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Abstract

DNA polymerase (pol) κ efficiently catalyzes error-free translesion DNA synthesis (TLS) opposite 

bulky N2-guanyl lesions induced by carcinogens such as polycyclic aromatic hydrocarbons. We 

investigated the biochemical effects of nine human nonsynonymous germline POLK variations on 

the TLS properties of pol κ, utilizing recombinant pol κ (residues 1–526) enzymes and DNA 

templates containing an N2-CH2(9-anthracenyl)G (N2-AnthG), 8-oxo-7,8-dihydroguanine (8-

oxoG), O6-methyl(Me)G, or an abasic site. In steady-state kinetic analyses, the R246X, R298H, 

T473A, and R512W variants displayed 7- to 18-fold decreases in kcat/Km for dCTP insertion 

opposite G and N2-AnthG, with 2- to 3-fold decreases in DNA binding affinity, compared to wild-

type, and further showed 5- to 190-fold decreases in kcat/Km for next-base extension from C paired 

with N2-AnthG. The A471V variant showed 2- to 4-fold decreases in kcat/Km for correct 

nucleotide insertion opposite and beyond G (or N2-AnthG) compared to wild-type. These five 

hypoactive variants also showed similar patterns of attenuation of TLS activity opposite 8-oxoG, 

O6-MeG, and abasic lesions. By contrast, the T44M variant exhibited 7- to 11-fold decreases in 

kcat/Km for dCTP insertion opposite N2-AnthG and O6-MeG (as well as for dATP insertion 

opposite an abasic site), but not opposite both G and 8-oxoG, nor beyond N2-AnthG, compared to 

wild-type. These results suggest that the R246X, R298H, T473A, R512W, and A471V variants 

cause a general catalytic impairment of pol κ opposite G and all four lesions, whereas the T44M 

variant induces opposite lesion-dependent catalytic impairment—i.e., only opposite O6-MeG, 
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abasic, and bulky N2-G lesions, but not opposite G and 8-oxoG—in pol κ, which might indicate 

that these hypoactive pol κ variants are genetic factors in modifying individual susceptibility to 

genotoxic carcinogens in certain subsets of populations.
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INTRODUCTION

A variety of endogenous and exogenous agents continuously attack cellular DNA and 

generate numerous DNA lesions in the cellular genome. Cells can employ elegant DNA 

repair systems to restore genomic integrity but these systems are not perfect, and thus 

unrepaired or misrepaired lesions persist to some extent in cellular DNA. These persistent 

DNA lesions can perturb DNA replication (i.e., cause “replication stress”) and RNA 

transcription in cells, which can induce mutagenesis or cell death depending on the type and 

extent of DNA damage, ultimately leading to carcinogenesis or other adverse health 

problems.1, 2 To cope with these replication obstacles and allow completion of DNA 

replication for cell survival, cells have evolved DNA damage tolerance mechanisms.3 

Translesion DNA synthesis (TLS) is a major DNA damage tolerance mechanism whereby 

specialized TLS polymerases (pols) are recruited at and replicate past DNA lesions that stall 

replicative pols.4 TLS pols have an ability to bypass a wide variety of DNA lesions but often 

cause mutations, depending on the lesion type and the DNA sequence context. Indeed, every 

TLS pol possesses distinctive TLS properties, differing from each other in terms of accuracy 

(e.g., error-free to error-prone) and efficiency at particular lesions, and thus exerts anti- and 

pro-mutagenic effects in both a lesion- and sequence context-dependent manner during TLS 

processes in cells.5 For this reason and due to the low fidelity nature of TLS pols, the 

balanced and coordinated activities among multiple TLS pols may be critical to maintain the 

genomic stability in cells.

Of the at least 17 different human DNA pols, four Y-family pols (η, ι, κ, and REV1) (as 

well as a B-family pol ζ) are prominent in TLS as an inserter, an extender, or a scaffold, 

although more than half of 17 pols are involved in TLS of certain types of DNA lesions.6, 7 

Defects in and dysregulation of these TLS pols can promote the genomic instability and 

tumorigenesis.8–13 Recent studies reveal a diverse repertoire of mutational signatures in 
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human cancer genomes, some of which correspond well with the proposed etiologies or 

underlying mutational processes related to the types of DNA damage, DNA repair, and 

replicative transactions including TLS.1, 14, 15 In this respect, it can be speculated that the 

cellular capacity for faithful replication in the presence of DNA damage may be an 

important determinant for genome maintenance, and thus the functional and genetic 

alterations of TLS pols might modify overall mutation consequences (e.g., frequency and 

spectrum) of DNA damage induced by carcinogens in cells, potentially contributing to 

mutation or cancer susceptibility in the affected individuals. Our recent studies reveal that a 

substantial number of human natural germline genetic variants of TLS pols ι, κ, and REV1 

are catalytically altered (either impaired or enhanced in TLS activity),16–18 implying their 

potential for individual alterations in TLS capacity and mutation risk to certain genotoxic 

carcinogens in genetically predisposed individuals.

