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Abstract

5’,8-cyclo-2-deoxy nucleosides (cdPus) are the smallest tandem purine lesions including
5’,8cyclo-2’-deoxyadenosine (cdA) and 5°,8-cyclo-2’-deoxyguanosine (cdG). They can inhibit
DNA and RNA polymerases causing mutations, DNA strand breaks, and termination of DNA
replication and gene transcription. cdPus can be removed by nucleotide excision repair with low
efficiency allowing them to accumulate in the genome. Recent studies suggest that cdPus can be
induced in damaged nucleotide pools and incorporated into the genome by DNA polymerases.
However, it remains unknown if and how DNA polymerases can incorporate cdPus. In this study,
we examined the incorporation of cdAs by human DNA repair polymerases, DNA polymerases

B (pol B), and pol n during base excision repair. We then determined the efficiency of cdA
incorporation by the polymerases using steady-state kinetics. We found that pol § and pol
incorporated cdAs opposite dT and dC with low efficiency, and incorporated cdAs were readily
extended and ligated into duplex DNA. Using molecular docking analysis, we found that the
5’,8-covalent bond in cdA disrupted its hydrogen bonding with a template base suggesting that
the phosphodiester bond between the 3’-terminus nucleotide and the a-phosphate of cdATP were
generated in the absence of hydrogen bonding. The enzyme kinetics analysis further suggests
that pol B and pol n increased their substrate binding to facilitate the enzyme catalysis for cdA
incorporation. Our study reveals unique mechanisms underlying the accumulation of cdPu lesions
in the genome resulting from nucleotide incorporation by repair DNA polymerases.
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1. Introduction

The human genome is constantly damaged by endogenous and exogenous agents [1].
Among them, reactive oxygen species (ROS) are the most common form of DNA damaging
agents that can result in various oxidized DNA base lesions [2, 3]. These include 5,
8-cyclo-2’-deoxyadenosine (cdA) and 5°, 8- cyclo-2’-deoxyguanosine (cdG), which are
referred to as 5’, 8-cyclopurines (cdPus) [4-7]. cdA and cdG contain a covalent bond
between C5’ of the 2’-deoxyribose and C8 of adenine and guanine [6] that adopts 5°-R or
5’-S diastereoisomer. The additional covalent bond between the sugar backbone and base
of cdPus can distort DNA structure [3, 8, 9] and prevent the base excision repair (BER)
enzyme, DNA glycosylases, from removing the lesions [10, 11]. A significant amount of
cdPu lesions are detected in the mammalian genome. The lesions are stable compared with
other oxidatively generated DNA adducts and cannot be artificially produced during DNA
isolation [4, 8, 12].

Unlike other oxidized DNA base lesions repaired by BER, cdPu lesions are repaired by
nucleotide excision repair (NER) [10, 13, 14]. However, NER repairs cdPu lesions two to
fourfold less efficiently than other types of bulky DNA adducts [13]. This results in the
accumulation of the lesions in the genome leading to the inhibition of DNA and RNA
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polymerase activities and DNA binding of transcription factors, replication fork stalling,

and transcription termination [10, 14-17]. To overcome the challenges, cells have evolved a
mechanism to bypass cdPu lesions through DNA repair, translesion DNA polymerases, and
RNA polymerase Il. The DNA repair polymerases that can bypass cdA lesions include DNA
polymerase B (pol B), pol m, pol I, and pol  [18-23]. However, bypass cdPu lesions by
DNA polymerases and RNA polymerases can also incorporate incorrect nucleotides or result
in DNA and RNA synthesis stalling [18, 20, 21, 23-25]. Pol B stalls after incorporating a

dT opposite cdA creating single-strand breaks [20]. On the other hand, RNA polymerase

Il and pol B can also cause multi-nucleotide deletion and repeat deletion to bypass cdAs
during transcription and BER [19, 21]. Thus, the accumulation of cdPu lesions in the

human genome can result in mutations and genome instability associated with pathological
conditions, including aging, inflammation, carcinogenesis, and neurodegeneration [4, 5, 26—
28].

Endogenous and exogenous ROS can damage DNA bases in the genome and the nucleotide
pool [29, 30]. It is implicated that the nucleotide pool is more susceptible to ROS

than the genomic DNA. Previous studies have shown that ROS induces more 8-0xoGTP
and 2-hydroxy adenosine triphosphate than 8-0xoG and oxidized adenosine generated in
the genomic DNA [29-31]. This further suggests a possibility that DNA polymerases

may incorporate oxidized nucleotides triphosphate to create DNA damage during DNA
replication and repair. It has been found that DNA polymerases incorporate an 8-0xoG to
basepair with A and C efficiently [32]. The incorporated damaged nucleotide can be further
extended, allowing the damaged base to be integrated into the genomic DNA [32, 33]. The
findings indicate that DNA polymerases can compromise genome integrity by incorporating
incorrect and/or damaged nucleotides such as 8oxoG from the damaged nucleotide pool.
Since cdPus can also be generated in the nucleotide pool, we hypothesized that human
DNA polymerases can incorporate cdPu triphosphate into DNA during DNA repair. To test
our hypothesis, we examined the incorporation of cdA triphosphate by human repair DNA
polymerases during BER and determined the catalytic efficiency of cdA incorporation using
steady-state kinetics. For the first time, we found that human repair DNA polymerases
incorporated cdATP into duplex DNA. We showed that pol g and translesion DNA
polymerase, pol ), incorporated both 5’-RcdA and 5’-ScdA to basepair with dT. However,
both polymerases also misincorporated cdA to basepair with dC more efficiently than with
dT, suggesting that the incorporation of cdAs by repair DNA polymerases can introduce
cdPu lesions in genomic DNA while it preferentially causes mutations. Using molecular
docking analysis, we demonstrated that in the active sites of pol g and pol 1, cdA exhibited a
distorted configuration that disrupted its hydrogen bonding with template bases. The results
suggest that the phosphodiester bond between cdA and the 3’-terminus nucleotide of the
primer was created by the nucleophilic attack from the 3’-hydroxy group to the a-phosphate
of cdATP in the absence of the hydrogen bonds. The enzyme kinetics analysis suggests that
the repair DNA polymerases managed to increase the catalysis for cdA incorporation by
improving their substrate binding. The results further revealed the structural and functional
basis underlying the incorporation of cdA by repair DNA polymerases and the mutagenic
effects resulting from cdA incorporation.
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2. Materials and methods

2.1 Materials

5 R- and 5’ S-diastereoisomers of 5, 8-cyclo-2’-deoxyadenosine and their triphosphates
were synthesized and purified by DEAE-Sephadex and reverse phase HPLC according to the
procedures described previously [16]. Oligonucleotides were synthesized by Integrated DNA
Technologies (IDT, Coralville, 1A, USA). Radionucleotide, 32P-ATP (6000 pCi/mmol) was
purchased from PerkinElmer Inc (Boston, MA, USA). Micro Bio-Spin 6 chromatography
columns were from Bio-Rad (Hercules, CA, USA). Human pol p and DNA ligase | (LIG I)
were purified as described previously [34]. Human Pol 1 (polymerase domain) was provided
by Dr. Wei Yang at National Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK)/National Institutes of Health (NIH) [22] (Supplementary Figure S1). All other
standard chemical reagents were from Sigma—Aldrich (St. Louis, MO, USA) and Thermo
Fisher Scientific (Pittsburgh, PA, USA).

