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Abstract

DNA methylation on cytosine in CpG islands generates 5-methylcytosine (5mC), and further
modification of 5mC can result in the oxidized variants 5-hydroxymethyl (5hmC), 5-formyl (5fC),
and 5-carboxy (5caC). Base excision repair (BER) is crucial for both genome maintenance and
active DNA demethylation of modified cytosine products and involves substrate-product
channeling from nucleotide insertion by DNA polymerase (pol) p to the subsequent ligation step.
Here, we report that, in contrast to the pol p mismatch insertion products (dCTP, dATP, and
dTTP), the nicked products after pol B dGTP insertion can be ligated by DNA ligase | or DNA
ligase I1I/XRCC1 complex when a 5mC oxidation modification is present opposite in the template
position /n vitro. A Pol p K280A mutation, which perturbates the stabilization of these base
modifications within the active site, hinders the BER ligases. Moreover, the nicked repair
intermediates that mimic pol B mismatch insertion products, /7.e., with 3’-preinserted dGMP or
dTMP opposite templating 5hmC, 5fC or 5caC, can be efficiently ligated, whereas preinserted 3’-
dAMP or dCMP mismatches result in failed ligation reactions. These findings herein contribute to
our understanding of the insertion tendencies of pol B opposite different cytosine base forms, the
ligation properties of DNA ligase | and DNA ligase 111/XRCC1 complex in the context of gapped
and nicked damage-containing repair intermediates, and the efficiency and fidelity of substrate
channeling during the final steps of BER in situations involving oxidative 5mC base modifications
in the template strand.
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INTRODUCTION

The CpG dinucleotides in genomic DNA are hotspots for mutations, including Gto T
transitions in the human p53 gene, and epigenetic modifications play a fundamental role in
embryonic development, transcriptional regulation, and epigenetic integrity (1-3). The CpG
sequences are subject to many chemical modifications that vary from no structural impact on
the DNA helix to certain helix-distorting lesions (4,5). The variety of modifications includes
methylation of cytosine in the context of CpG islands, where the methyl group from S-
adenosyl methionine is transferred to cytosine by DNA methyltransferases (DNMT1-3) (6—
8). This DNA methylation generates 5-methylcytosine (5mC), an alteration that is used as an
epigenetic mark in the regulation of gene expression and has an important role in loss of
genomic imprinting, such as the allelic methylation differences at imprinted genes (9-11).
Further chemical modifications of 5mC can occur via oxidation by Fe2*- and a.-
ketoglutarate-dependent dioxygenases of the Ten Eleven Translocation (TET) family of
proteins, leading to the formation of progressively oxidized 5mC variants: 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and finally 5-carboxylcytosine
(5caC) (12-14). The significance of 5mC in diagnosis and therapy for many types of cancer
has been extensively demonstrated (15-18). Moreover, in recently reported studies, the
contribution of 5hmC and DNA damage-induced changes in the levels of TET enzymes to
the mechanisms underlying neurodevelopmental abnormalities and neurodegenerative
disorders has been shown (19-22). Nevertheless, little is known about the functions of 5hmC
in mammalian biology.

The elimination of the oxidative 5mC derivatives is mediated by active DNA demethylation
through base excision repair (BER), a process important for maintaining the methylation
status of CpG sites (23-27). However, we lack understanding of the mechanism by which
the repair proteins contribute to the potential mutational effect of oxidative 5hmC
modifications /n vitro. Biochemical studies have indicated the presence of substrate
channeling in BER that involves coordination of the substrate-product hand off between the
different enzymes (28-30). This mechanism prevents the accumulation of toxic and
mutagenic repair intermediates that could promote harmful nuclease activities and
cytotoxicity, as well as trigger cell cycle arrest and apoptosis (30-32). The BER pathway is
initiated by a DNA damage-specific DNA glycosylase, which removes a single-base lesion
via hydrolysis of the N-glycosidic bond (33). Thymine DNA glycosylase (TDG) catalyzes
the removal of 5fC and 5caC, which leaves an abasic (AP) site in double-stranded DNA
(34,35). AP endonuclease 1 (APE1) then cleaves the phosphodiester backbone at the AP
site, resulting in the formation of a single-strand break (one nucleotide gap) with 3’-
hydroxyl (3’-OH) and 5’-deoxyribosephosphate (5’-dRP) termini (36). Pol B then removes
the 5’-dRP group and conducts template-directed gap filling DNA synthesis (37). Pol B
nucleotide insertion products generate a nicked substrate for the subsequent and final DNA
ligation step of the pathway (38). BER DNA ligases complete repair, which requires high
fidelity DNA synthesis by pol B, a polymerase that discriminates against the incorporation of
incorrect nucleotides to varying degrees on the basis of base pairing (39,40). At the final step
of the process, DNA ligase | or DNA ligase I11/X-ray repair cross-complementing protein 1
(XRCC1) complex catalyze phosphodiester bond formation between the adjacent 3’-OH and
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5’-P termini of the nicked repair intermediate (41,42). Notably, a physical interaction
between pol § and DNA ligase I during the repair of single-base DNA lesions has been
reported, and pol B is also known to physically interact with XRCC1 (43-46). We previously
demonstrated that pol B 8-oxodGTP insertion leads to DNA ligase failure, and that pol B
mismatch insertion products, excluding Watson-Crick like dGTP:T base-pairs, cannot be
channeled to the ligation step /n vitro (47-50).

