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Dr. Yinsheng Wang, Chairperson 
 
 
 
 

 Exposure to a variety of endogenous and exogenous sources of DNA damaging 

agents can lead to the formation of 104-106 DNA lesions per cell per day. These sources 

include reactive oxygen species (ROS), alkylating agents, ultraviolet (UV) light and 

various environmental chemicals that can interact with several positions of the DNA 

altering the structure, including the ring nitrogen and extracyclic oxygen atoms of the 

DNA bases. To counteract the deleterious effects of DNA damage, cells are equipped 

with machinery capable of quickly and efficiently repairing the damage, thereby 

maintaining genomic integrity. However, some DNA lesions are not efficiently repaired 

and have the potential to induce mutations and block replication and transcription 

machinery, ultimately disrupting the flow of genetic information. Understanding how 

DNA lesions perturb the flow of genetic information is important for determining how 

they contribute to various diseases, including cancer.  

 In Chapters 2, 3 and 4, we assessed the roles of translesion synthesis (TLS) DNA 

polymerase in the replicative bypass of various O2- and O4-alkylthymidine and a-



 x 

anomeric lesions in vitro by conducting primer extension and steady-state kinetic assays. 

These results provided important insights into which TLS polymerases are involved in 

the bypass of these lesions, and if the size and shape of the alkyl group adducted to the 

DNA differently affect the efficiency and fidelity of the polymerase-mediated bypass and 

what mutations are likely to arise during the replicative bypass.  

 In Chapter 5 we aimed to determine how the O2-alkylthymidine lesions affect the 

efficiency and fidelity of transcription in human cells. Additionally, we aspired to 

determine the pathways involved in the repair of these lesions through the use of isogenic 

cells where XPC or CSB proteins were depleted via the CRISPR/Cas9 genome editing 

method. These results offered new knowledge about the impacts of the various O2-

alkylthymidine lesions have on transcriptional bypass efficiency, what mutations arise 

during transcriptional bypass and what repair pathways are involved in the repair of these 

lesions.  
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Chapter 1: Introduction 
 

 
DNA Damage 

 Genomic integrity is constantly threatened by a plethora of endogenous and 

exogenous DNA damaging agents, which can lead to the formation of 104-106 DNA 

lesions per cell per day.1, 2 These lesions can arise from a number of sources including 

reactive oxygen species (ROS), ultraviolet (UV) radiation, ionizing radiation, various 

environmental chemicals and endogenous metabolites, ultimately resulting in double-

strand breaks, single-strand breaks, mismatches and various chemical adducts.1-4 To 

counteract the deleterious effects of DNA damage, cells are equipped with multiple repair 

pathways to remove these lesions, thereby maintaining the integrity of the genome. 

 The induction of DNA damage in dividing cells results in the activation of cell 

cycle checkpoints, which cease cell division to allow time for the DNA repair machinery 

to resolve the damage, thus avoiding mutations that can be passed onto the progeny.2-4 

The expansive variety of DNA lesions requires multiple DNA repair mechanisms. Some 

lesions are excised via direct protein-mediated removal, whereas others require pathways 

mediated by multiple proteins such as mismatch repair (MMR), base excision repair 

(BER) and nucleotide excision repair (NER).2, 4, 5 Bulkier DNA lesions can be more 

difficult to repair, often resulting in the stalling of DNA replication or transcription for 

extended periods of time. To avoid apoptosis due to replication fork stalling, cells are 

equipped with translesion synthesis (TLS) DNA polymerases that are capable of 

bypassing various DNA lesions to allow for continued DNA replication. While some 
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DNA lesions can be bypassed by RNA polymerase II (RNAP II) in mammalian cells, 

others may block transcription. The transcriptional and replicative bypass may exhibit 

reduced fidelity, resulting in increased mutagenesis.1 

 

DNA Alkylation 

 Alkylation represents a major type of DNA damage that is cytotoxic, teratogenic 

and carcinogenic and poses a significant threat to human health.5-9 This type of damage is 

generally unavoidable due to the presence of abundant alkylating agents in the 

environment and within cells. Both exogenous (red meat, tobacco smoke, and fuel 

combustion products) and endogenous (byproducts of oxidative damage and cellular 

methyl donors, such as S-adenosyl-L-methionine) agents are capable of covalently 

modifying DNA.5-8 Alkylating agents are able to transfer alkyl groups to various 

positions in DNA, altering the structure and disrupting normal cellular functions.5 They 

react with the ring nitrogen and exocyclic nitrogen and oxygen atoms of nucleobases in 

DNA (Figure 1.1), to generate a variety of covalent adducts that range from simple 

methyl to more complex alkyl group additions.5, 10 The preferred site of alkylation and the 

size of the alkyl group depend on a number of factors: 1) the number of reactive sites 

within the alkylating agent (monofunctional or bifunctional), 2) the particular chemical 

reactivity (SN1 or SN2 nucleophilic substitution), 3) type of alkyl group addition and 4) 

DNA substrate (double or single stranded).5, 8, 10 The biological response to alkylating 

agents can be complex owing to the plethora of lesions introduced.5  
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 Interestingly, many alkylating agents have also been used as cancer 

chemotherapeutic drugs.11, 12 In the 1940s, the alkylating agent nitrogen mustard was 

used in cancer chemotherapy to treat Hodgkin’s lymphoma. Nitrogen mustard is a non-

specific alkylating agent that can attack the N7 position of guanine to yield single-

nucleobase lesions or interstrand cross-links, which interfere with essential cellular 

processes such as DNA replication and transcription.6 This in turn causes the cells to 

undergo apoptosis, ultimately destroying the cancer cells/tumors.6 Nitrogen mustard 

along with other alkylating agents are among the oldest and successful cancer 

chemotherapeutic agents, but they are also toxic to non-cancerous cells. 

 The N7 position of guanine has a high nucleophilic reactivity, and is therefore the 

most common position in DNA for alkylation to occur, accounting for 60-80% of total 

alkylated lesions, generating N7-alkyldG.5 N7-alkyldG itself does not induce mutagenic 

or cytotoxic effects, but can undergo spontaneous depurination to form an apurinic (AP) 

site which is known to be toxic and mutagenic or ring opening to yield alkylated 

formamidopyrimidine derivatives.5 The N3 position of adenine is the second most 

frequently alkylated site in DNA, accounting for 10-20% of the total methylated adducts.5 

Unlike the N7-MedG, N3-MedA is known to block DNA polymerases inhibiting DNA 

synthesis.5 Other common sites of DNA alkylation include N1 of adenine, N3 of cytosine, 

O6 of guanine, O2,O4, and N3 of thymine, N3 of guanine and the phosphate backbone.5, 10 

Although these sites of alkylation occur at lower frequencies, they are known to be stable 

and have the potential of inducing mutations. However further studies are needed to 

understand the effects these lesions have on various cellular processes.   
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Figure 1. 1: Sites of alkylation on DNA bases. 
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Reactive Oxygen Species and DNA Damage 

 Over the last decade, scientists have investigated why organisms with higher 

metabolic rates are often found to have shorter life spans.13 Additionally, aging cells and 

organisms have been found to have increased level of oxidatively damaged nuclear 

DNA.13 Over the years, many theories have been proposed, but the underlying 

mechanism remains largely unclear. One theory argued that oxygen radicals could be 

generated in cells and result in damage and the discovery of superoxide dismutase 

supports this theory due to its function in removing superoxide anions.13, 14 Today, 

oxidative DNA damage is known to be associated with the natural process of aging as 

well as the development of many human diseases including neurodegeneration and 

cancer.14-17 

 Reactive oxygen species (ROS) include singlet oxygen, superoxide anions, 

hydroxyl radicals and hydrogen peroxide.13, 18 Hydrogen peroxide is freely diffusible and 

relatively stable, while superoxide is moderately stable and hydroxyl radicals are very 

unstable and therefore quite reactive.13, 18 ROS could lead to modifications to cellular 

proteins, lipids and DNA. The ROS-induced damage to cellular DNA represents a major 

type of DNA damage, and is generally unavoidable due to ubiquitous exposure to various 

exogenous and endogenous agents.13, 18  

 The identities of ROS responsible for the production of oxidized DNA bases is 

still under investigation. The hydroxyl radical is of particular interest due its high 

reactivity, where it does not diffuse by more than one or two molecular diameters before 

reacting with a cellular component.19 Therefore, in order for the hydroxyl radical to 
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modify DNA, it must be generated in the immediate vicinity of DNA.  Hydroxyl radicals 

are also unique in their ability to add to nucleobases or abstract hydrogen atoms leading 

to a multitude of oxidized nucleobases lesions. Some common ROS-induced DNA 

lesions include thymine glycol, 8-oxo-7,8-dihydro-2¢-deoxyguanosine (8-oxodG), 

hydroxymethyl-2¢-deoxyuridine (5-hmdU), and 5-formyl-2¢-deoxyuridine (5-fdU). 

Additionally, hydroxyl radical can abstract a hydrogen atom from each of the five carbon 

atoms of the 2-deoxyribose to generate carbon-centered radicals. If not properly repaired, 

the radicals formed at the C1¢, C3¢ and C4¢ positions can result in the inversion of 

stereochemical configuration at these carbons, thereby giving rise to epimeric 2’-

deoxyribose lesions.20 These include the a-anomeric nucleosides emanating from such 

inversion at the C1¢ position.20  

 

DNA Damage Response 

 Cells utilize multiple DNA repair pathways to deal with the various DNA lesions. 

The DNA replication machinery is designed to replicate DNA at high speeds and fidelity, 

but as a consequence the highly stringent replicative DNA polymerases are unable to 

accommodate damaged bases into their active sites.21 Many of these lesions escape repair 

and present a block to RNA and DNA polymerases, thereby stalling transcription and 

replication.21 In order to overcome this potential setback, cells have evolved with damage 

avoidance mechanisms to synthesize past the lesions, known as translesion synthesis 

(TLS). This entails the use of specialized DNA polymerases that are capable of inserting 

a nucleotide opposite the lesion and bypassing it in order to maintain progression of the 
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replication fork.21-23 The TLS polymerases belong to the Y-family, including Pols h, i, k 

and Rev 1, and the B-family, Pol z. These polymerases have more flexibility than 

replicative polymerases and their active sites are more open, allowing them to 

accommodate the bulkier damaged bases.22, 24, 25 In this respect, TLS polymerases can be 

efficient at bypassing a variety of DNA lesions, but often at the expense of accuracy.22, 25  

 

Translesion Synthesis Pathway 

 The process of TLS requires the exchange of the high-fidelity replicative 

polymerase(s) for the TLS polymerase(s), which is thought to involve at least 

two polymerase-switching events (Figure 1.2).21, 24, 25 First, the stalled replicative DNA 

polymerase is replaced with a TLS polymerase that is capable of inserting a nucleotide 

opposite that specific DNA lesion, a process known as insertion.25 Depending on the 

TLS polymerase used, the same or another TLS polymerase inserts several nucleotides 

downstream of the lesion, known as the extension step.25 This step is necessary to allow 

the lesion to escape detection by the replicative DNA polymerase’s proofreading 

exonuclease activity.25 Finally, the TLS polymerase is switched with the replicative DNA 

polymerase so that replication can continue. This mechanism prevents the cell from 

undergoing apoptosis, but often at the expense of introducing mutations into the 

genome.25  

 The TLS polymerases have been shown to insert the correct nucleotide opposite a 

variety of lesions including UV-induced thymine dimers, resulting in a low frequency of 

mutations.25 On the other hand, these polymerases have a much higher frequency of 
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nucleotide incorporation when bypassing certain lesions such as the O4-alkylthymidine 

lesions which is due to the abnormal Watson-Crick hydrogen bonding caused by the 

DNA adduct.1, 6 This leads to the conclusion that some lesions are more mutagenic than 

others, and this increase and accumulation of mutagenesis can affect various cellular 

processes such as transcription, cellular homeostasis and cell growth ultimately leading to 

cell death, aging and oncogenesis.6  

 

 

  

 

 

 

 

d/e

h
i

k

PCNA

Polymerase 
Switch

h

h

Polymerase 
Switch

d/e

Lesion 
Bypass

h

Extension

Figure 1. 2: Mechanism of translesion synthesis.  
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Polymerase h 

 Polymerase h (Pol h) is a Y-family polymerase found to be broadly conserved 

among eukaryotes, and is the most extensively studied TLS polymerase. Recently, the 

use of immunofluorescene in cells overexpressing Pol h has revealed the localization of 

polymerase. Specifically, they found that Pol h is located in the replication factories in 

the nucleus during S-phase.24, 26 This suggests that the polymerase is always close to sites 

of replication in case the cells need to carry out TLS.24  

 Pol h is unique among the TLS polymerases due to its high efficiency and fidelity 

when bypassing UV-induced thymine-thymine cyclobutane pyrimidine dimers (CPD).24, 

25, 27-31 Interestingly, Pol h is capable of bypassing these lesions with higher accuracy 

than undamaged DNA. In humans, the presence of mutations in the POLH gene is known 

to result in the variant form of xeroderma pigmentosum (XPV), a disease associated with 

an increased incidence of skin cancer.24, 27-29, 32, 33 Due to Pol h’s ability to bypass the 

CPD lesions with high fidelity, this is recognized as the main function of the 

polymerase.24, 27 However, this polymerase is capable of bypassing many other DNA 

lesions with varying degrees of efficiency and fidelity, including large and structurally 

distorting lesions. Specifically, Pol h has been found to bypass 8-oxodG,33 O6-MedG,34 

benzo[a]pyrene-N2-dG,35 O2-alkylated thymidine lesions,36 O4-alkylated thymidine 

lesions37, 38 and various DNA lesions derived from cisplatin.39 This demonstrates that 

although Pol h’s main role lies in the bypass of CPD lesions, it can bypass a variety of 

other lesions to prevent prolonged stalling of the replication fork which could result in 

cellular apoptosis; however, it does increase the potential for inducing mutations.  
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Polymerase k 

 Polymerase k is found in all domains of life and is the most highly represented 

and strongly conserved of all the TLS polymerases. Its ortholog in Escherichia coli, Pol 

IV, was found to be significantly upregulated during the SOS response.27, 40 Pol IV has 

been studied extensively; however, less is known about the eukaryotic Pol k. Unlike 

other Y-family polymerases, Pol k is only found in small proportions of S-phase cells.41 

Additionally, when compared to other TLS polymerases, human Pol k has been found to 

be more accurate when replicating on undamaged DNA suggesting that human Pol k may 

be more involved in the extension step of TLS rather than the insertion step.27, 42 

Specifically, Pol k appears to specialize in the extension of mismatched primer termini.42, 

43 Pol k has been found to have a limited ability in lesion bypass but does have the unique 

capability in bypassing accurately and efficiently various dG lesions, including N2-(1-

carboxyethyl)-2¢-deoxyguanosine (N2-CEdG),44 N2-furfuryl-dG,45 C8-guanyl,46 8-oxo-

guanine,47 and N2-N2-guanine interstrand cross-links.48  

 

Polymerase i 

 The polymerase most closely related to Pol h is Pol i, although it is not as well 

studied and understood. Interestingly, Pol i is found in eukaryotes and some yeast; 

however, unlike other Y-family polymerases, Pol i does not have an ortholog in S. 

cerevisiae.27 Pol i is known to have very low processivity and error rate when bypassing 

both damaged and undamaged bases in the template; the polymerase, however, does have 
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increased fidelity when Mn2+ is used as a cofactor rather than Mg2+.49 This makes Pol i 

unique among the TLS polymerases, and, when Mn2+ is used as a cofactor, the 

polymerase could bypass a variety of DNA lesions. Interestingly, Pol i localizes in 

replication factories like the other TLS polymerases, but was found to directly interact 

with Pol h.24  

 Recently, Pol i was found to play a role in the mutagenic bypass of CPD lesions 

in XPV cell lines, suggesting that it may act as a back-up to Pol h.24, 50, 51 Studies 

investigating the effects of cells depleted of Pol i showed that there was an increase in 

sensitivity to oxidative damage.52 Additionally, Pol i was found to interact with the base 

excision repair factor XRCC1 and is recruited to sites of oxidatively induced DNA 

damage, further confirming Pol i’s role in repairing ROS-induced DNA lesions.52 

 

Polymerase z 

 Unlike the other TLS polymerases, Pol z is a herterodimer composed of the Rev3 

catalytic subunit and the Rev7 accessory subunit.53 Additionally, it is a member of the B 

family polymerases which includes the highly accurate replicative DNA polymerases. 

However, Pol z does not contain the motifs characteristic of 3’-to-5’ exonuclease activity 

of the other B family polymerases.27, 54, 55 Although Pol z bypasses cis-syn TT CPD 

dimers and thymine glycol lesions in an error-free manor, this polymerase has been 

characterized to play a key role in most mutagenesis as well as cisplatin resistance in 

human cancer cells.55, 56 Additionally, Pol z is specialized to extend distorted base pairs 
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such as mismatches or base pairing involving bulky DNA lesions, albeit at a high error 

rate.55 Therefore, Pol z, along with Rev1, is thought to mediate a majority of the 

mutagenic class of DNA damage tolerance in vivo.  

 

DNA Lesions and Transcription 

 The effects of DNA lesions on DNA replication is an area of research that has 

been extensively investigated with well-established techniques; nevertheless, it is also 

important to understand how these lesions also affect other cellular processes such as 

transcription. As transcription is a continuous process in cells in order to provide it with 

proteins necessary for various physiological processes, the transcription machinery is 

more likely to encounter DNA lesions than the replication machinery.57 DNA lesions 

have the potential to block transcription machinery and/or introduce mutations during 

transcriptional bypass, thereby perturbing the flow of genetic information and resulting in 

cell death. To date, bulky and distorting DNA lesions such as UV-induced dipyrimidine 

photoproducts, DNA cross-links generated by cisplatin, and oxidatively induced purine 

cyclonucleosides are known to block the transcription machinery.57 Some DNA lesions 

are capable of being bypassed by the RNA polymerase with varying efficiencies and 

fidelities. Specifically, deamination and oxidation products are known to be bypassed by 

the RNA polymerase, but can elicit nucleotide misincorporation opposite the lesion site 

and resulting in transcriptional mutagenesis (Figure 1.3).57 
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 It has been well established that DNA damage is preferentially repaired in 

actively transcribed genes on the transcribed template strand.57 This potentially alleviates 

the cytotoxic effects of the DNA lesions and is known as transcription-coupled repair. 

There are two potential avenues for this repair pathway depending on the DNA lesion 

present. Briefly, the stalled RNA polymerase is removed from the lesion and components 

of the excision repair machinery are recruited to repair the DNA. Alternatively, the lesion 

can be repaired in the presence of the RNA polymerase, allowing the stalled polymerase 

to resume transcription once the lesion is repaired.57 Additionally, the DNA lesions can 

be directly recognized and repaired by one of the global genome repair pathways 

(nucleotide excision repair (NER) or base excision repair (BER) pathways) depending on 

the identity of the lesion.57 The NER machinery is understood to recognize and remove 

various types of bulky DNA lesions that distort the structure of the DNA including CPD 

lesions, interstrand cross-links, and DNA adducts induced by polycyclic aromatic 

hydrocarbons that are present in cigarette smoke and other combustion products.57, 58 

Alternatively, BER machinery recognizes and repairs various oxidative damage such as 

8-oxodG and thymidine glycol.57, 58  
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Figure 1. 3: Pathways for transcription interactions with DNA lesions. 
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Transcription-coupled Repair 

 The transcription-coupled repair (TCR) pathway in eukaryotes has been 

extensively studied, though many steps remain unclear.57, 58 Unlike in E. coli, TCR in 

eukaryotes takes place in the absence of the global genome repair machinery. 

