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ABSTRACT: DNA polymerase 6 (Pol # or POLQ) is primarily
involved in repairing double-stranded breaks in DNA through an
alternative pathway known as microhomology-mediated end
joining (MMEJ) or theta-mediated end joining (TME]). Unlike
other DNA repair polymerases, Pol 8 is thought to be highly error-
prone yet critical for cell survival. We have identified several POLQ
gene variants from human melanoma tumors that experience
altered DNA polymerase activity, including a propensity for
incorrect nucleotide selection and reduced polymerization rates
compared to WT Pol 0. Variants are 30-fold less efficient at
incorporating a nucleotide during repair and up to 70-fold less
accurate at selecting the correct nucleotide opposite a templating
base. This suggests that aberrant Pol € has reduced DNA repair
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capabilities and may also contribute to increased mutagenesis. Moreover, the variants were identified in established tumors,
suggesting that cancer cells may use mutated polymerases to promote metastasis and drug resistance.

B INTRODUCTION

DNA is constantly damaged by endogenous and exogenous
factors, including free radicals, chemical agents, and ionizing
and UV radiation. Endogenous damage alone is estimated to
occur at a rate of at least 20,000 lesions per cell per day.' These
lesions result in a variety of issues, including the formation of
abasic sites, thymine dimers, single strand breaks, and/or
double strand breaks, which, if left unrepaired, can lead to
genomic instability, cancer, and/or cell death. Due to this high
level of DNA damage, the cell employs DNA repair pathways
including homologous recombination and nonhomologous end
joining to repair double strand breaks and to maintain the
stability of the genome. DNA polymerase theta (Pol 6, protein
or POLQ, gene) is the major DNA polymerase in the
alternative double-stranded DNA repair pathway known as
microhomology-mediated end joining (MMEJ) or theta-
mediated end joining (TMEJ).”™ Unlike the more robust
and precise repair of double strand breaks in the homologous
recombination repair pathway, TME] utilizes internal micro-
homologies of 2—6 base pairs within the DNA it is repairing as
a template.”” Despite Pol 6 being a naturally error-prone repair
enzyme,”” it is hypothesized that the TMEJ pathway is
important for cell survival as it acts as an auxiliary repair
method when other repair pathways are compromised.®™""
Overexpression of DNA polymerases has been identified as a
negative factor in patient outcomes in a variety of cancers.'”
Current literature for POLQ_confirms similar findings that
© 2024 The Authors. Published by
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overexpression is particularly harmful to patients especially
those with lung and breast cancers.'”'* The mechanism for
why overexpression of POLQ is so detrimental to patient
outcomes is unclear. In terms of cancer cells, one hypothesis is
that the highly mutagenic POLQ_ allows cancer cells to
proliferate and survive any potential chemotherapeutics due to
an increased mutagenesis rate.”> There is also a link between
cells that are deficient in homologous recombination and
overexpression of POLQ, which might suggest that the cell is
forced into repairing DNA damage through a more error-prone
pathway, again to the benefit of a proliferating cancer cell.*”
While overexpression or loss-of-function of POLQ is useful
for looking at the importance of the protein at a cellular level,
studying the biochemical kinetics of mutant protein will
provide insight into the mechanism of POLQ in mutagenesis
on a molecular level.'® Sporadic and hereditary mutations have
been found in all five DNA polymerase families expressed in a
variety of tumors.'”~>' Many of these cancer-associated
variants have been characterized in vivo and in vitro to
understand their biochemical and physiological phenotypes.
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When studied in cell lines, expression of variants leads to
cellular transformation, reduced repair, increased amounts of
double strand breaks, and chromosomal aberrations, suggesting
that variant polymerases have the potential to be cancer
drivers.””~** Biochemical studies have suggested that the same
DNA polymerase variants often experience slower polymer-
ization rates, increased mutagenesis, and/or poor repair
abilities past lesions.”' ~>»>*7*% Little is known about the
biochemical mechanism of WT Pol 6 or the effect a cancer-
associated variant has on the overall polymerization rates and
mutagenesis. Thus, we wanted to explore the mechanistic
function of Pol 6 during DNA repair.

We have identified several POLQ variants from melanoma
patients from Tissue Resource Core of the Yale SPORE in Skin
Cancer.” Pol @ is a large A-family DNA polymerase (290 kDa)
enzyme that contains an N-terminus helicase domain (residues
1-891) and a C-terminal polymerase domain (residues 1819—
2590) tethered together by an unstructured central domain
(residues 892—1818).>°7*° The C-terminus can be isolated
and characterized as a fully functional DNA polymerase where
it contains classic DNA polymerase subdomains (Figure 1)

Figure 1. Missense amino acid substitutions found in the polymerase
domain of DNA Pol 6. The truncated c-terminal polymerase domain
of Pol 0 has four subdomains: thumb (blue), fingers (red), palm
(green), and exonuclease domain (yellow).g’5 The missense amino
acid changes from melanoma patients are represented by spheres with
T2161I colored purple, E2406K colored dark green, and L2538R in
blue. The DNA substrate is indicated in gray (adapted from protein
data bank code 4 X 0Q™).

including the DNA binding thumb (residues 2093—2217),
nucleotide binding fingers (residues 2333—2474), catalytic
active site palm (residues 2218—2590), and an exonuclease-
like domain (residues 1819—2090).>%%”

Focusing specifically on the C-terminal DNA polymerase
domain, we selected variants from each of the three
subdomains (thumb, fingers, and palm) that were predicted
to be detrimental to the enzyme’s function through SIFT and
PolyPhen algorithms (Table 1, Figure 1).”**” Mutations were
introduced into the isolated C-terminal construct PolQMI>’
for an in-depth analysis of deoxynucleotide affinity (Ky(anrp))
and rates of DNA extension (k). All three variants (T21611,
E2406K, and L2538K) demonstrate decreased fidelity and
polymerization kinetics, providing important structural insight
into the key residues needed for accurate DNA repair and
reduced mutagenesis.
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Table 1. Missense Amino Acid Substitutions in DNA
Polymerase Theta from Melanoma Tumors with Algorithm
Predictions”” Generated from SIFT and PolyPhen-2

Pol 0 melanoma

variant subdomain  type stage  SIFT PolyPhen-2
T21611  thumb sun- 1I deleterious  probably
exposed damaging

E2406K  fingers ocular v deleterious  probably
damaging

L2538R  palm sun- v deleterious  probably
exposed damaging

B MATERIALS AND METHODS

Materials. All chemicals and reagents were purchased
through Sigma-Aldrich (St. Louis, MO), Bio-Rad Laboratories
(Hercules, CA), and AmericanBio (Canton, MA) unless
indicated. Oligonucleotides were purchased from Integrated
DNA Technologies (Newark, NJ). Oligos for the assays are
purified through HPLC with standard desalting. Activities of
wild-type (WT) and variants were assayed at a minimum of
three replicates, using at least two protein preparations and by
at least two individuals.

Variant Acquisition and Functional Predictions.
Melanoma tumor samples were obtained through collaboration
with the Specimen Resource Core of the Yale SPORE in Skin
Cancer. Sample preparation, nucleic acid extraction, and
whole-exome sequencing were collected as previously
described.””*’ To assess the impact of each amino acid
substitution on overall function, we analyzed the full amino
acid sequence under default conditions using the algorithms
SIFT® and PolyPhen-2,” using default settings.

Generation of Cancer-Associated Variants. pSUMO3
vector containing truncated C-terminal wild-type human DNA
Polymerase 6 from amino acid residues 1792—2590
(POLQM1?”) was generously donated by Dr. Sylvie Doublié
from the University of Vermont. Mutations were generated by
site-directed mutagenesis on this plasmid using a QuikChange
II Site-Directed Mutagenesis Kit (Agilent Technologies).
Primers used were as follows:

T21611:

Forward primer-5’-tgtcaatccctcttctgatagaacccagagttttcttg-3’

Reverse primer-5'-caagaaaactctgggttctatcagaagagggattgaca-3’

E2406K:

Forward primer-5'-gagagcagatgggcattaaaaaaaatgatgctgcatgcta

Reverse primer-5’-tagcatgcagcatcattttttttaatgcccatetgetcte

L2538R:

Forward primer-5'-atataggagttcatcatggcgttgaaggatgaagaagcc

Reverse primer-5'-ggcttcttcatccttcaacgccatgatgaactcctatat

Mutated plasmids were verified through sequencing through
the Molecular Informatics Core at the University of Rhode
Island.

Molecular Modeling. PyMol 1.3*' was used to generate a
representation of the C-terminal POLQMI1 and its cancer-
associated variants from the crystal structure as previously
described.”

Expression and Purification of WT Pol € and Its
Cancer-Associated Variants. Expression and purification of
plasmids containing human wild-type (WT) and/or its variants
as previously described according to Hogg et al,”” with the
following modifications to optimize for maximum DNA
polymerase activity. Plasmid was transformed into Rosetta2-
(DE3) pLysS competent cells (EMD Millipore) and plated on
LB agar plates containing 100 ug/mL of ampicillin and 34 ug/
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mL of chloramphenicol. Due to an observed toxicity to the E.
coli cells during overexpression of human Pol 6, we followed
the expression protocol developed by Hogg et al. that yielded
the greatest amount of soluble, well-folded protein for kinetic
studies.””** Colonies were directly inoculated into 1 L of
autoinduction Terrific Broth (0.5% w/v glycerol, 0.05% w/v
dextrose, 0.2% alpha-lactose, 1 M potassium phosphate buffer
at pH 7.0, 100 pg/mL ampicillin, and 34 ug/mL
chloramphenicol) and incubated for 60 h at 20 °C. Cells
were harvested by centrifugation at SK RPM for 10 min, and
pellets were stored at —80 °C.

