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METHODS OF DETECTING METHYLCYTOSINE AND
HYDROXVYMETHYLCYTOSINE BY SEQUENCING

BACKGROUND

00601} The present disclosure relates to compositions and methods for detecting

methylation of cytosine in the DNA sample by sequencing,

Description of the Related Ant

0002} In the hurmnan genome, the most prevalent modified base 1s mC, which accounts
for about 1-5% of all nuclecbases in the genome. Cytosine methvlation occurs throughout the
whole genome and 1s generally associated with transcriptional repression, although in some cases
it can have the opposite effect. In somatic cells, mC 1s found prmarily at CpG sites — of which
60-80% are symmetrically methylated. Additionally, in embryonic stem cells, where mC level
are generally more elevated, significant non-CpG methylations bave been observed. These
epigenetic modifications are of a clinical significance.

{9903} Bisulfite sequencing has been the gold standard for mapping DNA
modifications including S-methyleytosine (5mC) and 5-hvdroxymethyleytosine (ShmC). Bisulfite
sequencing relies on the complete conversion of vnmodified cytosine to thymine leaving 5mC and
Shm{ untouched. However, the harsh bisulfite treatment causes severe degradations of BDNA due
to the acidic conditions. Converting all these positions to thymine severely reduces sequence
complexity (3 base A/G/T sequencing), leading to poor sequencing guality, low mapping rates,
uneven genome coverage. Alternative bisulfite-free chemustries involving the use of TET-assisted
pytidine borane for detecting SmC and ShmC in DNA sample and the use of peroxogungstate for
detecting SmC and 5hmC in RNA samples have recently been reported by Liu ef o/, Nature
Biotechnology 2019, 37, 424-429 and Yuan ef «f, Chem. Commun. 2019, 535, 2328-2331
respectively. However, these methods usually require larger sample input and have not proved to
be successtul for sensitive low-input samples, such as circulating celi-free DNA and single-cell
analysis.

18004} Therefore, there remains a challenge and a need for developing a sample
preparative method that are compatible with sequencing, in particular sequencing by synthesis
(SBS). Described herein are several bisulfite-free methods for selectively converting mC and hmC
into a T equivalent or an alternative base. The wethods described herein may prevent severe DNA
damage and retain the similar genome coverage of A/C/G/T.
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SUMMARY
[8005] (e aspect of the present disclosure relates to a method of identifving one or
more hydroxymethylated cytosines of a nucleic acid sequence in a nucleic acid sample,
comprising:
contacting the nucleic acid sample with a composition comprising an oxidative reagent;
converting the hydroxymethylated cytosines to modified thymine moieties each having the

structure of Formula (I) or (11}

o,

amplifving the modified nucleic acid sequence. In some embodiments, the method further

(1) to form a modified nucleic acid sequence; and

comprises: sequencing the amplified modified nucleic acid sequence; and determining the sites of
the modified thymine moiety by comparing the modified nucleic actd sequence to a reference
nucleic acid sequence.

[8006] Anocther aspect of the present disclosure relates to a method of identitying
cytosine methylation of a nucleic acid sequence in a nucleic acid sample, comprising:

contacting the nucleic acid sample with a TET enzyme to convert methylated cytosines to
hydroxymethylated cytosines in the nucleic acid sequence;

reacting the TET treated nucleic acid sample with a composition comprising an oxidative
reagent to convert the hydroxymethylated cytosines to modified thymine moteties each haviog the
structure of Formula (I) or (11}

OH O

si e
NH }_iéI/JJ\NH
N/l\\‘\O HO ?;E/&O

()

(H) to torm a modified nucleic acid sequence; and
amplifving the modified nucleic acid sequence. In some embodiments, the method further
comprises: sequencing the amplified modified nucleic acid sequence; and determining the sites of
the modified thymine moieties by comparing the modified nucleic acid sequence to a reference
nucleic acid sequence.
(8007} Some aspect of the present disclosure relates to a method of identifving one or
more hydroxymethylated cytosines of a nucleic acid sequence in a nucleic acid sample,

comprising:



WO 2023/141154 PCT/US2023/011047
l N Q\TE/Ci
. . . 2 / / x . .
contacting the nucleic acid sample with U ,wherein XisOor S;
converting the hydroxymethylated cytosines to pseudo thymine moieties each having the

structure of Formula (i) or (1ib):

X

O/JE\NH O/H\EN
Y B
/&‘o N0

wownn (IHa}, oo (IlIb) to form a modified nucleic acid sequence; and
amplifving the modified nucleic acid sequence. In some embodiments, the method further
comprises: sequencing the amplified modified nucleic acid sequence; and determining the sites of
the pseudo thymine moiety by comparing the modified nucleic acid sequence to a reference
nucleic acid sequence.
[0008] Aunother aspect of the present disclosure relates to a method of identifying
cytosine methylation of a nucleic acid sequence in a nucleic acid sample, comprising:

contacting the nucleic acid sample with a TET enzyme to convert methylated cytosines to

N O\EX]/CE

hydroxymethylated cytosines to pseudo thymine moteties each having the structure of Formula

{Hla) or (IIib):

hydroxymethylated cytosines in the nucleic acid sequence;

reacting the TET treated vucleic acid sample with to convert the

X X
B B4
N G N O

whn (Ia), www  (IIIb) to form a modified nucleic acid sequence, wherein

XisGor& and

amplifying the modified nucleic acid sequence. In some embodiments, the method further
comprises: sequencing the amplified modified nucleic acid sequence; and determining the sites of
the pseudo thymine moieties by comparing the modified nucleic acid sequence to a reference
nucleic acid sequence.

(8009} A further aspect of the present disclosure relates to a method of identifying
cytosine methylation of a nucleic acid sequence 1o a nucleic acid sample, comprising:

contacting the unucleic acid sample with a TET enzyme to convert methylated and

hydroxymethylated cytosines in the nucleic acid sequence to carboxylated cytosines;
3
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reacting the TET treated nucleic acid sample with a cyanate or thiocyanate to convert the

carboxylated cytosines o pseudo thymine moteties each having the structure of Formula (THd):

NH

N
anchan (1lId) to form a modified nucleic acid sequence, wherein X 1s O or S; and

arplifying the modified nuclewc acid sequence. In some embodiments, the method turther
comprises: sequencing the amplified modified nucleic acid sequence; and determining the sites of
pseudo thymive moieties by comparing the moditfied nucleic acid sequence to a reference nucleic
acid sequence.

{0010} Some aspect of the present disclosure relates to a method of identifying one or

more hydroxymethylated cytosine of a nucleic acid sequence in a nucleic acid sample, comprising:

mR1a
o

contacting the nucleic acid sample with EI0° "OEt  wherein R'? is an optionally present
hydrophilic electron withdrawing group;
converting the hydroxymethylated cytosines to pseudo thymine moieties having the

structure of Formula (IVb):

i ’\\\\\lRMA
P

aanen (FVD) to form a modified nucleic acid sequence; and

amplifving the modified nucleic acid sequence. In some embodiments, the method further
comprises: sequencing the amplified modified nucleic acid sequence; and determining the sites of
the pseudo thymine moiety by comparing the modified nucleic acid sequence to a reference
nucleic acid sequence.

00611} Aunother aspect of the present disclosure relates to a method of identifying
cytosine methylation of a nucleic acid sequence in a nucleic acid sample, comprising:

contacting the nucleic acid sample with a TET enzyme to convert methylated cytosines to

hydroxymethylated cytosines in the nucleic acid sequence;
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~

reacting the TET ireated nucleic acid sample with EtO” “OBt (o convert the

hydroxymethylated cytosines to pseudo thymine moieties having the structure of Formula (IVb):

{(IVb) to form a modified nucleic acid sequence, wherein R'¥is a an optionally
present hydrophilic eleciron withdrawing group; and

amplifving the modified nucleic acid sequence. In some embaodiments, the method further
comprises: sequencing the amplified modified nucleic acid sequence; and determining the sites of
the pseudo thymine moieties by comparing the modified nucleic acid sequence to a reference
nucleic acid sequence.

18612} A further aspect of the present disclosure relates to a method of identifying
cytosine methylation of a nucleic acid sequence in a nucleic acid sample, comprising:

contacting the unucleic acid sample with a TET enzyme to convert methylated and
hydroxymethylated cytosines in the nucleic acid sequence to carboxylated cytosines;

reacting the TET treated nucleic acid sample first with ammounia in the presence of a

£

carboxyl activating agent {e.g., DCC or EDC), then reacting with ©7 H to convert

carboxylated cytosines to pseudo thymine moieties each having the structure of Formula (IVd):

(IVd) to form a modified nucleic acid sequence, wherein R is an
optionally present hydrophilic group; and

amplifying the modified nucleic acid sequence. In some embodiments, the method further
comprises: sequencing the amplified moditied nucleic acid sequence; and determining the sites of
the pseudo thyvmine moieties by comparing the modified nucleic acid sequence to a reference

nucleic acid sequence.
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10613} Some aspect of the present disclosure relates to a method of identifving
cytosine methylation of a nucleic acid sequence in a nucleic acid sample, comprising:
contacting the nucletc acid sample with a TET enzyme to convert methvlated and

hydroxymethylated cytosines in the nucleic acid sequence to carboxylated cytosines;

reacting the TET treated nucleic acid sample with in a Michael Addition reaction
to convert the carboxvlated cytosines fo first intermediates each having the structure of Formula

(Vay:

NH,
A ~COOH
NS

i
4R
S {Va}, wherein R? is 4-0CH:, 4-CHs, 2-OCH;, 4-C1, 4-NO3, or 4-CF3;
treating the first intermediates with hydrogen peroxide to form second intermediates each
having the structure of Formula (Vb):
NH,
A COCH

4

H o e

..‘....... R:ﬁ.
=T (Vb

reacting the second totermediates with 1,8-diazabicyclol[S .4 Olundec-7T-ene (DBU) to
convert the second intermediates to uracil moieties to form a modified nucleic acid sequence; and

amplifying the modified nucleic acid sequence. In some embodiments, the method further
comprises: sequencing the amplified moditied nucleic acid sequence; and determining the sites of
the converted uractl moieties by comparing the modified nucleic acid sequence to a reference
nucleic acid sequence.

(8014} Another aspect of the present disclosure relates to a method of identifying
methylated cytosines of a nucleic acid sequence in a nucleic acid sample, comprising:

contacting the nucleic acid sample with B-glucosyltransterase {(B-GT) to selectively
glucosylating hydroxymethyi cytosines of the nucleic acid sequence;

contacting the B-GT treated nucleic acid sample with a TET enzyme to convert methylated

cytosines 1n the nucleic acid sequence to carboxylated cytosines;
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reacting the TET treated nucleic acid sample with ina Michael Addition reaction

to convert carboxylated cytosines to first intermediates each having the structure of Formula (Vay:

NH»>
(P COOH
Q)\i“\ S
R P2 e
S (Va), wherein R? is 4-OCHs, 4-CHz, 2-OCH;, 4-C1, 4-NOy, or 4-CF,

treating the first intermediates with hydrogen peroxide to form second intermediates each

having the structure of Formula (Vb):

NH.
N COOH
PPN
. &
O i\[\, Sz
[P~ i
S R?
(Vb)

reacting the second intermediates with 1,8-diazabicyclo[5.4 Olundec-T-ene (DBU) to
convert the second intermediates to uracll moieties to form a modified nucleic acid sequence; and

amplifving the modified nucleic acid sequence. In some embodiments, the method further
comprises: sequencing the amplified modified nucleic acid sequence; and determining the sites of
the converted uracil moieties by comparing the modified nucleic acid sequence to a reference
nucleic acid sequence.

[0015] A further aspect of the present application relates to a method of identifying
cytosine methylation of a nucleic acid sequence in a nucleic acid sample, comprising:

contacting the unucleic acid sample with a TET enzyme to convert methylated and
hydroxymethylated cytosines in the nucleic acid sequence to carboxylated cytosines;

reacting the TET treated nucleic acid sample with an unsaturated reagent 1o a cycloaddition
reaction to convert the carboxylated cytosines to first intermediates each having the structure of
Formula (VI
HOLG /Tj?-

RN

A

e

: (V1), wherein ring A is an optionally substituted 4, S or 6 membered

carbocyclyl or heteroeyelyl ring;
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converting the first intermediates to bicyclic thymine moieties each having a structure of
Formula (VI
O
NH
N° 0O
e (VH)} to form a modified nucleic acid sequence; and
amplitying the modified nucleic acid sequence. In some erobodirnents, the method further
comprises: sequencing the amplified modified nucleic acid sequence; and determining the sites of
the bicyclic thymine moieties by comparing the modified nucleic acid sequence to a reference
nucleic acid sequence.
10016 A further aspect of the present application relates to a method of identifving
methylated cytosines of a nucleic acid sequence in a nucleic acid sample, comprising:
contacting the nucleic acid sample with B-glucosyltransterase (B-GT) to sclectively
glucosylating hydroxymethyi cytosines of the nucleic acid sequence;
contacting the B-GT treated nucleic acid sample with a TET enzyme to convert methylated
cytosines in the nucleic acid sequence to carboxylated cytosines;
reacting the TET treated nucleic acid sample with an unsaturated reagent in a cycloaddition
reaction to convert carboxylated cytosines to first intermediates each having the struciure of
Formula (Vi)

HOLGC NHz

R
L
it {(V1), wherein ring A is an optionally substituted 4, S or 6 membered
carbocyclyl or heterocyclyl ring;
converting the first intermediates to bicyclic thymine moieties each having a structure of
Formula (Vi)
O
J\NH

A
NTOTO

PP

x {VH) to form a moditied nucleic acid sequence; and

amplifving the modified nucleic acid sequence. In some embodiments, the method further
comprises: sequencing the amplified modified nucleic acid sequence; and determining the sites of
the bicyclic thymine moieties by comparing the modified nucleic acid sequence to a reference
nucleic acid sequence.