Recently, it has been shown that pol § can incorporate dGTP opposite 5hmC or 5caC, and
that the enzyme active site can accommodate these epigenetic base modifications on the
template DNA strand (51). Moreover, the ternary complex structure of pol g with a non-
hydrolysable dGTP analog revealed an altered conformation in which the 5’-phosphate
backbone of the template base modification is repositioned and stabilized by the Lysine 280
(K280) side chain. However, how these structural adjustments that pol p undergoes during
bypass of an epigenetic base damage located on template strand might impact downstream
steps of BER and whether the repair products of pol B (e.g., mismatch nucleotide insertions
opposite the oxidative 5mC madifications) can be channeled to the final DNA ligation step
remains undetermined. Successful ligation relies on the formation of a Watson-Crick base
pair between 3’-OH and 5’-P termini of the nicked repair product. Thus, DNA ligases may
fail in the presence of modified or damaged DNA ends, resulting in the formation of ligation
intermediates harboring an adenylate (AMP) block at the 5’-end (38,42).

In the present study, we examined coordinated repair at the downstream steps of BER
pathway when oxidatively modified 5mC products (5hmC, 5fC, and 5caC) were placed in
the template strand. For this purpose, using one nucleotide gapped DNA substrates, we
investigated the effect of pol p mismatch nucleotide insertion opposite 5hmC, 5fC, and 5caC
on the channeling of the resulting nicked intermediate to the BER ligases (DNA ligase | and
DNA ligase 111/XRCC1 complex) in vitro. Moreover, in this study, using the nicked DNA
substrates that mimic pol p mismatch nucleotide insertion products, we evaluated the
substrate specificity of the BER ligases for their ability to join DNA ends in the presence of
templating 5hmC, 5fC, or 5¢caC /n vitro. The results presented herein offer novel insight into
the importance of an interplay between key repair proteins, pol p and the BER DNA ligases,
on the fidelity of the substrate-product channeling mechanism when the repair machinery
encounters an epigenetically important cytosine base modification in the template strand.

Materials and methods

Preparation of DNA substrates

Oligodeoxyribonucleotides with and without a 6-carboxyfluorescein (FAM) label were
obtained from Integrated DNA Technologies (IDT; Coralville, |A). The template
oligonucleotides (34-mer) with 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC),
or 5-carboxylcytosine (5caC) were from the Midland Reagent Company Inc (Midland,
Texas). The DNA substrates were prepared as described previously (47-50,52-55). Briefly,
the upstream (17-mer) and downstream (16-mer) primers were annealed in the presence of
the complementary oligonucleotide (34-mer) to prepare the one nucleotide gapped DNA
substrates. The upstream (18-mer) primer with a 3’-preinserted mismatch (AAMP, dTMP,
dGMP, or dCMP) and the downstream (16-mer) oligonucleotide were similarly annealed in
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the presence of the 34-mer to prepare the nicked DNA substrates. The sequence information
for the double-stranded DNA substrates is presented in Supplementary Table 1.

