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ABSTRACT: DNA damage and repair have been widely studied in
relation to cancer and therapeutics. Y-family DNA polymerases can
bypass DNA lesions, which may result from external or internal DNA
damaging agents, including some chemotherapy agents. Over-
expression of the Y-family polymerase human pol kappa can result
in tumorigenesis and drug resistance in cancer. This report describes
the use of computational tools to predict the effects of single
nucleotide polymorphism variants on pol kappa activity. Partial
Order Optimum Likelihood (POOL), a machine learning method
that uses input features from Theoretical Microscopic Titration
Curve Shapes (THEMATICS), was used to identify amino acid
residues most likely involved in catalytic activity. The μ4 value, a
metric obtained from POOL and THEMATICS that serves as a
measure of the degree of coupling between one ionizable amino acid and its neighbors, was then used to identify which protein
mutations are likely to impact the biochemical activity. Bioinformatic tools SIFT, PolyPhen-2, and FATHMM predicted most of
these variants to be deleterious to function. Along with computational and bioinformatic predictions, we characterized the catalytic
activity and stability of 17 cancer-associated DNA pol kappa variants. We identified pol kappa variants R48I, H105Y, G147D,
G154E, V177L, R298C, E362V, and R470C as having lower activity relative to wild-type pol kappa; the pol kappa variants T102A,
H142Y, R175Q, E210K, Y221C, N330D, N338S, K353T, and L383F were identified as being similar in catalytic efficiency to WT
pol kappa. We observed that POOL predictions can be used to predict which variants have decreased activity. Predictions from
bioinformatic tools like SIFT, PolyPhen-2, and FATHMM are based on sequence comparisons and therefore are complementary to
POOL but are less capable of predicting biochemical activity. These bioinformatic and computational tools can be used to identify
SNP variants with deleterious effects and altered biochemical activity from a large data set.

■ INTRODUCTION
DNA damage can occur due to endogenous and exogenous
factors and can play an important role in aging and disease.1

DNA damage can lead to the chemical modification of the
DNA bases, and this may cause collapse or stalling of the
replication fork. A chemically modified DNA base can hinder
normal base pairing and base stacking, leading to instability of
the DNA.2 Y-family DNA polymerases (pols) are specialized in
translesion synthesis (TLS), allowing them to bypass certain
types of damaged DNA sites.3 Y-family DNA polymerases are
more error prone compared with the replicative DNA
polymerases, as the Y-family polymerases make limited and
nonspecific contacts with the replicating base pair, relaxing
base selection.4−7

Y-family DNA polymerases are conserved in all domains of
life and can be divided into six major groups depending on
their sequence.8,9 Among them, DinB (bacterial), Dpo4 and
Dbh (archaeal homologues), and pol κ (eukaryotic) have the
ability to bypass bulky DNA adducts.6,10,11 DNA pol κ is one
of the four Y-family polymerases in humans. Human DNA pol
κ consists of 870 amino acids, but it was determined from

previous studies12 that a construct with residues 19−526 is
more stable in vitro and showed polymerase activity similar to
that of full-length DNA pol κ. This construct includes the pol κ
polymerase domains N-clasp, thumb, fingers, palm, and little
finger/PAD. Human pol κ can add up to ∼20−30 nucleotides
per binding event.13 DNA pol κ can bypass minor groove N2-
dG adducts such as N2-furfuryl-dG (N2ffdG), N2-(1-carbox-
yethyl)-dG, and bulkier adducts like N2-benzo[a]pyrene diol
epoxide-dG, in an error-free manner but is inhibited by major
groove adducts.14−20

A single nucleotide polymorphism (SNP) is the substitution
of a single nucleotide for another.21 Most SNPs arise in
noncoding regions, and the SNPs that arise in coding regions

Received: August 6, 2023
Revised: October 3, 2023
Accepted: October 4, 2023
Published: October 26, 2023

Articlepubs.acs.org/crt

© 2023 The Authors. Published by
American Chemical Society

1789
https://doi.org/10.1021/acs.chemrestox.3c00233

Chem. Res. Toxicol. 2023, 36, 1789−1803

Dow
nloa

ded
 via

 NO
RTH

EAS
TER

N U
NIV

 on 
Dec

emb
er 2

7, 2
023

 at 2
1:54

:32 
(UT

C).
See

 http
s://p

ubs
.acs

.org
/sha

ring
guid

elin
es f

or o
ptio

ns o
n ho

w to
 leg

itim
atel

y sh
are 

pub
lish

ed a
rticl

es.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lakindu+S.+Pathira+Kankanamge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+Mora"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mary+Jo+Ondrechen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Penny+J.+Beuning"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemrestox.3c00233&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.3c00233?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.3c00233?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.3c00233?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.3c00233?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.3c00233?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/crtoec/36/11?ref=pdf
https://pubs.acs.org/toc/crtoec/36/11?ref=pdf
https://pubs.acs.org/toc/crtoec/36/11?ref=pdf
https://pubs.acs.org/toc/crtoec/36/11?ref=pdf
pubs.acs.org/crt?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemrestox.3c00233?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/crt?ref=pdf
https://pubs.acs.org/crt?ref=pdf


can lead to missense mutations, silent mutations, and nonsense
mutations. Missense mutations, which change coded amino
acids (nonsynonymous mutations (nsSNPs)), may produce
defects in the protein and could be subjected to natural
selection.22 Almost half of the gene lesions that are associated
with inherited diseases are because of amino acid substitu-
tions.23 Y-family DNA polymerases are responsible for point
mutations that occur in cells in part due to the TLS
mechanism.24 A few SNPs of pol κ were found to be
associated with breast cancer risk.25 Some missense mutations
of pol κ have also been found in nonsmall cell lung cancer
patients26 and in prostate, melanoma, lung, and large intestine
cancers.27,28 SNPs can affect protein function by either
increasing or decreasing protein activity.27 Mutations that
decrease the activity of DNA pol κ on damaged DNA could
make cells more sensitive to DNA damaging agents like
chemotherapeutics, while mutations that show increased
activity of DNA pol κ could play a role in resistance to
DNA damaging chemotherapy.13,25,26,28

