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DETERMINATION OF MODIFIED CYTOSINES

Field of the Invention

The invention relates to methods of distinguishing between different types of modified cytosines

in nucleic acid sequences.

Background of the Invention

Modified cytosines, including 5-methylcytosine (SmC) and 5-hydroxymethylcytosine (ShmC),
are well-studied epigenetic modifications that play fundamental roles in human development and
disease. Its genome-wide distribution differs between tissue types, and between healthy and

diseased states.

As a result, there has been an intense focus on developing methods for mapping modified
cytosines at single base resolution, with minimal loss of sample polynucleotide quantity, quality,

and complexity.

Fillgrabe et al. in “Accurate simultaneous sequencing of genetic and epigenetic bases in DNA”,
BioRxiv, 2022.07.08.499285 (https://doi.org/10.1101/2022.07.08.499285) describe a single-
base-resolution sequencing methodology (6-letter sequencing) to distinguish between 5-

methylcytosine and 5-hydroxymethylcytosine.

However, there remains a need to develop new methods for detecting modified cytosines, and in
particular methods that enable quick and accurate distinction between different types of modified

cytosines.

Summary of the Invention

According to an aspect of the present invention, there is provided a method of preparing

polynucleotide templates for distinguishing between modified cytosines, comprising:

(a) providing a polynucleotide library hairpin strand comprising:

a double-stranded polynucleotide comprising a forward library strand and a
reverse library strand,

a hairpin loop adaptor ligated to an end of the double-stranded polynucleotide,

wherein the hairpin loop adaptor comprises a cleavable site,
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wherein the polynucleotide library hairpin strand has been generated from a
precursor polynucleotide library hairpin strand such that any CpG dyads in the precursor
polynucleotide library hairpin comprising only unmodified cytosine are converted to a
first dyad in the polynucleotide library hairpin strand, any CpG dyads in the precursor
polynucleotide library hairpin comprising 5-methylcytosine are converted to a second
dvad in the polynucleotide library hairpin strand, and any CpG dyads in the precursor
polynucleotide library hairpin comprising 5-hydroxymethylcytosine are converted to a
third dyad in the polynucleotide library hairpin strand,

wherein the first dyad, second dyad and third dyad are different to each other

when read; and

(b) synthesising at least one template strand by generating a complement of the
polynucleotide library hairpin strand, each of the template strands comprising a forward template
strand complementary to the forward library strand, a spacer strand complementary to the hairpin
loop adaptor, and a reverse template strand complementary to the reverse library strand, wherein

the spacer strand comprises a first cleavable site.

In one aspect, the method further comprises a step of:

(c) synthesising at least one template complement strand by generating a complement of
the template strand, each of the template complement strands comprising a forward complement
template strand, a spacer complement strand, and a reverse complement template strand, wherein

the spacer complement strand comprises a second cleavable site.

In one aspect, the method further comprises a step of:

(d) cleaving the first cleavable site on the at least one template strand to generate at least
one first polynucleotide sequence cach comprising a first portion and cleaving the second
cleavable site on the at least one template complement strand to generate at least one second
polynucleotide sequence each comprising a second portion,

wherein the first portion corresponds with the forward template strand and the second
portion corresponds with the reverse complement template strand, or wherein the first portion
corresponds with the reverse template strand and the second portion corresponds with the forward

complement template strand.

In one aspect, the first portion is at least 25 base pairs and the second portion is at least 25 base

pairs.

In one aspect, the first cleavable site is a first restriction site for an endonuclease.
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In one aspect, the second cleavable site is a second restriction site for an endonuclease.

In one aspect, the at least one first polynucleotide sequence each comprise a first sequencing

primer binding site.

In one aspect, the first sequencing primer binding site is located after a 3’-end of the first portion.

In one aspect, the at least one second polynucleotide sequence each comprise a second sequencing

primer binding site.

In one aspect, the second sequencing primer binding site is located after a 37-end of the second

portion.

In one aspect, where CpG dyads comprising only unmodified cytosine were present in the
precursor polynucleotide library hairpin, then a double C-C/G-G match is present when
comparing corresponding positions in the at least one first polynucleotide sequence and the at
least one second polynucleotide sequence corresponding to the CpG dyad; where CpG dyads
comprising 5-methylcytosine were present in the precursor polynucleotide library hairpin, then a
double mismatch is present when comparing corresponding positions in the at least one first
polynucleotide sequence and the at least one second polynucleotide sequence corresponding to
the CpG dyad; and where CpG dyads comprising 5-hydroxymethylcytosine were present in the
precursor polynucleotide library hairpin, then a single mismatch and single C-C/G-G match is
present when comparing corresponding positions in the at least one first polynucleotide sequence

and the at least one second polynucleotide sequence corresponding to the CpG dyad.

In one aspect, where CpG dyads comprising only unmodified cytosine were present in the
precursor polynucleotide library hairpin, then a double mismatch is present when comparing
corresponding positions in the at least one first polynucleotide sequence and the at least one
second polynucleotide sequence corresponding to the CpG dyad; where CpG dyads comprising
5-methylcytosine were present in the precursor polynucleotide library hairpin, then a double C-
C/G-G match is present when comparing corresponding positions in the at least one first
polynucleotide sequence and the at least one second polynucleotide sequence corresponding to
the CpG dyad; and where CpG dyads comprising 5-hydroxymethylcytosine were present in the
precursor polynucleotide library hairpin, then a single mismatch and single C-C/G-G match is
present when comparing corresponding positions in the at least one first polynucleotide sequence

and the at least one second polynucleotide sequence corresponding to the CpG dyad.
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In one aspect, the method further comprises a step of preparing the first portion and the second

portion for concurrent sequencing.

In one aspect, the method comprises simultaneously contacting first sequencing primer binding
sites located after a 3’-end of the first portions with first primers and second sequencing primer

binding sites located after a 3’-end of the second portions with second primers.

In one aspect, the method further comprises a step of processing the at least one first
polynucleotide sequence comprising a first portion and the at least one second polynucleotide
sequence comprising a second portion, such that a proportion of first portions are capable of
generating a first signal and a proportion of second portions are capable of generating a second

signal.

In one aspect, the processing involves selective processing to cause an intensity of the first signal

to be greater than an intensity of the second signal.

In one aspect, a concentration of the first portions capable of generating the first signal is greater

than a concentration of the second portions capable of generating the second signal.

In one aspect, a ratio between the concentration of the first portions capable of generating the first

signal and the concentration of the second portions capable of generating the second signal is

between 1.25:1 to 5:1.

In one aspect, the ratio is between 1.5:1 to 3:1.

In one aspect, the ratio is about 2:1.

In one aspect, selective processing comprises preparing for selective sequencing or conducting

selective sequencing.

In one aspect, selectively processing comprises conducting selective amplification.

In one aspect, selectively processing comprises contacting first sequencing primer binding sites
located after a 3’-end of the first portions with first primers and contacting second sequencing
primer binding sites located after a 3’-end of the second portions with second primers, wherein

the second primers comprises a mixture of blocked second primers and unblocked second primers.
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In one aspect, the blocked second primer comprises a blocking group at a 3” end of the blocked

second primer.

In one aspect, the blocking group is selected from the group consisting of: a hairpin loop, a
deoxynucleotide, a deoxyribonucleotide, a hydrogen atom instead of a 3°-OH group, a phosphate
group, a phosphorothioate group, a propyl spacer, a modification blocking the 3°-hydroxyl group,

or an inverted nucleobase.

In one aspect, the selective processing comprises selectively removing some or substantially all
of second immobilised primers that are not yet extended, and conducting a further amplification
cycle in order to selectively amplify the first polynucleotide sequence(s) relative to the second

polynucleotide sequence(s).

In one aspect, selectively processing comprises selectively blocking some or substantially all of
second immobilised primers that are not yet extended using a primer blocking agent, wherein the
primer blocking agent is configured to limit or prevent synthesis of a strand extending from the
second immobilised primer, and conducting a further amplification cycle in order to selectively

amplify the first polynucleotide sequence(s) relative to the second polynucleotide sequence(s).

In one aspect, the primer blocking agent is added whilst first polynucleotide sequence(s) are

hybridised to the second immobilised primers.

In one aspect, the method comprises contacting some or substantially all of the second
immobilised primers with an extended primer sequence, wherein the extended primer sequence
is substantially complementary to the second immobilised primer and further comprises a 5°
additional nucleotide; and adding the primer blocking agent, wherein the primer blocking agent

is complementary to the 5™ additional nucleotide.

In one aspect, the primer blocking agent is a blocked nucleotide.

In one aspect, the blocked nucleotide comprises a blocking group at a 3° end of the blocked

nucleotide.

In one aspect, the blocking group is selected from the group consisting of: a hairpin loop, a

deoxynucleotide, a deoxyribonucleotide, a hydrogen atom instead of a 3°-OH group, a phosphate
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group, a phosphorothioate group, a propyl spacer, a modification blocking the 3°-hydroxyl group,

or an inverted nucleobase.

In one aspect, the blocked nucleotide is A or G.

In one aspect, the first signal and the second signal are spatially resolved.

In one aspect, the first signal and the second signal are spatially unresolved.

In one aspect, the at least one first polynucleotide sequence comprising the first portion and the
at least one second polynucleotide sequence comprising the second portion are attached to a solid
support.

In one aspect, the solid support is a flow cell.

In one aspect, the at least one first polynucleotide sequence comprising the first portion and the
at least one second polynucleotide sequence comprising the second portion forms a cluster on the
solid support.

In one aspect, the cluster is formed by bridge amplification.

In one aspect, the at least one first polynucleotide sequence comprising the first portion and the
at least one second polynucleotide sequence comprising the second portion form a duoclonal

cluster.

In one aspect, the solid support comprises at least one first immobilised primer and at least one

second immobilised primer.

In one aspect, the first immobilised primer comprises a sequence as defined in SEQ ID NO. 1 or
5, or a variant or fragment thereof, and the second immobilised primer comprises a sequence as

defined in SEQ ID NO. 2, or a variant or fragment thercof.

In one aspect, each first polynucleotide sequence is attached to a first immobilised primer, and

wherein each second polynucleotide sequence is attached to a second immobilised primer.

In one aspect, each first polynucleotide sequence comprises a second adaptor sequence and

wherein each second polynucleotide sequence comprises a first adaptor sequence, wherein the
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second adaptor sequence is substantially complementary to the second immobilised primer and

wherein the first adaptor sequence is substantially complementary to the first immobilised primer.

According to another aspect of the present invention, there is provided a method of sequencing
polynucleotide sequences to distinguish between modified cytosines, comprising:

preparing polynucleotide templates for distinguishing between modified cytosines using
amethod as described herein;

sequencing nucleobases in the first portion and the second portion; and

identifying the presence of 5-methylcytosine or 5-hydroxymethylcytosine by detecting
differences when comparing a sequence output from the first portion with a sequence output from

the second portion.

In one aspect, the step of sequencing nucleobases in the first portion and the second portion

involves concurrent sequencing of nucleobases in the first portion and the second portion.

In one aspect, the step of sequencing nucleobases comprises performing sequencing-by-synthesis.

In one aspect, the method further comprises a step of conducting paired-end reads.

In one aspect, the step of concurrently sequencing nucleobases comprises:

(a) obtaining first intensity data comprising a combined intensity of a first signal
component obtained based upon a respective first nucleobase at the first portion and a second
signal component obtained based upon a respective second nucleobase at the second portion,
wherein the first and second signal components are obtained simultancously;

(b) obtaining second intensity data comprising a combined intensity of a third signal
component obtained based upon the respective first nucleobase at the first portion and a fourth
signal component obtained based upon the respective second nucleobase at the second portion,
wherein the third and fourth signal components are obtained simultancously;

() selecting one of a plurality of classifications based on the first and the second
intensity data, wherein each classification represents a possible combination of respective first
and second nucleobases; and

(d) based on the selected classification, base calling the respective first and second

nucleobases.

In one aspect, selecting the classification based on the first and second intensity data comprises
selecting the classification based on the combined intensity of the first and second signal

components and the combined intensity of the third and fourth signal components.
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In one aspect, the plurality of classifications comprises sixteen classifications, each classification

representing one of sixteen unique combinations of first and second nucleobases.

In one aspect, the first signal component, second signal component, third signal component and
fourth signal component are generated based on light emissions associated with the respective

nucleobase.

In one aspect, the light emissions are detected by a sensor, wherein the sensor is configured to

provide a single output based upon the first and second signals.

In one aspect, the sensor comprises a single sensing element.

In one aspect, the method further comprises repeating steps (a) to (d) for each of a plurality of

base calling cycles.

According to another aspect of the present invention, there is provided a kit comprising
instructions for preparing polynucleotide templates for distinguishing between modified cytosines
as described herein, and/or for sequencing polynucleotide sequences to distinguish between

modified cytosines as described herein.

According to another aspect of the present invention, there is provided a data processing device

comprising means for carrying out a method as described herein.

In one aspect, the data processing device is a polynucleotide sequencer.

According to another aspect of the present invention, there is provided a computer program
product comprising instructions which, when the program is executed by a processor, cause the

processor to carry out a method as described herein.

According to another aspect of the present invention, there is provided a computer-readable
storage medium comprising instructions which, when executed by a processor, cause the

processor to carry out a method as described herein.

According to another aspect of the present invention, there is provided a computer-readable data

carrier having stored thereon a computer program product as described herein.
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According to another aspect of the present invention, there is provided a data carrier signal

carrying a computer program product as described herein.

According to another aspect of the present invention, there is provided a method of preparing a

polynucleotide library hairpin strand, comprising:

(a) providing a double-stranded polynucleotide comprising a precursor forward library

strand and a precursor reverse library strand; and

(b) ligating a hairpin loop adaptor to an end of the double-stranded polynucleotide to
generate a first hairpin polynucleotide, wherein the hairpin loop adaptor comprises a cleavable

site.

In one aspect, the hairpin loop adaptor comprises a base-paired stem and a non-base-paired loop.

In one aspect, the cleavable site is located in the non-base-paired loop.

In one aspect, the hairpin loop adaptor connects a 3’-end of the precursor forward library strand
with a 5’-end of the precursor reverse library strand; or wherein the hairpin loop adaptor connects
a 37-end of the precursor reverse library strand with a 5’-end of the precursor forward library

strand.

In one aspect, the cleavable site is a restriction site for an endonuclease.

In one aspect, the method further comprises a step of:
(c) removing the precursor reverse library strand from the first hairpin polynucleotide to
generate a second hairpin polynucleotide comprising the precursor forward library strand and the

hairpin loop adaptor, wherein the hairpin loop adaptor comprises the cleavable site.

In one aspect, the method further comprises a step of:
(d) forming a resynthesised reverse library strand from the second hairpin polynucleotide
to generate a third hairpin polynucleotide, wherein when any cytosine bases are present in the

resynthesised reverse library strand, then all such cytosine bases are unmodified cytosine.

In one aspect, the method further comprises a step of:
(e) exposing the third hairpin polynucleotide to an enzyme configured to convert

hemimethylated 5-methylcytosine CpG dyads to fully methylated 5-methylcytosine CpG dyads,
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but not convert hemimethylated 5-hydroxymethylcytosine dyads, in order to generate a fourth
hairpin polynucleotide.

In one aspect, the enzyme configured to convert hemimethylated 5-methylcytosine CpG dyads to
fully methylated 5-methylcytosine CpG  dyads, but not convert hemimethylated 5-
hydroxymethylcytosine dyads is a DNA methyltransferase.

In one aspect, the enzyme configured to convert hemimethylated 5-methylcytosine CpG dyads to
fully methylated 5-methylcytosine CpG  dyads, but not convert hemimethylated 5-
hydroxymethylcytosine dyads is a member of the DNA methyltransferase 1 (DNMTT1) family or
the DNA methyltransferase 5 (DNMTS5) family.

In one aspect, the method further comprises a step of:

(f) exposing the fourth hairpin polynucleotide to a conversion agent configured to convert
5-methylcytosine and 5-hydroxymethylcytosine to thymine or a nucleobase which is read as
thymine/uracil, or to a conversion agent configured to convert an unmodified cytosine to uracil

or a nucleobase which is read as thymine/uracil, in order to generate a fifth hairpin polynucleotide.

In one aspect, the conversion agent is configured to convert 5-methylcytosine and 5-

hydroxymethylcytosine to thymine or a nucleobase which is read as thymine/uracil.

In one aspect, the conversion agent is configured to convert unmodified cytosine to uracil or a

nucleobase which is read as thymine/uracil.

In one aspect, the conversion agent comprises a chemical agent and/or an enzyme.

In one aspect, the conversion agent comprises a boron-based reducing agent and a ten-eleven

translocation (TET) methylcytosine dioxygenase.

In one aspect, the boron-based reducing agent is an amine-borane compound or an azine-borane

compound.
In one aspect, the boron-based reducing agent is selected from the group consisting of pyridine

borane, 2-picoline borane, t-butylamine borane, ammonia borane, ethylenediamine borane and

dimethylamine borane.

10
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In one aspect, the TET methylcytosine dioxygenase is a member of the TET1 subfamily, the TET2
subfamily, or the TET3 subfamily.

In one aspect, the conversion agent comprises sulfite.

In one aspect, the sulfite is bisulfite.

In one aspect, the bisulfite is sodium bisulfite.

In one aspect, the conversion agent comprises a cytidine deaminase.

In one aspect, the cytidine deaminase is a wild-type cytidine deaminase or a mutant cytidine

deaminase.

In one aspect, the cytidine deaminase is a member of the AID subfamily, the APOBECI
subfamily, the APOBEC2 subfamily, the APOBEC3A subfamily, the APOBEC3B subfamily, the
APOBEC3C subfamily, the APOBEC3D subfamily, the APOBEC3F subfamily, the APOBEC3G
subfamily, the APOBEC3H subfamily, or the APOBEC4 subfamily.

In one aspect, the cytidine deaminase is a member of the APOBEC3A subfamily.

In one aspect, the cytidine deaminase comprises amino acid substitution mutations at positions

functionally equivalent to (Tyr/Phe)130 and Tyr132 in a wild-type APOBEC3A protein.

In one aspect, the (Tyr/Phe)130 is Tyr130, and the wild-type APOBEC3A protein is SEQ ID NO.
16.

In one aspect, the substitution mutation at the position functionally equivalent to Tyrl30

comprises Ala, Val or Trp.

In one aspect, the substitution mutation at the position functionally equivalent to Tyrl32

comprises a mutation to His, Arg, Gln or Lys.

In one aspect, the mutant cytidine deaminase comprises a ZDD motif H-[P/A/V]-E-X[23.25-P-C-
Xp-4-C (SEQ ID NO. 51).

11
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In one aspect, the mutant cytidine deaminase is a member of the APOBEC3A subfamily and
COIl’lpI'iSCS a ZDD motif HXEX24SW(S/T)PCX[2_4]CX6FX8LX5R(L/I)YX[8_11]LX2LX[10]M (SEQ
ID NO. 52).

In one aspect, the mutant cytidine deaminase converts 5-methylcytosine to thymine by

deamination at a greater rate than a conversion rate of cytosine to uracil by deamination.

In one aspect, the rate is at least 100-fold greater.

In one aspect, the conversion agent further comprises a glycosyltransferase.

In one aspect, the glycosyltransferase is a B-glucosyltransferase.

In one aspect, the method further comprises a step of ligating a flanking adaptor to an end of the
double-stranded polynucleotide away from the hairpin loop adaptor to the third hairpin
polynucleotide, the fourth hairpin polynucleotide or the fifth hairpin polynucleotide, wherein the
flanking adaptor comprises a primer-binding sequence and a primer-binding complement

sequence.

In one aspect, the flanking adaptor is a forked adaptor comprising a base-paired stem, a first arm

and a second arm.

In one aspect, the primer-binding sequence is located on the first arm, and the primer-binding

complement sequence is located on the second arm.

According to another aspect of the present invention, there is provided a polynucleotide library
hairpin strand prepared according to a method of preparing a polynucleotide library hairpin strand
as described herein.

Description of the Drawings

Figure 1 shows a forward strand, reverse strand, forward complement strand, and reverse

complement strand of a polynucleotide molecule.

Figure 2 shows the steps involved in a loop fork method.

Figure 3 shows an example of a polynucleotide sequence prepared using a loop fork method.

12
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Figure 4 shows an example of a polynucleotide sequence prepared using a loop fork method.

Figure 5 shows a typical solid support.

Figure 6 shows the stages of bridge amplification for polynucleotide templates prepared using a
loop fork method and the generation of an amplified cluster, comprising (Panel A) a concatenated
library strand hybridising to a immobilised primer; (Panel B) generation of a template strand from
the library strand; (Panel C) dehybridisation and washing away the library strand; (Panel D)
generation of a template complement strand from the template strand via bridge amplification and
dehybridisation of the sequence bridge; and (Panel E) further amplification to provide a plurality

of template and template complement strands.

Figure 7 shows the detection of nucleobases using 4-channel, 2-channel and 1-channel chemistry.

Figure 8 shows a method of selective sequencing.

Figure 9 shows a method of selective amplification comprising (Panel A) starting from a plurality
of template and template complement strands; (Panel B) selective cleavage of one type of
immobilised primer from the support; (Panel C) only template (or template complement) strands
complementary to the free immobilised primer anneal and undergo bridge amplification, (Panel
D) producing different proportions of template and template complement strands; (Panel E)
subsequent standard (non-selective) sequencing occurs in different proportions enabling signal

differentiation.

Figure 10 shows a method of selective amplification comprising (Panel A) template and template
complement strands annealing to immobilised primers; (Panel B) addition of a primer-blocking
agent that binds only to one type of immobilised primer, preventing the extension from that one
type of immobilised primer, preventing the extension from one type of immobilised primer;
(Panel C) producing different proportions of template and template complement strands; (Panel
D) subsequent standard (non-selective) sequencing occurs in different proportions enabling signal

differentiation.
Figure 11 shows a method of selective amplification comprising (Panel A) flowing a (or a

plurality of) extended primer sequence(s) containing at least one additional 5” nucleotide across

the surface of the solid support; (Panel B) addition of a primer-blocking agent that binds only to

13
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one type of immobilised primer and is complementary to the additional 5° nucleotide of the

extended primer sequence, preventing the extension from one type of immobilised primer.

Figure 12 is a plot showing graphical representations of sixteen distributions of signals generated

by polynucleotide sequences according to one embodiment.

Figure 13 is a flow diagram showing a method for base calling according to one embodiment.

Figure 14 shows a prior art method for detecting 5-hydroxymethylcytosine and 5-methylcytosine.
This involves conducting a sequencing run to determine the presence of both 5-
hydroxymethylcytosine and 5-methylcytosine (left), then another separate sequencing run to
determine the presence of only 5-methylcytosine (right). The presence of 5-

hydroxymethylcytosine is obtained by comparing the two separate runs.

Figure 15 shows a prior art method (Fiillgrabe et al.) for detecting 5-hydroxymethylcytosine and
5-methylcytosine using hairpin polynucleotides. In the prior art method, the hairpin loop adaptor

does not comprise a cleavable site.

Figure 16 shows an example workflow of preparing a polynucleotide library hairpin strand
according to a method as described herein, then a subsequent example workflow for preparing
polynucleotide templates for distinguishing between modified cytosines according to a method as
described herein. 5-methylcytosine is represented as 5m in bubbles, 5-hydroxymethylcytosine is
represented as Shm in bubbles, U represents uracil, thymine or a nucleobase which is read as
thymine/uracil, and X represents A or T (the exact nature of A or T is not material and is not
shown for clarity — XX base pairs arc AT/TA base pairs which remain unchanged during the

preparation process).

Figure 17 shows another example workflow of preparing a polynucleotide library hairpin strand
according to a method as described herein, then a subsequent example workflow for preparing
polynucleotide templates for distinguishing between modified cytosines according to a method as
described herein. 5-methylcytosine is represented as 5m in bubbles, 5-hydroxymethylcytosine is
represented as Shm in bubbles, U represents uracil, thymine or a nucleobase which is read as
thymine/uracil, and X represents A or T (the exact nature of A or T is not material and is not
shown for clarity — XX base pairs are AT/TA base pairs which remain unchanged during the

preparation process).
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Figure 18 shows a further example workflow conducted according to the method shown in Figure

17.

Detailed Description

All patents, patent applications, and other publications referred to herein, including all sequences
disclosed within these references, are expressly incorporated herein by reference, to the same
extent as if each individual publication, patent or patent application was specifically and
individually indicated to be incorporated by reference. All documents cited are, in relevant part,
incorporated herein by reference in their entireties for the purposes indicated by the context of
their citation herein. However, the citation of any document is not to be construed as an admission

that it is prior art with respect to the present disclosure.

The present invention can be used in sequencing, in particular concurrent sequencing.
Methodologies applicable to the present invention have been described in WO 08/041002, WO
07/052006, WO 98/44151, WO 00/18957, WO 02/06456, WO 07/107710, WO05/068656, US
13/661,524 and US 2012/0316086, the contents of which are herein incorporated by reference.
Further information can be found m US 20060024681, US 20060292611, WO 06/110855, WO
06/135342, WO 03/074734, W007/010252, WO 07/091077, WO 00/179553, WO 98/44152 and
WO 2022/087150, the contents of which are herein incorporated by reference.

As used herein, the term “variant” refers to a variant polypeptide sequence or part of the
polypeptide sequence that retains desired function of the full non-variant sequence. For example,
a desired function of the immobilised primer retains the ability to bind (i.e. hybridise) to a target

sequence.

As used in any aspect described herein, a “variant” has at least 25%, 26%, 27%, 28%, 29%, 30%,
31%, 32%, 33%, 34%, 35%, 36%, 37%., 38%, 39%, 40%, 41%, 42%, 43%, 44%, 45%, 46%, 47%,
48%, 49%., 50%, 51%, 52%., 53%, 54%, 55%. 56%, 57%, 58%, 59%, 60%, 61%, 62%., 63%., 64%,
65%., 66%, 67%, 68%, 69%, 70%, 71%., 72%, 13%, 74%., 75%, 16%, 77%, 78%., 79%, 80%, 81%,
82%, 83%, 84%, 85%, 86%, 87%., 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
or at least 99% overall sequence identity to the non-variant nucleic acid sequence. The sequence
identity of a variant can be determined using any number of sequence alignment programs known
in the art. As an example, Emboss Stretcher from the EMBL-EBI may be used as found on the
Internet at: ebi.ac.uk/Tools/psa/emboss_stretcher/ (using default parameters: pair output format,
Matrix = BLOSUMBG62, Gap open = 1, Gap extend = 1 for proteins; pair output format, Matrix =
DNAfull, Gap open = 16, Gap extend = 4 for nucleotides).
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As used herein, the term “fragment” refers to a functionally active series of consecutive nucleic
acids from a longer nucleic acid sequence. The fragment may be at least 99%, at least 95%, at
least 90%, at least 80%, at least 70%, at least 60%, at least 50%, at least 40% or at least 30% the
length of the longer nucleic acid sequence. A fragment as used herein may also retain the ability

to bind (i.e. hybridise) to a target sequence.

Sequencing generally comprises four fundamental steps: 1) library preparation to form a plurality
of target polynucleotides for identification; 2) cluster generation to form an array of amplified
template polynucleotides; 3) sequencing the cluster array of amplified template polynucleotides;
and 4) data analysis to identify characteristics of the target polynucleotides from the amplified

template polynucleotide sequences. These steps are described in greater detail below.

Library strands and template terminology

As shown in Figure 1, for a given double-stranded polynucleotide sequence 100 to be identified,
the polynucleotide sequence 100 comprises a forward strand of the sequence 101 and a reverse

strand of the sequence 102.

When the polynucleotide sequence 100 is replicated (e.g. using a DNA/RNA polymerase),
complementary versions of the forward strand 101 of the sequence 100 and the reverse strand 102
of the sequence 100 are generated. Thus, replication of the polynucleotide sequence 100 provides
a double-stranded polynucleotide sequence 100a that comprises a forward strand of the sequence
101 and a forward complement strand of the sequence 1017, and a double-stranded polynucleotide
sequence 100b that comprises a reverse strand of the sequence 102 and a reverse complement

strand of the sequence 1027,

The term “template” may be used to describe a complementary version of the double-stranded
polynucleotide sequence 100. As such, the “template” comprises a forward complement strand of
the sequence 101° and a reverse complement strand of the sequence 102°. Thus, by using the
forward complement strand of the sequence 101° as a template for complementary base pairing,
a sequencing process (€.g. a sequencing-by-synthesis or a sequencing-by-ligation process)
reproduces information that was present in the original forward strand of the sequence 101.
Similarly, by using the reverse complement strand of the sequence 1027 as a template for
complementary base pairing, a sequencing process (€.g. a sequencing-by-synthesis or a
sequencing-by-ligation process) reproduces information that was present in the original reverse

strand of the sequence 102.
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The two strands in the template may also be referred to as a forward strand of the template 101°
and a reverse strand of the template 102°. The complement of the forward strand of the template
101" 1s termed the forward complement strand of the template 101, whilst the complement of the

reverse strand of the template 102 is termed the reverse complement strand of the template 102.

Language for original polynucleotide | Corresponding language for the

sequence 100 “template”

Forward strand of the sequence 101 Forward complement strand of the template
101 (sometimes referred to herein as forward

complement strand 101)

Reverse strand of the sequence 102 Reverse complement strand of the template
102 (sometimes referred to herein as reverse

complement strand 102)

Forward complement strand of the sequence | Forward strand of the template 101°

101° (sometimes referred to herein as forward
strand 1017)

Reverse complement strand of the sequence | Reverse strand of the template 102°

102° (sometimes referred to herein as reverse
strand 1027)

Library preparation

Library preparation is the first step in any high-throughput sequencing platform. These libraries
allow templates to be generated via complementary base pairing that can subsequently be
clustered and amplified. During library preparation, nucleic acid sequences, for example genomic
DNA sample, or cDNA or RNA sample, is converted into a sequencing library, which can then
be sequenced. By way of example with a DNA sample, the first step in library preparation is
random fragmentation of the DNA sample. Sample DNA is first fragmented and the fragments of
a specific size (typically 200-500 bp, but can be larger) are ligated, sub-cloned or “inserted” in-
between two oligo adaptors (adaptor sequences). The original sample DNA fragments are referred
to as “inserts”. The target polynucleotides may advantageously also be size-fractionated prior to

modification with the adaptor sequences.
As described herein, typically the templates to be generated from the libraries may include

separate polynucleotide sequences, in particular a first polynucleotide sequence comprising a first

portion and a second polynucleotide sequence comprising a second portion. Generating these
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templates from particular libraries may be performed according to methods known to persons of
skill in the art. However, some example approaches of preparing libraries suitable for generation

of such templates are described below.

In some embodiments, the library may be prepared using a loop fork method, which is described
below. This procedure may be used, for example, for preparing templates including a first
polynucleotide sequence comprising a first portion and a second polynucleotide sequence
comprising a second portion, wherein the first portion is a forward strand of the template, and the
second portion is a reverse complement strand of the template (or alternatively, wherein the first
portion is a reverse strand of the template, and the second portion is a forward complement strand
of the template). A representative process for conducting a loop fork method is shown in Figure

2.

Starting from a double-stranded polynucleotide sequence comprising a forward strand of the
sequence and a reverse strand of the sequence, adaptors may be ligated to a first end of the
sequence (e.g. using processes as described in more detail in ¢.g. WO 07/052006, or
“tagmentation” methods as described above). A second end of the sequence (different from the
first end) may be ligated to a loop, which connects the forward strand of the sequence and the
reverse strand of the sequence, thus generating a loop fork ligated polynucleotide sequence.
Between these principal steps of ligating the loop and the adaptors during the generation of a loop
fork ligated polynucleotide sequence, additional steps (e.g. removal of the reverse library strand,
resynthesis of the reverse library strand, exposure to an enzyme configured to convert
hemimethylated 5-methylcytosine CpG dyads to fully methylated 5-methylcytosine CpG dyads,
but not convert hemimethylated 5-hydroxymethylcytosine dyads, and exposure to a conversion
agent) may be conducted — these additional steps are explained in greater detail herein. Once the
loop fork ligated polynucleotide sequence has been generated and appropriately treated, the

library is now ready for seeding, clustering and amplification.

As will be described later, during clustering and amplification, further processes may be used to
generate templates including a first polynucleotide sequence comprising a first portion and a
second polynucleotide sequence comprising a second portion, wherein the first portion is a
forward strand of the template, and the second portion is a reverse complement strand of the
template (or alternatively, wherein the first portion is a reverse strand of the template, and the

second portion is a forward complement strand of the template).

The processes described above in relation to loop fork methods generate libraries that have self-

tandem insert polynucleotides.
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Thus, one strand of a polynucleotide within a polynucleotide library may comprise, ina 5™ to 3°
direction, a second primer-binding complement sequence 302 (e.g. P7), an optional first terminal
sequencing primer binding site complement 303°, a first insert sequence 401 (A and B), a loop
sequence 403 (L) (also referred to herein as a hairpin loop adaptor), a second insert sequence 402
(B” and A”), an optional second terminal sequencing primer binding site 304, and a first primer-

binding sequence 301° (e.g. P57) (Figures 3 and 4).

Alternatively, or in addition, one or more sequencing primer binding sites (or complements) may

be provided within the loop sequence 403 (L) (or hairpin loop adaptor).

Although not shown in Figures 3 and 4, the strand may further comprise one or more index
sequences. As such, a first index sequence (¢.g. 17) may be provided between the second primer-
binding complement sequence 302 (e.g. P7) and the optional first terminal sequencing primer
binding site complement 303°. Separately, or in addition, a second index complement sequence
(e.g. 157) may be provided between the optional second terminal sequencing primer binding site
304 and the first primer-binding sequence 301° (e.g. P5’). Thus, in some embodiments, one strand
of a polynucleotide within a polynucleotide library may comprise, in a 5° to 3" direction, a second
primer-binding complement sequence 302 (e.g. P7), a first index sequence (e.g. 17), an optional
first terminal sequencing primer binding site complement 303°, a first insert sequence 401 (A and
B), a loop sequence 403 (L) (or hairpin loop adaptor), a second insert sequence 402 (B and A’),
an optional second terminal sequencing primer binding site 304, a second index complement

sequence (e.g. 157), and a first primer-binding sequence 301° (e.g. P57).

Alternatively, or in addition, one or more index sequences (or complements) may be provided

within the loop sequence 403 (L) (or hairpin loop adaptor).

It should be noted that the arrangement of the loop sequence 403 (L) (or hairpin loop adaptor) is
shown in Figures 3 and 4 as being ligated on the right hand side of the double-stranded fragment,
and the P5°/P7 adaptor being ligated on the left hand side of the double-stranded fragment — in
other words, the loop sequence 403 (L) (or hairpin loop adaptor) connects a 3°-end of the forward
library strand with a 5°-end of the reverse library strand. However, the positions of the hairpin
loop adaptor and the P57/P7 adaptor may be reversed, such that the loop sequence 403 (L) (or
hairpin loop adaptor) is ligated on the left hand side of the double-stranded fragment, and the
P5°/P7 adaptor being ligated on the right hand side of the double-stranded fragment — in other

words, the loop sequence 403 (L) (or hairpin loop adaptor) connects a 3’-end of the reverse library
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strand with a 5’-end of the forward library strand. Both variations are encompassed by the present

disclosure.

In addition, it should be noted that a P5°/P7 adaptor is used in Figures 3 and 4. However, a P7°/P5
adaptor may equally be used, where P7 is used instead of P5” and P5 is used instead of P7. Both

variations are encompassed by the present disclosure.

In one embodiment, the first insert sequence 401 may comprise a forward strand of the sequence
101, and the second insert complement sequence 402 may comprise a reverse complement strand
of the sequence 102 (or the first insert sequence 401 may comprise a reverse strand of the
sequence 102, and the second insert complement sequence 402° may comprise a forward
complement strand of the sequence 101°), for example where the library is prepared using a loop

fork method.

Although Figure 3 shows the presence of a first terminal sequencing primer binding site
complement 303°, a second terminal sequencing primer binding site 304, these are optional as
mentioned above (in addition, their complements, a second terminal sequencing primer binding
site complement 304°, and a first terminal sequencing primer binding site 303). Accordingly,

these sections may be omitted from the library.

As will be understood by the skilled person, a double-stranded nucleic acid will typically be
formed from two complementary polynucleotide strands comprised of deoxyribonucleotides or
ribonucleotides joined by phosphodiester bonds, but may additionally include one or more
ribonucleotides and/or non-nucleotide chemical moieties and/or non-naturally occurring
nucleotides and/or non-naturally occurring backbone linkages. In particular, the double-stranded
nucleic acid may include non-nucleotide chemical moieties, ¢.g. linkers or spacers, at the 5' end
of one or both strands. By way of non-limiting example, the double-stranded nucleic acid may
include methylated nucleotides, uracil bases, phosphorothioate groups, peptide conjugates etc.
Such non-DNA or non-natural modifications may be included in order to confer some desirable
property to the nucleic acid, for example to enable covalent, non-covalent or metal-coordination
attachment to a solid support, or to act as spacers to position the site of cleavage an optimal
distance from the solid support. A single stranded nucleic acid consists of one such polynucleotide
strand. Where a polynucleotide strand is only partially hybridised to a complementary strand —
for example, a long polynucleotide strand hybridised to a short nucleotide primer — it may still be

referred to herein as a single stranded nucleic acid.
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A sequence comprising at least a primer-binding sequence (e.g. a primer-binding sequence and a
sequencing primer binding site, or a combination of a primer-binding sequence, an index sequence
and a sequencing primer binding site) may be referred to herein as an adaptor sequence, and an
insert is flanked by a 5° adaptor sequence and a 3” adaptor sequence. The primer-binding sequence

may also comprise a sequencing primer for the index read.

As used herein, an “adaptor” refers to a sequence that comprises a short sequence-specific
oligonucleotide that is ligated to the 5’ and 3’ ends of each DNA (or RNA) fragment in a
sequencing library as part of library preparation. The adaptor sequence may further comprise non-

peptide linkers.

In a further embodiment, the P5” and P7” primer-binding sequences are complementary to short
primer sequences (or lawn primers) present on the surface of a flow cell. Binding of P5” and P7°
to their complements (P5 and P7) on — for example — the surface of the flow cell, permits nucleic

acid amplification. As used herein “’” denotes the complementary strand.

The primer-binding sequences in the adaptor which permit hybridisation to amplification primers
(c.g. lawn primers) will typically be around 20-40 nucleotides in length, although the invention is
not limited to sequences of this length. The precise identity of the amplification primers (¢.g. lawn
primers), and hence the cognate sequences in the adaptors, are generally not material to the
invention, as long as the primer-binding sequences are able to interact with the amplification
primers in order to direct PCR amplification. The sequence of the amplification primers may be
specific for a particular target nucleic acid that it is desired to amplify, but in other embodiments
these sequences may be "universal" primer sequences which enable amplification of any target
nucleic acid of known or unknown sequence which has been modified to enable amplification
with the universal primers. The criteria for design of PCR primers are generally well known to

those of ordinary skill in the art.

The index sequences (also known as a barcode or tag sequence) are unique short DNA (or RNA)
sequences that are added to each DNA (or RNA) fragment during library preparation. The unique
sequences allow many libraries to be pooled together and sequenced simultaneously. Sequencing
reads from pooled libraries are identified and sorted computationally, based on their barcodes,
before final data analysis. Library multiplexing is also a useful technique when working with
small genomes or targeting genomic regions of interest. Multiplexing with barcodes can
exponentially increase the number of samples analysed in a single run, without drastically
increasing run cost or run time. Examples of tag sequences are found in WO05/068656, whose

contents are incorporated herein by reference in their entirety. The tag can be read at the end of
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the first read, or equally at the end of the second read, for example using a sequencing primer
complementary to the strand marked P7. The invention is not limited by the number of reads per
cluster, for example two reads per cluster: three or more reads per cluster are obtainable simply
by dehybridising a first extended sequencing primer, and rehybridising a second primer before or
after a cluster repopulation/strand resynthesis step. Methods of preparing suitable samples for
indexing are described in, for example WO 2008/093098, which is incorporated herein by
reference. Single or dual indexing may also be used. With single indexing, up to 48 unique 6-base
indexes can be used to generate up to 48 uniquely tagged libraries. With dual indexing, up to 24
unique 8-base Index 1 sequences and up to 16 unique 8-base Index 2 sequences can be used in
combination to generate up to 384 uniquely tagged libraries. Pairs of indexes can also be used
such that every 15 index and every i7 index are used only one time. With these unique dual
indexes, it is possible to identify and filter indexed hopped reads, providing even higher

confidence in multiplexed samples.

