11 Supplementary

Supplementary Table 1: NMR Constraints and Statistics for the final set of structures.

Non-redundant distance and angle constrains

Total number of NOE restraints 1565

Short-range NOEs

Intra-residue (i =) 421

Sequential (|i-j|=1) 400
Medium-range NOEs (1 <|i-j|<5) 169
Long-range NOEs (|i-j|>5) 569
Torsion angles 134
Hydrogen bond restrains 30
Total number of restricting restraints 1729
Total restricting restraints per restrained residue 18.6

Residual constraint violations

Distance violations per structure

0.1-02A 0.23
02-05A 0
>05A 0
r.m.s. of distance violation per constraint 0.01 A
Maximum distance violation 0.19 A

Dihedral angle viol. per structure

1-10° 2.49
>10° 0
r.m.s. of dihedral violations per constraint 0.66°
Maximum dihedral angle viol. 8.50°

Ramachandran plot summary

Most favoured regions 89.6%
Additionally allowed regions 10.4%
Generously allowed regions 0.0%
Disallowed regions 0.0%

r.m.s.d. to the mean structure All / orderedl
All backbone atoms 1. 0.8A
All heavy atoms 14/12A
PDB entry 7O0MK
BMRB accession code 34630

1Residues with sum of phi and psi order parameters > 1.8



Supplementary Table 2: Crystallographic statistics PDB ID = 7Z5A

Crystal structure

mNEIL3(NEI)-DNAhp

Diffraction source Bessy 14.2
Wavelength (A) 0.9184
Space group P212121

Cell (a, b, ¢) (A)

56.16 71.56 94.44

Cell (a, B, v) (°)

90.0 90.0 90.0

Resolution range (A)

28.85-2.28(2.341 - 2.28)

Total no. of reflections 212864 (15869)
No. of unique reflections 17642 (1761)
Multiplicity 12.1 (10.8)
Completeness (%) 0.99 (0.96)
Mean I/o(I) 9.65 (2.85)
R-merge (%) 16.75 (62.0)
CC1/2 0.992 (0.961)
CcC* 0.998 (0.99)

R-work (%)

23.7 (33.0) [24.6]

R-free (%)

26.1 (37.2) [27.6]

Number of non-H atoms 2529
RMSD Bonds (A) 0.005
RMSD Angles (°) 0.85
Ramachandran (%) 98.06/1.94

Statistics for the highest-resolution shell are shown in parentheses.

R-factors were calculated in the refinement in Phenix Refine (5), those in brackets [R-work/R-free]

were calculated during deposition (https://deposit-pdbe.wwpdb.org/)
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ARTICLE INFO ABSTRACT

Keywords: DNA interstrand crosslinks (ICLs) strands pose an impenetrable barrier for DNA replication. Different ICLs are
DNA damage ) known to recruit distinct DNA repair pathways. NEIL3 glycosylase has been known to remove an abasic (Ap) site
Interstrand crosslink derived DNA crosslink (Ap-ICL). An Ap-ICL forms spontaneously from the Ap site with an adjacent adenine in the
Abasic site 8 - ! 1

Non-enzyme kinetics opposite strand. Lack of genetic models and a poor understanding of the fate of these lesions leads to many
DNA rep};ir questions about the occurrence and the toxicity of Ap-ICL in cells.

Here, we investigate the circumstances of Ap-ICL formation. With an array of different oligos, we have
investigated the rates of formation, the yields, and the stability of Ap-ICL. Our findings point out how different
bases in the vicinity of the Ap site change crosslink formation in vitro. We reveal that AT-rich rather than GC-rich
regions in the surrounding Ap site lead to higher rates of Ap-ICL formation. Overall, our data reveal that Ap-ICL
can be formed in virtually any DNA sequence context surrounding a hot spot of a 5'-Ap-dT pair, albeit with
significantly different rates and yields. Based on Ap-ICL formation in vitro, we attempt to predict the number of

Ap-ICLs in the cell.

1. Introduction

Interstrand DNA crosslinks (ICLs) are a type of DNA damage in which
opposite DNA strands are covalently linked. ICLs form an impenetrable
barrier that prevents DNA replication [1]. Various forms of ICLs that
differ both structurally and chemically have been identified [2-5]. To
combat the deleterious and toxic consequences of these lesions, distinct
DNA repair mechanisms have evolved. At present, two distinct DNA
repair processes have been identified. The first repair process is the
NEIL3 pathway involving NEIL3 glycosylase, and the second is the
Fanconi Anaemia DNA repair pathway (FA pathway) [6,7]. These two
pathways are intrinsically linked to DNA replication and complement
each other in the repair of ICLs. The NEIL3 pathway has been linked to
an early stage of replication coupled repair when replication forks stall
on the crosslink and is known for the removal of abasic site ICLs
(Ap-ICLs) [4,8]. Additionally, NEIL3 is also involved in the recognition
and excision of psoralen-induced ICLs. The same ability has also another
glycosylase, NEIL1. Importantly, the excision activity of these glyco-
sylases doesn’t generate double-strand breaks [9]. The later recruited FA

pathway recognises and repairs crosslinks arising from small aldehydes
such as acetaldehyde derived crosslinks. It has been identified and it is
known for its ability to repair DNA crosslinks generated from exogenous
crosslinking compounds, used as chemotherapeutics or in warfare (e.g.
cis-platin and nitrogen mustard) [10-12].

An abasic site (apurinic/apyrimidinic), or an Ap site, can be gener-
ated spontaneously in large quantities, as it was estimated that 10,000
Ap sites form per cell every day [13,14]. This astronomical number is
increased even further, mainly by some DNA glycosylases that remove
damaged bases from the genome [15]. One of the most well-known is
Uracil DNA glycosylase, an important enzyme not only in base excision
repair but also in somatic hypermutation during the diversification of
antibodies [16-19]. It removes uracil, generated either by spontane-
ously or enzymatic deamination of cytosine. The Ap site undergoes
spontaneous or enzymatic cleavage. The Ap endonucleases cleave the
phosphodiester bond of the Ap site while producing a nick with
3'-deoxyribose-5'-phosphate and a single-strand DNA (ssDNA) break
[20,21]. Two groups of Ap lyases cleave the Ap site either via p-elimi-
nation generating an unsaturated 3'-aldehyde or through the p-8

Abbreviations: Ap site, apurinic/apyrimidinic site, abasic site in DNA; ICL, Interstrand DNA crosslink; NEIL3, nei-like DNA glycoslase 3.
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elimination to yield 3’-phosphate [22,23]. The Ap site also undergoes
spontaneous breakage with a half-life of 8 days, and the rate can be
enhanced by basic hydrolysis catalysed by amines or an increase of pH.
First, the Ap site undergoes p-elimination followed by §-elimination with
3'-phosphate as the final endproduct [24,25]. These toxic 3'-lesions
block ligation and replication and are generally repaired by specific
3'-phosphates, such as PNK or Ap exonucleases [26-29]. Finally, the
generated ssDNA break with 3'-OH is repaired by a DNA polymerase and
ligase [25,30,31]. A nucleophilic attack of the Ap site may form a DNA
interstrand crosslink or a DNA-protein crosslink [4,32].

From a chemical point of view, an Ap site undergoes structural
changes, such as mutarotation and spontaneous decomposition [33].
Spontaneous base loss is caused by hydrolysis where the C1 of deoxy-
ribose is attacked by a water molecule from the opposite side of the
N-glycosidic bond [30]. This reaction leads to the formation of an Ap site
with an alpha-OH group at Cl. Further on the Ap site, it undergoes
mutarotation until the thermodynamic equilibrium is reached [33,34].
Interestingly, this process reaches equilibrium when only 1% of the
ribose ring opens to its aldehyde form [33,35]. Aldehydes are reactive
groups that readily interact with amines, forming a relatively stable
covalent imine commonly known as a Schiff base [36-38].

Very early on, it was suggested that the Ap site can generate ICL in
double-stranded DNA [39,40]. This was later confirmed and further
investigated in several publications [41-43]. Most of these experiments
were carried out at relatively low pH, somewhat harsh and
non-physiological conditions. Nonetheless, one rough estimate at pH =
6.8 in T7 phage DNA was that 1 crosslink is formed per 140 Ap sites
[40]. Eventually, the nature of the chemical agent responsible for
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crosslink formation on the Ap site was found to be the aldehyde group,
and the optimum for Ap-ICL formation is in the low pH region [44].

Successfully reconstituted Ap-ICL at a specific site in vitro was
accomplished for the Ap site crosslinking with guanine in an opposite
DNA strand within the 5-dC-Ap sequence [4]. These crosslinks were
formed under relatively acidic conditions (pH = 5) and stabilized by the
reduction with sodium cyanoborohydride (NaBH3CN) and characterized
by mass spectroscopy. Shortly thereafter, another Ap-ICL was discov-
ered where the Ap site linking with opposing adenine downstream of the
Ap site, and therefore a different sequence context (5-ApT) was
confirmed. This Ap-ICL was shown to be stable, and it formed under
physiological conditions [46]. A subsequent NMR study confirmed that
one of the Ap-ICLs generated between ApT:A is attached with the
N6-amino group of the dA from the opposite strand [47]. In this study,
Ap-ICL was extracted from the duplex by enzymatic digestion and
analysed by NMR. The presence of different sugar moiety isomers was
found in equilibrium. The latest NMR study reveals that the structure of
Ap-ICL has the Ap site’s ribose ring closed in its furanose form [45]. In
this work, the DNA contains a 5'-dC-Ap-dT sequence (Fig. 1).

These studies have sparked questions regarding the repair of these
Ap-ICLs in the cell. The first repair that was discovered is linked to
replication and is orchestrated by the DNA glycosylase NEIL3 [7].
Subsequently, it was demonstrated that this enzyme requires a replica-
tion fork with a specific orientation of the Ap part of the lesion to be
catalytically efficient. Furthermore, NEIL3 is recruited to the ICL by
TRAIP1 dependent ubiquitylation of DNA helicase which initiates the
ICL repair [8]. Finally, it has been described that particular orientation
of the Ap-ICL site within the DNA fork is necessary for sufficient removal
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Fig. 1. Structure, sequence and formation of the Ap-ICL.A) The Ap site in an open and closed form, B) schematics of formation of Ap-ICL. C) The NMR model of the
structure of Ap-ICL. D). An enlarged side view of the Ap-ICL within the duplex DNA with orphaned bases (Ap site in yellow, dG which is known to also form Ap-ICL in
pink, and crosslinked adenine in green), E) the DNA sequence schematics in the vicinity of Ap-ICL in this NMR structure, and F) top view of the Ap-ICL crosslink (C-F)
[45].(For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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of the Ap-ICL [48]. The knowledge regarding the feasibility and preva-
lence of the Ap-ICL, however, remains elusive. Moreover, the circum-
stances such as the local sequence leading to formations and its kinetics
are also only fragmental.