Pellets were thawed on ice and resuspended in Lysis buffer
(20 mM Tris, pH 7; 300 mM NaCl; 0.01% NP-40; 10%
glycerol; 20 mM Imidazole; S mM f-mercaptoethanol (SME);
0.120 mM PMSF; and EDTA-free Protease Inhibitor Mixture
(Roche Applied Science)) and sonicated for 6—8 rounds for 30
s. Soluble cell fractions were separated via centrifugation at
15K RPM for 30 min. Soluble protein fractions were separated
by fast protein liquid chromatography (FPLC) with an
imidazole gradient by mixing binding buffer A (20 mM Tris,
pH 7; 300 mM NaCl; 0.01% NP-40; 10% glycerol; 20 mM
Imidazole; and 5 mM SME) with elution buffer B (buffer A
with 500 mM Imidazole) on a S mL His-Trap FF Crude
Nickel Column (GE Healthcare). Fractions containing Pol 6
were pooled and were separated further on a 5 mL HiTrap
Heparin HP (GE Healthcare) with a NaCl gradient by mixing
binding buffer C (20 mM Tris, pH 7; 300 mM NaCl; 0.01%
NP-40; 10% glycerol; and S mM SME) and elution buffer D
(buffer C with 2 M NaCl). Pooled fractions containing Pol 0
were cleaved overnight at 4 °C with SUMO2 protease (Fisher
Scientific). Cleaved protein was separated by a S mL HiTrap
Chelating HP (GE Healthcare) column using an imidazole
gradient by mixing binding buffer E (20 mM Tris, pH 7; 300
mM NaCl; 0.01% NP-40; 10% glycerol; 10 mM imidazole; and
5 mM SME) with elution buffer B. Cleaved Pol & was collected
in the flow-through fraction with the 6xHIS-sumo remaining
on the chelating column. The imidazole was removed from the
protein preparation by a final HiTrap Heparin column by
mixing buffer C and buffer D and omitting NP-40 detergent.
Cleaved, purified protein (yield approximately 10 yM) was
rapidly frozen in liquid nitrogen and stored at —80 °C for
approximately 3 months.

Generation of DNA Substrate. The duplex DNA
substrate was generated using two oligodeoxynucleotides
(IDT). The primer (5'6-FAM label) was annealed to the
complementary 40-mer template as described below:**

5'-/FAM/TTTGCCT TGA CCA TGT AAC AGA GAG

CGGA ACT GGT ACATTG TCT CTC GCA CTC ACT
CTC TTC TCT

Annealing was verified by a 12% native PAGE with annealed
and primer only samples and scanned on an RB Typhoon
scanner (Cytiva) with an FAM fluorescence filter.

Circular Dichroism. To compare secondary structure of
WT and Pol 0 variants, the ellipticity of 3 uM of protein in 10
mM K,HPO, buffer were measured from 190 to 280 nm at
room temperature (20 °C). Samples were measured in a 0.2
cm quartz cuvette in a J-815 CD Spectropolarimeter (Jasco,
Brown University).

Primer Extension Assay. Pol 6 (750 nM) was
preincubated with 50 nM duplex DNA for S min at 37 °C.
Nucleotide (correct, incorrect, or all) were added at a final
concentration of 50 M and incubated together with complex
Pol € and duplex DNA for an additional S min at 37 °C.
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Reactions were stopped with an 80% formamide-EDTA
solution, and products separated on a 20% denaturing
polyacrylamide gel. The gel was scanned on an RB Typhoon
scanner with a FAM fluorescence filter.

Rapid Chemical Quench Assays. Pol # (100 nM) was
preincubated on ice with 300 nM S5'FAM-labeled DNA
substrate and rapidly mixed with 100 uM dCTP (correct
nucleotide) and 10 mM MgCl, in a reaction buffer (20 mM
Tris HCI, pH 8.0, 25 mM KClI, 4% glycerol, 1 mM SME, and
80 ug/mL BSA) using an RQF-3 Chemical Quench Flow
apparatus (KinTek) at 37 °C from O to 0.6 s. Reactions were
stopped by the addition of 0.5 M EDTA and collected into
microcentrifuge tubes containing 90% formamide sequencing
dye. Products were separated on a 15% denaturing
polyacrylamide gel and scanned on a RB Typhoon scanner
as described above. The extended products (n + 1) were
quantified using ImageQuant software and fit to a nonlinear
regression full biphasic burst equation** (eq 1) + standard
deviation using Prism 9 GraphPad Software:

k’obs2 —(kopstky)t
b |1 — et
(kobs + k’ss)2

kobskss ¢
(kobs + kss)

[product] = [E]app

(1)

For burst kinetics, multiple replicates were as follows: WT n
= 19 replicates, 10 different protein preparation; L2538R n =
16 replicates, 9 different protein preparations; E2406K n = 17
replicates, 5 different protein preparations; T21611 n = 13
replicates, 7 different preparations. Each burst assay was
completed by three individuals.

Single-Turnover Kinetics. Pol § and 5'FAM-labeled DNA
substrate were assayed at a 4:1 ratio, as determined by the
active site and empirical enzyme titrations (Supporting
Information Methods). Correct nucleotide, dCTP, was titrated
from 0 to 1000 yM with 50 nM DNA substrate and 200 nM
Pol O from 0 to 0.6 s on the RQF at 37 °C. Incorrect
nucleotides were titrated from 0 to 1000 uM for 0 to 300 s
with the same Pol § and DNA concentrations by hand at 37
°C. Products were separated on a 15% denaturing poly-
acrylamide gel, scanned, and quantified as described above.
Data were fit to a single exponential equation (eq 2) to
determine k,, which is the observed rate at each dNTP
concentration (#standard deviation).

[product] = A(1 — e_k“"’*t) (2)

The k., was plotted against nucleotide concentration for
each of the 4 deoxyribonucleotides and fit to the hyperbolic
equation + standard error (eq 3):

k[ dNTP]
~ Kyanp) + [ANTP]

kobs

)

For single-turnover kinetics, multiple replicates were as
follows: WT n = 20 replicates, S different protein preparation;
L2538R n = 10 replicates, 3 different protein preparations;
E2406K n = 4 replicates, 3 different protein preparations;
T21611 n = S replicates, 2 different preparations. Each single-
turnover assay was completed by two individuals.
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B RESULTS

Twelve Percent of Melanoma Tumors Contained
Mutations in POLQ. Of the 250 melanoma samples obtained
from the Yale SPORE in Skin Cancer, 29 patients had at least
one mutation in the POLQ (11.6% occurrence), with 9 having
missense mutations in the C-terminal polymerase domain,
defined between amino acids (AA) 1792—2590.”” To identify
key residues that are involved in nucleotide incorporation and
fidelity, we choose a cancer-associated variant from each of the
three major DNA polymerase subdomains (thumb, fingers, and
palm) and where the nonsynonymous substitution was
predicted to be detrimental to the function of the enzyme by
the SIFT and PolyPhen-2 algorithms (Figure 1, Table 1).

The T21611 variant was originally discovered in a tumor
from patient with stage 2 melanoma (Figure 1, Table 1)
Interestingly, this mutation is located in insert 1 of the thumb
domain, an area that is highly flexible and not resolved in the
crystal structure (Figure 1).35 E2406K was a stage IV ocular
melanoma mutation located in the fingers subdomain, and the
palm domain variant L2538R came from a melanoma patient
with stage IV sun-exposed melanoma (Figure 1, Table 1). All
three variants were predicted to be potentially deleterious in
function via prediction algorithms. In addition, we performed a
Clustal Omega sequence alignment of the C-terminal end of
human Pol € with Pol 6 from Mus musculus and Danio Rerio
(Figure S1).* Amino acids T2161, E2406, and 12538 were
identical across species, suggesting that these may be important
functional residues for Pol 6. We also compared the
polymerase domain of human Pol # to two additional A-
family DNA polymerases, human Pol v and Klenow fragment.
L2538 was conserved, but Pol v and the Klenow fragment
lacked the T2161 as they do not contain the Insert 1 motif
unique to Pol 6. In addition, there was no similarity for the Glu
at position 2406 across Pol v and the Klenow fragment. The
mutations were introduced individually via site-directed
mutagenesis into the human pSUMO3 vector containing the
C-terminal POLQM1.”” Constructs were expressed and
purified from E. coli with an average final concentration of
10 uM. To ensure that individual point mutations did not
affect the overall structure, circular dichroism spectroscopy was
performed on WT and variants at 20 °C. The spectra of each
variant were similar to that of WT Pol 6, suggesting that all
variants had similar secondary structure characteristics (Figure
2).

Cancer-Associated Variants Bind to Duplex DNA
Substrate Similar to WT. To evaluate the affinity of WT
and cancer-associated variants for the duplex DNA substrate,

— WT
0 - L2538R
T 201 E2406K
Wl N £ T2161
S .60
-80-
100- Wavelength (nm)

Figure 2. Secondary structure of cancer-associated variants similar to
that of WT Pol 6. Circular dichroism spectra of 3 uM WT (black,
solid line) and variants L2538R (blue, dot and dashed line), E2406K
(green, small dashed line), and T21611I (purple, large dashed line) in
10 mM K,HPO, scanned from 190 to 280 nm at 20 °C.