(8017} In any embodiments of the methods described herein, the nucleic acid sample

may comprise or is a genomic DNA sample.
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BRIEF DESCRIPTION OF THE DRAWINGS

8018} FIG. 1 illustrates the identification hydroxymethyl cytosing and cytosine
methylation by using various chemistry conversion methods in conjunction with TET to convert
hydroxymethyl cytosine and methy] cytosines to modified or pseudo thymine moteties according
to several embodiments of the present application.

[6019] FIG. 2 ilustrates the wdentification hydroxymethyl cytosive and cytosine
methylation by using various chemistry conversion methods in conjunction with TET and -
glucosyltransferase to convert hydroxymethyl cytosine and methyl eytosines to uraci or bicyclic

thymine moteties according to several embodiments of the present application,

DETAILED DESCRIPTION

{6026} Embodiments of the present application relates to several bisulfite-tree
methods for mapping nucleic acid modifications (e.g., DNA methylations) without harsh chemical
treatment to the nucleic acid sample. In particular, the methods described herein may selectively
converting a hydroxymethy!l cytosine (5hmm{) and/or methyl cytosine (5mC) to a modified or
pseudo thymine moiety or a uracil moiety, without affecting unmodified cytosines. The chemical
modified nucleic acid sample may be directly used in sequencing (e g, SBS} with high sensitivity
and specificity. 5 mC and 5hmC are the two most common epigenetic marks found in the
mammalian genome. Aberrant DNA methylation and hydroxymethylation have been associated
with various diseases and are well accepted hallmarks of cancer. Therefore, effective methods
described herein for determination of genomic distribution of SmC and ShmC are not only
important for understanding of development of homeostatic, but also invaluable for clinical

applications.

Definitions

{8021} Unless defined otherwise, all technical and scientific termus used herein have
the same meaning as is commonly understood by one of ordinary skill in the art. The use of the
terrn “including” as well as other forms, such as “include”, “includes,” and “included,” is not
fimiting. The use of the term “having” as well as other forms, such as “have”, “has,” and “had,”
is not limiting. As used in this specification, whether in a transitional phrase or in the body of the
claim, the terms “comprise{(s)” and “comprising” are to be interpreted as having an open-ended
meaning. That 18, the above terms are to be interpreted synonymously with the phrases “having
at feast” or “including at least.” For example, when used in the context of a process, the term
“comprising” means that the process includes at least the recited steps, but may include additional

9
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steps. When used in the context of a compound, composition, or device, the term “comprising”
means that the compound, composition, or device includes at least the recited features or
components, but may also include additional features or components.

19022} Where a range of values i1s provided, it 1s understood that the upper and lower
fimit, and each intervening value between the upper and lower himit of the range 15 encompassed
within the embodiments.

(8023} As used herein, common organic abbreviations are defined as follows:

°C Temperature in degrees Centigrade
mC or SmC  S-methyl cytosine
hime or Shme  S-hydroxymethyl cytosine

caC or ScaC  S-carboxycytosine

C pr 5£C S5-formyleytosine

DCC N N'-dicyclohexylcarbodiimide

EDC t-ethyl-3-(G-dimethylaminopropylearbodiimide
dATP Deoxvyadenosine triphosphate

dCTP Deoxycytidine triphosphate

dGTP Deoxyguanosine triphosphate

dTTP Deoxythymidine triphosphate

ddNTP Dideoxynucleotide triphosphate

SBS Sequencing by Synthesis

TET enzyme Ten-eleven translocation methylcytosine dioxygenase

B-GT beta glycosyliransferase
{6024} As used heretn, the term “methylated cytosine”, “mC” or “5m{” refers to 5-
NH,
X
NSo
methyl cytosine having the structure: ™™ which is attached to the ribose or 2-deoxyribose
ring of a nuclecside or nuclectide.
[0025] As used herein, the term “hydroxymethylated cytosine”, “hmC” or “Shm{”

NH,
Ho/\u\)“;\i
o

the ribose or 2-deoxyribose ring of a nucleoside or nucleotide.

refers to S-hydroxymethyl cytosine having the structure: , which 1s attached to

10
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18026} As used herein, the term “caC” or “5caC” refers to S-carboxy cytosine having
O NH.
HO” | N
NS0
the structure: ~ev ) which 1s attached to the ribose or 2-deoxyribose ring of a

nucleoside or nucleotide.
{6027} As used herein, the term “fC” or “5fC” refers to 5-formyl cytosine having the

Q  NH;

N o o
structure: wanaewhich is attached to the ribose or 2-deoxyribose ring of a nucleoside or
nucleotide.

(8028} It is to be understood that certain radical naming conventions can include either
a mono-~radical or a di-radical, depending on the context. For example, where a substituent
requires two points of attachment to the rest of the molecule, it is understood that the substituent
is a di-radical. For example, a substituent identified as alkyl that requires two potnis of attachment
includes di-radicals such as ~CHo—, ~CHyCHo—, ~CHCH{(CH:)YCHy—, and the like. Gther radical
naming conventions clearly indicate that the radical 1s a di-radical such as “alkylene” or
“alkenylene.”

00291 The term “halogen” or “halo,” as used herein, means any one of the radio-stable
atoms of column 7 of the Periodic Table of the Hlements, e g, fluorine, chlorine, bromine, or
iodine, with fluorine and chiorine being preferred.

{8030] Asused herein, “Cato Cv” in which “a” and “b” are integers refer to the number
of carbon atoms in an alkyl, alkenyl or alkyny! group, or the number of ring atoms of a cycloalkyl
or aryl group. That 15, the alkyl, the alkenyl, the alkynyl, the ring of the cycloalkyl, and ring of
the aryl can contain from “a” to “b”, inclusive, carbon atoms. For example, a “Ci to Cy atkyl”
group refers to all altkyl groups having from 1 to 4 carbons, that 1s, CHs-, CH3;CHy-, CHz:CHCHy-
,ACHz pCH-~, CH3CHCH2CHz-, CH3CH2OH(CHs)- and (CHapC-; a Gz to €4 cycloalkyl group
refers to all cycloalkyl groups having from 3 to 4 carbon atoms, that 1s, cyclopropyl and
cyclobutyl. Similarly, a “4 to 6 membered heterocyclyl” group refers to all heterocyelyl groups
with 4 to 6 total ring atoms, for example, aretidine, oxetane, oxazoline, pyrrolidine, piperidine,
piperazine, morpholine, and the like. H no “a” and “b” are designated with regard to an alkyl,
alkenyl, altkynyl, cycloalkyl, or aryl group, the broadest range described in these definitions is o
be assumed. As used herein, the term “Ci-Co” inclades Cr, Ca, T3, G4, Cs and Cs, and a range
defined by any of the two numbers. For example, Ci-Cs alkyl includes Ci, Co, Cy, Cy, Cs and Co
alkyl, Co-Ce alkyl, C1-Cs alkyl, ete. Stmiladdy, Co-Ce alkenyl includes Ca, Cs, Cy, Cs and Cealkenyl,

11
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C2-Cs alkenyl, C3-Cy alkenyl, etc.; and Co-Cs alkynyl includes Cs, T3, C4, Cs and Co alkynyl, Co-
Cs alkynyl, Cs-Ca altkynyl, ete. C3-Cs cycloalkyl each includes hydrocarbon ring containing 3, 4,
5,6, 7 and 8 carbon atoms, or a range defined by any of the two numbers, such as C3-C7 cycloalkyl
or Cs-Cs cycloalkyl.

{0031} As used herein, “alkyl” refers to a straight or branched hydrocarbon chain that
is fully saturated (1.e., contains no double or triple bonds). The alkyl group may have 1 to 20
carbon atoms (whenever it appears herein, a numerical range such as “1 to 207 refers to each
integer in the given range; e.g., 1 to 20 carbon atoms” means that the alkyl group may consist of
I carbon atom, 2 carbon atoms, 3 carbon atoms, efe., up to and including 20 carbon atoms,
although the present definition also covers the occurrence of the term “alky!” where no numerical
range is designated). The alkyl group may also be a medium size alky] having 1 to 9 carbon ators.
The alkyl group could also be a lower alkyl having 1 to © carbon atoms. The alkyl group may be
designated as “Ci.Caalkyl” or similar designations. By way of example only, “Ci.Cs alkyl”
indicates that there are one 1o six carbon atoms in the alkvl chain, 1.e., the alkyl chain is selected
from the group consisting of methyl, ethyl, propvi, iso-propyl, n-butyl, 1so-butyl, sec-butyl, and t-
butyl. Typical alkyl groups include, but are 1in no way limited to, methyl, ethyl, propyl, tsopropyl,
butyi, iscbutyl, tertiary butyl, pentyl, hexyl, and the like.

{00321 As used herein, “alkoxy” refers to the formula —OR wherein R 15 av alkyl as 13
defined above, such as “Ci.Cy alkoxy”, including but not limited to methoxy, ethoxy, n-propoxy,
I-methylethoxy (isopropoxy), n-butoxy, 1so-butoxy, sec-butoxy, and tert-butoxy, and the like.

(0033} As used herein, “alkenyl” refers 1o a straight or branched hydrocarbon chain
containing one or more double bonds. The alkenyl group may have 2 to 20 carbon atoms, although
the present definition also covers the cecusrence of the term “alkenyl” where no numerical range
is designated. The alkenyl group may also be a medium size alkeny] having 2 to 9 carbon atoms.
The alkenyl group could also be a lower alkenyl having 2 to 6 carbon atoms. The alkeoyl group
may be designated as “C2.Cs atkeny!” or similar designations. By way of example only, “Cr.Ce
alkenyl” indicates that there are two to six carbon atoms tn the alkenyl chain, t e, the alkenyl chain
is selected from the group consisting of ethenyl, propen-i-yi, propen-2-yl, propen-3-yi, buten-1-
yl, buten-2-yl, buten-3-vl, buten-4-yl, 1-methyl-propen-i-yl, 2-methyl-propen-1-yl, l-ethyi-
ethen-1-yl, 2-methyl-propen-3-vl, buta-1,3-dienyl, buta-1,2-dienvl, and buta-1,2-dien-4-vi.
Typical alkenyl groups include, but are in no way limited to, ethenyl, propenyl, butenyl, pentenyl,
and hexenvl, and the like.

{6034} As used herein, “alkynyl” refers to a straight or branched hydrocarbon chain
contatning one ot more {riple bonds. The alkynyl group may have 2 to 20 carbon atoms, although

the present definition also covers the occurrence of the term “alkynyl” where no numerical range

12
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is designated. The alkyny! group may also be a medium size alkynyl having 2 to 9 carbon atoms.
The alkynyl group could also be a lower alkynyl having 2 to 6 carbon atoms. The alkyunyl group
may be designated as “C2.Cs alkynyl” or similar designations. By way of example only, “C2.Ce
alkynyl” indicates that there are two to six carbon atoms in the alkynyl chain, i.e, the alkynyl
chain 13 selected from the group consisting of ethynyl, propyn-1-vi, propyn-2-vl, butyn-1-yi,
butyn-3-vi, butyn-4-yl, and 2-butynyl. Typical alkynyl groups include, but are in no way limited
to, ethynyl, propyuyl, butynyl, pentynyl, and hexynyl, and the like.

(8035} The term “aromatic” refers to a ring or ring system having a conjugated pi
electron system and includes both carboeyclic aromatic (e g, phenyl) and heterocyclic aromatic
groups (e.g., pyridine}. The term includes monoevclic or fused-ring polyeyclic (1.e., rings which
share adjacent pairs of atoms) groups provided that the entire ring system is aromatic.

180636} As used herein, “aryl” refers to an aromatic ring or ring system {i.e., two or
more fused rings that share two adjacent carbon atoms) containing only carbon 1n the ring
backbone. When the aryl is a ring system, every ring in the system is aromatic. The aryl group
may have & to 18 carbon atoms, although the present definition also covers the occurrence of the
terro “aryl” where no numerical range 13 designated. To some emabodiments, the aryl group has 6
to 10 carbon atoms. The aryl group may be designated as “Co.Cio aryl,” “Cs or Cro aryl,” or similar
designations. Examples of aryl groups include, but are not Uimited to, pheoyl, naphthyl, azulenyl,
and anthracenyl.

0037} An “araltkyl” or “arylalkyl” is an aryl group connected, as a substituent, via an
alkylene group, such as “Craa aralkyl” and the like, including but not limited to benzyl, 2-
phenylethyl, 3-phenylpropyl, and naphthylalkyl. In some cases, the altkylene group 1s a lower
alkylene group (i e, 2 Ci.Ce alkylene group).

{6038} As used herein, “aryloxy” refers to RO- in which R is an aryl, as defined above,
such as but not hmited to phenyl.

80439} As used herein, “hetercary]” refers to an aromatic ring or ring system {(i.¢., ftwo
or more fused rings that share two adjacent atorns) that contain{s} one or more hetercatoms, that
is, an element other than carbon, including but not limited to, nitrogen, oxygen and sulfur, in the
ring backbone. When the hetercaryl is a ring system, every ring in the system is aromatic. The
heteroaryi group may have 5-18 ring members (1.¢., the number of atoms making up the ring
backbone, including carbon atoms and heterocatoms), although the present definition also covers
the occurrence of the term “hetercaryl” where no numerical range ts designated. In some
embodiments, the heteroaryl group has 5 to 10 ring members or S to 7 ring members. The
heteroaryl group may be designated as *5-7 membered heteroaryl” “5-10 membered heterocaryl,”
or similar designations. Examples of heteroary! rings include, but are not limited to, furyl, thienvi,
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phthalazinyl, pyrrolyl, oxazolyl, thiazolyl, imidazolyl, pyrazolyl, isoxazolyl, isothiazolyl,
triazolyl, thadiazolyl, pyridinyl, pyridazinyl, pyrimidinyl, pyrazinyl, trazinyl, quinolinyl,
isoquinolinyl,  benzoimidazolyl, benzoxazolyl, benzothiazolyl, tndolyl, isoindolyl, and
benzothienyl.