Additionally, there are three nuclear RNA polymerases in human cells, though RNA 

polymerase II (RNAPII) is the only one known to participate in TCR.58 Overall, there are 

three main steps during TCR: 1) recognition and removal of the stalled RNA polymerase, 

2) recruitment of repair machinery and 3) reset of the transcription machinery.57, 58 A 

deficiency of the TCR pathway in humans has been linked to Cockayne syndrome.57, 59 

This syndrome is characterized by photosensitivity, growth retardation, skeletal and 

retinal abnormalities as well as neurodegeneration. Unlike deficiency in Pol h, Cockayne 

syndrome does not result in an increased risk of skin cancer.  

 Although this mechanism is not fully understood, a potential model has been 

described for eukaryotic TCR (Figure 1.4).57 First, when an RNAPII is stalled at a DNA 

lesion site, the TCR machinery such as CSB, CSA, XAB2, UVSSA, USP7 and histone-

remodeling factors are recruited to the transcription site.57, 58 The stability of CSB is 

dependent upon ATP hydrolysis suggesting that it can remodel the DNA, ultimately 

altering the DNA conformation by wrapping the DNA around itself altering the interface 

between the RNAPII and the DNA.57-60  

 Next, CSB recruits the CSA complex, TFIIH, BER or NER factors and chromatin 

remodelers, to the site of the arrested RNAPII and colocalizes with the DNA lesion.57, 58 

This allows RNAPII to undergo reverse translocation or backtracking or possibly 
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ubiquitination, resulting in its degradation, though this latter process remains unclearly 

defined.57 Ultimately, both these scenarios allow access to TFIIH and BER or NER repair 

enzymes to repair the DNA lesion. It was suggested that the repair of DNA lesions may 

not require the removal of RNAPII, and the presence of the bound RNAPII allows 

transcription to occur after the lesion is repaired and the template DNA is restored.57, 58 It 

is thought that ubiquitination of RNAPII may possibly be a prerequisite for the repair of 

certain DNA lesions or occurs as a last resort after all other avenues have been 

exhausted.57, 58 Further studies need to be conducted to further investigate and confirm 

the mechanism of TCR.  
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Figure 1. 4: The proposed mechanism for TCR. Figure 2 from reference number 57 
copied with permission from the American Chemical Society. 
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Global Nucleotide Excision Repair  

 The global nucleotide excision repair (NER) pathway is mainly involved in the 

direct recognition and repair of bulky DNA lesions induced by UV irradiation, 

environmental mutagens, cigarette smoke and other combustion products as well as 

various chemotherapeutics (Figure 1.5).57, 61 Global NER can occur anywhere in the 

genome and encompasses a set of enzymes that can recognize a wide range of substrates. 

Interestingly, DNA lesions recognized by this pathway do not have to share chemical 

structures that would lend themselves to a common lesion-binding site, they just have to 

be bulky or thermodynamically destabilize the DNA duplex.61 There are two complexes 

capable of recognizing DNA lesions to facilitate the initiation of the NER pathway. The 

XPC-RAD23B complex recognizes bulky lesions that destabilize DNA double helical 

structure, and the UV-DDB complex recognizes the UV-induced CPD lesions.61 

 Once the DNA lesion is recognized by the XPC-RAD23B complex the 

transcription factor TFIIH is recruited through direct interaction with this complex.61 

TFIIH consists of 10 subunits, and of particular importance are the helicase subunits, 

XPB and XPD, which are responsible for the opening of the DNA helix around the lesion 

site.61 XPB is thought to be the protein responsible for prying open the DNA to facilitate 

loading of TFIIH as well as enabling the engagement of XPD.62 Both the helicase and 

ATPase activity of XPD are required for NER, suggesting that this protein translocates 

along the DNA and opens it.62-64 Additionally, XPD is believed to be the damage-

verification factor due to its stalling at the lesion site.64 This stalling of XPD at the lesion 

site activates the assembly of the preincision complex.  
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 The preincision complex consists of XPA, RPA and XPG proteins which are 

recruited to the lesion site to allow for the translocation of XPC-RAD23B.65-67 XPA is an 

integral component of the NER complex and was originally thought to be the primary 

DNA damage recognition protein. However, it was recently shown that XPA 

preferentially binds to kinked DNA rather than lesion-containing DNA structures.68, 69 

XPA interacts with a number of proteins including TFIIH, RPA, XPC-RAD23B, DDB2, 

ERCC1-XPF and PCNA.61, 65 Hence, XPA is suggested to be a central NER factor to 

ensure that all necessary factors are present for incision to occur. The ssDNA-binding 

protein, RPA, interacts strongly with XPA and this interaction is essential for optima 

NER activity.61, 70 Additionally, RPA associates with the nondamaged DNA strand, 

which facilitates the two endonucleases, ERCC1-XPF and XPG, to bind to the lesion-

containing strand to initiate the incision step. The ERCC1-XPF complex then generates a  

incision on the 5’ side of the lesion followed by XPG generating the 3’ incision.71 Once 

the DNA is cut, the lesion-containing strand is released with the bound TFIIH. After 

binding ATP, TFIIH is released from the lesion-containing strand so that RPA can 

engage, and TFIIH is eventually degraded.72 Once the lesion-containing strand is 

removed, the replication factors, including DNA polymerases d and e, PCNA, RFC, RPA 

and DNA ligase are responsible for the replication and ligation steps to fill in the gap and 

complete NER.61, 73   
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Figure 1. 5: Mechanism for global NER. Figure 1 from reference number 61, copied with 
permission from Cold Spring Harbor Laboratory Press.  
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DNA Lesions Investigated 

Alkylated Thymidine Lesions 

 Thymine can be alkylated at the O2, N3 and O4 positions by a variety of sources 

including chemotherapeutic drugs and tobacco smoke, and these lesions are known to 

persist in mammalian tissues owing to their poor repair.74, 75 Specifically, the anticancer 

drugs temozolomide and dacarbazine can methylate the O2, N3 and O4 positions on 

thymine.8, 76 The tobacco carcinogens 4-(methylnitrosamino)-1-(3 pyridyl) 1-butanone 

(NNK) and N’-nitrosonornicotine (NNN) can be metabolized via cytochrome P450 

enzymes to yield pyridyloxobutyl (POB) and pyridylhydroxybutyl (PHB) groups, which 

can conjugate with the O2-position of cytosine and thymine as well as the N7 and O6 

positions of guanine.5, 8, 77-81 The bulky POB- and PHB-adducts formed on the O6 of 

guanine and O2 of thymine are stable, and have been detected in the esophagus, lung and 

liver tissues of rats treated with NNK and NNN.8, 78-81 It was discovered that O2-, N3- and 

O4-ethylthymidine could be detected in the leukocyte DNA of smokers at levels of 40-50 

lesions per 108 nucleosides, which is approximately two orders of magnitude higher than 

the levels found in non-smokers.74, 75 The major-groove O4-alkylthymidine lesions are 

known to be highly mutagenic. This is due to the changes in the Watson-Crick hydrogen-

bonding of the nucleobase from the added alkyl group, leading to miscoding and 

mutagenesis during DNA replication.10, 77 In normal cells, O4-alkyldT adducts trigger 

TàC mutation while in MMR-deficient cells they induce TàA mutations, making the 

O4-alkylthymidine lesions cytotoxic.77 It was recently demonstrated that the minor-

groove O2-alkylthymidine lesions generate TàC mutations while Escherichia coli 
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polymerase V (an ortholog of human Polymerase η) plays a major role in the bypass of 

these lesions.8 My research focuses on investigating the effects of O4-alkylthymidine 

lesions (O4-MedT, O4-EtdT, O4-nPrdT, O4-iPrdT, O4-nBudT, O4-iBudT, O4-(R)-sBudT 

and O4-(S)-sBudT) (Figure 1.6) have on DNA replication in vitro. Additionally, we 

investigated the effects various O2-alylthymidine lesions (O2-MedT, O2-EtdT, O2-nPrdT, 

O2-iPrdT, O2-nBudT, O2-iBudT and O2-sBudT) (Figure 1.7) have on replication and 

transcription, and determined which pathways are involved in the repair of these lesions.  

 

 

 

 

 

O4-MedT O4-EtdT O4-nPrdT O4-iPrdT

O4-nBudT O4-iBudT O4-(R)-sBudT O4-(S)-sBudT

Figure 1. 6: The structures of O4-alkylthymidine lesions investigated. 
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Figure 1. 7: The structures of O2-alkylthymidine lesions investigated. 
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Alpha-Anomeric Lesions 

 The formation of a-dN (Figure 1.8) lesions has been demonstrated in isolated 

DNA in vitro and in mammalian tissue DNA. The presence of these lesions was initially 

reported when poly(dA), poly(dA-dT) or salmon testis DNA was exposed to g-rays under 

anoxic conditions, where a-dA was found to be a major lesion formed at a level of 

~1.5%.82 Additionally, a-dG was recently detected at the levels of 2.2-2.7 lesions per 106 

nucleosides in mouse pancreatic tissues and commercially available calf thymus DNA.83 

It is worth noting that the levels of a-dG are higher than those of the (5¢S) diastereomer 

of 8,5′-cyclo-2′-deoxyguanosine (S-cdG), an oxidatively induced DNA lesion, suggesting 

that the levels of a-dG are similar to other endogenous oxidatively generated lesions that 

are known to contribute to various human diseases.83    

 Previous studies have investigated the impact of a-dN lesions on DNA replication 

in Escherichia coli. Shimizu and coworkers84 found that a-dA was highly blocking to 

DNA replication, with the relative bypass efficiency (RBE) being 20% when compared to 

dA. In addition, Amato et al.83 examined the recognition of the four a-nucleosides by the 

replication machinery of E. coli cells that are proficient in translesion synthesis or absent 

of one or more of the SOS-induced DNA polymerases. It was observed that, in wild-type 

cells, a-dA also strongly blocked DNA replication with a RBE of 24%, while a-dT, a-

dC anda-dG had significantly lower RBEs (1-3%).83 Additionally, upon SOS induction, 

the RBE values for all four of the a-dN lesions were significantly elevated, with the two 

purine a-nucleosides being less blocking to DNA replication than the pyrimidine 
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counterparts.83 Moreover, in SOS-induced cells, the absence of Pol V, an ortholog of 

human Pol h, led to substantial decreases in RBEs for all a-dN lesions except for a-dA. 

The depletion of this polymerase in SOS-induced cells also led to a substantial drop in 

TàA mutation for a-dT and abolished the CàG mutation for a-dC.83 Together, these 

results unveiled the importance of Pol V in replicative bypass of the a-dN lesions. Thus, 

the study herein focuses on the biochemical characterizations about the efficiency and 

fidelity of Pol h-mediated nucleotide insertion opposite the a-dN lesions. 

 

 

 

 

 

 

R= Adenine, Cytosine,
Guanine or Thymine

Figure 1. 8: a-dN lesions 
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Scope of Dissertation 

 In Chapter 2 we investigated the roles the major TLS polymerases, i.e., human 

Pol h, k, i and yeast Pol z in the replicative bypass of various O2-alkyldT lesions in vitro. 

By conducting primer extension assays, we were able to determine which polymerases 

are capable of inserting a nucleotide opposite the lesions and extending past them. We 

found that human Pol h was the only polymerase capable of bypassing all the O2-alkyldT 

lesions and was therefore chosen for steady-state kinetic assays. These assays revealed 

that the size and shape of the alkyl group adducted to the DNA does influence the 

efficiency of correct nucleotide incorporation opposite the lesion, as well as the 

mutagenic potential of the lesions. 

 Our focus in Chapter 3 was to determine which TLS polymerases were involved 

in the bypass of O4-alkyldT lesions, and if the size and shape of the alkyl group adducted 

to the O4 position of thymidine influence the efficiency and fidelity of human Pol h. 

Primer extension assays were used to determine if human Pol h, k, i or yeast Pol z were 

capable of bypassing each of the O4-alkyldT lesions. We found that human Pol h was the 

only TLS polymerase capable of inserting a nucleotide opposite each of the lesions and 

extending to the end of the template. Therefore, the human Pol h-mediated bypass was 

further investigated using steady-state kinetic assays. This assay revealed that the size 

and shape of the alkyl group did impact the efficiency of correct nucleotide incorporation 

opposite the O4-alkyldT lesions. Additionally, it had an impact on the mutation frequency 

observed during the replicative bypass.  
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 Chapter 4 investigated the roles of human Pol h, k, i or yeast Pol z in the 

replicative bypass of the a-anomeric lesions, i.e., a-dA, a-dT, a-dC and a-dG. By 

conducting primer extension assays, we were able to determine that human Pol h was the 

only TLS polymerase capable of bypassing all of the a-dN lesions. Steady-state kinetic 

assays were conducted to further investigate the human Pol h-mediated bypass of these 

lesions. We found that human Pol h was more efficient at incorporating the correct 

nucleotide opposite the purine a-dN lesions compared to the pyrimidine lesions. 

Additionally, we found that human Pol h induced fewer mutations while bypassing the 

purine lesions relative to the corresponding pyrimidine lesions.  

 The focus of Chapter 5 was to further investigate the biological consequences of 

the O2-alkyldT lesions by monitoring their effects on transcription in human cells. We 

were able to determine the extent of which these lesions block transcription by measuring 

the relative bypass efficiencies. We found that only O2-EtdT significantly blocks 

transcription bypass while all the other O2-alkyldT lesions were similar to that of the 

control. These studies also revealed that the longer straight chain alkyl group lesions 

generate AàC, AàG and AàT substitutions while the branching alkyl group lesions do 

not. Additionally, we set out to determine which repair pathways are involved in the 

removal of these lesions by monitoring the differences in the relative bypass efficiency in 

the control cell line, i.e., HEK293T cells, and the isogenic cells depleted of XPC or CSB 

proteins. Our results demonstrated a lower bypass efficiency for all the lesions, with the 

exception of O2-MedT, in the CSB-/- cells, indicating that the transcription-coupled repair 

pathway is involved in the repair of these lesions.  
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Chapter 2: Replicative Bypass of O2-alkylthymidines Lesions In Vitro 

 
Introduction 
 

According to the Center for Disease Control and Prevention, smoking is 

considered the leading cause of preventable diseases, and accounts for more than 480,000 

premature deaths per year in the United States alone.85 Cigarette smoke contains more 

than 5,000 chemical species, 73 of which are considered carcinogenic to laboratory 

animals and/or humans.86 Among these compounds are various polycyclic aromatic 

hydrocarbons and tobacco-specific N-nitrosamines, which, after metabolic activation, are 

known to alkylate DNA.75, 86 Depending on the chemical nature of the alkylating agent 

involved, the size of the alkyl functionality adducted to DNA ranges from simple methyl 

and ethyl groups, e.g. those arising from ethylating agents present in tobacco,75 to more 

complex alkyl groups from the tobacco-specific N-nitrosamines. In the latter respect, 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N¢-nitrosonornicotine (NNN) 

can be metabolized by cytochrome P450 enzymes and ultimately result in the addition of 

a pyridyloxobutyl (POB) or pyridylhydroxybutyl (PHB) group to thymine, cytosine and 

guanine in DNA.87  

Among the various alkylated DNA lesions, O2-alkylthymidines (O2-alkyldT) are 

known to be resistant to repair and thus persist in mammalian systems.88-90 For instance, 

O2-POBdT and O2-PHBdT could accumulate in the esophagus, lung and liver tissue of 

rats treated with NNK and NNN, and were detectable in various human tissues.75, 86, 91-93 

Additionally, the levels of O2-ethylthymidine in human leukocyte DNA were found to be 
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significantly higher in smokers than nonsmokers.75 If remained unrepaired, these 

alkylated DNA adducts may perturb genomic integrity by impeding DNA replication and 

transcription, and inducing mutations in these processes.86  

Unrepaired DNA adducts may stall the replication fork, which results in cell cycle 

arrest and allows time for the cell to repair the damaged DNA.2-4, 94, 95  Nevertheless, 

some DNA lesions are more difficult to repair and may result in prolonged stalling of the 

replication fork, thereby leading to apoptosis. In order to avoid apoptosis, cells are 

equipped with translesion synthesis (TLS) DNA polymerases which possess more 

spacious and flexible active sites than replicative DNA polymerases to facilitate lesion 

bypass.24, 25 The TLS polymerases include polymerases h, i, k and Rev1 in the Y-family, 

and polymerase z in the B-family. These polymerases function in the bypass of various 

DNA lesions, and some are known to bypass specific DNA lesions with similar or better 

fidelity and efficiency than the corresponding unmodified nucleosides.24, 25, 31, 44, 96, 97 In 

this vein, polymerase h (Pol h) has been shown to be highly efficient and accurate when 

bypassing the UV-induced thymine-thymine cyclobutane pyrimidine dimers, which is 

recognized as the major role of Pol h.25, 28, 29, 31, 97 The importance of this polymerase is 

manifested in patients suffering from the variant form of xeroderma pigmentosum (XPV), 

and these individuals display elevated UV-induced mutagenesis and susceptibility toward 

developing skin cancer because they carry inactivating mutations in POLH gene which 

encodes for Pol h.28, 29, 32 Although this is recognized as the main functional role of Pol h, 

the polymerase is capable of bypassing many other DNA lesions with different efficiency 

and fidelity.98, 99  
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Previous studies showed that O2-EtdT is partially blocking to DNA synthesis 

mediated by T7 DNA polymerase in vitro, and both dAMP and dTMP can be 

incorporated opposite the lesion.100 Recently, our laboratory showed that polymerase V 

(an ortholog of human polymerase h) plays a major role in the bypass of various O2-

alkylthymidine lesions in Escherichia coli, and the polymerase was indispensable for the 

lesion-induced TàA and TàG mutations in E. coli cells.8 In addition, Basu and 

coworkers101 showed that Pol h promotes the replication across the O2-MedT and O2-

POBdT lesions in human cells. Thus, in the present study, we chose to focus on human 

Pol h by characterizing biochemically how the efficiency and fidelity of nucleotide 

insertion opposite the O2-alkyldT lesions are modulated by the length and structure of the 

alkyl group. 

