critical
for maintaining the fidelity of DNA replication in yeast. The size of ANTP pools is strictly
controlled during cell cycle and expands only two- to three-fold during S-phase to allow
efficient DNA replication (Chabes et al, 2003, Labib & De Piccoli, 2011). Imbalanced,
constantly high or low dNTP concentrations induce genome instability during normal S-
phase either by affecting the fidelity of DNA polymerases or by slowing down fork
progression (Kumar et al, 2011, Kumar et al, 2010, Watt et al, 2016, Zhao et al, 2001).
On the other hand, dramatic expansion of dNTP pools (up to eight-fold) during DNA
damage and replication stress is essential for cell survival (Chabes et al, 2003, Poli et al,

2012). This chapter addresses the question of how natural increases in dNTP levels,
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such as those occurring during DNA damage response, affect the mutagenic properties

of PolZ.

To study the effect of ANTP changes on PolC-dependent mutagenesis, we first
mimicked the physiological S-phase and damage-response dNTP concentrations in
reactions with four-subunit PolC (PolZ4) and five-subunit Polt,—Rev1 (Polts) in vitro. We
demonstrated that activity, fidelity and error specificity of purified Pol4 and Pol(s
complexes in vitro were not greatly affected by the switch from “normal S-phase” to
“‘damage-response” dNTP concentrations in vitro. Furthermore, we provide evidence that
Pol-dependent lesion bypass and Poll-dependent mutagenesis during copying of
undamaged DNA in vivo do not require high dNTP levels. These results argue that Pol
is less sensitive to fluctuations in the size of ANTP pools than the replicative DNA
polymerases and, thus, Pol{ may be uniquely capable of bypassing lesions or other

impediments when dNTP pools are low.

5.2 The effect of ANTP levels on the catalytic activity of Pol(,

and Pol{;

In vivo studies of DRIM and DNA damage-induced mutagenesis suggest that
Polt-dependent mutagenesis is observed when dNTP pools are dramatically elevated
(Figure 8.1 and (Chabes et al, 2003)). To study the effect of ANTP pools on Polt
function, we first determined how dNTP levels affect the catalytic activity of PolZ, and
Polts complexes in vitro. We performed a primer extension assay with Cy5-labeled
primer at either normal S-phase (39 yM dCTP, 66 uM dTTP, 22 uM dATP, and 11 M
dGTP) or at damage-response (195 uM dCTP, 383 uM dTTP, 194 uM dATP, and 49.5
MM dGTP) dNTP concentrations described elsewhere (Sabouri et al, 2008). These

concentrations were calculated based on the reported amount of dNTPs per cell in
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logarithmically growing yeast cultures or in cultures treated with 0.2 mg/l 4-nitroquinoline
1-oxide for 150 min (Chabes et al, 2003) using a haploid yeast cell volume estimate of

45 um?.

In a primer extension assay using an oligonucleotide template, we observed that
the percentage of the extended primer was the same at both dNTP concentrations at 3
and 10 min (Figure 5.1). However, high dNTP levels slightly increased the percentage of
the full-length product by approximately two-fold in comparison to the reactions with
normal S-phase dNTPs. Altogether these data suggest that increased dNTP levels do

not greatly stimulate PolC catalytic activity during copying of undamaged DNA in vitro.
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A
Cy5*5’-CAGCACCACAAACCATACAAAAACA-3
3’-GTCGTGGTGTTTGGTATGTTTTTGTCATATAATCTTTGGGCTATTACCG-5’
B Polymerase Polg, Polg
dNTPs S-phase | Damage- | S-phase | Damage-
response response
Time, min 310 |3][10]3]10] 310
— G S— — o QU ——— ]*
unextended primer . s
% primer extended | 0 | 73| 92|84 |93 |61 |89 |77 |91
% of full-length product 23 | 52 | 46 | 73 | 19 | 56 | 42 | 70

Figure 5.1 Pol{-dependent DNA synthesis at S-phase and damage-state dNTP
concentrations.

(A) Cy5-labeled DNA substrate used in reactions with PolZs and PolCs. (B) Reactions
were carried out at 30 °C and contained 10 nM PolZ4 and PolCs, 24 nM DNA substrate,
40 mM Tris-HCI (pH7.8), 60 mM NaCl, 8 mM MgAc, 1 mM dithiothrietol, 0.2 mg/mL
bovine serum albumin, and the indicated dNTPs. The percentage of primer extended (+1
products and longer) and the percentage of nearly full-length product (=222) are shown
below each lane.
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5.3 The fidelity and error specificity of Pol{, and Pol{; at S-

phase and damage-response dNTP levels

We next aimed to understand the effects of DNA damage-induced expansion of
dNTP pools on the fidelity and error specificity of Pol. To this end, we performed the
M13mp2 lacZ forward mutation assay (Bebenek & Kunkel, 1995) with purified Poll, and
Polls using dNTP concentrations that mimic intracellular S-phase and damage-response

levels.

In the M13mp2 assay, a 407-nt single-stranded gap in a double-stranded
M13mp2 DNA is filled by the polymerases in vitro, and nucleotide changes introduced
during the gap-filling synthesis are detected by genetic selection in E. coli. All reactions
were performed in the presence of the polymerase accessory proteins PCNA, RFC and
RPA. Analysis of the reaction products by agarose gel electrophoresis showed that,
under the conditions used (see Chapter 2.8), the 407-nucleotide gap was filled
completely by Poll, (Figure 5.2). Consistent with the inhibitory effect of Rev1 on PolC
activity described previously (Makarova et al, 2014), synthesis by Pol(s was less
efficient. Nevertheless, using a higher concentration of the five-subunit complex (50 nM
instead of 40 nM), we were able to achieve nearly complete gap-filling (Figure 5.2). The
average frequency of lacZ mutants obtained upon transfecting E. coli with Pol{, gap-
filling reactions at S-phase dNTPs was 0.015 (Table 5.1), and it was only slightly
elevated when damage-response dNTP concentrations were used (approximately 1.3-
fold; Table 5.1). The types and rate of individual errors made by Pol{, at the intracellular
dNTP levels were determined by DNA sequence analysis of 280 mutants for S-phase

and 220 mutants for damage-response levels. We found that, as suggested by the
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Polt, - + + + 4+ - - —
Polg, - - - - = — +  +
dNTPs - S S D D - S D
Time, min 30 60 30 60 60 60
. * * Filled
Unfilled — —

Figure 5.2 Analysis of the gap-filling reactions by agarose gel electrophoresis.

Reactions were treated with Proteinase K and then subjected to electrophoresis in 0.8%
agarose gel in tris-acetate-EDTA buffer containing 0.5 pg/mL ethidium bromide.
Electrophoresis was carried out at 4 °C at 70 V for 20 h. Gap-filing reactions incubated
for 30 and 60 min are shown for Pols, however, only 60-min reactions showing
complete or nearly complete gap-filling products, were used to determine the fidelity and
error specificity of Poll complexes. Arrows and asterisks indicate the unfilled and filled
gapped DNA substrate, respectively. S, S-phase dNTPs; D, damage-response dNTPs.
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minimal change in the lacZ mutant frequency, the increase in dNTP concentrations did
not greatly affect the error rate of Pol{,. The overall rate of single-base changes was 77
x 10° at S-phase dNTPs and 95 x 10 at damage-response dNTPs. The mutational
spectra of Poll, at both ANTP levels were dominated by single-base substitutions, while
the rate of single-base insertions/deletions (indels) was relatively low (1.7 x 10°and 2.9
x 10 for S-phase and damage-response dNTPs, respectively; Table 5.1). The shift from
S-phase to damage-response dNTP concentrations had no major effect on Poll, error
spectrum either. Pol{, was predominantly promiscuous at G template nucleotides at both
dNTP levels (Table 5.1, Figure 5.3 (A)). Interestingly, Poll, was very inefficient at
generating all three types of X-dCTP mismatches, with the C-dCTP mismatch being the
least frequent among all twelve possible mispairs (<0.54 x 10 at S-phase dNTPs and
0.89 x 10° at damage-response dNTPs; Table 5.1 and Figure 5.3 (A)). At both dNTP
levels, Pol{, showed notable propensity to create multiple sequence changes (Table 5.1
and Table 8.1). Their frequency was unaffected by the increase in ANTP concentrations.
Approximately 5% of JacZ mutants contained multiple changes within short (<10
nucleotides) stretches of DNA, which we classified as complex mutations and which PolC
is notorious for generating during TLS and copying of undamaged DNA in vivo (Harfe &
Jinks-Robertson, 2000, Northam et al, 2010). An additional 10% of /lacZ mutants

contained multiple mutations separated by larger distances (Table 8.1).