10040] A “heteroaralkyl” or “hetercarylalkyl” is heteroaryl group connecied, as a
substituent, via an alkylene group. Examples include but are not limited to 2-thienvimethyl, 3-
thienylmethyl, furvlmethyl, thienviethyl, pyrrolvialkyl, pyridylalkyl, isoxazoilylalkyl, and
imidazolylalkyl. In some cases, the alkylene group is a lower alkylene group (i.e, a C1.Cs alkylene
group).

{8041} As used heretn, “carbocyclyl” means a non-aromatic cyclic ring or ring system
containing only carbon atoms in the ring system backbone. When the carbocyclyl 15 a ring system,
two or more rings may be joined together in a fused, bridged or spiro-connected fashion,
Carbocyelyls may have any degree of saturation provided that at least one ring in a ring system i3
not aromatic. Thus, carboeyclyls include cycloalioyls, cycloalkenyls, and cycloalkynyls. The
carbocyclyl group may have 3 to 20 carbon atoms, although the present definition also covers the
occurrence of the term “carboceyclyl” where no numerical range 1s designated. The carbocyclyl
group may also be a medium size carbocyclyl having 3 to 10 carbon atoms. The carbocyelyl
group could also be a carbocyclyl having 3 to 6 carbon atoms. The cartbocyclyl group may be
designated as “C3.Ce carbocyclyl” or similar designations.  Examples of carbocyelyl rings
include, but are not himited to, cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, cyclohexenyl,

~

2,3~dihydro-indene, bicycle[2.2 2loctanyl, adamantyl, and spiro[4.4inonanyl.

[0042] As used herein, “cycloalkyl” means a fully saturated carboeyclyl ring or ring
system. Examples include cyclopropyl, cyclobutyl, cyclopentyl, and cycichexyl.

(0043} Asused herein, “heterocyclyl” means a non-aromatic cyclic ring or ring syster
containing at least one heteroatom in the ring backbone. Heterocyclyls may be joined together in
a fused, bridged or spirc-connected fashion. Heterocyclyls may have any degree of saturation
provided that at least oue ring in the ring system is not aromatic. The hetercatom{s) may be
present in either a non-aromatic or aromatic ring in the ring system. The heterocyelyl group may
have 3 to 20 ring members {(i.e, the number of atoms making up the ring backbone, including
carbon atoms and hetercatoms}, although the present definition also covers the occurrence of the
term “heterocyclyl” where no numerical range is designated. The heterocyclyl group may also be
a medium size heterocyelyl having 3 to 10 ring members. The heterocyely] group could alsobe a
heterocyclyl having 3 to 6 ring members. The heterocyelyl group may be designated as “3-6
membered heterocyclyl” or similar designations.  In preferred six membered monocyclic

heterocyclyls, the heteroatom(s} are selected from one up to three of O, N or §, and in preferred
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five membered monocyclic heterocyclyls, the hetercatom(s) are selected from one or two
hetercatoms selected from O, N, or S, Examples of heterocyelyl rings include, but are not limited
to, azepinyl, acridinyl, carbazolyl, cionolinyl, dioxolanyl, wmmidazolinyl, imidazolidinyi,
morpholinyl, oxiranyl, oxepanyl, thiepanyl, piperidinyl, piperazinyl, dioxopiperazinyl

pyrrolidinyi, pyrrolidonyl, pyrrolidionyl, 4-piperidonyl, pyrazolinyl, pyrazolidinyl, 1,3-dioxinyi,
1,3-dioxanvl, 1 4-dioxinyl, 1, 4-dioxanyl, 1,3-oxathianyl, 1 4-oxathiinyl, 1 4-oxathianyl, 2H-1,2-
oxazinyl, trioxanyl, hexahydro-1,3,5-trazinyl, 1,3-dioxolyl, 1.3-dioxolanyl, 1.3-duhiolyl, 13-
dithiolanyl, isoxazolinyl, isoxazolidinyl, oxazolinyl, oxazolidinyl, oxazolidinonyi, thiazolinyi,
thiazohdinyl, 1,3-oxathiolanyl, indolinyl, iscindolinyl, tetrahydrofuranyl, tetrahydropyranyi,
tetrahydrothiophenvl,  tetrahydrothiopyranyl,  tetrahydro-1,4-thiazinyl,  thiamorpholinyi,
dihydrobenzoturanyl, benzimidazolidinyl, and tetrahydroquinoline.

{6044} As used herein, “~O-alkoxvalkyl” or “-O-(alkoxyjalkyl” refers to an alkoxy
group connected via an —O-{alkylene} group, such as —0-(C1-Cs alkoxy)Cr-Co alkyl, for example,
~O-{CH2)1.3-OCHs.

{8045} As used herein, “haloalkyl” refers to an alkyl group in which one or more of
the hydrogen atoms are replaced by a halogen (e.g, mono-haloalkyl, di-halealkyl, and tri-
halealkyl).  Such groups include but are not limited to, chloromethyl, fluoromethyl,
difluororsethyl, trifluoromethyl and T-chioro-2-flucromethyl, 2-fluorcisobuty]l. A haloalkyl may
be substituted or unsubstituted.

{8046} As used herein, “haloalkoxy” refers to an alkoxy group in which one or more
of the hydrogen atoms are replaced by a halogen {e.g., mono-haloalkoxy, di-haloalkoxy and tri-
haloaltkoxy). Such groups include but are not himited to, chloromethoxy, fluoromethoxy,
diflusromethoxy, trifluoromethoxy and  I-chloro-2-fluoromethoxy, 2-flucroisobutoxy. A
haloalkoxy may be substituted or unsubstituted.

(8047} Au “amino” group refers to a —NHz group. The term “mono-substituted armino
group” as used herein refers to an amino {(—INHz} group where one of the hydrogen atom is replaced
by a substituent. The term “di-substituted amino group” as used herein refers to an anmino (—NHz)
group where each of the two hydrogen atoms is replaced by a substituent. The term “optionally
substituted amino,” as used herein refer to a -NRaRgs group where Ra and Rg are independently
hydrogen, alkyl, cycloalkyl, aryl, heteroaryl, heterocyelyl, aralkyl, or heterocyclyl{alkyl}), as
detined herein.

18048} An “O~carboxy” group refers to a “~OC{=0)R” group in which R is selected
from hydrogen, C:i.Cs alkyl, Co.Cs alkenyl, Co.Co alkynvl, C5.Cr catbocyclvl, Co.Cio aryl, 5-10

membered heteroaryl, and 3-10 merosbered heterocyclyl, as detined herein.
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18049} A “C-carboxy” group refers to a “-C{(=0)}OR” group in which R ig selected
from the group consisting of hvdrogen, Ci.Ce alkyl, CaCe alkenyl, CrCo alkynyl, Ci.Cy
carbocycelyl, Ca-Cio aryi, 5-10 membered heteroaryl, and 3-10 membered heterocyclyl, as defined
herein. A non-limiting example includes carboxyl (e, -C(=0)0H).

19050} A “sulfouyl” group refers to an “-SO2R” group wn which R is selected from
hydrogen, Ci.Cs alkyl, Cr.Co alkenyl, Co.Cs alkynyl, 5.0y carboeyelyl, CoCuo aryl, 5-10
membered heteroaryl, and 3-10 merosbered heterocyclyl, as detined herein.

(8051} A “S-sulfonamido” group refers to a “-SO2NRaRe” group in which Ra and Rs
are each independently selected from hydrogen, C1.Cs alkyl, C2.Cs atkenyl, C2.Ce alkynyl, C5.C7
carbocyelyl, Co.Cro arvi, 5-10 membered hetercaryl, and 3-10 membered heterocyclyl, as defined
herein.

(8052} An “N-sulfonamido” group refers to a “-N{Ra}50:Re” group in which Ra and
Ry are each independently selected from hydrogen, Ci.Cs alkyl, C2.Cs alkenyl, Co.Co alkynyl, Cs.
C7 carboeyelyl, Co.lCro aryl, 5-10 membered heteroaryl, and 3-10 membered heterccyelyl, as
defined herein.

{8033} A “C-aroido” group refers to a “~C{(=0)NRaRg” group in which Ra and Re are
each independently selected from hydrogen, Ci-Cs alkyl, C2.Cs alkenyl, C2.Cs alkynyl, C3.Cr
carbocycelyl, Cs-Cro aryl, 5-10 membered heteroaryl, and 3-10 mmembered heterocyclyl, as defined
herein.

0054} An “N-amido” group refers to a “~-N(Ra)C(=0)Rn” group in which Ra and Re
are gach independently selected from hydrogen, C1.Cs alkyi, C2.Ce alkenyl, (2.Co alkynyi, C3.C
carbocyclyl, Co.Cio aryl, 5-10 membered heteroaryl, and 3-10 membered heterocyclyl, as defined
herein.

{8035} An “O-carbamyl” group refers to a “-OC{=0)N(RaRn)” group in which Ra and
Re can be the same as defined with respect to S-sulfonamido. An O-carbaroyl may be substituted
or unsubstituted.

10056} An “WN-carbamyl” group refers to an “ROC(=0N(Ra)~" group in which R and
Ra can be the same as defined with respect to N-sulfonamido. An N-carbamyl may be substituted
or unsubstituted.

0057} An “O-thiocarbamy!” group refers to a “~OC(E=S8-N{RaRg)” group in which
R and Rs can be the same as defined with respect to S-sultfonamido. An O-thiocarbamyl may be
substituted or unsubstituted.

{6038} An “N-thiocarbamyl” group refers to an “ROC(=SIN{Ra}-" group in which R
and Ra can be the same as defined with respect to N-sulfonamido. An N-thiocarbamyl may be
substituted or unsubstituted.
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18059} The term “hydroxy” as used herein refers to a ~OH group.

{8060} The term “cyano” group as used herein refers to a “-CN” group.

8061} The term “azido” as used herein refers to a N3 group.

(8062} When a group 15 described as “optionally substituted” 1t may be etther
unsubstituted or substituted. Likewise, when a group is described as being “substituted”, the
substituent may be selected from one or more of the indicated substituents. As used herein, a
substituted group 13 denived from the unsubstituted parent group in which there has been an
exchange of one or more hydrogen atoms for another atom or group. Unless otherwise indicated,
when a group 13 deemed to be “substituted,” it is meant that the group s substituted with one or
more substituents independenty selected trom Ci-Us alkyl, Ci-Cs alkenyl, C1-Cs alkynyl, Ci-Cs
hetercalkyl, C3-C7 carbocyclyl (optionally substituted with halo, Ci-Ce alkyl, C1-Co alkoxy, Ci-
s haloalkyl, and C1-Cs haloalkoxy), (s-Croarbocyclyl-Ci-Ce-alkyl {optionally substituted with
halo, Ci-Cs alkyl, Ci-Cs alkoxy, Ci-Cs haloalkyl, and C1-Ce haloalkoxy), 3-10 membered
heterocyclyi (optionally substituted with hale, Ci-Cs alkyl, C1-Ce alkoxy, C1-Ce haloalkyl, and
Ci-Cs haloalkoxy), 3-10 membered heterocyelyl-Ci-Cs-alkyl {optionally substituted with halo,
C1-Co alioyl, Ci-Co atkoxy, C1-Ce haloalkyl, and C1-Cs haloalkoxy), aryl {optionally substituted
with halo, C1-Cs alkyl, Ci-Cs alkoxy, Ci-Cs haloalkyl, and Ci-Co haloatkoxy}), (aryl)Ci-Cs alkyl
{optionally substituted with halo, Ci-Ce alkyl, Ci-Ce alkoxy, Ci-Cs baloalkyl, and Ci-Cs
haloalkoxy}, 5-10 membered hetercary! (optionally substituted with halo, Ci-Cs alkyl, Ci-Cs
alkoxy, 1-Cs halealkyl, and Ci-Ce haloalkoxy), (5-10 membered heteroaryiCi-Co  alkyl
{optionally substituted with halo, C1-Ce allkyl, C1-Co alkoxy, Ci-Us haloalkyl, and Ci1-Ce
haloatkoxy), halo, -CN, hydroxy, Ci-Cs alkoxy, {Ci-Cs alkoxy¥Ci-Cs alkyl, ~-O(C1-Co alkoxy )Ci-
Ce alkyl {C1-Co haloalkoxy}Ci-Cs alkyl; -O(C1-Co haloalkoxy}Ci-Ce alkyl; aryloxy, sulthydryl
(mercapto), halo{Ci-Cepalkyl (e.g., —CF3), halo{Ci-Cealkoxy (e.g., —OCF3), Ci-Cs alkylthio,
aryithio, amino, amino{Ci-Cejalkyl, wvitro, O-carbamyl, N-catbamyl, O-thiocarbamyl, N-
thiocarbamyl, C-amido, N-amido, S-sulfonamido, N-sulfonamido, C-carboxy, O-carboxy, acyl,
cyanato, isocyanato, thiocyanato, isothiocyanato, sulfinyl, sulfonyl, -SOsH, sulfonate (-80s ),
sulfate, sulfing, -O80Ciaalkyl, monophosphate, diphosphate, triphosphate, and oxeo (=0}
Wherever a group s described as “optionally substituted” that group can be substituted with the
above substituents.

{8063} When a compound is shown as charged {(i.¢, bearing one or more positive or
negative charges), it 1s understood that the compound may alsc contain one or more anions of
cations such that the compound is in neutral form.