Protein purifications

Recombinant full-length human DNA ligase | was purified as previously described (47—
50,52-55). Briefly, the protein was overexpressed in Rosetta2 (DE3) cells at 37 °C, and the
cells were grown overnight at 16 °C. After cell lysis by sonication at 4 °C in the lysis buffer
containing 40 mM HEPES (pH 7.5), 200 mM NaCl, 10% glycerol, and cOmplete Protease
Inhibitor Cocktail (Roche), and clarification by centrifugation, the His-tagged protein was
loaded onto a HisTrap HP column (GE Healthcare) and purified with an increasing
imidazole gradient (0-500 mM) elution at 4 °C, and then subsequently loaded onto a HiTrap
Q HP column (GE Healthcare) and eluted with a linear gradient of NaCl up to 1 M. Finally,
the collected fractions were separated through a Superdex 200 Increase 10/300 column (GE
Healthcare). The resulting pure fractions of DNA ligase | were combined, concentrated with
a centrifugal filter unit, and stored in aliquots at —80 °C. The N- and C-terminal domains of
DNA ligase | were purified as described before (50). Recombinant (GST-tagged pGEX4T3)
wild-type full-length human DNA polymerase  was purified as previously described (47—
50,52-55). Briefly, the protein was overexpressed in One Shot BL21(DE3)pLysS E. coli
cells (Invitrogen) and grown at 37 °C with IPTG induction. The cells were then grown
overnight at 16 °C. After centrifugation, the cells were lysed at 4 °C by sonication in lysis
buffer containing 25 mM HEPES (pH 7.5), 500 mM NaCl, 0.1% NP40, and a protease
inhibitor cocktail. The lysate was pelleted at 10,444 x g for 1 h and then clarified by
filtration. The pol B supernatant was loaded onto a GSTrap HP column (GE Health
Sciences) and purified with elution buffer containing 50 mM Tris-HCI (pH 8.0) and 10 mM
reduced glutathione. The collected fractions were subsequently passed through a HiTrap
Desalting HP column in a buffer containing 150 mM NaCl and 20 mM NaH,PO,4 (pH 7.0),
and then further purified by Superdex 200 Increase 10/300 chromatography (GE
Healthcare). Pol p K280A mutant was constructed using site-directed mutagenesis with
synthetic primers, confirmed by sequencing of the coding region, and purified as described
for the wild-type protein above. Recombinant full-length human DNA polymerase A was
overexpressed and purified as reported (49,54,55). Briefly, the clarified lysate was first
passed through a Q-Sepharose column, and then the enzyme was purified using a nickel
column at 4 °C. The protein was eluted with an imidazole gradient, and pol A was further
purified using Mono S column chromatography with NaCl gradient elution at 4 °C. All
proteins used in this study were dialyzed against storage buffer (25 mM TrisHCI, pH 7.4,
100 mM KCI, 1 mM TCEP, and 10% glycerol), concentrated, frozen in liquid nitrogen, and
stored at —80 °C. The purified proteins used in this study are presented in Supplementary
Figure 1A.

2.3. Ligation assay

The ligation assays were performed under steady-state conditions using the nicked DNA
substrates (Supplementary Table 1) as described previously (47-50,52-55). The reaction
was performed in a mixture containing 50 mM Tris-HCI (pH 7.5), 100 mM KCI, 10 mM
MgCl,, 1 mM ATP, 1 mM DTT, 100 ug mi~1 BSA, 10% glycerol, and the DNA substrate
(500 nM) in a final volume of 10 pl. The ligation assays were initiated with the addition of
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DNA ligase (10 nM). The reaction mixture was incubated at 37 °C and stopped at the
indicated time points within the figure legends. The reactions were then mixed with an equal
amount of gel loading buffer (95% formamide, 20 mM EDTA, 0.02% bromophenol blue,
and 0.02% xylene cyanol) and separated by electrophoresis on an 18% polyacrylamide gel
as described previously (47-50,52-55). The resulting gels were scanned with a Typhoon
Phosphorimager (Amersham Typhoon RGB), and the data were analyzed using ImageQuant
software.

2.4. Pol B nucleotide insertion and insertion coupled to DNA ligation assays

The nucleotide insertion and insertion/ligation coupled assays were performed under steady-
state conditions using the one nucleotide gapped DNA substrates (Supplementary Table 1)
as described previously (47-50). Briefly, the reactions were performed in a mixture
containing 50 mM TrisHCI, pH 7.4, 100 mM KCI, 10 mM MgCly, 1 mM DTT, 1 mM ATP,
10% glycerol, and 0.1 mg/ml BSA at 37 °C. Reactions were initiated by mixing a solution
containing 100 nM DNA and 100 puM dNTP (dATP, dTTP, dGTP, or dCTP) with pol B alone
(50 nM) or the mixture of pol B and a DNA ligase (100 nM). Pol § nucleotide insertion and
coupled insertion/ligation assays were performed similarly in the presence of the pol B
mutant (K280A) or the N- and C-terminal domains of DNA ligase |. Reactions were
quenched by addition of 100 mM EDTA, mixed with gel loading buffer, and the reaction
products were separated, and the data were analyzed as described above.

3. Results

3.1. The ligation of pol B dGTP or mismatch insertions opposite oxidized forms of 5mC

In order to examine the ligation efficiency of pol  nucleotide insertions into one nucleotide
gapped DNA substrate with oxidized forms of 5mC (5hmC, 5fC, or 5caC) in the template
position (Supplementary Table 1), we performed coupled reactions to measure pol
insertion and DNA ligation simultaneously /n vitro. These reaction mixtures included pol B,
DNA ligase (DNA ligase | or DNA ligase I1I/XRCC1 complex), and dNTP (Figure 1A). Our
results revealed ~2-fold less amount of ligation products after pol p dGTP insertion opposite
5hmC, 5fC, and 5caC by DNA ligase | (Figure 1B, lanes 7-10, 12-15, and 17-20,
respectively), in comparison with ligation of the repair intermediates after pol p dGTP:C
correct insertion (Figures 1B, lanes 2-5). We obtained similar results in the coupled
reactions containing pol p and DNA ligase [1I/XRCC1 complex (Supplementary Figure 1B).
In both cases, the ligation products increased over time (Figures 1C and Supplementary
Figure 1C), and there was no significant difference between BER ligases (Supplementary
Figure 2).

