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Abstract

Interstrand DNA-DNA cross-links (ICLs) are generated by endogenous processes, drugs, and
environmental toxins. Understanding the cellular pathways by which various ICLs are repaired is
critical to understanding their biological effects. Recent studies showed that replication-dependent
repair of an ICL derived from the reaction of an abasic (AP) site with an adenine residue (dA) on
the opposing strand of duplex DNA proceeds via a novel mechanism in which the DNA
glycosylase NEIL3 unhooks the ICL. Here we examined the ability of the glycosylase domain of
murine NEIL3 (MmuNEIL3-GD) to unhook dA-AP ICLs. The enzyme selectively unhooks the
dA-AP ICL located at the duplex/single-strand junction of splayed duplexes that model the strand-
separated DNA at the leading edge of a replication fork. We show that the ability to unhook the
dA-AP ICL is a specialized function of NEIL3 as this activity is not observed in other BER
enzymes. Importantly, NEIL3 only unhooks the dA-AP ICL when the AP residue is located on
what would be the leading template strand of a model replication fork. The same specificity for the
leading template strand was observed with a 5,6-dihydrothymine monoadduct, demonstrating that
this preference is a general feature of the glycosylase and independent of the type of DNA
damage. Overall, the results show that the glycosylase domain of NEIL3, lacking the C-terminal
NPL4 and GRF zinc finger motifs, is competent to unhook the dA-AP ICL in splayed substrates
and independently enforces important substrate preferences on the repair process.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the online version, at doi:https//doi.org/10.1016/j.dnarap.2019 DNA
sequences used in this study, time-course for the unhooking of the dA-AP ICL in splayed duplex B, unhooking of the dA-AP ICL in a
splayed duplex containing a 5°-32p_label on the dA strand of the cross-link, gel electrophoretic data showing that base pairing
adjacent to the dA-AP ICL inhibits unhooking by NEIL3 glycosylase, and gel electrophoretic data for the unhooking of the dA-AP
ICL by various base excision repair enzymes.
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1. Introduction

The generation of interstrand covalent cross-links (ICLs) in cellular DNA has profound
biological consequences because these lesions block the strand separation that is required for
most DNA transactions.l: 2 ICLs are generated by endogenous processes, clinically-used
anticancer drugs, and environmental toxins.3-8 Failure to repair ICLs can lead to cell death,
genomic instability, and tissue dysfunction.? 6 9-13 As a result, genetic defects in ICL repair
factors are associated with cancer, neurodegeneration, and accelerated aging.2 6. 9-12, 14

Mechanisms of cellular ICL repair are complex and not well understood. Nonetheless, it is
clear that a critical early step in the classical model for ICL repair involves “unhooking” of
the cross-link via dual incisions generated by endonucleases such as XPF-ERCC1 (Scheme
1A).12.15-18 The resulting double-strand break is repaired by homologous recombination, 9
while the gapped duplex on the other side of the cross-link is reconstituted by error-prone
translesion synthesis (Scheme 1A).17: 20, 21

Recent studies of replication-dependent ICL repair in Xenopus egg extracts revealed an
unprecedented cross-link unhooking mechanism that evades the double strand break
generated by dual incisions (Scheme 1B).22 These studies examined the unhooking and
bypass of a recently-characterized ICL derived from reaction of an abasic (AP) site in
duplex DNA with an adenine residue (dA) on the opposing strand (Scheme 2).23-25 AP sites
are common in cellular DNA.26: 27 Most AP sites are repaired by components of the base
excision pathway,28-30 but ICLs derived from these lesions may contribute to the load of
unavoidable endogenous cross-links® 3 that drive the evolution and retention of cross-link
repair pathways across most walks of life.32 33 The dA-AP ICL is chemically stable for days
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in neutral aqueous solution?4 25 and further was shown to completely block DNA
replication by the highly processive, strand-displacing $29 polymerase.34

The studies of Semlow et al. provided evidence that the base excision repair (BER) DNA
glycosylase NEIL3 unhooks the dA-AP ICL and also psoralen-derived ICLs (Figure 1B).
22,35 This observation was surprising because DNA glycosylases are known for the removal
of single damaged, mispaired, or misincorporated nucleobases from duplex DNA as the first
step in the BER pathway.2? 36: 37 In humans, there are at least eleven BER glycosylases,
each with distinct substrate preferences.28 Typically, the action of glycosylases proceeds via
extrusion (“flipping out”) of the target base from the double-helix into the active site of the
enzyme, followed by hydrolysis of the glycosidic bond to release the inappropriate base
from the DNA backbone.36: 37 Such a base flipping mechanism is not compatible with ICL
lesions.