Here, we aim to reveal a sequence of contexts and conditions leading
to the formation of the Ap-ICL in vitro and to predict the relevance,
frequency and feasibility of Ap-ICL formation in vivo. With this goal in
mind, we designed a panel of DNA oligonucleotides to study the rate of
formation of Ap-ICL in vitro with regard to the sequence context. Our
data reveal that individual changes in nucleobases surrounding Ap-ICLs
influence the rate of formation of the Ap-site, but only to a certain
extent. Significant changes in formation rates have been observed for
Ap-ICLs generated within the duplex with AT-rich regions surrounding
the crosslink lesion. We then followed the stability of the purified Ap-
ICLs, and from our biochemical experiments regarding the formation
of Ap-ICLs, we have estimated a theoretical number of Ap-ICLs formed in
a living cell.

2. Materials and methods
2.1. Oligonucleotides for preparation of DNA containing native Ap site

All synthetic DNA oligonucleotides were acquired from (Sigma-
Aldrich). Oligonucleotides for the preparation of native Ap sites were
ordered with deoxy-uracil and were labelled with HEX (Table 1).

2.2. DNA crosslink formation

The reaction buffer for crosslinking reactions was optimized. The
final reaction buffer was composed of 20 mM HEPES, pH = 6.5, 140 mM
NaCl, 0.5 mM TCEP, and 5% glycerol. Comparative crosslinking exper-
iments were carried out at Tris-HCl pH = 7.4, 140 mM NaCl and 5%
glycerol to outline the similarity of results under physiological condi-
tions (Supplementary Fig. S4). We mixed labelled DNA oligonucleotides
with non-labelled complementary oligonucleotides 1:1 in an optimized
buffer to the final DNA concentration of 2.5 pM. The DNA reaction
mixture (50 pl) was annealed using Biometra Tprofessional Thermo-
cycler by heating to 95 °C and then cooling to room temperature using
the slowest ramp. For the Ap site creation, 0.5 U uracil-DNA glycosylase

Table 1
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(UDG) (New England Biolabs) per one sequence reaction was added and
kept 5 min at room temperature. Afterwards, UDG was inactivated with
another round of an annealing cycle. The annealed DNA reaction
mixture containing the Ap site was incubated for the duration of the
experiment at 37 °C. At given time points, 1 ul of the crosslinking re-
action was taken and mixed with 9 ul of formamide to stop the reaction.
The stopped reaction was separated on a 20% denaturing poly-
acrylamide gel (1 x TBE, 7 M Urea 20% polyacrylamide: bisacrylamide
19:1) and visualized using a 532 nm laser and using a Cy3 570BP20
filter on an Amersham Typhoon Biomolecular Imager (GE Healthcare).
The progress of the crosslinking reaction was quantified using a com-
mercial ImageQuant TL. All bands in the individual lanes (substrate,
product and intermediates) were densitometrically quantified to deter-
mine the percentage of the crosslink formed, the methodology was
described previously in detail [49]. Control reaction with thymine in
place of uracil to prevent Ap-ICL reaction was carried out with and
without UDG, this control aimed to demonstrate the specificity of
crosslinking at Ap site (Supplementary Fig. 52).

2.3. Isolation of crosslinked DNA from polyacrylamide gel for further
reactions

Ap-ICL crosslink was purified from the PAGE gel using the modified
band excision method from the gel [50]. The sample of crosslinked DNA
was run on a 20% denaturing polyacrylamide gel. Bands were visualized
using HeroLab UVT-20 S/M/L, and a band of crosslinked DNA was cut
out, chopped and transferred to a tube with 200 pl of elution buffer
(20 mM Tris, pH 7.4, 140 mM NacCl, 0.5 mM TCEP, 5% glycerol). The
tube was left on a rotating wheel at 8 °C overnight. The sample was then
centrifuged at 800 g for 1 min. The remaining buffer was recovered and
purified using Cytiva MicroSpin™ G-25 Columns against the elution
buffer to remove excess urea. The final sample of purified Ap-ICL DNA
was run on 20% denaturing polyacrylamide gel to verify its purity.

2.4. Analysis of degradation of crosslinked DNA
The stability of crosslinked DNA was assessed at 37 °C in 20 mM Tris,

pH 7.4, 140 mM NaCl, 0.5 mM TCEP, 5% glycerol. At given time points,
typically 1 day, 2 pl of a solution of crosslinked DNA was taken, 8 pl of

DNA oligonucleotide sequences. Sequences of dsDNA oligonucleotides, and their names used in this study. Ap site is generated from uracil (U) on the position 2 and Ap-
ICL forms with adenine on the position 6, the reaction confirming the specificity of Ap-ICL crosslinking reaction is shown in Supplementary Fig. S3.

4G 5'[HEX] ~GTCGATGAAC] UsT3AGACAGCT 41
3" -CAGCTACTTGA5AgTCTGTCGA

4ac 5'[HEX] ~GTCGATGAAC) Uy T3AGACAGCT 61
3'-CAGCTACTTC4A5AgTCTGTCGA

4T 5'[HEX] ~GTCGATGAAC] UpT3AGACAGCT
37 -CAGCTACTTT4A5AgTCTGTCGA

4(5)A 5'[H GTCGATGAACUpT3AGACAGCT TT
37 -CAGCTACTTAA;AgTCTGTCGA

56 5'[HEX] ~GTCGATGAAC Uy T3AGACAGCT TC
3'-CAGCTACTTA,G5AgTCTGTCGA

5¢C 5'[HEX] ~-GTCGATGAAC] U T3AGACAGCT GT
3'-CAGCTACTTA4C5AgTCTGTCGA

5T {] ~GTCGATGAAC] UpT3AGACAGCT Ge

3" -CAGCTACTTA,T:AgTCTGTCGA

5t

HEX | ~GTCGATGRAC]UpT3AGACAGCT
3'-CAGCTACTTI4AsAgTCTGTCGA

[HEX] -GTCGATGAAC U T3AGACAGCT
3'-CAGCTACTTG4A5ITCTGTCGA

-GTCAGATCAAA U, T;ARACCTG
3'-CAGTCTAGTTT 4G A g TT TGGAC
HEX ] ~GTCAGATCAAGU 5 T3ARACCTG
3'-CAGTCTAG TTC 4G A g TT TGGAC

HEX] -GTCAGATCCCA1U 2T 3CCACCTG
B
3'-CAGTCTAGGGT 4G A ;GGTGGAC

%] -GTCAGATCCCG U 3 T 3CCACCTG
3'-CAGTCTAGGGC 4G gA sGGTGGAC
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formamide was added, and the sample was frozen at —80 °C to termi-
nate the degradation. After that, all samples were resolved on 20%
denaturing polyacrylamide gel to validate the progress of degradation.
The gel was scanned using a laser at 532 nm and a Cy3 570BP20 filter on
the Amersham Typhoon Biomolecular Imager (GE Healthcare). The
image was analyzed using the commercial ImageQuant TL. Lines were
selected manually, and the background subtraction was performed using
the rolling ball method. Bands with constant dimensions encompassing
crosslinked DNA and degradation products were selected manually. For
every line, the percentage of degradation of crosslinked DNA was
calculated based on the ratio of the remaining crosslinked DNA and the
degradation product.

3. Results
3.1. Design of the DNA substrates

Uracil, and thus the Ap site, was situated in the middle of the
oligonucleotide duplex. All residues in the vicinity were named

A

/GTCGAT GAAC,U,T3AGACAGCT

DNA Repair 113 (2022) 103300

accordingly (Fig. 2A), and the position of the Ap site was numbered 2.
The base to which the majority of crosslinks is formed was fixed to be
adenine at position 6 [36]. Therefore, in our experimental setup, posi-
tions 2 and 6 were constant as there were involved in the Ap-ICL for-
mation with the exception of a control experiment validating the
preferential formation of these sites. Only natural DNA nucleobases
were altered in other positions to obtain all possible combinations in the
vicinity of the Ap site. Position 5 is opposite to the Ap site lesion. Because
positions 1 and 4 were intrinsically linked by complementarity, there-
after the experiments were focused on positions 4 and 5. Subsequently, a
wider area of the Ap site was investigated with the specific goal of
comparing the AT-rich and GC-rich regions (Fig. 3).

3.2. Generation of the Ap site and crosslink formation

Purchased synthetic DNA oligonucleotides contained deoxyuridine
and were labelled with 5’ fluorescent dye (HEX, 6-hexachloro-fluores-
cein). Uracils were introduced to easily generate a native Ap site.
First, the oligos were annealed with a complementary DNA strand and
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Fig. 2. Reaction kinetics of the Ap site DNA when varying bases at positions 4 and 5, respectively.(A) Schematic design of the DNA duplex containing the Ap site and

lature of different p

Position 2 is where the Ap site is formed by reaction with UDG, and ICL is formed between positions 2 and 6. Reactions were initiated by the

formation of the Ap site by UDG and kept in dark at 37 °C (B) Reactions in each timepoint were stopped (here 24 h) and immediately resolved on 20% denaturing PAGE gel,
ssDNA marks single-stranded DNA and DP donates degradation product. The gels were evaluated and the proportion of Ap-ICL formed from DNA oligos with different
nucleobase in position 4(C) or position 5(D) were plotted in the graph. The initial rates of Ap-ICL formation (E) and the maximum yield (F) of Ap-ICL we plotted as bar charts.
Error bars represent SEM from three independent repeats. Comparative gel at Tris-HClL pH = 7.4, 140 mM NaCl shown in the Supplementary Fig. S4.
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(right), in the vicinity of the Ap site. AT-rich sequences where thymine and cytosine are interchanged in the 4™ position are named TT or TC; similarly, GG-rich sequences with
bases in the 4™ position are named GT or GC. (B) Reactions were resolved on 20% denaturing PAGE gel, ssDNA marks single-stranded DNA and DP donates degradation
product. (C) Reaction kinetics of Ap-ICL formation from DNA oligos with AT-rich or GC-rich regions. The rate of ICL formation (D) and the maximum yield (E) were plotted for

all four sequences. Error bars represent SEM from four independent repeats.

incubated with an UDG [51,52]. The minimal amount of this enzyme
was estimated by its titration into the reaction mixture. The presence of
the generated Ap site was monitored on the PAGE gel after its sufficient
hydrolysis by NaOH at an elevated temperature (Supplementary
Fig. S1). Typically, a 5 min incubation with UDG was sufficient for a
total conversion of the uracil to the Ap site.