In this study, we used COSMIC29 and Ensembl30 databases
to identify 857 cancer-associated DNA pol κ SNPs. POOL and
THEMATICS31−36 were used to identify catalytically active
residues of pol κ and whether the SNP-encoded mutation
alters the chemical and electrostatic properties of these
catalytically active residues, as measured by the computed μ4
values of the catalytic amino acids for each protein variant. The
μ4 value of an amino acid in an enzyme is a measure of the
degree of coupling of its protonation equilibrium with those of
nearby amino acids and is used successfully to predict the
likelihood that this residue is biochemically active.32,33,37−40

THEMATICS is based on a solution to the Poisson−
Boltzmann (P−B) equations41,42 to obtain the electrical
potential function of the 3D structure of the protein and
then uses a hybrid procedure43 to evaluate the average proton
occupations of each ionizable amino acid as a function of pH.
The residues that are involved in catalysis show different
chemical properties compared to other residues,34 namely
expanded buffer ranges and theoretical titration curves that
deviate most strongly from Henderson−Hasselbalch behavior.
To identify the active site residues from the 3D structure of the
query protein, THEMATICS uses the titration curve shapes
that are described by the moments of their first derivative
functions. These derivative functions are also probability
density functions, and their central moments are used to
define the asymmetry and kurtosis of the titration curves. The
fourth central moment, μ4, kurtosis, has been shown to be the
best predictor of biochemical activity.32 We used the fourth
central moments of the catalytically active residues as metrics
to identify which SNP variants would most substantially alter
the proton occupancy behavior of these biochemically active
residues when compared with those of WT pol κ;32−34,44 17
SNP variants were selected. The bioinformatics tools Sorting
Intolerant From Tolerant (SIFT),45 Polymorphism Phenotyp-
ing (PolyPhen-2),46 and Functional Analysis Through Hidden
Markov Models (FATHMM),47 which are based on amino
acid sequence and conserved amino acids, were used to predict
whether an amino acid substitution can cause deleterious
effects. We tested the activity of the variants using primer
extension, misincorporation, steady-state kinetics, and thermal
shift assays with undamaged and damaged DNA substrates.
The variants R48I, H105Y, G147D, G154E, V177L, R298C,
E362V, and R470C showed lower activity than WT pol κ,
while the others tested showed only minor or no differences in

activity. We find that changes in μ4 values are better predictors
of changes in activity than the other prediction methods used
here.

■ EXPERIMENTAL PROCEDURES
Bioinformatic and Computational Analyses. Cancer-associ-

ated DNA pol κ variants were identified by using COSMIC29 and
ENSEMBL30 databases. The FASTA sequence for DNA polymerase
kappa was obtained from Uniprot (Q9UBT6).48 A 2.0 Å crystal
structure is reported for human pol kappa (PDB ID 6CST48);
however, because this structure has a missing loop, a homology model
was created using the homology module in YASARA.49,50 Model
quality was assessed using the servers QMEAN,51 PROCHECK,52

and ANOLEA.53 We identified 857 protein variants associated with
cancer, and 421 of these are located in the polymerase domain; SNP
mutations were created in the homology models for the 421 variants
using Schrödinger’s Maestro.54 Energy minimization for each of the
protein variants was done using YASARA.55 Biochemically active
residues of DNA pol κ (Uniprot ID Q9UBT6) and respective μ4
values were identified by POOL and THEMATICS.31−34 Seventeen
variants that showed at least a ±20% change in THEMATICS
calculated μ4 values for the catalytically active residues relative to WT
pol κ were chosen (Table S1) for biochemical characterization.
SIFT,45 PolyPhen-2,46 and FATHMM47 scores were also used to
predict the effect of SNP variants on function.
Schrödinger’s Maestro54 was used to create homology models of

each of the pol κ SNP variants. It also created an output file with the
change in stability of each SNP variant calculated using the Prime
energy function with an implicit solvent term. This stability is the free
energy difference between the unfolded and folded state. A negative
value in the stability means that the protein is more stable than the
WT, while a positive value indicates lower stability of the protein.56

Proteins and DNA. The truncated pol κ construct with residues
19−526 was expressed and purified as previously described.27,57 This
construct is more stable in vitro and shows similar polymerase activity
to full-length DNA pol κ.12 DNA pol κ variants were created using
Quickchange site directed mutagenesis kits (Agilent). The presence of
mutations in these constructs was confirmed by DNA Sequencing
(Eton Bioscience, Charlestown, MA).
The DNA template containing a single N2ffdG was prepared as

described previously.16,58 The undamaged DNA (T25) and Primers
(P13, MatchC, and MatchT) were from Eurofins Operon or
Integrated DNA Technologies (IDT) (Table 1). DNA was purified
using urea-polyacrylamide gel electrophoresis and the crush and soak
method.59 DNA Primer13, MatchC, and MatchT were labeled with
32P as previously described.59