2.2 Oligonucleotide substrates

Oligonucleotide substrates containing a 1 nt-gap were designed to mimic the 1 nt-gap
intermediates formed during BER for testing the incorporation of cdAs and extension of

the incorporated cdAs by DNA polymerases. The substrates were constructed by annealing
the upstream primer (22 nt) without or with a cdA at the 3’-terminus and the downstream
primer (23 nt) containing either a 5’-phosphate or 5’-phosphorylated tetrahydrofuran (THF)
residue, an analog of deoxyribose phosphate (dRP) with the 46 nt template strand containing
adT or dC located at the 23" or 24t nucleotide counted from the 3’-end. The molar ratio
of the upstream primer, downstream primer, and the template is 1:2:2. The substrates were
radiolabeled at the 5’-end of the upstream primer. To construct the substrates for testing

the extension and ligation of incorporated cdAs, the upstream primer with a cdA at the
3’-terminus was generated by incubating 100 nM 1 nt-gap substrate containing a THF or
phospahte at the 5’-end of the downstream primer with 50 nM pol B or pol 7 in the presence
of 200 uM cdA in BER buffer containing 50 mM Tris-HCI, pH 7.5, 50 mM KClI, 0.1

mM EDTA, 0.1 mg/ml bovine serum albumin, and 0.01% Nonidet P-40 at 37°C for 30

min. The upstream primer was then subject to gel purification using 15% urea-denaturing
polyacrylamide gel electrophoresis. The purified upstream primer with a 3’ terminus cdA
was annealed to the downstream primer and the template strand at a molar ratio of 1:2:2,
creating a nicked substrate.

2.3 Enzymatic activity assays

The incorporation of cdAs by the DNA polymerases with the 1 nt-gap substrate

was measured by incubating 25 nM substrates with increasing concentrations of DNA
polymerases in the presence of 200 uM cdA or a fixed concentration of the DNA
polymerases in the presence of increasing concentrations of cdA. The enzymes were
incubated with the substrate at 37 “C for 30 minutes in 10 pl-reaction mixture containing

50 mM Tris-HCI, pH 7.5, 50 mM KCI, 0.1 mM EDTA, 0.1 mg/ml bovine serum albumin,
and 0.01% Nonidet P-40. To test if an incorporated cdA can be further extended by DNA
polymerases leading to a ligation product, the upstream primer with a 3-terminus cdA at the
substrate was then incubated with various concentrations of DNA polymerases at 37°C for
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30 min in BER buffer containing 50 mM Tris-HCI, pH 7.5, 50 mM KCI, 5 mM Mg?2*, 0.1
mM EDTA, 0.1 mg/ml bovine serum albumin, and 0.01% Nonidet P-40. To further examine
if an incorporated cdA can be ligated at a nick by LIG | during BER, we incubated the
nicked substrate containing a 3’-terminus cdA with increasing concentrations of LIG I in
BER buffer containing 5 mM Mg2* and 1 mM ATP at 37 °C for 30 minutes. Substrates

and products were separated by 15% urea-denaturing polyacrylamide gel and detected by a
phosphorimager. All experiments were repeated at least three times.

2.4 Steady-state kinetics of incorporation and extension of cdAs by pol g and pol i

The steady-state kinetics of the incorporation and extension of cdA opposite dT and dC by
pol B and pol n were initially determined using various concentrations of 1 nt-gapped DNA
substrates ranging from 5 nM to 50 nM with a fixed concentration of pol g (25 nM) or pol
1 (5-10 nM) in the presence of 200 uM cdA for its incorporation, and 50 uM dG for cdA
extension. The kinetic studies were then performed by varying the concentrations of cdA
(50 uM to 1 mM) in the presence of 25 nM pol B or 10 nM pol ) for incorporation and
using the varying concentration of dG (5-200 pM) in the presence of 25 nM pol g or 5 nM
pol n for cdA extension. The cdA incorporation and extension products at different time
intervals from 0 to 10 min or 15 min were determined and quantified, and the velocity of the
polymerases at various substrate concentrations were obtained. The velocity and substrate
concentrations were then analyzed using the enzyme kinetics module of Prism-GraphPad,
version 6.03. The Michaelis-Menten constants, Ky, Vinax, and Agg: values were obtained.

2.5 Molecular docking of cdA in the crystal structures of pol B and pol 1

Protein structures were obtained from the protein data bank. The X-ray crystal structures of
the pol p (PDB ID 5TBB) and pol n (PDB ID 4J9N) were chosen for the molecular docking
analysis because of their high resolution [35, 36]. In addition, since pol { structure (PDB ID
5TBB) illustrates the interaction of the enzyme with a 1 nt-gap substrate, it can be used as

a platform for molecular simulation of the incorporation of cdA with the 1 nt-gap substrate
in our study. For the dT template of pol B structure, the 6th base was replaced with dT.
Autodock vina [37] was used to dock the 5’R-cdA and 5°S-cdA to pol  and pol 1. The
structures were rendered using PyMol 2.1 [38].

3. Results

3.1 cdA can be incorporated into DNA by pol g and pol i

The repair polymerases, pol § and translesion polymerases such as pol n play an important
role in mediating DNA lesion bypass during DNA replication and repair [39, 40]. Pol  can
also incorporate an 8-0xoG to DNA during BER [41]. On the other hand, replication DNA
polymerases have high fidelity of DNA synthesis and possess the 3’5’ exonuclease activity
for its proofreading. We reason that pol § and translesion DNA polymerases can incorporate
a cdA into DNA through their gap-filling synthesis during BER. To test this, we initially
determined if DNA polymerases can incorporate cdAs by examining the incorporation of
5’R- and 5’-ScdA in the presence of increasing concentrations of pol B, pol 1, pol 8, pol

v, and the replication polymerase, pol & with the 1 nt-gap substrate without or with a
5’-phosphorylated THF. We found that pol § and pol n incorporated a comparable amount of
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cdAs with the substrate. However, pol 6, pol v, and Pol & failed to incorporate cdAs (data
not shown). Thus, we further characterized the cdA incorporation by pol § and pol n on the
1 nt-gap substrate with or without a dRP group that is represented by THF. The substrates
represent the 1 nt gap intermediates formed before and after the dRP group is removed by
pol B dRP lyase activity during BER. They were employed to test if the dRP group can
affect the efficiency of cdA incorporation. We initially examined the incorporation of a 5’R-
or 5’S-cdA by pol B on the 1-nt gap substrates containing a template dT with a 5”-phosphate
or 5’-phosphorylated THF residue in the downstream primer (Figure 2). The results showed
that increasing concentrations of pol p (10 nM-100 nM) incorporated 5’S-cdA and 5’R-
cdA (200 uM) to fill in the 1 nt gap on the substrates with low efficiency (Figure 2A,