 

Experimental Procedures  

Materials 

Human Pol h, k and and yeast Pol z were purchased from Enzymax (Lexington, 

KY), and the recombinant full-length human Pol i was kindly provided by Prof. Linlin 

Zhao (Central Michigan University). All other enzymes were obtained from New 

England BioLabs (Ipswich, MA) and unmodified oligodeoxyribonucleotides (ODNs) 

were acquired from Integrated DNA Technologies (Coralville, IA). [g-32P]-ATP was 

obtained from Perkin-Elmer (Boston, MA), and all other chemicals were from Sigma-

Aldrich (St. Louis, MO).  
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Substrate preparation  

20-mer lesion-containing ODNs were generated by ligating 12-mer O2-alkyldT-

containing ODNs d(ATGGCGXGCTAT), where ‘X’ designates the O2-alkyldT with the 

alkyl group being a Me, Et, nPr, nBu, iPr, iBu or sBu (Figure 2.1)8  to an 8-mer ODN 

d(GATCCTAG) in the presence of a 27-mer scaffold 

d(GTAGCTAGGATCATAGCACGCCATTAG), as previously described.98 All ligation 

products were then purified by polyacrylamide gel electrophoresis (PAGE) and annealed 

to a 13-mer 32P-labeled primer (10 nM) to yield the primer-template complex for in vitro 

primer extension and steady-state kinetic measurements (Figure 2.1). 
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a

b

R O2-AlkyldT
- CH3 O2-MedT
- CH2CH3 O2-EtdT
- CH2CH2CH3 O2-nPrdT
- CH(CH3)2 O2-iPrdT
- CH2CH2CH2CH3 O2-nBudT
- CH2CH(CH3)2 O2-iBudT
- CH(CH3)CH2CH3 O2-sBudT

5¢-32P-CTAGGATCATAGC-3¢
3¢-32P-GATCCTAGTATCGXGCGGTA-5¢

Figure 2. 1: (a) The structures of the O2-alkyldT lesions examined in this study and (b) 

the primer-template complex used for the in vitro primer extension and steady-state 

kinetic assays, X= dT, O2-MedT, O2-EtdT, O2-nPrdT, O2-iPrdT, O2-nBudT, O2-iBudT or 

O2-sBudT. 
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Primer extension assays 

Primer extension assays were performed under standing-start conditions by 

incubating the aforementioned primer-template complex (at a final concentration of 10 

nM) at 37°C for 1 hr with various concentrations of human Pol h (Figure 2.2), k (Figure 

A1) and i (Figure A2), or for 5 hr with yeast Pol z (Figure A3), all four dNTPs (250 µM 

each), MgCl2 (5 mM) and a reaction buffer. The reaction buffer contained 25 mM 

potassium phosphate (pH 7.0), 5 mM MgCl2, 5 mM DTT, 100 µg/ml BSA and 10% 

glycerol.37 The reaction was then terminated by adding an equal volume of formamide 

gel-loading buffer [80% formamide, 10 mM EDTA (pH 8.0), 1 mg/ml xylene cyanol and 

1 mg/ml bromophenol blue]. The reaction mixtures were subsequently resolved on a 20% 

(19:1) denaturing polyacrylamide gel and the gel band intensities analyzed using a 

Typhoon 9410 Variable Mode Imager (Amersham Biosciences Co.).  
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Steady-state kinetic assay  

Standing-start steady-state kinetic assays were performed following previously 

published procedures.102 The control or lesion-containing primer-template complexes (at 

a final concentration of 10 nM) were incubated with the above-mentioned reaction buffer, 

5 nM human Pol h and various concentrations of individual dNTPs at 37°C for 10 min 

(Figure 2.3, A4 and A5). In this vein, the dNTP concentrations were optimized to allow 

for less than 20% nucleotide incorporation opposite the lesion or the corresponding 

unmodified nucleoside site. The reaction was again terminated by adding an equal 

volume of formamide gel-loading buffer. Reaction mixtures were then resolved on a 20% 

(19:1) denaturing PAGE, and gel-band intensities quantified by phosphorimaging 

analysis, as described above.  

From the gel images, we first determined the observed rate for nucleotide 

incorporation, Vobs, by dividing the quantified amount of product formed by the 

incubation time (i.e. 10 min).37, 103, 104 The steady-state kinetic parameters (i.e. Vmax and 

Km) for nucleotide incorporation were then determined by plotting Vobs versus dNTP 

concentration and fit to the Michaelis-Menten equation using Origin 6.0 (Origin-Lab, 

Northampton, MA):102  

 

Vobs =  
Vmax[dNTP] 

Km + [dNTP] 
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The kcat values were calculated by dividing Vmax with the concentration of human 

Pol h employed. The efficiency of nucleotide incorporation was determined by the ratio 

of kcat/Km, and the frequency of incorrect nucleotide insertion (finc) was calculated from 

the ratio of kcat/Km obtained for the insertion of incorrect nucleotide over that for the 

correct nucleotide incorporation:102 

 

 It is of note that the 3¢ flanking nucleobase of the lesion in the template is a 

guanine; as a result, we observed, apart from the product with a single dCMP insertion, 

the product arising from the incorporation of two dCMPs. We included both products for 

the determination of the steady-state kinetic parameters for dCMP incorporation. 

 

Results 

In this study, we aimed to investigate how the structures of the alkyl group in O2-

alkyldT lesions influence the replicative bypass mediated by human Pol h, k, i and yeast 

Pol z.  

Primer extension assay 

Primer extension assays were first conducted to assess human Pol h, k, i and 

yeast Pol z’s ability to extend a 13-mer primer in the presence of a 20-mer template 

containing an unmodified dT or site-specifically inserted O2-alkyldT. The results showed 

that, when all four dNTPs are present, human Pol h was capable of successfully 

finc =  
(kcat/Km)incorrect 

(kcat/Km)correct 
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bypassing all seven O2-alkyldT lesions and generating full-length extension products 

(Figure 2.2). Quantification of the full-length extension product revealed that human Pol 

h-mediated primer extension was impeded to a lesser degree by those lesions carrying a 

branched-chain alkyl group than those with the corresponding straight-chain alkyl group, 

i.e. O2-iPrdT > O2-nPrdT (53% and 29%, respectively) and O2-iBudT, O2-sBudT > O2-

nBudT (22%, 16% and 6.4% respectively) (Table A1). The values represent the 

percentage of full-length product observed for the lesion-containing substrate relative to 

that found for the control substrate.  Pol k was also able to bypass all the O2-alkyldT 

lesions and extend the primer to the end of the DNA template, but the main products 

formed were 18mer and 19mer products (Figure A1 and Table A1). Pol i was able to 

generate shorter 18mer extension products for the templates harboring an O2-MedT or 

O2-EtdT; this polymerase, however, was incapable of extending further the primer after 

inserting one nucleotide opposite O2-nPrdT, O2-iPrdT, O2-nBudT, O2-iBudT or O2-

sBudT (Figure A2 and Table A1). Yeast Pol z, on the other hand, was capable of 

producing full-length product when bypassing O2-MedT and O2-EtdT (at 50% and 7.4%, 

respectively), but was blocked by the other O2-alkyldT lesions (Figure A3 and Table A1). 

Thus, Pol h is the most efficient TLS polymerase involved in bypassing the O2-alkyldT 

lesions in vitro and was thus chosen for steady-state kinetic analysis.  
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Figure 2. 2: Representative gel images from the primer extension assays under standing-

start conditions for primer-template complexes containing an unmodified dT, O2-MedT, 

O2-EtdT, O2-nPrdT, O2-iPrdT, O2-nBudT, O2-iBudT or O2-sBudT with human Pol h. The 

final concentration of the primer-template complex was 10 nM, and the final 

concentration of human Pol h are indicated. 
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Steady-state kinetic analysis 

We next performed steady-state kinetic assays to assess the efficiency and fidelity 

of human Pol h in inserting nucleotides opposite the O2-alkyldT lesions (Table 2.1 and 

Figures 2.3, A4, and A5). The results showed that, among the four natural nucleotides, 

dAMP was inserted opposite O2-MedT and O2-EtdT at the highest efficiency, though the 

presence of the two lesions reduces markedly the efficiency of dAMP incorporation, i.e. 

at 2.09% and 2.15%, respectively, relative to the corresponding insertion for the 

unmodified control substrate. Additionally, our results showed that human Pol h was 

more efficient in incorporating the correct nucleotide opposite the O2-alkyldT lesions 

with a branched-chain alkyl group (i.e. O2-iPrdT, O2-iBudT and O2-sBudT, at 0.42%, 

0.34% and 0.18%, respectively, Figure 2.4) than the corresponding lesions with a 

straight-chain alkyl group (i.e. O2-nPrdT and O2-nBudT, at 0.08% and 0.07%, 

respectively, Figure 2.4). 

We next analyzed the differences in human Pol h -mediated incorporation of 

incorrect nucleotides opposite the various O2-alkyldT lesions. Human Pol h displayed 

high fidelity when bypassing O2-MedT and O2-EtdT. However, human Pol h 

incorporates the incorrect dCMP opposite O2-nPrdT and O2-nBudT at relatively high 

frequencies (76% and 100%, respectively, relative to the incorporation of the correct 

dAMP). In contrast, all the O2-alkyldT lesions with a branched-chain alkyl functionality 

directed primarily promiscuous nucleotide misincorporation, where no marked preference 

was found for the misincorporation of dCMP, dGMP or dTMP (Table 2.1 and Figure 

2.5). 
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Table 2. 1: Steady-state kinetic parameters for human Pol h-mediated incorporation of 
individual dNTPs opposite the O2-MedT, O2-EtdT, O2-nPrdT, O2-iPrdT, O2-nBudT, O2-
iBudT and O2-sBudT and unmodified dT substrates. The results are shown as the mean ± 
standard deviation of results from at least three independent measurements. 
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 dNTP kcat (min-1) Km (µM) kcat/Km  
(µM-1min-1) 

finc
 

Undamaged dT Substrate 
dTTP 1.2×10-2 ± 2×10-3 12 ± 2 9.6×10-4 ± 7×10-5 2.0×10-3 
dGTP 5.3×10-2 ± 7×10-3 9.2 ± 1 5.9×10-3 ± 1×10-3 1.2×10-2 
dCTP 2.5×10-2 ± 4×10-3 23 ± 1 1.1×10-3 ± 2×10-4 2.1×10-3 
dATP 1.5×10-2 ± 2×10-3 3.0×10-2 ± 4×10-4 5.1×10-1 ± 8×10-2 1.0 

O2-MedT  
dTTP 5.6×10-2 ± 1×10-2 4.8×10+2 ± 8×10+1 1.2×10-4 ± 3×10-5 1.1×10-2 
dGTP 3.5×10-2 ± 3×10-3 89 ± 7 3.9×10-4 ± 1×10-5 3.7×10-2 
dCTP 3.7×10-2 ± 3×10-3 1.4×10+2 ± 7 2.6×10+-4 ± 9×10-6 2.5×10-2 
dATP 4.5×10-2 ± 6×10-4 4.3×10-1 ± 4×10-2 1.1×10+-2 ± 1×10-3 1.0 

O2-EtdT 
dTTP 3.0×10-3 ± 3×10-4 22 ± 5 1.4×10-4 ± 2×10-5 1.3×10-2 
dGTP 2.3×10-2 ± 3×10-3 23 ± 4 1.0×10-3 ± 1×10-4 9.2×10-2 

dCTP 1.5×10-2 ± 2×10-3 48 ± 3 3.1×10-4 ± 2×10-5 2.9×10-2 
dATP 8.1×10-3 ± 4×10-4 0.77 ± 0.1 1.1×10-2 ± 1×10-3 1.0 

O2-nPrdT 
dTTP 2.7×10-2 ± 3×10-3 4.4×10+2 ± 6×10+1 6.1×10-5 ± 4×10-6 1.5×10-1 
dGTP 1.6×10-2 ± 3×10-3 1.8×10+2 ± 4 8.9×10-5 ± 2×10-5 2.2×10-1 
dCTP 2.2×10-2 ± 3×10-3 70 ± 1×10+1 3.1×10-4 ± 2×10-5 7.6×10-1 
dATP 3.6×10-2 ± 3×10-3 89 ± 1×10+1 4.1×10-4 ± 4×10-5 1.0 

O2-iPrdT 
dTTP 4.9×10-3 ± 4×10-4 15 ± 2 3.4×10-4 ± 2.1×10-5 1.6×10-1 
dGTP 2.3×10-2 ± 3×10-2 60 ± 7 3.9×10-4 ± 2.9×10-5 1.9×10-1 
dCTP 3.4×10-2 ± 1×10-3 52 ± 8 6.5×10-4 ± 7.9×10-5 3.1×10-1 
dATP 2.4×10-2 ± 3×10-3 11 ± 1 2.1×10-3 ± 2.2×10-4 1.0 

O2-nBudT 
dTTP 1.7×10-2 ± 2×10-3 3.5×10+2 ± 4×10+1 4.8×10-5 ± 8×10-6 1.4×10-1 
dGTP 2.5×10-2 ± 3×10-3 4.4×10+2 ± 6×10+1 5.6×10-5 ± 2×10-6 1.7×10-1 
dCTP 1.3×10-2 ± 2×10-3 38 ± 6 3.4×10-4 ± 4×10-5 1.0 
dATP 2.0×10-2 ± 5×10-3 88 ± 7 3.4×10-4 ± 4×10-5  1.0 

O2-iBudT 
dTTP 3.9×10-3 ± 6×10-4 16 ± 3 2.4×10-4 ± 1×10-5 1.4×10-1 
dGTP 2.3×10-2 ± 3×10-3 69 ± 7 3.3×10-4 ± 4×10-5 1.9×10-1 
dCTP 3.1×10-2 ± 5×10-3 73 ± 15 4.2×10-4 ± 4×10-5 2.5×10-1 
dATP 8.7×10-3 ± 2×10-3 5.1 ± 1 1.7×10-3 ± 2×10-4 1.0 

O2-sBudT 
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aFrequency of nucleotide misincorporation = [kcat/Km (incorrect nucleotide)]/[kcat/Km (correct nucleotide)] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 
 
 

dTTP 2.1×10-2 ± 3×10-3 2.2×10+2 ± 2×10+1 9.3×10-5 ± 2×10-5 1.0×10-1 
dGTP 2.5×10-2 ± 2×10-2 3.1×10+3 ± 6×10+1 8.1×10-5 ± 1×10-5 8.8×10-2 
dCTP 3.1×10-2 ± 2×10-3 90 ± 9 1.3×10-4 ± 3×10-5 1.4×10-1 
dATP 8.7×10-2 ± 5×10-3 32 ± 3 9.2×10-4 ± 1×10-4 1.0 
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Figure 2. 3: Representative gel images for steady-state kinetic assays in measuring the 

individual nucleotide incorporation opposite unmodified dT (a), O2-nPrdT (b) and O2-

nBudT (50 nM) (c) with human Pol h. The final concentration of the primer-template 

complex was 10 nM, and the final concentration of human Pol h was 5 nM. The highest 

concentrations of individual dNTPs used are indicated in the figure, and the concentration 

ratio between neighboring lanes was 0.50. 
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Figure 2. 4: The efficiencies for the human Pol h-catalyzed insertion of the correct 

nucleotide, dAMP, opposite unmodified dT, O2-MedT, O2-EtdT, O2-nPrdT, O2-iPrdT, 

O2-nBudT, O2-iBudT or O2-sBudT (relative to dT). The results represent the mean ± 

standard deviation of results from at least three independent measurements. 
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Figure 2. 5: Relative efficiencies for the Pol h-mediated nucleotide incorporation 

opposite dT, O2-MedT, O2-EtdT, O2-nPrdT, O2-iPrdT, O2-nBudT, O2-iBudT and O2-

sBudT.  
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Discussion 

In the present study, we investigated the replicative bypass of O2-MedT, O2-EtdT, 

O2-nPrdT, O2-iPrdT, O2-nBudT, O2-iBudT and O2-sBudT by major TLS polymerases, 

including human Pol h, k, i and yeast Pol z. We uncovered the different capabilities of 

the TLS polymerases in bypassing these lesions and generating full-length extension 

products. We also demonstrated that the structure of the alkyl group attached to the O2 

position of thymidine influences the efficiency and fidelity of human Pol h -catalyzed 

nucleotide incorporation in vitro. 

We found that, in the mutual presence of all four dNTPs, human Pol h could 

bypass all O2-alkyldT lesions and generate full-length replication products (Figure 2.2). 

In addition, human Pol h was found to generate more full-length replication product 

when bypassing those O2-alkyldT lesions bearing a branched-chain alkyl group relative 

to their straight-chain counterparts, i.e. O2-iPrdT > O2-nPrdT and O2-iBudT, O2-sBudT > 

O2-nBudT (Table A1). These results suggest that the O2-alkyldT lesions with a branched-

chain alkyl group are more readily bypassed by human Pol h than the corresponding 

straight-chain lesions.  

Human Pol k mainly generated shorter 18mer and 19mer products, though small 

amounts of full-length extension product could also be detected (Figure A1 and Table 

A1). Our results about the difficulty of Pol k in bypassing the O2-alkyldT lesions is in 

line with previous findings. Pol k distinguishes itself from the other Y-family 

polymerases by its capability to efficiently and accurately bypass dG adducts with 

various sizes of alkyl groups being attached to the minor-groove N2 position21, 43, 105 as 
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well as N2-N2-guanine interstrand cross-links.48 These abilities are due to the unique 

structure of Pol k, whose active site can readily accommodate minor-groove 

modifications in DNA.43, 106 At first glance, this may suggest that Pol k is capable of 

bypassing O2-alkyldT lesions. However, a number of recent studies showed that O2-

MedT, O2-EtdT and O2-POBdT are not good substrates for Pol k or its ortholog in E. 

coli, i.e. Pol IV.8, 21, 101, 107-109 This may be attributed to the fact that, unlike the N2-

modified dG derivatives which still pair favorably with dCTP, the O2-alkyldT lesions do 

not have strong tendency to form Watson-Crick hydrogen bonding with any of the four 

canonical nucleotides.8, 21, 101, 107-109  

Pol i, however, was unable to generate full-length replication products, as 

reflected by the lack of further extension of the primer after insertion of a single 

nucleotide opposite all the lesions except O2-MedT and O2-EtdT, where Pol i could 

generate a shorter 18mer product for templates containing the latter two lesions (Figure 

A2). Yeast Pol z, on the other hand, was capable of yielding full-length replication 

products as it bypasses O2-MedT and O2-EtdT, with more full-length extension product 

generated for the former substrate, but was completely blocked by all other O2-alkyldT 

lesions (Table A1 and Figure A3). 

Our steady-state kinetic assay results revealed that the efficiency and fidelity of 

human Pol h-mediated nucleotide insertion opposite the O2-alkyldT lesions are 

influenced by the structure of the alkyl group. In particular, we found that human Pol 

h inserts dAMP opposite O2-MedT and O2-EtdT (relative to dT) more efficiently than the 

other O2-alkyldT lesions. Interestingly, human Pol h exhibited higher efficiencies in 
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incorporating the correct nucleotide opposite the O2-alkyldT lesions possessing a 

branched-chain alkyl group, i.e. O2-iPrdT, O2-iBudT and O2-sBudT when compared to 

their straight-chain counterparts. We also determined the efficiency of human Pol h in 

incorporating the incorrect nucleotides opposite these minor-groove lesions. We observed 

that the incorrect nucleotide, dCMP, was incorporated at high frequency opposite the 

longer straight-chain lesions, i.e. O2-nPrdT and O2-nBudT. In contrast, human Pol h 

exhibited no strong preference in the incorporation of the incorrect nucleotides opposite 

the lesions with branched alkyl groups.  