The crosslinking reaction was allowed to proceed in a dark incubator
at 37 °C. Aliquots were taken at different time points to monitor the time
course. The fluorescently labelled samples were analyzed on denaturing
PAGE gels, imaged, quantified and the percentage of generated crosslink
was plotted in a graph. Initial rates were calculated as a linear fit to the

data and maximum yields of Ap-ICL were determined as the maximum
measured value.

3.3. The opposite nucleotide to the Ap site influences the rate of formation
of Ap-ICL

The chemical nature of the DNA is as such that Ap sites can be
generated spontaneously at any given DNA context [30]. In our first set
of experiments, the single base opposing the Ap site was varied whilst
the sequence of the entire remaining DNA duplexed was identical. In this
setup, all four bases were tested on this position that we named the 5th
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position (Fig. 2A), The rate of formation of Ap-ICLs were followed so as
the maximum yields. The data were plotted in the graph and to bar
charts. The observed rates were 1.1%/h for 5A, 0.76%/h for 5G,
0.91%/h for 5 C and 0.99%/h for 5 T (we took the liberty to express the
rates in the percentage of original Ap sites converted in one hour to
Ap-ICL). The maximum yield for all these oligos was 24.25% for 5 A,
47.2% for 5 G, 25.8% for 5 C and 35.9% for 5 T of the total DNA (For
further rates please refer to Supplementary Tables ST1 — ST3). Later,
with an increasing amount of degradation product, the amount of
Ap-ICL started to decline. There were significant differences in the rate
of formation as shown in the graph. Overall, these changes were rela-
tively small and regardless of the nucleobase present opposite to the Ap
site the Ap-ICL formed to a similar extent (Fig. 2).

3.4. Varying base-pair adjacent to Ap site on its 5’ end

Similar to the variation of the bases opposite to the AP site, the
adjacent base-pair occupying positions 1 and 4 were varied. All four base
pair combinations were tested for these positions and DNA oligonucle-
otides were named 4 G, 4 T, 4 C, and 4(5)A. Sequences 4 A and 5 A are
identically co-named 4(5)A as 4 A was kept constant at 5t position and
vice-versa with sequence 5 A. Yet again, significant differences in the
formation of the Ap-site crosslink were observed. Surprisingly enough,
the differences in rates of formation were not extraordinary, but the Ap-
ICL was yet again formed in all possible base combinations. Overall, the
rates vary approximately 2-fold (Supplementary Table ST1). The
maximum yield varies slightly, and it was reached at different time-
points (Fig. 2 & ST1). The initial rate was the lowest for both pyrimidine
bases. Both thymine and cytosine containing duplexes reached their
maximum yield of crosslinks later but the percentages were not dis-
similar with the remaining two bases at this position. Once again the
amount of crosslinks starts to decline due to the irreversible decompo-
sition to smaller degradation products (Fig. 2). To confirm published
work and demonstrate the specificity of Ap-ICL forming from Ap with
adenine residues, two control experiments were carried out. For
sequence 4 G, hypoxanthine was placed at positions 4 and 6. No visible
Ap-G crosslink was formed when adenine at position 6 was mutated to
hypoxanthine. In contrast, when hypoxanthine was placed at position 4,
however, Ap-A crosslink was formed as readily as when guanine was
present (Fig. SI 3).

3.5. AT-rich regions facilitate Ap-ICL formation

Investigating the sequence surrounding the Ap site has revealed the
differences in the rate of Ap-ICL formation, although a more complete
picture requires investigation of further sequence variation that may
influence the rigidity of the entire region encompassing the Ap site. We
modified the sequence in the wider surrounding of the Ap site by a set of
two AT or GC pairs from both sites (Fig. 3A). We set out to determine
how AT-rich and GC-rich sequences influence the rate of formation of
Ap-ICL. These sequences were tested in non-identical duplicates for
which the base at 4™ position contained either cytosine or thymine and
the oligos were named accordingly (TT, TC, GT, GC), e.g. TC is an AT-
rich oligonucleotide with C at 4t position (Fig. 3A). These bases were
chosen to extend the AT-rich or GC-rich part around the Ap-site. The
reaction set-up was identical as above, where reaction progress was
monitored on a denaturing PAGE gel. The amount of formed Ap-ICL was
apparent from the gel figures (Fig. 3B). Next, the gels were evaluated,
and initial reaction rates were determined from the slopes of the data
points.

When AT- and GC-rich regions were swapped, we observed signifi-
cant differences in the rate of formation (Fig. 3C). The effect of the
cytosine or thymine base at the 4 position on the rate of the reaction is
rather small and the rates for oligos containing cytosine were faster than
those with thymine. This was observed for both AT-rich and GC-rich
DNA duplexes, and this trend was consistent in experiments shown in
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Fig. 2 and Fig. 3 confirming the robustness of our approach. Finally, the
rate of formation for the AT-rich sequence with a cytosine at 4™ position
(TC) had a nearly 4 times higher rate of formation than the one with GC-
rich sequence with thymine at 4t position (GT). This trend was observed
for both pairs of sequences (TC > TT >>> GC > GT), and it was also
reflected in a maximum yield reaching an approximate 2.5-fold differ-
ence (Fig. 3E).

3.6. Stability of Ap-ICL

Finally, the stability of Ap-ICL was tested to determine how persis-
tent the crosslink could be at physiological conditions and without the
intervention of other proteins and enzymes. The Ap-ICLs were purified
by isolation from the gel. Large volumes of the crosslinking reactions
stopped approximately at the timepoint for the maximum yield of the
Ap-ICL. After their isolation, the pure Ap-ICLs were buffer-exchanged
into a physiological buffer and subjected to their spontaneous decom-
position. Our initial experiments as well as published literature have
suggested that the decomposition of Ap-ICL is a lengthy process [53].
Therefore, the subsamples were taken in 24 h intervals, and after two
weeks, all reaction time points were resolved on denaturing PAGE gels
(Fig. 4 A). The proportions of degrading Ap-ICL were plotted as a
function of time, the initial reaction rates of their decomposition were
fitted with single exponential decay and plotted into a bar chart (Fig. 4B
& 4 C). The ICL band disintegrated into a band the size of the original
substrate. With a delay, more products appeared, with the nature of
these substrates arising from the spontaneous hydrolysis of the Ap site.
Sequences with AT- and GC-rich regions were used in this experiment,
and all reactions had a similar rate of decomposition, except for an
AT-rich sequence with a T at the 4th position (TT) that decomposed at a
slightly slower rate. Less than 1/5 of the initial material was decom-
posed in the first 10 days (Fig. 4).

4. Discussion

The first studies of specific Ap-ICL outlined two possible ways by
which the Ap-ICL can form [2,37]. They demonstrated that within a
duplex within this exemplary sequence 5'-dC-Ap-dT, Ap-ICL can be
formed by crosslinking Ap with guanine or adenine in the opposite DNA
strand. The latter study showed that an Ap-G crosslink is not stable
unless reduced with NaBH3CN. This is presumably due to its sterically
unfavourable arrangement, and the crosslink reverted back to the Ap
site. Importantly, and perhaps coincidentally, the identical sequence
motif was used to determine the NMR structure of Ap-ICL within the
DNA duplex. In this study, only one type of crosslink was observed,
making a 5'Ap-dT “hotspot” of Ap site crosslink formation in vivo (Fig. 1)
[36]. Recently, another Ap-ICL where Ap site linking amino group of
cytosine from opposite DNA strand (Ap-C) was observed. This Ap-ICL
was preferentially formed within where C was mispaired with A. This
crosslink was only formed at quite acidic conditions pH = 5 and was
shown not to form under physiological conditions in nonmispaired
oligonucleotide [54].

In this manuscript, we focused on Ap-ICL formed within this 5'-Ap-
dT “hot-spot”. We have a synthesized and annealed panel of DNA oli-
gonucleotides with different DNA sequences surrounding the Ap site.
The entire study used this non-enzymatic Ap-ICL formation, and by
measuring its kinetics, we revealed sequence circumstances and in-
fluences leading to the formation of ICLs. To investigate the generation
of the Ap-ICL, uracil was converted to the Ap site by an enzymatic re-
action with UDG. We then set up the reactions to measure the rates of
ICL formation for individual oligonucleotides with different sequences.
Reactions were terminated at different time points, resolved on PAGE
gels and the fractions of crosslinks formed were plotted against time.
This allowed us to follow the kinetics of ICL formation. Our data has
revealed that different nucleotides surrounding the Ap site affected the
rate of the Ap-ICL formation. Although the rates differed to an extent,
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what we found most striking was that the Ap-ICLs form consistently
within all of these sequences and that the resulting crosslinks were very
stable with a half-life longer than 30 days. This is in agreement with the
literature where different Ap-ICL were already been reported to be
relatively stable [47,53-55].

The data show that the rate of formation of the Ap-ICLs is only
slightly affected by different single nucleotide or one base pair sub-
stitutions in the vicinity of the Ap site. The maximum yield of Ap-ICLs for
all of these sequences was roughly 15%. Meaning that on average 15% of
Ap sites are converted into Ap-ICLs. On the other hand, the formation of
ICLs is significantly affected by the presence of AT-rich or GC-rich re-
gions flanking the Ap site. In the case of AT-rich sequences, we observed
significantly higher rates of formation. We speculate that this may be
because AT-rich regions have a lower melting temperature and thus
allow for “DNA breathing”. We predict that weaker base-pairing, in turn,
would allow for crosslinking reactions to proceed with less difficulty and
faster. Although our study is focused purely on the in vitro, non-
enzymatic formation of Ap-ICLs, the study aimed to broaden under-
standing of which circumstances and how often the crosslinks can form
in vivo. Below, we attempt to make a rough estimate on the number of
Ap-ICLs in one human cell, as our work shed light on a rough number of
Ap-ICLs formed per 100 Ap sites.