lanes 2-5, 7-10, 12-15, 17-20). Pol B incorporated more cdA on the substrate containing

a THF than the one without a THF (Figure 2A, compare lanes 2-5, 7-10 with lanes

12-15, 17-20). Pol B exhibited poor incorporation of 5’S-cdA on the gapped substrates
generating only up to 5% and 1% incorporation product on the substrate with or without
THF (Figure 2A, compare lanes 2-5 with lanes 7-10). The incorporation of 5’R-cdA by
high concentrations of pol p also generated a small amount of a 2 nt insertion product on

the substrates (Figure 2A, lanes 9-10 and 19-20), indicating that pol p extended 5’R-cdA
leading to the incorporation of the nucleotide that was basepaired with the template dC. To
determine if the concentration of cdA may also affect the efficiency of its incorporation, we
examined cdA incorporation by pol B (50 nM) on the substrates in the presence of increasing
concentrations of cdA (Figure 2B). The results showed that increasing concentrations of
5’S-cdA and 5’R-cdA (50 uM-500 uM) significantly stimulated the pol B incorporation of
the nucleotides on the 1 ntgapped THF substrate (Figure 2B, lanes 2-5 and lanes 7-10). On
the 1 nt-gapped substrate, increasing concentrations of cdA enhanced the pol § incorporation
of 5’R-cdA (Figure 2B, lanes 17-20) but not the incorporation of 5’S-cdA (Figure 2B, lanes
12-15). In addition, at high concentrations of 5’R-cdA, pol B extended an inserted cdA to
generate a cdA:C mismatch (Figure 2B, lanes 10, 18-20). The results indicate that pol B
incorporated 5’R-cdA more efficiently than it inserted 5’S-cdA. The results also indicate
that the 5°-sugar-phosphate significantly stimulated pol g incorporation of cdA (Figures 2A
and 2B, compare lanes 2-5 with lanes 12-15 and lanes 7-10 with lanes 17-20). We then
examined if pol n can also incorporate cdA to fill the 1 nt gap. We found that increasing
concentrations of pol n (1 nM-50 nM) generated a significant amount of 1 nt insertion
product from 5’R-cdA and 5’S-cdA on the substrates with or without a THF (Figure 3A,
lanes 2-6, 8-12, 14-18, and 20-24). Moreover, we found that high concentrations of pol

n inserted multiple cdA to mishasepair with the template nucleotides on the 1 nt-gapped
substrates (Figure 3A, lanes 5-6, 11-12, 17-18, and 23-24). The results indicate that pol 1
extended an inserted cdA and continued to incorporate cdA to misbasepair with the template
nucleotides. Similarly, increasing concentrations of 5’R-cdA and 5’S-cdA significantly
stimulated the insertion of the damaged nucleotides in the presence of 20 nM pol ) (Figure
3B, lanes 2-6, 8-12, 14-18, and 20-24). High concentrations of 5’S-cdA and 5’R-cdA also
resulted in the extension of an inserted cdA and nucleotide misinsertion by pol n (Figure 3B,
lanes 5-6, 11-12, 17-18, and 24). Interestingly, pol n did not show a significant difference
in its incorporation of cdA on the substrate with or without THF (Figures 3A and 3B,
compare lanes 2-6, 8-12 with lanes 14-18, lanes 20-24), indicating that the translesion
DNA polymerase did not exhibit a preference for the 5’-sugar phosphate group. The results
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suggest that pol n accommodated cdA lesions more efficiently in its active site than pol g,
thereby facilitating the efficient incorporation of the damaged nucleotide. The results are
also consistent with previous studies showing that pol n can readily bypass cdA lesions [16,
42, 43]

3.2 Pol B and pol n can misincorporate cdA opposite a template dC during BER.

It is reported that pol g and pol n can bypass oxidized DNA bases during DNA replication
and BER [20, 22, 43]. However, the polymerases can perform nucleotide misinertion during
lesion bypass [16, 20, 24, 43]. Since we found that pol § and pol n were able to extend

5’R- and 5’S-cdA, creating a cdA:dC mismatch at high concentrations of the polymerases or
the nucleotides (Figure 2A, lanes 4-5, 9-10, and 19-20, Figure 2B, lanes 9-10 and 19-20,
Figures 3, lanes 5-6, 11-12, 17-18, and 23-24), we then validated the incorporation of
5’R-cdA and 5’S-cdA to basepair with a template dC by pol B and pol n (Figure 4A and 4B).
The results showed that with 200 uM cdATP, increasing concentrations of pol g at 1 nM-50
nM resulted in 5-60% of incorporation of 5’R-cdA and 5’S-cdA that basepaired with a dC
on the substrates with or without a THF (Figure 4A, lanes 2-5, 7-10, 12-15, and 17-20).
Similarly, in the presence of the same concentration of cdATP, 1-50 nM pol n led to the
incorporation of 5-80% cdATP that basepaired with dC on the substrate with or without

the THF residue (Figure 4B, lanes 2—-6, 8-12, 14-18, and 20-24). We also found that pol p
and pol n failed to incorporate cdATP to basepair with a dG (data not shown). The results
indicate that pol p and pol n preferentially created a cdA:dC mismatch that may potentially
lead to a transition mutation /n vivo.

3.3 Incorporated cdA can be extended by repair DNA polymerases leading to the
formation of the ligated repair product.

We then asked if an incorporated cdA can be further extended by pol B and pol n, thereby
leading to the repair product and preventing DNA strand breaks during BER. We initially
examined the extension of an incorporated cdA by pol B and pol 1 using a nicked substrate
containing 5’R-cdA or 5’S-cdA at the 3’-end of the upstream primer. We found that
increasing pol B (5 nM-25 nM) concentrations readily extended both 5’R-cdA and 5°S-cdA
and inserted a dG to basepair with a template dC (Figure 5A, lanes 2-4, 6-8, 10-12, and 14—
16). Similarly, the same concentrations of pol r efficiently extended 5’R-cdA and 5’S-cdA
and inserted a dG (Figure 5B, lanes 2-4, 6-8, 10-12, and 14-16). Interestingly, we found
that pol m at all concentrations still managed to incorporate dG that basepaired with the next
template nucleotide, especially with the substrates containing a THF (Figure 5B, lanes 11—
12 and 14-16). The results further indicated that pol p and pol m not only incorporated cdA
but also readily extended the lesions and created nucleotide misincorporation facilitating the
integration of cdA lesions into the genomic DNA. Since the integration of cdPu lesions in
DNA may also be accomplished through the direct ligation of incorporated cdAs, which is
the essential step for the completion of BER, next, we tested if a nick generated from the
incorporated cdAs can be ligated by LIG I (Figure 6), DNA ligase that can be involved

in both single-nucleotide and long-patch BER subpathway. We tested this by incubating

the nicked substrate containing 5’S-cdA or 5’R-cdA at the 3’ end of the upstream primer
with increasing concentrations (5 nM-25 nM) of LIG I. We found that LIG | at 5 nM-25

nM resulted in 409%-90% ligation product (Figure 6, lanes 2-4, 6-8, 10-12, and 14-16),
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which was comparable with the ligation product resulting from dA (87-93%) and dG (92%
-97%)(Supplementary Figure S2) indicating that LIG | efficiently ligated the nick generated
from the incorporated 5’R-cdA and 5’S-cdA. Our results suggest that cdA lesions can be
incorporated into the human genome by repair DNA polymerases through BER.