We next evaluated the ligation of pol B insertion mismatches opposite the 5mC
modifications as described above (Figure 1A). In contrast to the results obtained with pol B
dGTP insertions, the products in the presence of pol p mismatches (dATP, dTTP, and dCTP)
were self-ligation products, /e, direct ligation of the one nucleotide gapped DNA with a
template 5hmC, 5fC, or 5caC, by DNA ligase | or the DNA ligase I1I/XRCC1 complex.
More specifically, the coupled reaction that includes pol B, DNA ligase | and dATP (Figure
2, lanes 2-4) yielded DNA products of similar size, /.e., without nucleotide insertion, to
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those observed in the reactions including DNA ligase | alone (Figure 2, lanes 5-19). We
obtained similar results with the DNA ligase 11I/XRCC1 complex (Supplementary Figure 3).
We previously reported this “self-ligation” of gapped DNA with a template unmodified C to
which pol B inserts mismatches dCTP, dATP, and dTTP (50). For the other two reactions
(7.e, pol p with dTTP or dCTP in the presence of substrates with 5hmC, 5fC, or 5caC), there
were also only self-ligation products in the coupled reactions (Supplementary Figures 4 and
5). This outcome could be due to low nucleotide insertion efficiency of pol B as reported
previously (51). Consistent with this idea, we observed a very low amount of pol B dATP
insertions opposite 5hmC in the insertion reaction (Supplementary Figure 6, lanes 11-15)
and of corresponding self-ligation products in the coupled reaction (Supplementary Figure6,
lanes 16-20), when compared to pol B dATP:T insertions and subsequent complete ligation
(Supplementary Figure 6, lanes 1-10).

We hypothesize that this self-ligation product could be in a transient intermediate
conformation at the active site in which the template and incoming nucleotide bases do not
form hydrogen bonds with each other but instead form a staggered conformation. Indeed,
this conformation has been previously shown in the pol B structure with primer-template T-C
and A-C mismatches in which the template strand shifts upstream and the bases of the
mismatched pair partially overlap where the nascent base pair-binding domain (N-
subdomain) of the protein is in an intermediate position between an opened or a closed state
(56).

Effects of pol B active site mutants on the ligation of mismatch insertions opposite

oxidative 5mC modifications

In light of the results described above, we next examined Lys280 of pol B, a residue that
plays an important role in the structural repositioning within the enzyme active site to
accommodate the oxidative variants of 5mC in the template position (51). Similar to the
wild-type enzyme, in the presence of the K280A mutant, we obtained pol B dGTP insertion
products and their complete ligation for template C (Figure 3A, lanes 2-5 and 7-10), 5hmC
(Figure 3A, lanes 12-15 and 17-20), 5fC (Figure 4A, lanes 2-5 and 7-10), and 5caC (Figure
4A, lanes 12-15 and 17-20). However, in all cases, the amount of ligation products was ~ 2
to 4-fold lower after dGTP insertion by K280A relative to wild-type pol § (Figures 3B and
4B). In the presence of dATP, pol B insertions opposite 5hmC, 5fC, or 5caC yielded the self-
ligation products in the coupled reactions that included pol B K280A and DNA ligase |
(Supplementary Figure 7A), similar to the results with wild-type pol B (Figure 2). We then
tested a pol B active site mutant at position Asp256, which plays a critical role in the
activation of the primer O3” nucleophile and coordination of the catalytic metal ion required
for the nucleotidyl transferase reaction (57). In the presence of either correct dGTP:C or
mismatch nucleotide insertions (dATP opposite 5hmC, 5fC, or 5caC), in the reactions
including pol p D256A mutant and DNA ligase I, we only obtained self-ligation products of
the one nucleotide gapped DNA (Supplementary Figure 7B).
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3.3. Impact of interaction between pol g and DNA ligase | on the ligation of 5mC template
modifications

The N-terminal domain of DNA ligase | participates in a protein-protein interaction with pol
B (43,44) and governs the channeling of repair intermediates from pol B nucleotide insertion
to ligation during BER (50). We examined the effect of this non-catalytic domain of DNA
ligase I in the ligation of pol B dGTP insertions opposite 5hmC, 5fC, and 5caC using either
full-length or a C-terminal fragment of DNA ligase I. Similar to the results with the full-
length protein (Figure 1), we obtained ligation products after pol § dGTP insertion opposite
5hmC or 5caC (Figure 5A, lanes 2-5 and 11-14, respectively) with the C-terminal domain
of DNA ligase I. However, the amount of the ligation product was significantly lower in
comparison to the full-length protein that harbors both C- and N-terminal domains,
indicating an importance of the physical interaction (Figure 5B). As expected, there was no
ligation products in the coupled reaction including only the N-terminal domain of DNA
ligase I, which lacks the catalytic core (Figure 5A, lanes 6-9 and 15-18). For pol p dATP
mismatch insertions, there were self-ligation or no ligation products in the presence of either
the C-terminal or N-terminal domain of ligase I, respectively (Supplementary Figure 8).