The sequencing primer binding sites are sequencing and/or index primer binding sites and indicate
the starting point of the sequencing read. During the sequencing process, a sequencing primer
anneals (i.e. hybridises) to at least a portion of the sequencing primer binding site on the template
strand. The polymerase enzyme binds to this site and incorporates complementary nucleotides

base by base into the growing opposite strand.

Cluster generation and amplification

Once a double stranded nucleic acid library is formed, typically, the library has previously been
subjected to denaturing conditions to provide single stranded nucleic acids. Suitable denaturing
conditions will be apparent to the skilled reader with reference to standard molecular biology
protocols (Sambrook et al., 2001, Molecular Cloning, A Laboratory Manual, 4th Ed, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor Laboratory Press, NY; Current Protocols, eds

Ausubel et al). In one embodiment, chemical denaturation may be used.

Following denaturation, a single-stranded library may be contacted in free solution onto a solid

support comprising surface capture moieties (for example P5 and P7 lawn primers).
Thus, embodiments of the present invention may be performed on a solid support 200, such as a

flowcell. However, in alternative embodiments, seeding and clustering can be conducted off-

flowcell using other types of solid support.
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The solid support 200 may comprise a substrate 204. See Figure 5. The substrate 204 comprises
at least one well 203 (¢.g. a nanowell), and typically comprises a plurality of wells 203 (e.g. a

plurality of nanowells).

In one embodiment, the solid support comprises at least one first immobilised primer and at least

one second immobilised primer.

Thus, each well 203 may comprise at least one first immobilised primer 201, and typically may
comprise a plurality of first immobilised primers 201. In addition, each well 203 may comprise
at least one second immobilised primer 202, and typically may comprise a plurality of second
immobilised primers 202. Thus, each well 203 may comprise at least one first immobilised primer
201 and at least one second immobilised primer 202, and typically may comprise a plurality of

first immobilised primers 201 and a plurality of second immobilised primers 202.

The first immobilised primer 201 may be attached via a 5’-end of its polynucleotide chain to the
solid support 200. When extension occurs from first immobilised primer 201, the extension may

be in a direction away from the solid support 200.

The second immobilised primer 202 may be attached via a 5°-end of its polynucleotide chain to
the solid support 200. When extension occurs from second immobilised primer 202, the extension

may be in a direction away from the solid support 200.

The first immobilised primer 201 may be different to the second immobilised primer 202 and/or
a complement of the second immobilised primer 202. The second immobilised primer 202 may
be different to the first immobilised primer 201 and/or a complement of the first immobilised

primer 201.

The (or each of the) first immobilised primer(s) 201 may comprise a sequence as defined in SEQ
ID NO. 1 or 5, or a variant or fragment therecof. The second immobilised primer(s) 202 may
comprise a sequence as defined in SEQ ID NO. 2, or a variant or fragment thereof. Whilst first
immobilised primer(s) 201 are shown here to correspond to P5 and second immobilised primer(s)
202 are shown here to correspond to P7, the definitions of these may be swapped — in other words,
first immobilised primer(s) 201 may correspond instead to P7, and second immobilised primer(s)

202 may correspond to P5.

In some embodiments, the first immobilised primer(s) 201 and the second immobilised primer(s)

202 within a well 203 may be spatially separated from each other. In other words, the first
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immobilised primer(s) 201 may occupy a first region, and the second immobilised primer(s) 202
may occupy a second region, wherein the first region and the second region do not overlap with
cach other. This means that any signals generated (e.g. a first signal and a second signal as referred

to herein) are spatially resolved.

In other embodiments, the first immobilised primer(s) 201 and the second immobilised primer(s)
202 within a well 203 may not be spatially separated from each other. In other words, the first
immobilised primer(s) 201 may occupy a first region, and the second immobilised primer(s) 202
may occupy a second region, wherein the first region and the second region may correspond to
the same region or may be substantially overlapping. This means that any signals generated (e.g.

a first signal and a second signal as referred to herein) are spatially unresolved.

By way of brief example, following attachment of the P5 and P7 primers to the solid support, the
solid support may be contacted with the template to be amplified under conditions which permit
hybridisation (or annealing — such terms may be used interchangeably) between the template and
the immobilised primers. The template is usually added in free solution under suitable
hybridisation conditions, which will be apparent to the skilled reader. Typically, hybridisation
conditions are, for example, 5xSSC at 40°C. However, other temperatures may be used during
hybridisation, for example about 50°C to about 75°C, about 55°C to about 70°C, or about 60°C
to about 65°C. Solid-phase amplification can then proceed. The first step of the amplification is
a primer extension step in which nucleotides are added to the 3' end of the immobilised primer
using the template to produce a fully extended complementary strand. The template is then
typically washed off the solid support. The complementary strand will include at its 3' end a
primer-binding sequence (i.¢. either P5” or P7”) which is capable of bridging to the second primer
molecule immobilised on the solid support and binding. Further rounds of amplification
(analogous to a standard PCR reaction) leads to the formation of clusters or colonies of template

molecules bound to the solid support. This is called clustering.

Thus, solid-phase amplification by either a method analogous to that of WO 98/44151 or that of
WO 00/18957 (the contents of which are incorporated herein in their entirety by reference) will
result in production of a clustered array comprised of colonies of "bridged" amplification
products. This process is known as bridge amplification. Both strands of the amplification
products will be immobilised on the solid support at or near the 5' end, this attachment being
derived from the original attachment of the amplification primers. Typically, the amplification
products within each colony will be derived from amplification of a single template molecule.
Other amplification procedures may be used, and will be known to the skilled person. For

example, amplification may be isothermal amplification using a strand displacement polymerase;
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or may be exclusion amplification as described in WO 2013/188582. Further information on
amplification can be found in WO 02/06456 and WO 07/107710, the contents of which are

incorporated herein in their entirety by reference.

Through such approaches, a cluster of template molecules is formed, comprising copies of a

template strand and copies of the complement of the template strand.

The steps of cluster generation and amplification for templates including a first polynucleotide
sequence comprising a first portion and a second polynucleotide sequence comprising a second

portion are illustrated below and in Figure 6.

In cases where (separate) polynucleotide strands are used, each first polynucleotide sequence may
be attached (via the 5°-end of the first polynucleotide sequence) to a first immobilised primer, and
wherein each second polynucleotide sequence is attached (via the 5°-end of the second
polynucleotide sequence) to a second immobilised primer. Each first polynucleotide sequence
may comprise a second adaptor sequence, wherein the second adaptor sequence comprises a
portion which is substantially complementary to the second immobilised primer (or is
substantially complementary to the second immobilised primer). The second adaptor sequence
may be at a 3’-end of the first polynucleotide sequence. Each second polynucleotide sequence
may comprise a first adaptor sequence, wherein the first adaptor sequence comprises a portion
which is substantially complementary to the first immobilised primer (or is substantially
complementary to the first immobilised primer). The first adaptor sequence may be at a 3’-end of

the second polynucleotide sequence.

In an embodiment, a solution comprising a polynucleotide library prepared by a loop fork method

as described above may be flowed across a flowcell.

A particular polynucleotide strand from the polynucleotide library to be sequenced comprising,
in a5’ to 37 direction, a second primer-binding complement sequence 302 (e.g. P7), an optional
first terminal sequencing primer binding site complement 303°, a first insert sequence 401 (A and
B), a loop sequence 403 (L) (or hairpin loop adaptor), a second insert sequence 402 (B and A’),
an optional second terminal sequencing primer binding site 304, and a first primer-binding
sequence 3017 (e.g. P5’), may anneal (via the first primer-binding sequence 3017) to the first

immobilised primer 201 (e.g. P5 lawn primer) located within a particular well 203 (Figure 6A).

The polynucleotide library may comprise other polynucleotide strands with different first insert

sequences 401 and second insert sequences 402. Such other polynucleotide strands may anneal to
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corresponding first immobilised primers 201 (¢.g. P5 lawn primers) in different wells 203, thus

enabling parallel processing of the various different strands within the polynucleotide library.

A new polynucleotide strand may then be synthesised, extending from the first immobilised
primer 201 (e.g. P5 lawn primer) in a direction away from the substrate 204. By using
complementary base-pairing, this generates a template strand comprising, ina 5” to 3” direction,
the first immobilised primer 201 (¢.g. P5 lawn primer) which is attached to the solid support 200,
an optional second terminal sequencing primer binding site complement 304°, a second insert
complement sequence 402° (A’ copy and B’ copy), a loop complement sequence 403 (L) (also
referred to herein as a spacer strand, that is complementary to the hairpin loop adaptor), a first
insert complement sequence 4017 (B copy and A copy), an optional first terminal sequencing
primer binding site 303, and a second primer-binding sequence 302° (e.g. P7’) (Figure 6B). Such

a process may utilise a polymerase, such as a DNA or RNA polymerase.

If the polynucleotides in the library comprise index sequences, then corresponding index

sequences are also produced in the template.

The polynucleotide strand from the polynucleotide library may then be dehybridised and washed
away, leaving a template strand attached to the first immobilised primer 201 (e.g. P5 lawn primer)

(Figure 6C).

The second primer-binding sequence 3027 (e.g. P7’) on the template strand may then anneal to a
second immobilised primer 202 (e.g. P7 lawn primer) located within the well 203. This forms a

“bridge”.

A new polynucleotide strand may then be synthesised by bridge amplification, extending from
the second immobilised primer 202 (e.g. P7 lawn primer) (initially) in a direction away from the
substrate 204. By using complementary base-pairing, this generates another template strand (also
referred herein as a template complement strand) comprising, in a 5° to 37 direction, the second
immobilised primer 202 (e.g. P7 lawn primer) which is attached to the solid support 200, an
optional first terminal sequencing primer binding site complement 303", a first insert sequence
401 (A and B), a loop sequence 403 (L) (also referred to herein as a spacer complement strand),
a second insert sequence 402 (B” and A’), an optional second terminal sequencing primer binding
site 304, and a first primer-binding sequence 301° (e.g. P5’). Again, such a process may utilise a

polymerase, such as a DNA or RNA polymerase.
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The strand attached to the second immobilised primer 202 (e.g. P7 lawn primer) may then be
dehybridised from the strand attached to the first immobilised primer 201 (e.g. P5 lawn primer)
(Figure 6D).

A subsequent bridge amplification cycle can then lead to amplification of the strand attached to
the first immobilised primer 201 (e.g. P5 lawn primer) and the strand attached to the second
immobilised primer 202 (¢.g. P7 lawn primer). The second primer-binding sequence 3027 (e.g.
P7’) on the template strand attached to the first immobilised primer 201 (¢.g. P5 lawn primer)
may then anneal to another second immobilised primer 202 (e.g. P7 lawn primer) located within
the well 203. In a similar fashion, the first primer-binding sequence 301 (e.g. P5’) on the template
strand attached to the second immobilised primer 202 (e.g. P7 lawn primer) may then anneal to

another first immobilised primer 201 (e.g. P5 lawn primer) located within the well 203.

Completion of bridge amplification and dehybridisation may then provide an amplified cluster,
thus providing a plurality of polynucleotide sequences comprising a first insert complement
sequence 401" and a second insert complement sequence 402°, as well as a plurality of
polynucleotide sequences comprising a first insert sequence 401 and a second insert sequence 402

(Figure 6E).

If desired, further bridge amplification cycles may be conducted to increase the number of

polynucleotide sequences within the well 203.

Once again, although Figure 6 shows the presence of a first terminal sequencing primer binding
site complement 303°, a second terminal sequencing primer binding site 304, a second terminal
sequencing primer binding site complement 304°, and a first terminal sequencing primer binding
site 303, these are optional as mentioned above. Accordingly, these sections may be omitted from

the template and template complement strands.
The methods for clustering and amplification described above generally relate to conducting non-
selective amplification. However, methods of the present invention relating to selective

processing may comprise conducting selective amplification, which is described in further detail

below under selective processing.

Sequencing

As described herein, the template provides information (e.g. identification of the genetic

sequence, identification of epigenetic modifications) on the original target polynucleotide
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sequence. For example, a sequencing process (e.g. a sequencing-by-synthesis or sequencing-by-
ligation process) may reproduce information that was present in the original target polynucleotide

sequence, by using complementary base pairing.

In one embodiment, sequencing may be carried out using any suitable "sequencing-by-synthesis"
technique, wherein nucleotides are added successively in cycles to the free 3' hydroxyl group,
resulting in synthesis of a polynucleotide chain in the 5' to 3' direction. The nature of the
nucleotide added may be determined after each addition. One particular sequencing method relies
on the use of modified nucleotides that can act as reversible chain terminators. Such reversible
chain terminators comprise removable 3' blocking groups. Once such a modified nucleotide has
been incorporated into the growing polynucleotide chain complementary to the region of the
template being sequenced there is no free 3'-OH group available to direct further sequence
extension and therefore the polymerase cannot add further nucleotides. Once the nature of the
base incorporated into the growing chain has been determined, the 3' block may be removed to
allow addition of the next successive nucleotide. By ordering the products derived using these
modified nucleotides it is possible to deduce the DNA sequence of the DNA template. Such
reactions can be done in a single experiment if each of the modified nucleotides has attached
thereto a different label, known to correspond to the particular base, to facilitate discrimination
between the bases added at each incorporation step. Suitable labels are described in PCT
application PCT/GB2007/001770, the contents of which are incorporated herein by reference in
their entirety. Alternatively, a separate reaction may be carried out containing each of the

modified nucleotides added individually.

The modified nucleotides may carry a label to facilitate their detection. Such a label may be

configured to emit a signal, such as an electromagnetic signal, or a (visible) light signal.

In a particular embodiment, the label is a fluorescent label (e.g. a dye). Thus, such a label may be
configured to emit an electromagnetic signal, or a (visible) light signal. One method for detecting
the fluorescently labelled nucleotides comprises using laser light of a wavelength specific for the
labelled nucleotides, or the use of other suitable sources of 1llumination. The fluorescence from
the label on an incorporated nucleotide may be detected by a CCD camera or other suitable
detection means. Suitable detection means are described in PCT/US2007/007991, the contents of

which are incorporated herein by reference in their entirety.

However, the detectable label need not be a fluorescent label. Any label can be used which allows

the detection of the incorporation of the nucleotide into the DNA sequence.
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Each cycle may involve simultaneous delivery of four different nucleotide types to the array of
template molecules. Altematively, different nucleotide types can be added sequentially and an

image of the array of template molecules can be obtained between each addition step.

In some embodiments, each nucleotide type may have a (spectrally) distinct label. In other words,
four channels may be used to detect four nucleobases (also known as 4-channel chemistry) (Figure
7 — left). For example, a first nucleotide type (e.g. A) may include a first label (¢.g. configured to
emit a first wavelength, such as red light), a second nucleotide type (¢.g. G) may include a second
label (e.g. configured to emit a second wavelength, such as blue light), a third nucleotide type
(e.g. T) may include a third label (¢.g. configured to emit a third wavelength, such as green light),
and a fourth nucleotide type (¢.g. C) may include a fourth label (e.g. configured to emit a fourth
wavelength, such as yellow light). Four images can then be obtained, each using a detection
channel that is selective for one of the four different labels. For example, the first nucleotide type
(e.g. A) may be detected in a first channel (e.g. configured to detect the first wavelength, such as
red light), the second nucleotide type (e.g. G) may be detected in a second channel (e.g. configured
to detect the second wavelength, such as blue light), the third nucleotide type (¢.g. T) may be
detected in a third channel (e.g. configured to detect the third wavelength, such as green light),
and the fourth nucleotide type (e.g. C) may be detected in a fourth channel (¢.g. configured to
detect the fourth wavelength, such as yellow light). Although specific pairings of bases to signal
types (e.g. wavelengths) are described above, different signal types (e.g. wavelengths) and/or

permutations may also be used.

In some embodiments, detection of each nucleotide type may be conducted using fewer than four
different labels. For example, sequencing-by-synthesis may be performed using methods and

systems described in US 2013/0079232, which is incorporated herein by reference.

Thus, in some embodiments, two channels may be used to detect four nucleobases (also known
as 2-channel chemistry) (Figure 7 — middle). For example, a first nucleotide type (e.g. A) may
include a first label (e.g. configured to emit a first wavelength, such as green light) and a second
label (e.g. configured to emit a second wavelength, such as red light), a second nucleotide type
(e.g. G) may not include the first label and may not include the second label, a third nucleotide
type (e.g. T) may include the first label (¢.g. configured to emit the first wavelength, such as green
light) and may not include the second label, and a fourth nucleotide type (¢.g. C) may not include
the first label and may include the second label (e.g. configured to emit the second wavelength,
such as red light). Two images can then be obtained, using detection channels for the first label
and the second label. For example, the first nucleotide type (e.g. A) may be detected in both a

first channel (¢.g. configured to detect the first wavelength, such as red light) and a second channel

29



10

15

20

25

30

35

WO 2024/256581 PCT/EP2024/066447

(c.g. configured to detect the second wavelength, such as green light), the second nucleotide type
(e.g. G) may not be detected in the first channel and may not be detected in the second channel,
the third nucleotide type (e.g. T) may be detected in the first channel (e.g. configured to detect
the first wavelength, such as red light) and may not be detected in the second channel, and the
fourth nucleotide type (¢.g. C) may not be detected in the first channel and may be detected in the
second channel (e.g. configured to detect the second wavelength, such as green light). Although
specific pairings of bases to signal types (e.g. wavelengths) and/or combinations of channels are

described above, different signal types (¢.g. wavelengths) and/or permutations may also be used.

In some embodiments, one channel may be used to detect four nucleobases (also known as 1-
channel chemistry) (Figure 7 — right). For example, a first nucleotide type (¢.g. A) may include a
cleavable label (e.g. configured to emit a wavelength, such as green light), a second nucleotide
type (e.g. G) may not include a label, a third nucleotide type (¢.g. T) may include a non-cleavable
label (e.g. configured to emit the wavelength, such as green light), and a fourth nucleotide type
(e.g. C) may include a label-accepting site which does not include the label. A first image can
then be obtained, and a subsequent treatment carried out to cleave the label attached to the first
nucleotide type, and to attach the label to the label-accepting site on the fourth nucleotide type. A
second image may then be obtained. For example, the first nucleotide type (¢.g. A) may be
detected in a channel (¢.g. configured to detect the wavelength, such as green light) in the first
image and not detected in the channel in the second image, the second nucleotide type (e.g. G)
may not be detected in the channel in the first image and may not be detected in the channel in
the second image, the third nucleotide type (e.g. T) may be detected in the channel (e.g. configured
to detect the wavelength, such as green light) in the first image and may be detected in the channel
(e.g. configured to detect the wavelength, such as green light) in the second image, and the fourth
nucleotide type (e.g. C) may not be detected in the channel in the first image and may be detected
in the channel in the second image (e.g. configured to detect the wavelength, such as green light).
Although specific pairings of bases to signal types (e.g. wavelengths) and/or combinations of
images are described above, different signal types (¢.g. wavelengths), images and/or permutations

may also be used.

In one embodiment, the sequencing process comprises a first sequencing read and second
sequencing read. In some embodiments, the first sequencing read is conducted separately from
the second sequencing read. In other embodiments, the first sequencing read and the second
sequencing read may be conducted concurrently. In other words, the first sequencing read and the

second sequencing read may be conducted at the same time.

30



10

15

20

25

30

35

WO 2024/256581 PCT/EP2024/066447

The first sequencing read may comprise the binding of a first sequencing primer (also known as
a read 1.1 sequencing primer) to the first sequencing primer binding site (¢.g. within loop
complement sequence 4037). The second sequencing read may comprise the binding of a second
sequencing primer (also known as a read 1.2 sequencing primer) to the second sequencing primer

binding site (e.g. within loop sequence 403).

This leads to sequencing of the first portion (e.g. second insert complement sequence 4027) and

the second portion (e.g. first insert sequence 401).

The methods for sequencing described above generally relate to conducting non-selective
sequencing. However, methods of the present invention relating to selective processing may
comprise conducting selective sequencing, which is described in further detail below under

selective processing.

In particular, where concurrent sequencing is conducted, the signals generated may be spatially
resolved or spatially unresolved. In the case where the signals generated are spatially resolved,
the signals generated by the first portion and the second portion may be parsed by interpreting
these signals separately in view of the spatial separation, and non-selective processing methods
(such as non-selective amplification and non-selective sequencing) may be used. However, where
the signals generated by the first portion and the second portion are spatially unresolved, other
methods may be required to parse the information generated — as such, spatially unresolved
signals may involve selective processing methods (such as selective amplification and/or selective

sequencing).

Selective processing methods

In some embodiments, selective processing methods may be used to generate signals of different
intensities. Accordingly, in some embodiments, the method may comprise selectively processing
the at least one first polynucleotide sequence comprising a first portion and the at least one second
polynucleotide sequence comprising a second portion, such that a proportion of first portions are
capable of generating a first signal and a proportion of second portions are capable of generating
a second signal, wherein the selective processing causes an intensity of the first signal to be greater

than an intensity of the second signal.
The method may comprise selectively processing a plurality of first polynucleotide sequences

cach comprising a first portion and a plurality of second polynucleotide sequences cach

comprising a second portion, such that a proportion of first portions are capable of generating a
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first signal and a proportion of second portions are capable of generating a second signal, wherein
the selective processing causes an intensity of the first signal to be greater than an intensity of the

second signal.

By “selective processing” is meant here performing an action that changes relative properties of
the first portion and the second portion in the at least one first polynucleotide sequence comprising
a first portion and at least one second polynucleotide sequence comprising a second portion (or
the plurality of first polynucleotide sequences each comprising a first portion and the plurality of
second polynucleotide sequences each comprising a second portion), so that the intensity of the
first signal is greater than the intensity of the second signal. The property may be, for example, a
concentration of first portions capable of generating the first signal relative to a concentration of
second portions capable of generating the second signal. The action may include, for example,
conducting selective amplification, conducting selective sequencing, or preparing for selective

sequencing.

In one embodiment, the selective processing results in the concentration of the first portions
capable of generating the first signal being greater than the concentration of the second portions
capable of generating the second signal. In other words, the method of the invention results in an

altered ratio of R1:R2 molecules, such as within a single cluster or a single well.

In one embodiment, the ratio may be between 1.25:1 to 5:1. In a further embodiment, the ratio

may be between 1.5:1to 3:1. In an even further embodiment, the ratio may be about 2:1.

Selective processing may refer to conducting selective sequencing. Alternatively, selective
processing may refer to preparing for selective sequencing. As shown in Figure 8, in one example,
selective sequencing may be achieved using a mixture of unblocked and blocked sequencing

primers.

Where the method of the invention involves (separate) polynucleotide strands, with a first
polynucleotide strand with a first portion, and a second polynucleotide strand with a second
portion, the first polynucleotide strand may comprise a first sequencing primer binding site, and
the second polynucleotide strand may comprise a second sequencing primer binding site, where
the first sequencing primer binding site and second sequencing primer binding site are of a

different sequence to each other and bind different sequencing primers.

In one embodiment, binding of first sequencing primers to the first sequencing primer site

generates a first signal and binding of second sequencing primers to the second sequencing primer
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site generates a second signal, where the intensity of the first signal is greater than the intensity
of the second signal. This may be applied to embodiments where the first polynucleotide strand
comprises a first sequencing primer binding site, and the second polynucleotide strand comprises
a second sequencing primer binding site. This is achieved using a mixed population of blocked
and unblocked second sequencing primers that bind the second sequencing primer site. Any ratio
of blocked:unblocked second primers can be used that generates a second signal that is of a lower
intensity than the first signal, for example, the ratio of blocked:unblocked primers may be 20:80
to 80:20. In a further embodiment, the ratio may be 1:2 to 2:1.

In an even further embodiment, a ratio of 50:50 of blocked:unblocked second primers is used,

which in turn generates a second signal that is around 50% of the intensity of the first signal.

The first and second sequencing primers may be added to the flow cell at the same time, or

separately but sequentially.

By “blocked” is meant that the sequencing primer comprises a blocking group at a 3™ end of the
sequencing primer. Suitable blocking groups include a hairpin loop (e.g. a polynucleotide
attached to the 3’-end, comprising in a 5° to 3” direction, a cleavable site such as a nucleotide
comprising uracil, a loop portion, and a complement portion, wherein the complement portion is
substantially complementary to all or a portion of the immobilised primer), a deoxynucleotide, a
deoxyribonucleotide, a hydrogen atom instead of a 3°-OH group, a phosphate group, a
phosphorothioate group, a propyl spacer (e.g. -O-(CH»);-OH instead of a 3’-OH group), a
modification blocking the 3’-hydroxyl group (¢.g. hydroxyl protecting groups, such as silyl ether
groups (c.g. trimethylsilyl, triethylsilyl, triisopropylsilyl, t-butyl(dimethyl)silyl, t-
butyl(diphenyl)silyl), ether groups (e.g. benzyl, allyl, t-butyl, methoxymethyl (MOM), 2-
methoxyethoxymethyl (MEM), tetrahydropyranyl), or acyl groups (e.g. acetyl, benzoyl)), or an
inverted nucleobase. However, the blocking group may be any modification that prevents

extension (i.¢. elongation) of the primer by a polymerase.

The sequence of the sequencing primers and the sequence primer binding sites are not material to
the methods of the invention, as long as the sequencing primers are able to bind to the sequence

primer binding site to enable amplification and sequencing of the regions to be identified.

In one aspect, the unblocked and blocked second sequencing primers are present in the sequencing
composition in equal concentrations. That is, the ratio of blocked:unblocked second sequencing
primers is around 50:50. The sequencing composition may further comprise at least one additional

(first) sequencing primer. In one example, the sequencing composition comprises blocked second
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sequencing primers, unblocked second sequencing primers and at least one first sequencing

primer.

As shown in Figure 8, selective sequencing may be conducted on the amplified (duoclonal) cluster
shown in Figure 6E, after restriction sites in the loop complement sequence 403" and the loop
sequence 403 are cleaved by an endonuclease, as described in further detail below. A plurality of
first sequencing primers 501 are added. These sequencing primers 501 anneal to a sequencing
primer binding site present in the loop complement sequence 403°. A plurality of second
unblocked sequencing primers 502a and a plurality of second blocked sequencing primers 502b
are added, either at the same time as the first sequencing primers 501, or sequentially (e.g. prior
to or after addition of first sequencing primers 501). These second unblocked sequencing primers
502a and second blocked sequencing primers 502b anneal to a sequencing primer binding site
present in the loop sequence 403. This then allows the second insert complement sequences 402°
(i.e. “first portions™) to be sequenced and the first insert sequences 401 (i.e. “second portions™) to
be sequenced, wherein a greater proportion of second insert complement sequences 4027 are

sequenced (black arrow) compared to a proportion of first insert sequences 401 (grey arrow).

In other embodiments, the positioning of first sequencing primers and second sequencing primers
may be swapped. In other words, the first sequencing binding primers may anneal instead to the
loop sequence 403, and the second sequencing binding primers may anneal instead to the loop

complement sequence 403”7,

Alternatively, or in addition, selective processing may refer to selective amplification. That is,
selectively amplifying one portion (e.g. the first or second portion) on a first or second

polynucleotide strand.

In one example, selective processing comprises selectively removing some or substantially all of
second immobilised primers that have not yet been extended (extended to form a second
polynucleotide strand), and conducting at least one further amplification cycle in order to
selectively amplify the first polynucleotide sequence(s) relative to the second polynucleotide
sequence(s). Immobilised primers that have not yet been extended may be referred to herein as

free or un-extended second immobilised primers.

Accordingly, in this example, selective removal of some or substantially all free second
immobilised primers is carried out before at least one further round of bridge amplification and
before any sequencing of the target regions. As a consequence, the ratio of first polynucleotide

capable of generating a first signal to the second polynucleotide that is capable of generating a
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second signal is altered, which in turn leads to two signals of different intensities, permitting

concurrent sequencing of both sequences (or the target regions within those sequences).

By “some or substantially all” is meant that at least 75%, at least 80%, at least 90% or between

95% and 100% of free second immobilised primers are removed.

The selective removal of all or substantially all free second immobilised primers may be carried
out using a reagent capable of cleaving the immobilised primer from the solid support. This
reagent may be added following at least 5, at least 10, at least 15 or following at least 20 to 24
rounds of bridge amplification. The reagent may be added separately or together with the

amplification reagents for performing the at least one further round of amplification.

As described above, and described m further detail in WO 2008/041002, the first and second
immobilised primers may be attached to the surface of a solid support though a linker. The linker
may be different for the first and second immobilised primers. The linker may be any cleavable
linker; that is the linker may comprise one or more moieties, such as modified nucleotides, that
enable selective cleavage of the immobilised primer from the surface of the solid support. By way
of non-limiting example, the linker may comprise uracil bases, phosphorothioate groups,
ribonucleotides, diol linkages, disulphide linkages, peptides etc. which may be included, not only

to allow covalent attachment to a solid support, but also to allow selective cleavage of the linker.

In one example, the first immobilised primer is attached to a solid support through a first linker,
where the linker comprises uracil, or 2-deoxyuridine. In this example, free first immobilised
primers (that is, primers that are not extended) can be removed using uracil glycosylase. In one
embodiment, free first immobilised primers can be removed using a USER enzyme mix (which

is a cocktail of uracil glycosylase and endonuclease VIII).

In one example, the sequence of the first immobilised primer comprises the following sequence

or a variant of fragment thereof:

S-PS-TTTTTTTTTTAATGATACGGCGACCACCGAUCTACAC-3' where U = 2-
deoxyuridine (SEQ ID NO. 53).

In another example, the second immobilised primer is attached to a solid support through a second

linker, where the linker comprises 8-oxoguanine. In this example, free second immobilised

primers (that is, primers that are not extended) can be removed using a FPG glycosylase.

35



10

15

20

25

30

35

WO 2024/256581 PCT/EP2024/066447

In one example, the sequence of the second immobilised primer comprises the following sequence

or a variant of fragment thereof:

5'-PS-TTTTTTTTTTCAAGCAGAAGACGGCATACGA|G™]AT-3', where [G™] = 8-
oxoguanine (SEQ ID NO. 54).

One example of this method is shown in Figure 9. Selective amplification may be conducted on
the amplified (duoclonal) cluster as shown in Figure 6E. The solid support 200 comprises free
first immobilised primers 201 and free second immobilised primers 202 (Figure 9A). For
simplicity, strand 1001° represents second insert complement sequence 402°, loop complement
sequence 403" and first insert complement sequence 401°, whilst strand 1001 represents first
insert sequence 401, loop sequence 403 and second insert sequence 402. Free second immobilised
primers 202 are cleaved from the solid support 200, thus leaving behind free first immobilised

primers 201 (Figure 9B).

The first primer-binding sequence 301° (e.g. P5”) on one set of template strands may then anneal
to the free first immobilised primers 201 (e.g. P5 lawn primer) located within the well 203. By
contrast, since free second immobilised primers 202 (e.g. P7 lawn primer) have been removed,

second primer-binding sequences 302° (e.g. P77) are not able to anneal (Figure 9C).

After conducting a cycle of bridge amplification, this leads to selective amplification of the strand

10017, relative to the strand 1001 (Figure 9D).

Conducting standard (non-selective) sequencing then allows strands 10017 and strands 1001 to be
sequenced, wherein a greater proportion of strands 1001° are sequenced (grey arrow) compared

to a proportion of strands 1001 (black arrow) (Figure 9E).

In another example, selectively processing comprises selectively blocking the extension of some
or substantially all of the second immobilised primers that have not yet been extended (extended
to form a second polynucleotide strand). Again, these primers may be referred to herein as free
or un-extended second immobilised primers. The method may involve using a primer-blocking
agent, wherein the primer-blocking agent is configured to limit or prevent synthesis of a strand
(i.e. a polynucleotide strand) extending from the second immobilised primer. The method may
further involve conducting at least one further amplification cycle. As the free second
immobilised primers are blocked from being extended by the primer-blocking agent, only the first

immobilised primers can be extended. This leads to amplification of only the first polynucleotide
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strand (i.e. not the second polynucleotide strand), and as a consequence, an increase in the amount

of first polynucleotide sequences relative to the second polynucleotide sequences.

By “some or substantially all” is meant that at least 75%, at least 80%, at least 90% or between

95% and 100% of free second immobilised primers are blocked.

The primer-blocking agent may be flowed across the solid support following bridge amplification.
In one embodiment, the primer-blocking agent is flowed across the solid support following at
least 1,2,3,4,5,6,7, 8, 9or 10 cycles, following at least 15, following at least 20 or following

at least 235 rounds of bridge amplification.

In one example, the primer-blocking agent is added whilst first polynucleotide sequence(s) are
hybridised to the second immobilised primers. That is, the primer-blocking agent is added during
amplification and following extension of at least the first polynucleotide strand. At this stage the
extended first polynucleotide strand bends (bridges) and hybridises at its 5” end to the second
immobilised primer. Addition of the primer-blocking agent at this stage prevents extension of the
second immobilised primer, which would normally occur using the first polynucleotide strand as

its template.

In one embodiment, the primer-blocking agent is a blocked nucleotide. In one example, the

blocked nucleotide may be A, C, T or G, but may be selected from A or G.

Again, by “blocked” is meant that the sequencing primer comprises a blocking group at a 3™ end
of the sequencing primer. Suitable blocking groups include a hairpin loop (e.g. a polynucleotide
attached to the 3’-end, comprising in a 5° to 3” direction, a cleavable site such as a nucleotide
comprising uracil, a loop portion, and a complement portion, wherein the complement portion is
substantially complementary to all or a portion of the immobilised primer), a deoxynucleotide, a
deoxyribonucleotide, a hydrogen atom instead of a 3°-OH group, a phosphate group, a
phosphorothioate group, a propyl spacer (e.g. -O-(CH»);-OH instead of a 3°-OH group)), a
modification blocking the 3’-hydroxyl group (e.g. hydroxyl protecting groups, such as silyl ether
groups (c.g. trimethylsilyl, triethylsilyl, triisopropylsilyl, t-butyl(dimethyl)silyl, t-
butyl(diphenyl)silyl), ether groups (e.g. benzyl, allyl, t-butyl, methoxymethyl (MOM), 2-
methoxyethoxymethyl (MEM), tetrahydropyranyl), or acyl groups (e.g. acetyl, benzoyl)), or an
inverted nucleobase. However, the blocking group may be any modification that prevents
extension (i.e. elongation) of the primer by a polymerase. The block may be reversible or

irreversible.
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The blocked nucleotide may be added as part of a mixture comprising both blocked and unblocked
nucleotides. Alternatively, the blocked nucleotide may be added to the flow cell separately and
either before or after unblocked nucleotides are added. Following addition of the blocked

nucleotide, at least one more round of bridge amplification is performed.

One example of this method is shown in Figure 10. Selective amplification may be conducted on
the amplified (duoclonal) cluster as shown in Figure 9A. The first primer-binding sequence 301°
(c.g. P5’) on one set of template strands may anneal to first immobilised primers 201 (e.g. P5
lawn primer), and the second primer-binding sequence 302° (e.g. P7°) on another set of template

strands may anneal to second immobilised primers 202 (e.g. P7 lawn primer) (Figure 10A).

Whilst the second primer-binding sequence 302° (e.g. P7°) is annealed to the second immobilised
primer 202, a primer-blocking agent 601 is selectively installed onto a 3’-end of the second
immobilised primer 202, whilst no installation occurs to the 3”-end of the first immobilised primer

201 (Figure 10B).

After conducting a cycle of bridge amplification, this leads to selective amplification of the
strands 1001°, relative to the strands 1001. The primer-blocking agent 601 prevents extension

from the second immobilised primer 202 (Figure 10C).

Conducting standard (non-selective) sequencing then allows strands 10017 and strands 1001 to be
sequenced, wherein a greater proportion of strands 1001° are sequenced (grey arrow) compared

to a proportion of strands 1001 (black arrow) (Figure 10D).

In an alternative example, the method comprises flowing at least one, or a plurality of, extended
primer sequence(s) across the surface of the solid support (¢.g. a flow cell), wherein such
sequences can bind (¢.g. hybridise) free immobilised primers (e.g. P5 or P7) and wherein the
extended primer sequences further comprise at least one 57 additional nucleotide; and (b) adding
the primer blocking agent, where the primer blocking agent is complementary to the 5° additional

nucleotide.
In one embodiment, the extended primer sequences are substantially complementary to the first
or second immobilised primers (e.g. P5 or P7), or substantially complementary to a portion of the

first or second immobilised primer.

The 5° additional nucleotide may be selected from A, T, C or G, but may be T (or U) or C. In one

embodiment, the 5° additional nucleotide is not a complement of the 3” nucleotide of the second
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immobilised primer (where the extended primer sequence binds the first immobilised primer) or
is not a complement of the 3’ nucleotide of the first immobilised primer (where the extended
primer sequence binds the second immobilised primer). For example, where the first immobilised
primer is P5 (for example as defined in SEQ ID NO. 1) and the second immobilised primer is P7
for example as defined in SEQ ID NO. 2), and where the extended primer sequence binds the first
immobilised primer, the 5° additional nucleotide is not A. Similarly, where the extended primer

sequence binds the second immobilised primer, the 5° additional nucleotide is not G.

In one embodiment, the primer-blocking agent is a blocked nucleotide, for example, as described
above. In one embodiment, the blocked nucleotide may be A, C, T or G, but may be selected from
A or G. Accordingly, where the 5° additional nucleotide is T or U, the primer-blocking agent is
A, and where the 5 additional nucleotide is C, the primer-blocking agent is G.

Again, the extended primer sequence(s) and primer-blocking agent may be flowed across the solid
support following bridge amplification. In one embodiment, the primer-blocking agent is flowed
across the solid support following at least 1, at least 2, at least 3, at least 4, at least 5, at least 6, at
least 7, at least 8, at least 9, at least 10, at least 15, at least 20 or following at least 25 rounds of

bridge amplification.

In one embodiment, the extended primer sequence is selected from SEQ ID NO. 55 to 66 or a

variant or fragment thereof.

One example of this method is shown in Figure 11. Selective amplification may be conducted on
the amplified (duoclonal) cluster as shown in Figure 9A; as such following a number of rounds
of amplification, a cluster is formed comprising both extended first (¢.g. P5) and second (e.g. P7)
immobilised polynucleotide strands. Before the next round of amplification, a (or a plurality of)
extended primer sequence(s) is flowed across the surface of the solid support 200. The extended
primer sequence 701 is substantially complementary to at least a portion, if not all of the
immobilised primer (e.g. either P5 or P7) and binds to the immobilised primer (e.g. P5 or P7) as
shown in Figure 11A. As also shown in Figure 11A, the extended primer sequence 701 comprises

at least one additional 5” nucleotide.

Following addition of the extended primer sequence 701, a primer blocking agent 601 is added
and flowed across the surface of the solid support (e.g. flow cell). As the primer-blocking agent
601 is complementary to the 5 additional nucleotide of the extended primer sequence 701 the
primer-blocking agent 601 binds to the 3’-end of the immobilised strands that are hybridised to

the extended primer sequence 701, as shown in Figure 16B. As a consequence, addition of the
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primer-blocking agent 601 prevents not only extension of the immobilised strand (e.g. P5 or P7)
but renders the immobilised primer (P5 or P7) unavailable for hybridisation and subsequent

bridge amplification for other extended strands (e.g. 1017) (see Figure 11B).

Performing at least one more cycle of bridge amplification, leads to selective amplification of
strands 1001” (in a 2:1 ratio of 1001° to 1001). Again, similar to Figure 10D, conducting standard
(non-selective) sequencing then allows strands 10017 and strands 1001 to be sequenced, wherein
a greater proportion of strands 1001° are sequenced (grey arrow) compared to a proportion of

strands 1001 (black arrow) (Figure 10D).

The extended primer sequences may be added as part of the amplification mixture described
above. Alternatively, the blocked immobilised primer-binding sequence may be added to the flow
cell separately and may be before the amplification mixture is added. Following addition of the
blocked immobilised primer-binding sequence, at least one more round of bridge amplification is

performed.

Data analysis using 16 QaM

Figure 12 is a scatter plot showing an example of sixteen distributions of signals generated by

polynucleotide sequences disclosed herein.

