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High Resolution Detection of DNA Abasic Sites

Related Application

The present application claims the benefit of and priority to GB 1812283.8 filed on
27 July 2019 (27.07.2019), the contents of which are hereby incorporated by reference in

their entirety.

Field

This invention relates to the detection and mapping of abasic (AP) sites in nucleic acids.

Background
Genomic DNA is continually subject to both endogenous and exogenous forms of damage.

Spontaneous hydrolysis of the N-glycosylic bond between the DNA backbone and
nucleobases leads to the formation of an estimated 10,000 abasic (AP) sites per cell, per
day'. In the event of exogenous damage, these levels can be further elevated?. AP sites are
also generated enzymatically as an intermediate in the base excision repair (BER) pathway.
Damaged DNA bases such as 8-oxoguanine or uracil from deamination of cytosine are
efficiently removed by this pathway®#. An active demethylation pathway to remove the
epigenetic marker 5-methylcytosine (6-mC) in DNA involving TET and TDG has also been
proposed, in which abasic sites are a putative intermediate®®. AP sites are therefore an
interesting and important target for study in a range of pathways. However, little is known
regarding their location within genomic DNA. Chastain et al reported that the formation of AP
sites from exogenous damage is clustered and non-random by DNA fiber analysis’?2.

However, the exact sequence context of AP sites remains largely unexplored.

Aldehyde Reactive Probe (ARP) has been widely used in dot-blot and ELISA assays to
detect the aldehyde moiety revealed in the ring-open form of DNA AP sites®'°. However, this
approach suffers from cross-reactivity with bases including 5-formylcytosine (5-fC)!" and
5-formyluracil (5-fU)'?'3 that will confound the interpretation of any results (Figure 1).
Quantitative measurements of these formyl bases by mass spectrometry have revealed
levels comparable to those estimated for AP sites in a range of tissues and cell lines'*1%.16,
Therefore, care must be taken to distinguish between these different groups during chemical

labelling.

Summary
The present inventors have developed aldehyde-reactive probes that chemically label

aldehyde residues within nucleic acids and form adducts of different stabilities with abasic
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(AP) sites, 5-fU and 5-fC. This allows the selective cleavage of the labelled nucleic acid
strands at AP sites and may be useful for example for the high-resolution mapping of abasic
(AP) sites in genomic DNA.

An aspect of the invention provides a probe for reaction with an aldehyde of a nucleic acid
having an AP site, 5-fU or 5-fC. The probe may be referred to as an aldehyde probe. The
probe is typically a nitrogen nucleophile, which forms a nitrogen adduct upon reaction with
the aldehyde. The nitrogen adduct may be an imine, an enamine, a hydrazone, an oxime or
an amine, and these groups may be present within a linear or cyclic system, or the nitrogen
adduct may be a heteroaromatic group having nitrogen as a ring atom, such as an aromatic

ring atom.

The aldehyde probe may be a hydrazine, including a hydrazide, or a hydroxylamine probe.
The hydrazine, and hydroxylamine functional groups may be connected to an alkyl, aryl,

cycloalkyl or heterocyclyl group, and these groups may be further substituted.

The probe may be connected to a capture tag and/or a detectable label, or the probe may
have a coupling moiety, such as a functional group, for connection with to a capture tag
and/or a detectable label. For example, the probe may be connected or connectable to

biotin.

The probe may be selected from a compound of formula A, ARP (N-(Aminooxyacetyl)-N'-
biotinyl-hydrazine), truncated ARP (N-biotinyl-hydrazine), O-(4-nitrobenzyl)hydroxylamine,
biotinamidocaproyl hydrazide, biotin-dPEG-hydrazide and alkyne hydrazide.

The probe may be a compound of formula A, as described in further detail below.

A further aspect of the invention provides a probe of formula A;
Ar-L-A-NR'R?

where -Ar is optionally substituted aryl, such as heteroaryl, such as indolyl,

-L- is alkylene, such as methylene,

-A- is -CR3®R*-, -N(R®)- or -O-, such as -N(R®)-, where each of -R% and -R* is
independently hydrogen or alkyl, and -R?® is hydrogen or alkyl, such as alkyl,

-R"is hydrogen,

-R?is hydrogen or alkyl, such as hydrogen,
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and salts, solvates and protected forms thereof.

Preferably, -Ar is optionally substituted indolyl, -L- is methylene, and -A- is -N(R®%)-. For
example, -Ar is indolyl substituted, such as substituted at the aromatic ring N atom, with

alkynyl, such as propargyl.

Preferably, the probe has the formula B;
\

m_/w-m-lg
N
J

Another aspect of the invention provides a method of labelling an abasic (AP) site in a
nucleic acid comprising;
reacting a nucleic acid containing an abasic (AP) site with a probe of formula A,

such that the probe covalently binds to the abasic (AP) site of the nucleic acid.

Another aspect of the invention provides the use of an aldehyde probe, such as a probe of

formula A, for labelling an abasic (AP) site in a nucleic acid.

Another aspect of the invention provides a method of isolating a nucleic acid containing an
abasic (AP) site, the method comprising;

providing a population of nucleic acids,

contacting the population with an aldehyde probe, such as a probe of formula A, such
that the probe covalently binds to abasic (AP) sites to produce nucleic acid strands labelled
with the probe,

optionally oxidising the nucleic acid strands labelled with the probe,

optionally adding a capture tag or detectable label to the probe,

isolating labelled nucleic acid strands from the population of nucleic acids,

selectively cleaving the isolated nucleic acid strands at abasic sites (AP) that are
covalently bound to the probe to produce a population of nucleic acid fragments, and

isolating the nucleic acid fragments.

The isolated nucleic acid fragments correspond to the sequences 5’ and 3’ of abasic (AP)

sites in the population of double-stranded nucleic acids.
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Another aspect of the invention provides a method of mapping abasic (AP) sites in genomic
nucleic acids comprising;

providing a population of double-stranded genomic nucleic acids,

contacting the population with an aldehyde probe, such as a probe of formula A, such
that the probe covalently binds to AP sites in nucleic acid strands within the population and
labels the nucleic acid strands with the probe,

ligating a first sequencing adapter to both ends of the double-stranded genomic
nucleic acids in the population, wherein the first sequencing adapter comprises a non-
ligatable end,

isolating nucleic acid strands labelled with the probe from the population of double-
stranded genomic nucleic acids,

cleaving the isolated nucleic acid strands at probe-bound AP sites to produce a
population of unlabelled nucleic acid fragments,

isolating the unlabelled nucleic acid fragments,

annealing an extension primer to the first sequencing adapter sequence of the
unlabelled nucleic acid fragments,

extending the extension primer along the unlabelled nucleic acid fragments to
produce double stranded nucleic acid fragments with a non-adapted end,

ligating a second sequencing adapter to the non-adapted end of the double stranded
nucleic acid fragments to produce a population of adapted double stranded nucleic acid
fragments,

amplifying the adapted double stranded nucleic acid fragments to produce a
population of amplified nucleic acid fragments, and,

sequencing the population of amplified nucleic acid fragments,
wherein the sequences of the amplified nucleic acid fragments correspond to the sequences

3’ of AP sites in the population of double-stranded genomic nucleic acids.

The method may include the steps of optionally oxidising the nucleic acid strands labelled

with the probe, and optionally adding a capture tag or detectable label to the probe.

Another aspect of the invention provides a kit for use in labelling AP sites; isolating nucleic
acids containing AP sites; or mapping AP sites, wherein the kit comprises an aldehyde
probe, such as a probe of formula A, optionally together with a reagent for cleaving abasic

sites, such as a base.

Aspects and embodiments of the invention are described in more detail below.
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Brief Description of Figures

Figure 1 shows structures of aldehyde containing moieties found in DNA.

Figure 2 shows HIPS probe 1 (the compound of formula B), o-phenylenediamine derivative
2, N-biotinyl-hydrazine and ARP.

Figure 3 shows (a) Reactivity of probes with AP-ODN1. AP-ODN1 (10 uM) was incubated
with probes (1 mM) at room temperature for 2 hr. Reactions were buffered by sodium
acetate (pH 5.0) or sodium phosphate (pH 6.0-7.4 at 40 mM, and followed by LC-MS. The
conversion % was calculated by integration of the ligated-ODNs at 260 nm UV absorption.
(b) DNA sequences of ODNs used in LC-MS studies. AP-ODN1 is obtained after treatment
of ODN1 with UNG.

Figure 4 shows the stability of adducts formed between 1 and AP-ODN1, fU-ODN2 and
fC-ODNS3 to alkaline-cleavage (100 mM NaOH, 15 minutes). ODNs were treated with 1 at
room temperature for 2 hr, apart from 5-fC which was at 37 °C for 24 hr, followed by copper-
catalysed biotinylation except where labelled ‘pre-click’. All cleavage reactions were carried
out at 70 °C, unless labelled RT. % cleaved product was calculated by integration of UV

absorption at 260 nm. Mean and S.E.M of three replicates are shown.

Figure 5 shows HIPS probe 1 conjugated ds-ODNs before and after alkaline-cleavage assay
(100 mM NaOH, 15 mins at 70 °C). All samples were first treated with 1 at room temperature

for 2 hr, except 5-fC which was over 24 hr at 37 °C before copper-catalysed biotinylation.

Figure 6 shows (a) Enrichment of AP ds-ODN relative to 5-fC or unmodified ds-ODNs after
first round of enrichment. All samples were treated with 1 at room temperature for 2 hr
followed by biotinylation. Fold-enrichment was calculated by comparison of gPCR
amplification to input samples. Mean and S.E.M of three replicates are shown. (b) Recovery
of modified ds-ODNs after second round of enrichment, quantified by gPCR against the

input. Results from three independent replicates are shown.

Figure 7 shows a workflow of AP-seq to generate adapter ligated fragments where the first

base after the P5 adapter (blue) corresponds to the position directly 3'- to captured AP sites.

Figure 8 shows the number of sequencing reads aligned to each modified or unmodified ds-
ODN after treatment with 1 and biotinylation, followed by (A) AP-seq or (B) standard Illumina

library preparation. (C) Number of aligned reads beginning exactly 1 base pair after site of
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modification. Mean and S.E.M of two replicates are shown, with the total number of reads in
each library normalized to 500,000. (D) Representative view of sequencing coverage across
modified ODNs after AP-seq. Black arrows indicate the site of modification.

Figure 9 shows the overlap of sites identified by SMUG1-AP-seq with 5-hmU enriched

regions.

Figure 10 shows, from left to right, the distribution of normalised ODN read counts after
standard AP-seq, AP-seq after SMUG1 treatment and AP-seq after methoxyamine and
SMUG1 treatment.

Figure 11 shows the distribution of normalized ODN read counts after UNG treatment

followed by AP-seq.

Figure 12 shows, from left to right, the distribution of normalized ODN read counts after AP-

seq with and without hOGG1 treatment.

Figure 13 shows the mapping of AP sites in HeLa DNA. (A) Enrichment of synthetic DNA
before and after DNA sonication and mock re-extraction. Mean + S.E.M. of three replicates
are shown. (B) Western blot of APE1 protein after siRNA knockdown. Mean + S.E.M. of
three independent replicates are shown. (C) Overlap of AP-seq peaks called in HelLa cells
treated with control or APE1 siRNA. (D) Relative enrichment of AP-seq peaks in different
genomic regions expressed as Logy(fold change) when compared to peaks shuffled at

random. Error bars represent 95 % confidence intervals. * g < 0.05.

Figure 14 shows a workflow of a targeted version of AP-seq to generate adapter ligated
fragments where the first base after the P5 adapter (blue) corresponds to the position

directly 3'- to captured AP sites. An adapter oligonucleotide containing the P7 primer is
annealed to a target sequence in the fragments, so only fragments containing the target

sequence are adapted for amplification and sequencing.