1110

we performed an electrophoretic mobility shift assay (EMSA).
Pol O was titrated against the 5’-FAM-labeled duplex DNA
substrate, and complexes were observed on a native PAGE
(Figures S2, S3). The apparent equilibrium dissociation
constant Kppya) was determined to be similar among WT
and all of the cancer-associated variants with WT value of 18 +
3 nM, T21611 13 + 3 nM, E2406K 14 + 3 nM, and L2538R
18 + 4 nM.

Pol 0 Variants Are Able to Extend Duplex DNA. To
assess the overall DNA polymerase activity, all variants and
WT Pol 6 were assayed for initial DNA polymerase activity
with 750 nM Pol @ (variant or WT) preincubated with SO nM
duplex DNA along with 50 uM dNTP for S min at 37 °C
(Figure 3).

— M — M — N — M — M — M
— \O 00 — \O 00 — \O o0 — \O 0 — O 0 - \O 00
23R 2R 22 2F0 284 2R
!_(‘l ol ol I—N(‘l ol '_'(‘I ol Al i_'(‘I [a el ’-(‘l ol ol i_'(‘l ol Al
BEmaA ZEmaA BFEMA WA WA ZEmaA
n+18
et o
=E=
= i fo ot =
n+l v T —
1 - - o
dNTP none dATP dTTP dGTP dCTP ALL
(correct)
Duplex DNA 5’-/FAM/ TTTGCCT TGA CCA TGT AAC AGA GAG
CGGA ACT GGT ACA TTG TCT CTC GCA CTC ACT CTC TTC TCT

Figure 3. DNA Pl 6 and its cancer-associated variants can fully extend
duplex DNA. Pol 6 and variants (750 nM) were preincubated with
duplex DNA (50 nM) at 37 °C for S min. Samples were mixed with
50 uM dNTP (as indicated above) and incubated for S min at 37 °C.
Samples were separated on a 15% denaturing polyacrylamide gel and
visualized on an RB Typhoon scanner. The gel was scanned as
described in the Materials and Methods section using an RB Typhoon
scanner.

Duplex DNA 5'-/FAM/TTTGCCT TGA CCA TGT AAC
AGA GAG

CGGA ACT GGT ACATTG TCT CTC GCA CTC ACT
CTC TTC TCT

We looked for the incorporation of the nucleotide opposite
template G (underlined in Figure 3) and potential further
extension after the initial nucleotide insertion event. Incorrect
nucleotide insertion and extension for WT and the cancer
variants were similar for G:dATP and G:dTTP repeatedly
adding dATP to position n + 4 and a similar n + S was seen
with dTTP. Adding dGTP was the most prolific with WT,
T21611, and E2406K, creating a repeating sequence of 16 to
17 dGs. L2538R appeared to be able to extend the primer
terminus to 14—15 dGTPs, but there was more of a stalled
effect with product buildup at corresponding template C,
especially at positions n + 2 and n + 6. Incorporating the
correct dCTP nucleotide appeared to occur at the n + 1
position, with a darker band appearing at this position as well
as a band n + 4 for all enzymes. Interestingly, L2538R had a
predominate band at n + 2, which would be incorporation
opposite the adjacent template C. When all dNTPs were
provided, we observed full extension to a 43-mer product with
a S min incubation.

The promiscuous extension results observed in this assay
highlighted a distinctive ability to incorporate multiple dGTP
to almost a full-length product under these assay conditions.
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We hypothesized that Pol 8 had a sequence context specificity
that afforded the DNA polymerase the ability to skip bases and
insert and extend dGTP when presented with alternating
dCTP in the template. To test this, we altered the DNA
template such that all of the dCs were replaced with dGs
(Figure S4). Within that sequence context, we observed
reduced extension for both the WT and variants with dGTP,
creating only the n + 2 product. L2538R was further hindered
by this sequence, extending only to n + 1, highlighting the
importance of the templating DNA sequence. Incorporation of
dTTP with WT and variants on the altered template behaved
similarly to the original DNA template but did extend an
additional two nucleotides. We expected to see a similar
extension pattern with dATP, but surprisingly, it too only
extended to n + 1 product despite having multiple dT's in the
template. Correct nucleotide (dCTP) extension was observed
as expected with WT and variants, and we observed increased
extension, presumably due to greater dG content in the
template.

Pol 0 Variants Experience Biphasic Burst Kinetics. To
further explore the rate nucleotide incorporation as well as the
misincorporation and exaggerated extension of Pol @ and the
variants we observed in the previous qualitative experiment, we
assayed the enzyme under a time-based, presteady state burst
kinetics (Figures 4, SS and Table 2) using the aforementioned
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Figure 4. Wild-type and cancer-associated variants experience fast
biphasic burst kinetics. Presteady state burst kinetics were performed
by preincubating 300 nM duplex DNA with 100 nM WT (circles),
T21611 (diamond), E2406K (triangles), or L2538R (squares) and
reacting with 100 M dCTP (correct) from 0.0037 to 0.6 s. Data were
graphed as extended product versus time and fit to eq 1 (+standard
deviation). Results are from multiple replicates (error bars; n = 13—
19) and at least S different protein preparations assayed at 37 °C.

Table 2. Observed Correct dCTP Incorporation Rates of
Pol 6 and Cancer-Associated Variants (+Standard
Deviation)

Pol 6 kops (s71) ke (s71) E,, (nM) fold change”
WT 60.0 + 6.1 23+ 02 51.0 + 1.8 1.0
T21611 142.0 + 22.5 25 +03 41.0 + 1.8 0.4
E2406K 381 + 5.2 12 + 02 95.0 + 4.8 1.6
L2538R 28.0 + 5.3 3.1+02 80.0 £ 7.0 2.1

“kops WT/ kg, variant.

duplex DNA substrate (CG template) in excess (see Materials
and Methods). Under this specific condition, the DNA
substrate is in excess (300 nM) over the enzyme (100 nM).
DNA extension products were plotted over time and fit to a
full burst equation (eq 1), allowing us to define two distinct
first-order rate constants that are typical of most DNA
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polymerases: (1) a rapid observed burst rate (k) that is
initial product formation; and (2) a slower linear second-rate
indicative of product release (k,).** wT experienced a kg, of
60 s! and a rate limiting product release rate (k) of 2.3 s™*
consistent with previous presteady state studies.”’ Variant
T21611 experienced a similar k rate of 2.5 s™' compared to
that of WT but had a polymerization rate that was twice as fast
(kupe) at 142 57! on the same DNA substrate. Variants L2538R
and E2406K experienced a 2-fold slower k., compared to the
WT at 28 and 38 s7/, respectively. The k for E2406K was
calculated at 1.2 s™' and for L2538R at 3.1 s'. Despite the
different kp, rates for all variants, it was clear that the rate
limiting step of product release was consistent with WT and
other DNA polymerases, but DNA polymerase activity prior to
product release is altered.

Cancer-Associated Variants Experience a Different
Kinetic Pathway Compared to WT. In order to investigate
the difference between the observed DNA polymerization rates
between WT and variants, we explored single-turnover kinetics
to directly define polymerization rate (k,,) and apparent
equilibrium dissociation constant (Kd(dNTP)g for each nucleo-
tide opposite a DNA template G. Unlike presteady state burst
assays, these experiments utilized enzyme concentrations in
excess over DNA with varying nucleotide concentrations. For
each concentration, an observed rate was defined correspond-
ing to the direct turnover of the substrate to product (kpol)
without the steady-state products obscuring the rates.** Similar
to the presteady state burst assay, the enzyme and duplex DNA
were preincubated prior to the introduction of nucleotide to
ensure the binary complex was formed, and we were
monitoring the chemistry of nucleotide incorporation. For
single-turnover experiments, the actual Pol 6/duplex DNA
concentration needs to be determined through an active site
titration. Duplex DNA was titrated from 0 to 300 nM against
100 nM Pol € and 100 uM dCTP. The amount of product
formed over time was graphed using the full burst equation (eq
1) to determine amplitude (E,,) value for each DNA
concentration. These data were fit to a quadratic equation
(Supplemental eq 2) to determine the percentage of active
sites for the DNA/enzyme complex.”” This was repeated for
each individual protein preparation, and experimental protein
concentrations were adjusted to equal active protein/DNA
complex levels (Figures S6 and S7). Rates and affinity were
verified empirically through enzyme titration to ensure
maximum product formation (Supporting Information; data
not shown). We determined the ratio of 4:1, protein to DNA,
provided the maximum product under excess Pol € conditions.

Through our single-turnover experiments, we observed that
all variants had a decrease in fidelity, especially for incorrect
incorporation of dATP and dTTP opposite template G
(Figures S and S8 and Table 3). WT and T21611
demonstrated a rapid polymerization rate for correct (dCTP)
nucleotide incorporation of around 167 s~'. Both variants
E2406K and L2538R experienced reduced correct incorpo-
ration k,, rates compared to WT with 89 and 41 s
respectively. All of the k,, rates for WT and the variants during
incorrect incorporation were considerably reduced to around
0.1 to 0.2 s™' compared to the rapid correct ko rate, although
E2406K and L2538R experienced less of a reduction in
incorrect k,, rates compared to WT and T21611. Most
striking, the Kyanrp) Was drastically different for the variants
compared to WT. WT experienced a tighter binding affinity for
the correct nucleotide, whereas the variants experienced a
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Figure 5. Cancer-associated variants bind to incorrect nucleotides with greater affinity than WT. A representative plot of single-turnover
experiments with incorrect dATP opposite template G. Increasing concentrations of dATP were titrated against 50 nM DNA substrate and 200 nM
Pol 8 (A) or L2538R (B). Extended product was graphed versus time to determine k., (eq 2; #standard deviation). Results are from multiple
replicates (error bars; n = 4—20) and at least 2 different protein preparations assayed at 37 °C.The observed rate was plotted against concentration
of dATP (C and D) and data fit to a hyperbolic eq 3 to determine kyor and Kyanrr) (#standard error of fit).