3.4 Steady-state kinetics of pol p and pol 1

To gain the new insights into the molecular mechanisms underlying the incorporation

and extension of cdAs by pol B and pol n, we further performed the steady-state kinetic
studies on the incorporation and extension of cdAs with different template nucleotides by
pol B and pol n and determined the Ky, Acat, and catalytic efficiency, Acq/ Ky for the
enzymatic reactions (Table I and Table Il). The kinetics studies were performed by varying
the concentrations of cdAs and DNA substrates (Table I and II). The results showed that

pol B incorporation of 5’R-cdA opposite dT on the substrates without or with a THF
exhibited a high Ky cga-gT Of 122-141 uM with low Agat cga-dT Of 8.2-18.5 x 104 s and
Keat cdA-dT! Kim cda-aT O 6.7-13.1 x 1078 uM~1 s71 (Table I). In contrast, the polymerase
exhibited Ky, pna-gT Of 3.5-8.0 x 1072 uM with Kcat DNA-dT ranging from 7.0 to 23 x 1074
St and kst pnA-aT/ Km,DNA-dT Of 2.0-2.9 x 1072 uM~L 571 (Table 1). The efficiency for the
polymerase to incorporate cdA opposite dT with a THF is ~1.5-2-fold of that without the
residue (Table ). However, we could not obtain the K}, and A4t for 5’-ScdA because no
nucleotide incorporation could be detected. The Ky cqa-dc for 5’R-cdA and 5°S-cdA on the
substrates without or with THF ranged from 193 uM to 398 UM (Table I). The Aat caa-dc for
5’R-cdA and 5’S-cdA was 12-22 x107* s™1 (Table I). The At cda-dc!/ Km cda-dc Was 4.1-6.2
x 1078 uM~1 5L, However, both of K, cga-dc and Acat cda-dc Were increased compared with
Kin,cda-aT and Acae cga-dT- thereby leading to similar catalytic efficiency with that of cdA
incorporation opposite dT (Table I). Pol B exhibited a lower Ky, pna-dc (1.2-5.8 % 1072 uM)
than K pna-dT (3.5-8 1072 uM) and higher catalytic efficiency, Kcat, DNA-dc/ Km DNA-dC
(3.3-6.7 x 1072 uM ™ s71) than Acat pna-dT/ Km,DNA-T (3-4-6.64 x 1072 uM~1 s71)(Table

). The catalytic efficiency for pol p to incorporate 5’R-cdA and 5’S-cdA opposite dC

was ~1.5-3fold of that opposite dT (Table I). The kinetics from cdA also showed that pol

B exhibited higher efficiency to incorporate 5’R-cdA opposite dT on the DNA substrate
with THF than without the residue (Table I). The Ky, cqa-gT for the enzyme to extend
5’R-and 5’S-cdA was lower than Ky, cqadC (Table I). However, At cda-gT Was higher

than Agat caa-ac (Table I). This led to Acat cda-dT/ Km cda-dT, Which was 3.6-6-fold higher
than Acat.cda-dc/ K cda-dc (Table 1). In contrast, Azar,oNa-dT/ Km DNA-dT Was 7-8-fold lower
than Azat.cdA-dc/ Km,cda-dc (Table I). The results indicate that pol  managed to incorporate
5’R-cdA opposite dT on the 1 nt gap substrates with higher catalytic efficiency on the
substrate with a THF, and the enzyme could also incorporate 5’R-cdA and 5’S-cdA opposite
dC. The results further suggest that the incorporation of cdA during BER can simultaneously
introduce the damaged nucleotides and mismatches to cause DNA damage and mutagenesis
in vivo. Pol m did not exhibit a significant difference in the catalytic efficiency to incorporate
5’R-and 5’S-cdA opposite dT and dC (Table I1). The enzyme exhibited a high Ky, cqa-dT
(62-158 uM) with a low Acgt caa-oT (25.8-38.3 x 1074 s71) and relatively high K caa-dc
(91-222 pM) and Agat cga-dc (114-155 x 1074 s71). The results led to the catalytic efficiency
of Keat,cda-dT! K cda-dT, 2.4-4.1 % 107> pM~L s7L and Aear cda-dc/ Ki,cda-de, 7-12.5 x 107°
UM™1 s The K, pna varies from 1.3 to 4.4 x 1072 uM with At pna ranging from 10 to
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31 x 107* pM~1 st and Acat pna-dT/ Km,pNA-dT OF 4.5-10 x 1072 uM~1 571 (Table 11). The
kinetics results indicated that the polymerase exhibited ~3-fold higher catalytic efficiency
to incorporate cdA opposite dC than dT (Table I1). The results further indicate that the
polymerase preferentially incorporated cdA opposite dC. For the extension of 5’R- and
5’S-cdA opposite dT, pol n exhibited Ky, cqa-gt of 2.8-7.4 uM and K pya-dT Of 1-1.2

x 1072 UM, Acat cda-dT Of 25-31.1 x 1074 571, and Acae pna-gT Of 159-197 x 1074572,
leading to Acatcaa-a1/Kmcda-at Of 61110 x 10-5 uM ™2 571 and Acat, pnA-dT/ Kin,DNA-AT
of 158-163 x 1072 uM~1 571 (Table II). For the extension of 5’R- and 5’S-cdA opposite
dC, the polymerase exhibited Ky, cga-dc 0f 4.0-7.4 uM and Ky, pna-dc Of 6.8-12.5 x 1072
UM, Acat cda-dc OF 15-25 x 107 s71 and Acge pna-aT OF 884-1622 x 107 571, leading

t0 Acat,cdA-dc! K, cda-dc Of 34-38 x 107> uM ™1 571 and Acat pna-dc/ Kin,pNA-dc OF 130 X
1072 uM~1 571, respectively (Table 11). The catalytic efficiency for the enzyme to extend
cdA is 2.4-41-fold of that for the nucleotide incorporation (Table I1). In addition, pol 1
exhibited significantly higher efficiency of incorporation and extension of cdA than that
pol B (compare Table 11 and Table I), demonstrating its profound role in incorporating and
extending cdAs and introducing mismatches into DNA.

3.5 Repair DNA polymerases accommodate cdA lesions in their active sites to facilitate
the phosphodiester bond formation and nucleotide incorporation.

