CHEMICAL COMPOSITIONS AND METHODS OF USING SAME

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001} This application claims priority to, and the benefit of, U.S. Provisional Application No.
62/424,887, filed November 21, 2016; U.S. Provisional Application No. 62/457,237, filed
February 10, 2017; and U.S. Provisional Application No. 62/536,147, filed July 24, 2017. The
contents of each of the aforementioned patent applications are incorporated herein by reference

in their entireties.

SEQUENCE LISTING
[0002] The instant application contains a Sequence Listing which has been submitted in ASCII
format via EFS-Web and is hereby incorporated by reference in its entirety. Said ASCII copy,
created on November 20, 2017, is named NATE033-001WO_SeqList_ST25.txt and is 19,351

bytes in size.

BACKGROUND OF THE INVENTION

.-[0003] There are currently.a variety-of methods for nucleic acid sequencing, i.e., the process of
determining the precise order of nucleotides within a nucleic acid molecule. Current methods
require amplifying a nucleic acid enzymatically, e.g., PCR, and/or by cloning. Further
enzymatic polymerizations are required to produce a detectable signal by a light detection means.
Such amplification and polymerization steps are costly and/or time-consuming. Thus, there is a
need in the art for a method of nucleic acid sequencing that is rapid and amplification- and

enzyme-free. The present disclosure addresses these needs.

SUMMARY
[0004] The present disclosure provides sequencing probes, methods, kits, and apparatuses that
provide rapid enzyme-free, amplification-free, and library-free nucleic acid sequencing that has
long-read-lengths and with low error rate. The sequencing probes described herein include
barcode domains in which each position in the barcode domain corresponds to at least two
nucleotides in the target binding domain. Moreover, the methods, kits, and apparatuses have

rapid sample-to-answer capability. These features are particularly useful for sequencing in a



WO 2018/094385 PCT/US2017/062760

clinical setting. The present disclosure 1s an improvement of the disclosure disclosed in Patent
Publication No. U.8. 2016/0194701, the contents of which are herein incorporated by reference
15 their entirety.

(8063} The present disclosure provides a complex comprising a) a composition Comprising a
target binding domain and a barcode domain, wherein the target binding domain comprises at
least eight nucleotides and 1s capable of binding a target nucleic acid, wherein at least six
nucleotides in the target binding domain are capable of identifying a corresponding nucleotide in
the target nucleic acid molecule and wherein at least two nucleotides in the target binding
domain do not identify a corresponding nucleotide in the target nucleic acid molecule; wherein at
least two nucleotides of the at least six nucleotides in the target binding domain are modified
nucleotides or nucleotide analogues; wherein the barcode domain comprises a synthetic
backbone, the barcode domain comprising at least three attachment positions, each attachment
position comprising at least one attachment region comprising at least one nucleic acid sequence
capable of being bound by a complementary nucleic acid molecule, wherein the nucleic acid
sequence of the at least three attachment positions determines the position and identity of the at
least six nucleotides in the target nucleic acid that 1s bound by the target binding domain, and
wherein each of the at least three attachment positions have a different nucleic acid sequence;
and a first complementary primary nucleic acid molecule hybridized to a first attachment
position of the at least three attachment positions, wherein the first primary complementary
nucleic acid molecule comprises at least two domains and a linker modification, whereim the first
domatin 1s hybridized to the first attachment position of the barcode domain and the second

domain capable of hybridizing to at least one complementary secondary nucleic acid molecule,

o
Omﬁi—uoiigo
B O o
olig omc?"—ov\)J\N NO,
and wherein the linker modification is OH Hoo T ,



il N
oligo I]D 0 o
OH
O
li l|3l —Q S I (l)
oligo— A NN
g | \/\/\/\S/ 0—P—oligo O=P—0OH
OH [
OH , oligo or
i
O-—-l?—oligo
H OH
N
O,N o} 0
o /\/\”/O—g;ollgo
0 , and wherein the linker modification is located between the

first and second domains.
[0005a] In one aspect, there is provided a complex comprising
a) a composition comprising a target binding domain and a barcode domain,
wherein the target bmdmg domain comprises at least eight nucleotides and is
capable of bmdmg a target nuclelc a01d wherein at least six nucleotides in the target
binding domain are capable of identifying a corresponding nucleotide in the target
nucleic acid molecule and wherein at least two nucleotides in the target binding domain
do not identify a corresponding nucleotide in the target nucleic acid molecule;
wherein the barcode domain comprises a synthetic backbone, the barcode domain
comprising at least three attachment positions, each attachment position comprising at
least one attachment region comprising at least one nucleic acid sequence capable of
being bound by a complementary nucleic acid molecule, wherein the nucleic acid
sequence of the at least three attachment positions determines the position and identity of
the at least six nucleotides in the target nucleic acid that is bound by the target binding
domain, and wherein each of the at least three attachment positions have a different
nucleic acid sequence; and
a first complementary primary nucleic acid molecule hybridized to a first attachment

position of the at least three attachment positions,



wherein the first complementary primary nucleic acid molecule comprises at least
two domains and a cleavable linker,

wherein the first domain is hybridized to the first attachment position of the barcode
domain and the second domain is capable of hybridizing to at least one complementary
secondary nucleic acid molecule, and

wherein the cleavable linker is located between the first and second domains.

[0006] The present disclosure provides a complex comprising a) a composition comprising a
target binding domain and a barcode domain, wherein the target binding domain comprises at
least eight nucleotides and is capable of binding a target nucleic acid, wherein at least six
nucleotides in the target binding domain are capable of identifying a corresponding nucleotide in
the target nucleic acid molecule and wherein at least two nucleotides in the target binding
domain do not identify a corresponding nucleotide in the target nucleic acid molecule; wherein at
least two nucleotides of the at least six nucleotides in the target binding domain are modified
nucleotides or nucleotide analogues; wherein the barcode domain comprises a synthetic
backbone, the barcode domain comprising at least three attachment positions, each attachment
position comprising at least one attachment leglon comprising at least one nucleic acid sequence
Wcapable of being bound by a complementary nucleic acid molecule, wherein the nucleic acid
sequence of the at least three attachment positions determines the position and identity of the at
least six nucleotides in the target nucleic acid that is bound by the target binding domain,
wherein each attachment position of the at least three attachment positions corresponds to two
nucleotides of the at least six nucleotides in the target binding domain and each of the at least
three attachment positions have a different nucleic acid sequence, and wherein the nucleic acid
sequence of each position of the at least three attachment positions determines the position and

identity of the corresponding two nucleotides of the at least six nucleotides in the target nucleic
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acid that is bound by the target binding domain; and a first complementary primary nucleic acid
molecule hybridized to a first attachment position of the at least three attachment positions,
wherein the first primary complementary nucleic acid molecule comprises at least two domains
and a linker modification, wherein the first domain is hybridized to the first attachment position
of the barcode domain and the second domain capable of hybridizing to at least one

complementary secondary nucleic acid molecule, and wherein the linker modification is
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first and second domains.

, and wherein the linker modification is located between the

[0006a] In another aspect, there is provided a complex comprising

a) a composition comprising a target binding domain and a barcode domain,

wherein the target binding domain comprises at least eight nucleotides and is
capable of binding a target nucleic acid, wherein at least six nucleotides in the target
binding domain are capable of identifying a corresponding nucleotide in the target
nucleic acid molecule and wherein at least two nucleotides in the target binding domain
do not identify a corresponding nucleotide in the target nucleic acid molecule;

wherein the barcode domain comprises a synthetic backbone, the barcode domain

comprising at least three attachment positions, each attachment position comprising at



least one attachment region comprising at least one nucleic acid sequence capable of
being bound by a complementary nucleic acid molecule, wherein the nucleic acid
sequence of the at least three attachment positions determines the position and identity of
the at least six nucleotides in the target nucleic acid that is bound by the target binding
domain,
wherein each attachment position of the at least three attachment positions
corresponds to two nucleotides of the at least six nucleotides in the target binding
domain and each of the at least three attachment positions have a different nucleic
acid sequence, and
wherein the nucleic acid sequence of each position of the at least three
attachment positions determines the position and identity of the corresponding two
nucleotides of the at least six nucleotides in the target nucleic acid that is bound by
the target binding domain; and
a first complementary primary nucleic acid molecule hybridized to a first attachment
position of the at least three attachment positions,

wherein the first complementary primary nucleic acid molecule comprises at least

two domains and a cleavable Tinker,

wherein the first domain is hybridized to the first attachment position of the barcode
domain and the second domain is capable of hybridizing to at least one complementary
secondary nucleic acid molecule, and

wherein the cleavable linker is located between the first and second domains.

[0007] The present disclosure provides a sequencing probe comprising a target binding domain
and a barcode domain; wherein the target binding domain comprises at least eight nucleotides
and is capable of binding a target nucleic acid, wherein at least six nucleotides in the target
binding domain are capable of identifying a corresponding nucleotide in the target nucleic acid
molecule and wherein at least two nucleotides in the target binding domain do not identify a
corresponding nucleotide in the target nucleic acid molecule; wherein at least two nucleotides of
the at least six nucleotides in the target binding domain are modified nucleotides or nucleotide
analogues; wherein the barcode domain comprises a synthetic backbone, the barcode domain

comprising at least three attachment positions, each attachment position comprising at least one
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attachment region comprising at least one nucleic acid sequence capable of being bound by a
complementary nucleic acid molecule, wherein the nucleic acid sequence of the at least three
attachment positions determines the position and identity of the at least six nucleotides in the
target nucleic acid that is bound by the target binding domain, and wherein each of the at least
three attachment positions have a different nucleic acid sequence.
[0007a] In another aspect, there is provided a probe comprising a target binding domain and a
barcode domain;

wherein the target binding domain comprises at least eight nucleotides and is capable of
binding a target nucleic acid, wherein at least six nucleotides in the target binding domain are
capable of identifying a corresponding nucleotide in the target nucleic acid molecule and
wherein at least two nucleotides in the target binding domain do not identify a corresponding
nucleotide in the target nucleic acid molecule;

wherein the barcode domain comprises a synthetic backbone, the barcode domain
comprising at least three attachment positions, each attachment position comprising at least one
attachment region comprising at least one nucleic acid sequence capable of being bound by a

complementary nucleic acid molecule, wherein the nucleic acid sequence of the at least three

attachment positions determines the position and identity of the at least six nucleotides in the
target nucleic acid that is bound by the target binding domain, and wherein each of the at least

three attachment positions have a different nucleic acid sequence.

[0008] The present disclosure provides a sequencing probe comprising a target binding domain
and a barcode domain; wherein the target binding domain comprises at least eight nucleotides
and is capable of binding a target nucleic acid, wherein at least six nucleotides in the target
binding domain are capable of identifying a corresponding nucleotide in the target nucleic acid
molecule and wherein at least two nucleotides in the target binding domain do not identify a
corresponding nucleotide in the target nucleic acid molecule; wherein at least two nucleotides of
the at least six nucleotides in the target binding domain are modified nucleotides or nucleotide
analogues; wherein the barcode domain comprises a synthetic backbone, the barcode domain
comprising at least three attachment positions, each attachment position comprising at least one
attachment region comprising at least one nucleic acid sequence capable of being bound by a
complementary nucleic acid molecule, wherein each attachment position of the at least three

attachment positions corresponds to two nucleotides of the at least six nucleotides in the target



binding domain and each of the at least three attachment positions have a different nucleic acid
sequence, and wherein the nucleic acid sequence of each position of the at least three attachment
positions determines the position and identity of the corresponding two nucleotides of the at least
six nucleotides in the target nucleic acid that is bound by the target binding domain.

[0008a] In another aspect, there is provided a probe comprising a target binding domain and a

barcode domain;

wherein the target binding domain comprises at least eight nucleotides and is capable of
binding a target nucleic acid, wherein at least six nucleotides in the target binding domain are
capable of identifying a corresponding nucleotide in the target nucleic acid molecule and
wherein at least two nucleotides in the target binding domain do not identify a corresponding
nucleotide in the target nucleic acid molecule;

wherein the barcode domain comprises a synthetic backbone, the barcode domain
comprising at least three attachment positions, each attachment position comprising at least one
attachment region comprising at least one nucleic acid sequence capable of being bound by a
complementary nucleic acid molecule,

wherein each attachment position of the at least three attachment positions

corresponds to two nucleotides of the at least six nucleotides in the target binding domain

and each of the at least three attachment positions have a different nucleic acid sequence,
and

wherein the nucleic acid sequence of each position of the at least three attachment
positions determines the position and identity of the corresponding two nucleotides of the
at least six nucleotides in the target nucleic acid that is bound by the target binding
domain.

[0008Db] In another aspect, there is provided a population of probes comprising a plurality of the
probe as described herein.

[0009] The present disclosure provides a sequencing probe comprising a target binding domain
and a barcode domain; wherein the target binding domain comprises at least ten nucleotides and
is capable of binding a target nucleic acid, wherein at least six nucleotides in the target binding
domain are capable of identifying a corresponding nucleotide in the target nucleic acid molecule
and wherein at least four nucleotides in the target binding domain do not identify a
corresponding nucleotide in the target nucleic acid molecule; wherein the barcode domain
comprises a synthetic backbone, the barcode domain comprising at least three attachment
positions, each attachment position comprising at least one attachment region comprising at least
one nucleic acid sequence capable of being bound by a complementary nucleic acid molecule,
wherein the nucleic acid sequence of the at least three attachment positions determines the

S5a



WO 2018/094385 PCT/US2017/062760

position and identity of the at least six nucleotides in the target nucleic acid that is bound by the
target binding domain, and wherein each of the at least three attachment positions have a
different nucleic acid sequence.

8618} The present disclosure also provides a sequencing probe comprising a target binding
domain and a barcode domain; wherein the target binding domain comprises at least ten
nucleotides and 1s capable of binding a target nucleic acid, wherein at least six nucleotides in the
target binding domain are capable of identifying a corresponding nucleotide n the target nucleic
actd molecule and wherein at least four nucleotides in the target binding domain do not identify a
corresponding nucleotide in the target nucleic acid molecule; wherein the barcode domain
comprises a synthetic backbone, the barcode domain comprising at least three attachment
positions, each attachment position comprising at least one attachment region comprising at least
one nucleic acid sequence capable of being bound by a complementary nucleic acid molecule,
wherein each attachment position of the at least three attachment positions corresponds to two
nucleotides of the at least six nucleotides in the target binding domain and each of the at least
three attachment posttions have a different nucleic acid sequence, and wherein the nucleic acid
sequence of each position of the at least three attachment positions determunes the position and
identity of the corresponding two nucleotides of the at least six nucleotides in the target nucleic
acid that is bound by the target binding domain.

8611} The synthetic backbone can comprise a polysaccharide, a polynucleotide, 3 peptide, a
peptide nucleic acid, or a polypeptide. The synthetic backbone can comprise DNA. The
synthetic backbone comprises a single-stranded DNA. The sequencing probe can comprise a
single-stranded DNA synthetic backbone and a double-stranded DNA spacer between the target
binding domain and the barcode domain. The double-stranded DNA spacer can be from about 1
nucleotide to about 100 nucleotides in length; from about 2 nucleotides to about 50 nucleotides
in length; or from 20 nucleotides to 40 nucleotides in length. The double-stranded DNA spacer is
about 36 nucleotides in length. The sequencing probe can comprise a single-stranded DNA
synthetic backbone and a polymer-based spacer between the target binding domain and the
barcode domain, wherein the polymer-based spacer provides similar mechanical properties as a
double-stranded DNA spacer.

8812] The number of nucleotides in the target binding domain can be the same as, less than, or

ereater than, the number of attachment positions in the barcode domain. Preferably, the number

)
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of nucleotides in the target binding domain is greater than the number of attachment positions in
the barcode domain. The number of nucleotides in the target binding domain can be at least
three more, at least four more, at least five more, at least six more, at least seven more, at least
eight more, at least nine more or at least ten more than the number of attachment positions in the
barcode domain. Preferably, the target binding domain comprises eight nucleotides and the
barcode domain comprises three attachment positions.

[8013] At least three, at least four, at least five, or at least six nucleotides in the target binding
domatin capable of wdentifying a corresponding nucleotide in the target nucleic acid molecule can
be modified nucleotides or nucleotide analogues. The modified nucleotide or nucleic acid analogue
can be locked nucleic acids (LNA}, bridged nucleic acids (BNA), propyne-modified nucleic acids,
zip nucleic acids (ZNA®), isoguanine, isocytosine, or any combination thereof.  Preferably, the
modified nucleotide or nucleic acid analogue is a locked nucleic acid (LNA),

(8014} The at least two nucleotides in the target binding domain that do not identity a
corresponding nucleotide can precede the at least six nucleotides in the target binding domain.
The at least two nucleotides in the target binding domain that do not wdentify a corresponding
nucleotide can follow the at least six nucleotides in the target binding domam. The at least one
of the at least two nucleotides 1n the target binding domain that do not identify a corresponding
nucleotide precedes the at least six nucleotides in the target binding domain and wherein at least
one of the at least two nucleotides i the target binding domain that do not identify a
corresponding nucleotide follows the at least six nucleotides n the target binding domain. That
13, the at least two nucleotides in the target binding domain that do not wdentify a corresponding
nucleotide flank the at least six nucleotides in the target binding domain.

8615} The at least two nucleotides 1o the target binding domain that do not identify a
corresponding nucleotide in the target nucleic acid molecule can be universal bases, degenerate
bases, or a combination thereof. At least two of the at least four nucleotides in the target binding
domain that do not identify a corresponding nucleotide in the target nucleic acid molecule can be
universal bases, degenerate bases, or a combination thereof.

8616} Each attachment position in the barcode domain can comprise one attachment region.
Fach attachment position in the barcode domain can comprise more than one attachment region.
8617} Each attachment position in the barcode domain can comprise the same number of

attachment regions. Each attachment position in the barcode domain can comprise a different
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number of attachment regions. At least one of the at least three attachment positions in the
barcode domain can comprise a different number of attachment regions than the other two. When
the attachment position in the barcode domain comprises more than one attachment region, the
attachment regions can be the same. When the attachment posttion in the barcode domain
comprises more than one attachment region, the attachment regions can comprise the same
nucleic acid sequence. When the attachment position in the barcode domain comprises more
than one attachment region, the attachment regions can be different. When the attachment
position in the barcode domain comprises more than one attachment region, the attachment
regions can comprise a different nucleic acid sequence.

{8018} Fach nucleic acid sequence comprising each attachment region in the barcode domain is
from about 8 nucleotides to about 20 nucleotides in length. Each nucleic acid sequence
comprising each attachment region in the barcode domain is about 12 nucleotides in length. Each
nucleic acid sequence comprising each attachiment region in the barcode domain 1s about 14
nucleotides in length.

{8018} At least one, at least two, or at least three of the at least three attachment positions m the
barcode domain can be adjacent to at least one flanking single-stranded polynucleotide. Each of
the at least three attachment positions in the barcode domain can be adjacent to at least one
flanking single stranded polynucleotide.

[8026] At least one, at least two, or at least three attachment regions in at least one attachment
position can be integral to the synthetic backbone. Each attachment region mn each of the at least
three attachment positions can be integral to the synthetic backbone. At least one, at least two, or
at feast three attachment regions n at least one attachment position can branch from the synthetic
backbone. Each attachment region i each of the at least three attachment positions can branch
from the synthetic backbone.

8621} The complementary nucleic acid molecule capable of binding, directly or indirectly, to at
least one nucleic acid sequence within at least one attachment region within each attachment
position can be RNA, DNA or PNA. Preferably, the complementary nucleic acid molecule 15
DNA.

(80227 The complementary nucleic acid molecule can be a primary nucleic acid molecule,
wherein a primary nucleic acid molecule directly binds to at least one attachment region within

at least one attachment position of the barcode domain.
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(8623} The primary nucleic acid molecule can comprise at least two domains, a first domain
capable of binding to at least one attachment region within at least one attachment position of the
barcode domain and a second domatn capable of binding to at least one complementary
secondary nucleic acid molecule. The primary nucleic acid molecule can comprise at least two
domains, a first domain capable of binding to at least one attachment region within at least one
attachment position of the barcode domain and a second domain comprising comprises a first
detectable label and an at least second detectable label.

{8024; The primary nucleic molecule can be hybridized to at least one attachment region within
at least one attachment position of the barcode domain and be hybridized to at least one, at least
two, at least three, at least four, at least five, or more secondary nucleic acid molecules.
Preferably the primary nucleic molecule ts hybridized to four secondary nucleic acid molecules.
The primary nucleic molecule can be hybridized to at least one attachment region within at least
one attachment position of the barcode domain and can be hybridized to a first detectable label
and an at least second detectable label. The first and at least second detectable labels can have
the same emission spectrum or can have different emission spectra

[8025] The primary nucleic acid molecule can coroprise a cleavable linker. Preferably, the
cleavable hinker 15 located between the first domain and the second domain. The cleavable linker
can be a photo-cleavable linker (e.g, UV-light cleavable linker), a reducing agent cleavable
linker, or an enzymatically cleavable linker. Preferably, the linker ts a photo-cleavable linker.
[8826] A secondary nucleic acid molecule can comprise at least two domains, a first domain
capable of binding to complementary sequence in at least one primary nucleic acid molecule; and
a second domain capable of binding to {a) a first detectable label and an at least second
detectable label, (b} to at least one complementary tertiary nucleic acid molecule, or {c) a
combination thereof,

8627] The secondary nucleic molecule can be hybridized to at least one primary nucleic acid
molecule and be hybridized to at least one, at least two, at least three, at feast four, at least five,
at least six, at least seven or more tertiary nucleic acid molecules. Preferably the secondary
nucleic molecule 1s hybridized to one tertiary nucleic acid molecule. The secondary nucleic
molecule can be hybridized to at least one primary nucleic acid molecule and can comprise a first
detectable label and an at least second detectable label. The secondary nucleic molecule can be

hybridized to at least one primary nucleic acid molecule, at least one tertiary nucleic acid
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molecule and to a first detectable label and an at least second detectable label The first and at
least second detectable labels can have the same emission spectrum or can have different
emission spectra. When the secondary nucleic molecule is hybridized to at least one primary
nucleic acid molecule, at least one tertiary nucleic acid molecule comprising a first detectable
label and an at least second detectable label, and to a first detectable label and an at least second
detectable label, the at least first and second detectable labels located on the secondary nucleic
acid molecule can have the same emission spectra and the at least first and second detectable
labels located on the tertiary nucleic acid molecule can have the same emission spectra, and
wherein the emission spectra of the detectable labels on the secondary nucleic acid molecule can
be different than the emission spectra of the detectable labels on the tertiary nucleic acid
molecule.

[9628] The secondary nucleic acid molecule can comprise a cleavable linker. Preferably, the
cleavable hinker 15 located between the first domain and the second domain. The cleavable linker
can be a photo-cleavable linker (e.g, UV-light cleavable linker), a reducing agent cleavable
linker, or an enzymatically cleavable linker. Preferably, the linker s a photo-cleavable linker.
(9828 A tertiary nucleic acid molecule can comprise at least two domaius, a first domain
capable of binding to complementary sequence in at least one secondary nucleic acid molecule;
and a second domain capable of binding to a first detectable label and an at least second
detectable label.

[8638] The tertiary nucleic molecule can be hybridized to at least one secondary nucleic acid
molecule and can comprise a first detectable label and an at least second detectable label The
first and at least second detectable labels can have the same emission spectrum or can have
different emission spectra.

(80317 The tertiary nucleic acid molecule can comprise a cleavable linker. Preferably, the
cleavable hinker 1s located between the first domain and the second domain. The cleavable linker
can be a photo-cleavable linker {e.g., UV-light cleavable linker), a reducing agent cleavable
linker, or an enzymatically cleavable linker. Preferably, the linker 15 a photo-cleavable linker.
[8632] The present disclosure also provides a population of the sequencing probes comprising a
plurality of the sequencing probes disclosed herein. Preferably, each sequencing probe within
the plurality of sequencing probes comprises a different target binding domain and binds a

different region within a target nucleic acid.
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18633] The present disclosure also provides a method for sequencing a nucleic acid comprising
{1) hybridizing a sequencing probe described herein to a target nucleic acid that is optionally
immobilized to a substrate at one or more positions; (2} binding a first complementary nucleic
actd molecule comprising a first detectable label and an at least second detectable label to a first
attachment position of the at least three attachment positions of the barcode domain; (3)
detecting the first and at least second detectable label of the bound first complementary nucleic
actd molecule; (4} identifying the position and dentity of at least two nucleotides in the
mmobilized target nucleic acid; {5) binding to the first attachment position a first hybridizing
nucleic acid molecule lacking a detectable label, thereby unbinding the first complementary
nucleic acid molecule comprising the detectable labels, or contacting the first complementary
nucleic acid molecule comprising the detectable labels with a force sufficient to release the first
detectable label and at least second detectable label; (6) binding a second complementary nucleic
acid molecule comprising a third detectable label and an at least fourth detectable label to a
second attachment position of the at least three attachment positions of the barcode domain; (7)
detecting the third and at least fourth detectable label of the bound second complementary
nucleic acid molecule; (8) wdentifying the position and 1dentity of at least two nucleotides in the
optionally immobilized target nucleic acid; (9) repeating steps (5) to {8) until each attachment
position of the at least three attachment positions in the barcode domain have been bound by a
complementary nucleic acid molecule comprising two detectable labels, and the two detectable
iabels of the bound complementary nucleic acid molecule has been detected, thereby 1dentifying
the hnear order of at least six nucleotides for at least a first region of the optionally immobihized
target nucleic acid that was hybridized to the target binding domain of the sequencing probe; and
{10) removing the sequencing probe from the optionally tmmobtlized target nucleic acid.

{80347 The method can further comprise (11) hybridizing a second sequencing probe to a target
nucleic acid that is optionally immobilized to a substrate at one or more positions, and wherein
the target binding domain of the first sequencing probe and the second sequencing probe are
different; (12} binding a first complementary nucleic acid molecule comprising a first detectable
label and an at least second detectable label to a first attachment position of the at least three
attachment positions of the barcode domain; (13) detecting the first and at least second detectable
label of the bound first complementary nucleic acid molecule; {14) identifying the position and

identity of at least two nucleotides in the optionally immobilized target nucleic acid; (15} binding
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to the first attachment position a first hybridizing nucleic acid molecule lacking a detectable
label, thereby unbinding the first complementary nucleic acid molecule or complex comprising
the detectable labels, or contacting the first complementary nucieic acid molecule or complex
comprising the detectable labels with a force sufficient to release the first detectable label and at
least second detectable label; (16) binding a second complementary nucleic acid molecule
comprising a third detectable label and an at least fourth detectable label to a second attachment
position of the at least three attachment positions of the barcode domain; (17) detecting the third
and at least fourth detectable label of the bound second complementary nucleic acid molecule;
(18} identifying the position and wdentity of at least two nucleotides in the optionally
mmobilized target nucleic acid; {19) repeating steps (15} to (18) until each attachment position
of the at least three attachment positions in the barcode domain have been bound by a
complementary nucleic acid molecule comprising two detectable labels, and the two detectable
labels of the bound complementary nucleic acid molecule has been detected, thereby dentifying
the hinear order of at least six nucleotides for at least a second region of the optionally
immobilized target nucleic acid that was hyvbridized by the target binding domain of the
sequencing probe; and (20) removing the second sequencing probe from the optionally
immobilized target nucleic acid.

[9833] The method can further comprise assembling each identified linear order of nucleotides
m the at least first region and at least second region of the immobilized target nucleic acid,
thereby dentifying a sequence for the immobilized target nucleic acid.

(8036} Steps {5) and (6) can oceur sequentially or concurrently. The first and at least second
detectable Iabels can have the same emission spectrum or can have different emission spectra.
The third and at least fourth detectable labels can have the same emission spectrum or ¢an have
different emission spectra.

180377 The first complementary nucleic acid molecule can comprise a cleavable hinker. The
second complementary nucleic acid molecule can comprise a cleavable linker. The first
complementary nucleic acid molecule and the second complementary nucleic acid molecule can
each comprise a cleavable linker. Preferably, the cleavable linker is photo-cleavable. The release
force can be light. Preferably, UV light. The light can be provided by a light source selected
from the group consisting of an arc-lamp, a laser, a focused UV hight source, and light emitting

diode.
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(80387 The first complementary nucleic acid molecule and the first hybridizing nucleic acid
molecule lacking a detectable label can comprise the same nucleic acid sequence. The first
hybridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary to a flanking single-stranded polynucleotide adjacent to the first
attachment position in the barcode domain.

(80395 The second complementary nucleic acid molecule and the second hybridizing nucleic
acid molecule lacking a detectable label can comprise the same nucleic acid sequence. The
second hyvbridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary to a flanking single-stranded polynucleotide adjacent to the second
attachment position in the barcode domain.

[6040] The present disclosure also provides a method for sequencing a nucleic acid comprising
(1) hybnidizing at least one first population of first sequencing probes comprising a plurality of
the sequencing probes described herein to a target nucleic acid that s optionally immobilized to
a substrate at one or more positions; (2} binding a first complementary nucleic acid molecule
comprising a first detectable label and an at least second detectable label to a first attachment
position of the at least three attachment positions of the barcode domain; (3) detecting the fust
and at least second detectable label of the bound first complementary nucleic acid molecule; (4)
identifying the position and 1dentity of at least two nucleotides in the optionally immobilized
target nucleic acid; (5} binding to the first attachment position a first hybridizing nucleic acid
molecule lacking a detectable label, thereby unbinding the first complementary nucleic acid
molecule comprising the detectable labels, or contacting the first complementary nucleic acid
molecule comprising the detectable labels with a force sufficient to release the first detectable
label and at least second detectable label; (6) binding a second complementary nucleic acid
molecule comprising a third detectable label and an at least fourth detectable to a second
attachment position of the at least three attachment positions of the barcode domain; (7}
detecting the third and at least fourth detectable label of the bound second complementary
nucleic acid molecule; (8) identifying the posttion and identity of at least two nuclestides in the
optionally immobilized target nucleic acid; (9) repeating steps {5} to (8) until each attachment
position of the at least three attachment positions in the barcode domain have been bound by a
complementary nucleic acid molecule comprising two detectable labels, and the two detectable

iabels of the bound complementary nucleic acid molecule has been detected, thereby identifying



WO 2018/094385 PCT/US2017/062760

the linear order of at least six nucleotides for at least a first region of the optionally immobilized
target nucleic acid that was hybridized by the target binding domain of the sequencing probe;
and (10} removing the at least one first population of first sequencing probes from the optionally
immobilized target nucleic acid.

{8041} The method can further comprise (11} hybridizing at least one second population of
second sequencing probes comprising a plurality of the sequencing probes as disclosed herein to
a target nucleic acid that 1s optionally immobilized to a substrate at one or more positions, and
wherein the target binding domain of the first sequencing probe and the second sequencing probe
are different; (12) binding a furst complementary nucleic acid molecule comprising a first
detectable label and an at least second detectable label to a first attachment position of the at
least three attachment positions of the barcode domain; (13} detecting the first and at least
second detectable label of the bound first cormplementary nucleic acid molecule; (14) identifving
the position and identity of at least two nucleotides in the optionally immobilized target nucleic
acid; (15} binding to the first attachiment position a first hybridizing nucleic acid molecule
lacking a detectable label, thereby unbinding the first complementary nucleic acid molecule or
complex comprising the detectable labels, or contacting the first complementary nucleic acid
molecule or complex comprising the detectable labels with a force sufficient to release the furst
detectable label and at least second detectable label; (16) binding a second complementary
nucleic acid molecule comprising a third detectable label and an at least fourth detectable label to
a second attachment position of the at least three attachment positions of the barcode domain;
{17} detecting the third and at least fourth detectable label of the bound second complementary
nucleic acid molecule; (18} wdentifving the position and identity of at feast two nucleotides in the
optionally immobilized target nucleic acid; (19) repeating steps (15) to (18} until each
attachment position of the at least three attachment positions in the barcode domain have been
bound by a complementary nucleic acid molecule comprising two detectable labels, and the two
detectable labels of the bound complementary nucleic acid molecule has been detected, thereby
identifying the linear order of at least six nucleotides for at least a second region of the optionally
immobilized target nucleic acid that was hybridized by the target binding domain of the
sequencing probe; and (20} removing the at least one second population of second sequencing

probes from the optionally immobilized target nucleic acid.
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(80427 The method can further comprise assembling each dentified linear order of nucleotides
in the at least first region and at least second region of the immobilized target nucleic acid,
thereby identifying a sequence for the immobilized target nucleic acid.