6064} Asused herein, a “nuclectide” includes a nutrogen containing heterocyclic base,

a sugar, and one or more phosphate groups. They are monomeric units of a nucleic acid sequence.
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In RNA, the sugar is a ribose, and in DNA a deoxyribose, i.e. a sugar lacking a hydroxy group
that 1s present in ribose. The nitrogen containing heterocyclic base can be purine or pyrimidine
base. Purine bases include adenine (A) and guanine (G}, and modified derivatives or analogs
thereof, such as 7-deaza adenine or 7-deaza guanine. Pyrimidine bases include cvtosine (C),
thymine (T}, and wvractl (U}, and modified derivatives or analogs thereof. The C-1 atom of
deoxyribose 1s bonded to N-1 of a pyrimidine or N-9 of a purine.

[8065] As used herein, a “nucleoside” is structurally similar fo a nucleotide, but is
missing the phosphate moieties. An example of a nucleoside analogue would be one in which the
fabel 15 linked to the base and there 1s no phosphate group attached to the sugar molecule. The
term “nucleoside” 1s used herein in its ordinary sense as undersiood by those skilied in the art.
Examples include, but are not limited to, a ribonucleoside comprising a ribose moiety and a
deoxyribonucleoside comprising a deoxyribose motety. A modified pentose moiety is a pentose
moicty in which an oxygen atorm has been replaced with a carbon and/or a carbon has been
replaced with a sulfur or an oxygen ator. A “pucleoside” 1s a monomer that can have a substituted
base and/or sugar motety. Additionally, a nucieoside can be incorporated into larger DNA and/or
RNA polymers and oligomers.

8066} The term “purine base” is used herein in its ordinary sense as understood by
those skilled in the art, and includes s tautomers. Simlarly, the term “pyrnimidine base” 158 used
herein in its ordinary sense as understood by those skilled in the art, and includes its tautomers.
A non-limiting list of optionally substituted purine-bases includes purine, adenine, guanine,
deazapurine, 7-deaza adenine, 7-deaza guanine, hypoxanthine, xauthine, alloxanthine, 7-
alkylguanine (e.g., 7-methylguanine), theobromine, caffeine, uric acid and 1soguanine. Examples
of pyrimidine bases include, but are not limited to, cytosine, thymine, uract, §,6-dihydrouracil
and S-alkyicytosine {e.g , S-methyicytosine).

(8067} As used herein, when an oligonucleotide or polynucleotide 15 described as
“comprising” or “incorporating” a nuclecside or nucleotide described herein, it means that the
nucteoside or nucleotide described herein forms a covalent bond with the oligonucleotide or
polynuciectide. Similarly, when a nucleoside or nuclectide is described as part of an
oligonucleotide or polynucleotide, such as “incorporated into” an oligonucieotide or
polynucleotide, it means that the sucleoside or nucleotide described herein forms a covalent bond
with the oligonucleotide or polynuclectide. In some such embodiments, the covalent bond is
formed between a 3" hydroxy group of the oligonucleotide or polynucleotide with the 5’ phosphate
group of a nucleotide described herein as a phosphodiester bond between the 37 carbon atom of

the oligonucleotide or polynucleotide and the 5’ carbon atom of the nucleotide.
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18068} Asused herein, the term “cleavable linker” is not meant to imply that the whole
hinker 1s required to be removed. The cleavage site can be located at a position on the linker that
ensures that part of the linker remains attached to the detectable label and/or nucleoside or
nucleotide moiety after cleavage.

{99691 As used herewn, “denvative” or “analog” means a synthetic nucleotide or
nuclecside derivative having modified base moieties and/or modified sugar moieties. Such
derivatives and analogs are discussed in, e.g, Scheit, Nucleoride Analogs (John Wiley & Son,
1980} and Uhlman ef of, Chemical Reviews 90:543-584, 1990 Nucleotide analogs can also
comprise modified phosphodiester Hinkages, wncluding phosphorothioate, phosphorodithioate,
alkyl-phosphonate, phosphoranilidate and phosphoramidate linkages. “Derivative”, “analog” and
"modified” as used herein, may be used interchangeably, and are encompassed by the terms

“nuclectide” and “nucleoside” defined herein.

18076} As used herein, the term “phosphate” is used in its ordinary sense as understood
Ol
oo}
by those skilied n the art, and includes its protonated forms (for example, o and
Ol
GﬁP—MO“‘%
OH 3. As used herein, the terms “monophosphate,” “diphosphate,” and “triphosphate”

are used in thetr ordinary sense as understood by those skilled i the art, and include protonated
forms.

(8071} The terms “protecting group” and “protecting groups” as used herein refer to
any atom or group of atoms that is added o a molecule in order to prevent existing groups in the
molecule from undergoing vowanted chemical reactions. Sometimes, “protecting group” and

“blocking group” can be used interchangeably.

Method of Methvlation Detection by Oxidation of S-Hyvdroxvmethyl Cvtosine

{6072} One aspect of the present disclosure relates to a method of identifying one or
more hydroxymethylated cytosines (b} of a nucleic acid sequence in a nucleic acid sample,
comprising:

contacting the nucleic acid sample with a composition comprising aun oxidative reageunt;

converting the hydroxymethylated cytosines to modified thymine moieties each having the

structure of Formula (5 or (I
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{1y, (I} to form a modified nucleic acid sequence; and
amplifving the modified nucleic acid sequence.

{89873} In some embodiments, the oxidative reagent reacts with hydroxymethylated
cytosine to form an epoxidation or a dihydroxylation intermediate, and the method further
comprises hydrolyzing the epoxidation or dihydroxylation intermediate to form the modified
thymine moiety. In this method, the methylation chemistries leverage the hydroxymethyi moiety
of hmC. In particular, hydroxymethyl moiety will be used as a handle to direct oxidation
specifically on the 5, 6 double bond of the cytosine. Different metal may be used to coordinaie to
the hydroxy group and perform dihydroxvlation or epoxidation. Resulted intermediate may
undergo hydrolysis resulting at the conversion to a modified thymine moiety {(T*). The reaction
scheme is illustrated in Scheme 1 below. The hmC is attached to a 2-deoxyribose ring of the
nucteoside or nucleotide, which may be part of an oligonucleotide, a polynuclectide, or a nucleic

acid sequence.

Scheme 1. Osadation of hvdroxyvmethyl cvtosine by an oxidative reagzent
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0474 A variety of non-metallic or metallic oxidative agents mav be used to perform
J o

this transformation. In some embodiments, the oxidative reagent comprises or is a peracid, for
example, MPPA, or m-UPBA or a combination thereof. As a non-limiting example, the use of
MPPA or m-CPBA 1s depicted in Scheme 2. himC will be converted to the dehydroxylated C¥, 1o
which the aromatic system of nucleobase is broken. Subsequent hydrolysis will give epoxy T¥,
which will be converted to T by subsequent PCR during the library amplification. Oxidation with
MPPA may be performed at room temperature in the presence of 0.5 M NaHCOs solution, while

oxidation with m-CPBA may be performed at a mild basic environment of pH about 9.
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Ncheme 2. Oxidation of hydroxymethyl cytosine by MPPA or sm-CPBA
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(8075} In some other embodiments, the oxidative reagent may comprise hydrogen

peroxide and one or more metal compounds, such as transition metal compounds. The transition
metal compound may be selected from the group consisting of a molybdium derivative, a
vanadium dertvative, a tungsten derivative, and a rhenium derivative, and combinations thereof,
The transition metal compounds could be used either in stoichiometric version or in a catalytic
version in presence of hydrogen peroxide HxOo and may perform dihydroxylation and/or
epoxidation as tlhustrated in Scheme 3. Noo-liming examples of molybdium derivatives includes
molybdic acid, phosphomolybdic acid hydrate, bis{acetylacetonatojdioxomolybdenum({VI}),
molybdenunmy( V1) dichlonde dioxide, molybdenum(ll} acetate dimer, and combinations thereof
Non-limiting examples of vanadium derivatives include vanadium(IV} oxide sulfate hydrate,
vanadium{IV} oxide, or a combination thereof. Non-limiting tungsten derivatives include tungstic
acid, tungsten{V1) dichloride dioxide, tungsten{VI} oxychlonde, or combinations thereof. Non-
Hmiting examples of or rhenium derivatives include methylirioxorhenium (VI rhenium{VID)

oxide, or a combination thereof.

Ncheme 3. Oxadation of hydroxvmethy] cviosine by a {rapnsition metal compound and HxO»
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{8076} The oxidation method described herein may also be used to determine or

identify cytosine methylation of a nucleic acid sequence in a nucleic acid sample by identifying
both methylated cytosines (mC) and hydroxymethylated cytosines (hmC). The method may
cComprise:
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contacting the nuclete acid sample with a TET enzyme to convert methylated cytosines to
hydroxymethylated cytosines i the nucleic acid sequence;
reacting hydroxymethvlated cyiosines in the TET treated nucleic acid sample with a
composition comprising an oxidative reagent to convert hydroxyrethylated cytosines to modified

thymine moteties each baving the structure of Formula (1) or (IE):

OH © OH O
HO i”
HO™ NGO

s {1} to form a modified nucleic acid sequence; and

amplifying the modified nucleic acid sequence. This method involves the use of a TET
example, which readily converts mC to hmC. In some such embodiment of the method, the
oxidative reagents used for converting hydroxymethylated cytosines to the modified thymine
moieties may be the same as those described above.

18677} In any embodiments of the oxidative method described herein, the method may
further include sequencing the amplified modified nucleic acid sequence; and determining the
sites of the modified thymine moieties by comparing the modified nucleic acid sequence to a
reference unconverted nucleic acid sequence. In some such embodiment, the sequencing method
used may be sequencing by synthesis {(SBS}. The oxidative method described heretn for detecting

m{ and hmC 1s further itliustrated in FIG. T

Method of Methviation Detection by Forming Pseudo Thyvmine-Like Imino Tautomers

0678} Aunother aspect of the present disclosure relates to a method of identifying one

or more hydroxymethylated cytosines of a nucleic acid sequence in a nucleic acid sample,

contacting the nucleic acid sample with O2N , wherein X is { or §;

comprising:

converting the hydroxymethylated cytosines to pseudo thymine moieties each having the

structure of Formula (i) or (1ib):

X X
D/KNH O"H\EN

SRS

NG N0

whn (1la}, o (IlIb) to form a modified nucleic acid sequence; and

amplifving the modified nucleic acid sequence.

22



WO 2023/141154 PCT/US2023/011047
18079} A further aspect of the present disclosure relates to a method of identifying one
or more hydroxymethylated cytosines of a nucleic acid sequence in a nucleic acid sample,

comprising;

contacting the nucleic acid sample with EI0° "OEt  wherein R'* is an optionally present
hydrophilic electron withdrawing group;

converting the hydroxymethylated cytosines to pseudo thymine moieties having the
structure of Formula (IVb):

N
i MR1a
£

9
' NH

N° O
oo (IVb) to form a modified nucleic acid sequence; and amplitying the modified

nucleic acid sequence. In some embodiments, R'? is at the para and/or ortho position. In further
embodiments, R'* may be sulfonate (-SQ3 ) or a primary suifonamide (-SQ:NH»).

16080} Both methods rely on the chemical medification of hydroxymethyl cytosine to
form one or more iminge tautomers which may be recognized as a pseudo thymine, which is
iltustrated in Schemes 4a and 4b below. The mC or himC 18 attached to a 2-deoxyribose ring of the
nucleoside or nucleotide, which may be part of an oligonucleotide, a polynucleotide, or a nucleic

acid sequence.
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Nchemes 4a and 4b. Formations of Pseudo T Tautomers from hm(C
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(6081} In Scheme 4a, mc 1s first converted to hmC by TET, then reacted with

Q2N to form two tautomers of formula (IHa) and (I1ib), and etther tautomer may
be the main form. Because of the exira electron acceptor is introduced, compound of Formula

(HIa} may act as both as a modified cytosine and a pseudo thymine. In Scheme 4b, hmC reacts

with Et07

main form. Tautomer TVa is the modified cytosine and Tautormer IVb 1s the pseudo T form,

OEt 1o form tautomers of Formula (IVa) and (IVb), and either tautomer may be the

(8082} Furthermore, both methods may also be used to determine or identify cytosine
methylation of a nucleic acid sequence 1 a nucleic acid sample by 1dentifying both methylated
cytosines (mCy and hydroxymethylated cytosines (hmC). The method may comprise:

contacting the nucleic acid sample with a TET enzyme to convert methylated eytosines to
hydroxymethylated cytosines in the nucleic acid sequence;

reacting hydroxymethylated cytosines in the TET treated nucleic acid sample with

N 07)](/05

having the structure of Formula (Iifa) or (b)Y

to convert hydroxymethylated cytosines to pseudo thymine moieties each
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addann (Ifa), (b} to form a modified nucleic acid sequence, wherein
Xis O or S; and amplitying the modified nuclete acid sequence.

{8083} Alternatively, the method may comprise: contacting the nucleic acid sample
with a TET enzyme to convert methylated cytosines to hydroxymethylated cytosines in the nucleic
acid sequence; reacting hydroxymethylated cytosines in the TET treated nucleic acid sample with

| \__._R*:a
£
EO" OBt o convert hydroxymethylated cytosines to pseudo thymine moieties each having the
structure of Formula (IVb}):

SR
‘ ______R']a
g

N
N

| NH

N Q
lon (IVb} to form a modified nucleic acid sequence, wherein R™ is an optionally

present hydrophilic electron withdrawing group described herein; and amplifving the modified
nucleic acid sequence.

[6084] There is concern that the treatment of mC with TET might not stop at hmC
stage, nstead gotog further to £C or cal. An additional aspect of the imino tautomer method
described herein involves the conversion of hmC to 5-carboxylated cytosine {caC or 5-ca(C), then
a simtlar modification to facilitate the conversion of cytosine to pseudo-T imino tautomer.