Pol κ is unique in its ability to bypass bulky N2-G adducts such as N2-benzo[a]pyrene diol 

epoxide (BPDE)-G and N2-(1-carboxyethyl)-G, in addition to an N2-G interstrand cross-

link, in a most efficient and error-free manner among TLS pols.19–22 Pol κ-deficient mouse 

embryonic fibroblast cells are hypersensitive to both killing and mutagenesis from 

benzo[a]pyrene23 and also show decreases in TLS efficiency and fidelity across an N2-

BPDE-G on a shuttle vector plasmid.24 Pol κ is also required for recovery from S-phase 

checkpoint arrest in mouse cells following exposure to BPDE.25 In addition, pol κ functions 

in DNA repair processes, e.g. nucleotide excision repair after UV irradiation and strand 

break repair following oxidative stress, and is also required for checkpoint activation after 

replication fork stalling with hydroxyurea or aphidicolin in mammalian cells.26–28 Mice 

lacking pol κ exhibit a spontaneous mutator phenotype in various tissues and reduced 

survival.29 At present, no human disease linked to pol κ defect has been reported, but a 

haplotype and a noncoding single nucleotide polymorphism (SNP) of the POLK gene were 

negatively associated with lung cancer risk,30 while two noncoding POLK SNPs were 

positively associated with breast cancer risk,31 although specific mechanisms have not been 

revealed. Also, seven noncoding POLK SNPs were associated with platinum chemotherapy 

response, toxicity, or progression-free survival in non-small cell lung cancer patients.32 With 

this background, we can speculate that certain human germline POLK variations might alter 

the functional status of pol κ and thus modify individual risk of mutation and cancer from 

exposure to certain carcinogens, as well as outcomes of anticancer chemotherapy.

The human POLK gene encodes the pol κ protein, composed of 870 amino acids. To date, a 

total of at least 310 nonsynonymous single nucleotide variations (SNVs) in the POLK gene 

have been described in dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP). All of these 

reported nonsynonymous POLK SNVs appear to be rare in human population in that their 

minor allele frequencies (MAFs) are < 1% or still unknown. Rare genetic variations, which 

constitute a majority of the genetic variations in human population,33 have received 

considerable attention as a potential source of hidden disease heritability, because rare 

variants are predicted to be more functional than common variants (i.e. polymorphisms).34 

Recent reports that novel rare variants are associated with some biomedical phenotypes in 

the UK10K project35, 36 also underscore the significant contribution of rare variants to 

human diseases and traits. Especially for the rare variants that can be missed by conventional 

genome-wide association studies due to the limited sample size, a biochemical approach that 

Kim et al. Page 3

Chem Res Toxicol. Author manuscript; available in PMC 2017 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ncbi.nlm.nih.gov/projects/SNP


assesses the direct effects of genetic variations on protein function is a useful alternative 

method, not only to identify functional genetic variations involved in a specific gene but also 

to understand their biochemical mechanisms and biological consequences. Previously we 

reported that seven rare germline nonsynonymous POLK SNVs in the polymerase core 

region (residues 1–526) could at least partially impair or facilitate TLS activity of pol κ 
opposite a bulky N2-G adduct.17 However, the functional impacts of the other numerous 

POLK SNVs still remain to be explored. In the present study, we investigated the 

biochemical impacts of nine selected germline POLK SNVs on the catalytic activity of pol 

κ. We selected nine POLK SNVs based not only on their predicted effects but also on their 

validation statuses that are supported by multiple observations and frequency data. Thus, one 

nonsense SNV that causes a premature stop at codon 246 and eight missense SNVs that are 

located in the polymerase core domains and predicted to have deleterious effects by in silico 
prediction tools such as SIFT and PolyPhen-237, 38 were chosen for this study. We 

performed a set of experiments with full-length primer extensions, steady-state kinetics, and 

pol-DNA binding assays, using the recombinant catalytic core (residues 1–526) proteins for 

wild-type pol κ and nine variants with oligonucleotide DNA templates containing an 

undamaged G, a bulky N2-CH2(9-anthracenyl)G (N2-AnthG) adduct, 8-oxo-7,8-

dihydroguanine (8-oxoG), O6-methyl(Me)G, or an abasic site. We found that six germline 

POLK SNVs can interfere with catalytic function of pol κ for DNA synthesis upon normal 

and/or DNA lesion templates. These findings are discussed in the context of understanding 

the possible mechanistic and functional consequences of impaired catalytic function with pol 

κ variants.

EXPERIMENTAL PROCEDURES

Materials

Protease inhibitor cocktail tablets were purchased from Roche Life Science (Indianapolis, 

IN). FPLC columns were obtained from GE Healthcare (Uppsala, Sweden). Unlabeled 

dNTPs and T4 polynucleotide kinase were purchased from New England Biolabs (Ipswich, 

MA). [γ-32P]ATP (specific activity 3 × 103 Ci/mmol) was obtained from PerkinElmer Life 

Sciences (Boston, MA). Micro Bio-Spin columns were from Bio-Rad (Hercules, CA).

Oligonucleotides

An 18-mer (5′–AGC CAG CCG CAG ACG CAG–3′), a 19-C-mer (5′–AGC CAG CCG 

CAG ACG CAG C–3′), an 18-FAM-mer (5′–(FAM)-AGC CAG CCG CAG ACG CAG–3′; 

FAM = 6-carboxyfluorescein), and a 36-mer oligonucleotides (5′–TCG GCG TCC TCX 

CTG CGT CTG CGG CTG GCT CGA GGC–3′; X = G, 8-oxoG, or tetrahydrofuran (abasic 

site analog)) containing a G, 8-oxoG, or abasic site (stable tetrahydrofuran derivative) 

(Figure 1) were obtained from Bioneer (Daejeon, Korea). A 36-mer (X = O6-MeG) 

oligonucleotides containing a O6-MeG (Figure 1) was obtained from Midland Certified 

Reagent Co. (Midland, TX), and a 36-N2-AnthG-mer oligonucleotide (X = N2-CH2(9-

anthracenyl)G (N2-AnthG)) containing a N2-AnthG (Figure 1) was prepared as previously 

described.39
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Selection of Human POLK Gene Variants to Study

We searched for germline human POLK gene variations that are highly likely to damage 

protein function but not yet characterized in detail from the current public databases. We 

searched for the natural germline POLK gene variants that are expected to be deleterious on 

enzymatic function of pol κ on the basis of three criteria: i) non-synonymous coding SNVs 

(which cause either a nonsense or a missense change), ii) SNVs located in the polymerase 

core domain (residues 1 to 526), and iii) SNVs predicted by SIFT and/or Polyphen-2 

programs to have damaging effects on protein function,37, 38 from the public databases 

dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/) and 1000 Genomes (http://browser.

