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ABSTRACT 

 

Matthew G. Pence 

LESION BYPASS OF N2-ETHYLGUANINE BY THE HUMAN Y FAMILY DNA 
POLYMERASES IOTA AND KAPPA 

 
Dissertation under the direction of 

Fred W. Perrino, Ph.D., Professor of Biochemistry 
 

The purpose of this work is to test the hypothesis that the human Y family DNA 

polymerases have a biological function in the bypass of alkylation DNA damage. The 

lesion bypass properties of the Y family DNA polymerases ι and κ opposite the N2-

ethylGua DNA adduct were studied using steady-state and rapid kinetics and structural 

analyses. Structures of two ternary complexes of DNA pol ι containing N2-ethylGua in 

the active site and with incoming dCTP or dTTP were solved. The structural data are 

evidence that the DNA pol ι utilizes Hoogsteen base-pairing as an efficient mechanism 

for nucleotide incorporation opposite N2-ethylGua. Comparisons between the N2-

ethylGua containing structures of DNA pol ι and wild-type structures (PDB ID: 2ALZ 

and 2FLP) reveal that movements in a loop region of the Polymerase Associated Domain 

(PAD) allow accommodation of the adduct. The reorientation of the PAD loop defines 

the available space in the active site of DNA pol ι for binding of small N2-alkylGua 

lesions. Rates of nucleotide incorporation and extension by the DNA polymerases ι and κ 

opposite Gua and N2-ethylGua were determined using steady-state and single turnover 

kinetic assays with Mg2+ or Mn2+ as the activating metal. The efficiency of dCMP 

incorporation opposite N2-ethylGua by the DNA pol ι is increased ~2000-fold in the 

presence of Mn2+ compared to Mg2+. The increased efficiency is due to a decrease in the 

 x 
 



KM value for nucleotide binding and an increase in kcat. The pre-steady-state analysis of 

nucleotide incorporation by DNA pol κ opposite Gua and N2-ethylGua follows a biphasic 

kinetic model for nucleotide insertion. The data indicate that the burst amplitude is 

dependent on metal ion choice and concentration. The presence of N2-ethylGua results in 

reduced burst amplitudes for dCMP incorporation by DNA pol κ supporting Watson-

Crick base-pairing during nucleotide incorporation opposite the adduct. Together the data 

indicate that the DNA polymerases ι and κ use distinct, yet efficient catalytic mechanisms 

for bypass of N2-ethylGua. The data support a role for the Y family DNA polymerases in 

the in vivo bypass of N2-ethylGua. 
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INTRODUCTION 

 

MAMMALIAN DNA POLYMERASES 

Accurate DNA replication is necessary for all organisms to maintain the integrity 

of genomic DNA during cell division. In mammals, fifteen DNA polymerases have been 

identified that are involved in several aspects of DNA replication and repair (1). The 

mammalian DNA polymerases range widely in fidelity and processivity when copying a 

DNA template strand supporting a unique biological function for each DNA polymerase 

in the cell (2). The mammalian DNA polymerases are categorized into four main families 

(A, B, X, and Y) based on phylogenetic relationships with bacterial enzymes and their 

proposed functions (1). The A family of DNA polymerases includes DNA polymerase γ 

which is responsible for replication of the mitochondrial DNA. The B family of DNA 

polymerases includes the highly processive and replicative enzymes DNA polymerases α, 

δ and ε which are responsible for replicating most of the genomic DNA. The X family 

DNA polymerases are involved in DNA repair and include DNA polymerases β and λ. 

The Y family DNA polymerases are the Translesion Synthesis (TLS) DNA polymerases 

and include DNA polymerases η, ι and κ. The Y family DNA polymerases are 

characterized by low fidelity on undamaged DNA templates and their ability to bypass 

DNA lesions that block the replicative DNA polymerases of the B family (3-5). DNA 

polymerase η, for example, has a high error rate of 10-2-10-3 when copying undamaged 

DNA templates but incorporates correctly two adenines opposite the two thymines of a 

cis-syn T-T dimer (6).     
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Figure 1: Structural Domains of the Y Family DNA Polymerases. The 
different domains of the Y family DNA polymerases η, ι, and κ. Color coded as follows: 
Purple = the “N-clasp” extension of DNA pol κ; Yellow = fingers domain; Blue = palm 
domain; Orange = thumb domain; Green = PAD; Red = PCNA interacting sequence; 
Pink = Ubiquitin Binding Domain (UBD) or Ubiquitin Binding Zinc Finger Domain 
(UBZ); Teal = REV1 interacting sequence. 
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The Y family DNA polymerases are single subunit enzymes devoid of any 3΄-5΄ 

exonuclease activity. The N-terminal region of the peptide makes up the catalytic palm, 

fingers, thumb, and PAD domains and the C-terminus contains sequence motifs that are 

involved in protein-protein interactions and ubiquitin binding (Fig. 1). 

The biological significance of a low fidelity DNA polymerase was first realized 

with the discovery that the Xeroderma Pigmentosum-Variant (XP-V) gene encodes DNA 

polymerase η (7). XP-V is a human disease associated with high incidences of skin 

cancer. All forms of Xeroderma Pigmentosum are deficient in the nucleotide-excision 

repair pathway, except XP-V which is normal for nucleotide-excision repair but unable to 

replicate UV damaged DNA due to mutations in the DNA pol η gene (7;8). XP-V is an 

example of how the inability of DNA polymerases to bypass DNA adducts during DNA 

replication can lead to human disease. 

 

DNA POLYMERASE SWITCHING 

The discovery of the Y family DNA polymerases has enhanced our current 

understanding of DNA replication. Historically, DNA replication was thought of as 

requiring high fidelity and processivity to avoid mutations and preserve genome stability. 

It is now understood that DNA replication is an integrated process with multiple DNA 

polymerases, which vary in regard to fidelity and processivity, switching in and out of the 

replication fork for accurate nucleotide incorporation and extension opposite undamaged 

and damaged DNA bases. The Proliferating Cell Nuclear Antigen (PCNA) is a 

processivity clamp that binds DNA as a homotrimeric ring structure and slides along the 

DNA at the replication fork (9;10). DNA polymerases bind PCNA through a conserved 
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PCNA binding sequence motif resulting in increased processivity during DNA replication 

(11-13). Because of its trimeric nature, multiple DNA polymerases can bind to each of 

the three subunits of PCNA, simultaneously (14-16). The switching of DNA polymerases 

at stalled replication forks is mediated by the tethering of multiple DNA polymerases to 

PCNA. The three Y family DNA polymerases ι, η, and κ contain PCNA interacting 

sequence motifs that mediate their interactions with PCNA (Fig. 1) (11-13;17;18). 

Interestingly, each of the Y family DNA polymerases binds PCNA with different 

affinities and DNA pol ι has been shown to bind PCNA with a mechanism that differs 

from that of the DNA polymerases η and κ (18). These observations suggest a possible 

regulatory mechanism, dependent on PCNA binding, for recruitment of a specific Y 

family DNA polymerase to the replication fork for bypass of a particular DNA lesion. 

Having multiple replicative and lesion bypass DNA polymerases in close proximity to the 

replication fork would allow for rapid detection and efficient bypass of DNA replication 

blocking adducts.      

 

DNA POLYMERASE CATALYZED PHOSPHORYL TRANSFER 

 The catalytic activity of DNA polymerases is a two-metal ion dependent 

phosphoryl transfer reaction (19;20). The divalent metal ion is coordinated at the active 

site by conserved glutamic and aspartic acid residues (21). Metal ion A is the catalytic 

metal and facilitates de-protonation and activation of the primer 3΄-OH. The activated 

hydroxyl makes an in-line nucleophilic attack at the α-phosphate of the incoming dNTP 

resulting in formation of the phosphodiester bond. Metal ion B coordinates the 

triphosphate of the incoming nucleotide, stabilizes the transition state, and assists in 
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pyrophosphate release (19). There is evidence that DNA polymerases use a general acid 

as a proton donor during catalysis, where a proton from a lysine residue adjacent to the β-

phosphate of the dNTP is transferred to the pyrophosphate before its release (19). Upon 

completion of the reaction the DNA polymerase repositions at the new primer-template 

junction for continued elongation of the nascent DNA strand. 

 

DNA POLYMERAE STRUCTURE AND FUNCTION  

The two-metal-ion mechanism for nucleotidyl transfer is conserved among all 

DNA polymerases. This highly conserved catalytic process is mediated by a conserved 

structural fold common to all DNA polymerases that is likened to the shape of a right 

hand (22). Three structural domains termed the palm, thumb, and fingers domains come 

together with amino acid residues from each contributing to DNA binding, positioning of 

the incoming dNTP, and the chemistry step. The palm domain carries the conserved 

aspartic and glutamic acid residues that coordinate the two divalent metal ions; the thumb 

domain makes contacts with the DNA duplex, and the fingers domain closes tightly 

around the incoming nucleotide to bring about an “induced-fit” for correct positioning of 

the incoming dNTP and efficient nucleotidyl transfer. The Y family DNA polymerases 

have an additional, unique domain termed the Polymerase Associated Domain (PAD) 

(Fig. 1) (23;24). The PAD domains of Y family DNA polymerases from bacteria to 

mammals have a low sequence identity. The diversity of the PAD sequence may 

contribute to the ability and specificity of lesion bypass by the Y family DNA 

polymerases (24;25). The specialized two-metal-ion catalysis and conversed domain 

structure of DNA polymerases plays an important role in the efficient binding and 
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positioning of incoming dNTP and contributes to the high fidelity of template-dependent 

nucleotide incorporation during DNA replication. 

 

THE METAL ION ACTIVATOR 

DNA polymerases are activated by the divalent metal ion Mg2+. Other divalent 

metals, however, including Mn2+are able to activate DNA polymerases (26-28). The 

Mg2+ ion concentrations in the cell are estimated to range between 14-20 mM. The level 

of Mg2+ is highly regulated by the influx and efflux activities of Mg2+ transporters (29). 

Likewise, the levels of Mn2+, which are normally at concentrations of 10 µM in the cell, 

are regulated by Mn2+ specific transporters (30). Interestingly, in the presence of high 

levels of reactive oxygen species these Mn2+ transporters are capable of raising the 

concentration of Mn2+ to ≥ 300 µM (31).  

Kinetic studies with the replicative DNA polymerases have shown that using 

Mn2+ as the activating metal results in decreased fidelity and processivity during DNA 

polymerization. Mn2+ also causes an increased ability to utilize non-ideal or damaged 

DNA substrates during synthesis (32;33). The diminishing effects of the Mn2+ ion on 

nucleotide incorporation efficiency and polymerase fidelity, however, are not universal 

among DNA polymerases. The Y family DNA polymerase ι, for example, has increased 

activity and efficiency for nucleotide incorporation and an increased fidelity when 

incorporating nucleotides opposite a template Thy when Mn2+ is the activating divalent 

metal ion (27;28). The DNA pols η and κ have been shown to be activated by the Mn2+ 

ion but have not been tested for Mn2+ effects on incorporation efficiency or fidelity.   
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ALKYLATION DNA DAMAGE      

DNA adducts that are blocking to replicative DNA polymerases can be 

mutagenic, carcinogenic, or result in a futile cycle of DNA repair. A blocked replication 

fork, if not resolved, will result in halted DNA replication and cell death. Alkylating 

agents from the environment and endogenous sources react with both endo- and exo-

cyclic atoms of DNA bases. The N2 position of guanine is susceptible to DNA damage by 

alkylating agents. Acetaldehyde, which is formed from the reduction of ethanol, reacts 

with 2΄-deoxyguanosine 3΄-monophosphate to form the DNA adduct N2-ethylguanine 

(34). N2-ethylguanine is detected in humans and mice and presents a strong block to 

DNA replication by the replicative DNA polymerases of the B family (35-37). N2-

ethylguanine also has a high miscoding potential during nucleotide incorporation with the 

Klenow Fragment of Escherichia coli Polymerase I (38).   

Our laboratory has shown that DNA polymerase α-catalyzed primer extension is 

blocked by N2-ethylguanine, but not O6-ethylguanine (37). This observation suggests that 

the position of the adduct into the minor (N2 of Gua) or major groove (O6 of Gua) of the 

DNA duplex is a major factor in whether or not it is bypassed by either the B family or Y 

family DNA polymerase. The B family DNA polymerases are selective for bypassing 

major groove DNA adducts because of a “checking mechanism”, a conserved sequence 

motif (K-K-R/K-Y), that is able to detect distortions occurring at the DNA minor groove 

(39). The strong blocking and miscoding potential of N2-ethylguanine to replicative DNA 

polymerases support a role for the adduct in the formation of ethanol-derived cancers 

(40).  

 7 
 



DNA adducts that are blocking to replicative DNA polymerases may require the 

activation of Translesion Synthesis DNA polymerases at the replication fork for efficient 

bypass and high fidelity DNA replication. The Y family DNA polymerases are good 

candidates for bypass of N2-ethylguanine in vivo. Although N2-ethylguanine blocks 

polymerization by DNA polymerase α, the Y family DNA polymerase η bypasses N2-

ethylguanine with similar efficiency as opposite unadducted DNA (37).  

