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DNA interstrand crosslinks (ICLs) strands pose an impenetrable barrier for DNA replication. Different ICLs are
known to recruit distinct DNA repair pathways. NEIL3 glycosylase has been known to remove an abasic (Ap) site
derived DNA crosslink (Ap-ICL). An Ap-ICL forms spontaneously from the Ap site with an adjacent adenine in the
opposite strand. Lack of genetic models and a poor understanding of the fate of these lesions leads to many
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 B-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 f-elimination followed by 8-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 Cl1. 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

C

DNA Repair 113 (2022) 103300

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

| <
Nt . ! \M
\\ o~ gt \ 7 | Nperf ” ~/
}—/\ ‘/s v \ ’,, / ': l %ﬁ*{ ‘1 (\T;, | { [f)“.(l. t)\\/ /o
3 [, Hemiacetal 31 [, Aldehyde /,; /;|," \\l, 1 ,’(; .4’("”"" i S:f PN = ‘\! ! \'UI [ {\‘
, |\ Ty ah ( 14 \ ,
] P YA LR e
50 3’ ?Pl,%{’ i ) /&'r's ! :Qg 7 f "‘., )\
OH_o, NSNdA 0 3 & DES Al ‘
=\ + | J\( L 3 : N\~ / : v
Py Sx YT ¥
.9 Ap \—/ o/‘\g e Kf PDBID 6XAH
PYin

50 OH '\f& \ dC
_OH P w
“ NF N:/NI\O 58\
3'ndan “ H,0 el

S -
A e
5 N~ XN (0]
5 | 3’
O NHY "N—A
N=/ 0

F
5'dC-Ap-dT-3'

3"-d-dA-dA-5'

Ap-Site

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
NacCl, 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. S2).

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 NaCl, 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 NacCl, 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] U, T3AGACAGCT 41
3" -CAGCTACTTG4A5AgTCTGTCGA

4C 5'[HEX] ~GTCGATGAAC] Uy T3AGACAGCT 61
3" -CAGCTACTTC4A5AgTCTGTCGA

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

4(5)A 5'[HEX] ~GTCGATGAAC]UpT3AGACAGCT TT
3" -CAGCTACTTA4A5AgTCTGTCGA

56 5'[HEX] ~GTCGATGAAC] UpT3 AGACAGCT TC
3" -CAGCTACTTA4G5AgTCTGTCGA

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

5T 5'[HEX] ~GTCGATGAAC] U T3AGACAGCT GC
3" -CAGCTACTTA,T5AgTCTGTCGA

S5'[HEX] -GTCGATGAAC U, T3AGACAGCT

3'-CAGCTACTTI4A5AgTCTGTCGA

5'[HEX] -GTCGATGAAC{U,T3AGACAGCT

3'-CAGCTACTTG4A5IgTCTGTCGA

5'[HEX] ~GTCAGATCAAA U, T3AAACCTG

3'-CAGTCTAG TTT 4G cA g TT TGGAC

5'[HEX] —GTCAGATCAAG U T3ARACCTG

3" -CAGTCTAG TTC 4G 5A g TT TGGAC

5'[HEX] ~GTCAGATCCCA1U 2T 3CCACCTG

3" -CAGTCTAGGGT 4G 5A ;GGTGGAC

5'[HEX] ~GTCAGATCCCG U T 3CCACCTG

3" -CAGTCTAGGGC 4G A ;GGTGGAC
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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
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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
nomenclature of different positions. 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-HCl pH = 7.4, 140 mM NaCl shown in the Supplementary Fig. S4.
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GC-rich

GT
X GTCAGATCCCAUTCCACCTG
CAGTCTAGGGTGAGGTGGAC

GC

[Hps,

T YGTCAGATCCCGUTCCACCTG
CAGTCTAGGGCGAGGTGGAC

159 T
= TC
-+ GT
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-
&)
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15=
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Fig. 3. Formation of Ap-ICL in DNA duplexes with AT-rich or GC-rich regions. (A) Schematics of DNA duplexes containing i) AT-rich regions (left) or ii) GC-rich regions
(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, GC-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 5 G,
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 5 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 4th 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 4th 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 4th position
(TC) had a nearly 4 times higher rate of formation than the one with GC-
rich sequence with thymine at 4th 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 4™ 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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Fig. 4. Stability and degradation of Ap-ICL with AT-rich or GC-rich regions.Gel purified Ap-ICLs from DNA oligos with AT-rich or GC-rich regions flanking the Ap site were
subjected to spontaneous degradation at physiological conditions. (A) An illustrative 20% denaturing PAGE gel of Ap-ICL degradation in time is shown, where P1, P2 and P3 are
products of degradation. HEX-labelled fluorescent imaging. (B) Degradation of Ap-ICL was plotted over time and fitted with exponential decay (C) The rate of Ap-ICL
degradation was plotted and is represented as a bar chart. The half-lives for GC, GT, TC and TT were 28.8; 31.7; 29.3 and 60.6 days.

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 108 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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