Because Rev1 is indispensable for Pol(-dependent mutagenesis in vivo, we
examined how the presence of Rev1 modulates the fidelity of Poll. We found that the
five-subunit complex was slightly more error-prone than Poll,. The frequencies of lacZ
mutants determined upon transfecting E. coli with the products of Pol(s gap-filling
reactions were increased approximately 1.5-fold at both S-phase and damage-response

dNTP concentrations in comparison to reactions with Poll, (Table 5.1).
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Figure 5.3 Rates of individual single-base errors generated by Pol in vitro at
intracellular and equimolar dNTP concentrations.

The graphs show rates of single-base mispairs and insertion/deletion mismatches
observed in reactions with PolZ, (A and C) and Pol(s (B and D) at S-phase and damage-
response dNTP concentrations (A and B) and at standard 100 yM dNTPs (C and D).
Data for PolZ, and Pol{s at 100 uM dNTP are based on the analysis of 53 and 80 mutant
plaques, respectively. “X-dCTP” mispairs in the Pol{, and Pol{s mutational spectra are

shown as open bars.
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As in the case of Poll4, the switch from S-phase to damage-response dNTP
concentrations did not greatly affect the /lacZ mutant frequency or the overall error rate of
Polls complex (Table 5.1). The rate of single-base changes made by Pol{s was 130 x 10
®and 140 x 10 at S-phase and damage-response dNTP concentrations, respectively.
The error specificity of the five-subunit complex was determined by sequencing 210
mutants from reactions with S-phase dNTPs and 207 mutants from reactions with
damage-response dNTPs. Similar to reactions with Poll4, the switch from S-phase to
damage-response dNTP concentrations did not change the error specificity of Pol(s
either (Figure 5.3 (B)). Like Polly, the five-subunit complex was the most promiscuous at
G nucleotides, with G-dATP being the most frequently generated mispair. Generally, the
error spectra produced by Pol(s were remarkably similar to those of Pol(,, with one
important exception: the presence of Rev1 significantly increased the rates of all three X-
dCTP mispairs (Table 5.1, Figure 5.3 (B)). This increase accounted for most of the
difference in the overall error rate between Poll, and Pols. The dCTP misincorporation
is likely due to the deoxycytidyl transferase activity of Rev1, and it indicates that PolC and
Rev1 can freely exchange at the primer terminus during DNA synthesis in vitro. In
comparison to Polly, a somewhat higher proportion of lacZ mutations from Pol(s
reactions constituted complex changes (approximately 9% and 15% at S-phase and
damage-response dNTP concentrations, respectively). This is consistent with the
important role of Rev1 in the generation of Pol(-dependent complex mutations in vivo
(Northam et al, 2014). An additional 7% and 15% of lacZ mutants from reactions with S-
phase and damage-response dNTPs, respectively, contained multiple mutations
separated by more than ten nucleotides (Table 8.1). Interestingly, Polls reactions
produced a new class of large rearrangements, which involved substitutions of a large
stretch of DNA (>30 nucleotides) with a different, typically much shorter, sequence

(Table 8.1). At damage-response dNTP concentrations, these large rearrangements
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were observed in approximately 5% of lacZ mutants. Unlike complex mutations affecting
short stretches of DNA, such large rearrangements are not usually seen in spectra of
Poll-dependent mutations in vivo. It is possible that they result from the inhibitory effect
of Rev1 on Poll-dependent synthesis in vitro and may not be relevant to in vivo

situations.

Prior to this work, the error specificity of PolC has been studied using equimolar
(100 uM) dNTP concentrations and enzyme preparations containing mostly Rev3-Rev7
subassembly (Zhong et al, 2006). Although the mutational spectrum observed in that
earlier study similarly showed a predominance of base substitutions and a high
frequency of complex mutations, the spectrum of base substitutions was drastically
different from the one shown in Figure 5.3 (A). To determine if the proper dNTP balance
was the key in shaping the error signature of Pol¢, we performed gap-filling reactions
with Pol, and Polls using 100 uM concentration of each dNTP. The average lacZ
mutant frequency for Pol{, reactions (0.018) and the overall error rate for single-
nucleotide changes (87 x 107°) were similar to those observed at the intracellular ANTP
levels. However, the error specificity of Poll, in reactions with equimolar dNTPs was
profoundly different (Figure 5.3 (C)). The dGTP misincorporation became the
predominant source of mutations, with the G-dGTP mispair being the single most
frequent error (Figure 5.3 (C)). The use of equimolar dNTP concentrations also elevated
the rate of C-dCTP mispair more than seven-fold in comparison to reactions with
intracellular dNTPs (Figure 5.3 (A, B)). At the same time, the use of 100 uM dNTPs
significantly lowered the ability of Pollsto misincorporate dTTP: the rates of all three
possible X-dTTP mispairs were drastically decreased (Figure 5.3 (A, C)). The changes in
the base substitution pattern were consistent with the dNTP imbalance introduced by the

use of equimolar concentrations (relatively higher dGTP and dCTP levels, and a lower
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dTTP level). Interestingly, the percentage of lacZ mutants resulting from complex
mutations was greater at 100 uM dNTPs and constituted 13% (compared to 5% with
intracellular dNTPs). Similar results were observed with PolCs: its overall error rate at 100
MM dNTPs was comparable to that at intracellular dNTPs (with the /lacZ mutant
frequency of 0.032, the error rate for single-base changes of 170 x 107, the frequency of
complex mutations of 11%, and the frequency of large rearrangements or deletions of
3%), but the spectrum of single-base changes was dramatically different (Figure 5.3 (B,
D)). Like in the case of Poll4, the majority of mutations produced by Pols at 100 uM
dNTPs resulted from dGTP and dCTP incorporation, with the G-dGTP being the single
most frequent error (Figure 5.3 (D)). This is, again, consistent with the non-physiological
high levels of dGTP and dCTP in the reactions with equimolar dNTPs. Taken together,
these data provide evidence that, although the shift from S-phase to damage-response
dNTP concentrations does not affect the fidelity and error specificity of Pol, or Pol(s,
severely imbalanced dNTP levels, as in the case of 100 uM dNTPs, can dramatically

change the error signature of these polymerases.

Figure 5.4 shows the distribution in the lacZ sequence of single-nucleotide
changes made by Poll, and Pol{s at the intracellular dANTP concentrations. The overall
distribution of mutations appears to be quite uniform in all four spectra, with the
exception of several mild hotspots. The strongest hotspot was observed in the Pol,
spectra for a +1 frameshift in the TTT homonucleotide run at position 137-139 where
almost all +1 frameshifts occurred (Figure 5.4 (A, B)). Although we could not discern any
specific nucleotide context for generating particular types of mutations by Pol{,, it could
be noted that most of the sites with frequent G misincorporation are followed by a
template C, such as at positions -36, 121, 169, 171, 178 in the “S-phase” mutational

spectrum and 79, 121, 141 in the “damage-response” mutational spectrum. This might
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point to primer-template misalignment as a possible mechanism for generating these
types of mutations at these particular sites. The presence of Rev1 in the complex with
Poll, did not change the distribution of mutations, suggesting that Rev1 does not

stimulate misincorporation of nucleotides at any particular sequence context.



93

A Polg,, S-phase dNTPs

TTT c
TT c c
AT [ c
AT [ c
AZA AT AAC c
AAGA A A AA o AAAATAG c a A G
GCGC AACGCAATTA ATGTGAGTTA GCTCACTCAT TAGGCACCCC AGGCTTTACA CTTTATGCTT CCGGCTCGTA TGTTGTGTGG
| I | | I A I I |
-80 -70 -60 -50 -40 -30 -20 -10
TCC
TTT
T AT c c c
T T TA T AT [ cG T TC A
T T2A A G T TA GAC TG G T A A A CT cG AT AT A
AATTGTGAGC GGATAACAAT TTCACACAGG AAACAGCTAT GACCATGATT ACGAATTCAC TGGCCGTCGT TTTACAACGTC
| | | | 1A A 1A | AA | A A
1 11 21 31 41 51 61 71
c TTG c TT
c c CTG c T
[ cc TG c cc a
[ TC G TG T [ C CACA
TC CTT G TG T c T C C TACA
T TG GTT G T TG c c A c A AC TT A C ARAT A CT
A AT ATA G A AAC TGC A T C TAAA C T AAC AT PAAAC A AAATTA C T
GTGACTGGG AAAACCCTGG CGTTACCCAA CTTAATCGCC TTGCAGCACA__TCCCCCTTTC GCCAGCTGGC GTAATAGCGA
| A | A A | A | A A A -3 +TA | A A A -2A
A A A A +T
82 A 91 A 101 111 121A 131 4T 141 151
c c +T+T
c cC cce +T
T ¢ cC T
TT C C T
AA AT C T TTC
AGAGGCCCGC ACCGATCGCC CTTCCCAACA GCTGCGC
| A | A | A A |
A
161 171 181 191
B Polg,, damage-resgonse dNTPs
cc c
CT T
CT T
TT c c
AT c T c T
a ACA CA A T TG a A C AT T
GCGC AACGCAATTA ATGTGAGTTA GCTCACTCAT TAGGCACCCC AGGCTTTACA CTTTATGCTT CCGGCTCGTA TGTTGTGTGG
I I I | AA A I I I |
-80 -70 -60 -50 A -40 -30 -20 -10
TTC
TA T
A T c
A A A TC c
TTG T AR TC AT CC AATA T C
AATTGTGAGC GGATAACAAT TTCACACAGG AAACAGCTAT GACCATGATT ACGAATTCAC TGGCCGTCGT TTTACAACGTC
| I | A | I A | I A I
1 11 21 31 41 51 61 71
TTT
TTT c
TAA CT
AR T T c Cc cTT
caA T T c c TTT c C TTT
TA T T c c T C C TAT C
AA CIC T A CT TA c c c TC AT T C TG TAA C
A A ARAC TT A T TA cC T T G T TG AAT A C TTA AAA C T
GTGACTGGG ARAACCCTGG CGTTACCCAA CTTAATCGCC TTGCAGCACA TCCCCCTTTC GCCAGCTGGC GTAATAGCGA
| A | A A +A | +TA A +TA I +T | A A | AA
82 914 101 111 121 131 +T 141 151 A
+T+T
+T+T
+T+T
+T+T
c c +T+T
AA AC C [ [ +T
QGAGGCECGC ?CCGATCGCC ?TTCCCAACA ?CTGCGC
161 +C 171 181 191