The scatter plot of Figure 12 shows sixteen distributions (or bins) of intensity values from the
combination of a brighter signal (i.c. a first signal as described herein) and a dimmer signal (i.c.
a second signal as described herein); the two signals may be co-localized and may not be optically
resolved as described above. The intensity values shown in Figure 12 may be up to a scale or
normalisation factor; the units of the intensity values may be arbitrary or relative (i.e., representing
the ratio of the actual intensity to a reference intensity). The sum of the brighter signal generated
by the first portions and the dimmer signal generated by the second portions results in a combined
signal. The combined signal may be captured by a first optical channel and a second optical
channel. Since the brighter signal may be A, T, C or G, and the dimmer signal may be A, T, C or
G, there are sixteen possibilities for the combined signal, corresponding to sixteen distinguishable
patterns when optically captured. That is, each of the sixteen possibilities corresponds to a bin
shown in Figure 12. The computer system can map the combined signal generated into one of the
sixteen bins, and thus determine the added nucleobase at the first portion and the added

nucleobase at the second portion, respectively.
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For example, when the combined signal is mapped to bin 1612 for a base calling cycle, the
computer processor base calls both the added nucleobase at the first portion and the added
nucleobase at the second portion as C. When the combined signal is mapped to bin 1614 for the
base calling cycle, the processor base calls the added nucleobase at the first portion as C and the
added nucleobase at the second portion as T. When the combined signal is mapped to bin 1616
for the base calling cycle, the processor base calls the added nucleobase at the first portion as C
and the added nucleobase at the second portion as G. When the combined signal is mapped to bin
1618 for the base calling cycle, the processor base calls the added nucleobase at the first portion

as C and the added nucleobase at the second portion as A.

When the combined signal is mapped to bin 1622 for the base calling cycle, the processor base
calls the added nucleobase at the first portion as T and the added nucleobase at the second portion
as C. When the combined signal is mapped to bin 1624 for the base calling cycle, the processor
base calls both the added nucleobase at the first portion and the added nucleobase at the second
portion as T. When the combined signal is mapped to bin 1626 for the base calling cycle, the
processor base calls the added nucleobase at the first portion as T and the added nucleobase at the
second portion as G. When the combined signal is mapped to bin 1628 for the base calling cycle,
the processor base calls the added nucleobase at the first portion as T and the added nucleobase

at the second portion as A.

When the combined signal is mapped to bin 1632 for the base calling cycle, the processor base
calls the added nucleobase at the first portion as G and the added nucleobase at the second portion
as C. When the combined signal is mapped to bin 1634 for the base calling cycle, the processor
base calls the added nucleobase at the first portion as G and the added nucleobase at the second
portion as T. When the combined signal is mapped to bin 1636 for the base calling cycle, the
processor base calls both the added nucleobase at the first portion and the added nucleobase at the
second portion as G. When the combined signal is mapped to bin 1638 for the base calling cycle,
the processor base calls the added nucleobase at the first portion as G and the added nucleobase

at the second portion as A.

When the combined signal is mapped to bin 1642 for the base calling cycle, the processor base
calls the added nucleobase at the first portion as A and the added nucleobase at the second portion
as C. When the combined signal is mapped to bin 1644 for the base calling cycle, the processor
base calls the added nucleobase at the first portion as A and the added nucleobase at the second
portion as T. When the combined signal is mapped to bin 1646 for the base calling cycle, the
processor base calls the added nucleobase at the first portion as A and the added nucleobase at

the second portion as G. When the combined signal is mapped to bin 1648 for the base calling
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cycle, the processor base calls both the added nucleobase at the first portion and the added

nucleobase at the second portion as A.

In this particular example, T is configured to emit a signal in both the IMAGE 1 channel and the
IMAGE 2 channel, A is configured to emit a signal in the IMAGE 1 channel only, C is configured
to emit a signal in the IMAGE 2 channel only, and G does not emit a signal in either channel.
However, different permutations of nucleobases can be used to achieve the same effect by
performing dye swaps. For example, A may be configured to emit a signal in both the IMAGE 1
channel and the IMAGE 2 channel, T may be configured to emit a signal in the IMAGE 1 channel
only, C may be configured to emit a signal in the IMAGE 2 channel only, and G may be

configured to not emit a signal in either channel.

Further details regarding performing base-calling based on a scatter plot having sixteen bins may
be found in U.S. Patent Application Publication No. 2019/0212294, the disclosure of which is

incorporated herein by reference.

Figure 13 is a flow diagram showing a method 1700 of base calling according to the present
disclosure. The described method allows for simultaneous sequencing of two (or more) portions
(c.g. the first portion and the second portion) in a single sequencing run from a single combined
signal obtained from the first portion and the second portion, thus requiring less sequencing
reagent consumption and faster generation of data from both the first portion and the second
portion. Further, the simplified method may reduce the number of workflow steps while
producing the same yield as compared to existing next-generation sequencing methods. Thus, the

simplified method may result in reduced sequencing runtime.

As shown in Figure 13, the disclosed method 1700 may start from block 1701. The method may
then move to block 1710.

At block 1710, intensity data is obtained. The intensity data includes first intensity data and
second intensity data. The first intensity data comprises a combined intensity of a first signal
component obtained based upon a respective first nucleobase of the first portion and a second
signal component obtained based upon a respective second nucleobase of the second portion.
Similarly, the second intensity data comprises a combined intensity of a third signal component
obtained based upon the respective first nucleobase of the first portion and a fourth signal

component obtained based upon the respective second nucleobase of the second portion.
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As such, the first portion is capable of generating a first signal comprising a first signal component
and a third signal component. The second portion is capable of generating a second signal

comprising a second signal component and a fourth signal component.

As described above, the first portion and the second portion may be arranged on the solid support
such that signals from the first portion and the second portion are detected by a single sensing
portion and/or may comprise a single cluster such that first signals and second signals from each

of the respective first portions and second portions cannot be spatially resolved.

In one example, obtaining the intensity data comprises selecting intensity data that corresponds
to two (or more) different portions (¢.g. the first portion and the second portion). In one example,
intensity data is selected based upon a chastity score. A chastity score may be calculated as the
ratio of the brightest base intensity divided by the sum of the brightest and second brightest base
intensities. The desired chastity score may be different depending upon the expected intensity
ratio of the light emissions associated with the different portions. As described above, it may be
desired to produce clusters comprising the first portion and the second portion, which give rise to
signals in a ratio of 2:1. In one example, high-quality data corresponding to two portions with an

intensity ratio of 2:1 may have a chastity score of around 0.8 to 0.9.

After the intensity data has been obtained, the method may proceed to block 1720. In this step,
one of a plurality of classifications is selected based on the intensity data. Each classification
represents a possible combination of respective first and second nucleobases. In one example, the
plurality of classifications comprises sixteen classifications as shown in Figure 12, each
representing a unique combination of first and second nucleobases. Where there are two portions,
there are sixteen possible combinations of first and second nucleobases. Selecting the
classification based on the first and second intensity data comprises selecting the classification
based on the combined intensity of the first and second signal components and the combined

intensity of the third and fourth signal components.

The method may then proceed to block 1730, where the respective first and second nucleobases
are base called based on the classification selected in block 1720. The signals generated during a
cycle of a sequencing are indicative of the identity of the nucleobase(s) added during sequencing
(c.g. using sequencing-by-synthesis). It will be appreciated that there is a direct correspondence
between the identity of the nucleobases that are incorporated and the identity of the
complementary base at the corresponding position of the template sequence bound to the solid
support. Therefore, any references herein to the base calling of respective nucleobases at the two

portions encompasses the base calling of nucleobases hybridised to the template sequences and,
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alternatively or additionally, the identification of the corresponding nucleobases of the template

sequences. The method may then end at block 1740.

Sequencing of modified cytosines

The polynucleotide library hairpin strand (in particular, a fourth hairpin polynucleotide as
described herein) may be exposed to a conversion agent configured to convert S-methylcytosine
and 5-hydroxymethylcytosine to thymine or a nucleobase which is read as thymine/uracil, or to a
conversion agent configured to convert an unmodified cytosine to uracil or a nucleobase which is
read as thymine/uracil (in particular, in order to generate a fifth hairpin polynucleotide as

described herein).

As used herein, the term “modified cytosine” may refer to any one or more of 5-methylcytosine
(5-mC), 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC) and 5-carboxylcytosine (5-
caC):

NH, NH, O NH, O NH,
\ﬁN HOKﬁN H%N HO™ SN
T,&O T,&O T,&O T,&O
5-methylcytosine 5-hydroxymethylcytosine 5-formylcytosine 5-carboxylcytosine
(5-mC) (5-hmC) (5-fC) (5-caC)

wherein the wavy line indicates an attachment point of the modified cytosine to the

polynucleotide.

As used herein, the term “unmodified cytosine™ refers to cytosine (C):
NH,
)

A

N™ ~O

wnwnn.

cytosine
(&)

wherein the wavy line indicates an attachment point of the unmodified cytosine to the

polynucleotide.

As used herein, the term “conversion agent configured to convert 5-methylcytosine and 5-
hydroxymethylcytosine to thymine or a nucleobase which is read as thymine/uracil” may refer to
a reagent which converts 5-methylcytosine and 5-hydroxymethylcytosine to thymine (i.e. would

base pair with adenine), or to an equivalent nucleobase which would base pair with adenine. The
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conversion may comprise a deamination reaction converting S5-methylcytosine or 35-

hydroxymethylcytosine to thymine or nucleobase which is read as thymine/uracil.

As used herein, the term “conversion agent configured to convert an unmodified cytosine to uracil
or a nucleobase which is read as thymine/uracil, in order to generate a fifth hairpin
polynucleotide” may refer to a reagent which converts one or more unmodified cytosines to uracil
(i.e. would base pair with adenine), or to an equivalent nucleobase which would base pair with
adenine. The conversion may comprise a deamination reaction converting the unmodified

cytosine to uracil or nucleobase which is read as thymine/uracil.

In some embodiments, the conversion agent configured to convert 5-methylcytosine and 5-
hydroxymethylcytosine to thymine or a nucleobase which is read as thymine/uracil may further
be configured to be selective for converting 5-methylcytosine and/or 5-hydroxymethylcytosine
over converting unmodified cytosine. The selectivity may be measured by comparing reaction
parameters (¢.g. deamination reaction parameters) of the conversion of 5-methylcytosine and/or
5-hydroxymethylcytosine to thymine or equivalent nucleobase which is read as thymine/uracil,
with corresponding reaction parameters (¢.g. deamination reaction parameters) of the conversion
of unmodified cytosine to uracil or nucleobase which is read as thymine/uracil. For example,
reaction parameters such as rate of reaction or yield may be compared. In the case of rate of
reaction, a rate of a reaction (e.g. deamination) of 3-methylcytosine and/or 35-
hydroxymethylcytosine to thymine or nucleobase which is read as thymine/uracil may be greater
(c.g. at least 2 times greater, at least 5 times greater, at least 10 times greater, at least 20 times
greater, at least 50 times greater, or at least 100 times greater) than a corresponding rate of a
reaction (¢.g. deamination) of the unmodified cytosine to uracil or nucleobase which is read as
thymine/uracil. In the case of yield, a yield of a reaction (¢.g. deamination) of 5-methylcytosine
and/or 5-hydroxymethylcytosine to thymine or nucleobase which is read as thymine/uracil may
be greater (e.g. at least 2 times greater, at least 5 times greater, at least 10 times greater, at least
20 times greater, at least 50 times greater, or at least 100 times greater) than a corresponding yield
of a reaction (¢.g. deamination) of the unmodified cytosine to uracil or nucleobase which is read

as thymine/uracil.

In some embodiments, the conversion agent configured to convert an unmodified cytosine to
uracil or a nucleobase which is read as thymine/uracil may further be configured to be selective
for converting unmodified cytosine over converting S-methylcytosine and/or  5-
hydroxymethylcytosine. The selectivity may be measured by comparing reaction parameters (€.g.
deamination reaction parameters) of the conversion of unmodified cytosine to uracil or

nucleobase which is read as thymine/uracil, with corresponding reaction parameters (€.g.
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deamination reaction parameters) of the conversion of 5-methylcytosine and/or 35-
hydroxymethylcytosine to thymine or nucleobase which is read as thymine/uracil. For example,
reaction parameters such as rate of reaction or yield may be compared. In the case of rate of
reaction, a rate of a reaction (¢.g. deamination) of the unmodified cytosine to uracil or nucleobase
which is read as thymine/uracil may be greater (¢.g. at least 2 times greater, at least 5 times greater,
at least 10 times greater, at least 20 times greater, at least 50 times greater, or at least 100 times
greater) than a rate of a reaction (¢.g. deamination) of 5-methylcytosine and/or 5-
hydroxymethylcytosine to uracil or the nucleobase which is read as thymine/uracil. In the case of
yield, a yield of a reaction (e.g. deamination) the unmodified cytosine to uracil or nucleobase
which is read as thymine/uracil may be greater (¢.g. at least 2 times greater, at least 5 times greater,
at least 10 times greater, at least 20 times greater, at least 50 times greater, or at least 100 times
greater) than a corresponding yield of a reaction (¢.g. deamination) of 5-methylcytosine and/or 5-

hydroxymethylcytosine to uracil or the nucleobase which is read as thymine/uracil.

In some embodiments, the conversion agent may comprise a chemical agent and/or an enzyme.

In some embodiments, the conversion agent may comprise a boron-based reducing agent and a

ten-eleven translocation (TET) methylcytosine dioxygenase.

In a further embodiment, the boron-based reducing agent is an amine-borane compound or an
azine-borane compound (wherein the term “azine” refers to a nitrogenous heterocyclic compound
comprising a 6-membered aromatic ring). Non-limiting examples of amine-borane compounds
include compounds such as t-butylamine borane, ammonia borane, ethylenediamine borane and
dimethylamine borane. Non-limiting examples of azine-borane compounds include compounds

such as pyridine borane and 2-picoline borane.

In general, boron-based reducing agents are able to convert S-formylcytosine and 5-
carboxylcytosine to dihydrouracil (i.e. a nucleobase which is read as thymine/uracil). The reaction
proceeds by reduction of the internal C=C bond of 5-formylcytosine or 5-carboxylcytosine,
deamination, and then decarboxylation to form dihydrouracil (illustrated below using 5-

carboxylcytosine):
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NH, O NH,
HO | \/I\L HO \/I\L
ITI @] ITI @)
o O O
HO NH NH
o o

wnAn. wnnn

This process is selective for a particular type of modified cytosine (5-carboxylcytosine) and does
not convert unmodified cytosine. When treatment of 5-methylcytosine and 5-
hydroxymethylcytosine is required, treatment with additional reagents may be included to convert
5-methyleytosine and 5-hydroxymethylcytosine to S-formyleytosine and/or 5-carboxylcytosine.
In particular, boron-based reducing agents may be combined with ten-eleven translocation (TET)

methylcytosine dioxygenases as described herein.

In some embodiments, the TET methylcytosine dioxygenase may be a member of the TETI
subfamily, the TET2 subfamily, or the TET3 subfamily. The enzyme may be configured to
convert 3S-methylcytosine to 3-hydroxymethylcytosine, 35-hydroxymethylcytosine to 5-
formylcytosine, and 5-formylcytosine to 5-carboxyleytosine. Non-limiting examples of the TET

methylcytosine dioxygenase include:

TET protein Non-limiting examples

TET1 UniProt: Q8NFU7 (SEQ ID NO. 43)
UniProt: Q3URK3 (SEQ ID NO. 44)

TET2 UniProt: Q6N021 (SEQ ID NO. 45)
UniProt: Q4JK59 (SEQ ID NO. 46)

TET3 UniProt: 043151 (SEQ ID NO. 47)
UniProt: Q8BG87 (SEQ ID NO. 438)

In some embodiments, the conversion agent (e.g. chemical agent) may comprise sulfite. The
sulfite may be present in a partially acid/salt form (e.g. as bisulfite ions), or be present in a salt
form (e.g. as sulfite ions). In cases where the sulfite is present in a salt form, the sulfite may
comprise a cation (not including H'). For example, the cation may be selected from “metal
cations” or “non-metal cations”. Metal cations may include alkali metal ions (¢.g. lithium, sodium,
potassium, rubidium or caesium ions). Non-metal cations may include ammonium salts (e.g.
alkylammonium salts) or phosphonium salts (e.g. alkylphosphonium salts). The term “sulfite”

also encompasses “metabisulfite”, which dissolves in aqueous solution to form bisulfite. In a
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further embodiment, the sulfite is bisulfite. In an even further embodiment, the bisulfite 1s sodium

bisulfite.

In general, sulfite (e.g. bisulfite) is able to convert unmodified cytosine to uracil. The reaction
proceeds via conjugate addition of sulfite to the internal C=C of unmodified cytosine,
deamination, and then elimination of sulfite to reform the mternal C=C bond to form uracil:

NH, NH,
» 0
rTl’l%o 0,8 rTl’l%o
o) o

ﬁNH | NH
‘058 rTJ’J%o ITI/&O

WA wnn

This process is selective for unmodified cytosine over 5-methylcytosine and 5-

hydroxymethylcytosine.
In one embodiment, the conversion agent (¢.g. enzyme) may comprise a cytidine deaminase.

As used herein, the term “cytidine deaminase™ may refer to an enzyme which is able to catalyse
the following reaction:
NH, o)
R \ﬁ l L R | /’\J‘\\H
ITI @) ITI @)

AN TN

wherein R is hydrogen, methyl, hydroxymethyl, formyl or carboxyl, and wherein the wavy line

indicates an attachment point to a polynucleotide.

In one embodiment, the cytidine deaminase is a wild-type cytidine deaminase or a mutant cytidine

deaminase. In a further embodiment, the cytidine deaminase is a mutant cytidine deaminase.

In some embodiments, the cytidine deaminase is a member of the APOBEC protein family. In a
further embodiment, the cytidine deaminase is a member of the AID subfamily, the APOBECI
subfamily, the APOBEC2 subfamily, the APOBEC3 subfamily (e.g. the APOBEC3A subfamily,
the APOBEC3B subfamily, the APOBEC3C subfamily, the APOBEC3D subfamily, the
APOBEC3F subfamily, the APOBEC3G subfamily, or the APOBEC3H subfamily), or the
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APOBEC4 subfamily. In an even further embodiment, the cytidine deaminase is a member of the
APOBEC3A subfamily.

In general, cytidine deaminases are able to catalyse the deamination of 5-methylcytosine and 5-
hydroxymethylcytosine to their equivalent deaminated versions (i.e. nucleobases which are read
as thymine/uracil), as well as catalysing the deamination of unmodified cytosines to uracil.
Nevertheless, rates of reaction may differ depending on the type of modified cytosine; for
example, wild-type APOBEC3A catalyses the deamination of unmodified cytosine and 5-
methylcytosine relatively efficiently, whereas deamination of 5-hydroxymethylcytosine is ~5000-
fold slower relative to unmodified cytosine. However, particular cytidine deaminases (¢.g. mutant
cytidine deaminases) may be chosen which have higher affinities for 5-methylcytosine and/or 5-

hydroxymethylcytosine as substrates over unmodified cytosines, or vice versa.

The APOBEC protein family is a member of the large cytidine deaminase superfamily that
contains a canonical zinc-dependent deaminase (ZDD) signature motif embedded within a core
cytidine deaminase fold. This fold includes a five-stranded mixed beta (b)-sheet surrounded by
six alpha (a)-helices with the order al-bl-b2-a2-b3-a3-b4-a4-b5-a5-a6 (Salter et al., Trends
Biochem Sci. 2016 41(7):578-594. doi:10.1016/j.tibs.2016.05.001; Salter et al., Trends Biochem.
Sci. 2018, 43(8):606-622 doi.org/10.1016/.tibs.2018.04.013). Each cytidine deaminase domain
core structure of APOBEC proteins contains a highly conserved spatial arrangement of the
catalytic centre residues of a zinc-binding motif H-[P/A/V]-E-X23.28)-P-C-X[2.4i-C (SEQ ID NO.
51) (referred to herein as the ZDD motif, where X is any amino acid, and the subscript range of
numbers after X refers to the number of amino acids) (Salter et al., Trends Biochem Sci. 2016
41(7):578-594. d0i:10.1016/j.1ibs.2016.05.001). Without intending to be limited by theory, the H
and two C residues coordinate a Zn atom, and the E residue polarises a water molecule near the

Zn-atom for catalysis (Chen et al., 2021, Viruses, 13:497, doi.org/10.3390/v13030497).

Some members of the APOBEC protein family, e.g., the AID subfamily, the APOBECI
subfamily, the APOBEC2 subfamily, the APOBEC3A subfamily, the APOBEC3C subfamily, the
APOBEC3H subfamily, and the APOBEC4 subfamily, include one copy of the ZDD motif. Other
members of the APOBEC protein family, ¢.g., the APOBEC3B subfamily, the APOBEC3D
subfamily, the APOBEC3F subfamily, and the APOBEC3G subfamily, include two copies of the
ZDD motif, but often only the C-terminal copy is active (Salter et al., Trends Biochem Sci. 2016
41(7):578-594. doi:10.1016/j.tibs.2016.05.001). Thus, a mutant cytidine deaminase disclosed
herein includes one or two ZDD motifs. In one embodiment, a mutant cytidine deaminase based
on a member of the APOBEC3A subfamily includes the following ZDD motif:
HXEX:4SW(S/T)PCX 24/ CXFXLXR(L/DY X511 LX:LX 1M (SEQ ID NO. 52) (where X is
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any amino acid, and the subscript number or range of numbers after X refers to the number of
amino acids) (Salter et al., Trends Biochem Sci. 2016 41(7):578-594.
doi:10.1016/j.tibs.2016.05.001).

Non-limiting examples of wild-type cytidine deaminases in the APOBEC protein family are
shown in the table below (from UniProt, database of protein sequence and functional information,
available at uniprot.org; or GenBank, collection of nucleotide sequences and their protein

translations, available at ncbi.nlm .nih.gov/protein/):

APOBEC protein Non-limiting examples

AID UniProt: Q9GZX7 (SEQ ID NO. 7);
UniProt: G3QLD2 (SEQ ID NO. 8);
Uniprot Q9WVEO (SEQ ID NO. 9)
APOBECI1 UniProt: P41238 (SEQ ID NO. 10);

NCBI XP _030856728.1 (SEQ ID NO. 11);
Uniprot P51908 (SEQ ID NO. 12)
APOBEC2 UniProt: Q9Y235 (SEQ ID NO. 13);
Uniprot G3SGN8 (SEQ ID NO. 14);
Uniprot Q9WV35 (SEQ ID NO. 15)
APOBEC3A UniProt: P31941(SEQ ID NO. 16);
GenBank: XP 045219544.1 (SEQ ID NO. 17)
GenBank: AER45717.1 (SEQ ID NO. 18);
GenBank: XP 003264816.1 (SEQ ID NO. 19);
GenBank: PNI48846.1 (SEQ ID NO. 20);
GenBank: ADO85886.1 (SEQ ID NO. 21)
APOBEC3B UniProt: Q9UHI17 (SEQ ID NO. 22);
Uniprot G3QV16 (SEQ ID NO. 23);
Uniprot F6M3KS5 (SEQ ID NO. 24)
APOBEC3C UniProt: Q9NRW3 (SEQ ID NO. 25);
Uniprot Q694B5 (SEQ ID NO. 26);
Uniprot BOLW74 (SEQ ID NO. 27)
APOBEC3D UniProt: Q96AK3 (SEQ ID NO. 28);
NCBI NP _001332895.1 (SEQ ID NO. 29);
NCBINP 001332931.1 (SEQ ID NO. 30)
APOBEC3F UniProt: Q8IUX4 (SEQ ID NO. 31);
Uniprot G3RD21 (SEQ ID NO. 32);
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Uniprot Q1GO0Z6 (SEQ ID NO. 33)
APOBEC3G UniProt: Q9HC16 (SEQ ID NO. 34);
Uniprot Q694C1 (SEQ ID NO. 35);
Uniprot USNDB3 (SEQ ID NO. 36)
APOBEC3H UniProt: Q6NTF7 (SEQ ID NO. 37);
Uniprot B7TOU7 (SEQ ID NO. 38);
Uniprot Q19Q52 (SEQ ID NO. 39)
APOBEC4 UniProt: Q8WW27(SEQ ID NO. 40);
NCBI XP_004028087.1 (SEQ ID NO. 41);
Uniprot Q497M3 (SEQ ID NO. 42)

In one embodiment, the mutant cytidine deaminase may comprise amino acid substitution
mutations at positions functionally equivalent to (Tyr/Phe)130 and Tyrl32 in a wild-type
APOBEC3A protein. Such mutant cytidine deaminases are described in further detail in US
Provisional Application 63/328,444, which is incorporated herein by reference. By "functionally
equivalent" it is meant that the mutant cytidine deaminase has the amino acid substitution at the
amino acid position in a reference (wild-type) cytidine deaminase that has the same functional

role in both the reference (wild-type) cytidine deaminase and the mutant cytidine deaminase.

In one embodiment, the (Tyr/Phe)130 may be Tyrl30, and the wild-type APOBEC3A protein
may be SEQ ID NO. 16.

In some embodiments, the mutant cytidine deaminase may convert 5-methylcytosine to thymine
by deamination at a greater rate than conversion rate of cytosine to uracil by deamination. In a

further embodiment, the rate may be at least 100-fold greater.

In some embodiments, the mutant cytidine deaminase may comprise both a 5-methylcytosine

specific deaminase and 5-hydroxymethylcytosine specific deaminase.

In one embodiment, the substitution mutation at the position functionally equivalent to Tyr130

may comprise Ala, Val or Trp.

In one embodiment, the substitution mutation at the position functionally equivalent to Tyr132

may comprise a mutation to His, Arg, Gln or Lys.

In one embodiment, the mutant cytidine deaminase may comprise a ZDD motif H-|P/A/V]-E-

X23:281-P-C-Xp24-C (SEQ ID NO. 51).
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In one embodiment, the mutant cytidine deaminase may be a member of the APOBEC3A
subfamily and may comprise a ZDD motif HXEXuSW(S/T)PCX[2.4)CXsFXsLXsR(L/ADY X5
11LXoLX oM (SEQ ID NO. 52).

In some embodiments, the conversion agent may further comprise a glycosyltransferase (¢.g. a-
glucosyltransferase or B-glucosyltransferase). In a further embodiment, the glycosyltransferase
may be a B-glucosyltransferase. Such a glycosyltransferase may be configured to convert 5-
hydroxymethylcytosine to a 5-hydroxymethylcytosine analogue bearing a hydroxyl protecting
group, wherein the hydroxyl protecting group is glycosyl. A non-limiting example of the enzyme
includes T4-BGT, for example as supplied by New England BioLabs (catalog # MO0357S,
MO0357L) or by ThermoFisher Scientific (catalog # EO0831); further non-limiting examples of

glycosyltransferases include:

Glucosyltransferase Non-limiting examples
a-glucosyltransferase UniProt: P04519 (SEQ ID NO. 49)
B-glucosyltransferase UniProt: P04547 (SEQ ID NO. 50)

Specific methods of modified cytosine sequencing using conversion agents are further illustrated

below. However, the type of conversion agents are not limited thereto.

BS-se

Bisulfite sequencing (BS-seq) involves using bisulfite as the conversion agent. This process is
described in Frommer et al. (Proc. Natl. Acad. Sci. U.S.A., 1992, 89, pp. 1827-1831), which is
incorporated herein by reference. This process converts unmodified cytosines in the target
polynucleotide to uracil to deaminated analogues, but does not convert 5-methylcytosine and 5-
hydroxymethylcytosine. Accordingly, BS-seq allows identification of the modified cytosines 5-
mC and 5-hmC by reading them as C; whereas unmodified C is converted to nucleobases which

are read as T/U.

EM-seq

Enzymatic Methyl sequencing (EM-seq) involves using T4 bacteriophage B-glucosyltransferase
and a TET2 enzyme as the further agents and APOBEC3A as the conversion agent. This process
is described in Vaisvila et al. (Genome Res. 2021, 31, pp. 1280-1289), US 10,619,200 B2 and US
9,121,061 B2, which are incorporated herein by reference. The T4 bacteriophage pB-

glucosyltransferase converts 5-hydroxymethylcytosine in the target polynucleotide to B-glucosyl-
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5-hydroxymethylcytosine, which prevents oxidation. The TET2 enzyme causes oxidation of 5-
methylcytosine in the target polynucleotide to 5-hydroxymethyleytosine, which in tumn is
converted to B-glucosyl-5-hydroxymethylcytosine by the T4 bacteriophage B-glucosyltransferase.
Subsequent treatment with APOBEC3A converts unmodified cytosines in the target
polynucleotide to uracil. Accordingly, EM-seq allows identification of the modified cytosines 5-
mC and 5-hmC (as protected glycosyl residues) by reading them as C; whereas unmodified C is

converted to U.

Modified APOBEC

Modified APOBEC sequencing involves using a mutant APOBEC3A enzyme as the conversion
agent, which is described in more detail in the Reference Examples 1 to 4 below. This process is

described in US Provisional Application 63/328,444, which is incorporated herein by reference.

TAPS

TET-assisted pyridine borane sequencing (TAPS) involves using a TET1 enzyme as the further
agent and pyridine borane as the conversion agent. This process is described in Liu et al. (Nature
Biotechnology, 2019, 37, pp. 424-429), which is incorporated herein by reference. The TET1
enzyme causes oxidation of 5-methylcytosine, 5-hydroxymethylcytosine and 5-formylcytosine in
the target polynucleotide to S-carboxylcytosine. Subsequent treatment with pyridine borane
converts S-carboxylcytosine (including residues that used to be 5-methylcytosine, 5-
hydroxymethylcytosine and 5-formylcytosine) to dihydrouracil, but does not convert unmodified
cytosine. Accordingly, TAPS allows identification of the modified cytosines 5-mC and 5-hmC

by reading them as T/U; whereas unmodified cytosine is read as C.

Methods of preparing polynucleotide templates

According to an embodiment of the present invention, a method of preparing polynucleotide

templates for distinguishing between modified cytosines is described, comprising:

(a) providing a polynucleotide library hairpin strand comprising:

a double-stranded polynucleotide comprising a forward library strand
and a reverse library strand,

a hairpin loop adaptor ligated to an end of the double-stranded

polynucleotide, wherein the hairpin loop adaptor comprises a cleavable site,
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wherein the polynucleotide library hairpin strand has been generated
from a precursor polynucleotide library hairpin strand such that any CpG dyads
in the precursor polynucleotide library hairpin comprising only unmodified
cytosine are converted to a first dyad in the polynucleotide library hairpin strand,
any CpG dyads in the precursor polynucleotide library hairpin comprising 5-
methylcytosine are converted to a second dyad in the polynucleotide library
hairpin strand, and any CpG dyads in the precursor polynucleotide library hairpin
comprising 5-hydroxymethylcytosine are converted to a third dyad in the
polynucleotide library hairpin strand,

wherein the first dyad, second dyad and third dyad are different to each

other; and

(b) synthesising at least one template strand by generating a complement of the
polynucleotide library hairpin strand, each of the template strands comprising a forward
template strand complementary to the forward library strand, a spacer strand
complementary to the hairpin loop adaptor, and a reverse template strand complementary

to the reverse library strand, wherein the spacer strand comprises a first cleavable site.

Advantageously, the hairpin loop adaptor used in the polynucleotide library hairpin strand
contains a cleavable site. In addition, the template strand that is generated from the polynucleotide
library hairpin strand contains a first cleavable site in the spacer strand. This differs from previous
methods, which do not contain a cleavable site within the hairpin loop adaptor, or in the resulting
template strand generated from the library. A risk associated with templates generated from these
types of polynucleotide library hairpin strands is that the template may rehybridise to itself — in
other words, the forward template strand (complementary to the forward library strand) may self-
hybridise to the reverse template strand (complementary to the reverse library strand). The
formation of such self-hybridised structures can interfere with the sequencing process since
nucleotides that are capable of emitting a signal (e.g. fluorescent nucleotides) are now unable to
base-pair with the forward template strand (or reverse template strand). By installing the first
cleavable site within the spacer strand, the forward template strand (or the reverse template strand)
may be removed at a later stage, removing the risk of hairpins forming within the template. A

further advantage is that longer reads are enabled.

As mentioned herein, the hairpin loop adaptor may be ligated to one end of the double-stranded
polynucleotide such that the hairpin loop adaptor connects a 3’-end of the forward library strand
with a 5”-end of the reverse library strand. In such a case, the polynucleotide library hairpin strand

may comprise, in a 5’ to 37 direction, the forward library strand, the hairpin loop adaptor (which
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comprises the cleavable site), and the reverse library strand. However, the hairpin loop adaptor
may instead be ligated to another end of the of the double-stranded polynucleotide such that the
hairpin loop adaptor connects a 3’-end of the reverse library strand with a 5°-end of the forward
library strand. In such a case, the polynucleotide library hairpin strand may comprise, in a 5™ to
3’ direction, the reverse library strand, the hairpin loop adaptor (which comprises the cleavable

site), and the forward library strand.

As used herein, the term “dyad” refers to a portion of a double-stranded polynucleotide containing
two adjacent nucleotides on one strand, and two adjacent polynucleotides at corresponding
positions on the other strand. Both base pairs within the dyad may be complementary (e.g. in
DNA, a CG/GC base pair or an AT/TA base pair; in RNA, a CG/GC base pair or an AU/UA base
pair); however, in some cases, one or both base pairs within the dyad may not be complementary.
For example, where certain types of dyad have been treated with conversion agents, this may
cause one base pair within the dyad to be complementary, and one base pair in the dyad to not be

complementary; in other cases, both base pairs within the dyad may not be complementary.

As used herein, the term “CpG dyad” refers to a double-stranded polynucleotide containing the
following motif:

(57)-CG-(3")

(37)-GC-(3")
In the “CpG dyad” motif, C may represent either unmodified cytosine, 5-methylcytosine or 5-
hydroxymethylcytosine.

In particular, where the CpG dyad contains only unmodified cytosine, then both C’s in the motif

are unmodified cytosine.

Where the CpG dyad comprises 5-methylcytosine, then one or both C’s may be 5-methylcytosine.
In particular, where the library is prepared using a method of preparing a polynucleotide library
hairpin strand as described in further detail below, the C in the forward library strand may be 5-
methylcytosine and the C in the reverse library strand may be unmodified cytosine (¢.g. in a third
hairpin polynucleotide as described herein) — such a CpG dyad may be described as a
“hemimethylated 5-methylcytosine CpG dyad™. In other cases, both the C in the forward library
strand may be 5-methylcytosine and the C in the reverse library strand may also be 5-
methylcytosine (e.g. in a fourth hairpin polynucleotide as described herein) — such a CpG dyad
may be described as a “fully methylated 5-methylcytosine CpG dyad”.
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Where the CpG dyad comprises 5-hydroxymethylcytosine, then one or both C’s may be 5-
hydroxymethylcytosine. In particular, where the library is prepared using a method of preparing
a polynucleotide library hairpin strand as described in further detail below, the C in the forward
library strand may be 5-hydroxymethylcytosine and the C in the reverse library strand may be
unmodified cytosine (e.g. in a third hairpin polynucleotide and/or fourth hairpin polynucleotide
as described herein) — such a CpG dyad may be described as a “hemimethylated 5-
hydroxymethylcytosine CpG dyad”.

As mentioned herein, the first dyad (produced from the CpG dyads comprising only unmodified
cytosine), the second dyad (produced from the CpG dyads comprising 5-methylcytosine) and the
third dyad (produced from the CpG dyads comprising 5-hydroxymethylcytosine) are different to
each other when read. As used herein for the terms “first dyad”, “second dyad™ and “third dyad”,
these are different to each other when read if the complement of respective dyads are different. In
other words, when a “first dyad” is sequenced, the sequence output is different compared to a
sequence output of the “second dyad” and the “third dyad”, since the complement of the “first
dvad” is different to that of the complement of the “second dyad” and the complement of the
“third dyad™; similarly, when a “second dyad” is sequenced, the sequence output is different
compared to a sequence output of the “first dyad” and the “third dyad”, since the complement of
the “second dyad” is different to that of the complement of the “first dyad” and the complement
of the “third dyad”; and similarly, when a “third dyad” is sequenced, the sequence output is
different compared to a sequence output of the “first dyad™ and the “second dyad”, since the
complement of the “third dyad” is different to that of the complement of the “first dyad” and the

complement of the “second dyad”.

In some embodiments (e.g. for fifth hairpin polynucleotides as described herein which have been
prepared by exposing fourth hairpin polynucleotides as described herein to a conversion agent
configured to convert 5-methylcytosine and 5-hydroxymethylcytosine to thymine or a nucleobase
which is read as thymine/uracil), the “first dyad” (produced from the CpG dyads comprising only
unmodified cytosine) may contain the following motif:

(57)-CG=-(3")

(37)-GC-(3");
the “second dyad” (produced from the CpG dyads comprising 5-methylcytosine) may contain the
following motif:

(57)-UG-(3")

(37)-GU-(3");
and the “third dyad” (produced from the CpG dyads comprising 5-hydroxymethylcytosine) may

contain the following motif:
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(57)-UG-(3")

(37)-GC-(3");
where C represents unmodified cytosine, and U represents thymine or a nucleobase which is read
as thymine/uracil. Since the “first dyad™ is read as (57)-CG-(3”) in the forward library strand and
(37)-GC-(5’) in the reverse library strand, the “second dyad™ is read as (57)-TG-(37) in the forward
library strand and (37)-GT-(57) in the reverse library strand, and the “third dyad” is read as (57)-
TG-(3’) in the forward library strand and (37)-GC-(5") in the reverse library strand (where all
modified and unmodified cytosines are read only as cytosine during sequencing, and U is read
only as thymine during sequencing), any CpG dyads comprising only unmodified cytosine, any
CpG dyads comprising 5-methylcytosine, and any CpG dyads comprising 5-

hydroxymethylcytosine can be distinguished from each other.

In some alternative embodiments (e.g. for fifth hairpin polynucleotides as described herein which
have been prepared by exposing fourth hairpin polynucleotides as described herein to a
conversion agent configured to convert an unmodified cytosine to uracil or a nucleobase which is
read as thymine/uracil), the “first dyad” (produced from the CpG dyads comprising only
unmodified cytosine) may contain the following motif:

(57)-UG-(3")

(37)-GU=-(3");
the “second dyad” (produced from the CpG dyads comprising 5-methylcytosine) may contain the
following motif:

(57)-CG-(3")

(37)-GC-(3");
and the “third dyad” (produced from the CpG dyads comprising 5-hydroxymethylcytosine) may
contain the following motif:

(57)-CG-(3")

(37)-GU=-(3");
where C represents modified cytosine (e.g. 5-methylcytosine, 5-hydroxymethyleytosine, or
derivatives thercof such as protected 5-hydroxymethylcytosine, for example p-glucosyl-5-
hydroxymethylcytosine), and U represents uracil or a nucleobase which is read as thymine/uracil.
Since the “first dyad” is read as (57)-TG-(37) in the forward library strand and (3°)-GT-(5) in the
reverse library strand, the “second dyad” is read as (57)-CG-(3°) in the forward library strand and
(37)-GC-(57) in the reverse library strand, and the “third dyad” is read as (57)-CG-(3") in the
forward library strand and (37)-GT-(57) in the reverse library strand (where all modified and
unmodified cytosines are read only as cytosine during sequencing, and U is read only as thymine

during sequencing), any CpG dyads comprising only unmodified cytosine, any CpG dyads
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comprising 5-methylcytosine, and any CpG dyads comprising 5-hydroxymethylcytosine can

again be distinguished from each other.

Where the polynucleotide library hairpin strand comprises, in a 5° to 37 direction, the forward
library strand, the hairpin loop adaptor (which comprises the cleavable site), and the reverse
library strand, the corresponding template strand may comprise, in a 5 to 3” direction, the reverse
template strand, the spacer strand (which comprises the first cleavable site), and the forward
template strand. Where the polynucleotide library hairpin strand comprises, in a 5° to 37 direction,
the reverse library strand, the hairpin loop adaptor (which comprises the cleavable site), and the
forward library strand, the corresponding template strand may comprise, in a 5™ to 37 direction,
the forward template strand, the spacer strand (which comprises the first cleavable site), and the

reverse template strand.

In one embodiment, step (b) may comprise synthesising a plurality of template strands.
Accordingly, the method of preparing polynucleotide templates for distinguishing between

different modified cytosines may instead comprise a step of:

(b) synthesising a plurality of template strands by generating a complement of
the polynucleotide library hairpin strand, each of the template strands comprising a
forward template strand complementary to the forward library strand, a spacer strand
complementary to the hairpin loop adaptor, and a reverse template strand complementary

to the reverse library strand, wherein the spacer strand comprises a first cleavable site.