Primer Extension and Misincorporation Assays. DNA
template T25 (with and without N2ffdG) was combined with 32P-
labeled primers in a 1:1 ratio (500 nM) and annealed in annealing
buffer (20 mM HEPES, pH 7.5, 5 mM Mg(OAc)2) by heating for 2
min at 95 °C, incubating 1 h at 50 °C, and cooling to 37 °C. Primer
extension assay reactions were carried out in 1× reaction buffer (30
mM HEPES, pH 7.5, 20 mM NaCl, 7.5 mM MgSO4, 2 mM β-
mercaptoethanol, and 1% (w/v) bovine serum albumin) with 100 nM
labeled 32P primer/template, 2 nM pol κ, and 500 μM dNTPs.
Misincorporation assay reactions were carried out in 1× reaction
buffer with 100 nM 32P-labeled primer/template, 2 nM pol κ, 1 mM

Table 1. DNA Template and Primer Sequences

DNA Length Sequence

T25a 25 mer 5′ TGCGAAGAACTXGCGTCCGGCAAGC 3′
ddP13b 13 mer 5′ GCTTGCCGGACGC 3′
P13 13 mer 5′ GCTTGCCGGACGC 3′
MatchC 14 mer 5′ GCTTGCCGGACGCC 3′
MatchT 14 mer 5′ GCTTGCCGGACGCT 3′
aX = G, N2ffdG. bdd = dideoxy-terminated.

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.3c00233
Chem. Res. Toxicol. 2023, 36, 1789−1803

1790

https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.3c00233/suppl_file/tx3c00233_si_001.pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.3c00233?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dATP, dCTP, dGTP, and dTTP. Reaction products were separated
by denaturing 16% 8 M urea polyacrylamide gels, detected by
phosphorimaging on a Typhoon (GE), and analyzed with Image-
Quant TL1D gel analysis software to determine percent nucleotide
incorporation. The percentages were calculated relative to the amount
extended by WT pol κ at the last time point.

Steady-State Kinetic Assays. Steady-state kinetic assays were
carried out using the initial rates method60 with 100 nM 32P-labeled
primer/template and primer/N2ffdG-containing DNA template, 2 nM
WT pol κ or protein variants, and varying concentrations of dCTP

(0.25−800 μM) as the incoming nucleotide. All reactions were
performed in 1× reaction buffer. Six time points for each dCTP
concentration were taken, including the zero-time point. All assays
were carried out within the linear range and conducted in triplicate.
Reaction velocities were plotted as a function of [dCTP], and data
were fit using GraphPad Prism 5.02 for Windows (GraphPad Software
San Diego, CA, USA) to the Michaelis−Menten equation. Errors
reported are standard deviations.

Thermal Shift Assay. Thermal shift assays were conducted using
a Bio-Rad CFX 96 Real-time PCR instrument as previously

Figure 1. DNA pol κ domains and catalytically active residues. Homology model of DNA pol κ (PDB ID: 6cst served as template) modeled using
YASARA (A) with the five polymerase domains indicated, N-clasp (green), Fingers (red), Thumb (blue), PAD/Little Finger domain (yellow), and
Palm (pink). (B) POOL-predicted active site residues of DNA pol κ. DNA is in cyan. (C) DNA pol κ construct from 19 to 526 residues, which is
more stable in vitro compared with the full-length DNA pol κ.

Table 2. DNA pol κ SNP Association in Cancer

ID Amino acid mutation Domain Tumor site Referencea

COSV104385564 R48I N-Clasp Large intestine 64
COSV54039112 T102A Palm Breast N/A
COSV54040524 H105Y Palm Large intestine 65
COSV54037156 H142Y Fingers Large intestine, Upper aerodigestive tract 66, 67
COSV54035583 G147D Fingers Large intestine 68
COSV54033403 G154E Fingers Stomach N/A
COSV54036288 R175Q Palm Prostate, Small intestine 69, 70
COSV99062812 V177L Palm Lung 71
COSV54034453 E210K Palm Kidney 72
COSV54037397 Y221C Palm Endometrium N/A
COSV54034412 R298C Palm Skin, Endometrium, Large intestine 73−75
COSV54031385 N330D Palm Skin 76
COSV54032071 N338S Palm Malignant melanoma 77
COSV54037023 K353T Thumb Endometrium N/A
COSV54039187 E362V Thumb Esophagus N/A
COSV54033877 L383F Thumb Endometrium N/A
COSV54031865 R470C Little Finger Endometrium, Skin N/A

aN/A − References for these were not available
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described.61−63 The assays were conducted with 10 μM dideoxy-
terminated primer13 and undamaged T25 or damaged T25 with
N2ffdG template DNA (Table 1), 5 μMWT pol κ or protein variants,
and 1 mM dNTP (dCTP, dTTP) in 15 μL of 1× reaction buffer.
Reactions were incubated at room temperature (22 °C) before the
addition of SYPRO Orange (Invitrogen) to a final concentration of
20×. Fluorescence was detected over a temperature range of 10−90
°C heated at a rate of 0.2 °C/min for all assays. All reactions were
carried out in triplicate, and the error bars represent the standard
deviation.