3.4. Comparison of ligation efficiency after pol A dGTP insertion opposite oxidized forms
of 5mC

Pol A, exhibiting both dRP lyase and gap-filling activities, is considered a back-up
polymerase for pol § and participates in BER of lesions generated by monofunctional
alkylating agents and oxidative stressors (58,59). We compared the roles of X-family DNA
polymerases, pol B vs pol A, by investigating the efficiency of DNA ligation coupled to pol
A dGTP insertion in the presence of the oxidized forms of 5mC using a coupled assay as
described above. Interestingly, our results showed that pol A dGTP insertions (Figure 6A)
opposite 5hmC (lanes 5-8), 5fC (lanes 9-12), or 5caC (lanes 13-16) result in the formation
of both products (full ligation and self-ligation), which accumulated simultaneously at the
same time points in the coupled reaction (Figure 6B). The amount of complete ligation
products by pol A was ~4-fold lower when compared with those of pol g and DNA ligase I,
suggesting a bias towards self-ligation in reactions containing pol A (Supplementary Figure
9A). We note that we obtained similar levels of complete ligation products after pol A dGTP
insertions opposite unmodified C in comparison to reactions with pol B (Supplementary
Figure 9B). These observations suggest that pol A may undergo a distinct conformational
change to accommaodate the carboxy modification on the template DNA strand with an
incoming dGTP. This could be due to the unique structural features of pol A, such as the
presence of loop 1 that is absent in pol B and plays role in mismatch discrimination in the
enzyme active site (60). Future structure analysis of pol A. in complex with epigenetic 5mC
modifications is required to fully interpret our results here.

3.5. Ligation of nicked repair intermediates with 5mC modifications

To understand the specificity of the BER DNA ligases (DNA ligase | and the DNA ligase 111/
XRCC1 complex) for repair intermediates that mimic pol B mismatch insertion products
with the oxidized forms of 5mC in the template position, we measured ligation in reactions
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containing DNA ligase alone and a nicked DNA substrate with a 3’-preinserted mismatch
(dAMP, dTMP, dGMP, or dCMP) opposite template 5hmC, 5fC, or 5caC (Figure 7A).

DNA ligase | was able to ligate the nicked DNA substrates with preinserted 3’-dGMP
opposite 5hmC, 5fC, and 5caC (Figure 7B, lanes 2—7, 9-14, and 16-21, respectively), with
an increase in the amount of ligation products over the time course (Figure 8A). We obtained
similar results in ligation reactions including the DNA ligase 111/XRCC1 complex,
indicating the mutagenic potential of misinsertion by pol B (Figure 10A and Supplementary
Figure 12A). In contrast to the results observed in the coupled reactions (Figure 2), we
obtained both complete and failed (5’-AMP containing) ligation products for nicked DNA
with 3’-preinserted mismatches by either DNA ligase | (Figures 8-9) or DNA ligase 111/
XRCC1 complex (Figures 10-11). For the nicked DNA substrates with preinserted 3’-dTMP
opposite 5hmC, 5fC, or 5¢caC, DNA ligase | (Figure 8B) and DNA ligase 111/XRCC1
complex (Figure 10B) yielded very efficient ligation (Supplementary Figures 10 and 12B).
For the nicked DNA substrates with preinserted 3’-dAMP and 3’-dCMP mismatches
opposite 5hmC, 5fC, and 5caC, we observed a comparatively lower amount of ligation
products by DNA ligase I (Figure 9) or the DNA ligase 11I/XRCC1 complex (Figure 11),
with the complete products accumulating simultaneously with ligation failure products
(Supplementary Figures 11 and 13). In control ligation reactions with the nicked DNA
substrates harboring 3’-dGMP opposite unmodified C, we confirmed efficient ligation of
undamaged DNA ends by both BER DNA ligases and its comparison with those of template
5mC maodifications (Supplementary Figure 14). Overall, results here reveal that the BER
DNA ligases exhibit similar mismatch specificity for ligation of templating oxidized 5mC
modifications. However, they show different fidelity depending on the identity of the
mismatch and the type of template base (5hmC, 5fC, or 5¢caC) within the nicked repair
intermediate (Supplementary Figure 15), and their activities can also be significantly
influenced by the presence of pol p.