To further gain the mechanistic insights into how pol p and pol n incorporated cdA, creating
a mismatch during BER, we then conducted a molecular docking analysis on the structures
of the DNA polymerases (pol B, PDB5TBB [35], pol n PDB4J9N [36] that were docked
with cdA using Autodock vina and PyMOL 2.1. We found that in the active site of pol B,
the base of 5’R-cdA was orientated facing dT or dC compared with dA:dT and dG:dC base
pair (Figure 7A, 7B, panels a-b). In contrast, 5’S-cdA exhibited a distorted configuration
that pulled out the base away from the template dT and dC (Figure 7B, panels a-b, bottom).
However, our docking analysis failed to predict any hydrogen bond formation between cdA
and the template dT or dC (data not shown). The results are consistent with those showing
that pol p performed the incorporation of 5’R-cdA and poor incorporation of 5’S-cdA
(Figures 2 and 4). At pol ) active site, only 5’S-cdA was oriented to face toward the
template dT (Figure 7C, panel a, bottom). 5’R-cdA and 5’S-cdA were pulled out away
from the template dT and dC (Figure 7C, panels a-b). No hydrogen bonds were predicted
between cdA and the template bases (data not shown). Overlay of cdATP on dA opposite a
template dT in pol B revealed that the base of 5’R-cdATP was aligned well with that of dA
(Figure 7D, panel a). However, the phosphate groups failed to align with the 5’-phosphate
and pyrophosphate from dATP (Figure 7D, panel a). The base and phosphate groups of
5’S-cdATP were turned away from dATP (Figure 7D, panel a). 5’R- and 5’S-cdATP in pol
1 were positioned away from the base of dATP. However, their - and p-phosphates were
aligned well with the pyrophosphates released from dATP (Figure 7D, panel b). We then
looked into the amino acid residues involved in facilitating the incorporation of 5’R- and
5’S-cdA by pol B and pol n (Figure 7E). For pol B, F272 and Y271 in the a-helix were
positioned parallel or perpendicular to the base of 5’R-cdA and 5’S-cdA (Figure 7E, panels
a-b). G179 was in proximity with the p-phosphate of 5’R-cdA but not with that of 5’S-cdA
(Figure 7E, panels a-b). D190 and R258 appeared to coordinate with two magnesium ions,
which interacted with the phosphate groups of cdAs (Figure 7E, panels a-b). For pol ), F18
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was parallel with the sugar and base rings of 5’R-cdA and 5’S-cdA, respectively (Figure
7E, panels c-d). D115 and D13 were coordinated with magnesium ions, and K231 and R55
were coordinated with the B and -y phosphate groups of cdA (Figure 7E, panels c-d). The
results suggest that the hydrophobic interaction between the bases of cdA and hydrophobic
amino acids, along with the coordinated phosphates and magnesium ions, mediated the cdA
incorporation by the repair DNA polymerases.

4. Discussion

In this study, for the first time, we discovered that human repair DNA polymerases, pol B
and pol 1 incorporated 5’R-cdA and 5’S-cdA into duplex DNA through BER (Figures 2—-4).
We demonstrated that the incorporated cdA lesions were efficiently extended by repair DNA
polymerases and ligated into duplex DNA (Figures 5-6). Further analysis on the catalytic
efficiency of cdA incorporation and extension by pol B and pol n showed that Ky, cga-dT

for pol B 5’R-cdA incorporation on the 1 nt gap substrate was ~14-16-fold higher than

K, da-dT and ~2-fold higher than Ky, gcp of rat pol B (Table I) [44, 45]. Ky pna-dT for

pol B 5’R-cdA incorporation is 1.5-3-fold lower than Ky, pna-aTTP [44]. The Ky caa-dT Of
pol n is 230-266-fold higher than Ky, gaTp for correct nucleotide insertion and ~4-5-fold
higher than K, gcTp for incorrect nucleotide insertion (Table 11) [46]. However, our results
showed that the Acqt cga-gT @nd catalytic efficiency, Acat cgadT/ K cda-aT Of pol B was ~432—
1000-fold and ~6700-13000-fold lower than its correct nucleotide insertion (Table 1) [44].
Similarly, Acat caa-aT, and Agat/ K, caa-aT for pol n were ~60-90-fold and ~1875-3750-fold
lower than correct nucleotide insertion (Table 1) [46]. However, Acqt cgaTp-dc Of pol n was
only ~16-24-fold lower than that of A4t gaTp-dc (Table 11) [46]. The catalytic efficiency,
Keat! Kin cda-dc Was ~18-34-fold lower than A;a/ Kin gcte. The results indicated that pol

B and pol n exhibited poor interaction with cdATP. The results further suggest that the

DNA polymerases attempted to increase the efficiency of the catalysis of cdA incorporation
by lowering Ky, pna. Since our molecular docking results showed that no hydrogen bond
formed between template dT, dC, and cdAs in pol B and pol n (Figure 7), it is conceivable
that the polymerases could adopt a unique conformation to facilitate the catalysis of cdA
incorporation but also trap themselves on the DNA substrates. Analysis on the rate of the
extension of the 3’-terminus cdA that basepaired with dT by the polymerases showed that
the K caa-1 for pol B extension of cdAs was ~ 227-336-fold and ~100280-fold higher
than its extension of dG and an 8-oxodG (Table 1) [33]. In contrast, Agat cqa-T for pol

B cdA extension was ~122-176-fold and ~8-12-fold lower than its extension of dG and
8oxodGs, leading to the catalytic efficiency that was ~2.5-4 x104-fold and 774-1255-fold
lower than its extension of the undamaged and damaged nucleotides (Table 1) [33]. The

K, cda-aT Tor pol n extension of cdAs was lower than that for pol B (Table | and Table

I), leading to ~3.6—15fold higher catalytic efficiency than that of pol g (Table | and Table
I1). The results indicate that pol nj promoted the incorporation of cdA lesions in DNA more
efficiently than pol B by extending the damaged nucleotides. The results further suggest that
the accumulation of cdPu lesions in the genome can be aggravated by their incorporation
through repair DNA polymerases during BER, along with the low efficiency of their removal
by NER [13]. Thus, we suggest a potential role of repair DNA polymerases in causing the
accumulation of cdPu lesions in the genome by incorporating oxidized nucleotides.
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Surprisingly, our results also showed that the polymerases led to cdA:dC mismatch (Figure
2-6). This may potentially result in a transition mutation /7 vivo. A previous study

indicates that £. Coli repair DNA polymerase | (Klenow fragment) can incorporate 5’ S-
cdATP opposite dT. In contrast, it incorporates 5" R-cdATP opposite a template dC [47],
demonstrating similarity between the bacterial repair DNA polymerase and human DNA
repair polymerases in misincorporating cdA into genomic DNA. Our results are consistent
with our previous finding showing that high concentrations of pol B can also misincorporate
dC to bypass a template cdA [20]. Here, we further demonstrate that the human repair
DNA polymerases can also perform nucleotide misinsertion through its direct incorporation
of cdPus. Our results suggest that the incorporation of cdA by repair DNA polymerases

can potentially serve as an alternative mechanism to induce oxidative DNA damage and
its-resulted mutations in the genome. Considering the low efficiency of repair of cdPu
lesions by NER, the mutagenic effects resulting from cdA:dC misbasepair may lead to more
severe adverse biological effects than other types of base lesions.