The work presented here tests the hypothesis that the Y family DNA polymerases 

ι and κ are able to efficiently bypass the N2-ethylgaunine DNA adduct. The efficiency 

and fidelity of the DNA polymerases ι and κ opposite N2-ethylguanine were measured in 

the presence of Mg2+ or Mn2+ using steady-state and rapid kinetic assays. The molecular 

mechanism of DNA polymerase ι during bypass of the N2-ethylguanine adduct was 

determined by solving ternary crystal structures of DNA polymerase ι in complex with 

the adduct and incoming nucleotides. The results from these studies support unique 

mechanisms of lesion bypass catalyzed by DNA polymerase ι and DNA polymerase κ. 

Differences in the response to metal ion choice, whether Mg2+ or Mn2+, and metal ion 

concentrations indicate differences between DNA polymerase ι and DNA polymerase κ 

activation and their biological role in the cell. Although N2-ethylguanine is efficiently 

bypassed by the DNA polymerases ι and κ and both DNA polymerases could be recruited 

to the stalled replication fork, either one or the other would be activated for lesion bypass 

depending on the local environment (i.e., the types of lesion and metal ions present) at the 

replication fork. The data support efficient lesion bypass of N2-ethylguanine by all of the 

Y family DNA polymerases but indicate a unique activation and regulation of these DNA 

polymerases during DNA replication.           
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CHAPTER I 

 

Lesion Bypass of N2-ethylguanine by Human DNA Polymerase Iota 

 

Matthew G. Pence, Patrick Blans, Charles N. Zink, Thomas Hollis, 

James C. Fishbein, and Fred W. Perrino

 

 

 

 

The following manuscript was published in the Journal of Biological Chemistry, volume 

284, pages 1732-1740, and is reprinted with permission. Stylistic variations are due to the 

requirements of the journal. Matthew G. Pence performed all experiments. 
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CHAPTER I 

 

Lesion Bypass of N2-ethylguanine by Human DNA Polymerase Iota 

 

ABSTRACT 

Nucleotide incorporation and extension opposite N2-ethylGua by DNA 

polymerase ι was measured and structures of the DNA polymerase ι •N2-ethylGua 

complex with incoming nucleotides were solved. Efficiency and fidelity of DNA 

polymerase ι opposite N2-ethylGua was determined by steady state kinetic analysis with 

Mg2+ or Mn2+ as the activating metal. DNA polymerase ι incorporates dCMP opposite 

N2-ethylGua and unadducted Gua with similar efficiencies in the presence of Mg2+ and 

with greater efficiencies in the presence of Mn2+. However, the fidelity of nucleotide 

incorporation by DNA polymerase ι opposite N2-ethylGua and Gua using Mn2+ is lower 

relative to that using Mg2+ indicating a metal-dependent effect. DNA polymerase ι 

extends from the N2-ethylGua:Cyt 3′ terminus more efficiently than from the Gua:Cyt 

base pair.  Together these kinetic data indicate that the DNA polymerase ι catalyzed 

reaction is well suited for N2-ethylGua bypass. The structure of DNA polymerase ι with 

N2-ethylGua at the active site reveals the adducted base in the syn configuration when the 

correct incoming nucleotide is present. Positioning of the ethyl adduct into the major 

groove removes potential steric overlap between the adducted template base and the 

incoming dCTP. Comparing structures of DNA polymerase ι complexed with N2-

ethylGua and Gua at the active site suggests movements in the DNA polymerase ι 

Polymerase Associated Domain to accommodate the adduct providing direct evidence 
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that DNA polymerase ι efficiently replicates past a minor groove DNA adduct by 

positioning the adducted base in the syn configuration. 
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INTRODUCTION  

N2-ethylguanine (N2-ethylGua) is an acetaldehyde-derived DNA adduct generated 

from the reduction of acetaldehyde with 2′-deoxyguanosine-3′-monophosphate (34). 

Humans are exposed to acetaldehyde from the environment and through the formation of 

acetaldehyde by the oxidation of ethanol (35). N2-ethylGua has been detected in the DNA 

of both alcoholic and nonalcohol drinkers (35;36). Ethanol is classified as a human 

carcinogen, and acetaldehyde is known to contribute to the formation of malignant 

tumors (41). The formation of N2-ethylGua during the reduction of acetaldehyde could 

cause ethanol related cancers (40).   

The ethyl moiety of N2-ethylGua is predicted to project into the minor groove of 

duplex DNA. The N2-ethylGua adduct is a strong block to DNA replication by replicative 

DNA polymerases in vitro and in cells (37;42). Structures of bacteriophage DNA 

polymerase (pol) RB69, a homolog of human DNA pol α, indicate a possible mechanism 

of N2-ethylGua blocked DNA replication. The structures reveal a DNA-binding motif that 

contacts the DNA minor groove and functions as an important safe-guard to replication 

fidelity (39). The blocking of replicative DNA pols by N2-ethylGua could arise when the 

ethyl group, protruding into the minor groove, disrupts protein:DNA contacts involved in 

the proposed “checking mechanism” (39). N2-ethylGua also has a high mis-coding 

potential during DNA replication with Klenow Fragment of Escherichia coli DNA pol I 

(38). Mutations caused by N2-ethylGua range from single base deletions to transversions 

(43).  

The Y family DNA polymerases η, ι, and κ replicate through adducted DNA 

templates (37;44-46) and an open, more rigid active site contributes to lesion bypass (47). 
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The multitude of Y family DNA pols suggests that a variety of mechanisms might be 

utilized by these polymerases during lesion bypass dependent upon the nature of the 

specific DNA adducts. Structural data indicate that DNA pol ι rotates unadducted 

template purines from the anti to syn conformation in ternary complexes and forms 

hydrogen bonds between the Hoogsteen edge of the template base and the Watson-Crick 

edge of the incoming nucleotide (48-50). Kinetic studies show that DNA pol ι has 

increased efficiency and fidelity during nucleotide insertion opposite template purines 

(44;51-53). Similarly, rotation of the template base to the syn conformation is observed in 

the structure of DNA pol ι complexed with the 1,N6-ethenodeoxyadenosine lesion, 

allowing correct nucleotide insertion but not subsequent extension opposite the adduct 

(54). Rotation of the purine base at the active site of DNA pol ι would allow for efficient 

bypass of DNA adducts at the N2 of Gua by repositioning the adduct into the major 

groove and removing potential steric overlap between the lesion and incoming 

nucleotide. Thus, DNA pol ι could be involved in the bypass of the minor groove DNA 

adduct N2-ethylGua. 

The DNA polymerases utilize two divalent metal ions for activation of catalysis 

(20;55;56). The metals play a role in binding and positioning of the incoming nucleotide 

and in determining fidelity during catalysis (56;57). The Mg2+ ion is often used as the 

activating metal for DNA polymerization studies in vitro (56). The Mn2+ ion also binds to 

and activates DNA polymerases but frequently results in decreased fidelity of the 

replicative DNA polymerases (33;58). Recently, the Mn2+ ion has been shown to increase 

the efficiency and fidelity of nucleotide incorporation by DNA pol ι opposite a template 

Thy nucleotide (28). 
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The strong blocking effect of N2-ethylGua to the replicative DNA polymerases 

and its possible role in alcohol related cancers have prompted our studies on bypass of 

N2-ethylGua by the Y family DNA pol ι. These data provide new insights into replication 

bypass of the ethanol-derived N2-ethylGua adduct with potential carcinogenic 

consequences. The structures of DNA pol ι complexed with N2-ethylGua containing 

DNA provide direct evidence for the initial anti position of the N2-ethylGua that is 

subsequently rotated into the syn position upon binding the correct Cyt nucleotide but not 

upon binding the incorrect Thy nucleotide. The N2-ethyl moiety is easily accommodated 

in the major groove binding pocket of DNA pol ι by the specific repositioning of Lys309 

located in a loop of the PAD domain. The Lys309 hydrogen bonding to the 5’ phosphate 

of the N2-ethylGua template base in the anti orientation repositions to accommodate the 

ethyl side chain. This repositioning of Lys309 defines the available space for 

accommodation of relatively small adducts such as the alkyl lesions at the N2 position of 

Gua for efficient replication past these lesions by DNA pol ι. Further, we show that when 

Mn2+ is the activating divalent metal, DNA pol ι bypass of N2-ethylGua occurs with 

increased efficiency but reduced fidelity compared to Mg2+, demonstrating that Mn2+ 

could play an important role in modulating efficiency and fidelity of lesion bypass of 

minor groove purine adducts like N2-ethylGua by the Y family DNA polymerases. 

Consequences of Mn2+ as the activating metal and flexibility of the DNA pol ι PAD 

domain for efficient bypass of N2-ethylGua are discussed. 
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EXPERIMENTAL PROCEDURES 

 Oligonucleotides—N2-ethylGua phosphoramidites and template oligonucleotides 

were prepared as described previously (37). Three DNA primer oligonucleotides, 5′-(6-

FAM)-GCTCCGGAACCC-3′, 5′-(6-FAM)-GCTCCGGAACCCTT-3′, and 5′-(6-FAM)-

GCTCCGGAACCCTTC-3′, were purchased from Operon Biotechnologies, Inc. 

(Huntsville, AL). For crystallization experiments, a self-annealing DNA oligonucleotide 

containing the N2-ethylGua adduct and a dideoxy CMP at the 3′ end, 5′-

TCTXGGGTCCTAGGACCddC-3′ (where X = N2-ethylGua), was synthesized by 

Midland Certified Reagents (Midland, TX) using the supplied N2-ethylGua 

phosphoramidites. Synthesis was carried out using cyanoethyl phosphoramidite 

chemistry, and protecting groups were removed by hydrolysis with concentrated 

ammonium hydroxide (53). The oligo was purified by Reverse Phase HPLC. 

Masscalc=5503.7, Massobsd=5504.9. 

Expression and Purification of human DNA Polymerase Iota—The recombinant 

catalytic fragment of human DNA pol ι (amino acids 1-420) was made as an MBP-DNA 

pol ι fusion protein with a PreScission Protease cleavage site seven residues from the 

DNA pol ι N-terminal methionine. The PreScission Protease recognition sequence and 

DNA pol ι coding sequence were verified by DNA sequencing. The plasmid constructs 

were transformed into E. coli BL21(DE3) Rosetta 2 cells (Novagen) for overexpression. 

Cells were grown to an A600 = 0.5 at 37°C and quickly cooled on ice to 17°C. After 

induction with 1 mM isopropyl-β-D-thiogalactopyranoside, the cells were allowed to 

grow for 15 hr at 17°C. Cell extracts were prepared and the MBP-DNA pol ι fusion 

protein was bound to an amylose resin in buffer containing 20mM Tris-HCL (pH 7.5), 
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1mM EDTA, and 200mM NaCl. The fusion protein was cleaved overnight by on-column 

incubation with PreScission Protease at 4°C. The recovered DNA pol ι was purified to 

homogeneity using phosphocellulose chromatography.   

Assays—For primer extension assays the DNA primer (12-mer) was hybridized to 

the 32-mer DNA template and added to reactions containing 20mM Tris HCl (pH 7.5), 

2mM DTT, 100µM dNTP’s, 10nM DNA pol ι and the amount of MgCl2 or MnCl2 

indicated in the figure legends.  Incubations were 15 min. at 37°C and reactions were 

quenched with EtOH. Samples were dried and resuspended in 5µl of a 95% 

formamide/dye solution. Extension products were separated on 23% urea-polyacrylamide 

gels, and imaged with a PhosphoImager (Molecular Dynamics) and quantified using 

ImageQuant software. 

For the kinetic assays, the site specific insertion procedure of Boosalis et al. was 

used (59). DNA primers (14-mer for insertion and 15-mer for extension) were hybridized 

to the 32-mer DNA templates and added to reactions containing 20mM Tris HCl (pH 

7.5), 2mM DTT, 2mM MgCl2 or 0.075mM MnCl2, 50nM primer-template, and 0.625nM 

DNA pol ι (Mg2+-activated reactions), or 0.2nM DNA pol ι (Mn2+-activated reactions). 

The amounts of DNA pol ι in reactions yielded ~20% extended product maximally. 

Incubations were 10 min. at 37°C and reactions were processed as described above. All 

extended product bands were used to determine kinetic parameters (KM and kcat values) 

by non-linear regression using SigmaPlot 8.02 software (SPSS Science, Inc.). Relative 

insertion frequencies were calculated as 1/[(kcat/KMcorrect)/(kcat/KMincorrect)].  

Crystallization of human DNA pol ι—The purified catalytic fragment of DNA pol 

ι was dialyzed into 20mM NaPO4 monobasic, 1mM EDTA, 1mM DTT, and 150mM 
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NaCl and concentrated to ~11mg/ml. The DNA pol ι was mixed at a 1:1.2 molar ratio 

with the N2-ethylGua containing DNA oligonucleotide. In order to study ternary 

complexes, MgCl2 and dCTP (or dTTP) were added to final concentrations of 10mM and 

20mM, respectively. Crystals grew from solutions described by Nair et al. (49) 

containing 0.2-0.4M (NH4)2SO4, 12.5-15% PEG 5000 MME (monomethyl ether), and 

0.1M MES (pH 6.5). Crystal trays were kept at 4°C and diffraction quality crystals 

appeared in 1-3 days. The crystals belonged to space group P6522 and had cell 

dimensions of a = b = 98.53 Å, c = 202.35 Å for dCTP containing crystals, and a = b = 

98.64 Å, c = 202.23 Å for dTTP containing crystals, and α = β = 90°, γ = 120°. For data 

collection crystals were step soaked for 5 min. in mother liquor solutions containing 0-

25% glycerol and flash frozen in liquid nitrogen.  