NEIL3 is one of the most recently discovered DNA glycosylases and its mechanism of
action, substrate specificity, and cellular roles are not yet well defined.38: 39 There is
evidence that the a-amino group of the N-terminal valine residue of NEIL3 is required for
catalytic activity.38 40. 41 Consistent with unusual roles for this enzyme in DNA repair,
NEIL3 is expressed in S-phase, is associated with the replication fork and nascent DNA,
38,42, 43 and prefers to excise oxidized nucleobase lesions in non-canonical DNA structures
such as bubbles, single-stranded, and telomeric structures.38: 39, 41, 44-47

The results of cross-link repair in Xenopus egg extracts suggested a mechanism whereby
NEIL3 hydrolyzed the non-native glycosidic bond in the dA-AP ICL to release the AP-
containing strand and the complementary strand containing the native adenine residue
(Scheme 3).22 Biochemical experiments further showed that full length Xenopus NEIL3 did
not unhook a dA-AP ICL that was centrally located within a 24 base pair (bp) DNA-DNA
duplex and showed modest unhooking activity on the ICL located in DNA-RNA
heteroduplexes.22 On the other hand, the enzyme completely unhooked a small, trinucleotide
ICL remnant attached to a 24 nucleotide (nt) DNA oligomer via the dA-AP linkage.22 Given
the significance of ICL repair in biology and medicine it is important to understand the
biochemical and structural mechanisms of this novel glycosylase-dependent unhooking
process. In the work described here, we characterized the ability of NEIL3 to selectively
unhook the dA-AP ICL located at the duplex/single strand junction of splayed structures that
model the strand-separated DNA at the leading edge of a replication fork.16: 48-51

Materials and methods

2.1 Materials and general procedures.

Reagents were purchased from the following suppliers and were of the highest purity
available. Oligonucleotides were purchased from Integrated DNA Technologies (IDT,
Coralville, IA) or, in the case of DHT-containing oligonucleotides, from Midland Certified
Reagent Co. (Midland, TX). Uracil DNA glycosylase (UDG), and T4 DNA polynucleotide
kinase (T4 PNK), formamidopyrimidine DNA glycosylase (Fpg) and Endonuclease 111 (Nth)
were from New England Biolabs (Ipswich, MA). [y-32P]-ATP (6000 Ci/mmol) was
purchased from PerkinElmer. C-18 Sep-Pak cartridges were purchased from Waters

DNA Repair (Amst). Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nejad et al.

2.2.

Page 4

(Milford, MA), and BS Poly-prep columns were obtained from BioRad (Hercules, CA).
Acrylamide/bis-acrylamide 19:1 (40% Solution/Electrophoresis) was purchased from Fisher
Scientific (Waltham, MA), and other reagents were purchased from Sigma-Aldrich (St.
Louis, MO). Quantification of radioactivity in polyacrylamide gels was carried out using a
Personal Molecular Imager (BIORAD) with Quantity One software (v.4.6.5).

MmuNEIL3-GD purification.

MmUuNEIL3-GD (residues 1-282) was expressed in £. cofiand purified by nickel affinity
and heparin-sepharose chromatography as previously described 49, with the following
modifications. The cell lysis buffer was supplemented with 1 uM leupeptin and 1 uM
pepstatin A and did not contain detergent. Protein was stored at —80°C in 40 mM HEPES-
NaOH pH 7.0, 150 mM NaCl, 20% glycerol, and 1 mM DTT. Catalytically inactive E3Q
and K82A mutants were expressed and purified the same as wild-type.