Detailed Description

This invention relates to the labelling of abasic (AP; apurinic/apyrimidinic) sites and the
isolation and sequencing of nucleic acids containing AP sites. Nucleic acids are reacted with
an aldehyde probe, such as a probe of formula A. The probe covalently binds to AP sites
and thereby labels nucleic acid strands in the nucleic acids that contain AP sites. The
labelled strands are then isolated from the population of nucleic acids and may be selectively

cleaved at the probe-bound AP sites. This produces a population of nucleic acid fragments
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that correspond to the nucleotide sequences 5’ and 3’ of the AP sites in the nucleic acids.
The nucleic acid fragments may be amplified, sequenced and used to map the AP sites at

high resolution.

An abasic site (AP) site is a position in the backbone of a nucleic acid, such as DNA or RNA,
that lacks a nucleobase i.e. the ribose of the RNA backbone or the deoxyribose group of the
DNA backbone is not covalently linked to either a purine base, such as A or G, ora
pyrimidine base, such as C, U or T. An AP site may be internal within the nucleotide

sequence of the nucleic acid i.e. there may be nucleotides both 5° and 3’ of the AP site.

AP sites may be endogenous i.e. a naturally occurring AP site that has not been introduced
artificially through chemical, enzymatic or other treatment. Endogenous AP sites may arise
from spontaneous hydrolysis of the N-glycosylic bond between the DNA backbone and a
nucleobase or enzymatically, for example by the action of DNA glycosylases during Base

Excision Repair.

AP sites may be exogenous i.e. an artificial AP site introduced through chemical, enzymatic
or other treatment. Suitable treatments for the introduction of abasic sites into a population
of nucleic acids include chemical treatments, such as bisulfite treatment (Tanaka K et al.
(2007) Bioorganic and Medicinal Chemistry Letters 17, 1912), acid hydrolysis (Lindahl T et al
(1972) Biochemistry 11, 3618; Tamm C et al. (1952) J. Biol. Chem. 195, 49) and
dimethylsulfate treatment, and enzymatic treatments, such as Uracil-DNA glycosylase
(UNG) treatment (Lindahl, T. et al. (1977) J. Biol. Chem. 252, 3286).

AP sites in a population of nucleic acids may be labelled by a probe as described herein.

A nucleic acid containing an AP site may contain one or more AP sites i.e. at least one
position in the phosphate-ribose or phosphate-deoxyribose backbone of the nucleic acid

lacks a nucleobase. For example, a nucleic acid may contain 1, 2, 3, 4, 5 or more AP sites.

The nucleic acids in the population may be single-stranded, double-stranded or a mixture of
single and double-stranded nucleic acids. For example, cellular nucleic acids, such as
cellular genomic DNA, may be double-stranded and cell-free nucleic acids, such as cfDNA,

may be a mixture of single and double-stranded nucleic acids.
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Preferably the nucleic acids in the population are DNA molecules, such as plasmids,
synthetic DNA, viral DNA, genomic DNA preferably mammalian or human genomic DNA,
and cell-free circulating DNA (cfDNA).

In other embodiments, the nucleic acids may be RNA molecules, such as genomic RNA
(e.g. mammalian, plant or viral genomic RNA), mRNA, tRNA, rRNA and non-coding RNA.

Genomic RNA may include mammalian, plant or viral genomic RNA.

The nucleic acids in the population may be 10 bases to 50 kbases in length, such as 20 to
3000 bases in length. Nucleic acids isolated from cellular sources may be greater than 1000
bases in length and may be fragmented, for example by sonication, for use as described
herein. In some embodiments, the choice of the sequencing technique may determine the
size of the nucleic acids in the population. For example, nucleic acids of 100-1000 bases

may be compatible with lllumina sequencing.

In some preferred embodiments, the nucleic acids in the population may be mammalian,

preferably human nucleic acids.

A method described herein may comprise isolating a population of nucleic acids from a
sample. For example, the population of nucleic acids may be isolated from a sample of
intact or disrupted cells or cellular material, such as mammalian cells, preferably human
cells. Suitable samples include isolated cell and tissue samples, such as biopsies, including
solid tissue or tumour biopsies. In some embodiments, the sample may be obtained from a
formalin fixed paraffin embedded (FFPE) tissue sample or other stored sample of cellular

material.

The sample may be obtained from an individual, preferably a human individual, for example
a patient having or suspected of having a disease condition, such as cancer; or a healthy or
at risk individual for health monitoring or assessment; or a patient undergoing treatment to

assess response to a drug.

Methods of extracting and isolating genomic DNA from samples of cells are well-known in
the art. For example, genomic DNA may be isolated using any convenient isolation
technique, such as phenol/chloroform extraction and alcohol precipitation, caesium chloride
density gradient centrifugation, solid-phase anion-exchange chromatography and silica gel-

based techniques.
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Whole genomic DNA isolated from cells obtained from a sample may be used directly as a
population of nucleic acids as described herein, after isolation or may be subjected to further

preparation steps before labelling with a probe as described herein.

For example, the genomic DNA may be fragmented, for example by sonication, shearing or
endonuclease digestion, to produce genomic DNA fragments. The whole or a fraction of the
genomic DNA may be used as described herein. Suitable fractions of genomic DNA may be

based on size or other criteria.

Suitable populations of nucleic acids may include human genomic DNA, for example from
tissue samples and human cell lines, and genomic DNA from model organisms such as
C. elegans, yeast, bacteria, such as E. coli, plants, such as Arabidopsis thaliana and

mammalian models, such as mouse.

Suitable populations of nucleic acids may also include genomic DNA from cancer cells or

tumours, xenografts and other cancer models, cell-free plasma DNA, and single-cell DNA.

Following fractionation, denaturation, adaptation and/or other preparation steps, the
population of nucleic acids may be optionally further purified, and provided in a suitable form
for reaction with the probe as described herein. For example, the population of nucleic acids

may be in aqueous solution in the absence of buffers before treatment as described herein.

A probe is a compound that reacts with the free aldehyde groups in a nucleic acid, for
example through a Hydrazino-iso-Pictet-Spengler (HIPS) reaction to form an adduct

(reaction 1).

A probe may react selectively with the free aldehyde group in an AP site or may also react
with the free aldehyde groups in 5-formyluracil (5-fU) and/or 5-formylcytosine (5-fC) residues

in the nucleic acids.

The probe reacts with the AP site in a nucleic acid strand to form an adduct, which is
typically a cyclic adduct. The adduct formed with the AP site in the nucleic acid strand
undergoes an elimination reaction (such as - and/or B-0- elimination) (reaction 2) in the
methods described herein to cleave a phosphodiester bond in the backbone of the nucleic
acid strand at the AP site. The adduct formed by the probe with an AP site is more
susceptible to the elimination reaction than the adduct formed by the probe with 5-fU or 5-fC

residues. This allows the selective cleavage of nucleic acid strands at AP sites over
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cleavage at 5-fU or 5-fC residues, for example using selective reaction conditions which

favour the cleavage of nucleic acid strands at AP sites over 5-fU or 5-fC residues.

The probe may comprise a hydrazine group or a hydroxylamine group that is reactive with

free aldehyde groups in a nucleic acid strand.

The probe may further comprise a coupling moiety, such as a functional group, which allows
conjugation of the probe to another compound, such as a capture tag. Suitable coupling

moieties include an alkyne and a carboxy group.

The probe may be a hydrazine, including a hydrazide, or a hydroxylamine probe. The
hydrazine and hydroxylamine functional groups may be connected to an alkyl, aryl,
cycloalkyl or heterocyclyl group, and these groups may be optionally further substituted. The
aldehyde probe forms a covalent bond between a nitrogen atom of the probe and the
aldehyde carbon. Typically a carbon-nitrogen double bond is formed, although the final
adduct may not possess this functionality, and may have a carbon-nitrogen single bond.
Accordingly, the aldehyde probe may be used to prepare an adduct that is a hydrazone, an

oxime or a hydrazine.

The formation of the product adduct may include a ring formation step, which may be the
formation of a cyclic hydrazone or a cyclic amidine product, for example. The ring formation
step may include the formation of an aromatic ring, or such a ring may be subsequently

formed during cleavage, such as oxidative cleavage, of the labelled nucleic acid strand.

A hydrazine probe may react with an aldehyde to form a hydrazone product. A hydrazine
probe may be a hydrazide probe. The hydrazine probe may contain an alkyl hydrazine

group and may contain an alkyl hydrazide group.

The hydrazine probe may be a hydrazide probe, such as a truncated version of the so-called
Aldehyde Reactive Probe (ARP), which is the Aldehyde Reactive Probe without the
aminooxyacetyl group of the ARP. Thus, the truncated probe is N-biotinyl-hydrazine.
Further examples of hydrazide probes for use in the methods of the invention are
biotinamidocaproyl hydrazide (biotinamidohexanoic acid hydrazide), biotin-dPEGs-hydrazide

(available from Quanta Biodesign) and alkyne hydrazide (available from Lumiprobe).
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In the hydrazide probes mentioned above, the hydrazide group may be replaced with a
hydrazine group. In this way, biotinylated hydrazine probes, for example, may be used in

the methods of the invention.

A hydroxylamine probe may react with an aldehyde to form an oxime product. The

hydroxylamine probe may contain an alkyl hydrazine group.

The hydroxylamine probe may be the so-called Aldehyde Reactive Probe (ARP), where the
hydroxylamine functionality is connected to a biotin capture tag via a hydrazide-containing
linker. The compound may be referred to as N-(@aminooxyacetyl)-N"-biotinyl-hydrazine. ARP

has the structure shown below:
)

A
HN NH
H O
s N\N)K/ONHZ
0O H
Further examples of hydroxylamine probes for use in the methods of the invention are

biotin-dPEGs;-oxyamine and biotin-dPEG+1-oxyamine (available from Quanta Biodesign).

A suitable probe may have the formula A above. The probe is a compound of formula A:
Ar-L-A-NR'R?

where -Ar is optionally substituted aryl, such as heteroaryl, such as indolyl,

-L- is alkylene, such as methylene,

-A- is -CR3®R*-, -N(R®)- or -O-, such as -N(R®)-, where each of -R% and -R* is
independently hydrogen or alkyl, and -R® is hydrogen or alkyl,

-R'"is hydrogen,

-R? is hydrogen or alkyl, such as hydrogen,

and salts, solvates and protected forms thereof.
The group -R' is hydrogen.

The group -R? may be hydrogen or alkyl, such as hydrogen, methyl or ethyl, such as

hydrogen or methyl, such as hydrogen.
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Typically, the group -A- contains a heteroatom, such as where -A- is -N(R%)- or -O-. ltis
believed that such groups have an enhanced nucleophilicity compared with those

compounds where -A- contains carbon, such as where -A- is -CR3R*-.

Preferably -A- is -N(R°®)-. Here, -R®> may be hydrogen or alkyl, such as hydrogen, methyl or

ethyl, such as hydrogen or methyl, such as methyl.

When the compound of formula A is a compound where -A- is -N(R®)- the compound may be

referred to as a hydrazine compound.

Alternatively, the group -A- may be CR3®R*- or -O-, although this is less preferred.
Each of R® and R* is independently hydrogen or alkyl, such as hydrogen, methyl or ethyl.
Preferably, each of R and R* is hydrogen.

The group -L- is alkylene, which may be linear or branched. The alkylene group may be
C1.6 alkylene, such as C14 alkylene, such as Ci.3 alkylene, such as C1.2 alkylene, such as

C1 alkylene (methylene, -CH>-).

The group -L- may be selected from -CH-, -CH(CH3)- and -C(CHs),-. Preferably, -L- is
methylene (-CHy-).

The group -Ar is aryl including heteroaryl and carboaryl. The aryl may be a fused ring
system, and one or more of the rings in the fused system may be substituted. At least one
ring within the fused ring system is an aromatic ring. The group -Ar is preferably a

heteroaryl. The group -Ar preferably has a fused ring system.

Where -Ar contains a fused ring system, each ring may be an aromatic ring. Alternatively, a
fused ring system can contain one or more non-aromatic rings, which may be fused to an

aromatic ring that is present within the aryl group.

