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ABSTRACT OF THE DISSERTATION
Investigations into the Cytotoxic and Mutagenic Effects of DNA Adducts and
Endogenous DNA Structures on DNA Replication
by
Nisana Marie Andersen
Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2013
Dr. Yinsheng Wang, Chairperson

Byproducts of normal cellular processes and environmental toxicants are
capable of interacting with cellular DNA, producing a variety of chemical modifications.
In addition, when duplex DNA becomes single-stranded, certain DNA sequences are
capable of adopting non-B structures potentially causing genomic instability. To avoid
activation of cellular checkpoints due to stalled replication forks, cells are equipped with
translesion synthesis (TLS) polymerases capable of bypassing DNA lesions arising from
these endogenous and exogenous sources. TLS polymerases are able to carry out lesion
bypass because they lack the proofreading activity of replicative polymerases and possess
larger active sites. In some cases lesion bypass carried out by these polymerases is
accurate and efficient, while in other cases, TLS introduces mutations into the genome.
Investigations into the cytotoxic and mutagenic effects DNA lesions and non-B structures
have on DNA replication are needed to understand their role in cancer, aging and disease.
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In these studies, comprehensive experiments were conducted to examine the
effect regioisomeric alkylated thymidine lesions have on DNA replication; specifically
the role TLS polymerases play in processing these lesions. Produced as a result from
exposure to tobacco smoke, alkylated thymidines were shown to be poorly repaired in
cells and thus, likely to contribute the mutations detected in lung cancer patients. Using
novel LC-MS/MS methods, alkylated thymidines were shown to be both blocking and
highly mutagenic to most DNA polymerases in vitro, primarily introducing T→C and
T→A mutations. On the other hand, endogenously produced N2-alkyl-2'-deoxyguanosine
lesions were shown to be accurately and efficiently bypassed through the combination of
two TLS polymerases; pol or pol  inserts the correct dCMP opposite the lesion, and
pol  extends past the lesion. In addition, cells deficient in pol  and pol  showed
elevated levels of G→A and G→T mutations, which were attributed to TLS carried out
by pol .
Taking advantage of the competitive replication and adduct bypass (CRAB)
assay, we also investigated the effect non-B, G-quadruplex (G4) structures have on DNA
replication. The experiments revealed that two G4 sequences located in the promoter
regions of the oncogene c-Kit and the proto-oncogene c-Myb were capable of blocking
DNA replication. Additionally, E. coli TLS pols II and IV, along with E. coli DNA
helicase RecD, were shown to be involved in resolving the c-Kit-G4 sequence.
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Chapter 1: Introduction

Overview of DNA damage
Cellular DNA is susceptible to damage from a variety of exogenous and
endogenous agents.1 Examples of exogenous sources of DNA damage include, UV
irradiation,2, 3  radiation,4 natural toxins,5 and organic and inorganic environmental
toxicants.6 Reactive oxygen species (ROS) generated endogenously as byproducts of
normal cellular metabolism and spontaneous hydrolysis of DNA bases can also lead to
DNA damage.7, 8 These exogenous and endogenous damaging agents can lead to a variety
of lesions including alkylation and oxidation of nucleobases, intra- and inter-strand
crosslinks, deamination, depurination and depyrimidination, as well as DNA strand
breaks.7, 8 With an estimated one million DNA bases damaged per cell per day, it is
important to characterize how those damaged bases affect DNA replication.

Formation of Alkylated DNA from Tobacco Smoke
One important source of DNA damage is the consumption of tobacco products. It
is estimated that over 50% of males and 10% of females smoke cigarettes worldwide.9 In
addition, one in five deaths in the United States can be attributed to smoking; smokinginduced human diseases range from lung cancer, coronary heart disease, chronic
obstructive pulmonary disease and other airway obstructions.10 Lung cancer, and heart
and pulmonary disease progressively develop from damage by chemicals to DNA in
cells. Tobacco smoke contains over 4000 chemicals, with approximately 40 identified as
1

carcinogenic to humans and animals.11-13 These carcinogenic chemicals include
acetaldehyde, which is capable of directly interacting with DNA bases, while others such
as tobacco-specific nitrosamines require metabolic activation before they are able to exert
their toxicity.
Metabolic activation of tobacco-specific nitrosamines can lead to a variety of
alkylated DNA bases. 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone) (NNK) and N’nitrosonornicotine (NNN) are major tobacco-specific nitrosamines, and they are
considered carcinogenic to animals and humans.11 In particular, NNK is capable of
producing both small and large alkylated DNA adducts. Small, methylated DNA adducts
include O6-methyl-2'-deoxyguanosine (O6-MdG), O4-methylthymidine (O4-MdT) and
N7-methyl-2'-guanine (N7-MG); however, other methylation products including O2methylthymidine (O2-MdT) and O2-methylcytosine (O2-MC) are also formed.14-16
Larger, pyridyloxobutyl (POB) and pyridylhydroxybutyl (PHB) derivatives on the O2
position of cytosine and thymine bases as well as the N7 and O6 positions of guanine are
also produced.17-20 On the other hand, metabolism of NNN leads to the formation of alkyl
products at the N2 position of dG.21 Scheme 1.1 shows the DNA adducts produced from
the metabolism of NNK and NNN.
In addition to the formation of methylated, pyridyloxobutylated and
pyridylhydroxybutylated DNA lesions, tobacco smoke contains a direct-acting ethylating
agent that has yet to be identified, capable of transferring an ethyl group to DNA bases.22
In vitro exposure to cigarette smoke resulted in a dose-dependent increase in the level of
N7-ethylguanine (N7-EtG). In the same vein, the levels of N3-ethyladenine (N3-EtA) 6, 23
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Scheme 1.1. Metabolic activation of NNK and the formation of DNA adducts
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and N7-EtG in urine,24 O4-ethylthymidine (O4-EtdT) in lung tissue,25 N7-EtG in human
leukocyte DNA,26 and O2-, N3- and O4-ethylthymidine (O2-EtdT, N3-EtdT, and O4-EtdT)
in human leukocyte DNA27 were significantly higher in smokers than non-smokers. The
structures of the ethylated DNA lesions in human leukocytes discussed above are
sumarized in Figure 1.1.
Understanding the mechanisms by which tobacco smoke induces cancer is of
utmost importance. From the aforementioned studies it is clear that DNA adduct
formation can be linked to tobacco smoke exposure. If the resulting DNA adduct is not
rapidly repaired, depending upon the nature of the adduct, it can lead to mutations, or
other adverse cellular events. Of particular interest are alkylated thymidines, whose
biological properties have not been well studied. In NNK-treated A/J mice and rats, the
highly mutagentic O6-POB-dG adduct was present at very low levels, whereas the O2POB-dT adduct was amongst the most persistent.28-30 In addition, Chinese hamster ovary
(CHO) cells treated with 4-(acetoxymethylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNKOAc) primarily produced point mutations at A:T base pairs, suggesting a
mutagenic potential of alkylated thymidine lesions.31 Together, these studies underscore a
potential mutagenic role for alkylated thymidines.
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Figure 1.1. Common ethylated DNA adducts detected at elevated levels in smokers
compared to nonsmokers.
NH2
N
N

O

H3C

N

N

N

NH

N

N

NH2

H3C

N3-ethyladenine

CH3

O
H3C

HO

O
H3C

N
N

N7-ethylguanine

O

O

OH

O4-ethylthymidine

HO

O
N

N

H3C

CH3
O

O

OH

HO

N
N

O

O

OH

N3-ethylthymidine

5

O2-ethylthymidine
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Formation of Alkylated DNA from Endogenous Lipid Peroxidation and Glucose
Metabolism
Unlike DNA adducts produced as a result from exposure to tobacco smoke,
endogenous exposure to reactive species resulting from normal cellular processes is
unavoidable. The oxidation of lipids, unsaturated fatty acids and carbohydrates results in
the production of glyoxal and methylglyoxal as byproducts.32-35 Methylglyoxal can also
be generated from the degradation of glucose and is present at higher levels in the
plasma, aortic cells, and urine of diabetic patients.36-39 Both glyoxal and methylglyoxal
are capable of interacting with DNA, causing damage.
Under physiological conditions, N2-(1-carboxyethyl)-2'-deoxyguanosine (N2CEdG) was the major stable DNA adduct formed when calf thymus DNA was exposed to
methylglyoxal.40 In addition, N2-CEdG was detected in untreated human cells, and a
dose-dependent increase in the lesion was observed for cells exposed to both glucose or
methylglyoxal.41 Aside from the detection of this lesion in human cells, in in vitro and in
vivo studies of bacterial translesion synthesis (TLS) polymerases, E. coli pol IV, a DinB
DNA polymerase was able to bypass N2-CEdG in an error-free fashion.41 Together, these
studies support the role of N2-CEdG as an endogenously produced DNA lesion which can
be accurately and efficiently bypassed by DinB DNA polymerase, a DNA polymerase
conserved in all three kingdoms of life. The conservation of the DinB polymerases
suggests that certain DNA polymerases may have evolved to bypass specific DNA
lesions encountered throughout the lifetime of the organism.
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Formation of Non-B Structured DNA
In addition to damaged DNA bases which have been covalently modified, the
DNA strand itself is capable of forming unusual secondary structures that can disrupt
cellular functions. Under certain conditions, such as replication and transcription,
specific single-stranded DNA sequences can adopt non-duplex (non-B) structures,
including triplexes, cruciforms, slipped structures, Z-DNA and G-quadruplexes (G4).42
These non-B DNA conformations have been implicated in genetic disorders and
psychiatric diseases.43, 44 G4 structures are particularly interesting due to their unique
physical properties and, as revealed by computational studies, G4 sequences are
ubiquitous in the genomes of both prokaryotes and eukaryotes.45-47
Single-stranded guanine-rich DNA and RNA sequences have been shown to fold
into G4 structures,48-51 consisting of two or more stacked guanine tetrads, i.e., four
guanine bases, stabilized through Hoogsteen hydrogen-bonding and electrostatic
interactions with monovalent cations (Figure 1.2). It is notable that G4 structures have
melting temperatures that are 20-30°C higher than to the melting temperatures of the
corresponding duplex DNA.51-53 These potential G4 sequences are conserved in related
species47, 54, 55 and are not randomly located throughout genomes, but instead are
concentrated in the telomeres of eukaryotes, in micro- and minisatellite regions, in the
promoter regions of genes, within ribosomal DNA, near transcription factor binding sites
and at mitotic and meiotic double-strand break sites.46, 47, 54-56 This non-random
concentration of potential G4 structures in the genome suggests likely roles for these noncanonical structures in DNA replication, gene regulation and chromosome stability.
7

Figure 1.2. Structure of G-tetrad stabilized through Hoogsteen hydrogen bonding and
electrostatic interactions with the monovalent cation (A) and intramolecular parallel and
anti-parallel G-quadruplex structures (B).
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Translesion Synthesis DNA Polymerases
To cope with DNA damage, cells are equipped with a variety of cellular
mechanisms capable of sensing, removing, repairing and tolerating DNA damage. Due to
their small active sites, most replicative DNA polymerases are unable to accommodate
DNA lesions or resolve aberrant DNA structures on their own,57, 58 resulting in stalled
replication forks. As can be seen in Scheme 1.2, cells utilize specialized DNA
polymerases called translesion synthesis (TLS) DNA polymerases as a mechanism to
tolerate blocked DNA synthesis. Sensing a stalled replication fork, a TLS polymerase(s)
(i.e., pol  in Scheme 1.2) is recruited to the primer terminus and switches out with the
replicative polymerase (i.e. - pol  in Scheme 1.2). The TLS polymerase then resumes
replication, bypassing the DNA damage and inserting a nucleotide opposite the DNA
damage; this bypass can occur in an error-free or error-prone fashion. Following insertion
opposite the damage, the primer terminus is extended. Extension past the lesion is
completed by the same TLS polymerase, or depending upon the DNA damage, a second
TLS polymerase (i.e., pol  in Scheme 1.2) may switch in and complete the extension.59
Following synthesis of a short segment of DNA, the TLS polymerase then dissociates
from the primer terminus and the replicative polymerase (i.e., pol  in Scheme 1.2)
resumes DNA synthesis. In this way, cells are able to tolerate DNA damage, escaping
cellular checkpoints which may be activated following a stalled/collapsed replication
fork.57, 58
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Scheme 1.2. A polymerase switching model for translesion DNA synthesis.
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Compared to their replicative counterparts, TLS polymerases are less processive and
more error-prone when replicating undamaged DNA. This is due to the extra little finger
domain that TLS polymerases possess.60 This little finger domain results in a larger active
site, which can accommodate bulkier DNA lesions and allow for the insertion of
nucleotides opposite damaged bases.57, 58, 61 In addition, TLS polymerases lack the
proofreading 3'5' exonuclease activity which is capable of removing mispaired
nucleotides from the primer terminus.57, 58, 61, 62
Many of these TLS polymerases are conserved throughout all kingdoms of life
and have, in some cases, been shown to efficiently and accurately bypass specific DNA
lesions. For example, pol  is able to efficiently incorporate the correct nucleotide
opposite UV induced cis-syn cyclobutane pyrimidine dimers.63-66 The importance of pol
 is highlighted by the genetic disease, the variant form of xeroderma pigmentosum.
Individuals suffering from this disease carry an inactive form of pol  and are predisposed to sunlight-induced skin cancer.63, 67 Other TLS polymerases, such as
Escherichia coli (E. coli) pol IV and its human homologue pol , have been shown to
accurately and efficiently bypass minor-groove N2-alkyl guanine lesions both in vitro and
in vivo.41, 68, 69

Steady-state Kinetic Assays
DNA polymerases, and in particular TLS DNA polymerases, have the potential to
be highly mutagenic when processing damaged DNA bases. To study the potential
mutagenicity of DNA polymerases, steady-state kinetic assays have been developed to
11

measure polymerase fidelity and efficiency to incorporate nucleotides.70-72 In these
assays, a DNA polymerase along with individual nucleotides are added to separate
reaction mixtures containing a radiolabeled primer annealed to a complementary template
containing a site-specifically incorporated damaged DNA base. Following termination of
the reaction and separation of the products by polyacrylamide gel electrophoresis
(PAGE), the rate of insertion for each nucleotide can be determined and the kinetic
parameters of the DNA polymerase calculated.70-72 While useful information about the
activity of the DNA polymerase is obtained, steady-state kinetic assays have several
drawbacks. In order to determine the fidelity and efficiency of a DNA polymerase,
individual nucleotides are added to the reaction mixture, whereas in vivo all four
nucleotides are available to the DNA polymerase. Unlike under cellular conditions, this
results in no competition between the nucleotides during insertion. Another drawback to
the steady-state kinetic assay is its inability to assess whether bypass of a damaged DNA
base would result in an insertion or deletion during DNA synthesis. For exceptionally
bulky nucleobase lesions, the likelihood of an insertion or deletion becomes much higher.
Therefore other in vitro and in vivo analytical techniques are used to study the effect that
damaged DNA bases have on replication.

Primer Extension Assays
Primer extension assays are typically performed to assess the relative activity that
DNA polymerases have when replicating undamaged and damaged DNA templates.
Unlike steady-state kinetic assays, in these experiments, all four nucleotides plus the
12

DNA polymerase are incubated with the radio-labeled primer annealed to the template
DNA. Conventionally, the replication products are separated by PAGE, but products are
separated based only upon size, and while the images generated by PAGE analysis are
easy to interpret and quantify, determining sequence information can be challenging. The
development of soft ionization techniques such as electrospray ionization (ESI), which
couples liquid chromatography and mass spectrometry, allows for the facile sequence
determination of replication products generated during primer extension reactions.
Several studies investigating the effect that DNA damage has on replication have been
conducted using this technique.73-76
During ESI, multiply charged ions are generated.77 For DNA sequences longer
than twenty bases, resolving and determining the sequence composition of
oligodeoxynucleotides (ODNs) become very challenging. For primer extension reactions,
however, the primer/template complex must be sufficiently long for the DNA polymerase
to have enough points of contact to interact with the duplex DNA.
Initially, groups developing primer extension LC-MS/MS assays incorporated a
uracil base in the primer located several bases from the 3' end of the primer, and
following completion of the replication reaction, the mixture is treated with uracil DNA
glycosylase (UDG) which creates an abasic site. This abasic site is then cleaved by
treating the reaction mixture with piperidine at 95°C.73-76 In this way, the extension
products produced during the replication reaction are shortened to smaller ODN
sequences that are effectively analyzed by LCMS. The reaction conditions necessary to
remove the uracil base and cleave the abasic site are very harsh, however, and may cause
13

decomposition of the lesion in the damaged template, introducing uncertainty whether the
replication products were synthesized from a damaged or undamaged template. One
possible alternative to the uracil/piperidine approach is to take advantage of the DNA
clipping activity restriction enzymes. These enzymes are capable of recognizing and
excising specific DNA sequences under similar reaction conditions as those for the
replication reactions. Therefore, by engineering a restriction site into the primer/template,
following termination of the replication reaction, the resulting mixture can be treated with
a restriction enzyme to generate short ODN fragments amenable to analysis via LCMS/MS.

Competitive Replication and Adduct Bypass Assay
While steady-state and primer extension assays offer insights into the role that
individual polymerases play when replicating past damaged DNA bases, these assays are
performed in vitro with purified DNA polymerases. In vivo cellular replication involves
the coordinated action of protein complexes. In particular, DNA polymerases synthesize
new strands of DNA by working in concert with a host of accessory proteins. To more
accurately study the effect damaged nucleobases have on DNA replication, in vivo
replication assays are capable assessing the true effect damaged nucleobases may exert
on DNA replication. Delaney and Essigmann78 have developed a competitive replication
and adduct bypass (CRAB) assay to interrogate the effect that a site-specifically inserted
DNA lesion has on DNA replication. This CRAB assay takes advantage of a selfreplicating single-stranded bacteriophage which can be transformed into E. coli host
14

cells. Single-stranded stranded genomes containing the site-specifically incorporated
DNA damaged along with control and competitor genomes are constructed via enzymatic
ligation.78 Following transformation into E. coli cells, the ratio of genomes arising from
replication of the damage-containing and control genomes can be normalized to that of
the competitor genome. This allows for the determination of bypass efficiency of
replication machinery with respect to the incorporated DNA damage. If a lesion is
particularly blocking to replicative polymerases, by transforming cells into TLS
polymerase-deficient E. coli cells, the polymerase involved in bypassing the lesion can be
determined. One important aspect of the CRAB assay is that ssDNA is generally not
subject to DNA repair and thus the progeny genomes are the result of replication opposite
the inserted DNA damage.79
To date, these methods have primarily been used to investigate damaged
nucleobases, however these same methods can be applied to non-B DNA structures
present in cells. In this regard, the effect that uniquely structured DNA, i.e. G4 structure,
has on DNA replication can also be investigated.