{6085} For example, the method may comprise: contacting the nucleic acid sample
with a TET enzyme to convert methylated and hydroxymethylated cytosines in the nucleic acid
sequence to carboxylated cytosines; reacting carboxvlated cytosines in the TET treated nucleic
acid sample with a cyvanate or thiocyanate to convert carboxylated cytosines to pseudo thymine

moieties each having the structure of Formula (1Hd):
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X

annnnn (T11d) to form a modified nucleic acid sequence, wherein X 1s O or 8; and
amplifying the modified nucleic acid sequence. In some embodiments, X is Q. In some
embodiments, the cyanate reagent is an tnorganic cyanate salt, such as potassium cyanate (KOCN)
or sodium cyanate (NaOCUN),

(8086} Alternatively, the method may comprise: contacting the nucleic acid sample
with a TET enzyme to convert methylated and hydroxymethylated cytosines tn the nucleic acid
sequence to carboxylated cytosines; reacting carboxylated cytosines in the TET treated nucleic
acid sample first with ammonia in the presence of a carboxyl activating agent, then reacting with

i \_____R’zb
=
07 H to convert carboxylated cytosines to pseudo thymine moieties each having the

structure of Formula (IVd):

(IVd) to form a modified nucleic acid sequence, wherein R'® is an
optionally present hydrophilic group; and amplifying the modified nucleic acid sequence. In some
embodiments, R'® may be at the para or ortho position. In further embodiments, R* may be -S03~
or -50:NHz. In some embodiments, the carboxyl activating agent 13 DCC or EDC.

{8087} The TET facilitated caC conversion and subsequent imino tautomer formations
are further llustrated in Schemes Sa and 5b below. The mC or hmC is attached to a 2-deoxyribose
sing of the nucleoside or nucleotide, which may be part of an oligonucleotide, a polynucieotide,

or a nucleic acid sequence.
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Schemes Sa and 5b. Formations of Pseudo T Tautomers from call
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6088} In Scheme Sa, mC 1s first converted to bmC by TET, then both mC and hmC
are further converted by TET to the final oxidation product caC, which then reacted with cyanate
RIOCN (3=0) or thiocyanate R'SCN (X=8) to form two tautomers of formula (IHc) and (11d),
and either tautomer may be the main form. Tautomer of Formula ({Id) may act as a pseudo
thymine. In Scheme 5b, caC first reacts with ammonia in the presence of a carboxyl activating

agent such as DCC or EDC to convert the carboxyl group to amide, then the intermediate amide

reacts with ©7 H  to form tautomers of Formula (IVe) and (IVd) and either tautomer may be
the main form. Tautomer Ve is the modified cytosine and Tautomer IVd s the pseudo-T form.
Alternatively, caC may direct react with an optionally substituted benzonitrile to amrive at
tautomers of IVe and IVd.

(8089} In any embodiments of the imino tautomer pseudo-T conversion methods
described herein, the method further comprises: sequencing the amplified modified nucleic acid
sequence; and determining the sites of pseudo thymine moieties by comparing the modified
nucleic acid sequence to a reference nucleic acid sequence. In some such embodiment, the
sequencing method used may be SBS. The oxidative method described herein for detecting mC

and hm{ 1s further iliustrated 1o FIG. 1.
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Method of Methvilation Detection bv Michael Addition or Cycloaddition
{8090} Additional methods described here use Michael Addition (e g, 1,4-Michael

Addition} or cycloaddition {e.g., Dels Alder [4+2] cycloaddition) in combination with TET
enzymology and P-glucosyltransferase (B-GT) to convert selectively SmC and/or ShmCintoa T
equivalent (U, bicyclic T, other modified T or U*) through caC (FIG. 2). The chenustries
leverage the electron-withdrawing character of the carboxy group in caC. This 1s activating the
adjacent double bond offering an adequate site for a Michael 1 4-Addition or a cycloaddition
{Scheme 0). Resulted product will undergo hydrolysis resulting at the conversion to pseudo-T
{T*yor U. As depicted in Scheme 6, the 3¢aC is attached to a 2-deoxyribose ring of the nucleoside
or nucleotide, which may be part of an oligonucleotide, a polynucleotide, or a nucleic acid

sequence.

Scheme 6. Conversion of 5¢al to U or pseudo-T

&
§
NH i
2 £ \O
. R
A eoon N
s T
s O,//L\N""a* 2\ Ao
O Chemist %OT -
N ry;» O
O}é OH
caC bor T

180691} In some embodiments, the Michael Addition chemistry mavbe used in a
method of identifying methylated and hydroxymethviated cytosines of a nucleic acid sequence in
a nucleic acid sarple, comprising:

contacting the nucleic acid sample with a TET enzyme to convert methylated and

hydroxymethylated cytosines in the nucleic acid sequence to carboxylated cytosines;

SH
P
_...E.MRZ
¢
reacting carboxylated cytosines in the TET treated nucleic acid sample with X na

Michael Addition reaction to convert carboxylated cytosines to first intermediates each having the
structure of Formula (Va):

NH,

N;}j/\,c:am—a
A

07 NS

oz
R
L\v” (Va), wherein R? is 4-OCH;, 4-CHs, 2-OCH3, 4-Cl, 4-NO2, or 4-CFs3;
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treating the first intermediates with hydrogen peroxide to form second intermediates

having the structure of Formula (Vb):

reacting the second intermediate with 1 8-diazabicyelo{5 4 0lundec-7-ene (DBL) to
convert the second intermediate to a uraci! moiety to form a modified nucleic acid sequence; and
amplifying the modified nucleic acid sequence.

10092} For Michael 1,4-Addition, a variety of nucleophiles can be used As an
example, the addition of thiophenol is depicted in Scheme 7. The mC or hm( is attached to a 2-

deoxyribose ring of the nucleoside or nucleotide, which may be part of an oligonuclectide, a

polynucieotide, or a nuclete acid sequence. First, both mC and hm(C are converted to cal by TET,

SH

_.._E__.. RZ

Then, caC reacts with an aryl thiol compound = to convert caC to a first intermediate C*

NP SOOH

o’f/’l\r?z g

of formula {Va) , in which the aromatic system of nuclecbase is broken.

Subsequent oxidation with HxO» and hydrolysis give to a second intermediate U* of formula (Vb),

which may then be converted to U in basic conditions in the presence of DBU.
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Ncheme 7. Michael 1.4-Addition 1o convert Sm and ShmC to uracil
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6093} This method may also be used in selective identification of 5mC, which utilizes

B-GT to label ShrC with glucose and thereby protect 1t from TET oxidation. In this method, TET
only converts SmC to 5cal, therefore may be used in the identification of methylated cytosines
of a nucleic acid sequence in a nucleic acid sarople. To such embodiment, the method comprises:
contacting the nucleic acid sample with B-GT to selectively glucosylating hydroxymethy]
cytosines of the nucleic acid sequence;
contacting the B-GT treated nucleic acid sample with a TET enzyme to convert methylated
cytosines in the nucleic acid sequence to carboxylated cytosines;
SH
~a g
—R*
reacting carboxylated cytosines in the TET treated nucleic acid sample with na
Michael Addition reaction to convert carboxylated cytosines to first intermediates each having the
structure of Formula (Va):

NH,

Né%jiCOOH
6)\§ s
{ ’/i

I

(Va), wherein R” 15 4-OCH3, 4-CHs, 2-OCH;, 4-Cl, 4-NOo, or 4-CF3;

30



WO 2023/141154 PCT/US2023/011047
treating the first intermediates with hydrogen peroxide to form second intermediates each

having the structure of Formula (Vb):

NH
NP -COOH
A AL
" \"
ey
\_‘MRZ ,
(Vb

reacting the second intermediates with DBU to convert the second intermediates to uracil
moteties to form a modified nucleic acid sequence; and amplifying the modified nucleic acid
sequence.

(6094} In some embodiments of the Michael Addition method described herein, the
method further comprises: sequencing the amplified modified nucleic acid seguence; and
determining the sites of converted uracil moieties by comparing the modified nucleic acid
sequence to a reference nuclete acid sequence. In some such embodiment, the sequencing method
used may be SBS.

(8095} Simifarly, leveraging the specific properties of ¢all, cycloadditions could be
used to form a bicyclic T motety (T%) through cycloaddition reaction. A further aspect of the
present application relates to a method of identifving cytosine methylation of a nucleic acid
sequence in a nucleic acid sample, comprising:

contacting the nucleic acid sample with a TET enzyroe to convert methylated and
hydroxymethylated cytosines in the nucleic acid sequence to carboxylated cytosines;

reacting the TET treated nucleic acid sample with an unsaturated reagent in a cycloaddition
reaction to convert carboxylated cytosines to first intermediates each having the structure of

Formula (VI

HOLC AiH
RN
A
o

i (VI), wherein ring A 13 an optionally substituted 4, 5 or 6 membered
carbocyclyl or heterocyelyl ring;
converting the first totermediates to bicychic thymine moieties each having a structure of

Formula (Vi)
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O
NH
N° TO
M (VI to form a modified nucleic acid sequence; and amphifying the modified
nucleic acid sequence.
6096} As depicted in Scheme &, the mC or hmC is attached to a 2-deoxyribose ring
of the nucleoside or nucleotide, which may be part of an oligonucleotide, a polynucleotide, or a

nucleic acid sequence,

Scheme 8. Cvcloaddition to convert 3SmL and ShmC to abicyelic T
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{6097} Similarly, this method may also be used in selective identification of Sm(,
which utilizes B-GT to label ShimC with glucose and thereby protect it from TET oxidation. In this
method, TET only converts SmC to ScaC, therefore may be used in the identification of methylated
cytosines of a nucleic acid sequence in a nucleic actd sample. In such embodiment, the method
COMprises:

contacting the nucleic acid sample with B-glucosyltransterase (B-GT) to sclectively
glucosylating hydroxymethyi cytosines of the nucleic acid sequence;

contacting the B-GT treated nucleic acid sample with a TET enzyme to convert methylated
cytosines in the nucleic acid sequence to carboxylated cytosines,

reacting carboxylated cytosines in the TET treated nucleic acid sample with an unsaturated
reagent in a cycloaddition reaction to convert carboxylated cytosines to first intermediates each

having the structure of Formula (VI}:

HO,C i,
S
A
o

u‘\:‘\!i‘\i\f‘

{(V1), wherein ting A 1s an optiovally substituted 4, S or 6 merbered
carbocyclyl or heteroeyelyl ring;
converting the first intermediates to bicyclic thymine moieties each having a structure of

Formula (VH):
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O

v
§

(VI to form a modified nucleic acid sequence; and amphifying the modified
nucleic acid sequence.
6098} In some embodiments of the cycloaddition methods described herein, the

//

™y

unsaturated reagent is a 1,4-diene (for example, R™)for example, and the bicyclic thymine

moiety having a structure of Formula (VIIay R™ e (Viia), wherein R¥ is Ci-Cs alkyl

group optionally substituted with one or more hydrophilic moieties. In further embodiments, R*

is Ci-Cs alkyl substituied with one or more of -SOz or -SONH2. In further embodiments, the
=

R3C =

1,4-diene described herein may be further substituted, for example, R% where R is an
electron donating group (e.g, Ci-Cs alkoxy, -OSiRs, -NRz, -SiRs, or a hydrophilic donating
aromatic group, and R may be H or optionally substituted C1-Ce alkyl}. In other embodiments, the

unsaturated reagent is an azide (for example, R®-CH2-N3) and the bicyclic thymine motety having

T o3
N’NfNH

N° "0
a structure of Formula {(Viib): G {VIIb), wherein R% is C1-Ce alkyl group optionally
substituted with one or more hydrophilic moieties. Tn further embodiments, R°® is C-Cs alkyl
substituted with one or more of
-80;5  or -SOXNHa. More specifically and as a non-limiting example, Diels-Alder or “ene”-Click

cycloadditions could be used as depicted in Scheme 9.
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Ncheme 9. Diels-Alder or “ene” click cvcloaddition to convert SmC and ShmC to a bicyelic T
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6099} In some embodiments, the cycloaddition method further comprises: sequencing
the amplified modified nucleic acid sequence; and determining the sites of bicychic thymine
moteties by comparing the modified nucleic acid sequence to a reference macleic acid sequence.
In some such embodiment, the sequencing method used may be SBS,

[8106] In any embodiments of the methods described herein, the nucleic acid sample
18 a genomic DNA sample. In turther emabodiment, the sample may be a cell-free DNA sample.

18161} In any reaction schemes described herein where mC, bmC or ca(l is attached
to a 2-deoxyribose ring of the macleoside or nuclectide, it is also contemplated that the mC, hmC
or caC may be attached to a ribose ring of the nucleoside or nucleotide (e.g., a RNA sample), or

any non-natural or modified sugar moieties of the nucleoside/nucieotide.

Methods of Seguencing

{8102} Some embodiments are directed to methods of detecting the sites of converted
m{ or hmC v an oligonucleotide, polynuciestide, or a nucleic acid sequence, using one of the
methods described herein. In one embodiment, the detecting includes determining a nucleotide
sequence of the oligonuclectide, polynucleotide, or the nucleic acid using any one of the
sequencing methods described herein. In one particular example, the sequencing method 15 SBS.

(8103} Some embodiments that use nucleic acids can include a step of amplifying the
nucleic acids on the substrate. Many ditterent DNA amplification techniques can be used in
conjunction with the substrates described herein. Exemplary technigues that can be used include,
but are not limited to, polymerase chain reaction (PCR), rolling circle amplification (RCA},
multiple displacement amplification (MDA), or random prime amplification (RPA). In particular
embodiments, one or more oligonucleotide primers used for amplification can be attached to a
substrate {e.g., via the azido silane layer). In PCR embodiments, one or both of the primers used
for amplification can be attached to the substrate. Formats that utilize two species of attached

primer are often referred to as bridge amplification because double stranded amplicons form a
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bridge-like structure between the two attached primers that flank the template sequence that has
been copied. Exemplary reagents and conditions that can be used for bridge amplification are
described, for example, in U.S. Pat. No. 5,041,658, U.S. Patent Publ. No. 2002/0055100; UK. Pat.
No. 7,115,400, U.S. Patent Publ. No. 2004/0096853; U.S. Patent Publ. No. 2004/0002090; U.S.
Patent Publ. No. 2007/0128624, and U.S. Patent Publ No. 2008/0009420, each of which is
incorporated herein by reference.