In one embodiment, the method may further comprise a step of:

(c) synthesising at least one template complement strand by generating a
complement of the template strand, each of the template complement strands comprising
a forward complement template strand, a spacer complement strand, and a reverse
complement template strand, wherein the spacer complement strand comprises a second

cleavable site.

Where the template strand comprises, in a 5” to 3” direction, the reverse template strand, the spacer
strand (which comprises the first cleavable site), and the forward template strand, the
corresponding template complement strand may comprise, in a 5° to 3” direction, the forward
complement strand, the spacer complement strand (which comprises the second cleavable site),
and the reverse complement template strand. Where the template strand comprises, ina 5° to 3°

direction, the forward template strand, the spacer strand (which comprises the first cleavable site),
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and the reverse template strand, the corresponding template complement strand may comprise, in
a 5 to 37 direction, the reverse complement strand, the spacer complement strand (which

comprises the second cleavable site), and the forward complement template strand.

In one embodiment, step (c) may comprise synthesising a plurality of template complement
strands. Accordingly, the method of preparing polynucleotide templates for distinguishing

between different modified cytosines may instead comprise a step of:

(c) synthesising a plurality of template complement strands by generating a
complement of the template strand, each of the template complement strands comprising
a forward complement template strand, a spacer complement strand, and a reverse
complement template strand, wherein the spacer complement strand comprises a second

cleavable site.

In one embodiment, the method may further comprise a step of:

(d) cleaving the first cleavable site on the at least one template strand to generate
at least one first polynucleotide sequence each comprising a first portion and cleaving the
second cleavable site on the at least one template complement strand to generate at least
one second polynucleotide sequence each comprising a second portion,

wherein the first portion corresponds with the forward template strand and the
second portion corresponds with the reverse complement template strand, or wherein the
first portion corresponds with the reverse template strand and the second portion

corresponds with the forward complement template strand.

Where the first portion corresponds with the forward template strand and the second portion
corresponds with the reverse complement template strand, then it is the reverse template strand
and the forward complement template strand that have been removed. Where the first portion
corresponds with the reverse template strand and the second portion corresponds with the forward
complement template strand, then it is the forward template strand and the reverse complement
template strand that have been removed. Since portions of the original template and template
complement strands that would self-hybridise have been removed, this reduces the risk of
unwanted hairpins forming within the first polynucleotide sequence and the second

polynucleotide sequence, as mentioned above.

As mentioned herein, step (b) may comprise synthesising a plurality of template strands, and step

(c) may comprise synthesising a plurality of template complement strands. Accordingly, the
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method of preparing polynucleotide templates for distinguishing between different modified

cytosines may instead comprise a step of:

(d) cleaving the first cleavable site on the plurality of template strands to generate
a plurality of first polynucleotide sequences each comprising a first portion and cleaving
the second cleavable site on the plurality of template complement strands to generate a
plurality of second polynucleotide sequences each comprising a second portion,

wherein the first portion corresponds with the forward template strand and the
second portion corresponds with the reverse complement template strand, or wherein the
first portion corresponds with the reverse template strand and the second portion

corresponds with the forward complement template strand.

By “cleavable site” is meant any moiety that allows the hairpin loop adaptor, spacer strand, or
spacer complement strand to be separated into two strands from a single strand. In some

embodiments, the cleavable site is a restriction site.

By “restriction site” is meant a sequence of nucleotides recognised by an endonuclease. In
particular, the endonuclease may be a double strand restriction endonuclease or restriction
enzyme. By ¢ither of these terms is meant an enzyme that can hydrolyze both strands of a double-
stranded polynucleotide (duplex), to produce polynucleotide molecules that are cleaved on both
strands. In a further embodiment, the restriction enzyme may be a type Il restriction enzyme. In
an even further embodiment, the restriction enzyme may be a type IIP restriction enzyme, a type

IIS restriction enzyme, a type IIC restriction enzyme, or a type T restriction enzyme.

In one example, the type Il restriction enzyme may be EcoRI and the restriction enzyme is
G/AATTC wherein EcoRI catalyzes a double stranded break within the recognition site. In
another example, the type II restriction enzyme may be Bglll and the restriction site is A/GATCT,
wherein Bglll catalyzes a double stranded break within the recognition site. In a further example,
the type II restriction enzyme may be Notl and the restriction site is GC/GGCCGC, wherein Notl
catalyses a double stranded break within the recognition site. In a yet further example, the type 11
restriction enzyme may be Fokl and the restriction site is GGATG(9/13). Other suitable
endonucleases are available from commercial sources, including New England Biolabs and Fisher

Scientific.

In an alternative embodiment, the endonuclease is a CRISPR enzyme.
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CRISPR-Cas mechanisms are currently classified into two classes (classes 1 and 2) and six types
(types I to VI). In one embodiment, the CRISPR enzyme is a class | enzyme, and is selected from
type I, lIl and IV. In one embodiment, the CRISPR enzyme is Cas6. In another embodiment, the
CRISPR enzyme is a class 2 enzyme, and is selected from type II, IV, V, and VI. In one
embodiment, the CRISPR enzyme is selected from Cas9, Cpfl (Cas12a), Mad7, CasC2cl, C2C2
and C2¢3. In another embodiment, the CRISPR enzyme is a type VI CRISPR enzyme. In one
embodiment, the enzyme is selected from CasC2¢1, C2C2 and C2¢3.

CRISPR enzymes may be naturally occurring, for example Cas9 may be obtained from any one
of Staphylococcus aureus, Neisseria meningitides, Streptococcus thermophiles, Treponema
denticola or Campylobacter jejuni. Cpfl enzymes may be selected from the Acidaminococcus

sp (AsCpfl) or Lachnospiraceae bacterium (LbCpfl).

In an alternative embodiment, the CRISPR enzyme is a Cas9 paired nickase. Examples of a Cas9
paired nickase include Cas9 D10A and Cas9 H840A. For example, in one embodiment, the Cas9
protein may comprise the D10A or H840A amino acid substitutions. These nickases cleave only

the DNA strand that is complementary to and recognised by a gRNA.

In one embodiment, the restriction site may be or may comprise a PAM (protospacer adjacent
motif) sequence. Examples of suitable PAM sequences include NGG, NGAG, NGCG, NGN, NG,
GAA, GAT, NNG, NGN, NRN, YG, NNGRRT, NNNRRT, NNAGAA, NNNNGATT and
NNNNCRAA and complements thereof.

In a further embodiment, the Cas9 protein may alternatively or additionally comprise the N863A

or N854A amino acid substitutions.

In a further embodiment, the Cas9 protein has been modified to improve activity. For example,
in one embodiment, the Cas9 protein may additionally comprise a D1135E substitution.

Alternatively, the Cas9 protein may also be the VQR variant.

Thus, in one embodiment, the first cleavable site may be a first restriction site for an endonuclease.
In a further embodiment, the endonuclease may be a type Il restriction enzyme as defined herein,
or a CRISPR enzyme as defined herein (e.g. a Cas9 paired nickase as defined herein). In an even
further embodiment, the restriction enzyme is a type IIP restriction enzyme, a type 1IS restriction
enzyme, a type IIC restriction enzyme, or a type IIT restriction enzyme. Non-limiting examples
of the type II restriction enzyme may include EcoRI, Bglll, Notl and Fokl; non-limiting examples
of the CRISPR enzyme include Cas6, Cas9, Cpfl (Casl2a), Mad7, CasC2c1, C2C2 and C2c3,
and Cas9 paired nickases such as Cas9 D10A and Cas9 H840A.
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In another embodiment, the second cleavable site may be a second restriction site for an
endonuclease. In a further embodiment, the endonuclease may be a type Il restriction enzyme as
defined herein, or a CRISPR enzyme as defined herein (¢.g. a Cas9 paired nickase as defined
herein). In an even further embodiment, the restriction enzyme is a type IIP restriction enzyme, a
type IIS restriction enzyme, a type 1IC restriction enzyme, or a type II'T restriction enzyme. Non-
limiting examples of the type Il restriction enzyme may include EcoRI, Bglll, Notl and FokI;
non-limiting examples of the CRISPR enzyme include Cas6, Cas9, Cpfl (Casl2a), Mad7,
CasC2c1, C2C2 and C2c¢3, and Cas9 paired nickases such as Cas9 D10A and Cas9 H840A.

In some embodiments, the first cleavable site and the second cleavable site may be cleaved under
the same reaction conditions. For example, the first cleavable site and the second cleavable site
may be a restriction site recognised by the same endonuclease. In a further embodiment, the
endonuclease may be a type I restriction enzyme as defined herein that recognises both the first
cleavable site and the second cleavable site, or a CRISPR enzyme as defined herein (e.g. a Cas9
paired nickase as defined herein) that recognises both the first cleavable site and the second
cleavable site. In an even further embodiment, the restriction enzyme is a type 1P restriction
enzyme, a type IIS restriction enzyme, a type IIC restriction enzyme, or a type IIT restriction
enzyme, that recognises both the first cleavable site and the second cleavable site. Again, non-
limiting examples of the type Il restriction enzyme may include EcoRI, Bglll, Notl and FokI,
recognising both the first cleavable site and the second cleavable site; non-limiting examples of
the CRISPR enzyme include Cas6, Cas9, Cpfl (Cas12a), Mad7, CasC2¢1, C2C2 and C2¢3, and
Cas9 paired nickases such as Cas9 D10A and Cas9 H840A, recognising both the first cleavable

site and the second cleavable site.

In some embodiments, the at least one first polynucleotide sequence (or plurality of first
polynucleotide sequences) may each comprise a first sequencing primer binding site. In a further
embodiment, the first sequencing primer binding site may be located after a 37-end of the first
portion. The first sequencing primer binding site may, for instance, have formed part of the spacer

strand.

In some embodiments, the at least one second polynucleotide sequence (or plurality second
polynucleotide sequences) may each comprise a second sequencing primer binding site. In a
further embodiment, the second sequencing primer binding site may be located after a 3°-end of
the second portion. The second sequencing primer binding site may, for instance, have formed

part of the spacer complement strand.
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As shown in Figures 16 and 17, the first dyad (produced from the CpG dyads comprising only
unmodified cytosine), the second dyad (produced from the CpG dyads comprising 5-
methylcytosine) and the third dyad (produced from the CpG dyads comprising 5-
hydroxymethylcytosing) generate different patterns when comparing appropriate bases in the
forward template strand and the reverse complement template strand, or when comparing

appropriate bases in the reverse template strand and the forward complement template strand.

For example, in some embodiments (e.g. for fifth hairpin polynucleotides as described herein
which have been prepared by exposing fourth hairpin polynucleotides as described herein to a
conversion agent configured to convert S-methylcytosine and 5-hydroxymethylcytosine to
thymine or a nucleobase which is read as thymine/uracil), Figure 16 shows how the first dyad,
second dyad and the third dyad form certain patterns that allow each of these to be distinguished

from each other.

In such an example, the first dvad (produced from the CpG dyads comprising only unmodified
cytosine) produces a (57)-CG-(3°) sequence in the forward template strand at positions
corresponding to the original CpG dyad, and a (57)-CG-(3") sequence in the reverse complement
template strand at positions corresponding to the original CpG dyad. Similarly, the first dyad
(produced from the CpG dyads comprising only unmodified cytosine) produces a (57)-CG-(37)
sequence in the reverse template strand at positions corresponding to the original CpG dyad, and
a (57)-CG-(37) sequence in the forward complement template strand at positions corresponding to
the original CpG dyad. Accordingly, a double C-C/G-G match is present when comparing
corresponding positions in the at least one first polynucleotide sequence and the at least one
second polynucleotide sequence corresponding to the CpG dyad (e.g. for the first base in each
sequence, both are C and match, and for the second base in each sequence, both are G and match).
This allows easy identification of the original CpG dyad comprising only unmodified cytosine (as
compared to CpG dyads comprising 5-methylcytosine and CpG dyads comprising 5-
hydroxymethylcytosine).

In addition, the second dyad (produced from the CpG dyads comprising 5-methylcytosing)
produces a (57)-CA-(37) sequence in the forward template strand at positions corresponding to the
original CpG dyad, and a (57)-TG-(3") sequence in the reverse complement template strand at
positions corresponding to the original CpG dyad. Similarly, the second dyad (produced from the
CpG dyads comprising 5-methylcytosine) produces a (57)-CA-(3°) sequence in the reverse
template strand at positions corresponding to the original CpG dyad, and a (57)-TG-(3’) sequence
in the forward complement template strand at positions corresponding to the original CpG dyad.

Accordingly, a double mismatch is present when comparing corresponding positions in the at
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least one first polynucleotide sequence and the at least one second polynucleotide sequence
corresponding to the CpG dyad (e.g. for the first base in each sequence, one is C, and the other is
T, showing a mismatch, and for the second base in each sequence, one is A, and the other is G,
showing another mismatch). This allows easy identification of the original CpG dyad comprising
5-methylcytosine (as compared to CpG dyads comprising only unmodified cytosine and CpG
dyads comprising 5-hydroxymethylcytosine).

Furthermore, the third dyad (produced from the CpG dyads comprising 5-
hydroxymethylcytosine) produces a (57)-CA-(3) sequence in the forward template strand at
positions corresponding to the original CpG dyad, and a (57)-CG-(3") sequence in the reverse
complement template strand at positions corresponding to the original CpG dyad. Similarly, the
third dyad (produced from the CpG dyads comprising 5-hydroxymethylcytosine) produces a (57)-
CG-(37) sequence in the reverse template strand at positions corresponding to the original CpG
dvad, and a (57)-TG-(3") sequence in the forward complement template strand at positions
corresponding to the original CpG dyad. Accordingly, a single mismatch and single C-C/G-G
match is present when comparing corresponding positions in the at least one first polynucleotide
sequence and the at least one second polynucleotide sequence corresponding to the CpG dyad
(c.g. for the first base in each sequence, both are C and match, and for the second base in each
sequence, one is A, and the other is G, showing a mismatch; alternatively, for the first base in
each sequence, one is C, and the other is T, showing a mismatch, and for the second base in each
sequence, both are G and match). This allows casy identification of the original CpG dyad
comprising 5-hydroxymethylcytosine (as compared to CpG dyads comprising only unmodified
cytosine and CpG dyads comprising 5-methylcytosine).

Accordingly, in one embodiment, where CpG dyads comprising only unmodified cytosine were
present in the precursor polynucleotide library hairpin, then a double C-C/G-G match may be
present when comparing corresponding positions in the at least one first polynucleotide sequence
and the at least one second polynucleotide sequence corresponding to the CpG dyad; where CpG
dyads comprising 5-methylcytosine were present in the precursor polynucleotide library hairpin,
then a double mismatch may be present when comparing corresponding positions in the at least
one first polynucleotide sequence and the at least one second polynucleotide sequence
corresponding to the CpG dyad; and where CpG dyads comprising 5-hydroxymethylcytosine
were present in the precursor polynucleotide library hairpin, then a single mismatch and single C-
C/G-G match may be present when comparing corresponding positions in the at least one first
polynucleotide sequence and the at least one second polynucleotide sequence corresponding to

the CpG dyad.
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In some alternative embodiments (e.g. for fifth hairpin polynucleotides as described herein which
have been prepared by exposing fourth hairpin polynucleotides as described herein to a
conversion agent configured to convert an unmodified cytosine to uracil or a nucleobase which is
read as thymine/uracil), Figure 17 shows how the first dyad, second dyad and the third dyad form

certain patterns that allow each of these to be distinguished from each other.

In such an example, the first dvad (produced from the CpG dyads comprising only unmodified
cytosine) produces a (57)-CA-(3°) sequence in the forward template strand at positions
corresponding to the original CpG dyad, and a (57)-TG-(3") sequence in the reverse complement
template strand at positions corresponding to the original CpG dyad. Similarly, the first dyad
(produced from the CpG dyads comprising only unmodified cytosine) produces a (57)-CA-(37)
sequence in the reverse template strand at positions corresponding to the original CpG dyad, and
a (57)-TG-(3") sequence in the forward complement template strand at positions corresponding to
the original CpG dyad. Accordingly, a double mismatch is present when comparing
corresponding positions in the at least one first polynucleotide sequence and the at least one
second polynucleotide sequence corresponding to the CpG dyad (e.g. for the first base in each
sequence, one is C, and the other is T, showing a mismatch, and for the second base in each
sequence, one is A, and the other is G, showing another mismatch). This allows easy identification
of the original CpG dyad comprising only unmodified cytosine (as compared to CpG dyads
comprising 5-methylcytosine and CpG dyads comprising 5-hydroxymethylcytosine).

In addition, the second dyad (produced from the CpG dyads comprising 5-methylcytosine)
produces a (57)-CG-(37) sequence in the forward template strand at positions corresponding to the
original CpG dyad, and a (57)-CG-(3’) sequence in the reverse complement template strand at
positions corresponding to the original CpG dyad. Similarly, the second dyad (produced from the
CpG dyads comprising 5-methylcytosine) produces a (57)-CG-(3) sequence in the reverse
template strand at positions corresponding to the original CpG dyad, and a (57)-CG-(3") sequence
in the forward complement template strand at positions corresponding to the original CpG dyad.
Accordingly, a double C-C/G-G match is present when comparing corresponding positions in the
at least one first polynucleotide sequence and the at least one second polynucleotide sequence
corresponding to the CpG dyad (e.g. for the first base in each sequence, both are C and match,
and for the second base in each sequence, both are G and match). This allows easy identification
of the original CpG dyad comprising 5-methylcytosine (as compared to CpG dyads comprising
only unmodified cytosine and CpG dyads comprising 5-hydroxymethylcytosine).

Furthermore, the third dyad (produced from the CpG dyads comprising 35-
hydroxymethylcytosine) produces a (57)-CG-(3") sequence in the forward template strand at
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positions corresponding to the original CpG dyad, and a (5°)-TG-(3") sequence in the reverse
complement template strand at positions corresponding to the original CpG dyad. Similarly, the
third dyad (produced from the CpG dyads comprising 5-hydroxymethylcytosine) produces a (57)-
CA-(3’) sequence in the reverse template strand at positions corresponding to the original CpG
dvad, and a (57)-CG-(3") sequence in the forward complement template strand at positions
corresponding to the original CpG dyad. Accordingly, a single mismatch and single C-C/G-G
match is present when comparing corresponding positions in the at least one first polynucleotide
sequence and the at least one second polynucleotide sequence corresponding to the CpG dyad
(c.g. for the first base in each sequence, one is C, and the other is T, showing a mismatch, and for
the second base in each sequence, both are G and match; alternatively, for the first base in each
sequence, both are C and match, and for the second base in each sequence, one is A, and the other
is G, showing a mismatch). This allows easy identification of the original CpG dyad comprising
5-hydroxymethylcytosine (as compared to CpG dyads comprising only unmodified cytosine and
CpG dyads comprising 5-methylcytosine).

Accordingly, in another embodiment, wherein where CpG dyads comprising only unmodified
cytosine were present in the precursor polynucleotide library hairpin, then a double mismatch
may be present when comparing corresponding positions in the at least one first polynucleotide
sequence and the at least one second polynucleotide sequence corresponding to the CpG dyad;
where CpG dyads comprising 5-methylcytosine were present in the precursor polynucleotide
library hairpin, then a double C-C/G-G match may be present when comparing corresponding
positions in the at least one first polynucleotide sequence and the at least one second
polynucleotide sequence corresponding to the CpG dyad; and where CpG dyads comprising 5-
hydroxymethylcytosine were present in the precursor polynucleotide library hairpin, then a single
mismatch and single C-C/G-G match may be present when comparing corresponding positions in
the at least one first polynucleotide sequence and the at least one second polynucleotide sequence

corresponding to the CpG dyad.

Whilst Figures 16 and 17 show that the reverse template strand and the forward complement
template strand are retained as part of the at least one first polynucleotide sequence and the at
least one second polynucleotide sequence after cleavage, it should be appreciated that in other
cases, it may be the forward template strand and the reverse complement template strand that are
retained instead. This can be achieved, for example, by attaching the hairpin loop adaptor at the

other end to that shown in Figures 16 and 17, as explained above.

Furthermore, whilst Figures 16 and 17 show that the template strand is generated extending from

the second immobilised primer (e.g. P7), and that the template complement strand is generated
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extending from the first immobilised primer (¢.g. P5), it should be appreciated that in other cases,
the template strand may instead extend from the first immobilised primer (¢.g. P5), and that the
template complement strand may instead extend from the second immobilised primer (e.g. P7).
This can be achieved, for example, by using a P5°/P7 adaptor instead of a P7°/P5 adaptor, as

explained above.

As described herein, the polynucleotide sequences each comprise portions of a double-stranded
nucleic acid template, and the first portion may comprise (or be) the forward strand of a
polynucleotide sequence (e.g. forward strand of a template, or forward template strand), and the
second portion may comprise (or be) the reverse complement strand of the polynucleotide
sequence (e.g. reverse complement strand of the template, or reverse complement template strand)
(in effect, a reverse complement strand may be considered a “copy” of the forward strand).
Alternatively, the first portion may comprise (or be) the reverse strand of a polynucleotide
sequence (e.g. reverse strand of a template, or reverse template strand), and the second portion
may comprise (or be) the forward complement strand of the polynucleotide sequence (e.g. forward
complement strand of the template, or forward complement template strand) (in effect, a forward

complement may be considered a “copy” of the reverse strand).

The first portion may be derived from a forward strand of a target polynucleotide to be sequenced
(also referred to herein as a forward library strand), and the second portion may be derived from
areverse complement strand of the target polynucleotide to be sequenced (also may be considered
as a reverse complement library strand, a complement of a reverse library strand); or the first
portion may be derived from a reverse strand of a target polynucleotide to be sequenced (also
referred to herein as a reverse library strand), and the second portion may be derived from a
forward complement strand of the target polynucleotide to be sequenced (also may be considered

as a forward complement library strand, a complement of a forward library strand).

The template is generated from a (double-stranded) target polynucleotide to be sequenced via
complementary base pairing. The (double-stranded) target polynucleotide may be one (double-
stranded) polynucleotide present in a polynucleotide library to be sequenced. As such, the

template allows sequence information to be obtained for that particular polynucleotide.

The method may further comprise a step of preparing the first portion and the second portion for

concurrent sequencing.

For example, the method may comprise simultancously contacting first sequencing primer

binding sites located after a 3’-end of the first portions with first primers and second sequencing
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primer binding sites located after a 3’-end of the second portions with second primers. Thus, the

first portions and second portions are primed for concurrent sequencing.

In some embodiments, the method may comprises a step of processing the at least one first
polynucleotide sequence comprising a first portion and the at least one second polynucleotide
sequence comprising a second portion, such that a proportion of first portions are capable of
generating a first signal and a proportion of second portions are capable of generating a second

signal.

In some embodiments, the first signal and the second signal may be spatially resolved. In other

embodiments, the first signal and the second signal may be spatially unresolved.

In some embodiments (e.g. where spatially resolvable signals are used), a proportion of first
portions may be capable of generating a first signal and a proportion of second portions may be
capable of generating a second signal, wherein an intensity of the first signal is substantially the

same as an intensity of the second signal.

In other embodiments (e.g. where selective processing methods are used as described herein), a
proportion of first portions may be capable of generating a first signal and a proportion of second
portions may be capable of generating a second signal, wherein the selective processing causes
an intensity of the first signal to be greater than an intensity of the second signal. The first signal
and the second signal may be spatially unresolved (e.g. generated from the same region or

substantially overlapping regions).

Further aspects relating to selective processing methods (€.g. conducting selective amplification,
conducting selective sequencing or preparing for selective sequencing) have already been
described herein and apply to the methods of preparing polynucleotide templates for

distinguishing between modified cytosines as described herein.

The first portion may be referred to herein as read 1.1 (R1.1). The second portion may be referred
to herein as read 1.2 (R1.2).

In one embodiment, the first portion is at least 25 or at least 50 base pairs and the second portion

is at least 25 base pairs or at least 50 base pairs.
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The first and second strand may be separately attached to a solid support. In a further embodiment,
this solid support may be a flow cell. In a further embodiment, each of the first and second strands

are attached to the solid support (¢.g. flow cell) in a single well of the solid support.

The polynucleotide strands may form or be part of a cluster on the solid support.

As used herein, the term “cluster” may refer to a clonal group of template polynucleotides (e.g.
DNA or RNA) bound within a single well of a solid support (¢.g. flow cell). As such, a cluster
may refer to the population of polynucleotide molecules within a well that are then sequenced. A
“cluster” may contain a sufficient number of copies of template polynucleotides such that the
cluster is able to output a signal (¢.g. a light signal) that allows sequencing reads to be performed
on the cluster. A “cluster” may comprise, for example, about 500 to about 2000 copies, about 600
to about 1800 copies, about 700 to about 1600 copies, about 800 to about 1400 copies, about 900
to about 1200 copies, or about 1000 copies of template polynucleotides.

A cluster may be formed by bridge amplification, as described above.

Where the method of the invention involves a first polynucleotide strand and a second

polynucleotide strand, the cluster formed may be a duoclonal cluster.

By “duoclonal” cluster is meant that the population of polynucleotide sequences that are then
sequenced (as the next step) are substantially of two types — e.g. a first sequence and a second
sequence. As such, a “duoclonal” cluster may refer to the population of single first sequences and
single second sequences within a well that are then sequenced. A “duoclonal” cluster may contain
a sufficient number of copies of a single first sequence and copies of a single second sequence
such that the cluster is able to output a signal (¢.g. a light signal) that allows sequencing reads to
be performed on the “monoclonal” cluster. A “duoclonal” cluster may comprise, for example,
about 500 to about 2000 combined copies, about 600 to about 1800 combined copies, about 700
to about 1600 combined copies, about 800 to about 1400 combined copies, about 900 to about
1200 combined copies, or about 1000 combined copies of single first sequences and single second
sequences. The copies of single first sequences and single second sequences together may
comprise at least about 50%, at least about 60%, at least about 70%, at least about 80%, at least
about 90%, or about 95%, 98%, 99% or 100% of all polynucleotides within a single well of the

flow cell, and thus providing a substantially duoclonal “cluster”.

The at least one first polynucleotide sequence comprising a first portion and at least one second

polynucleotide sequence may be prepared using a loop fork method as described herein (see
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Figure 4). For example, the polynucleotide library hairpin strand may be prepared using methods

of preparing a polynucleotide library hairpin strand as described herein.

In some embodiments, the method may further comprise a step of concurrently sequencing

nucleobases in the first portion and the second portion.

Figure 16 shows an example workflow for preparing a polynucleotide library hairpin strand
according to a method as described herein (using a conversion agent configured to convert 5-
methylcytosine and 5-hydroxymethylcytosine to thymine or a nucleobase which is read as
thymine/uracil), then a subsequent example workflow for preparing polynucleotide templates for

distinguishing between modified cytosines according to a method as described herein.

For library preparation, starting from a double-stranded polynucleotide comprising a precursor
forward library strand 2001 and a precursor reverse library strand (not shown), a hairpin loop
adaptor 2002 is ligated, where the hairpin loop adaptor comprises a cleavable site 2003, to
generate a first hairpin polynucleotide (not shown) (steps (a) and (b) for methods of preparing a
polynucleotide library hairpin strand as described herein). Removing the precursor reverse library
strand then generates second hairpin polynucleotide 2200, which comprises the precursor forward
library strand 2001 and the hairpin loop adaptor 2002, wherein the hairpin loop adaptor 2002
comprises the cleavable site 2003 (step (¢) for methods of preparing a polynucleotide library
hairpin strand as described herein). As shown in Figure 16, the precursor forward library strand
2001 comprises a CpG sequence comprising S-methylcytosine, a CpG sequence comprising 5-

hydroxymethylcytosine, and a CpG sequence comprising unmodified cytosine.

By extending from the 3’-end of the hairpin loop adaptor 2002 in a 5° to 3° direction, a
resynthesised reverse library strand 2004 can be generated (¢.g. using a DNA polymerase), thus
forming third hairpin polynucleotide 2300 (step (d) for methods of preparing a polynucleotide
library hairpin strand as described herein). Therefore, third hairpin polynucleotide 2300
comprises the precursor forward library strand 2001, the hairpin loop adaptor 2002 (comprising
the cleavable site 2003), and resynthesised reverse library strand 2004. This process may be
conducted using unmodified cytosines, thus meaning that the resynthesised reverse library strand
2004 is devoid of modified cytosines such as 5-methylcytosine and 5-hydroxymethylcytosine.
This generates a CpG dyad 2005 comprising only unmodified cytosine, a CpG dyad 2006
comprising 5-methylcytosine (a hemimethylated 5-methylcytosine CpG dyad), and a CpG dyad
2007 comprising 5-hydroxymethylcytosine (a hemimethylated 5-hydroxymethylcytosine CpG
dyad).
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Ligation of a flanking adaptor 2005 (a P7°/P5 fork adaptor) to third hairpin polynucleotide 2300
at an end away from the hairpin loop adaptor 2002 then generates hairpin polynucleotide 2300-1.

Treatment of hairpin polynucleotide 2300-1 with DNA methyltransferase 1 enzyme transforms
CpG dyad 2006 comprising 5-methylcytosine (a hemimethylated 5-methylcytosine CpG dyad) to
a fully methylated 5-methylcytosine CpG dyad. However, CpG dyad 2007 comprising 5-
hydroxymethylcytosine (a hemimethylated 5-hydroxymethyleytosine CpG dyad) is unaffected,
as well as CpG dyad 2005 comprising only unmodified cytosine. This generates fourth hairpin
polynucleotide 2400 (step (¢) for methods of preparing a polynucleotide library hairpin strand as
described herein). Therefore, fourth hairpin polynucleotide 2400 comprises the precursor forward
library strand 2001, the hairpin loop adaptor 2002 (comprising the cleavable site 2003), and
partially methylated reverse library strand 2008.

Finally, exposing the fourth hairpin polynucleotide 2400 to a conversion agent configured to
convert S-methylcytosine and 5-hydroxymethyleytosine to thymine or a nucleobase which is read
as thymine/uracil generates fifth hairpin polynucleotide 2500 (step (f) for methods of preparing a
polynucleotide library hairpin strand as described herein). The precursor forward library strand
2001 is converted to forward library strand 2009. The partially methylated reverse library strand
2008 is converted to reverse library strand 2010. The CpG dyad 2005 comprising only unmodified
cytosine is unaffected, which can now be considered as first dyad 2011. The CpG dyad 2006
comprising S-methylcytosine (a hemimethylated 5-methylcytosine CpG dyad), which was
transformed to a fully methylated 5-methylcytosine CpG dyad, is converted to second dyad 2012.
The CpG dyad 2007 comprising 5-hydroxymethylcytosine (a hemimethylated 5-
hydroxymethylcytosine CpG dyad) is converted to third dyad 2013.

For template generation, fifth hairpin polynucleotide 2500 anneals (via P77) to immobilised
primer P7 on a solid support. Extending from the 3’-end of immobilised primer P7 in a 5" to 3°
direction generates a template strand (e.g. using a DNA polymerase). The template strand
comprises, in a 5° to 3” direction, a reverse template strand 2050 which is complementary to
reverse library strand 2010, a spacer strand 2051 (comprising a first cleavable site 2053) which is
complementary to hairpin loop adaptor 2002, and a forward template strand 2052 which is
complementary to forward library strand 2009.

After conducting amplification, a template complement strand is generated which extends from
the 3’-end of immobilised primer P5. The template complement strand comprises, in a 5™ to 3°
direction, a forward complement template strand 2052°, a spacer complement strand 2051°

(comprising a second cleavable site 2054), and a reverse complement template strand 2050°.
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Cleavage of the first cleavable site 2053 and second cleavable site 2054 causes removal of forward
template strand 2052 and reverse complement template strand 20507, thus leaving behind a first
polynucleotide sequence comprising a first portion (reverse template strand 2050) and a second
polynucleotide sequence comprising a second portion (forward complement template strand
20527). The templates are now ready for sequencing to determine the presence of 5-

methylcytosine and 5-hydroxymethylcytosine.

Figure 17 shows another example workflow for preparing a polynucleotide library hairpin strand
according to a method as described herein (using a conversion agent configured to convert an
unmodified cytosine to uracil or a nucleobase which is read as thymine/uracil), then a subsequent
example workflow for preparing polynucleotide templates for distinguishing between modified

cytosines according to a method as described herein.

For library preparation, again starting from a double-stranded polynucleotide comprising a
precursor forward library strand 2001 and a precursor reverse library strand (not shown), a hairpin
loop adaptor 2002 is ligated, where the hairpin loop adaptor comprises a cleavable site 2003, to
generate a first hairpin polynucleotide (not shown) (steps (a) and (b) for methods of preparing a
polynucleotide library hairpin strand as described herein). Removing the precursor reverse library
strand then generates second hairpin polynucleotide 2200, which comprises the precursor forward
library strand 2001 and the hairpin loop adaptor 2002, wherein the hairpin loop adaptor 2002
comprises the cleavable site 2003 (step (¢) for methods of preparing a polynucleotide library
hairpin strand as described herein). As shown in Figure 17, the precursor forward library strand
2001 comprises a CpG sequence comprising S-methyleytosine, a CpG sequence comprising 5-

hydroxymethylcytosine, and a CpG sequence comprising unmodified cytosine.

By extending from the 3’-end of the hairpin loop adaptor 2002 in a 5° to 3° direction, a
resynthesised reverse library strand 2004 can be generated (¢.g. using a DNA polymerase), thus
forming third hairpin polynucleotide 2300 (step (d) for methods of preparing a polynucleotide
library hairpin strand as described herein). Therefore, third hairpin polynucleotide 2300
comprises the precursor forward library strand 2001, the hairpin loop adaptor 2002 (comprising
the cleavable site 2003), and resynthesised reverse library strand 2004. This process may be
conducted using unmodified cytosines, thus meaning that the resynthesised reverse library strand
2004 is devoid of modified cytosines such as 5-methylcytosine and 5-hydroxymethylcytosine.
This generates a CpG dyad 2005 comprising only unmodified cytosine, a CpG dyad 2006
comprising 5-methyleytosine (a hemimethylated 5-methylcytosine CpG dyad), and a CpG dyad
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2007 comprising 5-hydroxymethylcytosine (a hemimethylated 5-hydroxymethylcytosine CpG
dyad).

Ligation of a flanking adaptor 2005 (a P7°/P5 fork adaptor) to third hairpin polynucleotide 2300
at an end away from the hairpin loop adaptor 2002 then generates hairpin polynucleotide 2300-1.

Treatment of hairpin polynucleotide 2300-1 with DNA methyltransferase 1 enzyme transforms
CpG dyad 2006 comprising 5-methylcytosine (a hemimethylated 5-methylcytosine CpG dyad) to
a fully methylated 5-methylcytosine CpG dyad. However, CpG dyad 2007 comprising 5-
hydroxymethylcytosine (a hemimethylated 5-hydroxymethyleytosine CpG dyad) is unaffected,
as well as CpG dyad 2005 comprising only unmodified cytosine. This generates fourth hairpin
polynucleotide 2400 (step (¢) for methods of preparing a polynucleotide library hairpin strand as
described herein). Therefore, fourth hairpin polynucleotide 2400 comprises the precursor forward
library strand 2001, the hairpin loop adaptor 2002 (comprising the cleavable site 2003), and
partially methylated reverse library strand 2008.

Finally, exposing the fourth hairpin polynucleotide 2400 to a conversion agent configured to
convert S-methylcytosine and 5-hydroxymethylcytosine to thymine or a nucleobase which is read
as thymine/uracil generates fifth hairpin polynucleotide 2500 (step (f) for methods of preparing a
polynucleotide library hairpin strand as described herein). The precursor forward library strand
2001 is converted to forward library strand 2009. The partially methylated reverse library strand
2008 is converted to reverse library strand 2010. The CpG dyad 2005 comprising only unmodified
cytosine is converted to first dyad 2011. The CpG dyad 2006 comprising 5-methylcytosine (a
hemimethylated 5-methylcytosine CpG dyad), which was transformed to a fully methylated 5-
methylcytosine CpG dyad, is unchanged in this step and can be considered as second dyad 2012.
The CpG dyad 2007 comprising 5-hydroxymethylcytosine (a hemimethylated 5-
hydroxymethylcytosine CpG dyad) is converted to third dyad 2013.

For template generation, fifth hairpin polynucleotide 2500 anneals (via P77) to immobilised
primer P7 on a solid support. Extending from the 3’-end of immobilised primer P7 in a 5" to 3°
direction generates a template strand (e.g. using a DNA polymerase). The template strand
comprises, in a 5° to 3” direction, a reverse template strand 2050 which is complementary to
reverse library strand 2010, a spacer strand 2051 (comprising a first cleavable site 2053) which is
complementary to hairpin loop adaptor 2002, and a forward template strand 2052 which is
complementary to forward library strand 2009.
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After conducting amplification, a template complement strand is generated which extends from
the 3’-end of immobilised primer P5. The template complement strand comprises, in a 5™ to 3°
direction, a forward complement template strand 2052°, a spacer complement strand 2051°

(comprising a second cleavable site 2054), and a reverse complement template strand 2050°.

Cleavage of the first cleavable site 2053 and second cleavable site 2054 causes removal of forward
template strand 2052 and reverse complement template strand 20507, thus leaving behind a first
polynucleotide sequence comprising a first portion (reverse template strand 2050) and a second
polynucleotide sequence comprising a second portion (forward complement template strand
20527). The templates are now ready for sequencing to determine the presence of 5-

methylcytosine and 5-hydroxymethylcytosine.

Methods of sequencing

Also described herein is a method of sequencing polynucleotide sequences to distinguish between
modified cytosines, comprising:
preparing polynucleotide templates for distinguishing between modified
cytosines using a method as described herein;
sequencing nucleobases in the first portion and the second portion; and
identifying the presence of 5-methylcytosine or 5-hydroxymethylcytosine by
detecting differences when comparing a sequence output from the first portion with a

sequence output from the second portion.

In one embodiment, the step of sequencing nucleobases in the first portion and the second portion

may involve concurrent sequencing of nucleobases in the first portion and the second portion.

In one embodiment, sequencing is performed by sequencing-by-synthesis.

In one embodiment, the method may further comprise a step of conducting paired-end reads.

In some embodiments, where the method comprises a step of selectively processing the at least
one polynucleotide sequence comprising the first portion and the second portion, such that a
proportion of first portions are capable of generating a first signal and a proportion of second
portions are capable of generating a second signal, wherein the selective processing causes an
intensity of the first signal to be greater than an intensity of the second signal, the data may be

analysed using 16 QAM as mentioned herein.
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Accordingly, the step of concurrently sequencing nucleobases may comprise:

@ obtaining first intensity data comprising a combined intensity of a first signal
component obtained based upon a respective first nucleobase at the first portion and a second
signal component obtained based upon a respective second nucleobase at the second portion,
wherein the first and second signal components are obtained simultaneously;

(b) obtaining second intensity data comprising a combined intensity of a third signal
component obtained based upon the respective first nucleobase at the first portion and a fourth
signal component obtained based upon the respective second nucleobase at the second portion,
wherein the third and fourth signal components are obtained simultancously;

() selecting one of a plurality of classifications based on the first and the second
intensity data, wherein each classification represents a possible combination of respective first
and second nucleobases; and

(d) based on the selected classification, base calling the respective first and second

nucleobases.
In one embodiment, selecting the classification based on the first and second intensity data may
comprise selecting the classification based on the combined intensity of the first and second signal

components and the combined intensity of the third and fourth signal components.

In one embodiment, the plurality of classifications may comprise sixteen classifications, each

classification representing one of sixteen unique combinations of first and second nucleobases.
In one embodiment, the first signal component, second signal component, third signal component
and fourth signal component may be generated based on light emissions associated with the

respective nucleobase.

In one embodiment, the light emissions may be detected by a sensor, wherein the sensor is

configured to provide a single output based upon the first and second signals.

In one embodiment, the sensor may comprise a single sensing element.

In one embodiment, the method may further comprise repeating steps (a) to (d) for each of a

plurality of base calling cycles.
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Kits

Methods as described herein may be performed by a user physically. In other words, a user may
themselves conduct the methods of preparing polynucleotide templates for distinguishing
between modified cytosines as described herein, and as such the methods as described herein may

not need to be computer-implemented.

In another aspect of the invention, there is provided a kit comprising instructions for preparing
polynucleotide templates for distinguishing between modified cytosines as described herein,
and/or for sequencing polynucleotide sequences to distinguish between modified cytosines as

described herein.