Figure 5.4 Spectra of single-base substitutions and insertion/deletion mutations
generated by Pol{ complexes in the lacZ gene at cellular dNTP concentrations.

(A) Poll4, S-phase dNTPs. (B) Poll4, damage-response dNTPs. (C) Polls, S-phase
dNTPs. (D) Polls, damage-response dNTPs. In addition to the mutations shown, one
lacZ mutant contained a large deletion spanning nucleotides -119 — 150. Base
substitutions are displayed above the /acZ sequence, insertions and deletions are below
the lacZ sequence. Single-base deletions and insertions are shown as triangles and
letters with a “+” symbol, respectively. Deletions of more than one nucleotide are
indicated by a line below the sequence with a number of deleted nucleotides next to it.
Detectable mutations are in black, bold text. Silent mutations are in gray. Data are
summarized in Table 5.1 and Figure 5.3.
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5.4 Pol{-dependent mutagenesis in vivo does not require high

dNTP levels

The in vitro data described in the previous subsections indicate that the activity,
fidelity and error specificity of PolC is only minimally affected by the switch from the S-
phase to damage-response dNTP concentrations. In yeast cells, however, PolC-
dependent mutagenesis is mostly observed when dNTP pools are expanded. We
therefore aimed to determine whether high dNTP levels are essential for PolC function in

Vvivo.

First, we set out to determine whether the expansion of dNTP pools is required
for Polt-dependent DRIM. As described in the Section 1.4, various defects in the
catalytic and accessory subunits of yeast replicative DNA polymerases impede the
progression of the replication fork and cause DRIM (Aksenova et al, 2010, Garbacz et al,
2015, Kraszewska et al, 2012, Northam et al, 2006, Pavlov et al, 2001b, Shcherbakova
et al, 1996, Stodola et al, 2016). Among these defects, the pol3-Y708A mutation has
been used most commonly for the mechanistic studies of DRIM (Northam et al, 2006,
Northam et al, 2014, Northam et al, 2010) because of its rather strong mutator
phenotype that is almost entirely Polt-dependent. Importantly, the pol3-Y708A strain
exhibits elevated dNTP pools and abnormal cell cycle distribution, with a large proportion
of cells in the G2/M phase (Figure 8.1). The prolonged G2/M phase may be a sign of
checkpoint activation, which is likely responsible for the expansion of dNTP pools. To
investigate the significance of increased dNTP pools for PolC function in DRIM, we first
set out to inhibit RNR activation by deleting the DUN1 gene in the pol3-Y708A strain. To

do so, we constructed the POL3/pol3-Y708A dun1A/duniA diploid and analyzed the
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products of its sporulation by tetrad dissection. Tetrad analysis of the POL3/pol3-Y708A
dun1A/dun1A diploid showed reduced spore viability in comparison to the single
POL3/pol3-Y708A and dun1A/dun1A mutants (Figure 5.5). Subsequent phenotypic
analysis of the surviving spores confirmed that combination of the po/3-Y708A allele with
Dun1 deficiency is lethal in haploids. This finding suggests that the po/3-Y708A mutant
requires checkpoint response activation and Dun1-dependent dNTP pools expansion for

efficient DNA replication and survival.

Since we were unable to bring dNTP levels down in the po/3-Y708A mutants by
deleting the DUN1T gene, we set out to inhibit RNR by treatment of these strains with HU,
(Krakoff et al, 1968). Because the pol3-Y708A mutants require expansion of dNTP pools
for survival (Figure 5.5) and cannot tolerate high HU concentrations (Pavlov et al,
2001b), we used a range of lower concentrations (10-20 mM) that did not cause growth
arrest in this strain. At 20 mM HU, dNTP pools in the po/3-Y708A mutant were
reproducibly decreased by ~25% within 2 h after the addition of the drug to
logarithmically growing cultures, as was measured by our collaborators Andrei Chabes
and Phong Tran (Figure 8.2 (A)). Remarkably, the frequency of mutation to canavanine
resistance (Can') in the po/3-Y708A strain was not reduced in the presence of HU, but
was in fact slightly elevated (up to two-fold at 20 mM HU; Figure 5.6 (A)). The mutator
effect of pol3-Y708A in the presence of HU remained completely dependent on Poll: the
mutant frequency in the pol3-Y708A rev3A strain was similar to that in the wild-type
strain. These data indicate that the participation of PolC in replication of undamaged DNA
in vivo does not depend on high dNTP levels, and that it is stimulated rather than
suppressed by the decrease in dNTP pools. It is therefore likely that the high ANTP

pools in the pol3-Y708A strain are required for efficient replication by Pold rather than

PolC. In support of this idea, we found that the moderate decrease in
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POL3/ pol3-Y708A DUN1/ DUN1

POL3/POL3 dun1h/ dun1A

POL3/ pol3-Y708A duni1lA/ dun1A

Figure 5.5 Tetrad analysis of the heterozygous diploid strains POL3/poi/3-Y708A
DUN1/DUN1, POL3/pol3-Y708A dun1A/dun1A, and the homozygous POL3/POL3
dun1A/duniA strain.

Spores were dissected on YPDAU medium.
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dNTP concentrations induced by low doses of HU in our experiments led to a dramatic
reduction in survival of the pol3-Y708A strain (Figure 5.6 (B)). Replication problems
caused by the Pold defect are likely exacerbated by dNTP depletion, increasing the need

for the recruitment PolC, whose function is unaffected by the reduced dNTP levels.

Next, we examined whether high dNTP pools are required for Pol{-dependent
mutagenesis during lesion bypass. While PolC is predominately an extender polymerase
during TLS across from most DNA lesions, previous studies showed that it might be a
major polymerase involved in the bypass of UV-induced lesions at low doses of UVC
light (Abdulovic & Jinks-Robertson, 2006, Sharma et al, 2011). To study if PolC-
dependent mutagenesis at low UV doses is affected by changes in dNTP pools, we
measured UV-induced Can" mutant frequency in the presence of HU, such that the
bypass of UV lesions would happen in cells with reduced dNTP levels. Overnight
cultures were plated on complete and selective media containing HU at concentrations
indicated in Figure 5.7 and irradiated with 10 J/m? of 254 nm UV light within 15 min.
These experiments were done with wild-type yeast strains, so we could use higher HU
concentrations (up to 100 mM), which are expected to deplete dNTP pools efficiently.
UV-induced mutagenesis was only marginally decreased (~1.5-fold) at the highest dose
of HU, while still remaining an order of magnitude higher than the level of spontaneous
mutagenesis (Figure 5.7). Notably, UV-induced mutagenesis observed in the presence
of HU was completely dependent on Poll: no induced mutagenesis was seen in the
rev3A strain with or without HU (Figure 5.7). These data indicate that, like copying of
undamaged DNA, lesion bypass by Pol( in vivo does not require high dNTP pools.
Mutagenesis at higher UV doses, however, was significantly suppressed by the HU
treatment (Figure 5.8 (A)), consistent with the idea that high dNTP levels are required for

the activity of other DNA polymerases that become important for TLS at these doses.
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To strengthen the conclusion that Pol¢ function in TLS and damage-induced
mutagenesis does not require high dNTP pools, we also measured UV-induced Can’
mutant frequency in cells that were pre-treated with 100 mM HU for 4 h before UV
irradiation. We reasoned that dNTP pools in this case could be more severely reduced
by the time DNA replication machinery encounters lesions. We found that the frequency
of mutation induced by lower doses of UV (up to 30 J/m?) was, in fact, significantly
elevated in HU-treated cells in comparison to cells not treated with HU (Figure 5.8 (B)).
Similar to the experiment shown in Figure 5.8 (A), mutagenesis at higher UV doses was
reduced in cells pre-treated with HU. The increase in Pol¢ mutagenesis at lower UV
doses could potentially result from the inhibition of error-free mechanisms of lesion
bypass under conditions of severely reduced dNTP pools, or from altered fidelity of
nucleotide incorporation opposite lesions by PolC. In either case, the results clearly
demonstrate that the capacity of PolC to bypass lesions in vivo does not require
expanded dNTP pools. High dNTP levels, however, might be essential for lesion bypass

by other DNA polymerases and for repair under DNA-damaging conditions.
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Figure 5.6 PolC-dependent mutagenesis during replication of undamaged DNA in
vivo does not require high dNTP levels.