These results, in conjunction with previous findings about the major role of Pol V 

in bypassing the same O2-alkyldT lesions in E. coli, and Pol h’s function in bypassing the 

O2-MedT and O2-POB-dT in HEK293T human embryonic kidney cells, indicate that 

human Pol h may be the main TLS polymerase involved in the replicative bypass of the 

O2-alkyldT lesions.8, 101 Human Pol h is known to accurately bypass thymine-thymine 

cyclobutane pyrimidine dimers (CPD) with a similar accuracy and efficiency as 

bypassing the corresponding unmodified nucleosides.24, 25, 31, 44, 96, 97 Pol h is unique 

among the Y-family polymerases due to its spacious active site which has the ability to 

accommodate the two cross-linked thymine bases in the CPD lesion.21 Additionally, 

human Pol h is capable of promoting replication through many other DNA lesions 

including O6-alkyldG, 8-oxodG, O4-alkyldT, O2-MedT and O2-POBdT.21, 37, 38, 109  This 

may explain why human Pol h is able to incorporate a nucleotide opposite all seven O2-

alkyldT lesions and extend past them. Moreover, the high frequency of misincorporation 

of dCMP opposite the longer straight-chain lesions, i.e. O2-nPrdT and O2-nBudT, may be 
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attributed to Pol h’s recognition of these lesions as cytosine instead of thymine. 

Nevertheless, the addition of a branched-chain alkyl group to the O2 position of thymine 

may render it difficult for human Pol h to recognize the hydrogen bonding property of 

alkylated nucleobase and result in a lack of selectivity in nucleotide misincorporation.  

Our laboratory recently investigated the roles of the TLS polymerases in the 

bypass of the major-groove O4-alkyldT lesions in vitro and in human cells. In keeping 

with the findings made for the O2-alkyldT lesions in the current study, human Pol h was 

the only TLS polymerase capable of bypassing all the O4-alkyldT lesions and generating 

full-length extension product in vitro.37 Additionally, human Pol h and z were found to 

promote the bypass of the O4-alkyldT lesions in HEK293T cells.38 On the other hand, the 

fidelity of the polymerase is vastly different when bypassing the dT lesions with the same 

alkyl groups being attached to the O2 and O4 positions. Unlike our current findings where 

dCMP was the main misincorporation event identified for the minor-groove O2-alkyldT 

lesions, dGMP was found to be the major nucleotide misincorporated opposite the major-

groove O4-alkyldT lesions both in vitro and in cells.37, 38 This study combined with our 

previous findings demonstrated that the efficiency and fidelity human Pol h-mediated 

replicative bypass of the alkylated thymidine lesions are modulated not only by the size 

and shape of the alkyl group, but also by the position of the alkyl group in duplex DNA.  

Together, the results from this study provided important insights into the roles of 

human Pol h, k, i and yeast Pol z in bypassing the minor-groove O2-alkyldT lesions, as 

well as the impact these lesions have on the efficiency and fidelity of human Pol h. 

Further understanding the impact the structure of the alkyl group on the efficiency and 
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fidelity of human Pol h calls for structural studies in the future. In addition, it will be 

important to determine the roles of the TLS polymerases in bypassing the O2-alkyldT 

lesions in human cells as well as the impacts these lesions have on the efficiency and 

fidelity of cellular DNA replication.  

 

Abbreviations 

NOCs, N-nitroso compounds. NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. 

NNN, N¢-nitrosonornicotine. POB, pyridyloxobutyl. PHB, pyridylhydroxybutyl. O2-

alkyldT, O2-alkylthymidine. TLS, translesion synthesis. Pol, polymerase. ODN, 

oligodeoxyribonucleotide. PAGE, polyacrylamide gel electrophoresis. XPV, xeroderma 

pigmentosum variant. 
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Chapter 3: In vitro Lesion Bypass Studies of O4-alkylthymidines with 
Human DNA Polymerase h 

 

 

Introduction 

Genomic integrity is constantly challenged by a plethora of endogenous and 

exogenous DNA damaging agents, which can lead to the formation of 104-105 DNA 

lesions per cell per day.3, 110 These DNA damaging agents include alkylating agents, 

reactive oxygen species, ultraviolet (UV) irradiation, ionizing radiation and various 

environmental chemicals.1-4 DNA alkylation represents a major type of DNA damage and 

is generally unavoidable due to ubiquitous exposure to exogenous (e.g. chemotherapeutic 

drugs, tobacco and its combustion products) and endogenous (e.g. cellular methyl donors 

and byproducts of lipid peroxidation) sources of alkylating agents.5, 111 These agents are 

capable of transferring alkyl groups to various positions of DNA, including the ring 

nitrogen, exocyclic nitrogen and oxygen atoms on nucleobases as well as the phosphate 

backbone.5-7, 10, 111, 112 Depending on the chemical nature of the alkylating agents 

involved, the size of the alkyl functionality adducted to DNA ranges from simple methyl 

and ethyl groups, e.g. those emanating from monofunctional methylating agents used in 

cancer chemotherapy5 and ethylating agent(s) present in tobacco and its smoke,75 to more 

complex alkyl groups, including the pyridyloxobutyl and pyridylhydroxybutyl 

functionalities arising from metabolites of some tobacco-derived N-nitrosamines.87 

Among the various alkylated DNA lesions, O4-alkylthymidine (O4-alkyldT) lesions are 

known to be poorly repaired and persist in mammalian tissues.113, 114 



 51 

The induction of DNA damage in dividing cells may result in cell cycle arrest, which 

allows time for the DNA repair machinery to resolve the damage, thereby maintaining 

genomic stability.2-4, 94, 115 Some DNA lesions can be more difficult to repair, which may 

result in sustained stalling of the DNA replication fork. To avoid apoptosis emanating 

from such replication blockage, cells are equipped with translesion synthesis (TLS) DNA 

polymerases that are capable of bypassing various DNA lesions to support continued 

DNA replication. TLS polymerases, including polymerases h, i, k and Rev1 in the Y-

family, and polymerase z in the B-family, possess more spacious active sites than 

replicative DNA polymerases.24, 25 Some TLS polymerases are known to bypass certain 

DNA lesions with accuracy and efficiency that are similar, or even better than bypassing 

the corresponding unmodified nucleosides.24, 25, 30, 31, 44, 96 In this vein, polymerase h (Pol 

h) has been shown to preferentially insert the correct nucleotide, dAMP, opposite the 

UV-induced thymine-thymine cyclobutane pyrimidine dimers with high efficiency.25, 28-31 

This has been established as the major functional role of Pol h, the importance of which 

is manifested in patients suffering from the variant form of xeroderma pigmentosum 

(XPV). XPV patients are deficient in Pol h and exhibit elevated mutagenesis and 

susceptibility in developing skin cancer.28, 29, 32 Although this is considered Pol h’s main 

role, the polymerase is capable of bypassing many other DNA lesions with varying 

degrees of fidelity and efficiency.98, 99  

Klenow fragment (Kf) of Escherichia coli DNA polymerase I and Drosophila 

melanogaster Pol a were previously shown to preferentially incorporate dGMP over 

dAMP opposite O4-MedT by more than 10-fold, and successfully extend past the 
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lesion.116 Interestingly, Kf and Pol a exhibited similar frequencies of misincorporation, 

suggesting that the exonuclease activity of Kf may not recognize the O4-MedT:G as a 

mispair.116 A recent replication study with the use of single-stranded M13 plasmid 

showed that SOS-induced DNA polymerases assume somewhat redundant roles in 

bypassing the eight O4-alkyldT lesions carrying various structures of the alkyl 

functionality (Figure 1) in Escherichia coli cells, with the exception of the two 

diastereomers of O4-sBudT lesions whose bypass requires Pol V.117 In addition, O4-

alkyldT lesions only induce TàC mutations in E. coli cells, which is not perturbed by 

depletion of any SOS-induced DNA polymerases, suggesting that the miscoding potential 

of these lesions is independent of the translesion synthesis DNA polymerases involved.117 

In this study, we chose to employ human Pol h as a model translesion synthesis DNA 

polymerase to characterize biochemically how the efficiency and fidelity of nucleotide 

insertion opposite the O4-alkyldT lesions are modulated by the length (from methyl to 

butyl), branching (iPr, iBu, and sBu vs. their straight-chain counterparts), and 

stereochemistry (the R vs. S diastereomers of sBu) of the alkyl group (Figure 1).  

  

Experimental Procedures  

Materials  

The recombinant full-length human Pol h, k, and yeast Pol z were purchased from 

Enzymax (Lexington, KY), and human Pol i was kindly provided by Prof. Linlin Zhao 

(Central Michigan University). All other enzymes were obtained from New England 

BioLabs (Ipswich, MA). Unmodified oligodeoxyribonucleotides (ODNs) were acquired 
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from Integrated DNA Technologies (Coralville, IA), [g-32P]-ATP was obtained from 

Perkin-Elmer (Boston, MA), and all other chemicals were from Sigma-Aldrich (St. 

Louis, MO).  

 

Substrate preparation  

The 12-mer O4-alkyldT-containing ODNs d(ATGGCGXGCTAT), where ‘X’ designates 

the O4-alkyldT with the alkyl group being a Me, Et, nPr, nBu, iPr, iBu, (R)-sBu or (S)-

sBu (Figure 3.1), were previously synthesized.117 The 20-mer lesion-containing ODNs 

were generated by ligating the aforementioned 12-mer ODN to an 8-mer ODN 

d(GATCCTAG) in the presence of a 27-mer scaffold 

d(GTAGCTAGGATCATAGCACGCCATTAG), as described previously.98  All ligation 

products were then purified by polyacrylamide gel electrophoresis (PAGE) and annealed 

to an 11-mer, 13-mer, or 14-mer (with a dG or dA being paired with the lesion) 32P-

labeled primer (10 nM) to yield the primer-template complex for in vitro primer 

extension and steady-state kinetics experiments (Figures 3.1, B4 and B8).  
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Figure 3. 1: (a) The structures of the O4-alkyldT lesions examined in this study and (b) 

the primer-template complex used for the in vitro primer extension and steady-state 

kinetic assays, X= dT, O4-MedT, O4-EtdT, O4-nPrdT, O4-nBudT, O4-iPrdT, O4-iBudT, 

O4-(R)-sBudT or O4-(S)-sBudT. 
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Primer extension assays 

Primer extension assays under standing-start conditions were performed by 

incubating the primer-template complex (10 nM) at 37°C for 1 hr with various 

concentrations of human Pol h (Figure 3.2), k (Figure B1) and i (Figure B2), or for 5 hr 

with Pol z (Figure B3), all four dNTPs (250 µM each), MgCl2 (5 mM) and a reaction 

buffer, which contained 25 mM potassium phosphate (pH 7.0), 5 mM MgCl2, 5 mM 

DTT, 100 µg/ml BSA and 10% glycerol. An equal volume of formamide gel-loading 

buffer [80% formamide, 10 mM EDTA (pH 8.0), 1 mg/ml xylene cyanol and 1 mg/ml 

bromophenol blue] was added to the samples to terminate the reaction. The reaction 

mixtures were subsequently resolved on a 20% (19:1) denaturing polyacrylamide gel and 

the gel band intensities analyzed by phosphorimaging using a Typhoon 9410 Variable 

Mode Imager (Amersham Biosciences Co.).  

The 20mer lesion-containing and control templates were also annealed individually 

with a 14-mer primer with the correct nucleotide, dA, or incorrect nucleotide, dG, being 

placed opposite the lesion, and the primer extension assays were then carried out with 

these primer-template complexes under otherwise identical conditions as described 

above. 

Primer extension assays under running-start conditions were performed as described 

above for standing-start experiments except that a 11mer primer was used and the 

reactions were conducted at room temperature for 2 hr. 
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Steady-state kinetic assay  

Standing-start steady-state kinetic assays were performed following previously 

published procedures.102 The lesion-containing or the control primer-template complexes 

(10 nM each) were incubated with 5 nM human Pol h in the aforementioned reaction 

buffer with various concentrations of individual dNTPs at 37°C for 10 min (Figure 3.3). 

The reactions were again terminated by adding an equal volume of formamide gel-

loading buffer, the reaction mixtures were resolved on a 20% (19:1) denaturing PAGE, 

and gel-band intensities were quantified by phosphorimaging analysis as described 

above. 

The observed rate for nucleotide incorporation, Vobs, was first determined by dividing 

the quantified amount of product formed by the incubation time (i.e. 10 min).103, 104 The 

kinetic parameters (i.e. Vmax and Km) for nucleotide incorporation were then determined 

by plotting Vobs as a function of dNTP concentration and fit to the Michaelis-Menten 

equation using Origin 6.0 Software (Origin-Lab):102  

 

 

 

 

Vobs =  
Vmax[dNTP] 

Km + [dNTP] 
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The kcat values were calculated by dividing Vmax with the concentration of human Pol 

h used. The efficiency of nucleotide incorporation was determined by the ratio of kcat/Km, 

and the frequency of incorrect nucleotide insertion (finc) was calculated from the ratio of  

kcat/Km value obtained for the insertion of incorrect nucleotide over that for the correct 

nucleotide incorporation:102 

 

Results 

We sought to investigate how the structures of the alkyl group in O4-alkyldT lesions 

influence the efficiency and fidelity of nucleotide incorporation mediated by TLS DNA 

polymerases.  

 

Primer extension assay 

We first conducted primer extension assays under standing-start conditions to assess 

the ability of human Pol h, k, i and yeast Pol z to extend a 13-mer primer in the presence 

of a 20-mer template containing a site-specifically inserted O4-alkyldT lesion or 

unmodified dT. The results showed that, in the presence of all four dNTPs, human Pol h 

was capable of successfully bypassing all eight O4-alkyldT lesions and extending the 

primer to the end of the template (Figure 3.2). Pol k was able to bypass O4-MedT and O4-

EtdT, but was blocked by the other O4-alkyldT lesions (Figure B1). Pol i could insert a 

nucleotide opposite each of the O4-alkyldT lesions but was unable to generate full-length 

finc =  
(kcat/Km)incorrect 

(kcat/Km)correct 
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extension products (Figure B2). Yeast Pol z, on the other hand, was blocked by all O4-

alkyldT lesions (Figure B3). Thus, Pol h constitutes the most efficient TLS polymerase 

involved in bypassing the O4-alkyldT lesions in vitro.  

Subsequently, we conducted primer extension assays under running-start conditions 

to assess the ability of human Pol h-mediated bypass of the O4-alkydT lesions in the 

aforementioned 20-mer templates and generate full-length extension products. Our results 

showed that human Pol h is capable of replicating across all the O4-alkyldT lesions and 

producing full-length extension products comparable to what we found from standing-

start primer extension experiments (Figure B4). In addition, we observed that human Pol 

h was partially stalled at the nucleoside prior to the lesion site, as reflected by the 

presence of a 13-mer product in the reaction mixtures for the lesion-containing substrates, 

but not for the control substrate (Figure B4). These results suggest that the O4-alkydT 

lesions exhibited a slight blocking effect on human Pol h-mediated primer extension 

under running-start conditions.  
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Figure 3. 2: Representative gel images from the primer extension assays under standing-

start conditions for templates containing an unmodified dT, O4-MedT, O4-EtdT, O4-

nPrdT, O4-nBudT, O4-iPrdT, O4-iBudT, O4-(R)-sBudT or O4-(S)-sBudT with human Pol 

h. 
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Steady-state kinetic analysis 

We next conducted steady-state kinetic assays to assess the efficiency and fidelity of 

human Pol h in inserting nucleotides opposite the O4-alkyldT lesions (Table 3.1, Figures 

3.3 & B5-B7). These results revealed that human Pol h was more efficient at 

incorporating the correct nucleotide, i.e. dAMP, opposite O4-MedT, O4-iBudT, O4-(R)-

sBudT and O4-(S)-sBudT (2.9%, 4.4%, 4.1% and 1.9%, respectively, relative to the 

corresponding insertion opposite dT substrate) than the remaining O4-alkyldT lesions 

investigated (i.e. O4-EtdT, O4-nPrdT, O4-iPrdT and O4-nBudT,  at 0.36%, 0.15%, 0.05% 

and 0.20%, respectively, Figure 3.4), where the relative incorporation rates were 

calculated based on kcat/Km values. In this vein, it is worth noting that the insertion of the 

correct dAMP opposite O4-(R)-sBudT occurred at an efficiency that is approximately 2-

fold higher than the corresponding incorporation opposite O4-(S)-sBudT. This result 

underscores the subtle variation in stereochemistry of the alkyl functionality in affecting 

the efficiency of nucleotide incorporation. 

Our results also unveiled differences in the human Pol h-mediated incorporation of 

incorrect nucleotides opposite the various O4-alkyldT lesions. The incorrect nucleotide 

dGMP was found to be preferentially incorporated opposite O4-MedT and O4-EtdT 

(175% and 265%, respecively, relative to the incorporation of the correct dAMP). This 

result is in line with the previous finding made from liquid chromatography-mass 

spectrometry (LC-MS) analysis of the full-length primer extension products, which 

revealed that human Pol h inserted dGMP opposite O4-EtdT 2-3 fold more preferentially 

over dAMP 108.  In this vein, a previous steady-state kinetic study by Andersen et al. 118 
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showed that Saccharomyces cerevisiae Pol h incorporated dGMP opposite O4-MedT at 

an efficiency that is markedly higher (by 75-fold) than that for dAMP insertion. This 

difference is likely ascribed to the difference between the yeast and human enzymes. 