Structure Determination and Refinement—X-ray diffraction data were collected 

using CuKα radiation from an in-house MicroMax 007 generator on a Saturn 92 CCD 

detector (Rigaku). The data were indexed, integrated, and scaled using d*TREX (60), and 

phases were calculated using Molecular Replacement (MR). MR with Phaser (61) 

generated a unique solution using DNA pol ι (Protein Data Bank code = 2ALZ) minus 

DNA as a search model. Electron density maps calculated to 2.5 Å (dCTP) and 2.9 Å 

(dTTP) showed clear density around the N2-ethylGua lesion. The dCTP ternary structure 

showed good electron density for the incoming nucleotide. Electron density for incoming 

dTTP could not be seen except for the γ phosphate which was included in the model. 

Models were built in COOT (62) and refined in REFMAC5 using TLS refinement 

(63;64). The refined model converged to an Rcryst = 23.2% and Rfree = 28.6% for the 

dCTP-containing complex and Rcryst = 23.6% and Rfree = 28.2% for the dTTP-containing 
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complex. Ramachandran Plots for the refined models show good stereochemistry, with 

87.4% (dCTP-containing) and 88.6% (dTTP-containing) of residues in the favored 

regions and 0.0% (dCTP-containing) and 0.0% (dTTP-containing) in the disallowed 

regions. Figures were prepared using PyMol (65). 
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RESULTS 

Primer Extension Reactions—DNA polymerase ι catalyzes bypass of the N2-

ethylGua adduct using Mg2+ or Mn2+ as the activating divalent metal ion. DNA 

polymerases can utilize various activating divalent metals (20;28;55-57) and recent 

evidence indicates that both Mg2+ and Mn2+ are potent activators of DNA pol ι with 

perhaps Mn2+ being the preferred metal ion for activation (28). The DNA pol ι catalyzed 

bypass of N2-ethylGua was tested using Mg2+ or Mn2+ as the activating metal (Fig. 2). A 

12-mer DNA primer was annealed to 32-mer DNA templates with the primer 3′ terminus 

positioned three nucleotides from the target N2-ethylGua or Gua (Fig. 2A). Upon 

incubation of the primer-template with DNA pol ι the 12-mer primer is extended to 

generate products 13 to 19 nucleotides in length and no full-length 25 nucleotide products 

are observed (Fig. 2B and C). These data are consistent with the previously described 

poor primer extension properties of DNA pol ι which exhibits especially low efficiency 

when copying template pyrimidines like those positioned 5′ to the target site in this 

template design (5;51;66). Primer extension reactions performed in the presence of 

increased concentrations of MgCl2 (Fig. 2B) or MnCl2 (Fig. 2C) show that DNA pol ι 

exhibits considerable sensitivity to the divalent ion concentration as indicated by the 

observed products. The maximum level of primer extension is detected using either DNA 

template at 2 mM MgCl2 (Fig. 2B) and at 0.075 mM MnCl2 (Fig. 2C). Higher 

concentrations of MgCl2 and MnCl2 reduce DNA pol ι catalyzed extension 

(Fig. 2B and C, see also ref. (28)).  These data indicate that DNA pol ι catalyzed primer 

extension using the N2-ethylGua and Gua DNA templates is similar and that maximum 

extension is achieved at a ~26-fold lower concentration of Mn2+ ion compared to Mg2+.  
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Figure 2: Extension opposite N2-ethylGua or Gua by DNA Pol ι in the presence of 
MgCl2  or MnCl2. Primer extension assays were carried out as described in Materials and 
Methods. The annealed primer (12-mer) and templates containing either N2-ethylGua or 
Gua (A) were incubated with 10 nM DNA pol ι and increasing concentrations of MgCl2 
(B) or MnCl2 (C). Maximal primer extension was observed at 2 mM MgCl2 and 0.075 
mM MnCl2. In single nucleotide extension reactions with only dTTP or dCTP using the 
14-mer primer the 15-mer product of dTMP insertion migrates to the position of the 
upper band and the 15-mer product of dCMP insertion migrates to the position of the 
lower band (data not shown). 
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Insertion of the correct dCMP and incorrect dTMP opposite Gua and N2-ethylGua 

by DNA pol ι is detected using either Mg2+ or Mn2+ as the activating metal.  The 15 

nucleotide products are detected as a doublet band corresponding to the correct 

incorporation of two dTMP nucleotides opposite the template adenines to generate the 14 

nucleotide products and subsequent incorporation of dCMP or dTMP opposite the target 

Gua and N2-ethylGua by DNA pol ι (Fig. 2B and C). The product band corresponding to 

dCMP insertion opposite template Gua, but not template N2-ethylGua, is detected at the 

higher MgCl2 concentrations tested suggesting that DNA pol ι extends the N2-

ethylGua:Cyt base pair more efficiently than the normal Gua:Cyt base pair when Mg2+ is 

the activating metal ion (Fig. 2B, compare lanes 7 and 8 to 15 and 16). The presence of 

the 15 nucleotide product band corresponding to insertion of dTMP opposite the target 

Gua and N2-ethylGua in the most active primer extension reactions indicates that DNA 

pol ι extends more efficiently from the correctly base paired Gua:Cyt and N2-

ethylGua:Cyt 3′ termini relative to extension from the mispaired Gua:Thy and N2-

ethylGua:Thy termini (Fig. 2B and C). The triplet band corresponding to the 16 

nucleotide position indicates additional heterogeneity in the oligonucleotide product 3′ 

terminal sequence likely resulting from the low level of nucleotide discrimination by 

DNA pol ι during nucleotide incorporation opposite template cytosines (66).  

Efficiency and Fidelity of N2-ethylGua bypass by DNA pol ι—A steady state 

kinetic assay was used to more precisely quantify the efficiency and fidelity of DNA pol ι 

bypass of N2-ethylGua compared to Gua in the presence of MgCl2 or MnCl2. Nucleotide 

insertion reactions were performed in the presence of increased concentrations of dCTP 

or dTTP using primed templates with the 3′ terminus positioned one nucleotide before the 
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N2-ethylGua or Gua. Extension reactions were performed in the presence of increased 

concentrations of the next correct nucleotide dGTP using primed templates with the 3′ 

Cyt or Thy positioned opposite the N2-ethylGua or Gua. These data were quantified and 

the summary is presented in Tables I and II. 
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TABLE I 

Nucleotide Insertion Opposite Gua and N2-ethylGua by DNA Pol ιa

Metal ion dNTP KM            
(µM) 

kcat         
(min-1) 

kcat/KM        
(min-1 µM-1) 

relative 
insertion 

frequencyc

 
At Template N2-ethylGua 

0.075mM Mn2+      
 Cyt 0.10 ± 0.012 425 ± 15 4.3 x 103 1 
 Thy 0.030 ± 0.014 225 ± 25 7.5 x 103 1/0.6 

2mM Mg2+      
 Cyt 36 ± 3 74 ± 12 2.1 x 100 1 
 Thy 650 ± 180 115 ± 18 1.8 x 10-1 1/12 

 
At Template Gua 

0.075mM Mn2+      
 Cyt 0.15 ± 0.020 700 ± 40 4.7 x 103 1 
 Thy 0.085 ± 0.020 200 ± 15 2.4 x 103 ½ 

2mM Mg2+      
 Cyt 49 ± 4 112 ± 18 2.3 x 100 1 
 Thy 220 ± 60 50 ± 6 2.3 x 10-1 1/10 

aKM and kcat values were determined by quantifying gel band intensities using 
ImageQuant, and non-linear regression analysis of product vs [dNTP] curves, using 
SigmaPlot 8.0.2. cRelative insertion frequency is calculated as 
1/([kcat/KM,correct]/[kcat/KM,incorrect]). 
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TABLE II 

Extension from Gua:Cyt, Gua:Thy and N2-ethylGua:Cyt, N2-ethylGua:Thy base pairs 
by DNA Pol ιa

Metal ion Base pair KM           
(µM) 

kcat          
(min-1) 

kcat/KM       
(min-1 µM-1) 

relative 
extension 
frequencyb

 
At Template N2-ethylGua 

0.075mM Mn2+      
 N2etGua:Cyt 0.10 ± 0.012 210 ± 7 2.1 x 103 1 
 N2etGua:Thy 0.30 ± 0.027 1.0 ± 0.02 3.3 x 100 1/640 

2mM Mg2+      
 N2etGua:Cyt 40 ± 1 90 ± 4 2.3 x 100 1 
 N2etGua:Thy 160 ± 40 0.31 ± 0.03 1.9 x 10-3 1/1180 

 
At Template Gua 

0.075mM Mn2+      
 Gua:Cyt 0.25 ± 0.045 220 ± 10 8.8 x 102 1 
 Gua:Thy 1.1 ± 0.09 1.3 ± 0.04 1.2 x 100 1/730  

2mM Mg2+      
 Gua:Cyt 200 ± 30 110 ± 8 5.5 x 10-1 1 
 Gua:Thy 170 ± 30 0.18 ± 0.013 1.1 x10-3 1/500 

aKM and kcat values were determined by quantifying gel band intensities using 
ImageQuant, and non-linear regression analysis of product vs [dNTP] curves, using 
SigmaPlot 8.0.2. bRelative extension frequency is calculated as 
1/([kcat/KM,correct]/[kcat/KM,incorrect]). 
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The DNA pol ι inserts the correct dCMP or incorrect dTMP nucleotide at high 

efficiency in the presence of Mn2+. The efficiency (kcat/KM) of dCMP insertion by DNA 

pol ι opposite N2-ethylGua in the presence of Mn2+ is ~2,000-fold higher than that 

measured in the presence of Mg2+, and there is a similar high efficiency for dCMP 

insertion opposite Gua in the presence of Mn2+ compared to Mg2+. The dramatically 

higher efficiency measured in the presence of Mn2+ can be attributed to a ~340-fold lower 

KM value and a ~6-fold higher kcat value during correct nucleotide incorporation for both 

DNA templates (Table 1). The efficiency of incorrect dTMP insertion by DNA pol ι 

opposite N2-ethylGua in the presence of Mn2+ is ~42,000-fold higher than that in the 

presence of Mg2+ and ~10,000 fold higher opposite Gua using Mn2+ compared to Mg2+. 

Similar to that observed during correct nucleotide insertion, the higher efficiency for 

incorrect nucleotide insertion measured in the presence of Mn2+ is mostly attributable to a 

much lower KM value for the nucleotide using both DNA templates. These data suggest 

that DNA pol ι binds correct and incorrect incoming nucleotides with greater affinity and 

catalyzes nucleotide addition more rapidly in the Mn2+-activated reaction compared to the 

Mg2+-activated reaction.  

The DNA pol ι exhibits higher fidelity of nucleotide insertion opposite N2-

ethylGua and Gua when activated with Mg2+ compared to Mn2+. Relative insertion 

frequencies calculated for incorrect dTMP opposite N2-ethylGua and Gua in the presence 

of Mg2+ are lower compared to those measured using Mn2+ indicating an increased level 

of fidelity in the presence of Mg2+. Of particular note is the 20-fold higher level of 

nucleotide discrimination observed opposite N2-ethylGua in the presence of Mg2+ 

compared to Mn2+ indicating a metal dependent increase in the level of nucleotide 
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discrimination opposite the adducted N2-ethylGua by DNA pol ι. These data are similar 

to previous observations that Mn2+ causes a decreased fidelity in the replicative DNA 

polymerases (32;33;58;67).  

The DNA pol ι extends 3′ termini positioned opposite the N2-ethylGua with 

higher efficiency in the presence of Mn2+ compared to Mg2+. The kcat/KM values for 

extension from the N2-ethylGua:Cyt and Gua:Cyt base pairs indicate a ~1300-fold higher 

extension efficiency in the presence of Mn2+ compared to Mg2+ (Table 2). The increased 

efficiency of extension using Mn2+ with either the adducted or unadducted DNA template 

is attributable to a ~600-fold lower KM value for dGMP incorporation and a ~2.2-fold 

higher kcat value (Table 2). Extension from the mispaired N2-ethylGua:Thy base pair and 

from the Gua:Thy base pair is ~1400-fold more efficient in the presence of Mn2+ 

compared to Mg2+ (Table 2). Interestingly, the efficiency of extension from a 3′ terminus 

positioned opposite the N2-ethylGua is ~3-fold higher than extension from a 3′ terminus 

opposite Gua using either Mg2+ or Mn2+ (Table 2).  