(A) Effect of hydroxyurea (HU) treatment on Poll-dependent mutator phenotype of the
pol3-Y708A yeast strain. Wild-type, pol3-Y708A and pol3-Y708A rev3A strains were
grown overnight in the presence of indicated HU concentrations and then plated onto
selective and complete media. Mutant frequencies are medians and 95% confidence
intervals for at least 18 independent cultures. (B) Effect of HU treatment on survival of
the pol3-Y708A and wild-type strains. Viability data were collected from the same
experiment shown in (A). Survival was determined by dividing the number of colonies
from HU-treated cultures by the number of colonies from untreated cultures. Data are
means for 18 independent cultures. Standard errors are shown unless the size of the
error bar is smaller than the size of the plot symbol.
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Figure 5.7 Effect of HU treatment on Pol{-dependent mutagenesis induced by 10
J/m? UV irradiation.

Overnight cultures of the wild-type and rev3A strains were plated onto selective and
complete media with indicated HU concentrations and then irradiated with 10 J/m? of

UV light. Data are average frequencies and standard errors for three independent
determinations.
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Figure 5.8 Effect of HU treatment on the mutagenicity of high doses of UV light in
the wild-type yeast strain.

(A) Effect of various doses of HU on UV-induced mutagenesis. Overnight cultures of
the wild-type strain were plated onto selective and complete media with indicated HU
concentrations and then irradiated with UV light. Each data point is an average
frequency of UV-induced Can" mutants for three independent determinations. Standard
errors are shown where the size of the error bar exceeds the size of the plot symbol.
(B) Effect of HU pre-treatment on UV-induced mutagenesis. Overnight cultures of the
wild-type strain were diluted ten-fold and grown to the logarithmic stage in the presence
or absence of 100 mM HU and then plated onto selective and complete media with or
without 100 mM HU, respectively. Each data point is an average frequency of UV-
induced Can' mutants for three independent determinations. Standard errors are shown
where the size of the error bar exceeds the size of the plot symbol.
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5.5 Discussion

While the expansion of cellular dNTP pools is an integral part of DNA damage
and replication stress response, the effects of ANTP levels on the function of TLS
polymerases are poorly understood. This is the first study to determine the fidelity and
error specificity of four-subunit PolC and PolZ4-Rev1 complex at physiological ANTP
concentrations observed during normal S-phase and DNA damage response in yeast.
Results presented in this chapter provide evidence that, unlike replicative DNA
polymerases, PolC is remarkably resistant to proportional increases in dNTP levels and

does not require high dNTP levels for its in vivo functions.

One of the important insights from this work is that the error signature of Pol¢ at
the physiological dNTP levels (Figure 5.3) is drastically different from its previously
reported signature observed at equimolar (100 uM) dNTP concentrations (Zhong et al,
2006). This finding emphasizes the need to mimic absolute and relative in vivo dNTP
levels in order to deduce DNA polymerase signatures from in vitro studies. It is also
interesting that, in addition to using a non-physiological dNTP ratio, the study by Zhong
et al was performed at a time when Poll was thought to be a two-subunit enzyme.
Although low levels of four-subunit enzyme in those Pol{ preparations are now thought
to be predominately responsible for the observed polymerase activity (Makarova et al,
2012), the abundance of two-subunit Rev3-Rev7 complex and the variable content of
Pol31-Pol32 subunits in the preparations could have additionally contributed to the
differences in error signature. Curiously, while we could not recapitulate the error
spectrum reported by Zhong et al even when we used 100 uM dNTPs with Poll,, we
saw a rather close similarity when we used Pol{s and 100 uM dNTPs (Figure 5.3 and
(Zhong et al, 2006)). The only major difference was a higher rate of A-dCTP errors in the

study by Zhong et al, which might have resulted from a bias introduced by strong
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hotspots that we did not observe. This profound spectra similarity suggests that the error

spectrum reported by Zhong et al might have, in fact, resulted from the activity of Pol(s.

Results described in this chapter also shed light onto the interplay between Polt
and Rev1 during active DNA replication. We demonstrated that in reactions with
intracellular dNTPs, Poll, is extremely inefficient in misincorporation of dCTP.
Interestingly, Rev1 catalytic activity nicely complements Polt,in producing all three types
of X-dCTP mispairs. This suggests that Rev1 can freely exchange with PolC at the
primer terminus not only at the lesion sites, but during copying of undamaged DNA as
well. This idea is further supported by the fact that in the absence of catalytic activity of
Rev1, mutational spectrum in strains experiencing DRIM showed a dramatic reduction in
base substitutions resulting from misinsertion of dCTP (Northam et al, 2014). In addition
to producing X-dCTP mispairs, physical interaction of Rev1 with PolC slightly elevates
the error rates for G-dATP, C-dATP, C-dTTP, A-dTTP, A-dGTP, and T-dATP mispairs.
This observation parallels nicely with earlier kinetic studies proposing that interaction of
Rev1 with the polymerase domain of Rev3 can alter the structure of PolC active site to
enhance its TLS activity (Acharya et al, 2006). This alteration could promote more
efficient binding of PolC to the aberrant primer termini and/or provide an optimal
conformation of the active site for the nucleophilic attack by the primer terminus on the
incoming dNTP. Our findings indicate that the presence of Rev1 can also stimulate the

mismatch extension by Polt during active DNA replication.

While the expansion of dNTP pools does not seem to be important for the
function of PolC, we provide evidence that expansion of dNTP pools is essential for
survival of the po/3-Y708A strain experiencing severe replication stress. It is likely that
the impaired DNA replication in the po/3-Y708A mutants results in frequent replication

fork stalling and may lead to accumulation of single-stranded regions in the genome that
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serve as a signal for the checkpoint activation. Activation of Mec1/Rad53/Dun1
checkpoint likely promotes survival of these mutants by stabilization of the stalled
replication forks and induction of HR-mediated post-replicative repair (Andreson et al,
2010, Branzei & Foiani, 2010, Chabes et al, 2003, Gangavarapu et al, 2011, Reichard,
1988). Synthetic lethality of the po/3-Y708A dun1A double mutants and severe
sensitivity of the pol3-Y708A single mutant to the HU treatment suggest that lower dNTP
pools in these strains can cause cell death by the following means. First, it is possible
that lower dNTP pools further impair DNA replication by defective Pold. Second, HR-
mediated post-replicative repair that plays a role in rescuing stalled replication forks can
be inhibited by low dNTP supply since it requires replicative polymerases as well.
Altogether this will lead to accumulation of more single-stranded gaps in these mutants.
Although Polt can be recruited to fill these gaps even when dNTP supply is low, the
amount of the ssDNA is likely to be above the threshold that cells can tolerate.
However, further studies are required to determine whether HU treatment leads to

accumulation of more single-stranded gaps in the po/3-Y708A mutants.

The remarkable resistance of PolC to fluctuations in dNTP levels occurring in
response to DNA damage and replication stress, as well as its possible implication in the

maintenance of genome stability in yeast, will be discussed in more detail in Chapter 6.
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Chapter 6. Discussion, Conclusions and

Future Directions



107

6.1 Discussion

6.1.1 Continuous synthesis by PolC as a source of mutations

downstream of the lesion.

We demonstrated that the bypass of an AP site and the UV-induced lesion in
yeast is associated with an untargeted mutagenesis in the adjacent region. The following
observations argue that this mutagenesis likely results from continuous replication of
long DNA stretches by PolC. First, the requirement of PolC for the extension step during
TLS puts this polymerase in a perfect position to proceed with DNA synthesis beyond
the damage site. Second, the mutation rate in the region downstream of the lesion (~10™
per bp) is similar to the rate of errors produced by purified Pol( in vitro (Chapter 5 and
(Zhong et al, 2006)). Third, Pol¢-deficient rev3A strains exhibit no untargeted
mutagenesis. Forth, while the rate of untargeted mutagenesis remained high in Poln-
deficient strain, it was elevated in the strains bearing a mutator allele rev3-L979F. The
results presented in this dissertation also argue against a genome-wide elevation of the
mutation rate as the cause of untargeted mutagenesis, as only rare mutations were

observed outside the hypermutated patch.