1000genomes.org). Thus, we selected nine SNVs that include one nonsense variation and 

eight missense variations and have rare minor allele frequencies (MAFs < 1%). Hence, the 

nonsense R246X SNV (MAF 0.02%), which is also listed as a somatic mutation found in a 

gastric cancer sample in the COSMIC database (http://www.sanger.ac.uk/genetics/CGP/

cosmic/), was included for this study. Current information for the 9 POLK gene variations 

investigated in this study is summarized in Table 1, based on publically available variant 

databases such as dbSNP and 1000 Genomes.

Construction of Expression Vectors for Catalytic Core Proteins of Nine Pol κ Variants

Nine different mutations were individually generated in the pol κ core expression vector, 

pBAD-wtPOLK1–526
17 by PCR-based mutagenesis with nine pairs of mutagenic primers. 

The oligonucleotide primers for introducing the point mutation were 5'-GGA CTT AAT 

GAT AAT AAA GCA GGA ATG AAA GGA TTA GAT AAA GAG AAA ATT AAC A-3' 

for E29K, 5'-ACA AAA TTA TAA TGG AAG CCA TGA AGG GGT CCA GAT TTT ATG 

G-3' for T44M, 5'-GAA ATA CTT GCT GAT TAT GAT CCC AAT TGT ATG GCC ATG 

AGT CTT-3' for F192C, 5'-AAA CTG AGT GAG CAT GAA TGA TCC ATC TCT CCA 

CTA C-3' for R246X, 5'-TTT TGG AAC ATC AGC CCA GAA AGT GGT AAA GGA AAT 

TCG-3' for E292K, 5'-CAG GAA GTG GTA AAG GAA ATT CAT TTC AGA ATT GAG 

CAG AAA ACA-3' for R298H, 5'-TGA ATT TTG AAG TAA AAA CTC GTG TAT CTA 

CAG TTT CAT CTG TTG TTT C-3' for A471V, 5'-TGA AGT AAA AAC TCG TGC ATC 

TGC AGT TTC ATC TGT TGT TTC TAC-3' for T473A, 5'-GAG ATT AAG GCT TAT 

GGG TGT TTG GAT ATC TAG TTT TCC C-3' for R512W and its corresponding 

antiparallel primer for each mutation. All nine mutations were confirmed by nucleotide 

sequence analysis of the constructed expression vectors.

Expression and Purification of Recombinant Pol κ Proteins

The wild-type and nine different variant forms of recombinant pol κ core proteins were 

expressed in Escherichia coli strain TOP10 cells utilizing each of the constructed pBAD-

POLK1–526 expression vectors, with arabinose induction, and the recombinant proteins were 

purified with a HisTrap HP column (GE Healthcare) and a Mono S column (GE Healthcare) 

by an ÄKTA FPLC system (GE Healthcare, Upsala, Sweden) as described previously.17 The 

Mono Q column (GE Healthcare) was additionally utilized for purifying the 246X variant 

proteins to near homogeneity. The purified proteins were stored at −80 °C in 50 mM 

HEPES-NaOH (pH 7.5) buffer containing 100 mM NaCl, 1 mM dithiothreitol, and 50% 

glycerol (v/v) after dialysis. Protein concentrations were estimated using a Bradford protein 
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assay, and the purity of the proteins was assessed by SDS-polyacrylamide gel 

electrophoresis and Coomassie Brilliant Blue staining (Figure S1, Supporting Information).

DNA Polymerase Primer Extension Assays and Steady-State Kinetic Analysis

18-mer primers were 5′ end-labeled using T4 polynucleotide kinase with [γ-32P]ATP and 

annealed with 36-mer templates in 50 mM HEPES-NaOH (pH 7.5) buffer to make five kinds 

of primer-template DNA substrates: a normal 18-mer/36-G-mer and the DNA lesion-

containing 18-mer/36-X-mers (X = N2-AnthG, 8-oxoG, O6-G, or abasic site). Standard 

DNA polymerase reactions of 8 µL were conducted in 50 mM HEPES-NaOH (pH 7.5) 

buffer containing 50 mM NaCl, 5 mM dithiothreitol, 100 µg mL−1 BSA (w/v), and 10% 

glycerol (v/v) with 100 nM DNA substrates (i.e. 5′ end-labeled 18-mer primers annealed to 

36-mer templates) at 37 °C. For the next-base extension assays, 5′ end-labeled 19-C-mer 

primers annealed to 36-mer templates were utilized as DNA substrates. Reactions were 

initiated by addition of dNTPs and MgCl2 (5 mM final concentration) to preincubated 

pol/DNA mixtures and quenched by addition of 48 µL of a 95% formamide (v/v)/20 mM 

EDTA solution. For steady-state kinetic analysis, the primer-template was extended in the 

presence of 0.1–10 nM pol κ with increasing concentrations of individual dNTPs for 5 or 10 

min, where the maximum amount of extension products was ≤20% of the total DNA 

substrate. Reaction products were separated by electrophoresis (16% polyacrylamide (w/v)/8 

M urea gel) and visualized and quantified using a Personal Molecular Imager instrument and 

Quantity One software (Bio-Rad). The rate of product formation was plotted as a function of 

dNTP concentration and fit to the Michaelis-Menten equation using the Prism software 

(GraphPad, San Diego, CA) to estimate the steady-state kinetic parameters kcat and Km.