The carboaryl may be Ce.14 carboaryl, such as phenyl or naphthyl, such as phenyl.
Carboaryl groups are less preferred owing to their lower reactivity in the ring-forming
reactions described herein. The inventors have also established that adducts formed from

phenyl-containing compounds require strong conditions to cleave the nucleic acid.

The heteroaryl may be Cs.14 heteroaryl, such as Cs.1o heteroaryl, such as Cg.19 heteroaryl.

The heteroaryl is preferably a nitrogen-containing heteroaryl. Thus, heteroaryl group has an
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aromatic ring containing a nitrogen ring atom. Example heteroaryl groups include pyrrolyl,

imidazolyl, pyrazolyl, benzoimidazolyl, and indolyl. The heteroaryl is preferably indolyl.

Preferably -Ar includes a nitrogen-containing aromatic ring, which is preferably a

five-membered ring, such as a pyrrole ring.

The group -L- is connected to an aromatic ring of the aryl group, and it is typically connected
to a nitrogen-containing aromatic ring. The nitrogen-containing aromatic ring may be fused
to another ring, such as another aromatic ring. For example, the nitrogen-containing
aromatic ring may be a pyrrole ring and this may be fused to a benzene ring, as in an indole

ring system.

The aryl group typically bears the group -L-A-NR'R? on a carbon aromatic ring atom. Where
the aryl group contains a nitrogen aromatic ring atom, such as where the aryl group is
indolyl, the aryl typically bears the group -L-A-NR'R? on a carbon aromatic ring atom that is
o (adjacent) or B to the nitrogen ring atom, such as a to the nitrogen ring atom. In an indole
system, the group -L-A-NR'R? may be a 2- or 3-subsituent, such as a 2-subsituent, to the

indole ring.

The aryl group is optionally substituted, and is preferably substituted. Typically, a
substituent to the aryl group is or contains a functional group, and this may be suitable for
further functionalisation of the compounds of formula A. These functional groups may serve
as points for the attachment of a detectable label, such as a chromophore, a fluorescent or
phosphorescent label or a radiolabel. Such labels may be directly or indirectly connected to

the aryl group after the probe is connected to the nucleic acid.

In an alternative embodiment, the compound of formula A may contain a detectable label.
Such a label may be or may be part of a substituent to the aryl group. Here, the reaction of
the compound of formula A with an aldehyde of the nucleic acid serves to directly label that

nucleic acid.

Where the aryl group is a heteroaryl group, a substituent may be provided on a ring carbon
or ring nitrogen atom, where appropriate. For example, where -Ar is indolyl, the nitrogen of
the pyrrole ring of the indolyl group may be substituted, such as substituted with an alkynyl

group, such as Cas alkynyl, such as C, or Cs alkynyl, such as Cs alkynyl (propargyl).
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For example, a substituent for the aryl group may be or contain an alkynyl or azide group,

such as an alkynyl or azide group, such as an alkynyl group.

The compound of formula A may have a functional group that is connected to the aryl group
either directly or via a linker group. The functional group may be a group selected from
amine, halo, hydroxyl, thiol, carboxyl and activated carboxyl, alkenyl, alkynyl, nitro, azide and
maleimide. The functional group may be selected from amine, hydroxyl, thiol, carboxyl and
activated carboxyl, alkenyl, alkynyl, azide and maleimide, such as alkynyl and azide.
Preferably, an alkynyl or an azide group is connected directly to -Ar, and most preferably an

alkynyl group, such as propargyl, is connected directly to -Ar.

The linker group connecting the functional group the aryl group may be selected from
alkylene, heteroalkylene, cycloalkylene, heterocycloalkylene, arylene, alkylene-arylene

(aralkylene), and heteroalkylene-arylene.

The functional group is a group that does not react during the reaction of the aldehyde with
the probe. Additionally or alternatively, the functional group may be protected with a
protecting group. The protecting group may be removed for reaction of the functional group

with a labelling agent, for example after the probe is connected to the nucleic acid.

Additionally or alternatively, the aryl group may be substituted with one or more groups
selected from alkyl, heteroalkyl, cycloalkyl, heterocycloalkyl, aryl, alkyl-aryl (aralkylene), and

heteroalkyl-aryl.

The aryl group may be substituted with one substituent (in addition to substitution with the
group -L-A-NR'R?).

A reference to alkyl may be a reference to a C1.12 alkyl group, which may be linear or
branched. Example alkyl groups include C1 alkyl, such as C+4 alkyl, such as C1.2 alkyl,

such as methyl or ethyl. A reference to alkylene may be construed accordingly.

A reference to aryl may be a reference to a Cs.14 aryl group, such as a Cs.10 aryl group, which
may be carboaryl or heteroaryl. An aryl group may be phenyl, for example. A reference to

arylene may be construed accordingly.

The compounds of formula A may be provided as salts, for example in a protonated form

together with a suitable counter anion.
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The compounds of formula A may be provided in solvated form, such as hydrated form.

The compounds of formula A may be provided in protected form, for example where the
terminal amino group -NR'R? is protected with an amino-protecting group. The protecting

group may be removed as required for reaction of the probe with a nucleic acid.

Methods for the preparation of compounds of formula A are known in the art, and example
methods are set out in Agarwal et al. The worked examples in the present case also show

the preparation of a compound of formula A.

A preferred probe may have the formula B above.

Also provided by the present invention are the compounds of formula A.

For example, the invention provides a compound where -R?® is alkyl, such as methyl.

For example, the invention provides a compound of formula A having an alkynyl group.
Such a group is provided for useful connection to a detectable label, such as by reaction of
the alkynyl group with a labelling reagent having an azide group. The alkynyl group may be

a substituent to the aryl group and may be connected directly or via a linker.

The aldehyde probe reacts with free aldehyde groups within a nucleic acid to form a covalent
bond which chemically labels the nucleic acid with the probe. The probe of formula A
typically reacts with free aldehyde groups within a nucleic acid through a Hydrazino-iso-

Pictet-Spengler (HIPS) reaction.

Free aldehyde groups may be present at AP sites, 5-formyluracils (5-fU) or

5-formylcytosines (5-fC) in the nucleic acid.

The aldehyde probe may react with AP sites, 5-fU sites and 5-fC sites or may react

selectively with AP sites; AP sites and 5-fU sites; or AP sites and 5-fC sites.

For example, under standard conditions (such as 10 mM probe to 10 yM DNA, room
temperature for 2 hrs at pH 6.0-7.4), the aldehyde probe may react quantitatively with AP
sites and 5-fU but may not react with 5-fC (i.e. may display less than < 5% reaction with
5-fC).
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The compounds of formula A are reacted with an aldehyde-containing nucleic acid to
generate a cyclic addition product of formula C. The reaction may be a ring-forming
reaction. The reaction may be a Pictet-Spengler reaction, and more specifically a hydrazino-
iso-Pictet-Spengler (HIPS) reaction. The probe is preferably a compound of formula A as
these compounds are seen to react with aldehyde-containing nucleic acids under relatively
benign conditions (such as at a pH of 6 to 7.4 at ambient temperature) and with high

conversion to the adduct product (such as greater than 75%).

The ring-forming reaction is the formation of a nitrogen-containing ring, which ring is fused to
a ring of the aryl group. Typically the ring is a 6-membered nitrogen-containing ring, and
such is formed when -L- has a single carbon atom linking Ar- and -A- in the compounds of

formula A, such as where -L- is -CH»-.

The method of the invention may include the reaction of an aldehyde-containing nucleic acid

(NA) with a compound of formula A to generate a product of formula C, as shown below:

NA i~ NA R
>7—H + H-N — A NA
.
O Ar L’A \L/
A C

where the aldehyde is an aldehyde group of the nucleic acid (NA), which may be an
aldehyde of an abasic site, or the aldehyde of a base, such as 5-fU or 5-fC. The adduct of
formula C may be subsequently functionalised with a capture tag or a detectable label to
give a labelled nucleic acid D. Optionally, and preferably, the adduct C or the labelled
nucleic acid D may be oxidised. The oxidation may convert the heterocycle in the adduct to

a heteroaromatic group.

Typically, the nitrogen-containing ring is formed with a connection to an aromatic ring carbon
atom. This carbon atom is typically a (adjacent) to the aromatic ring atom that is substituted
with -L-A-. The nitrogen-containing ring is preferably a 6- or 7-membered ring, most
preferably a 6-membered ring. The group -L- dictates the size of the ring formed. Where -L-
is a group having one carbon separating -Ar and -A-, such as where -L- is -CH»-, a
6-membered ring will be formed. Where -L- is a group having two carbon atoms separating

-Ar and -A-, such as where -L- is -CH,CH»-, a 7-membered ring will be formed.
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Where the aryl group contains a nitrogen aromatic ring atom, such as where the aryl group is
indolyl, the nitrogen-containing ring is typically formed at the ring atoms that are a and 8 to
the nitrogen aromatic ring atom. Such a product is formed where the aryl of the compound
of formula A bears the group -L-A-NR'R? on a carbon aromatic ring atom that is a (adjacent)
or B to the nitrogen ring atom. The ring forming reaction therefore forms a covalent bond at

a carbon aromatic ring atom that is not substituted with the group -L-A-NR'R?.

Where the aryl group is a nitrogen-containing heteroaryl, such as a heteroaryl-containing a
pyrrole ring, for example indole, the reaction may be performed under relatively benign
conditions, with good conversion of the aldehyde to the cyclic addition product. Thus, the
reaction may not require significant heating and may not require strongly acidic or basic

conditions.

Where the aryl group is a carboaryl, or the group -L-A-NR'R?is connected to an aromatic
ring containing only carbon atoms, the reaction of the aldehyde with the probe may require
heating and may require acidic reaction conditions. These are less favourable conditions for

connecting a probe to a nucleic acid.

The duration and temperature of the labelling reaction are sufficient to allow the aldehyde
probe to covalently bind to one or more AP sites in a nucleic acid or population. Preferably,

the conditions lead to minimal nucleic acid degradation.

The reaction may be performed in an aqueous medium. The pH of the aqueous medium
may be pH 4 or more, such as 5 or more, such as 6 or more. The pH of the aqueous
medium may be pH 10 or less, such as 9 or less, such as 8 or less, such as 7.4 or less. For

example, suitable pH may include pH 5-7.4, preferably pH 6-7.4.

The agueous medium may contain one or more co-solvents together with water.

The reaction may be performed at ambient temperature, such as a temperature in the range
10 to 30°C. If necessary, the reaction may be performed at an elevated temperature, such
as a temperature that is greater than 30°C. Here the reaction is typically performed at a
temperature that is no greater than 70°C, such as no greater than 60°C, such as no greater
than 50°C. For example, labelling may be performed at less than 40°C, for example 20°C to

40°C, preferably about room temperature or 37°C.
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The reaction may be performed for 15 mins to 24 hours, for example under the preferred

conditions mentioned above, such as pH 5-8, and 20-37°C.

The product of formula C has a heterocyclic ring formed from the aryl group together with the
group L-A-NR? and the carbon atom from the aldehyde of the nucleic acid. This heterocyclic
ring is partially unsaturated, as it is fused with the aryl group. The methods of the invention

may include the step of oxidising the heterocyclic ring to increase the level of unsaturation in

the ring, for example such that the ring is fully unsaturated, such as the ring is aromatic.

For example, where the adduct contains a tetrahydropyridazine ring (for example, where
where -L- is -CH2- and -A- is -N(R®)- in the adduct C), this may be converted to a pyridazine
ring in the oxidation reaction. Where the adduct contains a tetrahydropyridine ring (for
example, where -L- is -CH2- and -A- is -CR3R*- in the adduct C), this may be converted to a

pyridine ring in the oxidation reaction.

The inventors have found that the cleavage of the labelled nucleic, as described below, is
optimal when the heterocyclic group is oxidised. Thus, the methods of the invention
preferably include the step of oxidising the adduct, such as the adduct C, formed from the
reaction of the aldehyde with the probe of formula B. The oxidation may be undertaken
using a standard oxidising agent, including an inorganic oxidising agent such as a Cu(l) or
Cu(ll) salt, Fe(lll) salt, and a Mn (V1) salt, or an organic oxidising agent such as TEMPO
(2,2,6,6-Tetramethyl-1-piperidinyloxy).