(86431 Steps {5) and (6) can occur sequentially or concurrently. The first and at least second
detectable labels can have the same emission spectrum or can have different emission spectra.
The third and at least fourth detectable labels can have the same emission spectrum or can have
different emission spectra.

[8044; The first complementary nucleic acid molecule can comprise a cleavable linker. The
second complementary nucleic acid molecule can comprise a cleavable linker. The first
complementary nucleic acid molecule and the second complementary nucleic acid molecule can
each comprise a cleavable linker. Preferably, the cleavable linker is photo-cleavable. The release
force can be light. Preferably, UV light The light can be provided by a light source selected
from the group consisting of an arc-lamp, a laser, a focused UV light source, and light emittting
diode.

(8045} The first complementary nucleic acid molecule and the first hybridizing nucleic acid
molecule lacking a detectable label can comprise the same nucleic acid sequence. The fust
hybridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary to a flanking single-stranded polynucleotide adjacent to the first
attachment position in the barcode domain.

80467 The second complementary nucleic acid molecule and the second hybridizing nucleic
actd molecule lacking a detectable label can comprise the same nucleic acid sequence. The
second hybridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary to a flanking single-stranded polynucieotide adjacent to the second
attachment position in the barcode domain.

(80477 The present disclosure also provides a method for determining a nucleotide sequence of a
nucleic acid comprising {1) hybridizing a first sequencing probe as disclosed herein to a target
nucleic acid that 1s optionally immobilized to a substrate at one or more positions; (2)
hybridizing a first complementary nucleic acid molecule comprising a first detectable label and a
second detectable label to a first attachment position of the at least three attachment positions of
the barcode domain; (3} identifying the first and the second detectable label of the first

complementary nucleic acid molecule hybridized to the first attachment posttion; (4) removing



the first and the second detectable label hybridized to the first attachment position; (5)
hybridizing a second complementary nucleic acid molecule comprising a third detectable label
and a fourth detectable label to a second attachment position of the at least three attachment
positions of the barcode domain; (6) identifying the third and the fourth detectable label of the
second complementary nucleic acid molecule hybridized to the second attachment position; (7)
removing the third and fourth detectable label hybridized to the second attachment position; (8)
hybridizing a third complementary nucleic acid molecule comprising a fifth detectable label and
a sixth detectable label to a third attachment position of the at least three attachment positions of
the barcode domain; (9) identifying the fifth and the sixth detectable label of the third
complementary nucleic acid molecule hybridized to the third attachment position; and (10)
identifying the linear order of at least six nucleotides of the optionally immobilized target nucleic
acid hybridized to the target binding domain of the sequencing probe based on the identity of the
first detectable label, second detectable label, third detectable label, fourth detectable label, fifth
detectable label and sixth detectable label.

[0047a] In another aspect, there is provided a method for determining a nucleotide sequence of a
nucleic acid comprising

(1) hybridizing a first probe of as described herein to a first region of a target nucleic acid
that is optionally immobilized to a substrate at one or more positions;

(2) hybridizing a first complementary nucleic acid molecule comprising a first detectable
label and a second detectable label to a first attachment position of the at least three attachment
positions of the barcode domain;

(3) identifying the first and the second detectable label of the first complementary nucleic
acid molecule hybridized to the first attachment position;

(4) removing the first and the second detectable label hybridized to the first attachment
position;

(5) hybridizing a second complementary nucleic acid molecule comprising a third
detectable label and a fourth detectable label to a second attachment position of the at least three
attachment positions of the barcode domain;

(6) identifying the third and the fourth detectable label of the second complementary

nucleic acid molecule hybridized to the second attachment position;
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(7) removing the third and fourth detectable label hybridized to the second attachment
position;

(8) hybridizing a third complementary nucleic acid molecule comprising a fifth
detectable label and a sixth detectable label to a third attachment position of the at least three
attachment positions of the barcode domain;

(9) identifying the fifth and the sixth detectable label of the third complementary nucleic
acid molecule hybridized to the third attachment position; and

(10) identifying the linear order of at least six nucleotides in the first region of the
optionally immobilized target nucleic acid hybridized to the target binding domain of the first
probe based on the identity of the first detectable label, second detectable label, third detectable
label, fourth detectable label, fifth detectable label and sixth detectable label.

[0048] The method can further comprise (11) removing the at least first sequencing probe from
the first region of the optionally immobilized target nucleic acid; (12) hybridizing at least a
second sequencing probe as disclosed herein to a second region of the target nucleic acid that is
optionally immobilized to a substrate at one or more positions, and wherein the target binding

domain of the first sequencing probe and the at least second sequencing probe are different;-(13)

hybridizing a first complementary nucleic acid molecule comprising a first detectable label and a
second detectable label to a first attachment position of the at least three attachment positions of
the barcode domain; (14) detecting the first and the second detectable label of the first
complementary nucleic acid molecule hybridized to the first attachment position; (15)
hybridizing a second complementary nucleic acid molecule comprising a third detectable label
and a fourth detectable label to a second attachment position of the at least three attachment
positions of the barcode domain; (16) detecting the third and the fourth detectable label of the
second complementary nucleic acid molecule hybridized to the second attachment position; (17)
removing the third and fourth detectable label hybridized to the second attachment position; (18)
hybridizing a third complementary nucleic acid molecule comprising a fifth detectable label and
a sixth detectable label to a third attachment position of the at least three attachment positions of

the barcode domain; (19) identifying the fifth and the sixth detectable label of the third
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complementary nucleic acid molecule hybridized to the third attachment position; and (20)
identifying the linear order of at least six nucleotides in the second region of the optionally
immobilized target nucleic acid hybridized to the target binding domain of the at least second
sequencing probe based on the identity of the first detectable label, second detectable label, third
detectable label, fourth detectable label, fifth detectable iabel and sixth detectable label.

i8049] The method can further comprise assembling each identified linear order of nucleotides
in the at least first region and at least second region of the immobilized target nucleic acid,
thereby identifying a sequence for the immobilized target nucleic acid.

(8030} Steps (4) and (5) can occur sequentially or concurrently. The first and at least second
detectable labels can have the same emission spectrum or can have different emission spectra.
The third and at least fourth detectable labels can have the same emission spectrum or can have
different emission spectra. The fifth and at least sixth detectable labels can have the same
emission spectrum or can have different emission spectra.

(8051} The first complementary nucleic acid molecule can comprise a cleavable linker. The
second complementary nucleic acid molecule can comprise a cleavable linker. The thud
complementary nucleic acid molecule can comprise a cleavable linker. The first complementary
nucleic acid molecule, the second complementary nucleic acid molecule and the at least third
complementary nucleic molecule can each comprise a cleavable linker. Preferably, the cleavable
hinker 1s photo-cleavable. A method of removing any one of the first complementary nucleic acid
molecule, the second complementary nucleic acid molecule and the at least third complementary
nucleic molecule can comprise contact with light. Preferably, UV light. The hight can be
provided by a light source selected from the group consisting of an arc-lamp, a laser, a focused
UV hight spurce, and light emitting diode.

(80527 The present disclosure also provides a method for determining the nucleotide sequence of
a nucleic acid comprising {1} hybndizing a first sequencing probe as disclosed herein to a first
region of a target nucleic acid obtained from a predetermine gene, wherein the target nucleic acid
is optionally immobilized to a substrate at one or more positions; {2) hybridizing a first
complementary nucleic acid molecule comprising a first detectable label and a second detectable
label to a first attachment position of the at least three attachment positions of the barcode
domain; {3) detecting the first and the second detectable label of the first complementary nucleic

acid molecule hybridized to the first attachment position; (4) removing the first and the second
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detectable label hybridized to the first attachment position; {5) hybridizing a second
complementary nucleic acid molecule comprising a third detectable label and a fourth detectable
label to a second attachment position of the at least three attachment positions of the barcode
domatn; (6) detecting the third and and fourth detectable label of the second complementary
nucleic acid molecule hybridized to the second attachment position; {7) removing the third and
the fourth detectable label hybridized to the second attachment position; (8) hybridizing a third
complementary nucleic acid molecule comprising a fifth detectable label and a sixth detectable
iabel to a third attachment position of the at least three attachment positions of the barcode
domain; {9) identifving the fifth and the sixth detectable label of the third complementary nucleic
acid molecule hybridized to the third attachment position; and (10} identifying the linear order of
the at least six nucleotides in the first region of the optionally immobilized target nucleic acid
hybridized to the target binding domain of the first sequencing probe based on the wdentity of the
first detectable label, second detectable label, third detectable label, fourth detectable label, fifth
detectable label and sixth detectable label.

(8033} The method can further comprise (11) removing the at least first sequencing probe from
the first region of the optionally immobilized target nucleic acid; (12) hybnidizing at least a
second sequencing probe as disclosed herein to a second region of the target nucleic acid that s
optionally immobilized to a substrate at one or more positions, and wherein the target binding
domatin of the first sequencing probe and the at least second sequencing probe are different<(13)
hybridizing a first complementary nucleic acid molecile comprising a first detectable label and a
second detectable label to a first attachment position of the at least three attachment posttions of
the barcode domain; (14) detecting the first and the second detectable label of the first
complementary nucleic acid molecule hybridized to the first attachment position; (15)
hybridizing a second complementary nucleic acid molecule comprising a third detectable label
and a fourth detectable label to a second attachment position of the at least three attachment
positions of the barcode domain; (16} detecting the third and the fourth detectable label of the
second complementary nucleic acid molecule hybridized to the second attachment position; (17)
removing the third and fourth detectable label hvbridized to the second attachment position; (18}
hybridizing a third complementary nucleic acid molecule comprising a fifth detectable label and
a sixth detectable label to a third attachment position of the at least three attachment positions of

the barcode domain; (19} identifying the fifth and the sixth detectable label of the third
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complementary nucleic acid molecule hybridized to the third attachment position; and (20)
identifying the linear order of at least six nucleotides in the second region of the optionally
immobilized target nucleic acid hybridized to the target binding domain of the at least second
sequencing probe based on the identity of the first detectable label, second detectable label, third
detectable label, fourth detectable label, fifth detectable label and sixth detectable label.

[0054] The method can further comprise assembling each identified linear order of nucleotides
in the at least first region and at least second region of the immobilized target nucleic acid,
thereby identifying a sequence for the immobilized target nucleic acid.

[0055] Steps (4) and (5) can occur sequentially or concurrently. The first and at least second
detectable labels can have the same emission spectrum or can have different emission spectra.
The third and at least fourth detectable labels can have the same emission spectrum or can have
different emission spectra. The fifth and at least sixth detectable labels can have the same
emission spectrum or can have different emission spectra.

[00s6] The first complementary nucleic acid molecule can comprise a cleavable linker. The
second complementary nucleic acid molecule can comprise a cleavable linker. The third
complementary nucleic acid molecule can comprise a cleavable linker. The first complementary
nucleic acid molecule, the second complementary nucleic acid molecule and the at least third
complementary nucleic molecule can each comprise a cleavable linker. Preferably, the cleavable

linker is photo-cleavable. A method of removing any one of the first complementary nucleic acid
molecule, the second complementary nucleic acid molecule and the at least third complementary
nucleic molecule can comprise contact with light. Preferably, UV light. The light can be
provided by a light source selected from the group consisting of an arc-lamp, a laser, a focused
UV light source, and light emitting diode.

[0057] The present disclosure also provides an apparatus for performing any of the methods

disclosed herein.

[0057a] In another aspect, there is provided an apparatus for performing the method as described
herein.

[0058] The present disclosure also provides one or more kits comprising a substrate, a
population of sequencing probes disclosed herein, at least three complementary nucleic acid
molecules comprising a first detectable label and at least two second detectable labels, and
instructions for use. The one or more kits can further comprise at least one capture probe. The
one or more kits can further comprise at least two capture probes.

[0058a] In another aspect, there is provided a kit comprising a substrate, a population of probes
as described herein, at least one capture probe, at least three complementary nucleic acid
molecules comprising a first detectable label and at least two second detectable labels, and
instructions for use.

[0059] Any of the above aspects can be combined with any other aspect.
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[0060] Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure
belongs. In the Specification, the singular forms also include the plural unless the context clearly
dictates otherwise; as examples, the terms “a,” “an,” and “the” are understood to be singular or
plural and the term “or” is understood to be inclusive. By way of example, “an element” means
one or more element. Throughout the specification the word “comprising,” or variations such as
“comprises” or “comprising,” will be understood to imply the inclusion of a stated element,
integer or step, or group of elements, integers or steps, but not the exclusion of any other
element, integer or step, or group of elements, integers or steps. About can be understood as
within 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%, 0.5%, 0.1%, 0.05%, or 0.01% of the stated
value. Unless otherwise clear from the context, all numerical values provided herein are
modified by the term “about.”

[0061] Although methods and materials similar or equivalent to those described herein can be
used in the practice or testing of the present disclosure, suitable methods and materials are
described below. All publications, patent applications, patents, and other references mentioned

herein are incorporated by reference in their entirety. The references cited herein are not

admitted to be prior art to the claimed disclosure. In the case of conflict, the present
Specification, including definitions, will control. In addition, the materials, methods, and
examples are illustrative only and are not intended to be limiting. Other features and advantages

of the disclosure will be apparent from the following detailed description and claim.

BRIEF DESCRIPTION OF THE DRAWINGS
[0062] The patent or application file contains at least one drawing executed in color. Copies of
this patent or patent application publication with color drawings will be provided by the Office
upon request and payment of the necessary fee.
[0063] The above and further features will be more clearly appreciated from the following
detailed description when taken in conjunction with the accompanying drawings.
[0064] FIG. 1 is an illustration of one exemplary sequencing probe of the present disclosure.
[0065] FIG. 2 shows the design of standard and three-part sequencing probes of the present

disclosure.
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8866] FIG. 3 is an illustration of an exemplary reporter complex of the present disclosure
hybridized to an exemplary sequencing probe of the present disclosure.

[8867] FIG. 4 shows a schematic illustration of an exemplary reporier probe of the present
disclosure.

[8o68] FIG. 5 is a schematic illustration of several exemplary reporter probes of the present
disclosure.

[8o69] FIG. 6 is a schematic illustration of exemplary reporter probes of the present disclosure
comprising “extra-handles”.

[se70] FIG. 7 15 a schematic illustration of several exemplary reporter probes of the present
disclosure comprising different arrangements of tertiary nucleic acids.

[8671] FIG. 8 1s a schematic illustration of several exemplary reporter probes of the present
disclosure comprising branching tertiary nucleic acids.

80723 FIG. 9 13 an ilustration of one exemplary reporter probe of the present disclosure
comprising a cleavable linker modification.

8073} FIG. 10 shows possible positions for cleavable linker modifications within an exemplary
reporter probe of the present disclosure.

8074} FIG. 11 15 a schematic illustration of the capture of a target nucleic acid using the two
capture probe system of the present disclosure.

8675] FIG. 12 shows the results from an experument using the present methods to capture and
detect a multiplex cancer panel, composed of 100 targets, using a FFPE sample.

8676} FIG. 13 shows a schematic dlustration of two captured target DNA molecules hybridized
to capture probes, blocker oligos, and sequencing probes for targeted sequencing of large target
nucleic acid molecules.

86771 FIG. 14 is a schematic illustration of a single cycle of the sequencing method of the present
disclosure.

[8678] FIG. 15 15 a schematic illustration of one cycle of the sequencing method of the present
disclosure and the corresponding imaging data collected during this cycle.

[8879] FIG. 16 illestrates an exemplary sequencing probe poo!l configuration of the present
disclosure in which the eight color combinations are used to design eight different pools of

sequencing probes.
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[6088] FIG. 17 compares the barcode domain design disclosed in .8 2016/019470 with the
barcode domain design of the present disclosure.

8681} FIG. 18 is a schematic tllustration of a single sequencing probe or a plurality of sequencing
probes of the present disclosure hybridized to a captured target nucleic acid molecule.

[6082] FIG. 19 shows fluorescence images recorded during the sequencing method of the present
disclosure when a single sequencing probe or a plurality of sequencing probes are hybridized to a
target nucleic acid.

0083] FIG. 20 s a schematic ilustration of a plurality of sequencing probes of the present
disclosure bound along the length of a target nucleic acid and the corresponding recorded
fluorescence images.

[6084] FIG. 21 shows exemplary imaging data recorded during a sequencing cycle of the present
disclosure and the fluorescence signal intensity profiles of reporter probes of the present
disclosure.

[po8s; FIG. 22 15 a schematic illustration of a sequencing cycle of the present disclosure in which
a cleavable hinker modification is used to darken a barcode position.

[poge; FIG. 23 15 an illustrative example of an exemplary sequencing cycle of the present
disclosure in which a position within a barcode domain 1s darkened by displacement of the primary
nucleic acids.

(8087} FIG. 24 shows an example of integrated capture of RNA and DNA from a FFPE sample.
[o088] FIG. 25 1s schematic iHustration of how the sequencing method of the present disclosure
allows for the sequencing of the same base of a target nucleic acid with different sequencing
probes.

8089} FIG. 26 shows how multiple base calls for a specific nucleotide position on the target
nucleic acid, recorded from one or more sequencing probes, can be combined to create a consensus
sequence, thereby increasing the accuracy of the {inal base call.

[gos8] FIG. 27 shows recorded fluorescence images of the sequencing method of the present
disclosure after the capture, stretching, and detection of 33 kilobase DNA fragments.

8691] FIG. 28 shows the results from a sequencing experiment obtained using the sequencing
method of the present disclosure and analvzed using the ShortStack™ algorithm. For plots on the

left panel, starting at the top left plot proceeding clockwise, sequences shown correspond to SEQ



WO 2018/094385 PCT/US2017/062760

1D NQOs: 3, 4, 6,8, 7and 5. For the table on the rnight, starting at the top moving down, sequences
correspond to SEQ ID NOs: 3,4,7, 8 6and 5.

so92] FIG. 29 shows a schematic illustration of the experimental design for the multiplexed
capture and sequencing of oncogene targets from a FFPE sample.

(8093} FIG. 30 shows an illustrative schematic of direct RNA sequencing and the results from
experiments to test the compatibility of RNA molecules with the sequencing method of the present
disclosure.

{8094; FIG. 31 shows the sequencing of a RNA molecule and a DNA molecule that have the same
nucleotide sequence using the sequencing method of the present disclosure.

[8093; FIG. 32 shows the results of a multiplex target capture of an RNA panel.

0096} FIG. 33 shows a schematic overview of the steps of the ShortStack™ software pipeline.
p897] FIG. 34 shows the resulis of mutational analysis of simulated data sets using the
ShortStack ™ software pipeline.

9898 FIG. 35 shows the overall mutation calling accuracy of the ShortStack™ software pipeline
for various types of mutations.

(8099} FIG. 36 the intensity distributions for a reporter complex labeled with particular color
combinations.

o100} FIG. 37 shows a typical deposition gradient of the present disclosure.

(80101} FIG. 38 shows the capture efficiency of the present disclosure during a titration of DNA
mass mputs between 235 ng to 500 ng.

[80102] FIG. 39 shows the HLPC punification of an exemplary reporter complex of the present
disclosure.

(86163} FIG. 40 shows hybridization efficiencies and accuracy of reporter probes of the present
disclosure in the presence of different buffer additives.

[80104] FIG. 41 shows percentage of target nucleic acid loss when the sequencing method of the
present disclosure is used in the presence of different buffer additives.

(86105} FIG. 42 shows efficiency and error of exemplary reporter probes of the present disclosure
that comprise a 12mer complementary nuclei¢ acid.

88106} FIG. 43 shows efficiency and error of reporter probes using an exemplary 8x8x8 14mer

reporter set.



WO 2018/094385 PCT/US2017/062760

[80107] FIG. 44 shows efficiency and error of reporter probes using an exemplary 10x10x10 14mer
reporter set.

86108} FIG. 45 shows a comparison of the performance of standard and three-part sequencing
probes of the present disclosure.

(80109} FIG. 46 shows the effect of LNA substitutions within exemplary target binding domains
of the present disclosure using individual probes.

(86110} FIG. 47 shows the effect of LNA substitutions within exemplary target binding domains
of the present disclosure using a pool of nine probes.

[8e111} FIG. 48 shows the effect of modified nucleotides and nucleic acid analogue substitutions
m exemplary target binding domains of the present disclosure.

(80112} FIG. 49 shows the results from an experiment to quantify the raw accuracy of the
sequencing method of the present disclosure

(80113} FIG. 50 shows the results from an experiment to determine the accuracy of the sequencing
method of the present disclosure when nucleotides i the target nucleic acid are sequenced by more

than one sequencing probe.

DETAILED DESCRIPTION OF THE INVENTION
(86114} The present disclosure provides sequencing probes, reporter probes, methods, kits, and
apparatuses that provide rapid, enzyme-free, amphification-free, and library-free nucleic acid
sequencing that has long-read-lengths and with low error rate.

881151 Compositions of the Present Disclosure

88116} The present disclosure provides a sequencing probe comprising a target binding domain
and a barcode domain, wherein the target binding domain comprises at least eight nucleotides
and 1s capable of binding a target nucleic acid, wherein at least six nucleotides in the target
binding domain are capable of identifying a corresponding (complementary) nucleotide in the
target nucleic acid molecule and wherein at least two nucleotides in the target binding domain do
not wdentify a corresponding nucleotide in the target nucleic acid molecule; wherein at least one,
or at least two nucleotides, of the at least six nucleotides in the target binding domain are
modified nucleotides or nucleotide analogues and wherein the at least one, or at least two
nucleotides in the target binding domain are universal or degenerate bases; wherein the barcode

domain comprises a synthetic backbone, the barcode domain comprising at least three
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attachment positions, each attachment position comprising at feast one attachment region
comprising at least one nucleic acid sequence capable of being bound by a complementary
nucleic acid molecule, wherein each attachment position of the at least three attachment positions
corresponds to two nucieotides of the at least six nucleotides in the target binding domain and
each of the at least three attachment positions have a different nucleic acid sequence, and
wherein the nucleic acid sequence of each position of the at least three attachment positions
determines the position and identity of the corresponding two nucleotides of the at least six
nucleotides in the target nucleic acid that is bound by the target binding domain.

(86117} The present disclosure also provides a sequencing probe comprising a target binding
domain and a barcode domain; wherein the target binding domain comprises at least ten
nucleotides and is capable of binding a target nucleic acid, wherein at least six nucleotides in the
target binding domain are capable of wdentifving a corresponding (complementary) nucleotide in
the target nucleic acid molecule and wherein at least four nucleotides in the target binding
domain do not identify a corresponding nucleotide in the target nucleic acid molecule; wherein
the barcode domain comprises a synthetic backbone, the barcode domain comprising at least
three attachment positions, each attachment position comprising at least one attachment region
comprising at least one nucleic acid sequence capable of being bound by a complementary
nucleic acid molecule, wherein each attachment position of the at least three attachment positions
corresponds to two nucleotides of the at least six nucleotides n the target binding domain and
each of the at least three attachment positions have a different nucleic acid sequence, and
wherein the nucleic acid sequence of each position of the at least three attachment positions
determines the position and 1dentity of the corresponding two nucleotides of the at least six
nucleotides in the target nucleic acid that 1s bound by the target binding domain.

186118} The present disclosure also provides a population of sequencing probes comprising a
plurality of any of the sequencing probes disclosed herein.

(86119} The target binding domain, barcode domain, and backbone of the disclosed sequencing
probes, as well as, the complementary nucleic acid molecule (e.g., reporter molecules or reporter
complexes) are described in more detail below.

[80126] A sequencing probe of the present disclosure comprises a target binding domain and a
barcode domain. Figure 1 1s a schematic dllustration of an exemplary sequencing probe of the

present disclosure. Figure 1 shows that the target binding domain is capable of binding a target
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nucleic acid. A target nucleic acid can be any nucleic acid to which the sequencing probe of the
present disclosure can hybridize. The target nucleic acid can be DNA or RNA. The target
nucleic acid can be obtained from a biological sample from a subject The terms “target binding
domain” and “sequencing domain” are used interchangeably herein.

[80121] The target binding domain can comprise a series of nucleotides (e g. 15 a polynucleotide).
The target binding domain can comprise DNA, RNA, or a combination thereof. In the case
when the target binding domain is a polynucleotide, the target binding domain binds to a target
nucleic acid by hybridizing to a portion of the target nucleic acid that 1s complementary to the
target binding domain of the sequencing probe, as shown n Figure 1.

180122} The target binding domain of the sequencing probe can be designed to control the
ikelihood of sequencing probe hybridization and/or de-hybridization and the rates at which these
occur. Generally, the lower a probe’s Tm, the faster and more likely that the probe will de-
hybridize to/from a target nucleic acid. Thus, use of lower Tm probes will decrease the number
of probes bound to a target nucleic acid.

(80123} The length of a target binding domain, in part, affects the likelihood of a probe
hybridizing and remaining hybridized to a target nucleic acid. Generally, the longer (greater
number of nucleotides) a target binding domain 1s, the less ikely that a complementary sequence
will be present in the target nucleotide. Conversely, the shorter a target binding domain 13, the
more likely that a complementary sequence will be present 1 the target nucleotide. For example,
there is a 1/256 chance that a four-mer sequence will be located 1 a target nucleic acid versus a
1/4096 chance that a six-mer sequence will be located n the target nucleic acid. Consequently, a
collection of shorter probes will likely bind in more locations for a given stretch of a nucleic acid
when compared to a collection of longer probes.

(88124} In circumstances, it is preferable to have probes having shorter target binding domains to
increase the number of reads in the given stretch of the nucleic acid, thereby enriching coverage
of a target nucleic acid or a portion of the target nucleic acid, especially a portion of particular
mterest, e.g., when detecting a mutation or SNP allele.

[80125] The target binding domain can be any amount or nuomber of nucleotides in length. The
target binding domain can be at least 12 nucleotides in length, at least 10 nucleotides in length, at
least 8 nucleotides in length, at least 6 nucleotides in length or at least three nucleotides in

length.
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[80126] Each nucleotide in the target binding domain can identify {or code for} a complementary
nucleotide of the target molecule. Alternatively, some nucleotides in the target binding domain
identify {or code for} a complementary nucleotide of the target molecule and some nucleotides in
the target binding domain do not identify (or code for) a complementary nucleotide of the target
molecule.

(80127] The target binding domain can comprise at least one natural base. The target binding
domain can comprise no natural bases. The target binding domain can comprise at least one
modified nucleotide or nucleic acid analog. The target binding domain can comprise no
modified nucleotides or nucleic acid analogs. The target binding domain can comprise at least
one universal base. The target binding domain can comprise no universal bases. The target
binding domain can comprise at least one degenerate base. The target binding domain can
comprise no degenerate bases.

[80128] The target domain can comprise any combination natural bases (e.g. 0,1,2,3,4,5,6,7,
8, 9, 10, or more natural bases), modified nucleotides or nucleic acid analogs {e.g. 0,1, 2,3, 4, 5,
6,7, 8,9, 10, or more modified or analog nucleotides), unuversal bases {e.g. 0, 1,2,3,4,5,6,7,
8, 9, 10, or more umversal bases), or degenerate bases {e.g. 0,1, 2,3, 4, 5,6, 7, 8,9, 10, or more
degenerative bases). When present in a combination, the natural bases, modified nucleotides or
nucleic acid analogs, universal bases and degenerate bases of a particular target binding domain
can be arranged in any order.

(88129} The terms “modified nucleotides” or “nucleic acid analogues™ mnclude, but are not himited
to, locked nucleic acids (LNA), bridged nucleic acids (BNA), propyne-modified nucleic acids,
zip nucleic acids (ZNA"), isoguanine and isocytosine. The target binding domain can inclode
zeroto six {e.g. 0, 1, 2, 3, 4, § or 6} modified nucleotides or nucleic acid analogues. Preferably,
the modified nucleotides or nucleic acid analogues are locked nucleic acids (L NAs).

[80138] The term “locked nucleic acids (LENA)Y” as used herein includes, but is not limited to, a
modified RNA nucleotide in which the ribose motety comprises a methylene bridge connecting
the 2° oxygen and the 4° carbon. This methylene bridge locks the ribose in the 3’-endo
confirmation, also known as the north confirmation, that is found in A-form RNA duplexes. The
term inaccessible RNA can be used mnterchangeably with LNA. The term “bridged nucleic acids
{(BNA)” as used heretn includes, but 13 not limited to, modified RNA molecules that comprise a

five-membered or six-membered bridged structure with a fixed 3’ -endo confirmation, also
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known as the north confirmation. The bridged structure connects the 2° oxygen of the ribose to
the 4" carbon of the ribose. Various different bridge structures are possible containing carbon,
nitrogen, and hydrogen atoms. The term “propyne-modified nucleic acids” as used herein
icludes, but is not limited to, pyrimudines, namely cytosine and thymine/uracil, that comprise a
propyne modification at the C5 position of the nucleic acid base. The term “zip nucleic acids
{(ZNA"Y as used herein includes, but is not limited to, oligonucleotides that are conjugated with
cationic spermine moieties.

106133] The term “universal base” as used herein includes, but is not limited 1o, a nucleotide base
does not follow Watson-Crick base patr rules but rather can bind to any of the four canonical
bases (A, T/U, C, ) located on the target nucleic acid. The term “degenerate base” as used
herein includes, but is not limited to, a nucleotide base that does not follow Watson-Crick base
pair rules but rather can bind to at least two of the four canonical bases A, T/U, C, G), but not all
four. A degenerate base can also be termed a Wobble base; these terms are used mterchangeably
herein.

[80132] The exemplary sequencing probe depicted in Figure 1 illustrates a target binding domain
that comprises a six nucleotide long (6-mer) sequence (bi- bz- bi- bs- bs- be) that hybridizes
specifically to complementary nucleotides 1-6 of the target nucleic acid that s to be sequenced.
This G~mer portion of the target binding domain (bi- be- b3~ ba- bs- be) wdentifies (or codes for)
the complementary nucleotides in the target sequence (1~ 2- 3- 4- 5- 6}. This 6~-mer sequence 13
flanked on either side by a base (N}. The bases indicated by (N) may independently be a
unversal or degenerate base. Typically, the bases indicated by (N} are independently one of the
canonical bases. The bases indicated by (N} do not identify (or code for) the complementary
nucleotide 1t binds 1n the target sequence and are independent of the nucleic acid sequence of the
{6-mer) sequence (bi- ba- b3~ bu- bs- be).

[80133] The sequencing probe depicted in Figure 1 can be used in conjugation with the
sequencing methods of the present disclosure to sequence target nucleic acids using only
hybridization reactions, no covalent chemistry, enzymes or amplification 1s needed. To sequence
all possible 6-mer sequences in a target nucleic acid molecule, a total of 4096 sequencing probes
are needed (4°6=4096).