2.3. Preparation of cross-linked DNA substrates.

A single-stranded, uracil-containing 2’-deoxy-oligonucleotide was 5’-32P-labeled using
standard procedures,® annealed to its complementary strand, and the resulting duplex
treated with the enzyme UDG (50 units/mL, final concentration) to generate an AP-
containing duplex. The UDG enzyme was removed by phenol-chloroform extraction and the
DNA ethanol precipitated. For ICL generation, AP-containing duplexes were incubated in
50 mM HEPES pH 7 and 100 NaCl at 37 °C for 120 h. The DNA was ethanol precipitated,
resuspended in formamide loading buffer and the slowly migrating cross-linked material was
separated from uncross-linked material by electrophoresis for 10 h at 200 V on a 2 mm
thick, 20% denaturing polyacrylamide gel. The splayed ICLs used in these studies were
generated in approximately 30-50% yields. The DNA bands in the gel were visualized by
autoradiography and the slow-moving band corresponding to cross-linked duplex was
excised from the gel. The gel slice was crushed and agitated in an elution buffer composed
of aqueous 200 mM NaCl and 1 mM EDTA pH 8 at 24 °C for 1 h. The gel fragments were
removed by filtering through a Poly-Prep column and the filtrate was ethanol precipitated.
The resulting residue was briefly dried in a Speed-Vac concentrator and stored at —20 °C.
ICLs labeled with 5(6)-carboxyfluorescein (FAM) were prepared in a similar manner using a
FAM-Ilabeled dU-containing strand prepared by treatment of 5’ or 3’-amino modified
oligonucleotides (/5AMMC6/ or I3AmMO/ from IDT) with 5(6)-carboxyfluorescein A-
hydroxysuccinimidyl ester,53 followed by gel purification. Sequences of all DNA substrates
used in these studies are shown in Figure S1.

2.4. Glycosylase activity assays.

Unhooking reactions typically contained 10,000-30,000 cpm (~1-10 nM) of labeled dA-AP
DNA substrate and 25 nM of NEIL3-GD in 10 pL of a solution containing 20 mM HEPES-
NaOH pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, and 100 pg/mL BSA. Following
incubation at 37 °C for the specified time, formamide loading buffer was added directly to
the assay and the DNA in the samples resolved by electrophoresis for 4 h at 1600 V on a
denaturing 20% polyacrylamide gel. The 32P-labeled oligonucleotides in the gel were
visualized by phosphorimager analysis.
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To assay DHT excision from splayed substrates, a 25-mer oligodeoxynucleotide containing a
central DHT and a 5’-FAM label was annealed to a 2-fold molar excess of the appropriate
complementary strand to generate splayed substrates. NEIL3-GD (10 pM) was incubated
with 100 nM FAM-DNA in 20 mM HEPES-NaOH pH 7.0, 100 mM NaCl, 10 pg/mL BSA,
1 mM DTT, and 5% glycerol at 25 °C. At various timepoints, 12 uL aliquots were removed,
spiked with 0.1 N NaOH (final concentration) and incubated at 70 °C for 5 minutes. An
equal volume of formamide loading buffer [80% (w/v) formamide, 10 mM EDTA] was
added and samples were stored at —20 °C. Samples were electrophoresed on 20%
polyacrylamide/8 M urea gels in 0.5X TBE buffer (45 mM Tris-base, 45 mM boric acid, 1
mM EDTA pH 8.0). Band fluorescence intensities were quantified on a Typhoon Trio
Variable Mode Imager (GE Healthcare).

In the unhooking assays shown in Figure 3, the conditions were as follows: 25 nM NEIL3 in
20 mM HEPES pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 100 pg/mL BSA; 25 nM
hNEIL1 in 20 mM Tris-HCI pH 8.0, 50 mM NaCl, 1 mM EDTA and 100 pg/mL BSA,; 10
units Fpg in 10 mM Bis-Tris-propane-HCI pH 7, 10 mM MgCl,, 1 mM DTT, 100 ug/mL
BSA; 10 units Endo 111 in 20 mM Tris-HCI pH 8, 1 mM EDTA, 1 mM DTT; and 10 units
APE in 50 mM potassium acetate, 20 mM Tris-acetate pH 7.9, 10 mM magnesium acetate, 1
mM DTT. Control reactions showed that all enzymes displayed robust activity on an
(uncross-linked) AP-containing substrate under the assay conditions. The reactions were
incubated for 24 h at 37 °C. Following incubation at 37 C, formamide loading buffer was
added, and DNA fragments in the samples resolved by electrophoresis for 4 h at 1600 V on a
denaturing 20% polyacrylamide gel.

2.5. DNA binding assays.

Fluorescence anisotropy was monitored as a catalytically inactive E3Q mutant of
MmuNEIL3-GD was added to FAM-labeled fork structures (Figure S1). Reactions (25 pL)
were incubated for 30 min at 4 °C and contained 25 nM DNA, 25 mM HEPES-NaOH pH
7.0, 50 mM NacCl, 3% glycerol, and 1 mM DTT. Measurements were recorded in 384-well
plates (Corning 4514) using a BioTek Synergy H1 plate reader with 485 nm excitation and
528 nm emission filters. Equilibrium dissociation constants (Ky) were derived by fitting a
one-site binding model to the data. We did not see any quenching of total fluorescence
intensity that would indicate an interaction between the protein and the FAM label.