The relative extension frequencies indicate that DNA pol ι distinguishes the 

correctly paired N2-ethylGua:Cyt from the incorrectly paired N2-ethylGua:Thy better in 

the presence of Mg2+ compared to Mn2+. The calculated relative extension frequency 

from 3′ termini opposite N2-ethylGua in the presence of Mg2+ is ~2-fold lower than that 

determined in the presence of Mn2+ (Table 2). The relative extension frequencies from 3′ 

termini positioned opposite the unadducted Gua using Mg2+ is similar to that using Mn2+ 

indicating that this apparent metal-dependent effect is not detected during extension from 

3′ termini positioned opposite Gua. 
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The Structure of DNA Pol ι with N2-ethylGua in the Active Site—The DNA pol ι 

bypasses N2-ethylGua by rotating the adducted Gua base into the syn conformation. The 

crystal structure of N2-ethylGua positioned in the active site of DNA pol ι was solved 

revealing the N2-ethylGua in the syn conformation when the correct incoming dCTP 

nucleotide was present and in the anti configuration in the presence of the incorrect dTTP 

nucleotide (Fig. 3, Table 3). These data provide direct structural evidence that DNA pol ι 

bypasses the N2-ethylGua adduct by rotating the adducted Gua in order to position the N2-

ethyl adduct into the major groove. The crystal structures of DNA pol ι•N2-ethylGua 

ternary complexes in the presence of dCTP (Fig. 3A) or dTTP (Fig. 3B) were solved to 

2.5Å and 2.9Å resolution, respectively. The data show clear electron density for the ethyl 

adduct in both complexes (Fig. 3C and D) as well as clear electron density for incoming 

dCTP (Fig. 3C). Data collected from crystals grown in the presence of dTTP lack 

electron density for the incoming nucleotide except around the γ phosphate (Fig. 3D). 

Electron density around the N2-ethylGua adduct in the presence of incorrect dTTP shows 

that the template adducted base is in the anti configuration. Thus, our data show that N2-

ethylGua is in the syn configuration when paired with the correct dCTP and in the anti 

configuration when no paired nucleotide is detected.  These data parallel the results of 

Nair et al. (50) who describe the incoming nucleotide as imposing a syn conformation on 

unadducted templates and extends the relevance of their observation to the N2-ethylGua 

adducted DNA template.  
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Figure 3: The Structures of DNA Pol ι•N2-ethylGua complexes with incoming dCTP 
or dTTP. A, The structure of DNA pol ι containing N2-ethylGua and incoming dCTP 
shows the N2-ethylGua base rotated into the syn configuration. B, The structure of DNA 
pol ι containing N2-ethylGua and incoming dTTP shows the N2-ethylGua base in the anti 
configuration and the N2-adduct protruding into the minor groove. C, Electron density 
around the N2-ethyl adduct and incoming dCTP. D, Electron density around the N2-ethyl 
adduct and the γ phosphate of the incoming dTTP. 
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TABLE III 

Collection and Refinement Statistics 

Data Collection

DNA pol ι•N2-
ethylGua 
w/ dCTP 

DNA pol ι•N2-
ethylGua  
w/ dTTP 

Resolution (Å)a 2.2 (2.28-2.2) 2.9 (3.0-2.9) 
No. of measured reflections 529,938 368,190 

No. of unique reflections 29,821 13,417 
Completeness (%) 98.9 (90.6) 100 (100) 

Redundancy 17.7 (11.7) 27.4 (26.3) 
Rmerge (%)b 12.2 (40) 14.4 (32.3) 

Mean I/σ 13 (5.1) 11.8 (4.0) 
Refinement   

Resolution range (Å) 15-2.5 15-2.9 
Reflections 19,625 12,753 

Rcryst (%)c 23.2 23.8 
Rfree (%)d 28.6 28.2 

RMSD bond lengths (Å) 0.019 0.010 
RMSD bond angles (º) 1.8 1.5 

Mean B-factor(Å2)   
Protein 34.5 14.9 

DNA 35.8 15.0 
H20 32.9 13.9 

a Values for outermost shells are given in parentheses. 
b Rmerge = Σ|I-<I>|/ΣI, where I is the integrated intensity of a given reflection. 
c Rcryst = Σ||Fobserved|-|Fcalculated||/Σ|Fobserved|. 
d Rfree was calculated using 5% random data omitted from the refinement. 
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The rotation of N2-ethylGua into the syn conformation and consequent positioning 

of the N2-ethyl moiety into the major groove disrupts contact between a DNA pol ι 

residue in the PAD domain and the DNA backbone. The two DNA pol ι•N2-ethylGua 

complexes generated here were superimposed with the two DNA pol ι•Gua complexes 

determined by Nair et al. (PDB accession codes: 2ALZ and 2FLP (49;50)) in order to 

compare the structures (Fig. 4). As expected, the overall structures are very similar and 

align with RMSD values of 0.499 Å (structures of DNA pol ι with N2-ethylGua or Gua 

(2ALZ) in the syn configuration) and 0.466 Å (structures of N2-ethylGua and Gua (2FLP) 

in the anti configuration). These analyses indicate that residues 306-311, which constitute 

a loop in the PAD domain, move to accommodate the ethyl adduct when the N2-ethylGua 

is in the syn conformation in the active site. Detailed views of the DNA pol ι active sites 

in complex with N2-ethylGua or Gua are shown in Fig. 5. The presence of the ethyl group 

at the N2 position of the N2-ethylGua, coupled with rotation to the syn conformation, 

results in a ~9 Å shift in the position of the Lys309 side chain as indicated by the different 

positions of Lys309 in the presence of syn N2-ethylGua compared to syn Gua (Fig. 5A). 

This repositioning of Lys309 is not observed when the N2-ethylGua or Gua base is in the 

anti conformation (Fig. 5B). Thus, the Lys309 side chain hydrogen bonds with the 5′ 

phosphate of the unadducted Gua in the anti or syn configuration and with the N2-

ethylGua in the anti but not the syn configuration. 
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Figure 4: Superposition of DNA Pol ι complexes with anti and syn configurations of 
N2-ethylGua and Gua. A, Comparisons of the PAD domain in DNA pol ι with N2-
ethylGua (green) or Gua (2ALZ, magenta) rotated into the syn configuration demonstrate 
the change in position of the backbone atoms of the PAD loop. B, The repositioning of 
the loop is not observed when comparing structures of DNA pol ι with N2-ethylGua 
(blue) or Gua (2FLP, yellow) rotated into the anti configuration. 
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Figure 5: Repositioning of Lys309 in the structure of DNA pol ι with N2-ethylGua in 
the syn configuration. A, The Lys309 side chain in DNA pol ι in complex with N2-
ethylGua (green) in the syn configuration shifts ~9 Å relative to the position of Lys309 in 
DNA pol ι complexed with syn Gua (2ALZ, magenta). B, With N2-ethylGua in the anti 
conformation (blue) Lys309 remains in a similar position relative to the Lys309 in the DNA 
pol ι/Gua complex (2FLP, yellow). 
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DISCUSSION 

The Y family DNA polymerases bypass adducted DNA that would otherwise 

impede the completion of genomic replication by the replicative DNA polymerases. The 

Y family DNA polymerase responsible for translesion synthesis is reflected in the 

structural and catalytic properties of the DNA polymerase and the specific DNA lesion 

(47). Human DNA pol ι is unique among the DNA polymerases in synthesizing DNA 

using Hoogsteen base pairing rather than conventional Watson-Crick base pairing (48-

50;52;54;68). This DNA polymerase catalytic feature is particularly relevant to the 

replication of DNA adducts positioned at the exocyclic N2 of Gua (37;44;53;69-71). Our 

studies show that DNA pol ι inserts the correct dCTP opposite the N2-ethylGua adduct 

with the same efficiency as opposite Gua. These findings are consistent with previous 

results demonstrating DNA pol ι catalyzed incorporation opposite N2-isopropylGua and 

the N2-adducts γ-HOPdGua and reduced (r) γ-HOPdGua (53;69;70). Further, our data 

indicate that DNA pol ι extends from the N2-ethylGua:Cyt 3′ terminus with higher 

efficiency compared to the Gua:Cyt 3′ terminus supporting the previous findings from 

Choi et al. (44). Together these data indicate that DNA pol ι bypasses N2-ethylGua by 

incorporation of the correct dCTP followed by increased extension efficiency from the 

N2-ethylGua:Cyt 3′ terminus. Thus, there is accumulating evidence that DNA pol ι 

exhibits increased extension efficiencies from adducted 3′ termini as has also been shown 

from N2-methyl- and N2-isobutylGua adducts and from the (r) γ-HOPdGua (46;70). 

Our structural data provide evidence that DNA pol ι utilizes a Hoogsteen base 

pairing mechanism for efficient nucleotide incorporation during bypass of N2-ethylGua. 

The structural analysis shows that N2-ethylGua adopts a syn configuration in the active 
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site of DNA pol ι in the presence of incoming dCTP. Rotation of template purines to the 

syn configuration has been shown in structures of DNA pol ι complexed with template 

Gua or Ade, as well as 1,N6-ethenoAde (48-50;54). These structural data support 

Hoogsteen base pairing as the mechanism utilized by DNA pol ι when incorporating 

nucleotides opposite adducted or unadducted purines. The ability of DNA pol ι to rotate 

Gua into the syn configuration allows bypass of the minor groove adduct N2-ethylGua. 

Rotation of the template base repositions the N2-ethylGua adduct into the major groove 

where there is less steric overlap between the lesion and incoming nucleotide and the 

residues at the active site. This unique ability of DNA pol ι to utilize Hoogsteen base 

pairing for efficient nucleotide incorporation opposite adducted template purines makes it 

a likely candidate DNA polymerase for bypass of minor groove adducts at the N2 of Gua 

or adducts that disrupt normal Watson-Crick base pairing during DNA replication.  

The DNA pol ι is not the only Y family DNA polymerase, however, able to 

efficiently bypass N2-ethylGua. Kinetic analyses using human DNA pols η and κ have 

shown that these DNA polymerases will efficiently bypass N2-ethylGua (37;44). 

Structures of yeast DNA pol η and human DNA pol κ in complex with DNA show that 

the template base is in the anti configuration during nucleotide incorporation (72;73). 

These kinetic and structural data suggest that the DNA pols η and κ utilize a Watson-

Crick base pairing mechanism during bypass of N2-ethylGua. A normal Watson-Crick 

base pair, however, cannot form between N2-ethylGua and incoming dCTP because of 

steric clash with the ethyl moiety and the O2 atom of Cyt. It is possible that a wobble base 

pair with hydrogen bonds between the N1 and O6 of N2-ethylGua and the O2 and N3 of 

the incoming dCTP could form that would avoid steric overlap with the N2-ethyl adduct 
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during dCTP incorporation. A comparison of the Y family DNA polymerase structures in 

complex with DNA shows that yeast DNA pol η (2R8J) and human DNA pol κ (2OH2) 

are able to accommodate wobble base pair geometry in their active sites, but human DNA 

pol ι is not (Fig. 6). The DNA pol ι active site more tightly coordinates the template base 

compared to DNA pols η and κ. Nair et al. have pointed out that this tight coordination, 

which shortens the C1′-C1′ distance between the sugars of the template nucleotide and 

incoming dNTP, forces the rotation of the template base into the syn conformation 

(49;50). In the active site of DNA pol ι, Gln59 lies adjacent to the N3 of N2-ethylGua 

stabilizing the alignment of the template base and incoming dCTP. Modeling an N2-

ethylGua:Cyt wobble base pair into the active site of DNA pol ι reveals a ~20º rotation of 

the ethyl adduct towards Gln59 causing steric overlap between the lesion and Gln59 (Fig. 

6A). The active site of DNA pol κ lacks a corresponding residue to Gln59 leaving the 

DNA minor groove free of protein contacts and able to accommodate the N2-

ethylGua:Cyt wobble base pair (Fig. 6B). In yeast DNA pol η, Gln55 structurally aligns 

with the Gln59 residue of DNA pol ι but does not coordinate the template base as tightly. 

The DNA pol η active site is able to accommodate the N2-ethylGua:Cyt wobble base pair 

(Fig. 6C). These observations demonstrate how different Y family DNA polymerases 

could facilitate bypass of the N2-ethylGua adduct with or without rotation of the adducted 

base into the syn configuration.  

 

 

 

 

 35 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: A N2-ethylGua:Cyt Wobble Base in the Active Site of Y Family DNA 
Polymerases ι, κ, and η. A, Gln59 in DNA pol ι tightly coordinates the template base and 
sterically clashes with N2-ethylGua when forming a wobble base pair with the incoming 
dCTP. B, DNA pol κ lacks a corresponding residue to Gln59 and accommodates the 
wobble base pair geometry. C, yeast DNA pol η has a Gln55 that corresponds to Gln59 in 
DNA pol ι but the more open active site accommodates the N2-ethylGua:Cyt wobble base 
pair. 
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The rotation of adducted purines from the anti to syn configuration is necessary 

but not always sufficient for bypass of minor groove adducts by DNA pol ι. The 

structural data show that DNA pol ι bypasses N2-ethylGua by a rotation of the adducted 

base and a repositioning of the lesion into the major groove. The ethyl moiety is 

accommodated in the major groove by changes in the positions of residues in a loop of 

the DNA pol ι PAD domain. Specifically, the potential for Lys309 to hydrogen bond with 

the DNA backbone is disrupted. The flexibility of the PAD domain allows 

accommodation of the ethyl moiety of N2-ethylGua, but may not accommodate adducts 

as large or larger than N2-menthyl(2-naphthyl)Gua. Steady state kinetic data indicate that 

the efficiency of DNA pol ι during bypass of N2-alkylGua adducts is decreased at both 

the incorporation and extension steps when adduct size is increased (44). Assuming the 

adducted base is rotated into the syn configuration it is possible that the mobility of the 

PAD domain would limit the ability of DNA pol ι to accommodate larger adducts. Large 

DNA adducts could disrupt additional contacts between DNA pol ι and the major groove. 