Spontaneous deamination and depurination generate 10,000 Ap/
sites/day in a cell [13,14]. In addition to this, the DNA damage and
action Ap site generation by various DNA glycosylases further increase
this number [30]. To accurately count this number can be challenging.
Our rough estimate disregards that DNA repair enzymes are present, and
they eliminate the majority of Ap sites. Then, observable Ap sites at any
given moment may only represent 0.25-4% of the sites that would form
the Ap-ICL during the day. We may predict that the majority of these Ap
sites are repaired or protected by the formation of DNA protein cross-
links, and therefore only a small proportion of Ap sites are present [53,
56-58]. In recent work, a relative number of Ap-sites were estimated
and compared against the knockdown of human Ap endonuclease
APEXI1. It has been observed that an extra 77% more Ap sites were
present in the knockdown, while 90% of the enzyme was removed [59].
It is difficult to estimate the original numbers of Ap sites from this
relative comparison, but these numbers suggest that significant numbers
still persist in the genome.

With DNA fibre analysis, it was predicted that the number of Ap sites
to be more than 35,000 Ap sites in one human cell [56]. On the other
hand, further methods for determining the presence of Ap sites have
been developed. A mass spectroscopy method using a chemical
O-(pyridine-3-yl-methyl) hydroxylamine (PMOA) is reportedly a very
sensitive technique for the detection of Ap sites directly within the
duplex [60]. This technique is quantitative and allows for the detection
of up to 2 Ap sites in 10 nt. With such sensitivity, a rough number of the

steady-state Ap sites detected by this method is 2 Ap sites per 107 nt
[61]. Considering that the human genome has 3.2 x 10° nt and is
diploid, then one human cell would have only 160 Ap sites. It is note-
worthy, that experiments using aldehyde reactive probes might be
biased as the probe may react with other aldehydes in the DNA. The Ap
site undergoes a mutarotation as do other sugar moieties, and generally,
only less than 1% of the sugars are in open aldehyde form [33,35].
Therefore, the rate of derivatization of the Ap site with an aldehyde
reactive probe will be determined by the ring-opening reaction of the
ribose into the aldehyde form. The rate of ring-opening can be noticed in
mass spectroscopy studies where PMOA reagent was used. Here, almost
the full conversion of small DNA oligonucleotide containing Ap site to a
PMOA adduct was shown on HPLC chromatograms and confirmed by
mass spectroscopy [62]. Additionally, a biochemical study with an
aldehyde reactive probe conjugated with biotin showed that the ma-
jority of Ap sites were conjugated with the probe if sufficient time and
reagents were in supply [63]. Both studies with PMOA, including one
with mammalian samples, used excessive amounts of PMOA allowing
first-order kinetics where ring-opening of Ap site is a rate-limiting re-
action. Thereafter, we believe that HPLC-MS detection of conjugated
Ap-sites is specific and validated by the MS method and might be the
most accurate. This leads to a steady-state value of only about 100-200
Ap sites present in the genome. Moreover, product inhibited bifunc-
tional glycosylases may bind and crosslink the Ap-sites [32,64,65].
Other DNA repair enzymes and DNA binding proteins interacting with
Ap sites could impede the Ap-ICL formation thus protecting the genome
integrity [57,66,67]. Additionally, it has been also shown that Ap-ICL
crosslink can be reverted beside the repair by NEIL3 glycosylase [7,
53]. On the other hand, human Ap endonuclease and exonuclease
APEX1 was shown to cleave the Ap-ICL using its exonuclease activity on
degraded Ap-G crosslink. These protective processes could explain the
relatively low number of Ap sites detected using PMOA and mass
spectroscopy. Based on the aforementioned predictions and our data, we
estimate the amount of Ap-ICL crosslink to be 1-5 Ap-ICLs present or
formed in any human cell.
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ABSTRACT

Covalent DNA interstrand crosslinks are toxic DNA
damage lesions that block the replication machinery
that can cause a genomic instability. Ubiquitous aba-
sic DNA sites are particularly susceptible to sponta-
neous cross-linking with a base from the opposite
DNA strand. Detection of a crosslink induces the
DNA helicase ubiquitination that recruits NEIL3, a
DNA glycosylase responsible for the lesion removal.
NEIL3 utilizes several zinc finger domains indispens-
able for its catalytic NEI domain repairing activity.
They recruit NEIL3 to the repair site and bind the
single-stranded DNA. However, the molecular mech-
anism underlying their roles in the repair process is
unknown. Here, we report the structure of the tan-
dem zinc-finger GRF domain of NEIL3 and reveal the
molecular details of its interaction with DNA. Our bio-
chemical data indicate the preferential binding of the
GRF domain to the replication fork. In addition, we
obtained a structure for the catalytic NEI domain in
complex with the DNA reaction intermediate that al-
lowed us to construct and validate a model for the
interplay between the NEI and GRF domains in the
recognition of an interstrand cross-link. Our results
suggest a mechanism for recognition of the DNA
replication X-structure by NEIL3, a key step in the
interstrand cross-link repair.

INTRODUCTION

DNA interstrand cross-links (ICLs) are toxic DNA lesions
that can arise from various endogenous and exogenous
sources (e.g. cis-platinum, mitomycin C, acetaldehyde and
formaldehyde) and ICLs can also form spontaneously from
an abasic site (1-3). Inevitably, such a diverse chemical na-

ture of cross-linking agents is reflected by a multitude of dif-
ferent structures of individual ICLs (4-8).

Abasic site interstrand cross-links (Ap-ICLs) arise spon-
taneously from naturally occurring abasic (Ap) sites. An
aldehyde group of the ring-opened ribose at C1’ forms an
N-glycosidic bond with an amine group of a base in the
opposite DNA strand (9,10). It is noteworthy that a stable
and specific Ap-ICL forms between an Ap site and an ade-
nine in the opposite strand within the 5'-Ap-dT-3’ sequence
(11,12).

ICLs pose impenetrable barriers to DNA replication, and
the ICLs must be removed by specialized DNA repair path-
ways to prevent their deleterious effects. Initially, the Fan-
coni anaemia (FA) DNA repair pathway was identified in
the repair of the ICL (13-15). Mutations in one of the many
FA genes lead to Fanconi anaemia, a rare genetic disease
characterized by chromosomal abnormalities, bone mar-
row failure and a strong predisposition to cancer. The cel-
lular and molecular hallmark of FA is a sensitivity to cross-
linking agents which leads to its implication with the ICL
repair (16-18). Later, with the emergence of the Ap-ICL,
an alternative, non-canonical or NEIL3 (Nei endonuclease
VIII-like 3) pathway was discovered (19). FA pathway de-
scribed in J.C. Walter’s laboratory was a prerequisite for the
discovery of the NEIL3 pathway of ICL repair (19).

NEIL3 has a catalytic NEI domain and belongs to
the Fpg/Nei DNA glycosylase family. The enzymes from
this family are structural and functional homologues, and
they are conserved from bacteria to humans (20,21). Their
generic role in base excision repair (BER) is to remove sin-
gle base lesions arriving mainly from oxidative stress (22). In
mammals, three NEIL (Nei endonucleases VIII-like) DNA
glycosylases were identified: NEIL1, NEIL2 and NEIL3
(23-26). In general, Nei enzymes are bi-functional glyco-
sylases, with glycosylase and Ap-lyase activities. The first
step of catalysis is a nucleophilic attack on an N-glycosidic
bond of the damaged base and its release. The enzyme then
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forms a covalent link (Schiff-base) with the orphaned ribose
of the damaged DNA strand. In the second and slower step,
phosphodiester bonds of the DNA are broken due to a § or
-3 elimination mechanism (Ap-lyase activity), generating
a toxic 3-DNA lesion and a single-strand DNA break (27—
30).

Initially, NEIL3 was reported to have poor Ap-lyase ac-
tivity on substrates with double-stranded DNA (dsDNA).
Surprisingly, higher activity and therefore specificity was
observed for single-stranded DNA (ssDNA) substrates
(20). It has been shown that NEIL3 binds to the telomere se-
quence via its C-terminus and protects telomere integrity in
proliferating cells within the S/G2 phase (31). Interestingly,
NEIL3 was found to participate in the repair of the Ap-
ICL. In Xenopus egg extracts, the Ap-ICL was unhooked
when one of the two N-glycosidic bonds forming the ICL
was cleaved by NEIL3. N-glycosyl cleavage by NEIL3 is the
primary unhooking pathway for the Ap-ICL (19).

NEIL3 is the only member of the Fpg/Nei glycosylase
family with an elongated C-terminus and it contains three
sets of zinc finger domains (NEI, NZF and GRF domains 1
and 2) (Figure 1A). The N-terminal NEI domain is respon-
sible for the DNA glycosylase repair activity on the Ap-
ICL (19). The NLP4-type zinc finger (NZF) is a ubiquitin-
binding domain employed in the recruitment of NEIL3 gly-
cosylase to an Ap-ICL via TRAIP-dependent ubiquityla-
tion of CMG helicase. NZF is required for efficient Ap-
ICL repair in Xenopus extracts ex vivo. However, the NZF
domain is not essential for enzymatic unhooking of DNA
cross-links on model substrates in vitro (32).

The other two zinc finger domains (GRF1 and GRF2)
are homologues with the ‘GRF’ zincfinger from APEX2
Ap endonuclease. GRFs are known to interact with ss-
DNA (33). The GRF name originates from the triad of
conserved residues: Gly (G), Arg (R) and Phe (F). How-
ever, in GRF2, the Arg is replaced with Lys, which is dis-
tinct from the APEX2 GRF motif (Figure 1B). Interest-
ingly, lysine (K553) in GRF2 disrupted the binding with
short ssDNA (34). The crystal structure of the human
GRF1-GRF2 dimer revealed a shape resembling a butterfly.
These two GRF domains together were able to bind ssDNA
with greater affinity than individual domains via their avid-
ity (35). Experiments in Xenopus extracts have shown that
GRF domains play a role in efficient Ap-ICL unhooking,
and they are required for the efficient recruitment of NEIL3
to the stalled replication fork on the Ap-ICL. In the absence
of GRFs, the unhooking reaction was compromised. This
indicated that the GRFs’ role in Ap-ICL repair might be the
proper recognition of the crosslinked substrate (32). In con-
trast, another study has revealed that GRF domains inhibit
the enzymatic activity of NEIL3 in vitro (35). These seem-
ingly contradictory observations suggest that the mechanis-
tic role of the GRF domain in Ap-ICL repair is more com-
plex, and it is yet to be explained.