Table 3. Single-Turnover Kinetics for WT Pol 6 and Cancer-Associated Variants on Duplex DNA with Template G*

Pol 6 sequence koot (s71) Kyantr) (M) Akpolb

WT G:dC 167 £ 5 520 £ 0.7

WT G:dG 0.114 + 0.004 1.60 + 0.4

WT G:dA 0.139 + 0.009 9.71 £ 2

WT G:dT 0.150 + 0.01 1S3 + 4

T21611 G:dC 167 + 10 199 + 40 1
T21611 G:dG 0.223 + 0.01 443 + 10 1
T21611 G:dA 0.133 + 0.008 152 + 4 1
T21611 G:dT 0.111 + 0.00S 550+ 1 1
E2406K G:dC 89.0 + S 93.1 + 20 2
E2406K G:dG 0.132 + 0.006 174 + 4 1
E2406K G:dA 0.160 + 0.009 338+ 6 1
E2406K G:dT 0.120 + 0.007 102 + 3 1
L2538R G:dC 412 +1 15.70 + 14 4
L2538R G:dG 0.117 + 0.004 3.50 +£ 0.71 1
L2S38R G:dA 0.0920 + 0.003 229 + 0.36 2
L2538R G:dT 0.125 + 0.008 12.08 + 3.0 1

AKy(ante)” eﬂiciencyd uM!t st Aefficiency® F (x10?) Afidelity®
32
7.1 X 1072 4.5
1.4 x 1072 22
9.8 X 1073 33
40 0.84 40
30 5.0 x 1073 10 1.7 3.0
2 8.7 x 1073 2 1.0 23
0.4 2.0 X 1072 0.5 0.4 77
20 0.96 30
10 7.6 X 1073 10 1.3 4.0
3 47 x 1073 3 2.0 11
1 12 x 1072 1 0.8 40
3 2.6 10
2 3.3 %1072 2 0.8 6.0
0.2 4.0 X 1072 0.4 0.7 34
1 1.0 X 1072 1 2.5 13

“Kinetic rates and constants derived from single-turnover experiments for WT and cancer-associated variants (+standard error). "WT /variant.
“Variant/WT. dkpol/Kd (uM="s71). “Efficiencyyyr/efficiency,qiane JF= (efficiency gyece + efficiencyincomect)/efficiencyincorece SFidelityyr/fidelity,qiane

reduction in affinity to the correct nucleotide by up to 40-fold.
The Kyanre) for incorrect nucleotides, especially for T21611
and E2406K, are much lower compared to correct signifying a
higher affinity. These kinetic values revealed a similar
reduction in efficiency for the variants with T21611 being
40-fold, E2406K being 30-fold, and L2538R being 10-fold less
efficient at incorporating the correct nucleotide (Table 3).
Moreover, we observed a reduction in fidelity of the variants
compared to WT especially for G:dATP and G:dTTP pairing.
T21611 and E2406K were the least faithful compared to WT
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when incorporating dTTP with 80-fold and 40-fold reduction,
respectively. L2538R was the most promiscuous with dATP
incorporation opposite template G with a 34-fold reduction in
fidelity compared to WT. WT and variants all experience a
decrease in Ky(gnrp) for dGTP binding, especially WT where
we observed a Kygnrp) value of 2 yM compared to § uM
correct. We attribute this to potential DNA template slippage
due to the sequence of the DNA template being flanked by
dCTP.
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To test this hypothesis of slippage, a phenomenon that has
been seen with other DNA polymerases,”** we replaced the
S’ template C with a subsequent A (Figure S9). This resulted
in a defined Kygnrpy for WT of 21.4 uM, which is a 13-fold
decrease in affinity for dGTP with an AG versus a CG template
(Figure S9 and Table S2). The variant E2406K also
experienced a 2.3-fold loss in affinity for dGTP with this
template, but T21611 increased its affinity for dGTP with the
AG template by half, with a new Kygnrp) value of 22.5 uM
compared to 44.3 M with the CG template. The Ky(anrp) for
dGTP with the L2538R variant only increased slightly to 5.1
uM with the AG template and experienced an overall greater
preference with the lowest Kygnypy value of all WT and
variants.

Discrimination between correct and incorrect nucleotide
selection for both WT and variants can be observed at the level
of k,, as shown by the slower rate of incorrect incorporation
(Table S1). However, at the level of Ky(gyrp) binding, there is a
notable loss in discrimination for the variants compared to
WT. For example, T21611 has a 100-fold difference in
discriminating against incorrect dT'TP incorporation compared
to WT. E2406K has a 30-fold loss in discrimination for dTTP
as well with L2538R experiencing a greater than 10-fold loss in
discrimination of dATP misincorporation opposite template G.
Taken together, these results suggest that each of these
residues T2161, E2406, and L2538 are important for
nucleotide selection and overall fidelity, and the nucleotide
selection process for these variants are altered.

B DISCUSSION

A DNA polymerase’s biochemical kinetics can provide key
insight into DNA damage repair capability. The fidelity, or
ability, of the DNA polymerase to select the correct nucleotide
during nucleotide incorporation is an important step in DNA
repair and preventing genomic instability and cancer. By
determining the k,; and Ky(anrp), @ more cohesive mechanism
of polymerase activity can be observed, providing insi§ht into
how aberrant enzymes may alter this activity."® DNA
polymerase € has been shown to be a low fidelity enzyme
that is critical for alternative double strand break repair
especially in BRCA-depleted cells.”>*”*° What is unclear about
the role of Pol € in DNA repair is whether the polymerase
stabilizes the genome through repair or is detrimental to the
cell by increasing mutagenesis. Perhaps reinforcing this
apparent contradiction, prior studies have explored the role
of POLQ in genomic stability in either loss of function or
overexpression analyses, which have notable detrimental
secondary effects.”'" Additionally, prior to this study, catalytic
mutations, without direct connection to disease, were
examined in both the N-terminal Helicase and C-terminal
polymerase domains for functional studies.*”>***'~>? Here we
report for the first time three Pol € missense mutations found
in melanoma patients that biochemically display altered
protein function, suggesting a potential role in genomic
instability. These three mutations were strategically selected
to explore the subdomains of the C-terminal polymerase
domain of Pol 6 in order to explore the functional role of each
subdomain in a disease context. We generated these mutations
in vitro and utilized classical primer extension assays to analyze
nucleotide selection and incorporation compared to WT to
gain insight into the variants overall DNA repair capabilities. A
common nucleotide incorporation mechanism for DNA
polymerases can also be applied to Pol 6 based on our
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biochemical data (Scheme 1). Pol @ experiences a rapid ky,
around 60 + 6 s' (steps 1—3 including nucleotide binding,

Scheme 1. Adapted Pol 0 Biochemical Mechanism®”%**
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“DNA polymerase € adopts a similar biochemical mechanism of most
DNA polymerases. After DNA binding, DNA polymerases select a
nucleotide to match the templating base (step 1), where a
conformational change aligns the nucleotide within the catalytic
active site for step 2. Once phosphodiester bond is formed, the
pyrophosphate from the incoming nucleotide is released (step 3), the
product is released (the rate limiting step, step 4), and the next round
of nucleotide incorporation can begin.

polymerization, and pyrophosphate release) that proceeds the
slower rate limiting k, rate, step 4 (Figure 4, Table 2). Most
kinetic studies of Pol @ have been performed under steady-state
conditions,*” which can underestimate the more transient
nucleotide selection step that occurs just prior to polymer-
ization.*® This is the first study to our knowledge that explores
the DNA polymerase activity of Pol @ using single-turnover
conditions, which allows for direct determination of k,, and
Ky(ante)- Through this approach, we observed typical DNA
polymerase activity for WT with it efficiently incorporating the
correct dCTP nucleotide opposite template G (Figure S, Table
3). There was not a considerable decrease in incorrect
nucleotide affinity, but the data are consistent with the
steady-state assumption that Pol @ is a low fidelity enzyme.*>**

In the same way, we observed this low fidelity activity with
our initial primer extension assay, which qualitatively explored
whether WT and its variants were able to extend duplex DNA
with either each nucleotide individually or all together (Figure
3). Interestingly, WT and its variants were able to extend at
least 3 nucleotides past the initial template DNA with both
correct and incorrect nucleotide. Incorporation and subse-
quent extension from the template with dGTP were especially
apparent generating near full product extension. Moreover, this
overextension with dGTP has not been observed in previous
studies with Pol € under steady-state conditions with this DNA
template™ or with Pol @ and Pol 8 with similar CXC repeating
elements in the DNA template.”* Why Pol @ under single-
turnover conditions could readily incorporate dGTP and
extend with the same nucleotide was unclear; however,
through changing the provided sequence to remove dCTP
from the template strand revealed that preference for dGTP
extension within that specific sequence context (Figure S4), a
phenomenon that has been previously reported in other DNA
polymerases,” >’ and potentially could be linked to the
enzyme’s ability to bypass certain DNA damage.”*>*"*
Further study of the efficiency and fidelity of Pol 6 within
specific sequence contexts is needed. Taken together with our
single-turnover kinetics, Pol @ experiences a faster polymer-
ization rate than some higher fidelity DNA polymerases, Pol f,
y and ¢, but is much less efficient at correct nucleotide
insertion.>”~%*