Preferential misincorporation of dGMP over other incorrect nucleotides (i.e. dTMP and 

dCMP) was also found for two other O4-alkyldT lesions with a straight-chain alkyl group 

(i.e. O4-nPrdT and O4-nBudT). In contrast, all the O4-alkyldT lesions with a branched-

chain alkyl group except O4-(S)-sBudT directed primarily promiscuous nucleotide 

misincorporation, where no marked preference for misincorporation of dCMP, dGMP or 

dTMP was found (Table 3.1 and Figure 3.5).  
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Table 3. 1: Steady-state kinetic parameters for human Pol h-mediated incorporation of 
individual dNTPs opposite the O4-MedT, O4-EtdT, O4-nPrdT, O4-nBudT, O4-iPrdT, O4-
iBudT, O4-(R)-sBudT, O4-(S)-sBudT and unmodified dT substrates. The results are 
shown as the mean ± standard deviation of results from at least three independent 
measurements.a 
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 dNTP kcat (min-1) Km (µM) kcat/Km  
(mM-1min-1) finc 

                           Undamaged dT Substrate 
dTTP 1.1×10-2 ± 2×10-3 11 ± 2 1.0 ± 0.2 2.1×10-3 
dGTP 5.5×10-2 ± 5×10-3 9.3 ± 2 6.0 ± 1 1.2×10-2 
dCTP 2.5×10-2 ± 5×10-3 25 ± 3 1.0 ± 0.2 2.1×10-3 
dATP 1.5×10-2 ± 3×10-3 3.0×10-2 ± 9×10-4 500 ± 80 1.0 

                            O4-MedT  
dTTP 1.3×10-2 ± 6×10-4 16 ± 2 0.82 ±0.01 5.2×10-2 
dGTP 1.9×10-2 ± 2×10-3 7.0×10-1 ± 9×10-2 28 ± 6 1.8 
dCTP 1.7×10-2 ± 5×10-3 50 ± 2 0.54 ± 0.08 3.4×10-2 
dATP 1.5×10-2 ± 2×10-3 9.6×10-1 ± 2×10-1 16 ± 1 1.0 

                          O4-EtdT 
dTTP 9.9×10-3 ± 7×10-4 24 ± 6×10-1 0.42 ± 0.03 2.2×10-1 
dGTP 5.5×10-2 ± 1×10-2 11 ± 1 5.1 ± 0.7 2.7 
dCTP 1.4×10-2 ± 1×10-3 34 ± 7 0.41 ± 0.07 2.1×10-1 
dATP 2.6×10-2 ± 3×10-3 14 ± 2 1.9 ± 0.2 1.0 

                            O4-nPrdT 
dTTP 2.1×10-2 ± 4×10-3 5.1×10+2 ± 70 0.042 ± 0.002 5.3×10-2 
dGTP 5.6×10-2 ± 1×10-2 1.2×10+2 ± 2 0.48 ± 0.09 6.1×10-1 
dCTP 9.3×10-3 ± 2×10-3 2.6×10+2 ± 40 0.036 ± 0.002 4.7×10-2 
dATP 2.4×10-2 ± 4×10-3 32 ± 4  0.78 ± 0.10 1.0 

                           O4-iPrdT 
dTTP 2.5×10-2 ± 5×10-3 1.2×10+2 ± 10 0.22 ± 0.03 8.1×10-1 
dGTP 9.7×10-3 ± 2×10-3 53 ± 9 0.19 ± 0.03 7.0×10-1 
dCTP 2.7×10-2 ± 1×10-3 1.1×10+2 ± 10 0.25 ± 0.02 9.3×10-1 
dATP 1.6×10-2 ± 1×10-3 60 ± 4 0.27 ± 0.03 1.0 

                             O4-nBudT 
dTTP 7.7×10-2 ± 6×10-3 1.7×10+3 ± 2×10+2 0.046 ± 0.004 4.3×10-2 
dGTP 2.1×10-2 ± 1×10-3 23 ± 2  0.9 ± 0.2 8.7×10-1 
dCTP 2.3×10-2 ± 5×10-3 74 ± 10 0.32 ± 0.05 2.9×10-1 
dATP 3.8×10-2 ± 8×10-3 36 ± 5 1.1 ± 0.1  1.0 

                             O4-(R)-sBudT  
dTTP 4.5×10-2 ± 8×10-3 9.9 ± 2 4.6 ± 0.5 2.0×10-1 

dGTP 9.4×10-2 ± 2×10-2 22 ± 2 4.3 ± 0.5 1.9×10-1 

dCTP 1.1×10-1 ± 2×10-2 35 ± 7 3.3 ± 0.4 1.4×10-1 

dATP 1.9×10-2 ± 3×10-3 8.1×10-1 ± 9×10-2 23 ± 3  1.0 

                              O4-(S)-sBudT 
dTTP 7.3×10-2 ± 2×10-2 57 ± 2 1.3 ± 0.3 1.3×10-1 

dGTP 1.4×10-1 ± 3×10-2 21 ± 4 6.5 ± 0.7 6.5×10-1 

dCTP 4.4×10-2 ± 4×10-3 63 ± 10  0.71 ± 0.08 7.0×10-2 
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afinc, Relative misinsertion efficiency = [kcat/Km (incorrect nucleotide)]/[kcat/Km (correct nucleotide)] 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

dATP 5.5×10-2 ± 5×10-4 5.5 ± 6×10-1 10 ± 0.9 1.0 

                            O4-iBudT 
dTTP 1.8×10-2 ± 1×10-3 5.3 ± 9×10-1 3.4 ± 0.4 1.4×10-1 

dGTP 9.4×10-2 ± 1×10-2 17 ± 3 5.8 ± 0.4 2.3×10-1 

dCTP 1.8×10-2 ± 3×10-3 3.4 ± 7×10-1 5.3 ± 0.4 2.2×10-1 

dATP 4.6×10-2 ± 5×10-3 1.9 ± 3×10-1 25 ± 3 1.0 
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Figure 3. 3: Representative gel images for steady-state kinetic assays in measuring the 

individual nucleotide incorporation opposite unmodified dT (a), O4-nPrdT (b) and O4-

iPrdT (c) with human Pol h. The highest concentrations of individual dNTPs used are 

indicated in the figure, and the concentration ratio between neighboring lanes was 0.50.  

The concentration of human Pol h was 5 nM. 
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Figure 3. 4: The efficiencies for the human Pol h-catalyzed insertion of the correct 

nucleotide, dAMP, opposite unmodified dT, O4-MedT, O4-EtdT, O4-nPrdT, O4-nBudT, 

O4-iPrdT, O4-(R)-sBudT, O4-(S)-sBudT and O4-iBudT (relative to dT). The results are 

shown as the mean ± standard deviation of results from at least three independent 

measurements. 
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Figure 3. 5: Relative efficiencies for the Pol h-mediated nucleotide incorporation 

opposite O4-MedT, O4-EtdT, O4-nPrdT, O4-nBudT, O4-iPrdT, O4-iBudT, O4-(R)-sBudT, 

and O4-(S)-sBudT.  
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Primer extension assays using primers with a dA or dG being placed opposite the 

lesion 

Our results from steady-state kinetic assay indicated that human Pol h 

misincorporated dGMP oppoisite the O4-alkyldT lesions at high frequency. Thus, we next 

conducted primer extension assays to determine whether the primers with a dA or dG 

being placed opposite the lesions are better extended (Figure B8). Our results showed 

that, for some O4-alkyldT lesions (i.e. O4-MedT, O4-nBudT and, to a lower extent, O4-

iBudT), more full-length products were obtained with dG-containing primer than with the 

dA-bearing primer. The opposite is true for O4-(S)-sBudT, whereas substrates housing 

other O4-alkyldT lesions displayed similar extension efficiencies with the two primers 

(Figure B9). Thus, the preferential extension of primers with a dA or dG being situated 

opposite the lesion is highly dependent on the identities of the O4-alkyldT lesions, though 

the rationale behind these differences remains unclear. 

 

Discussion 

Previous in-vitro replication studies showed that O4-MedT, O4-EtdT and O4-iPrdT 

were highly mutagenic and induced TàC mutations.77, 119 In the present study, we were 

able to expand this line of investigation to O4-nPrdT, O4-nBudT, O4-iBudT, O4-(R)-

sBudT and O4-(S)-sBudT. We found that the structures of the alkyl group attached to the 

O4-position of thymidine influence the frequencies of human Pol h-mediated nucleotide 

misinsertion in vitro.  
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Our results showed that, when all four dNTPs are present, human Pol h is capable of 

bypassing all O4-alkyldT lesions and generating full-length replication products under 

both running- and standing-start conditions. Human Pol k was able to generate full-length 

extension products for substrates harboring the O4-MedT and O4-EtdT lesions, but the 

polymerase was incapable of bypassing the other O4-alkyldT lesions. Neither Pol i nor 

yeast Pol z was able to extend the primer to the end of the template containing any of the 

O4-alkyldT lesions. These results indicate that human Pol h is the main TLS polymerase 

involved in bypassing the O4-alkyldT lesions. Human Pol h is unique among the Y-

family polymerases in its ability to accommodate two template bases in its active site by 

slightly shifting the little finger domain relative to the finger domain.21, 28 Thus, the lack 

of strong blockage effects of the O4-alkyldT lesions to Pol h-mediated replication may be 

due to the flexibility of the active site of the polymerase, which is capable of 

accommodating the O4-alkyldT lesions and supporting the bypass of these lesions. In this 

vein, it is worth noting that the O4-alkyldT lesions exhibit negligible blocking effects on 

DNA replication in E. coli cells.117 

Our steady-state kinetic assay results revealed that the efficiency and fidelity of 

human Pol h-mediated nucleotide insertion opposite the O4-alkyldT lesions are 

modulated by the structure of the alkyl group. We observed that human Pol h 

preferentially incorporates the correct nucleotide, dAMP, opposite the O4-iBudT and O4-

(R)-sBudT lesions. We also determined the efficiency of human Pol h in incorporating 

the incorrect nucleotides opposite these major-groove lesions. We found that the incorrect 

nucleotide dGMP was incorporated opposite O4-MedT, O4-EtdT, O4-nPrdT, O4-nBudT, 
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and O4-(S)-sBudT at relatively high frequencies. These results are in keeping with the 

previous findings that these lesions direct DNA polymerases to misincorporate dGMP.77, 

119 Human Pol h also misincorporates dGMP opposite O4-nPrdT, O4-nBudT, O4-iPrdT 

and O4-(S)-sBudT at higher frequency relative to dCMP or dTMP insertion. Thus, the 

preferential misincorporation of dGMP likely arises from human Pol h’s recognition of 

these lesions as cytosine in lieu of thymine.  

Interestingly, human Pol h is rather promiscuous in nucleotide insertion opposite 

most of the O4-alkyldT lesions bearing a branched-chain alkyl group, which is reflected 

by similar frequencies of misincorporation of dTMP, dCMP, and dGMP opposite O4-

iPrdT, O4-iBudT, and O4-(R)-sBudT (Figure 3.5). These branched-chain alkyl groups 

may make it difficult for human Pol h to recognize the hydrogen bonding property of 

alkylated nucleobase and resulting in a low efficiency and a lack of selectivity in 

nucleotide incorporation.  

Together, the results from the present study provided important insights into the role 

of human Pol h in replication across the major-groove O4-alkyldT lesions. A more 

complete understanding of the molecular mechanisms underlying the differences in 

efficiency and fidelity of nucleotide incorporation opposite the various O4-alkyldT 

lesions requires future structural studies about human Pol h in complex with the lesion-

containing primer-template. In addition, it is important to define the role of Pol h and 

other TLS polymerases in bypassing the O4-alkyldT lesions in human cells in the future.  
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Abbreviations 

NOCs, N-nitroso compounds; O4-alkyldT, O4-alkylthymidine; ROS, reactive oxygen 

species; UV, ultraviolet; TLS, translesion synthesis; Pol, polymerase; ODN, 

oligodeoxyribonucleotide; PAGE, polyacrylamide gel electrophoresis; XPV, xeroderma 

pigmentosum variant.  
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Chapter 4: Replicative Bypass Studies of a-Anomeric Lesions of 2¢-
Deoxyribonucleosides in Vitro 

 

 

 

Introduction 

Over one hundred years ago scientists noticed that organisms with higher metabolic 

rates often exhibited shorter life spans, and we have just started to unveil the principles 

behind this phenomenon.13 Many theories have been proposed throughout the years, but 

the underlying molecular mechanisms of aging remain largely unclear. In the free radical 

theory of aging, it was argued that oxygen radicals could be generated in cells and result 

in damage.14 After many years of research, the discovery of superoxide dismutase, whose 

main function is to remove superoxide anions, supports this theory.13 Today, oxidative 

DNA damage is known to be associated with aging as well as the development of many 

human diseases including neurodegeneration and cancer.14-17 

Damage to cellular DNA by reactive oxygen species (ROS) represents a major type 

of DNA damage, and is generally unavoidable due to ubiquitous exposure to various 

exogenous and endogenous agents.13, 18 ROS encompass a variety of chemical species 

including superoxide anion, hydroxyl radical and hydrogen peroxide which are capable of 

inducing modifications to cellular proteins, lipids and DNA.13 For example, hydroxyl 

radical can abstract a hydrogen atom from each of the five carbon atoms of the 2-

deoxyribose to generate carbon-centered radicals. If not properly repaired, the radicals 

formed at the C1¢, C3¢ and C4¢ positions can result in the inversion of stereochemical 



 73 

configuration at these carbons, thereby giving rise to epimeric 2-deoxyribose lesions.20 

These include the a-anomeric nucleosides emanating from such inversion at the C1¢ 

position.20  

The formation of a-dN lesions has been demonstrated in isolated DNA in vitro and in 

mammalian tissue DNA. The presence of these lesions was initially found in poly(dA), 

poly(dA-dT) or salmon testis DNA upon exposure to g-rays under anoxic conditions, 

where a-dA was a major lesion formed at a level of ~1.5%.82 Additionally, a-dG was 

recently detected at the levels of 2.2-2.7 lesions per 106 nucleosides in mouse pancreatic 

tissues and commercially available calf thymus DNA.83 It is worth noting that the levels 

of a-dG are higher than those of the (5¢S) diastereomer of 8,5′-cyclo-2′-deoxyguanosine 

(S-cdG),83 an oxidatively induced DNA lesion that is known to accumulate with aging.120   

The presence of DNA damage has the potential to result in cell cycle arrest in 

dividing cells, which provides time for the DNA repair machinery to resolve the damage 

in order to maintain genomic stability.2-4, 94, 115 While some DNA lesions may be 

successfully repaired, others are more resistant to repair and may result in sustained 

stalling of the replication fork. In order to avoid apoptosis due to the replication blockage, 

cells are equipped with translesion synthesis (TLS) DNA polymerases, which encompass 

polymerases h, i, k and Rev1 in the Y-family, and polymerase z in the B-family.24, 25 

Owing to their more spacious active sites, these polymerases are capable of bypassing 

various DNA lesions, with some having the ability to bypass certain DNA lesions with 

accuracy and efficiency that are similar or even better than bypassing unmodified 

nucleosides.24, 25, 30, 31, 44, 96 Specifically, polymerase h (Pol h) has been shown to 
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preferentially insert the correct nucleotide, dAMP, opposite the UV-induced thymine-

thymine cyclobutane pyrimidine dimers with high efficiency.25, 28-31 This has been 

established as the major role of Pol h, and its importance is manifested in patients 

suffering from the variant form of xeroderma pigmentosum (XPV). These individuals are 

deficient in Pol h and exhibit elevated sunlight-induced mutagenesis along with increased 

susceptibility toward developing skin cancer.28, 29, 32 Although this is the main recognized 

role of Pol h, the polymerase can bypass many other DNA lesions with different degrees 

of fidelity and efficiency.36, 37, 98, 99, 121  

Previous studies have investigated the impact of a-dN lesions on DNA replication in 

Escherichia coli. Shimizu et al.84 found that a-dA was highly blocking to DNA 

replication, with the relative bypass efficiency (RBE) being 20% when compared to dA. 

In addition, Amato et al.83 examined the recognition of the four a-nucleosides by the 

replication machinery of E. coli cells that are proficient in translesion synthesis or absent 

of one or more of the SOS-induced DNA polymerases. It was observed that, in wild-type 

cells, a-dA also strongly blocked DNA replication with a RBE of 24%, while a-dT, a-

dC and a-dG had significantly lower RBEs (1-3%).83 Additionally, upon SOS induction, 

the RBE values for all four of the a-dN lesions were significantly elevated, with the two 

purine a-nucleosides being less blocking to DNA replication than the pyrimidine 

counterparts.83 Moreover, in SOS-induced cells, the absence of Pol V, an ortholog of 

human Pol h, led to substantial decreases in RBEs for all a-dN lesions except for a-dA. 

The depletion of this polymerase in SOS-induced cells also led to a substantial drop in 



 75 

TàA mutation for a-dT and abolished the CàG mutation for a-dC.83 Together, these 

results unveiled the importance of Pol V in replicative bypass of all the a-dN lesions 

except a-dA. Thus, in the present study, we focus on the biochemical characterizations 

about the efficiency and fidelity of Pol h-mediated nucleotide insertion opposite the a-

dN lesions.  

 

Experimental Procedures  

Materials 

Human Pol h, Pol k, and yeast Pol z (comprised of the Rev3 and Rev7 subunits) were 

purchased from Enzymax (Lexington, KY), and the recombinant full-length human Pol 

i was kindly provided by Prof. Linlin Zhao (Central Michigan University). All other 

enzymes were obtained from New England BioLabs (Ipswich, MA) and unmodified 

oligodeoxyribonucleotides (ODNs) were acquired from Integrated DNA Technologies 

(Coralville, IA). [g-32P]-ATP was obtained from Perkin-Elmer (Boston, MA), and all 

other chemicals were from Sigma-Aldrich (St. Louis, MO).  

 

Substrate preparation  

The 12-mer a-dN-containing ODNs d(ATGGCGXGCTAT), where ‘X’ designates the a-

dA, a-dT, a-dC or a-dG, were previously synthesized.83 The 20-mer lesion-containing 

ODNs were generated by ligating the 12-mer a-dN-containing ODN (Figure 4.1) to an 8-

mer ODN d(GATCCTAG) in the presence of a 27-mer scaffold 
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d(GTAGCTAGGATCATAGCACGCCATTAG), as previously described.122 The ligation 

products were then purified by polyacrylamide gel electrophoresis (PAGE) and annealed 

to a 13-mer primer (Figure 4.1).  
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R = Adenine, a-dA
R = Cytosine, a-dC
R = Guanine, a-dG
R = Thymine, a-dT

O

OH
R

HHO

5'-32P-CTAGGATCATAGC-3'
    3'-GATCCTAGTATCGXGCGGTA-5' 

a

b

Figure 4. 1: (a) The structures of the a-dN lesions examined in this study and (b) the 

primer-template complex used for the in vitro primer extension and steady-state kinetic 

assays, ‘X’ represents the a-dN lesions and their corresponding unmodified nucleosides. 
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Primer extension assays 

Primer extension assays were performed under standing-start conditions, where the 

primer stops right before the site of the lesion or its corresponding unmodified nucleoside 

(Figure 4.1)102. The primer-template complex containing the 13-mer primer (at a final 

concentration of 10 nM) was incubated in a reaction buffer at 37°C for 1 hr with various 

concentrations of human Pol h, k and i, or for 5 hr with yeast Pol z (Figure 4.2 and 

Figures C1-C3), and all four dNTPs (250 µM each). The reaction buffer contained 25 

mM potassium phosphate (pH 7.0), 5 mM MgCl2, 5 mM DTT, 100 µg/mL BSA and 10% 

glycerol. An equal volume of formamide gel-loading buffer [80% formamide, 10 mM 

EDTA (pH 8.0), 1 mg/mL xylene cyanol and 1 mg/mL bromophenol blue] was added to 

terminate the reaction. The reaction mixtures were subsequently resolved on a 20% 

(19:1) denaturing polyacrylamide gel and the gel band intensities analyzed using a 

Typhoon 9410 Variable Mode Imager (Amersham Biosciences Co.). 