Fluorescence Polarization Assays

Two different DNA substrates containing a G or N2-AnthG were prepared for DNA binding 

assays. The (5´ FAM) 18-mer primer was annealed with the 36-mer template containing G 

or N2-AnthG for normal and lesion-containing DNA substrates. DNA substrates (2 nM) 

were incubated with varying concentrations of pol κ, and fluorescence polarization was 

measured with a Biotek Synergy NEO plate reader (Winooski, VT) using 485 and 528 nm 

excitation and emission filters, respectively. The polymerase-DNA binding reaction was 

done in the presence of 50 mM HEPES-NaOH buffer (pH 7.5) containing 10 mM potassium 

acetate, 10 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 2 mM β-mercaptoethanol, and 0.1 mg 

mL−1 BSA, as modified from a previous study.17 The fluorescence polarization data were 

plotted against the enzyme concentration and fit to a quadratic equation to estimate Kd,DNA 

using the equation: P = P0 + (Pmax −P0)((Dt + Et + Kd,DNA) − ((Dt + Et + Kd,DNA)2 – 

(4DtEt))1/2)/(2Dt), where P is the observed change in fluorescence polarization, P0 is the 

initial polarization (DNA alone), Pmax is the maximum polarization, Dt is the total DNA 

concentration, Et is the total enzyme concentration, and Kd,DNA is the equilibrium 

dissociation constant for enzyme binding to DNA.
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RESULTS

Overall Work Scheme

The main purpose of this study was to characterize the enzymatic properties of nine pol κ 
variants, which were chosen from the human germline genetic variants newly listed by the 

1000 Genomes Project,33 and thus to reveal new potentially functional human germline 

POLK variations that impair the catalytic activity of pol κ. To achieve this, we paid 

particular attention to a germline POLK variation list that have been newly updated in the 

1000 Genomes database since our previous work17. Among them, nine POLK SNVs were 

selected for functional variation candidates in this study. These candidates met at least four 

properties: non-synonymous coding, positioning at the catalytic core region (amino acids 1–

526) of pol κ (Figure 2), validated status with multiple observations and frequency data, and 

putative functionality. Thus, the eight missense variations that are predicted to be damaging 

on protein function by prediction tools, PolyPhen-2 and SIFT,37, 38 as well as a nonsense 

R246X variation that causes premature protein termination, were included in this study. It is 

notable that the R246X variation has also been observed in a human gastric cancer sample 

(http://www.sanger.ac.uk/genetics/CGP/cosmic/), although its clinical relevance is unknown. 

The nine selected SNVs have some information available about the minor allele frequencies 

(MAFs) observed in human populations (Table 1), but no homozygotes have been reported 

for these variants yet in the current public databases. Although all of the studied POLK 
variations are very rare (MAF < 0.1%), they could exert influences on a small subset of 

people carrying these variants if functional. We performed a set of biochemical experiments, 

including “standing-start” primer extensions, steady-state kinetics of nucleotide 

incorporation opposite normal and adducted DNA templates, and DNA binding assays, 

using the recombinant pol κ core enzymes and DNA oligonucleotides containing a normal 

G, a cognate bulky N2-guanyl adduct (N2-AnthG), or each of three other common DNA 

lesions (8-oxoG, O6-MeG, or abasic site) at a defined site.

Standing-Start Primer Extension Opposite G and N2-AnthG by Wild-Type Pol κ and 
Variants

Standing-start primer extension assays were performed in order to initially observe the 

qualitative alterations in normal and translesion DNA synthesis activities by nine pol κ 
variants compared to those of the wild-type. We extended the 18-mer primers annealed to 

36-mer templates containing unmodified G or N2-AnthG (Figure 1), which places the 3′-end 

of primers just before a template G or N2-AnthG, in the presence of all four dNTPs using the 

wild-type and variant pol κ core proteins (Figure 3). The 18-mer/36-mer primer-template 

DNAs were used as DNA substrates not only for this polymerase assay but also for DNA 

binding assays (see below). The N2-AnthG was utilized as a model bulky N2-G DNA 

adduct, because it is one of the favored TLS substrates for human pol κ.8 For polymerization 

at an unmodified G in the template, the wild-type pol κ readily extended the primers past G 

and generated extension products up to about 29-mers, and the extent of bypass synthesis 

was proportional to the pol concentration. The E29K, T44M, F192C, and E292K variants 

displayed extension activity similar to that of the wild-type enzyme. In contrast, the R246X, 

R298H, T473A, and R512W variants showed much lower activity than wild-type pol κ, 

indicating the severe attenuation of polymerase activity due to these nonsense or missense 
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changes. Interestingly the R246X variant still retained some polymerase activity, unlike the 

R219X variant (which is devoid of activity),17 indicating an indispensable role of residues 

219–245 of the palm domain for minimal polymerase activity. For TLS at N2-AnthG, wild-

type pol κ and nine variants displayed similar patterns of primer extension as those observed 

with an unmodified G with the exception of the T44M variant, which showed a considerable 

diminution in extension activity only opposite N2-AnthG but not opposite G. The A471V 

variant displayed slight reductions in the extent of extension products across G and N2-

AnthG compared to those with wild-type pol κ. Among the nine variants, the R512W form 

showed the lowest activity at both templates, generating only a trace of one- to three-base 

extension products across N2-AnthG even with a 1.5 nM enzyme concentration, indicating 

the marked diminution of its lesion bypass activity due to this substitution.

We also qualitatively assessed he subsequent extension activities from the N2-AnthG:C pair 

by nine pol κ variants compared to the wild-type, by assaying extensions of a 19-C-mer 

primer annealed to 36- N2-AnthG-mer template with all four dNTPs (Figure S2, Supporting 

Information). The patterns of primer extensions beyond the N2-AnthG:C pair by wild-type 

pol κ and variants were analogous to those of standing start primer extensions opposite N2-

AnthG, except for the T44M variant which showed a subsequent extension activity 

comparable to that of the wild-type enzyme. These results indicate that none of these 

variations affect pol κ activity exclusively at the subsequent extension step beyond N2-

AnthG, while the T44M substitution diminishes pol κ activity selectively at the insertion 

step opposite N2-AnthG but not the subsequent extension step.