These observations may explain the lower efficiency of DNA pol ι incorporation and 

extension measured during bypass of HNE-dGua or N2-NaphGua, N2-AnthGua and N2-

BPGua adducts (44;71). 

Steady state kinetic experiments comparing the efficiency of DNA pol ι in the 

presence of Mg2+ or Mn2+ reveal that nucleotide insertion and extension catalyzed by 

DNA pol ι is dramatically activated at low Mn2+ concentrations. Our data show that 

maximal activation of DNA pol ι opposite Gua or N2-ethylGua is achieved at 

concentrations of 0.075 mM Mn2+ and higher, similar to what is observed when DNA pol 

ι copies unadducted DNA templates (28). Furthermore, in the simultaneous presence of 
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Mg2+ and Mn2+ the activity of DNA pol ι during correct nucleotide insertion is 

intermediate of that observed in the presence of each metal individually and it has been 

suggested that DNA  pol ι might preferentially use Mn2+ even in the presence of excess 

Mg2+ (28). The effects of Mn2+ on the fidelity of DNA pol ι vary between increased 

fidelity opposite template Thy to decreased fidelity opposite other unadducted and 

adducted DNA templates. Our data demonstrate a metal dependent increase in nucleotide 

discrimination opposite N2-ethylGua in the presence of Mg2+. Thus, these observations 

suggest that the preferential use of Mn2+ as an activating metal might reduce the fidelity 

of lesion bypass by DNA pol ι in exchange for increased catalytic efficiency.     

The concentration range required for maximum activity of DNA pol ι using Mn2+ 

is broader than that relative to Mg2+ where maximal activity is observed over a more 

narrow range of metal ion concentrations. DNA pol ι reaches a maximum activity at 2 

mM Mg2+ which decreases at higher Mg2+ ion concentrations. Current estimates indicate 

that total Mg2+ concentration in the cell ranges between 14-20 mM and free Mg2+ in the 

cytosol between 0.5-0.7 mM (29). The nucleus, mitochondrion, and endoplasmic 

reticulum are important cellular compartments for Mg2+ accumulation and Mg2+ levels 

are maintained within these cellular compartments by a sensitive regulatory system (29).  

It is possible that the level of Mg2+ maintained in the nucleus is at an optimal range for 

the highest activity of DNA pol ι, however, the narrow range of Mg2+ concentrations that 

result in maximal DNA pol ι activation would limit the efficiency of DNA pol ι catalyzed 

polymerization. The concentration of Mn2+ in the cell is much lower than Mg2+ and is 

thought to be around 10 µM (30). Interestingly, there have been several recently 

identified Mn2+ transporters from both eukaryotes and prokaryotes that are capable of 
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transporting Mn2+ into the cell to bring the concentration to ≥300 µM. This influx of 

Mn2+ is in response to increased levels of reactive oxygen species (31). Thus, the broad 

range of Mn2+ concentrations that allow maximal DNA pol ι activity are present in the 

cell under damaging conditions where the higher efficiency of DNA pol ι opposite DNA 

lesions would be beneficial. DNA pol ι utilizes low levels of Mn2+ to achieve increased 

activity during bypass of other DNA adducts  besides N2-ethylGua, including a thymine-

thymine dimer, an abasic site, a (6-4)TT photoproduct, and a BPDE-dAde lesion (28). 

Importantly, we have shown that other Y family DNA polymerases, including DNA pol 

κ, also have increased activation in the presence of low concentrations of Mn2+ 

(unpublished data). Thus, Mn2+-activation of Y family DNA polymerases may be 

relevant during translesion synthesis where changes in Mg2+ and Mn2+ concentrations 

under different cellular conditions could contribute to the regulation of Y family DNA 

polymerase activity during DNA replication. 
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CHAPTER II 

 

Decreased Fidelity of Human DNA Polymerase κ During Bypass of N2-ethylguanine 
Utilizing Mn2+ as the Activating Metal Ion 

 

ABSTRACT 

Nucleotide incorporation efficiency and fidelity opposite N2-ethylGua by DNA 

polymerase κ was measured using Mg2+ or Mn2+ as the divalent metal activator. The 

efficiency and fidelity of DNA polymerase κ were determined by steady-state (KM and 

kcat) and rapid kinetic (kpol) assays. The DNA polymerase κ incorporates nucleotides and 

extends a DNA primer annealed to either the Gua or N2-ethylGua containing DNA 

template generating full-length products. Both Mg2+ and Mn2+ ions activate DNA 

polymerase κ-catalyzed DNA polymerization in a metal ion concentration dependent 

manner. DNA polymerase κ incorporates dCMP opposite N2-ethylGua or unadducted 

Gua with similar efficiencies whether Mg2+ or Mn2+ is used as the activating metal. 

However, the efficiency of correct nucleotide incorporation is ~370-fold higher in the 

presence of Mg2+ compared to Mn2+. The fidelity of DNA polymerase κ during 

nucleotide incorporation opposite Gua and N2-ethylGua is ~1 000-5 000-fold lower in the 

presence of Mn2+. Under rapid kinetic conditions DNA polymerase κ incorporates dCMP 

opposite Gua and N2-ethylGua following a biphasic kinetic model. The burst rates for 

nucleotide incorporation are similar opposite N2-ethylGua or Gua, yet the burst amplitude 

decreases opposite N2-ethylGua. The data support a Watson-Crick base pairing 

mechanism for nucleotide insertion opposite N2-ethylGua. The data show a metal ion 

concentration dependent change in burst amplitude. The data indicate that Mn2+ decreases 
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the affinity for correct incoming nucleotide and explains the observed decrease in 

efficiency and fidelity measured in the steady-state. 
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INTRODUCTION 

 The minor groove DNA adduct N2-ethylguanine (N2-ethylGua) is generated from 

the reduction of acetaldehyde with 2΄-deoxyguanosine 3΄-monophosphate (34). Humans 

are exposed to acetaldehyde from both environmental and endogenous sources. 

Endogenous acetaldehyde pools arise from the oxidation of ethanol to acetaldehyde 

during ethanol metabolism (35). Ethanol is a classified human carcinogen and 

acetaldehyde has been shown to contribute to tumor formation (41). The N2-ethylGua 

adduct has been shown to have a high mis-coding potential during nucleotide 

incorporation with Klenow fragment of Escherichia coli DNA polymerase I resulting in 

G→C transversions (38). Thus, the mutagenic properties of N2-ethylGua could contribute 

to the formation of ethanol related cancers (40). 

N2-ethylGua is blocking to DNA replication by the bacteriophage T7- DNA 

polymerase, the HIV-1 reverse transcriptase, as well as the human B family DNA 

polymerase α (37;74). The blocking effects of N2-ethylGua on DNA polymerases has 

been observed in both in vitro and cell-based assays (37;42;74). Yet, in contrast to the 

blocking effects on replicative DNA polymerases the N2-ethylGua adduct is bypassed by 

the Y family DNA polymerases η, ι, and κ (27;37;44-46). Differences in the bypass 

properties of the replicative DNA polymerases and the Y family DNA polymerases 

during nucleotide incorporation opposite N2-ethylGua are the result of a “minor groove 

checking” mechanism, a conserved K-K-K/R-Y motif, identified in the sequences of the 

B family DNA polymerases and observed in the structure of the bacteriophage RB69 

DNA polymerase (39). The Y family DNA polymerases lack a minor groove checking 

mechanism. As our lab has shown previously, the DNA pol ι-mediated bypass of N2-
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ethylGua occurs by a Hoogsteen base-pairing mechanism where the ethyl moiety of N2-

ethylGua is removed to the major groove by rotation of the adducted template base (27). 

This eliminates contacts between the ethyl lesion and the amino acid residues in DNA pol 

ι that are adjacent to the minor groove (27). DNA pol ι is unique in its ability to rotate 

template purines to the syn conformation to achieve efficient nucleotide incorporation 

opposite a template Gua or Ade (48). The use of Hoogsteen base-pairing in the bypass of 

minor groove DNA adducts, however, is not required for efficient bypass of N2-ethylGua. 

The DNA polymerases η and κ are able to bypass the N2-ethylGua adduct utilizing 

Watson-Crick base pairing possibly through the formation of an N2-ethylGua:Cyt wobble 

base pair (27;37;46). 

The DNA pol κ is a member of the DinB family of DNA polymerases and the 

only human Y family DNA polymerase with homologs in bacteria and archaea (4;75;76). 

DNA pol κ is a low fidelity DNA polymerase but demonstrates the highest fidelity of all 

the Y family DNA polymerases when copying unadducted DNA templates (4;77;78). 

Because of its higher fidelity, DNA pol κ is also the most selective of Y family DNA 

polymerase for the types of DNA adducts that it bypasses. DNA pol κ has been shown to 

be more proficient at extending from mis-matched primer termini than from matched 

primer termini (79;80). It is proposed that DNA pol κ may act mainly as an extender of 

adducted 3΄ termini during lesion bypass (79-81). DNA pol κ, however, is efficient at 

nucleotide insertion and extension past certain types of DNA adducts including several 

minor groove adducts occurring at the N2 position of Gua (46). The crystal structure of 

DNA pol κ in complex with DNA revealed a possible mechanism for DNA pol κ’s lesion 

bypass selectivity. The structure shows that DNA pol κ encircles the DNA with a unique 
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structural domain called the “N-clasp” (73). The “N-clasp” crosses the DNA at the major 

groove disrupting binding of bulky adducts protruding into the major groove in the DNA 

pol κ active site (82).     

The requirement of a divalent metal ion for DNA polymerase activity is well 

established with Mg2+ being the preferred metal for most DNA polymerases (19;20). 

DNA polymerase activity has been detected using several different divalent metal ions 

but usually with unfavorable effects on polymerization efficiency and fidelity (26;33). 

Recently, DNA pol ι was shown to have increased activity and fidelity opposite a 

template Thy in the presence of Mn2+ (28), and we have demonstrated that low levels of 

MnCl2 result in increased polymerization efficiency of DNA pol ι opposite the N2-

ethylGua adduct (27). 

To determine whether the Mn2+ ion has a similar effect on the activity of DNA 

pol κ and to further our understanding of how Y family DNA polymerases bypass the N2-

ethylGua adduct we tested the effects of using MgCl2 or MnCl2 on the efficiency and 

fidelity of human DNA pol κ using steady-state and rapid kinetic assays. The results of 

these experiments indicate that unlike DNA pol ι, the DNA pol κ demonstrates a lower 

efficiency and fidelity for nucleotide incorporation opposite Gua and N2-ethylGua in the 

presence of Mn2+, thus indicating a preference for Mg2+ during DNA pol κ-catalyzed 

DNA polymerization. The results of the rapid kinetic experiment show that Mg2+ results 

in increased burst amplitudes compared to Mn2+ during nucleotide incorporation, 

suggesting that Mg2+ increases the number of active enzyme-substrate complexes in the 

reaction. Thus, these results may indicate that Mg2+ is preferred over Mn2+ for correct 

positioning of the incoming dCTP during nucleotide incorporation in the active site of 
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DNA pol κ. The data support a Watson-Crick base pairing mechanism for efficient 

nucleotide incorporation opposite the N2-ethylGua adduct by the DNA pol κ.             
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EXPERIMENTAL PROCEDURES 

Oligonucleotides—N2-ethylGua phosphoramidites and template oligonucleotides 

were prepared as described previously (37). The DNA primer oligonucleotides, 5′-(6-

FAM)-GCTCCGGAACCC-3′, 5′-(6-FAM)-GCTCCGGAACCCTT-3′, 5′-(6-FAM)-

GCTCCGGAACCCTTC-3′, and 5′-(6-FAM)-GCTCCGGAACCCTTT-3′ were 

purchased from Operon Biotechnologies, Inc. (Huntsville, AL). 

Expression and Purification of human DNA Polymerase Kappa—The 

recombinant catalytic fragment of human DNA pol κ (amino acids 19-526) was made as 

an MBP-DNA pol ι fusion protein with a PreScission Protease cleavage site seven 

residues from the DNA pol κ N-terminal methionine. The PreScission Protease 

recognition sequence and DNA pol κ coding sequence were verified by DNA sequencing. 

The plasmid constructs were transformed into E. coli BL21(DE3) Rosetta 2 cells 

(Novagen) for overexpression. Cells were grown to an A600 = 0.5 at 37°C and quickly 

cooled on ice to 17°C. After induction with 1 mM isopropyl-β-D-thiogalactopyranoside, 

the cells were allowed to grow for 15 hr at 17°C. Cell extracts were prepared and the 

MBP-DNA pol κ fusion protein was bound to an amylose resin in buffer containing 20 

mM Tris-HCL (pH 7.5), 1 mM EDTA, and 200 mM NaCl. The fusion protein was 

cleaved overnight by on-column incubation with PreScission Protease at 4°C. The 

recovered DNA pol κ was purified to homogeneity using phosphocellulose 

chromatography.   