■ RESULTS
We used computational tools first to identify the most
catalytically important residues in pol κ and then applied
these computational tools to identify 17 pol κ SNP variants
that are associated with cancer and are predicted to have
altered biochemical functions, comparing these predictions
with those from bioinformatic tools. We evaluated the activity
of SNP variants in vitro with primer extension assay,
misincorporation assay, steady-state kinetics assay, and thermal
stability assay and categorized the SNP variants according to
their effects on biochemical function relative to those of WT
pol κ.

Bioinformatic and Computational Analyses. POOL
and THEMATICS identified K25, H105, D107, D109, Y141,
R144, R149, D198, E199, Y201, E296, K321, D325, K328, and
K353 as catalytically important residues of DNA pol κ, and we
note that most of the POOL-predicted active residues are in
the palm region of the protein (Figure 1). Of these, D107,

D198, and E199 have been identified previously as catalytically
active site residues.2 The μ4 values of all 15 predicted
catalytically active residues were calculated for each of the 421
cancer-associated SNP variants located in the polymerase
domain. We sorted variants that showed 20% or greater change
in the μ4 value in at least one POOL-predicted active site
residue compared with the values for these active residues in
WT pol κ. Surprisingly, out of 421 SNP variants, only 17
showed a 20% or greater change in the μ4 value of a predicted
biochemically active amino acid (Table S1). The 17 protein
variants are R48I, T102A, H105Y, H142Y, G147D, G154E,
R175Q, V177L, E210K, Y221C, R298C, N330D, N338S,
K353T, E362V, L383F, and R470C. These mutations are
distributed in the DNA pol κ coding region and are associated
with various cancers (Table 2). The likely effects on the
activity of these 17 mutations were then analyzed with
bioinformatic tools. SIFT and PolyPhen-2 use sequence
similarity of related proteins to predict whether an amino
acid substitution is likely to affect function based on the degree
of conservation of the affected amino acid throughout
evolution.78 FATHMM uses Hidden Markov Models
(HMM) to predict functional consequences of amino acid
substitutions47 using both sequence and structural informa-
tion.79 SIFT, PolyPhen-2, and FATHMM predictions for each
of the 17 pol κ variants are listed in Table 3. SIFT predicted
that R48I, G147D, V177L, R298C, and R470C could affect pol
κ function. PolyPhen-2 predicted that except for T102A,
H142Y, R175Q, and N338S, all the other mutations are

Table 3. Bioinformatic and Computational Tools Predictions for Cancer-Associated DNA Polymerase κ SNP Variantsd

aOverall prediction is a “majority rules” outcome from the three bioinformatics methods, SIFT, PolyPhen-2, and FATHMM. SIFT score is a
normalized probability of having a different amino acid at that position, where the score ranges from 0 to 1. A score between 0 and 0.05 predicts an
effect on protein function and is tolerated when the obtained score is ≥0.05.45,47 PolyPhen-2 score is the probability of a substitution being
damaging. PolyPhen-2 scores ranging from 0 to 0.15 are predicted to be benign, scores ranging from 0.15 to 0.85 are predicted to be possibly
damaging, and scores from 0.85 to 1.0 are predicted to be damaging.80,81 FATHMM score represents the functional scores obtained for each
mutation from the FATHMM-MKL model and are in the form of a p-value which ranges from 0 to 1. Scores >0.5 are deleterious, >0.7 are
pathogenetic (i.e., highly deleterious), and ≤0.5 are neutral.47,82 bChange in μ4 for the POOL predicted and known active site residues (complete
data set is in Table S1) D107, D198, and E199, compared with WT pol κ for each SNP variant. cSolvated change in stability was predicted by
Schrödinger Maestro.56 dVariants that have at least 50% change in at least one catalytic residue are highlighted in green.
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possibly damaging. FATHMM predicted that all except N338S
are pathogenic. Compiled results, based on at least two of the
three bioinformatic tools, suggest that SNPs encoding pol κ
variants T102A, H142Y, R175Q, and N338S are not
deleterious or do not affect the protein function, while other
pol κ variants R48I, H105Y, G147D, G154E, V177L, E210K,
Y221C, R298C, N330D, K353T, E362V, L383F, and R470C
could affect protein function (Table 3).
POOL and THEMATICS generated the fourth central

moments for all of the catalytically active residues; μ4 was
analyzed for WT pol κ and all 17 pol κ variants (Table S1).
The pol κ variants R48I, H105Y, G147D, G154E, V177L,
R298C, E362V, and R470C have more than a 50% change in
μ4 values in at least one catalytically active residue when
compared with WT pol κ; these are the largest changes in μ4
values among the pol κ variants (Table 3). A change in fourth
central moment μ4 value in the catalytic residues D107, D198,
and E199 could directly impact catalytic function. Stability
analysis shows that pol κ variants H105Y, G147D, R298C,
E362V, and R470C have high positive values, indicating their
relative loss of stability, whereas pol κ variants T102A, H142Y,
N330D, N338S, K353T, and L383F have negative values,
indicating that they are not destabilized relative to WT pol κ
(Table 3).