(0104} PCR awmplification can also be caried out with one amplification primer
attached to a substrate and a second primer in solution. An exemplary format that uses a
combination of one attached primer and soluble primer 1s emulsion PCR as described, for
example, in Dressman et al., Proc. No#l, Acad. Sci. USA 100:8817-8822 (2003), WO 05/010145,
or U.S. Patent Publ. Nos. 2005/0130173 or 2005/0064460, each of which is incorporated herein
by reference. Emudsion PCR is illustrative of the format and it will be understood that for purposes
of the methods set forth herein the use of an emulsion is optional and indeed for several
embodiments an emulsion is not used.  Furthermore, primers need not be attached directly to
substrate or solid supports as set forth in the ePCR references and can instead be attached to a gel
or polymer coating as set forth herein.

(8105} RCA technigues can be moditied for use in a method of the present disclosure.
Exemplary components that can be used 1n an RCA reaction and principles by which RCA
produces amplicons are described, for example, in Lizardi et al., Nat. Gener. 19:225-232 (1998)
and US 2007/0099208 Al, each of which is incorporated herein by reference. Primers used for
RCA can be in solution or attached to a gel or polymer coating,

{0104} MDA technigues can be modified for use in a method of the present disclosure.
Some basic principies and usefud conditions for MDA are described, for example, in Dean et al |
Froc Natl Acad. Sci. USA 99:5261-66 (2002); Lage et al., Genome Kesearch 13:294-307 (2003);
Walker et al., Molecular Methods for Virus Detection, Academic Press, Inc,, 1995, Walker et al,
Nucl Acids Res. 20:1691-96 (1992); US 5,455,166; US 5,130,238; and US 6,214,587, each of
which is incorporated herein by reference. Prumers used for MDA can be in solution or attached
to a gel or polymer coating.

{8107} In particular embodiments a combination of the above-exemplified
amplification techniques can be used. For example, RCA and MBA can be used in a combination
wherein RCA 18 used to generate a concatameric amplicon in solution {e g, using solution-phase
primers}. The amplicon can then be used as a template for MDA using primers that are attached
to a substrate (e.g., via a gel or polymer coating). In this example, amplicons produced after the

combined RCA and MDA steps will be attached to the substrate.
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18108} Substrates of the present disclosure that contain nucleic acid arrays can be used
for any of a variety of purposes. A particularly desirable use for the nucleie acids is to serve as
capture probes that hybridize to target nucleic acids having complementary sequences. The target
nucleic acids once hybridized to the capture probes can be detected, for example, via a label
recruited to the capture probe. Methods for detection of target nucleic acids via hybndization {o
capture probes are known in the art and include, for example, those described in US. Pat.
Nos.7,582,420; 6,890,741; 6.913.884 or 6,355,431 or US. Pat. Pub. Nos. 2005/0053980 Al;
2009/0186349 Al or 2005/0181440 Al each of which is incorporated herein by reference. For
exampie, a label can be recruited to a capture probe by virtue of hybridization of the capture probe
to a target probe that bears the label. In another example, a label can be recruited to a capture
probe by hybridizing a target probe to the capture probe such that the capture probe can be
extended by ligation to a labeled oligonucleotide (e g, via ligase activity) or by addition of a
tabeled nucleotide {(e.g., via polymerase activity),

{8109} In some embodiments, a subsirate described herein can be used for determining
a nucleotide sequence of a polynuclectide. In such embodiments, the method can comprise the
steps of (a) contacting a substrate-attached polynucleotide/copy polymucleotide complex with one
or more different type of nuclectides in the presence of a polymerase {e.g., DNA polymerase); (b}
incorporating one type of nuclectide to the copy polynucleotide strand to form an extended copy
polynuciectide; {¢) perform one or more fluorescent measurements of one or more the extended
copy polynuclectides; wherein steps {a) to (¢} are repeated, thereby determining the sequence of
the substrate-attached polynucleotide.

{9110} Nucleic acid sequencing can be used to determine a nucleotide sequence of a
polynuciectide by various processes known in the art. In a preferred method, sequencing-by-
synthesis {(SBS) 15 utilized to determine a nuclectide sequence of a polynucleotide attached to a
surface of a subsirate {e.g., via any one of the polymer coatings described herein). In such a
process, one or more nucleotides are provided to a template polynucleotide that is associated with
a polynucleotide polymerase. The polynuclectide polyruerase incorporates the one ot more
nuclectides into a newly synthesized nucleic acid strand that is complementary to the
polynucleotide template. The synthesis is intiated from an oligonucleotide primer that 1s
complementary 10 a portion of the template polynucleotide or to a portion of a universal or non-
vartable nucleic acid that is covalently bound at one end of the template polynucleotide. As
nucleotides are incorporated against the template polynucleotide, a detectable signal is generated
that allows for the determination of which nucleotide has been incorporated during each step of

the sequencing process. Iu this way, the sequence of a nucleic acid complementary to at least a
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portion of the template polynuclectide can be generated, thereby permitting determination of the
nucleotide sequence of at least a portion of the template polynucleotide.

8111} Flow cells provide a convenient format for housing an array that is produced
by the methods of the present disclosure and that is subjected to a sequencing-by-synthesis (SBS)
or other detection technigue that involves repeated delivery of reagents in cycles.  For example,
to inttiate a first SBS cycle, one or more labeled nucleotides, DNA polymerase, etc., can be flowed
into/through a flow cell that houses a nucleic acid array made by methods set forth herein. Those
sites of an array where primer extension causes a labeled nucleotide to be incorporated can be
detected. Optionally, the nucleotides can further tnclude a reversible termination property that
terminates further primer extension once a nucleotide has been added to a primer. For example, a
nuclectide analog having a reversible terminator moiety can be added to a primer such that
subsequent extension cannot occur untit a deblocking agent is delivered to remove the moiety.
Thus, for embodiments that use reversible termination, a deblocking reagent can be delivered to
the flow cell (before or after detection occurs). Washes can be carried out between the vanous
delivery steps. The cycle can then be repeated n times to extend the primer by n nucleotides,
thereby detecting a sequence of length n. Exemplary SBS procedures, fluidic systems and
detection platforms that can be readily adapted for use with an array produced by the methods of
the present disclosure are described, for example, in Bentley et al., Nasure 456:53-59 (2008), WO
04/018497; US 7,057,026, WO 91/06678; WO 07/123744; US 7,329492; US 7211,414; US
7.315,019; US 7,405,281, and US 2008/0108082, each of which is incorporated herein by
reference in its entirety.

9112} In some embodiments of the above-described method, which employ a flow
cell, only a single type of nuclectide is present in the flow cell during a single flow step. In such
embodiments, the nucleotide can be selected from the group consisting of dATP, dCTP, dGTP,
dTTP, and analogs thereof. In other embodimentis of the above-described method which employ
a tlow cell, a plurality different types of nucleotides are present in the flow cell during a single
flow step. In such methods, the nucleotides can be selected from dATP, dCTP, dGTP, dTTP, and
analogs thereof.

{8113} Determination of the nucleotide or nucleotides incorporated during each flow
step for one or more of the polynucleotides attached to the polymer coating on the surface of the
substrate present in the flow cell s achieved by detecting a signal produced at or near the
polynuciectide template. In some embodiments of the above-described methods, the detectable
signal comprises an optical signal. In other embodiments, the detectable signal comprises a non-
optical signal. o such embodiments, the non-optical signal comprises a change n pH at or near
one or more of the polynuclestide templates.
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18114} Applications and uses of subsirates of the present disclosure have been
exeraplified herein with regard to nucleic acids. However, 1t will be understood that other analytes
can be attached to a substrate set forth herein and analvzed. One or more analvies can be present
in or on a substrate of the present disclosure. The substrates of the present disclosure are
particularly useful for detection of analytes, or for carrying out synthetic reactions with analytes.
Thus, any of a variety of analytes that are to be detected, characterized, modified, synthesized, or
the like can be present 1n or on a substrate set forth herein. Exeroplary analytes include, but are
not limited to, nucleic acids {e.g., DNA, RNA or analogs thereof), proteins, polysaccharides, cells,
antibodies, epitopes, receptors, higands, enzvmes {e.g., kinases, phosphatases or polymerases),
small molecule drug candidates, or the like. A substrate can include multiple different species
from a hibrary of analytes. For example, the species can be different antibodies from an antibody
fibrary, nucleic actds having different sequences from a library of nucleic acids, proteins having
ditferent structure and/or function from a library of proteins, drug candidates from a combinatorial
fibrary of small roolecules, ete.

{8115} In some embodiments, analytes can be distributed to features on a substrate
such that they are individually resolvable. For example, a single molecule of each analyte can be
present at each feature. Alternatively, analytes can be present as colenies or populations such that
individual molecules are not necessarily resolved.  The colomies or populations can be
homogenous with respect to containing only a single species of analyte (albeit in multiple copies).
Taking nucleic acids as an example, each feature on a substrate can include a colony or population
of nuclete acids and every nucleic acid in the colony or population can have the same nucleotide
sequence (either single stranded or double stranded). Such colonies can be created by cluster
amplification or bridge amplification as set forth previcusly herein. Multiple repeats of a target
sequence can be present in a single nucleic acid molecule, such as a concatamer created using a
rolling circle aroplification procedure. Thus, a feature on a subsirate can contain multiple copies
of a single species of an analyte. Alternatively, a colony or population of analytes that are at a
feature can 1nclude two or more different species. For example, one or more wells on a substrate
can each contain a mixed colony having two or more different nucleic acid species (i.e., nucleic
acid molecuies with different sequences). The two or more nucleic acid species in a mixed colony
can be present in non-negligible amounts, for example, allowing more than one nucleic acid to be
detected in the mixed colony.

8116} In specific non-limiting embodiments, the disclosure encompasses methods of
nucleic acid sequencing, re-sequencing, whole genome sequencing, single nucleotide
polymorphisrn scoring, any other application involving the detection of the labeled nucleotide or
nucleoside set forth herein when incorporated into a polynuclectide. Any of a variety of other
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applications benefitting the use of polynuciectides labeled with the nucleotides comprising
fluorescent dyes can use labeled nucleotides or nucleosides with dyes set forth herein.

8117} In a particular embodiment, the disclosure provides use of labeled nucleotides
according to the disclosure 1n a polynucleotide sequencing-by-synthesis (SBS) reaction.
Sequencing-by-~synthesis generally involves sequential addition of one ot more nucleotides or
oligonucleotides to a growing polynuclectide chain in the 5' to 3' direction using a polymerase or
Higase in order to form an extended polynucleotide chain complementary to the teruplate nucleic
acid to be sequenced. The identity of the base present in one or more of the added nucleotide(s}
can be determined in a detection or "imaging” step. The identity of the added base may be
determined after each nucleotide incorporation step. The sequence of the template may then be
inferred using conventional Watson-Crick base-pairing rules. The use of the labeled nucleotides
set forth herein for determination of the identity of a single base may be useful, for example, in
the scoring of single nucleotide polymorphisms, and such single base extension reactions are
within the scope of this disclosure.

{0118} In an embodiment of the present disclosure, the sequence of a template
polynucleotide is determined by detecting the incorporation of one or more 3 blocked nucleotides
described herein into a nascent strand complementary to the template polynuclectide to be
sequenced through the detection of fluorescent label{s) attached to the incorporated nucleotide(s).
Sequencing of the template polynucleotide can be primed with a suitable primer (or prepared as a
hairpin construct which will contain the priroer as part of the hairpin}, and the nascent chain is
extended in a stepwise manner by addition of nucleotides to the 3' end of the primer in a
polymerase-catalyzed reaction.