Assays—For primer extension assays the DNA primer (12-mer) was hybridized to 

the 32-mer DNA template and added to reactions containing 20 mM Tris HCl (pH 7.5), 2 

mM DTT, 100 µM dNTP’s, 10 nM DNA pol κ and the amount of MgCl2 or MnCl2 
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indicated in the figure legends.  Incubations were 15 min. at 37°C and reactions were 

quenched with EtOH. Samples were dried and resuspended in 5 µl of a 95% 

formamide/dye solution. Extension products were separated on 23% urea-polyacrylamide 

gels, and imaged with a PhosphoImager (Molecular Dynamics) and quantified using 

ImageQuant software. 

For steady-state kinetic assays, the site specific insertion procedure of Boosalis et 

al. was used (59). The DNA primers (14-mer for insertion and 15-mer for extension) 

were hybridized to the 32-mer DNA template and added to reactions containing 20 mM 

Tris HCl (pH 7.5), 2 mM DTT, 2 mM MgCl2 or 0.075 mM MnCl2, 50 nM primer-

template, and 0.625-3.75 nM DNA pol κ depending on which dNTP was being 

incorporated. The amounts of DNA pol κ in reactions yielded ~20% extended product 

maximally. Incubations were 5-10 min. at 37°C and reactions were processed as 

described above. All extended product bands were used to determine kinetic parameters 

(KM and kcat values) by non-linear regression using SigmaPlot 8.02 software (SPSS 

Science, Inc.). Relative insertion frequencies were calculated as 

1/[(kcat/KMcorrect)/(kcat/KMincorrect)]. 

For the rapid kinetic assays, a Bio-Logic SFM-400 (Bio-Logic USA, LLC, 

Knoxville, TN) configured for quench-flow was used to perform the experiments. 

Reactions, performed in the same buffer as the steady-state experiments, were initiated by 

rapid mixing of the pre-incubated primer-template-DNA pol κ mix (75 µl) from one 

syringe with dNTP’s and Mg2+ or Mn2+ chloride salts (75 µl) from the second syringe. 

Reactions were allowed to proceed at 25°C for time intervals ranging from 10 to 2000 

ms. Reactions were quenched in 0.3 M EDTA by an aliquot (75 µl) from a third syringe. 
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A portion of the quenched reaction mixture (10 µl) was dried in vacuo, resuspended in 12 

µl of formamide-dye solution, and processed as described above to quantify the products. 

The amount of extended product was plotted against time and fit by non-linear regression 

using SigmaPlot 8.0.2 to the burst equation y = A(1 - e-kpol·t) + kss·t, where y = 

concentration of product, A = burst amplitude, kpol = pre-steady-state rate of nucleotide 

incorporation, t = time, and kss = steady-state rate of nucleotide incorporation.       
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RESULTS 

The DNA polymerase κ bypasses N2-ethylGua using either Mg2+ or Mn2+ as the 

activating divalent metal ion. All DNA polymerases utilize various activating divalent 

metals with varying effects on catalytic activity, incorporation efficiency, and fidelity 

(33;58). Mn2+ has been shown to decrease the efficiency and fidelity of replicative DNA 

polymerases, yet recent work with the Y family DNA pol ι has shown that this DNA 

polymerase has increased catalytic activity and a ~2000-fold increase in efficiency of 

nucleotide incorporation when Mn2+ is the activating metal ion compared to Mg2+ 

(27;28). Because of the dramatic effect that Mn2+ had on the activity and efficiency of 

lesion bypass with DNA pol ι, we tested the effects of the Mn2+ ion on the catalytic 

activity of DNA pol κ during bypass of N2-ethylGua. 

 Primer extension reactions were set up using a 12-mer primer annealed to a 32-

mer DNA template with the 3′-end positioned three nucleotides before the target N2-

ethylGua or Gua (Fig 7A). The primer-template is extended by DNA pol κ when either 

MgCl2 or MnCl2 are present in the reaction generating products ranging from 13 to 25 

nucleotides in length (Fig. 7B and C). DNA pol κ-catalyzed primer extension past Gua 

and N2-ethylGua is dependent on metal ion concentration as indicated by the product 

bands observed in the gel (Fig. 7B and C). The amount of full-length primer extension 

products increases as increasing concentrations of either metal, Mg2+ or Mn2+, are added 

to the reaction. The metal ion concentration dependence observed for DNA pol κ is 

similar to what was observed with the DNA pol ι (27). The maximal activity of DNA pol 

κ using MgCl2 occurs at a range of metal ion concentrations from 2 mM to 20 mM (Fig. 

7B, lanes 6-10 and 19-23). As the concentration of MgCl2 increases above 20 mM the 
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amount of DNA pol κ-catalyzed primer extension is reduced (Fig. 7B, lanes 10-13 and 

23-26). The maximal activity of DNA pol κ in the presence of MnCl2 is achieved at ~26-

fold lower metal ion concentration compared to MgCl2 ranging from 0.075 mM to 0.25 

mM (Fig. 7C, lanes 6-9 and 19-22). As the concentration of MnCl2 increases above 0.25 

mM full length primer extension products are still observed as gel bands 25 nucleotides 

in length (Fig. 7C, lanes 10-13 and 23-26). However, the accumulation of shorter primer 

extension products ranging from 17-22 nucleotides in length suggests that higher MnCl2 

concentrations may decrease the processivity of DNA pol κ (Fig. 7C, lanes 10-13 and 23-

26). The low levels of MnCl2 that result in maximal DNA pol κ activity suggest that 

DNA pol κ has an increased polymerization efficiency when Mn2+ is the activating 

divalent metal.   
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Figure 7: Extension opposite N2-ethylGua or Gua by DNA Pol κ in the presence of 
MgCl2 or MnCl2. Primer extension assays were carried out as described in Materials and 
Methods. The annealed primer (12-mer) and templates containing either N2-ethylGua or 
Gua (A) were incubated with 10 nM DNA pol κ and increasing concentrations of MgCl2 
(B) or MnCl2 (C). Maximal primer extension was observed at a range of MgCl2 
concentrations from 2 mM to 8 mM. Full length primer extension products were observed 
in the presence of MnCl2 at concentrations of 0.075 mM and higher.  
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Steady-state kinetic analysis of single nucleotide incorporation by DNA pol κ in 

the presence of MgCl2 or MnCl2—A steady-state kinetic assay was used to precisely 

quantify the efficiency and fidelity of nucleotide incorporation by DNA pol κ opposite 

Gua and N2-ethylGua using MgCl2 or MnCl2. The steady-state kinetic parameters, KM 

and kcat, were measured for DNA pol κ at concentrations of 2 mM MgCl2 or 0.075 mM 

MnCl2 which gave maximal activity in the primer extension experiments (Fig. 7B and C). 

Nucleotide insertion reactions were performed in the presence of increasing 

concentrations of each of the four dNTP’s using a primed template positioned with the 3΄ 

terminus one nucleotide before the N2-ethylGua or Gua. The data were quantified and the 

summary presented in Table IV (see Appendix II, Fig. 16).  

DNA pol κ inserts the correct dCMP opposite N2-ethylGua with a similar 

efficiency (1.0 x 102 µM-1 min-1) as opposite the unadducted Gua (0.9 x 102 µM-1 min-1) 

in the presence of MgCl2 but with decreased efficiency using MnCl2 opposite N2-

ethylGua (2.7 x 10-1 µM-1 min-1) and Gua (5.1 x 10-1 µM-1 min-1). This result agrees with 

the known effects of Mn2+ on the efficiency of nucleotide incorporation by the replicative 

DNA polymerases but contrasts with the dramatic increase in efficiency seen with DNA 

pol ι in the presence of Mn2+ (27;33). The decreased efficiency of correct nucleotide 

incorporation by DNA pol κ in the presence of the Mn2+ ion compared to Mg2+ is due to 

an increase in the KM value for correct nucleotide suggesting that Mn2+ lowers the 

affinity of dCTP binding at the active site of DNA pol κ (Table 4).  

The DNA pol κ incorporates dGTP, dATP, and dTTP opposite Gua and N2-

ethylGua in the presence of MgCl2 with decreased efficiency relative to correct dCTP 

insertion (see Table 4; and Appendix II, Fig. 16). Thus, DNA pol κ demonstrates a higher 
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level of fidelity opposite N2-ethylGua and Gua in the presence of Mg2+ compared to Mn2+ 

(Table 4). The relative insertion frequencies calculated for incorrect nucleotide 

incorporation reveal an ~1 000-fold to ~5 000-fold decrease in the fidelity of DNA pol κ 

when Mn2+ is the activating metal (Table 4). The effects of the Mn2+ ion on the fidelity of 

nucleotide incorporation by DNA pol κ are comparable to those observed for other 

replicative DNA polymerases in the presence of Mn2+ (32;33;58;67). The higher 

efficiency and fidelity for nucleotide incorporation opposite N2-ethylGua and Gua by 

DNA pol κ in the presence of the Mg2+ ion support Mg2+ as the preferred metal activator 

for DNA pol κ-catalyzed polymerization. 

Extension of Matched and Mis-Matched 3΄-termini by DNA pol κ in the presence 

of MgCl2 or MnCl2—The DNA pol κ shows a higher catalytic activity extending the 

matched Gua:Cyt or mis-matched Gua:Thy 3΄-terminus in the presence of MgCl2 relative 

to MnCl2. The extension properties of DNA pol κ in the presence of the Mg2+ or Mn2+ ion 

were measured using a 15-mer DNA primer annealed to the 32-mer DNA template with 

either Cyt or Thy positioned opposite the target Gua (Fig. 8A). A time course experiment 

with 0.625 nM DNA pol κ, 50 nM of each primer-template, and 140 µM dGTP was 

performed (Fig. 8B-E). The data indicate that DNA pol κ extends the matched primer 

terminus converting ~80% of the substrate into product within 7 min. in the presence of 

Mg2+ (Fig. 8B). While after 15 min. only ~20% of the Gua:Cyt containing substrate is 

converted to product using Mn2+ as the activating metal (Fig. 8C). The data indicate that 

DNA pol κ has a lower activity when extending from the Gua:Thy containing primer-

template relative to the Gua:Cyt 3΄-terminus with less than 15% of substrate converted to 

product in 15 min. in the presence of either MgCl2 of MnCl2 (Fig. 8D-E). These results 
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indicate that DNA pol κ has decreased activity during extension of mis-matched primer 

termini relative to matched primer termini. Also, the Mn2+ ion dramatically lowers the 

extension activity of DNA pol κ.   
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TABLE IV 
 

Nucleotide Insertion Opposite Gua and N2-ethylGua by DNA pol κ 

Metal Ion dNTP KM
(µM) 

kcat
(min-1) 

KM/kcat
(µM-1 min-1) 

Relative 
Insertion 

Frequency 
At Template N2-ethylGua 

0.075mM Mn2+      
 Cyt 1000 ± 300 270 ± 50 2.7 x 10-1 1 
 Gua 70 ± 40 1.6 ± 0.4 2.2 x 10-2 1/12 
 Ade 3.0 ± 2.3 0.29 ± .05 9.8 x 10-2 1/2.7 
 Thy 130 ± 60 12.1 ± 2.9 9.3 x 10-2 1/3 
2mM Mg2+      
 Cyt 1.5 ± 0.1 150 ± 3 1.0 x 102 1 
 Gua 120 ± 15 1.9 ± 0.06 1.5 x 10-2 1/6 700 
 Ade 1300 ± 800 2.4 ± 0.82 2.0 x 10-3 1/50 000 
 Thy 630 ± 140 6.4 ± 0.82 1.0 x 10-2 1/10 000 

At Template Gua 
0.075mM Mn2+      
 Cyt 470 ± 130 240 ± 30 5.1 x 10-1 1 
 Gua 35 ± 18 1.8 ± 0.3 5.1 x 10-2 1/10 
 Ade 5.5 ± 1.6 0.58 ± 0.05 1.0 x 10-1 1/5 
 Thy 40 ± 15 12.2 ± 2.0 3.0 x 10-1 1/2 
2mM Mg2+      
 Cyt 1.6 ± 0.17 150 ± 5 0.9 x 102 1 
 Gua 160 ± 30 1.3 ± 0.06 8.1 x 10-3 1/12 000 
 Ade 660 ± 150 1.6 ± 0.16 2.4 x 10-3 1/47 000 
 Thy 490 ± 260 3.8 ± 0.92 7.7 x 10-3 1/12 000 
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Figure 8: Extension from a Gua:Cyt or Gua:Thy 3΄-terminus by DNA pol κ 
using MgCl2 or MnCl2. A, a 15-mer DNA primer containing either Cyt or Thy at the 3΄ 
end was annealed to the 32-mer DNA template. A time course experiment showing DNA 
pol κ-catalyzed extension from the Gua:Cyt 3΄-terminus using MgCl2 (B) or MnCl2 (C) 
as the activating metal ion. Extension from the Gua:Thy 3΄-terminus using MgCl2 (D) or 
MnCl2 (E) as the activating metal ion.  
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Rapid Kinetic Analysis of DNA pol κ opposite Gua and N2-ethylGua with MgCl2 

and MnCl2—The steady-state kinetic experiment allows the measurement of the 

equilibrium constant KM, and rate constant kcat. These terms offer an estimation of the 

sum of all the steps in the reaction pathway and generally define substrate binding and 

product release (83). Thus, steady-state kinetic analyses are limited in what they tell us 

about the individual steps of the reaction pathway.  