4. Discussion

The methylation of cytosine bases in DNA generates an epigenetic mark known as 5mC, and
the successive conversion of 5mC by TET protein-mediated oxidation results in 5hmC, 5fC,
and 5caC (9,11,13,14). Although the roles of 5mC in regulation of gene expression are well
established, the effect of the epigenetic 5mC oxidative modifications on DNA replication
and repair remains poorly understood. BER, a multi-step enzymatic pathway involving
substrate-product hand off between repair proteins, plays an important role in genome
maintenance and active DNA demethylation (23,27-32). Moreover, it has been reported that
TET enzymes interact with many BER proteins, such as TDG, DNA ligase I11, and XRCC1
(61).

The oxidative modifications of 5mC in DNA favor Watson-Crick base pairing with an
unmodified guanine /n7 vitro (62,63). Nonetheless, the 5mC derivatives induce mutations
with a broad spectrum in £. coli. 5fC, in particular, can result in C-T transitions and one
nucleotide deletions when they are bypassed in the template DNA strand by translesion
DNA polymerases (pol n and ) during DNA replication, and can also form DNA-protein
conjugates with histone proteins in mammalian cells /n vivo (64-66). Moreover, pol B, the
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major BER DNA polymerase, can accommodate 5hmC and 5fC as a template base that
coordinates base pairing with an incoming dGTP at the active site (51). To date, the potential
mutagenic impact of DNA polymerase-mediated nucleotide insertions opposite the oxidative
5mC base modifications during DNA repair has remained unknown. Furthermore, DNA
ligases, which catalyze the ultimate step at the end of many DNA repair responses following
gap filling, along with DNA polymerases, remain prime candidates for genome instability
(38). Our study demonstrates the range of potential repair outcomes during the downstream
substrate-product channeling steps (e.g., DNA ligation) between central BER proteins,
namely pol g and DNA ligase | or DNA ligase I, in the context of oxidatively modified and
epigenetically important base modifications of 5mC.

Our results, in particular, reveal that the products of pol p dGTP insertion opposite oxidative
5mC base modifications can be efficiently channeled to the BER ligases and ligated in
similar way with those of pol B dGTP insertion opposite unmodified C. We previously
reported the same efficient substrate-product hand off between pol g and the DNA ligases
for Watson-Crick like dGTP opposite a template T (50). Such a scenario would lead to the
formation of a mutagenic repair intermediate, which we hypothesize could be in and of itself
a very serious form of damage and potentially be converted into a persistent DNA strand
break that blocks transcription or results in a double-strand break upon DNA replication. In
this study, and in our previous reports (50), we found that all other possible pol f mismatch
insertions (dATP, dCTP, dTTP) opposite either a 5mC modification or unmodified C can
also yield self-ligation products (/.e., potential single nucleotide deletion mutagenesis
products), indicating a lack of effective substrate channeling and incomplete repair
outcomes. We suggest that these situations could provide an opportunity for a proofreading
enzyme such as APE1 to remove a mismatched base at the 3’-end through its exonuclease
activity (67). In addition, we have previously observed that BER ligases can fail and
generate abortive ligation products with a 5’-adenylate in the presence of an incoming 8-
oxodGTP inserted by pol B opposite template A or C (47-49). Moreover, our prior studies
have also demonstrated that the BER ligases can fail on the APE1 incised gap filled nicked
product (7.e., a 3’-OH and 5’-dRP nick), resulting in the formation of a 5’-adenylated-dRP-
containing ligation damage intermediate (52-54). Interestingly, in this study, we did not
observe ligation failure for pol B repair reactions in the presence of a template 5mC base
modification. In contrast, when comparing the ligation efficiency after dGTP insertion
opposite a 5mC base modification between reactions with both pol p and DNA ligase |
(Figure 1) and reactions with DNA ligase | alone (Figures 8A and 10A), we found that the
presence of pol B significantly facilitated ligation of the repair intermediate (e.g., ~80% in
coupled reaction vs ~10% in ligation reaction for 60 sec). These findings are supported by
our results that reveal a lack of coordination between pol § and DNA ligase | when using the
K280A mutant that destabilizes the template 5mC base modifications (Figures 3 and 4) or C-
terminal domain of DNA ligase | that is devoid of pol B interaction N-terminal domain
(Figure 5). Collectively, the results indicate that the fidelity of substrate channeling from pol
B mismatch insertion to ligation by the BER DNA ligases during the final steps of the repair
pathway in situations involving oxidative 5mC base modifications in the template strand
could be an important determinant of the repair efficiency (Figure 12A).
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In this study, we also investigated the substrate specificity and 3’-end surveillance
mechanism of the BER ligases for joining of 3’-preinserted mismatches opposite 5mC base
modifications. These nicked ligase substrates that mimic products of mismatch insertions by
an error-prone DNA polymerase could be mutagenic DNA intermediates formed during
DNA repair or replication processes. Our results reveal that ligation of the nicked DNA with
preinserted 3’-dGMP or 3’-dTMP, when the oxidative 5mC modifications are present in the
template position, are efficient. We note that we previously reported efficient ligation of 3’-
dGMP opposite T and 3’-dTMP opposite unmodified C (50). Moreover, in this study and our
previous work, we showed that BER ligase failure (/.¢e., the formation of an abortive ligation
product with 5’-adenylate) occurs during joining of DNA termini with either a 3’~-dAMP or a
3’-dCMP opposite either a 5mC modification or unmodified C. Overall our findings suggest
that BER ligases show distinct efficiency depending on the architecture of the base pairing at
the ends of DNA and favor sealing of G-T and T-C non-canonical mispairs (Figure 12B).