In this study, we investigated the molecular architecture
of recognition of the stalled replication fork by NEIL3
DNA glycosylase during Ap-ICL repair. We obtained two
structures of GRF domains with and without ssDNA from
restraints from NMR measurements. We observed that the
GRF domains recognize not only ssDNA as reported pre-
viously but also very short replication-fork intermediates.

Nucleic Acids Research, 2022, Vol. 50, No. 18 10437

The GRF1&2 domains bind to the 5'-ssDNA overhangs of
the DNA duplex with a slight preference. These observa-
tions indicate that GRFs may play a role in the recognition
of native Ap-ICL DNA substrates.

To understand the architecture of Ap-ICL repair, we crys-
tallized and solved the structure of the NEI domain from
mouse NEIL3, covalently trapped with the DNA substrate.
We observed that, unlike GRF domains, the NEI domain
recognises 3'-ssDNA overhangs on duplex or fork DNA
structures. Based on our structural, biochemical and enzy-
mological data, and with the use of AlphaFold, we con-
structed a model of NEIL3 bound to the replication fork
in the intermediate state. This data shed light on the repair
scenario of Ap-ICL repair on the stalled replication fork.
In this model, we considered two collided DNA replication
forks that arise from bidirectional replication, forming a let-
ter X (14,19). Our data suggest a possible mechanism by
which NEIL3 recognizes the DNA replication X-structure.
The data also indicate the role of GRF and NEI domains
in the recognition of the native Ap-ICL substrate.

MATERIALS AND METHODS

Cloning, expression and purification of the recombinant GRF
and NEI protein domains

The GRF and NEI domains were amplified from the full-
length mouse NEIL3 gene NM_146208 (Origene). PCR
products were cloned using Gibson assembly (36). The tan-
dem GRF1&GRF2 domains (505-597) were cloned into a
pSUMO vector with an N-terminal Hisg,-SMT3 tag. The
NEI domain (1-282) was cloned into a modified pET-24b
vector with a C-terminal 3C protease (HRV) site and sub-
sequent Hisey tag. The proteins were expressed and purified
using standard protocols (37,38). Briefly, the plasmids were
transformed into Escherichia coli BL21 Star™ (DE3) cells
(ThermoFisher). Small 5 ml cultures were grown overnight
at 37°C in LB medium. Expressions were carried out after
inoculation of ZY 5052 autoinduction media supplemented
with 50 puM ZnSOj. After reaching an optical density of
ODgyp = 0.6-1 at 37°C, the temperature was lowered to
18°C, and the culture was grown overnight. The harvested
cells were lysed by sonication in a lysis buffer containing 20
mM Tris-HCI pH 8.0; 300 mM NaCl, 30 mM imidazole pH
8.0, 10% glycerol and 1 mM tris(2-carboxyethyl)phosphine
(TCEP). The supernatant was separated by centrifugation,
incubated with 2 ml of Ni-NTA resin (Machery-Nagel), and
extensively washed with the lysis buffer using the batch tech-
nique. The proteins were eluted with the lysis buffer supple-
mented with 300 mM imidazole pH 8.0.

The proteins were desalted on a HiPrep 26/10 desalt-
ing column (GE Healthcare) and loaded on a cation ex-
change HiTrap SP HP column equilibrated with buffer A
(20 mM Tris—HCI pH 8.0, 125 mM NacCl, 10% glycerol, 2
mM B-mercaptoethanol (3-ME)). In the case of the NEI
protein, 70 mM NaCl was used for buffer A. The proteins
were eluted by gradients of NaCl. The solubility tag GRF
domain was cleaved by SUMO protease from yeast (Ulpl),
and after overnight incubation at 4°C, the sample was de-
salted and reloaded on cation exchange as described above.
The proteins were purified on size-exclusion Superdex 75 In-
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(A) Schematics of the domain organisation of NEIL3, NEIL2, NEILI,
NEIL3 are located at the C-terminus, schematics bacterial fpg added for

comparison. (B) Sequence alignment of GRF 1&2 from different organisms in comparison with single GRF domain from hAPEX2. Asterisks denote the

GRF motif. (C) NMR ensemble of mouse GRF 1&2 pseudo dimer (loops in

pink, b-sheets in magenta, and linking a-helix in cyan) (PDB ID 70MK,

Supplementary Table S1). (D) A comparison of inter-domain rearrangements of mouse NEIL3 GRF 1&2 (pink) and human NEIL3 GRF1&2 domains,
two dimer molecules were present in the asymmetric unit of crystal structure PDB ID-7JLS5 (light and dark blue) (35), human GRF1 was aligned to mouse
GRF]I, the angle difference for GRF2 (chain A) was 43.9° with lateral displacement of 9.5A and GRF2 (chain B) was 61.4° with a displacement of 11.2
A. (E) Selected "H-'*N HSQC spectral overlay of free nGRF (black cross-peaks) and GRF:ssDNA complex (red cross-peaks). (F) Electrostatic surface
potential of GRF:ssDNA complex (ssDNA yellow sticks). (G) Detail of the residues responsible for GRF:DNA interaction (R518, V520, (R521) and
‘W547 from panel (E) and highest chemical shift perturbations shown as the gradient of magenta (more detail is shown in Supplementary Figure S3).

crease GL HiLoad 10/300 (GE Healthcare) in buffer A. The
purity of the proteins was verified on SDS-PAGE in a 15%
polyacrylamide gel, stained with Coomassie brilliant blue.
The proteins were concentrated and flash-frozen in Nj(I)
and kept at —80°C.

Isotopically labelled GRF protein for NMR experiments
was expressed using the minimal medium containing ['*N]
NH,Cl, and ['3C] glucose supplemented with 0.1 pg/ml
of ampicillin, 20 M ZnSO4, 1 mM MgCl, and 10 M
FeCl, in citric acid. Inoculated cells were incubated in
a shaker at 37°C. After reaching an ODggy of 0.6, pro-
tein expression was induced with 600 wM isopropyl B-D-
1-thiogalactopyranoside (IPTG), the temperature was low-
ered to 18°C and the culture was grown overnight. Labelled
protein was purified as mentioned previously.

NMR spectroscopy

NMR spectra were acquired at 25°C using an 850 MHz
Bruker Avance spectrometer, equipped with a triple-
resonance (""N/*C/'H) cryoprobe. The sample volumes
were either 0.16 or 0.35 ml, in 12.5 mM NaPhos pH 6.5,
50 mM NaCl, 1 mM TCEP, 5% D,0/90-95% H,O. A se-
ries of double- and triple-resonance spectra (39,40) were
recorded to obtain sequence-specific resonance assignment.
in NMRFAM-SPARKY (Lee et al., 2015). '"H-'H dis-
tance restraints were derived from the 3D ""N/'H NOESY-
HSQC and *C/'H NOESY-HMQC spectra using a NOE
mixing time of 100 ms.

The structural calculation was carried out in CYANA
(41) using NOESY data in combination with backbone
torsion angle restraints, generated from assigned chemi-
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cal shifts using the program TALOS+ (42). The combined
automated NOE assignment and structure determination
protocol (CANDID) was used for automatic NOE cross-
peak assignment. Subsequently, five cycles of simulated an-
nealing combined with redundant dihedral angle restraints
were used to calculate a set of converged structures with
no significant restraint violations (distance and van der
Waals violations < 0.5A and dihedral angle constraint vio-
lations < 5°). The 35 structures with the least restraint viola-
tions were further refined in explicit solvent using YASARA
(43) and subjected to further analysis using the Protein
Structure Validation Software suite (www.nesg.org). The
statistics for the resulting structure are summarized in Sup-
plementary Table S1-1. The structures, NMR restraints
and resonance assignments were deposited in the Protein
Data Bank (PDB ID 70MK) and BMRB (accession code:
34630). The relaxation data were obtained using the 300
uM >N labeled sample. The relaxation delays were 0.0448,
0.0672,0.112,0.179, 0.246, 0.381,0.784, 1.23 s for R1 and 0,
0.0310, 0.0628,0.0931, 0.124,0.186, 0.279 s for R2 measure-
ments. The recovery delay was set to 1.2 s with 4 or 8 scans
per FID. The {'H}-'"N steady state nuclear Overhauser en-
hancement (NOE) was measured in an interleaved manner
using a 5 s long train of selective 180° pulses for proton irra-
diation, separated by 22 ms delays (44), and centered at 8.2
ppm in order to avoid water saturation. The offset of these
pulses was shifted by 50 kHz in the reference experiment to
ensure constant sample heating (44,45).

To follow changes in the protein spectra upon DNA bind-
ing, we calculated chemical shift perturbations (CSPs). The
CSP of each assigned resonance in the 2D "N/'H HSQC
spectra of the protein in the free state was calculated as the
geometrical distance in ppm to the peak in the 2D SN/'H
HSQC spectra acquired under different conditions using
the formula (1);

SA =,/ALs 4 (A) (1)

where « is a weighing factor of 0.2 used to account for dif-
ferences in the proton and nitrogen spectral widths (46).

Gel-based and fluorescent anisotropy DNA binding assays

A specific three-letter code (NTX code) was used to name
the oligonucleotides used in the binding assays. The NTX
code indicates that N stands for the number of ssDNA nu-
cleotides of the single-stranded arm of the DNA structure,
T for thymidine, and X for the shape of ssDNA structure
(Y fork, 3" or 5’ overhangs).