The rates of individual steps occurring between substrate binding and product 

release can be measured using a rapid kinetic experiment. Rapid kinetic analysis of the 

DNA polymerase reaction pathway results in the observation of two phases of nucleotide 

incorporation, a rapid rate or “burst” (kpol) of product formation followed by steady-state 

turnover (kss) (Fig. 9) (83). The “burst” rate is the observed rate of the chemical reaction 

at the active site and the “burst” amplitude is a stoichiometric measurement of the amount 

of active enzyme in the reaction (83;84). A rapid kinetic experiment forms a 

comprehensive analysis of each step occurring at the active site of the enzyme during 

nucleotide incorporation. Thus, a rapid kinetic analysis was used to specifically define the 

effects of the Mg2+ or Mn2+ ion on the DNA pol κ-catalyzed nucleotide incorporation 

reaction.      

The rate of DNA pol κ-catalyzed dCTP incorporation opposite Gua and N2-

ethylGua was measured using a rapid kinetic approach with MgCl2 or MnCl2 as the 

activating divalent metals. Nucleotide insertion reactions were performed using a primed 

template with the 3΄ terminus positioned one nucleotide before the target N2-ethylGua or 

Gua. DNA pol κ rapidly incorporates dCTP opposite both Gua and N2-ethyl-Gua in the 

presence of MgCl2 or MnCl2 following a biphasic kinetic model (Fig. 9A-D). The 
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presence of a rapid burst of product formation followed by a slow steady-state turnover in 

these experiments indicates that the chemistry step is not rate-limiting for nucleotide 

incorporation by DNA pol κ (see Fig. 9A-D) (46;83). DNA pol κ shows a similar burst 

rate for dCTP incorporation opposite N2-ethylGua (kpol = 90 ± 15 s-1) or Gua (kpol = 180 ± 

40 s-1) using 5 mM MgCl2 as the activating metal. The rate of dCTP incorporation is also 

similar when using 0.075 mM MnCl2 (kpol = 30 ± 4 s-1 opposite Gua and kpol = 30 ± 8 s-1 

opposite N2-ethylGua) as the divalent metal. The presence of N2-ethylGua, however, 

results in a decreased burst amplitude during dCTP incorporation (Fig. 9A-D). These data 

indicate that the presence of the ethyl moiety at the N2 of Gua does not affect the 

chemistry step of nucleotide incorporation, but interferes with binding of the incoming 

nucleotide due to steric clash between the ethyl moiety of N2-ethylGua and the incoming 

Cyt base. The data support a Watson-Crick base-pairing mechanism for nucleotide 

incorporation opposite the N2-ethylGua adduct by DNA pol κ.       
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Figure 9: Rapid Kinetics of dCTP Insertion Opposite Gua and N2-ethylGua by DNA 
Pol κ. Insertion kinetics of the correct dCTP nucleotide using 17 nM DNA pol κ and 5 
mM MgCl2 opposite (A) Gua, kpol = 180 ± 40 s-1; kss = 4.9 ± 0.99 s-1, A = 13.4 ± 0.46 nM; 
(B) N2-ethylGua, kpol = 90 ± 15 s-1; kss = 1.7 ± 0.17 s-1, A = 9.7 ± 0.23 nM. Insertion 
kinetics of the correct dCTP nucleotide using 17 nM DNA pol κ and 0.075 mM MnCl2 
opposite (B) Gua, kpol = 30 ± 4 s-1; kss = 0.66 ± 0.12 s-1; A = 5 ± 0.12 nM; (D) N2-
ethylGua, kpol = 30 ± 8 s-1; kss = 1.5 ± 0.3 s-1; A = 3.9 ± 0.28 nM.    
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The presence of the Mn2+ ion in the DNA pol κ active site lowers the affinity of 

DNA pol κ for dCTP. The Mn2+ ion results in a decreased maximal burst amplitude 

compared to the maximal burst amplitude observed when Mg2+ is the activating divalent 

metal (compare Fig. 10A and 11A). The decreased burst amplitude in the presence of 

Mn2+ suggests that the number of active DNA pol κ-dNTP complexes in the reaction is 

dependent on metal ion choice and metal ion concentration.  

An experiment was performed to determine the optimal concentrations of MgCl2 

or MnCl2 that result in maximal nucleotide incorporation by DNA pol κ using rapid 

kinetics.  The optimal metal ion concentration was determined by varying the 

concentrations of MgCl2 (Fig. 10) or MnCl2 (Fig. 11) from 0.25 mM to 8 mM in the 

reaction. All reactions contained 17 nM DNA pol κ pre-incubated with 50 nM of primer-

template and were mixed with 0.5 mM dCTP and the indicated amounts of metal ion for 

0.01 to 1.0 second. The metal ion concentrations that result in maximal nucleotide 

incorporation by DNA pol κ are 8 mM MgCl2 (Fig. 10) or 8 mM MnCl2 (Fig. 11). The 

maximal burst amplitude achieved in the presence of MgCl2 is ~15 nM and indicates that 

8 mM Mg2+ results in all available enzyme forming an active complex with substrate. 

The maximal burst amplitude observed when MnCl2 was used in the reaction is ~8 nM 

and suggests that Mn2+ results in half the amount of active DNA pol κ-dNTP complex 

compared to Mg2+. These data indicate that when the Mn2+ ion is bound at the active site 

of DNA pol κ a less than ideal complex forms between the DNA pol κ-primer/template 

complex and incoming nucleotide that is unable to convert to product. 

Interestingly, the DNA pol κ has a higher affinity for Mn2+ than for Mg2+ when 

comparing the observed dissociation constants for each metal ion. By plotting burst 
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amplitude versus metal ion concentration, the dissociation constant for metal ion (Kd
metal) 

at the active site of DNA pol κ can be determined (see Fig. 10B and Fig. 11B). The data 

indicate that DNA pol κ has a higher affinity for Mn2+ with a Kd = 0.31 ± 0.2 mM than 

for Mg2+ with a Kd = 2.2 ± 0.5 mM. The higher affinity of DNA pol κ for Mn2+ may 

explain the much lower concentration of Mn2+, relative to Mg2+, required for maximal 

DNA pol κ activity observed in the primer extension experiment (Fig. 7C). While the 

decreased burst amplitude observed during dCTP incorporation by DNA pol κ in the 

presence of Mn2+ could explain the decreased efficiency of dCTP incorporation measured 

in the steady state (Table 4).  
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Figure 10: Effect of increasing concentrations of MgCl2 on the pre-steady state rate 
of dCTP incorporation opposite Gua by DNA pol κ. A, increasing concentrations of 
MgCl2 were added to reactions containing 17 nM DNA pol κ, 50 nM primer-template, 
and 0.5 mM dCTP. The MgCl2 concentrations are 0.25 mM (●), 0.5 mM (○), 2 mM (▼), 
5 mM (empty triangles), and 8 mM (■). B, The data were plotted as burst amplitude 
versus MgCl2 concentration and fit to the equation for a hyperbola using non-linear 
regression with SigmaPlot 8.2. The Kd

 for MgCl2 is 2.2 ± 0.5 mM and the binding 
maximum is 19.2 ± 1.6 nM. 
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Figure 11: Effect of increasing concentrations of MnCl2 on the pre-steady state rate 
of dCTP incorporation opposite Gua by DNA pol κ. A, increasing concentrations of 
MnCl2 were added to reactions containing 17 nM DNA pol κ, 50 nM primer-template, 
and 0.5 mM dCTP. The MnCl2 concentrations are 0.25 mM (●), 0.5 mM (○), 2 mM (▼), 
5 mM (empty triangles), and 8 mM (■). B, The data were plotted as burst amplitude 
versus MnCl2 concentration and fit to the equation for a hyperbola using non-linear 
regression in SigmaPlot 8.2. These data indicate that the Kd for MnCl2 is 0.31 ± 0.2 mM 
and the binding maximum is 8.4 ± 0.9 nM. 
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DISCUSSION 
 

The Y family DNA polymerases are able to bypass bulky DNA adducts that have 

strong blocking potential to replicative DNA polymerases. It is hypothesized from several 

crystal structures of Y family DNA polymerases that a more open active site contributes 

to the accommodation of the lesion and its efficient bypass during nucleotide 

incorporation (47). However, the size and shape of the active site are not the only factors 

that determine facile bypass of DNA adducts by the Y family DNA polymerases as not 

all adducts are efficiently bypassed by all Y family members. The Y family DNA 

polymerases η, ι, and κ are efficient at bypass of the N2-ethylGua adduct (27;37;44-46). 

Each of the Y family DNA polymerases recognizes and bypasses N2-ethylGua utilizing a 

distinct catalytic mechanism. For DNA pol ι, bypass of N2-ehtylGua requires rotation of 

the adducted template base from an anti to syn configuration utilizing a Hoogsteen base 

pairing mechanism (27;49). DNA pols η and κ maintain the use of Watson-Crick base 

pairing during bypass of N2-ethylGua. However, because canonical Watson-Crick 

hydrogen bonds cannot form between the N2-ethylGua and incoming dCTP, due to steric 

overlap with the ethyl lesion, these DNA polymerases may utilize a wobble base pair to 

achieve incorporation of dCTP opposite the adduct.  

The results presented here with DNA pol κ demonstrate the high efficiency and 

fidelity of DNA pol κ during lesion bypass of N2-ethylGua when Mg2+ is used as the 

divalent metal ion. This observation is consistent with others results for N2-ethylGua 

bypass by DNA pol κ (46). Further, we have shown that substituting Mn2+ as the 

activating divalent metal ion has diminishing effects on polymerization by DNA pol κ 

whether during lesion bypass or not. Similar to DNA pol ι activity, the DNA pol κ shows 
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metal ion concentration dependence during DNA polymerization. DNA pol κ exhibits a 

much broader range of MgCl2 concentrations that result in maximal activity compared to 

DNA pol ι. The DNA pol κ also has a decreased efficiency and lower fidelity when 

activated with Mn2+ compared to Mg2+ that dramatically contrasts with the effects of the 

Mn2+ ion on DNA pol ι-catalyzed DNA polymerization. These data indicate that Mg2+ is 

preferred for high efficiency and fidelity of lesion bypass by the DNA Pol κ. DNA pol κ 

is similar to replicative DNA polymerases in this regard.  

The rapid kinetic experiments indicate that the largest effect of the Mn2+ ion on 

DNA pol κ is a decreased ability to bind correct dCTP rather than to inhibit the chemical 

reaction. The differences in efficiency of DNA pol ι and DNA pol κ in response to the 

Mn2+ ion may be due to differences in the way that each DNA polymerase binds the 

primer-template junction and positions the incoming nucleotide for catalysis. DNA pol ι 

binds tightly around both the template base and incoming nucleotide resulting in a 

shortened C1΄-C1΄ distance (48). DNA pol κ coordinates the DNA template more loosely 

and may rely more heavily on metal ion coordination than DNA pol ι to correctly 

position the bound dCTP for nucleophilic attack with the primer 3΄-OH. Differences in 

the inter-atomic distances between Mg2+ (3.197 Å) and Mn2+ (less than 3.0 Å) may affect 

the geometry of the DNA pol κ active site more than that of DNA pol ι. The distance 

between two Mg2+ ions (usually 4 Å) is greater than that compared to two Mn2+ ions and 

would result in a tighter coordination of the incoming dCTP in the DNA pol κ active site 

than would Mn2+. The smaller distance between two Mn2+ ions would help to coordinate 

the incoming dNTP in the more confined active site of DNA pol ι (56). The structures of 

DNA pol ι solved in the presence of Mg2+ show poor electron density around where the 
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metal ions are proposed to bind (48;49). A partial exclusion of Mg2+ from the DNA pol ι 

active site could be due to a preference for Mn2+ and its smaller inter-atomic distances at 

the active site (28). This could explain the dramatic activation of DNA polymerization 

seen with DNA pol ι in the presence of Mn2+ (27;28).  

The differences observed between DNA pol ι and DNA pol κ when Mn2+ is the 

activating divalent metal suggests distinct biological roles for these DNA polymerases 

during DNA replication and lesion bypass depending on the metal ion concentrations 

localized at the replication fork. These types of subtle changes to the environment of the 

nucleus may determine which Y family DNA polymerase gets recruited to the primer-

template junction to facilitate bypass of a DNA adduct. The concentrations of metals in 

the cell are tightly regulated by efflux and influx of metal ions through protein 

transporters (29;31). A transient rise in the concentration of Mn2+ at the replication fork, 

for example, could act to inhibit DNA pol κ from participating in lesion bypass while 

stimulating DNA pol ι for efficient synthesis past a particular DNA lesion. Transient 

regulation of DNA polymerase activity through changing metal ion concentrations at a 

blocked DNA replication fork would be beneficial to DNA replication. A rapid and short-

lived response would relieve a stalled replication fork quickly and eliminate unnecessary, 

prolonged DNA synthesis by the low-fidelity Y family DNA polymerases thus allowing 

efficient bypass of the DNA adduct while preserving genome integrity. 

DNA pol κ is efficient at incorporation of the correct dCTP opposite the N2-

ethylGua lesion. DNA pol κ has also been shown to have high efficiency during 

incorporation opposite bulky N2-alkylGua DNA lesions suggesting a role for DNA pol κ 

in the bypass of alkylation DNA damage (46). The specific biological role of DNA pol κ 
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has been difficult to determine. Several studies have observed that DNA pol κ is able to 

extend both matched and mis-matched primer termini (80). This observation has lead to a 

hypothesis that DNA pol κ is involved at the extension step of lesion bypass (81). We 

have shown that DNA pol κ has greater activity when extending from a normal Gua:Cyt 

3΄-terminus than from a Gua:Thy mis-matched 3΄-terminus and that Mn2+ lowers the 

activity of DNA pol κ during extension of either the Gua:Cyt or Gua:Thy 3΄-termini. 