Computer programs and products

In other embodiments, methods as described herein may be performed by a computer. In other
words, a computer may contain instructions to conduct the methods of preparing polynucleotide
templates for distinguishing between modified cytosines as described herein, and as such the

methods as described herein may be computer-implemented.

Accordingly, in another aspect of the invention, there is provided a data processing device

comprising means for carrying out the methods as described herein.

The data processing device may be a polynucleotide sequencer.

The data processing device may comprise reagents used for synthesis methods as described

herem.

The data processing device may comprise a solid support. In a further embodiment, the solid

support may be a flow cell.

In another aspect of the invention, there is provided a computer program product comprising
instructions which, when the program is executed by a processor, cause the processor to carry out

the methods as described herein.
In another aspect of the invention, there is provided a computer-readable storage medium

comprising instructions which, when executed by a processor, cause the processor to carry out

the methods as described herein.
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In another aspect of the invention, there is provided a computer-readable data carrier having stored

thereon the computer program product as described herein.

In another aspect of the invention, there is provided a data carrier signal carrying the computer

program product as described herein.

The various illustrative imaging or data processing techniques described in connection with the
embodiments disclosed herein can be implemented as electronic hardware, computer software, or
combinations of both. To illustrate this interchangeability of hardware and software, various
illustrative components, blocks, modules, and steps have been described above generally in terms
of their functionality. Whether such functionality is implemented as hardware or software
depends upon the particular application and design constraints imposed on the overall system.
The described functionality can be implemented in varying ways for each particular application,
but such implementation decisions should not be interpreted as causing a departure from the scope

of the disclosure.

The various illustrative detection systems described in connection with the embodiments
disclosed herein can be implemented or performed by a machine, such as a processor configured
with specific instructions, a digital signal processor (DSP), an application specific integrated
circuit (ASIC), a field programmable gate array (FPGA) or other programmable logic device,
discrete gate or transistor logic, discrete hardware components, or any combination thereof
designed to perform the functions described herein. A processor can be a microprocessor, but in
the alternative, the processor can be a controller, microcontroller, or state machine, combinations
of the same, or the like. A processor can also be implemented as a combination of computing
devices, €.g., a combination of a DSP and a microprocessor, a plurality of microprocessors, one
or more microprocessors in conjunction with a DSP core, or any other such configuration. For
example, systems described herein may be implemented using a discrete memory chip, a portion

of memory in a microprocessor, flash, EPROM, or other types of memory.

The elements of a method, process, or algorithm described in connection with the embodiments
disclosed herein can be embodied directly in hardware, in a software module executed by a
processor, or in a combination of the two. A software module can reside in RAM memory, flash
memory, ROM memory, EPROM memory, EEPROM memory, registers, hard disk, a removable
disk, a CD-ROM, or any other form of computer-readable storage medium known in the art. An
exemplary storage medium can be coupled to the processor such that the processor can read

information from, and write information to, the storage medium. In the alternative, the storage
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medium can be integral to the processor. The processor and the storage medium can reside in an
ASIC. A software module can comprise computer-executable instructions which cause a

hardware processor to execute the computer-executable instructions.
Computer-executable instructions may be stored in a (transitory or non-transitory) computer
readable storage medium (e.g., memory, storage system, etc.) storing code, or computer readable

mstructions.

Methods of preparing library hairpin strands

Also described herein is a method of preparing a polynucleotide library hairpin strand,

comprising:

(a) providing a double-stranded polynucleotide comprising a precursor forward

library strand and a precursor reverse library strand; and

(b) ligating a hairpin loop adaptor to an end of the double-stranded
polynucleotide to generate a first hairpin polynucleotide, wherein the hairpin loop adaptor

comprises a cleavable site.

Advantageously, since the polynucleotide library hairpin strand comprises a cleavable site within
the hairpin loop adaptor, this allows template strands (and template complement strands) to be
generated that themselves have first cleavable sites and second cleavable sites as described herein.
Accordingly, these polynucleotide library hairpin strand allow the generation of template strands
(and template complement strands) that have a reduced risk of forming hairpins during

sequencing.

The hairpin loop adaptor may be an oligonucleotide of any structure or any sequence that allows
the (precursor) forward library strand and the (precursor) reverse library strand to be connected

via a loop.

In one embodiment, the hairpin loop adaptor may connect a 3’-end of the precursor forward
library strand with a 5°-end of the precursor reverse library strand. In another embodiment, the
hairpin loop adaptor may connect a 3°-end of the precursor reverse library strand with a 5’-end of

the precursor forward library strand.

78



10

15

20

25

30

35

WO 2024/256581 PCT/EP2024/066447

In one embodiment, the hairpin loop adaptor may comprise a base-paired stem and a non-base-
paired loop (e.g. a loop structure with unpaired or non-Watson-Crick paired nucleotides) and
connects the 3° end of the (precursor) forward library strand with the 5” end of the (precursor)
reverse library strand, or the 5° end of the (precursor) forward library strand with the 37 end of

the (precursor) reverse library strand.

In one embodiment, the cleavable site may be located in the non-base-paired loop.

In one embodiment, the cleavable site may be a restriction site for an endonuclease. In a further
embodiment, the endonuclease may be a type Il restriction enzyme as defined herein, or a CRISPR
enzyme as defined herein (e.g. a Cas9 paired nickase as defined herein). In an even further
embodiment, the restriction enzyme is a type IIP restriction enzyme, a type IS restriction enzyme,
atype IIC restriction enzyme, or a type IIT restriction enzyme. Non-limiting examples of the type
IT restriction enzyme may include EcoRI, Bglll, Notl and Fokl; non-limiting examples of the
CRISPR enzyme include Cas6, Cas9, Cpfl (Cas12a), Mad7, CasC2cl, C2C2 and C2¢3, and Cas9
paired nickases such as Cas9 D10A and Cas9 H840A.

In one embodiment, the method may further comprise a step of:

(c) removing the precursor reverse library strand from the first hairpin
polynucleotide to generate a second hairpin polynucleotide comprising the precursor
forward library strand and the hairpin loop adaptor, wherein the hairpin loop adaptor

comprises the cleavable site.

Accordingly, in the second hairpin polynucleotide, the precursor reverse library strand may not
be present. Since the native library may additionally contain modified cytosines on the precursor
reverse library strand, it is advantageous to remove these as these may interfere with the
generation of particular dyad patterns depending on the methylation status (e.g. 5-methylcytosine

or 5-hydroxymethylcytosine) that is present on the precursor forward library strand.
In one embodiment, the method may further comprise a step of:
(d) forming a resynthesised reverse library strand from the second hairpin
polynucleotide to generate a third hairpin polynucleotide, wherein when any cytosine

bases are present in the resynthesised reverse library strand, then all such cytosine bases

are unmodified cytosine.
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Accordingly, in the third hairpin polynucleotide, only the precursor forward library strand
contains modified cytosines (¢.g. S-methylcytosine or 5-hydroxymethylcytosine). Since the
resynthesised reverse library strand is produced in a way such that all cytosine bases are
unmodified cytosine, the “methylation™ status of all cytosine bases in the resynthesised reverse

library strand is known (i.¢. all demethylated).

In one embodiment, the method may further comprise a step of:

(e) exposing the third hairpin polynucleotide to an enzyme configured to convert
hemimethylated 5-methyleytosine CpG dyads to fully methylated 5-methylcytosine CpG
dyads, but not convert hemimethylated 5-hydroxymethylcytosine dyads, in order to

generate a fourth hairpin polynucleotide.

Accordingly, in the fourth hairpin polynucleotide, the methylation status of all CpG dyads is
controlled. The resynthesised reverse library strand is converted to a partially methylated reverse
library strand in step (e). In particular, where a CpG sequence is present in the precursor forward
library strand which contains unmodified cytosine, the corresponding CpG dyad also contains
only unmodified cytosine. Where a CpG sequence is present in the precursor forward library
strand which contains 5-methylcytosine, the corresponding CpG dyad contains 5-methylcytosine
on both the precursor forward library stand and the partially methylated reverse library strand.
Where a CpG sequence is present in the precursor forward library strand which contains 5-
hydroxymethylcytosine, the corresponding CpG dyad contains 5-hydroxymethylcytosine on the
precursor forward library strand, but unmodified cytosine in the partially methylated reverse

library strand.

In one example, the enzyme configured to convert hemimethylated 5-methylcytosine CpG dyads
to fully methylated 5-methylcytosine CpG dyads, but not convert hemimethylated 5-
hydroxymethylcytosine dyads may be a DNA methyltransferase. In a further embodiment, the
DNA methyltransferase may be a member of the DNA methyltransferase 1 (DNMTT1) family or
the DNA methyltransferase 5 (DNMT5) family. Non-limiting examples of the DNA

methyltransferase 1 or DNA methyltransferase 5 enzyme include:

DNMT protein Non-limiting examples

DNMTI1 UniProt: Q24K 09 (SEQ ID NO. 67)
UniProt: Q92330 (SEQ ID NO. 63)
UniProt: P13864 (SEQ ID NO. 69)

UniProt: Q92072 (SEQ ID NO. 70)
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UniProt: P26358 (SEQ ID NO. 71)
UniProt: Q27746 (SEQ ID NO. 72)
DNMTS5 UniProt: J9VI03 (SEQ ID NO. 73)

In one embodiment, the method may further comprise a step of:

(f) exposing the fourth hairpin polynucleotide to a conversion agent configured
to convert 5-methylcytosine and 5-hydroxymethylcytosine to thymine or a nucleobase
which is read as thymine/uracil, or to a conversion agent configured to convert an
unmodified cytosine to uracil or a nucleobase which is read as thymine/uracil, in order to

generate a fifth hairpin polynucleotide.

Suitable conversion agents have been described herein (under “Sequencing of modified
cytosines”). In particular, the fifth hairpin polynucleotide may comprise first dyads, second dyads
and third dyads as described herein.

In one embodiment, the method may further comprise a step of ligating a flanking adaptor to an
end of the double-stranded polynucleotide away from the hairpin loop adaptor to the third hairpin
polynucleotide, the fourth hairpin polynucleotide or the fifth hairpin polynucleotide, wherein the
flanking adaptor comprises a primer-binding sequence and a primer-binding complement

sequence.

Although Figures 16 and 17 show ligation of the flanking adaptor (P7°/P5 fork adaptor) to the
third hairpin polynucleotide (in other words, immediately after step (d) as described herein), the
flanking adaptor need not be ligated at this stage. For example, the flanking adaptor may instead
be ligated onto the fourth hairpin polynucleotide (in other words, immediately after step (e) as
described herein), or the fifth hairpin polynucleotide (in other words, immediately after step (f)
as described herein). In a further embodiment, the flanking adaptor may instead be ligated onto

the fourth hairpin polynucleotide (in other words, immediately after step (¢) as described herein).

Furthermore, whilst Figures 16 and 17 show ligation of the flanking adaptor (P7°/P5 fork adaptor)
on the left hand side, the positions of the hairpin loop adaptor and the flanking adaptor may be
swapped instead. In other words, the flanking adaptor may instead be ligated onto the right hand
side, whilst the hairpin loop adaptor may be ligated to the left hand side.

In addition, whilst Figures 16 and 17 show ligation of a P7°/P5 type fork adaptor, A P5°/P7 type

fork adaptor may be used instead, as mentioned above.
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In one embodiment, the flanking adaptor may comprise a first and second strand, wherein the first
and second strands are base-paired for a portion of their sequence (forming the base-paired stem)
and are non-complementary for the remainder of their sequence, for example, P5” and P7 or P7’
and P5, which subsequently forms a fork structure, wherein a first arm of the fork structure
comprises a primer-binding sequence and the second arm of the fork structure comprises a primer-
binding complement sequence. Thus, the flanking adaptor may be a forked adaptor comprising a

base-paired stem, a first arm and a second arm.

In one embodiment, the primer-binding sequence may be located on the first arm, and the primer-

binding complement sequence may be located on the second arm.

The primer-binding sequence may be capable of binding to a lawn or immobilised primer that is
immobilised on the surface of a solid support. For example, the primer-binding sequence may be
either P5” (for example, SEQ ID NO. 3 or 6 or a variant or fragment thereof) or P7” (for example,
SEQ ID NO. 4 or a variant or fragment thereof). Similarly, the primer-binding complement
sequence may be either P5 (for example, SEQ ID NO. 1 or 5 or a variant or fragment thereof) or
P7 (for example, SEQ ID NO. 2 or a variant or fragment thereof). If the primer-binding sequence
is P5’, the primer-binding complement sequence is P7. If the primer-binding sequence is P7’, the

primer-binding complement sequence is P3.

The hairpin loop adaptor may comprise one or more sequencing primer binding sites (or
sequencing primer binding site complements). The sequencing primer binding sites and the

sequencing primer binding site complements may allow binding of a sequencing primer.

In the hairpin loop adaptor, the sequencing primer-binding sites may be in the non-base-paired

loop or in the base-paired stem.

In one embodiment, the base-paired stem may comprise at least one sequencing primer binding
site. In a further embodiment, the sequencing primer-binding site may be in the base-paired stem,
and a sequencing primer-binding site complement may be also be in the base-paired stem. In an
even further embodiment, the sequencing primer-binding site and sequencing primer-binding site
complement may be in the base-paired stem, and the cleavable site may be in the non-base-paired

loop.
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In another embodiment, the non-base-paired loop may comprise two sequencing primer binding
sites. In a further embodiment, non-base-paired loop may comprise two sequencing primer-

binding sites, wherein the sequencing primer-binding sites are either side of the cleavable site.

The sequencing primer binding sites are sequencing primer binding sites and indicate the starting
point of the sequencing read. During the sequencing process, a sequencing primer anneals (i.¢.
hybridises) to at least a portion of the sequencing primer binding site on the template strand. The
polymerase enzyme binds to this site and incorporates complementary nucleotides base by base

into the growing opposite strand.

The sequence of the sequencing primers and the sequence primer binding sites are not material to
the methods of the invention, as long as the sequencing primers are able to bind to the sequence
primer binding site (or sequencing binding site complement) to enable amplification and

sequencing of the regions to be identified.

Also described herein is a polynucleotide library hairpin strand prepared according to a method

of preparing a polynucleotide library hairpin strand as described herein.
Any of the methods of preparing polynucleotide library hairpin strands as described herein may
be utilised in methods of preparing polynucleotide templates for distinguishing between modified

cytosines as described herein.

Additional Notes

The embodiments described herein are exemplary. Modifications, rearrangements, substitute
processes, etc. may be made to these embodiments and still be encompassed within the teachings
set forth herein. One or more of the steps, processes, or methods described herein may be carried
out by one or more processing and/or digital devices, suitably programmed.

23 < 23 < 23 ¢

Conditional language used herein, such as, among others, “can,” “might,” “may,” “¢.g.,” and the
like, unless specifically stated otherwise, or otherwise understood within the context as used, is
generally intended to convey that certain embodiments include, while other embodiments do not
include, certain features, elements and/or states. Thus, such conditional language is not generally
intended to imply that features, elements and/or states are in any way required for one or more
embodiments or that one or more embodiments necessarily include logic for deciding, with or
without author input or prompting, whether these features, elements and/or states are included or

P

are to be performed in any particular embodiment. The terms “comprising,” “including,”
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PRI

“having,” “involving,” and the like are synonymous and are used inclusively, in an open-ended
fashion, and do not exclude additional elements, features, acts, operations, and so forth. Also, the
term “or” is used in its inclusive sense (and not in its exclusive sense) so that when used, for
example, to connect a list of elements, the term “or” means one, some, or all of the elements in

the list. The term “comprising” may be considered to encompass “consisting”.

Disjunctive language such as the phrase “at least one of X, Y or Z,” unless specifically stated
otherwise, is otherwise understood with the context as used in general to present that an item,
term, etc., may be either X, Y or Z, or any combination thercof (¢.g., X, Y and/or Z). Thus, such
disjunctive language is not generally intended to, and should not, imply that certain embodiments

require at least one of X, at least one of Y or at least one of Z to each be present.

The terms “about” or “approximate” and the like are synonymous and are used to indicate that
the value modified by the term has an understood range associated with it, where the range can
be £20%, £15%, £10%, £5%, or £1%. The term “substantially” is used to indicate that a result
(e.g., measurement value) is close to a targeted value, where close can mean, for example, the
result 1s within 80% of the value, within 90% of the value, within 95% of the value, or within
99% of the value. The term “partially” is used to indicate that an effect is only in part or to a

limited extent.

Unless otherwise explicitly stated, articles such as “a” or “an” should generally be interpreted to
include one or more described items. Accordingly, phrases such as “a device configured to” or “a
device to” are intended to include one or more recited devices. Such one or more recited devices
can also be collectively configured to carry out the stated recitations. For example, “a processor
to carry out recitations A, B and C” can include a first processor configured to carry out recitation

A working in conjunction with a second processor configured to carry out recitations B and C.

While the above detailed description has shown, described, and pointed out novel features as
applied to illustrative embodiments, it will be understood that various omissions, substitutions,
and changes in the form and details of the devices or algorithms illustrated can be made without
departing from the spirit of the disclosure. As will be recognized, certain embodiments described
herein can be embodied within a form that does not provide all of the features and benefits set
forth herein, as some features can be used or practiced separately from others. All changes which
come within the meaning and range of equivalency of the claims are to be embraced within their

scope.
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It should be appreciated that all combinations of the foregoing concepts (provided such concepts
are not mutually inconsistent) are contemplated as being part of the inventive subject matter
disclosed herein. In particular, all combinations of claimed subject matter appearing at the end of

this disclosure are contemplated as being part of the inventive subject matter disclosed herein.
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Reference Examples

Reference Examples 1 to 4 — Purification and deaminase activity of mutant APOBEC3A proteins

Swal assay method

This assay was adapted and modified from Schutsky et al., Nucleic Acid Research, 45, 7655-
7665, 2017. doi: 10.1093/nar/gkx345. Modifications to Schutsky et al. included the following.
Instead of performing DNA precipitation and redissolving the DNA substrate into Swal
compatible buffer, 1 pL. of the altered cytidine deaminase APOBEC3A(Y130A) deamination
reaction mixture was aliquoted into 9 ulL. Swal compatible buffer for restriction enzyme digestion
for our gel assay. Appropriate controls were performed to determine the Swal restriction enzyme
digestion efficiency was not compromised by the APOBEC reaction buffer. Instead of introducing
1.5-fold excess complementary strand prior to overnight Swal restriction enzyme digestion, 3-
fold excess complementary strand was introduced. Instead of running the pre-heated 20%
acrylamide/Tris-Borate-EDTA (TBE)/urea gel reported by Schutsky et al., the gel run was
performed at room temperature with a 15% acrylamide/Tris-Borate-EDTA (TBE)/urea gel and

observed good resolution between cut (deaminated) and uncut (unreacted) oligo substrates.

Reference Example 1 — Purification of APOBEC3A (Y 130X) mutant proteins

The impact of all possible amino acid substitutions at position 130 of APOBEC3A on the
deaminase activity of this enzyme was systematically assessed. To this end, 19 different His-
tagged APOBEC3A constructs were cloned, each encoding a different amino acid at position 130
relative to the wild type tyrosine. The corresponding proteins were expressed in BL21(DE3) cells,
purified using Ni-NTA agarose beads, and desalted/concentrated using spin columns to storage
buffer (50mM Tris pH 7.5, 200mM NaCl, 5%(v/v) glycerol, 0.01% (v/v) Tween-20, 0.5mM
DTT). This yielded APOBEC3A(Y 130X) mutant protein preparations with 80-85% purity, as
judged by SDS-PAGE analysis.

Reference Example 2 — DNA deaminase activity of APOBEC3A (Y 130X) mutant proteins

The deaminase activity of all purified APOBEC3A(Y 130X) proteins was then analysed using the
Swal assay, with a 37°C/2 hour reaction time and NEB APOBEC3A as positive control. 10-20
uM final concentration of Y 130X recombinant enzymes were incubated with oLB1609 (C oligo,
top panel) and oLB1612 (5mC oligo, bottom panel) at 37°C for 2 hours. NEB APOBEC3A
enzyme was purchased from NEBNext® Enzymatic Methyl-seq Kit (Catalog # E7120). Wild type
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APOBEC3A deaminated SmC and C substrates to completion, consistent with previous literature.
Different mutants exhibited a wide range of reactivities towards SmC and C substrates, with some
showing preference towards either substrate. Remarkably, APOBEC3A(Y130A) (first box)
deaminated SmC substrates almost completely (94.2%), while it deaminated the corresponding C
substrate to a minor extent (29.4%). Other mutants, such as APOBEC3A(Y130P) and
APOBEC3A(Y130T), also exhibited more complete deamination of the SmC than C substrate,
albeit to a lesser extent than APOBEC3A(Y130A). In contrast, APOBEC3A(Y130L) (second
box) deaminated approximately half of the C substrate (56%), but almost none of the SmC
substrate (6.8%). The deaminase activity of all APOBEC3A(Y130X) mutants is quantified and

summarised in the table below:

% C % SmC
Protein % C % SmC
deamination deamination Protein
deamination deamination

NEB APOBEC 92 94.9

NEB APOBEC 99.3 953
Y130A 29.4 94.2

Y130V 11.6 15
Y130G 3.7 19.1

Y130D 0.8 2.3
Y130L 56 6.8

Y130E 0 2.9
Y130F 84.6 943

Y1308 53.5 954
Y1301 8.1 8.1

Y130C 88.2 96.2
Y130H 83.4 95.8

Y130W 97.6 71.6
Y130Q 1.6 14.6

Y130P 0.2 223
Y130M 37 554

Y130R 0.6 0.8
Y130N 3.6 9.1

Y130T 8 28.1
Y130K 0.3 0.9

Because these Swal assays were performed as a single endpoint measurement (2 hour), it could
be possible that the respective deamination reactions had already saturated. A time course analysis
of APOBEC3A(Y130A) deaminase activity was therefore performed. The extent of C and SmC
deamination was monitored at 0, 5, 10, 30, 60 and 120 minutes by incubation of ~10-20 uM of
APOBEC(Y 130A) with 500nM C and 5SmC oligonucleotide substrate. A greater difference in the

extent of SmC versus C deamination was observed at t <30 min.

The kinetics of deamination by wild type APOBEC3A and mutant APOBEC3A(Y130A) were
quantitatively compared. The initial deamination reaction velocity was measured at a range of
DNA substrate concentrations and used to construct Michaelis-Menten curves for SmC and C
substrates, respectively. The resulting Km and Kcat values were then derived from these data.
The catalytic efficiency of APOBEC3A(Y 130A) was ~100-fold higher on 5mC than C substrates

corroborating the endpoint Swal assays shown above.
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Reference Example 3 — Purification of APOBEC3A(Y130A-Y 132H) double mutant protein

APOBEC3A(Y130A-Y132H) protein was expressed in BL21(DE3) cells, purified using Ni-NTA
agarose beads, and desalted/concentrated using spin columns to storage buffer (50mM Tris pH
7.5, 200mM NaCl, 5%(v/v) glycerol, 0.01% (v/v) Tween-20, 0.5mM DTT). This yielded
APOBEC3A(Y130A-Y132H) mutant protein preparations with 90-95% purity, as judged by
SDS-PAGE analysis.

Reference Example 4 — DNA deaminase activity of APOBEC3A(Y130A-Y 132H) double mutant

protein

The deaminase activity of purified APOBEC3A(Y 130A-Y 132H) double mutant protein was then
analyzed using the Swal assay, with a 37°C/ 2 hour reaction time and NEB APOBEC3A as
positive control. The conditions used were the same as described in Reference Example 2 with
the exception that the Swal assay used reaction conditions of 40 mM sodium acetate pH 5.2, 37°C
for 1 hour to 16 hours. The DNA substrates are shown below:

5’GAGGTGTATGGTTGTACTAAT/5SmC/ACT/SmC/CTGGA/SmC/GAATCTTAA/SmC/ACAA/5SmC/
GTGCAG/SmC/CAAA/SmC/GCTT/SmC/GC/5SmC/ACGG/SmC/AACGTG/SmC/GGACT/SmC/GTCG/S
mC/CTTA/SmC/AATCG/SmC/GCAGGT/SmC/ACGTTGAAGATGAGGATG-3’ (SEQ ID NO: 74)

GAGGTGTATGGTTGTAG/5SmC/GCAAATCGTAAAA/SmC/GCAAAGCGAAAAC/SmC/GCAAACC
GTAAAC/SmC/GAAAAGCGCTTGAAGATGAGGATG (SEQ ID NO: 75)

GAGGTGTATGGTTGTAG/5SmC/GGAAAACGGAAAT/SmC/GGAAAACGTAAAG/SmC/GTAAATC
GGAAAG/SmC/GAAAAGCGGTTGAAGATGAGGATG (SEQ ID NO: 76)

GAGGTGTATGGTTGTAA/SmC/GTAAACCGCAAAC/SmC/GGAAAACGAAAAT/SmC/GCAAACC
GAAAAC/SmC/GTAAAACGCTTGAAGATGAGGATG (SEQ ID NO: 77)

GAGGTGTATGGTTGTAA/SmC/GAAAACCGGAAAT/SmC/GAAAAGCGTAAAT/SmC/GTAAATC
GCAAAA/SmC/GGAAATCGATTGAAGATGAGGATG (SEQ ID NO: 78)

After the deaminase reaction the deaminated oligo substrates were PCR-amplified, sequenced,
and the number of C and 5mC deamination events per read were counted. APOBEC3A(Y 130A-
Y 132H) exhibited higher levels of deamination at all methylated sites compared to unmethylated
sites. This was consistent across both CpG and non-CpG contexts, and was robust to variation in

reaction time. The difference in deamination level between methylated and unmethylated sites
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was markedly higher for APOBEC3A(Y130A-Y132H) than APOBEC3A(Y130A), indicating
that APOBEC3A(Y130A-Y132H) achieves better discrimination of methylated sites than
APOBEC3A(Y130A). In addition, APOBEC3A(Y130A-Y132H) deaminated methylated sites

more efficiently than unmethylated sites across all xCpGx motifs.

Embodiments are set out in the following clauses:

Clause 1. A method of preparing polynucleotide templates for distinguishing between modified

cytosines, comprising:

(a) providing a polynucleotide library hairpin strand comprising:

a double-stranded polynucleotide comprising a forward library strand
and a reverse library strand,

a hairpin loop adaptor ligated to an end of the double-stranded
polynucleotide, wherein the hairpin loop adaptor comprises a cleavable site,

wherein the polynucleotide library hairpin strand has been generated
from a precursor polynucleotide library hairpin strand such that any CpG dyads
in the precursor polynucleotide library hairpin comprising only unmodified
cytosine are converted to a first dyad in the polynucleotide library hairpin strand,
any CpG dyads in the precursor polynucleotide library hairpin comprising 5-
methylcytosine are converted to a second dyad in the polynucleotide library
hairpin strand, and any CpG dyads in the precursor polynucleotide library hairpin
comprising 5-hydroxymethylcytosine are converted to a third dyad in the
polynucleotide library hairpin strand,

wherein the first dyad, second dyad and third dyad are different to each

other when read; and

(b) synthesising at least one template strand by generating a complement of the

polynucleotide library hairpin strand, each of the template strands comprising a forward

template strand complementary to the forward library strand, a spacer strand

complementary to the hairpin loop adaptor, and a reverse template strand complementary

to the reverse library strand, wherein the spacer strand comprises a first cleavable site.

Clause 2. A method according to clause 1, wherein the method further comprises a step of:

(c) synthesising at least one template complement strand by generating a

complement of the template strand, each of the template complement strands comprising
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a forward complement template strand, a spacer complement strand, and a reverse
complement template strand, wherein the spacer complement strand comprises a second

cleavable site.

Clause 3. A method according to clause 2, wherein the method further comprises a step of:

(d) cleaving the first cleavable site on the at least one template strand to generate
at least one first polynucleotide sequence each comprising a first portion and cleaving the
second cleavable site on the at least one template complement strand to generate at least
one second polynucleotide sequence each comprising a second portion,

wherein the first portion corresponds with the forward template strand and the
second portion corresponds with the reverse complement template strand, or wherein the
first portion corresponds with the reverse template strand and the second portion

corresponds with the forward complement template strand.

Clause 4. A method according to any one of clauses 1 to 3, wherein the first cleavable site is a

first restriction site for an endonuclease.

Clause 5. A method according to any one of clauses 2 to 4, wherein the second cleavable site is a

second restriction site for an endonuclease.

Clause 6. A method according to any one of clauses 3 to 5, wherein the at least one first

polynucleotide sequence each comprise a first sequencing primer binding site.

Clause 7. A method according to clause 6, wherein the first sequencing primer binding site is

located after a 3’-end of the first portion.

Clause 8. A method according to any one of clauses 3 to 7, wherein the at least one second

polynucleotide sequence each comprise a second sequencing primer binding site.

Clause 9. A method according to clause 8, wherein the second sequencing primer binding site is

located after a 3°-end of the second portion.

Clause 10. A method according to any one of clauses 3 to 9, wherein where CpG dyads comprising
only unmodified cytosine were present in the precursor polynucleotide library hairpin, then a
double C-C/G-G match is present when comparing corresponding positions in the at least one
first polynucleotide sequence and the at least one second polynucleotide sequence corresponding

to the CpG dyad; where CpG dyads comprising 5-methylcytosine were present in the precursor
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polynucleotide library hairpin, then a double mismatch is present when comparing corresponding
positions in the at least one first polynucleotide sequence and the at least one second
polynucleotide sequence corresponding to the CpG dyad; and where CpG dyads comprising 5-
hydroxymethylcytosine were present in the precursor polynucleotide library hairpin, then a single
mismatch and single C-C/G-G match is present when comparing corresponding positions in the
at least one first polynucleotide sequence and the at least one second polynucleotide sequence

corresponding to the CpG dyad.

Clause 11. A method according to any one of clauses 3 to 9, wherein where CpG dyads comprising
only unmodified cytosine were present in the precursor polynucleotide library hairpin, then a
double mismatch is present when comparing corresponding positions in the at least one first
polynucleotide sequence and the at least one second polynucleotide sequence corresponding to
the CpG dyad; where CpG dyads comprising 5-methylcytosine were present in the precursor
polynucleotide library hairpin, then a double C-C/G-G match is present when comparing
corresponding positions in the at least one first polynucleotide sequence and the at least one
second polynucleotide sequence corresponding to the CpG dyad; and where CpG dyads
comprising 5-hydroxymethylcytosine were present in the precursor polynucleotide library
hairpin, then a single mismatch and single C-C/G-G match is present when comparing
corresponding positions in the at least one first polynucleotide sequence and the at least one

second polynucleotide sequence corresponding to the CpG dyad.

Clause 12. A method according to any one of clauses 3 to 11, wherein the method further

comprises a step of preparing the first portion and the second portion for concurrent sequencing.

Clause 13. A method according to clause 12, wherein the method comprises simultaneously
contacting first sequencing primer binding sites located after a 3’-end of the first portions with
first primers and second sequencing primer binding sites located after a 3’-end of the second

portions with second primers.

Clause 14. A method according to any one of clauses 3 to 13, wherein the method further
comprises a step of processing the at least one first polynucleotide sequence comprising a first
portion and the at least one second polynucleotide sequence comprising a second portion, such
that a proportion of first portions are capable of generating a first signal and a proportion of second

portions are capable of generating a second signal.

Clause 15. A method according to clause 14, wherein the processing involves selective processing

to cause an intensity of the first signal to be greater than an intensity of the second signal.
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Clause 16. A method according to clause 15, wherein a concentration of the first portions capable
of generating the first signal is greater than a concentration of the second portions capable of

generating the second signal.

Clause 17. A method according to clause 16, wherein a ratio between the concentration of the
first portions capable of generating the first signal and the concentration of the second portions

capable of generating the second signal is between 1.25:1 to 5:1.

Clause 18. A method according to clause 17, wherein the ratio is between 1.5:1 to 3:1.

Clause 19. A method according to clause 18, wherein the ratio is about 2:1.

Clause 20. A method according to any one of clauses 15 to 19, wherein selective processing

comprises preparing for selective sequencing or conducting selective sequencing.

Clause 21. A method according to any one of clauses 15 to 19, wherein selectively processing

comprises conducting selective amplification.

Clause 22. A method according to any one of clauses 15 to 20, wherein selectively processing
comprises contacting first sequencing primer binding sites located after a 3’-end of the first
portions with first primers and contacting second sequencing primer binding sites located after a
3’-end of the second portions with second primers, wherein the second primers comprises a

mixture of blocked second primers and unblocked second primers.

Clause 23. A method according to clause 22, wherein the blocked second primer comprises a

blocking group at a 3” end of the blocked second primer.

Clause 24. A method according to clause 23, wherein the blocking group is selected from the
group consisting of: a hairpin loop, a deoxynucleotide, a deoxyribonucleotide, a hydrogen atom
instead of a 3°-OH group, a phosphate group, a phosphorothioate group, a propyl spacer, a

modification blocking the 3’-hydroxyl group, or an inverted nucleobase.
Clause 25. A method according to any one of clauses 15 to 19 or 21, wherein the selective

processing comprises selectively removing some or substantially all of second immobilised

primers that are not yet extended, and conducting a further amplification cycle in order to
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selectively amplify the first polynucleotide sequence(s) relative to the second polynucleotide

sequence(s).

Clause 26. A method according to any one of clauses 15 to 19 or 21, wherein selectively
processing comprises selectively blocking some or substantially all of second immobilised
primers that are not yet extended using a primer blocking agent, wherein the primer blocking
agent is configured to limit or prevent synthesis of a strand extending from the second
immobilised primer, and conducting a further amplification cycle in order to selectively amplify

the first polynucleotide sequence(s) relative to the second polynucleotide sequence(s).

Clause 27. A method according to clause 26, wherein the primer blocking agent is added whilst

first polynucleotide sequence(s) are hybridised to the second immobilised primers.

Clause 28. A method according to clause 26, wherein the method comprises contacting some or
substantially all of the second immobilised primers with an extended primer sequence, wherein
the extended primer sequence is substantially complementary to the second immobilised primer
and further comprises a 5 additional nucleotide; and adding the primer blocking agent, wherein

the primer blocking agent is complementary to the 5° additional nucleotide.

Clause 29. A method according to any one of clauses 26 to 28, wherein the primer blocking agent

1s a blocked nucleotide.

Clause 30. A method according to clause 29, wherein the blocked nucleotide comprises a blocking

group at a 3” end of the blocked nucleotide.

Clause 31. A method according to clause 30, wherein the blocking group is selected from the
group consisting of: a hairpin loop, a deoxynucleotide, a deoxyribonucleotide, a hydrogen atom
instead of a 3°-OH group, a phosphate group, a phosphorothioate group, a propyl spacer, a

modification blocking the 3’-hydroxyl group, or an inverted nucleobase.

Clause 32. A method according to any one of clauses 29 to 31, wherein the blocked nucleotide is

AorG.

Clause 33. A method according to any one of clauses 14 to 32, wherein the first signal and the

second signal are spatially resolved.
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Clause 34. A method according to any one of clauses 14 to 32, wherein the first signal and the

second signal are spatially unresolved.

Clause 35. A method according to any one of clauses 3 to 34, wherein the at least one first
polynucleotide sequence comprising the first portion and the at least one second polynucleotide

sequence comprising the second portion are attached to a solid support.

Clause 36. A method according to clause 35, wherein the solid support is a flow cell.

Clause 37. A method according to clause 35 or clause 36, wherein the at least one first
polynucleotide sequence comprising the first portion and the at least one second polynucleotide

sequence comprising the second portion forms a cluster on the solid support.

Clause 38. A method according to clause 37, wherein the cluster is formed by bridge

amplification.

Clause 39. A method according to any one of clauses 35 to 38, wherein the at least one first
polynucleotide sequence comprising the first portion and the at least one second polynucleotide

sequence comprising the second portion form a duoclonal cluster.

Clause 40. A method according to any one of clauses 35 to 39, wherein the solid support

comprises at least one first immobilised primer and at least one second immobilised primer.

Clause 41. A method according to clause 40, wherein the first immobilised primer comprises a
sequence as defined in SEQ ID NO. 1 or 5, or a variant or fragment thereof, and the second
immobilised primer comprises a sequence as defined in SEQ ID NQO. 2, or a variant or fragment

thereof.

Clause 42. A method according to clause 40 or clause 41, wherein each first polynucleotide
sequence is attached to a first immobilised primer, and wherein each second polynucleotide

sequence is attached to a second immobilised primer.

Clause 43. A method according to any one of clauses 40 to 42, wherein each first polynucleotide
sequence comprises a second adaptor sequence and wherein each second polynucleotide sequence
comprises a first adaptor sequence, wherein the second adaptor sequence is substantially
complementary to the second immobilised primer and wherein the first adaptor sequence is

substantially complementary to the first immobilised primer.
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Clause 44. A method of sequencing polynucleotide sequences to distinguish between modified
cytosines, comprising:
preparing polynucleotide templates for distinguishing between modified
cytosines using a method according to any one of clauses 3 to 43;
sequencing nucleobases in the first portion and the second portion; and
identifying the presence of 5-methylcytosine or 5-hydroxymethylcytosine by
detecting differences when comparing a sequence output from the first portion with a

sequence output from the second portion.

Clause 45. A method according to clause 44, wherein the step of sequencing nucleobases in the
first portion and the second portion involves concurrent sequencing of nucleobases in the first

portion and the second portion.

Clause 46. A method according to clause 44 or clause 45, wherein the step of sequencing

nucleobases comprises performing sequencing-by-synthesis.

Clause 47. A method according to any one of clauses 44 to 46, wherein the method further

comprises a step of conducting paired-end reads.

Clause 48. A kit comprising instructions for preparing polynucleotide templates for distinguishing
between modified cytosines according to any one of clauses 1 to 43, and/or for sequencing
polynucleotide sequences to distinguish between modified cytosines according to any one of

clauses 44 to 47.

Clause 49. A data processing device comprising means for carrying out a method according to

any one of clauses 1 to 47.

Clause 50. A data processing device according to clause 49, wherein the data processing device

is a polynucleotide sequencer.
Clause 51. A computer program product comprising instructions which, when the program is
executed by a processor, cause the processor to carry out a method according to any one of clauses

1to 47.

Clause 52. A computer-readable storage medium comprising instructions which, when executed

by a processor, cause the processor to carry out a method according to any one of clauses 1 to 47.
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Clause 53. A computer-readable data carrier having stored thercon a computer program product

according to clause 51.

Clause 54. A data carrier signal carrying a computer program product according to clause 51.

Clause 55. A method of preparing a polynucleotide library hairpin strand, comprising:

(a) providing a double-stranded polynucleotide comprising a precursor forward

library strand and a precursor reverse library strand; and

(b) ligating a hairpin loop adaptor to an end of the double-stranded
polynucleotide to generate a first hairpin polynucleotide, wherein the hairpin loop adaptor

comprises a cleavable site.

Clause 56. A method according to clause 55, wherein the hairpin loop adaptor comprises a base-

paired stem and a non-base-paired loop.

Clause 57. A method according to clause 55 or clause 56, wherein the cleavable site is located in

the non-base-paired loop.

Clause 58. A method according to any one of clauses 35 to 57, wherein the hairpin loop adaptor
connects a 3”-end of the precursor forward library strand with a 5°-end of the precursor reverse
library strand; or wherein the hairpin loop adaptor connects a 3’-end of the precursor reverse

library strand with a 5’-end of the precursor forward library strand.

Clause 59. A method according to any one of clauses 55 to 58, wherein the cleavable site is a

restriction site for an endonuclease.

Clause 60. A method according to any one of clauses 55 to 59, wherein the method further
comprises a step of:

(c) removing the precursor reverse library strand from the first hairpin

polynucleotide to generate a second hairpin polynucleotide comprising the precursor

forward library strand and the hairpin loop adaptor, wherein the hairpin loop adaptor

comprises the cleavable site.

Clause 61. A method according to clause 60, wherein the method further comprises a step of:
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(d) forming a resynthesised reverse library strand from the second hairpin
polynucleotide to generate a third hairpin polynucleotide, wherein when any cytosine
bases are present in the resynthesised reverse library strand, then all such cytosine bases

are unmodified cytosine.

Clause 62. A method according to clause 61, wherein the method further comprises a step of:
(e) exposing the third hairpin polynucleotide to an enzyme configured to convert
hemimethylated 5-methyleytosine CpG dyads to fully methylated 5-methylcytosine CpG
dyads, but not convert hemimethylated 5-hydroxymethylcytosine dyads, in order to

generate a fourth hairpin polynucleotide.