Scope of this dissertation
In the second two chapters of this dissertation, the effect alkylated thymidines
have on DNA replication is investigated. In Chapter 2, two lesions, O2- and O4methylthymidine (O2-MdT and O4-MdT) are studied, while in Chapter 3 a systematic
study of the effects that O2-EtdT, N3-EtdT, and O4-EtdT have on DNA replication is
explored. The role that eukaryotic TLS polymerases play in processing endogenously
15

produced N2-CEdG DNA lesions is presented in Chapter 4. Finally, in Chapter 5, the
effect of two G4 sequences, one derived from the c-Myb proto-oncogene and the other
from the c-Kit oncogene, have on DNA replication is explored.
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Chapter 2: In-vitro Replication Studies on O2-Methylthymidine
and O4-Methylthymidine

Introduction
Low levels of N-nitroso compounds (NOCs) are present in a variety of sources
including air, beer, food, water, chewing tobacco and tobacco smoke. Many of these
NOCs are known carcinogens in both humans and laboratory animals and, after
metabolic activation, they can result in DNA alkylation.1 Alkylation at nitrogen atoms on
nucleobases has been shown to induce transversions, frameshift mutations, and small
deletions.2 Alkylation at oxygen atoms, albeit occurring to a lesser extent than Nalkylation,3, 4 primarily produces point mutations and is linked with the carcinogenic and
mutagenic properties of many alkylating agents.5 For larger alkylating agents, the
reactivity of oxygen atoms in nucleobases differs, with the O6 position of guanine being
the most reactive, followed by the O2 and O4 positions of thymine, and then the O2
position of cytosine.3, 6
Different O-alkylated DNA lesions can be repaired with varying efficiencies. For
instance, O6-alkylguanine lesions are readily repaired, whereas the O-alkylpyrimidines
are removed at much lower rates. In this vein, Escherichia coli O6-methylguanine-DNA
methyltransferase (Ada) and mammalian O6-methylguanine-DNA methyltransferase
(MGMT) repair O6-MdG 105 and ~103 times faster than O4-methylthymidine (O4-MdT),
respectively.7-10 Various alkylated purine and pyrimidine bases, including O2- and O4alkylthymines, have been found in tissues of rats treated with N,N-dimethylnitrosamine
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(DMN) or N-ethyl-N-nitrosourea (ENU).11 Interestingly the amount of O4-ethylthymine
in tissues was lower than that of O2-ethylthymine, suggesting that the latter might be
more resistant to repair.11 The poor repair of O-alkylthymidines may render these lesions
highly persistent in the genome, thereby interfering with the cellular replication
machinery.
To cope with unrepaired DNA lesions which stall DNA replication, cells are
equipped with a number of translesion synthesis (TLS) DNA polymerases capable of
replicating past damaged nucleobases.12, 13 These specialized polymerases have lower
fidelity and processivity than replicative DNA polymerases, largely owing to their more
spacious active sites and lack of proofreading 3’5’ exonuclease activities.14 However,
in some instances DNA synthesis mediated by TLS polymerases is both accurate and
efficient. For example, the DinB DNA polymerase (i.e., pol  in mammalian cells and
pol IV in Escherichia coli), a Y-family polymerase conserved in all three kingdoms of
life, is capable of bypassing accurately and efficiently some minor-groove N2-substituted
dG derivatives in vitro and in cells.15-18 Polymerase , another Y-family DNA
polymerase, incorporates, with high efficiency, the correct nucleotide opposite the cis-syn
cyclobutane pyrimidine dimers induced by UV light,19-21 The importance of TLS DNA
polymerases is manifested by the fact that mutational inactivation of pol  in humans
leads to the variant form of xeroderma pigmentosum,22, 23 a genetic disease characterized
by an elevated predisposition for sunlight-induced skin cancers.24
In addition to their poor repair, several studies have shown that O4- and O2alkylthymidine are both blocking and miscoding during DNA replication in vitro and in
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vivo. O4-alkylthymidines have been shown to primarily induce TC mutations.2, 6, 10, 2529

The minor-groove lesion, O2-ethylthymidine was found to be highly blocking to the

exonuclease-free Klenow fragment of E. coli DNA polymerase I (Kf─) and the lesion
directs the polymerase to incorporate both dA and dT.30 In addition, O2-methylthymidine
(O2-MdT) and O2-[4-(3-pyridyl)-4-oxobut-1-yl]thymidine (O2-POB-dT) are strongly
blocking to replication mediated by Kf─ and Dpo4 in vitro and the replication machinery
of E. coli cells.31-34 Moreover, both lesions exhibit strong miscoding potential in these
experimental systems. 31, 32
Herein we investigated how O2-MdT and O4-MdT perturb DNA replication by
three purified polymerases in vitro (Methylated thymidine structures shown in Figure
2.1). These included the Kf– and two Y-family polymerases, Saccharomyces cerevisiae
DNA polymerase  (pol ) and human DNA polymerase . We chose these polymerases
because Kf– is a widely used model DNA polymerase for examining how DNA lesions
perturb DNA replication, pol  is capable of bypassing another major-groove O-alkyl
product, O6-methylguanine,35 and pol  can accurately and efficiently bypass a number of
minor-groove N2-dG lesions.15, 17, 18
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Figure 2.1. Structure of O-methylated thymidines used in this study.
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Materials and Methods
Materials
All enzymes and chemicals unless otherwise specified were purchased from New
England Biolabs (Ipswich, MA) or Sigma-Aldrich (St. Louis, MO). Unmodified
oligodeoxyribonucleotides (ODNs) used in this study were purchased from Integrated
DNA Technologies (Coralville, IA). [-32P]ATP was obtained from Perkin Elmer
(Piscataway, NJ). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was purchased from TCI
America (Portland, OR). The phosphoramidite building block of O4-MdT, conventional
phosphoramidites of unmodified nucleosides, and other reagents for solid-phase DNA
synthesis were obtained from Glen Research (Sterling, VA). Kf– and human DNA
polymerase  were from New England Biolabs (Ipswich, MA) and Enzymax (Lexington,
KY), respectively. Saccharomyces cerevisiae DNA polymerase  was expressed and
purified following previously published procedures.36, 37
Preparation of Lesion-containing Substrates
The O2-MdT phosphoramidite building block was synthesized following
previously published procedures.38 ODNs containing a site-specifically incorporated O2MdT or O4-MdT [17mer, d(CCATGGCAXGAGAATTC), X = O2-MdT or O4-MdT]
were synthesized on a Beckman Oligo 1000S DNA Synthesizer (Fullerton, CA). The
ODNs were cleaved from the controlled pore glass (CPG) support, deprotected by
treatment with 10% 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in methanol in the dark at
23°C for five days and purified by 20% denaturing polyacrylamide gel electrophoresis
(PAGE). The structures of the ODNs were confirmed by electrospray ionization-mass
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spectrometry (ESI-MS) and tandem MS (MS/MS) analyses (Figure A.1). The 28mer
substrates, d(CCATGGCAXGAGAATTCTATGGTCCTAG) (‘X’ = dT, O2-MdT or O4MdT) were obtained by ligating the above-described 17-mer ODNs with a 5’phosphorylated d(TATGGTCCTAG) in the presence of a template ODN following
previously published procedures.39 The desired lesion-containing 28mer ODNs were
purified using PAGE and desalted by ethanol precipitation. The purity of the product
was further confirmed by PAGE analysis.
Steady-state Kinetic Measurements – Nucleotide Insertion
In-vitro replication experiments were performed following previously described
procedures.40, 41 Briefly, the 28mer template,
d(CCATGGCAXGAGAATTCTATGGTCCTAG) (‘X’ = dT, O2-MdT or O4-MdT, 20
nM), was annealed with a 5’-32P-labeled 20-mer primer,
d(GCTAGGACCATAGAATTCTC) (10 nM) for steady-state kinetic measurements of
nucleotide insertion opposite the lesions and unmodified dT. For Kf–, the reactions were
carried out in a buffer containing 50 mM Tris-HCl (pH 7.5), 20 mM MgCl2, 2 mM
EDTA, 1.6 mM -mercaptoethanol, and 5 g/mL BSA. For pol  and pol , the
reactions were conducted in a buffer containing 10 mM Tris-HCl (pH 7.5), 5 mM MgCl2,
and 7.5 mM DTT.
For steady-state kinetic measurements monitoring the nucleotide insertion
opposite the lesion, the primer-template complex was incubated with Kf– (0.7-7 nM),
human pol  (1-5 nM) or yeast pol  (7.5 nM) in the presence of an individual dNTP at
varying concentrations. The reaction was continued at 23°C (pol ) or 37°C (Kf– and pol
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) for 10 min in the same reaction buffers as described above, and terminated by adding a
2-volume excess of formamide gel-loading buffer. The buffer contained 80%
formamide, 10 mM EDTA (pH 8.0), 1 mg/mL xylene cyanol and 1 mg/mL bromophenol
blue. The products were resolved on 20% (29:1) cross-linked polyacrylamide gels
containing 8 M urea. Gel band intensities for the substrates and products were quantified
using a Typhoon 9410 variable-mode imager (Amersham Biosciences Co.) and
ImageQuant version 5.2 (Amersham Biosciences Co.). The dNTP concentration was
optimized for different insertion reactions to allow for approximately 20% primer
extension.42 The observed rate of dNTP incorporation (Vobs) was plotted versus the dNTP
concentration, and the apparent steady-state kinetic parameters (Km and Vmax) for the
incorporation of the correct and incorrect nucleotides were determined by fitting the rate
data with the Michaelis-Menten equation:
Vobs 

Vmax  [dNTP]
K m  [dNTP]

The kcat values were then calculated by dividing the Vmax values with the concentration of
the polymerase used. The efficiency of nucleotide incorporation was determined by the
ratio of kcat/Km, and the fidelity of nucleotide incorporation was gauged by the frequency
of misincorporation (finc), which was calculated using the following equation:43
f inc =

(kcat / K m )incorrect
(kcat / K m ) correct

Steady-state Kinetic Measurements - Nucleotide Extension Mediated by Human pol 
The dT-, O2-MdT-, or O4-MdT-containing templates (20 nM) were incubated with
a 5’-32P-21 mer primer d(GCTAGGACCATAGAATTCTCN) (10 nM), where N is an A
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or G. The primer/template complex was incubated in the above-described buffer with pol
 (1-5 nM) and varying concentrations of the correct dTTP at 23°C for 10 min. The
reaction was again terminated with formamide gel-loading buffer. The efficiency of
extension was calculated by taking the ratio of kcat/Km, while the frequencies of misextension were determined by dividing the kcat/Km values for the extension with the
incorrect nucleotide over that with the correct nucleotide.
Primer Extension Assays Monitored by Gel Electrophoresis
For primer extension assays, all four dNTPs and varying concentrations of a DNA
polymerase, as indicated in the figures, were subsequently added to the duplex mixture
and incubated for 60 min. The reaction was terminated by adding a 2-volume excess of
formamide gel-loading buffer. The products were resolved on 20% (29:1) cross-linked
polyacrylamide gels containing 8 M urea. Gel band intensities for the substrates and
products were quantified by using a Typhoon 9410 variable-mode imager and
ImageQuant version 5.2.
Primer Extension Assays Monitored by LC-MS/MS
The primer and lesion-containing templates (0.50 M each) were annealed and incubated
overnight in a 50-L solution with pol  (0.16 M) at 23°C, and with pol  (0.24 M)
and Kf– (55 nM) at 37°C. The reactions were conducted in the presence of all four
dNTPs (1 mM each) in the same buffers as described above. Two additional primer
extension reactions were carried out for the O4-MdT-containing substrate using pol 
under the same conditions except that lower concentrations of dNTPs (50 M each) or a
shorter reaction time (6 hrs) was employed. Each replication reaction was subsequently
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terminated by chloroform extraction and the aqueous layer dried using a Speed-Vac. The
resulting replication products were cleaved sequentially with two restriction enzymes as
shown in Scheme 2.1. In this regard, the replication mixture was first incubated with
NcoI (40 U) in a buffer containing 50 mM NaCl, 10 mM Tris-HCl (pH 7.9), 10 mM
MgCl2, and 1 mM DTT for 4 hrs. The NcoI was subsequently removed by chloroform
extraction and the aqueous layer dried using a Speed-Vac. EcoRI (50 U) and shrimp
alkaline phosphatase (20 U) were then added to the reaction mixture and incubated at
23°C for overnight in a buffer containing 50 mM NaCl, 10 mM Tris-HCl (pH 7.9), 10
mM MgCl2, and 1 mM DTT. The proteins in the mixture were again removed by
chloroform extraction, and the aqueous layer dried using a Speed-Vac. The dried residue
was reconstituted in 50-L H2O, and a 10-L aliquot was injected for LC-MS/MS
analysis on an Agilent Zorbax SB-C18 column (0.5 × 250 mm, 5 m in particle size).
The gradient for the HPLC elution was 5-min of 5-20% methanol followed by 35-min of
20-50% methanol in 400 mM HFIP (pH adjusted to 7.0). The temperature for the iontransport tube was maintained at 350°C to minimize the formation of HFIP adducts of the
ODNs.
To identify the replication products, samples were first analyzed in the datadependent scan mode, where the most abundant ion found in MS was chosen for
fragmentation in MS/MS. The fragment ions found in the MS/MS were manually
assigned and the sequences of the ODNs determined. The mass spectrometer was
subsequently set up for monitoring specifically the fragmentation of the precursor ions
for the extended fragments of the primer strand.
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Scheme 2.1. Restriction digestion method for replication reactions.

5’-GCTAGGATCATAGAATTCTC
-3’
3’- GATCCTAGTATCTTAAGAGXACGGTACC-5’
Kf –/yeast pol /human pol 
Four dNTPs

5’-GCTAGGATCATAGAATTCTCNNNNNNNNN-3’
3’- GATCCTAGTATCTTAAGAGXACGGTACC-5’
NcoI Cleavage

5’-GCTAGGATCATAGAATTCTCNNNN NNNNN’
3’- GATCCTAGTATCTTAAGAGXACGGTAC C-5’
EcoRI Cleavage
Shrimp Alkaline Phosphatase

5’-GCTAGGATCATAG AATTCTCNNNN NNNNN-3’
3’- GATCCTAGTATCTTAA GAGXACGGTAC C-5’
Phenol/Chloroform Extraction

LC-MS/MS analysis
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To correct for the varied ionization efficiencies of different ODNs, we constructed
calibration curves using mixtures with varying concentrations of the standard synthetic
ODNs identified in the reaction mixtures and a constant amount of the
d(AATTCTCATGC) (11A, which represents the fully extended, unmutated product).
Areas were determined for the peaks found in the selected-ion chromatogram (SIC) for
monitoring the formation of three abundant fragment ions for each ODN. The peak areas
of individual ODNs were then normalized to that of the 11A and plotted against the
molar ratios of these ODNs over 11A to give calibration curves (Figure A.2). The
corresponding normalized ratios for the replication samples were also determined, from
which we measured the molar ratios for each extended product over 11A based on the
calibration curves. The percentage of each product was then calculated based on the
molar ratios of all products detected in the replication mixture.

Results
Primer Extension Assay Monitored by PAGE
To examine the effects of O2-MdT and O4-MdT on DNA replication, we
performed in vitro replication studies using three DNA polymerases, the exonuclease-free
Klenow fragment of E. coli DNA polymerase I, human DNA polymerase  and S.
cerevisiae DNA polymerase . The results showed that, while full-length products were
observed with the use of high concentrations of the enzymes, O2-MdT and O4-MdT are
moderately blocking to all three polymerases (Figure 2.2).
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Figure 2.2. Primer extension assays for O2-MdT- and O4-MdT-bearing substrates and
the control undamaged substrate with Kf– (A), human polymerase κ (B), and yeast
polymerase η (C). The sequences for the templates are
d(CCATGGCAXGAGAATTCTATGATCCTAG) (‘X’ represents dT, O2-MdT or O4MdT), and a 5’-[32P]-labeled d(GCTAGGATCATAGAATTCTC) was used as the
primer.
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Steady-state Kinetic Studies
Steady-state kinetic parameters for Kf–-, pol - and pol -mediated nucleotide
incorporation opposite O2-MdT, O4-MdT and corresponding unmodified dT in the above
substrates were determined. Relative to the unmodified substrate, the efficiencies for Kf–
to incorporate the correct dAMP opposite O2-MdT and O4-MdT were reduced, with the
kcat/Km values being 140, 5.7, and 2.0 × 10-2 M-1 min-1 for substrates containing dT, O2MdT and O4-MdT, respectively (Table 2.1, Figure A.3). Thus, methylation at the O2- and
O4-positions of thymidine confers a reduction in efficiency for dAMP insertion by
approximately 25 and 7000 folds, respectively. The magnitude of the reduction in
efficiency for dAMP insertion opposite O2-MdT relative to unmodified dT is less than
what was previously reported,33 which may be attributed to the different sequence
contexts used for this and previous studies; sequence context is known to affect the
efficiencies of nucleotide insertion.28 Kf– incorporates the other three nucleotides
opposite O2-MdT at much lower efficiencies than dAMP, i.e., 200 times lower for dCMP
and dTMP, and 3 orders of magnitude lower for dGMP (Table 2.1). On the other hand,
we found that Kf– incorporates dAMP, dCMP and dTMP opposite O4-MdT at similar
efficiencies, though the polymerase displays a much stronger preference (by ~100-fold)
for incorporation of dGMP over dAMP (Table 2.1). Together, Kf– preferentially inserts
the correct dAMP opposite O2-MdT, but the incorrect dGMP opposite O4-MdT.

35

Table 2.1. Efficiency and fidelity of E. coli Kf–-mediated nucleotide incorporation
opposite undamaged dT, O2-MdT and O4-MdT as determined by steady-state kinetic
measurements.*
dNTP

kcat (min-1)

Km (M)

kcat/Km (M-1 min-1)

finc

dATP
dCTP
dGTP
dTTP

Undamaged dT-containing Substrate
2.6 ± 0.5
0.018 ± 0.001
140
3.9 ± 0.3
160 ± 30
2.4 × 10-2
5.5 ± 0.8
150 ± 20
3.7 × 10-2
5.5 ± 0.6
490 ± 30
1.1 × 10-2

1
1.7 × 10-4
2.5 × 10-4
7.8 × 10-5

dATP
dCTP
dGTP
dTTP

O2-MdT-containing Substrate
2.5 ± 0.3
0.44 ± 0.07
5.7
2.9 ± 0.4
130 ± 50
2.2 × 10-2
3.5 ± 0.8
24000 ± 2000
1.5 × 10-4
5.0 ± 0.6
2300 ± 200
2.2 × 10-3

1
3.9 × 10-3
2.6 × 10-5
3.8 × 10-4

dATP
dCTP
dGTP
dTTP

O4-MdT-containing Substrate
5.1 ± 0.4
260 ± 40
2.0 × 10-2
2.6 ± 0.2
230 ± 10
1.1 × 10-2
5.2 ± 0.3
1.9 ± 0.1
2.7
3.3 ± 0.1
1100 ± 100
3.0 × 10-3

1
0.58
140
0.15

*The Km and kcat were average values based on three independent measurements
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Relative to the unmodified substrate, the efficiencies for human pol  to
incorporate the correct nucleotide, dAMP, opposite O2-MdT and O4-MdT were
diminished by ~270 and 460 fold, respectively, with the kcat/Km values being 210, 0.77,
and 0.46 M-1 min-1 for dT, O2-MdT, and O4-MdT, respectively (Table 2.2 and Figure
A.4). The efficiencies for human pol  to incorporate three other nucleotides, i.e., dGMP,
dCMP, dTMP opposite unmodified dT were much lower than that for dAMP insertion
(Table 2.2). Incorporation efficiencies for the O2-MdT- and O4-MdT-containing
templates displayed only slight decreases, i.e., by 2-5 fold, for the other three nucleotides
(Table 2.2). On the other hand, the efficiencies for the insertion of dCMP and dTMP
opposite O4-MdT were 2 fold lower than that for dAMP incorporation. These results
demonstrate that human pol -mediated nucleotide incorporation opposite O2-MdT and
O4-MdT is error-prone.
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Table 2.2. Efficiency and fidelity of human polymerase -mediated nucleotide
incorporation opposite undamaged dT, O2-MdT and O4-MdT as determined by steadystate kinetic measurements.*

dNTP

dATP
dCTP
dGTP
dTTP

dATP
dCTP
dGTP
dTTP

dATP
dCTP
dGTP
dTTP

kcat (min-1)

kcat/Km (M-1 min-1)

Km (M)

Undamaged dT-containing Substrate
5.9 ± 0.2
0.028 ± 0.002
210
4.4 ± 0.1
0.66 ± 0.07
6.7
4.3 ± 0. 4
6.0 ± 0.3
0.72
1.3 ± 0.2
63 ± 4
2.2 × 10-2

finc

1
0.032
0.0034
9.5 × 10-5

2.8 ± 0.1
4.1 ± 0.1
3.0 ± 0.2
3.8 ± 0.6

O2-MdT-containing Substrate
3.7 ± 0.2
0.76
10 ± 1
0.41
19 ± 1
0.16
21 ± 3
0.18

1
0.54
0.21
0.24

1.8 ± 0.7
2.9 ± 0.1
4.0 ± 0.3
2.9 ± 0.7

O4-MdT-containing Substrate
4.0 ± 0.1
0.45
15 ± 1
0.19
34 ± 2
0.12
14 ± 1
0.21

1
0.43
0.26
0.46

*The Km and kcat were average values based on three independent measurements
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The efficiencies for yeast pol  to incorporate the correct nucleotide, dAMP,
opposite dT, O2-MdT, and O4-MdT were 180, 0.34, and 7.610-3 M-1 min-1, respectively
(Table 2.3 and Figure A.5). Interestingly, yeast pol  inserts dGMP (0.57 M-1 min-1)
opposite O4-MdT ~80 times more efficiently than dAMP (7.610-3 M-1 min-1, Table
2.3); the incorporation efficiencies for dCMP and dTMP were, however, 2-3 times lower
than that for dAMP insertion. By contrast, we observed lower efficiencies for the
incorporation of incorrect nucleotides opposite O2-MdT; relative to dAMP insertion, the
efficiency was approximately 10 times lower for dGMP and 20-30 times lower for dCMP
and dTMP (Table 2.3). These results support that yeast pol -mediated nucleotide
incorporation opposite O2-MdT in the template strand is accurate, whereas the template
O4-MdT primarily directs dGMP misincorporation.