Advantageously, the oxidation reaction may also be combined with the steps for
functionalisation of the adduct, for example to add a capture tag or a detectable label. In the
preferred methods of the invention, an alkynyl group of the adduct is reacted with an azide
group of a capture tag or a detectable label thereby to form a triazole connection. In this
reaction, the formation of the triazole in the azide-alkyne cycloaddition is a metal-catalysed,
such as a copper-catalysed, cycloaddition reaction. The reagents for use in this
cycloaddition reaction to promote the formation of the triazole may also effect the oxidation
of the heterocyclic ring. Thus, the functionalisation of the adduct C may be performed with

the oxidation of the heterocyclic ring.

In other embodiments, the oxidation step is performed after the functionalisation of the
adduct C. Thus, the labelled nucleic acid D may be oxidised, for example using the oxidising

agents described above.



10

15

20

25

30

35

WO 2020/021099 -19 - PCT/EP2019/070255

The adduct formed from the reaction may be functionalised, for example to add a capture
tag or a detectable label, which may be a fluorescent label, for example. For example, the
cyclic addition product C may be reacted with a functionalised capture tag or functionalised

detectable label to give a labelled nucleic acid D.

Typically the functionalisation step is performed after the probe is connected to the nucleic
acid. As noted above, the probe may itself include a label, and the reaction of the probe with

the nucleic acid may label the nucleic acid directly.

The invention also provides a nucleic acid that is connected to a probe of the invention, and
optionally where the probe is provided with a detectable label. Thus, the invention also
provides the adduct of formula C and the labelled nucleic acid of formula D, together with the

oxidised forms of the compounds.

In some embodiments, a capture tag may be attached to the aldehyde probe. The capture
tag may facilitate the isolation of nucleic acid strands that are labelled with the probe as
described below. In some embodiment, a detectable label may be attached to the probe.
This label may facilitate the identification of nucleic acid strands that are labelled with the

probe.

An AP site may present in one strand of a double stranded nucleic acid molecule. This
labelled strand of the nucleic acid molecule may be isolated from unlabelled nucleic acids,

including the complementary strand of the double stranded nucleic acid molecule.

Suitable techniques are well-known in the art. In some embodiments, the labelled nucleic
acid may be isolated by contacting the population with an immobilised specific binding
member that binds to labelled nucleic acid strands and isolating the labelled nucleic acid
strands that are bound to the immobilised binding member. For example, nucleic acids not

bound to the specific binding member may be removed by washing.

The binding member may be immobilised on a solid support. A solid support is an insoluble,
non-gelatinous body which presents a surface on which the capture molecule can be
immobilised for capture of the labelled nucleic acid. Examples of suitable supports include
glass slides, microwells, membranes, or microbeads. The support may be in particulate or
solid form, including for example a plate, a test tube, bead, a ball, filter, fabric, polymer or a

membrane. Nucleic acids may, for example, be fixed to an inert polymer, a 96-well plate,
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other device, apparatus or material which is used in a nucleic acid sequencing or other
investigative context. The immobilisation of nucleic acids to the surface of solid supports is
well-known in the art. In some embodiments, the solid support itself may be immobilised. For
example, microbeads may be immobilised on a second solid surface. In preferred

embodiments, the solid support may be a magnetic bead.

Following immobilisation, the labelled nucleic acid-binding member complex may be
washed, for example, to remove non-immobilised molecules from its environment, including
unlabelled nucleic acids and other reagents and molecules. Suitable techniques and

reagents for washing immobilised complexes are well-known in the art.

In some embodiments, the labelled nucleic acid may be tagged with a capture tag, such as
biotin. The tagged nucleic acid may be isolated by contacting the population with an
immobilised specific binding member that binds to the capture tag and isolating the tagged
nucleic acid strands bound to the immobilised binding member. For example, untagged

nucleic acids not bound to the specific binding member may be removed by washing.

The capture tag may be attached to the probe before or more preferably after the probe is
reacted with the population of nucleic acids. In the worked examples of the present case,
the probe ARP is used to label abasic sites in a nucleic acid. This probe contains a biotin
capture tag. In other worked examples, a probe of formula B is reacted with abasic sites in a

nucleic acid. The adduct is then subsequently connected to a biotin capture tag.

The capture tag or the detectable label may react with the coupling moiety of the probe to
form a covalent bond that couples the capture tag or the detectable label to the probe. Any

convenient chemical coupling procedure may be employed.

For example, covalent linkage of the capture tag or the detectable label to the coupling
moiety of the probe may be achieved through click chemistry. For example, the coupling
moiety may comprise an alkyne (C=C) or an azide group. A coupling moiety comprising one
of an alkyne or an azide group may react with a capture tag comprising the other of the
alkyne or the azide group to form covalent linkage via a 1,2,3-triazole moiety. In some
preferred embodiments, the coupling moiety may be an alkyne and the capture tag may
comprise an azide group and the coupling moiety may react with the azide group of the
capture tag through an azide-alkyne cycloaddition (AAC), for example a copper(l)-catalysed

azide-alkyne cycloaddition (CuUAAC).
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Alternatively, covalent linkage of the capture tag or the detectable label to the coupling
moiety of the probe may be achieved through sulfhydryl/maleimide or amine/activated ester
reactions. For example, a capture tag comprising one of a sulfhydryl or maleimide group
may react with a coupling moiety comprising the other of the sulfhydryl or maleimide group
to form a 3-thiosuccinimidyl ether linkage. Alternatively, a capture tag comprising one of an
amine group or an activated ester, such as N-hydroxysuccinimide ester, may react with a
coupling moiety comprising the other of the amine group or the activated ester to form an

amide linkage.

The capture tag may comprise any tag, molecule or group which allows the isolation of the
nucleic acid to which it is attached. For example, the capture tag may be capable of binding

covalently or non-covalently to a specific binding member.

Preferably, the capture tag is capable of binding non-covalently with a specific binding
member to form a specific binding pair. Suitable specific binding pairs include
antibody/immunogenic epitope, glutathione-S-transferase/glutathione and biotin/biotin
binding protein. For example, the capture tag may be an immunogen, such as digoxigenin or
a short peptide, glutathione, or preferably biotin. Other suitable capture tags are known in
the art.

Preferably, the capture tag is biotin. Suitable specific binding members for use in binding
biotin include a biotin-binding protein, such as streptavidin, avidin, anti-biotin antibody or

neutravidin.

Following isolation, the labelled nucleic acid strands may be released from the immobilised

specific binding member.

The detectable label may comprise any label, molecule or groups which allows for the
identification, such as the localisation, of the nucleic acid to which it is attached. For
example, the detectable label may be a radiolabel, a chromophore, or a fluorescent label,

such as a fluorescent label.
Preferably, the detectable label is detectable by spectroscopic techniques.
A probe may contain both a capture tag and a detectable label. An example of such a probe

is the biotinylated o-phenylenediamine probe described by Liu ef al., which contains a

detectable naphthalimide group.
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In some embodiments, labelled nucleic acid strands may be released and then selectively
cleaved at AP sites in two separate steps. In other embodiments, labelled nucleic acid
strands may be released by selective cleavage at the AP sites in a single step. The selective
cleavage of the immobilised strands at the AP sites generates nucleic acid fragments that
are not labelled with the probe or tagged with capture tag and not bound to the immobilised

specific binding member.

The labelled nucleic acid strands may be subjected to conditions that cause cleavage of a
phosphodiester bond in the nucleic acid backbone at the AP site for example by

B-elimination and B-0- elimination.

The reaction conditions may be selective for cleavage of the nucleic acid backbone at AP
sites. AP-probe adducts in the labelled nucleic acid strand may be selectively cleaved
relative to 5-fU-probe or 5-fC-probe adducts. For example, AP site-probe adducts may
display at least 100-fold, at least 200-fold, at least 500-fold bound or at least 1000-fold more
cleavage under basic conditions than 5fU-probe or 5fC-probe adducts. The present
inventors have found that AP-probe adducts formed from the compounds of formula A are
cleavable with excellent selectively over the corresponding 5-fU-probe and 5-fC-probe

adducts

Suitable conditions for inducing B-elimination at an AP site in a nucleic acid strand are well-

known in the art and may be readily determined using standard techniques .

For example, the population of nucleic acid strands may be subjected to basic conditions, to
cause [3- and B-0- elimination of the AP sites and produce strand-cleaved nucleic acid
fragments. Basic conditions may include exposure to a base such as NaOH or piperidine at
elevated temperature (i.e. higher than 20°C). Suitable conditions include 0.01 Mto 1 M
NaOH, preferably 0.1M, at 50-90°C, preferably 70°C.

Basic conditions may cause AP-probe adducts in a nucleic acid strand to undergo - and/or
B-0-elimination reactions that cleave the labelled nucleic acid strand and generate a first
fragment comprising the nucleic acid 5’ of the AP site and a second fragment comprising the
nucleic acid 3’ of the AP site. The ends of the first and second fragments adjacent the

cleaved AP site may be phosphorylated.
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The nucleic acid fragments generated by selective cleavage of a labelled nucleic acid strand

at an AP site are single stranded.

The nucleic acid fragments may be isolated. For example, the nucleic acid fragments may
be separated from labelled nucleic acids, which may include for example nucleic acid
strands labelled at 5-fU or 5-fC residues that are released from the immobilised binding

member under the selective cleavage conditions.

The nucleic acid fragments may be isolated by reverse selection (i.e. selection and removal
of the labelled nucleic acid strands). For example, the nucleic acid fragments may be
contacted with an immobilised binding member that binds to labelled DNA strands. Nucleic
acid fragments that do not bind to the immobilised binding member and remain in solution

may be collected and further purified.

Following the isolation, the nucleic acid fragments may be amplified and/or sequenced. The
sequences of the nucleic acid fragments, in particular the second nucleic acid fragment (3’ of
the AP site), may be useful in locating or mapping the positions of AP sites in the original

population of nucleic acids.

The methods described herein may be useful in high resolution mapping of AP sites in
genomic nucleic acid (AP-seq). A method of mapping AP sites may comprise;

providing a population of double-stranded genomic nucleic acids,

reacting the population with an aldehyde probe, such as a probe of formula A, such
that the probe covalently binds to AP sites, thereby labelling AP-site containing strands in
the population of double-stranded genomic nucleic acids,

ligating a first sequencing adapter to both ends of the double-stranded genomic
nucleic acids, wherein the first sequencing adapter comprises a non-ligatable end,

isolating nucleic acid strands labelled with the probe from the population of double-
stranded genomic nucleic acids,

cleaving the isolated nucleic acid strands at probe-bound AP sites to produce a
population of unlabelled nucleic acid fragments,

isolating the unlabelled nucleic acid fragments,

annealing an extension primer to the first sequencing adapter sequence of the
unlabelled nucleic acid fragments,

extending the extension primer along the unlabelled nucleic acid fragments to

produce double stranded fragments with a non-adapted end,
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ligating a second sequencing adapter to the non-adapted end of the double stranded
fragments to produce a population of adapted nucleic acid fragments,

amplifying the adapted nucleic acid fragments to produce a population of amplified
nucleic acid fragments, and,

sequencing the population of amplified nucleic acid fragments,

wherein the sequences of the amplified nucleic acid fragments correspond to the

sequences located 3’ of AP sites in the population of double-stranded genomic nucleic acids.

Suitable methods for ligation of sequencing adapters are well-known in the art. For example,
the population of double-stranded genomic nucleic acids may contain dA overhangs (dA
tails), for example following amplification or extension with a dA tailing polymerase, such as
DreamTaq™ or Klenow exo-, or the double-stranded nucleic acid molecules may be blunt-
ended and dA overhangs may be added to facilitate ligation of the first sequencing adapter.
Suitable methods for adding dA overhangs to blunt ended nucleic acid molecules are well-

known in the art.