18119} In particular embodiments, each of the different nucleotide triphosphates (A,
T, G and C) may be labeled with a unique fluorophore and also comprises a blocking group at the
3' position to prevent uncontrolled polymerization. Alternatively, oune of the four nucleotides may
be unlabeled (dark). The polymerase enzyme incorporates a nucleotide into the nascent chain
complementary to the template polynucleotide, and the blocking group prevenis further
incorporation of nucleotides.  Any unincorporated nucleotides can be washed away and the
fluorescent signal from each incorporated nucleotide can be "read” optically by suitable means,
such as a charge-coupled device using laser excitation and suitable emission filters. The 3'-
blocking group and fluorescent dye compounds can then be removed {deprotected) simultaneously
or sequentially to expose the nascent chain for further nucleotide incorporation. Typically, the
identity of the incorporated nucleotide will be determined after each incorporation step, but this is
not strictly essential.  Sinularly, US. Pat. No. 5,302,509 (which 15 incorporated herein by
reference) discloses a method to sequence polynuclectides immobilized on a solid support.
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18120} The method, as exemplified above, utilizes the incorporation of fluorescently
labeled, 3'-blocked nucleotides A, G, C, and T into a growing strand complementary to the
immobilized polynucleotide, in the presence of DNA polymerase. The polvmerase incorporates
a base complementary to the target polynucleotide but 13 prevented from further addition by the
3'-blocking group. The label of the incorporated nuclectide can then be determined, and the
blocking group removed by chemical cleavage to allow further polymerization to occur. The
nucleic acid template to be sequenced in a sequencing-by-synthesis reaction may be any
polynuclectide that it is desired to sequence. The nucleic acid template for a sequencing reaction
will typically comprise a double stranded region having a free 3'-OH group that serves as a primer
or initiation potnt for the addition of further nucleotides in the sequencing reaction. The region of
the template to be sequenced will overhang this free 3'-OH group on the complementary strand.
The overhanging region of the template to be sequenced may be single stranded but can be double-
stranded, provided that a "nick 1s present” on the strand complementary to the template strand to
be sequenced to provide a free 3'-OH group for imitiation of the sequencing reaction. In such
embodiments, sequencing may proceed by strand displacement. In certain embodiments, a primer
bearing the free 3'-0OH group may be added as a separate component {(e.g., a short oligonucleotide)
that hybridizes to a single-stranded region of the template to be sequenced. Alternatively, the
primer and the template strand fo be sequenced may each form part of a partially self-
complementary nucleic acid strand capable of forming an intra-molecular duplex, such as for
exaraple a hairpin loop structure. Hairpin polynucleotides and methods by which they may be
attached to solid supports are disclosed in PCT Publication Nos. W 01/57248 and WO
2005/047301, each of which is incorporated herein by reference. Nucleotides can be added
successively to a growing primer, resuliing in synthesis of a polynucleotide chain tn the 5't0 3
direction. The nature of the base which has been added may be determined, particularly but not
necessarily after each nucleotide addition, thus providing sequence information for the nucleic
acid template. Thus, a nuclectide is incorporated into a nucleic acid strand {(or polynucleotide} by
joining of the mucleotide to the free 3'-OH group of the nucleic acid strand via formation of a
phosphodiester linkage with the 5’ phosphate group of the nuclectide,

{8121} The nucleic acid teraplate to be sequenced may be DNA or RNA, or even a
hybrid molecule comprised of deoxynucleotides and ribonucleotides. The nucleic acid template
may comprise naturally occurring and/or non-naturally occurring nucleotides and natural or non-
natural backbone linkages, provided that these do not prevent copying of the template in the
sequencing reaction.

(8122} In certain embodiments, the nucleic acid template to be sequenced may be

attached to a solid support via any suitable linkage method known in the art, for example via
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covalent attachment. In certain embodiments template polynucleotides may be attached directly
to a solid support {e.g, a silica-based support). However, in other embodiments of the disclosure
the surface of the solid support may be modified in some way so as to allow either direct covalent
attachment of template polynucleotides, or to immobilize the template polynucleotides through a
hydrogel or polyelectrolyte multilayer, which may itself be non-covalently attached to the solid
SUPPOort.

(0123} Some other erabodiments include pyrosequencing techoiques. Pyrosequenciug
detects the release of inorganic pyrophosphate (PP1) as particular nucleotides are incorporated into
the nascent strand (Ronaghi, M., Karamochamed, S., Pettersson, B, Ublen, M. and Nyren, P.
(1996) "Real-time DNA sequencing using detection of pyrophosphate release.” Analytical
Biochemistry 242(1), 84-9; Ronaghi, M. (2001} "Pyrosequencing sheds light on DNA
sequencing.” Genome Res. 11(1), 3-11; Ronaghi, M, Uhlen, M. and Nyren, P. (1998} "A
sequencing rmethod based on real-timae pyrophosphate ™ Scrence 281(5375), 363; U.S. Pat. Nos.
6,210,891, 6,258,568 and 6,274,320, the disclosures of which are wncorporated herein by reference
in their entireties). In pyrosequencing, released PPi can be detected by being immediately
converted to adenosine triphosphate (ATP) by ATP sulfurase, and the level of ATP generated 1s
detected via luciferase-produced photons. The nucleic acids to be sequenced can be attached to
features in an array and the array can be imaged to capture the chemiluminescent signals that are
produced due to incorporation of a nuclectides at the features of the array. An image can be
obtained after the array is treated with a particular nucleotide tvpe (e.g., A, T, C or G). Images
obtained after addition of each nucleotide type will differ with regard to which features in the
array are detected. These differences in the image reflect the different sequence content of the
features on the array. However, the relative locations of each feature will remain unchanged in the
images. The images can be stored, processed and analyzed using the methods set forth herein. For
exaruple, tmages obtained after treatment of the array with each different nucleotide type can be
handied in the same way as exemplified herein for images obtained from different detection
chanuels for reversible terminator-based sequencing methods.

{08124} Some embodiments can utilize sequencing by ligation techniques. Such
techniques utilize DNA ligase to incorporate oligonucleotides and identify the incorporation of
such oligonucigotides. The oligonuclestides typieally have different fabels that are correlated with
the identity of a particular nucleotide in a sequence to which the oligonucleotides hybridize. As
with other SBS methods, images can be obtained following treatment of an array of nuclete acid
features with the labeled sequencing reagents. Each image will show nucleie acid features that
have incorporated labels of a particular type. Different tfeatures will be present or absent in the
different images due the different sequence content of each feature, but the relative position of the
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features will remain unchanged in the images. Images obtained from ligation-based sequencing
methods can be stored, processed and analyzed as set forth herein. Exemplary SBS systems and
methods which can be utilized with the methods and systems described herein are described in
U.S. Pat. Nos. 6,969 488, 6,172,218, and 6,306,597, the disclosures of which are incorporated
herein by reference n their entireties.

{8125} Some embodiments can utilize nanopore sequencing {Deamer, D W, &
Akeson, M. "Nanopores and nucleic acids: prospects for ultrarapid sequencing” Trends
Biotechnol 18, 147-151 (2000%; Deamer, D. and D Branton, "Characterization of nucleic acids
by nanopore analysis", dcc. Chem. Res. 35:817-825 (2002), La, I, M. Gershow, D3 Stein, E.
Brandin, and J. A Golovchenko, "DNA molecules and configurations in a solid-state nanopore
microscope” Nat. Mater. 2:611-615 (2003), the disclosures of which are incorporated herein by
reference in thewr entireties). In such embodiments, the target nucleic acid passes through a
nanopore. The nanopore can be a synthetic pore or biological membrane protein, such as -
hemolysin. As the target nucleic acid passes through the nanopore, each base-pair can be identified
by measuring fluctuations in the electrical conductance of the pore. (U.S. Pat. No. 7,001,792; Soni,
G V. & Meller, "A. Progress toward ultrafast DNA sequencing using solid-state nanopores.” Clin.
Chem. 53, 1996-2001 (2007), Healy, K. "Nanopore-based single-molecule DNA analysis.”
Nawnomed. 2, 459-481 (20073, Cockroft, S, L., Chy, J., Amorin, M. & Ghadini, M. R "A single-
molecule nanopore device detects DNA polymerase activity with single-nucleotide resolution.” J.
Am. Chem. Soc. 130, 818-820 (2008), the disclosures of which are incorporated herein by
reference in their entireties). Data obtained from nanopore sequencing can be stored, processed
and analyzed as set forth herein. In particular, the data can be treated as an image in accordance
with the exemplary treatment of optical images and other images that is set forth herein.

[0126] Some other embodiments of sequencing method involve nanoball sequencing
technique, such as those described in US. Patent No. 9,222,132, the disclosure of which is
incorporated by reference. Through the process of rolling circle amplification (RCA), a large
number of discrete BNA nanoballs may be generated. The vanoball mixture is then distributed
onto a patterned slide surface containing features that allow a single nanoball to associate with
each location. In DNA nanoball generation, DNA is fragmented and higated to the first of four
adapter sequences. The template is amplified, circularized and cleaved with a type U
endonuciease. A second set of adapters is added, followed by amplification, circularization and
cleavage. This process is repeated for the remaining two adapters. The final product is a circular
template with four adapters, each separated by a template sequence. Library molecules undergo a

rolling circle amplitication step, generating a large mass of concaterers called DNA nanoballs,
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which are then deposited on a flow cell. Goodwin er of, “Coming of age: ten vears of next-
generation sequencing technologies,” Nat Rev Genet. 2016, 17(63:333-51.

0127} Some embodiments can utilize methods involving the real-time monitoring of
DNA polymerase activity., Nucleotide incorporations can be detected through fluorescence
resonance energy transfer (FRET) woteractions between a fluorophore-bearing polymerase and v~
phosphate-labeled nucleotides as described, for example, in US. Pat. Nos. 7,329,492 and
7,211,414, both of which are incorporated heretn by reference, or nucleotide incorporations can
be detected with zero-mode waveguides as described, for example, in U.S. Pat. No. 7,315,019,
which ts incorporated herein by reference, and using fluorescent nucleotide analogs and
engingered polymerases as described, for example, in U.S. Pat. No. 7,405,281 and U.S. Pub. No.
2008/0108082, both of which are incorporated herein by reference. The illumination can be
restricted 10 a zeptoliter-scale volume arcund a surface-tethered polymerase such that
incorporation of fluorescently labeled nucleotides can be observed with low background (Levene,
M. J. et of. "Zero-mode waveguides for single-molecule analysis at high concentrations.” Science
299, 682-680 (2003); Lundguist, P. M. e7 af. "Parallel confocal detection of single molecules in
real ime." OUpt. Left. 33, 1026-1028 (2008); Korlach, §. ¢ af "Selective alurtnum passivation for
targeted immobilization of single DNA polymerase molecules in zero-mode waveguide nano
structures." Proc. Natl, Acad Sci. US4 105, 1176-1181 {2008), the disclosures of which are
incorporated herein by reference in their entireties). Images obtained from such methods can be
stored, processed and analyzed as set forth herein.

[0128] The present disclosure also encompasses dideoxynucleotides lacking hydroxyl
groups at both of the 3' and 2' positions, such dideoxynucleotides being suitable for use in Sanger

type sequencing methods and the hike.
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WHAT IS CLAIMED IS:

1. A method of tdentifying one or more hydroxymethylated cytosines of a nucleic acid
sequence in a nucleic acid sample, comprising:
contacting the onucleic acid sarople with a composition comprising an oxidative
reagent;
converting the hydroxymethylated cytosives to modified thymine moteties each

having the structure of Formula (1) or (I}

OH O OH O
NH NH
ol HO
\ta’”j\\*‘c HO t}l’i\\\(’)
nrrnr (T wwoe (113 to form a modified nucleic acid sequence; and

amplifying the modified nucleic acid sequence.

2. A method of identifying cytosine methylation of a nucleic acid sequence in a nucleic
acid sample, comprising:
contacting the nucleic acid sample with a TET enzyme to convert one or more
methylated cyiosines to hydroxyvmethylated cytosines in the nucleic acid sequence;
reacting hydroxymethylated cytosines in the TET treated nucleic acid sample with
a composition comprising an oxidative reagent to convert hydroxymethylated cytosines to

modified thymine moieties each having the structure of Formula (I) or ()

CH O OH O
; NH NH
o] HO
\i‘?i/&() HO” N0
wanar (1Y o (1T to form a modified nucleic acid sequence; and

amplifying the modified nucleic acid sequence.

3. The method of claim 1 or 2, wherein the oxidative reagent reacts with
hydroxymethylated cytosines to form epoxidation or dihydroxylation intermediates, and the
method further comprises hydrolyzing the epoxidation or dihydroxylation intermediates to form

the modified thymine moieties.

4. The method of any one of claims 1 to 3, further comprising:

sequencing the amplified modified nucleic acid sequence; and

determining the sites of modified thymine moieties by comparing the modified
nucleic acid sequence to a reference nuclete acid sequence.
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5. The method of any one of claims 1 to 4, wherein the oxidative reagent comprises a

peractd.

6. The method of claim 5, wherein the peracid is {MPPA} or

’O‘“OH

O {m-CPBA), or a combination thereof.

Ci

7. The method of any one of claims 1 to 4, wherein the oxidative reagent comprises
hydrogen peroxide and one or more transition metal compounds selected from the group
consisting of a molybdium derivative, a vanadium derivative, a tungsten derivative, and a thentum

derivative, and combinations thereof.

8. The method of claim 7, wherein the molybdium derivative comprises molybdic acid,
phosphomolybdic acid hydrate, bis{acetylacetonatojdioxomolybdenumd V1), molybdenum{VI)

dichloride dioxide, molybdenum(l) acetate dimer, and combinations thereof.

©. The method of claim 7, wherein the vanadium derivative comprises vanadium{IV)

oxide sultate hydrate, vanadium(IV) oxide, and a combination thereof.

10. The method of claim 7, wherein the tungsten derivative comprises tungstic acid,
tungsten{ V1) dichloride dioxide, tungsten{V1} oxychloride, and combinations thereof
-7

11 The method of claim 7, wherein the rhenium derivative comprises

>

methyltrioxorhenium (VI rhenium{ Vi) oxide, and a combination thereof.

2. A method of tdentifving one or more hydroxymethviated cviosines of a nucleic acid
J pey J J i R
sequence in a nucleic acid sample, comprising:
.
e s
. . . . 0 /' X . .
contacting the nucleic acid sample with 2N , wherein X is Q or §;

Cl

converting the hydroxymethylated cytosines to pseudo thvimine moieties each

having the structure of Formula (Ilfa) or (Iikb):
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X X
Ty
™~ NH
[ |
NG /L\\O

e (11fa), avnhon {(Ilib} to form a modified nucleic acid sequence;
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and

amplifying the modified nucleic acid sequence.