T21611 Thumb Domain Mutation. The T21611I variant
experienced a polymerization rate equally as fast as WT.”
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Figure 6. Model of amino acid changes in the cancer-associated variant Pol 6. (A) The thumb domain variant, T2161], is located in the undefined
dashed Insert I (blue dashes). Potential perturbations in hydrogen bonding could take place between Primer DNA (orange with green/blue bars)
and/or residue K2181, which interacts with the phosphate backbone of the Primer DNA. (B) Zoomed in structural analysis of the area surrounding
the fingers domain variant, E2406K, located in the helix just above the O helix (cyan), which contacts the incoming ddGTP nucleotide aligning it
within the dCMP template, suggesting potential structural perturbations. (C) A model zoomed into the active site highlighting the change from a
leucine to an arginine at position 2538 (cyan), which makes potential contacts with critical residues including R2315, E2541, and surrounding
residue network, which supports the primer terminus (orange), Mg** (magenta), and incoming ddGTP (magenta). Variant residues were made
using the mutagenesis function in PyMOL to replace original amino acids found in Pol @ structure (protein data bank code 4 x 0Q™*)

Although the Insert 1 region (P2144—F2177) is thought to be
involved in processivityfs’?’7 we did not observe any effects on
DNA binding (Figure S2), the rate of polymerization (Table
3), or ability to continue to synthesize for the T21611 variant
(Figure 3). Instead, there was a large reduction in nucleotide
affinity for correct nucleotide selection with a Kyanrp-correct)
value of 200 uM compared to 5 uM for WT. Moreover, it
appears that T21611 variant prefers and most efficiently
incorporates a dTTP opposite G. This could be best explained
by the hypothesis that certain mismatched pairs of bases,
especially T and G, form alternative hydrogen bonding in a
way to promote mutagenesis.“’64 We observed that T21611 is
less affected by slippage compared to WT as the Ky anrp) value
with an AG template is half the value with a CG template,
suggesting a greater affinity for dGTP without the C template
(Figure S9, Table S2). Why we observe this effect with this
thumb variant is unclear. The mutation of an isoleucine from a
threonine did not affect the global structure; there was no
increase in the insoluble fraction during protein purification,
indicating misfolding and protein yields were similar to WT.
The location of this variant within the Insert 1 domain (Figure
6a) allows for speculation that subtle changes are made in the
microenvironment of Insert 1, most logically important to the
primer DNA phosphate backbone interaction. The loss of the
hydrogen bonding from the threonine could impact residue
K2181, which does coordinate the phosphate backbone of the
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primer DNA. Although mutational studies looking at the
bypass ability of K2181A on damaged DNA suggest reduced
activity compared to WT,> our observations with T21611
could suggest that we have uncovered a unique role for Insert 1
in coordinating correct nucleotide selection and incorporation.
A cancer cell could likely take advantage of a mutated DNA
repair polymerase that retains fast polymerization and
introduces more mutations, likely aiding in cancer cell survival
and metastasis. Further studies involving different DNA
substrates and DNA damage could shed light on the unusual
increased mutagenesis rate in this thumb domain variant.
E2406K Fingers Domain Mutation. The E2406K variant
presented similar kinetic behaviors to the other cancer-
associated variants (Figure S, Table 3). The polymerization
rate was observed to be different than that of WT with about a
2-fold reduction. Although it was not as striking as the T21611I
variant, E2406K did have an 18-fold reduction in affinity for
correct, dCTP, selection compared to WT. Like the other
variants, its preference was to mismatch dTTP or dATP with
template G. The Kppyrp) value associated with dGTP mimics
the behavior of WT slippage, but to a lesser extent (Figure S9,
Table S2). Located in the finger domain, it seems intuitive that
there would be a reduction in nucleotide selection. However,
the specific location is far away from any of the critical residues
including the highly conserved O-helix residues that interact
with the incoming nucleotide including the phosphate
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interacting R2379 and K2383 and base interacting residues
Q2384 and Y2387. In fact, the mutation appears to be at the
apex of the fingers domain helical bundle running parallel to
the O-helix (Figure 6B). Given its position and the change in
charge from a negative to positive, this could cause a change in
the intermolecular forces in the O-helix, disrupting the
alignment of the incoming nucleotide with the templating
base.”” The altered DNA polymerase activity and lack of
nucleotide selectivity of E2406K are unexpected based on its
location but highlight a novel important residue outside of the
O-helix that we show to influence fidelity and mutagenesis.
Interestingly, the E2406K variant came from a tumor that also
had BRCAI and BRCA2 mutations, suggesting that the cell’s
DNA repair capabilities could be further challenged due to a
mutagenic Pol 6.°%

L2538R Palm Domain Mutation. The palm variant
L2538R had a reduced observed polymerization rate of 27 s,
which is half of what was observed with WT. Under single-
turnover conditions, it remained the slowest of all the variants.
Despite this, the affinity for nucleotides was similar to that of
WT, with only a slight reduction in overall Ky(anrp) for correct
dCTP and was the most efficient of the variants with only a 12-
fold reduction in efficiency compared to that of WT. This
variant had a higher affinity for dGTP compared to correct
dCTP, and unlike WT, it was unaffected by slippage.
Qualitatively, we observed that the L2538R variant had more
difficulty extending past n + 1 when the DNA template lost the
repeating CXCXCXC pattern compared to WT and the other
variants, suggesting that it is more sensitive to the specific
DNA sequence (Figures 3 and S4). The Kppyrpy value for
dGTP with the AG template was similar to the CG:dGTP
value, suggesting that regardless of the sequence context of the
template, L2538R still had a higher affinity for dGTP
compared to correct dCTP (Figure S9, Table S2). In addition,
L2538R did not follow the normal mutagenic G:dTTP
mismatch but instead preferred G:dATP pairing, which has
been shown to be energetically unfavorable.”>®” Unlike the
other two cancer-associated variants, the L2538R variant is
located in close proximity to the conserved catalytic residue
E2541 and subsequent D2330 and D2540 (Figure 6C). This
suggests that the new positive charge from the mutated
arginine could greatly affect Mg®>* metal binding and the
incoming nucleotide (ddGTP in the figure) within the active
site, potentially perturbing the charge network set in place by
the catalytic triad.”® In addition, L2358 is located below the
sugar ring of the primer terminus, but a residue change to
another arginine could perturb the network of arginines at
positions 2254 and 2315 that interact with the phosphate
backbone of the primer DNA as well as D2376 in the O-helix
of the fingers domain, thus slowing down the catalytic process
and/or promoting the mispairing of dATP and dGTP through
misalignment of the 3'OH for phosphodiester bond formation
within the active site.”®

In summary, we have biochemically characterized three
melanoma-derived mutations in human DNA Polymerase
theta. We have demonstrated that these variants have reduced
affinities for correct nucleotide incorporation and a preference
for incorrect nucleotide selection compared to the WT. These
data potentially indicate how mutated Pol # may be more
beneficial to tumors and carcinogenesis than WT Pol 6. These
data also provide evidence for critical residues that are
important for Pol @ activity that impact overall DNA repair
and genomic stability. Taken together, it could be hypothe-
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sized that the tumor utilizes mutagenesis through aberrant Pol
0 to promote genomic instability and further evade cancer
therapeutics. Through our biochemical analysis of the activity
of mutant Pol 0, we gained a better understanding of how
these variants play a role in cancer.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biochem.3c00670.

Additional experiments and methods available in
Supporting Information including Supporting methods
EMSA; active site titration; empirical enzyme titration;
Figure SI: sequence alignment; Figure S2: EMSA;
Figure S3: representative polyacrylamide gel for EMSA;
Figure S4: primer extension on alternative DNA
substrate; Figure S5: representative polyacrylamide gels
for presteady state burst kinetics; Figure S6: representa-
tive active site titration; Figure S7: representative
polyacrylamide gel for active site titration; Figure S8:
representative single-turnover polyacrylamide gel; Figure
S9: single-turnover with AG DNA template; Table S1:
Discrimination of nucleotides; Table S2: AG DNA
template summary (PDF)

B AUTHOR INFORMATION

Corresponding Author
Jamie B. Towle-Weicksel — Department of Physical Sciences,
Rhode Island College, Providence, Rhode Island 02908,
United States; ® orcid.org/0000-0003-1677-6068;
Phone: (401)456-9707; Email: jtowleweicksel@ric.edu

Authors

Corey Thomas — Department of Physical Sciences, Rhode
Island College, Providence, Rhode Island 02908, United
States

Lisbeth Avalos-Irving — Department of Physical Sciences,
Rhode Island College, Providence, Rhode Island 02908,
United States

Jorge Victorino — Department of Physical Sciences, Rhode
Island College, Providence, Rhode Island 02908, United
States

Sydney Green — Department of Physical Sciences, Rhode
Island College, Providence, Rhode Island 02908, United
States

Morgan Andrews — Department of Physical Sciences, Rhode
Island College, Providence, Rhode Island 02908, United
States

Naisha Rodrigues — Department of Physical Sciences, Rhode
Island College, Providence, Rhode Island 02908, United
States

Sarah Ebirim — Department of Physical Sciences, Rhode Island
College, Providence, Rhode Island 02908, United States

Ayden Mudd — Department of Physical Sciences, Rhode Island
College, Providence, Rhode Island 02908, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biochem.3c00670

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

https://doi.org/10.1021/acs.biochem.3c00670
Biochemistry 2024, 63, 1107-1117


https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.3c00670/suppl_file/bi3c00670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.3c00670/suppl_file/bi3c00670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.3c00670/suppl_file/bi3c00670_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.3c00670?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.3c00670/suppl_file/bi3c00670_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jamie+B.+Towle-Weicksel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1677-6068
mailto:jtowleweicksel@ric.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Corey+Thomas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lisbeth+Avalos-Irving"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jorge+Victorino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sydney+Green"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Morgan+Andrews"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naisha+Rodrigues"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Ebirim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ayden+Mudd"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.3c00670?ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.3c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

Funding

Research reported in this publication was supported by the
National Institute of General Medical Sciences of the National
Institutes of Health under grant number R15GM144903—-01
and in part by the Rhode Island Institutional Development
Award (IDeA) Network of Biomedical Research Excellence
under P20GM103430. The content is solely the responsibility
of the authors and does not necessarily represent the official
views of the National Institutes of Health.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We would like to thank Sylvie Doublié for the generous
donation of the plasmid used in these experiments. A special
thank you to Ruth Halaban and Antonietta Bacchiocchi for the
POLQ melanoma mutations and continued support; to
Christal Sohl, Steven Weicksel, and Sarah Delaney for helpful
discussion. Thank you to the various undergraduate chemistry
majors at Rhode Island College who participated in the initial
set up of this project.