[80134] Figure 1 is exemplary for one configuration of a target binding domain of the sequence

probe of the present disclosure. Table 1 provides several other configurations of target binding
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domains of the present disclosure. One preferred target binding domain, called the “6 LNA”
target binding domain, comprises 6 LNAs at positions bl to bo of the target binding domain.
These 6 LNAs are flanked on either side by a base (N}. As used herein, an (N} base can bea
universal/degencrate base or a canonical base that is independent of the nucleic acid sequence of
the (6-mer) sequence (bi- bz- b3~ ba- bs- be). In other words, while the bases bi- bs- bs- bs- bs- be
may be specific to any given target sequence, the (N) bases can be a universal/degenerate base or
composed of any of the four canonical bases that is not specific to the target dictated by bases bs-
bo- bs- ba- bs- be. For example, if the target sequence to be interrogated is CAGGCATA bases bs-
b2~ bs- ba- bs- bs of the target binding domain would be TCCGTA while each of the (N} bases of
the target binding domain could independently be A, C, T or G such that a resulting target
binding domain could have the sequence ATCCGTAG, TTCCGTAC, GITCCGTAG orany of
the other 16 possible tterations. Alternatively, the two (W) bases could proceed the 6 LNAs.
Alternatively still, the two (N} bases could follow the 6 LNAs.

106135] Table 1

Target Binding Domain B | B2 B3 | B4 | B5 | Bs

“6 LNA” N + + + + N
“10mer” b b b b b b b b b b
“Natural 17 N N b b b b b b N N
“Natuzal 1T N b b b b b b N

“2 LNA” N b b + + b b N

N b + b b + b N

N + b b b b + N

4 LNA” N + b b + + N

N+ | b + |+ b i+ |N

N b + + + + b N

B = natural base, + = modified nucleotide or mucleotide analog (e.2. LNAY, N = natural, universal or degeneraie base

(86136} Table 1 also describes a “10 mer” target binding domain that comprises 10 natural,

target-specific bases.
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186137} Table 1 further describes the “Natural 17 target binding domain that comprises 6 natural
bases at positions bl to b0, These 6 natural bases are flanked on either side by 2 (N) bases.
Alternatively, all four (N} bases could proceed the 6 natural bases. Alternatively still, all four (N}
bases could follow the 6 natural bases. Any number of the four (N} bases {1.e. 1, 2, 3 or 4} could
proceed the 6 natural bases while the remaining (N} bases would follow the 6 natural bases.
180138} Table 1 further describes the “Natural IT” target binding domain that comprises 6 natural
bases at positions bl to b6. These 6 natural bases are flanked on either side by an (N} base.
Alternatively, both (N) bases could proceed the 6 natural bases. Alternatively still, both {N)
bases could follow the 6 natural bases.

180139} Table 1 also describes a “2 LNA” target binding domain that comprises a combination of
2 LNAs and 4 natural bases at positions bl to b6 of the target binding domain. The 2 LNAs and
4 natural bases can occur in any order. For example, the positions b3 and b4 can be LNAs while
positions bl, b2, bS and b6 are natural bases. Bases bl to b6 are flanked on either side by a (N)
base. Alternatively, bases bl to b6 can be proceeded by two (N} bases. Alternatively still, bases
b1 to b6 can be followed by two (N) bases.

[80140] Table 1 further describes a “4 LNA” target binding domain that comprises a combination
of 4 LNAs and 2 natural bases at positions bl to b6 of the target binding domain. The 4 LNAs
and 2 natural bases can occur in any order. For example, the positions b2 to bS can be LNAs
while posttions bl and b6 are natural bases. Bases bl to b6 are flanked on either side by a (N}
base. Alternatively, bases bl to b6 can be proceeded by two (N} bases. Alternatively still, bases
b1 to b6 can be followed by two (N) bases.

[80141] The sequencing probe of the present disclosure comprises a synthetic backbone. The
target binding domain and the barcode domain are operably linked. The target binding domamn
and barcode domain can be covalently attached, as part of one synthetic backbone. The target
binding domain and barcode domain can be attached via a linker (e.g., nucleic acid linker,
chemical linker). The synthetic backbone can comprise any matenal, e.g., polysaccharide,
polynucieotide, polymer, plastic, fiber, peptide, peptide nucleic acid, or polypeptide. Preferably,
the synthetic backbone is rigid. The synthetic backbone can comprise a single-stranded DNA
molecule. The backbone can comprise “DNA origami” of six DNA double helices (See, e.g.,
Lin ef af, “Submicrometre geometrically encoded fluorescent barcodes self-assembled from

DNA.” Nature Chemistry, 2012 Oct; 4(10): 832-9}). A barcode can be made of DNA origami
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tiles {Jungmann ef ¢/, “Multiplexed 3D cellular super-resolotion imaging with DNA-PAINT and
Exchange-PAINT”, Nature Methods, Vol. 11, No. 3, 2014).

[80142] The sequencing probe of the present disclosure can comprise a partially double-stranded
synthetic backbone. The sequencing probe can comprise a single-stranded DNA synthetic
backbone and a double-stranded DNA spacer between the target binding domain and the barcode
domain. The sequencing probe can comprise a single-stranded DNA synthetic backbone and a
polymer-based spacer, with similar mechanical properties as double-stranded DNA, between the
target binding domain and the barcode domain. Typical polymer-based spacers include
polyethylene glycol (PEG) type polymers.

180143} The double-stranded DNA spacer can be from about 1 nucleotide to about 100
nucleotides in length; from about 2 nucleotides to about 50 nucleotides in length; from about 20
nucleotides to about 40 nucleotides n length. Preferably, the double-stranded DNA spacer 1s
about 36 nucleotides in length.

[80144] One sequencing probe of the present disclosure, termed a “standard probe” 1s illustrated
in the left panel of Figure 2. The standard probe of Figure 2 comprises a barcode domain
covalently attached to the target binding domam, such that the target binding and barcode
domains are present within the same single stranded oligonucleotide. In Figure 2, left panel, a
single stranded oligonucieotide binds to a stem oligonucleotide to create a 36 nucleotide long
double-stranded spacer region called the stem. Using this architecture, each sequencing probe 1n
a pool of probes can hybrnidize to the same stem sequence.

[80143] Another sequencing probe of the present disclosure, termed a “3 Part Probe” 15 tllustrated
i the right panel of Figure 2. The 3 Part Probe of Figure 2 comprises a barcode domain that is
attached to the target binding domain via a linker. In this example, the linker 1s a single stranded
stem oligonucleotide that hybridizes to the single stranded oligonucleotide that contains the
target binding domain and the single stranded oligonucleotide that contains the barcode domain,
creating a 36 nucleotide long double stranded spacer region that bridges the barcode domain (18
nucleotides} and target binding domain (18 nuclestides). Using this exemplary probe
configuration, in order to prevent the exchange of barcode domains, each barcode can be
designed such that 1t hybridizes to a unique stem sequence. Furthermore, each barcode domain
can also be hybridized to its corresponding stem oligonucleotide prior to pooling together

different sequencing probes.

31



WO 2018/094385 PCT/US2017/062760

[88146} The barcode domain comprises a plurality of attachment positions, e.g., one, two, three,
four, five, six, seven, eight, nine, ten, or more attachment positions. The number of attachment
positions can be less than, equal to, or more than the number of nucleotides in the target binding
domatin. The target binding domain can comprise more nucleotides than number of attachment
positions in the backbone domain, e.g., one, two, three, four, five, six, seven, eight, nine, ten, or
more nucleotides. The target binding domain can comprise eight nucleotides and the barcode
domain comprises three attachment positions. The target binding domain can comprise ten
nucleotides and the barcode domain comprises three attachment positions

(86147} The length of the barcode domain 1s not limited as long as there is sufficient space for at
least three attachment positions, as described below. The terms “attachment positions,”
“positions” and “spots,” are used interchangeably herein. The terms “barcode domain” and
“reporting domain,” are used mterchangeably heren.

[80148] Each attachment position in the barcode domain corresponds to two nucleotides {(a
dinucleotide) in the target binding domain and, thus, to the complementary dinucleotide in the
target nucleic acid that 1s hybridized to the dinucleotide 1n the target binding domain. As a non-
hmuting example, the first attachiment position in the barcode domain corresponds to the first and
second nucleotides in the target binding domain (e.g, Figure | where R1 is the first attachment
position in the barcode domain and R1 corresponds to dinucleotide bl and b2 in the target
binding domain — which i turn wdentifies dinucleotides 1 and 2 of the target nucleic acid); the
second attachment position in the barcode domain corresponds to the third and fourth nucleotides
in the target binding domaimn {e.g., Figure 1 where R2 15 the second attachment position in the
barcode domain and R2 corresponds to dinucleotide b3 and b4 in the target binding domain —
which n turn identifies dinucleotides 3 and 4 of the target nucleic acid); and the third attachment
position in the barcode domain corresponds to the fifth and sixth nuclectides in the target binding
domain {e.g., Figure 1 where R3 1s the third attachment position in the barcode domain and R3
corresponds to dinuclestide b5 and b6 in the target binding domain — which in turn 1dentifies
dinucleotides 5 and 6 of the target nucleic acid).

(66149} Each attachment position in the barcode domain comprises at least one attachment
region, e.g., one to 30, or more, attachment regions. Certain positions in a barcode domain can
have more attachment regions than other positions {(e.g., a first attachment position can have

three attachment regions whereas a second attachment position can have two attachment
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positions); alternately, each position in a barcode domain has the same number of attachment
regions. Each attachment position i the barcode domain can comprise one attachment region.
Each attachment position in the barcode domain can comprise more than one attachment region.
At least one of the at least three attachment positions in the barcode domain can comprise a
different number of attachment regions than the other two attachments positions in the barcode
domain.

[80150] Each attachment region comprises at least one (Le., one to fifty, e g., ten to thirty) copies
of a nucleic acid sequence(s) capable of being reversibly bound by a complementary nucleic acid
molecule (e.g., DNA or RNA). The nucleic acid sequences of attachment regions at a single
attachment position can be identical; thus, the complementary nucleic acid molecules that bind
those attachment regions are identical. Alternatively, the nucleic acid sequences of attachment
regions at a position are not wdentical; thus, the complementary nucleic acid molecules that bind
those attachment regions are not wdentical,

[80131] The nucleic acid sequence comprising each attachment region in a barcode domain can
be about 8 nucleotides to about 20 nucleotides in length. The nucleic acid sequence comprising
each attachment region in a barcode domain can be about 12 or 1s about 14 nucleotides in length.
Preferably, the nucleic acid sequence comprising each attachment region in a barcode domain is
about 14 nucleotides in length.

[80152] Hach of the nucleic acids comprising each attachment region in a barcode domain can
mdependently be a canonical base or a modified nucleotide or nucleic acid analogue. At least one,
at least two, at least three, at least four, at least five, or at least six nucleotides 1o the attachment
region i a barcode domain can be modified nuclectides or nucleotide analogues. Typical ratios of
modified nucleotides or nucleotide analogues to canonical bases m a barcode domain are 1.2 to
1:8. Typical modified nucleotides or nucleic acid analogues useful in the attachment region in a
barcode domain are isoguanine and isocvtosine. The use of modified nucleotides or nucleotide
analogues such as isoguanine and isocytosing, for example, can mmprove binding efficiency and
accuracy of the reporter to the appropriate attachment region in a barcode domam while
mininuzing binding elsewhere, inchuding to the target.

(86153} One or more attachment regions can be integral to a polynucleotide backbone; that is, the
backbone is a single polynucleotide and the attachment regions are parts of the single

polynucleotide’s sequence. One or more attachment regions can be linked to a modified
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monomer (e.g., modified nucleotide) in the synthetic backbone such that the attachment region
branches from the synthetic backbone. An attachment position can comprise more than one
attachment region, in which some attachment regions branch from the synthetic backbone and
some attachment regions are integral to the synthetic backbone. At least one attachment region in
at least one attachment position can be integral to the synthetic backbone. Each attachment
region in each of the at least three attachment positions can be integral to the synthetic backbone.
At least one attachment region in at least one attachment position can branch from the synthetic
backbone. Fach attachment region in each of the at least three attachment positions can branch
from the synthetic backbone.

180154} Each attachment position within a barcode domain corresponds to one of sixteen
dinucleotides 1.e, either adenine-adenine, adenine-thymine/uracil, adenine-cytosine, adenine-
guanine, thymine/uracil-adenine, thymine/uracil-thymine/uracil, thymine/uracil-cytosine,
thymine/uracil-guanine, cytosine-adenine, cytosine~-thynune/uracil, cytosine-cytosine, cytosine-
guanine, guanine-adenine, guanine-thymine/uracil, guanine-cytosine or guanine-guanine. Thus,
the one or more attachment regions located in a single attachment position of a barcode domain
correspond 1o one of sixteen dinucleotides and comprise a nucleic acid sequence that 1s specific
to the dinucleotide to which the attachment region corresponds. Attachment regions located in
ditferent attachment positions of a barcode domain contain umque nucleic acid sequences even if
these posttions within the barcode domain correspond to the same dinucleotide. For example,
given a sequencing probe of the present disclosure that contains a target binding domain with a
hexamer that encodes the sequence A-G-A-G-A-(, the barcode domain of this sequencing probe
would contain three positions, with the first attachment position corresponding to an adenine-
guanine dinucleotide, the second attachment position corresponding to an adenine~-guanine
dinucleotide and the third attachment position corresponding to an adenime-cytosine
dinucieotide. The attachment regions located in position one of this example probe would
comprise a nucleic acid sequence that is unique from the nucleic acid sequence of the attachment
regions located in position two, even though both attachment position one and attachment
position two correspond to the dinucleotide adenine-guanine. The sequences of specific
attachment positions are designed and tested such that the complementary nucleic acid of a
particular attachment position will not interact with a different attachment position. Additionally,

the nucleotide sequence of a complementary nucleic acid 1s not limited; preferably it lacks

34



WO 2018/094385 PCT/US2017/062760

substantial homology {e.g., 50% to 99.9%) with a known nucleotide sequence; this limiis
undesirable hybridization of a complementary nucleic acid and a target nucleic acid.

186155} Figure 1 shows an illustration of one exemplary sequencing probe of the present
disclosure comprising an exemplary barcode domain. The exemplary barcode domain depicted in
Figure 1 comprises three attachment positions, Ry, Rs, and R3. Each attachment position
corresponds to a specific dinucleotide present within the 6-mer sequence (b thru be) of the target
binding domain. In this example, Ry corresponds to positions by and b2, R corresponds to
positions bs and ba, and Ry corresponds to positions bs and be. Thus, each position decodes a
particular dinucleotide present in the 6-mer sequence of the target binding domain, allowing for
the identification of the particular two bases (A, C, G or T) present in each particular
dinucleotide.

[80136] In the exemplary barcode domain depicted in Figure 1, each attachment position
comprises a single attachment region that is integral to the synthetic backbone. Each attachment
region of the three attachment positions contains a specific nucleotide sequence that corresponds
to the particular dinucleotide that is encoded by each attachment position. For example,
attachment position Ri comprises an attachment region that has a specific sequence that
corresponds to the identity of the dinucleotide bi-ba.

186137} The barcode domain can further comprise one or more binding regions. The barcode
domain can comprise at least one single-stranded nucleic acid sequence adjacent or flanking at
ieast one attachment position. The barcode domain can comprise at feast two single-stranded
nucleic acid sequences adjacent or flanking at least two attachment positions. The barcode
domain can comprise at least three single-stranded nucleic acid sequences adjacent or flanking at
least three attachment positions. These flanking portions are known as “Toe-Holds,” which can
be used to accelerate the rate of exchange of ohgonucleotides hybridized adjacent to the Toe-
Holds by providing additional binding sites for single-stranded oligonucleotides {e.g., “Toe-
Hold” Probes; see, e.g., Seeling er al., “Catalyzed Relaxation of a Metastable DNA Fuel”; J. Am.
Chem. Soc. 2006, 128(37), pp12211-12220).

[80138] Sequencing probes of the present disclosure can have overall lengths (including target
binding domain, barcode domain, and any optional domains) of about 20 nanometers to about S0
nanometers. The sequencing probe’s backbone can be a polynuclectide molecule comprising

about 120 nucleotides.
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[80159] A sequencing probe can comprise a cleavable linker modification. Any cleavable linker
modification known to one of skill in the art can be utilized. Non-limiting examples of cleavable
linker modifications include, but are not limited to, UV-light cleavable linkers, reducing agent
cleavable hinkers and enzymatically cleavable hinkers. An example of an enzymatically cleavable
linker 1s the mnsertion of uracil for cleavage by the USER™ enzyme. The cleavable linker
modification can be located anywhere along the length of the sequencing probe, including, but
not limited to, a region between the target binding domain and the barcode domain. The right
panel of Figure 10 depicts exemplary cleavable linker modifications that can be incorporated into
the probes of the present disclosure.

108160 Reporter Probes

[80161] A nucleic acid molecule that binds (e.g., hybridizes) to a complementary nucleic acid
sequence within at least one attachiment region within at least one attachment position of a
barcode domain of a sequencing probe of the present disclosure and comprises {directly or
indirectly} a detectable label 15 referred to herein as a “reporter probe” or “reporter probe
complex,” these terms are used interchangeably herein. The reporter probe can be DNA, RNA or
PNA. Preferably, the reporter probe 1s DNA.

[80162] A reporter probe can comprise at least two domains, a first domain capable of binding at
least one first complementary nucleic acid molecule and a second domain capable of binding a
first detectable label and at least a second detectable label Figure 3 shows a schematic of an
exemplary reporter probe of the present disclosure bound to the first attachment position of a
barcode domain of an exemplary sequencing probe. In Figure 3, the furst domain of the reporter
probe (shown in hatched maroon) binds a complementary nucleic acid sequence within
attachment position Ri of the barcode domaim and the second domam of the reporter probe
(shown in gray} is bound to two detectable labels (one green label, one red label).

(86163} Alternatively, the reporter probe can comprise at least two domains, a first domain
capable of binding at least one first complementary nucleic acid molecule and a second domain
capable of binding at least one second complementary nucleic acid molecule. The at least one
first and at least one second complementary nucleic acid molecules can be different (have
different nucleic acid sequences).

88164} A “primary nucleic acid molecule” 1s a reporter probe comprising at least two domains, a

first domain capable of binding (e.¢. hybridizing) to a complementary nucleic acid sequence
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within at least one attachment region within at least one attachment position of a barcode domain
of a sequencing probe and a second domain capable of binding {e.g. hybridizing} to at least one
additional complementary nucleic acid. A primary nucleic acid molecule can directly bind the
complementary nucleic acid sequence within the at least one attachment region within the at least
one attachment position of a barcode domain of a sequencing probe. A primary nucleic acid
molecule can mdirectly bind the complementary nucleic acid sequence within the at least one
attachment region within the at least one attachment position of a barcode domain of a
sequencing probe via a nucleic acid linker. The primary nucleic acid molecule can comprise a
cleavable linker. The cleavable linker can be located between the first domain and the second
domain. Preferably, the cleavable linker is photo-cleavable.

[80163] Each of the nucleic acids comprising the first domain of a primary nucleic acid molecule
can independently be a canonical base or a modified nucleotide or nucleic acid analogue. At
least one, two, at least three, at least four, at least five, or at least six nucleotides i the first
domain of a primary nucleic acid molecule can be modified nucleotides or nucleotide analogues.
Typical ratios of modified nucleotides or nucleotide analogues to canonical bases in a barcode
domain are 1:2 to 1:8. Typical modified nucleotides or nucleic acid analogues useful in the first
domain of a primary nucleic acid molecule are 1soguanine and isocytosine. The use of modified
nucleotides or nucleotide analogues such as 1soguanine and socvtosine, for example, can
mprove binding efficiency and accuracy of the first domain of a primary nucletc acid molecule
to the appropriate complementary nucletc acid sequence within at least one attachment region
within at least one attachment position of a barcode doman of a sequencing probe while
minimizing binding elsewhere, inchuding to the target.

[80166] The at least one additional complementary nucleic acid that binds the primary nucleic
actd molecule s referred to herein as a “secondary nucleic molecule.” The primary nucleic acid
molecule can bind {e.g , hybridize) to at least one, at least two, at least three, at least four, at least
five, or more secondary nucleic acid molecules. Preferably, the primary nucleic acid molecule
binds (e.g., hybridizes} to four secondary nucleic acid molecules.

(88167} A secondary nucleic acid molecule comprises at feast two domains, a first domain
capable of binding {e.g. hybridizing) to at least one complementary sequence in at least one
primary nucleic acid molecule and a second domain capable of binding {e.g. hybridizing) to (a) a

first detectable label and an at least second detectable label; (b) to at least one additional
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complementary nucleic acid; or {¢} a combination thereof. The secondary nucleic acid molecule
can comprise a cleavable linker. The cleavable linker can be located between the first domain
and the second domain. Preferably, the cleavable linker is photo-cleavable.

{86168} Each of the nucleic acids comprising the first domain of a secondary nucleic acid
molecule can independently be a canonical base or a modified nucleotide or nucleic acid
analogue. At least one, two, at least three, at least four, at least five, or at least six nucleotides in
the first domain of a secondary nucleic acid molecule can be modified nucleotides or nucleotide
analogues. Typical ratios of modified nucleotides or nucleotide analogues to canonical bases ina
barcode domain are 1:2 to 1:8. Typical modified nucleotides or nucleic acid analogues useful in
the first domain of a secondary nucleic acid molecule are 1soguanine and 1socytosine. The use of
modified nucleotides or nucleotide analogues such as 1soguanine and isocytosine, for example,
can improve binding efficiency and accuracy of the first domain of a secondary nucleic acid
molecule to the appropriate complementary nucleic acid sequence within the second domain of a
primary nucleic acid molecule while minimizing binding elsewhere.

[80169] The at least one additional complementary nucleic acid that binds the secondary nucleic
acid molecule 1s referred to herein as a “tertiary nucleic molecule.” The secondary nucleic acid
molecule can bind (e.g., hvbridize) to at least one, at least two, at least three, at least four, at least
five, at least six, at least seven, or more tertiary nucleic acid molecules. Preferably, the at least
one secondary nucleic acid molecule binds (e g., hybridizes} to one tertiary nucleic acid
molecule.

86170} A tertiary nucleic acid molecule comprises at least two domains, a first domain capable
of binding {e.g. hybridizing} to at least one complementary sequence i at least one secondary
nucleic acid molecule and a second domain capable of binding {e.g hybrnidizing) to a first
detectable label and an at least second detectable label. Alternatively, the second domain can
mclude the first detectable label and an at least second detectable label via direct or indirect
attachment of the labels during oligonucleotide synthesis using, for example, phosphorsamidite
or NHS chemustry. The tertiary nucleic acid molecule can comprise a cleavable linker. The
cleavable linker can be located between the first domain and the second domain. Preferably, the
cleavable hinker is photo-cleavable.

[80171] Each of the nucleic acids comprising the first domain of a tertiary nucleic acid molecule

can independently be a canonical base or a modified nucleotide or nucleic acid analogue. At
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least one, two, at least three, at least four, at feast five, or at least six nucleotides in the first
domain of a tertiary nucleic acid can be modified nucleotides or nucleotide analogues. Typical
ratios of modified nucleotides or nucleotide analogues to canonical bases in a first domaim of a
tertiary nucleic acid molecule are 1:2 to 1:8. Typical modified nucleotides or nucleic acid
analogues useful in the first domain of a tertiary nucleic acid molecule are isoguanine and
isocytosine. The use of modified nucleotides or nucleotide analogues such as isoguanine and
1socytosine, for example, can improve binding efficiency and accuracy of the first domain of a
tertiary nucleic acid molecule to the appropriate complementary nucleic acid sequence within the
second domain of a second nucleic acid molecule while minimizing binding elsewhere.

[80172] Reporter probes are bound to a first detectable label and an at least second detectable
label to create a dual color combination. This dual combination of fluorescent dyes can include a
duplicity of a single color, e.g. blue-blue. As used herein, the term “label” includes a single
moiety capable to producing a detectable signal or multiple moteties capable of producing the
same or substantially the same detectable signal. For example, a label includes a single yellow
fluorescent dye such as ALEXA FLUOR™ 5372 or multiple yellow fluorescent dyes such as
ALEXA FLUOR™ 532,

(80173} The reporter probes can bind to a first detectable label and an at least second detectable
label, in which each detectable label 5 one of four fluorescent dyes: blue (B); green (G); vellow
{Y), and red {R}. The use of these four dyes creates 10 possible dual color combinations BB, BG;
BR; BY, GG; GR; GY; RR; RY; or YY. In some aspects, reporter probes of the present
disclosure are labeled with one of 8 possible color combinations: BB, BG; BR; BY,; GG, GR;
GY: or YY as depicted in Figure 3. The detectable label and an at least second detectable label
can have the same ermission spectrum or can have a different emission spectra.

[80174] In aspects comprising a sequencing probe and a primary nucleic actd molecule, the
present disclosure provides a sequencing probe comprising a target binding domain and a
barcode domain; wherein the target binding domain comprises at least eight nucleotides and is
capable of binding a target nucleic acid, wherein at least six nucleotides in the target binding
domain are capable of identifying a corresponding {complementary) nucleotide in the target
nucleic acid molecule and wherein at least two nucleoctides in the target binding domam do not
identify a corresponding nucleotide in the target nucleic acid molecule; wherein at least one, or at

least two nucleotides, of the at least six nucleotides in the target binding domain are modified
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nucleotides or nucleotide analogues; wherein the barcode domain comprises a synthetic
backbone, the barcode domain comprising at least three attachment positions, each attachment
position comprising at least one attachment region comprising at least one nucleic acid sequence
bound by at least one complementary primary nucleic acid molecule, wherein the
complementary primary nucleic acid molecule comprises a first detectable label and at least a
second detectable label, wherein each attachment position of the at least three attachment
positions corresponds to two nucleotides of the at least six nucleotides in the target binding
domain and each of the at least three attachment positions have a different nucleic acid sequence,
and wherein the at least first detectable label and at least second detectable label of each
complementary primary nucleic acid molecule bound to each position of the at least three
attachment positions determines the position and identity of the corresponding two nucleotides of
the at least six nucleotides in the target nucleic acid that 1s bound by the target binding domain.
The at least two nucleotides in the target binding domain that do not wdentify a corresponding
nucleotide in the target nucleic acid molecule can be any of the four canonical bases that 1s not
specific to the target dictated by the at least six nucleotides in the target binding domain or
uruversal or degenerate bases.

(80173} In aspects comprising a sequencing probe and a primary nucleic acid molecule, the
present disclosure also provides a sequencing probe comprising a target binding domain and a
barcode domam; wherein the target binding domain comprises at least ten nucleotides and 1s
capable of binding a target nucleic acid, wherein at least six nucleotides m the target binding
domatin are capable of wdentifying a corresponding {complementary} nucleotide in the target
nucleic acid molecule and wherem at least four nucleotides m the target binding domain do not
identify a corresponding nucleotide 1 the target nucleic acid molecule; wheremn the barcode
domain comprises a synthetic backbone, the barcode domain comprising at least three
attachment positions, each attachment position comprising at least one attachment region
comprising at least one nucleic acid sequence bound by at least one complementary primary
nucleic acid molecule, wherein the complementary primary nucleic acid molecule comprises at
first detectable label and at least a second detectable label, wherein each attachment position of
the at least three attachment positions corresponds to two nucleotides of the at least six
nucleotides in the target binding domain and each of the at least three attachment positions have

a different nucleic acid sequence, wherein the at least first detectable label and at least second
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detectable label of each complementary primary nucleic acid molecule bound to each position of
the at least three attachment positions determines the position and identity of the corresponding
two nucleotides of the at least six nucleotides in the target nucleic acid that 1s bound by the target
binding domain.

[80176] In aspects comprising a sequencing probe, a primary nucleic acid molecule and a
secondary nucleic acid molecule, the present disclosure provides a sequencing probe comprising
a target binding domain and a barcode domain; wherein the target binding domain comprises at
least eight nucleotides and 1s capable of binding a target nucleic acid, wherein at least six
nucleotides in the target binding domain are capable of identifying a corresponding
{complementary} nucleotide in the target nucleic acid molecule and wherein at least two
nucleotides in the target binding domain do not identify a corresponding nucleotide in the target
nucleic acid molecule; wherein at least one, or at least two nucleotides, of the at least six
nucleotides in the target binding domain are modified nucleotides or nucleotide analogues and
wherein the at least one, or at least two nucleotides in the target binding domain are any of the
four canonical bases that 1s not specific to the target dictated by the other bases 1o the target
binding domain ot universal or degenerate bases; wherein the barcode domain comprises a
synthetic backbone, the barcode domain comprising at least three attachment positions, each
attachment position comprising at least one attachment region comprising at least one nucleic
actd sequence bound by at least one complementary primary nucleic acid molecule, wherein the
complementary primary nucleic acid molecule 1s further bound by at least one complementary
secondary nucleic acid molecule comprising at first detectable label and at least a second
detectable label, wherein each attachment position of the at least three attachment positions
corresponds to two nucleotides of the at least six nucleotides n the target binding domain and
each of the at least three attachment positions have a different nucleic acid sequence, and
wherein the at least first detectable label and at least second detectable label of each
complementary secondary nucleic acid molecule bound to each position of the at least three
attachment positions determines the position and identity of the corresponding two nucleotides of
the at least six nucleotides in the target nucleic acid that is bound by the target binding domain.
(80177} In aspects comprising a sequencing probe, a primary nucleic acid molecule and a
secondary nucleic acid molecule, the present disclosure also provides a sequencing probe

comprising a target binding domain and a barcode domain; wherein the target binding domain
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comprises at least ten nucleotides and is capable of binding a target nucleic acid, wherein at least
six nucleotides in the target binding domain are capable of identifying a corresponding
{complementary) nucleotide in the target nucleic acid molecule and wherein at least four
nucleotides in the target binding domain do not identify a corresponding nucleotide in the target
nucleic acid molecule; wherein the barcode domain comprises a synthetic backbone, the barcode
domain comprising at least three attachment positions, each attachment position comprising at
least one attachment region comprising at least one nucleic acid sequence bound by at least one
complementary primary nucleic acid molecule, wherein the complementary primary nucleic acid
molecule 1s further bound by at least one complementary secondary nucleic acid molecule
comprising at first detectable label and at least a second detectable label, wherein each
attachment position of the at least three attachment positions corresponds to two nucleotides of
the at least six nucleotides i the target binding domain and each of the at least three attachment
positions have a different nucleic acid sequence, wherein the at least first detectable label and at
least second detectable label of each complementary secondary nucleic acid molecule bound to
each position of the at least three attachment positions determines the position and identity of the
corresponding two nucleotides of the at least six nucleotides m the target nucleic acid that is
bound by the target binding domain.

[80178] In aspects comprising a sequencing probe, a primary nucleic acid molecule, a secondary
nucleic acid molecule and a tertiary nucleic acid molecule, the present disclosure provides a
sequencing probe comprising a target binding domain and a barcode domain; wherein the target
binding domain comprises at least eight nucleotides and 1s capable of binding a target nucleic
actd, wherein at least six nucleotides in the target binding domam are capable of identifyimmg a
corresponding {complementary) nucleotide in the target nucleic acid molecule and wherein at
least two nucleotides in the target binding domain do not identify a corresponding nuclectide in
the target nucleic acid molecule; wherein at least one, or at feast two nucleotides, of the at least
six nuclestides in the target binding domain are modified nuclestides or nucleotide analogues
and wherein the least two nucleotides in the target binding domain that do not identify a
corresponding nucleotide in the target nucleic acid molecule can be any of the four canonical
bases that is not specific to the target dictated by the at least six nucleotides in the target binding
domain or universal or universal or degenerate bases; wherein the barcode domain comprises a

synthetic backbone, the barcode domain comprising at least three attachment positions, each
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attachment position comprising at {east one attachment region comprising at feast one mucleic
acid sequence bound by at least one complementary primary nucleic acid molecule, wherein the
complementary primary nucleic acid molecule is further bound by at least one complementary
secondary nucleic acid molecule, and wherein the at least one complementary secondary nucleic
actd molecule is further bound by at least one complementary tertiary nucleic acid molecule
comprising at first detectable label and at least a second detectable label, wherein each
attachment position of the at least three attachment positions corresponds to two nucleotides of
the at least six nucleotides in the target binding domain and each of the at least three attachment
positions have a different nucleic acid sequence, and wherein the at least first detectable label
and at least second detectable label of each complementary tertiary nucleic acid molecule bound
to each position of the at least three attachment positions determines the position and identity of
the corresponding two nucleotides of the at least six nucleotides in the target nucleic acid that is
bound by the target binding domain.