39

Table 2.3. Efficiency and fidelity of yeast polymerase -mediated nucleotide
incorporation opposite undamaged dT, O2-MdT and O4-MdT as determined by steadystate kinetic measurements.*
dNTP

kcat (min-1)

Km (M)

kcat/Km (M-1 min-1)

finc

dATP
dCTP
dGTP
dTTP

Undamaged dT-containing Substrate
1.8 ± 0.2
0.01 ± 0.001
180
1.2 ± 0.2
0.98 ± 0.03
1.2
2.1 ± 0.2
5.3 ± 0.4
0.39
3.0 ± 0.3
3.8 ± 0.3
0.80

1
6.7 × 10-3
2.2 × 10-3
4.4 × 10-3

dATP
dCTP
dGTP
dTTP

O2-MdT-containing Substrate
2.6 ± 0.1
7.6 ± 0.2
0.34
4.6 ± 0.1
230 ± 30
2.0 × 10-2
8.5 ± 0.1
510 ± 10
1.7 × 10-2
3.6 ± 0.1
310 ± 50
1.2 × 10-2

1
5.8 × 10-2
4.9 × 10-2
3.4 × 10-2

dATP
dCTP
dGTP
dTTP

O4-MdT-containing Substrate
2.2 ± 0.1
290 ± 70
7.6 × 10-3
2.5 ± 0.3
2100 ± 400
1.2 × 10-3
0.85 ± 0.07
1.5 ± 0.03
0.57
3.3 ± 0.4
840 ± 50
3.9 × 10-3

1
1.6 × 10-1
75
5.2 × 10-1

*The Km and kcat were average values based on three independent measurements
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Primer Extension Studies with the use of LC-MS/MS
The above steady-state kinetic analysis provides useful information about how
O2- and O4-MdT direct DNA polymerases to insert nucleotides opposite these lesions.
However, such analysis may not reflect faithfully the nucleotide incorporation conditions
in cells where DNA synthesis occurs in the presence of all four canonical nucleotides.
Additionally, the primers carrying the correct or wrong nucleotide opposite the lesions
may be extended at different efficiencies.44 Thus, we employed LC-MS/MS to
interrogate the extension products following previously described methods with some
modifications.45, 46 In this regard, primer extension reactions were conducted using the
same primer/template complex as described above except that the primer was not
radiolabeled. Instead of employing a uracil-containing primer, which can be
subsequently cleaved using uracil DNA glycosylase followed with hot piperidine
treatment,45, 46 we digested the reaction mixtures with two restriction enzymes to give
shorter extension products for LC-MS/MS analysis (Scheme 2.1).
Similar as what we reported previously,47 the LC-MS/MS results showed a
detection limit of ~10 fmol for the 7mer, 8A, 8G, 10 Del, 11T, 11C, and 11G at a signalto-noise ratio greater than 20. Generally, when operated in the data-dependent scan
mode, the LC-MS/MS method allows for the detection of species present at 1% or above
when a 10-pmol reaction mixture was injected for LC-MS/MS analysis.
LC-MS/MS analysis of the extension products for both O2-MdT- and O4-MdTcontaining substrates revealed the presence of the unextended or incompletely extended
primer along with full-length replication products. Here we use the human pol 41

catalyzed primer extension of the O2-MdT-carrying substrate as an example to illustrate
how we employ LC-MS/MS for the identification and quantification of replication
products. The total-ion chromatogram (Figure A.6) reveals the 7mer unextended primer
d(AATTCTC), the +1 products (8A and 8G), the 10mer deletion product, and the fulllength extension products (including 11C, 11T, 11A and 11G) eluting at 17.9, 19.2, 19.9
and 20.6 min, respectively (Figure 2.3). The digested damage-containing template
d(CCATGGCAXGAG), where ‘X’ is O2-MdT, and the 5' portion of the original primer
d(GCTAGGATCATAG) also elute at 20.6 min (ESI-MS averaged from this retention
time is shown in Figure A.6, and the sequences for the identified products are listed in
Table 2.4). The identities of the aforementioned ODNs were established from ESI-MS
and MS/MS analyses (MS/MS shown in Figures A.7 and A.8). Using the same LCMS/MS analysis, we were able to identify the replication products arising from the other
eight in vitro replication reactions (Table 2.4). It is worth noting that the LC-MS/MS
results revealed that only ~5% of the O2-MdT was degraded to the corresponding
unmodified dT-containing substrate, supporting that the damage-containing substrate
remains largely intact during the primer extension and restriction digestion conditions
(Figures A.9 and A.10).
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Figure 2.3. Selected-ion chromatograms obtained from the LC-MS and MS/MS analysis
of the human pol -induced replication products that have been treated with two
restriction enzymes, NcoI and EcoRI together with shrimp alkaline phosphatase. A 10pmol replication mixture was injected for analysis.
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8A
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18.6

10 Del
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20.5
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20.1
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20.5
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TCT
TCT
TCT
TCT
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TAA
TAA
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TAA
TAA
TAA
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-3’
-5’
-5’
-5’
-5’
-5’
-5’
-5’
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8A
8G
10Del
11C
11T
11A
11G
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6%
6%
8%
3%
5%
1%
26%
46%

O2-MdT
Replication From
pol 

Table 2.4. Summary of the percentages of replication products produced for dT-, O2MdT- and O4-MdT-containing substrates as determined by LC-ESI-MS/MS experiments.

Name

Sequence

dT

O2-MdT

7mer
8mer
8mer
11A
11G

Klenow Fragment (exo―)
d(AATTCTC)
2
2
d(AATTCTCA)
9
d(AATTCTCG)
4
d(AATTCTCATGC)
98
77
d(AATTCTCGTGC)
7

7mer
8mer
8mer
10Del
11C
11T
11A
11G

Yeast Polymerase 
d(AATTCTC)
4
d(AATTCTCA)
d(AATTCTCG)
d(AATTCTCTGC)
d(AATTCTCCTGC)
d(AATTCTCTTGC)
d(AATTCTCATGC)
96
d(AATTCTCGTGC)

6
2
6
1
5
6
45
27

7mer
8mer
8mer
10Del
11C
11T
11A
11G

Human Polymerase 
d(AATTCTC)
1
d(AATTCTCA)
d(AATTCTCG)
d(AATTCTCTGC)
d(AATTCTCCTGC)
d(AATTCTCTTGC)
d(AATTCTCATGC)
99
d(AATTCTCGTGC)

6
6
8
3
5
1
26
46

O4-MdT
7
5
7
80

6
2

9
83

11
18
2
3
8
58

The template was d(CCATGGCAXGAGAATTCTATGATCCTAG), where ‘X’ represents dT, O2-MdT or
O4-MdT.
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Extension products arising from replication by all three DNA polymerases
opposite the undamaged template resulted in, as expected, a single extension product with
the insertion of the correct nucleotide (i.e., dAMP) opposite the unmodified dT (Table
2.4). On the other hand, LC-MS/MS analysis of primer extension products for substrates
containing O2- and O4-MdT revealed the presence of unextended primer, incompletely
extended primer (+1 product), and full-length extension products.
O4-MdT was blocking to the DNA polymerases; the total amount of unextended
primer and +1 product (8G) accounted for 12%, 8%, and 29% of all products identified in
mixtures arising from replication by Kf–, yeast pol , and human pol , respectively.
Full-length DNA synthesis mediated by Kf–, yeast pol  and human pol  resulted in the
incorrect dGMP being predominately incorporated opposite O4-MdT, with 11G
accounting for 80%, 83% and 58% of all the identified replication products, respectively
(Table 2.4). Extension products with the correct dAMP opposite O4-MdT represent a
relatively small proportion of full-length products from reactions with Kf – (7%), yeast
pol  (9%) and human pol  (8%). Consistent with our steady-state kinetic results, pol 
also induced full-length extension products with incorporation of dCMP (2%) and dTMP
(3%) opposite O4-MdT.
O2-MdT was blocking to DNA synthesis mediated by all three DNA polymerases
studied, which is reflected by the presence of more unextended primer and +1 extension
products (8A and 8G, Table 2.4) than replication opposite O4-MdT; the total amounts of
unextended primer and +1 extension products represent 15%, 15%, and 23% of all
products arising from replication by Kf–, yeast pol , and human pol , respectively.
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However, all three polymerases were capable of producing full-length extension
products. Kf– predominately yielded full-length product with the correct dAMP (77%)
being inserted opposite O2-MdT, while misincorporation of dGMP (7%) occurs at a
moderate frequency. Yeast pol also preferentially extended the primer with the correct
dAMP (45%) opposite O2-MdT, though full-length products with dCMP (5%), dTMP
(6%) and dGMP (27%) being incorporated opposite the lesion were also observed.
Nevertheless, human pol  predominately produced full-length products with the
incorrect dGMP (46%) being inserted opposite O2-MdT, followed by dAMP (26%),
dCMP (5%) and dTMP (1%). Interestingly, replication mediated by yeast pol  and
human pol  also resulted in a -1 deletion product at frequencies of 1% and 3%,
respectively, where the polymerase skipped the O2-MdT site and continued replication
past the damaged nucleoside (Table 2.4, Figure 2.3).
It is worth noting that, in order to obtain a relatively large amount of full-length
replication products and enable their facile identification by LC-MS/MS, the above
primer extension reactions were carried out with relatively high concentrations of dNTPs
(1 mM each) and for a relatively long period of time (overnight), which may deviate from
cellular DNA replication conditions. To assess whether the dNTP concentration and
reaction time affect significantly the distribution of reaction products, we also conducted
the corresponding experiments for the pol -mediated replication of the O4-MdT-bearing
substrate where the individual dNTP concentrations were lowered to a more biologically
relevant level (50 M each) or the reaction time was shortened to 6 hrs. Similar to what
were observed for the reaction conditions described above, the use of 50 M dNTPs or a
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6-hr incubation time mainly yield full-length products with the misincorporation of
dGMP opposite the lesion at 73% and 62%, respectively (Table A.1). On the other hand,
both reaction conditions resulted in higher proportions of unextended primer, which
represent 17% and 35% (for 6-hr reaction) of all identified products for the reactions with
lower dNTP concentration and shorter reaction time, respectively (Table A.1). Together,
these results suggest that the primer extension conditions described above are suitable for
revealing the miscoding potential of the DNA lesions under investigation.
Differences in Preferences for Nucleotide Insertion as Revealed by Steady-state Kinetic
Assay and LC-MS/MS Analysis of Primer Extension Products
The above results obtained from the steady-state kinetic assay and LC-MS/MS
analysis of primer extension reaction mixture revealed some notable differences for pol
-mediated replication of O2-MdT- and O4-MdT-containing substrates, and for pol mediated replication of O2-MdT-bearing substrate (Tables 2.2-2.4). For instance, steadystate kinetic assay showed -that human pol  preferentially inserted dAMP over dGMP
opposite O2-MdT (by ~4.8 fold) and O4-MdT (by ~3.8 fold, Table 2.2). LC-MS/MS data,
however, showed that the full-length replication products carry mainly a dGMP opposite
the two lesions; 46% 11G and 26% 11A were observed for the O2-MdT-containing
substrate, while 58% 11G and 8% 11A were found for the substrate harboring an O4MdT (Table 2.4). Choi et al. 48 made a similar finding for pol -mediated replication of
an O6-methylguanine-housing substrate; steady-state kinetic experiment shows a slightly
more preferential incorporation of dCMP over dTMP, but LC-MS/MS analysis of
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extension products revealed that dTMP is inserted opposite the lesion 3 times more
preferentially than dCMP.
We reason that several factors may contribute to these differences. As stated
previously, the steady-state kinetic experiments were performed in the presence of a
single nucleotide, whereas replication reactions for LC-MS/MS analyses were performed
in the presence of all four natural nucleotides. The selectivity in nucleotide insertion
under the latter reaction condition may not be faithfully recapitulated in steady-state
kinetic assay where there is an absence of competition for the insertion of different
nucleotides. Second, the primer with dAMP or dGMP being inserted opposite the lesion
may be extended at different efficiencies. To assess the degree to which the second
factor contributes to the differences in findings made from the two different assays, we
conducted steady-state kinetic experiments for pol  to insert the correct nucleotide,
dTMP, opposite the adjoining 5’ nucleoside of the lesion (dA). It turned out that the
primer with dG being placed opposite O2-MdT is extended 1.4 times more efficiently
than the corresponding primer with a dA opposite the lesion, whereas the primer with dG
being situated across O4-MdT is extended at an efficiency that is 5.2 fold more than the
corresponding primer with a dA (Table A.2 and Figure A.11). Thus, the difference in
extension efficiency alters the distribution of full-length products, which, however, does
not fully account for the differences observed from the LC-MS/MS and steady-state
kinetic assays. On the basis of this observation, we may also conclude that the relative
efficiencies for nucleotide incorporation opposite a lesion, as revealed by steady-state
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kinetic assay, may not reflect faithfully the selectivity in nucleotide insertion opposite the
lesion in cells where all four natural nucleotides are simultaneously present.

Discussion
Alkylating agents are known to react extensively with DNA, producing mutagenic
and carcinogenic adducts in a variety of prokaryotic and eukaryotic organisms.25 O2MdT and O4-MdT can be produced in cellular DNA upon treatment with the carcinogenic
N-methyl-N-nitrosourea.6 Despite representing a small percentage of the observed
products (~0.1% of total alkylation in vivo), O2-MdT and O4-MdT are not easily repaired
in vivo6, 10 and therefore might contribute significantly to the observed nucleobase
substitutions and deletions induced from exposure to DNA methylating agents.
O4-MdT was found to be highly mutagenic in vitro and in vivo, producing mainly
TC transitions,2, 6, 10, 26-29, 49 and our results are in agreement with these previous
observations. Both Kf– and yeast pol  exhibited a strong preference for incorporating
the incorrect dGMP opposite O4-MdT. This is in line with our recent observation that
O4-carboxymethylthymidine (O4-CMdT) directed yeast pol  to insert preferentially the
incorrect dGMP.44 On the other hand, steady-state kinetic assay results showed that
human pol  predominately incorporated the correct dAMP, followed by dCMP and
dTMP, opposite O4-MdT (Table 2.2). LC-MS/MS analysis of the primer extension
results unveiled that the full-length products yielded by all three DNA polymerases carry
mainly a dG opposite the O4-MdT (Table 2.4). This finding suggests that the placement
of a dG opposite the lesion renders efficient DNA synthesis beyond the lesion site. This is
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particularly true for human pol ; although, among the four natural nucleotides, dGMP is
inserted opposite O4-MdT at the lowest efficiency (Table 2.2), LC-MS/MS analysis
revealed that incorporation of a dG opposite the lesion was the most favored (Table 2.4).
The facile incorporation of dGMP opposite O4-MdT may be attributed to the fact that
thymine with a 4-alkyl group has been proposed to adopt a wobble conformation with
guanine, thus allowing O4-MdT to code as a cytosine.50 Taken together, these results
suggest that O4-MdT mainly induces TC transitions with all three DNA polymerases
studied.
Jasti et al.32 showed recently that O2-MdT constitutes a strong block to DNA
synthesis in E. coli cells even under SOS conditions, and the lesion is capable of inducing
targeted base substitutions and, to a small degree, frameshift mutations. Our results
revealed that incorporation of nucleotides opposite, and extension past, O2-MdT is
relatively inefficient by Kf─, yeast pol , or human pol . Additionally, base substitutions
and, to a small degree, a -1 deletion were observed for DNA synthesis mediated by both
yeast pol  and human pol  opposite O2-MdT (Tables 2.2-2.4). This finding is in stark
contrast with previous observations that several minor-groove N2-substituted dG
derivatives can be efficiently and accurately bypassed by DinB family polymerases.15-18
X-ray crystal structure of the catalytic core of human pol  in complex with the
primer/template and incoming nucleotide revealed the lack of steric hindrance in the
minor groove at the primer-template junction.51 This structure feature may permit pol 
to accommodate O2-MdT into the active site of the polymerase. However, the unique
hydrogen bonding property of O2-MdT may not favor its base pairing with any of the
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four canonical nucleotides, thereby preventing efficient incorporation of any nucleotide
opposite the lesion. The ability of O2-MdT in stalling DNA replication and in directing
nucleotide misincorporation, in conjunction with the poor repair of O2-alkylthymidine
lesions,10, 52, 53 suggests that this lesion may bear significant biological consequences.
Although O2-MdT and O4-MdT only constitute a small fraction of DNA lesions
produced by methylating agents, these lesions, if left unrepaired, may lead to mutations in
the genome. Further investigation is needed for addressing whether other O2alkylthymidine lesions are capable of inhibiting DNA replication and inducing mutations
in vitro, and how these lesions compromise DNA replication in cells.
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Chapter 3: Replication across Regioisomeric Ethylated
Thymidine Lesions by Purified DNA Polymerases

Introduction
Exposure to tobacco smoke is thought to contribute to cardiovascular and
pulmonary diseases and approximately 30% of all cancer deaths in developed countries.1
Causal links exist between smoking cigarettes and human cancers of the oral cavity,
pharynx, larynx, esophagus, pancreas, urinary bladder and renal pelvis, where over 80%
of all lung cancers could be attributed to tobacco smoke exposure.2 Cigarette smoke
contains over 6000 compounds, many of which are genotoxic.3 Carcinogens in tobacco
smoke such as aromatic amines, polycyclic aromatic hydrocarbons and tobacco-specific
nitrosamines require metabolic activation by cytochrome P450 family of enzymes for the
formation of reactive, electrophilic species that can react with DNA to yield covalent
adducts.4
Treatment with ethylating agents has been shown to induce ethylation products on
backbone phosphate and all four nucleobases of DNA.5 Exposure of DNA to cigarette
smoke in vitro resulted in a dose-dependent increase of N7-ethylguanine (N7-EtG),
though the identity and source of the direct-acting ethylating agent(s) in cigarette smoke
has not been firmly established.6 It has been proposed that ethylation of biomolecules
may serve as biomarkers for monitoring exposure to ethylating agents in cigarette smoke
and for cancer risk assessment. Along these lines, significantly elevated levels of Nterminal N-ethylvaline were found in hemoglobin from smokers relative to non-smokers.7
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In subsequent studies, the levels of N3-ethyladenine (N3-EtA)8, 9 and N7-EtG in urine,10
O4-ethylthymidine (O4-EtdT) in lung tissue,11 and N7-EtG in human leukocyte DNA12
were significantly higher in smokers than non-smokers.
Recently, Chen et al.13 quantified O2-, N3- and O4-ethylthymidine (O2-EtdT, N3EtdT, and O4-EtdT) in human leukocyte DNA, where the levels of the three ethylated
thymidine lesions were signicantly higher in smokers than non-smokers. Compared to
other ethylated DNA lesions such as O6-ethyl-2’-deoxyguanosine (O6-EtdG, with a halflife of ~14 hrs in rat tissue), both O2-EtdT and O4-EtdT are poorly repaired and thus are
highly persistent in mammalian tissues (half-life of ~11-20 days in rat tissue).14-16 In
addition, several studies have shown that DNA synthesis opposite O2-, N3- and O4alkylthymidine is both blocking and mutagenic. 17-24 Here we investigated how sitespecifically incorporated, regioisomeric O2-, N3- and O4-EtdT (Figure 3.1) affect DNA
replication mediated by purified human DNA polymerases (hPol) , , and , yeast DNA
polymerase  (yPol , and the exonuclease-free Klenow fragment of E. coli DNA
polymerase I (Kf─).
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Figure 3.1. Structures of the regioisomeric ethylated thymidines. “dR” refers to 2deoxyribose (A). Experimental procedures for monitoring primer extension products
using SacI cleavage and LC-MS/MS (B). ‘X’ represents dT, O2-EtdT, N3-EtdT or O4EtdT, and ‘N’ designates the nucleotide incorporated opposite X during in-vitro
replication.
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Materials and Methods Materials
All enzymes and chemicals unless otherwise specified were purchased from New
England Biolabs (Ipswich, MA) or Sigma (St. Louis, MO). Unmodified
oligodeoxyribonucleotides (ODNs) used in this study were from Integrated DNA
Technologies (Coralville, IA). [-32P]ATP was obtained from Perkin Elmer (Piscataway,
NJ). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was purchased from TCI America
(Portland, OR). Phosphoramidites for unmodified nucleosides and other reagents for
solid-phase DNA synthesis were obtained from Glen Research (Sterling, VA). hPol 
and yPol were purchased from Enzymax (Lexington, KY), hPol  25 and hPol  26 were
kindly provided by Drs. Roger Woodgate and Wei Yang (NIH, Bethesda, MD),
respectively.
Chemical synthesis of the phosphoramidite building block of N3-EtdT
The procedures for the synthesis of the phosphoramidite building block of N3EtdT were adapted from previously described procedures for the preparation of the N3carboxyethylthymidine phosphoramidite 27.
Synthesis of N3-EtdT
In a round bottom flask, thymidine (242 mg, 1.00 mmol) and potassium carbonate
(166 mg, 1.20 mmol) were dissolved in anhydrous methanol (50 mL). To the solution
was subsequently added bromoethane (129 mg, 1.20 mmol), and the resulting mixture
was refluxed for 6 h. The solvent was removed under reduced pressure and the residue
purified by column chromatography using 15% methanol in ethyl acetate as mobile phase
to give 1 as a white foam (210 mg, 78% yield). 1H NMR (300 MHz, CDCl3):  7.40 (s,
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1H), 6.22 (t, J = 6.8 Hz, 1H), 4.56 (dt, J = 5.8, 3.9 Hz, 1H), 4.03-3.93 (m, 3H), 3.86 (ddd,
J = 24.6, 11.8, 3.1 Hz, 2H), 2.98 (s, 2H), 2.43-2.28 (m, 2H), 1.91 (s, 3H), 1.19 (t, J = 7.0
Hz, 3H). HRMS (ESI-TOF) calcd for C12H19N2O5 [M+H]+ 271.1294, found 271.1314.
Synthesis of 5’-O-(4,4’-dimethoxytrityl)-N3-ethylthymidine
Compound 1 was dissolved in anhydrous pyridine (10 mL) and the solution was
cooled in an ice bath, to which solution were added 4-dimethylaminopyridine (DMAP,
0.5% mol) and dimethoxytrityl chloride (DMTr-Cl, 1.2 eq.). The resulting solution was
stirred at room temperature for 10 hrs. The reaction was then quenched with methanol
(0.5 mL) and the solvent removed under reduced pressure. The residue was purified by
silica gel column chromatography with ethyl acetate as mobile phase to yield 2 as a white
foam (yield 76%): 1H NMR (300 MHz, CDCl3):  7.55 (s, 1H), 7.43-7.21 (m, 9H), 6.83
(d, J = 8.8 Hz, 4H), 6.45 (t, J = 6.7 Hz, 1H), 4.56 (s, 1H), 4.07-3.94 (m, 3H), 3.79 (s, 6H),
3.51-3.35 (m, 3H), 2.52-2.25 (m, 3H), 1.51 (s, 3H), 1.21 (t, J = 6.9 Hz, 3H). HRMS (ESITOF) calcd for C33H36N2O7Na [M+Na]+ 595.2420, found 595.2401.
5’-O-(4,4’-dimethoxytrityl)-N3-ethylthymidine-3’-O-[(2-cyanoethyl)-N,N-diisopropylphosphoramidite]
To a round bottom flask, which was suspended in an ice bath and contained a
solution of compound 2 in dry dichloromethane (3.0 mL), was added N,Ndiisopropylethylamine (DIEA, 2.2 eq.) followed by dropwise addition of 2-cyanoethylN,N-diisopropyl chlorophosphoramidite (1.2 eq.). The mixture was stirred at room
temperature for 1 hr under argon atmosphere. The reaction was quenched by cooling the
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mixture in an ice bath followed by slow addition of methanol (0.40 mL). The solution
was quickly diluted with ethyl acetate (8.0 mL). The organic layer was washed with
saturated NaHCO3 (4.0 mL) and brine (4.0 mL), and dried over anhydrous Na2SO4. The
solvent was evaporated under reduced pressure to yield 3 in a foam that was used directly
for ODN synthesis. 3: 31P NMR (CDCl3):  150.01, 149.47.
NMR
1