3. Results

3.1. NEIL3 glycosylase preferentially unhooks the dA-AP ICL in a DNA fork structure

We set out to examine the ability of the glycosylase domain of murine NEIL3 (MmuNEIL3-
GD)*! to unhook dA-AP cross-links in splayed DNA substrates that mimic the type of
structures present at a stalled replication fork. Using previously described methods, we
prepared and isolated a series of fully base-paired and splayed duplexes containing the dA-
AP ICL.23 24,34, 54 \We found that NEIL3-GD did not unhook a dA-AP ICL embedded in
the center of a 35 bp duplex A (Figure 1, lanes 4 and 5). In contrast, NEIL3-GD readily
unhooked the dA-AP cross-link located at the duplex/single-strand junction of the splayed
duplex B, composed of a 21 bp duplex and two 15 nt unpaired arms (Figure 1, lanes 2 and

DNA Repair (Amst). Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nejad et al.

3.2.

Page 6

3). In experiments where the 5’-32P-label was located on the AP-containing strand of duplex
B (Figure 1), we observed that unhooking was accompanied by complete cleavage at the AP
site, with no full length AP strand observed during the reaction time-course (Figure S2). A
complementary experiment with the 5’-32P-label placed on the opposite strand of duplex B
showed that the unhooking action of NEIL3-GD released the full-length dA-containing
strand (Figure S3). Taken together, these results are consistent with the proposed?2
unhooking mechanism involving hydrolysis of the non-native glycosidic bond of the dA-AP
ICL (blue bond in Scheme 3).

Five or more base pairs adjacent to the ICL inhibits unhooking by NEIL3-GD

To determine how far away the AP-ICL could reside from the fork and still be recognized by
NEIL3-GD, we prepared a series of duplexes that systematically introduced base pairing
into the splayed region adjacent to the cross-link. We found that a clamp of 5 bp
significantly inhibits unhooking and clamps of =6 bp preclude unhooking of the dA-AP ICL
by NEIL3-GD (Figure 2). Clearly, Watson-Crick base pairing adjacent to the cross-link
disrupts the ability of NEIL3-GD to bind or process the dA-AP ICL.

3.3. Other base excision repair enzymes do not display activity against the dA-AP ICL

We next examined the ability of other base excision repair enzymes — NEIL1, Fpg, Endolll
glycosylases, and the apurinic endonuclease APE1 — to unhook the dA-AP ICL. Importantly,
none of these enzymes was able to generate significant amounts of unhooked product from
the splayed ICL-containing duplex B, even with extended (24 h) incubation times (Figures 3
and S4). This provides evidence that AP-lyase or AP-endonuclease activities alone are not
sufficient for unhooking the dA-AP ICL and that NEIL3-GD has a specialized ability to
recognize and process this cross-linkage in splayed duplexes.

3.4. NEIL3-GD selectively targets lesions on the leading template strand of a model
replication fork

If we view the splayed substrates as models for the strand-separated DNA at the leading
edge of a replication fork, the AP residue of the dA-AP ICL in duplex B (Figure 4) resides
on the leading template strand. For comparison, we constructed a cross-linked duplex C in
which the AP residue of the dA-AP ICL was placed on the lagging strand template (Figure
4). Interestingly, we found that NEIL3-GD was unable to unhook the dA-AP lagging strand
ICL in duplex C (Figure 4).

We used fluorescence anisotropy to examine the binding affinity of NEIL3-GD for the cross-
linked duplexes containing the AP site on the leading (fork B) and lagging strand template
(fork C). For these experiments, we employed analogs of the splayed duplexes B and C
containing fluorescent labels in the duplex region and the catalytically-inactive E3Q mutant
of NEIL3-GD. The enzyme binds to the leading and lagging ICL forks with the same
affinity (leading, 0.5 £ 0.1 uM; lagging, 0.4 £ 0.2 uM) (Figure 5). The results suggest that
the difference in catalytic activity of NEIL3-GD for leading and lagging substrates cannot be
explained by a simple binding preference.
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We further explored this aspect of NEIL3-GD substrate specificity by examining the rates at
which the enzyme excised a 5,6-dihydrothymine (DHT) monoadduct located on either the
leading or lagging strand templates of model forks. We found that the enzyme is more
effective at removing the DHT lesion located on the leading strand template of a splayed
substrate than from the lagging strand template (Figure 6). Removal of the DHT from the
leading strand template was comparable to that from a single-stranded substrate. The
enzyme is ineffective at the removal of DHT from the center of a double-stranded substrate
(Figure 6). Overall, these results provide evidence that NEIL3-GD selectively targets the
deoxyribose residue of lesions located on the leading strand template of a model replication
fork.