Our results also showed that pol g and pol m) exhibited a difference in incorporating cdA
lesions. We found that pol p incorporated much more 5’R-cdA than 5’S-cdA (Figures 2
and 4A). This suggests that 5’R-cdA adopted a configuration that favored its incorporation
by pol B. The results are consistent with those from our previous study showing that the

pol B can efficiently bypass a template 5’R-cdA but not 5’S-cdA [20]. Our molecular
docking analysis results further provided several structural insights into the underlying
mechanisms. First, the base of 5’R-cdA but not 5’-SdA was oriented to face the template
nucleotide in the pol B active site (Figures 7B and 7D, panel a). Second, although the base
of 5’R-cdA did not form hydrogen bonds with that of the template dT (data not shown),

it was oriented to parallel with the side chain of F272 (Figure 7D, panel a), suggesting a
hydrophobic interaction between the rings of F272 and adenine of 5’R-cdA. Third, for both
5’R-cdA and 5’S-cdA, Y271 were positioned to be perpendicular to the base (Figure 7E,
panels a-b), indicating the loss of its hydrophobic interaction with the cdA base. Fourth,
structural overlay suggested that R258, D190, and G179 were responsible for coordinating
with magnesium and phosphates to facilitate the catalysis of 5’R-cdA incorporation (Figure
7E, panel a). The disappearance of G179 in the presence of 5’ScdA (Figure 7E, panel b)
suggested that G179 coordinated with the phosphates to facilitate the nucleophilic attack
from the 3’-OH group. On the other hand, in the active site of pol 1, the base of 5’R-cdA
and 5’S-cdA was turned away from the template dT and dC (Figure 7C). Although 5°S-cdA
was oriented to face to dT, its incorporation by pol n exhibited little difference from that of
5’R-cdA (Figure 3). A structural overlay between the p- and -y-phosphate of cdA and that of
dA (Figure 7D, panel b) in the active site of pol 1 suggested that the coordinated phosphates
of cdA mediated the catalysis of cdA incorporation. This appeared to be mediated by K231
and R55 and magnesium ions coordinated by D13 and D115 (Figure 7E, panels c-d). In
addition, the hydrophobic interaction between F18 and in the rings of sugar of 5’R-cdA
and adenine could also be involved in stabilizing the base and orientation of the phosphates
facilitating the catalysis of cdA incorporation. The mechanistic insights can be validated
using X-ray crystallography of pol g and pol n with the mutations of critical amino acids

in their catalytic sites. The studies will further reveal the enzyme-substrate interaction and
catalysis for cdA incorporation of the polymerases.
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Our results suggest that the incorporation of cdA by pol g and pol n was mediated by the
nucleophilic attack between the 3’-hydroxy group of the last nucleotide of the primer and
a-phosphate of cdATP in the absence of hydrogen bonds. It appeared that the hydrophobic
interaction between cdA and template bases and base stacking facilitated the proximity
between the 3’-hydroxyl group and the a-phosphate, promoting the nucleophilic attack and
cdA incorporation. The results suggest that the nucleophilic attack from the 3’-hydroxyl
group to the a-phosphate of 5’R-and 5’S-cdA played a predominant role in mediating

the incorporation of cdA. However, the cdA:dC mishasepair generated by pol g and pol

7 (Figure 4) further suggesting that the loss of the hydrogen bond between cdA and dT
resulted in the mismatches, demonstrating that the hydrogen bonding was essential for
maintaining the fidelity of the repair DNA polymerases.

A variety of oxidized nucleotides including cdPus and 8-oxodG among others can be
generated in the DNA or the nucleotide pool [48, 49]. However, it remains unknown how
much cdPus can be generated from the nucleotide pool in human cells. It has been shown
that free dGTP are oxidized with an 8-9-fold higher frequency than dGMP [30] indicating
that dGTP is more susceptible to oxidation than dGMP /n vivo. It is estimated that the
concentration of 8-oxodG ranges from 0.2 to 2 uM in the nucleotide pool of mitochondria in
rat tissues under physiological conditions [50]. Considering the bigger size of nucleus than
mitochondria, it is possible that more 8-oxodGTP can be generated in the nucleotide pool

of the nucleus. Similar to the cellular production of 8-oxodGTP, it is conceivable that more
cdPu triphosphate may also be generated from the oxidation of the nucleotide pool than
from direct oxidation of deoxypurines in double-strand DNA. It has been shown that there
are approximately 10,000 8-oxodGs and 180-320 cdPus generated in the genomic DNA of
mammalian cells and tissues per day [51]. Interestingly, a previous study has shown that

pol B incorporates 8-oxodGTP at a low catalytic efficiency, Apz/ Kim s-oxodcTp Of 130 % 1075
min~t uM™1 (2 x 1075 s71 uM 1) [52]. Our result showed that At/ K cga for pol B and pol
7 to incorporate cdA is 6.7-13.1 x 1078 571 uM~1 and 2.4-4.1 x 1075 s71 uM~1, respectively
(Table I and I1) that are comparable with the Az,/ Kin g-oxodaTp. Thus, we suggest that pol
and pol m can play a significant role in promoting the accumulation of cdA in the genome.
The contribution of cdPus lesions in DNA from the oxidized nucleotide pool needs to be
further determined by examining the incorporation of cdGTPs and cdATPs by different
repair DNA polymerases in vitro and in vivo. Moreover, since cdPus incorporated by repair
DNA polymerases during BER can be recognized and removed by NER [13], it is possible
that BER and NER can crosstalk to govern the incorporation of cdPu lesions. A recent study
has shown that cdPu lesions can inhibit the repair of an AP site by BER in mammalian

cells [53] suggesting that the removal of cdPus by NER can modulate BER efficiency. The
coordination between BER and NER pathways in governing the accumulation and removal
of cdPu lesions and base lesions needs to be further explored in the future.

cdPu lesions are associated with the etiology of breast cancer. This notion is supported
by the fact that more cdPu lesions can be induced by oxidative stress in several breast
cancer cell lines than normal cells [54]. This is because cancer cells proliferate more
quickly than normal cells and can generate high level of H,O,-mediated oxidative stress
[55]. Interestingly, cdPus may also be involved in the treatment of solid tumors by the
antitumor drug, Tirapazamine (TPZ) [56]. In TPZ-treated hypoxic cells, the amount of
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cdA and cdGs are significantly increased suggesting that cdPus lesions mediate cancer

cell killing of TPZ [56]. Moreover, since nucleotide analogs are routinely used as drugs

for cancer therapy [57-59], our discovery of the incorporation of cdA lesions in DNA by
repair DNA polymerase suggests that cdPus can also be developed into a new nucleotide
analog for cancer treatment. This is because, first, a single cdA lesion can efficiently

inhibit DNA replication polymerases and RNA polymerase and the DNA binding of the
TATA box-binding proteins [10, 14, 17], thereby inhibiting both DNA replication and gene
transcription in cancer cells. Second, cdPu lesions are poorly repaired by NER leading to
their accumulation in the genome [5]. This may inhibit cancer cell growth and progression.
Finally, the misincorporation of cdPu lesions in DNA can potentially cause mutations during
their incorporation and lesion bypass in cancer cells, thereby attenuating cancer cell survival.