H NMR and 31P NMR spectra were acquired on a Varian Inova 300 NMR

spectrometer (Varian Inc., Palo Alto, CA). Resonance assignments for N3-EtdT were
made based on two-dimensional 1H-13C heteronuclear multi-bond correlation (HMBC)
experiment. The HMBC spectrum was acquired a Varian Unity spectrometer operating at
500 MHz at 25C using sweep widths of 3723.0 Hz and 30 177.3 Hz for 1H and 13C,
respectively. The first delay was set to match a 140 Hz coupling constant, and the second
delay was set to match a long-range coupling constant of 8 Hz.
ODN synthesis
The 12-mer lesion-containing ODNs 5'-ATGGCGXGCTAT-3' (‘X’ represents
O2-, N3-, or O4-EtdT) were synthesized on a Beckman Oligo 1000S DNA synthesizer
(Fullerton, CA) at 1-mol scale. The phosphoramidite building blocks for O2-EtdT and
O4-EtdT were synthesized following previously published procedures.28, 29 The
synthesized phosphoramidite building blocks of O2-EtdT, N3-EtdT and O4-EtdT were
dissolved in anhydrous acetonitrile at a concentration of 0.067 M. Conventional
phosphoramidite building blocks of unmodified nucleosides were employed, and a
61

standard ODN assembly protocol was used without any modification. The ODNs
containing O2-EtdT and O4-EtdT were cleaved from the controlled pore glass (CPG)
support with 10% 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in ethanol in the dark at
23°C for five days, while N3-EtdT-containing ODN was deprotected with concentrated
ammonium hydroxide at 55°C overnight. The ODNs were purified by HPLC and
sequences verified by ESI-MS and MS/MS analyses (Figures B.1-B.3).
HPLC

HPLC separation of synthetic ODNs was performed on an Agilent 1100 HPLC
system with an Aeris XB-C18 column (4.6×150 mm, 3.6 m in particle size and 200 Å in
pore size; Phenomenex Inc., Torrance, CA, USA). For the purification of ODNs, a
triethylammonium acetate buffer (50 mM, pH 6.8, Solution A) and a mixture of solution
A and acetonitrile (70/30, v/v, Solution B) were employed as mobile phases. The flow
rate was 0.8 mL/min and the gradient included 0-25% B in 5 min, 25-50% B in 40 min,
50-95% B in 10 min and at 95% B for 5 min.
Preparation of the lesion-carrying 22-mer ODNs
The 22mer substrates, d(ATGGCGXGCTATGAGCTCGATC) (‘X’ = dT, O2EtdT, N3-EtdT or O4-EtdT), were obtained by ligating the above-described 12mer lesioncontaining or the corresponding dT-bearing ODNs with a 5’-phosphorylated
d(GAGCTCGATC) in the presence of a template ODN following previously published
procedures.30 The desired lesion-containing 22mer ODNs were purified by PAGE and
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desalted by ethanol precipitation. The purity of the products was further confirmed by
PAGE analysis.
Primer extension assays monitored by gel electrophoresis

In-vitro replication experiments were performed following previously described
procedures.24, 31 Briefly, the 22mer template, d(ATGGCGXGCTATGAGCTCGATC)
(‘X’ = dT, O2-EtdT, N3-EtdT or O4-EtdT, 20 nM), was annealed with a 5’-32P-labeled
15mer primer, d(GATCGAGCTCATAGC) (10 nM). For Kf─, the reactions were carried
out in a buffer containing 50 mM Tris-HCl (pH 7.5), 20 mM MgCl2, 2 mM EDTA, 1.6
mM -mercaptoethanol, and 5 g/mL BSA. For hPol , hPol  and hPol , the reactions
were conducted in a buffer containing 10 mM Tris-HCl (pH 7.5), 5 mM MgCl2, and 7.5
mM DTT. For primer extension assays, all four dNTPs and varying concentrations of a
DNA polymerase, as indicated in the figures, were subsequently added to the duplex
mixture and incubated for 60 min. The reactions were terminated by adding a 2-volume
excess of formamide gel-loading buffer. The products were resolved on 20% (29:1)
cross-linked polyacrylamide gels containing 8 M urea. Gel band intensities for the
substrates and products were visualized by using a Typhoon 9410 variable-mode imager
and data processed using ImageQuant 5.2 (GE Healthcare Life Sciences, Piscataway,
NJ).
TLS cooperativity experiments were performed following previously described
methods.32 Briefly, the above-described primer/template complexes were incubated with
hPol  and all four dNTPs (100 M) at 37°C for 30 min. hPol  was subsequently added
to the reaction mixture and incubated for an additional 30 min. These experiments were
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conducted in a buffer containing 10 mM Tris-HCl (pH 7.5), 5 mM MgCl2, and 7.5 mM
DTT. The products were resolved on 20% (29:1) cross-linked polyacrylamide gels
containing 8 M urea and gel bands visualized as described above (Figure B.4).
Primer extension assays monitored by LC-MS/MS

The primer and lesion-containing templates (0.30 M each) were annealed and
incubated in a 50-L solution containing hPol  (0.10 M), hPol (0.10 M), hPol
(0.10 M)yPol  (0.10 M) or Kf─ (55 nM) at 37°C for 6 hr. The reactions were
conducted in the presence of all four dNTPs (0.1 M each) in the same buffers as
described above, and terminated by removing the enzymes via chloroform extraction.
The aqueous layer was dried using a Speed-Vac, and the dried residues redissolved in a
buffer containing 50 mM NaCl, 10 mM Tris-HCl (pH 7.9), 10 mM MgCl2, and 1 mM
DTT. SacI (40 U) and shrimp alkaline phosphatase (20 U) were subsequently added to
the mixture and incubated at 37°C for 4 hr. The proteins in the mixture were again
removed by chloroform extraction, and the aqueous layer dried. The dried residues were
reconstituted in 30-L H2O, and a 10-L aliquot was injected for LC-MS/MS analysis
with the use of an Agilent Zorbax SB-C18 column (0.5 × 250 mm, 5 m in particle size).
The gradient for the HPLC elution was 5-min of 5-20% methanol followed by 35-min of
20-50% methanol in 400 mM HFIP (pH adjusted to 7.0). The temperature for the iontransport tube was maintained at 275°C to minimize the formation of HFIP adducts of the
ODNs.
To identify the replication products, samples were first analyzed in the datadependent scan mode, where the most abundant ion found in MS was chosen for
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fragmentation in MS/MS. The fragment ions observed in MS/MS were manually
assigned and the sequences of the ODNs determined (Representative MS/MS for the
identification of products from hPol -mediated reaction of the O2-EtdT-containing
substrate is shown in Figure B.5). Following identification of the ODN products, the
mass spectrometer was set up for monitoring specifically the fragmentation of the
precursor ions for the extended portions of the primer strand.
To correct for the varied ionization efficiencies of different ODNs, we constructed
calibration curves using mixtures with varying concentrations of the standard synthetic
ODNs identified in the reaction mixtures and a constant amount of d(CATCGAGCT)
(9mer 5’P, which was the 5’ portion of the primer liberated from the SacI cleavage.
Figures 3.1B and B.6). Areas were determined for the peaks found in the selected-ion
chromatograms (SICs) by monitoring the formation of 1-3 unique and abundant fragment
ions for each ODN. The peak areas of individual ODNs were then normalized to that of
the 9mer 5’P and plotted against the molar ratios of these ODNs over 9mer 5’P to give
the calibration curves (Figure B.6). The corresponding normalized ratios for the
replication samples were also determined, from which we measured the molar ratios for
each extended product over 9mer 5’P based on the calibration curves. The percentage of
each product was then calculated from the molar ratios of all products detected in the
replication mixture.
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Results
The major objective of the present study was to assess systematically how the
three site-specifically incorporated, regioisomeric O2-, N3- and O4-EtdT are recognized
by DNA polymerases, including hPol , hPol, hPol, yPol , and Kf─. Kf─ was selected
because it has been widely used as a model DNA polymerase for examining lesion
bypass, and hPol , hPol, hPol and yPol  were chosen because of their known
abilities in bypassing a variety of DNA lesions. For example, hPol  and yPolare
involved in accurately bypassing cis-syn cyclobutane thymine dimers 33, 34, and hPol 
and hPol  are both able to bypass the minor-groove N2-substituted dG lesions.35, 36
Primer extension assay monitored by PAGE

Our primer extension assay results revealed that the three regioisomeric ethylated
thymidine lesions are recognized and bypassed differently by these DNA polymerases
(Figure 3.2). While hPol  was able to bypass readily all three ethylated dT lesions and
generate full-length products, O2-EtdT and N3-EtdT strongly blocked primer extension
mediated by Kf─ and yPol (Figure 3.2A-C). Kf─, for the most part, stalls after inserting
one nucleotide opposite the two lesions, though full-length replication products were also
observed for these two lesions. yPol , on the other hand, was unable to insert any
nucleotide opposite the two lesions (Figure 3.2B and C). hPol  was strongly blocked by
both N3-EtdT and O4-EtdT; nevertheless, the polymerase was only moderately blocked
by O2-EtdT (Figure 3.2D). In this context, it is of note that blunt-end elongation products
were also observed for the reactions catalyzed by Kf─ and hPol i.e., the 23-mer and
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Figure 3.2. Primer extension assays for O2-EtdT-, N3-EtdT- and O4-EtdT-bearing
substrates and the control undamaged substrate with hPol  (A), Kf¯ (B), yPol  (C),
hPol  (D), and hPol  (E). (F) Cooperativity of human DNA polymerase  and in the
bypass of the O2-EtdT lesion. Primer-template complex containing O2-EtdT (50 nM) was
incubated with hPol ι (10 nM) for 0-30 min. After 30 min, 5 nM of hPol κ was added to
the reaction mixture to determine whether the primer extension started by hPol ι and
stalled by the lesion can be completed by hPol κ. The sequences for the templates are
d(ATGGCGXGCTATGAGCTCGATC) (‘X’ represents dT, O2-EtdT, N3-EtdT or O4EtdT), and a 5’-[32P]-labeled d(GATCGAGCTCATAGC) was used as the primer (see
Figure 2.1B). “22mer” refers to a standard ODN for the fully extended primer strand.
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24-mer products, Figure 3.2A and B), as observed previously.37, 38 Similar as what were
found previously,38, 39 hPol  was strongly blocked for the template containing an
unmodified dT (Figure 3.2E); not surprisingly, the polymerase stalls after inserting one
nucleotide opposite the three EtdT lesions (Figure 3.2E).
Additional experiments were carried out to determine if the incomplete extension
products produced by hPol  could be extended by hPol . It turns out that hPol  was
able to further extend the primer to yield full-length (20-mer) products for the templates
containing O2-EtdT, N3-EtdT, O4-EtdT (Figures 3.2F and B.4), even though neither
polymerase alone was able to extend the primer and generate full-length products for the
three EtdT lesions. These results suggest the possible cooperation between hPol which
inserts one nucleotide opposite the ethylated lesions, and hPol , which extends the
primer past the lesions.
Replication products monitored by LC-MS/MS

We next employed LC-MS/MS to identify and quantify the products emanating
from the in vitro replication reactions following previously published methods with some
modifications.40, 41 Instead of using a uracil-containing primer, which could be
subsequently treated with uracil DNA glycosylase and hot piperidine to give shorter
products,32, 38, 40 we employed a primer/template sequence which, after in-vitro
replication, could be cleaved with a restriction enzyme (i.e., SacI). The SacI cleavage
yields shorter ODN products that are amenable to LC-MS/MS identification and
quantification (Figures 3.1B). For the quantification, we utilized the 5' portion of the
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cleaved primer (9-mer 5'P) as a reference to quantify the relative amounts of replication
products (See Experimental Procedures).
In-vitro replication with hPol 
The LC-MS/MS quantification results revealed that hPol  is capable of
extending the primer to yield full-length replication products for all four substrates. In
this vein, the amounts of unextended primer (6mer) represent 25%, 23%, 27% and 26%
of the total replication products for substrates containing dT, O2-EtdT, N3-EtdT and O4EtdT, respectively. This finding parallels the aforementioned PAGE result showing that
the three EtdT lesions are not strong blocks to DNA replication catalyzed by hPol 
(Figure 3.2A). In addition, we observed significant amount of blunt-end elongation
products where a dAMP was added to the 3’ terminus of the fully extended primer (Table
3.1; Figures 3.3 and B.7 and B.8).
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Table 3.1. A summary of the percentages of products formed from hPol -mediated
replication of dT-, O2-EtdT-, N3-EtdT- and O4-EtdT-containing substrates as determined
by LC-MS/MS. The bases highlighted in bold represent those incorporated during primer
extension. Listed under sequences are the SacI cleavage products bearing the extended
portion of the primer.
Name
6mer unextended primer

Sequence

dT

5'-CATAGC-3'

13A +7

5'-CATAGCACGCCAT-3'
13G +7
5'-CATAGCGCGCCAT-3'
14AA (blunt end elongation) +8 5'-CATAGCACGCCATA-3'
14GA (blunt end elongation) +8 5'-CATAGCGCGCCATA-3'
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O2-EtdT N3-EtdT O4-EtdT

25

23

49

12

25

5
41
19

27

26
2

42

4
17

31

51

Figure 3.3. Selected-ion chromatograms obtained from the LC-MS and MS/MS analysis
of the hPol -induced replication products for O2-EtdT-bearing substrate. The replication
products were treated with restriction enzyme SacI and shrimp alkaline phosphatase, and
10-pmol of the replication mixture was injected for the analysis.
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As expected, no mutagenic product was detectable for the control dT-housing
substrate; nevertheless, all three EtdT lesions directed substantial frequencies of
nucleotide misincorporation. The full-length products with dAMP and dGMP being
inserted opposite the lesion site constitute 53% and 24% of all the products detected in
the replication mixture for the O2-EtdT-bearing substrate, 42% and 31% for the N3-EtdTcontaining substrate, and 19% and 55% for the O4-EtdT-carrying substrate (Table 3.1;
Figures 3.3 and B.7 and B.8).
In-vitro replication with KfThe three Et-dT lesions were moderately blocking to primer extension mediated
by Kf-, where the unextended primer and +1 nucleotide extension products together
occupied 21%, 45%, 24% and 22% of all the detected replication products for substrates
containing a dT, O2-EtdT, N3-EtdT and O4-EtdT, respectively (Table 3.2). Similar to
hPol , we again observed substantial amounts of blunt-end elongation products, where
the additions of a dAMP, or both a dAMP and a dTMP, to the 3’ termini of the full-length
products were found (Table 3.2).
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Table 3.2. A summary of the percentages of products formed from Kf‾-mediated
replication of dT-, O2-EtdT-, N3-EtdT- and O4-EtdT-containing substrates as determined
by LC-MS/MS. The bases highlighted in bold represent those incorporated during primer
extension. Listed under sequences are the SacI cleavage products bearing the extended
portion of the primer.

Name

Sequence

6mer unextended primer

5'-CATAGC-3'

7T +1

5'-CATAGCT-3'

7A +1

5'-CATAGCA-3'

7G +1

5'-CATAGCG-3'

dT
16

O2-EtdT N3-EtdT O4-EtdT
9

2

22

2
5

36

12
8

5

8A +2

5'-CATAGCAC-3'

13A +7

5'-CATAGCACGCCAT-3'

14TA (blunt end elongation) +8
14AA (blunt end elongation) +8
14GA (blunt end elongation) +8
15TAT (blunt end elongation) +9
15AAT (blunt end elongation) +9
15GAT (blunt end elongation) +9

5'-CATAGCTCGCCATA-3'
5'-CATAGCACGCCATA-3'
5'-CATAGCGCGCCATA-3'
5'-CATAGCTCGCCATAT-3'
5'-CATAGCACGCCATAT-3'
5'-CATAGCGCGCCATAT-3'
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10

11

53

4
21
4
3
20
2

15
17
21
7
5
11

17
35
8
17

We also detected considerable frequencies of mutations for all three EtdT
derivatives. Full-length replication products with the incorporation of dAMP, dGMP,
and dTMP at the lesion site represent 41%, 6% and 7%, respectively, of all the detected
replication products for O2-EtdT-bearing substrate, while these percentages were 22%,
32% and 22% for the corresponding N3-EtdT substrate (Table 3.2). By contrast, we did
not observe dTMP insertion opposite O4-EtdT, and full-length replication products with
dAMP and dGMP being incorporated opposite the lesion site contributed 25% and 52%
to the total amounts of replication products, respectively (Table 3.2).
In-vitro replication with hPol 
Human Pol  was largely stalled by the three Et-dT lesions (particularly N3- and
O4-EtdT), where the unextended primer and the single-nucleotide extension products
together represented 59%, 76% and 96% of the total amount of replication products for
substrates containing O2-, N3- and O4-EtdT, respectively (Table 3.3). Although very
small amounts (2%) of full-length products were found for substrates harboring an O4EtdT, full-length products with dAMP and dGMP being inserted opposite O2-EtdT
occurred at frequencies of 21% and 17%, respectively (Table 3.3). This finding is in
reminiscent of the results shown in Figure 2D, where O2-EtdT was found to be less
blocking to hPol -mediated primer extension than O4-EtdT and N3-EtdT. In addition, we
found a relatively low frequency (3%, Table 3.3) of –1 deletion product for the O2-EtdT
substrate, where the polymerase skipped the lesion site during primer extension.
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Table 3.3. A summary of the percentages of products formed from hPol -mediated
replication of dT-, O2-EtdT-, N3-EtdT- and O4-EtdT-containing substrates as determined
by LC-MS/MS. The bases highlighted in bold represent those incorporated during primer
extension. Listed under sequences are the SacI cleavage products bearing the extended
portion of the primer.
Name

Sequence

dT

4

O2-EtdT N3-EtdT O4-EtdT

59

76

6mer unextended primer

5'-CATAGC-3'

7A +1

5'-CATAGCA-3'

7G +1

5'-CATAGCG-3'

9C +3

5'-CATAGCCCG-3'

11

9A +3

5'-CATAGCACG-3'

1

9G +3
10Del (at lesion site) +4
10ADel (+1 from lesion site)+4
11 Del (at lesion site) +5
12A +6
12G +6

5'-CATAGCGCG-3'
5'-CATAGCCGCC-3'
5'-CATAGCAGCC-3'
5'-CATAGCCGCCA-3'
5'-CATAGCACGCCA-3'
5'-CATAGCGCGCCA-3'