Another possible source of untargeted mutations is ssDNA formed due to re-
priming of replication downstream of the lesion site and the recruitment of PolC to sites of
secondary lesions in the single-stranded gaps. However, the frequency and specificity of
mutations in the hypermutated patch argue against the major role of ssDNA in elevated
mutagenesis in this region. First, the frequency of mutation induced by spontaneous
DNA damage in ssDNA is at least an order of magnitude lower than that observed past

the lesion site during TLS (Yang et al, 2008). The distinctive signature of ssDNA-



108

associated mutagenesis is the abundance of C—T substitutions in the exposed strand
(~43% of all base substitutions; (Yang et al, 2008)), which were not detected in the 200-
bp segment adjacent to the AP site in our study (Table 3.1). While the TLS products
through UV lesions contained C—T transitions (Table 4.3), the rate of untargeted
mutations downstream of the lesion site still greatly exceeded that expected from
spontaneous damage in ssDNA gaps (Table 4.4 and (Yang et al, 2008)). Altogether
these arguments led to a conclusion that the TLS-associated untargeted mutagenesis
(Figure 3.2 and Figure 4.3) directly reflects the extent of continuous synthesis by Polc.
Therefore, we estimate that, in vivo, PolC can synthesize up to 1,000 nucleotides upon
completing the lesion bypass. This correlates well with electron microscopy studies
showing that uncoupling of replication at UV-induced lesions in yeast leads to the
formation of single-stranded gaps with an average size of 400 nucleotides, but longer
gaps (up to 3000 nt) could be formed sometimes as well (Lopes et al, 2006). If TLS, as it
is widely accepted, occurs predominantly in these gaps, Pol{ must be responsible for
filling a substantial portion of the gaps. However, further studies are required to
determine whether a switch to the replicative polymerase occurs later during the gap

filling.

6.1.2 Replication restart as a possible determinant of the length

of TLS tracts.

We observed that the bypass of the chromosomal UV lesion is associated with
longer TLS tracts in comparison to the AP site bypass on a plasmid. It seems likely that
the extent of Pol{-dependent synthesis may be regulated by the size of the single-
stranded gap formed after re-priming of replication downstream of the lesion. The size of

the gap could vary depending on the lesion position in the leading or lagging strand
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template. The stalled replication forks on the lagging strand do not require a special
mechanism for re-priming downstream of the lesion sites, as it can be restarted with the
priming of the next Okazaki fragment. In this case, the size of single-stranded gaps on
the lagging strand would correspond to the size of Okazaki fragments (140-175
nucleotides (Smith & Whitehouse, 2012, Waisertreiger et al, 2012)). In contrast, due to
continuous nature of replication on the leading strand, replication re-priming is likely to
require additional regulation, and the re-priming might occur at a greater distance from
the damage site. Although whether the lesion is located in the lagging or leading strand
in the AP site assays is unknown, we believe the lesion is mostly encountered by the
lagging strand machinery. The AP site is located at similar distances from the
centromere-proximal and centromere-distal sides of the replication origin ARS4 in the
plasmid (Figure 3.1 (A)). However, the inhibitory effect of the repetitive centromeric
region on the fork progression (Greenfeder & Newlon, 1992) will likely slow down the
progression of the left-ward replication fork and, thus, the lesion-containing region is
likely to be replicated by the rightward replication fork. In this case, the AP site will be in
the lagging strand template. Conversely, the UV photolesions in chromosome V are
likely to be approached by the leading strand machinery. The end of the URA3 gene in a
genetically unmanipulated chromosome V corresponds to the beginning of the
replication termination zone (the region between 117 and 123 kb in Figure 4.1 (B)
((Fachinetti et al, 2010, McGuffee et al, 2013)). The LEUZ insertion to the right of the
URA3 gene (Figure 4.1 (B)) presumably moves the URA3 gene away from the
termination zone by at least 1 kb, placing the TC site into the leading strand template.
The lesion position in the opposite DNA strands in the two TLS assays could potentially

explain the differences in the length of the TLS tracts.
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6.1.3 Clustered mutagenesis as a consequence of TLS.

The occurrence of untargeted mutagenesis beyond the lesion site increases the
probability of inactivating a nearby gene. Approximately 2 to 7% of TLS tracts contain an
additional mutation in the adjacent region (Chapter 3 and 4). Considering that ~1/3 of
base substitutions and almost all frameshifts in coding regions affect the gene function
(Drake, 1991), we estimate that approximately 1 to 4% of TLS tracts spanning a coding
region will inactivate the gene. Such extended tracts of TLS can lead to accumulation of
multiple mutations in a localized area leading to a phenomenon called clustered
mutagenesis. The localized hypermutability serves as a mechanism for rapid genome
changes without overloading it with mutations and is believed to significantly contribute
to biological processes such as tumorigenesis, immunity and adaptation (discussed in
(Camps et al, 2007, Drake et al, 2005, Nik-Zainal et al, 2012, Roberts et al, 2012, Stone
et al, 2012, Taylor et al, 2013)). While a major cause of clustered mutagenesis was
shown to be the enzymatic deamination of cytosines in ssDNA, untargeted mutagenesis
associated with TLS may also contribute to this phenomenon. Given that the excision of
uracil resulting from cytosine deamination by uracil DNA glycosylases produces AP sites
(Crosby et al, 1981), the subsequent bypass of unrepaired AP sites by TLS can
potentially contribute to formation of the deaminase-induced clusters as well (Chan et al,
2013, Taylor et al, 2013). Therefore, we propose that TLS-associated untargeted
mutagenesis may also contribute to promoting adaptation, evolution or cancer
development through generating clustered mutations. For example, Pol{/Rev1-
dependent TLS is believed to be responsible for the acquiring of chemoresistance and
the development of secondary tumors in patients undergoing chemotherapy with DNA-
damaging agents (Doles et al, 2010, Okuda et al, 2005, Sharma et al, 2012, Xie et al,

2010). Considering the emerging role of Polt-dependent mutagenesis in accumulation of
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clustered mutations in genome, it appears to be important to identify factors that

modulate fidelity of Polt in vivo.

6.1.4 What makes PolC resistant to fluctuations in dNTP levels
occurring in vivo?

It has been proposed that high or imbalanced dNTP pools induce genome
instability by several possible mechanisms, including increasing the probability of
nucleotide misinsertion, mismatched primer extension, and strand misalignment
(Buckland et al, 2014, Gon et al, 2011, Kumar et al, 2010, Mertz et al, 2015, Williams et
al, 2015). For example, mutations in the yeast RNR1 gene encoding a subunit of RNR
lead to alterations in dNTP pools and, as a result, to a dramatic increase in genome
instability (Kumar et al, 2011). The mutational specificity observed in these strains
correlates well with misincorporation of nucleotides that are in excess. In addition, higher
dNTP concentrations may facilitate more efficient extension of mismatched primer
termini by reducing proofreading activity of replicative DNA polymerases and by
stimulating elongation mode (Buckland et al, 2014, Gon et al, 2011, Kumar et al, 2011,
Watt et al, 2016). It would be rational to assume that the low sensitivity of TLS DNA
polymerase T to increasing dNTP concentrations is due to its exonuclease deficiency.
However, a recent study by Stodola and Burgers showed that catalytic activity of
exonuclease-deficient variant of Pold in vitro is strongly stimulated when dNTP
concentrations are increased above physiological dNTPs levels (Stodola & Burgers,
2016). In addition, earlier studies of exonuclease-deficient Pole showed that increasing
dNTP concentrations in the M13mp2 assay decreases the polymerase fidelity by
promoting more frequent generation of frameshifts and alters the specificity of nucleotide

misincorporation (Shcherbakova et al, 2003). These studies suggest that high dNTP



112

levels may affect activity and fidelity of Exo™ variants of replicative DNA polymerases,
presumably by changing their nucleotide selectivity (Watt et al, 2016). Therefore, it
seems likely that intrinsic selectivity of PolC is less dependent on dNTP concentrations in
comparison to that of replicative DNA polymerases. Resistance of PolC to physiological
fluctuations in ANTP levels may reflect a unique trait in the structure of its active site.
This idea is further supported by the fact that amino acid substitution L979F in the active
site of PolC makes it more sensitive to ANTP levels, as could be seen from significant
improvement of the bypass of certain DNA lesions at damage-state dNTPs in
comparison to the normal S-phase dNTPs by L979F, but not the wild-type Polg, in vitro
(Stone et al, 2011). However, future studies are required to determine whether high

dNTP levels also affect fidelity and error-specificity of L979F PolC.