4. Discussion and conclusions

Recent studies provided evidence that NEIL3 is at the center of a previously unrecognized,
front-line system for unhooking some ICLs at stalled replication forks.22 This pathway
evades double-strand break formation and the need to engage potentially error prone>®
homologous recombination. Our results show that the glycosylase domain of NEIL3
selectively unhooks the dA-AP ICL in splayed duplexes and that this is a specialized feature
of NEIL3-GD, not shared by other BER enzymes examined here. The unhooking of the ICL
by NEIL3-GD in our experiments, occurring with a half-time of approximately 2 h, (Figure
S2) is slow compared to the processing of favored substrates such as spiroiminohydantoin in
single stranded DNA which are reported to take place with a half-times of one minute or
less.41: 56 |n our experiments using the glycosylase domain of the mouse ortholog,
unhooking of the dA-AP ICL is accompanied by nicking of the AP-containing strand. In
contrast, NEIL3-mediated unhooking of the dA-AP cross-link in Xenopus egg extracts takes
place without concomitant cleavage of the AP strand, thereby avoiding formation of a
double-strand break.?2 It is uncertain how the AP lyase activity of NEIL3 might be regulated
at the replication fork. The difference in lyase activity may result from differences in the
proteins used although, in general, a consistent picture has not emerged in the literature
regarding NEIL3 lyase activity on simple, single-stranded substrates.41- 56

We find that NEIL3-GD can unhook the dA-AP ICL only when the AP residue of the cross-
link is located on the leading strand template of a model replication fork (single-stranded
DNA on the 3’-side of the AP site) but not when the AP residue is located on the lagging
strand template (single-stranded DNA on the 5’-side of the AP site). We find that the
enzyme displays approximately 40-fold higher affinity for the leading strand ICL over the
lagging strand ICL. These results are in agreement with the unhooking of the dA-AP
observed in Xengpus egg extracts, where stalling of the “rightward fork” was not resolved
by NEIL3, but led to a small amount of CMG helicase unloading and FANC-dependent
unhooking via the incision pathway.22 Crystallographic studies have shown that NEIL3-GD
has a positively-charged channel that is incompatible with duplex DNA on one side of the
lesion.5” The single-stranded regions of the splayed substrates may associate with this DNA-
binding channel in a manner that aligns the dA-AP ICL with the catalytic machinery of the
enzyme. Indeed, modeling the interaction of a forked ICL with NEIL3 based on the protein-
DNA complexes of other Nei family members places the single-stranded DNA on the 3’-side
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of the AP site against the single strand-binding channel, thus positioning the enzyme for
attack on the deoxyribose residue of the lesion on the leading strand template.

NEIL3 contains several zinc finger (ZF) motifs C-terminal to the glycosylase domain.
Recent work showed that the NPL4-like (NZF, a.k.a. RanBP-ZF) in full-length NEIL3 is
required for unhooking the dA-AP ICL in Xenopus egg extracts, presumably by recruiting
NEIL3 to the stalled fork through interaction with ubiquitylated MCM subunits of the CMG
helicase.?® The two GRF-ZFs at the extreme C-terminus bind DNA and may play an
additional role in orienting NEIL3 at the fork.%8 The N-terminal glycosylase domain
employed in our work lacks these C-terminal domains but clearly possesses the capacity to
unhook the dA-AP ICL. Our data further suggest that the glycosylase domain of NEIL3
independently enforces important substrate preferences on the unhooking process.
Additional studies will be required to characterize the atypical glycosylase activity involved
in ICL unhooking by NEIL3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
NEIL3-GD selectively unhooks the dA-AP cross-link in a splayed duplex. The 5’-32P-

labeled cross-linked duplexes A and B were incubated with NEIL3 in HEPES (20 mM, pH
7.4) containing NaCl (100 mM), EDTA (1 mM), dithiothreitol (1 mM) and bovine serum
albumin (100 pg/mL) at 37 °C for 2 h. Formamide loading buffer was added and the DNA in
the samples resolved by electrophoresis on a denaturing 20% polyacrylamide gel. Following
separation, the 32P-labeled oligonucleotides in the gel were visualized by phosphorimager
analysis.
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Figure2.
Base pairing adjacent to the dA-AP cross-link dramatically inhibits unhooking by NEIL3-