With regard to the biological importance of the study, we envision two scenarios in which
BER might take place opposite a 5mC or alternate oxidative modification. In the first
scenario, there may be situations where simultaneous oxidation of 5mC and the template G
takes place, possibly leading to classic OGG1-mediated BER of 8-0x0G and the generation
of a one nucleotide gap intermediate opposite the oxidized 5mC modifications. Obviously,
such an event would involve the gap being filled by pol B and subsequent hand off to one of
the BER ligases to complete the BER response. In the second scenario, one that is likely
much more rare, any situation involving a gap generated opposite a 5mC base modification
could end with a single-nucleotide gap opposite the cytosine oxidative product that might
serve as a substrate for pol p and the BER ligases. We suggest that recruitment of DNA
glycosylases (e.g., OGG1) to CpG sites could be facilitated through protein-protein
interactions that are coordinated by TET enzymes and their BER interacting partners (e.g.
XRCCL1 that interacts with multiple DNA glycosylases and stimulates OGG1 activity),
perhaps setting off one of the scenarios described above (61,68,69). In our previous study
(23), we in fact showed an inefficient first step of the active demethylation process that
involves TDG-initiated BER when guanine is oxidized in the CpG dinucleotide. However, it
currently remains unknown whether the enzymatic activity of OGGL1 is affected by structural
abnormalities (e.g., simultaneously oxidized 5mC and G) in a CpG dinucleotide. Further
biochemical and biological studies are required to elucidate how the multiprotein BER
complex functions to balance genome maintenance repair reactions with precise regulation
of chemical modifications within epigenetically important sites (70,71).
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Figure 1.
The ligation of pol p dGTP insertions opposite oxidized forms of 5mC. (A) Hlustration of

the one nucleotide gapped DNA substrate and reaction products observed in the coupled
assays including pol p and DNA ligase. (B) Lanes 1, 6, 11, and 16 are the negative enzyme
controls of the one nucleotide gapped DNA substrates with template C, 5hmC, 5fC, and
5caC, respectively. Lanes 2-5, 7-10, 12-15, and 17-20 are the ligation products after pol
dGTP insertion opposite C, 5hmC, 5fC, and 5caC, respectively, and correspond to time
points 10, 30, 45, and 60 s. (C) The graph shows time-dependent changes in the ligation
products. The data represent the average of three independent experiments + SD.
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Figure 2.

The ligation of pol p mismatch insertions opposite oxidized forms of 5mC by DNA ligase I.
Lanes 1-4 are the ligation products after pol g dGTP:C, dATP:5hmC, dATP:5fC, and
dATP:5caC insertions, respectively. Lanes 5, 10, and 15 are the negative enzyme controls of
the one nucleotide gapped DNA substrates with template 5hmC, 5fC, and 5caC, respectively.
Lanes 6-9, 11-14, and 16-19 are the self-ligation products of the one nucleotide gapped
DNA with template 5hmC, 5fC, and 5caC, respectively, and correspond to time points 10,
30, 45, and 60 s. The gel is a representative of three independent experiments.
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d
o
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Effect of pol p K280 mutation on the ligation of dGTP insertions opposite C and 5hmC by
DNA ligase I. (A) Lanes 1 and 11 (insertion) and lanes 6 and 16 (coupled) are the negative
enzyme controls of the one nucleotide gapped DNA substrates with template C and 5ShmC.
Lanes 2-5 and 12-15 are pol B dGTP insertion products, and lanes 7-10 and 17-20 are pol
B dGTP insertion coupled to ligation products, and correspond to time points of 10, 30, 45,
and 60 s. (B) The graph shows time-dependent changes in the ligation products in coupled
reactions including wild-type pol g and DNA ligase | vs pol B K280A and DNA ligase I.