Steady-State Kinetics of dNTP Incorporation Opposite G and N2-AnthG by Pol κ Wild-Type 
and Variants

To quantitatively evaluate the changes in both the efficiency and fidelity of nine pol κ 
variants for nucleotide incorporation opposite a unmodified G and a bulky N2-AnthG 

adduct, we analyzed steady-state kinetics for incorporation of single nucleotides into 18-

mer/36-mer duplexes opposite each of these templates by pol κ variants in comparison to the 

wild-type enzyme (Tables 2 and 3). We determined the specificity constant (kcat/Km) and 

misinsertion frequency (f = (kcat/Km)incorrect dNTP/(kcat/Km)correct dNTP) as semi-quantitative 

indexes for the catalytic efficiency and fidelity of a distributive pol κ enzyme, as utilized in 

previous works.17, 40 For correct dCTP incorporation opposite an unmodified G, the R246X, 

R298H, T473A, and R512W variants showed 7- to 16-fold reductions in kcat/Km for dCTP 

insertion opposite G compared to that of the wild-type, while the E29K, T44M, F192C, and 

E292K variants showed kcat/Km values similar to that of the wild-type (Table 2). The A471V 

variant displayed a 3-fold decrease in kcat/Km for dCTP insertion opposite G compared to 

that of the wild-type. A similar trend of results was observed for dCTP incorporation 

opposite an N2-AnthG adduct, except for that with the T44M variant (Table 3). Interestingly, 

the T44M variant, which had a wild-type-like (86%) activity opposite normal G, displayed a 

7-fold decrease in kcat/Km for dCTP insertion opposite N2-AnthG. The R246X, R298H, 

T473A, and R512W variants displayed 7- to 18-fold decreases in kcat/Km for dCTP insertion 

opposite N2-AnthG compared to that of wild-type pol κ, while the E29K, F192C, and 

E292K variants showed kcat/Km values similar to that of the wild-type (Table 3). The A471V 

variant displayed a 2-fold decrease in kcat/Km for dCTP insertion opposite N2-AnthG 
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compared to that of the wild-type enzyme. These steady-state kinetic results are in good 

agreement with the patterns of primer extension by the variants in Figure 3. The misinsertion 

frequencies of the variants opposite G and N2-AnthG did not differ much from those of the 

wild-type but were slightly or moderately altered in some cases. Noticeably, the T44M 

variant showed 4- to 5-fold decreases in misinsertion frequencies of non-dCTP nucleotides 

opposite G but showed 4- to 6-fold increases in those of dATP and dTTP opposite N2-

AnthG, while the R512W variant displayed 3- and 6-fold increases, respectively, in 

misinsertion frequencies of dGTP and dTTP opposite G.

Steady-State Kinetics of Next-Base Extension from an N2-AnthG:C Pair by Wild-Type Pol κ 
and Variants

To quantitatively estimate the efficiencies of the nine pol κ variants for the subsequent 

extension step after dCTP insertion opposite N2-AnthG, steady-state kinetic parameters were 

determined for insertion of the next correct nucleotide dGTP opposite template C following 

an adducted N2-AnthG:C base pair into a 19-C-mer primer annealed to a 36-N2-AnthG-mer 

by wild-type pol κ and the variants, compared to next-base extension from the normal G:C 

pair of a 36-G-mer/19-C-mer substrate (Table 4). The alterations in next-base extension 

efficiencies (i.e., kcat/Km) of each pol κ variants from the adducted N2-AnthG:C pair were 

similar to those from the normal G:C pair, with slight variations in some cases. For the next-

base extension from the G (or N2-AnthG):C pair, the R246X, R298H, A471V, T473A, and 

R512W variants displayed 4- to 190-fold decreases in kcat/Km compared to that of the wild-

type, while the E29K, T44M, F192C, and E292K variants showed kcat/Km values similar to 

that of wild-type pol κ. Interestingly the R512W variation caused a 3-fold greater decrease 

in kcat/Km of pol κ for next-base extension from an N2-AnthG:C pair than that from a G:C 

pair, indicating a more severe impairment at the subsequent extension step beyond the N2-

AnthG-adducted base pair than that beyond normal base pair by this variation. However, 

none of the nine genetic variations caused an exclusive alteration in next-base extension 

efficiency only from N2-AnthG:C pair (but not from G:C pair).

Binding for DNA Substrates Containing G or N2-AnthG by the Wild-Type Pol κ and Variants

We evaluated the effects of nine genetic variations on DNA substrate binding of pol κ using 

fluorescence polarization assays, determining the equilibrium dissociation constants 

(Kd,DNA) of wild-type pol κ and nine variants by fitting the fluorescence polarization values 

of fluorescein-labeled primer-template DNA (18-FAM-mer/36-mer) as a function of pol κ 
concentration to a quadratic equation (Table 5). The Kd,DNA of each pol κ enzyme for 

unmodified DNA was similar to that of N2-AnthG-adducted DNA, indicating that an N2-

AnthG located at a primer-template junction does not substantially affect the DNA-binding 

affinity of wild-type pol κ and the variants. This is in a good agreement with the previous 

result on pol κ with DNA substrates that places the 3′-end of the primer right before a G or 

N2-BPDE-G.41 We also note a previous interesting report that pol κ bound 3-fold more 

strongly to DNAs that contains the primers extended by one to three nucleotides past N2-

BPDE-G.41 Such a supportive role of pol κ in the subsequent extension steps past the bulky 

N2-G adduct should be considered in the future work, especially on pol κ variants impaired 

selectively in the subsequent extension steps past the lesion, although not applicable in this 

work. We found that the Kd,DNA values of the R246X and R512W variants were 2.4- to 2.9-

Kim et al. Page 9

Chem Res Toxicol. Author manuscript; available in PMC 2017 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fold higher for both N2-AnthG-adducted and unmodified DNA substrates than for wild-type 

pol κ, indicating slight decreases in DNA-binding affinity of pol κ by those variations. 