A 14-mer primer was also employed for primer extension assays involving yeast Pol 

z, where the primer contained the correct nucleoside opposite the a-dN or the 

corresponding unmodified dN in the template. Primer extension assays were then carried 

out with the primer-template complexes (at a final concetration of 10 nM) and yeast Pol z 

under otherwise identical conditions as described above (Figure C4).  
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Steady-state kinetic assay  

Steady-state kinetic assays were performed under standing-start conditions following 

previously published procedures, where the reaction conditions were optimized so that 

the extent of nucleotide incorporation was less than 20%.102 The control or lesion-

containing primer-template complexes (final concentration of 10 nM) were incubated at 

37°C for 10 min with the above-mentioned reaction buffer, 5 nM human Pol h and 

various concentrations of individual dNTPs (Figure 4.3 and Figure C5). The steady-state 

kinetic assays were also performed for a-dG- and the corresponding dG-bearing primer-

template complexes (at a final concentration of 10 nM) with 5 nM human Pol k under the 

above-mentioned conditions (Figure C6). The reactions were terminated by adding an 

equal volume of formamide gel-loading buffer, and the resulting mixtures were then 

resolved on a 20% (19:1) denaturing PAGE, and the gel-band intensities were quantified 

by phosphorimaging analysis.  

From the gel images, we first determined the observed rate for nucleotide 

incorporation, Vobs, by dividing the quantified amount of product with the incubation time 

(i.e. 10 min).103, 104 We then determined the kinetic parameters (i.e. Vmax and Km) for 

nucleotide incorporation by plotting Vobs as a function of dNTP concentration and by 

fitting the data according to the Michaelis-Menten equation using Origin 6.0 (Origin-

Lab).102  

The kcat values were calculated by dividing Vmax with the concentration of human Pol 

h used. The efficiency of nucleotide incorporation was determined by the ratio of kcat/Km, 

and the frequency of incorrect nucleotide insertion (finc) was calculated from the ratio of 
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kcat/Km obtained for the insertion of incorrect nucleotide over that for the correct 

nucleotide incorporation.102  In this regard, it is of note that, because the concentration 

ratio between the primer/template complex (10 nM) and DNA polymerase (5 nM) is 

relatively low, the nucleotide incorporation may proceed through an initial burst followed 

by a steady-state reaction. Nevertheless, the kcat/Km values for nucleotide insertion 

determined from these measurements reflect the miscoding potentials for the a-dN 

lesions and indicate the degrees to which these lesions stall translesion synthesis 

polymerases. 

 

Results 

The main objective of the present study was to investigate the replicative bypass of a-

dN lesions by TLS DNA polymerases, with the emphasis being placed on human Pol h.   

 

Primer extension assay 

We first conducted primer extension assays to assess human Pol h, k, i and yeast Pol 

z’s abilities to extend a 13-mer primer in the presence of a 20-mer template containing an 

unmodified dN or site-specifically inserted a-dN (Figure 4.1). The results showed that, in 

the presence of all four dNTPs, human Pol h was the only TLS polymerase capable of 

bypassing successfully all four a-dN lesions and extending the primer to the end of the 

template (Figure 4.2 and Figures C1-C3). Human Pol k generated more full-length 

products for the a-dG substrate than substrates housing other a-dN lesions, though the 
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main product observed was a shorter 19mer product instead of the full-length 20mer 

product (Figure C1). Interestingly, the amount of Pol k-generated full-length extension 

product for the a-dG substrate (~4.2%) was similar to that observed for the primer 

extension catalyzed by human Pol h. Human Pol k was also capable of generating a small 

amount (~1%) of full-length extension product when bypassing a-dA and a-dT; the 

polymerase, however, failed to bypass a-dC (Figure C1). Human Pol i was able to insert 

a nucleotide opposite a-dA, a-dC and a-dG but was unable to generate full-length 

extension products, and no nucleotide incorporation opposite a-dT was observed (Figure 

C2). Finally, no incorporation or extension was detected for the yeast Pol z-mediated 

bypass of any of the a-dN lesions (Figure C3).  

We next conducted primer extension assays to assess if yeast Pol z is capable of 

extending the primer after the correct nucleotide is incorporated opposite the lesion. Our 

results showed that, while yeast Pol z could generate full-length extension products for 

the unmodified substrates, the polymerase was not able to extend the mismatched primer 

for any of the a-dN-bearing substrates (Figure C4). 
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Figure 4. 2: Representative gel images from the primer extension assays under standing-

start conditions for primer-template complexes harboring an a-nucleoside or its 

unmodified counterpart with human Pol h at final concentrations of 0, 1.25, 2.5, 5.0, and 

10.0 nM. The final concentration of the primer-template complex was 10 nM. 

 



 83 

Steady-state kinetic analysis 

Steady-state kinetic assays were next performed to assess the efficiency and fidelity 

of human Pol h in inserting nucleotides opposite the a-dN lesions (Figure 4.3 and Table 

4.1). These results revealed that the presence of a-nucleosides significantly reduces the 

efficiency for human Pol h-mediated insertion of the correct nucleotide, with the extents 

of reduction being markedly greater for a-dG, a-dT and a-dC (4.9%, 3.0% and 0.55%, 

repectively) than for a-dA (21%, all relative to nucleotide incorporation opposite the 

corresponding unmodified nucleoside, Figure 4.4). 

Next, we investigated the differences in the human Pol h-mediated incorporation of 

incorrect nucleotides opposite the four a-dN lesions. The results showed that the 

polymerase misincorporates dTMP opposite a-dT and dCMP opposite a-dC at 

frequencies of 66% and 24%, respectively (Figure 4.4). Interestingly, a-dA and a-dG 

directed very low frequencies of nucleotide misincorporation (Figures 4.4 and 4.5), 

revealing that human Pol h has a higher fidelity when bypassing these purine lesions 

relative to their pyrimidine counterparts.  

The above primer extension assay results revealed Pol k’s capability in bypassing 

readily the a-dG-containing substrate; thus, we also performed the steady-state kinetic 

measurements for the human Pol k-mediated nucleotide incorporation opposite a-dG and 

dG in the corresponding unmodified substrate (Figure C6). Our results showed that 

human Pol k’s efficiency at incorporating the correct nucleotide, dCMP, opposite a-dG 

was significantly reduced relative to the corresponding nucleotide insertion opposite the 
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unmodified dG (0.064%, Table C1). Additionally, no detectable incorporation of dAMP 

opposite a-dG could be observed even with the use of 2 mM dATP, though moderate 

frequencies of misincorporation of dTMP and dGMP were observed (18% and 17%, 

respectively, Table C1). 
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Table 4. 1: Steady-state kinetic parameters for human Pol h-mediated incorporation of 
individual dNTPs opposite the a-dA, a-dT, a-dC, a-dG and unmodified dA, dT, dC and 
dG substrates. Shown are the mean ± standard deviation of results from at least three 
independent measurements. 
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 dNTP kcat (min-1) Km (µM) kcat/Km  
(µM-1min-1) 

finc
 a 

                           Undamaged dA Substrate 
dTTP 2.1×10-2 ± 4×10-3 7.7×10-2 ± 2×10-2 2.8×10-1 ± 3×10-2 1.0 
dGTP 5.7×10-2 ± 3×10-3 25 ± 4 2.3×10-3 ± 3×10-4 8.2×10-3 
dCTP 5.7×10-2 ± 6×10-3 57 ± 10 1.0×10-3 ± 1×10-4 3.7×10-3 
dATP 3.5×10-2 ± 3×10-3 4.1 ± 2×10-1 8.7×10-3 ± 2×10-3 3.1×10-2 

                            a-dA  
dTTP 2.2×10-2 ± 7×10-4 3.7×10-1 ± 2×10-2 6.0×10-2 ± 1×10-3 1.0 
dGTP 2.4×10-2 ± 3×10-3 4.9 ± 7×10-1 4.9×10-3 ± 2×10-4 8.2×10-2 
dCTP 6.2×10-3 ± 6×10-4 1.3 ± 2×10-1 5.0×10-3 ± 2×10-5 8.3×10-2 
dATP 1.9×10-2 ± 3×10-3 3.7 ± 5×10-1 5.2×10-3 ± 2×10-3 8.7×10-2 

                          Undamaged dT Substrate 
dTTP 1.1×10-2 ± 2×10-3 10 ± 2 1.1×10-3 ± 2×10-4 2.1×10-3 
dGTP 2.7×10-2 ± 4×10-3 2.3 ± 6×10-1 1.2×10-2 ± 1×10-3 2.3×10-2 
dCTP 2.7×10-2 ± 5×10-3 2.4 ± 1×10-1 1.1×10-2 ± 2×10-3 2.3×10-2 
dATP 1.5×10-2 ± 3×10-3 3.0×10-2 ± 9×10-4 5.0×10-1 ± 8×10-2 1.0 

                            a-dT 
dTTP 7.6×10-3 ± 8×10-4 7.8×10-1 ± 1×10-1 9.8×10-3 ± 1×10-3 6.6×10-1 
dGTP 1.1×10-1 ± 1×10-2 55 ± 8 2.0×10-3 ± 2×10-4 1.4×10-1 
dCTP 2.1×10-2 ± 1×10-3 75 ± 6 2.8×10-4 ± 2×10-5 1.8×10-2 
dATP 3.1×10-2 ± 4×10-3 2.1 ± 5×10-1 1.5×10-2 ± 2×10-3 1.0 

                           Undamaged dC Substrate 
dTTP 6.2×10-2 ± 9×10-3 39 ± 9 1.6×10-3 ± 2×10-4 3.2×10-3 
dGTP 5.5×10-2 ± 5×10-3 1.2×10-1 ± 3×10-2 4.9×10-1 ± 1×10-1 1.0 
dCTP 5.4×10-2 ± 8×10-3 47 ± 9 1.2×10-3 ± 2×10-4 2.4×10-3 
dATP 6.9×10-2 ± 9×10-3 11 ± 1 6.1×10-3 ± 7×10-4 1.2×10-2 

                             a-dC 
dTTP 2.9×10-2 ± 2×10-4 100 ± 20 2.9×10-4 ± 6×10-5 1.1×10-1 
dGTP 3.9×10-2 ± 2×10-3 15 ± 2  2.7×10-3 ± 2×10-4 1.0 
dCTP 1.2×10-2 ± 4×10-4 18 ± 2 6.4×10-4 ± 6×10-5 2.4×10-1 
dATP 3.9×10-2 ± 4×10-3 170 ± 20 2.4×10-4 ± 4×10-5 8.8×10-2 

                             Undamaged dG Substrate  
dTTP 4.8×10-2 ± 8×10-4 17 ± 4 2.9×10-3 ± 6×10-4 2.1×10-3 
dGTP 8.8×10-2 ± 1×10-3 300± 40 3.0×10-4 ± 3×10-5 2.2×10-4 
dCTP 5.7×10-2 ± 7×10-3 4.1×10-2 ± 8×10-3 1.4 ± 2×10-1 1.0 
dATP 5.3×10-2 ± 4×10-3 22 ± 1 2.4×10-3 ± 2×10-4  1.8×10-3 

                              a-dG 
dTTP 3.4×10-2 ± 4×10-3 4.9 ± 9×10-1 7.2×10-3 ± 2×10-3 1.1×10-1 
dGTP 3.1×10-2 ± 5×10-3 7.8 ± 2 4.0×10-3 ± 3×10-4 5.9×10-2 
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aFrequency of nucleotide misincorporation = [kcat/Km (incorrect nucleotide)]/[kcat/Km (correct nucleotide)] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

dCTP 4.3×10-2 ± 2×10-3 6.4×10-1 ± 9×10-2   6.8×10-2 ± 1×10-2 1.0 
dATP 3.9×10-2 ± 4×10-3 8.9 ± 1 4.4×10-3 ± 2×10-4 6.5×10-2 
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Figure 4. 3: Representative gel images for steady-state kinetic assays in measuring the 

individual nucleotide incorporation opposite a-dA (a), a-dT (b), a-dC (c) and a-dG (d) 

with human Pol h.  The final concentration of the primer-template complex was 10 nM, 

and the final concentration of human Pol h was 5 nM. The highest concentrations of 

individual dNTPs used are indicated in the figure, and the concentration ratio between 

neighboring lanes was 0.50.   
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Figure 4. 4: The efficiencies for the human Pol h-catalyzed insertion of the correct 

nucleotide opposite a-dA, a-dT, a-dC and a-dG (relative to unmodified substrates). The 

results represent the mean ± standard deviation of results from at least three independent 

measurements. 
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Figure 4. 5: Relative efficiencies for the Pol h-mediated nucleotide incorporation 

opposite dA, dT, dC, dG, a-dA, a-dT, a-dC and a-dG.  
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Discussion  

In the present study, we investigated the replicative bypass of the four a-nucleosides 

by human Pol h, k, i and yeast Pol z. Results from the primer extension assays revealed 

the capabilities of the different TLS polymerases in bypassing these lesions and 

generating full-length extension products. In the mutual presence of all four dNTPs, 

human Pol h was the only polymerase capable of bypassing all four a-dN lesions and 

producing full-length replication products (Figure 4.2). Human Pol k was capable of 

bypassing a-dA, a-dT and a-dG, but not a-dC (Figure C1). Furthermore, human Pol k 

generated much more extension products for the template containing an a-dG than those 

carrying an a-dA or a-dT, and the amount of full-length extension product generated for 

the a-dG substrate was comparable to that generated by human Pol h. Human Pol i was 

unable to generate full-length replication products, as reflected by the lack of capability 

of this polymerase in extending the primer to the end of the templates harboring the a-dN 

lesions (Figure C2). Additionally, yeast Pol z failed to insert any nucleotide opposite any 

of the a-dN lesions or extend past the damage (Figures C3 and C4). 

Our steady-state kinetic assays revealed that the efficiencies and fidelities of human 

Pol h-mediated nucleotide incorporations depend on the identities of the a-nucleosides. 

In particular, when considering the relative efficiencies (kcat/Km) of correct nucleotide 

incorporation opposite the a-dN lesions over their unmodified counterparts, we found 

that the magnitudes of decrease in efficiencies for nucleotide incorporation followed the 

order of a-dA > a-dG > a-dT > a-dC. Additionally, we measured the frequencies of 
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incorrect nucleotide incorporation opposite the a-dN lesions. Human Pol h was found to 

be highly accurate when bypassing the purine lesions, i.e. a-dA and a-dG, with the 

incorrect nucleotides being incorporated at relatively low frequencies. However, 

replicative bypass of the pyrimidine lesions, i.e. a-dT and a-dC, led to high frequencies 

of misincorporation of dTMP and dCMP. The exact reason behind the differences in 

fidelity for Human Pol h-mediated nucleotide incorporation opposite the different a-dN 

lesions is not clear and warrants further investigations in the future.   

Our primer extension results revealed that human Pol h- and human Pol k-mediated 

primer extension yielded similar amounts of full-length products for the a-dG substrate. 

Hence, steady-state kinetic assays were also performed for this lesion with human Pol k. 

While both polymerases preferentially incorporate the correct nucleotide opposite the 

lesion, human Pol h exhibits a signficianly higher effieincy of dCMP incorporation 

(kcat/Km) than that of human Pol k (6.8×10-2 µM-1min-1 vs. 2.2×10-4 µM-1min-1. Table 4.1 

and Table C1). The same trend also holds true for the incorporation of the incorrect 

nucleotides (Table 4.1 and Table C1).  These results together suggest that, among the 

four polymerases tested, human Pol h is the most efficient in bypassing the a-dN lesions.  

These results are in keeping with previous findings about the effects that the a-dN 

lesions have on DNA replication in vitro and in E. coli cells. In this vein, Ide and 

coworkers123 investigated the E. coli Pol I-mediated bypass of a-dA using primer 

extension and steady-state kinetic assays. They determined that a-dA blocked DNA 

synthesis, though Pol I could extend the primer beyond the lesion.123 They also 
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determined the order of insertion frequency of individual nucleotides opposite a-dA to be 

dTMP > dCMP > dAMP,123 whereas Pol I was unable to incorporate dGMP opposite the 

lesion.123 Other studies investigating the effects of the a-dN lesions on DNA replication 

in E. coli found that a-dA stalls replication with a RBE of 20-24% relative to the 

unmodified dA.83, 84   

Additionally, Amato et al.83 found that a-dT, a-dC and a-dG were strongly blocking 

to DNA replication in wild-type E. coli cells with the relative bypass efficiency being 

only 1-3%. Upon SOS induction, the RBEs for all four a-dN lesions were significantly 

elevated, with a-dA and a-dG displaying much higher RBEs (> 85%) than the two 

pyrimidine a-nucleosides (15-30%).83 This is in line with the higher efficiencies of 

correct nucleotide insertion opposite a-dA and a-dG than a-dC and a-dT (Figure 4.4).  

Additionally, the absence of Pol V in SOS-induced E. coli cells led to an abrogation of 

CàG mutation for a-dC and a marked drop in TàA mutation for a-dT,83 which is in 

agreement with the high preference for human Pol h to misincorporate dCMP and dTMP 

opposite a-dT and a-dC, respectively.  These results suggest that Pol V’s recognition of 

the a-nucleosides is conserved in human Pol h. 
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Taken together, the results from this study provided important insights into the roles 

of human Pol h, k, i and yeast Pol z in bypassing the a-dN lesions as well as the impact 

that these lesions pose on the efficiency and fidelity of human Pol h. In the future, it will 

be important to determine the roles of the TLS polymerases in bypassing the a-dN 

lesions in human cells as well as the impacts of these lesions on the efficiency and 

fidelity of cellular DNA replication. Additionally, future structural studies will provide 

molecular-level insights about the differential recognitions of the a-dN by human Pol h.  

 

Abbreviations 

ROS, reactive oxygen species; TLS, translesion synthesis; Pol, polymerase; ODN, 

oligodeoxyribonucleotide; PAGE, polyacrylamide gel electrophoresis; XPV, xeroderma 

pigmentosum variant. 
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Chapter 5: Repair and Transcriptional Mutagenesis of Minor-groove 

O2-alkylated Thymidine Lesions 

 

 

Introduction 

 According to the Centers of Disease Control and Prevention, smoking accounts 

for 30% of all cancer deaths in the United States and results in more than 480,000 deaths 

per year.85 Cigarette smoke contains more than 5,000 chemical species, 73 of which are 

considered carcinogenic to laboratory animals and/or humans.86 After metabolic 

activation, many of these compounds including polycyclic aromatic hydrocarbons and 

tobacco-specific N-nitrosamines, are known to alkylate DNA.75, 86 Depending on the 

chemical nature of the alkylating agent involved, the size of the alkyl functionality 

adducted to DNA ranges from simple methyl and ethyl groups, e.g. those arising from 

ethylating agents present in tobacco,75 to more complex alkyl groups from the tobacco-

specific N-nitrosamines.  