Suitable sequencing adapters for the production of adapted nucleic acids for sequencing
may include a region that is complementary to the universal primers on the solid support
(e.g. a flowcell or bead) and a region that is complementary to universal sequencing primers
(i.e. which when annealed to the adapter oligonucleotide and extended allows the sequence
of the nucleic acid molecule to be read). For example, the first and second sequencing
adapters may comprise a sequence that hybridises to complementary primers immobilised
on the solid support (e.g. 20-30 nucleotides); a sequence that hybridises to sequencing
primer (e.g. 30-40 nucleotides) and a unique index sequence (e.g. 6-10 nucleotides).
Suitable first and second sequencing adapters may be 56-80 nucleotides in length.

In some embodiments, one of the first and second sequencing adapters may be a P7
sequencing adapter and the other of the first and second sequencing adapters may be a P5
sequencing adapter. Suitable nucleotide sequences for sequencing adapters are well known
in the art and depend on the sequencing platform to be employed. Suitable sequencing

platforms include lllumina (e.g. TruSeq™), LifeTech lonTorrent, Roche 454 and PacBio RS.

The first sequencing adapter is a double-stranded or partially double stranded molecule
comprising a non-ligatable end and a ligatable end. The first sequencing adapter is ligated to
the DNA molecules in the population at its ligatable end. The non-ligatable end of the first
sequencing adapter is blocked or inactivated to prevent inter- or intra-molecular ligation.

Suitable techniques for blocking ligation are well known in the art. For example, the 5’
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terminus at the free end may be blocked with a 5’-OMe group and/or the 3’ terminus may be

blocked with a single stranded spacer sequence.

After ligating the first sequencing adapter to both ends of the double-stranded genomic
nucleic acids, the population of nucleic acids may be treated with alkaline phosphatase to

remove terminal phosphate groups and prevent the ligation of any remaining ends.

A suitable extension primer may be complementary to the sequence of the first sequencing
adaptor. The extension primer hybridises to the sequence of the first sequencing adaptor in
the second DNA fragment (3’ of the AP site). The extension primer is extended in a 5’-3’
direction along the second DNA fragment using a polymerase. Suitable DNA polymerases
are well-known in the art and include the Klenow fragment. Suitable techniques and
protocols for the hybridisation of oligonucleotide primers and primer extension along a
single-stranded template using polymerases are well-known in the art and reagents are

available from commercial sources.

In some embodiments, the extension primer may be extended using a DNA with inherent
dA-tailing ability e.g. DreamTaqg™ (Thermo Fisher). This adds a dA tail to the non-adapted
end of the double stranded fragments and facilitates the ligation of the second sequencing
adaptor. In other embodiments, the double stranded fragments may be dA tailed in a

separate step before ligation of the second sequencing adapter.

The adapted nucleic acid fragments may be amplified following ligation of the second
sequencing adapter. This may facilitate further manipulation and/or sequencing. Suitable
polynucleotide amplification techniques are well known in the art and include PCR. The
design and use of amplification primers to amplify nucleic acid is well known in the art.
Suitable amplification reactions include the polymerase chain reaction (PCR) (reviewed for
instance in "PCR protocols; A Guide to Methods and Applications”, Eds. Innis et al., 1990,
Academic Press, New York, Mullis ef al., Cold Spring Harbor. Symp. Quant. Biol., 51:263,
(1987), Ehrlich (ed.), PCR technology, Stockton Press, NY, 1989, and Ehrlich ef al., Science,
252:1643-1650, (1991)).

The adapted nucleic acid fragments may be sequenced using any convenient low or high
throughput sequencing technique or platform, including Sanger sequencing, Solexa-lllumina
sequencing (for example, TruSeq™), ligation-based sequencing (SOLID™), pyrosequencing;
single molecule real-time sequencing (SMRT™); PacBioscience sequencing; and

semiconductor array sequencing (lon Torrent™). Preferably, sequencing is performed by
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next-generation sequencing. Suitable protocols, reagents and apparatus for nucleic acid

sequencing are well-known in the art and are available commercially.

The sequencing technique or platform employed will be compatible with the first and second

sequencing adapters present on the adapted nucleic acid fragments.

Methods described herein may be useful, for example, in identifying and/or characterising
nucleic acids in the population which contain AP sites. In particular, nucleotide sequences

containing AP sites may be identified and mapped within the genome.

In some embodiments, AP sites may be mapped in a subset of nucleic acids in the
population of genomic nucleic acids, for example genomic nucleic acids in the population
that contain a target genomic sequence. A method of mapping AP sites in genomic nucleic
acid containing a target genomic sequence comprising;

providing a population of double-stranded genomic nucleic acids,

contacting the population with an aldehyde probe, such as a probe of formula A, such
that the probe covalently binds to AP sites in nucleic acid strands within the population and
labels the nucleic acid strands with the probe,

isolating nucleic acid strands labelled with the probe from the population of double-
stranded genomic nucleic acids,

cleaving the isolated nucleic acid strands at probe bound AP sites to produce a
population of unlabelled nucleic acid fragments,

isolating the unlabelled nucleic acid fragments,

annealing an adapter oligonucleotide to a target genomic sequence in the unlabelled
nucleic acid fragments, wherein the adapter oligonucleotide comprises a first sequencing
adapter and a targeting sequence that hybridises to the target genomic sequence,

extending the adapter oligonucleotide along the unlabelled nucleic acid fragments
comprising the target sequence to produce double stranded nucleic acid fragments with a
non-adapted end,

ligating a second sequencing adapter to the non-adapted end of the double stranded
nucleic acid fragments to produce a population of adapted double stranded nucleic acid
fragments,

amplifying the adapted double stranded nucleic acid fragments to produce a
population of amplified nucleic acid fragments, and,

sequencing the population of amplified nucleic acid fragments,

wherein the sequences of the amplified nucleic acid fragments correspond to the
sequences 3’ of AP sites in double-stranded genomic nucleic acids in the population that

comprise the target genomic sequence.
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The targeting sequence of the adapter oligonucleotide may be complementary to the target
genomic sequence. The presence of the targeting sequence in the adapter oligonucleotide
causes the first sequencing adapter to be introduced only to those nucleic acid fragments
that contain the target genomic sequence. The first sequencing adapter of the adapter
oligonucleotide does not hybridise to the target genomic sequence and may be present as

an overhang or non-complementary portion.

The adapter oligonucleotide may also contain a random sequence, for example a random 3-

9-mer sequence, such as a hexamer, to facilitate distinguishing between PCR duplicates.

The identification and mapping of AP sites in the genome may be useful in the study of
neural development and function, and cell differentiation, division and proliferation, as well

as the prognosis and diagnosis of diseases, such as cancer.

In some embodiments, a set of sequence reads of adapted nucleic acid fragments may be
determined, for example 10 or more, 100 or more or 1000 or more sequence reads may be

determined.

The sequence reads may be analysed by routine bioinformatic techniques. For example, low
quality sequence reads and reads arising only from sequencing adaptors may be removed

and the sequence reads may be aligned with reference sequences.

The identified sequence reads of the adapted nucleic acid fragments may be analysed to
determine the location of AP sites in the population of nucleic acids. When the population of
nucleic acids are genomic DNA, the adapted nucleic acid fragments may be analysed to
determine the location of AP sites in the genome. For example, a sequence read of the
adapted nucleic acid fragments that terminates at a position in the sequence of a nucleic
acid in the population may be indicative of the presence of an AP site at that position. In
some embodiments, an increased proportion of sequence reads that terminate at a position
in the sequence of a nucleic acid in the population relative to other positions may be

indicative of the presence of an AP site at that position.

A pattern or map of AP sites in the population of nucleic acids may be determined from the
set of sequence reads. For a population of genomic DNA molecules obtained from a sample
of cells, the pattern or map of AP sites in the genome or part of the genome of the cells may

be determined from the set of sequence reads.
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This pattern may be indicative of the progress or status of a disease condition. For example,
the AP site pattern of the target species may be useful in determining the progress of a

disease condition or its prognosis or the responsiveness of a disease condition to treatment.
The AP site pattern of the target species may be also useful in monitoring the response of an

individual with a disease condition to treatment.

This pattern of AP sites may be indicative of the tissue of origin of the target species of the
subject-nucleic acid. For example, the pattern of AP sites may be useful in identifying a
diseased or cancerous tissue in an individual or diagnosing a disease condition such as

cancer in an individual.

Methods of labelling and mapping AP sites as described may also be useful in mapping
base mismatches and target modified bases, such as uracil, alkylpurine,
5-hydroxymethyluracil, 5-formyluracil, 8-oxoguanine, 5-formylcytosine, and

5-carboxycytosine.

A method of labelling and mapping modified bases may comprise;
treating a population of nucleic acids with a glycosylase specific for a target modified

base to replace the target modified base in the nucleic acids with an AP site.

The AP sites introduced by the glycosylase may then be mapped as described above to
identify the locations of the target modified bases in the nucleic acids. For example, AP sites
introduced by the glycosylase into a population of genomic DNA molecules obtained from a
sample of cells may be useful in mapping the positions of the target modified bases in the

genome of the cells.

In some embodiments, endogenous AP sites in the population of nucleic acids may be

silenced before treatment with the glycosylase.

Endogenous AP sites in the population of nucleic acids may be silenced by any convenient
method. Suitable methods include chemical reduction or reaction with a probe such as
methoxyamine. For example, the endogenous AP sites may be reacted with methoxyamine
to form stable oximes, or reduced, for example using NaBHy4, to form alcohols. 5-fU and 5-fC
sites may be silenced along with endogenous AP sites in the population of nucleic acids so

that only synthetic AP sites generated by the glycosylase are labelled with the aldehyde
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probe; optionally the step of separating DNA fragments from labelled DNA strands may be

omitted in these embodiments.

In other embodiments, AP sites identified in the glycosylase-treated population of nucleic
acids may be compared to AP sites in a control population that is not been treated with the
glycosylase. The AP sites identified in the glycosylase untreated control population (i.e.
endogenous AP sites) may be subtracted from the AP sites identified in the glycosylase
treated population in order to identify those AP sites that are introduced by the glycosylase.
These AP sites may then be mapped as described above to identify the locations of the
target modified bases in the nucleic acids. Suitable control populations may include

populations of nucleic acids from the same sample as the glycosylase-treated population.

Suitable glycosylases for different target modified bases are well-known in the art and
include any glycosylase for which the inherent AP lyase activity is halted or outcompeted by
reaction with the aldehyde probe. For example, uracil may be excised to leave an AP site
using Uracil-DNA-glycosylase (UNG/UDG); alkylpurine may be excised to leave an AP site
using AIKC or AIkD; 5-hydroxymethyluracil or 5-formyluracil may be excised to leave an AP
site using single-strand selective monofunctional uracil DNA glycosylase (SMUG1); oxo-G,
FapyG or 8-0xoA may be excised to leave an AP site using 8-oxoguanine DNA glycosylase
1 (OGG1) and 5-formylcytosine or 5-carboxycytosine may be excised to leave an AP site

using Thymine DNA glycosylase (TDG) .

Mismatch sites in a nucleic acid may be identified by converting the mismatch sites into AP

sites using a glycosylase.

A method of labelling and mapping base mismatches may comprise;
treating a population of nucleic acids with a glycosylase specific for a base mismatch

to replace the base mismatch in the nucleic acids with an AP site.

In some embodiments, endogenous AP sites in the population of double stranded nucleic

acids may be silenced as described above before treatment with the glycosylase.

In other embodiments, endogenous AP sites may be identified in a control population of
nucleic acids and subtracted from the total AP sites identified in the glycosylase-treated

population to identify the AP sites introduced by the glycosylase.
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The AP sites introduced by the glycosylase may then be mapped as described above to
identify the locations of the base mismatches in the nucleic acids. For example, AP sites
introduced by the glycosylase into a population of genomic DNA molecules obtained from a
sample of cells may be useful in mapping the positions of the base mismatches in the

genome of the cells.

Suitable glycosylases for different base mismatches are well-known in the art. For example,
G/T mismatches may be excised to leave an AP site using Thymine DNA glycosylase (TDG)
or methyl-CpG-binding domain protein 4 (MBD4).