(80179} In aspects comprising a sequencing probe, a primary nucleic acid molecule, a secondary
nucleic acid molecule and a tertiary nucleic acid molecule, the present disclosure also provides a
sequencing probe comprising a target binding domain and a barcode domain; wherein the target
binding domain comprises at least ten nucleotides and 13 capable of binding a target nucleic acid,
wherein at least six nucleotides in the target binding domain are capable of identifying a
corresponding {complementary) nucleotide in the target nucleic acid molecule and wherein at
ieast four nucleotides in the target binding domain do not wdentify a corresponding nucleotide in
the target nucleic acid molecule; wheremn the barcode domaim comprises a synthetic backbone,
the barcode domain comprising at least three attachment positions, each attachment position
comprising at least one attachment region comprising at least one nucleic acid sequence bound
by at least one complementary primary nucleic acid molecule, wherein the complementary
primary nucleic acid molecule is further bound by at least one complementary secondary nucleic
acid molecule, and wherein the at least one complementary secondary nucleic acid molecule is
further bound by at least one complementary tertiary nucleic acid molecule comprising at first
detectable label and at least a second detectable label, wherein each attachment position of the at
least three attachment positions corresponds to two nucleotides of the at least six nucleotides in
the target binding domain and each of the at least three attachment positions have a different

nucleic acid sequence, wherein the at least first detectable label and at least second detectable
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label of each complementary tertiary nucleic acid molecule bound to each position of the at least
three attachment positions determines the position and identity of the corresponding two
nucleotides of the at least six nucleotides in the target nucleic acid that is bound by the target
binding domain.

(60180} The present disclosure also provides sequencing probes and reporter probes having
detectable labels on both a secondary nucleic acid molecule and a tertiary nucleic acid molecule.
For example, a secondary nucleic acid molecule can bind a primary nucleic acid molecule and the
secondary nucleic acid molecule can comprise both a first detectable label and an at least second
detectable label and also be bound to at least one tertiary molecule comprising a first detectable
label and an at least second detectable label. The first and at least second detectable labels located
on the secondary nucleic acid molecule can have the same emission spectra or can have different
emussion spectra. The first and at least second detectable labels located on the tertiary nucleic acid
molecule can have the same enussion spectra or can have different emission spectra. The enussion
spectra of the detectable labels on the secondary nucleic acid molecule can be the same or can be
different than the emission spectra of the detectable labels on the tertiary nucleic acid molecule.
[80181] Figure 4 15 an illustrative schematic of an exemplary reporter probe of the present
disclosure that comprises an exemplary primary nucleic acid molecule, secondary nucleic acid
molecule and tertiary nucleic acid molecule. At the 37 end, the primary nucleic acid comprises a
first domain, wheremn the first domain comprises a twelve nucleotide sequence that hybridizes to
a complementary attachment region within an attachment position of a sequencing probe barcode
domain. Atthe 5° end 18 a second domain that 1s hybridized to six secondary nucleic acid
molecules. The exemplary secondary nucleic acid molecules depicted 1 turn comprise a first
domain in the 57 end that hybridizes to the primary nucleic acid molecule and a domain that 1n
the 3° portion that hybridizes to five tertiary nucleic acid molecules.

[86182] A tertiary nucleic acid molecule comprises at least two domains. The first domain is
capable of binding to a secondary nucleic acid molecule. The second domain of a tertiary
nucleic acid is capable of binding to a first detectable label and at least second detectable label.
The second domain of a tertiary nucleic acid can be bound to the first detectable label and at least
second detectable label by the direct incorporation of one or more fluorescently-labeled
nucleotide monomers into the sequence of the second domain of the tertiary nucleic acid. The

second domain of the secondary nucleic acid molecule can be bound by the first detectable label
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and at least second detectable label by hybridizing short polynucleotides that are labeled to the
second domain of the secondary nucleic acid. These short polynucleotides, called “labeled-
oligos,” can be labeled by direct incorporation of fluorescently-labeled nuclectide monomers or
by other methods of labeling nucleic acids that are known to one of skill in that art. The
exemplary tertiary nucleic acid molecules depicted in Figure 4, which may be considered
“labeled oligos” comprise a first domain that hybridizes to a secondary nucleic acid molecule
and a second domain that is fluorescently labeled by indirect attachment of the labels during
oligonucleotide synthesis using, for example, NHS chemuistry or incorporation of one or more
fluorescently-labeled nucleotide monomers during the synthesis of the tertiary nucleic acid
molecule. The labeled-oligos can be DNA, RNA or PNA.

(66183} In alternative aspects, the second domain of a secondary nucleic acid is capable of
binding to a first detectable label and at least second detectable label. The second domain of the
secondary nucleic acid can be bound to the first detectable label and at least second detectable
iabel by the direct incorporation of one or more fluorescently-labeled nucleotide monomers into
the sequence of the second domain of the secondary nucleic acid. The second domain of the
secondary nucleic acid molecule can be bound by the first detectable label and at least second
detectable label by hybridizing short polvnucieotides that are labeled to the second domain of the
secondary nucleic acid. These short polynucleotides, called labeled-oligos, can be labeled by
direct incorporation of fluorescently-labeled nucleotide monomers or by other methods of
iabeling nucleic acids that are known to one of skill in that art.

(80184} A primary nucleic acid molecule can comprise about 100, about 95, about 90, about 85,
about 80 or about 75 nucleotides. A primary nucleic acid molecule can comprise about 100 to
about 80 nucleotides. A primary nucleic acid molecule can comprise about 90 nuclectides. A
secondary nucleic acid molecule can comprise about 90, about 85, about 80, about 75 or about
70 nucleotides. A secondary nucleic acid molecule can comprise about 90 to about 80
nucleotides. A secondary nucleic acid molecule can comprise about 87 nucleotides. A
secondary nucleic acid molecule can comprise about 25, about 20, about 15, or about 10
nucleotides. A tertiary nucleic acid molecule can comprise about 20 to about 10 nucleotides. A
tertiary nucleic acid molecule can comprise about 15 nucleotides.

[80185] Reporter probes of the present disclosure can be of various designs. For example, a

primary nucleic acid molecule can be hybridized to at least one{eg., 1,2, 3,4, 5, 6,7, 8,9, 10,
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or more} secondary nucleic acid molecules. Fach secondary nucleic acid molecule can be
hybridized to at leastone (eg., 1, 2, 3,4, 5, 6, 7, 8, 9, 10, or more) tertiary nucleic acid
molecules. To create a reporter probe that 1s labeled with a particular dual color combination, the
reporter probe 15 designed such that the probe comprises secondary nucleic acid molecules,
tertiary nucleic acid molecules, labeled-oligos or any combination of secondary nucleic acid
molecules, tertiary nucleic acid molecules and labeled-oligos that are labeled with each color of
the particular dual color combination. For example, Figure 4 depicts a reporter probe of the
present disclosure that comprises 30 total dyes, with 15 dyes for color 1 and 15 dyes for color 2.
To prevent color-swapping or cross hybridization between different fluorescent dyes, each
tertiary nucleic acid or labeled-oligo that 1s bound to a specific label or fluorescent dye
comprises a unique nucleotide sequence.

[80186] Figure 5 depicts four exemplary reporter probe designs of the present disclosure. The top
left panel of Figure 5 depicis a 5x5 reporter probe. A 5x5 reporter probe comprises a primary
nucleic acid, wherein the primary nucleic acid comprises a first domam of 12 nucleotides. The
primary nucleic acid also comprises a second domain, wherein the second domain comprises a
nucleotide sequence that can be hybnidized to 5 secondary nucleic acid molecules. Each
secondary nucleic acid coroprises a nucleotide sequence such that 3 tertiary nucleic acids that are
bound by detectable labels can hybridize to each secondary nucleic acid.

[80187] The top right panel of Figure 5 depicts a 4x3 reporter probe. A 4x3 reporter probe
comprises a primary nucleic acid, wherein the primary nucleic acid comprises a first domain of
12 nucleotides. The primary nucleic acid also comprises a second domam, wherein the second
domain comprises a nucleotide sequence that can be hybridized to 4 secondary nucleic acid
molecules. Each secondary nucleic acid comprises a nucleotide sequence such that 3 tertiary
nucleic acids that are bound to detectable labels can hybridize to each secondary nucleic acid.
86188} The bottom left panel of Figure 5 depicts a 3x4 reporter probe. A 3x4 reporter probe
comprises a primary nucleic acid, wherein the primary nucleic acid comprises a first domain of
12 nucleotides. The primary nucleic acid also comprises a second domain, wheremn the second
domain comprises a nucleotide sequence that can be hybridized to 3 secondary nucleic acid
molecules. Each secondary nucleic acid comprises a nucleotide sequence such that 4 tertiary

nucleic acids that are bound to detectable labels can hybridize to each secondary nucleic acid.
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[80189] The bottom right panel of Figure 5 depicts a Spacer 3x4 reporter probe. A Spacer 3x4
reporter probe comprises a primary nucleic acid, wherein the primary nucleic acid comprises a
first domain of 12 nucleotides. Located between the first domain and second domain of the
primary nucleic acid 1s a spacer region consisting of 20 to 40 nucleotides. The spacer is
identified as 20 to 40 nucleotides long; however, the length of a spacer is non-limiting and it can
be shorter than 20 nucleotides or longer than 40 nucleotides. The second domain of the primary
nucleic acid comprises a nucleotide sequence that can hybridize to 3 secondary nucleic acid
molecules. Each secondary nucleic acid comprises a nucleotide sequence such that 4 tertiary
nucleic acids that are bound to detectable labels can hybridize to each secondary nucleic acid.
[80190] In Figure 5, each primary nucleic acid comprises a first domain that s 12 nucleotides long.
However, the length of the first domain of a primary nucleic acid is non-limited and can be less
than 12 or more than 12 nucleotides. Preferably, the first domain of a primary nucleic acid 15 14
nucleotides.

[80191] Any of the features of a specific reporter probe design depicted in a particular panel of
Figure 5 can be combined with any of the features of a reporter probe design depicted ina
different panel of Figure S or described elsewhere herein. For example, a 5x5 reporter probe can
be modified to contain a spacer region of approximately 20 to 40 nucleotides between the
complementary nucleic and the primary nucleic acid. In another example, a 4x3 reporter probe
can be modified such that the 4 secondary nucleic acids comprise a nucleotide sequence that
allows 5 tertiary nucleic acids that are bound to detectable labels to hybridize to each secondary
nucleic acid, thereby creating a 4x5 reporter probe.

[80192] Referring to Figure 5, a 5x5 reporter contains more fluorescent labels (25} than a 4x3
reporter {12) and therefore the fluorescent intensity of the 5xS reporter will be greater. The
fluorescence detected in any given field of view FOV 1s a function a variety of variable including
the fluorescent intensity of the given reporter probes and the number of optionally bound target
molecules within that FOV. The number of optionally bound target molecules per field of view
{FOV) can be from 1 to 2.5 million targets per FOV. Typical numbers of bound target molecules
per FOV are 20,000 to 40,000, 220,000 to 440,000 or 1 mullion to 2 million target

molecules. Typical FOVs are .05 mm”’ to Imm® Further examples of typical FOVs are .05 mm”’

to .65mm’.
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{80193} Figure 6 shows reporter probe designs in which the secondary nucleic acid molecuies
comprise “extra-handles” that are not hybridized to a tertiary nucleic acid molecule and are distal
to the primary nucleic acid molecule. In Figure 6, each “extra-handle” 15 12 nucleotides long
{12 mer”}; however, their lengths are non-fimited and can be less than 12 or more than 12
nucleotides. The “extra-handles” can each comprise the nucleotide sequence of the first domain
of the primary nucleic acid molecule to which the secondary nucleic acid molecule 1s hybridized.
Thus, when a reporter probe comprises “extra-handles”, the reporter probe can hybridize to a
sequencing probe either via the first domain of the primary nucleic acid molecule or via an
“extra-handle” Accordingly, the likelihood that a reporter probe binds to a sequencing probe is
imcreased. The “extra-handle” design can also improve hybridization kinetics. Without being
bound by any theory, the “extra-handles” can increase the effective concentration of the reporter
probe’s complementary nucleic acid. A Sx4 “extra-handles” reporter probe 15 expecied to yield
approximately 4750 fluorescent counts per standard FOV. A 5x3 “extra-handles” reporter probe,
a 4x4 “extra-handles” reporter probe, a 4x3 “extra-handles” reporter probe and a 3x4 “extra-
handles” reporter probe are all expected to yield approximately 6000 fluorescent counts per
standard FOV. The exemplary reporter probe designs depicted in Figure S can also be modified
to nclude “extra-handles”.

[80194] Individual secondary nucleic acid molecules of a reporter probe can hybridize to tertiary
nucleic acid molecules that are all labeled with the same detectable label. For example, the left
pane} of Figure 7 depicts a “5x6” reporter probe. A 5x6 reporter probe comprises one primary
nucleic acid that comprises a second domain, wherein the second doman comprises a nucleotide
sequence hybnidized to 6 secondary nucleic acid molecules. Each secondary nucleic acid
comprises a nucleotide sequence such that 5 tertiary nuclewc acid molecules that are bound to
detectable labels hybridized to each secondary nucleic acid. Hach of the 5 tertiary nucleic acid
molecules that bind to a particular secondary nucleic acid molecule are labeled with the same
detectable label. Three of the secondary nucleic acid molecules bind to tertiary nucleic acid
molecules labeled with a yellow fluorescent dve and the other three secondary nucleic acid bind
to tertiary nucleic acid molecules labeled with a red fluorescent dye, for example.

(86195} Individual secondary nucleic acid molecules of a reporter probe can hybridize to tertiary
nucleic acid molecules that are labeled with different detectable labels. For example, the middle

panel of Figure 7 depicts a “3x2x6” reporter probe design. A “3x2x6” reporter probe comprises
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one primary nucleic acid that comprises a second domain, wherein the second domain comprises
a nucleotide sequence hybridized to 6 secondary nucleic acid molecules. Each secondary nucleic
acid comprises a nucleotide sequence such that 5 tertiary nucleic acids that are bound to
detectable labels hybridized to each secondary nucleic acid. Each secondary nucleic acid binds to
both tertiary nucleic acid molecules labeled with a vellow fluorescent dye and to tertiary nucleic
actd molecules labeled with a red fluorescent dye. In this specific example, three secondary
nucleic acid molecules bind two red and three yellow tertiary nucleic acid molecules, while the
other three secondary nucleic acid molecules bind two red and three yellow tertiary nucleic acid
molecules. Fach secondary nucleic acid molecule can bind to any number of tertiary nucleic acid
molecules bound by different detectable labels. In the middle panel of Figure 7, the tertiary
nucleic acid molecules bound to an individual secondary nucleic acid molecule are arranged such
that the colors of the label alternate (i.e. red-yellow-red-vellow-red or vellow-red-yellow-red-
vellow).

[80196] In any of the described reporter probe designs, tertiary nucleic acids labeled with
different detectable labels can be arranged n any order along the secondary nucleic acid. For
example, the right panel of Figure 7 depicts a “Fret resistant 3x2x6” reporter probe that s sumilar
to the 3x2x6 reporter probe design except in the arrangement {e.g., limear order or grouping) of
red and vellow tertiary nucleic acid molecules along each secondary nucleic acid molecule.
(80197} Figure 8 depicts more exemplary reporter probe designs of the present disclosure that
mclude individual secondary nucleic acid molecules that bind to varying tertiary nucleic acid
molecules. The left panel depicts a “6x1x4.57 reporter probe that comprises one primary nucleic
actd molecule, wheren the primary nucleic acid molecule comprises a second domain, wherein
the second domain comprises a nucleotide sequence hybridized to six secondary nucleic acid
molecules. Each secondary nucleic acid molecule 1s hybridized to five tertiary nucleic acid
molecules. Four of the five tertiary nucleic acid molecules that hybridize to each secondary
nucleic acid molecule are directly labeled with the same color detectable label The fifth tertiary
nucleic acid, denoted as the branching tertiary nucleic acid, is bound to 5 labeled-oligos of the
other color of the dual color combination. Of the six secondary nucleic acids, three of them bind
to a branching tertiary nucleic acid labeled with one color of the dual color combination (in this
example red}, while the other three secondary nucleic acids bind to a branching tertiary nucleic

acid labeled with the other color of the dual color combination (in this example veliow). In total,
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the 6x1x4.5 reporter probe is labeled with 54 total dyes, 27 dyes for each color. The middle panel
of Figure 8 depicts 3 “4x1x4.5” reporter probe that shares the same overall architecture as the
6x1x4.5 reporter probe, except that the primary nucleic acid of the 4x1x4.5 reporter probe binds
only 4 secondary nucleic acids, such that there are a total of 36 dyes, 18 for each color.

[60198] A reporter probe can comprise the same number of dyes for each color of the dual color
combination. A reporter probe can comprise a different number of dyes for each color of the dual
color combination. The selection as to which color has more dyes within a reporter probe can be
made on the basis of the energy level of light that the two dves absorb. For example, the right
panel of Figure 8 depicts a “5x5 energy optimized” reporter probe design. This reporter probe
design comprises 15 yellow dyes (which are higher energy) and 10 red dyes {which are lower
energy). In this example, the 15 vellow dyes can constitute a first label and the 10 red dyes can
constitute a second label.

[80199] A detectable moiety, label or reporter can be bound to a secondary nucleic acid molecule,
a tertiary nucleic acid molecule or to a labeled-oligo in a variety of ways, including the direct or
indirect attachment of a detectable moiety such as a fluorescent motety, colorimetric moiety and
the like. One of skill in the art can consult references directed to labeling nucleic acids. Examples
of fluorescent moieties include, but are not limited to, yellow fluorescent protein (YFP), green
fluorescent protein {(GFP), cyan fluorescent protein (CFP), red fluorescent protein (RFP),
umbelliferone, fluorescein, fluorescein 1sothiocyanate, rhodamine, dichlorotriazinylamine
fluorescein, cyanines, dansyl chloride, phycocyanin, phycoerythrin and the like.

186200} Fluorescent labels and their attachment to nucleotides and/or shigonucleotides are
described in many reviews, including Haugland, Handbook of Fluorescent Probes and Research
Chemicals, Ninth Edition (Molecular Probes, Inc., Eugene, 2002); Keller and Manak, DNA
Probes, Znd Edition (Stockton Press, New York, 1993); Eckstein, editor, Qligonuclestides and
Analogues: A Practical Approach (IRL Press, Oxford, 1991}, and Wetmur, Critical Reviews in
Biochemistry and Molecular Biology, 26:227-259 (1991). Particular methodologies applicable to
the disclosure are disclosed in the following sample of references: U.S. Patent Nos. 4,757,141,
5,151,507, and 5,091,519. One or more fluorescent dyes can be used as labels for labeled target
sequences, ¢.2., as disclosed by U.S. Patent Nos. 5,188,934 (4,7-dichiorofluorescein dyes);
5,366,860 (spectrally resolvable rhodamine dyes); 5,847,162 (4,7-dichlororhodamine dyes);

4,318,846 (ether-substituted fluorescein dyes); 5,800,996 (energy transfer dyes); Lee ef a/.
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5,066,580 (xanthine dyes); 5,688,648 {(energy transfer dyes); and the like. Labelling can also be
carried out with quantum dots, as disclosed in the following patents and patent publications: 1.8,
Patent Nos. 6,322,901: 6,576,291; 6,423,551: 6,251,303; 6,319,426 6.426,513; 6,444,143
5,990,479, 6,207 392; 2002/0045045; and 2003/0017264. As used herein, the term “fluorescent
iabel” comprises a signaling motety that conveys information through the fluorescent absorption
and/or emission properties of one or more molecules. Such fluorescent properties include
fluorescence intensity, fluorescence lifetime, emission spectrum characteristics, energy transfer,
and the like.
fso201) Commercially available fluorescent nucleotide analogues readily incorporated into
nucleotide and/or oligonucleotide sequences include, but are not imited to, Cy3-dCTP, Cy3-
dUTP, CyS5-dCTP, Cy5-dUTP (Amersham Biosciences, Piscataway, NJ), fluorescein- 12-dUTP,
tetramethylrhodanmine-6-dUTP, TEXAS RED™-5-dUTP, CASCADE BLUE™-7-dUTP,
BODIPY TMFL-14-dUTP, BODIPY TMR-14-dUTP, BODIPY TMTR-14-dUTP,
RHODAMINE GREEN™-5-dUTP, OREGON GREENR™ 488-5-dUTP, TEXAS RED™- {2-
dUTP, BODIPY TM 630/650- 14-dUTP, BODIPY TM 630/665- 14-dUTP, ALEXA FLUQR™
488-5-dUTP, ALEXA FLUOR™ 532-5-dUTP, ALEXA FLUQR™ 568-5-dUTP, ALEXA
FLUOR™ 594-5-dUTP, ALEXA FLUOR™ 546- 14-dUTP, fluorescemn- 12-UTP,
tetramethylrhodamine-6-UTP, TEXAS RED™-5-UTP, mCherry, CASCADE BLUE™-7-UTP,
BODIPY T™ FL-14-UTP, BODIPY TMR-14-UTP, BODIPY TM TR-14-UTP, RHODAMINE
REENTLS-UTP, ALEXA FLUQOR™ 488-5-1JTP, LEXA FLUOR™ 546- 14-UTP (Molecular
Probes, Inc. Eugene, OR) and the like. Alternatively, the above fluorophores and those
mentioned herein can be added dunng oligonucleotide synthesis using for example
phosphoroamidite or NHS chenustry. Protocols are known i the art for custom synthesis of
nucleotides having other fluorophores (See, Henegariu ef a/. (2000) Nature Biotechnol. 18:345}.
2-Aminopurine is a fluorescent base that can be incorporated directly in the oligonucleotide
sequence during its synthesis. Nucleic acid could also be stained, a priori, with an intercalating
dve such as DAPL YOY(O- 1 | ethidium bromide, cyanine dyes {e.g., SYBR Green) and the like.
[80202] Other fluorophores available for post-synthetic attachment include, but are not limited to,
ALEXA FLUOR™ 350, ALEXA FLUOR™ 405, ALEXA FLUOR™ 430, ALEXA FLUQR™
532, ALEXA FLUOR™ 546, ALEXA FLUQOR™ 508, ALEXA FLUQR™ 504 ALEXA
FLUOR™ 647 BODIPY 493/503, BODIPY FL, BODIPY R6G, BODIPY 530/550, BODIPY
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TVIR, BODIPY 558/568, BODIPY 558/568, BODIPY 564/570, BODIPY 576/589, BODIPY
581/591, BODIPY TR, BODIPY 630/650, BODIPY 650/6635, Cascade Blue, Cascade Yellow,
Dansyl, lissamine rhodamine B, Marina Blue, Oregon Green 488, Oregon Green 514, Pacific
Blue, Pacific Orange, rhodamine 6, rhodamine green, rhodamine red, tetramethyl rhodamine,
Texas Red (available from Molecular Probes, Inc., Eugene, OR}, Cy2, Cy3, Cy3.5, Cy3, CyS.5,
Cy7 (Amersham Biosciences, Piscataway, NJ) and the like. FRET tandem fluorophores can also
be used, including, but not limited to, PerCP-Cy5.S, PE-Cy5, PE-Cy5.5, PE-Cy7, PE-Texas Red,
APC-Cy7, PE-Alexa dyes (610, 647, and 680}, APC-Alexa dyes and the like.

[80203] Metallic silver or gold particles can be used to enhance signal from fluorescently labeled
nucleotide and/or oligonucleotide sequences (Lakowicz ef a/. (2003} BioTechniques 34:62).
{86204} Other suitable labels for an oligonucleotide sequence can include fluorescein (FAM,
FITC), digoxigenin, dinitrophenol (DNP), dansyl, biotin, bromodeoxyuridine (BrdU),
hexahistidine (6xHis), phosphor-amino acids (e.g., P-tyr, P-ser, P-thr) and the like. The
following hapten/antibody pairs can be used for detection, in which each of the antibodies 15
dervatized with a detectable label: biotin/a-biotin, digoxigenin/a-digoxigenin, dinttrophenol
{(DNP)/a-DNP, 5-Carboxytluorescein (FAM)/a-FAM.

[80203] Detectable labels described herein are spectrally resolvable. “Spectrally resolvable” in
reference to a plurality of fluorescent labels means that the fluorescent emission bands of the
labels are sufficiently distinet, /e, sufficiently non-overlapping, that molecular tags to which the
respective labels are attached can be distinguished on the basis of the fluorescent signal
generated by the respective labels by standard photodetection systems, e.g., employing a system
of band pass filters and photomultiplier tubes, or the like, as exemplified by the systems
described in U.S. Patent Nos. 4,230,558, 4,811,218; or the like, or in Wheeless er /., pgs. 21-76,
in Flow Cytometry: Instrumentation and Data Analysis { Academic Press, New York, 1985},
Spectrally resolvable organic dyes, such as fluorescein, rhodamine, and the like, means that
wavelength emission maxima are spaced at least 20 nm apart, and 0 another aspect, at least 40
nm apart. For chelated lanthanide compounds, quantum dots, and the like, specirally resolvable
means that wavelength emission maxima are spaced at least 10 nm apart, or at least 15 nm apart.
[80206] A reporter probe can comprise one or more cleavable linker modifications. The one or
more cleavable linker modifications can be positioned anywhere in the reporter probe. A

cleavable hinker modification can be located between the first and second domains of a primary
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nucleic acid molecule of a reporter probe. Figure 9 depicts an exemplary reporter probe of the
present disclosure comprising a cleavable linker modification between the first and second
domains of the primary nucleic acid molecule. A cleavable linker modification can be present
between the first and second domains of the secondary nucleic acid molecules of a reporter
probe. A cleavable linker modification can be present between the first and second domains of
the primary nucleic acid molecule and secondary nucleic acid molecules of a reporter probe. The
left panel of Figure 10 depicts an exemplary reporter probe of the present disclosure comprising
cleavable hinker modification between the first and second domains of the primary nucleic acid
and between the first and second domains of the secondary nucleic acids.

(80207} A cleavable linker modification can be a compound of the Formula (I}

o Ry Rg
Re T RN
=4
O
R, Rg
! e
F\E‘/’ T Re
O

or a sterecisomer or salt thereof, wherein: Ry 1s hydrogen, halogen, Cisalkyl, Crealkenvl,

Ry

O

)

Crealkynyl, wherein said Crealkyl, Crsalkenyl, Crsalkynl are each imdependently optionally
substituted with at least one substituent Ryo; Ko 1s O, NH, or N{Crcalkyl}; Rs 15 eycloalkyl,
heterocycloalkyl, arvl, or hetercaryl, each optionally substituted with at least one substituent Rug;
each R4 and Ry are independently Cisalkyl, Crsalkenyl, Casalkynyl, wherein said Cisalkyl, Ca-
satkenyl, Crcalkynl are each independently optionally substituted with at least one substituent
Rio; Rs and Ry are each mdependently cycloalkyl, heterocycloalkyl, arvl, or heteroaryl, each
optionally substituted with at least one substituent Rio; Re s O, NH or N{Crealkyl); Rs 15 O, NH,
or N{C1salkyl); each Rio 15 independently hydrogen, halogen, -Cisalkyl, -Crealkenyl, -Ca-
salkynyl, haloCi.salkyl, haloCrealkenyl, haloCrealkynyl, cycloalkyl, heterocyclyl, aryl,
heteroaryl, -CN, -NGq, oxo, ~OR11, -50Ry1, -850y, -COR 1, -CO2Ryy, -CONR R, -
C(=NR11)NR12R13, ~-NR1uR1z, -NR2CORz, -NRuCONR 2R3, -NRuCO:R1z, -NRiSONR 2R3,
-NR1180G:NR12R13, or -NR11SOuR 125 and Rui, Riz, and Ris, which may be the same or different,
are each independently hydrogen, -Crealkyl, -Casalkenyl, ~-Cosatkynyl, haloCisalkyl, haloCs-

salkenyl, haloCaealkynyl, CrealkyioxyCrealkyl-, cycloalkyl, heterocyclyl, aryl, or heteroaryl.

h
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(66208} In one aspect, R 1s Cisalkyl, preferably Cisalkyl such as methyl, ethyl propyl or
isopropyl; Ro 18 NH or N{Croealkyl); Rs 15 a 5- to 6-membered cycloalkyl, preferably cyclohexyl;
R4 15 Crealkyl, preferably Cisalkylene such as methylene, ethylene, propylene, or isopropylene;
Rs is a 5- to 6- membered heterocyelyl comprising one nitrogen atom and O or 1 additional
heteroatoms selected from N, O and S, wherein said heterocyclyl is optionally substituted with one
or two Ruo; Re is O; Ry 1s Cirsalkyl, preferably Crsalkylene such as methylene, ethylene, propvlene,
or isopropylene; Rs 18 O; Ry 1s a 5- to 6- membered heterocyclyl comprising one nitrogen atom
and 0 or 1 additional heteroatoms selected from N, O and S, wherein said heterocycly! is optionally
substituted with one or two Ryo; and each Ryo 1s independently halogen, Crealkyl, haloCicalkyl,
oxo, -a0H, or -S037

[80209] In one aspect, R3 1s cyclohexyl, R4 1s methylene, Rs 1s 1H-pyrrole-2,5-dione, and Ro is
pyrrolidine-2, 5-dione, optionally substituted with SOy

(80218} The linker compound can be

3
sl

(96211} The linker compound can be

or a sterecisomer or salt thereof
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[86214] Reporter probes can be assembled by mixing together three stock sohutions together with
water. One stock solution contains primary nucleic acid molecules, one stock solution contamns
secondary nucletc acid molecules and the final stock solution contains the tertiary nucleic acid
molecules. Table 2 depicts exemplary amounts of each stock solution that can be mixed to

assernble particular reporter probe designs.

Table 2

Reporter probe | Volume (uly of | Volume (uh) of | Volume (ul) of | Volume (ul) of
Design primary nucleic | secondary tertiary nucleic | Water

acid molecules nucleic acid acid molecules

(10 pM stock) molecules (10 (10 pM stock)

uM stock)

x4 1 4.5 225 §2.25
5%3 i 4.5 1.3 92.7
4x4 1.2%8 4.5 2.25 01.97
4x3 1.28 4.5 1.8 G92.42
3x4 1.8 4.5 225 9145

982157 Target Nucleic Acid

{80216} The present disclosure provides methods for sequencing a nucleic acid using the

sequencing probes disclosed herein. The nucleic acid that is to be sequenced using the method of

the present disclosure 13 heremn referred to as a “target nucleic acid”. The term “target nucleic

acid” shall mean a nucleic acid molecule (DNA, RNA, or PNA) whose sequence 1s 1o be
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determined by the probes, methods, and apparatuses of the disclosure. In general, the terms

> ER RN

“target nucleic acid”, “target nucleic acid molecule,”, “target nucleic acid sequence,” “target

B

>3 <&

nucleic acid fragment,” “target oligonucleotide” and “target polvnucleotide” are used
mterchangeably and are intended to include, but not limited to, 2 polymeric form of nucleotides
that can have various lengths, either deoxyribonucleotides or ribonucleotides, or analogs thereof.
Non-hmiting examples of nucleic acids include a gene, a gene fragment, an exon, an intron,
mtergenic DNA (including, without limitation, heterochromatic DNA), messenger RNA
{mRNA}, transfer RNA, ribosomal RNA, ribozymes, small imnterfering RNA (siRNA), non-
coding RNA {(ncRNA), cDNA, recombinant polynucleotides, branched polynucleotides,
plasmids, vectors, isolated DNA of a sequence, isolated RNA of a sequence, nucleic acid probes,
and primers. Prior to sequencing using the methods of the present disclosure, the identity and/or
sequence of the target nucletc s known. Alternatively, the identity and/or sequence is unknown.
It 1s also possible that a portion of the sequence of a target nucleic acid is known prior to
sequencing using the methods of the present disclosure. For example, the method can be directed
at determuning a point mutation in a known target nucleic acid molecule,

(80217} The present methods directly sequence a nucleic acid molecule obtained from a sample,
e.g., a sample from an organism, and, preferably, without a conversion (or amplification) step.
As an example, for direct RNA-based sequencing, the present methods do not require conversion
of an RNA molecule to 3 BNA molecule {7.e., via synthesis of ¢cDNA} before a sequence can be
obtained. Since no amphification or conversion 1s required, a nucleic acid sequenced n the
present disclosure will retain any unique base and/or epigenetic marker present in the nucleic
actd when the nucleic acid is in the sample or when it was obtained from the sample. Such
unique bases and/or epigenetic markers are {ost in sequencing methods known in the art.