Labelled (FAM) and unlabelled DNA oligonucleotides
were custom synthesized (Microsynth, Switzerland), and
the DNA sequences are listed in Supplemental Figure 1.
Fluorescent dye FAM-dT was placed instead of adenine
(x) in the apex of the hairpin 5-GACGCGxAGCGTC-
3’. DNA oligos were resuspended in TES buffer: 10 mM
Tris-HCI pH 8.0, 50 mM NaCl, ] mM EDTA. Double-
stranded DNA substrates were prepared by mixing equimo-
lar amounts of complementary strands, which were heated
to 95°C and allowed to anneal by slow cooling to room tem-
perature. The hairpin substrates were heated to 95°C and
then rapidly cooled on ice.
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Native EMSA was performed as follows; 5 wM labelled
or unlabelled DNA and 5 puM GRF were mixed and incu-
bated for 30 min at 25°C in 20 mM NaH,PO, pH 6.5, 100
mM NaCl, 10% glycerol and 1 mM TCEP. Samples were
then separated by electrophoresis on 15% native polyacry-
lamide gels (1x TBE, 15% polyacrylamide/bisacrylamide
14:1). The gels with unlabelled DNA were stained with
Coomassie Brilliant Blue to visualize the GRF:DNA com-
plex and were analyzed using the commercial software Im-
ageQuant TL. Gel lines of constant width were manually
selected and background subtraction was performed us-
ing the rolling sphere method. Bands with constant dimen-
sions containing the binding product were selected man-
ually. The values for each gel band were plotted on a
graph. All gels were scanned at Typhoon LASER imager
(GE).

Fluorescence anisotropy binding assays were performed
as a titration series with a constant concentration of FAM-
labelled DNA (50 nM) mixed with pure GRF1&2 protein
at a final concentration of 0 nM to 20 000 nM. Fluores-
cent anisotropy binding measurements were performed on
a TECAN Infinite M1000 Microplate Reader (Tecan Group
Ltd.) at 25°C in 20 mM NaH,PO4 pH 6.5, 100 mM NacCl,
10% glycerol and 1 mM TCEP. The excitation wavelength
was N = 470 nm and the emission A = 520 nm. The total
intensity was calculated according to the following formula

@
Itot = Ivv + 2xGxIvh 2)

where G is the G-factor, which depends on the optical sys-
tem of the instrument, was measured to be 1.194. G-factor
was measured according to a protocol on the TECAN with
input polarisation value (mP) of free DNA, which was mea-
sured on the Fluoromax-4 spectrofluorimeter (Horiba, Sci-
entific). The fraction of DNA bind (fz) was determined ac-
cording to formula (3)

_ (Aobs — Amin)
" (Amax — Aobs) xQ + (Aobs — Amin)

/B 3)

where Aobs is the observed anisotropy for a given concen-
tration of GRF, Amin is the minimum observed anisotropy
and Amax is the anisotropy at saturation (47,48). The cor-
relation of quantum yield (Q) represents the ratio of total
intensities (Itot) of bound to free fluorophore. Dissociation
constants were calculated as described previously (49), us-
ing formula (4)

fB = (DNA/2) (KD +[DNA +[GRF])

7\/<KD +[DNA+ [GRF]Z) — 4[DNA[GRF]
4)

where K is an apparent dissociation constant and the val-
ues in parentheses, e.g. [DNA], are the concentrations at a
given point in the titration. This model for the fit is an ap-
proximation as in case of many DNA binding proteins un-
specific binding is observed during the titration. Non-linear
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fitting of the data was performed using Graphpad Prism
(GraphPad Software).

DNA and NEIL3 trapping assay

DNA oligonucleotides (sequences are shown in Supplemen-
tary Figure S1) were annealed as previously mentioned. For
abasic site creation, 0.5 U uracil-DNA glycosylase (UDG)
(New England Biolabs) was added per one sequence reac-
tion and kept for 20 min at room temperature. 250 nM DNA
substrates and 200 nM NEIL3 were incubated in the pres-
ence of 100 mM NaBH;CN in 20 mM HEPES 7.0, 50 mM
NaCland 1 mM TCEP at 25°C. At given time points, 30 pl
of the reaction was taken and mixed with 5x SDS of sample
buffer (60 mM Tris pH 6.8, 25% (v/v) glycerol, 2.9% (w/w)
SDS, 0.1% (v/v) Bromphenol Blue, 714 mM B-ME) to ter-
minate the reaction. These samples were resolved on a 15%
SDS-PAGE.

Crystallization and structure determination

DNA hairpin substrates for crystallographic experiments
were synthesized with the following sequences: 5’ over-
hang 5-TTTTTTUACGCGAAGCGTG-3" and 3’ over-
hang. The DNA (250 wM) hairpin substrates were annealed
by being heated to 95°C for 5 min and then rapidly placed
on ice. 300 pl of annealed DNA was treated with 3 wl
of UDG (NEB) and incubated at RT to generate the Ap
site. Subsequently, 300 pl of purified NEI domain (300
M) supplemented with 200 mM NaBH3;CN was added.
The reaction was allowed to proceed for 1 h to form the
trapped NEI:DNA complex. The progress of the reaction
was checked on 15% SDS-PAGE gels. The reaction mixture
was desalted on a 5 mL HiTrap Desalting column (Cytiva)
and loaded onto a 5 ml HiTrap Q HP column (Cytiva) equi-
librated with 20 mM Tris-HCI pH 8.0 and 50 mM NacCl,
1 mM TCEP. The column was eluted with a linear gradient
of NaCl. The trapped complex was loaded on Superdex 200
® Increase 10/300 GL (Cytiva). The fractions containing
NEIL:DNA intermediate were concentrated to roughly 200
p.M (ODZ(s() nm = 30)

The crystals were grown at 22°C using the sitting drop
method where 200 nL trapped complex was mixed with
200 nL with a reservoir solution containing 50 mM PIPES
pH 7.5, 4% (w/v) PEG 8000 20 mM MgCl, and 1 mM
spermine. Crystals were soaked for approx. one minute
in 20% glycerol supplemented in the reservoir. The cryo-
protective condition was prepared by mixing 8 pl of the
reservoir with 2 wl of glycerol. Mounted crystals were flash-
frozen in liquid nitrogen. All datasets were collected at
synchrotron beamline MX 14.2 at BESSY II Helmholtz—
Zentrum Berlin, Germany. They were indexed with XDS
directly at the beamline (50). Data were scaled with Aimless
(51). The molecular replacement was carried out in Phaser
software using the structure of the mNEIL3 NEI domain as
a model PDB ID = 3WOF (52). The structures were refined
using Refine, and the models were manually edited in Coot.
All three programs were implemented in the Phenix pack-
age (53,54). Data collection and model refinement statistics
are listed in Supplementary Table S2. The structure figures
were generated using PyMOL (http://www.pymol.org/).

RESULTS
The structure of GRF determined by NMR spectroscopy

We have obtained the NMR structure of GRF1 and GRF2
domains of mouse NEIL3. The overall fold of previously
reported crystal structures of individual human GRF do-
mains is in good agreement with our NMR structure (35).
The RMSD between mouse and human GRF domains
RMSD (GRF1) = 1.94A and whilst the RMSD (GRF2) =
0.87A. However, some structural differences were observed
mainly in the loop regions. Each domain consists of three
antiparallel beta-sheets with a zinc finger region. Two GRF
domains are positioned into a butterfly-like structure con-
nected with a short helix linker (Figure 1C). It is notewor-
thy that interdomain organisation is different for the crystal
structure of GRFs from human NEIL3 and our structure
(Figure 1C). In the case of the previously published struc-
ture of human GREF, two molecules of GRF1&2 occupy the
asymmetric unit, and each of the GRF pairs makes a differ-
ent angle between the domains (Figure 1D) (35).

The structure of single-stranded DNA bound to NEIL3 GRF
pseudo-dimer

The ability of GRF domains to bind single-stranded DNA
is a well-documented feature (33,55). We set out to under-
stand the role of GRF domains in DNA repair and we have
obtained the structure of mouse GRF1&2 pseudo-dimer in
the presence of DNA using NMR spectroscopy.

We attempted to obtain this structure with ssDNA
oligonucleotide. We carried out NMR titrations of short
oligonucleotides ssDNA. The isotopically unlabelled DNA
(7mer 3'-GTCATGA-5') was titrated with *C-"N isotopi-
cally labelled GRF protein. Overlay of the "H-'*N HSQC
spectra of a free and DNA bound revealed residues that
were significantly perturbed by DNA interaction (Supple-
mentary Figure S3). We triangulated the position of the
DNA backbone bound to GRF and generated a data-
driven HADDOCK model of their complex (Figure 1). The
lowest energy structure ensemble of GRF pseudo-dimer dis-
plays a relatively rigid structure without any significant in-
terdomain rearrangements. In GRF:DNA complex struc-
ture, the DNA is oriented from its 5’ end, located at GRF2,
to the 3’ end leaning over the GRF1. In the middle of the
DNA, there is a junction of GRF dimers, and there is little
to no interaction between the two (Figure 1).

We believe that there is a reason for the butterfly arrange-
ment of NEIL3 GRF1&2. The crystal structure of E. coli
Topoisomerase 1 (PDB ID 4RUL) contains five GRF-like
ssDNA binding domains which are organized in a series
that stimulates its enzymatic activity (Supplementary Fig-
ure S2) (55). The fold of these zinc-ribbon (ZR) domains
(TOP1-ZR1-ZR5) resembles the fold of the GRF domain.
Three ZRs contain zinc, while the other two are zinc-less.
A structural overlay of these domains with our GRF:DNA
structure reveals that TOP1 ZR domains are arranged along
with DNA in parallel to each other (Supplementary Fig-
ure S2). On the other hand, the butterfly pseudo-dimer of
GRF has an antiparallel arrangement. Moreover, the inter-
link joining GRF1&2 domains seems to be unique, and no
such arrangement can be seen in the solved crystal structure
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of Topoisomerase 1 (E. coli). Neither pair of these TOP1 ZR
domains has an interdomain arrangement that is similar to
NEIL3 GRF1&2. The DNA binds to the GRF domains in
such a way that the domains can bind to either strand or to
even both strands, at the replication fork.