GD. Substrates consist of 21 nt of paired duplex region on the 5’-side of the AP site and 17
nt, with varying numbers of base pairs, on the 3’-side of the AP as shown in the duplex
cartoons. Sequences of substrates are shown in Figure S1. Panel A: the gel-purified, 5’-32p-
labeled, cross-linked duplexes were incubated with NEIL3-GD in HEPES (20 mM, pH 7.4)
containing NaCl (100 mM), EDTA (1 mM), dithiothreitol (1 mM) and bovine serum
albumin (100 pg/mL) at 37 °C for 2 h. Formamide loading buffer was added and the DNA in
the samples resolved by electrophoresis on a denaturing 20% polyacrylamide gel. Following
separation, the 32P-labeled oligonucleotides in the gel were visualized by phosphorimager
analysis. Panel B: Average £ S.D. for gel electrophoretic analyses of unhooking reactions.
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Base excision repair enzymes other than NEIL3-GD do not effectively unhook the dA-AP
ICL in the splayed duplex B. The splayed duplex was incubated with various enzymes in
their preferred buffers at 37 °C for 24 h. The bar graph depicts average + S.D. (n=3) for gel
electrophoretic analyses of the reactions.
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NEIL3-GD selectively unhooks the dA-AP ICL located at the duplex/single-strand junction
of a splayed duplex in which the AP site resides on the leading strand template of a model

replication fork.

DNA Repair (Amst). Author manuscript; available in PMC 2020 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nejad et al.

Page 16

Relative Anisotropy

[NEIL3-GD E3Q] (uM)

Figure5.

Fluorescence anisotropy experiments provide evidence that NEIL3-GD has the same affinity

for leading and lagging strand ICL substrates. Solutions containing FAM-labeled AP-

substrate were titrated with the catalytically-inactive E3Q mutant of NEIL3-GD. The
shows average + S.D. for three independent measurements. The calculated Ky for the

ICL
plot

binding of NEIL3-GD E3Q to the leading strand ICL is 0.5+0.1 uM and that for the lagging
strand ICL is 0.4 + 0.2 uM. In the fork schematics, the blue line indicates the position of the

ICL and the asterisk denotes the position of the FAM label.
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Figure 6.
NEIL3-GD preferentially removes a dihydrothymine (DHT) monoadduct from the leading

template strand of a splayed substrate. A. Representative polyacrylamide gel showing a
time-course for NEIL3-GD activity against DHT (represented by red X)-containing
structures. Lanes 1-28, wild type MmMuNEIL3-GD; lanes 29-32, K82A inactive mutant
control. B. Quantification of data from three independent experiments (average = S.D.).
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5

5

Mechanisms for interstrand cross-link unhooking and repair. Panel A: The classical model
for ICL unhooking involves dual incisions that generate a double-strand break.The upper
strand is repaired by homologous recombination (HR) and the lower strand reconstituted by
translesion synthesis polymerases (bypass). Panel B: Unhooking the dA-AP ICL by the

glycosylase NEIL3 evades double-strand break formation.
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Formation of dA-AP ICL via the reaction of an AP site with an adenine residue on the

opposing strand of duplex DNA.
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NEIL3 glycosylase unhooks the dA-AP ICL by cleaving the non-native glycosidic bond in
the cross-linkage between AP of the adenine residue and C1 of the AP site. Val2 of NEIL3
acts as a nucleophile in its base excision repair reactions.*!

DNA Repair (Amst). Author manuscript; available in PMC 2020 December 01.



	Abstract
	Graphical Abstract
	Introduction
	Materials and methods
	Materials and general procedures.
	MmuNEIL3-GD purification.
	Preparation of cross-linked DNA substrates.
	Glycosylase activity assays.
	DNA binding assays.

	Results
	NEIL3 glycosylase preferentially unhooks the dA-AP ICL in a DNA fork structure
	Five or more base pairs adjacent to the ICL inhibits unhooking by NEIL3-GD
	Other base excision repair enzymes do not display activity against the dA-AP ICL
	NEIL3-GD selectively targets lesions on the leading template strand of a model replication fork

	Discussion and conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Scheme 1.
	Scheme 2.
	Scheme 3.