186218} The present methods can be used to sequence at single molecule resclution. In other
words, the present methods allow the user to generate a final sequence based on data collected
from a single target nucleic acid molecule, rather than having to combine data from different
target nucleic acid molecules, preserving any unique features of that particular target.

186219} The target nucleic acid can be obtained from any sample or source of nucleic acid,

e.g., any cell, tissue, or organism, in vitro, chemical synthesizer, and so forth. The target nucleic

acid can be obtained by any art-recognized method. The nucleic acid can be obtained from a

W
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biood sample of a clinical subject. The nucleic acid can be extracted, isolated, or purified from
the source or samples using methods and kits well known n the art.

(86220} A target nucleic acid can be fragmented by any means known in the art. Preferably, the
fragmenting 1s performed by an enzymatic or a mechanical means. The mechanical means can
be sonication or physical shearing. The enzymatic means can be performed by digestion with
nucleases (e.g., Deoxyribonuclease I (DNase 13} or one or more restriction endonucleases.

[80221] When a nucleic acid molecule comprising the target nucleic acid is an intact
chromosome, steps should be taken to avoid fragmenting the chromosome.

(86222} The target nucleic acid can include natural or non-natural nucleotides, comprising
modified nucleotides or nucleic acid analogues, as well-known in the art.

186223} The target nucleic acid molecule can include DNA, RNA, and PNA molecules up to
hundreds of kilobases in length {e.g. 1, 2, 3, 4, §, 10, 20, 30, 40, 30, 100, 200, S00, or more
kilobases).

{80223} The target nucleic acid can be immobilized {e.g., at one, two, three, four, five, six, seven,
eight, nine, ten, or more positions) to a substrate.

(80226} Exemplary useful substrates mnclude those that comprise a binding moiety selected from
the group consisting of ligands, antigens, carbohydrates, nucleic acids, receptors, lecting, and
antibodies. The capture probe comprises a substrate binding moiety capable of binding with the
binding motety of the substrate. Exemplary useful substrates comprising reactive moieties
mclude, but are not lunited to, surfaces comprising epoxy, aldehyde, gold, hydrazmide, sulthydryl,
NHS-ester, amine, altkyne, azide, thiol, carboxylate, maleimide, hydroxymethyl phosphine,
mmidoester, isocvanate, hydroxyl, pentaflucrophenyl-ester, psoralen, pynidyl disulfide or vinyl
sulfone, polyethylene glycol (PEG), hydrogel, or mixtures thereof. Such surfaces can be obtained
from commercial sources or prepared according to standard techniques. Exemplary useful
substrates comprising reactive moteties include, but are not limited to, OptArray-DNA NHS
eroup {Accler8), Nexterion Slide AL (Schott) and Nexterion Slide E (Schott).

186227} The substrate can be any sohid support known 1n the art, e.g., a coated shde and a
microfluidic device, which is capable of immobilizing a target nucleic acid. The substrate can be

a surface, membrane, bead, porous matenal, electrode or array. The substrate can be a polymeric
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material, a metal, silicon, glass or quartz for example. The target nucleic acid can be
immobilized onto any substrate apparent to those of skill in the art.

(66228} When the substrate is an array, the substrate can comprise wells, the size and spacing of
which 15 varied depending on the target nucleic acid molecule to be attached. In one example, the
substrate is constructed so that an ultra-dense ordered array of target nucleic acids 15 attached.
Examples of the density of the array of target nucleic acids on a substrate include from 500,000 to
10,000,000 target nucleic acid molecules per mm?, from 1,000,000 to 4,000,000 target nucleic acid
molecules per mm? or from 850,000 to 3,500,000 target nucleic acid molecules per mm”®.

(86229} The wells in the substrate are locations for attachment of a target nucleic acid molecule.
The surface of the wells can be functionalized with reactive moieties described above to atiract
and bind specific chemical groups existing on the on the target nucleic acid molecules or capture
probes bound to the target nucleic acid molecules to attract, immobilize and bind the target nucleic
acid molecule. These functional groups are well known to be able to specifically attract and bind
biomolecules through various conjugation chemustries.

[80230] For single nucleic acid molecule sequencing on a substrate such as an array, a universal
capture probe or universal sequence complementary to the substrate binding moiety of a capture
probe 1s attached to each well. A single target nucleic acid molecule 1s then bound to the universal
capture probe or universal sequence complementary to the substrate binding moiety of a capture
probe bound to the capture probe and sequencing can commence,

[86231] The target nucleic acid can be bound by one or more capture probes (1.e. two, three, four,
five, six, seven, eight, nine, ten or more capture probes). A capture probe comprises a domain
that 15 complementary to a portion of the target nucleic acid and a domain that comprises a
substrate binding moiety. The portion of the target nucleic acid to which a capture probe 13
complementary can be an end of the target nucleic acid or not towards an end.

[80232] The substrate binding moiety of the capture probe can be biotin and the substrate can be
avidin {e.g., streptavidin}. Useful substrates comprising avidin are commercially available
mcluding TBO200 (Accelr8), SADS, SAD20, SAD100, SADSC0, SAD2000 (Xantec),
SuperAvidin { Array-It), streptavidin slide (catalog #MPC 000, Xenopore} and
STREPTAVIDINnshde (catalog #439003, Greiner Bio-one). The substrate binding moiety of the

capture probe can be avidin {(e.g., streptavidin} and the substrate can be biotin. Useful substrates
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comprising biotin that are commercially available include, but are not limited to, Optiarray-biotin
{Accler8), BD6, BD20, BD100, BD500 and BD2000 (Xantec).

186233} The substrate binding moiety of the capture probe can be a reactive motety that is capable
of being bound to the substrate by photoactivation. The substrate can comprise the photoreactive
moiety, or the first portion of the nanoreporter can comprise the photoreactive moiety. Some
examples of photoreactive moieties include aryl azides, such as N{{Z-pyridyidithio}ethyl)-4-
azidosalicylamide; fluorinated aryl azides, such as 4-azido-2,3,5, 6-tetrafluorobenzoic acid;
benzophenone-based reagents, such as the succinimidyl ester of 4-benzovlbenzoic acid; and 5-
Bromo-deoxyuridine.

180234} The substrate binding moiety of a capture probe can be a nucleic acid that can hybridize
to a binding motety of a substrate that i1s complementary. Fach of the nucleic acids comprising a
substrate binding motety of a capture probe can independently be a canonical base or a modified
nucleotide or nucleic acid analogue. At least one, at least two, at least three, at least four, at least
five, or at least six nucleotides in the substrate binding moiety of a capture probe can be modified
nucleotides or nucleotide analogues. Typical ratios of modified nucleotides or nucleotide
analogues to canonical bases in a substrate binding motety of a capture probe are 1:2 10 1:8.
Typical modified nucleotides or nucleic acid analogues useful in a substrate binding moiety of a
capture probe are 1soguanine and isocytosine.

[80233] The substrate binding moiety of the capture probe can be immobilized to the substrate via
other binding patrs apparent to those of skill 1n the art. After binding to the substrate, the target
nucleic acid can be elongated by applying a force {e.g., gravity, hydrodynamic force,
electromagnetic force “electrostretching”, flow-stretching, a receding meniscus technique, and
combinations thereof) sufficient to extend the target nucleic acid. A capture probe can comprise
or be associated with a detectable label, i.¢e., a fiducial spot.

(86236} The target nucleic acid can be bound by a second capture probe which comprises a
domain that is complementary to a second portion of the target nucleic acid. The second portion
of the target nucleic acid bound by the second capture probe is different than the first portion of
the target nucleic acid bound by the first capture probe. The portion can be an end of the target
nucleic acid or not towards an end.  Binding of a second capture probe can occur after or during
elongation of the target nucleic acid or to a target nucleic acid that has not been elongated. The

second capture probe can have a binding as described above.
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186237} The target nucleic acid can be bound by a third, fourth, fifth, sixth, seventh, eighth, ninth
or tenth capture probe which comprises a domain that 18 complementary to a third, fourth, fifth,
sixth, seventh, eighth, ninth or tenth portion of the target nucleic acid. The portion can be an end
of the target nucleic acid or not towards an end.  Binding of a third, fourth, fifth, sixth, seventh,
eighth, ninth or tenth capture probe can occur after or during elongation of the target nucleic acid
or to a target nucleic acid that has not been elongated. The third, fourth, fifth, sixth, seventh,
eighth, ninth or tenth capture probe can have a binding as described above.

[80238] The capture probe s capable of isolating a target nucleic acid from a sample. Here, a
capture probe 1s added to a sample comprising the target nucleic acid. The capture probe binds
the target nucleic acid via the region of the capture probe that his complementary to a region of
the target nucleic acid. When the target nucleic acid contacts a substrate comprising a moiety
that binds the capture probe’s substrate binding moiety, the nucleic acid becomes immobilized
onto the substrate.

196239} Figure 11 shows the capture of a target nucleic acid using a two capture probe system of
the present disclosure. Genomic DNA s denatured at 95°C and hybridized to a pool of capture
reagents. This pool of capture reagents comprise the ohigonucleotides Probe A, Probe B, and
anti-sense block probes. Probe A comprises a biotin moiety at the 3' end of the probe and a

ol

sequence that 15 complementary to the 57 end of the target nucleic acid. Probe B comprises a
purification binding sequence that can be bound by paramagnetic beads at the 57 end of the probe
and a nucleotide sequence that s complementary to the 3” end of the target nuclewc acid. The
anti-sense block probe comprises a nucleotide sequence that 13 complementary to the anti-sense
strand of the portion of the target nucleic acid that 1s to be sequenced. After hybridization with
the capture reagents, a sequencing window is created on the target nucleic acid between the
hybridized Probe A and Probe B. The target nucleic acid is purified using paramagnetic beads
that bind to the 5° sequence of Probe B. Any excess capture reagents or complementary anti-
sense DNA strands are washed away, resulting in the purification of the intended target nucleic
acid. The punified target nucleic acid is then flowed through a flow chamber that includes a
surface that can bind to the biotin moiety on the hybridized Probe A, such as streptavidin. This
results in the tethering of one end of the target nucleic acid to the surface of the flow cell. To
capture the other end, the target nucleic acid is flow-stretched and a biotinylated probe

complementary to the purification binding sequence of Probe B is added. Upon hybridizing to

61



WO 2018/094385 PCT/US2017/062760

the purification binding sequence of Probe B, the biotinylated probe can bind to the surface of
the flow cell, resulting in a captured target nucleic acid molecule that 1s elongated and bound to
the flow cell surface at both ends.

{86240} To ensure that a user “captures” as many target nucleic acid molecules as possible from
high fragmented samples, it 1s helpful to include a plurality of capture probes, each
complementary to a different region of the target nucleic acid. For example, there can be three
pools of capture probes, with a first pool complementary to regions of the target nucleic acid
near its 5’ end, a second pool complementary to regions in the middle of the target nucleic acid,
and a third pool near its 3’ end. This can be generalized to “n-regions-of-interest” per target
nucleic acid. In this example, each individual pool of fragmented target nucleic acid bound toa
capture probe comprising or bound to a biotin tag. 1/nth of input sample {(where n = the number
of distinct regions in target nucleic acid) 1s 1solated for each pool chamber. The capture probe
binds the target nucleic acid of interest. Then the target nucleic acid 18 immobilized, via the
capture probe’s biotin, to an avidin molecule adhered to the substrate. Optionally, the target
nucleic acid 1s siretched, e.g, via flow or electrostatic force. All n-pools can be stretched-and-
bound simultaneously, or, in order to maximize the number of fully stretched molecules, pool 1
(which captures most 5’ region) can be stretched and bound first; then pool 2, (which captures
the middle-of-target region) 1s then can be stretched and bound; finally, pool 3 is can be stretched
and bound.

[86241] The present disclosure also allows a user to capture and concurrently sequence a plurality
of target nucleic acids, a plurality of capture probes can be hybridized to a mixed sample of
target nucleic acids. A plurality of target nucleic acids can inchude a group of more than one
nucleic acid, n which each nucleic acid contains the same sequence, or a group of more than one
nucleic acid, in which each nucleic acid does not necessarily contain the same sequence.
Likewise, the plurality of capture probes can include either a group of more than one capture
probe that are 1dentical in sequence, or a group of more than one capture probe that are not
necessarily identical in sequence. For example, using a plurahity of capture probes that all contain
the same sequence can allow the user to capture a plurality of target nucleic acids that all contain
the same sequence. By sequencing this plurality of target nucleic acids containing the same
sequence, a higher level of sequencing accuracy can be achieved due to data redundancy. In

another example, two or more specific genes of mterest can be captured and sequenced
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concurrently using a group of capture probes that includes capture probes complementary to each
gene of interest. This allows the user to perform multiplexed sequencing of specific genes.
Figure 12 shows the resulis from an experiment using the present methods to capture and detect a
multiplex cancer panel, composed of 100 targets, using a FFPE sample.

[80242] When complete sequencing coverage s desired, the number of distinct capture probes
required is inversely related to the size of target nucleic acid fragment. In other word, more
capture probes will be required for a highly-fragmented target nucleic acid. For sample types
with highly fragmented and degraded target nucleic acids (e.g., Formalin-Fixed Paraffin
Embedded Tissue} it can be useful to include multiple pools of capture probes. On the other
hand, for samples with long target nucleic acid fragments, e.g., in vitro obtained isolated nucleic
acids, a single capture probe at a 5’ end can be sufficient.

196243} The region of the target nucleic acid between two capture probes or after one capture
probe and before a terminus of the target nucleic acid 1s referred herein as a “sequencing
window”. The sequencing window created when two capture probes are used to capture a target
nucleic acid 1s labeled in Figure 11, The sequencing window 13 a portion of the target nucleic
acid that 1s available to be bound by a sequencing probe. The minimum sequencing window is a
target binding domain length {e.g., 4 to 10 nucleotides) and a maximum sequencing window 13
the majority of a whole chromosome.

(80244} When large target nucleic acid molecules are sequenced using the present methods, a
“blocker oligo” or a plurality of blocker oligos can be hybridized along the length of the target
nucleic acid to control the size of the sequencing window. Blocker oligos hybridize to the target
nucleic acid at specific locations, thereby preventing the binding of sequencing probes at those
locations, creating smaller sequencing windows of interest. Figure 13 shows a schematic of two
captured target DNA molecules hybridized to capture probes, blocker oligos, and sequencing
probes. By creating smaller sequencing windows, the sequencing reactions 1s confined to specific
regions of interest on the target DNA molecule, increasing the speed and accuracy of sequencing.
The use of blocker oligos 1s particularly useful when sequencing particular mutations at known
locations within a target nucleic acid, as the entire target nucleic acid does not need to be
sequenced. The example in Figure 13 shows the targeted sequencing of two heterozygous sites to
distinguish between two different haplotypes.

1002431 Methods of the Present Disclosure
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(86246} The sequencing method of the present disclosure comprises reversibly hybridizing at
least one sequencing probe disclosed herein to a target nucleic acid.

[80247] A method for sequencing a nucleic acid can comprise (1} hybridizing a sequencing probe
described herein to a target nucleic acid. The target nucleic acid can optionally be immobilized
to a substrate at one or more positions. An exemplary sequencing probe can comprise a target
binding domain and a barcode domain; wherein the target binding domain comprises at least
eight nucleotides hybridized to the target nucleic acid, wherein at least six nucleotides in the
target binding domain can identify a corresponding nucleotide in the target nucleic acid molecule
{(for example, when the target binding domain sequence is exactly six nucleotides, those six
nucleotides identify the complementary six nucleotides with the target molecule to which it 15
hybridized) and wherein at least two nucleotides in the target binding domain do not identify a
corresponding nucleotide in the target nucleic acid molecule (for example, those at least two
nucleotides do not identify the complementary two nucleotides with the target molecule to which
it 15 hybridized); wherein at least two nucleotides of the at least six nucleotides 1n the target
binding domain are moditied nucleotides or nucleotide analogues; wherein the barcode domain
comprises a synthetic backbone, the barcode domain comprising at least three attachment
positions, each attachment position comprising at least one attachment region comprising at least
one nucleic acid sequence capable of being bound by a complementary nucleic acid molecule,
wherein each attachment position of the at least three attachment positions corresponds to two
nucleotides of the at least six nucleotides in the target binding domain and each of the at least
three attachment positions have a different nucleic acid sequence, and wherein the nucleic acid
sequence of each position of the at least three attachment positions deternmunes the position and
identity of the corresponding two nucleotides of the at least six nucleotides 1n the target nucleic
acid that 15 bound by the target binding domain.

[80248] Following hybridizing of a sequencing probe to the target nucleic acid, the method
comprises (2} binding a first complementary nucleic acid molecule comprising a first detectable
label and an at least second detectable label to a first attachment position of the at least three
attachment positions of the barcode domain; (3) detecting the first and at least second detectable
label of the bound first complementary nucleic acid molecule; (4) identifying the position and

identity of at least two nucleotides in the immobilized target nucleic acid. For example, when
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the first complementary nucleic acid molecule comprises two detectable labels, the two
detectable labels identify the at least two nucleoctides in the immobilized target nucleic acid.
(86249} Following detection of the at least two detectable labels, removing the at least two
detectable labels from the first complementary nucleic acid molecule. Thus, the method further
comprises {5} binding to the first attachment position a first hybridizing nucleic acid molecule
lacking a detectable label, thereby unbinding the first complementary nucleic acid molecule
comprising the detectable labels, or contacting the first complementary nucleic acid molecule
comprising the detectable labels with a force sufficient to release the first detectable label and at
least second detectable label. Thus, following step (5} no detectable labels are bound to the first
attachment positions. The method further comprises (6} binding a second complementary
nucleic acid molecule comprising a third detectable label and an at least fourth detectable to a
second attachment position of the at least three attachioent positions of the barcode domain; (7)
detecting the third and at least fourth detectable label of the bound second complementary
nucleic acid molecule; (8) wdentifying the position and 1dentity of at least two nucleotides in the
optionally immobilized target nucleic acid; (9) repeating steps (5) to {8) until each attachment
position of the at least three attachment positions in the barcode domain have been bound by a
complementary nucleic acid molecule comprising two detectable labels, and the two detectable
labels of the bound complementary nucleic acid molecule has been detected, thereby 1dentifying
the hinear order of at least six nucleotides for at least a first region of the immobilized target
nucleic acid that was hybridized by the target binding domain of the sequencing probe; and (10)
removing the sequencing probe from the optionally immobilized target nucleic acid.

[86250] The method can further comprise (11) hybridizing a second sequencing probe to a target
nucleic acid that 1s optionally immobilized to a substrate at one or more positions, and wherein
the target binding domain of the first sequencing probe and the second sequencing probe are
different; (12} binding a first complementary nucleic acid molecule comprising a first detectable
label and an at least second detectable label to a first attachment position of the at least three
attachment positions of the barcode domain; (13) detecting the first and at least second detectable
label of the bound first complementary nucleic acid molecule; {14) identifying the position and
identity of at least two nucleotides in the optionally immobilized target nucleic acid;{(15) binding
to the first attachment position a first hybridizing nucleic acid molecule lacking a detectable

label, thereby unbinding the first complementary nucleic acid molecule or complex comprising
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the detectable labels, or contacting the first complementary nucieic acid molecule or complex
comprising the detectable labels with a force sufficient to release the first detectable label and at
least second detectable label; (16} binding a second complementary nucleic acid molecule
comprising a third detectable label and an at least fourth detectable label to a second attachment
position of the at least three attachment positions of the barcode domain; (17} detecting the third
and at least fourth detectable label of the bound second complementary nucleic acid molecule;
(18} identifying the position and identity of at least two nucleotides in the immobilized target
nucleic acid; (19) repeating steps (15) to (18) until each attachment position of the at least three
attachment positions in the barcode domain have been bound by a complementary nucleic acid
molecule comprising two detectable labels, and the two detectable labels of the bound
complementary nucleic acid molecule has been detected, thereby identifying the linear order of
at least six nucleotides for at least a second region of the immobilized target nucleic acid that
was hybridized by the target binding domain of the sequencing probe; and (20) removing the
second sequencing probe from the optionally immobilized target nucleic acid.

[80251] The method can further comprise assembling each wdentified linear order of nuclectides
in the at least first region and at least second region of the immobilized target nucleic acid,
thereby identifying a sequence for the immobilized target nuclewc acid.

[80232] Steps (5) and (6) can occur sequentially or concurrently. The first and at least second
detectable labels can have the same emission spectrum or can have different emission spectra.
The third and at least fourth detectable labels can have the same emussion spectrum or can have
different emission spectra.

[86253] The first complementary nucleic acid molecule can comprise a cleavable linker. The
second complementary nucleic acid molecule can comprise a cleavable linker. The first
complementary nucleic acid molecule and the second complementary nucletc acid molecule can
each comprise a cleavable linker. Preferably, the cleavable linker is photo-cleavable. The release
force can be light. Preferably, UV light. The light can be provided by a light source selected
from the group consisting of an arc-lamp, a laser, a focused UV light source, and light emitting
diode.

[80234] The first complementary nucleic acid molecule and the first hybridizing nucleic acid
molecule lacking a detectable label can comprise the same nucleic acid sequence. For example,

the first hybridizing nucleic acid molecule lacking a detectable label can comprise the same
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nucleic acid sequence as that portion of the first complementary nucleic acid molecule that binds
to a first attachment position of the at least three attachment positions of the barcode domain.
The first hybridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary to a flanking single-stranded polynucleotide adjacent to the first
attachment position in the barcode domain.

(80233] The second complementary nucleic acid molecule and the second hybridizing nucleic
acid molecule lacking a detectable label can comprise the same nucleic acid sequence. The
second hyvbridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary to a flanking single-stranded polynucleotide adjacent to the second
attachment position in the barcode domain.

(86256} The present invention further provides methods of sequencing a nucleic acid utilizing a
plurality of sequencing probes disclosed herem. For example, the target nucleic acid 1s
hybridized to more than one sequencing probe and each probe can sequence the portion of the
target nucleic acid to which 1t 15 hybridized.

{80257} The present disclosure also provides a method for sequencing a nucleic acid comprising
(1) hybnidizing at least one first population of first sequencing probes comprising a plurality of
the sequencing probes described herein to a target nucleic acid that s optionally immobilized to
a substrate at one or more positions; {2} binding a first complementary nucleic acid molecule
comprising a {irst detectable label and an at least second detectable label to a first attachment
position of the at least three attachment positions of the barcode domain; (3} detecting the first
and at least second detectable label of the bound first complementary nucleic acid molecule; (4)
identifying the position and identity of at least two nucleotides in the immobilized target nucleic
acid; (5) binding to the first attachment position a first hyvbridizing nucleic acid molecule lacking
a detectable label, thereby unbinding the first complementary nucleic acid molecule comprising
the detectable labels, or contacting the first complementary nucleic acid molecule comprising the
detectable labels with a force sufficient to release the first detectable label and at least second
detectable label; {6} binding a second complementary nucleic acid molecule comprising a third
detectable label and an at least fourth detectable to a second attachment position of the at least
three attachment positions of the barcode domain; {7) detecting the third and at least fourth
detectable label of the bound second complementary nucleic acid molecule; (8) identifying the

position and identity of at least two nucleotides in the optionally immobilized target nucleic acid;
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(O} repeating steps {5} to (8} until each attachment position of the at least three attachment
positions in the barcode domain have been bound by a complementary nucleic acid molecule
comprising two detectable labels, and the two detectable labels of the bound complementary
nucleic actd molecule has been detected, thereby identifyving the linear order of at least six
nucleotides for at least a first region of the immohilized target nucleic acid that was hybridized
by the target binding domain of the sequencing probe; and (10) removing the at least one first
population of first sequencing probes from the optionally immobilized target nucleic acid.
{80238] The method can further comprise (11} hybridizing at least one second population of
second sequencing probes comprising a plurality of the sequencing probes disclosed herein to a
target nucleic acid that is optionally immobilized to a substrate at one or more positions, and
wherein the target binding domain of the first sequencing probe and the second sequencing probe
are different; (12) binding a first complementary nucleic acid molecule comprising a first
detectable label and an at least second detectable label to a first attachment position of the at
least three attachment positions of the barcode domamn; (13) detecting the first and at least
second detectable label of the bound first complementary nucleic acid molecule; (14) identifying
the position and identity of at least two nucleotides in the optionally mmmobilized target nucleic
acid; (15) binding to the first attachment posttion a first hybridizing nucleic acid molecule
lacking a detectable label, thereby unbinding the first complementary nucleic acid molecule or
complex comprising the detectable labels, or contacting the first complementary nucleic acid
molecule or complex comprising the detectable labels with 3 force sufficient to release the first
detectable label and at least second detectable label; {16) binding a second complementary
nucleic acid molecule comprising a third detectable label and an at least fourth detectable label to
a second attachment position of the at least three attachment posttions of the barcode domain;
{17} detecting the third and at least fourth detectable label of the bound second complementary
nucleic acid molecule; (18) identifying the position and identity of at least two nucleotides in the
immobilized target nucleic acid; (19} repeating steps {15) to (18) until each attachment posttion
of the at least three attachment positions in the barcode domain have been bound by a
complementary nucleic acid molecule comprising two detectable labels, and the two detectable
labels of the bound complementary nucleic acid molecule has been detected, thereby identifying
the linear order of at least six nucleotides for at least a second region of the immobilized target

nucleic acid that was hybridized by the target binding domain of the sequencing probe; and (20)
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removing the at least one second population of second sequencing probes trom the optionally
immobilized target nucleic acid.

186259} The method can further comprise assembling each identified linear order of nucleotides
in the at least first region and at least second region of the immobilized target nucleic acid,
thereby identifying a sequence for the immohilized target nucleic acid.

(80260} Steps {5) and (6) can occur sequentially or concurrently. The first and at least second
detectable labels can have the same emission spectrum or can have different emission spectra.
The third and at least fourth detectable labels can have the same emission spectrum or can have
different emission spectra.

(80261] The first complementary nucleic acid molecule can comprise a cleavable linker. The
second complementary nucleic acid molecule can comprise a cleavable linker. The first
complementary nucleic acid molecule and the second complementary nucleic acid molecule can
each comprise a cleavable linker. Preferably, the cleavable linker is photo-cleavable. The release
force can be light. Preferably, UV light. The light can be provided by a hight source selected
from the group consisting of an arc-lamp, a laser, a focused UV light source, and light emittting
diode.

[80262] The first complementary nucleic acid molecule and the first hybridizing nucleic acid
molecule lacking a detectable label can comprise the same nucleic acid sequence. The fust
hybridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary to a flanking single-stranded polynucleotide adjacent to the first
attachment position in the barcode domain.

[86263] The second complementary nucleic acid molecule and the second hybridizing nucleic
actd molecule lacking a detectable label can comprise the same nucleic acid sequence. The
second hybridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary to a flanking single-stranded polynucleotide adjacent to the second
attachment position in the barcode domain.

[80264] The sequencing methods are further described herein.

186265} Figure 14 shows a schematic overview of a single exemplary sequencing cycle of the
present disclosure. Although immobilizing a target nucleic acid prior to sequencing is not
required for the instant methods, in this example, the method begins with a target nucleic acid

that has been captured using capture probes and bound to a flow cell surface as shown in the left
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upper-most panel. A pool of sequencing probes is then flowed into the flow cell to allow
sequencing probes to hybridize to the target nucleic acid. In this example, the sequencing probes
are those depicted m Figure 1. These sequencing probes comprise a 6-mer sequence within the
target binding domain that hybridizes to the target nucleic acid. The 6-mer 1s flanked on either
side by (N} bases which can be a universal/degenerate base or composed of any of the four
canonical bases that is not specific to the target dictated by bases bi- ba- bs- ba- bs- bs. Using 6-
mer sequences, a set of 4096 (46} sequencing probes enables the sequencing of any target
nucleic acid. For this example, the set of 4096 sequencing probes are hybridized to the target
nucleic acid in 8 pools of 512 sequencing probes each. The 6-mer sequences in the target binding
domatin of the sequencing probes will hybridize along the length of the target nucleic acid at
positions where there is a perfect complementary match between the 6-mer and the target nucleic
acid, as shown 1n upper middle panel of Figure 14 In this example, a single sequencing probe
hybridizes to the target nucleic acid. Any unbound sequencing probes are washed out of the flow
cell.

[80266] These sequencing probes also comprise a barcode domain with three attachment positions
R1,R2 and R3, as described above. The attachment regions within attachment position Ry
comprise one or more nucleotide sequences that correspond to the first dinucleotide of the 6-mer
of the sequencing probe. Thus, only reporter probes comprising complementary nucleic acids
that correspond to the identity of the first dinucleotide present i the target binding domain of the
sequencing probe will hybridize to attachment position Ri. Likewise, the attachment regions
within attachment position Rz of the sequencing probe correspond to the second dinucleotide
present in the target binding domain and the attachment regions within attachment position Rs of
the sequencing probe correspond to the second dinucleotide present in the target binding domamn
186267} The method continues in the right upper-most panel of Figure 14. A pool of reporter
probes is flowed into the flow cell. Each reporter probe in the reporter probe pool comprises a
detectable label, in the form of a dual color combination, and a complementary nucleic acid that
can hybridize to a corresponding attachment region within the attachment position Ri of a
sequencing probe. The dual color combination and the complementary nucleic acid of a
particular reporter probe correspond to one of 16 possible dinucleotides, as described above.
Each pool of reporter probes 1s designed such that the dual color combination that corresponds to

a specific dinucleotide 1s established before sequencing. For example, in the sequencing
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experiment depicted in Figure 14, for the first pool of reporter probes that is hybridized to
attachment position R, the dual color combination Yellow-Red can correspond to the
dinucleotide Adenine-Thymine. After hybridization of the reporter probe to attachment position
Ry, as shown in the upper right panel of Figure 14, any unbound reporter probes are then washed
out of the flow cell and the detectable label of the bound reporter probe is recorded to determine
the identity of the first dinucleotide of the 6-mer.

(66268} The detectable label attributed to the reporter probe hybridized to attachment position Ry
is removed. To remove the detectable label, the reporter probe can include a cleavable hinker and
the addition of the appropriate cleaving agent can be added. Alternatively, a complementary
nucleic acid lacking a detectable label is hybridized to attachment position Ry of the sequencing
probe and displaces the reporter probe with the detectable label. Irrespective of the method of
removing the detectable label, the attachment position Ri no longer emits a detectable signal.
The process by which an attachment position ot a barcode domain that was previously emitting a
detectable signal 1s rendered no longer able to emit a detectable signal s referred to herein as
“darkening”.