GRFs recognition of single-stranded DNA

First, the focus was to determine the minimal length of ss-
DNA oligonucleotide recognised by the pair of the GRF
domains. NMR titrations have shown that the optimal
length of an ssDNA oligo was ~7-9 nt. To assess interac-
tions with ssDNA, we employed a semi-quantitative elec-
trophoresis mobility shift assay (EMSA). Due to the oppo-
site charge of GRF, the GRF:DNA complexes with short
ssDNA oligonucleotides up to 11 nt long did not migrate
into the PAGE gel. Therefore, we used a dsDNA hairpin
(DNAhp, 13 nt long) as a substrate with ssDNA 5" and
3" overhangs. Using DNAhp increased the overall negative
charge of the complex and improved mobility within the gel.
The DNAhp oligonucleotides contained ssDNA 5" and 3’
oligo-dT overhangs that were 0, 2, 4, 6, 8, 10 or 12 nt long
(Supplementary Figures S1 and S4). The breaking point
where the complex formation was observed in the gel was at
around 4 nt. Next, we performed qualitative EMSA assays
to assess GRF binding with DNA forks and tested the effect
of fluorescent dye on the DNA binding. We did not observe
significant differences in the binding of FAM-labelled ver-
sus unlabelled DNA (Supplementary Figure S4). We then
performed a fluorescence anisotropy binding assay to quan-
titatively compare DNA and compared GRF binding to
5 and 3’ ssDNA overhangs. Repeatedly, the binding con-
stants for oligonucleotides with 5" and 3’ ssDNA overhang,
were comparable. We observed a slightly greater affinity
of GRF domains towards oligonucleotides with 5" ssDNA
overhang. In the control experiment, there was significantly
weaker binding between the dsDNA helix and GRF do-
main, confirming specificity for ssDNA (Figure 2A).

GREF and interaction with replication-like structures

The architecture of GRF1&2 suggests that two different
DNA chains could bind each domain, such as each arm
of the DNA replication fork. To test this hypothesis, we
tested the interaction of DNA replication-like structures
with GRF1&2. We have designed small DNA forks with
short ssDNA arms of identical length with DNA duplexes
with hairpin ends to ensure all oligos were annealed (Sup-
plementary Figure S1). The length of ssDNA arms at both
5 and 3’ ends, arms of the fork, were 0, 1, 2, 3 or 4 nu-
cleotides long. We performed qualitative EMSA assays to
assess GRF binding with DNA forks and then performed a
fluorescence anisotropy binding assay to quantitatively ver-
ify binding to the DNA forks and compared it to DNA
oligonucleotides with ssDNA overhangs. GRF1&2 was able
to bind well to a replication fork DNA substrate with short
ssDNA arms (Figure 2B). In the case of all 2TY, 3TY,
and 4TY GRF1&2 bound significantly better to these forks
rather than to 3T3" or 3T5 oligonucleotides (and to 4T3’
and 4TS5 respectively) with ssDNA overhangs of the same
length (Figure 2B). Moreover, the affinity GRF1&2 was
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greater for forks than for the oligos with ssDNA overhangs
with an identical total number of nucleotides (e.g. 4TY ver-
sus 8T3 or 8T5'). As GRF1&2 binds to the fork structures
of a shorter length better than to the simple overhang, this
suggests that both arms of the fork may be involved in the
binding. Because the migration of GRF:fork-DNA on a na-
tive PAGE gel was similar to the GRF complex with an
ssDNA overhang, we hypothesise that each GRF domain
binds to one side of the fork.

GRF and the binding of replication fork with DNA damage

To further investigate the role of GRF in the Ap-ICL re-
pair we tested how the presence of DNA damage (Ap site)
affects the DNA-protein interaction. Similarly like in ex-
periments in Figure 2A, DNAhp with ssDNA overhang at
either end were used. Ap site as DNA damage was placed
in the duplex close to the branching point as indicated in
Supplementary Figures S4 nd S5. In native EMSA DNA
binding experiments, we observed a preference of the GRF
domains for the 5’ ssDNA overhang. However, from quanti-
tative Kp measurement, the binding of 5" ssDNA overhang
was only slightly increased by the presence of the damage
site in DNA. This was observed in both cases with the dam-
age located either on the top or the bottom DNA strand.
This experiment demonstrated a subtle selectivity for the 5
end, and it did not suggest that the presence of DNA dam-
age alterations in the vicinity of the fork branching accen-
tuate these differences (Supplementary Figures S4 and S5).

Single-stranded DNA at the 3'-end of the lesion is required
for the efficient catalytic activity of NEIL3

The NEI domain of NEIL3 glycosylase has been reported
to have a substrate (Ap-ICL) preference when catalysing the
repair. The original Ap site of the crosslink is located on the
3’-arm of the replication fork (56). To understand the role
of the individual arms of the fork, we carried out enzymatic
assays with a simplified DNA replication fork with only one
ssDNA overhang (fork) present. We have used the Ap site
within the DNA duplex substrates with 3’ or 5" overhangs
6 nt long (6T). The Ap sites were generated by UDG treat-
ment of uracils placed in the duplex at the branching point.
The reaction of the Ap site containing substrates with the
NEI domain was terminated by the excess of NaBH3CN co-
valently cross-linking the NEI domain to the DNA, forming
a DNA-protein crosslink. The reactions were resolved on
an SDS-PAGE gel. NEI enzymatic assays revealed a 33-fold
rate enhancement using the substrate with the 3’ overhang
versus the 5 overhang (Figure 3) (56). These experiments
demonstrate that ssDNA is required in the 3" direction of
the Ap site for efficient catalysis.

Crystal structure of abasic site DNA intermediate with
mNEIL3 NEI domain

To solve the structure of the complex of mNEIL3 with a
DNA substrate, we expressed and purified the N-terminal
domain of mNEIL3 1-282 (NEI domain). We prepared and
set up crystallization plates with covalently trapped com-
plexes of NEI-DNA. The stable trapped complex was pre-
pared by reducing the Shiff-base intermediate of the repair
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Figure 2. GRF domain, DNA binding from single-stranded DNA to recognition of DNA fork. Binding of GRF1&2 to FAM-labelled (star) DNA duplexes
with 3’ (blue) and 5’ (red) ssDNA overhangs. (A) Comparative binding of GRF to DNA with different lengths of 3’ and 5’ overhangs. The Kp value decreases
with increasing 3’ and 5’ overhang length. (B) Binding of replication fork vs. ssDNA overhangs. Binding assays were performed in triplicates and data were
plotted as mean + SD. Native EMSA of GRF:DNA binding without a fluorescent dye is shown in Supplementary Figure S4 and further data; e.g. Kp
values and the remaining binding curves and raw fluorescence and anisotropies are shown in Supplementary Figure S5. The alternative fit with two-site

model is shown Supplementary Figure S6.

reaction of the mouse NEI domain and the Ap site with
NaBH;3CN (57). We used several different DNA substrates,
including DNA hairpins with ssDNA overhangs mimicking
a simplified DNA replication fork with only one arm. Both
of the DNA hairpin substrates were mirror images, with 6T
long 3'- or 5'-overhangs. Despite the aforementioned pref-
erence of NEIL3 towards the Ap site before the 3’ overhang
(Figure 3), we obtained well-diffracting crystals only for
NEIL3:DNAhp with a 5 overhang. The crystals diffracted
to 2.28 A resolution (PDB ID 7Z5A), and the structure was
solved by molecular replacement using a mouse NEIL3 apo
structure (PDB ID 3WOF) as a search model and refined

to good geometry and R factors (please see Supplementary
Table S2 for more details) (52).

The structure of the NEI domain consists of two sub-
domains, NTD and CTD. NTD domain contains catalytic
residues with the reactive amino group of the N-terminus
followed by eight anti-parallel beta-sheets that form a sand-
wich flanked by a small pair of helices and a large loop that
is only partially visible in the electron density, likely due
to its flexibility. The protein is connected via a further pair
of a-helices, with CTD containing four helices and a zinc-
finger with two antiparallel B-sheets. The overall fold is not
only very similar to the apo form but also to the fold of
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Figure 3. NEIL3 enzymatic assays with native Ap site within dsDNA with
3'- or 5'-overhangs. Enzymatic reactions of the mNEIL3 NEI domain with
DNA with (A) 3'-overhangs (B) 5'-overhangs. Reactions were captured
by the formation of the covalent intermediate by reducing the Schiff-base
with NaBH3CN and resolved on 15% SDS-PAGE. (C) Gels bands corre-
sponding to the substrate (S) and products (P) were quantified and plotted
against reaction time. (D) Initial rates were calculated and plotted. Reac-
tions were repeated in triplicates. The error is an SD (standard deviation).

the other members of the Nei/Fpg family (57). The orien-
tation of NTD and CTD is identical to the published apo
(unliganded) crystal structures of the mouse NEIL3 (52).
This is in contrast with some Nei/Fpg enzymes that un-
dergo conformational changes upon DNA binding (38). As
previously reported, NTD and CTD are locked by a net-
work of hydrogen and salt bridges between individual do-
mains (Supplementary Figure S8E) (52). The lack of in-
terdomain rearrangements and large interdomain interface
suggests more interdomain rigidity in the NEIL3 glycosy-
lase.

NEIL3 and the recognition of a trapped intermediate-like
DNA hairpin with a 5’ overhang

The structural superimposition of apo and DNA:mNEIL3
structures of NEI domains revealed that DNA does not
contribute to any significant conformational changes in the
NEI domain (RMSD = 0.394 A) (Supplementary Figure
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S7) (58). Several loops on both sides of the DNA strand re-
locate in order to accommodate the substrate.

The trapped DNA molecule is recognised exclusively in
the vicinity of the active site residue and further on towards
the hairpin and its 3’ end. At this point, residues K82, H96,
R94 and N193 are responsible for the interaction with the
damaged part of the strand. Furthermore, the active site
methionine M1 is covalently linked with the Ap site that is
stabilized by the hydrogen bridge E3 and further anchored
by M99 and R272 (Figure 4). In contrast, besides the hydro-
gen bridge with Y243, there is an apparent lack of specific
interaction between the protein and the ssDNA backbone
on the 5" end from the damaged site (Supplementary Figure
S8).

Structural aspects of NEIL3 preference for ssDNA

Overall, our data on the structure of the NEI domain
with DNA has confirmed several predictions that were
based on the apo structure (52). This work on the struc-
ture of mNEIL3 has suggested several differences between
NEIL3 and other enzymes from Fpg/Nei family that our
NEIL:DNA structure has confirmed (52). There is a com-
plete lack of contact between the complementary DNA
strand and the enzyme. In addition, two acidic residues,
E269 and D175, do not favour the recognition of the op-
posite strand of DNA (Supplementary Figures S7 and S8).
Since, NEIL3 glycosylase is the Ap-ICL repairing glycosy-
lase, the damaged oxidized base ‘capping loop’ («F-B9/10
loop of Fpg/Nei enzymes) is completely missing, suggest-
ing that the recognition and accommodation of the Ap-ICL
and the entire associated DNA structures are carried out by
different mechanisms. Interestingly, N-terminal methionine
was involved in catalysis and not cleaved off, as it is for other
members of the family (Figure 4 and Supplementary Figure
S7).