B REFERENCES

(1) Barnes, D. E; Lindahl, T. Repair and genetic consequences of
endogenous DNA base damage in mammalian cells. Annu. Rev. Genet.
2004, 38, 445—476.

(2) Chan, S. H; Yu, A. M;; McVey, M. Dual Roles for DNA
Polymerase Theta in Alternative End-Joining Repair of Double-Strand
Breaks in Drosophila. PLoS Genet. 2010, 6, No. e1001005.

(3) Kent, T.; Chandramouly, G.; McDevitt, S. M.; Ozdemir, A. Y.;
Pomerantz, R. T. Mechanism of microhomology-mediated end-
joining promoted by human DNA polymerase 0. Nat. Struct. Mol. Biol.
2015, 22, 230-237.

(4) Yousefzadeh, M. J.; Wyatt, D. W.; Takata, K.;; Mu, Y.; Hensley, S.
C.; Tomida, J.; Bylund, G. O.; Doubli¢, S.; Johansson, E.; Ramsden,
D. A; et al. Mechanism of Suppression of Chromosomal Instability by
DNA Polymerase POLQ. PLoS Genet. 2014, 10, No. e1004654.

(5) Kent, T.; Rusanov, T. D,; Hoang, T. M.; Velema, W. A,; Krueger,
A. T,; Copeland, W. C; Kool, E. T.; Pomerantz, R. T. DNA
polymerase 6 specializes in incorporating synthetic expanded-size
(xDNA) nucleotides. Nucleic Acids Res. 2016, 44, 9381—9392.

(6) Brambati, A.; Barry, R. M.; Sfeir, A. DNA polymerase theta
(Polf) — an error-prone polymerase necessary for genome stability.
Curr. Opin. Genet. Dev. 2020, 60, 119—126.

(7) Yoon, J. H.,; McArthur, M. J.; Park, J.; Basu, D.; Wakamiya, M.;
Prakash, L.; Prakash, S. Error-Prone Replication through UV Lesions
by DNA Polymerase 6 Protects against Skin Cancers. Cell 2019, 176
(6), 1295—1309.e15.

(8) Ceccaldi, R; Liu, J. C.; Amunugama, R.; Hajdu, I; Primack, B;
Petalcorin, M. I. R; O’Connor, K. W.; Konstantinopoulos, P. A;
Elledge, S. J.; Boulton, S. J; et al. Homologous-recombination-
deficient tumours are dependent on Polf-mediated repair. Nature
2015, 518, 258—262.

(9) Mateos-Gomez, P. A; Gong, F; Nair, N; Miller, K. M,;
Lazzerini-Denchi, E.; Sfeir, A. Mammalian polymerase 6 promotes
alternative NHE] and suppresses recombination. Nature 2015, 518,
254-257.

(10) Schrempf, A.; Slyskova, J.; Loizou, J. I Targeting the DNA
Repair Enzyme Polymerase € in Cancer Therapy. Trends Cancer 2021,
7, 98—111.

(11) Hwang, T.; Reh, S.; Dunbayev, Y.; Zhong, Y.; Takata, Y.; Shen,
J; McBride, K. M.; Murnane, J. P,; Bhak, J.; Lee, S.; Wood, R. D;
Takata, K. Defining the mutation signatures of DNA polymerase 6 in
cancer genomes. NAR Cancer 2020, 2 (3), zcaa017.

(12) Lange, S. S.; Takata, K; Wood, R. D. DNA polymerases and
cancer. Nat. Rev. Cancer 2011, 11, 96—110.

1116

(13) Lemée, F.; Bergoglio, V.; Fernandez-Vidal, A.; Machado-Silva,
A,; Pillaire, M. J.; Bieth, A.; Gentil, C.; Baker, L.; Martin, A. L.; Leduc,
C.; et al. DNA polymerase theta up-regulation is associated with poor
survival in breast cancer, perturbs DNA replication, and promotes
genetic instability. Proc. Natl. Acad. Sci. U. S. A. 2010, 107 (30),
13390—1339S.

(14) Allera-Moreau, C.; Rouquette, I; Lepage, B.; Oumouhou, N;
Walschaerts, M.; Leconte, E.; Schilling, V.; Gordien, K.; Brouchet, L.;
Delisle, M. B.; et al. DNA replication stress response involving PLK1,
CDCé6, POLQ, RADSI and CLASPIN upregulation prognoses the
outcome of early/mid-stage non-small cell lung cancer patients.
Oncogenesis 2012, 1 (10), No. e30.

(15) Goullet de Rugy, T.; Bashkurov, M; Datti, A; Betous, R;
Guitton-Sert, L.; Cazaux, C.; Durocher, D.; Hoffmann, J. S. Excess
Polf functions in response to replicative stress in homologous
recombination-proficient cancer cells. Biol. Open 2016, S (10), 1485—
1492.

(16) Prelich, G. Gene overexpression: Uses, mechanisms, and
interpretation. Genetics 2012, 190, 841—854.

(17) Diaz-Talavera, A.; Calvo, P. A,; Gonzalez-Acosta, D.; Diaz, M.;
Sastre-Moreno, G.; Blanco-Franco, L.; Guerra, S.; Martinez-Jiménez,
M. L; Méndez, J.; Blanco, L. A cancer-associated point mutation
disables the steric gate of human PrimPol. Sci. Rep. 2019, 9, 1121.

(18) Sweasy, J. B.; Lang, T.; Starcevic, D.; Sun, K.-W.; Lai, C.-C,;
Dimaio, D.; Dalal, S. Expression of DNA polymerase {beta} cancer-
associated variants in mouse cells results in cellular transformation.
Proc. Natl. Acad. Sci. U. S. A. 2008, 102, 14350—14355.

(19) Blomberg Jensen, M.; Leffers, H.; Petersen, J. H.; Daugaard, G;
Skakkebaek, N. E.; Rajpert-De Meyts, E. Association of the
polymorphism of the CAG repeat in the mitochondrial DNA
polymerase gamma gene (POLG) with testicular germ-cell cancer.
Ann. Oncol. 2008, 19, 1910—1914.

(20) Pavlov, Y. L; Zhuk, A. S.; Stepchenkova, E. I. DNA Polymerases
at the Eukaryotic Replication Fork Thirty Years after: Connection to
Cancer. Cancers 2020, 12, 3489.

(21) Antczak, N. M.; Walker, A. R; Stern, H. R;; Leddin, E. M,;
Palad, C.; Coulther, T. A.; Swett, R. J.; Cisneros, G. A.; Beuning, P. J.
Characterization of Nine Cancer-Associated Variants in Human DNA
Polymerase k. Chem. Res. Toxicol. 2018, 31, 697—711.

(22) Nemec, A. A; Bush, K. B.; Towle-Weicksel, J. B.; Taylor, B. F.;
Schulz, V.; Weidhaas, J.; Tuck, D. P.; Sweasy, J. B. Estrogen Drives
Cellular Transformation and Mutagenesis in Cells Expressing the
Breast Cancer—Associated R438W DNA Polymerase Lambda
Protein. Mol. Cancer Res. 2016, 14 (11), 1068—1077.

(23) Nemec, A. A.; Murphy, D. L.; Donigan, K. A.; Sweasy, J. B. The
S229L Colon Tumor-associated Variant of DNA Polymerase f
Induces Cellular Transformation as a Result of Decreased Polymer-
ization Efficiency. J. Biol. Chem. 2014, 289 (20), 13708—13716.

(24) Li, H.-D.; Cuevas, I; Zhang, M.; Ly, C.; Alam, M. M,; Fu, Y.-
X.; You, M. J.; Akbay, E. A,; Zhang, H.; Castrillon, D. H. Polymerase-
mediated ultramutagenesis in mice produces diverse cancers with high
mutational load. J. Clin. Invest. 2018, 128, 4179—4191.

(25) Xing, X.; Kane, D. P.; Bulock, C. R;; Moore, E. A.; Sharma, S.;
Chabes, A.; Shcherbakova, P. V. A recurrent cancer-associated
substitution in DNA polymerase & produces a hyperactive enzyme.
Nat. Commun. 2019, 10 (1), 374.