6

75

96
2
1

3
3

96

3
21
17

1
1

In-vitro replication with hPol 
Similar as what was revealed from PAGE analysis, LC-MS/MS results showed
that the primer extension was highly inefficient, where hPol  largely stalled after
incorporation of a single nucleotide opposite the three Et-dT lesions. For O2-EtdT, the
insertion of dTMP (38%) dominated over those of dAMP (4%), dCMP (1%), and dGMP
(5%, Table B.1). While the insertion of dGMP (64%) was favored over those of dAMP
(2%) and dTMP (17%) for N3-EtdT, the insertion of the correct nucleotide, dAMP
(28%), was preferred over those of the incorrect dCMP (6%), dGMP (16%) and dTMP
(15%) for O4-EtdT (Table B.1).
In-vitro replication with yPol 
O2-EtdT and N3-EtdT were extremely strong blocks to yPol , as manifested by
dominance (93-96%) of the unextended primer in the replication mixture. This is again
consistent with what we observed from PAGE analysis (Figure 3.2D). O4-EtdT could be
partially bypassed by yPol , where the extended products predominantly carry the
incorrect nucleotide (dGMP) opposite the lesion (Table B.2).
It is of note that the LC-MS results revealed that damage-containing substrate
remains largely intact during the various stages of sample handling (i.e., primer extension
and restriction digestion), where less than 3% of the O2-EtdT-, N3-EtdT-, and O4-EtdTbearing templates were degraded to the corresponding unmodified dT-containing
substrate (data not shown).
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Discussion
Cigarette and its smoke contain thousands of compounds, some of which are
known carcinogens. In vitro studies have revealed the formation of ethylated adducts in
DNA exposed to cigarette smoke, though the identities of the direct-acting ethylating
agents remain unknown.6 In addition, several studies have demonstrated elevated levels
of the ethylated DNA lesions in the tissue, blood and urine samples of smokers relative to
non-smokers.6-13, 42 In particular, a very recent study revealed that O2-, N3-, and O4-EtdT
could be detected at higher levels in leukocyte DNA of smokers than non-smokers.13
Despite a substantial amount of work conducted to assess the formation of these DNA
lesions, no systematic study has been carried out to interrogate how different the three
regioisomeric EtdT lesions are recognized by DNA polymerases.
In this study, we employed denaturing PAGE and LC-MS/MS to monitor the
primer extension products of the three EtdT-containing substrates mediated by five
different DNA polymerases. We found that hPol  and Kf- were minimally blocked by
the EtdT lesions, and full-length products could be readily detected for all three lesions.
With the exception of O2-EtdT substrate for hPol  and O4-EtdT substrate for yPol , the
EtdT lesions were strong blocks to hPol , hPol  and yPol .
Our LC-MS/MS quantification results also underscored significant miscoding
potentials of the three EtdT lesions. As observed previously for O4-alkylated thymidine
derivatives,14, 15, 21 we found that O4-EtdT instructed the polymerases to misincorporate
preferentially dGMP. Interestingly, we observed that both O2- and N3-EtdT could also
direct substantial frequencies of dGMP misincorporation with multiple polymerases
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(Tables 3.1-3.3 and B.1-B.2). Additionally, the presence of these two lesions in the
template DNA results in appreciable levels of misincorporation of dTMP opposite the
lesions, though this depends on the nature of the polymerases involved. Exposure of rats
to a known ethylating agent, N-ethyl-N-nitrosourea (ENU), was shown to give rise to a
specific ATTA point mutation which resulted in the activation of the neu oncogene in
neuroblastoma cells.43 Additionally, treatment of Chinese hamster ovary cells with ENU
led to GCAT, ATTA and ATGC substitutions in the coding region of the Hprt
gene,44 where the GCAT and ATGC mutations were attributed to replicative bypass
of O6-EtdG and O4-EtdT, respectively.44 Our results suggest that O2-EtdT and N3-EtdT
may also lead to substantial frequencies of ATGC and ATTA mutations. In this
respect, some previous studies suggested that N3-EtdT and O2-EtdT are capable of
pairing with thymine during DNA synthesis.18-20
The better tolerance of hPol  toward O2-EtdT than the other two regioisomers is
in line with the previous observation that the polymerase can carry out efficient and errorfree nucleotide incorporation opposite the minor-groove N2-dG lesions.45-50 The poor
fidelity and, relative to the bypass of the N2-dG lesions, the reduced efficiency, observed
for hPol -mediated nucleotide incorporation opposite O2-EtdT might be attributed to the
inability of O2-EtdT to base pair favorably with any canonical nucleotides, as noted
previously.21 Taken together, this study reveals the biological consequences of the
regioisomeric EtdT lesions by offering important knowledge about how these lesions
compromise the efficiency and fidelity of DNA replication mediated by a number of
DNA polymerases.
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Chapter 4: The Roles of DNA Polymerases κ and ι in the
Error-free Bypass of N2-Carboxyalkyl-2′-deoxyguanosine
Lesions in Mammalian Cells

Introduction
DNA is susceptible to damage by endogenous and exogenous agents.1 To minimize cell
death arising from replication blockage and mutations emanating from nucleotide
misincorporation opposite the damage site, cells are equipped with several pathways to
repair DNA lesions.2 Additionally, cells have evolved two major mechanisms to tolerate
unrepaired DNA lesions,3 including homologous recombination and translesion synthesis
(TLS).3 In this regard, synthesis past many DNA lesions requires the replacement of
replicative DNA polymerases with one or a few specialized polymerases, most of which
belong to the Y-family.4 Along this line, phylogenetic analysis revealed five branches of
Y-family polymerases, which include UmuC, DinB, polymerase η, polymerase ι, and
REV1.4, 5 All of these, except for UmuC, are found in eukaryotic cells.4, 5 Apart from the
Y-family DNA polymerases, some B-family DNA polymerases also participate in TLS.
These include DNA polymerase II in Escherichia coli and polymerase ζ, which is
composed of the catalytic subunit REV3 and the regulatory subunit REV7, in eukaryotic
cells.4, 5
These specialized DNA polymerases are characterized by their relatively low fidelity in
replicating undamaged DNA but have the capability to bypass those DNA lesions that
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normally block DNA synthesis by replicative DNA polymerases.4 It was advocated that
specialized DNA polymerases are evolved by nature to copy DNA base damage
accurately, but they no longer bear the ability to replicate unmodified DNA with high
fidelity.6 The best known example of this is the efficient and accurate bypass of cis,syncyclobutane pyrimidine dimers by polymerase η,7, 8 which is encoded by the xeroderma
pigmentosum-variant gene (i.e. POLH) in humans.9 Xeroderma pigmentosum-variant
patients exhibit elevated susceptibility to developing skin cancer.10 Several recent studies
also demonstrated that DinB DNA polymerase, a Y-family polymerase conserved in all
three kingdoms of life,11 can insert the correct dCMP opposite several N2-substituted
guanine lesions at an efficiency that is similar to or better than opposite an unmodified
guanine.12-14 The x-ray crystal structure of the catalytic core of human DNA polymerase
κ, along with primer/template DNA and an incoming nucleotide, reveals the lack of steric
hindrance in the minor groove at the primer-template junction,15 which may account for
the tolerance of polymerase κ toward the minor groove N2-dG lesions. By using shuttle
vector technology, we also showed that DinB (i.e. polymerase IV) is the major
polymerase involved in the accurate bypass of the two diastereomers of N2-(1carboxyethyl)-2′-deoxyguanosine (N2-CEdG) in E. coli cells.14 However, it remains
unclear whether this finding can be extended to mammalian cells and whether other
mammalian TLS polymerase(s) are also required for the error-free bypass of N2-CEdG.
N2-CEdG is the major stable DNA adduct formed from methylglyoxal, a glycolytic
metabolite (Figure 4.1).16 This modified nucleoside was found to be present in urine

84

Figure 4.1. The formation of N2-CedG and N2-CMdG.
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samples from healthy human subjects,17 and the lesion was observed more frequently in
kidney and aortic cells of diabetic and uremic patients than in the corresponding cells of
healthy human subjects.18 N2-CEdG can also be detected in cultured human cells, and the
exposure of these cells to methylglyoxal or glucose further enhanced the formation of this
lesion.14 Moreover, recent studies illustrated that the exposure of isolated DNA to the
structurally related glyoxal can give rise to the formation of N2-carboxymethyl-2′deoxyguanosine (N2-CMdG).19, 20 The major objective of the present study is to define
the roles of polymerase κ and other mammalian TLS DNA polymerases in bypassing the
N2-CEdG and N2-CMdG lesions in cells.

Materials and Methods
Materials
Unmodified ODNs used in this study were purchased from Integrated DNA
Technologies (Coralville, IA). [γ-32P]ATP was obtained from Perkin Elmer Life
Sciences, and chemicals unless otherwise noted were from Sigma-Aldrich. Human
polymerases η and ι were purchased from Enzymax (Lexington, KY). Shrimp alkaline
phosphatase was obtained from USB Corp. (Cleveland, OH), and all other enzymes
unless otherwise specified were from New England Biolabs.
The Polk-, Rev3-, and Poli-deficient mouse embryonic fibroblast (MEF) cells
were kindly provided by Professors Haruo Ohmori,21 Richard D. Wood,22 and Roger
Woodgate, 23 respectively. The C-Tag cells (POLH-deficient cells), which are SV40immortalized cells derived from xeroderma pigmentosum-variant patients, were provided
generously by Professor William K. Kaufmann.24
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Preparation and LC-MS/MS Characterizations of ODN Substrates Containing an (S)-N2CEdG, (R)-N2-CEdG, or N2-CMdG
The 17-mer ODN 5′-GCGCAAAXCTAGAGCTC-3′ (X = N2-CEdG) was
synthesized following previously reported procedures.25 The corresponding ODN bearing
an N2-CMdG was prepared by using the same procedures except that glycine was used in
lieu of alanine to displace the fluorine atom in 2-fluoro-2′-deoxyinosine after ODN
assembly.
The identities of N2-CEdG- and N2-CMdG-containing 17-mer ODNs were
confirmed by online capillary HPLC electrospray ionization-MS/MS (Figures C.1 and
C.2) using an Agilent 1100 capillary HPLC pump (Agilent Technologies) interfaced with
an LTQ linear ion-trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA),
which was configured for monitoring the fragmentation of the [M − 4H]4− ions of the 17mer ODNs. A 5-min linear gradient of 0–30% methanol followed by a 30 min of 30–50%
methanol in 400 mm 1,1,1,3,3,3-hexafluoro-2-propanol buffer (pH adjusted to 7.0 by
addition of triethylamine) was employed.
Construction of pTGFP-Hha10 and pMTEX4 Genomes Harboring a Site-specifically
Inserted (S)-N2-CEdG, (R)-N2-CEdG, N2-CMdG, or dG
A previously described method26 was used to insert a structurally defined lesion
into a unique site in the pTGFP-Hha10 vector. Briefly, we first nicked the original vector
with N.BstNBI to produce a gapped vector and a 33-mer single-stranded DNA (see
Figures 4.2A and B). In this respect, the pTGFP-Hha10 vector contains two N.BstNBI
recognition sites upstream of the coding region of the Turbo GFP (TGFP) gene, and
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Figure 4.2. Construction and characterization of the lesion-bearing pTGFP-Hha10 shuttle
vector. A schematic diagram showing the procedures for the preparation of the lesioncontaining plasmid (A). Enzymatic digestion and ligation for the insertion of damagecarrying ODN into the gapped pTGFP-Hha10 vector (B). Agarose (1%) gel
electrophoresis for monitoring the processes for the construction of the (S)-N2-CEdGbearing pTGFP-Hha10 vector (C). Restriction digestion and post-labeling for assessing
the integrity of the control and lesion-containing vectors (D).
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N.BstNBI nicks only one strand of duplex DNA at the fourth nucleotide 3′ to the GAGTC
restriction recognition site. The 33-mer single-stranded ODN was removed subsequently
from the nicked plasmid by annealing the cleavage mixture with the complementary 33mer ODN in 50-fold molar excess. The gapped plasmid was isolated from the mixture by
using 100-kDa cut-off ultracentrifugation filter units (Centricon 100 from Millipore). The
purified gapped construct (see Figure 4.2C, lane 2) was subsequently annealed with a 5′phosphorylated 17-mer lesion-carrying insert and a 16-mer unmodified ODN and ligated
with T4 DNA ligase (see Figure 4.2B). In this regard, we used a 17-mer rather than 33mer lesion-containing insert because of the relative ease in the synthesis and purification
of the former substrate. The ligation mixture was incubated with ethidium bromide, and
the resulting supercoiled, lesion-carrying double-stranded plasmid was isolated from the
mixture by agarose gel electrophoresis (see Figure 4.2C, lanes 4 and 5). The pTGFPHha10 vector contains an SV40 origin, which allows the vectors to be replicated in the
SV40-transformed human 293T and POLH-deficient cells.
The replicating vector pMTEX4 was used for experiments conducted in the MEF
cell lines. pMTEX4 contains a polyomavirus T antigen gene and a polyomavirus origin of
replication, which allow pMTEX4 to be replicated in MEF cells. A 54-bp duplex DNA
with Mlu I and NheI cohesive ends was ligated to the Mul I-NheI digested pMTEX4. The
resulting pMTEX4 vector was nicked with Nb.BbvCI to produce a gapped vector and a
41-mer single-stranded DNA. The subsequent procedures were similar as those for the
construction of lesion-containing pTGFP-Hha10 vector as described above.
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Cell Culture, Transfection, and in Vivo Replication
The 293T, POLH-deficient human fibroblast cells and all MEF cells were cultured at 37
°C in a 5% CO2 atmosphere and in Dulbecco's modified Eagle's medium supplemented
with 10% fetal bovine serum (Invitrogen), 100 units/ml penicillin, and 100 μg/ml
streptomycin (ATCC, Manassas, VA). Cells (5 × 105) were seeded in six-well plates and
cultured overnight, after which they were transfected with 300 ng of the lesion-containing
or lesion-free pTGFP-Hha10 or pMTEX4 vector using Lipofectamine 2000 (Invitrogen).
After in vivo replication for 24 h, DNase I was added to digest the residual DNA
adsorbed to the exterior of cells.27 Cells were subsequently detached by treating with
trypsin-EDTA (ATCC), the progenies of the plasmid were isolated by using an alkali
lysis method,28 and residual unreplicated plasmid was further removed by DpnI digestion.
Determination of Bypass Efficiency and Mutation Frequency
The bypass efficiencies and mutation frequencies were determined by a method
adapted from the restriction endonuclease and post-labeling assay,29, 30 which was
developed initially by Essigmann and co-workers31-33 for assessing the cytotoxic and
mutagenic properties of DNA lesions in E. coli cells using the single-stranded M13
genome. The progeny genomes were amplified subsequently by PCR using Phusion high
fidelity DNA polymerase. The primers were 5′GCAGAGCTGGTTTAGTGAACCGTCAG-3′ and 5′CTCTGCTGAAGCCAGTTACCTTCGG-3′ for pTGFP-Hha10 vector, 5′GCTATCGAATTAATACGACTCATTATAGG-3′ and 5′CCTTCGGAAAAAGAGTTGGTAGC-3′ for pMTEX4 vector. Target DNA was
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amplified for 35 cycles, each consisting of 10 s at 98 °C, 30 s at 62 °C, 2 min at 72 °C,
with a final extension at 72 °C for 5 min. The resulting 3950-bp PCR products (from
pTGFP-Hha10 progenies) and 3412-bp PCR products (from pMTEX4 progenies) were
purified by using a QIAquick PCR purification kit (Qiagen, Valencia, CA). For the
bypass efficiency assay, a portion of the above PCR fragments was treated with 10 units
of SacI and 1 unit of shrimp alkaline phosphatase (USB Corp.) in 10-μl New England
Biolabs buffer 4 at 37 °C for 1 h, followed by heating at 65 °C for 20 min to deactivate
the phosphatase. The above mixture was then treated in a 15-μl NEB buffer 4 with 5 mm
DTT, ATP (50 pmol (cold), premixed with 1.66 pmol [γ-32P]ATP), and 10 units of
polynucleotide kinase. The reaction was continued at 37 °C for 1 h, followed by heating
at 65 °C for 20 min to deactivate the polynucleotide kinase. 10 units of FspI was added to
the reaction mixture (see recognition sites highlighted in boldface in Figure 3-3A), and
the solution was incubated at 37 °C for 1 h, followed by quenching with 15 μl of
formamide gel loading buffer containing xylene cyanol FF and bromphenol blue dyes.
The mixture was loaded onto a 30% native polyacrylamide gel (acrylamide:bisacrylamide = 19:1), and products were quantified by a phosphorimaging analysis.14 After
these cleavages, the original lesion site was housed in a 14-mer/10-mer duplex,
d(pGCAAAMCTAGAGCT)/d(p*CTAGNTTTGC) (bottom strand product), where M
represents the nucleobase incorporated at the initial damage site during in vivo DNA
replication, N is the paired nucleobase of M in the complementary strand, and p*
designates the 5′-radiolabeled phosphate (see Figure 4.3A). The mutation frequencies
were determined from the relative amounts of different 10-mer products from the gel
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Figure 4.3. Determination of bypass efficiencies and mutation frequencies of (S)- or (R)N2-CEdG and N2-CMdG. Restriction digestion of PCR products of the progeny genome
arising from in vivo replication of N2-CEdG- and N2-CMdG-bearing genome in
mammalian cells (A). Nondenaturing PAGE for assessing the bypass efficiencies and
mutation frequencies of N2-CEdG and N2-CMdG in mammalian cells that are proficient
in TLS DNA polymerase (human 293T cells and wild-type MEF cells) or deficient in
polymerase η (POLH−/−), polymerase ζ (Rev3−/−), polymerase κ (Polk−/−), and polymerase
ι (Poli−/−) (B).
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band intensities. On the other hand, the restriction cleavage of the product arising from
the replication of the lesion-free top strand gave
d(pGCAAAGCTTGAGCT)/d(p*CAAGCTTTGC). The 10-mer products were monitored
instead of the 14-mer products because the former products could be resolved by native
polyacrylamide gel. The bypass efficiency was calculated using the following formula, %
bypass = (lesion vector bottom strand signal/lesion vector top strand signal)/(control
vector bottom strand signal/control vector top strand signal).
Identification of Replication Products by Using LC-MS/MS
To identify the replication products using LC-MS, a nested PCR was performed
using primers 5′-ACGGTGCCGACAGGTGCTTC-3′ and 5′CCCTTCCGGAGACGACTAGTGC-3′. The 238-bp PCR products were treated with 50
units of SacI, 50 units of FspI, and 20 units of shrimp alkaline phosphatase in a 250-μl
NEB buffer 4 at 37 °C for 2 h, followed by heating at 65 °C for 20 min. The resulting
solution was extracted with phenol/chloroform/isoamyl alcohol (25:24:1, v/v), and the
aqueous portion was dried with Speed-vac and dissolved in 12 μl of water. The ODN
mixture was subjected to LC-MS/MS analysis. A 0.5 × 150 mm Zorbax SB-C18 column
(5 μm in particle size, Agilent Technologies) was used for the separation, and the flow
rate was 8.0 μl/min, which was delivered by using an Agilent 1100 capillary HPLC
pump. A 5-min gradient of 0–20% methanol followed by a 35-min of 20–50% methanol
in 400 mm 1,1,1,3,3,3-hexafluoro-2-propanol (pH was adjusted to 7.0 by the addition of
triethylamine) was employed for the separation. The effluent from the LC column was
coupled directly to an LTQ linear ion trap mass spectrometer (Thermo Electron, San
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Jose, CA), which was configured for monitoring the fragmentation of the [M − 3H]3− ions
of the 14-mer ODNs (i.e. d(GCAAAMCTAGAGCT), where M designates A, T, C, or G).
siRNA Knockdown of POLK Gene in 293T Cells and Replication Studies in siRNAtreated Cells
ON-TARGETplus SMARTpool (L-021038) and siGENOME Nontargeting
siRNA (D-001210) were purchased from Dharmacon (Lafayette, CO). 293T cells were
grown in DMEM medium (ATCC) containing 10% fetal bovine serum (Invitrogen) and
penicillin/streptomycin (ATCC). Cells were seeded in six-well plates at 70% confluence
and transfected with 1 μg of synthetic duplex siRNAs using Lipofectamine 2000
following the manufacturer's instructions. After a 48-h incubation, cells were cotransfected with another aliquot of siRNA and pTGFP-Hha10 lesion-containing vector
followed by isolation of progeny vectors after a 24-h incubation with the same methods
used previously. The isolated progeny vectors were processed using a protocol identical
to that described above.
Real-time Quantitative RT-PCR and Immunoblot Analysis
Total RNA was extracted from the cells 48 and 72 h after transfection with siRNA
using the RNeasy Mini Kit (Qiagen). cDNA was synthesized by using iScriptTM cDNA
synthesis kit (Bio-Rad) according to the manufacturer's recommended procedures.
Briefly, 1 μg of total RNA was reverse-transcribed with 1 μl of iScript reverse
transcriptase in a 20-μl volume reaction. The reaction was carried out at 25 °C for 5 min
and at 42 °C for 30 min. The reverse transcriptase was then deactivated by heating at 85
°C for 5 min. Analyses of the transcripts for POLK were performed by real-time
quantitative RT-PCR using iQTM SYBR Green Supermix kit (Bio-Rad) according to the
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manufacturer's recommendations on a Bio-Rad iCycler system (Bio-Rad). The following
primers were used for the real-time PCR: 5′-TGCTGATTTTCCACATCCCTTGAG-3′
and 5′-CTCCTTTGTTGGTGTTTCCTGTCC-3′ for POLK, 5′TTTGTCAAGCTCATTTCCTGGTATG-3′ and 5′TCTCTTCCTCTTGTGCTCTTGCTG-3′ for GAPDH. The comparative cycle threshold
(Ct) method (ΔΔCt) was used for the relative quantification of gene expression.34
Immunoblot analysis was preformed with a total of 40 μg of whole cell lysate. Antibody
that specifically recognizes human DNA polymerase κ (Santa Cruz Biotechnology) was
used at a 1:2000 dilution. Human β-actin antibody (Abcam, Cambridge, MA) was used at
a 1:5000 dilution. Horseradish peroxidase-conjugated secondary goat anti-mouse
antibody (Santa Cruz Biotechnology) and goat anti-rabbit antibody (Abcam) were used at
a 1:10,000 dilution.
Steady-state Kinetic Measurements
A 24-mer ODN, d(5′-GCGCAAAXCTAGAGCTCGAGATCT-3′) (X = S/(R)-N2CEdG) and a 5′-32P-labeled 16-mer primer, d(AGATCTCGAGCTCTAG), were
employed for steady-state kinetic measurements.
The 24-mer N2-CEdG-containing ODNs, 5′GCGCAAAXCTAGAGCTCGAGATCT-3′, X = (S/R)-N2-CEdG), were prepared, and
steady-state kinetic analyses were performed following procedures described
previously.14 The 24-mer lesion-containing template or nondamaged template (20 nm)
with dG in place of the N2-CEdG was annealed with a 5′-32P-labeled 16-mer primer
d(AGATCTCGAGCTCTAG) to give the primer-template complex. The primer-template
complex (10 nm) was incubated at 37 °C with human polymerase η (5 ng) for 10 min or
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polymerase ι (5 ng) for 30 min in the presence of various concentrations of an individual
dNTP and in a buffer containing 20 mm Tris-HCl (pH 7.5), 2 mm dithioreitol, 100 μg/ml
bovine seine albumin, 10% glycerol, and 5 mm (for polymerase η) or 2 mm (for
polymerase ι) MgCl2. The individual dNTP concentration was optimized for different
insertion reactions to allow for a <20% primer extension.35 The buffer contained 80%
formamide, 10 mM EDTA (pH 8.0), 1 mg/mL xylene cyanol and 1 mg/mL bromophenol
blue. The products were resolved on 20% (29:1) cross-linked polyacrylamide gels
containing 8 M urea. Gel band intensities for the substrates and products were quantified
using a Typhoon 9410 variable-mode imager (Amersham Biosciences Co.) and
ImageQuant version 5.2 (Amersham Biosciences Co.). The dNTP concentration was
optimized for different insertion reactions to allow for approximately 20% primer
extension.35 The observed rate of dNTP incorporation (Vobs) was plotted versus the dNTP
concentration, and the apparent steady-state kinetic parameters (Km and Vmax) for the
incorporation of the correct and incorrect nucleotides were determined by fitting the rate
data with the Michaelis-Menten equation:
Vobs 