NEIL3 and possible recognition of DNA replication fork in-
termediates

We conducted experiment-driven modelling to unravel the
recognition of the replication fork structures by NEIL3
glycosylase. First, we took an AlphaFold (AF) generated
model of the entire NEIL3 where GRFs are in contact with
the NEI domain (Figure 5A). Then, using the AF model,
we superimposed our structures of GRFs and NEI do-
mains with DNA (Figure 5B). The structures matched rel-
atively well to the AF model (RMSD (NEI) = 0.453 A and
RMSD (GRF1&2) = 1.980 A). Interestingly, the orienta-
tion of GRFs and NEI is such that DNA from the NEI do-
main overlaps with the DNA of the GRF dimer in a shape
letter Y, resembling the DNA replication fork (Figure 5B).
We constructed a model of the DNA replication fork bound
to NEIL3 glycosylase mid-repair. In this model, we used
the interdomain arrangement from the AF and connected
DNA strands from both the crystal structure of NELDNA
and NMR-modelled structure GRF1&2:DNA. The hairpin
turn in the dsDNA part of the model was maintained for
clarity (Figure 5C, D).
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M1-Ap link

PDB ID 6TC9

Figured. Crystal structure of trapped mouse NEIL3:ssDNAhp complex; DNA hairpin with 5 overhang. (A) Overall structure of NEI glycosylase domain
(light blue PDB ID 7Z5A) trapped in complex with DNA hairpin. (B) Top view on the NEIL3:DNA complex with highlighted residues involved in DNA
interaction (sticks) N-terminal and C-terminal domains (NTD light blue and CTD in light pink). (C) Scheme of the interactions between DNA and NEI
domain, M99 is intercalated between the Ap site and an orphan base. Structural representation of NEI residues directly involved in interaction with DNA.
(D) Detail of the DNA binding pocket with reduced Shiff-base between methionine (M1) and Ap-site (M-Ap link). (E, F) A comparison of the active site
of mouse NEIL3 glycosylase and bacterial fpg; fpg:dsDNA complex (PDB ID: 6TC9) with the Ap site analogue (THF), the typical residues for Nei/Fpg,
here F116, R114, M75 inserted in the place of the damaged base. Two of these residues (R114&F116) are missing in the case of NEIL3 (38). For further
comparison of mNEIL3 NEI domain and bacterial Fpg protein that undergoes a conformational change upon DNA binding the Supplementary Figure
9.

DISCUSSION
From GREF inhibition to a two-fork recognition mechanism

Using NMR spectroscopy, we obtained the structures of
tandem GRF domains from mouse Neil3 (Figure 1C). The
work reporting the crystal structure of human GRF do-
mains suggests some interdomain motion (Figure 1D) (35).
On the other hand, our data indicate restricted interdomain
movement between GRF1&2, suggesting a relative rigidity
between these domains. The GRF dimer interface is forti-
fied by salt and hydrogen bridge interactions. These interac-
tions include residues R560, D549, and R529, interactions
with mainchain atoms A548 with Q530, R560 with F552.
The residues at the N- and C- termini of the GRF domains

are involved (E595 and S505, R514 and G597) (Supplemen-
tary Figure S9). Our NMR measurements do not support
this behaviour in the case of the mouse protein homologue
as for all ensembles for apo and DNA bound GRF dimer
the structure is virtually identical. Moreover, our biochem-
ical data indicate the ability of GRF to bind short replica-
tion forks, and the GRF dimer has an ideal arrangement to
accommodate the branching point of the replication fork,
with each domain binding one DNA strand. These data to-
gether suggest the possible role of GRFs in the binding of
replication structures during the repair.

Recent work has demonstrated that GRF domains in-
hibit the enzymatic activity of the NEIL3 NEI domain (35).
This observation might seem surprising, as other studies
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B

Figure 5. From the AlphaFold model and our NEI and GRFs DNA complexes to recognition of DNA replication fork. (A) AlphaFold (AF) model of NEI
(blue) and GRF1&2 domains (red). (B) Superimposed crystal structure of NEL:hpDNA (light blue) and NMR model GRF1&2 (light red) with ssDNA
on AF model (here white), DNA backbones (orange). (C) Schematics of an experimentally driven model where one replication DNA fork is recognised by
NEI&GRFs based on AF interdomain positions. (D) cartoon representation of the model of Y-DNA:NEI&GRFs complex.

have shown that GRFs are known to stimulate the activ-
ity of the enzyme containing this domain (33,55). Compe-
tition of GRF and NEI for ssDNA may explain the ob-
served decrease of the reaction rate catalysed by the NEI
domain (35). This data could be explained as follows, both
GRF1&2 and NEI domains efficiently bind Y forked sub-
strates in their ssDNA parts, therefore they could simply be
competing for the substrate of the NEIL3 enzyme. There-
fore, the single Y-fork model scenario can explain the previ-
ously observed GRF inhibition of the NEI domain during
the catalysis.

We predicted two different models for the role of GRF
domains in Ap-ICL repair. Either GRF inhibits or regulates
the enzymatic activity of the NEI domain, or GRF increases
the selectivity of the NEIL3 enzyme towards structurally
more complex substrates generated during the replication
coupled repair of the Ap-ICL (19). Here, we propose a
model that assumes that GRF1&2 bind a DNA replication
fork at the interface with NEI, resulting in a Y-structured
DNA replication fork model (Figure 5D). Two converging
forks from each direction were observed during the efficient
crosslink repair in Xenopus egg extracts (14,19,32). There-

fore, we suggest a two-fork model, with the mechanism of
its recognition accomplished by NEIL3 (Figure 6).

The single-fork model and our NEI domain crystal struc-
ture both contain fork-like structures that are in an orien-
tation that does not favour enzymatic catalysis (Figure 5).
For efficient catalysis, the fork branching point or the 3 ss-
DNA overhang mimicking the replication fork should be
oriented in the opposite direction, away from the GRF do-
mains, with the 3" ssDNA branch of the fork located to-
wards the DNA binding pocket and the residues K82, H96,
and R94 (Figures 3 and 4) (56). If we suppose that the Al-
phaFold prediction of this GRF:NEI interdomain interac-
tion is correct, the GRF would bind one fork to one end of
the DNA, and the NEI domain would require a free 3 ss-
DNA end for efficient catalysis. To fulfil the requirement of
the NEI domain for ssDNA and to avoid competition for
the substrate, the second fork must be present, forming a
structure in the shape of the letter X (Figure 6). Both NEI
and GRF domains bind the ssDNA part of the fork-like
structures in a complementary manner. This is due to the
preference of GRFs for 5’ ends and the preference of NEI
for 3’ ends, while both bind replication forks. Together, bio-
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Figure 6. DNA X-structure of replication-coupled DNA repair of the Ap-ICL. (A) A model of replication coupled repair of the Ap-ICL (32). I) Two
replication forks stall upon the crosslink. The CMG helicase (yellow) is ubiquitylated by TRAIP1 (light purple). Ubiquitin chains recruit NEIL3 (NEI,
GRFs, NZF; blue, red, slate) II) NEIL3 recognition of the double fork, the DNA X-structure at Ap-ICL. III) The Ap-ICL has been unhooked, followed
by further steps of the repair. IV) Finally, repaired daughter strands (19,32). (B) Schematics of design of the model. (C) Final model of NEIL3 bound to
the X-structure, experimentally driven model of stalled replication fork on the Ap-ICL recognised by NEI (blue) and GRF1&2 (red) domains of NEIL3
glycosylase. Damaged DNA strand containing Ap-site leading to the crosslink (cyan), undamaged strand (orange)

chemical data and predictions indicate that GRF recognizes
one fork and the NEI domain recognizes the other fork of
the X-structure (Figure 6) (56). While GRFs might bind
one or both arms of the fork. An X-structure is commonly
drawn in repair models as a prediction of the repair cen-
tre, as it was initially based on an electron micrograph from
seminal work on ICL repair (14). Additionally, several sem-
inal publications from J. C. Walter’s laboratory proposed
this model of two stalled replication forks (15,19). Over-
all, the two-fork model proposed here with NEIL3 glyco-
sylase resembles an X-structure, one fork is recognized by
NEI, and the other fork is recognized by GRF. The orien-
tation is such that the Ap site is located in the NEI's active
site pocket (Figure 6). Our structural and biochemical data
strongly support that two forks are required for the efficient
Ap-ICL repair by NEIL3 glycosylase. Although many mod-
els are possible for binding of NEIL3, our data is consistent
with a simple model whereby NEIL3 can engage a double-
fork structure which might occur with converging replica-
tion forks at the ICL. Additional studies are necessary to
evaluate it.

X-structure flexibility allows Ap-ICL flipping-out mechanism

If an X-structure is present, the rate of the repair will not
be impeded by competition for the fork by the interaction
with GRF. Instead, both NEI and GRFs would bind one of
the forks in their preferred orientation, with the Ap site in

the active site pocket. This would result in efficient crosslink
repair.

However, the general mechanism of the Fpg/Nei family
of enzymes involves the damaged base flipping outwards
into the active site pocket (59). This movement allows for
a nucleophilic attack of the N-glycosidic bond of the lesion.
Such an action requires dramatic conformational changes
within the duplex (60). No flip-out mechanism of the lesion
seems possible in the case where dsDNA is crosslinked to
another strand. It Is more likely that the entire DNA chain
is rotated in the active site pocket.

The dsDNA is relatively rigid on its own, and the addition
of an interstrand crosslink would restrict yet another degree
of freedom. In the case of an X-structure, all four ssDNA
arms could move relatively freely. We predict that once the
substrate is recognised by the enzyme, the X-structure ar-
rangement would allow one of the DNA strands to rotate
with the crosslink in a ‘flip-out-like’ mechanism, position-
ing the N-glycosidic bond of the Ap-ICL towards the active
site residue. This then allows for a nucleophilic attack, the
formation of the Shiff-base, and unhooking of the crosslink,
therefore liberating one strand from the other. Then the fur-
ther steps of Ap-ICL repair can continue.
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