The data represent the average of three independent experiments + SD.
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Figure 4.
Effect of pol B K280 mutation on the ligation of dGTP insertions opposite 5fC and 5caC by

DNA ligase I. (A) Lanes 1 and 11 (insertion) and lanes 6 and 16 (coupled) are the negative
enzyme controls of the one nucleotide gapped DNA substrates with template 5fC and 5caC.
Lanes 2-5 and 12-15 are pol B dGTP insertion products, and lanes 7-10 and 17-20 are pol
B dGTP insertion coupled to ligation products, and correspond to time points of 10, 30, 45,
and 60 s. (B) The graph shows time-dependent changes in the ligation products in coupled
reactions including wild-type pol p and DNA ligase | vs pol B K280A and DNA ligase I.
The data represent the average of three independent experiments + SD.
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Figure 5.
Effect of pol B and DNA ligase | interaction on the ligation of dGTP insertions opposite

oxidized forms of 5mC. (A) Lanes 1 and 10 are the negative enzyme controls of the one
nucleotide gapped DNA substrates with template 5ShmC and 5caC, respectively. Lanes 2-5
and 6-9 are pol p dGTP:5hmC insertion coupled to ligation products in the presence of C-
terminal and N-terminal domains of DNA ligase I, respectively, and correspond to time
points of 10, 30, 45, and 60 s. Lanes 11-14 and 15-18 are pol B dGTP:5caC insertion
coupled to ligation products in the presence of C-terminal and N-terminal domains of DNA
ligase |, respectively, and correspond to time points of 10, 30, 45, and 60 s. (B) The graph
shows time-dependent changes in the ligation products in the coupled reactions including
pol B and full-length DNA ligase | vs pol g and C-terminal domain of DNA ligase I. The
data represent the average of three independent experiments + SD.
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Figure 6.

Ligation of pol A dGTP insertions opposite oxidized forms of 5mC by DNA ligase I. (A)
Lanes 1-3 are the negative enzyme controls of the one nucleotide gapped DNA substrates
with template 5hmC, 5fC, and 5caC, respectively. Lane 4 is the insertion coupled to ligation
products for dGTP:C, and lanes 5-8, 9-12, and 13-16 are the insertion coupled to ligation
products for dGTP:5hmC, dGTP:5fC, and dGTP:5caC, respectively, and correspond to time
points 10, 30, 45, and 60 s. (B) The graph shows time-dependent changes in the ligation
products in coupled reactions including pol § and DNA ligase | vs pol A and DNA ligase .
The data represent the average of three independent experiments + SD.
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Figure 7.
Ligation of the nicked repair intermediates with preinserted 3’-dGMP opposite oxidized

forms of 5mC by DNA ligase I. (A) Hlustration of the nicked DNA substrate and reaction
products observed in the ligation assays including DNA ligase. (B) Lanes 1, 8, and 15 are
the negative enzyme controls of the nicked DNA substrates with template 5hmC, 5fC, and
5caC, respectively. Lanes 2—7, 9-14, and 16-21 are the ligation products and correspond to
time points of 0.5, 1, 3, 5, 8, and 10 min.
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Figure 8.
Substrate specificity of DNA ligase | for the ligation of the repair intermediates with

preinserted 3’-dGMP and 3’-dTMP opposite oxidized forms of 5mC. The graphs show time-
dependent changes in the ligation (blue) and ligation failure (red) products, and the data
represent the average of three independent experiments + SD. The gel images are presented
in Figure 7B and Supplementary Figure 10.
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Figure 9.
Substrate specificity of DNA ligase | for the ligation of the repair intermediates with

preinserted 3’-dAMP and 3’-dCMP opposite oxidized forms of 5mC. The graphs show time-
dependent changes in the ligation (blue) and ligation failure (red) products, and the data
represent the average of three independent experiments + SD. The gel images are presented
in Supplementary Figure 11.
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Figure 10.

Substrate specificity of DNA ligase I11/XRCC1 complex for the ligation of the repair
intermediates with preinserted 3’-dGMP and 3’-dTMP opposite oxidized forms of 5mC. The
graphs show time-dependent changes in the ligation (blue) and ligation failure (red)
products, and the data represent the average of three independent experiments + SD. The gel
images are presented in Supplementary Figure 12.
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Figure 11.

Substrate specificity of DNA ligase I11/XRCC1 complex for the ligation of the repair
intermediates with preinserted 3’-dAMP and 3’-dCMP opposite oxidized forms of 5mC. The
graphs show time-dependent changes in the ligation (blue) and ligation failure (red)
products, and the data represent the average of three independent experiments + SD. The gel
images are presented in Supplementary Figure 13.
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Figure 12.

The models show the overall findings of this study and in our previous reports for pol B gap
filling, DNA ligation and substrate-product channeling during base excision repair. (A)
Substrate channeling from pol B correct vs mismatch insertion to ligation by the BER DNA
ligases during the final steps of the repair pathway in situations involving oxidative 5mC
base modifications in the template strand. (B) Substrate specificity of the BER ligases for
joining of 3’-preinserted correct vs mismatches when the oxidative 5mC modifications are
present in the template position.
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