In summary, in this study, we have discovered that the incorporation of cdA lesions by
human repair DNA polymerases, pol B, and pol n. We showed that pol § and pol 1 not only
incorporated the lesions but also created a cdA:dC mismatch. Moreover, the incorporated
cdA lesions can be fully extended by pol B and ligated by LIG I, suggesting that the lesion
can be readily embedded in the human genome. Using steady-state kinetics and molecular
docking analysis, we provided new mechanistic insights into the mechanisms underlying
cdA incorporation by pol g and pol .
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Highlights
. DNA repair polymerase can incorporate and misincorporate cdA lesions.
. The incorporated cdA can be readily extended and ligated into duplex DNA.

. The incorporation of cdA is mediated by nucleophilic attack without
hydrogen bond.
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Figure 1. The structure of 5°, 8-cyclo-2’-deoxyadenosine in 5’R and 5’S diastereoisomeric forms
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Figure 2. The incorporation of cdA by pol f during BER.
(A) The incorporation of cdA by pol B was determined in the presence of increasing

concentrations of pol B (10, 25, 50, and 100 nM). Lanes 2-6 show the incorporation of
5’S-cdA by pol B 1 nt-gap substrate containing a tetrahydrofuran (THF) residue in the
downstream primer. Lanes 8-12 illustrate the incorporation of 5’R-cdA by pol § with the
substrate containing a THF residue at the downstream strand. Lanes 14-18 represent the
incorporation of 5’S-cdA by pol B with the substrate having a phosphate at the 5’-end

of the downstream primer. Lanes 20-24 indicate the incorporation of 5’R-cdA by pol B
with the substrate containing a phosphate at the 5’-end of the downstream primer. (B) The
incorporation of cdA by pol B in the presence of increasing concentrations of cdA (50,
100, 200, and 500 pM). Lanes 2—6 represent the incorporation of 5’S-cdA by pol § with
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the 1 nt-gap substrate containing a THF residue in the downstream primer. Lanes 8-12
indicate the incorporation of 5’R-cdA by pol B with the substrate having a THF residue in
the downstream primer. Lanes 14-18 illustrate the incorporation of 5’R-cdA by pol B with
the substrate containing a phosphate at the 5’-end of the downstream primer. Lanes 20-24
represents the incorporation of 5’R-cdA by pol B with the substrate containing a phosphate
at the 5’-end of the downstream primer. Lane 1, 7, 13, and 19 represents substrate alone. All
experiments were done at least in triplicate. The quantification of the results is shown below
the gels. The percentage of the products is illustrated as average + SD in the bar charts.
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Figure 3. The incorporation of cdA by pol i during BER.
(A) The incorporation of cdA by pol n was determined in the presence of cdA (200 pM)

and increasing concentrations of pol i (1, 5, 10, 25, and 50 nM). Lanes 2-6 illustrate

the incorporation of 5’S-cdA by pol n with the 1 nt-gap substrate containing a THF

in the downstream primer. Lanes 8-12 represent the incorporation of 5’R-cdA by pol )
with the substrate containing a THF in the downstream primer. Lanes 14-18 indicate the
incorporation of 5’S-cdA by pol n with the substrate containing a phosphate at the 5’-end
of the downstream primer. Lanes 20-24 represent the incorporation of 5’R-cdA by pol

1 with the substrate containing a phosphate at the 5’-end of the downstream primer. (B)
The incorporation of cdA by pol 1 (20 nM) in the presence of increasing concentrations
of cdA (1, 5, 10, 25, and 50 pM). Lanes 2—6 represent the incorporation of 5’S-cdA by
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pol n with the substrate containing a THF residue in the downstream primer. Lanes 8-12
illustrate the incorporation of 5’RcdA by pol n with the substrate containing a THF residue
in the downstream primer. Lanes 14-18 indicate the incorporation of 5’S-cdA by pol n with
the substrate containing a phosphate at the 5’-end of the downstream primer. Lanes 20-24
represent the incorporation of 5’R-cdA by pol n with the substrate containing a phosphate
at the 5’-end of the downstream primer. Lane 1, 7, 13, and 19 represents substrate alone.
All experiments were performed at least in triplicate. The quantification of the results is
illustrated below the gels. The percentage of the products is illustrated as average + SD in
the bar charts.
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Figure 4. The misincorporation of cdA with a dC by pol p and pol n during BER.
(A) The misincorporation of cdA by pol B in the presence of a fixed concentration of cdA

(200 uM) and increasing concentrations of pol B (1, 5, 10, 25, and 50 nM). Lanes 2-6
represent the misincorporation of 5’S-cdA by pol B with the 1 nt-gap substrate containing

a THF residue at the downstream primer. Lanes 8-12 illustrate the misincorporation

of 5’R-cdA by pol B with the substrate containing a THF in the downstream primer.

Lanes 14-18 represent the misincorporation of 5’S-cdA by pol B with the substrate
containing a phosphate at the 5’-end of the downstream primer. Lanes 20-24 indicate the
misincorporation of 5’R-cdA by pol B with the substrate containing a phosphate at the
5’-end of the downstream primer. (B) The misincorporation of cdA by pol ) was determined
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in the presence of a fixed concentration of cdA (200 uM) and titrated concentration of pol