6.1.5 PolC as a unique tool for rescuing stalled replication forks

at low dNTP levels.

This study also reveals that Pol¢ does not require high dNTP pools for replication
of undamaged DNA or the bypass of DNA lesions in vivo. DRIM was not decreased in
the pol3-Y708A strain, but on the contrary, was even further elevated when dNTP pools
were brought down by treatment with HU (Figure 5.6). Similarly, mutagenesis induced by
low doses of UV light was increased rather than decreased when cells were treated with
HU prior to UV irradiation (Figure 5.8). In line with these observations, using damage-
response dNTP concentrations for TLS by the wild-type PolC in vitro only slightly
improved nucleotide incorporation opposite cis-syn cyclobutane pyrimidine dimer and (6-
4)-photoproduct and the bypass of these lesions (Stone et al, 2011). Furthermore, we

observed only a minor difference in the activity, fidelity and error specificity of Pol(4 and
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Figure 6.1 Circumstances under which Polt is permitted to replicate DNA in vivo.

PolZ can be recruited to rescue stalled replication forks due to replisome stalling at a
lesion (left), perturbed DNA replication at low dNTP pools (middle), and defects in
replisome components (right). In all situations, participation of PolC in DNA replication is
expected to induce accumulation of mutations.
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Polls when damage response dNTP concentrations were used instead of S-phase
concentrations (Figure 5.1, Table 5.1, Figure 5.3 (A, B)). These findings suggest that the
rise in ANTP levels in response to DNA damage or replication perturbations may be
primarily needed to facilitate other, non-mutagenic tolerance mechanisms. High dNTP
levels could improve the activity of replicative DNA polymerases, as well as the TLS
capacity of Poln, which, at least in the case of UV-induced lesions, would contribute to
mutation avoidance. Expanded dNTP pools could also potentially promote DNA repair
and high-fidelity template-switching mechanisms of damage tolerance, where synthesis
by replicative DNA polymerases might be required. Indeed, up-regulation of the RNR
activity has been shown to increase the rate of fork progression during normal replication
and under conditions of replication stress (Poli et al, 2012). Moreover, the rate of DNA
synthesis by Pold is not optimal at physiological dNTP concentrations and can be
substantially improved by increasing dNTP levels (Stodola & Burgers, 2016). Finally,
increased dNTP concentrations are also known to facilitate the bypass of certain lesions

by replicative DNA polymerases in vitro and in vivo (Lis et al, 2008, Sabouri et al, 2008).

Additional support for the role of ANTP pools expansion in facilitating the function
of replicative polymerases, but not PolC, upon DNA damage comes from the studies of
regulation of mutagenesis at high and low doses of UV irradiation. Previous studies of
UV sensitivity of yeast strains deficient in TLS revealed a differential involvement of TLS
polymerases in the bypass of UV lesions at low and high doses of irradiation. Pol¢-
deficient strains show higher sensitivity to low doses of UV light than Poln mutants, while
Poln-deficient strains are more sensitive to higher doses (greater than 30 J/m?;
(Abdulovic & Jinks-Robertson, 2006)). These data imply that the bypass of UV-induced
lesions at lower doses relies predominantly on Pol¢, while other polymerases become

important at higher doses. The lack of effect of HU treatment on UV-induced
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mutagenesis at the low UV dose and the clear inhibition of mutagenesis by HU at higher
UV doses (Figure 5.7, Figure 5.8 (A)) further proves that, unlike other DNA polymerases,
PolC does not require high dNTP levels for TLS in vivo. On the contrary, expanded dNTP
pools become vital for lesion bypass at higher doses of UV irradiation when other DNA
polymerases must be involved, such as Poln or replicative polymerases. The importance
of high dNTP concentrations for the damage tolerance at high doses of UV light has

been noted previously (Lis et al, 2008, Sabouri et al, 2008).

It appears possible that PolC evolved toward decreasing the dependence of its
DNA synthesis activity on the levels of intracellular dNTPs, providing cells with a rescue
tool when normal DNA replication is perturbed due to low dNTP supply (Figure 6.1). This
hypothesis is further reinforced by our earlier finding that treatment of wild-type yeast
strains with HU causes a Poll-dependent increase in mutagenesis (Northam et al,
2010). Interestingly, it has been reported that depletion of dNTP pools can contribute to
early stages of tumorigenesis by promoting replication stress and genome instability
(Bester et al, 2011, Gorrini et al, 2007, Niida et al, 2010). If human PolC is similarly
insensitive to decreases in ANTP levels, it is likely this genome instability results, at least
in part, from error-prone DNA synthesis by PolC recruited to the stalled replication forks

and accumulation of mutations in these regions (Figure 6.1).

6.2 Conclusions

The results presented in Chapter 3 of this dissertation demonstrate that the
bypass of a single plasmid-borne AP site is associated with error-prone synthesis
downstream of the lesion. The error-prone synthesis typically continues for
approximately 200 nucleotides after the lesion bypass is completed in our assay. The

mutation rate in this region exceeds the genome-wide mutation rate in yeast by
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approximately 300,000-fold and is similar to rate of errors produced by purified Polt
during copying of undamaged DNA in vitro (10 -10°) (Chapter 5 and (Zhong et al,
2006)). The genetic system described in Chapter 3 can be used as a tool to investigate
error-prone bypass of a single lesion and define the factors that modulate the length of

the TLS tracts.

The results presented in Chapter 4 of this dissertation demonstrate that the
mutagenic bypass of a UV-induced chromosomal lesion is also accompanied by the
untargeted mutagenesis downstream of the lesion site. In contrast to the AP site bypass,
the error-prone synthesis past the site-specific UV lesion we investigated spans
approximately 1000 nucleotides. This suggests an existence of a potential regulatory
mechanism that can determine the length of the TLS tracts. The results in Chapter 4
also provide arguments in support of the role of PolC in generating untargeted mutations:
1. Poll serves as an extender polymerase during the bypass of most lesions, including
the ones analyzed in this work; 2. No untargeted mutations were observed in the Polt-
deficient strain; 3. The mutation rate in the region downstream of the lesion (~10™ per
bp) is comparable to the rate of errors observed during Pol¢-dependent copying of
undamaged DNA in vitro. 4. The rate of mutations in this region remains unaffected in
Poln-deficient strain. In addition, results in both Chapter 3 and 4 demonstrate that MMR

is not efficient in the removal of replication errors in TLS tracts.

The results in Chapter 5 of this dissertation demonstrate that PolC activity, fidelity
and error specificity are not affected by increases in dNTP levels occurring during DNA
damage response. We demonstrated that PolZ, and PolCs are predominantly
promiscuous at G nucleotides at both S-phase and damage-response dNTP
concentrations. Polts showed reduced fidelity in comparison to Polt, and generated all

three X-dCTP mispairs (particularly, C-dCTP) and complex mutations at higher rates in
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comparison to PolC4. The results in Chapter 5 also demonstrate that the replication
mutant pol3-Y708A experiencing DRIM requires activation of checkpoint response and
expansion of dNTP pools for survival. However, the results argue against the importance
of high dNTP pools for PolZ-dependent mutagenesis in vivo. These findings support a
model where expansion of dNTP pools facilitates the function of replicative DNA
polymerases and HR-mediated post-replicative repair upon DNA damage or replication
stress. On the contrary, PolC appears to be uniquely capable of rescuing stalled

replication when dNTP supply is limited.

6.3 Future Directions

6.3.1 How are lesion bypass and the extent of error-prone

synthesis affected by replication timing?

Previous studies proposed that the damaged bases in the late-replicating regions
are more likely bypassed by a mutagenic TLS than the lesions in the early-replicating
regions (Lang & Murray, 2011). The support for this hypothesis comes from the following
observations. First, UV irradiation induces accumulation of single-stranded regions
behind the replication fork in TLS-deficient strains only in the late S phase (Lopes et al,
2006). Second, REV1 expression is cell cycle dependent with a maximum level in the
G2/M phase (Waters & Walker, 2006). Finally, late-replicating regions exhibit higher
rates of spontaneous mutagenesis in comparison to early-replicating regions.
Importantly, these variations in mutation rates are dependent on Rev1 (Lang & Murray,
2011). Curiously, in both genetic systems where we detected TLS-associated

hypermutated patches (Chapters 3 and 4), the lesions were located close to the



118

replication termination zone and presumably in the late replicating regions. Therefore, it
is not known whether the observed hypermutated patch is specific to the lesion bypass
in the late-replicating regions. To test this, we could place a lesion in the early replicating
template near a defined strong origin of replication. First, this will allow us to test whether
the mutagenic bypass of a site-specific lesion occurs with similar efficiencies in the early
and late-replicating regions. Second, we will be able to determine whether the mutagenic
bypass of a lesion in the early-replicating region also leads to an increase in the rate of
untargeted mutagenesis beyond the lesion site. If the length of the hypermutated patch
is shorter in the early-replicating regions, this will suggest that the extent of TLS tracts is

more tightly regulated in these regions and is dependent on replication timing.