(26) Murphy, D. L.; Donigan, K. A.; Jaeger, J.; Sweasy, J. B. The
E288K Colon Tumor Variant of DNA Polymerase  Is a Sequence
Specific Mutator. Biochemistry 2012, 51, 5269—5275.

(27) Dalal, S;; Starcevic, D.; Jaeger, J.; Sweasy, J. B. The 1260Q
Variant of DNA Polymerase f Extends Mispaired Primer Termini
Due to Its Increased Affinity for Deoxynucleotide Triphosphate
Substrates. Biochemistry 2008, 47, 12118—12125.

(28) Lang, T.; Maitra, M.; Starcevic, D.; Li, S. X.; Sweasy, J. B. A
DNA polymerase beta mutant from colon cancer cells induces
mutations. Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 6074—6079.

(29) Farshidfar, F.; Rhrissorrakrai, K.; Levovitz, C.; Peng, C.; Knight,
J; Bacchiocchi, A;; Su, J; Yin, M,; Sznol, M,; Ariyan, S.; et al
Integrative molecular and clinical profiling of acral melanoma links

https://doi.org/10.1021/acs.biochem.3c00670
Biochemistry 2024, 63, 1107-1117


https://doi.org/10.1146/annurev.genet.38.072902.092448
https://doi.org/10.1146/annurev.genet.38.072902.092448
https://doi.org/10.1371/journal.pgen.1001005
https://doi.org/10.1371/journal.pgen.1001005
https://doi.org/10.1371/journal.pgen.1001005
https://doi.org/10.1038/nsmb.2961
https://doi.org/10.1038/nsmb.2961
https://doi.org/10.1371/journal.pgen.1004654
https://doi.org/10.1371/journal.pgen.1004654
https://doi.org/10.1093/nar/gkw721
https://doi.org/10.1093/nar/gkw721
https://doi.org/10.1093/nar/gkw721
https://doi.org/10.1016/j.gde.2020.02.017
https://doi.org/10.1016/j.gde.2020.02.017
https://doi.org/10.1016/j.cell.2019.01.023
https://doi.org/10.1016/j.cell.2019.01.023
https://doi.org/10.1038/nature14184
https://doi.org/10.1038/nature14184
https://doi.org/10.1038/nature14157
https://doi.org/10.1038/nature14157
https://doi.org/10.1016/j.trecan.2020.09.007
https://doi.org/10.1016/j.trecan.2020.09.007
https://doi.org/10.1093/narcan/zcaa017
https://doi.org/10.1093/narcan/zcaa017
https://doi.org/10.1038/nrc2998
https://doi.org/10.1038/nrc2998
https://doi.org/10.1073/pnas.0910759107
https://doi.org/10.1073/pnas.0910759107
https://doi.org/10.1073/pnas.0910759107
https://doi.org/10.1038/oncsis.2012.29
https://doi.org/10.1038/oncsis.2012.29
https://doi.org/10.1038/oncsis.2012.29
https://doi.org/10.1242/bio.018028
https://doi.org/10.1242/bio.018028
https://doi.org/10.1242/bio.018028
https://doi.org/10.1534/genetics.111.136911
https://doi.org/10.1534/genetics.111.136911
https://doi.org/10.1038/s41598-018-37439-0
https://doi.org/10.1038/s41598-018-37439-0
https://doi.org/10.1073/pnas.0505166102
https://doi.org/10.1073/pnas.0505166102
https://doi.org/10.1093/annonc/mdn407
https://doi.org/10.1093/annonc/mdn407
https://doi.org/10.1093/annonc/mdn407
https://doi.org/10.3390/cancers12123489
https://doi.org/10.3390/cancers12123489
https://doi.org/10.3390/cancers12123489
https://doi.org/10.1021/acs.chemrestox.8b00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.8b00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1158/1541-7786.MCR-16-0209
https://doi.org/10.1158/1541-7786.MCR-16-0209
https://doi.org/10.1158/1541-7786.MCR-16-0209
https://doi.org/10.1158/1541-7786.MCR-16-0209
https://doi.org/10.1074/jbc.M114.550400
https://doi.org/10.1074/jbc.M114.550400
https://doi.org/10.1074/jbc.M114.550400
https://doi.org/10.1074/jbc.M114.550400
https://doi.org/10.1172/JCI122095
https://doi.org/10.1172/JCI122095
https://doi.org/10.1172/JCI122095
https://doi.org/10.1038/s41467-018-08145-2
https://doi.org/10.1038/s41467-018-08145-2
https://doi.org/10.1021/bi3003583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi3003583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi3003583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi8011548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi8011548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi8011548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi8011548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0308571101
https://doi.org/10.1073/pnas.0308571101
https://doi.org/10.1073/pnas.0308571101
https://doi.org/10.1038/s41467-022-28566-4
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.3c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

focal amplification of 22q11.21 to metastasis. Nat. Commun. 2022, 13
(1), 898.

(30) Black, S. J.; Kashkina, E.; Kent, T.; Pomerantz, R. T. DNA
Polymerase : A Unique Multifunctional End-Joining Machine. Genes
2016, 7 (9), 67.

(31) Seki, M. POLQ (Pol ), a DNA polymerase and DNA-
dependent ATPase in human cells. Nucleic Acids Res. 2003, 31 (21),
6117—6126.

(32) Seki, M.; Masutani, C.; Yang, L. W.; Schuffert, A; Iwai, S;
Bahar, I; Wood, R. D. High-efficiency bypass of DNA damage by
human DNA polymerase Q. EMBO ]. 2004, 23, 4484—4494.

(33) Yousefzadeh, M. J.; Wood, R. D. DNA polymerase POLQ_and
cellular defense against DNA damage. DNA Repair 2013, 12, 1-9.

(34) Malaby, A. W.,; Martin, S. K; Wood, R. D,; Doubli¢, S.
Expression and Structural Analyses of Human DNA Polymerase 6
(POLQ). Methods Enzymol. 2017, §92, 103—121.

(35) Zahn, K. E.; Averill, A. M.; Aller, P.; Wood, R. D.; Doubli¢, S.
Human DNA polymerase 6 grasps the primer terminus to mediate
DNA repair. Nat. Struct. Mol. Biol. 20185, 22, 304—311.

(36) Zahn, K. E.; Jensen, R. B; Wood, R. D.; Doublié, S.
RETRACTED: Human DNA polymerase 6 harbors DNA end-
trimming activity critical for DNA repair. Mol. Cell 2021, 81 (7),
1534—1547.e4.

(37) Hogg, M.; Seki, M.; Wood, R. D.; Doublié, S.; Wallace, S. S.
Lesion bypass activity of DNA polymerase # (POLQ) is an intrinsic
property of the pol domain and depends on unique sequence inserts.
J. Mol. Biol. 2011, 405, 642—652.

(38) Ng, P. C. SIFT: predicting amino acid changes that affect
protein function. Nucleic Acids Res. 2003, 31 (13), 3812—3814.

(39) Adzhubei, I. A.; Schmidt, S.; Peshkin, L.; Ramensky, V. E.;
Gerasimova, A.; Bork, P.; Kondrashov, A. S.; Sunyaev, S. R. A method
and server for predicting damaging missense mutations. Nat. Methods
2010, 7, 248—249.

(40) Krauthammer, M;; Kong, Y. Bacchiocchi, A.; Evans, P;
Pornputtapong, N.; Wu, C.; McCusker, J. P.; Ma, S.; Cheng, E.;
Straub, R.; et al. Exome sequencing identifies recurrent mutations in
NF1 and RASopathy genes in sun-exposed melanomas. Nat. Genet.
2015, 47 (9), 996—1002.

(41) The PyMOL Molecular Graphics System, Schrodinger, LLC.;
2018

(42) Francis, D. M, Page, R. Strategies to Optimize Protein
Expression in E. coli. Curr. Protoc. Protein Sci. 2010, 61 (1), S—24.

(43) Prasad, R; Longley, M. J.; Sharief, F. S.; Hou, E. W.; Copeland,
W. C,; Wilson, S. H. Human DNA polymerase € possesses 5'-dRP
lyase activity and functions in single-nucleotide base excision repair in
vitro. Nucleic Acids Res. 2009, 37, 1868—1877.

(44) Johnson, K. A. Rapid quench kinetic analysis of polymerases,
adenosinetriphosphatases, and enzyme intermediates. Methods
Enzymol. 1995, 249, 38—61.

(45) Madeira, F.; Pearce, M.; Tivey, A. R. N.; Basutkar, P.; Lee, J;
Edbali, O.; Madhusoodanan, N.; Kolesnikov, A.; Lopez, R. Search and
sequence analysis tools services from EMBL-EBI in 2022. Nucleic
Acids Res. 2022, 50, W276—W279.

(46) Johnson, K. A. Transient-State Kinetic Analysis of Enzyme
Reaction Pathways. Enzymes 1992, 20, 1-61.

(47) Johnson, A. A.; Tsai, Y.; Graves, S. W.; Johnson, K. A. Human
Mitochondrial DNA Polymerase Holoenzyme: Reconstitution and
Characterization. Biochemistry 2000, 39, 1702—1708.

(48) Kunkel, T. A. The mutational specificity of DNA polymerase-
beta during in vitro DNA synthesis. Production of frameshift, base
substitution, and deletion mutations. J. Biol. Chem. 1985, 260, 5787—
5796.

(49) Arana, M. E,; Seki, M.; Wood, R. D.; Rogozin, L. B.; Kunkel, T.
A. Low-fidelity DNA synthesis by human DNA polymerase theta.
Nucleic Acids Res. 2008, 36, 3847—3856.