Clause 63. A method according to clause 62, wherein the enzyme configured to convert
hemimethylated 5-methylcytosine CpG dyads to fully methylated 5-methylcytosine CpG dyads,
but not convert hemimethylated 5-hydroxymethylcytosine dyads is a DNA methyltransferase.

Clause 64. A method according to clause 63, wherein the enzyme configured to convert
hemimethylated 5-methylcytosine CpG dyads to fully methylated 5-methylcytosine CpG dyads,
but not convert hemimethylated 5-hydroxymethylcytosine dyads is a member of the DNA
methyltransferase 1 (DNMT1) family or the DNA methyltransferase 5 (DNMT35) family.

Clause 65. A method according to any one of clauses 62 to 64, wherein the method further
comprises a step of:

(f) exposing the fourth hairpin polynucleotide to a conversion agent configured
to convert 5-methylcytosine and 5-hydroxymethylcytosine to thymine or a nucleobase
which is read as thymine/uracil, or to a conversion agent configured to convert an
unmodified cytosine to uracil or a nucleobase which is read as thymine/uracil, in order to

generate a fifth hairpin polynucleotide.
Clause 66. A method according to clause 65, wherein the conversion agent is configured to
convert S-methylcytosine and 5-hydroxymethyleytosine to thymine or a nucleobase which is read

as thymine/uracil.

Clause 67. A method according to clause 65, wherein the conversion agent is configured to

convert unmodified cytosine to uracil or a nucleobase which is read as thymine/uracil.

Clause 68. A method according to any one of clauses 65 to 67, wherein the conversion agent

comprises a chemical agent and/or an enzyme.
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Clause 69. A method according to clause 68, wherein the conversion agent comprises a boron-

based reducing agent and a ten-eleven translocation (TET) methylcytosine dioxygenase.

Clause 70. A method according to clause 69, wherein the boron-based reducing agent is an amine-

borane compound or an azine-borane compound.
Clause 71. A method according to clause 69 or clause 70, wherein the boron-based reducing agent
is selected from the group consisting of pyridine borane, 2-picoline borane, t-butylamine borane,

ammonia borane, ethylenediamine borane and dimethylamine borane.

Clause 72. A method according to any one of clauses 69 to 71, wherein the TET methylcytosine
dioxygenase is a member of the TET1 subfamily, the TET2 subfamily, or the TET3 subfamily.

Clause 73. A method according to clause 68, wherein the conversion agent comprises sulfite.

Clause 74. A method according to clause 73, wherein the sulfite is bisulfite.

Clause 75. A method according to clause 74, wherein the bisulfite is sodium bisulfite.

Clause 76. A method according to clause 68, wherein the conversion agent comprises a cytidine

deaminase.

Clause 77. A method according to clause 76, wherein the cytidine deaminase is a wild-type

cytidine deaminase or a mutant cytidine deaminase.

Clause 78. A method according to clause 76 or clause 77, wherein the cytidine deaminase is a
member of the AID subfamily, the APOBEC1 subfamily, the APOBEC2 subfamily, the
APOBEC3A subfamily, the APOBEC3B subfamily, the APOBEC3C subfamily, the
APOBEC3D subfamily, the APOBEC3F subfamily, the APOBEC3G subfamily, the APOBEC3H
subfamily, or the APOBEC4 subfamily.

Clause 79. A method according to clause 78, wherein the cytidine deaminase is a member of the

APOBEC3A subfamily.
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Clause 80. A method according to any one of clauses 76 to 79, wherein the cytidine deaminase
comprises amino acid substitution mutations at positions functionally equivalent to (Tyr/Phe)130

and Tyr132 in a wild-type APOBEC3A protein.

Clause 81. A method according to clause 80, wherein the (Tyr/Phe)130 is Tyr130, and the wild-
type APOBEC3A protein is SEQ ID NO. 16.

Clause 82. A method according to clause 80 or clause 81, wherein the substitution mutation at the

position functionally equivalent to Tyr130 comprises Ala, Val or Trp.

Clause 83. A method according to clause 80, wherein the substitution mutation at the position

functionally equivalent to Tyr132 comprises a mutation to His, Arg, Gln or Lys.

Clause 84. A method according to any one of clauses 77 to 83, wherein the mutant cytidine

deaminase comprises a ZDD motif H-[P/A/V]-E-X|23.28)-P-C-X[2.4i-C (SEQ ID NO. 51).

Clause 85. A method according to any one of clauses 77 to 83, wherein the mutant cytidine
deaminase is a member of the APOBEC3A subfamily and comprises a ZDD motif
HXEX4SW(S/T)PCX2-4iCXFXLXR(LA)Y Xi5.11]LXLX oM (SEQ ID NO. 52).

Clause 86. A method according to any one of clauses 77 to 85, wherein the mutant cytidine
deaminase converts S-methylcytosine to thymine by deamination at a greater rate than conversion

rate of cytosine to uracil by deamination.

Clause 87. A method according to clause 86, wherein the rate is at least 100-fold greater.

Clause 88. A method according to any one of clauses 65 to 87, wherein the conversion agent

further comprises a glycosyltransferase.

Clause 89. A method according to clause 88, wherein the glycosyltransferase is a P-

glucosyltransferase.

Clause 90. A method according to any one of clauses 61 to 89, wherein the method further
comprises a step of ligating a flanking adaptor to an end of the double-stranded polynucleotide
away from the hairpin loop adaptor to the third hairpin polynucleotide, the fourth hairpin
polynucleotide or the fifth hairpin polynucleotide, wherein the flanking adaptor comprises a

primer-binding sequence and a primer-binding complement sequence.
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Clause 91. A method according to clause 90, wherein the flanking adaptor is a forked adaptor

comprising a base-paired stem, a first arm and a second arm.
Clause 92. A method according to clause 90 or clause 91, wherein the primer-binding sequence
is located on the first arm, and the primer-binding complement sequence is located on the second

arm.

Clause 93. A polynucleotide library hairpin strand prepared according to any one of clauses 55 to

92.
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SEQUENCE LISTING

SEQ ID NO. 1: P5 sequence

AATGATACGGCGACCACCGAGATCTACAC

SEQ ID NO. 2: P7 sequence

CAAGCAGAAGACGGCATACGAGAT

SEQ ID NO. 3: P5” sequence (complementary to P5)
GTGTAGATCTCGGTGGTCGCCGTATCATT

SEQ ID NO. 4: P7" sequence (complementary to P7)

ATCTCGTATGCCGTCTTCTGCTTG

SEQ ID NO. 5: Alternative P5 sequence

AATGATACGGCGACCGA

SEQ ID NO. 6: Alternative P5’ sequence (complementary to alternative PS5 sequence)
TCGGTCGCCGTATCATT

SEQ ID NO. 7: UniProt Q9GZX7
MDSLLMNRRKELYQFRKNVRWAKGRRETYLCYVVKRRDSATSEFSLDEFGY LRNKNGCHVELLEFLRY
ISDWDLDPGRCYRVIWETSWSPCYDCARHVADFLRGNPNLSLRIFTARLYFCEDRKAEPEGLRR

LHRAGVQIAIMTFKDYEFYCWNTEVENHERT FKAWEGLHENSVRLSROQLRRILLPLYEVDDLRDA
FRTLGL

SEQ ID NO. 8: UniProt G3QLD2

MDSLLMNRRKELYQFKNVRWAKGRRETYLCYVVKRRDSATSESLDFGYLRNKNGCHVELLEFLRY
ISDWDLDPGRCYRVIWETSWSPCYDCARHVADFLRGNPNLSLRIFTARLY FCEDRKAEPEGLRR
LHRAGVQIAIMTFKENHERTFKAWEGLHENSVRLSRQLRRILLPLYEVDDLRDAFRTLGL

SEQ ID NO. 9: Uniprot Q9WVEO0

MDSLLMKOQKKELY HFKNVRWAKGRHETYLCYVVKRRDSATSCSLDFGHLRNKSGCHVELLEFLRY
ISDWDLDPGRCYRVIWETSWSPCYDCARHVAEFLRWNPNLSLRIFTARLY FCEDRKAEPEGLRR
LHRAGVQIGIMTFKDYEFYCWNTEVENRERT FKAWEGLHENSVRLTROQLRRILLPLYEVDDLRDA
FRMLGFE

SEQ ID NO. 10: UniProt P41238
MTSEKGPSTGDPTLRRRIEPWEFDVEYDPRELRKEACLLYETIKWGMSRKIWRSSGKNTTNHVEV
NFIKKFTSERDFHPSMSCSITWELSWSPCWECSQATREFLSRHPGVTLVIYVARLEWHMDOQONR
QGLRDLVNSGVTIQIMRASEY YHCWRNEVNYPPGDEAHWPQY PPLWMMLYALELHCIILSLPPC
LKISRRWONHLTFFRLHLONCHYQTIPPHILLATGLIHPSVAWR

SEQ ID NO. 11: NCBI XP_030856728.1
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MSRKIWRSSGKNTTNHVEVNFIKKETSERHFHPSISCSITWELSWSPCWECSQATIREFLSQHPG
VTLVIYVARLEWHMDOQONRQGLRDLVNSGVTIQIMRASEYYHCWRNEVNYPPGDEAHWPQYPPL
WMMLYALELHCIILSLPPCLKISRRWONHLT FFRLHLONCHYQTIPPHILLATGLIHPSVAWR

SEQ ID NO. 12: Uniprot P51908

MSSETGPVAVDPTLRRRIEPHEFEVEFEFDPRELRKETCLLYEINWGGRHSVWRHTSONTSNHVEV
NFLEKFTTERYFRPNTRCSITWEFLSWSPCGECSRAITEFLSRHPYVTLFIYIARLYHHTDORNR
QGLRDLISSGVTIQIMTEQEYCYCWRNEVNYPPSNEAYWPRY PHLWVKLYVLELYCIILGLPPC
LKILRRKOQPOLTFFTITLOTCHYQRIPPHLLWATGLK

SEQ ID NO. 13: UniProt Q9Y235

MAQKEEAAVATEAASONGEDLENLDDPEKLKELIELPPFEIVTGERLPANFFKEQFRNVEY SSG
RNKTFLCYVVEAQGKGGQVQASRGY LEDEHAAAHAEEAFFNT ILPAFDPALRYNVTWYVSSSPC
AACADRITIKTLSKTKNLRLLILVGRLEMWEEPEIQAATKKLKEAGCKLRIMKPODFEYVWONEYV
EQEEGESKAFQPWEDIQENFLYYEEKLADILK

SEQ ID NO. 14: Uniprot G3SGN3

MAQKEEAAAATEAAAATEAASONGEDLENLDDPEKLKELIELPPFEIVTGERLPANFFKEQEFRN
VEYSSGRNKTFLCYVVEAQGKGGOVQASRGYLEDEHAAAHAREAFFNT ILPAFDPALRYNVTWY
VSSSPCAACADRITIKTLSKTKNLRLLILVGRLEMWEEPEIQAATKKLKEAGCKLRIMKPQDFEY
VWONEFVEQEEGESKAFQPWEDIQENFLYYEEKLADILK

SEQ ID NO. 15: Uniprot Q9WV35

MAQKEEAAEAAAPASONGDDLENLEDPEKLKELIDLPPFEIVTGVRLPVNEFKEQFRNVEY SSG
RNKTFLCYVVEVQSKGGQAQATQGY LEDEHAGAHAEEAFFNT ILPAFDPALKYNVTWYVSSSPC
AACADRILKTLSKTKNLRLLILVSRLEMWEEPEVOQAATKKLKEAGCKLRIMKPODFEY IWQNEYV
EQEEGESKAFEPWEDIQENFLYYEEKLADILK

SEQ ID NO. 16: UniProt P31941

MEASPASGPRHLMDPHIFTSNENNGIGRHKTYLCYEVERLDNGTSVKMDOQHRGELHNQAKNLLC
GEFYGRHAELREFLDLVPSLOLDPAQIYRVTWEISWSPCEFSWGCAGEVRAFLOENTHVRLRIFAAR
IYDYDPLYKEALOMLRDAGAQVSIMTYDEFKHCWDT EVDHQGCPFQPWDGLDEHSQALSGRLRA
ILONQGN

SEQ ID NO. 17: GenBank XP_045219544.1
MDGSPASRPRHLMDPNTEFTEFNEFNNDLSVRGRHQTYLCYEVERLDNGTWVPMDERRGEFLHNKAKN
VPCGDYGCHVELRFLCEVPSWQLDPAQTYRVTWEISWSPCEFRKGCAGOVRAFLOENKHVRLRIF
AARTYDYDPRYQEATLRTLRDAGAQVSIMTYEEFKHCWDTEFVDROQGRPFOQPWDGLDEHSQATL SGR
LRATLONQGN

SEQ ID NO. 18: GenBank AER45717.1

MEASPASGPRHLMDPCVETSNENNGIRWHKTY LCYEVERLDNGTWVKMDOHRGFLHNQARNPLY
GLDGRHAELRELGLLPYWQLDPAQIYRVTWEISWSPCEFSWGCARQVRAFLOENTHVRLRIFAAR
IYDYDPLYKEALOMLRDAGAQVSIMTYDEFEYCWNTEVDHQGCPFQPWDGLEEHSQALSGKLQA
ILLNOQGN

SEQ ID NO. 19: GenBank XP_003264816.1
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MEASPASRPGHLMDPQVETSNENNGIRWHKTYLCYEVERLDNGTWVKMDOQHRGELHNQAKNLEC
GEFYGRHAELCEFLDLVPSLOLDPAQTYRVTWEISWSPCEFSWGCAEQVRAFLOENTHVRLRLEAAR
IYDYDPLYKEALOMLRGAGAQVSIMTYHEFKHCWDT EVDHQGRPFQPWDGLEEHSQALSGRLQA
ILONQGN

SEQ ID NO. 20: GenBank PNI48846.1

TEASPASGPRHLMDPHIFTSNENNGIGRRKTYLCYEVERLDNGTSVKMDQHRGELHNQAKNLLC
GEFYGRHAELCEFLDLVPSLOLDPAQIYRVTWEISWSPCEFSWGCAGQVRAFLOENTHVRLRIFAAR
IYDYDPLYKEALOMLRDAGAQVSIMTYDEFKHCWDT EVDHQGCPFQPWDGLEEHSQALSGRLRA
ILONQGN

SEQ ID NO. 21: GenBank ADO85886.1

VEASPASGPRHLMDPHIFTSNENNVIGRHKTYLCYEVERLDNGTWVKMDOHRGELHNQAKNLLC
GEFYGRHAELRELDLVPSLOLDPAQIYRVTWEISWSPCEFSWGCAGOQVRAFLOENTHVRLHIFAAR
IYDYDPLYKEALOMLRDAGAQVSIMTYDEFKHCWDT EVDHQGCPFQPWDGLEEHSQALSGRLRA
ILONQGN

SEQ ID NO. 22: UniProt QOUH17

MNPQIRNPMERMYRDTEYDNFENEPILYGRSYTWLCYEVKIKRGRSNLLWDTGVERGQVY FKPQ
YHAEMCFLSWECGNQLPAYKCEQITWEVSWIPCPDCVAKLAEFLSEHPNVTLTISAARLYYYWE
RDYRRALCRLSQAGARVTIMDYEEFAYCWENEVYNEGOQFMPWY KEDENYAFLHRTLKEILRYL
MDPDTEFTEFNENNDPLVLRRROTYLCYEVERLDNGTWVLMDOQHMGEFLCNEAKNLLCGEFYGRHAEL
RFLDLVPSLOLDPAQIYRVIWEFISWSPCEFSWGCAGEVRAFLOQENTHVRLRIFAARTIYDYDPLYK
EALOMLRDAGAQVSIMTYDEFEYCWDTEVYRQGCPFQPWDGLEEHSQALSGRLRATILONQGN

SEQ ID NO. 23: Uniprot G3QV16

MNPQIRNPMERMY RGTEFYNNFENEPTILYGRSYNWLCYEVKIKRGRSNLLWNTGVERGOMYSQPE
HHAEMCELSWECGNQLPAYKCEFQITWEVSWTPCPDCVAKLAEFLAEYPNVTILTISTARLYYYWE
RDYRRALCRLSQAGARMKIMDYEECAYCWENEVYKEGOQQFMPWY KEDENYAFLHHTLKEILRHL
MDPDTEFTEFNENNDPLVLRRHOTYLCYEVERLDNGTWVLMDRHMGFLCNEAKNLLCGEFYGRHAEL
RFLDLVPSLOLDPAQIYRVIWEFISWSPCEFSWGCAGQVCEFLOQENTHMRLRIFAARTIYDYDPLYK
KALOMLRDAGAQVSIMTYDEFKHCWDTEVYRQGCPFQPWDGLEEHSQALSGRLOATILONQGN

SEQ ID NO. 24: Uniprot FOM3K5

MNPOQIRNPMERMYRRTENYNFENEPILYGRSYTWLCYEVKIRKDPSKLPWDTGVERGOMY SKPE
HHAEMCELSWECGNQLPAHKRFQITWEVSWTPCPDCVAKVAEFLAEYPNVTILTISAARLYYYWE
TDYRRALCRLRQAGARVKIMDYEEFAYCWENEVYNEDQSFMPWYKEFDDNYAFLHHKLKEILRHL
MDPDTEFTSNENNDLSVLGRHQOQTYLCYEVERLDNGTWVPMDOHWGEFLCNQAKNVPRGDYGCHAEL
CEFLDQVSSWQLDPAQTYRVTWEISWSPCESWGCADQVYAFLOENTHVRLRIFAARTYDYNPLYQ
EALRTLRDAGAQVSIMTYDEFEYCWDTEVDROQGRPFQPWDGLDEHSQALSGRLRATILONQGN

SEQ ID NO. 25: UniProt Q9NRW3

MNPQIRNPMKAMY PGTEYFQFKNLWEANDRNETWLCEFTVEGIKRRSVVSWKTGVERNQVDSETH
CHAERCFLSWECDDILSPNTKYQVITWYTSWSPCPDCAGEVAEFLARHSNVNLT IFTARLYYEFQY
PCYQEGLRSLSQEGVAVEIMDYEDEFKYCWENEVYNDNEPFKPWKGLKTNEFRLLKRRLRESLQ

SEQ ID NO. 26: Uniprot Q694B5
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MNPQIRNPMKAMY PGTEYFQFKNLWEANDRNETWLCEFTVEGIKRRSVVSWKTGVERNQVDSETH
CHAERCFLSWECDDILSPNTNYQVTWYTSWSPCPECAGEVAEFLARHSNVNLT IFTARLYYEFQD
TDYQEGLRSLSQEGVAVKIMDYKDEFKYCWENEVYNDDEPFKPWKGLKYNEFREFLKRRLOEILE

SEQ ID NO. 27: Uniprot BOLW74

MNPQIRNPMKAMDPGTEYFQEFKNLWEANNRNETWLCEFTVEVIKQHSTVSWETGVERNQVDLETH
CHAERCFLSWECEDILSPNTDYQVTWYTSWSPCLDCAGEVAKFLARHNNVMLTIYTARLYYSQY
PNYQOGLRSLSEKGVSVKIMDYEDEFKYCWEKEVYDDGEPFKPWKGLKT SERFLKRRLRETILQ

SEQ ID NO. 28: UniProt Q96AK3

MNPQIRNPMERMYRDTEYDNFENEPILYGRSYTWLCYEVKIKRGRSNLLWDTGVEFRGPVLPKRQ
SNHROQEVYFRFENHAEMCFLSWECGNRLPANRREFQITWEVSWNPCLPCVVKVTKFLAEHPNVTL
TISAARLYYYRDRDWRWVLLRLHKAGARVKIMDYEDFAYCWENEVCNEGOPFMPWYKEFDDNYAS
LHRTLKEILRNPMEAMY PHIFYFHEFKNLLKACGRNESWLCETMEVTKHHSAVERKRGVERNQVD
PETHCHAERCFLSWEFCDDILSPNTNYEVIWYTSWSPCPECAGEVAEFLARHSNVNLTIFTARLC
YFWDTDYQEGLCSLSQEGASVKIMGYKDEVSCWKNEVY SDDEPFKPWKGLOTNFRLLKRRLRET
Lo

SEQ ID NO. 29: NCBINP_001332895.1

MNPQIRNPMERMYRRTEYNHFENEPILYGRSYTWLCYEVKIKRGCSNLIWDTGVEFRGPVLPKLQ
SNHROEVYFQFENHAEMCEEFSWECGNRLPANRREFQITWEVSWNPCLPCVVKVTKEFLAEHPNVTL
TISAARLYYYQDREWRRVLRRLHKAGARVKIMDY KDFAHCWENEVYNEGOQFMPWYKEFDDNYAS
LHRTLKEILRNPMEAMY PHVEYFHEKNLLKACGRNESWLCEFTVDVTEHHPPVSWKRGVERNPVD
PETHCHAERCFLSWEFCDDILSPNTNYQVIWYTSWSPCPECAREVAEFLARHSNVKLT IFTARLY
HEWNTDYQEGLCSLSQEGASVKIMSYKDEFVSCWKNEVY SDDEPFKPWKGLKTNFRLLKTMLRET
Lo

SEQ ID NO. 30: NCBI NP_001332931.1

MNPQIRNPMERMYRRTENYNFENEPILYGRSYTWLCYEVKIRKDPSKLPWDTGVERGQVYEFQPQ
YHAEMCEFLSWECGNQLPAYKREQITWEVSWNPCPDCVAKVTEFLAEHPNVTLTISVARLYYYRG
KDWRRALCRLHQAGARVKIMDYEEFAYCWENEVYNEGQOSEFMPWDKEDDNYAFLHHKLKEILRNP
MKAMYPHTEFYFHEFENLOKAYGRNETWLCEFAVEITKQHSTVPWKTGVERNQVDPETHCHAERCEL
SWECDNTLSPKENYQVTWY ISWSPCPECAGEVAEFLATHSNVKLTIYTARLYYEFWDTDYQEGLR
SLSEEGASMEIMGYEDEFKYCWENEVYNDGEPFKPWKGINTNEFRFLERRLWKILQ

SEQ ID NO. 31: UniProt Q81UX4

MKPHERNTVERMYRDTESYNFYNRPILSRRNTVWLCYEVKTKGPSRPRLDAKTIFRGQVY SQPEH
HAEMCEFLSWECGNQLPAYKCEFQITWEVSWITPCPDCVAKLAEFLAEHPNVTLTISAARLYYYWER
DYRRALCRLSQAGARVKIMDDEEFAYCWENEVY SEGOQPFMPWYKEDDNYAFLHRTLKEILRNPM
EAMYPHIFYFHEKNLRKAYGRNESWLCEFTMEVVKHHSPVSWKRGVERNQVDPETHCHAERCELS
WECDDILSPNTNYEVIWYTSWSPCPECAGEVAEFLARHSNVNLT IFTARLYYEFWDTDYQEGLRS
LSQEGASVEIMGYKDEFKYCWENEVYNDDEPFKPWKGLKYNFLELDSKLQETILE

SEQ ID NO. 32: Uniprot G3RD21

MKPOQEFRNTVERMY RGTESYNEFNNRPILSRRNTVWLCYEVKTKGPSRPPLDAKIFRGQVY FQPQY
HAEMCEFLSWECGNQLPAYKCEFQITCEVSWIPCPDCVAKLAEFLAEHPNVTLTISAARLYYYWER
DYRRALRRLRQAGARVKIMDDEEFAYCWENEVY SEGOQPFMPWHKEDDNYAFLHRTLKEILRNPM
EAMYPHIFYFHEFKNLLKAYGRNESWLCEFTMEVIKHHSPVSWKRGVERNQVDSETHCHAERCELS
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WECDDILSPNTNYQVIWYTSWSPCPECAGEVAEFLARHSNVNLT IFTARLYYEFWDTDYQEGLRS
LNQEGASVKIMGYKDEFKYCWENEVYNDDEPFKPWKGLKYNFLELDSKLQEILE

SEQ ID NO. 33: Uniprot Q1G0Z6

MOPQYRNTVERMY RGTEFEFYNEFNNRPILSRRNTVWLCYEVKTRGPSMPTWDTKIEFRGQVY SKPEH
HAEMCEFLSRFCGNQLPAYKREFQITWEVSWITPCPDCVAKVAEFLAEHPNVTLTISAARLYYYWET
DYRRALCRLRQAGARVKIMDYEEFAYCWENEVYNEGOQSFMPWDKEDDNYAFLHHKLKEILRNPM
EATYPHIFYFHEFKNLRKAYGRNETWLCEFTMEITKOHSTVSWETGVERNQVDPESRCHAERCELS
WECEDILSPNTDYQVITWYTSWSPCLDCAGEVAEFLARHSNVKLATFAARLYYEFWDTHYQQGLRS
LSEKGASVEIMGYKDEFKYCWENEVYNGDEPFKPWKGLKYNEFLELDSKLOQEILE

SEQ ID NO. 34: UniProt Q9HCI16

MKPHERNTVERMYRDTESYNFYNRPILSRRNTVWLCYEVKTKGPSRPPLDAKIFRGQVY SELKY
HPEMREFFHWESKWRKLHRDQEYEVTWY ISWSPCTKCTRDMAT FLAEDPKVTLTIFVARLYYEFWD
PDYQEALRSLCOKRDGPRATMKIMNYDEFQHCWSKEVY SQRELFEPWNNLPKYYILLHIMLGET
LRHSMDPPTEFTENFNNEPWVRGRHETY LCYEVERMHNDTWVLLNQRRGEFLCNQAPHKHGEFLEGR
HAELCFLDVIPEWKLDLDODYRVTCETSWSPCESCAQEMAKEISKNKHVSLCIFTARIYDDQGR
CQEGLRTLAEAGAKISIMTYSEFKHCWDTEVDHQGCPFQPWDGLDEHSQDLSGRLRAILONQEN

SEQ ID NO. 35: Uniprot Q694Cl1

MTPQEFRNTVERMYRDTESYNEFNNRPILSRRNTVWLCYEVKTKDPSRPPLDAKIFRGQVY SELKY
HPEMREFFHWESKWRKLHRDQEYEVTWY ISWSPCTKCTRNVATFLAEDPKVTILTIFVARLYYEFWD
ODYQEALRSLCQKRDGPRATMKIMNYDEFQHCWSKEVY SQRELFEPWNNLPKYYMLLHIMLGET
LRHSMDPPTEFTSNEFNNEHWVRGRHETYLCYEVERLHENDTWVLLNQRRGEFLCNQAPHKHGEFLEGR
HAELCFLDVIPEWKLDLHODYRVTCETSWSPCESCAQEMAKEFISNKKHVSLCIFAARTIYDDQGR
CQEGLRTLAEAGAKISIMTYSEFKHCWDTEVYHQGCPFOQPWDGLEEHSQALSGRLOATILONQGN

SEQ ID NO. 36: Uniprot USNDB3

MNPQIRNMVEPMDPRTEVSNENNRPILSGLNTVWLCCEVKTKDPSGPPLDAKIFQGKVLRSKAK
YHPEMRFLOWEREWRQLHHDQEY KVTWYVSWSPCTRCANSVATFLAKDPKVTLTIEFVARLYYEW
KPNYQOALRILCQKRDGPHATMKIMNYNEFQDCWNKEVDGRGKPEKPWNNLPKHY TLLOATLGE
LLRHLMDPGTETSNENNKPWVSGQHETYLCYKVERLHNDTWVPLNQHRGEFLRNQAPNIHGEFPKG
RHAELCEFLDLIPFWKLDGOQYRVTCEFTSWSPCESCAQEMAKEFISNNEHVSLCIFAARTIYDDQGR
YQEGLRTLHRDGAKIAMMNY SEFEYCWDTEVDCQGCPFQPWDGLDEHSQALSERLRAILONQGN

SEQ ID NO. 37: UniProt Q6NTF7
MALLTAETFRLOFNNKRRLRRPYYPRKALLCYQLTPONGSTPTRGY FENKKKCHAETCEFINEIK
SMGLDETQCYQVTCYLTWSPCSSCAWELVDEFTIKAHDHLNLGIFASRLYYHWCKPQOKGLRLLCG
SQVPVEVMGFPEFADCWENEFVDHEKPLSENPYKMLEELDKNSRATKRRLERTKTPGVRAQGRYM
DILCDAEV

SEQ ID NO. 38: Uniprot B7TOU7
MALLTAETFRLOQENNKLRLRRPYYRRKTLLCYQLTPONGSMPTRGY FKNKKKCHAETCEFINEIK
SMGLDETQCYQVTCYLTWSPCSSCAWKLVDEFTITKAHDHLNLRIFASRLYYHWCKROOQEGLRLLCG
SQVPVEVMGFPEFADCWENEFVDHEKPLSEFDPSKMLEELDKNSQATKRRLERTKSRSVDVLENGL
RSLOLGPVTPSSSRSNSR

SEQ ID NO. 39: Uniprot Q19Q52
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MALLTAKTEFSLOENNKRRVNKPYYPRKALLCYQLTPONGSTPTRGHLKNKKKDHAETREFINKIK
SMGLDETQCYQVTCYLTWSPCPSCAGELVDFIKAHRHLNLRIFASRLYYHWRPNYQEGLLLLCG
SQVPVEVMGLPEFTDCWENEFVDHKEPPSENPSEKLEELDKNSQATKRRLERIKSRSVDVLENGL
RSLOLGPVTPSSSIRNSR

SEQ ID NO. 40: UniProt Q§WW27

MEPIYEEYLANHGTIVKPYYWLSESLDCSNCPYHIRTGEEARVSLTEFCQIFGEPYGTTEPQTK
HLTEFYELKTSSGSLVOKGHASSCTGNY IHPESMLFEMNGYLDSATIYNNDSIRHITILY SNNSPCN
EANHCCISKMYNFLITYPGITLSIYEFSQLYHTEMDFPASAWNREALRSLASLWPRVVLSPISGG
IWHSVLHSFISGVSGSHVEQPILTGRALADRHNAYEINATTGVKPY FTDVLLOQTKRNPNTKAQE
ALESYPLNNAFPGQFEFOMPSGQLOPNLPPDLRAPVVEVLVPLRDLPPMHMGONPNKPRNIVRHL
NMPOMSEFQETKDLGRLPTGRSVEIVEITEQFASSKEADEKKKKKGKK

SEQ ID NO. 41: NCBI XP_004028087.1

MEPIYEEYLANHGTIVKPYYWLSESLDCSNCPYHIRTGEEARVSLTEFCQIFGEPYGTTEPQTK
HLTEFYELKTSSGSLVOKGHASSCTGNY IHPESMLFEMNGYLDSATYNNDSTIRHITILY SNNSPCN
EANHCCISKMYNFLITYPGITLSIYEFSQLYHTEMDFPASAWNREALRSLASLWPRVVLSPISGG
IWHSVLHSFISGVSGSHVEQPILTGRALADRHNAYEINATTGVKPY FTDVLLOQTKRNPNTKAQE
ALESYPLNNAFPGQSEFOMPSGQLOPNLPPDVRAPVVEVLVPLRDLPPMHMGONPNKPRNIVRHL
NMPOMSEFQETEDLGRLPTGRSVEIVEITERFASSKEADEKKKKKKGKK

SEQ ID NO. 42: Uniprot Q497M3

MEPLYEEILTQGGTIVKPYYWLSLSLGCTNCPYHIRTGEEARVPYTEFHQTFGEPWSTY POTKH
LTEFYELRSSSKNLIQKGLASNCTGSHNHPEAMLEFEKNGYLDAVIFHNSNIRHITILY SNNSPCNE
AKHCCISKMYNFLMNYPEVTLSVEFESQLYHTEKQEFPTSAWNRKALOSLASLWPQVTLSPICGGL
WHATILEKEVSNISGSTVPQPEFTIAGRILADRYNTYEINSIIAAKPY FTDGLLSROQKENQNREAWA
AFEKHPLGSAAPAQRQPTRGODPRTPAVILMLVSNRDLPPIHVGSTPOQKPRTVVRHLNMLQLSSE
KVKDVKKPPSGRPVEEVEVMKESARSQKANKKNRSQWKKQTLVIKPRICRLLER

SEQ ID NO. 43: UniProt QSNFU7

MSRSRHARPSRLVRKEDVNKKKKNSQLRKTTKGANKNVASVKTLSPGKLKQLIQERDVKKKTEP
KPPVPVRSLLTRAGAARMNLDRTEVLEQONPESLTCNGFTMALRSTSLSRRLSQPPLVVAKSKKV
PLSKGLEKQHDCDYKILPALGVKHSENDSVPMODTOQVLPDIETLIGVONPSLLKGKSQETTQEW
SQRVEDSKINIPTHSGPAAEILPGPLEGTRCGEGLESEETLNDT SGSPKMFAQDTVCAPEFPQORA
TPRKVISQGNPSIQLEELGSRVESLKLSDSYLDPIKSEHDCYPTSSLNKVIPDLNLRNCLALGGS
TSPTSVIKFLLAGSKOATLGAKPDHOEAFEATANQQEVSDTTSFLGOAFGATIPHOQWELPGADPV
HGEALGETPDLPEIPGAIPVQGEVFGTILDQOQETLGMSGSVVPDLPVELPVPPNPIATENAPSK
WPEPQSTVSYGLAVQGAIQILPLGSGHTPOSSSNSEKNSLPPVMATISNVENEKQVHISELPANT
QGFPLAPERGLFHASLGIAQLSQAGPSKSDRGSSQVSVITSTVHVVNTTVVTMPVPMVSTSSSSY
TTLLPTLEKKKRKRCGVCEPCQOKTNCGECTYCKNRKNSHQICKKRKCEELKKKPSVVVPLEVI
KENKRPQREKKPKVLKADFDNKPVNGPKSESMDY SRCGHGEEQKLELNPHTVENVTKNEDSMTG
IEVEKWTONKKSQLTDHVKGDESANVPEAEKSKNSEVDKKRTKSPKLEVQTVRNGIKHVHCLPA
ETNVSFKKENIEEFGKTLENNSY KFELKDTANHKNAMSSVATDMSCDHLKGRSNVLVEQQPGENC
SSIPHSSHSIINHHASTHNEGDQPKTPENIPSKEPKDGSPVQPSLLSLMKDRRLTLEQVVAIEA
LTQLSEAPSENSSPSKSEKDEESEQRTASLLNSCKAILYTVRKDLODPNLOGEPPKLNHCPSLE
KOSSCNTVVENGQTTTLSNSHINSATNQASTKSHEY SKVINSLSLEIPKSNSSKIDTNKSIAQG
IITLDNCSNDLHOQLPPRNNEVEYCNQLLDSSKKLDSDDLSCODATHTQIEEDVATQLTQLASTIT
KINYIKPEDKKVESTPTSLVTCNVOQKYNQEKGTIQQOKPPSSVHNNHGS SLTKOKNPTQKKTKS
TPSRDRRKKKPTVVSYQENDRQKWEKLSYMYGTICDIWIASKEONEFGOQEFCPHDEPTVEGKISSS
TKIWKPLAQTRSIMOQPKTVFPPLTQIKLORYPESAEEKVKVEPLDSLSLEFHLKTESNGKAEFTDK
AYNSQVQLTVNANQKAHPLTQOPSSPPNQCANVMAGDDQIRFOQOVVKEQLMHORLPTLPGISHET
PLPESALTLRNVNVVCSGGITVVSTKSEEEVCSSSEGTSEFSTVDSAQKNENDYAMNEFTNPTK
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NLVSITKDSELPTCSCLDRVIQKDKGPYYTHLGAGPSVAAVREIMENRYGOKGNAIRIEIVVYT
GKEGKSSHGCPIAKWVLRRSSDEEKVLCLVROQRTGHHCPTAVMVVLIMVWDGIPLPMADRLYTE
LTENLKSYNGHPTDRRCTLNENRTCTCQGIDPETCGASEFSEFGCSWSMY FNGCKFGRSPSPRRER
IDPSSPLHEKNLEDNLOSLATRLAPIYKQYAPVAYQONQVEYENVARECRLGSKEGRPESGVTAC
LDFCAHPHRDIHNMNNGSTVVCTLTREDNRSLGVIPQDEQLHVLPLYKLSDTDEFGSKEGMEAK
IKSGATIEVLAPRRKKRTCEFTQPVPRSGKKRAAMMTEVLAHKIRAVEKKPIPRIKRKNNSTTTNN
SKPSSLPTLGSNTETVOQPEVKSETEPHETILKSSDNTKTYSLMPSAPHPVKEASPGEFSWSPKTAS
ATPAPLKNDATASCGESERSSTPHCTMPSGRLSGANAAAADGPGISQLGEVAPLPTLSAPVMEP
LINSEPSTGVTEPLTPHQPNHQPSFLTSPOQDLASSPMEEDEQHSEADEPPSDEPLSDDPLSPAE
EKLPHIDEYWSDSEHIFLDANIGGVATIAPAHGSVLIECARRELHATTPVEHPNRNHPTRLSLVE
YOHKNLNKPOHGFELNKIKFEAKEAKNKKMKASEQKDOAANEGPEQSSEVNELNQIPSHKALTL
THDNVVTVSPYALTHVAGPYNHWV

SEQ ID NO. 44: UniProt Q3URK3

MSRSRPAKPSKSVKTKLOKKKDIOMKTKTSKQAVRHGASAKAVNPGKPKQLIKRRDGKKETEDK
TPTPAPSFLTRAGAARMNRDRNQVLEFQONPDSLTCNGEFTMALRRTSLSWRLSQRPVVTPKPKKVP
PSKKQCTHNIQDEPGVKHSENDSVPSQHATVSPGTENGEQNRCLVEGESQEITQSCPVEFEERTE
DTOSCISASGNLEAEISWPLEGTHCEELLSHQTSDNECTSPQECAPLPQRSTSEVTSQKNTSNQ
LADLSSQVESIKLSDPSPNPTGSDHNGEFPDSSFRIVPELDLKTCMPLDESVYPTALIREFILAGS
QPDVEDTKPOQEKTLITTPEQVGSHPNQVLDAT SVLGQAFSTLPLOWGESGANLVQVEALGKGSD
SPEDLGAITMLNQQETVAMDMDRNATPDLPIFLPKPPNTVATYSSPLLGPEPHSSTSCGLEVQG
ATPILTLDSGHTPQLPPNPESSSVPLVIAANGTRAEKQFGT SLFPAVPOQGEFTVAAENEVQHAPL
DLTOGSQAAPSKLEGEISRVSITGSADVKATAMSMPVTQASTSSPPCNSTPPMVERRKRKACGV
CEPCQQOKANCGECTYCKNRKNSHQICKKRKCEVLKKKPEATSQAQVTKENKRPOREKKPKVLKT
DEFNNKPVNGPKSESMDCSRRGHGEEEQRLDLITHPLENVRKNAGGMTGIEVEKWAPNKKSHLAE
GQVKGSCDANLTGVENPQPSEDDKQQTNPSPTFAQTIRNGMKNVHCLPTDTHLPLNKLNHEEE'S
KALGNNSSKLLTDPSNCKDAMSVTTSGGECDHLKGPRNTLLEFQKPGLNCRSGAEPTI FNNHPNT
HSAGSRPHPPEKVPNKEPKDGSPVQPSLLSLMKDRRLTLEQVVAIEALTQOLSEAPSESSSPSKP
EKDEEAHQKTASLLNSCKAILHSVRKDLODPNVOQGKGLHHDTVVENGONRTEFKSPDSEFATNQAL
IKSQGYPSSPTAEKKGAAGGRAPFDGFENSHPLPIESHNLENCSQVLSCDONLSSHDPSCQDAP
YSQIEEDVAAQLTOQLASTINHINAEVRNAESTPESLVAKNTKOQKHSQEKRMVHOKPPSSTQTKP
SVPSAKPKKAQKKARATPHANKRKKKPPARSSQENDOKKOQEQLATEY SKMHDIWMSSKEQREGQ
SSPRSFPVLLRNIPVENQILKPVTQSKTPSOHNELFPPINQIKEFTRNPELAKEKVKVEPSDSLP
TCQFKTESGGQTFAEPADNSQGOPMVSVNQEAHPLPQSPPSNQCANIMAGAAQTQFHLGAQENL
VHQIPPPTLPGTSPDTLLPDPASILRKGKVLHEFDGITVVTEKREAQTSSNGPLGPTTDSAQSEEF
KESIMDLLSKPAKNLIAGLKEQEAAPCDCDGGTQKEKGPYYTHLGAGPSVAAVRELMETREGOK
GKAIRTIEKIVETGKEGKSSQGCPVAKWVIRRSGPEEKLICLVRERVDHHCSTAVIVVLILLWEG
IPRIMADRLYKELTENLRSYSGHPTDRRCTLNKKRTCTCQGIDPKTCGASESEFGCSWSMY FNGC
KFGRSENPRKFRLAPNY PLHEKQLEKNLOELATVLAPLYKOMAPVAYQNQVEYEEVAGDCRLGN
EEGRPEFSGVTCCMDEFCAHSHKDIHNMHNGSTVVCTLIRADGRDTNCPEDEQLHVLPLYRLADTD
EFGSVEGMKAKIKSGATIQVNGPTRKRRLRFTEPVPRCGKRAKMKONHNKSGSHNTKSESSASST
SHLVKDESTDEFCPLOASSAETSTCTYSKTASGGFAETSSILHCTMPSGAHSGANAAAGECTGTV
QPAEVAAHPHQSLPTADSPVHAEPLTSPSEQLTSNQSNOQQLPLLSNSQKLASCQVEDERHPEAD
EPQHPEDDNLPQLDEFWSDSEEIYADPSFGGVAIAPTHGSVLIECARKELHATTSLRSPKRGVP
FRVSLVEYQHKSLNKPNHGEFDINKIKCKCKKVTKKKPADRECPDVSPEANLSHQIPSRVASTLT
RDNVVTVSPYSLTHVAGPYNRWV