6.3.2 How does the lesion position in the leading vs. lagging

strands affect the length of TLS tracts?

According to the gap-filling model of TLS, TLS polymerases are recruited to the
gaps formed between the lesion sites and re-priming of replication downstream of the
lesion. We hypothesize that the size of the gaps and, as a result, the extent of the error-
prone synthesis, might vary depending on the lesion location in the leading or lagging
strands. To test this hypothesis, we could place a site-specific lesion in the leading and
lagging strands and analyze the regions downstream of the lesion site in TLS products.
If we observe shorter stretches of error-prone synthesis in the lagging strand and longer
in the leading strand, this would suggest that the length of TLS tracts is controlled

differently on the leading and lagging strands.
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6.3.3 Does the efficiency of re-priming downstream of the lesion

regulate the extent of error-prone synthesis?

We proposed that re-priming of replication downstream of the lesion site might
physically limit the extent of PolC synthesis during lesion bypass. To test this hypothesis,
we could determine the length of TLS tracts in Pola mutants that show inefficient priming
of replication. Such inefficient priming is expected to increase the distance between the
lesion and the site of replication restart. If replication re-priming does regulate the size of
the hypermutated patch, we would expect to detect untargeted mutations at greater

distances from the lesion site than in the wild-type strain.

6.3.4 Can Pold correct PolC errors in TLS tracts?

We demonstrated that MMR is not efficient in removal of errors in TLS tracts.
However, the rate of mutagenesis observed downstream from the lesion site is ten-fold
lower than the fidelity of purified PolC observed in vitro. This suggests the existence of
another mechanism that is able to correct PolC errors in vivo. We propose that some of
the errors produced by PolC can be corrected by the exonucleolytic activity of replicative
DNA polymerase 6, when it replaces Polt to fill the gap after lesion bypass is completed.
To test this hypothesis, we could determine the rate of untargeted mutations
downstream from the lesion site in strains with exonuclease-deficient Pold. If Pold does
correct PolC errors, we would expect to see an increase in the rate of mutations in TLS

tracts.
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6.3.5 Do defects in non-catalytic components of replisome

inducing DRIM activate checkpoint response?

DRIM can be induced by various defects in the catalytic and accessory subunits
of yeast replicative DNA polymerases, replication factor Mcm10 and chromatin factors
(Aksenova et al, 2010, Becker et al, 2014, Garbacz et al, 2015, Kadyrova et al, 2013,
Kraszewska et al, 2012, Northam et al, 2006, Pavlov et al, 2001b, Shcherbakova et al,
1996, Stodola et al, 2016). The level of PolC-dependent mutagenesis greatly varies in
these mutants and, probably, reflects the severity of replication defect. Results in
Chapter 5 describe the importance of checkpoint activation and elevated dNTP pools for
survival of the po/3-Y708A mutant. However, it is not known whether defects in non-
catalytic replisome components and replication factors resulting in DRIM phenotype also
require checkpoint activation for cell survival. To study this, we could test the synthetic
lethality of mutations in genes encoding various components of the replisome, which are
known to induce DRIM, and Dun1 deficiency. Candidates for this analysis could be po/2-
100 mutant affecting binding of Pole to the GINS complex and mutant mcm10-1 allele
impairing the function of essential component of replisome Mcm10 (Becker et al, 2014,
Kraszewska et al, 2012). Given the fact that these mutations affect regulation of the
essential steps of replication initiation, it is tempting to speculate that these mutants
would also require checkpoint activation for resolving replication stress. On the contrary,
lack of a non-essential subunit of Pole, Dpb3, does not result in a slow growth phenotype
suggesting that Dpb3 deficiency causes only minor replication stress and does not
require checkpoint activation. Considering that 90% of mutagenesis in this strain is

dependent on Polt function (Northam et al, 2006), this study would provide further
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support for the hypothesis that PolC can function under conditions when DNA replication

checkpoint is not activated.

6.3.6 Does PolC play a role in rescuing stalled replication forks

due to insufficient dNTP supply in human cells?

Insufficient ANTP supply was proposed to contribute to replication stress and
genome instability required for overcoming the apoptosis/senescence barrier in the
human papillomavirus (HPV)-infected cells (Bester et al, 2011). Interestingly, such cells
proliferated normally, suggesting that there is a potential mechanism allowing them to
complete chromosomal replication even when dNTP pools are low. If human PolC is also
insensitive to decreases in dANTP levels, it is likely that it can, at least in part, release the
replication stress in the newly transformed HPV-infected cells. Importantly, error-prone
DNA synthesis by PolC recruited to the stalled replication forks can contribute to

mutagenesis in these cells and promote malignant transformation.

To test this hypothesis, we propose to determine how the expression of HPV
oncoproteins affects REV3L protein levels in the newly transformed cells with insufficient
dNTP levels. If REV3L levels are increased, this would indicate a requirement of PolC for
overcoming replication stress in these cells. This can be further proved by the
knockdown of the REV3L gene in the HPV-infected cells. If PolC is required for
proliferation of HPV-infected cells at early stages of malignant transformation, REV3L

knockdown would significantly reduce viability of the newly transformed cells.

Additionally, comparing HU-induced mutagenesis in human cells with or without
knockdown of the REV3L gene would allow us to test whether PolC contributes to

genome instability induced by low dNTP levels in human cells as well.
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Appendices

8.1 Appendix A: dNTP pools measurements in the wild-type and

pol3-Y708A strains
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Figure 8.1 Analysis of dNTP pools and cell cycle in a DNA replication mutant that
displays constitutively elevated PolZ-dependent mutagenesis.

(A) Intracellular dNTP levels normalized to total NTP in wild-type and po/3-Y708A
strains. Data are presented as mean = SD (n = 3 for wild-type strains and n = 4 for po/3-
Y708A mutants) with the numbers above the bars indicating fold increase compared to
wild type. (B) Fluorescence-activated cell sorter (FACS) analysis of asynchronous
logarithmically growing wild-type and pol3-Y708A cultures that were used for ANTP pool
measurements in (A). Intracellular dNTP levels in asynchronous logarithmically growing
yeast strains were measured in the laboratory of Andrei Chabes (Umea University,
Sweden) as previously described (Mertz et al, 2015). (Data are a courtesy of Dr. Andrei
Chabes laboratory (Umea University, Sweden)).
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8.2 Appendix B: dNTP pools measurements in the wild-type and

pol3-Y708A strains treated with 20 mM HU

Measurements of dNTP pools in the pol3-Y708A strain treated with 20 mM HU
revealed an approximately 25% reduction in dNTP concentrations (Figure 8.2 (A)). An
isogenic wild-type strain also showed decreased average dNTP levels in the first 30 min
of treatment with 20 mM HU (Figure 8.2 (A)), although at least some of it could be
attributed to the changing cell cycle distribution. Particularly, the proportion of G1 cells,
which have approximately two-fold lower dNTP pools (Chabes et al, 2003), varied
between the time points (Figure 8.2 (B)). In contrast, the cell cycle distribution in the
pol3-Y708A strain did not change significantly during the two hours in 20 mM HU (Figure
8.2 (B)), so the dNTP measurements shown in Figure 8.2 (A) reflect the actual decrease

in intracellular levels.
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Figure 8.2 Effect of HU treatment on the dNTP levels and cell cycle progression of
the wild-type and pol3-Y708A strains.

(A) Time course analysis of intracellular dNTP levels in wild-type and po/3-Y708A strains
treated with 20 mM HU. Time after the addition of HU is indicated on the X axis. The
dNTP levels are normalized to total NTPs. Data are presented as mean for two
independent measurements. Error bars represent the range of values. To measure
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dNTP pools in HU-treated cells, the overnight cultures were first diluted 10-fold and
grown in the presence of 20 mM HU for 30, 60, and 120 min. After indicated time points
cells were harvested and subjected to dNTP pools measurements according to the
previously described procedure (Mertz et al, 2015).

(B) FACS analysis of HU-treated cultures of wild-type and po/3-Y708A strains that were
used for dNTP pool measurements in B. Time after the addition of HU is indicated on the
left (Data are a courtesy of Dr. Andrei Chabes laboratory (Umea University, Sweden)).
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8.3 Appendix C: Complex mutations, multiple mutations and

large rearrangements induced by Pol{, and Pol{s in vitro.