Similarly, the R298H and T473A variants showed 1.5-fold to 2-fold increases in Kd,DNA 

values for both DNA substrates compared to that of the wild-type. The slight reductions in 

the DNA binding affinity of pol κ by those four variations might partly relate to decreases in 

nucleotide insertion efficiencies opposite G and N2-AnthG with those variants compared to 

wild-type pol κ (Tables 2 and 3).

Steady-State Kinetics of dNTP Incorporation Opposite 8-OxoG, O6-MeG, or an Abasic Site 
by Wild-Type Pol κ and Variants

To assess whether six pol κ variants that were hypoactive opposite N2-AnthG have similar 

alterations in TLS activity opposite other DNA lesions, we performed steady-state kinetic 

analysis for the incorporation of single nucleotides into 18-mer/36-mer duplexes opposite 

three common DNA lesions—8-oxoG, O6-MeG, and an abasic site—by pol κ variants in 

comparison to wild-type pol κ (Tables 6 and 7). All nine pol κ variants displayed a similar 

trend of results opposite three other DNA lesion templates, except for the case opposite 8-

oxoG with the T44M variant (Tables 6 and 7), when compared with the results opposite N2-

AnthG (Table 3). Notably, the T44M variant showed a wild-type-like (70%) activity 

opposite 8-oxoG, whereas displaying 11-fold decreases in kcat/Km for dCTP and dATP 

insertion, respectively, opposite O6-MeG and abasic lesions, implying that both O6-MeG and 

abasic lesions but not 8-oxoG in the nascent base pair might disturb the catalysis by the 

T44M variant. The R246X, R298H, A471V, T473A, and R512W variants displayed 2- to 

18-fold decreases in kcat/Km for dCTP insertion opposite three DNA lesions compared to 

that of the that of wild-type pol κ. These steady-state kinetic results are in good agreement 

with the patterns of standing-start primer extension in the presence of all four dNTPs by the 

variants (Figure S3, Supporting Information). The misinsertion frequencies or dNTP 

selectivity ratios of the variants opposite 8-oxoG, O6-MeG, and an abasic site were mostly 

similar to those of wild-type pol κ, but the hypoactive T473A and R512W variants showed 

4-fold decreases in misinsertion frequencies of dATP opposite 8-oxoG.

DISCUSSION

Pol κ is a unique polymerase involved in the error-free TLS of minor-groove DNA lesions as 

well as in the DNA repair synthesis, and thus it has a role in protecting the cellular genome 

from genotoxic stresses. Our previous report revealed that certain putatively damaging 

human germline variations of the POLK gene severely diminish the catalytic activity of pol 

κ, underlining a need for the functional characterization of other new putatively damaging 

variants. To date, a large number of human POLK germline variations have been newly 

catalogued from the 1000 Genomes and NHLBI Exome Sequencing Projects,33, 42 but their 

functional effects are largely unknown. In this study, we report that six germline 

nonsynonymous variations of the human POLK gene noticeably impair the in vitro catalytic 

activity of pol κ. We selected nine nonsynonymous POLK variants, i.e., eight missense and 

one nonsense variants, on the bases of their locations, predicted effects, and validation 

statuses, and then analyzed their catalytic properties. Our results clearly indicate that the 

R246X, R298H, T473A, and R512W variations caused severe (about two to four orders of 
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magnitude) decreases in the overall bypass efficiency (i.e., the multiplied product of the 

insertion efficiency opposite a template and the next-base extension efficiency)17 of pol κ for 

both normal and translesion DNA synthesis across (opposite and beyond) G and N2-AnthG, 

as well as resulting in 2- to 3-fold decreases in the DNA-binding affinity of pol κ, while the 

A471V variation induces substantial (about one order of magnitude) decreases in those 

overall bypass efficiencies (Figure 4). Remarkably the T44M variation, which is located over 

the template at the n+1 position near the active site, caused a selective 7-fold decrease in 

TLS efficiency of pol κ only at the insertion step opposite N2-AnthG. These catalytic 

impairments in six pol κ variants were consistently observable opposite other common DNA 

lesions, except for the T44M variant that preserves TLS activity only opposite an 8-oxoG 

lesion.

The nine pol κ variants analyzed in this work can be classified into three types according to 

the alterations in their bypass efficiencies across G and four DNA lesions (Figure 4): (i) the 

“wild-type like” variants (E29K, F192C, and E292K), (ii) the “generally hypoactive” 

variants (R246X, R298H, A471V, T473A, and R512W) with diminution in both normal and 

TLS efficiency, (iii) the “opposite lesion-specific hypoactive” variant (T44M) with 

impairment only opposite N2-AnthG, O6-MeG, and abasic lesions (but not 8-oxoG and G). 

We observed no alterations in polymerase activity of the E29K variant opposite all four 

DNA lesions (Tables 3, 6, and 7), unlike the previous report on the AP site bypass with this 

mutant,43 the discrepancy of which might be due to the differences in the experimental 

conditions, e.g. expressed proteins and sequence contexts. The fidelity of nucleotide 

insertion opposite G and DNA lesions appeared not to be altered much in most of variants 

(Tables 2, 3, 6, and 7), except for several cases showing slight alterations, e.g., an increase 

opposite normal G but a reduction opposite N2-AnthG in the T44M variant and increases 

opposite 8-oxoG in the T473W and R512W variants.