 Thymine can be alkylated at the O2, N3 and O4 positions and the resulting lesions 

are known to be resistant to repair and therefore persist in mammalian systems.74, 75, 88-90 

The tobacco carcinogens 4-(methylnitrosamino)-1-(3 pyridyl)-1-butanone (NNK) and N’-

nitrosonornicotine (NNN) can be metabolized via cytochrome P450 enzymes to yield 

pyridyloxobutyl (POB) and pyridylhydroxybutyl (PHB) groups, which can conjugate 

with the O2-position of thymine.5, 8, 77-81 O2-POBdT and O2-PHBdT lesions have been 

found to accumulate in the esophagus, lung and liver tissue of rats treated with NNK and 
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NNN, and were detectable in various human tissues. The levels of O2-ethylthymidine in 

human leukocyte DNA were found to be significantly higher in smokers than 

nonsmokers.75, 86, 91-93 If these lesions remain unrepaired, they may perturb genomic 

integrity by hindering DNA replication and transcription.86  

 It was recently demonstrated that the minor-groove O2-alkylthymidine lesions 

induce TàC, TàA and TàG mutations and that Escherichia coli, where polymerase V 

(an ortholog of human Polymerase η) plays a major role in the bypass of these lesions.8 In 

addition, Basu and coworkers101 showed that Pol h promotes the replication across the 

O2-MedT and O2-POBdT lesions in human cells. Our lab also demonstrated that the size 

and shape of the alkyl group adducted to the DNA influence the efficiency of correct 

nucleotide incorporation by human Pol h. Specifically, Pol h inserts the correct 

nucleotide, dAMP, opposite O2-MedT and O2-EtdT more efficiently than lesions 

possessing longer straight-chains (O2-nPrdT or O2-nBudT) and branched-chain alkyl 

groups (O2-iPrdT, O2-iBudT or O2-sBudT).36 Additionally, we found that human Pol h 

incorporated the incorrect nucleotide, dCMP, opposite O2-nPrdT and O2-nBudT at a 

relatively high frequency (76% and 100%, respectively, relative to the incorporation of 

the correct dAMP ).36 Previous studies showed that O2-EtdT is partially blocking to DNA 

synthesis mediated by T7 DNA polymerase in vitro, and both dAMP and dTMP can be 

incorporated opposite the lesion.100  

 The effects of DNA lesions on DNA replication is an area of research that has 

been extensively studied, but it is also important to understand whether and how these 

lesions affect other cellular processes including transcription. Transcription is a 
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continuous process in cells for providing mRNAs for protein syntheses that are necessary 

for various cellular processes. Hence, the transcription machinery is likely to encounter 

DNA lesions more frequently than the replication machinery.57 DNA lesions have the 

potential to block transcription machinery and/or introduce mutations during 

transcriptional bypass, thereby perturbing the flow of genetic information and potentially 

resulting in cell death. Blockage to transcription machinery is known to occur when 

encountering bulky DNA lesions such as UV-induced bipyrimidine photoproducts and 

DNA cross-links.57 Nevertheless, some DNA lesions can be bypassed by RNA 

polymerases with varying efficiencies and fidelities. It is understood that DNA damage is 

preferentially repaired in actively transcribed genes, which potentially alleviates the 

cytotoxic effects of the DNA lesions and is known as transcription-coupled repair.57 

Alternatively, the DNA lesions can be directly recognized and repaired by one of the 

global genome repair pathways, e.g. nucleotide excision repair (NER) or base excision 

repair (BER) pathways, depending on the structure of the lesion.57 Herein, we placed a 

single O2-MedT, -EtdT, -nPrdT, -nBudT, -iPrdT, -iBudT, or -sBudT at a defined position 

in the transcribed strand of non-replicating double-stranded plasmids and assessed how 

these alkylated DNA lesions perturb DNA transcription in human cells.  
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Materials and Methods 

Materials  

 All enzymes were obtained from New England BioLabs (Ipswich, MA) unless 

otherwise noted, and all chemicals were from Sigma-Aldrich (St. Louis, MO) or EMD 

Millipore. 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was obtained from TCI America 

(Portland, OR). [g-32P]-ATP was obtained from Perkin-Elmer (Boston, MA) and 

unmodified oligodeoxyribonucleotides (ODNs) were acquired from Integrated DNA 

Technologies (Coralville, IA).  

 

Transcription template preparation 

 Control and competitor plasmids (pTGFP-Hha10) were previously constructed 

(Figure 5.1a),124 and all O2-alkyldT-containing plasmids were prepared following 

previously published procedures.125-127 The undamaged control plasmid was subjected to 

enzymatic digestion by Nt.BstNBI generating two nicks on the transcribed strand. The 

resulting 25mer single-stranded ODN was then removed by annealing with a 

complementary ODN in excess and the gapped plasmid was purified. The gapped vector 

was then annealed and ligated with an unmodified 13mer ODN, d(AATTGAGTCGATG) 

and a 12mer lesion-containing ODN, d(ATGGCGXGCTAT), X = O2-MedT, -EtdT, -

nPrdT, -nBudT, -iPrdT, -iBudT, or -sBudT 8 (Figure 5.1b). Ligation products were 

incubated with ethidium bromide and then gel purified following previously published 

procedures.126, 127   
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CRISPR/Cas9-mediated genome editing of HEK293T cells 

Genome editing by the CRISPR/Cas9 system was conducted following previously 

published protocols.128 ODNs corresponding to target sequences were inserted into the 

hSpCas9 plasmid pX330 (Addgene, Cambridge, MA). Plasmids were then transfected 

into HEK293T cells with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Individual 

cells were cultured for further analysis and the genomic DNA was extracted from 

individual clonal cell lines. The DNA regions flanking the targeted sites were screened by 

PCR, and further analyzed by agarose gel electrophoresis. The clones detected with 

cleavage by Cas9 were isolated and then subjected to Western blot analysis to further 

confirm the deletion of the CSB and XPC genes (Figure 5.2).  
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5'-…ATGCATCGACTCAATTATAGCACGCCATGGAT…-3'
3'-…TACGTAGCTGAGTTAATATCGTGCGGTACCTA…-5'

Nt.BstNBI  digestion
Gapped vector  separation

5' -…ATGCATCGACTCAATTATAGCACGCCATGGAT…-3'
3'-… TAC                         CCTA…-5'

GTAGCTGAGTTAAp
TATCGXGCGGTAp

5'-…ATGCATCGACTCAATTATAGCACGCCATGGAT…-3'
3'-…TACGTAGCTGAGTTAATATCGXGCGGTACCTA…-5'

T4 DNA ligase + ATP

CMV Promoter

TurboGFP

N. BstNB I

N. BstNB I

SV40 PolyA

SV40 ORI

Kan

pTGFR-Hha10
4.7 kp

a

b

Figure 5. 1: a) Plasmid map of pTGFP-Hha10 control and 
competitor plasmid, b) A scheme illustrating the protocol to generate 
the site-specifically inserted O2-alkyldT lesions. 
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CSB

Actin

XPC

Figure 5. 2: Western blot results showing the complete knockout of CSB and XPC proteins in 
HEK293T cells. 
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Transcription assay 

 Cellular transcription assays were carried out following previously published 

procedures (Figure 5.3).127 Briefly, 50 ng of competitor and lesion-containing plasmids 

were premixed before transfecting with 450 ng of carrier plasmid (self-ligated pGEM-T; 

Promega) using Lipofectamine 2000 (Invitrogen) into 293T, CSB-/- or XPC-/- cells at 70% 

confluency in a 24-well plate. The cells were then harvested for RNA extraction at 24 

hours following transfection. 

 

RNA extraction and reverse transcription-polymerase chain reaction 

 The RNA products arising from the cellular experiments were extracted using a 

Total RNA Kit I (Omega) and were further treated using a DNA-free kit (Ambion). The 

purified RNA then underwent reverse transcription (RT-PCR) using M-MLV reverse 

transcriptase (Promega), dNTP mixture and a gene-specific primer (5’-

TCGGTGTTGCTGTGAT-3’). The mixture was then incubated at 42°C for 1.5 hours and 

the M-MLV reverse transcriptase was subsequently deactivated by incubating at 72°C for 

15 minutes. PCR amplification was then performed with the use of Phusion high-fidelity 

DNA polymerase and two specific primers, following previously described procedures 

(Figure 5.3).127 
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Lesion-containing vector Competitor vector

+

3’-TATCGXGCGGTAC-5’ 3’-TATCGTATAGCCGGTAC-5’

CMV T7 TurboGFP

+1 +1

5’-…GCAUCGACUCAAUUAUAGCMCGCCAUGGAU…-3’
3’-…CGTAGCTGAGTTAATATCGXGCGGTACCTA…-5’

DNaseI treatment
Reverse transcription
RT-PCR

DNA
mRNA

5’-…GCATCGACTCAATTATAGCMCGCCATGGAT…-3’
3’-…CGTAGCTGAGTTAATATCGNGCGGTACCTA…-5’PCR product

Restriction digestion

PAGE 
Analysis

Transfect into
293T cells

XPC-deficient cells
Or

CSB-deficient cells

Figure 5. 3: Experimental outline for transcription bypass assay. 
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Restriction digestion and polyacrylamide gel electrophoresis (PAGE) analysis 

 Using previously described procedures, we subjected the aforementioned PCR 

products to restriction digestion and postlabeling assays.127 SfaNI/NcoI digestion (Figure 

5.4a) allowed us to resolve, by using native PAGE analysis, the 13mer non-mutagenic 

d(CATGGCGTGCTAT) product from two of the potential 13mer mutated products, 

d(CATGGCGGGCTAT) or d(CCATGGCGAGCTAT), corresponding to AàC and 

AàU mutations during transcriptional bypass. To determine if AàG mutation was also 

present, we subjected the PCR product to restriction digestion using MluCI/Cac8I (Figure 

5.4b). The resulting non-mutagenic d(AATTATAGCA) could be resolved from the 

mutated d(AATTATAGCG) on a 30% (19:1) native PAGE. The gel-band intensities 

were quantified using a Typhoon 9410 Variable Mode Imager (Amersham Biosciences 

Co.) for determining the relative bypass efficiency (RBE) and frequency of nucleotide 

misincorportation for each lesion as previously described.127, 129 
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SfaNI NcoI

NcoI
Shrimp alkaline phosphatase
32P, T4 PNK
SfaNI

5’-...GGATGCATCGACTCAATTATAGCMCGCCATGGAT...-3’
3’-...CCTACGTAGCTGAGTTAATATCGNGCGGTACCTA...-5’

pAATTATAGCCMCGC
5’-...GGATGCATCGACTC      *pATGGAT...-3’
3’-...CCTACGTAGCTGAGTTAAp            CTA...-5’

TATCGNGCGGTACp*

MluCI Cac8I

MlucI
Shrimp alkaline phosphatase
32P, T4 PNK
Cac8I

5’-...GGATGCATCGACTCAATTATAGCMCGCCATGGAT...-3’
3’-...CCTACGTAGCTGAGTTAATATCGNGCGGTACCTA...-5’

*pAATTATAGCCM
5’-...GGATGCATCGACTC      pCGCCATGGAT...-3’
3’-...CCTACGTAGCTGAGTTAAp*     GCGGTACCTA...-5’

TATCGNp

a

b

Figure 5. 4: Restriction digestion schemes a) NcoI/SfaNI digestion 
and postlabeling for original strand identification and b) 
MlucI/Cac8I digestion and postlabeling for opposite strand 
identification. 
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Results 

 In the present study, we employed a competitive transcription and adduct bypass 

assay to investigate the transcriptional bypass of O2-alkyldT lesions and determine to 

what extent each lesion blocks transcription and which pathways are involved in the 

repair of these lesions in human cells.  

 The results from our transcription bypass assays indicated that most of the O2-

alkyldT lesions are not inherently blocking to transcription. Specifically, the relative 

bypass efficiencies for O2-MedT, O2-nPrdT, O2-iPrdT, O2-nBudT, O2-iBudT and O2-

sBudT were similar to that of the unmodified control (125%, 100%, 83%, 87%, 85% and 

138%, respectively) (Figure 5.5a and 5.6). However, O2-EtdT was moderately blocking 

to transcription, with the relative bypass efficiency being 50% compared to the control 

(Figure 5.5a and 5.6).  

 We were also able to assess if mutagenic products were generated during 

transcriptional bypass of the O2-alkyldT lesions. We found that transcription across the 

O2-MedT and the branched-chain lesions, i.e. O2-iPrdT, O2-iBudT and O2-sBudT was not 

only efficient, but also accurate, with no mutant transcripts being observed. However, 

AàC, AàG and AàU base substitutions were observed at low frequencies for the 

bypass of the straight-chain lesions, including O2-EtdT (1.0%, 1.6% and 2.2%, 

respectively), O2-nPrdT (1.5%, 1.8% and 4.0%, respectively) and O2-nBudT (1.0%, 1.7% 

and 1.9%, respectively) (Figure 5.5b and 5.7).   

 By conducting the transcription bypass assays with the use of isogenic cells 

deficient in XPC or CSB, we determined which pathway is involved in the repair of the 
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O2-alkyldT lesions. A significantly lower bypass efficiency was observed for O2-MedT 

(78%), O2-EtdT (37%), O2-iBudT (37%) and O2-sBudT (54%) in the XPC-/- cells relative 

to the parental HEK 293T cells, indicating that the global NER pathway is involved in the 

repair of these lesions (Figure 5.6 and D.1). However, this trend was not observed for 

other O2-alkyldT lesions. Interestingly, a significant decrease in relative bypass efficiency 

was observed for O2-EtdT (14%), O2-nPrdT (19%), O2-iPrdT (55%), O2-nBudT (27%), 

O2-iBudT (8.1%) and O2-sBudT (89%) in CSB-/- cells, indicating that the transcription-

coupled repair pathway is involved in the repair of these lesions (Figure 5.6 and D.2). 

Additionally, a significant increase in AàC and AàU base substitutions was detected 

for these lesions in the CSB-/- cells, further supporting the notion that the transcription-

coupled repair pathway is involved in the repair of these lesions (Figure 5.7).  
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Figure 5. 5: Representative gel images for transcriptional bypass assays of the 
unmodified dT and O2-MedT, O2-EtdT, O2-nPrdT, O2-iPrdT, O2-nBudT, O2-iBudT and 
O2-sBudT in 293T cells. a) Results for NcoI/SfaNI restriction digestion and postlabeling. 
b) Results for MlucI/Cac8I restriction digestion and postlabeling. 
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Discussion  

 In the present study, we investigated how O2-MedT, O2-EtdT, O2-nPrdT, O2-

iPrdT, O2-nBudT, O2-iBudT and O2-sBudT lesions perturb DNA transcription in human 

cells. The use of the competitive transcription and adduct bypass assay allowed us to 

assess quantitatively the blockage and mutagenic effects of each lesion on transcription 

and to explore the repair pathways for the removal of these lesions in human cells.  

 Our results revealed that most O2-alkyldT lesions do not block transcription. 

These results suggest that these lesions are most likely repaired before transcription is 

completed. Specifically, the relative bypass efficiencies for all O2-alkyldT lesions, with 

the exception of O2-EtdT, were found to be similar to that of the unmodified control 

substrate. O2-EtdT was found to moderately block transcription, with the relative bypass 

efficiency being 50%. These results indicate that the size and shape of the alkyl group 

adducted to the DNA do not exert a pronounced effect on transcription.  

We also monitored if base substitutions occur when RNA Pol II transcribes past 

the O2-alkyldT lesions. Interestingly, we found that the size and shape of the alkyl group 

affect mutations arising from transcription past the O2-alkyldT lesions. Longer straight-

chain lesions, i.e. O2-EtdT, O2-nPrdT, and O2-nBudT, induce low frequencies of AàC, 

AàG and AàU base substitutions. However, no base substitutions were detected for O2-

MedT or the branched-chain lesions, i.e. O2-iPrdT, O2-iBudT and O2-sBudT. Recently, 

our laboratory observed a similar trend when investigating the effect of human Pol h-

mediated bypass of the same set of lesions. Specifically, it was found that the longer 

straight chain lesions, O2-nPrdT and O2-nBudT, were more mutagenic and had a higher 
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frequency of incorporation of dCMP and a moderate frequency of incorporation of dGMP 

and dAMP when compared to the other O2-alkyldT lesions.36 Taken together, these 

results indicate that the size and shape of the alkyl group adducted to the O2 position of 

thymine may not modulate the efficiencies of replication and transcription, but they 

influence the mutagenic potentials of the lesions during transcription.  

 Our studies also provided important new knowledge about how these lesions are 

repaired. By conducting the transcription bypass assays with the use of repair-deficient 

cells, we determined which pathway is involved in the repair of the O2-alkyldT lesions. In 

the XPC-/- cells, a significantly lower bypass efficiency was observed for O2-MedT, O2-

EtdT, O2-iBudT and O2-sBudT, but not for other O2-alkyldT lesions, when compared to 

the control HEK 293T cells, suggesting the involvement of the global-genome NER 

pathway in the repair of these lesions (Figure 5.5). Interestingly, significant reductions in 

relative bypass efficiencies were observed for O2-EtdT (14%), O2-nPrdT (19%), O2-iPrdT 

(55%), O2-nBudT (27%), O2-iBudT (8.1%) and O2-sBudT (89%) in CSB-/- cells, 

indicating that the transcription-coupled repair pathway is involved in the repair of these 

lesions (Figure 5.5). Additionally, marked increases in AàC and AàU base 

substitutions were detected for these lesions in the CSB-/- cells, further substantiating our 

notion that the transcription-coupled repair pathway is involved in the repair of these 

lesions (Figure 5.6).  
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Chapter 6: Conclusions and Future Directions 

  

 The scope of this dissertation focused on achieving a deeper understanding of 

how various DNA lesions generated by alkylating agents and reactive oxygen species 

(ROS) affect DNA replication and transcription. While this knowledge gives us a better 

perception about how these lesions disturb the flow of genetic information during 

different cellular processes, many new questions have arisen that will be the subject for 

future studies.  

 
Replicative Bypass of O2-alkylthymidines Lesions In Vitro 

 In Chapter 2, we investigated the replicative bypass of O2-MedT, O2-EtdT, O2-

nPrdT, O2-iPrdT, O2-nBudT, O2-iBudT and O2-sBudT by the major TLS polymerases, 

i.e. human Pol h, k, i and yeast pol z. We found that human Pol h was the only TLS 

polymerase capable of inserting a nucleotide opposite each of the lesions and extend past 

them. With this knowledge, the efficiency and fidelity of the human Pol h-mediated 

bypass was determined using steady-state kinetic assays. We found that the size and 

shape of the alkyl group adducted to the DNA influence the efficiency of correct 

nucleotide incorporation by human Pol h. Specifically, Pol h inserts the correct 

nucleotide, dAMP, opposite O2-MedT and O2-EtdT (relative to dT) more efficiently than 

the other O2-alkyldT lesions. Furthermore, human Pol h exhibited higher efficiencies of 

dAMP incorporation opposite those lesions possessing a branched-chain alkyl group 

when compared to their straight chain counterparts. Additionally, we determined human 
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Pol h’s efficiency in incorporating the incorrect nucleotides opposite the lesions. We 

found that the incorrect nucleotide, dCMP, was incorporated at high frequencies opposite 

the longer straight chain lesions, i.e., O2-nPrdT and O2-nBudT. Furthermore, human Pol 

h showed no preference in the incorporation of dCMP, dGMP or dTMP opposite the 

lesions with branched-chain alkyl groups. The results from this study provided important 

insights into the roles of various TLS polymerases in the bypass of the minor-groove O2-

alkyldT lesions, and the impact these lesions have on the efficiency and fidelity of human 

Pol h. Based on the knowledge provided by this study with regards to how the structure 

of the lesion impacts the efficiency and fidelity of human Pol h, it would be beneficial to 

conduct structural studies in the future to provide molecular-level understanding about 

these results. 