1 (1, 5, 10, 25, 50 nM). Lanes 2-6 represent the misincorporation of 5’S-cdA by pol n

with the substrate containing a THF residue in the downstream primer. Lanes 8-12 illustrate
the misincorporation of 5’RcdA by pol n with the substrate containing a THF residue in

the downstream primer. Lanes 14-18 indicate the misincorporation of 5’R-cdA by pol 1
with the substrate containing a phosphate at the 5’-end of the downstream primer. Lanes
20-24 illustrate the misincorporation of 5’S-cdA by pol n with the substrate containing a
downstream 5’-phosphate. Lane 1, 7, 13, and 19 represents substrate alone. All experiments
were performed at least in triplicate. The quantification of the results is illustrated below the
gels. The percentage of the products is illustrated as average + SD in the bar charts.
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Figure 5. Extension of cdA base paired with dT or dC by pol g and pol 7.
(A) The extension of cdA by pol p was determined in the presence of a fixed concentration

of dG (50 pM) and increasing concentrations of pol g (5, 10, and 25 nM). Lanes 2—4
represent the extension of 5’S-cdA basepaired with dT by pol p with the 1 nt-gap substrate
containing a THF residue at the downstream primer. Lanes 6-38 illustrate the extension of
5’R-cdA basepaired with dT by pol g with the substrate containing a downstream 5’-THF
residue. Lanes 10-12 represent the extension of 5’S-cdA basepaired with dC by pol p with
substrate containing a downstream 5’ THF residue. Lanes 14-16 indicate the extension of
5’R-cdA basepaired with dC by pol B with the substrate containing a downstream 5’-THF
residue. (B) The extension of cdA by pol n was determined in the presence of a fixed
concentration of dG (50 pM) and increasing concentrations of pol ) (5, 10, and 25 nM).
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Lanes 2—4 represent the extension of 5’S-cdA basepaired with dT by pol n with the 1 nt-gap
substrate containing a 5’-THF residue. Lanes 6-38 illustrate the extension of the 5’R-cdA
basepaired with dT by pol n with the THF-containing substrate. Lanes 10-12 represent the
extension of the 5’S-cdA basepaired with dC by pol n with the THF-containing substrate.
Lanes 14-16 indicate the extension of the 5’R-cdA base paired with dC by pol n) with the
THF-containing substrate. Lane 1, 5, 9, and 13 represents substrate alone. All experiments
were performed at least in triplicate. The quantification of the results is illustrated below the
gels. The percentage of the products is illustrated as average + SD in the bar charts.
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Figure 6. Ligation of cdA by DNA LIG I.

Ligation of cdA basepaired with dT or dC by LIG I. The ligation of cdA by LIG |

Ligation
- - @ " product

13

14 15 16

10 25

LIG | (nM)

was measured in the presence of increasing concentrations of LIG I (5, 10, and 25 nM).
Lanes 2—4 represent the ligation of 5’S-cdA basepaired with dT with the nicked substrate
containing a 5’-phosphate at the downstream primer. Lanes 6-8 illustrate the ligation of
5’R-cdA basepaired with dT with the nicked substrate. Lanes 10-12 represent the ligation
of 5’S-cdA basepaired with dC with the nicked substrate. Lanes 14-16 indicate the ligation
of 5’R-cdA basepaired with the nicked substrate. Lane 1, 5, 9, and 13 represents substrate
alone. All experiments were performed at least in triplicate. The quantification of the results
is illustrated below the gels. The percentage of the products is illustrated as average + SD in

the bar charts.
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Figure 7. The molecular docking analysis on the interaction between pol g and pol n and cdA.
(A) (a) The docked structure of dA:dT basepair. (b) The docked structure of dG against dC.

(B) (a) The docked structure of pol p with 5’R- or 5’S-cdA opposite a template dT. (b) The
docked structure of pol B with 5’R- and 5’S-cdA opposite a template dC. (C) (a) The docked
structure of pol n with 5’R- and 5’S-cdA opposite a template dT. (b) The docked structure
of pol n with 5’R- and 5’S-cdA opposite a template dC. (D) (a) The superimposed docking
structure of pol B with dA, 5’R-cdA, and 5’S-cdA opposite dT. (b) The superimposed
docking structure of pol n with dA, 5’R-cdA, and 5’S-cdA opposite dT. (E) (a) The amino
acids surrounding 5’R-cdA opposite to dT in the active site of pol . (b) The amino acids
that were around 5’ScdA opposite to dT in the active site of pol B. (c) The amino acids that
were around 5’R-cdA opposite dT in the active site of pol 1. (d) The amino acids that are
around 5’S-cdA opposite dT in the active site of pol n.

|-
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Steady state Kinetics of the incorporation and extension of cdA by Pol B

Table |

Page 29

Substrate  Km,cdA (uM)  kcat,cdA (10-4 Keat,caa/Km cda Km,DNA (10-2 pM)  kcat,DNA (10-4 s-1)  Keat,ona’Km,pNa
s-1) (10-6 uM-1 5-1) (10-2 pM-1 5-1)

RcdA :dT 122 +64 8.20 6.70 3.52+0.70 7.03+0.67 2.00

RcdA :dT  141+53 18.50 13.10 7.96 + 1.60 23.39 £ 1.50 2.94

(THF)

ScdA:dT ND ND ND ND ND ND

ScdA:dT ND ND ND ND ND ND

(THF)

RcdA:dC 19352 12.00 6.20 1.91+0.72 6.50 + 1.03 3.40

RcdA : 355 + 99 22.00 6.20 2.97 £ 0.61 14.01 +2.32 471

?'I(':HF)

ScdA:dC 241+14 10.00 4.20 5.83+1.40 18.83 +3.30 3.23

ScdA: 398 + 143 16.10 4.10 1.21+0.49 8.03+2.10 6.64

?'I(':HF)

RcdA : 20.50+1.87 14.74 71.70 0.81+0.17 2.25+0.45 2.78

g;{tension

ScdA: 30.25+4.13 35.50 117.36 4.17+2.40 7.73+1.77 1.85

g;{tension

RcdA : 44.1+5.00 8.72 19.77 2.02 +0.59 39.10+6.73 19.40

g)?tension

ScdA: 56.0 + 15.6 10.40 18.57 3.67+0.96 57.10 + 8.88 15.60

g)?tension

THF: a tetrahydrofuran residue with a phosphate group at the 5’-end of the downstream primer of the substrates

ND: Measurable enzyme kinetic parameters were not able to be obtained due to the extremely low percentage of 5’S-cdA incorporation products.

The results represent average + SD and were obtained from at least three independent experiments.
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Steady state Kinetics of the incorporation and extension of cdA by Pol i

Table Il

Page 30

Substrate Km,cdA (uM)  kcat,cdA (10-4  Keatcaa’Kmeaa ~ KMDNA (10-2 pM)  kcat,DNA (10-45-1)  Keat, ona’Kmpna
s-1) (10-5 pM-1 (10-2 pM-1

s-1) s-1)

RcdA : dT 157.5+15.9 38.40 244 1.32+0.21 10.33£0.85 7.83

ScdA : dT 62.47 +12.0 25.80 4.13 216+1.12 9.63 £0.63 4.46

RcdA : dC 222 + 234 155 6.98 1.82+£0.33 17.64 £2.12 9.69

ScdA : dC 91.04 £ 29.7 114 12.52 4.39+0.08 30.53 +1.87 6.95

RcdA : dT extension  2.83 +1.27 311 109.89 1.21+£0.01 197.30 £ 10.60 163.10

ScdA : dT extension  3.06 + 1.69 18.63 60.8 1.00 £ 0.36 158.60 + 12.70 158.60

RcdA : dC 7.37+2.35 25.00 33.9 1250 £1.93 1622.30 + 275.10 129.78

extension

ScdA : dC extension  4.02 + 0.85 15.15 37.7 6.83+1.01 884.80 + 182.00 129.55

The results represent average + SD and were obtained from at least three independent experiments.
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