The X-ray crystal structure of the catalytic core of human pol κ, in complex with primer-

template DNA and incoming nucleotide, should be very useful in understanding the 

biochemical alterations in missense dysfunctional pol κ variants (Fig. 2). The catalytic core 

of pol κ has the classic polymerase domains (fingers, palm, and thumb), a PAD domain that 

makes major DNA contacts, and an N-clasp domain that fully encircles DNA.44, 45 It is 

noteworthy that the R298H variation, positioned at the palm domain, caused a severe 

reduction in catalytic activity of pol κ as well as a slight decrease in the DNA-binding 

affinity. This observed effect seems to be related to the replacement of a short side-chain 

residue (His) for a conserved long side-chain residue (Arg) in the αJ helix supporting a 

central mixed β sheet of the palm domain on the dorsal side, which might compromise its 

hydrogen bond interactions with nearby β sheet residues (e.g., Q332 and N330) and thus 

destabilize the catalytic palm domain. It is also notable that the T473A and R512W 

variations, which are positioned at the four-stranded β sheet of the PAD domain directly 

docking in the major groove of DNA, caused a strong catalytic defect with a slight decrease 

in DNA binding affinity. These alterations might be due to the loss of a polar or positively 

charged side chain at the Thr-473 or Arg-512 position that lies close to the sugar-phosphate 

DNA backbone, which might perturb the local conformation of the PAD domain and 

destabilize the interaction of pol κ with DNA. The slight activity decrease of the A471V 

variant seems to be due to a more bulky hydrophobic Val side chain substituted for a small 
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Ala side chain at position 471 near the phosphodiester DNA backbone in the PAD domain. 

Interestingly, the T44M variant was found to have a selective catalytic impairment in 

nucleotide insertion only opposite N2-AnthG, O6-methylG, and abasic lesions but not a 

normal G and an 8-oxoG. The T44 residue is located in the N-clasp domain and its side 

chain hydroxyl group appears to form a hydrogen bond interaction with the first unpaired 

template base, which—as well as a hydrophobic pocket formed by F49, P153, F155, and 

I156—stabilizes this 5´ unpaired template base outside the active site cleft.45 Therefore, the 

loss of a hydrogen bond interaction due to the T44M substitution likely destabilizes the 

positioning of the 5´ unpaired template base, which might induce the positional instability of 

a certain bulky or distorted lesion template in the pol κ active site.

How would these dysfunctional POLK genetic variations influence cellular and organismal 

phenotypes? Previous work with pol κ-deficient mice and cell models,23, 24, 29, 46, 47 has 

suggested that pol κ protects against mutagenesis and promotes survival from exogenous 

and endogenous genotoxic agents such as benzo[a]pyrene and steroid derivatives by 

performing error-free TLS of N2-modified G lesions. In this context of TLS, it is 

conceivable that hypoactive pol κ variants diminish the cellular capacity for error-free TLS 

against cognate N2-G lesions and thus cause a compensated increase in non-C inserted 

mutagenic TLS events by other pols in cells. Furthermore, in view of other proposed 

functions of pol κ in DNA repair and replication checkpoint,26, 28 we can also speculate that 

hypoactive pol κ variants weaken the cellular capacity for DNA repair and checkpoint 

control from various types of genotoxic stress. These aforementioned deleterious effects of 

hypoactive pol κ variants might lead to increased incidences of mutations, genomic 

instability, and cancer risk from certain genotoxic stresses in the affected individuals. A 

large phenotypic difference would be expected between five missense variants (T44M, 

R298H, A471V, T473A, and R512W) and the truncated variant (R246X). The truncating 

R246X variant should display a POLK knockout-like phenotype irrespective of its partial 

activity, because it cannot be localized into the nucleus in cells due to a loss of the C-

terminal NLS domain.48 By contrast, hypoactive missense variants might show a phenotype 

resembling but less severe than the inactivated POLK knock-in phenotype. In fact, although 

both the POLK knock-out cells and the inactivated POLK knock-in cells show equal 

hypersensitivity to benzo[a]pyrene and mitomycin C, the knock-out cells show 

hypersensitivity to oxidizing agents but not alkylating agents, whereas the latter cells show 

exactly the opposite, suggesting complex functions of inactive pol κ against different 

genotoxic stresses, i.e., a non-catalytic protective role against oxidative damage but a 

dominant negative deleterious effect on methylation damage repair.49 In this perspective, it 

would be desirable to carry out further investigations to delineate in vivo impacts of those 

dysfunctional pol κ variants at the cellular and organismal levels. It is also plausible that pol 

κ variants to alter protein interactions may significantly change their TLS efficiency in cells, 

in that the protein-protein interactions of Y-family pols have been suggested to be involved 

in regulation of cellular TLS processes.4, 6, 7 In this respect, it will be worth investigating 

whether nonsynonymous pol κ variants, particularly the variants located at C-terminal 

protein interaction domains (e.g., the PCNA-interacting protein (PIP) and ubiquitin-binding 

zinc finger (UBZ) domains), modify their interactions with PCNA and ubiquitin. Other 

factors such as copy number, gene expression, and epigenetic status also need to be 
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considered, as well as genotype, in future comprehensive studies on human health impacts, 

in that the overexpression of pol κ also promotes genomic instability.9, 50

Among eight tested missense POLK variants that are predicted to be damaging protein 

function by SIFT and Polyphen-2, five variants were found to be catalytically hypoactive, 

which indicates a low positive predicted value (63%) of these predictions. By utilizing our 

present and previous data on total 31 missense Y-family pol variants among which 17 

variants are catalytically impaired, we further estimated the prediction accuracies of various 

prediction algorithms, including MutPred (based on sequence, structural, and functional 

features),51 SNPs&GO (based on sequence and functional features),52 MutationTaster 

(based on sequence, mRNA, protein, and regulatory features),53 PolyPhen-2 (HumDIV and 

HumVAR models, based on sequence and structural features),37 and MetaSVM (based on 

nine prediction scores and allele frequencies),54 as well as five sequence homology-based 

methods: LRT55 SIFT,38 Mutation Assessor,56 PROVEAN,57 and FATHMM.58 The 

prediction accuracies of all tested algorithms were found to be relatively low (48% to 68%). 