Vmax  [dNTP]
K m  [dNTP]

The kcat values were then calculated by dividing the Vmax values with the concentration of
the polymerase used. The efficiency of nucleotide incorporation was determined by the
ratio of kcat/Km, and the fidelity of nucleotide incorporation was gauged by the frequency
of misincorporation (finc), which was calculated using the following equation:36
f inc =

(kcat / K m )incorrect
(kcat / K m ) correct
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Results
Construction and Characterization of Plasmids Housing a Site-specifically Inserted N2CEdG or N2-CMdG
Our previous studies revealed that DinB is the major DNA polymerase involved
in the accurate and efficient bypass of N2-CEdG in E. coli cells. The goal of the present
investigation is to understand how N2-CEdG and its structurally related N2-CMdG are
replicated in mammalian cells. To this end, we first constructed double-stranded pTGFPHha10 and pMTEX4 vectors housing these lesions (Figures 4.2).
Constructing the lesion-bearing plasmid is among the most challenging steps
when a double-stranded shuttle vector is employed for in vivo replication experiments.
However, the use of the pTGFP-Hha10 and pMTEX4 vectors allows for the relatively
easy preparation of the lesion-containing plasmid because the ligation only necessitates
the insertion of a single-stranded damage-containing ODN into a gapped double-stranded
vector. As depicted in Figure 4.2C (lane 4), the strategy facilitated the efficient
generation of lesion-containing double-stranded vector, and agarose gel electrophoresis
afforded convenient purification of the resulting double-stranded vector from the ligation
mixture (Figure 4.2C); we could routinely produce the N2-CMdG- and N2-CEdGcontaining pTGFP-Hha10 vectors at an overall yield of ∼30%.
We further confirmed the incorporation of the lesion-containing insert by
employing a restriction digestion/post-labeling assay. In this experiment, the
aforementioned double-stranded genomes were digested with EcoRI (the unique EcoRI
site is shown in Figure 4.2B). The nascent terminal phosphate groups were removed by
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using alkaline phosphatase, and the 5′-termini were subsequently rephosphorylated with
[γ-32P]ATP. The linearized vector was further cleaved with NheI (unique NheI site shown
in Figure 4.2B), which affords a 52-mer lesion-containing ODN if the ligation is
successful (Figure 4.2B). Indeed, denaturing PAGE analysis revealed a distinct 52-mer
32

P-labeled fragment, and no shorter fragments were detected (Figure 4.2D), supporting

the successful incorporation of the 17-mer lesion-containing insert and the 16-mer
unmodified ODN into the gapped construct.
Effect of N2-CEdG and N2-CMdG on Efficiency and Fidelity of DNA Replication in
Mammalian Cells
When the lesion-containing, double-stranded shuttle vector is replicated in
mammalian cells, the undamaged strand may be replicated preferentially over the lesioncarrying strand,36, 37 rendering it difficult to determine accurately the mutation
frequencies. To overcome this difficulty, we employed a similar strategy as reported
previously26, 36, 37 and incorporated an A:A mismatch three nucleotides away from the
lesion site (Figures 4.2B and 4.3A). This method facilitated the independent assessment
of the products arising from the replication of the lesion-containing strand and its
opposing unmodified strand (Figure 4.3A).
The lesion-containing and the control lesion-free vectors were transfected
separately into several mammalian cell lines, which include the 293T cells and wild-type
MEF cells. To assess the roles of various TLS DNA polymerases in bypassing the abovementioned N2-dG lesions, we also evaluated the replication of the lesion-carrying and
control lesion-free vectors in immortalized MEF cells deficient in Polk,21 Rev3,22 or
Poli,23 as well as C-Tag cells, which are deficient in human POLH.24
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Our results revealed that none of the N2-dG lesions are mutagenic in human 293T
cells or wild-type MEF cells. However, all of them are mutagenic in MEF cells that are
deficient in Polk. As depicted in Figure 4.3B, replication of A:A mismatch-containing,
lesion-free genome (labeled as “control”) in wild-type MEF gives two 10-mer products,
i.e. d(CAAGCTTTGC) (10-mer-AC) and d(CTAGCTTTGC) (10-mer-TC), from the
respective replication of the top and bottom strands of the plasmid. The observation of
similar amounts of products originating from the replication of the top and bottom strands
indicates the lack of repair of the A:A mismatch in the plasmid. The replication of the N2CEdG- and N2-CMdG-harboring genomes in Polk-deficient background results in the
appearance of two new bands in the gel (Figure 4.3B), which are attributed to
d(CTAGTTTTGC) (10-mer-TT) and d(CTAGATTTGC) (10-mer-TA) based on LCMS/MS monitoring of the complementary 14-mer fragments from the same restriction
digestion mixtures (Figures C.3 and 4.3A). In this context, the latter analysis revealed the
formation of only the two mutated products as labeled to the right of Figure 3.3B; other
mutagenic products are below the detection limit of the LC-MS/MS method.
Quantification revealed that the replication of (S)-N2-CEdG-, (R)-N2-CEdG-, and N2CMdG-containing genomes in Polk-deficient background can give rise to G→A
transition at frequencies of 23.3, 23.6, and 23.9%, respectively, and G→T transversion at
frequencies of 15.1, 15.8, and 15.0%, respectively (Figure 4.4B). The bypass efficiencies
for the three lesions are similar in 293T cells and in wild-type MEF cells, and the
deficiency in Polk did not compromise the bypass efficiencies. In this regard, the bypass
efficiencies for (S)-N2-CEdG, (R)-N2-CEdG, and N2-CMdG in wild-type MEF are 99.4,
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Figure 4.4. Bypass efficiencies (A) and mutation frequencies (B) of dG, (S)-N2-CEdG,
(R)-N2-CEdG, and N2-CMdG lesions in wild-type, POLH-, Rev3-, Polk-, and Polideficient mammalian cells. Black, dark gray, light gray, and white columns represent the
results for substrates carrying dG, (S)-N2-CEdG, (R)-N2-CEdG and N2-CMdG,
respectively. The data represent the means and S.D. of results from three independent
experiments.
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100.6, and 99.0%, respectively, whereas the corresponding bypass efficiencies in the
Polk-deficient MEF are 97.8, 95.4, and 98.3% (Figure 4.4A).
The above results support that the polymerase κ-mediated bypass of N2substituted dG lesions in mammalian cells is accurate. This result is in keeping with our
recently published results showing that polymerase IV, the E. coli ortholog of
mammalian polymerase κ, is the major polymerase involved in the accurate bypass of N2CEdG in E. coli cells and that the human polymerase κ-mediated in vitro nucleotide
incorporation opposite N2-CEdG is both accurate and efficient.14
We next assessed whether other TLS DNA polymerase(s) are also involved in the
bypass of N2-CEdG and N2-CMdG in mammalian cells. Our results revealed that Poli
deficiency also led to elevated frequencies of G→A (18.0, 19.3, and 20.4% for (S)-N2CEdG, (R)-N2-CEdG, and N2-CMdG, respectively) and G→T mutations (12.6, 13.1, and
13.6%, respectively, (Figure 4.4B). In addition, the bypass efficiencies for the three
lesions in Poli-deficient cells were 105.3, 101.2, and 99.5%, respectively (Figure 4.4A),
which were similar to those found in the wild-type MEF cells.
The observation of substantial frequencies of G→A and G→T mutations in Polideficient MEF suggests that the polymerase ι-mediated nucleotide insertion opposite the
above N2-dG lesions is also accurate. To examine whether this is the case, we performed
steady-state kinetic measurements for human polymerase ι-induced nucleotide
incorporation opposite the two diastereomers of N2-CEdG as well as an unmodified dG.
The results indeed demonstrated that human polymerase ι preferentially inserts the
correct dCMP across the N2-CEdG lesions (Table 4.1). Importantly, the efficiencies for
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Table 4.1. Fidelity of nucleotide incorporation by human polymerases η and ι on N2CEdG-containing substrates and the undamaged substrate as determined by steady-state
kinetic measurements. kcat and Km are average values based on three independent
measurements.
dNTP

kcat

Km

kcat/Km

min-1

nM

nM-1min-1

finc

dATP

(5.06 ± 0.01) × 10−2

(3.53 ± 0.29) × 103

1.43 × 10−5

0.63

dGTP

(5.73 ± 0.37) × 10−2

(2.05 ± 0.42) × 104

2.79 × 10−6

0.12

dCTP

−2

(5.73 ± 0.37) × 10

4

(2.05 ± 0.42) × 10

−6

2.79 × 10

0.12

dTTP

(5.73 ± 0.37) × 10−2

(2.05 ± 0.42) × 104

2.79 × 10−6

0.12

dATP

(3.53 ± 0.01) × 10−2

(2.85 ± 0.25) × 103

1.24 × 10−5

0.52

dGTP

−2

(4.86 ± 0.01) × 10

4

(5.60 ± 0.62) × 10

8.69 × 10−7

0.069

dCTP

(2.61 ± 0.02) × 10−2

(1.10 ± 0.09) × 103

2.37 × 10−5

1

dTTP

−2

2

−5

Human polymerase 
(S)-N2-CEdG-containing substrate

(R)-N 2-CEdG-containing substrate

(1.57 ± 0.02) × 10

(5.62 ± 0.36) × 10

2.79 × 10

1.2

(9.27 ± 0.52) × 103

4.67 × 10−6

0.00013

3

0.00017

Control dG-containing substrate
dATP

(4.33 ± 0.01) × 10−2
−2

dGTP

(1.53 ± 0.003) × 10

(2.52 ± 0.44) × 10

6.07 × 10−6

dCTP

(3.57 ± 0.04) × 10−2

(9.92 ± 0.72) × 10−1

3.61 × 10−2

dTTP

(3.22 ± 0.001) × 10−2

(2.56 ± 0.21) × 104

1
1.26 × 10−6 3.5 × 10−5

Human polymerase 
(S)-N2-CEdG-containing substrate
dCTP

(1.16 ± 0.01) × 10−2

(2.23 ± 0.38) × 104

5.24 × 10−7

1

(R)-N2-CEdG-containing substrate
dCTP

(1.07 ± 0.02) × 10−2

(1.97 ± 0.12) × 104

5.43 × 10−7

1

Control dG-containing substrate
dCTP

(1.32 ± 0.04) × 10−2

(1.06 ± 0.08) × 104

1.24 × 10−6

1
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dCMP incorporation opposite the two N2-CEdG derivatives are only slightly lower than
that for dCMP insertion opposite an unmodified dG (Table 4.1). This is consistent with
the previous observations showing that polymerase ι-mediated nucleotide insertion
opposite other minor groove N2-dG adducts is both accurate and efficient.38, 39
We next assessed the role of polymerases η and ζ on the bypass of N2-CEdG and
N2-CMdG in mammalian cells. It turned out that the replication of N2-CEdG and N2CMdG-bearing plasmids in POLH- or Rev3-deficient cells did not give rise to detectable
mutations. These data underscored the lack of involvement of polymerase η or ζ in
bypassing those lesions in a background that is proficient in Polk or Poli.

Discussion
We developed a shuttle vector-based method for assessing quantitatively how (S)N2-CEdG, (R)-N2-CEdG, and N2-CMdG perturb the efficiency and fidelity of DNA
replication in mammalian cells. With the use of this method and mammalian cells that are
deficient in TLS DNA polymerases, we investigated the roles of various mammalian TLS
DNA polymerases in bypassing these lesions. The most important finding made from the
present study is that, in mammalian cells, the polymerase κ- and polymerase ι-mediated
nucleotide incorporation opposite N2-CEdG and N2-CMdG is error-free. This result
reinforced the notion that N2-substituted dG lesions are cognate substrates for DinB DNA
polymerases,12, 14 and it also ascertained that polymerase ι, a Y-family polymerase
present only in higher eukaryotes,4 accurately bypasses these lesions.
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Our current study also underscored that, in a genetic background lacking
polymerase κ or ι, some other polymerase(s) can also bypass the above two lesions,
though with compromised fidelity. In this context, our mutagenesis data revealed
substantial frequencies of dAMP and dTMP misincorporation opposite the N2-dG lesions
when the replication was performed in Polk- or Poli-deficient cells. The in vitro steadystate kinetics experiments with purified human polymerase η illustrated that, aside from
inserting the correct nucleotide (dCMP), the polymerase can incorporate dAMP and
dTMP at efficiencies that are similar or slightly lower than for dCMP insertion (Table
4.1), suggesting that polymerase η might be responsible for the mutagenic bypass of the
N2-dG lesions in a Polk- or Poli-deficient background. This finding is reminiscent of
what was recently observed for the bypass of cis,syn-cyclobutane thymine dimers in
mammalian cells. In this regard, polymerase η can perform the accurate and efficient
nucleotide insertion opposite the lesion;40 in the absence of polymerase η, the lesion also
can be bypassed by other TLS polymerases, but with poor accuracy.40, 41 In addition, a
previous report showed that another N2-modified 2′-deoxyguanosine derivatives, N2benzo[]pyrene-guanine, can be bypassed efficiently and accurately by polymerase κ in
wild-type MEF cells; however, the bypass of this adduct was error-prone in the absence
of polymerase κ.42 Along this line, polymerase κ was found to be important to protect
mammalian cells against the lethal and mutagenic effects of benzo[ ]pyrene.43
To further examine whether polymerase η was involved in mutagenic bypass of
the N2-dG lesions in cells, we employed siRNA to knock down the POLK gene in POLHdeficient cells to determine whether the genetic suppression of POLK in POLH-deficient
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background could abrogate the G→A and G→T mutations found in Polk−/− MEFs. As a
control experiment, we also treated 293T cells with POLK siRNA while reasoning that
siRNA-induced depletion of polymerase κ in 293T cells should recapitulate the findings
made for Polk-deficient MEFs. However, no mutagenic products could be found from
replication of the N2-CEdG- or N2-CMdG-containing plasmids in 293T cells treated with
POLK siRNA. This result suggests that, although siRNA treatment results in an ∼85%
decrease in POLK expression as demonstrated by real-time quantitative RT-PCR and
Western analysis (Figure C.4), the remaining polymerase κ might be sufficient for
bypassing the N2-carboxyalkyl-dG lesion in transfected plasmids. We also attempted but
failed to effectively knock down the expression of Polh in the Polκ-deficient MEF cells
using siRNA.
Based on the above findings, we put forward a plausible model for the bypass of
the N2-dG lesions in mammalian cells. In wild-type cells, polymerase κ and/or ι insert the
correct dCMP opposite the lesion and the resulting N2-dG:dC base pair at the
primer/template junction can be extended by polymerase ζ, a general mismatch
extender,44 or by another TLS polymerase. In cells deficient in Polk or Poli, another
polymerase (e.g. polymerase η) can insert a nucleotide opposite the N2-dG lesion, but the
nucleotide incorporation is error-prone, with substantial frequencies of dAMP and dTMP
misincorporation. The nascent base pair at the primer/template junction can again be
extended by polymerase ζ or another TLS polymerase.
N2-dG adducts can arise from byproducts of an array of cellular processes, including
glycolysis 18, 30 and lipid peroxidation.45 In addition, there is supporting evidence that
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these minor groove adducts may be resistant toward excision repair.46 In this vein, the N2dG adduct is the least abundant dG lesion produced from acetylaminofluorine, but it
persists in tissues of animals treated with this carcinogen.47 The ubiquitous formation of
N2-dG adducts from byproducts of endogenous metabolism and the poor repair of these
lesions may justify the need of multiple polymerases (polymerase κ and ι) for their
accurate bypass in mammalian cells. In this context, little is known about how N2-CEdG
and N2-CMdG lesions are repaired, and such studies are currently ongoing in our
laboratory.
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Chapter 5: Replication Across Endogenously Derived Gquadruplex Sequences in Escherichia coli Cells
Introduction
During replication and transcription, normally duplex B-form DNA is separated
resulting in transiently single-stranded DNA. Under certain conditions, some singlestranded DNA sequences are capable of adopting non-B structures, including triplexes,
cruciforms, slipped structures, Z-DNA and G-quadruplexes (G4).1 These non-B DNA
conformations can be mutagenic, causing gene rearrangements and genome instability,
and have been implicated in neurological and psychiatric diseases.2, 3 Amongst the
different non-B DNA conformations, G4 structures have received much attention due to
their location throughout the genome and their unique physical properties.4-6
In vitro biochemical experiments have demonstrated that single-stranded guaninerich DNA and RNA sequences are able to fold into G4 structures.7-10 These structures
consist of two or more stacked guanine tetrads, i.e., four guanine bases stabilized through
Hoogsteen hydrogen-bonding (Figure 5.1A). These tetrads are linked with singlestranded oligonucleotide loops of varying lengths and are further stabilized by
electrostatic interactions with monovalent cations located in the central cavity of the
tetrad (Figure 5.1A). Depending upon the orientation of the DNA/RNA strands, the G4
structures can adopt a variety of conformations, namely, parallel, antiparallel or some
combination of the two.11 Interestingly, compared to double-stranded DNA, G4 structures
are extremely stable (with melting temperatures being 20-30°C higher), though the
stability of the G4 structure depends on a variety of factors including sequence length
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Figure 5.1. G-quadruplex sequences examined in this study. Structure of G-tetrad
stabilized by Hoogsteen hydrogen bonding and a central monovalent cation (A);
Intramolecular G4 structure for the c-Kit G4 promoter sequence
d(AGGGAGGGCGCTGGGAGGAGGG) and the c-Myb G4 promoter sequence
d(GGAGGAGGAGGA) (B-C).
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and composition, size of the loops between the guanines, strand alignment and cations
involved in binding.4, 5, 10
Computational studies have revealed a preponderance of these guanine-rich
nucleotide sequences throughout the genomes of prokaryotes and eukaryotes. For
example, there are at least 375,000, 1,400 and 600 potential G4 structures in the nuclear
genomes of human,12 Saccharomyces cerevisiae,13 and Escherichia coli, respectively.14
In addition, these potential G4 sequences are conserved in related species 14-16 and are not
randomly located throughout genomes, but instead are concentrated in the telomeres of
eukaryotes, in micro- and minisatellite regions, in promoter regions of genes, within
ribosomal DNA, near transcription factor binding sites and at mitotic and meiotic doublestrand break sites.13-17 Taken together, this non-random concentration of potential G4
structures in the genome suggests likely roles for these non-canonical structures in gene
regulation and chromosome stability.
The promoter region of the c-Kit oncogene contains two proximal G4 sequences,
designated as c-Kit1 and c-Kit2, which were shown through NMR along with other
biophysical techniques to fold into G4 structures under physiological conditions.18 The
two G4 sequences in the c-Kit promoter do not share the same sequence, nor is there
evidence that they interact with each other. The 22-mer G4 sequence corresponding to cKit1 has been well characterized and was shown to fold into a unique, all-parallel
stranded G4 structure stabilized by three stacked G-tetrads (Figure 5.1B).19 Owing to the
unique structure adopted by the c-Kit1 G4 sequence, several groups have identified
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functional G4 ligands capable of interacting with the c-Kit1 G4 sequence and, upon
binding, inhibiting transcription of the downstream gene.20-22
The G4 sequence located in the promoter region of the c-Myb proto-oncogene
consists of three (GGA)4 repeats. The (GGA)4 repeat has previously been well
characterized by NMR under physiological conditions,23, 24 which reveals the folding of
(GGA)4 into an intramolecular quadruplex comprised of a G:G:G:G tetrad and a
G:(A:)G:(A:) G:(A:)G heptad (T:H) (Figure 5.1C). In addition, two of the three (GGA)4
repeats form a dimer that is stabilized by interactions between the heptads of the two
quadruplexes to form a tetrad/heptad/heptad/tetrad (T:H:H:T) quadruplex structure.23, 24
Nevertheless, in vitro experiments have also shown that one (GGA)4 repeat was adequate
to block transcription by RNA polymerase.24, 25
Recently several groups have explored the role that G4 sequences and their
structures may play in replication. In particular, Lopes et al.26 recently showed that the
G4-prone CEB1 mini-satellite region was capable of forming G4 structures on the
leading strand during DNA replication, causing subsequent instability to the genome.
Additionally, Bétous et al.27 revealed the involvement of translesion synthesis (TLS)
DNA polymerases in processing G4 sequences from the promoter region of c-Myc gene.
To further investigate the role of G4 sequences on DNA replication, we inserted one G4
sequence from the c-Kit promoter region and one (GGA)4 repeat from the c-Myb
promoter region into single-stranded M13 genomes and assessed how these two
sequences are recognized by DNA replication machinery in E. coli cells.
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Materials and Methods
Oligodeoxyribonucleotides (ODNs) used in this study were purchased from
Integrated DNA Technologies (Coralville, IA). [γ-32P]ATP was obtained from Perkin
Elmer Life Sciences (Waltham, MA). Chemicals unless otherwise noted were obtained
from Sigma-Aldrich (St. Louis, MO). M13mp7(L2) and wild-type E. coli strains were
kindly provided by Prof. John M. Essigmann, and polymerase-deficient AB1157 strains
[Δpol B1::spec (pol II-deficient), ΔdinB (pol IV-deficient), ΔumuC::kan (pol Vdeficient), ΔumuC::kan ΔdinB::spec (pol IV-, pol V-double knock-out) and ΔumuC::kan
ΔdinB::Δpol B1::spec (pol IV-, pol V-, pol II-triple knock-out)] were generously
provided by Prof. Graham C. Walker.28 Wild-type RW118 E. coli strain and the isogenic
helicase-deficient strains [recD::kan (RecD-deficient) and recQ::kan (RecQdeficient)] were generously provided by Dr. Roger Woodgate (NIH, Rockville, MD).
Construction of G4-containing Single-stranded M13 Genome
Genomes containing G4 sequences and their mutated counterparts were
constructed following previously developed procedures.29 Briefly, 20 pmol of singlestranded M13mp7(L2) genomes were linearized with EcoRI. Two scaffolds spanning
each end of the cleaved vector and the ODN sequence were annealed with the linearized
vector. The inserts with G4 and control sequences were 5' phosphorylated and ligated
into the annealed vectors. The insert sequences and scaffolds used for genome
construction are listed in Table D.1. In this context, we mutated two guanine residues in
c-Kit-G4 sequence that are essential for G4 structure formation to thymines to give the cKit-control sequence. Similarly we mutated four guanine residues required for G4
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structure formation to cytosines to yield c-Myb-control sequence. To determine bypass
efficiency across the G4 sequences, we also prepared a competitor genome by inserting
an unmodified ODN into the linearized M13 genome that was either three bases shorter
(for c-Kit-G4) or longer (for c-Myb-G4) than the G4 and control sequences (Table D.1).
Following ligation, the residual linearized single-stranded M13 vector and scaffolds were
degraded by addition of T4 DNA polymerase. The reaction mixtures were purified using
E.Z.N.A. cycle-pure kit (Omega, Norcross, GA) to remove the enzymes, salts and
degraded DNA. The constructed G4 and control genomes were then normalized against
the respective competitor genome to accurately define the molar ratio of the G4 and
control genomes over the competitor genome, following published procedures.29
Transfection of G4-containing Single-stranded M13 Genome.
The G4, or the corresponding control genome was mixed with the competitor
genome at a molar ratio of 3/1, transformed into wild-type and the above-described
polymerase-deficient AB1157 E. coli cells via electroporation. Constructed vectors were
also transformed into wild-type RW118 E. coli cells and the aforementioned isogenic
cells deficient in RecD or RecQ. Following transformation, the plasmids were allowed to
replicate in the host cells for 6 hr. In this vein, it is worth nothing that the AB1157 and
RW118 strains are proficient in nucleotide excision repair. Following 6 hr of replication,
the AB1157 and RW118 cells were pelleted and the supernatant, which contained the
progeny phages, was collected. A second amplification was performed by infecting the
SCS110 E. coli cells with viable progeny phage so as to increase the progeny/parent
genome ratios by several orders of magnitude. The infected SCS110 E. coli cells were
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allowed to incubate for 5 hr, after which the single-stranded DNA was extracted from the
progeny phage.
Competitive Replication and Adduct Bypass (CRAB) Assay for the Determination of
Bypass Efficiency of G4-containing Single-stranded M13 Genomes
CRAB assays were carried out following previously published procedures with
some modifications 29. Briefly, PCR amplification was performed using primers 5′YGCTATGACCATGATTCAGTGGAAGAC -3′ and 5′YTTGGGTAACGCCAGGGTTT -3′ (Y is an amino group) which flanked G4, control
and corresponding competitor sequences. To assess the bypass efficiency, restriction sites
were designed such that the entire or part of the G4 or control sequence could be used a
read-out. For the c-Kit-G4 genomes, PCR products were treated sequentially with BbsI
and shrimp alkaline phosphatase (SAP), followed by 32P-post-labeling and MlucI
cleavage. However, for c-Myb-G4 genomes, labeling of the G4-containing strand resulted
in non-specific cleavages which interfered with quantification. Therefore, the opposite
strand was labeled to monitor the bypass of the c-Myb-G4 genomes, where the PCR
products were treated sequentially with MlucI and SAP, followed by 32P- post-labeling
and BbsI cleavage. Reactions were terminated by addition of formamide gel loading
buffer containing xylene cyanol FF and bromophenol blue dyes. The mixture was loaded
onto a 20% (acrylamide:bisacrylamide = 19:1) denaturing gel, and the resolved ODN
fragments quantified by phosphorimaging analysis. For c-Kit-G4, restriction digestion of
the PCR products from G4 and control progeny genomes products led to radiolabeled 22mer ODN DNA fragments d(AGGGAGGGCGCTGGGAGGAGGG) (G4) and
117