SEQ ID NO. 45: UniProt Q6N021

MEQDRTNHVEGNRLSPFLIPSPPICQTEPLATKLONGSPLPERAHPEVNGDTKWHSEFKSYYGIP
CMKGSQONSRVSPDFTQESRGY SKCLONGGIKRTVSEPSLSGLLY IKKLKODOQKANGERRNEGV S
QERNPGESSQOPNVSDLSDKKESVSSVAQENAVKDETSESTHNCSGPENPELQILNEQEGKSANY
HDKNIVLLKNKAVLMPNGATVSASSVEHTHGELLEKTLSQYYPDCVSIAVQKTTSHINAINSQA
TNELSCEITHPSHTSGQINSAQTSNSELPPKPAAVVSEACDADDADNASKLAAMLNTCSEQKPE
QLOOOKSVEFEICPSPAENNIQGTTKLASGEEFCSGSSSNLQAPGGSSERY LKONEMNGAYEFKQS
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SVETKDSESATTTPPPPSQLLLSPPPPLPOVPOQLPSEGKSTLNGGVLEEHHHY PNOSNTTLLRE
VKIEGKPEAPPSQSPNPSTHVCSPSPMLSERPONNCVNRNDIQTAGTMTVPLCSEKTRPMSEHL
KHNPPIFGSSGELQDNCQOLMRNKEQEITLKGRDKEQTRDLVPPTQHYLKPGWIELKAPRFHQOAE
SHLKRNEASLPSTILQYQPNLSNOMTSKQYTGNSNMPGGLPROAY TOKTTQLEHKSQOMYQVEMNQ
GOSOGTVDQHLOFOKPSHOVHESKTDHLPKAHVQSLCGTREFHEFQORADSQTEKLMSPVLKQHLN
QQOASETEPEFSNSHLLOHKPHKQAAQTOPSQOSSHLPONQOQOOKLOIKNKEEILQTEFPHPQSNND
QOREGSFFGOTKVEECEFHGENQY SKSSEFETHNVOMGLEEVONINRRNSPY SQTMKSSACKIQV
SCSNNTHLVSENKEQTTHPELFAGNKTOQNLHHMQY FPNNVIPKODLLHRCEFQEQEQKSQQASVL
QGYKNRNODMSGOQOAAQTLAQORY LTHNHANVEPVPDQGGSHTQTPPOQKDTOKHAATRWHLLOKO
EQOQOTOQOPOTESCHSOMHRPIKVEPGCKPHACMHTAPPENKTWKKVTKQENPPASCDNVQQKST
IETMEQHLKQFHAKSLEFDHKALTLKSQKQVKVEMSGPVTVLTROTTAAELDSHTPALEQQTTSS
EKTPTKRTAASVLNNEFIESPSKLLDTPIKNLLDTPVKTQYDEFPSCRCVEQITIEKDEGPEYTHLG
AGPNVAATREIMEERFGOKGKATIRIERVIYTGKEGKSSQGCPIAKWVVRRSSSEEKLLCLVRER
AGHTCEAAVIVILILVWEGIPLSLADKLY SELTETLRKYGTLTNRRCALNEERTCACQGLDPET
CGASESFGCSWSMYYNGCKFARSKIPRKFKLLGDDPKEEEKLESHLONLSTLMAPTY KKLAPDA
YNNQIEYEHRAPECRLGLKEGRPESGVTACLDFCAHAHRDLHNMONGSTLVCTLTREDNREEFGG
KPEDEQLHVLPLYKVSDVDEFGSVEAQEEKKRSGATIQVLSSEFRRKVRMLAEPVKTCRQRKLEAK
KAAAEKLSSLENSSNKNEKEKSAPSRTKOTENASQAKQLAELLRLSGPVMQQSQQPQPLOKQPP
QPOOOORPOOOOPHHPQTESVNSY SASGSTNPYMRRPNPVSPYPNSSHTSDIYGSTSPMNEYST
SSQAAGSYLNSSNPMNPYPGLLNONTQYPSYQCNGNLSVDNCSPYLGSYSPQOSQPMDLYRYPSQ
DPLSKLSLPPIHTLYQPRFGNSQSFTSKYLGYGNONMQGDGESSCTIRPNVHHVGKLPPYPTHE
MDGHEMGATSRLPPNLSNPNMDY KNGEHHSPSHITHNYSAAPGMENS SLHALHLONKENDMLSH
TANGLSKMLPALNHDRTACVQGGLHKLSDANGOQEKQPLALVOGVASGAEDNDEVWSDSEQSELD
PDIGGVAVAPTHGSILIECAKRELHATTPLKNPNRNHPTRISLVEYQHKSMNEPKHGLALWEAK
MAEKAREKEEECEKYGPDYVPOKSHGKKVKREPAEPHETSEPTYLRFIKSLAERTMSVTTDSTV
TTSPYAFTRVIGPYNRYT

SEQ ID NO. 46: UniProt Q4JK59

MEQDRTTHAEGTRLSPFLIAPPSPISHTEPLAVKLONGSPLAERPHPEVNGDTKWQSSQSCYGT
SHMKGSQSSHESPHEDRGY SRCLONGGIKRTVSEPSLSGLHPNKILKLDOQKAKGESNIFEESQE
RNHGKSSROPNVSGLSDNGEPVTSTTQESSGADAFPTRNYNGVEIQVLNEQEGEKGRSVTLLKN
KIVLMPNGATVSAHSEENTRGELLEKTQCYPDCVSIAVQSTASHVNTPSSQAATELSHEIPQPS
LTSAQINFSQTSSLOLPPEPAAMVTKACDADNASKPAIVPGTCPFQKAEHOQOKSALDIGPSRAE
NKTIQGSMELFAEEYYPSSDRNLOQASHGSSEQYSKOQKETNGAY FROSSKFPKDSISPTTVTPPS
QOSLLAPRLVLQPPLEGKGALNDVALEEHHDYPNRSNRTLLREGKIDHQPKTSSSQSLNPSVHTP
NPPILMLPEQHONDCGSPSPEKSRKMSEYIMYYLPNHGHSGGLQEHSQY LMGHREQETITPKDANGK
QTOGSVOAAPGWIELKAPNLHEALHOTKRKDISLHSVLHSQTGPVNQMSSKQSTGNVNMPGGEQ
RLPYLOKTAQPEQKAQMYQVOVNQGPSPGMGDQHLOFQOKALYQECIPRTDPSSEAHPQAPSVPQ
YHEFQORVNPSSDKHLSQQATETQORLSGFLOHTPQTQASQTPASONSNEPQICQQOQOOQLORKN
KEQMPOTEFSHLOGSNDKQREGSCEFGQIKVEESEFCVGNQY SKSSNEQTHNNTQGGLEQVONINKN
FPYSKILTPNSSNLQILPSNDTHPACEREQALHPVGSKTSNLONMQY FPNNVTPNQDVHRCEQE
QAQKPOOASSLOGLKDRSQGESPAPPAEAAQORYLVHNEAKALPVPEQGGSQTOTPPOKDTQKH
AATLRWLLLOKQEQOOTQOSQPGHNOMLRPIKTEPVSKPSSYRYPLSPPQENMSSRIKQEISSPS
RDNGOQPKSITIETMEQHLKQFOLKSLCDY KALTLKSQKHVKVPTDIQAAESENHARAAFPOATKS
TDCSVLDDVSESDTPGEQSONGKCEGCNPDKDEAPYYTHLGAGPDVAATRTLMEERYGEKGKAT
RIEKVIYTGKEGKSSQGCPIAKWVYRRSSEEEKLLCLVRVRPNHTCETAVMVIATMLWDGIPKL
LASELYSELTDILGKCGICTNRRCSOQNETRNCCCOQGENPETCGASESFGCSWSMY YNGCKEARS
KKPRKFRLHGAEPKEEERLGSHLONLATVIAPTYKKLAPDAYNNQVEFEHQAPDCCLGLKEGRP
FSGVTACLDESAHSHRDQONMPNGSTVVVTLNREDNREVGAKPEDEQFHVLPMYITAPEDEEGS
TEGOQEKKIRMGSIEVLOSFRRRRVIRIGELPKSCKKKAEPKKAKTKKAARKRSSLENCSSRTEK
GKSSSHTKLMENASHMKOMTAQPQLSGPVIRQPPTLORHLOQOGORPQOPOPPQPQPOTTPQPOP
QPOHIMPGNSQSVGSHCSGSTSVYTROQPTPHSPYPSSAHTSDIYGDTNHVNEYPTSSHASGSY L
NPSNYMNPYLGLLNQNNQYAPEFPYNGSVPVDNGSPFLGSY SPOQAQSRDLHRY PNODHLTNONLP
PIHTLHQQTEFGDSPSKYLSYGNQNMORDAFTTNSTLKPNVHHLATEFSPYPTPKMDSHEMGAASR
SPYSHPHTDYKTSEHHLPSHTIYSYTAAASGSSSSHAFHNKENDNIANGLSRVLPGENHDRTAS
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AQELLYSLTGSSQEKQPEVSGODAAAVOETIEYWSDSEHNFQDPCIGGVATIAPTHGSILIECAKC
EVHATTKVNDPDRNHPTRISLVLYRHKNLFLPKHCLALWEAKMAEKARKEEECGKNGSDHVSQK
NHGKOQEKREPTGPQEPSYLREIQSLAENTGSVTTDSTVTTSPYAFTQVIGPYNTEV

SEQ ID NO. 47: UniProt 043151

MSQEFQVPLAVQPDLPGLYDEFPOQROVMVGSEFPGSGLSMAGSESQLRGGGDGRKKRKRCGTCEPCR
RLENCGACT SCTNRRTHQICKLRKCEVLKKKVGLLKEVE IKAGEGAGPWGOQGAAVKTGSELSPV
DGPVPGOMDSGPVYHGDSRQLSASGVPVNGAREPAGPSLLGTGGPWRVDOQKPDWEAAPGPAHTA
RLEDAHDLVAFSAVAEAVSSYGALSTRLYETEFNREMSREAGNNSRGPRPGPEGCSAGSEDLDTL
QTALALARHGMKPPNCNCDGPECPDY LEWLEGKIKSVVMEGGEERPRLPGPLPPGEAGLPAPST
RPLLSSEVPQISPQEGLPLSOSALSIAKEKNISLOTATATEALTQLSSALPQPSHSTPQASCPL
PEALSPPAPFRSPOSYLRAPSWPVVPPEEHSSEFAPDSSAFPPATPRTEFPEAWGTDTPPATPRS
SWPMPRPSPDPMAELEQLLGSASDY IQSVFKRPEALPTKPKVKVEAPSSSPAPAPSPVLQREAP
TPSSEPDTHOKAQTALOQQHLHHKRSLEFLEQVHDT SEFPAPSEPSAPGWWPPPSSPVPRLPDRPPK
EKKKKLPTPAGGPVGTEKAAPGIKPSVRKPIQIKKSRPREAQPLEFPPVRQIVLEGLRSPASQEV
QAHPPAPLPASQGSAVPLPPEPSLALFAPSPSRDSLLPPTQEMRSPSPMTATL.QPGSTGPLPPAD
DKLEELIRQFEAEFGDSEFGLPGPPSVPIQDPENQOQTCLPAPESPFATRSPKQIKIESSGAVTVL
STTCFHSEEGGOQEATPTKAENPLTPTLSGFLESPLKYLDTPTKSLLDTPAKRAQAEFPTCDCVE
QIVEKDEGPYYTHLGSGPTVASIRELMEERYGEKGKAIRIEKVIYTGKEGKSSRGCPIAKWVIR
RHTLEEKLLCLVRHRAGHHCONAVIVILILAWEGIPRSLGDTLYQELTDTLRKYGNPTSRRCGL
NDDRTCACQGKDPNTCGASESEFGCSWSMY FNGCKYARSKT PRKFRLAGDNPKEEEVLRKSEFQDL
ATEVAPLYKRLAPQAYONQVTNEEIATDCRLGLKEGRPFAGVTACMDEFCAHAHKDOHNLYNGCT
VVCTLTKEDNRCVGKIPEDEQLHVLPLY KMANTDEFGSEENQNAKVGSGAIQVLTAFPREVRRL
PEPAKSCROROLEARKAAAEKKKIQKEKLSTPEKIKQEALELAGITSDPGLSLKGGLSQQGLKP
SLKVEPONHESSEFKY SGNAVVESYSVLGNCRPSDPY SMNSVY SYHSYYAQPSLTSVNGEFHSKYA
LPSEFSYYGEFPSSNPVEPSQFLGPGAWGHSGSSGSFEKKPDLHALHNSLSPAYGGAEFAELPSQA
VPTDAHHPTPHHQOPAYPGPKEYLLPKAPLLHSVSRDPSPFAQSSNCYNRSIKQEPVDPLTOAE
PVPRDAGKMGKTPLSEVSQONGGPSHLWGQY SGGPSMSPKRTNGVGGSWGVESSGESPATIVPDKL
SSFGASCLAPSHETDGOWGLEPGEGQQAASHSGGRLRGKPWSPCKEFGNSTSALAGPSLTEKPWA
LGAGDEFNSALKGSPGEFQDKLWNPMKGEEGRIPAAGASQLDRAWQSFGLPLGSSEKLFGALKSEE
KLWDPEFSLEEGPAEEPPSKGAVKEEKGGGGAEEEEEELWSDSEHNFLDENIGGVAVAPAHGSIL
IECARRELHATTPLKKPNRCHPTRISLVEYQHKNLNQPNHGLALWEAKMKOLAERARARQEEAA
RLGLGOQEAKLYGKKRKWGGTVVAEPQOKEKKGVVPTRQALAVPTDSAVIVSSYAYTKVTGPY S
RWI

SEQ ID NO. 48: UniProt Q8BGS87

MSQEFQVPLAVQPDLSGLYDEFPQGOVMVGGEFQGPGLPMAGSETQLRGGGDGRKKRKRCGTCDPCR
RLENCGSCTSCTNRRTHQICKLRKCEVLKKKAGLLKEVEINAREGTGPWAQGATVKTGSELSPV
DGPVPGOMDSGPVYHGDSRQLSTSGAPVNGAREPAGPGLLGAAGPWRVDOQKPDWEAASGPTHAA
RLEDAHDLVAFSAVAEAVSSYGALSTRLYETENREMSREAGSNGRGPRPESCSEGSEDLDTLQT
ALALARHGMKPPNCTCDGPECPDFLEWLEGKIKSMAMEGGQGRPRLPGALPPSEAGLPAPSTRP
PLLSSEVPQVPPLEGLPLSQSALSIAKERKNISLOQTAIATEALTQLSSALPQPSHSTSQASCPLP
EALSPSAPFRSPQSYLRAPSWPVVPPEEHPSFAPDSPAFPPATPRPEFSEAWGTDTPPATPRNS
WPVPRPSPDPMAELEQLLGSASDYIQSVEFKRPEALPTKPKVKVEAPSSSPAPVPSPISQREAPL
LSSEPDTHOQKAQTALOQHLHHKRNLEFLEQAQDASEFPTSTEPQAPGWWAPPGSPAPRPPDKPPKE
KKKKPPTPAGGPVGAEKTTPGIKTSVRKPIQIKKSRSRDMOPLELPVRQIVLEGLKPQASEGQA
PLPAQLSVPPPASQGAASQSCATPLTPEPSLALFAPSPSGDSLLPPTQEMRSPSPMVALQSGST
GGPLPPADDKLEELIRQFEAEFGDSFGLPGPPSVPIQEPENQSTCLPAPESPFATRSPKKIKIE
SSGAVTVLSTTCFHSEEGGQEATPTKAENPLTPTLSGFLESPLKYLDTPTKSLLDTPAKKAQSE
FPTCDCVEQIVEKDEGPYYTHLGSGPTVASIRELMEDRYGEKGKATRIEKVIYTGKEGKSSRGC
PIAKWVIRRHTLEEKLLCLVRHRAGHHCONAVIVILILAWEGIPRSLGDTLYQELTDTLRKYGN
PTSRRCGLNDDRTCACQGKDPNTCGASEFSEFGCSWSMY FNGCKYARSKTPRKEFRLTGDNPKEEEV
LRNSFQDLATEVAPLYKRLAPQAYONQVTNEDVAIDCRLGLKEGRPEFSGVTACMDECAHAHKDQ
HNLYNGCTVVCTLTKEDNRCVGQIPEDEQLHVLPLYKMASTDEFGSEENONAKVSSGAIQVLTA
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FPREVRRLPEPAKSCROROQLEARKAAAFKKKLOKEKLSTPEKIKQEATLELAGVTTDPGLSLKGG
LSQOSLKPSLKVEPONHESSEFKY SGNAVVESY SVLGSCRPSDPY SMSSVY SYHSRYAQPGLASYV
NGEFHSKYTLPSFGYYGEFPSSNPVEPSQEFLGPSAWGHGGSGGSFEKKPDLHALHNSLNPAYGGAE
FAELPGOQAVATDNHHPIPHHOQPAYPGPKEYLLPKVPOQLHPASRDPSPFAQSSSCYNRSIKQEP
IDPLTQAESIPRDSAKMSRTPLPEASONGGPSHLWGQY SGGPSMSPKRTNSVGGNWGVEPPGES
PTIVPDKLNSFGASCLTPSHFPESQWGLEFTGEGQQSAPHAGARLRGKPWSPCKEGNGTSALTGP
SLTEKPWGMGTGDEFNPALKGGPGFOQDKLWNPVKVEEGRIPTPGANPLDKAWQAFGMPLS SNEKL
FGALKSEEKLWDPFSLEEGTAEEPPSKGVVKEEKSGPTVEEDEEELWSDSEHNFLDENIGGVAV
APAHCSILIECARRELHATTPLKKPNRCHPTRISLVEYQHKNLNQPNHGLALWEAKMKQLAERA
RORQOEEAARLGLGQOEAKLYGKKRKWGGAMVAEPOHKEKKGATIPTROALAMPTDSAVTVSSYAY
TKVTGPYSRWI

SEQ ID NO. 49: UniProt P04519

MRICIFMARGLEGCGVTKESLEQRDWEIKNGHEVTLVYAKDKSEFTRTSSHDHKSEFSIPVILAKE
YDKALKLVNDCDILIINSVPATSVQEATINNY KKLLDNIKPSIRVVVYQHDHSVLSLRRNLGLE
ETVRRADVIFSHSDNGDENKVLMKEWYPETVSLEDDIEEAPTVYNEFQPPMDIVKVRSTYWKDVS
EINMNINRWIGRTTTWKGEYQOMEDFHEKFLKPAGKSTVMEGLERSPAFTIATKEKGIPYEYYGNR
EIDKMNLAPNQPAQILDCYINSEMLERMSKSGEGYQLSKLNQKYLORSLEYTHLELGACGTIPV

FWKSTGENLKFRVDNTPLTSHDSGIIWFDENDMESTEFERIKELSSDRALYDREREKAYEFLYQH
ODSSEFCFKEQEFDIITK

SEQ ID NO. 50: UniProt P04547

MKIATINMGNNVINFKTVPSSETIYLFKVISEMGLNVDIISLKNGVYTKSEFDEVDVNDYDRLIV
VNSSINFFGGKPNLATILSAQKFMAKYKSKIYYLETDIRLPESQSWPNVKNRPWAYLYTEEELLT
KSPIKVISQGINLDIAKAAHKKVDNVIEFEYFPIEQYKIHMNDFQLSKPTKKTLDVIYGGSERS
GORESKMVEFLEFDTGLNIEFFGNAREKQFKNPKY PWTKAPVETGKIPMNMVSEKNSQATAATTT

GDRKNYNDNEFITLRVWETMASDAVMLIDEEFDTKHRIINDAREYVNNRAELIDRVNELKHSDVLR
KEMLSIQHDILNKTRAKKAEWQDAFKKAIDL

SEQ ID NO. 51: ZDD motif
H-[P/A/V]-E-X[23-281—P—C=X[2-4)-C

SEQ ID NO. 52: ZDD motif

HXEX24SW (S/T) PCX [2-4)CXeFXsLXsR (L/I) YX (5-11; LX,LX (10]M
SEQ ID NO. 53: Removable P5 sequence

TTTTTTTTTTAATGATACGGCGACCACCGAUCTACAC
(where U = 2-deoxyuridine)

SEQ ID NO. 54: Removable P7 sequence

TTTTTTTTTTCAAGCAGAAGACGGCATACGA [Go*°] AT
(where [G™°] = 8-oxoguanine)

SEQ ID NO. 55: Extended primer sequence with A as 5” additional nucleotide and P5” sequence
(complementary to P5)

AGTGTAGATCTCGGTGGTCGCCGTATCATT
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SEQ ID NO. 56: Extended primer sequence with T as 5” additional nucleotide and P5” sequence
(complementary to P5)

TGTGTAGATCTCGGTGGTCGCCGTATCATT

SEQ ID NO. 57: Extended primer sequence with C as 5” additional nucleotide and P5” sequence
(complementary to P5)

CGTGTAGATCTCGGTGGTCGCCGTATCATT

SEQ ID NO. 58: Extended primer sequence with G as 5” additional nucleotide and P5” sequence
(complementary to P5)

GGTGTAGATCTCGGTGGTCGCCGTATCATT

SEQ ID NO. 59: Extended primer sequence with A as 5” additional nucleotide and P7” sequence
(complementary to P7)

AATCTCGTATGCCGTCTTCTGCTTG

SEQ ID NO. 60: Extended primer sequence with T as 5” additional nucleotide and P7” sequence
(complementary to P7)

TATCTCGTATGCCGTCTTCTGCTTG

SEQ ID NO. 61: Extended primer sequence with C as 5” additional nucleotide and P7” sequence
(complementary to P7)

CATCTCGTATGCCGTCTTCTGCTTG

SEQ ID NO. 62: Extended primer sequence with G as 5” additional nucleotide and P7” sequence
(complementary to P7)

GATCTCGTATGCCGTCTTCTGCTTG

SEQ ID NO. 63: Extended primer sequence with A as 5° additional nucleotide and alternative
P5’ sequence (complementary to alternative P3)

ATCGGTCGCCGTATCATT

SEQ ID NO. 64: Extended primer sequence with T as 5 additional nucleotide and alternative
P5’ sequence (complementary to alternative P5)

TTCGGTCGCCGTATCATT

SEQ ID NO. 65: Extended primer sequence with C as 5 additional nucleotide and alternative
P5’ sequence (complementary to alternative P5)

CTCGGTCGCCGTATCATT

SEQ ID NO. 66: Extended primer sequence with G as 5° additional nucleotide and alternative
P5’ sequence (complementary to alternative P5)

GTCGGTCGCCGTATCATT
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SEQ ID NO. 67: UniProt Q24K09

MPARTAPARVPALASRAFSLPDDVRRRLKDLERDSLTEKECVKEKLNLLHEFLRTETKNQLCDL
ETKLHKEELSEEGY LAKVKSLLNKDLSLENGAHAFSREANGCLENGSQTSGEDCRVVMAEKGKP
PKPVSRLYTPRRSKSDGETKSEVSSSPRITRKTTROQTTITSHFPRGPAKRKPEEEPEKVKSDDS
VDEEKDQEEKRRRVT SRERVAGLLPAEEPGRVRPGTHMEEEGRDDKEEKRLRSQTKEPTPKHKA
KEEPDRDVRPGGAQAEMNEGEDKDEKRHRSQPKDLASKRRPEEKEPERVKPOVSDEKDEDEKEE
KRRRTTYRELTEKKMTRTKIAVVSKTINPPKCTECLOYLDDPELRYEQHPPDAVEEIQILTNERL
SIFDANESGEFESYEDLPOHKLTCEFSVYCKRGHLCPIDTGLIEKDVELLESGSAKPIYEDDPSPE
GGINGKNFGPINEWWIAGEFDGGEKALLGESTSFAEY ILMDPSPEYAPLESVMQEKIYISKIVVE
FLOSNPDSTYEDLINKIETTVPPCMLNLNREFTEDSLLRHAQFVVEQVESYDRAGDSDEQPIFEFLS
PCMRDLIKLAGVTLGKRRAERRQTIRQPAKEKDKGPTKATTTKLVYQIFDTEFFAEQIEKDDKED
KENAFKRRRCGVCEICQQPECGKCKACKDMVKEGGSGRSKQACOKRRCPNMAMKEADDDEEVDD
NIPEMPSPKKMHQGKKKKONKNRISWVGDAVKTDGKKSYYKKVCIDSETLEVGDCVSVIPDDSS
KPLYLARVTALWEDSSNGOMFHAHWECAGTDTVLGATSDPLELFLVDECEDMQLSY IHSKVQVI
YKAPSENWAMEGGVDPEATLMSEDDGKTY FYQLWYDQODYARFESPPKTOQPTEDNKY KFCASCARL
AEMROKETIPRVVEQLODLEGRVLYSLATKNGVQYRVGDGVYLPPEAFTENIKLSSPVKRPRKEP
VDEALYPEHYRKYSDYIKGSNLDAPEPYRIGRIKEIFCSKKSNGRPNETDIKIRVNKEYRPENT
HKSTPASYHADINLLYWSDEEAVVDEKAVQGRCTVEYGEDLPQCLODESAGGPDREY FLEAYNA
KSKSFEDPPNHARSTGNKGKGKGKGKNRTKSQTCEPSELETEIKLPKLRTLDVESGCGGLSEGE
HOAGISETLWAIEMWDPAAQAFRLNNPGSTVEFTEDCNVLLKLVMAGEVTINSRGOKLPQKGDVEM
LCGGPPCOGESGMNRENSRTY SKEKNSLVVSFLSYCDYYRPRY FLLENVRNEVSEFKRSMVLKLT
LRCLVRMGYQCTFGVLOAGQYGVAQTRRRATILAAAPGEPLPLEFPEPLHVFAPRACQLSVVVDD
KKEVSNITRLSSGPFRTITVRDTMSDLPEIRNGASALEISYNGEPQSWEFQRQLRGSQYQPILRD
HICKDMSALVAARMRHIPLAPGSDWRDLPNIEVRLSDGTLARKLRYNYHDKKNGCSSSGALRGV
CSCVEGKPCEPAARQEFNTLIPWCLPHTGNRHNHWAGLYGRLEWDGEFEFSTTVINPEPMGKQGRVL
HPEQHRVVSVRECARSQGFPDTYRLEGNILDKHRQVGNAVPPPLAKATGLEIKRCMLAKARESA
SAKIKEEAAKD

SEQ ID NO. 68: UniProt Q97330

MPARTAPARVPALASPAGSLPDHVRRRLKDLERDGLTEKECVKEKLNLLHEFLOTETKSQLCDL
ETKLHKEELSEEGYLAKVKTLLNKDLCLENGTLSLTQKANGCPANGSRPTWKAEMADSNRSPRS
RPKPRGPRRSKSDSETMIEASSSSVATRRTTROQTTITSHFKGPAKRKPKEDSEKGNANESAAEE
RDODKKRRVAGTESRASRAGESVEKPERVRPGTQLCOEEQGEQEDDRRPRROTRELASRRKSRE
DPDREARPGTHLDVDDDDEKDKRSSRPRSQPRDLATKRRPKEEVEQITPEPPEGKDEDEREEKR
RKTTRKKPEPLSIPVOSRVERKASQGKASATPKLNPPQCPECGQYLDDPDLKYQQHPVDAVDEP
OMLTNEALSVEDSNSSWEETYDSSPMHKETEFEFSVYCSRGHLCPVDTGLIEKNVELY FSGVAKAT
HEENPSVEGGVNGKNLGPINOWWISGEFDGGEKALIGESTAFAEY FLMEPSPEYAPTFGLMQEKT
YISKIVVEFLOSNPDAVYEDLINKIETTVPPSAINVNRFTEDSLLRHAQEVVSQVESYDDAKDD
DETPIFLSPCMRSLIHLAGVSLGQRRATRRTVINSAKVKRKGPTKATTTKLVYQIFDTEFEFSEQT
EKDDKEDKENTMKRRRCGVCEVCQQOPECGKCKACKDMVKEGGTGRSKQACLKRRCPNLAVKEAD
EDEEADDDIPELPSPKKLHQGKKKKONKDRISWLGEPVKIEENRTYYWKVSIDEETLEVGDCVS
VIPDDPSKPLYLARVTALWEDKNGOMFHAHWEFCAGTDTVLGATSDPLELFLVGECENMQLSYTIH
SKVKVIYRGPSPNWAMEGGMDPEAMLPGAEDGKTYEFYQEFWY SODYARFESPPKTQPAEDNKHKE
CLSCIRLAELRQKEMPKVLEQLEEVDGRVYCSSITKNGVVYRLGDSVYLPPEAFTEFNIKMASPM
KRSKRDPVNENPVPRDTYRKY SDY IKGSNLDAPEPYRIGRIKEIYCGKKKGGKVNEADIKIRLY
KEYRPENTHKSIQATYHADINLLYWSDEEAVVDESDVOQGRCTVEYGEDLLESIQDY SQGGPDRE
YFLEAYNSKTKSFEDPPNHARSPGNKGKGKGKGKGKGKPQVSEPKEPEAATKLPKLRTLDVESG
CGGLTEGFHOQAGISETLWAIEMWEPAAQAFRLNNPGTTVEFTEDCNVLLKLVMAGEVTNSLGQRL
POKGDVEMLCGGPPCQGEFSGMNRENSRTY SKEFKNSLVVSFLSYCDYYRPREFLLENVRNEVSER
RSMVLKLTLRCLVRMGYQCTEFGVLOQAGQYGVAQTRRRATITILAAAPGEKLPLFPEPLHVFAPRAC
QLSVVVDDKKEVSNITRLSSGPFRTITMRDTMSDLPEIQONGASAPEISYKWRATVLVPEAAARV
ALPAHPQGPYPQVHERAGGCRMRHIPLSPGSDWRDLPNIQVRLRDGVITNKLRYTEFHDTKNGCS
STGALRGVCSCAEGKTCDPASRQFNTLIPWCLPHTGNRHNHWAGLYGRLEWDGEEFSTTVITNPEP
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MGKQGRVLHPEQHRVVSVRECARSQGEFPDTYRLFGNILDRHRQVGNAVPPPLAKAIGLEIKLCL
LASAQESASAAVKGKEETTTED

SEQ ID NO. 69: UniProt P13864

MPARTAPARVPALASPAGSLPDHVRRRLKDLERDGLTEKECVREKLNLLHEFLOTETKSQLCDL
ETKLHKEELSEEGYLAKVKSLLNKDLSLENGTHTLTQKANGCPANGSRPTWRAEMADSNRSPRS
RPKPRGPRRSKSDSDTLSVETSPSSVATRRTTROTTITAHFTKGPTKRKPKEESEEGNSAESAA
EERDOQDKKRRVVDTESGAAAAVEKLEEVTAGTQLGPEEPCEQEDDNRSLRRHTRELSLRRKSKE
DPDREARPETHLDEDEDGKKDKRSSRPRSQPRDPAAKRRPKEAEPEQVAPETPEDRDEDEREEK
RRKTTRKKLESHTVPVQSRSERKAAQSKSVIPKINSPKCPECGOHLDDPNLKYQQHPEDAVDEP
OMLTSEKLSIYDSTSTWEDTYEDSPMHRETSEFSVYCSRGHLCPVDTGLIEKNVELY FSGCAKAT
HDENPSMEGGINGKNLGPINOWWLSGEFDGGEKVLIGESTAFAEY ILMEPSKEYEPIFGLMQEKT
YISKIVVEFLONNPDAVYEDLINKIETTVPPSTINVNRFTEDSLLRHAQEVVSQVESYDEAKDD
DETPIFLSPCMRALIHLAGVSLGQRRATRRVMGATKEKDKAPTKATTTKLVYQIFDTEFEFSEQIE
KYDKEDKENAMKRRRCGVCEVCQQPECGKCKACKDMVKEGGTGRSKQACLKRRCPNLAVKEADD
DEEADDDVSEMPSPKKLHOGKKKKONKDRISWLGOPMKIEENRTYYQKVSIDEEMLEVGDCVSV
IPDDSSKPLYLARVTALWEDKNGOMMFHAHWEFCAGTDTVLGATSDPLELFLVGECENMQLSYTH
SKVKVIYKAPSENWAMEGGTDPETTLPGAEDGKTY FFQLWYNQEYARFESPPKTQPTEDNKHKE
CLSCIRLAELRQKEMPKVLEQIEEVDGRVYCSSITKNGVVYRLGDSVYLPPEAFTEFNIKVASPV
KRPKKDPVNETLYPEHYRKYSDY IKGSNLDAPEPYRIGRIKEITHCGKKKGKVNEADIKLRLYKE
YRPENTHRSYNGSYHTDINMLYWSDEEAVVNESDVQGRCTVEYGEDLLESIQDYSQGGPDREYF
LEAYNSKTKNFEDPPNHARSPGNKGKGKGKGKGKGKHQVSEPKEPEAATKLPKLRTLDVESGCG
GLSEGFHQAGISETLWATIEMWDPAAQAFRLNNPGTTVEFTEDCNVLLKLVMAGEVTINSLGQRLPQ
KGDVEMLCGGPPCQGEFSGMNRENSRTY SKEKNSLVVSEFLSYCDYYRPREFLLENVRNEVSYRRS
MVLKLTLRCLVRMGYQCTEFGVLQAGQYGVAQTRRRAITLAAAPGEKLPLEFPEPLHVFAPRACQL
SVVVDDKKEVSNITRLSSGPFRTITVRDTMSDLPEIONGASNSEIPYNGEPLSWEFQROQLRGSHY
QPILRDHICKDMSPLVAARMRHIPLEFPGSDWRDLPNIQVRLGDGVIAHKLOYTEFHDVKNGY SST
GALRGVCSCAEGKACDPESRQEFSTLIPWCLPHTGNRHNHWAGLYGRLEWDGEEFSTTVITNPEPMG
KOQGRVLHPEQHRVVSVRECARSQGFPDSYRFEFGNILDRHROVGNAVPPPLAKATIGLEIKLCLLS
SARESASAAVKAKEEAATKD

SEQ ID NO. 70: UniProt Q92072

MPARSAPPPPALPPALRRRLRDLERDEDSLSEKETLOEKLRLTRGFLRAEVORRLSALDADVRC
RELSEERYLAKVKALLRRELAAENGDAAKLEFSRASNGCAGNGEEEWERGGRGEDGAMEVEEAAA
SSSSSS88SSSSS8SSSSSSSLLPAPRARKARRSRSNGESKKSPASSRVIRSSGROPTILSVES
KGSTKRKSEEVNGAVKPEVSAEKDEEEEEELEEKEQDEKRIKIETKEGSETIKDEITQVKTSTPA
KTTPPKCVDCRQYLDDPDLKEFFQGDPDDALEEPEMLTDERLSIFDANEDGEFESYEDLPQHKVTS
FSVYDKRGHLCPEFDTGLIERNIELY FSGAVKPIYDDNPCLDGGVRAKKLGPINAWWITGEDGGE
KALIGFTTAFADYILMEPSEEYAPIFALMOQEKIYMSKIVVEFLONNRDVSYEDLLNKIETTVPP
VGLNEFNRFTEDSLLRHAQEFVVEQVESYDEAGDSDEPPVLITPCMRDLIKLAGVTLGKRRAVRRQ
ATRHPTRIDKDKGPTKATTTKLVYLIFDTFFSEQIEKDEREDDKENAMKRRRCGVCEVCQQOPEC
GKCKACONMVKEGGSGRSKQACLOQRRCPNLAVREADEDEEVDDNIPEMPSPKKMLOGRKKKQONK
SRISWVGEPIKSDGKKDEYQRVCIDSETLEVGDCVSVSPDDPTKPLYLARVTAMWEDSSGOMEH
AHWEFCPGSDTVLGATSDPLELFLVDECEDMQLSY THGKVNVIYKPPSENWAMEGGLDME IKMVE
DDGRTYEFYQOMWYDQEYARFETPPRAQPMEDNKYKFCLSCARLDEVRHKEIPKVAEPLDEGDGKM
FYAMATKNGVQYRVGDSVYLLPEAFSEFSMKPASPAKRPKKEAVDEDLY PEHYRKY SEY ITKGSNL
DAPDPYRVGRIKETFCHIRTNGKPNEADIKLRIWKEYRPENTHKSMKATYHADINLLYWSDEET
TVDFCAVQGRCTVVYGEDLTESIQDY SAGGLDREYFLEAYNAKTKSEFEDPPNHARSSGNKGKGK
GKGKGKGKGKSSTTCEQSEPEPTELKLPKLRTLDVESGCGGLSEGFHQAGVSETLWATIEMWEPA
AQAFRLNNPGTTVEFTEDCNVLLKLVMSGEKTNSLGQKLPOKGDVEMLCGGPPCQGESGMNRENS
RTYSKEKNSLVVSEFLSYCDYYRPRFEFLLENVRNEVSEFKRSMVLKLTLRCLVRMGY QCTEFGVLQA
GQYGVAQTRRRAIVLAAAPGEKLPMFPEPLHVFAPRACQLSVVVDDKKEVSNITRTYSGPERTI
TVRDTMSDLPEIRNGASALEISYNGEPQSWEFQRQIRGSQYQPILRDHICKDMSALVAARMRHIP
LAPGSDWRDLPNIEVRLSDGTSTRKLRYTHHEKKNGRSSSGALRGVCSCAEGKPCDPADRQENT
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LIPWCLPHTGNRHNHWAGLYGRLEWDGEFEFSTTVINPEPMGKOGRVLHPEQHRVVSVRECARSQG
FPDTYRLEFGNILDKHROQVGNAVPPPLAKAIGLETRACVGARMREESGAAVAPPAPEKMEMTAAA
D