All Eight Protein Variants with the Largest Changes
in μ4 Are Less Active than WT pol κ. The primer extension
and insertion ability of pol κ variants in the presence of
undamaged and damaged (N2ffdG) DNA were determined
with Primer13:Template25. The Primer13 3′ end binds
Template25 one base before the undamaged or damaged site
“X”, and synthesis starts there in the presence of DNA pol κ. At
the 60 min time point, SNP variants pol κ T102A, H142Y,
R175Q, E210K, Y221C, N330D, N338S, K353T, and L383F
showed similar activity as WT pol κ with undamaged DNA
(Figure 2). The pol κ SNP variants R48I, V177L, R298C,
K353T, and R470C were observed to be more efficient in the
presence of minor groove adduct N2ffdG DNA than in the
presence of undamaged DNA (Figure 2, Figure S1, and Table
S2). The pol κ SNP variants H105Y, G147D, G154E, V177L,
R298C, E362V, and R470C showed lower activity than that of
WT pol κ with both undamaged dG and damaged N2ffdG.
DNA pol κ variants H105Y, G147D, and E362V were only able
to add 1−3 nucleotides efficiently, which was observed in the
presence of either undamaged DNA or DNA harboring the
N2ffdG adduct (Figure 2).
Next, the extension ability of WT pol κ and pol κ SNP

variants was determined using the MatchC primer, which
harbors the correct pair of a C with a template damaged base
N2ffdG and measures the ability of pol κ variants to extend

Figure 2. Primer extension activity of pol κ variants. DNA pol κ SNP variants show different extension patterns in the presence of both undamaged
(A) and minor groove damaged N2ffdG (B) DNA templates. Variants T102A, H142Y, R175Q, E210K, Y221C, N330D, N338S, K353T, and
L383F showed a similar primer extension as WT pol κ on undamaged DNA templates and damaged DNA templates, while variants R48I, H105Y,
G147D, G154E, V177L, R298C, E362V, and R470C showed less primer extension compared to WT on undamaged pol κ. Primer extension was
carried out in the presence of dNTP mix. Time points are 0, 20, and 60 min for each variant; quantitation is reported in Table S2 and Figure S1.
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DNA replication following a base pair containing a damaged
base. At the 60 min time point, the pol κ protein variants R48I,
H105Y, G147D, G154E, V177L, E362V, and R470C, while
active, failed to extend the primer fully in the presence of
undamaged DNA (Figure 3, Table S3, Figure S2). The pol κ
variant H105Y, however, had low activity with all DNA
constructs tested.
Finally, the extension ability of WT pol κ and the 17 pol κ

variants was tested with MatchT primer, in which the 3′ T is
paired with a template dG or damaged template base N2ffdG.
We observed primer extension by WT pol κ and pol κ T102A,
H142Y, Y221C, N330D, N338S, and L383F in the presence of
undamaged and damaged DNA (Figure 4, Table S4, and
Figure S3). In addition, pol κ variants R175Q, E210K, and
K353T exhibited primer extension activity in the presence of
damaged base N2ffdG but not undamaged DNA (Figure 4,
Table S4, and Figure S3), indicating that these variants have a
specialized ability to extend from a mismatched, damaged base
pair.

SNP Variants Showed a Similar Nucleotide Incorpo-
ration Pattern as WT pol κ. In the presence of Primer13 and
undamaged dG template DNA, we observed primarily the
correct incorporation of dC for all protein variants.
Misincorporation of dA, a second and a third dC, a low level
of dG, and dT was observed with WT pol κ. Misincorporation

of dA was observed with pol κ variants T102A, H142Y, G154E,
R175Q, V177L, E210K, Y221C, R298C, N330D, and L383F.
Misincorporation of dT was observed with all pol κ variants,
except R48I, E362V, and R470C. DNA pol κ variants H142Y,
R175Q, Y221C, N338S, and K353T misincorporated dG
(Figure 5A)
In the presence of Primer13 DNA with N2ffdG as the

template base, we observed the same correct incorporation of
dC and misincorporation of dT opposite N2ffdG in all variants.
WT pol κ misincorporated dT and weakly misincorporated
two dA nucleotides as well as dG. Protein variants T102A,
H142Y, G154E, R175Q, V177L, E210K, Y221C, R298C,
N330D, N338S, K353T, and L383F misincorporated dA.
Weak misincorporation of dG was observed with pol κ variants
H142Y, R175Q, and Y221C (Figure 5B). Most pol κ variants
displayed higher misincorporation opposite N2ffdG than that
with undamaged template DNA, similar to WT pol κ (Figure
5). The pol κ variant H142Y had the greatest extent of
misincorporation on both undamaged and damaged DNA.
The pattern of incorporation immediately following a

correct base pair containing an undamaged dG or lesion
N2ffdG was examined by using the primer MatchC with the
respective DNA templates. The next nucleotide base after the
dG/N2ffdG lesion site in the DNA template is dT; therefore,
the correct incorporation opposite dT is dA. WT pol κ and the

Figure 3. Primer extension in the presence of MatchC primer. DNA pol κ SNP variants except H105Y, G147D, V177L, E362V, and R470C show
similar extension patterns in the presence of both undamaged (A) and minor groove damaged N2ffdG (B) DNA templates. Time points are 0, 20,
and 60 min for each variant; quantitation is reported in Table S3, Figure S2.
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Figure 4. Primer extension in the presence of MatchT primer. DNA pol κ SNP variants T102A, H142Y, Y221C, N330D, N338S, and L383F
showed similar primer extension patterns in the presence of both undamaged (A) and minor groove damaged N2ffdG (B) DNA templates. Variants
R175Q, E210K, and K353T showed primer extension only in the presence of damaged N2ffdG. Time points are 0, 20, and 60 min for each variant;
quantitation is reported in Table S4, Figure S3.