[80269] A second pool of reporter probes is flowed into the flow cell. Each reporter probe in the
reporter probe pool comprises a detectable label, in the form of a dual color combination, and a
complementary nucleic acid that can hybridize to a corresponding attachment region within
attachment position Ro of a sequencing probe. The dual color combination and the
complementary nucleic acid of a particular reporter probe correspond to one of 16 possible
dinucleotides. It 15 possible that a particular dual color combination corresponds o one
dinucleotide in the context of the first pool of reporter probes, and a different dinucleotide in the
context of the second pool of reporter probes. After hybridization of the reporter probes to
attachment position Ro, as shown in the bottom right panel of Figure 14, any unbound reporter
probes are then washed out of the flow cell and the detectable label s recorded to determine the
identity of the second dinucleotide of the 6-mer present in the sequencing probe.

(86270} To remove the detectable label at position Ro, the reporter probe can include a cleavable
linker and the addition of the appropriate cleaving agent can be added. Alternatively, a
complementary nucleic acid lacking a detectable label 15 hybridized to attachment position Rz of

the sequencing probe and displaces the reporter probe with the detectable label. Irrespective of
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the method of removing the detectable label, the attachment position Ro no longer emits a
detectable signal.

(86271} A third pool of reporter probes is then flowed into the flow cell. Each reporter probe in
the third reporter probe pool comprises a detectable label, in the form of a dual color
combination, and a complementary nucleic acid that can hybridize to a corresponding attachment
region within attachment position Rs of a reporter probe. The dual color combination and the
complementary nucleic acid of a particular reporter probe correspond to one of 16 possible
dinucleotides. After hybridization of the reporter probes to position Rs, as shown in the bottom
nmiddle panel of Figure 14, any unbound reporter probes are then washed out of the flow cell and
the detectable label 1s recorded to determine the dentity of the third dinucleotide of the 6-mer
present in the sequencing probe. In this way, all three dinucleotides of the target binding domain
are identified and can be assembled together to reveal the sequence of the target binding domain
and therefore the sequence of the target nucleic acid.

(98272} To continue to sequence the target nucleic acid, any bound sequencing probes can be
removed from the target nucleic acid. The sequencing probe can be removed from the target
nucleic acid even if a reporter probe 1s still hvbridized to position Rs of the barcode domamn.
Alternatively, the reporter probe hybridized to position Rs can be removed from the barcode
domain prior to the removal of the sequencing probe from the target binding domain, for
example, by using the darkening procedures as described above for reporters at posttions R and
Ra.

[80273] The sequencing cycle depicted in Figure 14 can be repeated any number of times,
beginning each sequencing cycle either with the hybridization of the same pool of sequencing
probes 1o the target nucleic acid molecule or with the hybridization of a different pool of
sequencing probes to the target nucleic acid. It 13 possible that the second pool of sequencing
probes bind to the target nucleic acid at a position that overlaps the position at which the first
sequencing probe or pool of sequencing probes were bound during the first sequencing cycle.
Thereby certain nucleotides within the target nucleic acid can be sequenced more than once and
using more than one sequencing probe.

(86274} Figure 15 depicts a schematic of one full cycle of the sequencing method of the present
disclosure and the corresponding imaging data collected during this cycle. In this example, the

sequencing probe used are those depicted in Figure 1 and the sequencing steps are the same as
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those depicted in Figure 14 and described above. After the sequencing domatin of the sequencing
probe s hybridized to the target nucleic acid, a reporter probe is hybridized to the first
attachment position {(R1) of the sequencing probe. The first reporter probe is then imaged o
record color dots. In Figure 15, the color dots are labeled with dotted circles. The color dots
correspond 1o a single sequencing probe that i1s being recorded during the full cycle. In this
example, 7 sequencing probes are recorded (1 to 7). The first attachment position of the barcode
domain is then darkened and a dual fluorescence reporter probe 1s hybridized to the second
attachment position (Rz) of the sequencing probe. The second reporter probe 15 then imaged to
record color dots. The second attachment position of the barcode domain is then darkened and a
dual fluorescence reporter 1s hybridized to the third attachment position (K5} of the sequencing
probe. The third reporter probe 1s then imaged to record color dots. The three color dots from
each sequencing probe 1 to 7 are then arranged 0 order. Each color spot 1s then mapped to a
specific dinucleotide using the decoding matrix to reveal the sequence of the target binding
domain of sequencing probes 1 to 7.

(80273} During a single sequencing cycle, the number of reporter probe pools needed to
determine the sequence of the target binding domain of anvy sequencing probes bound to a target
nucleic acid 1s identical to the number of attachment positions i the barcode domain. Thus, fora
barcode domain having three positions, three reporter probe pools will be cycled over the
sequencing probes,

(88276} A pool of sequencing probes can comprise a plurality of sequencing probes that are all
identical in sequence or a plurality of sequencing probes that are not all identical 1n sequence.
When a pool of sequencing probes include a plurality of sequencing probes that are not all
identical 10 sequence, each different sequencing probe can be present in the same number, or
different sequencing probes can be present in different numbers.

1862771 Figure 16 shows an exemplary sequencing probe pool configuration of the present
disclosure in which the eight color combinations specified above are used to design eight
different pools of sequencing probes when the sequencing probe contains: {(a} a target binding
domain that has 6 nucleotides {6-mer) that specifically binds to the target nucleic acid and (b}
three attachment positions (R1, Rz and Rs) in the barcode domain. There are a possible 4096
unigue 6-mer sequences (4x4x4x4x4x4=4096}. Given that each of the three attachment positions

in the barcode domain can be hybridized to a complementary nucleic acid bound by one of eight
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different color combinations, there are 512 unique sets of 3 color combinations possible
{8*8*8=512}. For example, a probe where Ry hybridizes to a complementary nucleic acid bound
to the color combination GG, Rz hybridizes to a complementary nucleic acid bound to the color
combination BG, and Rs hybridizes to a complementary nucleic acid bound to the color
combination YR, the set of 3 color combinations 1s accordingly GG-BG-YR. Within a pool of
sequencing probes, each unique set of three color combinations will correspond to a unigue 6mer
within the target binding domain. Given each pool contains 512 unique 6mers, and there are a
total of 4096 possible 6mers, eight pools are needed to sequence all possible 6mers
(4096/512=8). The specific sequencing probes that are placed in each of the 8 pools is
determined to ensure optimal hybridization of each sequencing probe to the target nucleic acid.
To ensure optimal hybridization several precautions are taken including: () separating perfect
bmer complements into different pools; (b) separating 6mers with a high Tm and a low Tm nto
different pools; and (¢} separating 6mers into different pools based on empirically-learned
hybridization patterns.

(80278} Figure 17 shows the difference between the sequencing probes described in US Patent
Publication No. 20160194701 and the sequencing probes of the present disclosure. As depicted
on the left panel of Figure 17, US Patent Publication No. 20160194701 describes a sequencing
probe with a barcode domain that comprises six attachment positions that are hybrnidized to
complementary nucleic acids. Fach complementary nucleic acids 15 bound to one of four
different fluorescent dyes. In this configuration, each color {red, blue, green, yellow) corresponds
to one nucleotide (A, T, C, or G} in the target binding doman. This probe design creates 4096
unique probes (476}, As depicted 1 the right panel of Figure 17, in one example of the present
disclosure, the barcode domain of each sequencing probe comprises 3 attachment positions that
are hybridized to complementary nucleic acids, as depicted in the right panel of Figure 17
Unkike US Patent Publication No. 20160194701, these complementary nucleic acids are bound
by 1 of 8 different color combinations (GG, RR, GY, RY, YY, RG, BB, and RB). Each color
combination corresponds to a specific dinucleotide in the target binding domain. This
configuration creates 512 unigue probes (83} To cover all possible hexamer combinations
within a target binding domain (4096), 8 separate pools of these 512 unique probes are needed o
sequence an entire target nucleic acid. Since 8 color combinations are used to label the

complementary nucleic acid, but there are 16 possible dinucleotides, certain color combinations
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will correspond to different dinucleotides depending on which pool of sequencing probes is
being used. For example, in Figure 17, in the 1%, 2%, 3" and 4% pools of sequencing probes, the
color combination BB corresponds to the dinucieotide AA and the color combination GG
corresponds to the dinucleotide AT. In the 5 6% 7% and 8" pools of sequencing probes, the
color combination BB corresponds to the dinucleotide CA and the color combination CT
corresponds to the dinucleotide AT,

{80279 A plurality of sequencing probes {i.e. more than one sequencing probe) can be hybridized
within the sequencing window. During sequencing, the identity and spatial position of the
detectable labels bound to each sequencing probe in the plurality of hybridized sequencing
probes is recorded. This allows for subsequent identification of both the position and 1dentity of a
plurality of dinucleotides. In other words, by hybridizing a plurality of sequencing probes
stimmultaneously to a single target nucleic acid molecule, multiple positions along the target
nucleic acid can be sequenced concurrently, mncreasing the speed of sequencing.

[80280] Figure 18 shows a schematic of a single sequencing probe and a plurality of sequencing
probes hybridized to a captured target nucleic acid molecule. The sequencing window between
the two hybridized 5™ and 37 capture probes aliows for the hybridization of a single sequencing
probe (left panel) or a plurality of sequencing probes (right panel) along the length of the target
nucleic acid molecule. By hybridizing a plurality of sequencing probes along the length of the
target nucleic acid molecule, more than one location on the target nucleic acid molecule can be
sequence concurrently, increasing the speed of sequencing. Figure 19 shows fluorescence images
recorded during the sequencing method of the present disclosure when a single probe (left panel)
or a plurality of probes {right panel) are hybridized to a captured target nucleic acid. The nght
panel of Figure 19 shows that the fluorescence signal from mdividual probes of a plurality of
probes bound along the length of a target nucleic acid can be spatially resolved.

(86281} Figure 20 shows a schematic of a plurality of sequencing probes of the present disclosure
bound along the length of a target nucleic acid that 1s 15 kilobases in length and the
corresponding recorded fluorescence images. Sequencing probes can bind at even intervals along
the length of target nucleic acid, as shown 1n the right panel of Figure 20. Sequencing probes
need not bind at even intervals along the length of a target nucleic acid, as shown n the left panel
of Figure 20. The flucrescence images shown in Figure 20 demonsirate the signals from a

plurality of sequencing probes bound along the length of a target nucleic acid can be spatially
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resolved to obtain sequencing information at multiple locations of a target nucleic acid
concurrently.

(86282} The distribution of probes along a length of target nucleic acid 15 critical for resohution of
detectable signal There are occasions when too many probes in a region can cause overlap of
their detectable label, thereby preventing resolution of two nearby probes. This 15 explained as
follows. Given that one nucleotide 1s 0.34 nm 1n length and given that the lateral (x-y) spatial
resolution of a sequencing apparatus is about 200nm, a sequencing apparatus’s resolution himit 1s
about 588 base pair (i.e., a | nucleotide/0.34nm x 200nm). That is to say, the sequencing
apparatus mentioned above would be unable to resolve signals from two probes hybridized to a
target nucleic acid when the two probes are within about 588 base pair of each other. Thus, two
probes, depending on the resolution of the sequencing apparatus, will need be spaced
approximately 600bp’s apart before their detectable label can be resolved as distinet “spots”. So,
at optimal spacing, there should be a single probe per 600bp of target nucleic-acid. Preferably,
each sequencing probe in a population of probes will bind no closer than 600 nucleotides from
each other. A vaniety of software approaches {e.g., utilize fluorescence intensity values and
wavelength dependent ratios) can be used to monitor, limit, and potentially deconvolve the
number of probes hybridizing mside a resolvable region of a target nucleic acid and to design
probe populations accordingly. Moreover, detectable labels {e.g., fluorescent labels) can be
selected that provide more discrete signals. Furthermore, methods 1n the hiterature {e.g., Small
and Parthasarthy: “Superresolution localization methods.” Annwe. Rev. Phys Chem., 2014,
65:107-25) describe structured-illumination and a variety of super-resolution approaches which
decrease the resolution hmiut of a sequencing microscope up to 107s-of-nanometers. Use of
higher resolution sequencing apparatuses allow for use of probes with shorter target binding
domains,

(862831 As mentioned above, designing the Tm of probes can affect the number of probes
hybridized to a target nucleic acid. Alternately or additionally, the concentration of sequencing
probes in a population can be increased to increase coverage of probes in a specific region of a
target nucleic acid. The concentration of sequencing probes can be reduced to decrease coverage
of probes 1n a specific region of a target nucleic acid, e.g., to above the resolution limit of the

sequencing apparatus.
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082841 While the resolution limit for two detectable labels 1s about 600 nucleotides, this does not
hinder the powerful sequencing methods of the present disclosure. In certain aspects, a plurality
of the sequencing probes in any population will not be separated by 600 nucleotides on a target
nucleic acid. However, statistically (following a Poisson distribution), there will be target nucleic
acids that only have one sequencing probe bound to it, and that sequencing probe is the one
optically resolvable. For target nucleic acids that have multiple probes bound within 600
nucleotides (and thus are not optically resolvable}, the data for these unresolvable sequencing
probes may be discarded. Importantly, the methods of the present disclosure provide multiple
rounds of binding and detecting pluralities of sequencing probes. Thus, 1t 1s possible in some
rounds the signal from all the sequencing probes are detected, in some rounds the signal from
only a portion of the sequencing probes are detected and in some rounds the signal from none of
the sequencing probes s detected. In some aspects, the distribution of the sequencing probes
bound to the target nucleic acid can be manipulated (e.g., by controlling concentration or
dilution) such that only one sequencing probe binds per target nucleic acid.

[80283] Randomly, but in part depending on the length of the target binding domain, the Tm of
the probes, and concentration of probes applied, it 1s possible for two distinct sequencing probes
in a population to bind within 600 nucleotides of each other.

(96286} Alternately or additionally, the concentration of sequencing probes in a population can be
reduced to decrease coverage of probes in a specific region of a target nucleic acid, e.g., to above
the resolution limt of the sequencing apparatus, thereby producing a single read froma
resolution-limited spot.

(66287} If the sequence, or part of the sequence, of a target nucletc acid 13 known prior to
sequencing the target nucleic acid using the methods of the present disclosure, the sequencing
probes can be designed and chosen such that no two sequencing probes will bind to the target
nucleic acid within 600 nuclectides of each other.

[60288] Prior to hybridizing sequencing probes to a target nucleic acid, one or more
complementary nucleic acid molecules can be bound by a first detectable label and an at least
second detectable label can be hybridized to one or more of the attachment positions within the
barcode domain of the sequencing probes. For example, prior to hybridization to a target nucleic
acid, one or more complementary nucleic acid molecules bound by a first detectable label and an

at least second detectable label can be hybridized to the first attachment position of each
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sequencing probe. Thus, when contacted with its target nucleic acid, the sequencing probes are
capable of emitting a detectable signal from the first attachment position and it s unnecessary to
provide a first pool of complementary nucleic acids or reporter probes that are directed to the
first position on the barcode domain. In another example, one or more complementary nucleic
acid molecules bound by a first detectable label and an at least second detectable label can be
hybridized to all of the attachment positions within the barcode domain of the sequencing
probes. Thus, in this example, a six nucleotide sequence can be read without needing to
sequentially replace complementary nucleic acids. Use of this pre-hybridized sequencing probe-
reporter probe complex would reduce the time to obtain sequence information since many steps
of the described method are omitted. However, this probe would benefit from detectable labels
that are non-overlapping, e.g., fluorophores are excited by non-overlapping wavelengths of hight
or the fluorophores emit non-overlapping wavelengths of light

[80289] During sequencing, the signal intensity from a recorded color dot can be used to more
accurately sequence a target nucleic acid. Figure 21 shows exerplary imaging data recorded
during a sequencing cycle of the present disclosure. The right panel of Figure 21 shows the
fluorescence microscopy image recorded after a reporter probe 1s hybridized to the first
attachiment position of a sequencing probe. Particular color dots are highlighted and the specific
color combinations recorded are noted, demonstrating that dual-fluorescence signals are clearly
detectable and distinguishable. Bright signals from fiducial makers are denoted by arrows. The
ieft panel of Figure 21 shows that that the spot intensity of a particular color within a color dot
can be used to determune the probabifity that a specific color dot corresponds to color
combinations that are the duplicity of one color {t.e. BB, GG, YY, or RR}.

[80298] The darkenung of a posttion within a barcode domain can be accomplished by strand
cleavage at a cleavable hnker modification present within the reporter probes that are hybridized
to that position. Figure 22 depicts the use of a cleavable linker modification to darken a barcode
position during a sequencing cycle. The first step, depicted on the furthest left panel of Figure
22, comprises hybridizing a primary nucleic acid of a reporter probe to the first attachment
position of a sequencing probe. The primary nucleic acid hybridizes to a specific,
complementary sequence within an attachment region of the first position of the barcode domain.
The first and second domains of the primary nucleic acid are covalently linked by a cleavable

linker modification. In the second step, the detectable labels are then recorded to determine the
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identity and position of a specific dinucleotide in the target binding domain of the sequencing
probe. In the third step, the first position of the barcode domain 1s darkened by cleaving the
reporter probe at the cleavable linker modification. This releases the second domain of the
primary nucleic acid, thereby releasing the detectable labels. The first domain of the primary
nucleic acid molecule, now lacking any detectable label, 1s left hybridized to the first attachment
position of the barcode domain, thereby the first position of the barcode domain no longer emits
a detectable signal and will not be able to hybridize to any other reporter probe in subsequent
sequencing steps. In the final step, depicted in the furthest right panel of Figure 22, a reporter
probe is hybridized to the second position of the barcode domain to continue sequencing.

180291} An attachment position of a barcode domain can be darkened by displacing any
secondary or tertiary nucleic acid in the reporter probe that is bound by a detectable label while
still allowing the primary nucleic acid molecule of the reporter probe to remain hybridized to the
sequencing probe. This displacement can be accomplished by hybridizing to the primary nucleic
acid secondary or tertiary nucleic acids that are not bound by a detectable label Figure 23 1s an
dlustrative example of an exemplary sequencing cycle of the present disclosure in whicha
position within a barcode domain s darkened by displacement of labeled secondary nucleic
acids. The far left panel of Figure 23 depicts the start of a sequencing cycle in which a primary
nucleic acid molecule of a reporter probe 1s hybridized to the first attachment position of a
barcode domain of a sequencing probe. Secondary nucleic acid molecules bound to a detectable
iabel are then hybridized to the primary nucleic acid molecule and the detectable label s
recorded. To darken the first position of the barcode domain, the secondary nucleic acid
molecules bound to a detectable label are displaced by secondary nucleic acid molecules that
lack a detectable label In the next step of the sequencing cycle, a reporter probe comprising
detectable labels 1s hybridized to the second position of the barcode domain.

An attachment position of a barcode domain can be darkened by displacing any primary nucleic
acid molecule of the reporter probe by hybridizing to the sequencing probe at the corresponding
barcode domain attachment position nucleic acids that are not bound by a detectable fabel In
those mstances where a barcode domain comprises at least one single-stranded nucleic acid
sequence adjacent or flanking at least one attachment position, the nuclei¢ acid not bound by a
detectable label can displace a primary nucleic acid molecule by hybridizing to the flanking

sequence and a portion of the barcode domain occupied by the primary nucleic acid molecule. If
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needed, the rate of detectable label exchange can be accelerated by incorporating small single-
stranded oligonucieotides that accelerate the rate of exchange of detectable labels (e.g., “Toe-
Hold” Probes; see, e.g., Seeling er al., “Catalyzed Relaxation of a Metastable DNA Fuel”; J. Am.
Chem. Soc. 2006, 128(37), pp12211-12220).

[80292] The complementary nucleic acids comprising a detectable label or reporter probes can be
removed from the attachment region but not replaced with a hybridizing nucleic acid lacking a
detectable label. This can occur, for example, by adding a chaotropic agent, increasing the
temperature, changing salt concentration, adjusting pH, and/or applying a hydrodynamic force.
In these examples, fewer reagents (7.c., hybridizing nucleic acids lacking detectable labels) are
needed.

(66293} The methods of the present disclosure can be used to concurrently capture and sequence
RNA and DNA molecules, including mRNA and gDNA, from the same sample. The capture and
sequencing of both RNA and DNA molecules from the same sample can be performed in the
same flow cell. The left panel of Figure 24 1s an illustrative schematic of how the methods of the
present disclosure can be used to concurrently capture, detect, and sequence both gDNA and
mRNA from a FFPE sample.

[80294] The sequencing method of the present disclosure further comprise steps of assembling
each identified linear order of nucleotides for each region of an immobilized target nucleic acid,
thereby 1dentifying a sequence for the immobilized target nucleic acid. The steps of assembling
uses a non-transitory computer-readable storage medium with an executable program stored
thereon. The program imstructs a microprocessor to arrange each identified linear order of
nucleotides for each region of the target nucleic acid, thereby obtaining the sequence of the
nucleic acid.  Assembling can occur in “real time”, i.e., while data 1s being collected from
sequencing probes rather than after all data has been collected or post complete data acquisition.
[80293] The raw specificity of the sequencing method of the present disclosure is approximately
94%. The accuracy of the sequencing method of the present disclosure can be increased to
approximately 99% by sequencing the same base in a target nucleic acid with more than one
sequencing probe. Figure 25 depicts how the sequencing method of the present disclosure allows
for the sequencing of the same base of a target nucleic acid with different sequencing probes. The
target nucleic acid in this example is a fragment of NRAS exon2 (SEQ ID NO: 1). The particular

base of interest 1s a cytosine {C) that 1s highlighted in the target nucleic acid. The base of interest
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will be hybridized to two different sequencing probes, each with a distinct footprnt of
hybridization to the target nucleic acid. In this example, sequencing probes 1 1o 4 (barcode 1 10 4)
bind three nucleotides to the left of the base of interest, while sequencing probes 5 to 8 (barcodes
5 to 8) bind 5 nucleotides to the left of the base of interest. Thereby, the base of interest will be
sequenced by two different probes, thereby increasing the amount of base calls for that specific
position, and thereby increasing overall accuracy at that specific position. Figure 26 shows how
multiple different base calls for a specific nucleotide position on the target nucleotide, recorded
from one or more sequencing probes, can be combined to create a consensus sequence (SEQ 1D
NO: 2, thereby increasing the accuracy of the final base call.

(80296} The terms “Hyb & Seqg chemustry,” “Hyb & Seq sequencing,” and “Hyb & Seq” refer to
the methods of the present disclosure described above.

[80297] Any of the above aspects can be combined with any other aspect as disclosed herein,
[69298] Definitions

[80299] The terms “annealing” and “hybridization,” as used herein, are used interchangeably to
mean the formation of a stable duplex. In one aspect, stable duplex means that a duplex structure
is not destroyed by a stringent wash under conditions such as a temperature of either about 5 °C
below or about 5 °C above the Tm of a strand of the duplex and low monovalent salt
concentration, €., less than 0.2 M, or less than 0.1 M or salt concentrations known to those of
skill in the art. The term “perfectly matched,” when used 1 reference to a duplex means that the
polynuclectide and/or oligonucleotide strands making up the duplex form a double stranded
structure with one another such that every nucleotide in each strand undergoes Watson-Crick
base pairing with a nucleotide in the other strand. The term “duplex” comprises, but 15 not
himited to, the pauring of nucleoside analogs, such as deoxyinosine, nucleosides with 2-
aminopurine bases, PNAs, and the like, that can be employed. A “mismatch”™ in a duplex
between two oligonucleotides means that a pair of nucleotides in the duplex fails to undergo
Watson-{rick bonding.

186300} As used herein, the term “hybridization conditions,” will typically include salt
concentrations of less than about T M, more usually less than about 500 mM and even more
usually less than about 200 mM. Hybridization temperatures can be as low as 5 °C, but are
typically greater than 22 °C, more tvpically greater than about 30 °C, and often in excess of

about 37 °C. Hybridizations are usually performed under stringent conditions, e.g., conditions
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under which a probe will specifically hybridize to its target subsequence. Stringent conditions are
sequence-dependent and are different in different circumstances. Longer fragments can require
higher hybridization temperatures for specific hybnidization. As other factors can affect the
stringency of hvbridization, including base composition and length of the complementary
strands, presence of organic solvents and extent of base mismatching, the combination of
parameters is more important than the absolute measure of any one alone.

(80301} Generally, stringent conditions are selected to be about 5 °C lower than the Tm for the
specific sequence at a defined 10nic strength and pH. Exemplary stringent conditions include salt
concentration of at least 0.01 M to no more than 1 M Na ion concentration {or other salts} at a
pH 7.0 to 8.3 and a temperature of at least 25 °C. For example, conditions of 5X SSPE (750 mM
NaCl, 50 mM Na phosphate, 5 mM EDTA, pH 7.4) and a temperature of 25-30 °C are suitable
for allele-specific probe hybridizations. For stringent conditions, see for example, Sambrook,
Fritsche and Maruatis, “Molecular Cloning A Laboratory Manual, 2nd Ed.” Cold Spring Harbor
Press (1989) and Anderson Nucleic Acid Hybridization, 1st Ed., BIOS Scientific Publishers
Limited (1999). As used herein, the terms “hybridizing specifically t0” or “specifically
hybridizing to” or sumilar terms refer to the binding, duplexing, or hybridizing of a molecule
substantially to a particular nucleotide sequence or sequences under stringent conditions.

[80302] Detectable labels associated with a particular position of a probe can be “readout” (e.g.,
its fluorescence detected) once or multiple times; a “readout” can be synonymous with the term
“pasecall”. Multiple reads improve accuracy. A target nucleic acid sequence 1s “read” when a
contiguous stretch of sequence information dertved from a single original target molecule 1s
detected; typically, this 1s generated via multi-pass consensus {as defined below). As used
herein, the term “coverage” or “depth of coverage” refers to the number of times a region of
target has been sequenced (via discrete reads) and aligned to a reference sequence. Read
coverage 1s the total number of reads that map to a specific reference target sequence; base
coverage s the total number of basecalls made at a specific genomic position.

1863031 A “read” is a unit of sequencer output. A contiguous stretch of sequence information
dertved from a single original target molecule. Each read has a quality metric that associates the
confidence level of the base calls within the read. A unit of sequencer cutput. A contiguous
stretch of sequence information derived from a single original target molecule. In Hyb & Seq,

all reads are generated via multi-pass consensus.
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[80304] The “readlength’ 1s a metric describing length of sequence {in bp) from each read. This
metric 15 determined by the sequencing technology.

[86365] As used in herein, a “Hyb & Seq cycle” refers to all steps required to detect each
attachment region on a particular probe or population of probes. For example, for a probe
capable of detecting six positions on a target nucleic acid, one “Hyb & Seq cycle” will include,
at least, hybridizing the probe to the target nucleic acid, hybridizing complementary nucleic
acids/reporter probes to attachment region at each of the six positions on the probe’s barcode
domatin, and detecting the detectable labels associated with each of the six positions.

(86306} The term “k-mer probe” i1s synonymous with a sequencing probe of the present
disclosure. The k-mer readout 1s the fundamental unit of Hyb & Seq’s data. A single k-mer
readout is obtained from a single target molecule per single Hyb & Seq cycle. Multiple Hyvb &
Seq cycles are performed to generate enough discrete k-mer readouts from a single target
molecule to enable an unambiguous alignment of discrete k~-mers into a contiguous stretch of
sequence

[803¢7] When two or more sequences from discrete reads are aligned, the overlapping portions
can be combined to create a single consensus sequence. In positions where overlapping portions
have the same base (a single column of the alignment), those bases become the consensus.
Various rules can be used to generate the consensus for positions where there are disagreements
among overlapping sequences. A simple majority rule uses the most common base in the column
as the consensus. A “multi-pass consensus” 1s an abignment of all discrete probe readouts from a
single target molecule. Depending on the total number of cycles of probe populations/polls
applied, each base position within a single target molecules can be quertied with different levels
of redundancy or overlap; generally, redondancy increases the confidence level of a basecall.
(66308} A “consensus” 1s when two or more DNA sequences from discrete reads are aligned, the
overlapping portions can be combined to create a single consensus sequence. In positions where
overlapping portions have the same base (a single column of the alignment), those bases become
the consensus. Various rules can be used to generate the consensus for positions where there are
disagreements among overlapping sequences. A stmple majority rule uses the most common
base in the column as the consensus.

(86309} The “Raw Accuracy” is a measure of system’s inherent ability to correctly identify a

base. Raw accuracy is dependent on sequencing technology. “Consensus Accuracy” is a
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measure of system’s abtlity to correctly identify a base with the use of additional reads and
statistical power. “Specificity” refers to the percentage of reads that map to the intended targets
out of total reads per run. “Uniformuty” refers to the variability in sequence coverage across
target regions; high uniformity correlates with low variability. This feature 1s commonly
reported as the fraction of targeted regions covered by >20% of the average coverage depth
across all targeted regions. Stochastic errors (i.e., intrinsic sequencing chemustry errors) can be
readily corrected with ‘multi-pass’ sequencing of same target nucleic acid; given a sufficient
number of passes, substantially ‘perfect consensus’ or “error-free’ sequencing can be achieved.
(86310} The methods described herein can be implemented and/or the results recorded using any
device capable of implementing the methods and/or recording the results. Examples of devices
that can be used include but are not limited to electronic computational devices, including
computers of all types. When the methods described herein are implemented and/or recorded in
a computer, the computer program that can be used to configure the computer to carry out the
steps of the methods can be contained in any computer readable medium capable of containing
the computer program. Examples of computer readable medium that can be used include but are
not limited to diskettes, CD-ROMs, DVDs, ROM, RAM, non-transitory computer-readable
media, and other memory and computer storage devices. The computer program that can be
used to configure the computer to carry out the steps of the methods, assemble sequence
mformation, and/or record the results can also be provided over an electromic network, for
example, over the internet, an intranet, or other network.

863111 A “Consumable Sequencing Card” can be incorporated into a fluorescence imaging
device known n the art. Any fluorescence microscope with a number of varying features 15
capable of performing this sequencing readout. For instance: wide-field lamp, laser, LED, multi-
photon, confocal or total-internal reflection illumination can be used for excitation and/or
detection. {amera (single or multiple} and/or Photomultiplier tube (single or multiple) with
either filter-based or grating-based speciral resolution {one or more spectrally resolved emission
wavelengths) are possible on the emission-detection channel of the fluorescence microscope.
Standard computers can control both the Consumable Sequencing Card, the reagents flowing
through the Card, and detection by the fluorescence microscope.

[80312] The sequencing data can be analyzed by any number of standard next-generation-

sequencing assemblers {see, e.g., Wajid and Serpedin, “Review of general algorithmic features
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for genome assemblers for next generation sequencers” Genomics, proteomics & bioinformatics,
10 (2}, 58-73, 2012). The sequencing data obtained within a single diffraction limited region of
the microscope is “locally-assembled” to generate a consensus sequence from the multiple reads
within a diffraction spot. The multiple diffraction spot assembled reads are then mapped
together to generate contiguous sequences representing the entire targeted gene set, or a de-novo
assembly of entire genome(s).

[80313] Additional teachings relevant to the present disclosure are described in one or more of the
following: U.S. 8,148,512, U.S. 7,473,767, U.S. 7,919,237, U.S. 7,041,279, U.S. 8,415,102,

US. 8,492,094, U.8. 8,519,115, U.S. 2000/0220978, U.S. 2009/0299640, U.S. 2010/0015607,
U.8.2010/0261026, U8 2011/0086774, U.S. 2011/0145176, U S 2011/0201515,

U.S 2011/0229888, .8, 2013/0004482, U S 2013/0017971, U.S. 2013/0178372,

U.8. 2013/0230851, U.S. 2013/0337444, 1.8, 2013/0345161, UK. 2014/0005067,

U.S. 2014/0017688, U.S. 2014/0037620, UK. 2014/0087959, U.S. 2014/0154681,

U.8. 2014/0162251, and U.S. 2016/0194701 each of which 1s incorporated herein by reference in

their entireties.