 

In vitro Lesion Bypass Studies of O4-alkylthymidines with Human DNA Polymerase 

h 

 In Chapter 3, we investigated the replicative bypass of O4-MedT, O4-EtdT, O4-

nPrdT, O4-iPrdT, O4-nBudT, O4-iBudT, O4-(R)-sBudT and O4-(S)-sBudT in vitro. First, 

we determined the roles of the various TLS polymerases, i.e., human Pol h, k, i and yeast 

Pol z, in bypassing these lesions. We found that human Pol h was the only TLS 

polymerase capable of bypassing each of the O4-alkyldT lesions. Therefore, the 

efficiency and fidelity of the human Pol h-mediated bypass of these lesions was further 

investigated using in vitro steady-state kinetic assays. We found that the size and shape of 

the alkyl group adducted to the DNA influenced the efficiency and fidelity of the 
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polymerase in inserting nucleotides opposite the lesions. Specifically, human Pol h was 

more efficient in incorporating the correct nucleotide, dAMP, opposite O4-MedT and the 

branched-chain lesions O4-(R)-sBudT, O4-(S)-sBudT and O4-iBudT when compared to 

the other lesions. We also investigated the misincorporation efficiency of human Pol h 

and found that the polymerase preferentially misincorporated dGMP opposite the shorter 

straight-chain lesions, i.e., O4-MedT and O4-EtdT. Additionally, dGMP was highly 

misincorporated opposite the longer straight chain lesions, i.e., O4-nPrdT and O4-nBudT. 

Interestingly, human Pol h is promiscuous in nucleotide insertion opposite O4-iPrdT with 

the frequency being similar for the insertion all four natural nucleotides. The results from 

this study provide important insights into the role of human Pol h in replication across 

major-groove O4-alkyldT lesions. We also unveiled that the structure of the alkyl group 

does impact the replicative bypass of the various TLS polymerases as well as the 

efficiency and fidelity of the human Pol h-mediated bypass. Therefore, it would be 

beneficial to investigate the molecular mechanisms underlying these differences by 

conducting structural studies. Additionally, it would be advantageous to investigate how 

these lesions impact other cellular process such as transcription.  

 

Replicative Bypass Studies of a-Anomeric Lesions of 2¢-Deoxyribonucleosides in 

Vitro 

 In Chapter 4, we characterized the roles of human Pol h, k, i and yeast Pol z in 

the replicative bypass of four a-nucleosides by conducting in vitro primer extension and 

steady-state kinetic assays. We found that human Pol h was the only TLS polymerase 
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capable of bypassing all four the a-nucleosides and therefore analyzed its efficiency and 

fidelity when bypassing these lesions. Our steady-state kinetics revealed that the 

efficiency of the human Pol h-mediated bypass did depend on the identities of the a-

nucleosides. Specifically, human Pol h was more efficient at incorporating the correct 

nucleotide opposite a-dA than opposite other a-dN lesions. Interestingly, we found that 

human Pol h was more efficient at incorporating the correct nucleotide opposite the 

purine a-dN lesions when compared to the pyrimidine a-dN lesions. Additionally, we 

measured the frequency of incorrect nucleotide incorporation opposite each of these 

lesions and found that the fidelity of human Pol h was also influenced by identities of the 

a-nucleosides. The bypass of the purine lesions, i.e., a-dA and a-dG, was highly 

accurate with the incorrect nucleotides being incorporated at very low frequencies. 

However, the bypass of the pyrimidine lesions did result in higher misincorporation 

frequencies. Specifically, a-dT and a-dC had higher frequencies of dTMP and dCMP 

misincorporations, respectively. These results were interesting and sparked questions 

about the reason behind the differences in fidelity for human Pol h-mediated nucleotide 

incorporation opposite the purine a-nucleotides when compared to the pyrimidine a-

nucleotides. Furthermore, it would be interesting to investigate how these lesions impact 

various DNA metabolic processes in human cells. Specifically, it will be important to 

assess how these lesions impact replication in human cells proficient and deficient in 

different TLS polymerases, how they impact transcriptional bypass and how they are 

repaired in cells. 
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Repair and Transcriptional Mutagenesis of Minor-groove O2-alkylated Thymidine 

Lesions 

 In Chapter 5, we sought to determine how various O2-alkyldT lesions affect 

transcriptional bypass and what repair pathways are involved in the removal of these 

lesions in human cells. Our transcriptional bypass studies revealed that the O2-alkyldT 

lesions were not blocking to transcription apart from O2-EtdT whose bypass efficiency is 

~50% compared to the unmodified dT. Additionally, these studies showed that during 

transcriptional bypass the straight chain lesions O2-EtdT, O2-nPrdT and O2-nBudT 

generated AàC, AàG and AàT mutations. However, no mutations were identified for 

O2-MedT or the branched chain lesions O2-iPrdT, O2-iBudT or O2-sBudT. Additionally, 

we determined the pathways involved in the repair of these lesions by conducting 

transcriptional bypass studies with the use of isogenic cells where XPC or CSB genes 

were depleted via the CRISPR/Cas9 genome editing method. These results demonstrated 

that the transcription-coupled repair pathway may be involved in the repair of these 

lesions due to the significant decrease in bypass efficiency for the O2-alkyldT, with the 

exception of O2-MedT, in the CSB-deficient cell line when compared to the control cell 

line. With the understanding about how these lesions perturb transcription, induce 

mutations during transcriptional bypass and what repair pathways are involved in the 

repair of these lesions, it would be interesting to uncover cellular proteins involved in the 

recognition and sensing of these lesions.  
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Appendix A: Supporting Information for Chapter 2 
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Table A. 1: Quantification results for full-length extension products observed in primer 
extension assays with human Pol h, human Pol k, human Pol i and yeast Pol z (The data 
were quantified from images shown in Figure 2 and Figures A1-A3). Displayed are the 
percentages of full-length primer extension products observed for the lesion-containing 
substrates over that for the control substrates.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Human Pol h Human Pol k Human Pol i Yeast Pol z 

O2-MedT 31.4 6.2 0.0 50.5 

O2-EtdT 18.1 27.0 0.0 7.4 

O2-nPrdT 29.4 10.1 0.0 0.0 

O2-iPrdT 53.2 0.9 0.0 0.0 

O2-nBudT 6.4 3.3 0.0 0.0 

O2-iBudT 22.0 7.3 0.0 0.0 

O2-sBudT 16.8 19.2 0.0 0.0 
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Figure A. 1: Representative gel images for the results obtained from the primer extension 

assays conducted under standing-start conditions for the primer-template complexes (10 

nM in final concentration) containing unmodified dT, O2-MedT, O2-EtdT, O2-nPrdT, O2-

iPrdT, O2-nBudT, O2-iBudT and O2-sBudT with human Pol k. The concentrations of the 

polymerase are shown in the Figure.  
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Figure A. 2: Representative gel images for the results obtained from the primer extension 

assays conducted under standing-start conditions for the primer-template complexes (10 

nM in final concentration) containing unmodified dT, O2-MedT, O2-EtdT, O2-nPrdT, O2-

iPrdT, O2-nBudT, O2-iBudT and O2-sBudT with human Pol i. The concentrations of the 

polymerase are shown in the Figure.  

 



 122 

 

 
 
 
 
 
 
 
 

Figure A. 3: Representative gel images for the results obtained from the primer extension 

assays conducted under standing-start conditions for the primer-template complexes (10 

nM in final concentration) containing unmodified dT, O2-MedT, O2-EtdT, O2-nPrdT, O2-

iPrdT, O2-nBudT, O2-iBudT and O2-sBudT with yeast Pol z. The concentrations of the 

polymerase are shown in the Figure.  
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Figure A. 4: Representative gel images for steady-state kinetic assays in measuring the 

individual nucleotide incorporation opposite O2-MedT (a) and O2-EtdT (b) with human 

Pol h. The final concentration of the primer-template complex was 10 nM, and the 

concentration of human Pol h was 5 nM. The highest concentrations of individual dNTPs 

used are indicated in the figure, and the concentration ratio between neighboring lanes 

was 0.50.  
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Figure A. 5: Representative gel images for steady-state kinetic assays in measuring the 

individual nucleotide incorporation opposite O2-iPrdT (a) O2-iBudT (b) and O2-sBudT (c) 

with human Pol h.  The final concentration of the primer-template complex was 10 nM, 

and the concentration of human Pol h was 5 nM. The highest concentrations of individual 

dNTPs used are indicated in the figure, and the concentration ratio between neighboring 

lanes was 0.50. 
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Appendix B: Supporting Information for Chapter 3 
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Figure B. 1: Representative gel images for the results obtained from the primer extension 

assays conducted under standing-start conditions for substrates containing unmodified 

dT, O4-MedT, O4-EtdT, O4-nPrdT, O4-nBudT, O4-iPrdT, O4-iBudT, O4-(R)-sBudT and 

O4-(S)-sBudT with human Pol k. 
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Figure B. 2: Representative gel images for the results obtained from the primer extension 

assays conducted under standing-start conditions for substrates containing unmodified 

dT, O4-MedT, O4-EtdT, O4-nPrdT, O4-nBudT, O4-iPrdT, O4-iBudT, O4-(R)-sBudT and 

O4-(S)-sBudT with human Pol i. 
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Figure B. 3: Representative gel images for the results obtained from the primer extension 

assays conducted under standing-start conditions for substrates containing unmodified 

dT, O4-MedT, O4-EtdT, O4-nPrdT, O4-nBudT, O4-iPrdT, O4-iBudT, O4-(R)-sBudT and 

O4-(S)-sBudT with yeast Pol z. 
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Figure B. 4: Primer-template complex and representative gel images for the results 

obtained from the primer extension assays conducted under standing-start conditions for 

substrates containing unmodified dT, O4-MedT, O4-EtdT, O4-nPrdT, O4-nBudT, O4-

iPrdT, O4-iBudT, O4-(R)-sBudT and O4-(S)-sBudT with human Pol h. 
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Figure B. 5: Representative gel images for steady-state kinetic assays in measuring the 

individual nucleotide incorporation opposite O4-MedT (a) and O4-EtdT (b) with human 

Pol h. The highest concentrations of individual dNTPs used are indicated in the figure, 

and the concentration ratio between neighboring lanes was 0.50. The concentration of 

human Pol h was 5 nM. 
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Figure B. 6: Representative gel images for steady-state kinetic assays in measuring the 

individual nucleotide incorporation opposite O4-nBudT (a) and O4-iBudT (b) with human 

Pol h. The highest concentrations of individual dNTPs used are indicated in the figure, 

and the concentration ratio between neighboring lanes was 0.50. The concentration of 

human Pol h was 5 nM. 
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Figure B. 7: Representative gel images for steady-state kinetic assays in measuring the 

individual nucleotide incorporation opposite O4-(R)-sBudT (a) and O4-(S)-sBudT (b) with 

human Pol h.  The highest concentrations of individual dNTPs used are indicated in the 

figure, and the concentration ratio between neighboring lanes was 0.50. The 

concentration of human Pol h was 5 nM. 
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Figure B. 8: The primer-template complex and representative gel images from primer 

extension assays with use of primers harboring a dA (right panels) or dG (left panels) 

opposite the unmodified dT, O4-MedT, O4-EtdT, O4-nPrdT, O4-nBudT, O4-iPrdT, O4-

iBudT, O4-(R)-sBudT or O4-(S)-sBudT with human Pol h. 
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Figure B. 9: Quantification of the full-length extension product with dG present opposite 

unmodified dT, O4-MedT, O4-EtdT, O4-nPrdT, O4-nBudT, O4-iPrdT, O4-iBudT, O4-(R)-

sBudT, and O4-(S)-sBudT (relative to dA). The results are shown as the mean ± standard 

deviation from at least three independent measurements. 
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Table C. 1: Steady-state kinetic parameters for human Pol k-mediated incorporation of 
individual dNTPs opposite the dG and a-dG substrates. Shown are the mean ± standard 
deviation of results from at least three independent measurements. NS indicates that no 
signal for incorporation was detected.  
 

aFrequency of nucleotide misincorporation = [kcat/Km (incorrect nucleotide)]/[kcat/Km (correct nucleotide)] 
 
 

 

 

 

 

 

 

 

 

 

 

 

 dNTP kcat (min-1) Km (µM) kcat/Km  
(µM-1min-1) 

finc 

                           Undamaged dG Substrate 
dTTP 7.1×10-2 ± 1×10-3 6.3×10+2 ± 6×10+1 1.1×10-4 ± 8×10-6 3.3×10-4 
dGTP 6.4×10-2 ± 1×10-2 3.4×10+3 ± 8×10+2 1.9×10-5 ± 1×10-6 5.7×10-5 
dCTP 1.1×10-1 ± 2×10-2 3.5×10-1 ± 1×10-1 3.4×10-1 ± 8×10-2 1.0 
dATP 1.9×10-2 ± 1×10-3 36 ± 7 5.3×10-4 ± 6×10-5 1.6×10-3 

                            a-dG  
dTTP 5.5×10-3 ± 3×10-4 1.4×10+2 ± 1×10+1 4.0×10-5 ± 2×10-6 1.8×10-1 
dGTP 3.4×10-3 ± 5×10-4 93 ± 5 3.6×10-5 ± 5×10-6 1.7×10-1 
dCTP 7.1×10-3 ± 1×10-3 33 ± 6 2.2×10-4 ± 2×10-5 1.0 
dATP NS NS NS NS 
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Pol k (nM)

Pol k (nM)

Primer

Primer

20mer

20mer

dT dC dGdA

10 5 2.5 1.25 0 10 5 2.5 1.25 0 10 5 2.5 1.25 0

10 5 2.5 1.25 0

10 5 2.5 1.25 0

10 5 2.5 1.25 0 10 5 2.5 1.25 010 5 2.5 1.25 0

a-dA a-dT a-dGa-dC

Figure C. 1: Representative gel images for the results obtained from the primer extension 

assays conducted under standing-start conditions for the primer-template complexes (10 

nM final concentration) containing dA, dT, dC, dG, a-dA, a-dT, a-dC and a-dG with 

human Pol k (10 nM, 5 nM, 2.5 nM, 1.25 nM or 0 nM). The concentrations of the 

polymerase are shown in the figure.  
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dT dC dGdA

10 5 2.5 1.25 0 10 5 2.5 1.25 0 10 5 2.5 1.25 0

10 5 2.5 1.25 0

10 5 2.5 1.25 0

10 5 2.5 1.25 0 10 5 2.5 1.25 010 5 2.5 1.25 0

a-dA a-dT a-dGa-dC

Pol i (nM)

Pol i (nM)

Primer

Primer

20mer

20mer

18mer

Figure C. 2: Representative gel images for the results obtained from the primer extension 

assays conducted under standing-start conditions for the primer-template complexes (10 

nM final concentration) containing dA, dT, dC, dG, a-dA, a-dT, a-dC and a-dG with 

human Pol i (10 nM, 5 nM, 2.5 nM, 1.25 nM or 0 nM). The concentrations of the 

polymerase are shown in the figure.  
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dT dC dGdA

10 5 2.5 1.25 0 10 5 2.5 1.25 0 10 5 2.5 1.25 0

10 5 2.5 1.25 0

10 5 2.51.25 0

10 5 2.5 1.25 0 10 5 2.5 1.25 010 5 2.5 1.25 0

a-dA a-dT a-dGa-dC

Pol z (nM)

Pol z (nM)

Primer

Primer

20mer

20mer

Figure C. 3: Representative gel images for the results obtained from the primer extension 

assays conducted under standing-start conditions for the primer-template complexes (10 

nM final concentration) containing dA, dT, dC, dG, a-dA, a-dT, a-dC and a-dG with 

yeast Pol z (10 nM, 5 nM, 2.5 nM, 1.25 nM or 0 nM). The concentrations of the 

polymerase are shown in the figure.  



 140 

 

 
 

 
 
 
 
 
 
 
 

Pol z (nM)

Pol z (nM)

14mer Primer

14mer Primer

20mer

20mer

dT dC dGdA

10 5 2.5 1.25 0 10 5 2.5 1.25 0 10 5 2.5 1.25 0

10 5 2.5 1.25 0

10 5 2.5 1.25 0

10 5 2.5 1.25 0 10 5 2.5 1.25 010 5 2.5 1.25 0

a-dA a-dT a-dGa-dC

Figure C. 4: Representative gel images from primer extension assays with the use of 

primers harboring a dTMP opposite dA and a-dA, dAMP opposite dT and a -dT, dGMP 

opposite dC and a -dC and dCMP opposite dG and a -dG (10 nM final concentrations) 

with yeast Pol z (10nM, 5 nM, 2.5 nM, 1.25 nM or 0 nM). The concentrations of the 

polymerase are shown in the figure. 
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a) X = dA

[dATP] [dTTP]

[dCTP] [dGTP]

50 µM 1µM

100 µM50 µM

b) X = dT

[dATP] [dTTP]

[dCTP] [dGTP]

5 µM 50 µM

100 µM100 µM

c) X = dC

[dATP] [dTTP]

[dCTP] [dGTP]

50 µM20 µM

0.5 µM50 µM

d) X = dG

[dATP] [dTTP]

[dCTP] [dGTP]

50 µM 50 µM

1 µM 200 µM

Figure C. 5: Representative gel images for steady-state kinetic assays in measuring the 

individual nucleotide incorporation opposite dA (a), dT (b), dC (c) and dG (d) with 

human Pol h. The final concentration of the primer-template complex was 10 nM, and 

the concentration of human Pol h was 5 nM. The highest concentrations of individual 

dNTPs used are indicated in the figure, and the concentration ratio between neighboring 

lanes was 0.50.  
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a) X = dG

[dATP] [dTTP]

[dCTP] [dGTP]

1 mM 100 µM

2 mM0.5 µM

b) X = a-dG

[dATP] [dTTP]

[dCTP] [dGTP]

2 mM2 mM

2 mM200 µM

Figure C. 6: Representative gel images for steady-state kinetic assays in measuring the 

individual nucleotide incorporation opposite dG (a) and a-dG (b) with human Pol k. The 

final concentration of the primer-template complex was 10 nM, and the concentration of 

human Pol k was 5 nM. The highest concentrations of individual dNTPs used are 

indicated in the figure, and the concentration ratio between neighboring lanes was 0.50. 
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Figure D. 1: Representative gel images for transcriptional bypass assays of the 
unmodified dT and O2-MedT, O2-EtdT, O2-nPrdT, O2-iPrdT, O2-nBudT, O2-iBudT and 
O2-sBudT in XPC-/- cells. a) Results for NcoI/SfaNI restriction digestion and 
postlabeling. b) Results for MlucI/Cac8I restriction digestion and postlabeling. 
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Figure D. 2: Representative gel images for transcriptional bypass assays of the 
unmodified dT and O2-MedT, O2-EtdT, O2-nPrdT, O2-iPrdT, O2-nBudT, O2-iBudT and 
O2-sBudT in CSB-/- cells. a) Results for NcoI/SfaNI restriction digestion and postlabeling. 
b) Results for MlucI/Cac8I restriction digestion and postlabeling. 
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