Measurements of extension efficiency from N2-alkylGua:Cyt base pairs indicates that 

DNA pol κ has a similar efficiency when extending these adducted 3΄-termini as from a 

normal Gua:Cyt 3΄-terminus (46). Thus, these data indicate that DNA pol κ could 

function at both the insertion and extension steps during bypass of N2-ethylGua and other 

bulky N2-alkylGua lesions.      
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CONCLUSIONS 
 
 

The purpose of this work was to test the hypothesis that the Y family DNA 

polymerases function in Translesion Synthesis past alkylation DNA damage. Because 

alkylation DNA damage blocks DNA synthesis by the replicative DNA polymerases of 

the B family, we hypothesized that the Y family DNA polymerases would be good 

candidates for this type of lesion bypass in vivo. To test this hypothesis, a series of in 

vitro steady-state and pre-steady-state kinetic assays were performed to measure the 

efficiency and fidelity of nucleotide incorporation opposite N2-ethylGua by the Y family 

DNA polymerases ι and κ. A structural analysis of DNA pol ι in complex with N2-

ethylGua revealed Hoogsteen base-pairing as the molecular mechanism by which the 

lesion is efficiently bypassed. A rapid kinetic analysis of DNA pol κ-catalyzed bypass of 

N2-ethylGua supports a Watson-Crick base pairing mechanism during nucleotide 

incorporation opposite the adduct. Together the data indicate that the Y family DNA 

polymerases efficiently and accurately bypass N2-ethylGua. The data support the 

hypothesis that the Y family DNA polymerases bypass alkylation DNA damage that is 

blocking to the B family DNA polymerases.   

  It had been shown previously that N2-ethylGua blocked DNA polymerization 

catalyzed by the B family DNA polymerase α, while the Y family DNA polymerase η 

bypassed N2-ethylGua with similar efficiency as unadducted Gua (37). The work 

presented in this dissertation with DNA polymerases ι and κ completes a series of 

experiments designed to determine the lesion bypass properties of the three human Y 

family DNA polymerases opposite the N2-ethylGua adduct.  

 69 
 



DNA polymerase ι efficiently bypasses N2-ethylGua by the incorporation of the 

correct dCTP opposite the lesion. We have determined by a series of steady-state kinetic 

assays that DNA polymerase ι has a high efficiency for nucleotide insertion past Gua and 

N2-ethyGua when Mg2+ is used as the activating divalent metal. Surprisingly, the 

efficiency of DNA pol ι-catalyzed nucleotide insertion increases ~2000-fold in the 

presence of Mn2+ relative to that observed using Mg2+ as the activating divalent metal. 

These results indicate that Mn2+ is the preferred metal activator for DNA pol ι. As has 

been shown, the activity of DNA pol ι is metal ion concentration dependent and 

increasing concentrations of both MgCl2 and MnCl2 result in increased DNA pol ι 

activity. As a result of the dramatic increase in efficiency of DNA pol ι in the presence of 

Mn2+, the maximum amount of DNA pol ι-catalyzed primer extension is achieved at a 

~26-fold lower concentration of MnCl2 than MgCl2. Cellular concentrations of Mn2+ are 

much lower than those measured for Mg2+ and are estimated to be around 10 µM (30). 

We measured the highest amount of DNA pol ι activity at a concentration of 75 µM 

MnCl2. This is above the physiological concentration; however, metal ion concentrations 

inside the cell are rapidly changed by the influx and efflux of metals through protein 

transporters. Recently, there have been several Mn2+ transporters identified in both 

prokaryotes and eukaryotes that in response to raised levels of reactive oxygen species 

are capable of increasing Mn2+ concentrations inside the cell to as high as ≥300 µM (29-

31). Thus, under DNA damaging conditions, an increase in Mn2+ concentration would 

lead to the activation of DNA pol ι and efficient bypass of DNA lesions.  

DNA pol ι uses a Hoogsteen base-pairing mechanism for the efficient 

incorporation of dCTP opposite N2-ethylGua. The structure of the DNA pol ι•N2-
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ethylGua ternary complex revealed this catalytic mechanism. The electron density data 

show that the N2-ethylGua adduct is rotated from the anti to syn configuration. Rotation 

of N2-ethylGua facilitates the efficient bypass of the lesion by removing the ethyl moiety 

from the minor to the major groove, removing steric clashes that occur between the ethyl 

group and incoming dCTP. A comparison of the wild-type structures of DNA pol ι with 

the N2-ethylGua containing structures revealed rearrangements of a loop in the PAD of 

DNA pol ι for accommodation of the lesion. In particular, the Lys309 side chain is no 

longer positioned to form a hydrogen bond with the DNA backbone. The rearrangement 

of the PAD loop defines the available space for accommodation of DNA lesions 

protruding into the major groove when at the DNA pol ι active site. These data indicate 

that DNA pol ι is specialized for Translesion Synthesis past small alkyl adducts at the 

exocyclic N2 position of Gua. The DNA lesion is accommodated by the flexibility of the 

PAD loop. The structure of DNA pol ι demonstrates how efficient lesion bypass of 

alkylation DNA damage is achieved by the removal of potential steric overlap between 

the adduct and the incoming nucleotide by rotation of the adducted template base. The 

structural and kinetic data indicate that DNA pol ι efficiently bypasses alkylation DNA 

damage and supports a mechanism where DNA pol ι is switched at a stalled replication 

fork for efficient bypass of the lesion.   

DNA polymerase κ efficiently incorporates dCMP opposite Gua and N2-ethylGua 

when Mg2+ is the activating divalent metal. Like DNA pol ι, the primer extension activity 

of DNA pol κ is metal ion concentration dependent. In primer extension assays using 

DNA pol κ increased amounts of metal ion in the reaction results in increased amounts of 

primer extension. Interestingly, DNA pol κ catalyzes a maximal amount of primer 
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extension at low MnCl2 concentrations compared to MgCl2. However, the efficiency of 

DNA pol κ-catalyzed nucleotide insertion decreases ~370-fold when Mn2+ is used to 

active the enzyme instead of Mg2+. DNA pol κ responds similarly to the replicative DNA 

polymerases when activated by Mn2+ and demonstrates a decreased efficiency and 

fidelity during DNA polymerization. In the steady-state, DNA pol κ inserts dCTP 

opposite N2-ethylGua with the same efficiency as opposite Gua. DNA pol κ shows a high 

level of fidelity when Mg2+ is the activating metal ion. Misincorporation of dGTP, dATP, 

or dTTP occurs rarely with efficiencies ~10,000-50,000-fold lower relative to 

incorporation of dCTP. These data indicate that Mg2+ is the preferred metal activator for 

DNA pol κ during DNA polymerization. 

In transient kinetic assays with DNA pol κ the increasing concentrations of metal 

ions resulted in increased burst amplitudes during nucleotide incorporation. The presence 

of the Mg2+ ion results in a stoichiometric burst amplitude and the presence of the Mn2+ 

ion in a diminished burst amplitude. This suggests the formation of inactive enzyme-

substrate complexes in the presence of the Mn2+ ion. The dissociation constant for metal 

binding at the active site of DNA pol κ indicated that Mn2+ binds with higher affinity than 

Mg2+. These results could explain the maximal primer extension activity of DNA pol κ at 

low levels of Mn2+ due to the high affinity of DNA pol κ for the Mn2+ ion while at the 

same time explaining the reduced efficiency of nucleotide incorporation opposite N2-

ethylGua due to the formation of inactive polymerization complexes.  

DNA pol ι and DNA pol κ utilize distinct catalytic mechanisms for efficient 

lesion bypass of N2-ethylGua. The structure of DNA pol ι revealed the utilization of 

Hoogsteen base-pairing for efficient nucleotide incorporation opposite N2-ethylGua. The 
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rapid kinetic data measuring DNA pol κ-catalyzed dCTP incorporation opposite N2-

ethylGua support a Watson-Crick base-pairing mechanism during nucleotide insertion 

opposite the adduct. The data show that incorporation of dCTP opposite N2-ethylGua by 

DNA pol κ occurs with decreased burst amplitudes compared to that opposite Gua. These 

data suggest that the N2-ethylGua adduct results in the formation of non-productive 

enzyme-substrate complexes where hydrogen bonds between dCTP and N2-ethylGua are 

unable to form due to steric overlap with the ethyl group of the lesion. DNA pol κ could 

incorporate dCTP opposite the adduct by forming a non-canonical Watson-Crick wobble 

base pair between the N2-ethylGua and incoming dCTP.    

Differences in the lesion bypass properties of the Y family DNA polymerases η, ι, 

and κ and changes observed in the activity of DNA pol ι and DNA pol κ in the presence 

of different metal ions suggest distinct biological roles for each of the Y family DNA 

polymerases during Translesion Synthesis. Proliferating Cell Nuclear Antigen (PCNA), a 

ring shaped homotrimeric protein, is a processivity clamp encircling and sliding along the 

DNA. DNA polymerases have been shown to bind to PCNA resulting in increased 

processivity during DNA replication (85). DNA sliding clamps bind multiple DNA 

polymerases simultaneously (14). All of the Y family DNA polymerases contain a PCNA 

binding sequence motif indicating that they may bind PCNA at the replication fork (11-

13). The ability of the sliding clamp to bind multiple DNA polymerases suggests a 

mechanism for TLS where DNA polymerases are switched into and out of the primer-

template junction at the replication fork while tethered to PCNA. This would allow for 

rapid detection and Translesion Synthesis past replication blocking DNA adducts. The 

signal that determines which of the Y family DNA polymerases get recruited to a 
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particular damage site is not understood. However, the different responses to metal ions 

and metal ion concentrations by the Y family DNA polymerases suggest that they could 

be partly regulated by the transient changes in the local metal ion concentrations at the 

replication fork. Metal ion concentrations in the cell are tightly regulated and fluctuate in 

response to stress signals such as increased levels of reactive oxygen species (30). Thus, 

under DNA damaging conditions an increase in the nuclear concentration of Mn2+ could 

stimulate DNA pol ι-catalyzed lesion bypass activity resulting in a transient activation of 

bypass DNA polymerases during Translesion Synthesis at the damaged site (27;28;86). 

The Y family DNA polymerases are good candidates for the efficient bypass of N2-

ethylGua and alkylation DNA damage in vivo. The activation and localization of the Y 

family DNA polymerases to sites of DNA damage may be regulated by tethering to 

PCNA and by the transient fluctuation of nuclear concentrations of divalent metal ions 

around stalled replication forks. 
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APPENDIX I 
 
 

Supplemental Data from Chapter I 
 

 

 
 
Figure 12: Expression and Purification of Human DNA Polymerase ι. 
An SDS PAGE showing the expression levels of the MBP•DNA pol ι fusion protein 
before (lane 2) and after (lane 3) induction with IPTG. Lane 4, elution of the cleaved 
DNA pol ι from the amylose resin after overnight incubation with PreScission Protease. 
Lane 5, purified DNA pol ι after phosphocellulose chromatography. 
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Figure 13: Kinetic Assays for Single Nucleotide Insertion by DNA Pol ι opposite N2-
ethylGua or Gua. Kinetic assays for single nucleotide insertion were prepared as 
described in Materials and Methods. The annealed primer (14-mer) and templates 
containing target N2-ethylGua or Gua were incubated with DNA pol ι in the presence of 
0.075 mM Mn2+ or 2 mM and 5 mM Mg2+ and the indicated concentrations of either 
dCTP or dTTP. 
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Figure 14: Kinetic Assays for Single Nucleotide Extension by DNA pol ι from 3’ 
termini containing N2-ethylGua or Gua. Kinetic assays for single nucleotide extension 
were prepared as described in Materials and Methods. The annealed primers (15-mer) 
and templates containing target N2-ethylGua or Gua paired with Cyt or Thy were 
incubated with DNA pol ι in the presence of 0.075 mM Mn2+ or 2 mM and 5 mM Mg2+ 
and the indicated concentrations of dGTP. 
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APPENDIX II 

 
 

Supplemental Data from Chapter II 
 
 

 

 
Figure 15: Expression and Purification of Human DNA Polymerase κ. 
An SDS PAGE showing the expression levels of the MBP•DNA pol κ fusion protein 
before (lane 2) and after (lane 3) induction with IPTG. Lane 4, elution of the cleaved 
DNA pol κ from the amylose resin after overnight incubation with PreScission Protease. 
Lane 5, purified DNA pol κ after phosphocellulose chromatography. 
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Figure 16: Kinetic Assays for Single Nucleotide Insertion by DNA Pol κ opposite N2-
ethylGua or Gua. Kinetic assays for single nucleotide insertion were prepared as 
described in Materials and Methods. The annealed primer (14-mer) and templates 
containing target N2-ethylGua or Gua were incubated with DNA pol κ in the presence of 
0.075 mM Mn2+ or 2 mM Mg2+ and the indicated concentrations of dCTP, dGTP, dATP, 
or dTTP. 
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