Examples:

863141 Example 1 - Single-molecule long reads using Hyb & Seq chemisiry

(86315} The presently disclosed sequencing probes and methods of utilizing the sequencing
probes is conveniently termed, Hyb & Seq. This term is utilized throughout the specification to
describe the disclosed sequencing probes and methods. Hyb & Seq 1s a library-free,
amplification-free, single-molecule sequencing technique that uses nucleic acid hybridization
cycles of fluorescent molecular barcodes onto native targets.

[80316] Long reads using Hyb & Seq are demonstrated on a single molecule BNA target 33
kilobases (kb} long with the following key steps: (1} long DNA molecules are captured and
hydro-dynamically stretched onto the sequencing flow-cell; (2) multiple perfectly matched
sequencing probes hybridize across the long single molecule target; (3) fluorescent reporters
hybridize to the barcode region in the sequencing probes to identify all the bound sequences;
and/or (4} relative positions of sequences within a single molecule target are determined using

spatially-resolved fluorescence data.
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[80317] Key advantages of fong reads using Hyb & Seq, include but are not limited to: read
lengths determined by molecule length, not imited by chemistry; simple, himited sample
preparation results in fess fragmentation; positional information associated with sequencing
probes aids assembly; and/or capability to phase variants into long-range haplotypes.

[80318] Hyb & Seq Chemistry Design — Sequencing Probes comprise a target binding domain
that base-pairs with a single molecule target and a barcode domain having at least three positions
(R4, Ry, and R3) that correspond to the hexamer sequence present in the target binding domain.
A set of 4096 sequencing probes enables sequencing of any target sequence. Reporter Probes:
Three reporter probes bind sequentially to the positions of the barcode domain. Each reporter
complex corresponds to a specific dinucleotide. Hybridization drives the functionality.

(66319} Long read and short read sequencing methods of the present disclosure use the same
simple probe hybridization workflow for targeted capture of nucleic acids as shown m Figures 18
and 19, A plurality of sequencing probes can hybridize to a target nucleic acid concurrently, as
shown in the right panel of Figure 18, and optical resolution allows several spots per long target
to be individually distinguished, as shown in the right panel of Figure 19. By hybridizing and
recording a plurality of sequencing probes concurrently, the information content of a single read
15 increased. Long-range haplotypes are inherent 1o single-molecule analysis and can be
assermbled by actual physical location rather than computational reconstruction. Long sequencing
reads up to hundreds of kilobases are feasible using the sequencing methods of the present
disclosure.

[80326] Pools of specific sequencing probes hybridize to 15 kilobase targets 1 expected patterns
as shown in Figure 20. Sequencing probes hybridize to stretched targets (preferably hydro-
dynamucally stretched targets) at expected sequence-specific positions and relative physical
distances. The sequencing methods of the present disclosure have increased information content
compared to short-read technologies, allowing more bases to be read out each cycle. The
sequencing methods of the present disclosure also record the relative position of sequencing
readouts, which aids in assembly of long reads. Using the sequencing methods of the present
disclosure, read length = consensus sequence length = length of captured target molecule.

[80321] Figure 27 shows the results of an experiment in which 33 kilobase DNA fragments were
captured, stretched, hybridized to sequencing probes and reporter probes, and detected. The

sequencing methods of the present disclosure are compatible with DNA fragments up to 33
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kilobases and beyond. Read length is limited only by initial length of the target nucleic acid
fragment, not enzymes or sequencing chemistry.

(86322} Figure 13 shows additional capabilities of the sequencing method of the present
disclosure with respect to targeted phased long reads. Long-range phased haplotypes are
inherent in data and easily identified for phasing of variants. Sequencing of the entire long target
molecule is not necessary as “blocker oligos” can be used to limit sequence cycling to
sequencing windows of interest.

180323} The results of Example 1 show that the sequencing method of the present disclosure is
capable of single molecule sequencing with long read lengths. In particular, the results show:
successful capture and hydro-dynamic stretching of a 15 kilobase and 33 kilobase single-
stranded DNA molecule; spatially-resolved fluorescence data accurately corresponds to the
actual relative positions across the long single molecule; and simultaneous readout of 10+ base
sequences per sequencing cvele.

108324] Example 2 - ShortStack™ Technology: Accurate. reference-suided assembly of Hyb &

Seq reads for tarseied sequencing to resolve short nucleotide vanants and InDels

(96325} ShortStack is an open source algorithm designed to perform assembly of Hyb & Seq’s
unique hexamer readouts (hexamer spectra). The algorithm is a statistical approach to target
identification utilizing hexamer reads from each imaged feature and to perform assembly of
hexamer readouts into a consensus sequence on a single molecule basis with error-correction.
[80326] Single molecule sequencing using Hyb & Seq chemistry and ShortStack was performed
as follows: hexamer readout of the single molecule target was generated after each cycle of
hybridization using Hyb & Seq chemistry; after many cycles of hyvbridization, hexamer spectra
that cover each single molecule target regions were produced; and hexamer spectra are used with
a reference sequence of each of the target nucleic acid molecules to derive the consensus
sequence of each single-molecule target.

186327} The results of target sequencing using Hyb & Seq technology with ShortStack show:
single molecule target identification algorithm using the hexamer spectra had 100% success rate;
reference guided assembly algorithm produced single molecule consensus accuracy of >99%
("QV 32) at 5x coverage, concordant somatic variant detection (R? “90%) was demonstrated
using a pre-characterized reference gDNA sample; and/or in sifico experiments using all

hexamers and ShortStack confirmed average QV >90 across larger target panels
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The ShortStack algorithm can accurately assemble Hyb & Seq data. Figure 28 shows the results
from a sequencing experiment obtained using the sequencing method of the present disclosure
and analyzed using the ShortStack algorithm. In this experiment, the target nucleic acids that
were sequenced included fragments of the genes BRAF (SEQ ID NO: 3), EGFRex18 (SEQ ID
NO: 4), KRAS (SEQ ID NO: 5), PIK3CA (SEQ ID NO: 6), EGFRex20 (SEQ ID NO: 7) and
NRAS (SEQ ID NO: 8). Figure 28 shows both the base coverage and variant calling. The
coverage plots show coverage of bases in FFPE (formalin-fixed paraffin-embedded) gDNA. The
results show that most bases across a variety of targets are covered by available sequencing
probes. The error plots show error rate vs coverage at queried position mn FFPE gDNA samples
across a variety of targets. The results show that at 8x coverage, error rates are <1%. The
frequency plot shows the correlation between expected and known frequency of variants in
sequenced Horizon gDNA samples. The table provides sequenced Horizon Genomic Reference
gDNA and shows that the fraction of variant molecules 15 consistent with known frequency of
reference sarmple.

[80328] The resulis in Example 2 show that ShortStack 1s an accurate algorithm for sub-assembly
of hexamer spectra obtained using the sequencing method of the present disclosure. In particular
the results show: 100% accuracy in target identification and average per-base guality values >30
using simulated data; at Sx coverage, >99% accuracy in bage calling in experimental Hyb & Seq
data; detection of variants from genomic DNA at frequencies consistent with known values (R?
"90%;}; and computational performance is efficient and scales Tinearly with the namber of
hexamers assembled, capable of assembling 69k molecules 1in ~15 min on a personal computer.

(983291 Example 3 - Library-free, targeted sequencing of native ¢DNA from FEFPE samples using

- TA . Loy . . .
Hvb & Seq™ technoloey — the hvbridization based single molecule sequencing svstem

[80330] A targeted cancer panel sequencing of native gDNA from FFPE samples using the
sequencing method of the present disclosure (Hyb & Seq} was performed to demonstrate:
targeted single-molecule sequencing of oncogene targets with accurate base-calling; accurate
detection of known oncogenic Single Nucleotide Variants (SNVs) and Insertions/Deletions
{(InDels}; multiplexed capture of oncogene targets from FFPE-extracted gDNA (median DNA
fragment size 200 bases); and/or end-to-end automated sequencing performed on an advanced

prototype instrument.
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[80331] Hyb & Seqg chemustry and workflow were demonstrated as follows: genomigc targets of
imterest are directly captured onio the sequencing flow cell; a pool containing hundreds of
hexamer sequencing probes is flowed into the sequencing chamber; fluorescent reporter probes
sequentially hybridize to the barcode region of the sequencing probe to identify the hexamer
bases over 3 reporter exchange cycles; once the bases are identified, the sequencing probe 15
washed away; and the cycle is repeated with a new pool of sequencing probes until the target
regions have been read to sufficient depth

[80332] Key Advantages of Hyb & Seq: simple and rapid FFPE workflow — Clinical specimen to
start of sequencing within 60 minutes; no enzymes or amplification / No library construction; 15
minutes of total hands-on-time; high accuracy — Low chemistry error rate + intrinsic error
correction; and/or both long & short reads — Read length defined by input sample, not limited by
chemusiry.

[80333] Hyb & Seqg Chenustry Design 1s as described in Example 1. Hyb & Seq sample
preparation for processing FFPE tissues consists of three simple steps: (1) Single-tube
deparaffinization and lysis; {2) Removal of particulates using a syringe filter; and (3) Optional
DNA fragmentation and target capture. The process requires one to three 10 nmucron FFPE curls
used per sample. The entire process 1s completed within 60 minutes and it needs only common
lab equipment: beat block, pipette, filter and reagents.

186334} Figure 29 shows a schematic tllustration of the experimental design for the multiplexed
capture and sequencing of oncogene targets from a FFPE sample. A total of 425 sequencing
probes were designed and constructed to sequence portions of 11 oncogenic gene targets {SEQ
ID NOs: 3-13}). The loci of known vanant for each gene target was covered with many
sequencing probes (perfect match + single mismatch). Base coverage and base by base accuracy
was measured across these regions. Using a pre-characterized reference sample, accuracy of
variant detection was obtained. The top panel of Figure 29 shows that sequencing Probes {(blue)
align to a target sequence {grey) surrounding a known variant location (red). For each variant
location {red), 4 probe sequences were inchuded with each (A, G, C, T) base vanant. During
Sequencing, single target DNA molecules were tracked for 800 barcode exchange cycles,

™

providing multiple hexamer reads which are reassembied by the ShortStack’™ algorithm, as

described in Example 2.
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186335} Figure 28 shows the sequencing results including the average coverage of each target, the
single base error rate, and the observed vs. expected variant frequencies. The results in Example
3 show that Hyb & Seq sequencing can be used to perform multiplexed sequencing of 11 target
regions in FFPE and reference gDNA samples with Single nucleotide variations detected with
low error.

108336 Example 4 - Direct single-molecule RNA sequencing without cDNA conversion using

Hyb & Seq™ chemistry

1803371 Direct single-molecule RINA sequencing using Hyb & Seq chemistry was demonstrated
as follows: native RNA molecules were captured directly without ¢cDNA conversion and
mmobilized onto sequencing flow cell; a pool containing hundreds of hexamer sequencing
probes was flowed into the sequencing flow cell; a perfectly matched sequencing probe was
hybridized randomly on a single molecule RNA target; fluorescent reporter probes were
sequentially hybridized to barcode region of sequencing probe to identity hexamer bases; and
bases were identified and then sequencing probes washed away; cycle was repeated until target
had been read to sufficient depth.

[80338] Key results: targeted single-molecule RNA was sequenced showing sinular coverage
profiles to DNA; RNA molecules were stably maintained on the flow cell throughout more than
200 Hyb & Seq cycles; mRNA and genomic DNA were simultaneously captured and quantitated
from a smgle FFPE shice; and/or eight transcripts were multiplex captured and quantitated using
as little as 10 ng of total RNA.

[80339] Hyb & Seg Chemustry Design 15 as described 1n Example 1. The left panel of Figure 30
shows an illustrative schematic of the experimental steps associated with direct RNA sequencing
compared to the steps associated with conventional RNA sequencing performed using ¢BNA
converston. The middle and left panels of Figure 30 show results from experiments to test the
compatibility of RNA molecules with the sequencing method of the present disclosure. In the
experiment, 4 target RNA molecules were sequenced (SEQ 1D NQOs: 14-17). The resuits show
that RNA molecules can be captured and detected for at least 200 sequencing cycles,
demonstrating the compatibility of the sequencing methods of the present disclosure and RNA
molecules.

[80346] Figure 31 shows the results from an experiment to validate direct single-molecule RNA

sequencing using the sequencing method of the present disclosure. Native RNA molecules
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encoding a fragment of NRASex2 {SEQ 1D NO: 18) were captured directly without cDNA
conversion and immobifized onto a sequencing flow cell and sequenced using the present
methods. The experiment was also repeated using captured DNA molecules instead of RNA.
Figure 31 shows that sequencing coverage for DNA and RNA was comparable, demonstrating
that RNA can be directly sequenced without conversion to ¢cDNA using the sequencing method
of the present disclosure.

[80341] Figure 24 shows an example of integrated capture of RNA and DNA from a FFPE
sample. The left panel of Figure 24 1s an dlustrative schematic of how the methods of the present
disclosure can be used to concurrently capture, detect, and sequence both gDNA and mRNA
from a FFPE sample. Sample are prepared using the same FFPE workflow described 1in Example
3. The same capture protocol is used, but with RNA- and DNA-specific capture probes. The
DNA and RNA molecules are concurrently sequenced in the same flow cell with the same
sequencing probes. The right panel of Figure 24 shows the results from an experiment to
concurrently capture and detect NRAS RNA and DNA from a tonsil FPPE sample. The
fluorescence image shows that both RNA and DNA can be captured and detected. The bar graph
demonstrates that specific RNA and DNA capture probes are required to concurrently capture
RNA and DNA.

[80342) Figure 32 shows the results of a multiplex target capture of an RNA panel. Multiplex
capture of & mid-to-high expressing transcripts on Human Universal Reference RNA with
various input amounts of total RNA (0 ng, 1 ng, 10 ng, 100 ng, 1000 ng} was performed.
Multiplexed captured RNA molecules were immobilized onto a flow cell and specific
sequencing probes and reporter probes were hybridized to the immobilized RNA molecules for
quantitation. The bottom panel of Figure 32 shows a fluorescence image from 100 ng input
capture. One example of each RNA is circled with transcript name and corresponding reporter
complex color combination used for identification. The top panel of Figure 32 shows the
quantitation of counts for each specific RNA target.

186343} The resulis in Example 4 show that single-molecule RNA sequencing is achieved with
Hyb & Seq chemistry. In particular, the results demonstrate: (1) direct RNA sequencing without
cDNA conversion; {2) RNA molecules are stable throughout the Hyb & Seq cycling process; (3)
both RNA and DNA molecules can be captured and sequenced in one Hyb & Seq workflow; and

{(4) target capture of mRNA panel can be performed with as little as 10 ng of total RNA input.
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166344} Example 5 — Integrative bioinformatics algorithm for high throughput molecule-level

short-reads generated from Hvb & Seq sequencing platform

[00345] The ShortStack™ software is designed to perform standard sequencing-based
bioinformatics analysis tasks such as alignment, error-correction, mutation-calling, and read
assembly. Figure 33 shows a schematic overview of the steps of the ShortStack™ software
pipehine, including: alignment of hexamers and coverage estimation; mutated seguence
identification; graph data structure construction; and/or molecule level sequence reconstruction
and error correction.

[80346] All algorithms were performed strictly within the information obtained from a single
molecule, ensuring that the final mutation call results were not biased by the mutation frequency
of the sample. Hexamers were grouped into different molecules according to the panel binding
position. To assign molecules to targets, the hexamers were aligned per molecule to all different
target regions and the top matched gene target was selected.

(98347} A statistical metric was measured to assess the quality of the molecule identification.
The alignment against N different target regions produces a distribution of N summed coverage
values for each target. The top summed coverage score match was selected as the correct match.
Z-score statistics of the selected top match score against the score distribution of all N different
targets were measured. Low counfidence roolecule identifications (under z-score of 2.5 sigma)
were filtered out.

100348} Key Advantages of ShortStack™ algorithm include: accurately handles possible sequence
ambiguities by implementing a hierarchical hash index design; and/or advanced algorithm design
structure assures the mapping quality by prioritization and prevents the overestimation of
mutations.

(66349} In addition, the mutation graph data structure enables computational modeling of various
types of mutations (substitution, msertion, and deletion) and produces output for sequence
reconstruction and variant calling: substitution variants are represented as additional nodes in the
graph of same length with the original sequence; insertions can be modeled by adding any length
of connected nodes; deletions are modeled as adding an artificial node in the graph with empty
base pair string; i a blind mutation search {i.e. a search for mutation tolerant sequence

alignments), hamming distances are measured from every reference sequence position and new
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nodes are added to the graph representing searched mutations; and/or coverage estimation for
mutated hexamers is performed using the hierarchical hash table.

[80330] The constructed graph data structure enables molecule level sequence reconstruction and
mstrument error correction. In the constructed graph, the dvnamic programming algorithm was
applied to find the best scoring path where the score was defined as the normalized base
coverages. The best scoring path of the graph represented the molecule level sequence
reconstruction. The correct mutated sequences were included, while the instrument errors in
hexamers were discarded.

(86351} Simulated data sets confirmed that the software was able deliver highly accurate
molecule level sequence assembly and mutation calling results. Figure 34 shows the results of
mutational analysis of simulated data sets using the ShortStack ™ software pipeline. These results
show the mutation calling accuracy for 10 random mutations. In medium instrument error
datasets, the accuracy showed 99.39% (targeted search) and 98.02% (blind search) on average.
Under the elevated instrument error simulations, the performance showed 97.19% (targeted
search) and 93.53% (blind search) on average. When the molecule level base coverage threshold
was increased to 2x, results improved to 99.5% (2x coverage) and 99.9% (3x coverage).

1003521 The ShortStack™ software can process a broad scope of various mutations. Figure 35
shows the overall mutation calling accuracy, where each bar represents averaged value from 10
different mutated targets across various types of mutations. The length of insertions and deletions
1s selected between 1bp and 15bp. These results show that the mutation calling accuracy was
94.4% {1x coverage}, 97.7% (Zx coverage), to 98.5% (3x coverage).

(983531 Example & — Sample preparation for processing FFPE tissue for Hyb & Seq

[80334] Formalin-fixed paraffin embedded (FFPE} tissue 1s a challenging sample mput type for
traditional sequencing platforms. Hyb & Seq’s sample preparation methods successfully process
FFPE tissue mputs for downstream sequencing. First, the nucleic acid(s) to be sequenced s
extracted from formalin-fixed, paraffin embedded (FFPE) tissue in a single-step process. One or
more 10 pum thick FFPE curl 1s heated 1n an aquecus-based nucleic acid extraction buffer to
simultaneously melt the paratfin wax, decompose the tissue, and release nucleic acid from the
cells. Suitable extraction buffers are known in the art and typically include proteinases,
detergents such as Triton-100, chelating agents such as EDTA, and ammonium tons. The FFPE

curl and extraction buffer are incubated at 56 °C for 30 minutes to separate the paraffin from the
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tissue and allow the Proteinase K to digest the tissue structure and expose the embedded celis to
the detergent to enable cell lysis. The solution is inverted three times at 8 minute intervals to
assist in mixing of the reagents during the tissue deparaffinization and digestion process.
Following this step, the solution is heated to 98 °C to facilitate the reversal of the formaldehyde
cross-links to further assist in the extraction of nucleic acids.

1083351 Once the nucleic acids have been extracted from the FFPE tissue, the solution is filtered
using a glass fiber filter with 2.7 pm pore size (Whatman) to remove tissue debris and congealed
paraffin. The resulting solution is a homogenous, semi-opaque solution containing nucleic acids
which are highly fragmented due to the formalin-fixation process and storage conditions. If
further fragmentation is required, the DNA can be mechanically sheered using a Covaris
focused-ultrasonicator. Due to buffer conditions, extended sonication is required to shear the
nucleic acids. Sonicating using the standard settings of 30W peak incident power, 20% duty
factor, 200 cycles/burst were used tor 600 seconds to achieve the maximal increase in targets
captured. To achieve shorter fragment length, emulsified paraffin can be precipiiated out of the
filtered solution by centrifuging at 21,000 g and 4 °C for 15 minutes. This allows the DNA to be
sheared down to about 225 bp,

(80356} Next, target capture 18 performed by binding pairs of capture probes to target nucleic acid
molecules during a rapid hybridization step. The 37 capture probe contains a 37 biotin moiety,
which allows the target to bind to a streptavidin-coated flow cell surface during the target
deposition process. The 37 capture probe contains a 57 tag sequence {(G-sequence) that enables
binding to beads during the purification process. The reaction rate 13 driven by the capture probe
concentration which are added in the low nanomolar range to maximize the reaction rate. The
capture probes hybridize to the target in a manner that flanks to region of interest in order to
generate a sequencing window. For each DNA target, the capture probe set also includes an oligo
composed of the same sequence as the sequencing window to hybridize to targets’ antisense
strand and prevent reannealing. The solution containing the capture probes is heated to 98 °C for
3 nunutes to denature the genomic DNA| followed by a 15-minute incubation at 65 °C. The
concentration of NaCl in the range of 400 mM to 600 mM 1s used for this hybridization reaction.
A panel of over 100 targets that have been experimentally validated is listed in the Table 3,
detailing the gene and exon of the targeted DNA region.

Table 3: Gene and Exon of targeted DNA regions
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Gene Target Gene Target Gene Target
ABLI exd EZH2 eox8 NOTCH1 | NOTCHI ex26
ABLI | ABLI ex6 EZH2 | EZH2 exil NRAS ex2
ABLI ex7 EZH2 ex15 NRAS ex3
— NRAS
AKTI | AKTI ex6 FBXW7 ex2 NRAS e
ALK ALK ex26 FBXW7 ex5 NRAS ox4
APC exs FBXW7 ex7 PDGFRA ex]
AP C:exi 6 FBAWT FBXW "exs PDGF RA:exfa
APC exi7 FBXW7 ex¥ PDGFRA ex7
APC APC exi7 FBXW7 exl10 PDGFRA ex10
APC exi7 FGFRI | FGFRI ex6 o PDGFRA exli
APC exi7 FGFR2 | FGFRZ ex7 FPDGERA PDGFRA exl4
APC exl7 FLT3 ex1l PDGFRA ex15
ATM ox8 FLT3 1§ FLT3 exi2 PDGFRA exl6
ATM ex9 FLT3 ex?1 PDGFRA ex18
ATM exll GNAG | GNAQ x5 PDIGFRA ¢x23
ATM ex26 N IDHI ox4 PIK3CA ex2
ATM ATM ex34 b IDHI ex10 PIK3CA ex3
ATM ex39 IDH2 | 1IDH2 ox4 PIK3CA ox7
ATM ex49 JAK2 ex3 PIK3CA | PIK3CA exl0
ATM ex49 . JAK2 ex7 PIK3CA exi4
ATM ex55 1AR2 JAKZ exi4 PIK3CA ex21
ATM ex59 JAKZ ex20 PIK3CA ex21
BRAF ex8 KDR ex7 PTEN ex5
{ BRAF exli KDR ex7 PTEN PTEN ex7
BRAF T T -
BRAF oxl3 N KDR ex9 PTEN ox8
BRAF exis kDR KDR exit PTENP1 | PTENPI exi
CDH1 | CDHI ex® KDR ex27 RB1 ex10
- CSFIR ex3 KDR ex30 RB1 ex17
CSFIR ex22 KIT ex3 RB1 BB ex17
CTNNBI ex3 KIT ox9 RB1 ex20
CTNNBI | CTNNE1 ex6 - KIT exi4 RB1 ex22
CTNNBI exl6 ko KIT ex14 . RET exi2
EGFR ¢x3 KIT ex17 REL RET exis
EGFR ¢x10 KIT exi8 SMAD4 ex3
EGFR EGFR ex15 KRAS ex2 SMAD4 ¢x8
EGFR ¢ex18 KERAS | KRAS ex8 SMAD4 | SMAD4 ex9
EGFR ex20 KRAS ex4 SMAD4 exI0
EGFR ex21 MEK | MEK ex3 SMAD4 exll
ERBB2 { ERBB2 ex7 MET § MET ex2 SMARCB!I § SMARCBI ex5
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ERBB4_oxd MET ex3 psy | TESIexd
ERBB4_ox5 MET exil T ] TPS3 ex6
ERBB4 ox7 MET exl4
ERBB4 - -
FRBB4 cxB MET _ox16
ERBB4 cx23 MET ex19
ERBB4 cx25 ] MLHI ex12
MLHI | T
MLHI exi6

180357} After the targeted DNA regions are bound with capture probes, they are purified from the
rest of the genomic DNA to create an enriched solution of the targets. Beads coated with the anti-
sense oligo (anti G-sequence) to the 37 capture probes” binding sequence are incubated with the
capture reaction mux for 15 nunutes at room temperature. After the binding step, the beads are
washed three times with 0.1x 8SPE to remove non-target DNA and the biotin-containing 5
capture probes. Following the washes, the beads are re~suspended in 14 pL of 0. 1x S5PE then
heated at 45 °C for 10 nunutes to elute the purified DNA targets from the beads. After elution, 1
ul of 5 M NaCl is added to ensure the capture probes remain bound to the DNA targets.

180338] The final step of the sample preparation process 1s the deposition of the DNA targets onto
the flow cell surface, where they can be analyzed using the probes of the present disclosure as
disclosed herein. A syringe pump s utilized to control the rate at which the targets are loaded
mnto the flow cell fluidic channel, such that all targets have time to diffuse across the height of
the channel and bind to the streptavidin surface. This method of loading generates a density
gradient of targets, where the highest number of molecules per unit area is greatest at the fhndic
channel inlet and decreases along the channel length in the direction of the fluidic flow towards
the outlet. A flow rate of 0.35 uL/second achieves a quantitative capture within a channel length
of about 10 mm for a channel width of 1.6 mm and height of 40 um. Once the targets are bound
to the surface by the biotinylated 5° capture probe, a solution of biotinylated oligo (G-hooks) that
are the reverse complement of the 3’ capture probes’ bind sequence are injected to pin down the
free end of the targets to create a bridged structure, where the ssDNA region in the middle is the
sequencing window of interest.. Next, a solution of G-sequence oligos are added to hybridize to
the excess G-hooks on the surface to reduce the amount of ssDNA on the surface. Figure 11
shows the capture of a target nucleic acid using a two capture probe system of the present

disclosure.
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186359} Example 7 — Multi-color reporter image processing for Hyvb & Seq

[80368] The image processing pipeline includes the following steps background subtraction,
registration, feature detection, and classification. In background subtraction, the mean
background of any given channel is a function of shot noise and exposure. In our system, the
biue channel has the highest backeround levels coupled with greater variance. A simple tophat
filter with a circular structuring element of radius 7 pixels i1s apphied to perform localized
background subtraction. For registration, 1t 1s imperative that the features of interest as perfectly
aligned for multi-color and multi-cycle feature analysis. This system requires two forms of
registration. For the first form, a local affine transformation ts applied to all image channels
within a single acquisition stack. This transformation is a function of the optical system and
hence 1s consistent for a given instrument. This function is computed in advance for every run
and 15 applied to every image acquired. For the second form, a global transtormation i the form
of a rigid shift 15 computed using normalized cross-correlation to capture drift of the mechanical
gantry during the run. The next step 1s feature detection.

(80361} Once all the umages are registered, features are detected using a matched filter via a LoG
{Laplace of Gaussian) filter. The filter 15 applied with a fixed kernel size {matched to the
diffraction limit of the features) and a varying standard deviation {matched to the wavelength of
the corresponding channel} to match to enhance spot response. Local maxima are used to
identify potential reporter locations. The associated intensity values for each identified feature
are retrieved for classification. The final step is classification. The multi~color reporter
mtensities are classified using the Gaussian naive-Bayes model. The model assumes that the
reporter ntensities are mndependent and follow a normal distribution. The model then calculates
the probability that a specific feature ¥ (specified by mtensities 1n all channels X)) belongs to a

certain class (€ ) using a maximum a posteriori or MAP rule:

n
9 = argmaxen, .0 PG | |pGxilco)

i=1
{80362] The intensity distributions for a reporter complex labeled with a particular color
combinations is shown in Figure 36. Figure 36 tllustrates the coding scheme using 2 dyes: blue
and red. There are six classes (including background) possible in a 2-color coding scenario. In
the implemented system, the choice of four colors results in 14 potential classes. Note that there

is some overlap between the single half dye vs full dve distributions. Consequently, classification

Nel
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between these classes presents a higher error rate, with a maximum miss-classification rate of
11.8% between xG " and ‘GG’ The miss-classification rates for the 10 Class model 1s less than
0.2%. Since each reporter requires a maximum of eight classes, it is simple to choose the ones
with least classification error. The detected color code is transiated into an 1dentified base pair
based on a look up table. Using the probes of the present disclosure as disclosed herein, a feature
is tracked across multi-cycles.

(08363} Example 8 —Tarset nucleic acid purification and deposition using capture probes.

180364} To capture target nucleic acid molecules, a two capture probe system 1s used for highly
specific enrichment. Capture probes are designed to bind to the target nucleic acid at positions
flanking the targeted region of interest, creating a “sequencing window”. The 5’ capture probe,
referred to as CapB, contains a 3' biotin moiety. The 3’ capture probe, referred to as CapA,
contains a 5" affuity tag sequence, referred to as the G-sequence. On average, capture probes are
approximately 40 nucleotides in length and designed based on Tm and sequence context.
Sequencing windows are around 70 nucleotides in length and are easily adjusted. Figure 11
shows a schematic of the two capture probe system.

[80365] The biotin moiety on CapB tethers the target nucleic acid to a streptavidin-coated flow
cell surface for sequencing. The affinity tag on CapA allows for the reversible binding of target
nucleic acid molecules to magnetic beads during purification. The use of CapA and CapB allows
for ughly stringent target enrichment since both probes remain bound to a single target nucleic
actd molecule in order for that target to survive both the magnetic bead purification and the
surface deposttion process. Multiplexed capture has been demonstrated with up to 100 targets at
once. In order to achieve an efficient capture within a short period of time, capture probes are
added at the concentration range of 1 nM to 10 oM.

[80366] In experimental tests, a panel of ~10 target nucleic acid molecules were purtfied using G-
beads and the two probe capture system. CapA and CapB probes were first hybridized to target
nucleic acids. The G-sequence portion of the bound CapA probes were then hybridized to the G-
hooks on the G-beads, thereby linking the target nucleic acid molecule to the G-beads. A series
of stringent washes using 0.1x SSPE was performed to remove non-targeted DNA and unbound
CapB. To release the target nucleic acid molecules from the G-beads, a low-salt, 45°C elution
was performed to denature the G-sequence while still permutting CapA and CapB to remain

hybridized to the target nucleic acid.
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[80367] Tests show that when purifying a panel of ~100 target nucleic acid molecules, the non-
spectfic/background signal increases significantly. This increase in background could be due to
several factors including: (1) increased interactions between CapA and CapB probe species,
which leads to increased amounts of free CapB probe carried through purification; and (2)
mncreased interaction between CapB probes and the G-hooks or the G-beads, which leads to the
purification of unwanted target nucleic acids. Furthermore, as the size of the panel increases, the
possible interactions between CapB species, CapA species, and sequencing probes increase
exponentially. These interactions can interfere with the ability to densely deposit targets and lead
to wasted sequencing reads.