Figure 5. Correct incorporation of dC and misincorporation of nucleotides by WT pol κ and protein variants in the presence of Primer13 and DNA
substrate. Incorporation and misincorporation by WT pol κ and pol κ SNP variants in the presence of (A) undamaged dG and (B) DNA harboring
damaged N2ffdG. DNA pol κ protein variants incorporate the correct nucleotide dC opposite the dG position of undamaged and damaged DNA
template.
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SNP variants correctly inserted dA, but in most cases, multiple
dAs were incorporated (Figure 6). Lower frequency of
incorporation of dA was apparent with pol κ SNP variants
G147D, G154E, V177L, R298C, and R470C. DNA pol κ SNP
variants H105Y and E362V were observed to add only one dA
in the presence of the damaged N2ffdG DNA template (Figure
6).
When incorporation starts from a mismatch base pair

(dT:dG or dT:N2ffdG), WT pol κ was able to incorporate the
correct next base dA, which has been observed previ-
ously.27,83−85 Likewise, other pol κ SNP variants T102A,
H142Y, Y221C, N330D, N338S, and L383F were able to do so
in the presence of undamaged DNA, some of them more
robustly than WT pol κ (Figure 7A). In the presence of
N2ffdG, pol κ SNP variants T102A, H142Y, R175Q, E210K,
Y221C, N330D, N338S, K353T, and L383F were able to
incorporate the correct dA base (Figure 7B). Only a few of the
pol κ SNP variants are capable of extension from the mismatch
base pair; extension from a mismatch containing a damaged
DNA base could result in a mutation being fixed in the genome
upon repair.

Steady-State Kinetics Analyses. WT pol κ and variants
were titrated with different dCTP concentrations varying from
0.25−800 μM until they reached a saturation level to carry out
steady-state kinetics analysis (Tables 4 and 5; Figures S4−S6).
DNA pol κ variants R48I, H105Y, G147D, G154E, V177L,
R298C, E362V, and R470C show lower catalytic efficiency,
while other variants have efficiency similar to WT pol κ with
undamaged DNA. In general, pol κ and the SNP variants
showed increased catalytic efficiency in the presence of
damaged N2ffdG adduct. The pol κ SNP variants with reduced
activity on undamaged DNA also showed reduced activity in
the presence of the DNA adduct N2ffdG.

Stability of DNA Polymerase κ Variants with
Preferred Substrates. The overall stability of WT pol κ
and variants in the presence of their substrates was assessed by
using a thermal stability assay. 10 of the 17 DNA pol κ SNP
variants had a similar melting temperature (Tm) as WT pol κ
(42.1 ± 0.6 °C), while pol κ variants R48I (39.3 ± 0.4 °C),
H105Y (38.5 ± 0.5 °C), G147D (38.6 ± 0.4 °C), R298C
(33.7 ± 0.3 °C), E362V (38.7 ± 0.2 °C), and R470C (38.9 ±
0.5 °C) (Figure 8, Table S5) showed a lower stability of ≥2.8
°C compared to WT pol κ. DNA pol κ variant R298C showed

Figure 6. Incorporation and misincorporation by pol κ variants in the presence of MatchC primer and DNA substrates. WT pol κ and pol κ SNP
variants incorporate the correct nucleotide dA opposite the dT position in (A) undamaged and (B) damaged DNA template harboring N2ffdG.

Figure 7. Incorporation by pol κ protein variants in the presence of MatchT primer and DNA substrates. WT pol κ and some pol κ SNPs in the
presence of mismatch base pair dT:dG or dT:N2ffdG incorporate the correct nucleotide dA opposite the dT position of (A) undamaged and (B)
damaged DNA template harboring N2ffdG.
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the lowest stability of all at >8 °C lower than WT pol κ. WT
pol κ and the pol κ SNP variants showed an increase in Tm
(2.7−7.1 °C) with the addition of any primer:template
DNA61,62,86 and greater stability with the addition of correct
nucleotide dCTP (10.9−19.9 °C) for all protein variants. The
addition of an incorrect nucleotide, dTTP, led to a modest
stabilization relative to the respective pol κ:DNA binary
complexes (Figure 8, Table S5).

■ DISCUSSION
DNA pol κ is involved in nucleotide excision repair (NER) in
mammalian cells and is known to bypass minor groove DNA
adducts, whereas it is inhibited by major groove DNA
adducts.14−20,87,88 In this work, we applied bioinformatic
methods and a structure-based method that computes
electrostatic and chemical properties to identify 17 cancer-
associated pol κ variants that are most likely to impact
biochemical activity (Figure 9). We categorized these variants
into two groups, the variants that showed lower activity than
WT pol κ and the variants that showed similar activity as WT
pol κ. We identified pol κ SNP variants R48I, H105Y, G147D,
G154E, V177L, R298C, E362V, and R470C as variants with
lower activity, whereas pol κ T102A, H142Y, R175Q, E210K,
Y221C, N330D, N338S, K353T, and L383F showed activity
similar to WT pol κ. Our analysis did not identify variants with
higher activity than WT pol κ, although previous work did
identify one such variant, pol κ S423R.27,89 Primer extension