Another aspect of the invention provides Kits for use in labelling and mapping AP sites. A kit

may comprise an aldehyde probe, such as a probe of formula A.

Suitable aldehyde probes are described in detail above.

The kit may further comprise a capture tag as described above for coupling to the probe.
The kit may further comprise reagents for labelling the probe-AP adduct with the capture tag,
such as Cu (1) or (Il), Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) ligand and sodium

ascorbate.

The kit may further comprise nucleic acid isolation reagents. Suitable reagents are well-

known in the art and include spin-chromatography columns.

The kit may further comprise a labelling buffer for attachment of the probe to nucleic acid

containing AP sites.

The kit may further comprise a cleavage buffer for selective cleavage of the nucleic acid
backbone at the positions of AP-probe adducts. A suitable cleavage buffer may be basic i.e.
pH =10, >11 or >12, and may for example comprise 10mM to 1M NaOH, for example 100
mM NaOH. The kit may further comprise a base, which may be present within the cleavage

buffer, for selective cleavage of the nucleic acid.

The kit may further comprise a specific binding member. The specific binding member may
bind specifically to the label or capture tag of the aldehyde probe in the kit. For example, the
specific binding member may bind to a biotin capture tag. Suitable members include
streptavidin. The specific binding member may be immobilised or immobilisable on a solid

support.
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The kit may further comprise a solid support. The solid support may be coated or coatable
with the specific binding member. Suitable solid supports are described above and include
magnetic beads. In some preferred embodiments, the capture tag of the aldehyde probe is
biotin and the solid support is streptavidin-coated magnetic beads. A magnet may be

included in the kit for purification of the magnetic beads.

A kit may include one or more other reagents required for the method, such as buffer
solutions, sequencing and other reagents. For example, a kit may include one or more
reagents for primer extension from the target nucleic acid specific primer. Suitable reagents
may include a polymerase, such as Klenow exo-, dNTPs and an appropriate buffer. The kit
may also comprise reagents for DNA ligation, such as T4 ligase; reagents for end repair,
such as T4 DNA Polymerase, Kienow Fragment, T4 Polynucleotide Kinase and dNTPs; and

reagents for dA tailing, such as Tag DNA Polymerase and Klenow exo-.

A kit may include sequencing adapters and one or more reagents for the attachment of

sequencing adapters to the ends of isolated nucleic acids, such as T4 ligase.

A kit may include one or more reagents for the amplification of a population of nucleic acids
using the amplification primers. Suitable reagents may include a thermostable polymerase,

for example a high discrimination polymerase, dNTPs and an appropriate buffer.

A kit may include one or more reagents for silencing endogenous AP sites and a glycosylase
for converting modified bases or base mismatches into synthetic AP sites. Suitable reagents

are described above.

The kit may further comprise one or more oligonucleotides for use as controls. A suitable

positive control oligonucleotide may comprise at least one AP site.

A suitable negative control oligonucleotide may be devoid of AP sites. In some
embodiments, the negative control oligonucleotide may comprise at least one 5-fC and/or

5-fU residue. Control oligonucleotides may be made synthetically by standard methods.

A kit for use in labelling, enrichment or detection of AP sites may include one or more
articles and/or reagents for performance of the method, such as means for providing the test

sample itself, including DNA and/or RNA isolation and purification reagents, sample handling
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containers (such components generally being sterile), and other reagents required for the

method, such as buffer solutions, sequencing and other reagents.

The kit may include instructions for use in a method of labelling AP sites as described above.

Other aspects and embodiments of the invention provide the aspects and embodiments
described above with the term “comprising” replaced by the term “consisting of” and the
aspects and embodiments described above with the term “comprising” replaced by the term

"consisting essentially of”.

It is to be understood that the application discloses all combinations of any of the above
aspects and embodiments described above with each other, unless the context demands
otherwise. Similarly, the application discloses all combinations of the preferred and/or
optional features either singly or together with any of the other aspects, unless the context

demands otherwise.

Modifications of the above embodiments, further embodiments and modifications thereof will
be apparent to the skilled person on reading this disclosure, and as such, these are within

the scope of the present invention.

All documents and sequence database entries mentioned in this specification are

incorporated herein by reference in their entirety for all purposes.

“and/or” where used herein is to be taken as specific disclosure of each of the two specified
features or components with or without the other. For example “A and/or B” is to be taken as
specific disclosure of each of (i) A, (ii) B and (iii) A and B, just as if each is set out individually

herein.

Certain aspects and embodiments of the invention will now be illustrated by way of example

and with reference to the figures described above.

Experiments
1. Methods
A modified P7 adapter sequence was ligated onto DNA sequences. This P7 adapter

contained a 5’-OMe modification of the top strand, and a 3’-spacer on the bottom to prevent
self-ligation, since the 5’-OH is blocked. DNA was then treated with alkaline phosphatase to

inactivate any remaining ends that have not successfully undergone ligation. Biotinylated
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DNA was then captured using magnetic streptavidin beads, and complementary strands that
were not themselves biotinylated were washed away in 0.1 M NaOH at room temperature.
The biotinylated DNA strand was eluted from the beads and was cleaved as in Fig.2 in a
single step (0.1 M NaOH, 70°C). Although the adduct formed between probe 1 and 5-fU
after CUAAC was stable under these conditions, 5-fU DNA was still released due to
disruption of the biotin-streptavidin interaction under such harsh conditions. To separate AP
site-derived fragments, which no longer contain biotin and any 5-fU-containing strands which
are still biotinylated, the eluent was subjected to a second round of reverse-selection. AP
site-derived fragments remained in the supernatant (since they were no longer biotinylated)
whilst biotinylated 5-fU-DNA was captured and removed from the process. A single
polymerase extension was then carried out on these enriched AP-containing fragments
using the P7 adapter sequence for priming. As 3- and/or 3-8-elimination generated
fragmented DNA already bearing 5’-phosphate groups, either Klenow or another polymerase
with inherent dA-tailing ability (DreamTaq™) was used for this extension. Thus, after primer
extension the DNA was directly ready for adapter ligation without the need for end-prep. The
P5 adapter was then introduced by ligation, followed by PCR amplification to generate the
sequencing library. The 5’-OMe modification of the P7 adapter also functioned as a
protecting group during the second P5 adapter ligation for any non-AP sequences that may

have been carried through the workflow.

2. Results
We designed a probe (Fig. 2 #1) that bears an alkyne handle for ease of functionalization, to

react with abasic sites through the Hydrazino-iso-Pictet-Spengler (HIPS) reaction (Reaction
1). o-Phenylenediamine has been previously shown to react with the aldehyde group in 5-fU
to form a stable adduct'?'8. A derivative of o-phenylenediamine compatible with AP sites,
(Fig. 2 #2), was chosen along with ARP (Fig. 2 #3), and the reactivity of these probes was
screened on a model oligodeoxynucleotide (ODN) containing a single AP site (Fig. 2). 10 uM
AP-ODN1 was incubated with each probe at 1 mM in buffered solutions. At pH 6 and above,
1 outperformed both 2 and ARP, and reactivity was retained well up to pH 7.4 (Fig. 3). Due
to the accelerated rate of formation of AP site artefacts under acidic conditions, this is an
important advantage when studying these sites. When the concentration of 1 was increased
to 10 mM, at pH 7.4, quantitative conversion to ligated product was observed for both AP-
ODN1 and fU-ODNZ2, whilst no detectable reactivity with f{C-ODN3 was observed under
these conditions (< 5 %). This is in agreement with previous reports of the reduced reactivity
of 5-fC with amine probes’?. Sequencing by enrichment, using a biotinylated probe followed
by pulldown with magnetic streptavidin beads has been demonstrated for multiple DNA

modifications. We adopted this approach for AP-seq, by incorporating a biotin moiety onto
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HIPS-labelled AP sites via the CUAAC reaction. Quantitative biotinylation with biotin-PEG3-
azide was achieved for AP-ODN1 pre-treated with 1, in the presence of CuBr and the
stabilizing ligand THPTA. However, under these conditions, oxidation of the 6-membered
ring formed during the HIPS reaction was also observed, presumably due to small amounts
of Cu(ll) in solution. The resulting oxidized adduct in AP-ODN1 was found to be sensitive to
- and B-0- elimination when heated under basic conditions (100 mM NaOH, 15 min at 70
°C) (Reaction 2). This is similar to unfunctionalised AP sites, which are known to fragment
under similar conditions™ and was observed in unlabeled AP-ODN1, whilst only very small
amounts of elimination were observed for HIPS-labelled AP-ODN1 in the absence of copper.
The analogous adduct on fU-ODN2 was stable to fragmentation, as well as fC-ODN3, even
when the HIPS reaction with 1 was extended to 24 hr at 37 °C to obtain quantitatively
labelled fC-ODN3 (Fig. 4).

To confirm the difference in stability of biotinylated HIPS adducts in longer, double-stranded
DNA more representative of that used during next-generation sequencing (NGS), model
double-stranded ODNs (ds-ODNs) containing a single AP, 5-fU or 5-fC site on one strand
were labelled with 1 and biotinylated. In the case of 5-fC, reaction with 1 was again extended
to 24 hr to obtain quantitatively labelled DNA. Alkaline-cleavage, followed by gel
electrophoresis again confirmed that fragmentation is only observed for the biotinylated
HIPS-AP adduct (Fig. 5). We then subjected the HIPS treated ds-ODNs containing an AP
site, 5-fU, 5-fC and an unmodified GCAT sequence to pulldown on magnetic streptavidin
beads. Mild sodium hydroxide treatment (100 mM, room temperature) allowed denaturation
of the non-modified single strand off the beads. Under these conditions, biotinylated HIPS-
AP sites are largely stable (Fig. 4). Elution of the modified strand was then achieved by
alkaline-cleavage. Primers were designed 3’ to the modified site in each model ODN so that
amplification would not be affected by any possible cleavage. Quantification of recovered
DNA was carried out by gPCR, confirming that around 100-fold selectivity was obtained for
AP sites relative to both 5-fC and GCAT DNA (Fig. 6a). However, this step alone was
insufficient for enrichment relative to 5-fU DNA, most likely due to disruption of the biotin-
streptavidin interaction under such harsh alkaline conditions. Importantly, whilst the released
5-fU DNA still bears the biotin moiety, the released fragments 3’- to AP sites are no longer
biotinylated. Thus, a second round of reverse enrichment was carried out by incubating the
neutralized alkaline-cleavage eluent with a fresh sample of streptavidin beads. Almost
quantitative amounts of AP DNA remained in the eluent, whilst less than 5 % of 5-fU DNA
was recovered (Fig. 6b). Therefore, high selectivity for AP sites is achievable after two

rounds of enrichment.
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With a method for the selective enrichment of AP sites in hand, we next turned our attention
to adapting this into a mapping strategy (Fig. 7). First, a modified P7 adapter sequence is
ligated onto both ends of DNA sequences. This P7 adapter contains a 5-OMe modification
on the top strand and a 3’-spacer on the bottom to prevent self-ligation. DNA is then
enriched in two rounds on streptavidin beads, then a primer extension is performed on
enriched single-stranded fragments. A final ligation using a P5 adapter generates
sequenceable fragments. The 5’-OMe modification of the P7 adapter also functions as a
protecting group during the second P5 adapter ligation for any non-AP derived sequences

that have may have been carried through the workflow to further enhance selectivity.

AP, 5-fU, 5-fC and GCAT ds-ODNs (100-105 bp length, randomly designed sequences)
were subjected to our AP-seq protocol and sequenced. Over 95% of total reads obtained by
AP-seq aligned to the modified strand of AP ds-ODN (Fig. 8a). In a control experiment,
where the same input DNA was subjected to standard lllumina library preparation without
enrichment, the AP-strand was heavily underrepresented, accounting for less than 2% of
reads (Fig. 8b). In addition, almost all the reads aligned to the AP ds-ODN were truncated
directly adjacent to the AP site, whilst truncation at either the 5-fU or 5-fC modifications were
minimal. The combination of biotin-streptavidin enrichment with selective DNA fragmentation
results in even higher selectivity for AP-DNA and is typically around 500-1000-fold over 5-fU
and 5000- to 10,000-fold over 5-fC. With respect to the whole fragment, selectivity is
typically 50- to 100-fold over 5-fU and over 200-fold relative to 5-fC and GCAT DNA. Thus,
AP-seq can successfully enrich for fragments in which the first base sequenced is directly 3’

to an AP site to provide both nucleotide-resolution and strand-specific information.