Among them, the PROVEAN, SIFT, PolyPhen-2 HumVAR, and LRT methods showed 

prediction accuracies (68, 65, 65, and 65% respectively) somewhat higher than the other 

methods. Noticeably, the FATHMM and SNPs&GO methods showed high (100 and 93%, 

respectively) specificity but at the cost of a low (6% and 29% respectively) sensitivity, 

whereas the LRT, MutationTaster, and SIFT methods showed high (94%, 89%, and 89% 

respectively) sensitivity but at the cost of a low (29%, 15%, and 36% respectively) 

specificity. Only PROVEAN and Mutation Assessor methods were found to have both 

sensitivity and specificity ≥ 50% each, although those values were not particularly high 

(53% to 76%). These data emphasize the need of experimental approaches to confirm the 

true functional alterations in genetic variants irrespective of in silico prediction results, as 

well as the need for careful interpretation of in silico prediction results. In good accordance 

with our results, a recent report reveals a relatively low concordance between the predicted 

and actual effects of missense mutations in 23 immune genes and the TP53 gene.59

In conclusion, our results suggest that six germline genetic variations in the human POLK 
gene may impair the error-free TLS ability of pol κ across bulky N2-G DNA lesions, which 

might be possibly implicated as predisposing factors for mutation susceptibility to certain 

genotoxic agents (e.g., polycyclic aromatic hydrocarbons) in the affected individuals. 

Further characterization of the in vivo functional consequences of these and other as-yet 

unidentified POLK gene variations would contribute to a better understanding of the roles of 

human pol κ variants in individual’s propensity for mutations and their possible clinical 

implications, e.g., individual differences in cancer risks and treatment responses, with regard 

to specific genotoxic agents, in human populations. Our present and previous findings on Y-

family pols16–18 also suggest that there likely exist a considerable number of (albeit mostly 

rare) dysfunctional genetic variations for Y-family pols in human population. Our growing 

knowledge about functional genetic variations of human TLS pols might provide some 

insight into understanding the complex genetic basis of cancer risks related to specific 

carcinogens.
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FAM 6-carboxyfluorescein

G guanine

MAF minor allele frequency

Me methyl

N2-Anth N2-CH2(9-anthracenyl)
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Figure 1. DNA adducts used in this work
Structures of N2-CH2(9-anthracenyl)-dG (N2-Anth-dG), 8-oxo-7,8-dihydro-dG (8-oxo-dG), 

O6-methyl(Me)-dG, tetrahydrofuran (an abasic site analog), and normal dG are shown.
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Figure 2. Locations of POLK genetic variations studied
Structure of human pol κ (21–517) (PDB code, 2OH2) bound to primer/template DNA and 

incoming nucleotide is shown using PyMOL (http://www.pymol.org). Pol κ (21–517) is 

shown in cartoon ribbons, and the primer/template DNA and dNTP are shown in gray sticks. 

The N-clasp, finger, palm, thumb, and PAD domains are colored orange, yellow, red, green, 

and blue, respectively. The amino acid residues (shown in purple spheres) of genetic pol κ 
variants are indicated. The structural domains of pol κ are shown in the upper schematic 

diagram using DOG (version 2.0),60 where positions of amino acids related to nine studied 

variations are indicated.
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Figure 3. Extension of a 32P-labeled primer across G or N2-AnthG by human wild-type and 
variant pol κ (1–526) enzymes
Two different 36-mer templates containing an unmodified G or N2-AnthG was annealed 

with primer (18-mer), to make primer-template DNA substrates positioning the 3′-end of 

primers just before a G or N2-AnthG in the template strand. Reactions were done for 15 min 

with increasing concentrations of pol κ (1–526) (0 – 1.5 nM) and DNA substrate (100 nM 

primer/template) as indicated. 32P-labeled primer was extended in the presence of all four 

dNTPs (25 µM each). The reaction products were analyzed by denaturing gel electrophoresis 

and phosphorimaging. (a) Extension across G. (b) Extension across N2-AnthG.
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Figure 4. Relative bypass efficiencies of human variant pol κ (1–526) enzymes for G and DNA 
lesions compared to that of the wild-type
(a) The relative efficiencies of nucleotide insertion opposite templates G, 8-oxoG, O6-

methylG, abasic site, and N2-AnthG by variant pol κ (1–526) enzymes. The bar graph was 

drawn using the insertion kinetic data for insertion of the most favored dNTP opposite each 

template taken from the Tables 2, 3, 6, and 7. The efficiencies were normalized to that of the 

wild-type (set to 100%). (b) The relative efficiencies of overall TLS across (opposite and 

beyond) template G and N2-AnthG by variant pol κ (1–526) enzymes. The overall TLS 

efficiencies across G and N2-AnthG was calculated by multiplying the relative efficiency for 
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dCTP insertion opposite G (or N2-AnthG) and the relative efficiency for the subsequent 

next-base extension as described previously,17 based on the insertion and extension kinetic 

data in Tables 2–4. The efficiencies were normalized to that of the wild-type (set to 100%).
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Table 5

Binding Affinities of Human Wild-Type Pol κ (1–526) and Variants for DNA Substrates

pol κ(1–526)

Kd (nM)

18-FAM-mer/36-G-mer 18-FAM-mer/36-N2-AnthG-mer

wild-type 27 ± 5 28 ± 4

E29K 31 ± 4 26 ± 6

T44M 33 ± 4 35 ± 6

F192C 29 ± 4 30 ± 5

R246X 65 ± 10 81 ± 17

E292K 32 ± 7 31 ± 6

R298H 54 ± 7 43 ± 10

A471V 33 ± 4 28 ± 4

T473A 51 ± 10 44 ± 8

R512W 76 ± 20 68 ± 15
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