d(AGGGAGGGCTCTGTGAGGAGGG) (control), whereas restriction digestion of the
competitor PCR product resulted in a 19-mer radiolabeled ODN,
d(AGGGAGGGCTTGAGGAGGG) (Scheme 5.1). For c-Myb-G4, restriction digestion of
PCR products from G4 and control progeny genomes PCR products gives rise 12-mer 5'32

P-labeled ODN DNA fragments, d(AATTTCCTCCTC) (G4) and

d(AATTTGCTGCTG) (control); while restriction digestion of the competitor PCR
product resulted in a 15-mer 5'-32P-labeled ODN, d(AATTTGCTGCTGCTG) (Scheme
D.1). The bypass efficiency was determined using the formula % bypass = (G4
signal/competitor signal)/(control signal/competitor signal).29
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Scheme 5.1. Methods for the determination of cytotoxicity and mutagenicity of c-Kit-G4
sequences in E. coli cells.

EcoRI site

G4 or Control
M13 Progeny

M13mp7(L2)

PCR amplification

Linearize with EcoRI
Anneal with 2 scaffolds
Add 5’-phosphorylated ODN
G4 or Control
Sequence

Competitor
M13 Progeny

BbsI

Comp
Sequence
(– 3 bases)

MlucI

5’-…GATTCAGTGGAAGACAAAGGGAGGGCGCTGGGAGGAGGGAATTCACT…-3’
3’-…CTAAGTCACCTTCTGTTTCCCTCCCGCGACCCTCCTCCCTTAAGTGA…-5’
BbsI
Shrimp alkaline phosphatase
MlucI, [-32ATP], T4 polynucleotide kinase

Add T4 DNA Ligase
Add T4 DNA Polymerase

G4 or Control
M13 Genome

Competitor
M13 Genome

5’-…GATTCAGTGGAAGACAA *pAGGGAGGGCGCTGGGAGGAGGG AATTCACT…-3’
3’-…CTAAGTCACCTTCTGTTTCCCp* TCCCGCGACCCTCCTCCCTTAA GTGA…-5’

Quantification of bypass
efficiency by 20%
denaturing PAGE gel

Electroporation
into E. coli

119

Results
The major objective of the present study was to assess how the presence of G4
structure perturbs DNA replication in E. coli cells. Depletion of TLS polymerases was
demonstrated to perturb replication of G4 DNA sequence derived from the promoter
region of the human c-Myc gene 27 and chicken -globin locus 30, while homologs of the
E. coli helicases, RecD and RecQ, were shown to play a role in processing G4 sequences
from a mouse immunoglobulin locus.31 Here we systematically investigated the roles of
TLS polymerases and DNA helicases in the replicative bypass of two G4 sequences
derived from the c-Kit and c-Myb promoters by transforming single-stranded M13
genomes into E. coli cells proficient and deficient in TLS polymerases or helicases. In
this respect, both G4 sequences were found to fold into secondary G4 structures in
vitro.19, 23, 32
Replication of c-Kit-G4-containing M13 genome in E. coli cells
One caveat of the CRAB assay is an assumption that both the competitor genome
and the G4 or control genomes will be amplified at equal efficiencies during PCR.
However, potential G4 structure formation may also alter the efficiency of PCR
amplification. In this vein, Gomez et al.33 developed a PCR stop assay in order to
investigate ligand binding to G4 structures in vitro because of the ability of G4 structures
to impede DNA synthesis during PCR. To account for the possibility of differential
amplification of the G4 genome compared to the competitor genome, we performed a
second normalization of the genomes. Similar to the initial normalization to derive the
true molar ratios of the G4 or control genomes to the corresponding competitor genome,
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we mixed equal molar amounts of G4 and competitor genomes and subjected them to the
same PCR amplification and restriction digestion procedures as those used to interrogate
the progeny phage arising from the replication studies. In this way, we can account for
any unequal PCR amplification of G4 or competitor genomes. The same procedures
were carried out to assess if there was a bias in amplification of the control and
competitor genomes. As can be seen in Figure 5.2A, when equal amounts of c-Kit-G4
and competitor genomes are PCR amplified, the competitor genome was amplified 2-fold
more than the G4 genome, whereas the control and competitor genomes were amplified
at nearly equal efficiency.
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Figure 5.2. Normalized genome ratios for PCR amplification for the constructed
genomes containing c-Kit-G4 (A) and c-Myb-G4 (B). In panel (A), the 22-mer bands
correspond to the G4 or control sequence while the 19-mer bands correspond to the
competitor sequence. In panel (B), the 15-mer bands correspond to the competitor
sequence and the 12-mer bands correspond to the G4 and control sequences.
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Our results showed that the bypass efficiency for the c-Kit-G4 genome was similar to the
control genome (Figure 5.3C). Removal of Pol IV and Pol II in the isogenic AB1157
background, however, resulted in significant decreases in bypass efficiencies for c-Kit-G4
by ~3.5- and ~8 folds, respectively (Figure5.3C). Further deletion of Pol V in the Pol IVdeficient background did not lead to additional reduction in bypass efficiency. Moreover,
we observed an even lower bypass efficiency in the triple-knockout strain (Figure 5.3C).
This result suggests a possible role for Pol IV and Pol II in processing the c-Kit-G4
sequence during DNA replication in E. coli cells.
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Figure 5.3. Bypass efficiencies for c-Kit-G4 and its control genome in wild-type; pol IV-,
pol V- and pol II-deficient; double-knockout, pol IV- and pol V-deficient; and tripleknockout, pol II-, pol IV- and pol V-deficient AB1157 E. coli cells (A&C) and in wildtype; RecD- and RecQ-deficient RW118 E. coli cells (B&D). In both panels the dark grey
and light grey columns represent the results for genomes containing the G4 and control,
respectively. p-values in are calculated between the G4 genome bypass efficiencies in
wild-type and deficient cells. The 22-mer bands correspond to the G4 and control
sequences, while the 19-mer bands correspond to the competitor sequence.
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To interrogate the role that DNA helicases play in processing the G4 sequences,
we examined how deficiency in RecQ or RecD affects the replicative bypass of the G4
sequences in E. coli cells. Both helicases have been implicated in unwinding naturally
occurring non-B DNA.31, 34, 35 Our results revealed a somewhat lower bypass efficiency
(~72%) for the c-Kit-G4 genome relative to the control genome in wild-type RW118 E.
coli cells (Figure 5.3D). Removal of the RecQ helicase in the isogenic background
resulted in a slight increase in bypass efficiency for the c-Kit-G4 genome (by ~30%),
whereas the removal of the RecD helicase resulted in a significant reduction in bypass
efficiency (by ~1.8 fold, Figure 5.3D). This result suggests that the RecD helicase likely
plays a role in processing G4 sequences in E. coli cells.
Replication of c-Myb-G4-containing M13 genome in E. coli cells
Similar to the c-Kit-G4 genomes, we performed a second normalization to
account for any unequal PCR amplification of the c-Myb-G4 genome compared to the
competitor genome. As can be seen in Figure 5.2B, compared to the c-Myb-G4 genome,
the competitor genome was amplified ~1.3-fold more efficiently during PCR.
Our CRAB assay results showed that a single (GGA)4 repeat from the c-Myb
promoter was only slightly blocking to DNA replication in wild-type AB1157 E. coli
cells, with the bypass efficiency being ~75% (Figure 5.4B). Different from what we
observed for the c-Kit-G4, removal of pol II, pol IV or pol V in the isogenic AB1157 E.
coli cells did not appreciably affect the bypass efficiency of the c-Myb-G4 sequence
(Figure 5.4B). Similarly, in wild-type RW118 E. coli cells, DNA replication was only
moderately blocked, with the bypass efficiency being ~ 65% (Figure 5.4C). Removal of
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Figure 5.4. Bypass efficiencies for c-Myb-G4 and its control genome in wild-type; pol II, pol IV- and pol V-deficient; and double-knockout, pol IV- and pol V-deficient AB1157
E. coli cells (A&B) and in wild-type; RecD- and RecQ-deficient RW118 E. coli cells (C).
In both panels the dark grey and light grey columns represent the results for genomes
containing the G4 and control, respectively. p-values were calculated between the G4 and
its control genome for each cell line.
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the DNA helicase RecD or RecQ did not alter the bypass efficiency (Figure 5.4B),
suggesting that the c-Myb-G4 sequence modestly blocks DNA replication, but can be
resolved without involvement of other polymerases or helicases.

Discussion
Over 40% promoters of all human genes contain at least one G4 sequence, and a
large number of these sequences are present in the promoters of oncogenes.36, 37 Many of
these G4 sequences are conserved among different species and have been shown to fold
into G4 structures.36 The proto-oncogenes and oncogenes containing these G4 structures
are often involved in cellular functions such as self-sufficiency, cellular growth,
apoptosis, angiogenesis, proliferation and replication, and altered expression of these
genes is a hallmark of cancer.36 Additionally, regions within promoters that are
considered nuclease-hypersensitive are enriched with G4 sequences (~230-fold higher
than the bulk genome).37 Despite a likely role for G4 structures in the regulation of
transcription based upon their locations, not much is known about how these non-B DNA
structures affect DNA replication. During DNA replication, duplex DNA becomes
transiently single-stranded, allowing for the possible folding of G4 sequences into
secondary structures, which may impede progression of the replication fork. Therefore,
we interrogated the effects that two G4 sequences located in the promoter regions of two
genes have on DNA replication in E. coli cells.
Our results revealed that, relative to their respective mutant sequences, G4
sequences derived from the promoters of both c-Kit and c-Myb genes were capable of
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impeding DNA replication. Replication opposite the c-Myb-G4 sequence was only
slightly attenuated, with an average decrease in bypass efficiency being 20-30% in all cell
lines relative to the control sequence incapable of folding into G4 structure. This
relatively small reduction in bypass efficiency is likely attributed to the single quadruplex
structure, T:H (Figure 5.1C), adopted by the (GGA)4 c-Myb sequence. As discussed
earlier, in human cells the c-Myb promoter contains three consecutive (GGA)4 repeats in
which two of the three (GGA)4 repeats stabilize each other to form a T:H:H:T
intramolecular quadruplex (Figure 5.1C).23, 24 While previous studies have shown that
one (GGA)4 repeat is adequate to impede transcription, the presence of multiple (GGA)4
repeats results in a substantial decrease in transcription by RNA polymerases.23, 24
Bypass efficiencies for the G4 sequence derived from the c-Kit promoter were,
however, significantly reduced in isogenic AB1157 cells deficient in DNA polymerases
Pol II (~19%) or Pol IV (~36%) (Figure 5.3C). While this result differs from that
obtained for the c-Myb G4 sequence, it is not completely surprising. The promoter region
of c-Kit contains two G4 sequences capable of folding into secondary structures;
however, unlike the c-Myb promoter, there is little evidence to suggest that these two G4
sequences stabilize each other. Treatment of HeLa cells, which contain multiple copies of
the promoter of the human c-Myc gene with only one G4 sequence, with telomestatin
(TMS) and depleted of Pol  and Pol could result inan increase in the amount of
double-strand breaks.27 Originally identified as a potent telomerase inhibitor owing to its
ability to stabilize telomeric G4 structures,38 TMS has subsequently been shown to also
target and stabilize non-telomeric G4 sequences.39 In addition, Sarkies et al.30 showed
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that the TLS polymerase, Rev1, was required for replication of G4 sequences in leading
strand templates. Taken together, our c-Kit-G4 results along with other recent
observations suggest that TLS polymerases may play a role in processing naturally
occurring G4 DNA.
In addition to TLS polymerases, DNA helicases have been implicated in resolving
G4 DNA. Removal of the RecD helicase resulted in a substantial drop in bypass
efficiency (~2-fold) for c-Kit-G4, whereas removal of the RecQ helicase did not alter the
bypass efficiency (Figure 5.3D). Our results are in good agreement with a study by
Paeschke et al.,31 who showed that S. cerevisiae Pif1, an E. coli RecD homolog, along
with five other prokaryotic Pif1 helicases, were much more proficient in unwinding G4
sequences than three different RecQ helicases. While they interrogated helicase
unwinding of murine immunoglobulin S2b switch region (TPG4) sequence, we show
here that E. coli RecD is likely involved in unwinding a wide range of G4 sequences
including those located in promoter regions.
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Chapter 5: Conclusions and future research
In the study described in the first chapter of this dissertation, in vitro replication
studies with duplex DNA substrates containing site-specifically incorporated O2-MdT
and O4-MdT were conducted using three different DNA polymerases, the exonucleasefree Klenow fragment of Escherichia coli DNA polymerase I (Kf–), human DNA
polymerase  (pol ) and Saccharomyces cerevisiae DNA polymerase  (pol ). Steadystate kinetic measurements and LC-MS/MS analyses showed that Kf– and pol 
preferentially incorporated the correct nucleotide (dAMP) opposite O2-MdT, while O4MdT primarily directed dGMP misincorporation. Our results underscored the limitation
of the steady-state kinetic assay in determining how DNA lesions compromise DNA
replication in vitro. While steady-state kinetic experiments showed that opposite O2-MdT
and O4-MdT nucleotide insertion mediated by pol  was highly promiscuous is highly
promiscuous, LC-MS/MS analysis of primer extension products demonstrated that pol
primarily incorrect dGMP opposite both lesions. The results from this study
underscored a role for O-methylated thymidine lesions as important sources of mutations.
In Chapter 2, the effects that a larger ethyl group located on the O2-, N3- and O4positions of thymidine have on DNA replication were examined. Comprehensive
replication studies using purified human DNA polymerases (hPol) , , and , yeast DNA
polymerase yPol ), and the exonuclease-free Klenow fragment (Kf─) of Escherichia
coli DNA polymerase I were used to study the regioisomeric O2-, N3- and O4ethylthymidine lesions (O2-, N3- and O4-EtdT). Both hPol  and Kf─ able to generate
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full-length replication products opposite all three ethylated thymidines, whereas hPol 
stalled after inserting a single nucleotide opposite the lesions. Lesion bypass mediated by
hPol and yPol  differed amongst the three lesions: hPol  was able to bypass O2-EtdT,
but had great difficulty in bypassing N3-EtdT and O4-EtdT; yPol  was modestly blocked
by O4-EtdT, whereas the polymerase was highly hindered by O2-EtdT and N3-EtdT. The
LC-MS/MS analysis of the replication product distribution were in good agreement with
our gel results and revealed that dGMP was preferentially inserted opposite O4-EtdT,
while the presence of O2-EtdT and N3-EtdT in the template resulted in misincorporation
of dTMP and dGMP. Our results suggested that O2-EtdT and N3-EtdT may also
contribute to the ATTA and ATGC mutations observed in cells and tissues of
animals exposed to ethylating agents.
In Chapter 3 of this dissertation, endogenously produced N2-(1-carboxyethyl)-2′deoxyguanosine (N2-CEdG) and N2-carboxymethyl-2′-deoxyguanosine (N2-CMdG) were
studied using both shuttle vector technology and in vitro steady-state assays. From in vivo
replication experiments a deficiency in Polk or Poli in mouse embryonic fibroblast
(MEF) cells resulted in higher frequencies of G→T and G→A mutations at N2-CEdG and
N2-CMdG lesion sites. Biochemical steady-state kinetic measurements revealed insertion
of the correct nucleotide, dCMP, opposite N2-CEdG lesions by human DNA polymerase
ι. Replication of N2-CEdG- and N2-CMdG-bearing plasmids in POLH-deficient human
cells resulted in no mutations. Together, with steady-state kinetic measurements showing
elevated amounts of dTMP and dAMP by yeast polymerase , our results revealed that,
in mammalian cells, these lesion can be accurately and efficiently bypassed by
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polymerase or  and that other translesion synthesis polymerase(s) could incorporate
nucleotide(s) inaccurately opposite these lesions.
Finally in Chapter 4, the effect that non-B, G-quadruplex (G4) structures have on
DNA replication was investigated. Using single-stranded shuttle vectors containing the
two G4 sequences from the oncogene c-Kit and the proto-oncogene c-Myb, in vivo
replication studies were performed in TLS-deficient and Helicase-deficient E. coli cells.
The experiments revealed that the two G4 sequences were capable of blocking DNA
replication. Additionally, E. coli TLS Pols II and IV, along with E. coli DNA helicase
RecD, were shown to be involved in resolving the c-Kit-G4 sequence.
Future research
Future research should further investigate the effect that alkylated thymidines
have on DNA replication. Comprehensive in vitro studies along with in vivo experiments
will reveal whether larger alkyl groups located on the thymine nucleobase behave
similarly to the smaller methyl and ethyl groups that have already been studied here.
Additionally, further studies are needed to explore the role that TLS polymerases and
DNA helicases have in processing G4 structures. Examining more G4 sequences will
reveal whether the same TLS polymerase is involved in processing all G4 structures or
whether the polymerase involved depends upon the particular G4 structure. Other
experiments which involve the knock out of both TLS polymerases and DNA helicases
simultaneously will also help to reveal whether these TLS polymerases and DNA
helicases act together or independently.