Many DNA glycosylases have been identified that can often display remarkable levels of
selectivity for their given nucleobase substrates. AP-seq can also be applied in combination
with these enzymes for the mapping of different base modifications. UDG, for example can
be used to selectively generate AP sites representing genomic uracil sites*. With the
genomic distribution of uracil largely unexplored, AP-seq can also be adapted to generate a

map of these sites.

3. T-modification (hmU) mapping in Leishmania major

In the Leishmania major genome, the DNA base modification 5-hydroxymethyluracil (5-hmU)
is known to replace approximately 0.01 % of all thymine residues®® 2", 5-hmU is associated
with the hypermodified residue Base J, which plays a key role during transcription in the L.
major genome. The human glycosylase SMUG1 is able to excise 5-hmU in DNA to generate

an abasic site, as well other thymine modifications including 5-formyluracil (5-fU), uracil and
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5-hydroxyuracil. We extended AP-seq to study the distribution of T-modifications in L. major
genomic DNA. Sonicated genomic DNA was treated with SMUG1 and the resultant AP sites

were mapped.

After alignment of the SMUG1-AP-seq sequencing reads, enriched peaks appear which
have a characteristic stacked appearance whereby the first nucleotides are aligned. These
sharp increases in coverage can be used to detect individual SMUG1-sensitive, modified
thymine sites when compared to input DNA. A total of 3200 high confidence sites were
called by SMUG1-AP-seq across two replicates at an FDR threshold of 10-1°. Defining the
start position of sequencing read 1 as position ‘1’, we analysed the base composition of the
position ‘0’, which corresponds to the captured AP site. Over 98 % of called sites correspond
to a thymine in the reference genome. In the absence of SMUG1 treatment, no significant
sites were called. Together, this provides indication that the signals observed here by
SMUG1-AP-seq are highly specific to any AP sites generated by SMUGH1.

We compared our dataset to a previously reported map of 5-hmU in L major?°. Out of the
139 reported 5-hmU enriched regions, 76 % overlap with the high-confidence sites called by
SMUG1-AP-seq. Our results show that at the single nucleotide level, SMUG1-sensitive sites
are highly clustered within these broad stretches and are also enriched in TpG (hmUpG)
motifs (Figure 9). To assess whether any motif enrichment was due to inherent sequence-
context bias of the SMUG1 enzyme, synthetic DNA containing a single 5-hmU site flanked
by 10 randomized bases at either end was subjected to SMUG1-AP-seq. The hmUpG

enrichment was found to still be significant when compared to any enzyme bias.

As SMUGH1 is able to excise a number of thymine derivatives, as a proof of principle we also
showed with synthetic ODNSs that 5-fU can be selectively excluded from this list by chemical
treatment with methoxyamine. Nucleophilic probes such as methoxyamine were reacted with
the aldehyde group in 5-fU, as well as any pre-existing AP sites which are not generated by
SMUGH1 treatment so that neither of these sites are enriched after AP-seq. After standard
AP-seq, only pre-existing AP sites are enriched. After SMUG1-AP-seq, both pre-existing AP
sites and SMUG1-generated AP sites are enriched (5-fU and 5-hmU out of the chosen
modifications) (Figure 10). Here, the SMUG1-senstive sites can be determined as any sites
that appear in SMUG1-AP-seq but not AP-seq. Alternatively, both 5-fU and AP enrichment is
lost after methoxyamine treatment, which increases the specificity for 5-hmU. Although not
studied here, the enrichment for other SMUG1 substrates such as uracil and 5-hydroxyuracil

should not be affected by this approach.
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4. Uracil Mapping
The deamination of cytosine gives rise to uracil in DNA. This C to U transition is mutagenic

and can occur spontaneously or enzymatically by AID and APOBEC proteins. For example,
C to U conversions have been suggested to be important in a number of pathways, such as
immunoglobulin class switch recombination??, processive demethylation of epigenetic
markers?® and hypermutation signatures associated with cancer?* 2°. Whilst SMUG1 displays
activity for a range of thymine modifications, UNG (e.g. from E. coli) is known to show much
higher specificity for uracil but not further C5-substituted thymine derivatives?. As proof of
principle for selective uracil mapping, a synthetic dsODN containing a single uracil site was
pooled together with 5-fC containing DNA along with unmodified DNA, and the pool was
treated with UNG and purified. The resultant DNA was then treated with HIPS probe and
mapped using AP-seq. After sequencing, analysis of the relative read counts of each ODN
shows good enrichment for uracil (Figure 11), demonstrating the utility of this method for

mapping this modification.

5. 8-0x0G mapping
8-oxoguanine (8-0xo0G) is a common lesion that can form from guanine under oxidative

stress. Genomic levels are reported to be elevated in cancer and other diseases?”- 2. The
human glycosylase hOGG1 is able to excise 8-0xoG, as well as further oxidized derivatives
e.g. 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) and also 8-oxoadenine to
generate an abasic site?®. hOGG1 is a bifunctional glycosylase, which in addition to
glycosylase activity, is also capable to a lesser extent of AP-lyase activity. The product of the
latter step is a beta-eliminated AP site, which is incompatible with AP-seq. It is reported that
the lyase activity of hOGG1 can be reduced at high magnesium concentration®. Using
synthetic ODNs, we have shown successful enrichment for 8-oxoG containing DNA when
hOGG1 incubation is carried out in high magnesium concentration (20 mM) (Figure 12). In
addition, HIPS probe 1 was directly supplemented into the enzymatic reaction buffer in this
case, in an attempt to directly trap any AP intermediates formed before lyase activity can
occur. With the implications of 8-oxoG in difference disease states, as well as the more
recent suggestions that 8-oxoG can act as an epigenetic signalling modification in

mammalian cells®', this is a further extension of AP-seq.

6. Mapping of endogenous abasic sites in the human genome
We used AP-seq to directly investigate the distribution of endogenous AP sites in HelLa

DNA. As AP sites are chemically labile at high pH331°, whilst at low pH the generation of
additional AP site artefacts via depurination is accelerated’**, to maintain accurate and

sensitive detection, it is important to ensure that none of the DNA processing steps
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preceding chemical labelling alter the AP site landscape. The two key steps between cell
harvesting and DNA labelling used here are DNA extraction and sonication, and the effect of
both of these on the pulldown efficiency was assessed. Synthetic AP and GCAT DNA
(synthetic oligos) were subjected to each of these steps and the extent of enrichment was
followed by gPCR. Consistent enrichment levels were observed in both conditions when
compared to untreated DNA (Fig. 13a), suggesting that these treatments are sufficiently mild

and compatible with the method without significant introduction of artefacts.

In mammalian cells, APE1 is the main endonuclease to initiate BER at AP sites, accounting
for over 95 % of AP endonuclease activity®. To further understand the distribution of AP
damage in human DNA, we used siRNA mediated knockdown of APE1 in HelLa cells to
study the AP landscape in genomic DNA before repair by the BER pathway. Western blot
analysis confirmed that around 90% knockdown of APE1 was achieved after a 96-hour

transfection period when compared to cells treated with control siRNA (Fig. 13b).

After AP-seq, we did not observe a significant build-up of sequencing reads at the single-
nucleotide level. In contrast to 5-hmU sites in L. major, which are likely to be installed
enzymatically at thymine sites with sequence specificity, we do not find such a distribution
for AP damage. Instead, peak-calling identified 16,835 enriched peaks in the cells treated
with control siRNA when compared to input DNA. Only high-confidence peaks that appear in
at least three out of four replicates were considered here. Upon depletion of APE1, the
number of peaks increased to 27,516. In addition, 75 % of control siRNA peaks also

appeared in the APE1 depleted samples (Fig. 13d).

Next, the high-confidence AP peaks were analysed in the context of gene structures (Fig.
13e). For the siRNA control, a weak AP enrichment is observed in intergenic regions. This
pattern changes for the APE1 deficient cells, where a modest enrichment in regulatory and
transcribed regions including promoters, 5° and 3' UTRs and exons is observed instead (g <
0.0%5).

In conclusion, we have demonstrated that the Hydrazino-iso-Pictet-Spengler reaction can be
used to selectively enrich for AP sites. After selective cleavage of the biotin handle followed
by library preparation, AP-seq can be used to reveal the location of AP sites at high
resolution. This method is useful in exploring the significance of abasic sites in DNA damage
and repair, and can also be applied more widely to the study of a variety of DNA

modifications through the use of glycosylases.
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Reaction 1 shows the chemical labelling of AP sites with probe as described herein.
Reaction 2 shows CUAAC mediated biotinylation after which the resultant adduct undergoes
B-0-elimination in alkaline conditions. The coupling of the capture tag also oxidises the

probe.
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Claims:

1. A method of labelling a nucleic acid containing an abasic (AP) site, the method
comprising;

providing a nucleic acid comprising an AP site,

reacting the nucleic acid with an aldehyde probe of formula A, such that the probe
covalently binds to the AP site to produce a nucleic acid labelled with the probe,

wherein the probe of formula A is:

Ar-L-A-NR'R?

where -Ar is optionally substituted aryl, such as heteroaryl, such as indolyl,

-L- is alkylene, such as methylene,

-A- is -CR3®R*-, -N(R®)- or -O-, such as -N(R®)-, where each of -R% and -R* is
independently hydrogen or alkyl, and -R?® is hydrogen or alkyl, such as alkyl,

-R"is hydrogen,

-R?is hydrogen or alkyl, such as hydrogen,

and salts, solvates and protected forms thereof.

2. A method according to claim 1 comprising isolating the labelled nucleic acid.
3. A method of labelling a nucleic acid containing an abasic (AP) site, the method
comprising;

providing a nucleic acid comprising an AP site,

reacting the nucleic acid with an aldehyde probe, such that the probe covalently
binds to the AP site to produce a nucleic acid labelled with the probe,

optionally oxidising the nucleic acid labelled with the probe,

optionally isolating the labelled nucleic acid, and

selectively cleaving the nucleic acid at the AP site to produce nucleic acid fragments.

4. A method of isolating nucleic acids containing AP sites, the method comprising;

providing a population of double-stranded nucleic acids,

contacting the population with an aldehyde probe, such that the probe covalently
binds to AP sites to produce nucleic acid strands labelled with the probe, and optionally
oxidising the nucleic acid strands labelled with the probe,

isolating labelled nucleic acid strands from the population of double-stranded

genomic nucleic acids,



10

15

20

25

30

35

WO 2020/021099 -43 - PCT/EP2019/070255

selectively cleaving the isolated nucleic acid strands at the APs sites that are
covalently bound to the aldehyde probe to produce a population of nucleic acid fragments,
and

isolating the nucleic acid fragments.

5. A method according to any one of the preceding claims wherein the nucleic acids are
DNA molecules.

6. A method according to claim 5 wherein the DNA molecules are genomic DNA
molecules.
7. A method according to claim 6 wherein the genomic DNA molecules are obtained

from a sample of cells from an individual.

8. A method according to any one of claims 3-7 wherein the probe is a hydrazine probe,

including a hydrazide probe, or a hydroxylamine probe.

9. A method according to claim 8, wherein the aldehyde probe is a probe of formula A,

as defined in claim 1.

10. The method according to claim 9, wherein -Ar is optionally substituted heteroaryl.

11. The method according to claim 10, wherein the heteroaryl is a nitrogen-containing

heteroaryl.

12. The method according to claim 10, wherein the heteroaryl is optionally substituted

indolyl.

13. The method according to any one of claims 11 or 12, wherein -L- is connected to a

nitrogen-containing aromatic ring.