SEQ ID NO. 71: UniProt P26358

MPARTAPARVPTLAVPAISLPDDVRRRLKDLERDSLTEKECVKEKLNLLHEFLOTETKNQLCDL
ETKLRKEELSEEGYLAKVKSLLNKDLSLENGAHAYNREVNGRLENGNQARSEARRVGMADANSP
PKPLSKPRTPRRSKSDGEAKPEPSPSPRITRKSTROTTITSHFAKGPAKRKPQEESERAKSDES
IKEEDKDODEKRRRVTSRERVARPLPAEEPERAKSGTRTEKEEERDEKEEKRLRSQTKEPTPKQ
KLKEEPDREARAGVOQADEDEDGDEKDEKKHRSQPKDLAAKRRPEEKEPEKVNPOQISDEKDEDEK
EEKRRKTTPKEPTEKKMARAKTVMNSKTHPPKCIQCGQYLDDPDLKYGQHPPDAVDEPOMLTNE
KLSIFDANESGEFESYEALPQHKLTCESVYCKHGHLCPIDTGLIERKNIELFESGSAKPIYDDDPS
LEGGVNGKNLGPINEWWITGFDGGEKALIGESTSFAEYITMDPSPEYAPTIFGLMQEKIYISKIV
VEFLOSNSDSTYEDLINKIETTVPPSGLNLNRFTEDSLLRHAQEFVVEQVESYDEAGDSDEQPTIEF
LTPCMRDLIKLAGVTLGQRRAQARROTIRHSTREKDRGPTKATTTKLVYQIFDTFFAEQIEKDD
REDKENAFKRRRCGVCEVCQQOPECGKCKACKDMVKEGGSGRSKQACQERRCPNMAMKEADDDEE
VDDNIPEMPSPKKMHQGKKKKONKNRI SWVGEAVKTDGKKSYYKKVCIDAETLEVGDCVSVIPD
DSSKPLYLARVTALWEDSSNGOMFHAHWFCAGTDTVLGAT SDPLELFLVDECEDMQLSY THSKV
KVIYKAPSENWAMEGGMDPESLLEGDDGKTYEFYQLWYDQDYARFESPPKTQPTEDNKEKECVSC
ARLAEMROQKEIPRVLEQLEDLDSRVLYYSATKNGILYRVGDGVYLPPEAFTEFNIKLSSPVKRPR
KEPVDEDLYPEHYRKYSDY IKGSNLDAPEPYRIGRIKEIFCPKKSNGRPNETDIKIRVNKEYRP
ENTHKSTPASYHADINLLYWSDEEAVVDFKAVQGRCTVEYGEDLPECVQVY SMGGPNREYFLEA
YNAKSKSFEDPPNHARSPGNKGKGKGKGKGKPKSQACEPSEPEIETKLPKLRTLDVESGCGGLS
EGFHQAGISDTLWAIEMWDPAAQAFRLNNPGSTVEFTEDCNILLKLVMAGETTNSRGOQRLPQKGD
VEMLCGGPPCOGESGMNRENSRTYSKFKNSLVVSEFLSYCDYYRPREFEFLLENVRNEVSEFKRSMVL
KLTLRCLVRMGYQCTFGVLQAGQYGVAQTRRRATILAAAPGEKLPLFPEPLHVFAPRACQLSVV
VDDKKEVSNITRLSSGPFRTITVRDTMSDLPEVRNGASALEISYNGEPQSWEFQROLRGAQYQPT
LRDHICKDMSALVAARMRHIPLAPGSDWRDLPNIEVRLSDGTMARKLRY THHDRKNGRSSSGAL
RGVCSCVEAGKACDPAARQEFNTLIPWCLPHTGNRHNHWAGLYGRLEWDGEESTTVTNPEPMGKQ
GRVLHPEQHRVVSVRECARSQGFPDTYRLEGNILDKHRQVGNAVPPPLAKATGLE IKLCMLAKA
RESASAKIKEEEAAKD

SEQ ID NO. 72: UniProt Q27746

MPSKTICDQVIPPNVRDRVOQELDGDLNDGLITEKGY VKKKSKILFEHLSPDIQTKLKGLEDELK
DEELTEKGYLNKVQSILAKFIETCSPVNGDTKEEASSNGKDDEKAESTVANGTTSNGSTTNGSS
GSSKANGHTNGGYVQSSSQEETGTSQSEEEMDMDT PTSGKGGSKKKKKSKGSGGGDAGKGRKRK
VLGDDERDGVEKKEGEKKDVEGEEGEEAKEESATPDEKTLRT SKRKRSPKADAKQPSIMSMETK
KPAKKEEEKMEESSSMEVDKKEMENGDNGKKEEEEPSGPGGKRIKKEEEEEEKAKVEPMSPSRD
LRHKANHETAESKQPPLRCKECRQLLDDPDLKIFPGDPEDAREEY ITLTDPRLSLLTGDEGDAM
SYDERLOHKITNEFCVYDKSTHICAFDRGMIEKNKELYEFSGYVKPIYDDNPSTEGGIPTKRIGPI
NEWYTTGEFDGGHKALIGEFSTAFAEY IVMSPSEEYKPFWTAVOQEKIYMSKILIEFLONNVDPVYE
DLLTQIETTVPPEGCNREFTEDSLLRHAQFVVEQVESYDDAADRDEVLLITMPCMRDLIKLAGVT
LGKRRAARKAAAVKKDKKPVETMATVTPLVSHIFDATI FKDQIADEMKAAASERKKRCGVCEICQ
APDCGKCTACKDMIKEFGGSGKAKQACKDRRCPNMAVOQEADENDIDEMDNS SNKENKDEKKAKKG
RKLETPLKKKKRAKVTWLDEPTEVTEERAYYKAAMI.DDEKIEIGDCVLIHPDDPTKPLEFMARVI
YMWOESQGEMMEFHAQWEVYGSETVLGETSDPLEVEPIDECODTYLGSVNAKCTVIYKAPPNDWS
MIGGIDDPETDHVIKEDDGKTFEYQKWYDPELARFEDYEVLMAPDDIPAHRFCSCCLKNERAQE
KETARPGAKLEDQDDSSKVLY SSWHY KGNEFQIGDGVYLLPEVESENIKQOKVVTKKPVSKKDVD
EDLYPENYRKSSEYVKGSNLECPEPFRIGKIISIYTTKSNSTVRLRVNKMYRPEDTHKGRTAAY
QADLNVLYWSEEEAVTELEVVQGKCSVVCAEDLNVSTDEY SAGGPHKEY FREAYDSERKCFEDP
PSKSRSTRMKGKGKGKGKGKAKGKIAVEKEEEKESTETPEFNKLKCLDVEFAGCGGLSEGEFHQAGT
CESSWAIEKEEPAAQAYRLNNPGSTVESDDCNELLRLVMQGEKT SRTGQKLPQKGDVELLCGGP
PCOGESGMNRENSREY SKFKNSLISSYLSYCDYYRPREFLLENVRNEVSY KKNMVLKLALRCLT
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RMGYQCTEFGILOQAGOQYGVPOQTRRRAITLAAAPGEKLPFYPEPLHVESSRACSLSVMIGEKKIES
NNQWCLSAPYRTITVRDTMSDLPTINNGAQKLEISYDGEPQSDEFQKKIRGNQYQPILRDHICKD
MSSLVAARMKHIPLAPGSDWRDLPNIPVTLKDGTTCRKLRYTHKDKKNGKSSTGALRGVCSCAE
GDACDPSDROQFSTLIPWCLPHTGNRHNNWAGLYGRLEWDGEFSTTVTNPEPMGKQGRVLHPEQH
RVVSVRECARSQGEFPDTYREFFGSILDKHRQIGNAVPPPMAAATGME IKVCLOTKTKRDQERAAT,
EPVKEETEESMD

SEQ ID NO. 73: UniProt JOVIO3

MTTALTEFGGGLEFKDNTKEDIDMRGTADGAVNGGNIPNSQSQKRKRASPSPEIESEEDGDDWYET
DYIADSRVIRRKGROILQYLIHWAGYAVHERTWEDEDGIGGEDCALVQEFYRKNPGKPRLSPSS
VRKEVKLARMVEVVITTRRIDGKSRAASSTDQPSPHRLGITSPOQANNIGGEDPNPSLTRRPVRS
TVSEIAKRPTSKKVHPNKKCKASSDDESDEVFEEGEWDEDEDDDNDVDERSSEDDEDDEQERSA
EEPESDEEITIKPAKKTKSSLPKAKLRPKPANLGGEVTGVRPLNOQGLDIKAAVRNMSDDLPPISD
IEAMFDHLVSRIPDIVELVRQLNGRKLRVATMCSGTESPLLALNMIAKATKAQHGLTLAFEHVE
SCEIEPFKQAYIERNEFTPPILEFRDVTELGKKRAHTAYGSMVDVPGDVDILIAGTSCVDY SNLNN
VOODIDANGESGRTEFRGMLOWVKKHOPPIVILENVCNAPWDKVVEY FGOQIDYDAQYTRLDTKEEF
YIPHTRTRVYLFATPSSSESDDLPEKWAQTVKDLRRPWSSPEFEAFLLHTDDPNIHRARLELASA
RAQTDGT SRKTTDWNRCESRHORARQDEALGLLRPLT SWOQEAGVCKGLDWTWNDWLLAQTERVV
DLLEISTLRMAKDGIDSGFKACIWNVSQONVDRQTGSSKTALAPCLTPNMIPWVTIRGGPVTGRE
ALALQGIPVRELLLTSENEDQLADLAGNAMTTTVVGSAMIAALKVACHKITEGANPEKEAALTL
EKEAVDDEQVANRITIGEDYLEHHDLDLAKVTKSNLSEILDLACRSSRHCOQCEGQOSGTAPNILEC
QECSYRACKSCGGRPEHVYAPCANQRVEPAEFEKREFKGLLPMRVRIAGLTDQCLNAVRKAAEKS
NKGSVNDNDWOLWSTALLEGIHDAEFREFRYLKROSTWTAVYEARRAMLSLVLRNQIPEWRLTIK
APASEPNNSQLRALLLHPVARLQIDIAGOQDVLCGPWELCIPSMKTIDIEITGKGELLPSWQASL
GLOQGPFANTTRWSEVEISLOAEDENTLDRKLSGTYQLLPRCGQAMSSLHKKRPDLSDDGLPQLY
FFLDPTRCGESREDRYVESTSTERLDYGTERPVIARLDSHWREGNEKQRKVKLDVSGAWVKCPE
AHLTAIGGDDIAVVANDAAANETHRDRATFATIPSSASATSASLTTEGCSHAMALLSCRVPLDPT
HSESMWRRGAWAEIDLSHOGNTTFANLAWITERLPPLDGLKNWAHIADDVSEHVCERCAPRPPK
THWIKREGKANKKGNKTKSTITAFEDKLEAGOQYEHALKHRPSPEVVQLRLDODIGSEFRIGLNIV
SLAHRALSRLPPTTSEHKISLSWRLTPGHVTESPQPRRVFILPSNKQDPENSQPEAFKLPLRKE
QLRSLWWMLEQEKATGKTHTEFVEEEISESLLPAVGWRAEGKAERPVMVRGGVIADQVGYGKTVI
SIALVAQTLSLPAPEPATPGLIDLKATLIVVPGHLSKOQWPNEIARFTGSMEKVIVIQGMKDLQE
KTIAELGKADIIVMASEIFESDVYWSRLEYLSAQPREWLHDTQGGREFEFCDRLDAAMESLVSQTK
ILKEKGSEAAMRAMEDKKKSLVDNVGSKKEVHTAVNEGKRMKGOAY RDKHDSDSKAKPITKEEL
ERWEASEDEDDDENSKTYIPIPKFHSEFTGSESTIFSASVKKDY KLLPNPVLHMFREFRRVIADEET
YLOKKSLAAVLRLSSSYRWILSGTPPVSDFAATRSIATFMGIHLGVEDDGEGDVQYQKARAKDQ
TOAEKFHAFREVHSRAWHNRRDELAQEFLNVEVRONIAETEDIPTVEHIHTFKLPASEGAVYLE
LEHHLOALEMQARKETKEKNVSQGDRNARLEEALSDSKTAEEALLKRCCHETLDLSDKTQDAKS
AQEACDHITSARARQLLACQEDLSRSVNQATATLHGWIKKKGGESKNDDERQPFAEWIAFSSNIS
KHOGDIEAARTILLKVIEKCGVKDGNIPPSPSDKQSPSIASGAKMDDVKWOLREQTHLLRKLVKE
LVARVRSLREFFEVVRKIQKGKSDAQIVLESSECGHKPSTNPDIEMATILSCCGHVACHKCMRKAA
ASQRCVKSGECQAAVRPTNIVKVSSLGVEGELSSGRYGAKLEHLVNLTHSTIPKNERVLVELOWE
DLAGKVSEALSAGRIPHVTLSGSAKSRANTLDREFQOQSTNADSARVLLLKMNDASAAGSNLTTANH
AVFLGPLEFTNSLENYRAVETQATIGRVRRYGQQKKVHIHRLLALDTIDMT I FNARRTELKEKTDW
EEIPQEEYKGRGSSISMTNEKRTPTLTVKSNPEKRSSSWALASSEFRSKKRSMEARDAEGVSDDD
ENSELSDIT
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1. A method of preparing polynucleotide templates for distinguishing between modified

cytosines, comprising:

(a) providing a polynucleotide library hairpin strand comprising:

a double-stranded polynucleotide comprising a forward library strand
and a reverse library strand,

a hairpin loop adaptor ligated to an end of the double-stranded
polynucleotide, wherein the hairpin loop adaptor comprises a cleavable site,

wherein the polynucleotide library hairpin strand has been generated
from a precursor polynucleotide library hairpin strand such that any CpG dyads
in the precursor polynucleotide library hairpin comprising only unmodified
cytosine are converted to a first dyad in the polynucleotide library hairpin strand,
any CpG dyads in the precursor polynucleotide library hairpin comprising 5-
methylcytosine are converted to a second dyad in the polynucleotide library
hairpin strand, and any CpG dyads in the precursor polynucleotide library hairpin
comprising 5-hydroxymethylcytosine are converted to a third dyad in the
polynucleotide library hairpin strand,

wherein the first dyad, second dyad and third dyad are different to each

other when read; and

(b) synthesising at least one template strand by generating a complement of the

polynucleotide library hairpin strand, each of the template strands comprising a forward

template strand complementary to the forward library strand, a spacer strand

complementary to the hairpin loop adaptor, and a reverse template strand complementary

to the reverse library strand, wherein the spacer strand comprises a first cleavable site.

2. A method according to claim 1, wherein the method further comprises a step of:

(c) synthesising at least one template complement strand by generating a

complement of the template strand, each of the template complement strands comprising

a forward complement template strand, a spacer complement strand, and a reverse

complement template strand, wherein the spacer complement strand comprises a second

cleavable site.

3. A method according to claim 2, wherein the method further comprises a step of:
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(d) cleaving the first cleavable site on the at least one template strand to generate
at least one first polynucleotide sequence each comprising a first portion and cleaving the
second cleavable site on the at least one template complement strand to generate at least
one second polynucleotide sequence each comprising a second portion,

wherein the first portion corresponds with the forward template strand and the
second portion corresponds with the reverse complement template strand, or wherein the
first portion corresponds with the reverse template strand and the second portion

corresponds with the forward complement template strand.

A method according to any one of claims 1 to 3, wherein the first cleavable site is a first

restriction site for an endonuclease.

A method according to any one of claims 2 to 4, wherein the second cleavable site is a

second restriction site for an endonuclease.

A method according to any one of claims 3 to 5, wherein the at least one first

polynucleotide sequence each comprise a first sequencing primer binding site.

A method according to claim 6, wherein the first sequencing primer binding site is located

after a 3”-end of the first portion.

A method according to any one of claims 3 to 7, wherein the at least one second
polynucleotide sequence each comprise a second sequencing primer binding site;
optionally wherein the second sequencing primer binding site is located after a 3°-end of

the second portion.

A method according to any one of claims 3 to 8, wherein where CpG dyads comprising
only unmodified cytosine were present in the precursor polynucleotide library hairpin,
then a double C-C/G-G match is present when comparing corresponding positions in the
at least one first polynucleotide sequence and the at least one second polynucleotide
sequence corresponding to the CpG dyad; where CpG dyads comprising 5-
methylcytosine were present in the precursor polynucleotide library hairpin, then a double
mismatch is present when comparing corresponding positions in the at least one first
polynucleotide sequence and the at least one second polynucleotide sequence
corresponding to the CpG dyad; and where CpG dyads comprising 5-
hydroxymethylcytosine were present in the precursor polynucleotide library hairpin, then

a single mismatch and single C-C/G-G match is present when comparing corresponding
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10.

1.

12.

13.

14.

15.

positions in the at least one first polynucleotide sequence and the at least one second

polynucleotide sequence corresponding to the CpG dyad.

A method according to any one of claims 3 to 8, wherein where CpG dyads comprising
only unmodified cytosine were present in the precursor polynucleotide library hairpin,
then a double mismatch is present when comparing corresponding positions in the at least
one first polynucleotide sequence and the at least one second polynucleotide sequence
corresponding to the CpG dyad; where CpG dyads comprising 5-methylcytosine were
present in the precursor polynucleotide library hairpin, then a double C-C/G-G match is
present when comparing corresponding positions in the at least one first polynucleotide
sequence and the at least one second polynucleotide sequence corresponding to the CpG
dvad; and where CpG dyads comprising 5-hydroxymethylcytosine were present in the
precursor polynucleotide library hairpin, then a single mismatch and single C-C/G-G
match is present when comparing corresponding positions in the at least one first
polynucleotide sequence and the at least one second polynucleotide sequence

corresponding to the CpG dyad.

A method according to any one of claims 3 to 10, wherein the method further comprises

a step of preparing the first portion and the second portion for concurrent sequencing.

A method according to claim 11, wherein the method comprises simultaneously
contacting first sequencing primer binding sites located after a 3’-end of the first portions
with first primers and second sequencing primer binding sites located after a 3’-end of

the second portions with second primers.

A method according to any one of claims 3 to 12, wherein the method further comprises
a step of processing the at least one first polynucleotide sequence comprising a first
portion and the at least one second polynucleotide sequence comprising a second portion,
such that a proportion of first portions are capable of generating a first signal and a

proportion of second portions are capable of generating a second signal.

A method according to claim 13, wherein the processing involves selective processing to

cause an intensity of the first signal to be greater than an intensity of the second signal.
A method according to claim 14, wherein a concentration of the first portions capable of

generating the first signal is greater than a concentration of the second portions capable

of generating the second signal.
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16.

17.

18.

19.

20.

21.

22.

23.

A method according to claim 15, wherein a ratio between the concentration of the first
portions capable of generating the first signal and the concentration of the second portions
capable of generating the second signal is between 1.25:1 to 5:1; optionally wherein the

ratio 1s between 1.5:1 to 3:1 or 2:1.

A method according to any one of claims 14 to 16, wherein selective processing

comprises preparing for selective sequencing or conducting selective sequencing.

A method according to any one of claims 14 to 16, wherein selectively processing

comprises conducting selective amplification.

A method according to any one of claims 14 to 17, wherein selectively processing
comprises contacting first sequencing primer binding sites located after a 37-end of the
first portions with first primers and contacting second sequencing primer binding sites
located after a 3’-end of the second portions with second primers, wherein the second

primers comprises a mixture of blocked second primers and unblocked second primers.

A method according to any one of claims 14 to 16 or 18, wherein the selective processing
comprises selectively removing some or substantially all of second immobilised primers
that are not yet extended, and conducting a further amplification cycle in order to
selectively amplify the first polynucleotide sequence(s) relative to the second

polynucleotide sequence(s).

A method according to any one of claims 14 to 16 or 18, wherein selectively processing
comprises selectively blocking some or substantially all of second immobilised primers
that are not yet extended using a primer blocking agent, wherein the primer blocking
agent is configured to limit or prevent synthesis of a strand extending from the second
immobilised primer, and conducting a further amplification cycle in order to selectively
amplify the first polynucleotide sequence(s) relative to the second polynucleotide

sequence(s).

A method according to claim 21, wherein the primer blocking agent is added whilst first

polynucleotide sequence(s) are hybridised to the second immobilised primers.

A method according to claim 21, wherein the method comprises contacting some or

substantially all of the second immobilised primers with an extended primer sequence,
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24.

25.

26.

27.

28.

29.

30.

wherein the extended primer sequence is substantially complementary to the second
immobilised primer and further comprises a 5° additional nucleotide; and adding the
primer blocking agent, wherein the primer blocking agent is complementary to the 5°

additional nucleotide.

A method according to any one of claims 13 to 23, wherein the first signal and the second
signal are spatially resolved; or wherein the first signal and the second signal are spatially

unresolved.

A method according to any one of claims 3 to 24, wherein the at least one first
polynucleotide sequence comprising the first portion and the at least one second
polynucleotide sequence comprising the second portion are attached to a solid support;

optionally wherein the solid support is a flow cell.

A method according to claim 25, wherein the at least one first polynucleotide sequence
comprising the first portion and the at least one second polynucleotide sequence

comprising the second portion forms a cluster on the solid support.

A method according to claim 25 or claim 26, wherein the at least one first polynucleotide
sequence comprising the first portion and the at least one second polynucleotide sequence

comprising the second portion form a duoclonal cluster.

A method of sequencing polynucleotide sequences to distinguish between modified
cytosines, comprising:

preparing polynucleotide templates for distinguishing between modified
cytosines using a method according to any one of claims 3 to 27;

sequencing nucleobases in the first portion and the second portion; and

identifying the presence of 5-methylcytosine or 5-hydroxymethylcytosine by
detecting differences when comparing a sequence output from the first portion with a

sequence output from the second portion.
A method according to claim 28, wherein the step of sequencing nucleobases in the first
portion and the second portion involves concurrent sequencing of nucleobases in the first

portion and the second portion.

A kit comprising instructions for preparing polynucleotide templates for distinguishing

between modified cytosines according to any one of claims 1 to 27, and/or for sequencing
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31.

32.

33.

34.

35.

36.

37.

38.

39.

polynucleotide sequences to distinguish between modified cytosines according to claim

28 or claim 29.

A data processing device comprising means for carrying out a method according to any
one of claims 1 to 29; optionally wherein the data processing device is a polynucleotide

sequencer.
A computer program product comprising instructions which, when the program is
executed by a processor, cause the processor to carry out a method according to any one
of claims 1 to 29.

A computer-readable storage medium comprising instructions which, when executed by
a processor, cause the processor to carry out a method according to any one of claims 1

to 29.

A computer-readable data carrier having stored thereon a computer program product

according to claim 32.

A data carrier signal carrying a computer program product according to claim 32.

A method of preparing a polynucleotide library hairpin strand, comprising:

(a) providing a double-stranded polynucleotide comprising a precursor forward

library strand and a precursor reverse library strand; and
(b) ligating a hairpin loop adaptor to an end of the double-stranded
polynucleotide to generate a first hairpin polynucleotide, wherein the hairpin loop adaptor

comprises a cleavable site.

A method according to claim 36, wherein the hairpin loop adaptor comprises a base-

paired stem and a non-base-paired loop.

A method according to claim 36 or claim 37, wherein the cleavable site is located in the

non-base-paired loop.

A method according to any one of claims 36 to 38, wherein the hairpin loop adaptor

connects a 3°-end of the precursor forward library strand with a 5°-end of the precursor
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40.

4].

42.

43.

44.

45.

reverse library strand; or wherein the hairpin loop adaptor connects a 3’-end of the

precursor reverse library strand with a 5”-end of the precursor forward library strand.

A method according to any one of claims 36 to 39, wherein the cleavable site is a

restriction site for an endonuclease.

A method according to any one of claims 36 to 40, wherein the method further comprises
a step of’

(c) removing the precursor reverse library strand from the first hairpin
polynucleotide to generate a second hairpin polynucleotide comprising the precursor
forward library strand and the hairpin loop adaptor, wherein the hairpin loop adaptor

comprises the cleavable site.

A method according to claim 41, wherein the method further comprises a step of:

(d) forming a resynthesised reverse library strand from the second hairpin
polynucleotide to generate a third hairpin polynucleotide, wherein when any cytosine
bases are present in the resynthesised reverse library strand, then all such cytosine bases

are unmodified cytosine.

A method according to claim 42, wherein the method further comprises a step of:

(e) exposing the third hairpin polynucleotide to an enzyme configured to convert
hemimethylated 5-methyleytosine CpG dyads to fully methylated 5-methylcytosine CpG
dyads, but not convert hemimethylated 5-hydroxymethylcytosine dyads, in order to

generate a fourth hairpin polynucleotide.

A method according to claim 43, wherein the enzyme configured to convert
hemimethylated 5-methylcytosine CpG dyads to fully methylated 5-methylcytosine CpG
dvads, but not convert hemimethylated 5-hydroxymethylcytosine dyads is a DNA
methyltransferase; optionally wherein the enzyme configured to convert hemimethylated
5-methyleytosine CpG dyads to fully methylated 5-methylcytosine CpG dyads, but not
convert hemimethylated 5-hydroxymethylcytosine dyads is a member of the DNA
methyltransferase 1 (DNMT1) family or the DNA methyltransferase 5 (DNMTS5) family.

A method according to claim 43 or claim 44, wherein the method further comprises a step
of:
(f) exposing the fourth hairpin polynucleotide to a conversion agent configured

to convert 5-methylcytosine and 5-hydroxymethylcytosine to thymine or a nucleobase
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46.

47.

48.

49.

50.

which is read as thymine/uracil, or to a conversion agent configured to convert an
unmodified cytosine to uracil or a nucleobase which is read as thymine/uracil, in order to

generate a fifth hairpin polynucleotide.

A method according to claim 45, wherein the conversion agent comprises a chemical

agent and/or an enzyme.

A method according to any one of claims 42 to 46, wherein the method further comprises
a step of ligating a flanking adaptor to an end of the double-stranded polynucleotide away
from the hairpin loop adaptor to the third hairpin polynucleotide, the fourth hairpin
polynucleotide or the fifth hairpin polynucleotide, wherein the flanking adaptor

comprises a primer-binding sequence and a primer-binding complement sequence.

A method according to claim 47, wherein the flanking adaptor is a forked adaptor

comprising a base-paired stem, a first arm and a second arm.
A method according to claim 47 or claim 48, wherein the primer-binding sequence is
located on the first arm, and the primer-binding complement sequence is located on the

second arm.

A polynucleotide library hairpin strand prepared according to any one of claims 36 to 49.

123



WO 2024/256581

Figure 1

101
N

102/

Figure 2

1. DNA duplex fragments

A

1/16

PCT/EP2024/066447

2. Library prep with for
e.g. Loop fork ligation

A

A

3. Seeding and Clustering

A A
A copy
A’ copy)

Figure 3

301’\ 304 \ 402 \

A

4. Loop cleavage

A A’ copy

7\

403 \ 401 \ 303’\ 302 \




WO 2024/256581 2/ 1 6
Figure 4
A B Adapter Ligation
A B’
Fragmented DNA
P5 A B B A l

Self-tandem insert library

Figure 5

200 \

202

201\\

204 L1 I

P7

P5

PCT/EP2024/066447

A B
O
A B

In single-stranded
state




WO 2024/256581 3 / 1 6 PCT/EP2024/066447

Figure 6
(A)

302 ——
303" ——

401 ——
403 ~———

402 ~—~—
201

304 —e / v 202

301 —s

204N R

B)

302

303
— Tt

403

402

304"
—




WO 2024/256581

Figure 6 (cont.)
(©)

302" ——

303 ——

401" ———

403" ~—

402" —

304" ——

i
i
!
i
]

4/16

PCT/EP2024/066447

(D)

302" —

303 —

401 —

403" ——

402" —

e e R B m e m e

304" —

e 301"

—304

— 402

403

e 401

—303’




WO 2024/256581 5 / 1 6 PCT/EP2024/066447

Figure 6 (cont.)
(B)
302" ——— : : : 301
303 —— ——304
41— | L |——a02
03— | :'} ﬂ | |—s
! .I, !
402" —— | —— 401
304 ~—— : : : : —303
Figure 7
4-Channel Chemistry 2-Channel Chemistry 1-Channel Chemistry
! ! IR
C A G T C G T C
Image 1| @ Image 1 Image 1 ©
Image 2
Image 3 Image2| @ © Image 2 )
Image 4 ®)
Result | A G T C Result | A G T C Result | A G T C

————————— Intermediate chemistry step

502b 502a
Figure 8
5 5 5 5
pree— | I [
R o
402 ——x | i i i ¢
304~ : : : ﬁ —303'

SUBSTITUTE SHEET (RULE 26)




WO 2024/256581

Figure 9
(A)

6/16

f— 307"

— 304

— 1001

202

— 303’

EREE

— 1001

202

(B)
302" ——
303 ———nu
1001 ——_|
304" ———|
201 —n_|
(€)

/302'

201

301

PCT/EP2024/066447



WO 2024/256581 7 / 1 6 PCT/EP2024/066447

Figure 9 (cont.)

(D)
302
_—303
L — 1001’
| | | | — 304
(B)

304
502

SUBSTITUTE SHEET (RULE 26)



8/ 1 6 PCT/EP2024/066447

WO 2024/256581

Figure 10
(A)

(B)

(C)




WO 2024/256581 9 / 1 6 PCT/EP2024/066447

Figure 10 (cont.)
(D)

304

502

Figure 11
(A)

R
wEEaE

(B)

601

701




WO 2024/256581 1 O / 1 6 PCT/EP2024/066447

Figure 12

IMAGE 2 INTENSITY

18 /

PRl
s

.

IMAGE 1 INTENSITY
ORIGINAL CLOUDS



WO 2024/256581

Figure 13

1 1 / 1 6 PCT/EP2024/066447

1700\ 1701
|

17 O\ Obtaining intensity data

|

1720\ Selecting a classification based on
the intensity data

1730\ Base calling

=D




1 2/ 1 6 PCT/EP2024/066447

WO 2024/256581

Figure 14

1 < Aluo Jwg uoisiaAuod 1 < HWYg pue HWG UOISIBAUO0YD

98 ‘ON
dl OIASHBILOYO9ILODD :sepesusnbag

G8 ‘ON
aio3s

Z8:ON QI D3IS D9ILOVIDLIODD :sepeousnbeg

s

IRNSUDIPLOID 03 payaauo) 18:ON QI DS DHADVYHOHALODD 0} PEUSAUCD

W S5 WA S S

uoonpey uononpay

. 08 :ON
0900¥9921900 V8 -ON glo3s  2900¥99DLODD
I | al o3s I I

DG  ®eDC

e

s

W 131 _,
6. :ON
DDOOVIDILOOD al o3s DDDOYODILDOD

o R OO T SOAC S O A AR S R OB S, SO A . G O S, O Y O S S WA S S S KO O R U . S O . R S S S U S O . .S . S T, TN S . O WD 0 05

uoi}oajep Jwy uoi}293ap HWYG pue Juig




WO 2024/256581 1 3 / 1 6 PCT/EP2024/066447

Figure 15

S SN0 O O RS, SO, TR A AR SO SOR: T, RS OO SO W TS S SO T S, S S SO g SO 0 S R ST ST S S O TSP, SO, T R O S A O T, -

. B5hm

! l
SEQ ID NO: 87 CGGTCGGACCG@

Klenow
DNMT1/DNMTS5

5hm

N CGGTé:GGACAQC
SEQ ID NO: 88
. /— GCCAGCCTGGCG

N\ CGGTUGGACUGC
SEQIDNO:89 e GCCAGCCTGGUG

Sequenced as:

cjaﬁw@&dwi: Rd1 SEQ D NO:

CEGTCGGACCAC Rd2 SEQ 1D NO;

Conversion code (Rd1/Rd2): CG — CGICG
5hmCG = TG/CG

%
[
[
i
[
i
[ ]
[
[
]
[ ]
[ 1
i
[
]
¥
§
¥
i
]
]
[
¥
i
[ ]
i
i
]
[
]
[
[
TET %
Reduction |
i
§
i
[
[ ]
[
i
3
i9
i
9
[
§
[
[ ]
]
i
H
5mCG - TG/CA H
|
]



14/16 PCT/EP2024/066447

WO 2024/256581

Figure 16

§ (1D D IDLI D DL
L Lo
H £
P S
i i
o b
H M i M H
R LY
aABa[y ﬂ,
96 ‘ON 0l D3S .
0502 / 1502 //Nmom /
§ e HO LD HBON 7D um,uwl_im,&_m 09l u@&
Jd i w ; “ t W ! M . M m w
by oy oy by oy by
by roy by Py Py Py
oy t 5 oy Loy by
P by by Py oy o
P P! P R
lemwl V01D [¥0r DD {90 = (901D D (9D umww
G6 ‘ON 4l O3S
duryx3 ﬁ
6002 . 0102
¥6 ‘ON al O3S /
Gd
G (D) DD D DD 909 0N
m........... Y9 ¥ 9 29 u 9 2'WD
Nmom\ 1502 \ \ 0502
€502

G6 ‘ON al 03s

pusjxe pue /4 0} jesuuy ﬁ

Loz gLz Zioe

0102
/ | | | .“..E\«m
Mvﬂumwu, 9109y “94Nd) »6 :ON dI DS
\ 900D 0D DD I/ :
0052 o0z — 5d> ¢
Quiy-¢ pue JW-¢ JO UOISIBAUOD
woom/
Id
(1) ¢ ] I\
P ../ma }ON QI OIS
5d

%ﬂm

¢6 ‘ON d1 O3S

N ?Uom 9002
Lol AR et TR Jodot )

£33 32333 £ zonaoas

_ _

0062 e w O

pusixgy ﬁ

2002
£002 f/;,,,z/,
Aqumowu Qi g

“ _
0022 \ L1007 \ mG




15/16 PCT/EP2024/066447

WO 2024/256581

Figure 17

0102 110z
& — 75V 0 0 B D BT e ./
‘ e Dt DN e
o A 7 £ -5 R
bl A 0082 ooz —
ooy [ Loy
[ [ oy
H H 1
€ =900 1 D[90} D AW} -
id 2 PaIPOUILN JO UOISIBAUOT) »«.
woom/
aneelD) ﬁ
. 0009
66 ‘ON dl 03S 1607 839D
wmom/ §50Z /A,mom/ oov \
€ s— jwf,ww Wuiw 0} FW{MMITMW{W@;
H
A L L m;,..,é,,,_,%%u~v
AR Lo Lo
b P P Q,umu 909
£ e DD OO T D N e TN Y \ 555 5 B
&d T o - 1-00£Z I
ws
86 :ON d] O3S
dunyx3 a
oyebi
g0z eebry | oo

¥00Z
//_ww ol o3 ,w%
/6 'ON @1 D3S M\(I D0ID DD

0l0g JJJ;!JJ/;

pusixy ,_»

2002 ~___

£002
R =

86 ‘ON 4l 03S

£802
pusixs pue /4 o} jesuuy ﬁ

0082 \ =

I
ooz 1002 \ wyg

/6 :ON 4l O3S

2

i €6 ‘ON I O3S
2

£

¢6:ON d1 D3s

i

2002

[

D9 L o
3129 € z6:ONQID3S

0T 301t gAY




6d 6d Ud ld 9d /d &d

~
-+
3
s
&
&
-9
=
=
o
=¥
a)lg eberea)n Iy
azleaur
‘uidirey e anesp)
Id Sd Id Sd Id $d Id&d 1dSd.dSd Id Sd ld §d 6d/d Sd Id SdldSdldSd Sid
O | . .. . [[89mol4
” ol q ol Mo J wm,qmmm UOISIBAU0))
g ouig
~  doj rubld A || ™ wopog reuduo sys obereald gy Ld
dod) jo Adod 2
i
_ _ _ — S — ShY
— — _ Buueisnpo dH sisayuAg Buipass auiyg oug Sd
diNvX3 pueng isii4 papuexs 8jgno(
— — _ S GLANG
— \E,_%
dol [eulbuo 9)§ abenea o
lBuIBLO Ada) HS ‘ D gy pusp3
[euiBlIQ Jo “ ,
Sd : §
| ShY
owyg ouig

WO 2024/256581

Figure 18

SUBSTITUTE SHEET (RULE 26)




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2024/066447

A. CLASSIFICATION OF SUBJECT MATTER
INV. C12Q1/6806

ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Cl12Q

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X UsS 2022/119878 Al (GLEZEFR ELI N [US] ET 1,2,4,
AL) 21 April 2022 (2022-04-21) 30-50
Y paragraphs [0013] - [0035], [0050], 3,5-29
[0114] - [0128], [0161] - [0168]
claims 80,85-103
figures 1-19
X WO 2023/034814 Al (SINGULAR GENOMICS 1,2,4,
SYSTEMS INC [US]) 30-50
9 March 2023 (2023-03-09)
Y paragraphs [0003] - [0006], [0032], 3,5-29
[0105], [0125], [0200] - [0211], [0273]
- [0291]
-/--

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance;; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance;; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

wy

"&" document member of the same patent family

Date of the actual completion of the international search

25 September 2024

Date of mailing of the international search report

08/10/2024

Name and mailing address of the ISA/
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040,
Fax: (+31-70) 340-3016

Authorized officer

Bruma, Anja

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2024/066447

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X KYRIAKOPOULOS CHARALAMPOS ET AL: "A
comprehensive approach for genome-wide
efficiency profiling of DNA modifying
enzymes",

CELL REPORTS METHODS,

vol. 2, no. 3, 1 March 2022 (2022-03-01),
page 100187, XP093207818,

ISSN: 2667-2375, DOI:
10.1016/j.crmeth.2022.100187

Y the whole document

X US 2015/011396 Al (SCHROEDER BENJAMIN G
[US] ET AL) 8 January 2015 (2015-01-08)

Y paragraphs [6259] - [0062], [0071] -

[0086], [0094] - [0096]
claims 1-47

X US 2022/220543 Al (SALK JESSE J [US])
14 July 2022 (2022-07-14)
Y claims 1-54

paragraphs [0015] - [0016], [0046],
[0052], [0061] - [0076], [0080] -
[0100], [0145] - [0155], [0159] - [0232]
Y GIEHR PASCAL ET AL: "Two are better than
one: HPOXBS - hairpin oxidative bisulfite
sequencing”",

NUCLEIC ACIDS RESEARCH,

vol. 46, no. 15, 15 June 2018 (2018-06-15)
, bpages e88-e88, XP093025520,

GB

ISSN: 0305-1048, DOI: 10.1093/nar/gky422
the whole document

figures 1-4

31-35

1-30,
36-50

30-36,50
1-29,
37-49
30,36,50
1-29,

31-35,
37-49

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




International application No.

INTERNATIONAL SEARCH REPORT

PCT/EP2024/066447
Box No. | Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)
1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was

carried out on the basis of a sequence listing:

a. forming part of the international application as filed.

b. D furnished subsequent to the international filing date for the purposes of international search (Rule 13ier1(a}).

accompanied by a statement to the effect that the sequence listing does not go beyond the disclosure in the
international application as filed.

2. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, this report has been
established to the extent that a meaningful search could be carried out without a WIPO Standard ST.26 compliant
sequence listing.

3. Additional comments:

Form PCT/ISA/210 (continuation of first sheet (1)) (July 2022)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2024/066447
Patent document Publication Patent family Publication

cited in search report date member(s) date

Us 2022119878 Al 21-04-2022 EP 4114978 A2 11-01-2023
uUs 2021277461 Al 09-09-2021
uUs 2022033895 A1l 03-02-2022
uUs 2022119878 Al 21-04-2022
uUs 2022282324 Al 08-09-2022
uUs 2022325341 A1l 13-10-2022
uUs 2023203576 Al 29-06-2023
uUs 2024150826 Al 09-05-2024
WO 2021178893 A2 10-09-2021

WO 2023034814 Al 09-03-2023 EP 4396339 Al 10-07-2024
uUs 2024271208 Al 15-08-2024
WO 2023034814 A1l 09-03-2023

UsS 2015011396 Al 08-01-2015 uUs 2015011396 Al 08-01-2015
uUs 2016265042 Al 15-09-2016
uUs 2021285040 Al 16-09-2021

Us 2022220543 Al 14-07-2022 AU 20203219921 A1l 03-03-2022
CA 3146435 Al 04-02-2021
CN 114502742 A 13-05-2022
EP 4007818 A1l 08-06-2022
IL 290274 A 01-04-2022
JP 2022543778 A 14-10-2022
uUs 2022220543 A1l 14-07-2022
WO 2021022237 Al 04-02-2021

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - description
	Page 83 - description
	Page 84 - description
	Page 85 - description
	Page 86 - description
	Page 87 - description
	Page 88 - description
	Page 89 - description
	Page 90 - description
	Page 91 - description
	Page 92 - description
	Page 93 - description
	Page 94 - description
	Page 95 - description
	Page 96 - description
	Page 97 - description
	Page 98 - description
	Page 99 - description
	Page 100 - description
	Page 101 - description
	Page 102 - description
	Page 103 - description
	Page 104 - description
	Page 105 - description
	Page 106 - description
	Page 107 - description
	Page 108 - description
	Page 109 - description
	Page 110 - description
	Page 111 - description
	Page 112 - description
	Page 113 - description
	Page 114 - description
	Page 115 - description
	Page 116 - description
	Page 117 - description
	Page 118 - claims
	Page 119 - claims
	Page 120 - claims
	Page 121 - claims
	Page 122 - claims
	Page 123 - claims
	Page 124 - claims
	Page 125 - claims
	Page 126 - drawings
	Page 127 - drawings
	Page 128 - drawings
	Page 129 - drawings
	Page 130 - drawings
	Page 131 - drawings
	Page 132 - drawings
	Page 133 - drawings
	Page 134 - drawings
	Page 135 - drawings
	Page 136 - drawings
	Page 137 - drawings
	Page 138 - drawings
	Page 139 - drawings
	Page 140 - drawings
	Page 141 - drawings
	Page 142 - wo-search-report
	Page 143 - wo-search-report
	Page 144 - wo-search-report
	Page 145 - wo-search-report