Table 8.1 Complex mutations, multiple mutations and large rearrangements

induced by Pol{, and Pols in vitro.

Mutation type Sequence change

Location in lacZ

sequence

Poll,, S-phase dNTPs

Complex TC — CA 80 - 81
CCC - TC -45 —-43
GTG - TTT 82 -84
TCG — TTCA 139 — 141
TGGCC — GGC (2X) 61-65
TAATAG — CAATAA 152 — 157
GTTTTAC — TTTTTA 69 -75
CCCTTCCCA — TCCTTCCCT 179 — 187
ATTACGAATTCACTG — CGAATTCAC 48 — 62
ATTACGAATTCACTGGCC — CGAATTCACGC 48 — 65

Multiple A-GT->G 91; 103
CoAT—>A 134; 147
G —>T; AG 102; 123
G- C;AG 148; 169
A-GT—->G 48; 70
G-T,C—=A 53; 81
G-T, T—>C -68; -36
C—-AG—>C 81; 118
T A +T 98; 139
AC; AC 143; 189
C—oAG->T 37; 88
G-o-T,A-G 102; 153
T—-C;AG 104; 159
CoAA-ST -55; 1
T-AT—>C 67; 138
CoT.,G->T 58; 148
CoAT—>A -16; 87
T->C, T—A -58; 49
T-oAC->T -50; 58
T->AT—>C -2; 121
G-oAAST -66; 59
G-oAA—-C 9; 171
G-oT,G->T -68; 102
G- T;+T -38; 139
G—-CG-—>T -84; 102
T—-C,G—-C -22; 169
T— A; GTAA - GTTTT -54; 151 —154




146

G->T,G->C -84; 148
GA->TG, G—->T -66 — -67; 149
T—->A G- C;AG -67; 100; 126

Poll,, damage-response dNTPs

Complex GTG - TTTG -6--4
GTG > TTT 82 -84
TGC — CC 122 - 124
CGCAC - T 168 — 172
TGGCC — GGC (2X) 61 -65
AGCTGC — TGCGCA 190 — 195
CGTCGTG — GTCGTT 78 — 84
TCCCCCTTT — ACCCCCTTTT (4X) 131 -139

Multiple G—->AT—>C 99; 112
A->GG->T 130; 145
G—->CA->C 99; 130
G->T,G—>T 53; 84
G->T,G—>A 118; 157
T->CG->T -36; 11
G->CC-oT 118; 180
G->T,G—>A -1; 66
G—->T,A-C 123; 190
G->T,A-C -66; 28
CoAA->T -55; 39
G->T,A->G 88; 188
T->CG->T -21; 84
G—T,AG 12; 123
T->AG—-C 56; 141
G->T,G6->C 53; 169
A—T,;AA -26; 94
T->GT—->C -63; 61
G-C;G-—-C -68; 79
G-oAG-HT -68; 84
G- A +T -77; 139
G- A +T -84; 139
AG; G- C -47; 178

Polls, S-phase dNTPs

Complex TA - G -50 — -49
GC —T -38 —-37
TA —- AGC 38 -39
TA — AG 38 -39
GG - TC 89-90
GC - AT 145 - 146
ATG - TTT -11--9
GTG - CTT 82-84
GCG —» TCC 100 - 102
CTG — ATT 146 — 148
GCA — CCC 169 — 171
TGCA - G 122 - 125
GCTG — CCTA 145 - 148
AATAG — AT 153 - 157




GTAATAG - T 151 - 157
TTAATGT — ATAAAGA -73 —-67
AAGAGGCCC — GGGGGCC 160 — 168

Multiple C—-G;AC 146; 158
AT;C - A 113; 129
AA;C — A -45; -23
AA;C — A 94: 146
T-C,G->T -58; 7
C - T; CCCCC — TCCCT 68; 132 — 136
AG,G-T,G—-T -38; 41; 53
C—-GT—-GG->T -55; 3; 47
G- T, AT 12; 122
AC A>T, T—>C 10; 31; 121
G-T,G-T;G->C 63; 149; 178
C—)A;C—>G -59;60
del(90); T—-C;G— A -167 —-77; -34; 84
T—-C,G—>A -10; 191

Large TGTGTGGAATTGTGAGCGGATAACAATTTCAC -7 -25

rearrangeme — CGT

nts

Pol{s;, damage-response dNTPs

Complex TA - CT 38 -39
TG - CT 87 — 88
GG > TC 88 — 89
GC - CT 149 — 150
GG —->CT 148 — 149
CCC —- GCCT 134 - 136
TCG — CA 176 — 178
GCAC - TC -47 — -44
CGTG —- TGTA 81 -84
AAAA — GAAC 91-94
TTA —- GTC 103 - 105
ATGTT - TAGTTT -11--7
TCGTG — GTGTA 80 -84
TCGTG —» GGGGGG 80 -84
CGCAC — GGCA 168 — 172
CCGTCG — ACGTCC 64 — 69
GCACCG — CCAcCCT 169 — 174
TCCCAA — AT 183 - 188
ATCCCCC — TTCCCCT 130 - 136
AGAGGC — GGAGGGGG 161 — 167
GTGTGGAAT — TTTGAAAG -6-3
TCCCCCTTT — CCCCCCTTTTAT 131 -140
AGCACATCCCCC — TCC 125 -136
ACCCTGGCGTTA — CCCCTGGCGTTC 94 — 105
ATTACGAATTCACTGG — CGAATTCACTG 48 — 63

Multiple CCCAGGCTTTACAC - A;C—>T -43 - -30; -20
G-T;,C—>G 89; 101
TG — AA; AG -69 — -68; 47
C—)T;A—>T -14;24




+T;C—> G

G-AA-G

A— T; AC

G-T,A->T

A—-T,C—oA

C-T,G->T;G—-C

G->T,A-G

A — C; TCCCCC — TTCCCCT

T— G; GCG — CCT

G->T,C—oA

T—> A; +T

GTCGTTTTACAACG — TTTTTTAA; TCCCCC —
TTCCCCT

G—-CA-G

C—oAC—-G

A — C; GGC — AGG

G — T; AACAATTT — GACAATTTT;
CGTTTTACAACG — TGTTTTACAACA

139; 177
149; 188
128; 168

88; 130

24; 68

134; 151; 178
84; 130
94;131-136
104; 149 — 151
84; 136

80; 139

66 — 76; 131 - 136

79; 161
65; 146
85; 164 — 166

-4;15 -23; 68 — 79

G-CG—-C,G—-T -9; 11; 88
G-T;,G->C -18; 88
C—-GC—->G 10; 142
G-T,G>T -47; 88
CoAA->T 10; 160
C—oT;+T -30; 139
+T; GGCGTTA —» TTCGGTC -71;99 — 105
G-oAAMG>T -24; 94; 157
T-AC—>T -2; 189
T-C,G-T,G—>A -36; 149; 164
A-T,C—>T -74; 136
Large GTTACCCAACTTAATCGCCTTGCAGCACATCCC 102-140
rearrangeme CCTTTC —» TTTTA
nts
GTTGTGTGGAATTGTGAGCGGATAACAATTTCA -9-31
CACAGGA —» AC
CGTATGTTGTGTGGAATTGTGAGCGGATAACA -14 - 31
ATTTCACACAGG — TGTATT
GACAGGTTTCCCGACTGGAAAGCGGGCAGTG  -150—--52
AGCGCAACGCAATTAATGTGAGTTAGCTCACT
CA—-TTTTTTT
CAGCTGGCACGACAGGTTTCCCGACTGGAAAG -127 —-66
CGGGCAGTGAGCGCAACGCAATTAATGTG —
ATTAGTA
CTTCCGGCTCGTATGTTGTGTGGAATTGTGAG -23-43
CGGATAACAATTTCACACAGGAAACAGCTATGA
C - AA
GTTGTGTGGAATTGTGAGCGGATAACAATTTCA -9-27;59
CAC— A; A—C
TGTTGTGTGGAATTGTGAGCGGATAACAATTTC -10-30
ACACAGG — AG
GACTGGAAAGCGGGCAGTGAGCGCAACGCAA -105--24

TTAATGTGAGTTAGCTCACTCATTAGGCACCCC




149

AGGCTTTACACTTTATG —» TTTT

CTCGTATGTTGTGTGGAATTGTGAGCGGATAA -16-73
CAATTTCACACAGGAAACAGCTATGACCATGAT
TACGAATTCACTGGCCGTCGTTTT —
TCTGGTTCGCTTTGAAGCTCGAATTAAAACGCG
ATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTT

Sequence changes are listed in the order of increasing distance between two nucleotide
changes. Mutations with the distance between them of ten nucleotides or fewer were
considered complex mutations and counted as a single event. All other detectable
nucleotide changes were included into calculation of error-rates for individual mutation
types in Table 5.1. A, deletion; +, insertion.
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