(50) Beagan, K; McVey, M. Linking DNA polymerase theta
structure and function in health and disease. Cell. Mol. Life Sci. 2016,
73, 603—61S.

1117

(51) Yoon, J.-H.-H.; Johnson, R. E.; Prakash, L.; Prakash, S. Genetic
evidence for reconfiguration of DNA polymerase € active site for
error-free translesion synthesis in human cells. J. Biol. Chem. 2020,
295, 5918—5927.

(52) Laverty, D. J.; Mortimer, L. P.; Greenberg, M. M. Mechanistic
Insight through Irreversible Inhibition: DNA Polymerase 6 Uses a
Common Active Site for Polymerase and Lyase Activities. J. Am.
Chem. Soc. 2018, 140, 9034—9037.

(53) Feng, W.; Simpson, D. A; Carvajal-Garcia, J.; Price, B. A;
Kumar, R. J.; Mose, L. E.; Wood, R. D.; Rashid, N.; Purvis, J. E,;
Parker, J. S.; et al. Genetic determinants of cellular addiction to DNA
polymerase theta. Nat. Commun. 2019, 10 (1), 4286.

(54) Copeland, W. C.; Chen, M. S; Wang, T. S. Human DNA
polymerases alpha and beta are able to incorporate anti-HIV
deoxynucleotides into DNA. J. Biol. Chem. 1992, 267, 21459—21464.

(55) Alnajjar, K. S.; Krylov, I S.; Negahbani, A.; Haratipour, P.;
Kashemirov, B. A; Huang, J; Mahmoud, M.; McKenna, C. E;
Goodman, M. F.; Sweasy, J. B. A pre-catalytic non-covalent step
governs DNA polymerase f fidelity. Nucleic Acids Res. 2019, 47,
11839—11849.

(56) Vaziri, C; Rogozin, I. B;; Gu, Q; Wu, D; Day, T. A.
Unravelling roles of error-prone DNA polymerases in shaping cancer
genomes. Oncogene 2021, 40, 6549—6565.

(57) Afek, A.; Ilic, S.; Horton, J.; Lukatsky, D. B.; Gordan, R;
Akabayov, B. DNA Sequence Context Controls the Binding and
Processivity of the T7 DNA Primase. iScience 2018, 2, 141—147.

(58) Laverty, D. J.; Greenberg, M. M. In Vitro Bypass of Thymidine
Glycol by DNA Polymerase € Forms Sequence-Dependent Frameshift
Mutations. Biochemistry 2017, 56 (S1), 6726—6733.

(59) Werneburg, B. G,; Ahn, J.; Zhong, X.; Hondal, R. J.; Kraynov,
V. S.; Tsai, M.-D. DNA Polymerase f}: Pre-Steady-State Kinetic
Analysis and Roles of Arginine-283 in Catalysis and Fidelity.
Biochemistry 1996, 35, 7041—7050.

(60) Towle-Weicksel, J. B.; Dalal, S.; Sohl, C. D.; Doublie, S.;
Anderson, K. S.; Sweasy, J. B. Fluorescence resonance energy transfer
studies of DNA polymerase f the critical role of fingers domain
movements and a novel non-covalent step During nucleotide
selection. J. Biol. Chem. 2014, 289 (23), 16541—16550.

(61) Einolf, H. J.; Guengerich, F. P. Kinetic analysis of nucleotide
incorporation by mammalian DNA polymerase J. J. Biol. Chem. 2000,
275, 16316—16322.

(62) Zahurancik, W. J.; Klein, S. J.; Suo, Z. Kinetic mechanism of
DNA polymerization catalyzed by human DNA polymerase e.
Biochemistry 2013, 52, 7041—7049.

(63) Bebenek, K.; Pedersen, L. C.; Kunkel, T. A. Replication
infidelity via a mismatch with Watson-Crick geometry. Proc. Natl.
Acad. Sci. U. S. A. 2011, 108, 1862—1867.

(64) Wang, W.; Hellinga, H. W.; Beese, L. S. Structural evidence for
the rare tautomer hypothesis of spontaneous mutagenesis. Proc. Natl.
Acad. Sci. U. S. A. 2011, 108, 17644—176438.

(65) Miller, B. R.; Beese, L. S.; Parish, C. A.;; Wu, E. Y. The Closing
Mechanism of DNA Polymerase i at Atomic Resolution. Structure
2015, 23, 1609—1620.

(66) Higgins, G. S.; Boulton, S. J. Beyond PARP—POLO as an
anticancer target. Science 2018, 359, 1217—1218.

(67) Venkatramani, R; Radhakrishnan, R. Effect of oxidatively
damaged DNA on the active site preorganization during nucleotide
incorporation in a high fidelity polymerase from Bacillus stear-
othermophilus. Proteins: Struct., Funct, Genet. 2008, 71, 1360—1372.

(68) Batra, V. K; Beard, W. A; Shock, D. D.; Pedersen, L. C.;
Wilson, S. H. Structures of DNA Polymerase f with Active-Site
Mismatches Suggest a Transient Abasic Site Intermediate during
Misincorporation. Mol. Cell 2008, 30, 315—324.

(69) Raper, A. T.; Reed, A. J.; Suo, Z. Kinetic Mechanism of DNA
Polymerases: Contributions of Conformational Dynamics and a Third
Divalent Metal Ion. Chem. Rev. 2018, 118 (12), 6000—6025.

https://doi.org/10.1021/acs.biochem.3c00670
Biochemistry 2024, 63, 1107-1117


https://doi.org/10.1038/s41467-022-28566-4
https://doi.org/10.3390/genes7090067
https://doi.org/10.3390/genes7090067
https://doi.org/10.1093/nar/gkg814
https://doi.org/10.1093/nar/gkg814
https://doi.org/10.1038/sj.emboj.7600424
https://doi.org/10.1038/sj.emboj.7600424
https://doi.org/10.1016/j.dnarep.2012.10.004
https://doi.org/10.1016/j.dnarep.2012.10.004
https://doi.org/10.1016/bs.mie.2017.03.026
https://doi.org/10.1016/bs.mie.2017.03.026
https://doi.org/10.1038/nsmb.2993
https://doi.org/10.1038/nsmb.2993
https://doi.org/10.1016/j.molcel.2021.01.021
https://doi.org/10.1016/j.molcel.2021.01.021
https://doi.org/10.1016/j.jmb.2010.10.041
https://doi.org/10.1016/j.jmb.2010.10.041
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/ng.3361
https://doi.org/10.1038/ng.3361
https://doi.org/10.1002/0471140864.ps0524s61
https://doi.org/10.1002/0471140864.ps0524s61
https://doi.org/10.1093/nar/gkp035
https://doi.org/10.1093/nar/gkp035
https://doi.org/10.1093/nar/gkp035
https://doi.org/10.1016/0076-6879(95)49030-2
https://doi.org/10.1016/0076-6879(95)49030-2
https://doi.org/10.1093/nar/gkac240
https://doi.org/10.1093/nar/gkac240
https://doi.org/10.1016/S1874-6047(08)60019-0
https://doi.org/10.1016/S1874-6047(08)60019-0
https://doi.org/10.1021/bi992104w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi992104w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi992104w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0021-9258(18)89090-1
https://doi.org/10.1016/S0021-9258(18)89090-1
https://doi.org/10.1016/S0021-9258(18)89090-1
https://doi.org/10.1093/nar/gkn310
https://doi.org/10.1007/s00018-015-2078-9
https://doi.org/10.1007/s00018-015-2078-9
https://doi.org/10.1074/jbc.RA120.012816
https://doi.org/10.1074/jbc.RA120.012816
https://doi.org/10.1074/jbc.RA120.012816
https://doi.org/10.1021/jacs.8b04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-12234-1
https://doi.org/10.1038/s41467-019-12234-1
https://doi.org/10.1016/S0021-9258(19)36631-1
https://doi.org/10.1016/S0021-9258(19)36631-1
https://doi.org/10.1016/S0021-9258(19)36631-1
https://doi.org/10.1093/nar/gkz1076
https://doi.org/10.1093/nar/gkz1076
https://doi.org/10.1038/s41388-021-02032-9
https://doi.org/10.1038/s41388-021-02032-9
https://doi.org/10.1016/j.isci.2018.03.019
https://doi.org/10.1016/j.isci.2018.03.019
https://doi.org/10.1021/acs.biochem.7b01093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.7b01093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.7b01093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi9527202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi9527202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1074/jbc.M114.561878
https://doi.org/10.1074/jbc.M114.561878
https://doi.org/10.1074/jbc.M114.561878
https://doi.org/10.1074/jbc.M114.561878
https://doi.org/10.1074/jbc.M001291200
https://doi.org/10.1074/jbc.M001291200
https://doi.org/10.1021/bi400803v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi400803v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1012825108
https://doi.org/10.1073/pnas.1012825108
https://doi.org/10.1073/pnas.1114496108
https://doi.org/10.1073/pnas.1114496108
https://doi.org/10.1016/j.str.2015.06.016
https://doi.org/10.1016/j.str.2015.06.016
https://doi.org/10.1126/science.aar5149
https://doi.org/10.1126/science.aar5149
https://doi.org/10.1002/prot.21824
https://doi.org/10.1002/prot.21824
https://doi.org/10.1002/prot.21824
https://doi.org/10.1002/prot.21824
https://doi.org/10.1016/j.molcel.2008.02.025
https://doi.org/10.1016/j.molcel.2008.02.025
https://doi.org/10.1016/j.molcel.2008.02.025
https://doi.org/10.1021/acs.chemrev.7b00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.3c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