and steady-state kinetics analysis show that the variants have
increased activity in the presence of the N2ffdG DNA adduct
relative to undamaged DNA. The eight variants for which
lower activity was observed with undamaged or damaged DNA
or both coincide exactly with the eight variants that have a
change in μ4 value of 50% or more from that of WT for one or
more catalytic residues.
All the DNA polymerase variants showed similar patterns in

their thermal stability data when substrate or ligands are
present, with the presence of DNA substrate increasing the
melting temperature. The presence of the correct incoming
nucleotide provides additional stabilization. In general, variants
that showed lower activity (R48I, H105Y, G147D, G154E,
V177L, R298C, E362V, and R470C) also showed a thermal
stability lower than that of WT pol κ to varying degrees.
The DNA pol κ variant R48I resides in the N-clasp, which

forms additional contacts between the polymerase and DNA.90

Based on homology models, both R48 and I48 make contacts
with S47, F49, Y50, G51, N52, V463, N464, and F465 while
R48 makes an extra contact with R507 (Figure 10). The pol κ
R48I variant shows diminished extension capability and
somewhat lower activity with undamaged DNA compared to
WT pol κ. When the damaged site is paired with the correct
nucleotide base, pol κ R48I was able to extend the primer.
SIFT, PolyPhen-2, and FATHMM predicted correctly that
R48I mutation affects protein function or is damaging/
deleterious. Also, THEMATICS showed >50% change in the

Table 4. Kinetics Analysis for WT pol κ and 17 Variants in the Presence of Undamaged DNA Template

aCatalytic efficiency is kcat/Km. Variants that show lower catalytic activity (2.9-fold or more) are highlighted in pale red.
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μ4 values of catalytic residue D107 (Table 3) and K328 (Table
S1), indicating distortion of the proton binding equilibria of
the active site residues D107 and K328 in the pol κ R48I
variant compared to WT pol κ.
The protein variant pol κ H105Y shows the lowest activity of

all, with 5-fold and 8-fold lower catalytic efficiency for
undamaged and damaged DNA, respectively, relative to WT
pol κ; poor extension with both undamaged and damaged
DNA; and a lower melting point (38.5 ± 0.5 °C; ΔTm = 3.6
°C) compared with WT pol κ. H105 is one of the POOL-
predicted functionally important residues with a POOL rank of
4 (Table S1) and is strongly coupled37,91 to the catalytic

residues D107 and E199. The H105Y substitution causes large
distortions in μ4 values of D198, E199, and K328, which are
known catalytically active residues that are responsible for
nucleotidyl transfer in pol κ.90 Residue H105 makes contact
with E199, G312, and S324 within 4 Å. Y105 no longer makes

Table 5. Kinetics Analysis for WT pol κ and 17 Variants in the Presence of Damaged DNA Template

aCatalytic efficiency is kcat/Km. Variants that show lower catalytic activity (3-fold or more) are highlighted in pale red.

Figure 8. WT pol κ and variants showed an increase in the melting
temperature in the presence of DNA substrates and the correct
nucleotide dCTP. Stabilization of variants is observed in the presence
of both undamaged or damaged N2ffdG DNA with the correct
nucleotide dCTP, and less stabilization is observed with the incorrect
nucleotide dTTP.

Figure 9. WT DNA polymerase kappa structure showing location of
mutations and three previously identified catalytic residues. Residues
in the N-clasp region are colored in green, palm region in magenta,
fingers region in red, thumb region in blue, and PAD/little finger
domain in yellow. Three previously identified catalytic resides are
labeled in blue.
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contact with the catalytic E199 but instead interacts with D107
and K321 (Figure 11). The bioinformatic prediction for
H105Y by SIFT was that this mutation is tolerated, but the
other methods predicted it to be damaging/deleterious.

Other variants that showed decreased catalytic activity
relative to WT pol κ are G147D and G154E, which reside in
the finger domain; V177L and R298C in the palm region;
E362V in the thumb region; and R470C in the PAD/little
finger domain. These variants also showed lower stability in the
thermal shift assay, although in most cases, the difference was
less than 3 °C. The variant G147D showed diminished
insertion and extension activity relative to other variants. The
DNA pol κ G154E variant was previously shown to have
decreased DNA polymerizing activity by lowering the
efficiency of nucleotide incorporation for dGTP opposite an
abasic site compared to WT pol κ.28 Even in the presence of
the minor groove adduct N2ffdG, the primer extension activity
of pol κ G154E is low. The pol κ R298C variant showed the
lowest stability of all variants (8.4 °C lower than WT), with
increases in Tm in the presence of DNA and correct dCTP to
within 3.8−4.4 °C of WT pol κ with the same substrates. The
decrease in activity of the pol κ R298C variant could be due to
this lower stability. Residue R298 forms hydrogen bonds with
V294, I301, E302, N330, and Q332 within 4 Å. C298 would
no longer form these interactions with N330 and Q332
(Figure 12). DNA pol κ residues 320−332 are important for
activity, as they are involved in inducing conformation changes
in pol κ to align active site residues with the incoming dNTP.62
A similar pattern of lower activity and stability was noted with
the R298H variant previously.27,92 In spite of the difference
between cysteine and histidine (R298H and R298C), where

cysteine has a thiol group that can form a negatively charged
thiolate, while histidine has an imidazole group that can form a
positively charged side chain, similar negative effects on activity
and stability are observed for pol κ variants R298H and
R298C.
The thumb residue E362 is in a region that is strongly