13. A method of identifying cvtosine methylation of a nucleic acid sequence in a nucleic
actd sample, comprising:
contacting the mucleic acid sample with 2 TET enzyme to convert methylated
cytosine to hydroxymethylated cytosines in the nucleic acid sequence;
reacting hydroxymethylated cytosines in the TET treated nucleic acid sample with
. G

' TY

P X
DN to convert hydroxymethylated cytosines to pseudo thymine moieties

each having the structure of Formula (IHa) or (1kb):
X

e g

N
o [N
I\N O N/J%O
wonn (1Ha), ~nhan {(1tb} to form a modified nucleic acid sequence;
and
amplifying the modified nucleic acid sequence;

wherein X i1s G or S,

14. A method of identifying cvtosine methylation of a nucleic acid sequence in a nucleic
actd sample, comprising:
contacting the nucleic acid sample with a TET enzyme to convert methylated and
bydroxymethylated cytosines in the nucleic acid sequence to carboxylated cytosines;
reacting carboxylated cytosines in the TET treated nucleic acid sample with a
cyanate or thiocyanate to convert carboxylated cytosines to pseudo thymine moteties each

having the structure of Formula (1Hd):
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X

N

]
Q | NH

HN

N° O
anchan (I1Id) to form a modified nucleic acid sequence, wherein X i1s Q or §; and

amplifying the modified nucleic acid sequence.
15. The method of any one of claims 12 to 14, wherein X 1s O.

16. A method of identifying oue or more hydroxymethylated cytosines of a nucleic acid

sequence in a nucleic acid sample, comprising:

[ g
o
contacting the nucleic acid sample with FIO° "OEt  wherein R' is an optionally
present bydrophilic electron withdrawing group;
converting the hydroxymethylated cytosines to pseudo thymine moieties having

the structure of Formula (IVb):

(IVb) to form a modified nucleic acid sequence; and

amplifying the modified nucleic acid sequence.

17. A method of identifying cytosine methylation of a nucleic acid sequence in a nucleic
actd sample, comprising:
contacting the nucleic acid sample with 2 TET enzyme to convert methylated
cytosines to hydroxymethylated cyvtosines in the nucleic acid sequence;

reacting hydroxymethylated cytosines tn the TET treated nucleic acid sample with

N
i _....R']a
_z

EIGT "OEl 1o convert hydroxymethylated cytosines to pseudo thymine maoieties each

having the structure of Formula (IVb):
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{IVb) to form a modified nucleic acid sequence, wherein R' is an
optionally present hydrophilic electron withdrawing group,; and

amplifying the modified nucleic acid sequence.

18. A method of identifying cvtosine methylation of a nucleic acid sequence in a nucleic
acid sample, comprising;

contacting the nucleic acid sample with a TET enzyme to convert methylated
cytosines and hydroxymethylated cytosines in the nuclete actd sequence to carboxylated
cytosines;

reacting carboxylated cytosines in the TET treated nucleic acid sample first with

E \_____R'ib
=

ammonia in the presence of a carboxyl activating agent, then reacting with ¢~ 'H 0
convert carboxylated cytosines to pseudo thymine moieties each having the structure of

Formula (Fvd):

(IVd) to form a modified nucleic acid sequence, wherein R {s an
optionally present hydrophilic group ; and

amplifying the modified nucleic acid sequence.

19. The method of any one of claims 12 to 18, further comprising:
sequencing the amplified modified nucleic acid sequence; and
determining the sites of pseudo thymine moieties by comparing the modified

nucleic acid sequence to a reference nucleic acid sequence.

20. A method of identifying cytosine methylation of a nucleic acid sequence in a nucleic
actd sample, comprising:
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contacting the nucleic acid sample with a TET enzyme to convert methylated
cytosines and hydroxymethylated cytosines in the nucleic acid sequence to carboxylated
cytosines;

reacting carboxylated cytosines in the TET treated nucleic acid sample with

in a Michael Addition reaction to convert carboxylated cytosines to first
intermediates gach having the structure of Formula (Va})

NH,
(P COOH

’Q)\ N° S

S

{ @..._ o2
= (Va), wherein R? is 4-0CH;, 4-CHs, 2-OCH;, 4-Cl, 4-NO2, or
4-CFj3;
treating the first intermediates with hydrogen peroxide to form second
intermediates each having the structure of Formuia (Vb):
N,
NP COOH

PN

O N S=g

ey

7 vy,

reacting the second 1ntermediates with 1,8-diazabicyclofS.4.0lundec-7-eue (DBU)

to convert the second intermediates to uracil moteties 1o form a modified nucleic acid
sequence; and

amplifying the modified nucleic acid sequence.

21. A method of identitying methylated cytosines of a nucleic acid sequence in a nucleic
acid sample, comprising:
contacting the nucleic acid sample with B-glucosyltransferase (B-GT) to selectively
glucosylating hydroxymethyl cytosines of the nucleic acid sequence;
contacting the B-GT treated nucleic acid sample with a TET enzyme to convert

methylated cytosines in the nucleic acid sequence to carboxylated cytosines;
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reacting carboxylated cytosines in the TET treated nucleic acid sample with

in a Michael Addition reaction to convert carboxylated cvtosines to first
intermediates each having the structure of Formula (Va):

N,
NPy COOH

A, A

S -

A {(Va), wherein R? is 4-OCH3, 4-CHs, 2-OCH;3, 4-Cl, 4-NO2, or
4-CFs;
ireating the first ntermediates with hydrogen peroxide to form  second
intermediates each having the structure of Formula (Vb):
N
NPy COOH

NN

M
A

_.RZ

~7 (Vb

reacting the second intermediates with 1,8-diazabicyclo{5 4 Olundec-7-ene (DBU)
to convert the second intermediates to uracil moieties to form a modified nucleic acid
sequence; and

amplifying the modified nucleic acid sequence.

22, The method of claim 20 or 21, further comprising:
sequencing the amplified modified nucleic acid sequence; and
determining the sites of converted uracil moieties by comparing the modified

nucleic acid sequence to a reference nucleic acid sequence.

23. A method of identifying cytosine methylation of a nucleic acid sequence in a nucleic

acid sample, comprising:
contacting the nucleic acid sample with a TET enzyme to convert methylated
cytosines and hydroxymethylated cytosines in the nucleic acid sequence to carboxylated

cytosines;
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reacting carboxylated cytosines in the TET treated nucleic acid sample with an
unsaturated reagent in a cycloaddition reaction to convert carboxylated cytosines to first

intermediates each having the structure of Formula (Vi)

(VI), wherein ring A is an optionally substituted 4, 5 or 6 membered
carbocyclyl or heterocyelyl ring;

converting the first intermediates to bicyclic thymine moieties each having a
structure of Formula (VI

O
G
;/\??E&G

(VI to form a modified nucleic acid sequence; and

amplifying the modified nucleic acid sequence.

24. A method of identifying methylated cytosines of a nucleic acid sequence in a nucleic
acid sample, comprising:

countacting the nucleic acid sample with B-glucosyltransferase (B-GT) to selectively
glucosylating hydroxymethyl cytosines of the nucleic acid sequence;

contacting the B-GT treated nucleic acid sample with a TET enzyme to convert
methylated cytosines in the nucleic acid sequence to carsboxylated cviosines;

reacting carboxylated cytosines in the TET treated nucleic acid sample with an
unsaturated reagent in a cycloaddition reaction to convert carboxylated cytosines to first

intermediates each having the structure of Formula (VI):

{(V1, wherein ring A 1s an optionally substituted 4, 5 or 6 membered
carbocyclyl or heterocyclyl ring;

converting the first intermediates to bicyclic thymine moieties each having a
structure of Formula (VI

G

K

(L X
DN

NTTTO
(VI to form a modified nucleic acid sequence; and
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amplifying the modified nucleic acid sequence.
25. The method of claim 23 or 24, wherein the unsaturated reagent is a 1 4-diene and the

bicyclic thymine motety having a structure of Formula (Via}):

{VIia), wherein R* is C1-Cs alkyl group optionally substituted with

one or more hydrophilic moieties.

26. The method of claim 23 or 24, wherein the unsaturated reagent is an azide and the
bicyclic thymine motety baving a structure of Formula (VIIb):
30
*f\ 0
:N\/E\NH
N,
\N/A\ /‘&\

O
i (Viib), wherein R is Ci-Cs alkyl group optionally substituted

N

with one or more hydrophilic moieties.

27. The method of any one of claims 23 to 26, further comprising:
sequencing the amplified modified nucleic acid sequence; and
determining the sites of bicyclic thymine moieties by comparing the modified

nucleic acid sequence to a reference nucleic acid seguence.

28 The method of any one of claims 1 to 27, wherein the nucleic acid sample is a genomic

DINA sample.
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This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-11(completely); 19, 28 (partially)

A method of identifying one or more hydroxymethylated
cytosines of a nucleic acid sequence in a nucleic acid
sample, comprising: contacting the nucleic acid sample with
a composition comprising an _ oxidative reagent;converting
the hydroxymethylated cytosines to modified thymine moieties
each having the structure of Formula (I) or (II): to form a
modified nucleic acid sequence; and amplifying the modified
nucleic acid sequence. A method of identifying cytosine
methylation of a nucleic acid sequence in a nucleic acid
sample, comprising: contacting the nucleic acid sample with
a TET enzyme to convert one or more methylated cytosines to
hydroxymethylated cytosines in the nucleic acid sequence and
then following with the previous method.

2. claims: 12-15(completely); 19, 28 (partially)

A method of identifying one or more hydroxymethylated
cytosines of a nucleic acid sequence in a nucleic acid
sample, comprising: contacting the nucleic acid sample with
the compound of claim 12 wherein X is O or S8; converting the
hydroxymethylated cytosines to pseudo thymine moieties each
having the structure of Formula (IITa) or (IIIb): to form a
modified nucleic acid sequence; and amplifying the modified
nucleic acid sequence. A method of identifying cytosine
methylation of a nucleic acid sequence in a nucleic acid
sample, comprising: contacting the nucleic acid sample with
a TET enzyme to convert methylated cytosine to
hydroxymethylated cytosines in the nucleic acid sequence and
then following with the previous method. A method of
identifying cytosine methylation of a nucleic acid sequence
in a nucleic acid sample, comprising: contacting the nucleic
acid sample with a TET enzyme to convert methylated and
hydroxymethylated cytosines in the nucleic acid sequence to
carboxylated cytosines; reacting carboxylated cytosines in
the TET treated nucleic acid sample with a cyanate or
thiocyanate to convert carboxylated cytosines to pseudo
thymine moieties each having the structure of Formula
(IIId): to form a modified nucleic acid sequence, wherein X
is 0 or S; and amplifying the modified nucleic acid
sequence.

3. claims: 16-18 (completely); 19, 28 (partially)

A method of identifying one or more hydroxymethylated
cytosines of a nucleic acid sequence in a nucleic acid
sample, comprising: contacting the nucleic acid sample with
the compound of claim 16 wherein RIa is an optionally
present hydrophilic electron withdrawing group; converting
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the hydroxymethylated cytosines to pseudo thymine moieties
having the structure of Formula (IVb): to form a modified
nucleic acid sequence; and amplifying the modified nucleic
acid sequence. A method of identifying cytosine methylation
of a nucleic acid sequence in a nucleic acid sample,
comprising:contacting the nucleic acid sample with a TET
enzyme to convert methylated cytosines to hydroxymethylated
cytosines in the nucleic acid sequence and then following
with the previous method. A method of identifying cytosine
methylation of a nucleic acid sequence in a nucleic acid
sample, comprising: contacting the nucleic acid sample with
a TET enzyme to convert methylated cytosines and
hydroxymethylated cytosines in the nucleic acid sequence to
carboxylated cytosines; reacting carboxylated cytosines in
the TET treated nucleic acid sample first with ammonia in
the presence of a carboxyl activating agent, then reacting
with the compound of claim 18 to convert carboxylated
cytosines to pseudo thymine moieties each having the
structure of Formula (IVd): to form a modified nucleic acid
sequence, wherein Rlb is an optionally present hydrophilic
group ; and amplifying the modified nucleic acid sequence.

4. claims: 20-22 (completely); 28 (partially)

A method of identifying cytosine methylation of a nucleic
acid sequence in a nucleic acid sample, comprising:
contacting the nucleic acid sample with a TET enzyme to
convert methylated cytosines and hydroxymethylated cytosines
in the nucleic acid sequence to carboxylated cytosines;
reacting carboxylated cytosines in the TET treated nucleic
acid sample with the compound of claim 20 in a Michael
Addition reaction to convert carboxylated cytosines to first
intermediates each having the structure of Formula (Va):
wherein R2 is 4-OCH3 , 4-CH3 , 2-0CH3 , 4-Cl, 4-NO2 , or
4-CF3; treating the first intermediates with hydrogen
peroxide to form second intermediates each having the
structure of Formula (Vb): reacting the second intermediates
with 1, 8-diazabicyclo[5.4.0]undec-7-ene (DBU) to convert the
second intermediates to uracil moieties to form a modified
nucleic acid sequence; and amplifying the modified nucleic
acid sequence. A method of identifying methylated cytosities
of a nucleic acid sequence in a nucleic acid sample,
comprising: contacting the nucleic acid sample with
beta—-glucosyitransferase (b-GT) to selectively glucosylating
hydroxymethyl cytosines of the nucleic acid sequence;
following with the previous method.

5. claims: 23-27 (completely); 28 (partially)

A method of identifying cytosine methylation of a nucleic
acid sequence in a nucleic acid sample,
comprising:contacting the nucleic acid sample with a TET
enzyme to convert methylated cytosines and hydroxymethylated
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cytosines in the nucleic acid sequence to carboxylated
cytosines; reacting carboxylated cytosines in the TET
treated nucleic acid sample with an unsaturated reagent in a
cycloaddition reaction to convert carboxylated cytosines to
first intermediates each having the structure of Formula
(VI): wherein ring A is an optionally substituted 4, 5 or 6
membered carbocyclyl or heterocyclyl ring; convening the
first intermediates to bicyclic thymine moieties each having
a structure of Formula (VII): to form a modified nucleic
acid sequence; and amplifying the modified nucleic acid
sequence. A method of identifying methylated cytosines of a
nucleic acid sequence in a nucleic acid sample, comprising:
contacting the nucleic acid sample with
beta—-glucosyltransferase (b-GT) to selectively glucosylating
hydroxymethyl cytosines of the nucleic acid sequence;
following with the previous method.
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