14. The method according to claim 13, wherein the heteroaryl group bears the group

-L-A-NR'R? on a carbon aromatic ring atom.

15. The method according to claim 14, wherein the aryl group bears the group

-L-A-NR'R? on a carbon aromatic ring atom that is a to the nitrogen aromatic ring atom.
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16. The method according to any one of claims 9-15, wherein a functional group is
connected to -Ar either directly or via a linker, where the functional group is selected from
amine, halo, hydroxyl, thiol, carboxyl and activated carboxyl, alkenyl, alkynyl, nitro, azide and
maleimide, and the linker group is selected from alkylene, heteroalkylene, cycloalkylene,
heterocycloalkylene, arylene, alkylene-arylene (aralkylene), and heteroalkylene-arylene, and
additionally or alternatively, -Ar is substituted with one or more groups selected from alkyl,

heteroalkyl, cycloalkyl, heterocycloalkyl, aryl, alkyl-aryl (aralkylene), and heteroalkyl-aryl,.

17. The method according claim 16, wherein the aryl group is optionally substituted with

alkynyl or azide, either directly or via a linker.

18. The method according to claim 17, wherein the aryl group is substituted with alkynyl,

such as propargyl, and is optionally further substituted.

19. The method according to any one of claims 9 to 18, wherein -L- is methylene.
20. The method according to any one of claims 9 to 19, wherein -A- is -N(R°®)- or -O-.
21. The method according to claim 20, wherein -A- is -N(R%)-.

22. The method according to claim 21, wherein -R® is hydrogen or methyl.

23. The method according to any one of claims 8 to 22, wherein -R® is methyl.

24, The method according to any one of claims 8 to 22, wherein -R® is hydrogen.

25. The method according to any one of claims 8 to 24, wherein -R? is hydrogen or

methyl.
26. The method according to claim 25, wherein -R? is hydrogen.

27. A method according to claim 9 wherein the probe has the formula B:

%

m_}l\iwhl H,
N
/



10

15

20

25

30

35

WO 2020/021099 -45 - PCT/EP2019/070255

28. A method according to claim 8, wherein the probe comprises a hydrazine group,

including a hydrazide.

29. A method according to claim 28, where the probe is selected from N-biotinyl-

hydrazine, biotinamidocaproyl hydrazide, biotin-dPEGs-hydrazide and alkyne hydrazide.

30. A method according to claim 8, wherein the probe comprises a hydroxylamine group.

31. A method according to claim 30, where the probe is selected from the Aldehyde

Reactive Probe (ARP), biotin-dPEGs-oxyamine and biotin-dPEG+1-oxyamine.

32. A method according to any one of the preceding claims wherein the probe is reacted
with the AP sites at pH 6-7.4.

33. A method according to any one of the preceding claims wherein the probe forms an
adduct at the AP site.

34. A method according to any one of the preceding claims wherein the nucleic acid

fragments correspond to nucleotide sequences 5’ and 3’ of an AP site.

35. A method according to any one of the preceding claims wherein the method

comprises coupling a capture tag to the probe.

36. A method according to any one of the preceding claims wherein a capture tag is

coupled to the probe before reaction with the nucleic acid or nucleic acids.

37. A method according to any one of claims 1 to 36 wherein a capture tag is coupled to
the probe after reaction with the nucleic acid or nucleic acids, and the coupling reaction

optionally oxidises the nucleic acid labelled with the probe.

38. A method according to any one of claims 1 to 37 wherein the nucleic acid labelled

with the probe is oxidised.

39. A method according to any one of the preceding claims wherein the method
comprises ligating a first sequencing adapter to the ends of the nucleic acid or nucleic acids,

wherein the first sequencing adapter comprises a non-ligatable end.
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40. A method according to claim 39 wherein the non-ligatable end of the first sequencing

adapter comprises a blocked 5’ terminus and a 3’ overhang

41. A method according to any one of claims 2 to 40 wherein the labelled nucleic acid
strands are isolated by contacting the population with an immobilised binding member that
specifically binds to the labelled nucleic acids and isolating the labelled nucleic acid strands

that are bound to the immobilised binding member.

42. A method according to claim 41 wherein the immobilised binding member specifically

binds to a capture tag coupled to the labelled nucleic acid.

43. A method according to claim 42 wherein the capture tag is biotin.

44, A method according to claim 43 wherein the binding member is streptavidin.

45. A method according to any one of claims 41 to 44 wherein the binding member is

immobilised on a magnetic bead.

46. A method according to any one of claims 41 to 45 wherein the method comprises

eluting the labelled nucleic acid strands from the immobilised binding member.

47. A method according to claim 45 wherein the isolated nucleic acid strands are eluted

and selectively cleaved simultaneously.

48. A method according to any one of claims 3 to 47 wherein isolated nucleic acid

strands are selectively cleaved by subjecting the strands to basic conditions.

49. A method according to claim 47 wherein the isolated nucleic acid strands are
selectively cleaved by subjecting the strands to 0.01 M to 1 M NaOH at 50-90°C.

50. A method according to any one of claims 3 to 49 wherein the nucleic acid fragments

are isolated by separating the fragments from labelled nucleic acids.

51. A method according to claim 46 wherein the nucleic acid fragments are contacted
with an immobilised binding member that binds to labelled nucleic acid and strands and

nucleic acid fragments that do not bind to the immobilised binding member are recovered.
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52. A method according to any one of claims 3 to 51 comprising annealing an extension
primer to the nucleic acid fragments, and extending the extension primer along the

unlabelled nucleic acid fragments to produce double stranded fragments.

53. A method according to any one of claims 3 to 51 comprising annealing an adapter
oligonucleotide to a target genomic sequence in the unlabelled nucleic acid fragments,
wherein the adapter oligonucleotide comprises a first sequencing adapter and a
targeting sequence that hybridises to the target genomic sequence, and
extending the adapter oligonucleotide along the unlabelled nucleic acid fragments
comprising the target genomic sequence to produce double stranded nucleic acid fragments

comprising the first sequencing adapter.

54. A method according to claim 52 or 53 comprising ligating one or both of a first and a
second sequencing adapter to the double stranded fragments to produce a population of

adapted nucleic acid fragments.

55. A method according to any one of claims 3 to 54 comprising amplifying the nucleic

acid fragments.

56. A method according to any one of claims 3 to 55 comprising sequencing the nucleic

acid fragments.

57. A method of mapping abasic (AP) sites in genomic nucleic acids comprising;

providing a population of double-stranded genomic nucleic acids,

contacting the population with an aldehyde probe, such as a probe of formula A as
defined in claim 1, such that the probe covalently binds to AP sites in nucleic acid strands
within the population and labels the nucleic acid strands with the probe,

ligating a first sequencing adapter to both ends of the double-stranded genomic
nucleic acids in the population, wherein first sequencing adapter comprises a non-ligatable
end,

isolating nucleic acid strands labelled with the probe from the population of double-
stranded genomic nucleic acids,

cleaving the isolated nucleic acid strands at probe bound AP sites to produce a
population of unlabelled nucleic acid fragments,

isolating the unlabelled nucleic acid fragments,



10

15

20

25

30

35

WO 2020/021099 -48 - PCT/EP2019/070255

annealing an extension primer to the first sequencing adapter sequence of the
unlabelled nucleic acid fragments,

extending the extension primer along the unlabelled nucleic acid fragments to
produce double stranded nucleic acid fragments with a non-adapted end,

ligating a second sequencing adapter to the non-adapted end of the double stranded
nucleic acid fragments to produce a population of adapted double stranded nucleic acid
fragments,

amplifying the adapted double stranded nucleic acid fragments to produce a
population of amplified nucleic acid fragments, and,

sequencing the population of amplified nucleic acid fragments,
wherein the sequences of the amplified nucleic acid fragments correspond to the sequences

3’ of AP sites in the population of double-stranded genomic nucleic acids.

58. A method of mapping abasic (AP) sites in genomic nucleic acids comprising a target
sequence, the method comprising;

providing a population of double-stranded genomic nucleic acids,

contacting the population with an aldehyde probe, such as a probe of formula A as
defined in claim 1, such that the probe covalently binds to AP sites in nucleic acid strands
within the population and labels the nucleic acid strands with the probe,

isolating nucleic acid strands labelled with the probe from the population of double-
stranded genomic nucleic acids,

cleaving the isolated nucleic acid strands at probe bound AP sites to produce a
population of unlabelled nucleic acid fragments,

isolating the unlabelled nucleic acid fragments,

annealing an adapter oligonucleotide to a target genomic sequence in the unlabelled
nucleic acid fragments, wherein the adapter oligonucleotide comprises a first sequencing
adapter and a targeting sequence that hybridises to the target genomic sequence,

extending the adapter oligonucleotide along the unlabelled nucleic acid fragments
comprising the target genomic sequence to produce double stranded nucleic acid fragments
with a non-adapted end, said fragments comprising the first sequencing adapter,

ligating a second sequencing adapter to the non-adapted end of the double stranded
nucleic acid fragments to produce a population of adapted double stranded nucleic acid
fragments,

amplifying the adapted double stranded nucleic acid fragments to produce a
population of amplified nucleic acid fragments, and,

sequencing the population of amplified nucleic acid fragments,

wherein the sequences of the amplified nucleic acid fragments correspond to the
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sequences 3’ of AP sites in double-stranded genomic nucleic acids in the population that

comprise the target genomic sequence.

59. The method according to claim 57 or claim 58 comprising oxidising the nucleic acid

strands labelled with the probe.

60. The method according to any one of claims 57 to 59 comprising coupling a capture

tag to the probe.

61. A method according to any one of claims 57 to 60 wherein one of the first and
second sequencing adapters is a P7 sequencing adapter and the other of the first and

second sequencing adapters is a P5 sequencing adapter.

62. A method according to any one of claims 3 to 61 comprising determining the location
of AP sites in the population of nucleic acids from the sequences of the nucleic acid

fragments.

63. A method according to any one of the preceding claims wherein the AP sites are

endogenous AP sites.

64. A method according to any one of claims 3 to 62 wherein the AP sites are introduced
into the population of nucleic acids by a method comprising;

treating the population of nucleic acids with a glycosylase specific for a target
modified base or base mismatch to replace the target modified base or base mismatch in the

nucleic acids with an AP site.

65. A method according to claim 64 comprising silencing endogenous AP sites in the

population of nucleic acids before treatment with the glycosylase.

66. A method according to claim 64 comprising identifying endogenous AP sites in a
control population of nucleic acids and subtracting the identified endogenous AP sites from
the total AP sites identified in the glycosylase-treated population to identify the AP sites

introduced by the glycosylase

67. A method according to any one of claims 64 to 66 wherein the modified base is uracil

and the glycosylase is Uracil-DNA-glycosylase (UNG/UDG).
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68. A method according to any one of claims 64 to 66 wherein the modified base is

alkylpurine and the glycosylase is AlkC or AIkD.

69. A method according to any one of claims 64 to 66 wherein the modified base is
5-hydroxymethyluracil or 5-formyluracil and the glycosylase is single-strand selective

monofunctional uracil DNA glycosylase (SMUG1).

70. A method according to any one of claims 64 to 66 wherein the modified base is
5-formylcytosine or 5-carboxycytosine or the base mismatch is a G/T mismatch, and the

glycosylase is Thymine DNA glycosylase (TDG).

71. A method according to any one of claims 64 to 66 wherein the modified base is 8-
oxoguanine, 2,6-diamino-4-hydroxy-5-formamidopyrimidine, or 8-oxoadenine, and the

glycosylase is 8-oxoguanine glycosylase (OGG1).

72. A method according to any one of claims 64 to 71 wherein the target modified base
or base mismatch is located at positions in the nucleic acids or nucleic acid identified as AP

sites.

73. A probe of formula A, as defined in claim 1.

74. Use of a probe according to claim 73 for labelling an abasic (AP) site in a nucleic

acid.

75. A kit for use in labelling AP sites; isolating nucleic acids containing AP sites; or
mapping AP sites, wherein the kit comprises an aldehyde probe, such as a probe of

formula A according to claim 73.
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