protected from deuterium exchange in the presence of the
correct dNTP.62 The pol κ E362V variant showed lower
stability with a melting temperature of 38.7 ± 0.2 °C. It also
showed a somewhat lower catalytic efficiency. DNA pol κ
E362V had a low primer extension activity regardless of the
DNA construct tested. On the other hand, SNP variant pol κ
R470C showed low primer extension activity with both
primer13 and primer14, with more robust activity in the
presence of damaged N2ffdG DNA, albeit still reduced relative
to WT pol κ. These protein variants showed lower activity
compared with WT pol κ, showed lower stability, and did not
insert a single base in the presence of mismatch pairs (dT:dG
or dT:N2ffdG). THEMATICS-computed μ4 values for at least
one of the active site residues of these less active variants
showed a >50% difference relative to those of WT pol κ for the
previously identified catalytically active site residues D107,
D198, and/or E199. These changes in the computed
protonation equilibria suggest impairment of catalytic function,
and indeed, this is observed. Thus, mutations that distort
significantly the protonation behavior of catalytically active
residues are associated with changes in protein function. This
suggests that THEMATICS data can assist in predicting
whether a SNP causes alteration in protein function (Table
S1).
POOL and THEMATICS correctly predicted known

catalytically active residues and other residues of DNA pol κ
that are known to be involved in the catalytic mechanism. This
method has been previously used to identify the effects of
noncatalytic distal residues on the catalytic activity of E. coli Y-
family DNA polymerase DinB.38 In the case of DinB, mutation
of the POOL-predicted distal residues had a specific effect on
the extension step of translesion synthesis. For the pol κ
variants tested here, a specific defect in extension was not
observed, even for mutations of highly POOL-ranked residues,
such as H105, Y221, and K353; instead, pol κ SNP variants
with effects on activity showed decreased activity generally.
Five of the eight pol κ SNP variants that showed lower

activity were predicted by SIFT to affect protein function, and
the remaining three variants with lower activity (pol κ H105Y,

Figure 10. Interactions within the 4 Å region around (A) R48 and
(B) I48 residues. R48 and I48 are colored in green, and residues that
interact with residue 48 within 4 Å are colored in blue. While most of
the contact residues remain the same in both R48 and I48, R48 makes
additional contact with R507. Images were prepared using Pymol
version 2.5.4.

Figure 11. Interactions within the 4 Å region around (A) H105 and
(B) Y105 residues. H105 and Y105 are colored in purple, and residues
that interact with residue 105 within 4 Å are colored in pink. H105
makes interactions with E199, S324, and G312. While Y105 also
interacts with G312, it acquires two new interactions with D107 and
K321 instead of E199 and S324. Images were prepared using Pymol
version 2.5.4.

Figure 12. Interactions within the 4 Å region around (A) R298 and
(B) C298 residues. R298 and C298 are colored in red, and residues
that interact with residue 298 within 4 Å are colored in green. Both
R298 and C298 interact with V294, I301, and E302. R298 makes two
additional interactions with N330 and Q332; those interactions are
not observed in pol κ C298. Images were prepared using Pymol
version 2.5.4.
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G154E, and E362V) were classified as tolerated by SIFT.
Notably, pol κ H105Y and E362V variants have very low
primer extension activity and are among the lower stability
variants. PolyPhen-2 correctly classifies all variants with
decreased activity as harboring possibly damaging mutations
but also classifies five active and relatively stable variants as
possibly damaging. FATHMM also correctly classifies all
variants with decreased activity as pathogenic but lists only one
variant (active variant pol κ N338S) as neutral. It is important
to note that variants may be harmful for reasons other than
impaired catalysis, such as altered stability or perturbed
protein−protein interactions.93 In this work, we focused on
the catalytic activity and protein stability. We chose the
majority of predictions from the three bioinformatics tools as
the basis of our overall prediction, which resulted in a more
accurate prediction overall but with variants still incorrectly
classified: five pol κ variants E210K, Y221C, N330D, K353T,
and L383F were predicted to have impaired function with this
criterion but were active. Applying the majority rule criterion
correctly classified four of the active pol κ variants. SIFT,
PolyPhen-2, and FATHMM use conserved regions, probability
methods, and mathematical models,82,94−96 and these analyses
are based on protein amino acid sequence only. Considering
the 3D structure of a protein reveals the position of the
catalytically active residues, surface amino acids, hydro-
phobicity, H-bonds, and solvation energy, which can affect
the protein function. Adding THEMATICS/POOL calcula-
tions of μ4 values of the active site residues for each mutation
greatly increased the quality of the predictions. All variants
with at least one of three active site residues (D107, D198, and
E199) having a μ4 value change of at least 50% relative to WT
pol κ were less active variants. The variants with activity similar
to WT all had much smaller changes of <25% in the μ4 values
of the active site residues D107, D198, and E199. Coulther37

has reported evidence that, for highly evolved enzymes, the
degree of coupling of the protonation equilibria of the catalytic
residues has been optimized, such that any significant
deviation, as measured by large changes in the μ4 values of
the active residues, results in lower activity. This has been
demonstrated here to be true for human Pol κ. Therefore,
combining sequence-based predictions with structure-based
predictions that incorporate perturbations in the protonation
equilibria improves the accuracy of the predictions of altered
biochemical activity of SNP variants.
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