135

Appendix A: Supporting Information for Chapter 2

136

Figure A.1. Product-ion spectrum of the [M-4H]4- ion (m/z 1300.4) of the 17-mer ODN
d(CCATGGCAXGAGAATTC), where “X” is O2-MdT (A) and O4-MdT (B). Shown in
the inset is the negative-ion ESI-MS for the ODNs.
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Figure A.2. Calibration curves for the ratios of unextended primer d(AATTCTC) to
d(AATTCTCATGC) (i.e., 11A) (A); d(AATTCTCA) (i.e., 8A) to 11A (B);
d(AATTCTCG) (i.e., 8G) to 11A (C); d(AATTCTCTGC) (i.e., 10Del) to 11A (D);
d(AATTCTCCTGC) (i.e., 11C) to 11A (E); d(AATTCTCTTGC) (i.e., 11T) to 11A (F);
d(AATTCTCGTGC) (i.e., 11G) to 11A (G).
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Figure A.3. Representative gel images for steady-state kinetic assays measuring
nucleotide incorporation opposite undamaged dT (A), O2-MdT (B), and O4-MdT (C) with
Kf – (0.7-7 nM). Reactions were conducted in the presence of individual dNTPs with the
highest concentrations indicated in the figures. The ratios of dNTP concentrations were
0.5-0.6 between neighboring lanes.
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Figure A.4. Representative gel images for steady-state kinetic assays measuring
nucleotide incorporation opposite undamaged dT (A), O2-MdT (B), and O4-MdT (C) with
human DNA polymerase  (1-5 nM). Reactions were conducted in the presence of
individual dNTPs with the highest concentrations indicated in the figures. The
concentration ratios of dNTP between neighboring lanes were 0.5-0.6.
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Figure A.5. Representative gel images for steady-state kinetic assays measuring
nucleotide incorporation opposite undamaged dT (A), O2-MdT (B), and O4-MdT (C) with
yeast polymerase  (7.5 nM). Reactions were conducted in the presence of individual
dNTPs with the highest concentrations indicated in the figures. The concentration ratios
of dNTP between neighboring lanes were 0.5-0.6.
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Figure A.6. (A) The total-ion chromatogram derived from the LC-MS/MS analysis of the
human pol -induced replication products of O2-MdT-containing substrates that have
been treated with two restriction enzymes, NcoI and EcoRI plus shrimp alkaline
phosphatase. (B) ESI-MS averaged from the peaks eluting in 18.5-20.5 min in part (A),
where ‘T*’ designates the remnant of the digested template containing the damaged site,
i.e., d(CATGGCAXGAG), where ‘X’ is O2-MdT, and ‘P*’ designates the 5’ portion of
the digested primer, i.e., d(GCTAGGATCATAG).
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Figure A.7. Analysis of the unextended primer and +1 extension products from the
human pol -induced replication reaction arising from replication of O2-MdT-containing
substrates that have been treated with two restriction enzymes, NcoI and EcoRI, and
shrimp alkaline phosphatase. Product-ion spectra of the ESI-produced [M-2H]2- ion of:
the 7mer, d(AATTCTC) (precursor ion m/z 1026.2) (A); 8A, d(AATTCTCA) (precursor
ion m/z 1182.7) (B); 8G, d(AATTCTCG) (precursor ion m/z 1190.7) (C); 10Del,
d(AATTCTCTGC) (precursor ion m/z 1487.3) (D). In this and the following MS/MS
figures, the arrow indicates the fragmentation process, and the solid and open circles
represent the precursor ion and fragment ions, respectively.
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Figure A.8. Analysis of full-length extension products from the human pol -induced
replication reaction arising from replication of O2-MdT-containing substrates that have
been treated with two restriction enzymes, NcoI and EcoRI, and shrimp alkaline
phosphatase. Product-ion spectra of the ESI-produced [M-2H]2- ions of: 11C,
d(AATTCTCCTGC) (precursor ion m/z 1631.8) (A); 11T, d(AATTCTCTTGC)
(precursor ion m/z 1639.3) (B); 11A, d(AATTCTCATGC) (precursor ion m/z 1643.8)
(C); 11G, d(AATTCTCGTGC) (precursor ion m/z 1651.7) (D).
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Figure A.9. LC-MS/MS for monitoring possible demethylation of O2-MdT-containing
template following primer extension with human pol  and restriction digestion Shown
are the SICs derived from ultra-zoom scans monitoring the [M-3H]3- ions from the
unmethylated and O2-MdT 12mer arising from the digestion of the original O2-MdTcontaining template.
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Figure A.10. LC-MS/MS for monitoring possible demethylation of O2-MdT-containing
templates following primer extension with human pol  Shown are the product-ion
spectra of the ESI-produced [M-3H]3- ions of: unmethylated 12mer,
d(CATGGCCATGAG) (precursor ion m/z 1221.9) (A); original 12mer,
d(CATGGCCA[O2-MdT]GAG) (precursor ion m/z 1226.5) (B).

5’ - C

A

T

G

G

C

C

a11-A

a10-G

a8-A

a7-C

a6-C

(A)
A

T

G

A

G - 3’

w6

w5

w4

w3

w2

m/z 1221.9

[M-3H-G]31171.6

100

Relative Abundance

w6 2946.6

w41291.9

50

[a8 -A]21119.1

[a10-G]21427.5

[a11 -A]21592.1

[a7 -C]2974.51

w2659.0

w51604.8

w5 2802.3

[a6 -C]1661.9

1949.9

0
400

600

800

1000

1200
m/z

155

1400

1600

1800

2000

5’ - C

A

T

G

G

C

a11-A

a10-G

a8-A

a7-C

a5-A

(B)
C

A

X

G

A

w6

w5

w4

w3

w2

G - 3’

m/z 1226.5

[M-3H-G]31176.2

100

Relative Abundance

w6 2953.6

[a8 -A]21118.1

-C]2-

[a7
974.7

50

w2659.0

1275.6

-

w3
987.9

w51620.8

w41305.9
[a5 -G]1331.8

w5 2809.2

508.0

[a10 -G]21434.6

[a11 -A]21599.1
1949.9

0
400

600

800

1000

1200
m/z

156

1400

1600

1800

2000

Figure A.11. Representative gel images for steady-state kinetic assays measuring
extension past undamaged dT (A), O2-MdT (B), and O4-MdT (C) with the base opposite
the lesion indicated in the figure. Reactions were conducted with human polymerase 
(1-5 nM) in the presence of individual dNTPs with the highest concentrations indicated in
the figures. The concentration ratios of dNTP between neighboring lanes were 0.5-0.6.
dTTP

Primer: 5’- pGCTAGGATCATAGAATTCTC[N]
Template: 3’- GATCCTAGTATCTTAAGAG[X]ACGGTACC-5’
(A) X = [dT]
N = dA

2 M

N = dG

[dTTP]

20 M

[dTTP]

(B) X = [O2-MdT]
N = dA

50 M

N = dG
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[dTTP]

[dTTP]

(C) X = [O4-MdT]
N = dA

100 M

N = dG

20 M

[dTTP]
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[dTTP]

Table A.1. Summary of the percentages of replication products produced for O4-MdTcontaining substrates by yeast pol as determined by LC-ESI-MS/MS experiments.
Reactions were conducted under two separate conditions: (1) low dNTPs concentrations
(50 M each) at 37°C overnight; (2) 1 mM dNTPs at 37°C for 6 hr. The template was
d(CCATGGCAXGAGAATTCTATGATCCTAG), where ‘X’ represents O4-MdT.
Name
7mer
8mer
8mer
11A
11G

Sequence

O4-MdT (low dNTPs)

Yeast Polymerase 
d(AATTCTC)
6
d(AATTCTCA)
3
d(AATTCTCG)
8
d(AATTCTCATGC)
10
d(AATTCTCGTGC)
73
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O4-MdT (6 hr)
26
3
7
3
62

Table A.2. Efficiency and fidelity of human polymerase -mediated nucleotide extension
with dATP and dGTP opposite undamaged dT, O2-MdT and O4-MdT as determined by
steady-state kinetic measurements.
dNTP

kcat (min-1)

Km (M)

kcat/Km (mM-1 min-1)

fext

Extension with dTTP
9.5 ± 0.4
0.56 ± 0.02
5.3 ± 0.1
2.2 ± 0.3

17
2.5

1
0.15

9.5 ± 0.4

7.8 ± 0.8

1.2

1

O -MdT:dGTP

13 ± 1

7.5 ± 0.5

1.7

1.4

O4-MdT:dATP

10 ± 1

26 ± 2

0.38

1

O4-MdT:dGTP

27 ± 2

11 ± 1

2

5.2

dT:dATP
dT:dGTP
O2-MdT:dATP
2

*The Km and kcat were average values based on three independent measurements
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Figure B.1. ESI-MS & MS/MS characterizations of d(ATGGCGXGCTAT), X=O2-EtdT
Negative-ion ESI-MS (other peaks are HFIP adducts) (A); the product-ion spectrum of
the [M-3H]3- ion (m/z 1233.5) (B).
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Figure B.2. ESI-MS & MS/MS characterizations of d(ATGGCGXGCTAT), X=N3-EtdT
Negative-ion ESI-MS (other peaks are HFIP adducts) (A); the product-ion spectrum of
the [M-3H]3- ion (m/z 1233.6) (B).
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Figure B.3. ESI-MS & MS/MS characterizations of d(ATGGCGXGCTAT), X=O4-EtdT
Negative-ion ESI-MS (other peaks are HFIP adducts) (A); the product-ion spectrum of
the [M-3H]3- ion (m/z 1233.7) (B).
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Figure B.4. Cooperativity of human DNA polymerase  and during the bypass of N3EtdT (A) and O4-EtdT lesion (B). Primer-template complex containing N3-EtdT and O4EtdT (50 nm) was incubated with hPol ι (10 nM) for 0–30 min. After 30 min, 5 nM of
hPol κ was added to the reaction mixture to determine whether the primer extension
started by hPol ι and stalled by the lesion can be completed by hPol κ. The extension
products were resolved by PAGE.
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Figure B.5. Analysis of the unextended primer and extension products from hPol induced replication reaction arising of O2-EtdT-containing substrate that had been treated
with the restriction enzyme SacI and shrimp alkaline phosphatase. The product-ion
spectra of the ESI-produced [M-2H]2- ion of: the 6mer, d(CATAGC) (precursor ion m/z
886.7) (A). The product-ion spectra of the ESI-produced [M-3H]3- ion of: 13A,
d(CATAGCACGCCAT) (precursor ion m/z 1299.6) (B); 13G, d(CATAGCGCGCCAT)
(precursor ion m/z 1304.9) (C); 14AA, d(CATAGCACGCCATA) (precursor ion m/z
1403.9) (D); 14GA, d(CATAGCGCGCCATA) (precursor ion m/z 1409.2) (E). In this
figure the arrow indicates the fragmentation process, and the solid and open circles
represent the precursor ion and fragment ions, respectively.
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Figure B.6. Calibration curves for the unextended primer d(CATAGC) (i.e., 6mer) to
d(GATCGAGCT) (i.e., 9-mer 5’P) (A); d(CATAGC) (i.e., 6mer) to 9-mer 5’P (B);
d(CATAGCC) (i.e., 7C) to 9-mer 5’P (C); d(CATAGCT) (i.e., 7T) to 9-mer 5’P (D);
d(CATAGCA) (i.e., 7A) to 9-mer 5’P (E); d(CATAGCG) (i.e, 7G) to 9-mer 5’P (F);
d(CATAGCAC) (i.e., 8A) to 9-mer 5’P (G); d(CATAGCGC) (i.e., 8G) to 9-mer 5’P (H);
d(CATAGCCCG) (i.e., 9C) to 9-mer 5’P (I); d(CATAGCACG) (i.e., 9A) to 9-mer 5’P
(J); d(CATAGCGCG) (i.e., 9G) to 9-mer 5’P (K); d(CATAGCGCG) (i.e., 9G) to 9-mer
5’P (L); d(CATAGCCGC) (i.e., 10Del @ lesion site) to 9-mer 5’P (M);
d(CATAGCAGCC) (i.e., 10Adel +1 from lesion site) to 9-mer 5’P (N);
d(CATAGCCGCCA) (i.e., 11Del @ lesion site) to 9-mer 5’P (O);
d(CATAGCACGCCA) (i.e., 12A) to 9-mer 5’P (P); d(CATAGCACGCCA) (i.e., 12A) to
9-mer 5’P (Q); d(CATAGCGCGCCA) (i.e., 12G) to 9-mer 5’P (R);
d(CATAGCACGCCAT) (i.e., 13A) to 9-mer 5’P (S); d(CATAGCACGCCAT) (i.e.,
13A) to 9-mer 5’P (T); d(CATAGCGCGCCAT) (i.e., 13G) to 9-mer 5’P (U);
d(CATAGCGCGCCAT) (i.e., 13G) to 9-mer 5’P (V); d(CATAGCCGCCATA) (i.e.,
14TA) to 9-mer 5’P (W); d(CATAGCACGCCATA) (i.e., 14AA) to 9-mer 5’P (X);
d(CATAGCGCGCCATA) (i.e., 14GA) to 9-mer 5’P (Y); d(CATAGCGCGCCATA)
(i.e., 14GA) to 9-mer 5’P (Z); d(CATAGCTCGCCATAT) (i.e., 15TAT) to 9-mer 5’P
(AA); d(CATAGCACGCCATAT) (i.e., 15AAT) to 9-mer 5’P (BB);
d(CATAGCACGCCATAT) (i.e., 15AAT) to 9-mer 5’P (CC);
d(CATAGCGCGCCATAT) (i.e., 15GAT) to 9-mer 5’P (DD);
d(CATAGCGCGCCATAT) (i.e., 15GAT) to 9-mer 5’P (EE). In some cases, two
calibration curves were constructed for different concentration ranges so that the ODNs
could be accurately quantified over a wide concentration range.
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Figure B.7. Selected-ion chromatograms obtained from the LC-MS and MS/MS analysis
of the hPol -induced replication products for N3-EtdT-bearing substrate (A) and
summary of percentages for each product (B). The replication products have been treated
with restriction enzyme SacI and shrimp alkaline phosphatase, and 10-pmol of the
replication mixture was injected for analyses.
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hPol -induced Replication
Products of N3-EtdT Substrate

Figure B.8. Selected-ion chromatograms obtained from the LC-MS and MS/MS analysis
of the hPol -induced replication products for O4-EtdT-bearing substrate (A) and
summary of percentages for each product (B). The replication products have been treated
with restriction enzyme SacI and shrimp alkaline phosphatase, and 10-pmol of the
replication mixture was injected for analyses.
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Table B.1. A summary of the percentages of products formed from hPol -mediated
replication of dT-, O2-EtdT-, N3-EtdT- and O4-EtdT-containing substrates as determined
by LC-MS/MS. The bases highlighted in bold represent those incorporated during primer
extension. Listed under sequences are the SacI cleavage products bearing the extended
portion of the primer.

Name

Sequence

dT
22

6mer unextended primer 5'-CATAGC-3'
7C +1

5'-CATAGCC-3'

7T +1
7A +1
7G +1
8G +2

5'-CATAGCT-3'
5'-CATAGCA-3'
5'-CATAGCG-3'
5'-CATAGCGC-3'

O2-EtdT N3-EtdT O4-EtdT
50

16

1
17
51
10

175

38
4
5
2

35
6

17
2
64

15
28
16

Table B.2. A summary of the percentages of products formed from yPol -mediated
replication of dT-, O2-EtdT-, N3-EtdT- and O4-EtdT-containing substrates as determined
by LC-MS/MS. The bases highlighted in bold represent those incorporated during primer
extension. Listed under sequences are the SacI cleavage products bearing the extended
portion of the primer.

Name

Sequence

dT
29

6mer unextended primer 5'-CATAGC-3'
7C +1

5'-CATAGCC-3'

7T +1

5'-CATAGCT-3'

O2-EtdT N3-EtdT O4-EtdT
96

93

2

1

26

6

7A +1

5'-CATAGCA-3'

1

8A +2

5'-CATAGCAC-3'

2

9G +3

5'-CATAGCGCG-3'

10A +4

5'-CATAGCACGC-3'

20

11A +5

5'-CATAGCACGCC-3'

30

12A +6

5'-CATAGCACGCCA-3'

14

12G +6

5'-CATAGCGCGCCA-3'

13A +7

5'-CATAGCACGCCAT-3'

13G +7

5'-CATAGCGCGCCAT-3'

2
18

176

15
2
41
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Figure C.1. The product-ion spectrum of the [M–4H]4- ion (m/z 1317.4) of
d(GCGCAAAXCTAGAGCTC) (X=S-N2-CEdG). Negative-ion ESI-MS and a scheme
outlining the fragments found in MS/MS are shown above the MS/MS.
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Figure C.2. The product-ion spectrum of the [M–4H]4- ion (m/z 1313.9) of
d(GCGCAAAXCTAGAGCTC) (X=N2-CMdG). Negative-ion ESI-MS and a scheme
outlining the fragments found in MS/MS are shown above the MS/MS.
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Figure C.3. LC-MS/MS for monitoring the restriction fragments of interest with a GT
(A) or GA (B) mutation at the original N2-CEdG and N2-CMdG sites [i.e.,
d(GCAAATCTAGAGCT) (14mer-T) and d(GCAAAACTAGAGCT) (14-mer A)].
Shown in (a) and (b) the MS/MS of the [M–4H]4- ions (m/z 1066.4 and 1068.6) of these
two ODNs.
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Figure C.4. Real-time qRT-PCR (A) and Western blot (B) analysis for monitoring the
siRNA-induced knockdown of POLK gene in 293T cells and native PAGE (C) for
assessing the mutation frequencies of N2-CEdG and N2-CMdG in the POLK siRNAtreated 293T cells.
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Appendix D: Supporting Information for Chapter 5
Scheme D.1. Methods for the determination of cytotoxicity and mutagenicity of c-MybG4 sequences in E. coli cells.
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Table D.1. Sequences of oligodeoxynucleotides used in G-quadruplex experiments.

Name
c-kit Sequences
c-kit G4
c-kit Control
c-kit Competitor
c-kit Inserts
c-kit G4
c-kit Control
c-kit Competitor
c-kit Construction Scaffolds
c-kit Scaffold 1
c-kit Scaffold 2
c-myb Sequences
c-myb G4
c-myb Control
c-myb Competitor
c-myb Inserts
c-myb G4
c-myb Control
c-myb Competitor
c-myb Construction Scaffolds
c-myb Scaffold 1
c-myb Scaffold 2 (G4)
c-myb Scaffold 2 (Control/Competitor)

Sequence
5'-AGGGAGGGCGCTGGGAGGAGGG-3'
5'-AGGGAGGGCTCTGTGAGGAGGG-3'
5'-AGGGAGGGCTTGAGGAGGG-3'
5'-GAAGACAAAGGGAGGGCGCTGGGAGGAGGG-3'
5'-GAAGACAAAGGGAGGGCTCTGTGAGGAGGG-3'
5'-GAAGACAAAGGGAGGGCTTGAGGAGGG-3'
5'-TTGTCTTCCACTGAATCATGGTTCATAGC-3'
5'-AAAACGACGGCCAGTGAATTTCCTCC-3'
5'-GGAGGAGGAGGA-3'
5'-GCAGCAGCAGCA-3'
5'-GCAGCACTGGCAGCA-3'
5'-GAAGACTTGGAGGAGGAGGA-3'
5'-GAAGACTTGCAGCAGCAGCA-3'
5'-GAAGACTTGCAGCAGCAGCAGCA-3'
5'-AAGTCTTCCACTGAATCATGGTTCATAGC-3'
5'-AAAACGACGGCCAGTGAATTTCCTCC-3'
5'-AAAACGACGGCCAGTGAATTTGCTGC-3'
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