[80368] To reduce non-specific and background signal due to the purification of free probe
species and unwanted target nucleic acid molecules, several modifications to the purification
procedure can be made. First, the inclusion of formamide at a concentration of 30% v/v in the
buffer used during the binding of target nucleic acid molecules to G-beads decreases background
counts by two-fold (as measured by counts in controls lacking target molecules), likely through
interfering with imperfect hybridizations of free capture probe with G-hooks, allowing excess
probes to be washed away. Secondly, the incluston of four 150-dG bases in the G-hook on the G-
beads (iso-G-hooks) and the complementary 1so-dC bases in the CapA G-sequence decreases
background counts by three-fold (as measured by counts in controls lacking target molecules).
Iso-dC and 1s0-dG are isomer vanants of the natural dC and 44 bases. Since, 150 bases will
base-pair with other 150 bases but not natural bases, imperfect hybridization between capture
probes and 150-G-hooks can only exist between the non-1so bases of the G-sequence and 130-G-
hooks. These imperfect mteractions are more easily disrupted during stringent washes. Finally,
subsequent purification of the 150-G-bead eluates with Ampure® XP (Agencourt Biosciences
Company) beads further decreases background counts by at least 20-fold {as measured by counts
in conirols lacking target molecules). Puring, Ampure® XP bead purification, a DNA sample is
mixed with a suspension of carboxylated magnetic beads in a solution of polyethylene glycol
{PEG) and NaCl. The concentration of PE(G and NaCl can be titrated such that only molecules
above a molecular weight threshold precipitate and bind to the beads. Hyb & Seq targets
hybridized to capture probes are on the order of 81 kDa, while free probes are on the order of 17

kDa or less. By mixing the Ampure® XP bead suspension with 1s0-G-bead eluate at a volume
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ratio of 1.8:1, hybridized targets are bound to the beads and a significant portion of free probes
can be washed away before the final elution.

[80369] Thus, a model purification workflow consists of the following steps: (1} Hybridization of
capture probe-target nucleic acid assemblies to 1s0-G-beads 1n Sx SSPE/30% formamide; (2)
Washing of the is0-G-beads with 0.1x SSPE; (3) Elution of capture probe-target nucleic acid
assemblies at 45°C 1n 0.1x SSPE; (4) Binding of 1s0-G bead eluates to a 1.8x volume of
Ampure® XP beads; (5) Washing of Ampure® XP beads with 75% ethanol; and (6) Elution of
capture probe-target nucleic acid assemblies in 0.1x SSPE, such that the targets are eluted in 7.5
ul, followed by the addition of 0.5 ul of 5 M NaClL

[80370] After purification, capture probe-target nucleic acid assemblies are deposited onto the
sequencing surface using an infusion syringe pump to slowly inject the purified targets through
the flow cell. To determine the deposition gradient, the flow cell 1s imaged at various positions
along the channel length. A typical deposition gradient 1s shown i Figure 37, For a channel
height of 20 pm, loading the sample at a flow rate of 0.167 pL/min will concentrate the targets
such that 80% of all targets bind within 3.1 mim along the channel length, which represents ~240
FOVs for the Gen2 imager with a FOV of 0.0357 mm? and flow cell channel width of 1.7 mm.
The gradient can be modulated by adjusting the flow rate during deposition.

198371} The procedures described above were used to test the purification and deposition of a
100plex target nucleic acid panel with genomic DNA sheared to a size of ~300 base patrs. A
series of experiments was performed in triplicate with a range of DNA input between 25 ng and
500 ng. The total number of targets on the flow cell was extrapolated by imaging the deposition
gradient to obtain the number of average counts, as shown mm Figure 38. The capture efficiency
was 0.6% and was consistent over the range of DNA mass inputs.

883721 Example 9 - Desien and features of sequencing nrobes

188373} Sequencing probes hybridize to a target nucleic acid molecule via a target binding
domain. In the present example, the target binding domain s 8 nuclestides long and contains a
locked nucleic acid (LNA) hexamer that is flanked by (N) bases that can be a
universal/degenerate base or a canonical base (Ni-B1- Ba- Bs- Bs- Bs- Bs-Nz, where B1 to Bs are
LNAs and N1 and N2 are universal/degenerate bases or a canonical base that is independent of
the nucleic acid sequence of the (6-mer) sequence Bi- Ba- Bi- Ba- Bs- Bs). A complete set of

4,096 sequencing probes encodes all possible hexamers and enables sequencing of any target
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nucleic acid. Bach sequencing probe also includes a barcode domain that encodes for the
hexamer sequence present in the target binding domain. Hach barcode domain contains three
posittons {R1, RZ, and R3}. Each position in the barcode domain corresponds to a specific
dinucieotide in the hexamer of the target binding domain and contains a unigue sequence that
can bind to a specific labeled reporter complex. A schematic overview of sequencing probes are
shown in Figure 1. Each position in the barcode domain encodes eight “color combinations”,
created using four fluorescent dyes: blue (B); green (G); yellow (Y}); and red (R). During each
cycle of sequencing, a reporter complex is bound to one of the three positions in the barcode
domain, indicating the identity of the corresponding dinucleotide in the hexamer of the target
binding domain. During three sequential sequencing cycles, three “color combimations” are
recorded, one for each position in the barcode domain, allowing for the identification of the
entire hexamer of the target binding domain. The 4,096 sequencing probes are sphit into 8 pools
and each 1s associated with one of 512 possible barcodes.

983741 Example 10 — Reporter complex design, purification. and hinding conditions.

(80373} In this example, each reporter complex is a 37 DNA oligomer branched structure
designed to hold a total of 30 fluorescent dyes, with 15 dyes for each color of the color
combination. The 37 DNA ohigomers that make up the reporter complex can be classitied by
their size. The largest oligomer, called the primary nucleic acid, s covalently attached to a
complementary nucleic acid that 1s etther 12 or 14 nucleotides in length. The primary nucleic
actd 13 96 nucleotides long. The primary complementary nucleic acid binds to positions R1, R2,
or R3 on the barcode domain of the sequencing probe. The next largest DNA ohigomers are 89
nucleotides long and are called secondary nucleic acids. There are six secondary nucleic acids
per reporter complex, with three secondary nucletc acids per for each color of the color
combination. Each secondary nucleic acid comprises a 14 nucleotide long sequences that allows
the secondary nucleic acids to hybridize to the primary nucleic acid. The smallest DNA
oligomers are 15 nucleotides long and are called the tertiary nucleic acids. There are 30 tertiary
nucleic acids per two color probe, with 15 tertiary nucleic acids per color. Five tertiary nucleic
actds bind to each secondary nucleic acid. A schematic of the 37 DNA oligomer branched
structure is shown in Figure 4.

186376} The tertiary nucleic acids include a detectable label in the form of a fluorescent dye.

There are four fluorescent dyes: blue (B); green (G); yellow (Y}; and red (R}, Combining dyes
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together in a reporter complex results in ten possible two-color combinations (BB, B, BR, BY,
GG, GR, GY, RR, YR, YY) To prevent color-swapping or cross hybridization between different
fluorescent dves, each secondary and tertiary nucleic acid that correspond to a specific
fluorescent dye contains a unique sequence. For example, each tertiary nucleic acid labeled with
the Alexa 488 fluorophore, or blue color, comprises a complementary sequences only to the blue
secondary nucleic acid. The blue secondary nucleic acid further has a distinct sequence that 1s
complementary only to the primary nucleic acid molecules that correspond to a color
combination that includes blue.

[80377] Each complementary nucleic acid contains a sequence that is distinct between positions
R1, R2, and R3 of the barcode domain of the sequencing probe. Thus, even if positions R1 and
R2 of the same barcode domain encode for the same dinucleotide, the binding of the
complementary nucleic acid molecule that identifies that dinucleotide at position R1 will not
bind to position R2. Likewise, the complementary nucleic acid molecule that identifies that
dinucleotide at position R2 will not bind to position R1. Complementary nucleic acids are
designed such that they can be unbound from the sequencing probe efficiently using competitive
toe~hold exchange (for complementary nucleic acids 12 nucleotides in length) or UV cleavage
{(for complementary nucleic acids 14 nucleotides in length).

[80378] Preparation of the reporter complex occurs in two sequential hybridization steps: (1)
tertiary nucleic acids to secondary nucleic acids and then (2} tertiary nucleic acids +secondary
nucleic acids to the primary nucleic acid. Four separate tertiary nucleic acid-to-secondary
nucleic acid reactions are prepared by combinung 100 uM of secondary nucleic acids and 600 uM
of tertiary nucleic acids n 4.2X SSPE buffer at room temperature for 30 minutes. Twenty-four
reporter probes are then prepared separately using 2 uM of primary nucleic acid, 7.2 uM of
secondary nucleic acid+Dye #1 tertiary nucleic acid, and 7.2 uM secondary nucleic acid+Dye #2
tertiary nucleic acid in 4.8X 8SPE. These reactions are heated at 45C for 5 minutes and then
cooled at room temperature for 30 minutes. The 24 reactions are then pooled into three different
pools corresponding to the barcode domain (i.e. Ry, Ra, and R3}. For example, gight different
reporter probes {2 uM each} binding to the Ry barcode domain are pooled together, diluting ten-
fold to a final working concentration of 200 nM each reporter complex. The reporter complex
can be purified using high pressure liquid chromatography (HPLC). Figure 39 shows that HPLC

purification can remove free oligomers and malformed probes to yield reporter probes.
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[86379] Following reporter complex preparation is standard testing for quality assurance. Each of
the three pools of reporter probes are tested for binding 1o its corresponding barcode region (Ry,
Re, or Rs) in three separate flow cells. Testing is performed on a modified sequencing probe
construct, with only the barcode domain present and immobilized on the flow cell. All eight 12-
mers representing each color is multiplexed and all eight reporter probes are expected to be
identified with high color counts.

(66380} To improve the efficiency and accuracy of hybridization of the reporter probes and the
barcode domains of the sequencing probes, various buffer additives were tested. Figure 40 shows
results from experiments that indicate buffers containing 5% Dextran Sulfate (500K} and either
15% Formanude or 15% Ethylene Carbonate allow for the most efficient and accurate
hybridization of reporter probes and sequencing probes at short hybridization times. However,
Figure 41 shows results from experiments that indicate Ethylene Carbonate has a negative
wapact on the surface of the sequencing shde, resulting in high loss of target nucleic acids over
tume. Thus, buffers containing 5% Dextran Sulfate (500K) and 15% Formamide are superior for
efficient and accurate hvbridization of the reporter probes and sequencing probes.

[96381] Example 11 — Desion and validation of complementary nucleic acid sequences

[80382] Reporter probes contain a complementary nucleic acid that binds to a specific position
(R1, RZ, or R3) on the barcode domain of a sequencing probe. Complementary nucleic acids
containing either 12 nucleotides {12Zmer) or 14 nucleotides {(14mer) were designed and tested to
determine optimal sequences for hybnidization. For screening, the following criteria was used to
determineg optimal sequences: sequences had to display high binding efficiency as defined by
reporter and sequencing probe binding at > 80% efficiency in 10 sequencing cycles; sequences
had to display fast hybridization kinetics occurring within 15 second to 30 seconds; and
sequences had to display high specificity with < 5% cross-hybridization error in the reporter
pool.

[60383] Table 4 shows the twenty-four 12mer sequences (SEQ ID NOs: 19-42) that were
identified. Since each barcode domain contains three positions, the twenty-four 12mer sequences
can be divided into three groups to create an 8x8x8 12mer reporter set.

Table 4

Reporter Position 12-mer Sequence Reporter Name Color SEQ ID NG
1 AGGACAGATGAC RIBB-07 BB 19
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1 GTATCGGATGAC RIBG-07d (RIRR-06) BG 0
1 AGGAGTGATGAC RIBR-07 BR 21
1 AGGGGTGAGGAG | RIGG-07c(RIYR-0T7) GG 2
1 AGAGGGGATGAC RIGR-07 GR 23
i AGTGGGGAGGAG | RIGY-07c(RIBY-07 GY 24
1 AGCCGAGATGAC RIRR-07 RR 25
1 AGGGTGGATGAC RIYY-(7 YY 26
2 TGGATGGAAAAG R2 BB (forGRv5) BB 27
2 GAAGGAGAAAAG R2 BG (forGYvS) BG 28
2 GGGGATGAAAAG R2 BR (forGRv4) BR 29
2 GTGAGGGAAAAG R2 BY (forYYv5) BY 30
2 AGCCGAGAAAAG B2 GG GG 31
2 CGAGAGGAAAAG R2 GY (forGGv5) GY 32
2 GAGGGCGAAAAG R2 RR (forGGv4) RR 33
2 AGCGTGGAAAAG R2YY Yy 34

RPTR12- 35
3 TGAGAAGGGTAG BG Screen3 D2 BG
3 GTIGTTATIGTG RPTR12-BR RC D4 BR 36
3 TTTGGGTTTAGG RPTRIZ-BY RC D3 BY 37
3 GTTAGTGGGAAA RPTR12-GR RC D7 GR 38
3 ATGGGAAAAAGT RPTRI2-GY RC D6 GY 39
3 GAGTTGGATGAG RPTR12-RE RC DI0 RE 40
3 ATGTTGTGGGTA RPTRI2-YR RC D9 YR 41
3 GAGGGTTTTAAG RPTRI2-YY RC D& YY 42

[680384] The 14mer sequences were designed in a simular manner but differ from the 12mer

sequences m three ways. First, 14mer sequences contain a longer hybridization sequence given

that 14mer sequences contain 14 single stranded nucleotides that bind to a specific position ona

barcode domain rather than the 12 single stranded nucleotides present m a 12mer. Second,

1dmer sequences contain more sequence diversity because they were not designed to

accommodate toe-holding-mediated removal. Since 14mer sequences hybridize more strongly to

sequencing probes, the efficiency of toe-holding-mediated removal is decreased. Thus, sequence

independent removal strategies were explored for the 14mer sequences, alleviating sequence

constraints during screening. Sequences for screening were designed using an algorithm that

mcludes the following set of rules: Nucleotide composition lacking either “G” or “C” {1.e. low

complexity sequences); GC content between 40% to 60%,; Melting temperature {Tm) between

35°C and 37°C; Hairpin folding energy (dG) > 2; and Compatibility with other sequencing

probes (hamming distance >= 7). To mimimize the hybridization of 14mer sequences to genomic

104



WO 2018/094385 PCT/US2017/062760

sequences that can be present in target nucleic acids, potential sequences were filtered using the
External RNA Controls Consortium sequences as a guide. Third, 14mer sequences were
designed to be removed from the barcode domamns of sequencing probes by strand cleavage
using cleavable linker modifications at the point where the 14mer complementary nucleic acid 18
attached to the primary nucleic acid of the reporter complex. The removal of the 14mer
sequences results in the “darkening” of the reporter complex signal, allowing for the next cycle
of sequencing and signal detection to occur. Various cleavable linker modifications were tested
mcluding UV-light cleavable linkers, reducing agent (such as TCEP) cleavable linkers and
enzymatically cleavable linkers {such as uracil cleaved by the USER™ enzyme}. All of these
cleavable hinker modifications were found to promote efficient reporter complex darkening.
Darkening was further enhanced by the introduction of cleavable linker modifications into the
secondary nucleic acids. These cleavable hnker modifications were placed between the sequence
that hybridizes to the primary nucleic acid and the sequence that hybridizes to the tertiary nucleic
acids. Figure 10 shows the possible positions for cleavable hinker modifications within a reporter
probe.

[80385] Screening of potential 14mer sequences resulted in the identification of two groups of
acceptable sequences. Table 3 shows the first group, which contained 24 sequences (SEQ ID
NOs: 43-66). These 24 sequences could be split into three groups to create an 8x8x8 14dmer

reporter set.

Table §
Reporter t4-mer Sequence Reporier Name Color | SEQID
A ATCTTTTCCCCACT | R14-BG RC-8¢3 B2 BG 43
A CCCCACTATTTCTT RPTR14-BY Screend 12 BY 44
A CTACCCACAACATA | RPTRI4-YR Screen3 D9 YR 43
A CCATATAAACCCCA | R14-GG RC-S5¢3 BS GG 46
A AAACTCCAATCTCC | R14-GR R(C-5¢3 B7 GR 47
A CTATTCTCAACCTA | RPTRI4-YY RS0255 HY YY 48
A CCCCCTCTTTTAAA | R14-BB RC-8¢3 Bl BR 49
A CCAATCTTACCTCA | RPTRI4-RR Screen3 BIO ER 50
B CCCTCACATAACTT | RPTRI4-BG Screend 11 BG 51
B CTCCTCTACTTTCC RPTR14-BB ERCC 000141 10 BB 52
B CCCTAAACCCAAAA | RPTRI4-BY Screen3 D3 BY 53
B CACTTTTTICCCATC RPTR14-GY Screen3 136 GY 54
B CATCTGATTCCTCC | R14-RR ERCC 00042.1 130RC RE 55
B CTAAACCCCCTACT | R14-BR RC-5¢3 B4 BR 56
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B CCTTTACAAACACA | RPTRI4-GR RS0247 H7 GR 57
B ATACCACCCTCTTT | RPTRI4-YY Screen3 B8 YY 58
C TATTICTICTACCCC | RPTRI4-YR Screerd 15 YR 59
C TCTACCCTTCTCAT | R14-BG RC-S¢3 D2 BG 60
C CCACAATAACAACC | RPTRI4-BR Scroen3 M BR 61
C ACCTTAACATTCCC | R14-GG RC-5¢3 D3 GG 62
C ATTTICCCACTAACC | RPTR14-GR Screen3 D7 GR 63
C ACTTAAAACCCTCC | RPTR14-YY Screen3 D8 YY 64
C TACCTATICCTCCA | FPTRI4-BB Screen3 Dl BB 63
C CCCCTTTCTCTAAG | RPTRI4-RR ERCC 000511 220 ER 66

[60386] Table 6 shows the other group, which contained 30 sequences (SEQ ID NOs: 67-96).

These 30 sequences could be split into three groups to create a 10x10x10 14mer reporter set.

Table 6

Reporter 14-mes Sequence Reporier Name Color | SEQID
A GATGATGGTAGGTG | R14 PC J2 BB v2 BB 67
A ATGAGAAGGGTAGA | Ri4 PC D2 BG v2 BG 68
A GTTTTGTTGGTGAG R14 PC K2 BY v2 BY 60
A TTAGTGTGTTGGAG Ri4 PC KS BR v2 BR 70
A ATGTAGGAGAGAGA | R14 PC L1 GG v2 GG 71
A GGGAATGTTAAGGT | R14 PC D5 GY 2 GY 72
A GGTTAGTGGGAAAT | Ri4 PC D7 GR v2 GR 73
A GGAGGGTTTTAAGT | R14 PC D8 YY v2 YY 74
A GTAGTGTGGATGTT | Ri4 PC JS5 YR w2 YR 75
A CTTAGAGAAAGGGG | R14 PC ERCCST RR v2 | RR 76
B GGAAGAGGATGAAA | R14 PC K1 BB v2 BB 77
B AAGTTATGTGAGGG | Ri4 PC spB BG vi BG 78
B GGAAAGTAGAGGAG | R14 PC spB BY v1 BY 79
B TITTIGGGTITAGGG k14 PC spB BR vi BR 80
B AGATGTATGGGTGA | RI4 PC L2 GG v2 GG 81
B GATGGGAAAAAGTG | R14 BC spB GY vi GY 72
B GGAGGAATCAGATG | Ri4 PC spB GR vl GR 83
B AGAGGGATTGATGA | R14 PC J4 YY v2 YY 84
B TGTGTTTGTAAAGG | RI4 PC spB YR vi YR 83
B AAGGAGTGATAGGA | R14 PC J1 RR v2 RE 86
C TGCTCGATTTAGAGG | Ri4 13 BB v2 BB 87
C GGGGTAGAAGAATA | R14 s BG w2 BG 88
C AAGAAATAGTGGGE | R14 PC spA BY vi BY 19
C TATGTTGTGGGTAG | R14 PC spA BR vi BR 20
C GTTAAAGGGAGGTT | R14 K3 GG v2 GG 91
C TGGGGTITATATGG | Ri4 PC spA GY vl GY 92
C AGGGAATATGGAGA | R14 K6 GR v2 GR 93
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C TAGGTTGAGAATAG | R14 PC spA YY vl YY 94
C TTTAAAAGAGGGGG | Rid4 PC spA YR vl YR 95
C TCGAGGTAAGATTGG | R14 PC spA RR vl RR 96

166387} After screening, the 8x8x8 12mer, 8x8x8 1dmer, and 10x10x10 14mer reporter sets were
validated experimentally. For the 8x8x8 12mer binding scheme, validation was performed using
a Hyb & Seq prototype to record 10 sequencing cycles. Three pools of reporter probes were used
in both long and short workflow methods. All 512 possible sequencing probe barcode domains

were tested. Table 7 shows the experimental steps of the long and short workflow methods.

Table 7
Steps in One Cycle L{-mg wmfkﬁﬁw: Short wur@iaw;
Reporter hyb without tochold Reporter byb with tochold

i Reporter | for 155, 30s, or 60g Reporter 1 for 30s
2 Image lmage
3 Toehold 1 for 60s to datk Reporter 2 + Tochold 1 for 155
4 Image lmage
5 Reporter 2 for 1535, 30s, or 60s Reporter 3 + Tochold 2 for 135
& Image Image
7 Tochold 2 for 60s to dark Wash
8 Image Image
9 Reporter 3 for 1355, 305, or 60s
10 Image
i1 Wash
12 Image

[60388] Long workflow experiments resulted in >97% darkening efficiency. For short workflow
experiments, it was assumed that darkening was about as efficient, however it was expected that
a small frequency of non-darkened reporters would carry over in each image and be miscalied as
a new reporter. Indeed, the highest barcode count in the short workflow experiment was
YYYYYY, which was likely an artifact of non-darkening and background. Figure 42 shows that
performance of the 8x8x8 12mer reporter set was generally lower in the short workflow
compared to the long workflow. Reporter complex one {which binds to position Rl of the
barcode domain) and reporter complex three (which binds to position R3 of the barcode domain)
had lower efficiencies in the short workflow compared to long workflow. This s expected for
reporter complex three since it includes eight additional toe-hold oligonucleotides, at a hugh

concentrations of 2.5 uM each, which can interfere with reporter hybridizations. Reporter
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complex one should behave similarly between the two worktlows, as no toe-holds were used to
remove the first reporter complex in either the short or long workflows. Total error was also
higher (1.3~ to 2-fold} 1n the short workflow compared to long workflow for all three reporter
probes.

(66389} The 8x8x8 14mer reporter set was validated by testing the efficiency, specificity, and
speed of hybridization to all 512 possible sequencing probe barcode domains. The sequencing
probe barcode domains were immohilized directly onto the glass of a Hyb & Seq sequencing
cartridge. Figure 43 shows that the 8x8x8 14mer reporter probes hybridized with an average
efficiency of 88% in only 15 seconds with an average error rate of 5.1%. The majority of this
error is due to incorrect identification of the reporter not due to incorrect hybridization.
Misclassification error of reporters remains the largest component of reporter error.

[80390] The 10x10x10 14mer reporter set was validated by testing for efficiency, specificity, and
speed of hvbridization to 30 complementary, truncated sequencing probe barcode domamns. Each
barcode domain contained only one reporter binding site. These barcode domains were
immobilized directly onto the glass of'a Hyb & Seq sequencing cartridge. Figure 44 shows that
the 10x10x10 I4mer reporter set hybridized with an average efficiency of 90% in only 15
seconds with an average errvor rate of 5.0%. Again, the vast majority of error was due to
incorrect identification of the reporter not due to incorrect hybridization.

883931 Example 12 — Design and testing of standard and three-part sequencing probes

(86392} The target binding and barcode domains of a sequencing probe are separated by a double-
stranded “stem”. Figure 2 shows two sequencing probe architectures that were experimentally
tested. On a standard sequencing probe, the target binding and barcode domains are present on
the same oligonucleotide, which binds to a stem oligonucieotide to create a 36 nucleotide long
double-stranded region. Using this architecture, each sequencing probes in a pool of probes use
the same stem sequence. On a three-part probe, the target binding and barcode domains are
separate DNA oligonucleotides that are bound together by a 36 nuclestide stem oligonucieotide.
To prevent possible exchange of barcode domains, each barcode has a unique stem sequence and
are hybridized separately before pooling sequencing probes.

186393} Figure 45 shows the results of a series of experiment performed to compare three-part
sequencing probes to standard sequencing probes. These experiments confirmed that three-part

sequencing probes survive an entire sequencing cycle with ~80% of all reads for both
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configurations including the detection of the third reporter probe. When compared to standard
sequencing probes, three-part probes show ~12% fewer counts. To study the propensity for
exchange of the barcode domain oligo, a high concentration of a short alternative oligonucieotide
containing the same stem sequence was added to the reaction. The results indicated that ~13% of
detected three-part sequencing probes had exchanged barcode oligoes. Oligonucleotide
exchange will need to be mitigated with the incorporation of unique stem sequences. Despite the
shght reduction in performance, three-part probes provide the benefits of design flexibility,
speedy oligo synthesis, and reduced cost.

[08394] Example 13 — Effect of locked nucleic acid substitutions in the target binding domain

[80393] The effect of the substitution of locked nucleic acids (LENAs) into the target binding
domain of sequencing probes was tested as follows. Sequencing probes were hybridized to
reporter probes in solution and properly formed sequencing probe-reporter probes were purified.
The sequencing probe-reporter probes were then hybridized to synthetic target nucleic acids in
solution and loaded onto a prototype sequencing cartridge. The synthetic target nucleic acid
consisted of SO nucleotides and was biotinvlated. Sequencing probes were tested either
individually or in a pool of nine. For the pool of mine sequencing probes, the probes were
designed to bind along the length of the target nucleic acid. For analysis, the entire reaction was
deposited by a breadboard instrument onto a streptavidin-coated cover shide and then flow
stretched. The reporter probes were then imaged and counted using the appropriate instrument
and software, for example with the NanoString nCounter”™ instrument and software.

[80396] Each sequencing probe contained a target binding domain of 10 nucleotides (SEQ 1D
NG: 973 LNA substitutions within the target binding domains were made to include 2, 3, or 4
LNA bases at the positions shown i Figure 46, Figure 46 shows that the binding affinity of the
mdividual sequencing probes for the target nucleic acid increased as the number of LNA bases
mcreased. Importantly, Figure 46 shows that the incorporation of LNA bases did not decrease the
specificity of sequence probe binding. The pool of nine sequencing probes was tested to
determine base coverage when probes could compete for target binding. Figure 47 shows that
when a single LNA probe was introduced into the pool, the coverage of the atfected bases was
icreased with hittle effect on the binding of surrounding probes. These results indicated that

LNA base substitutions can improve base sensitivity without reducing specificity.
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186397} Example 14 — Effect of modified nucleotide and nucleic acid analogue substitutions in

the tarset bindine domain

166398} The effect of the substitution of various modified nucleotides and nucleic acid analogues,
mcluding focked nucleic acids (ENA), bridged nucleic acids (BNA), propyne-modified nucleic
acids, zip nucleic acids (ZNA™), isoguanine and isocytosine, into the target binding domain of
sequencing probes was tested as follows. Biotinylated target nucleic acids 50 nucleotides in
length were loaded onto a streptavidin cover shide of a prototype sequencing cartridge.
Sequencing and reporter probes were then sequentially introduced into the sample chamber and
imaged using a Hyb & Seq prototype instrument. The images were processed to compare the
counts for each different sequencing probe. Substitutions 1n the 10 nucleotide (SEGQ ID NO: 99}
target binding domain of the sequencing probes were made to mclude LNA, BNA, propyne, and
ZNA" bases at the positions shown in Figure 48. Figure 48 shows that probes containing LNAs
and BNAs showed the largest increase in binding affinity while maintaining specificity, as
indicated by the number of counts detected for matching and mismatched targets. These results
indicated that LNA or BNA base substitutions can irprove base sensitivity without reducing
specificity.

[88399] Example 15 - Determining accuracy of the sequencing method of the present disclosure

[p0400] Figure 49 depicis the results from an experiment that quantified the raw specificity of the
sequencing method of the present disclosure. In this experiment, a sequencing reaction was
performed in which a pool of 4 different sequencing probes was hybridized to a target nucleic
acid that mncluded a fragment of NRAS exon2 (SEQ ID NO: 1), Each sequencing probe (barcode
1 to 4) had a target binding domain that was identical except that the hexamer of the target
binding domain differed at position bs, as depicted in the top panel of Figure 49. In this example,
barcode 4 is the correct sequencing probe. After hybridization of the sequencing probes, reporter
probes were sequentially hybridized to each of the three positions of the barcode domain (R1, R
and Rz} and the corresponding fluorescence data recorded. The middle panel of Figure 49 depicts
the number of times each color combination was recorded for the three barcode domain positions
and the percentage of the time that the correct combination was recorded. The color combination
at Ri was correctly identified 96% of the time, the color combination at Ry was correctly
identified 97% of the time and the correct color combination at Rs was correctly identified 94%

of the time. As depicted in the bottom panel of Figure 49, this leads to an overall raw specificity
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of 94%. The sources of error that could explain the miscalled barcode domain positions include:
{a}) non-specific binding of reporter probes to the surface of the flow cell and (b) incorrect
hybridization of reporter probes. The estimated amount of reporter hybridization errors was
approximately 2 to 4%.

[80401] Figure 50 shows the results from an experiment to determine the accuracy of the
sequencing method of the present disclosure when nucleotides in the target nucleic acid are
sequenced by more than one sequencing probe. As shown in the top panel of Figure 50, the
target nucleic acid 1n this example 15 a fragment of NRAS exon2 (SEGQ 1D NO: 1} The particular
base of interest is a cytosine {C) that 1s highlighted in the target nucleic acid. The base of interest
will be hybridized to two different sequencing probes, each with a distinct footprint of
hybridization to the target nucleic acid. In this example, sequencing probes 1 to 4 (barcode 1 to
4) bind three nucleotides to the left of the base of interest, while sequencing probes 5 to 8
{barcodes 5 to 8) bind 5 nucleotides to the left of the base of interest. The middle panel of Figure
50 shows the number of times specific color combinations were recorded at each position of the
barcode domains of the sequencing probes. Afier nmage quantification and using the base calling

techriques depicted in Figure 26, an average accuracy of ~98.98% can be recorded.
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What is claimed is:
1. A complex comprising
a) a composition comprising a target binding domain and a barcode domain,
wherein the target binding domain comprises at least eight nucleotides and is
capable of binding a target nucleic acid, wherein at least six nucleotides in the target
binding domain are capable of identifying a corresponding nucleotide in the target
nucleic acid molecule and wherein at least two nucleotides in the target binding domain
do not identify a corresponding nucleotide in the target nucleic acid molecule;
wherein the barcode domain comprises a synthetic backbone, the barcode domain
comprising at least three attachment positions, each attachment position comprising at
least one attachment region comprising at least one nucleic acid sequence capable of
being bound by a complementary nucleic acid molecule, wherein the nucleic acid
sequence of the at least three attachment positions determines the position and identity of
the at least six nucleotides in the target nucleic acid that is bound by the target binding
domain, and wherein each of the at least three attachment positions have a different

nucleic acid sequence; and

a first complementary primary nucléic acid molecule hybridized to a first attachment
position of the at least three attachment positions,

wherein the first complementary primary nucleic acid molecule comprises at least
two domains and a cleavable linker,

wherein the first domain is hybridized to the first attachment position of the barcode
domain and the second domain is capable of hybridizing to at least one complementary
secondary nucleic acid molecule, and

wherein the cleavable linker is located between the first and second domains.

2. A complex comprising
a) a composition comprising a target binding domain and a barcode domain,
wherein the target binding domain comprises at least eight nucleotides and is
capable of binding a target nucleic acid, wherein at least six nucleotides in the target

binding domain are capable of identifying a corresponding nucleotide in the target
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nucleic acid molecule and wherein at least two nucleotides in the target binding domain
do not identify a corresponding nucleotide in the target nucleic acid molecule;
wherein the barcode domain comprises a synthetic backbone, the barcode domain
comprising at least three attachment positions, each attachment position comprising at
least one attachment region comprising at least one nucleic acid sequence capable of
being bound by a complementary nucleic acid molecule, wherein the nucleic acid
sequence of the at least three attachment positions determines the position and identity of
the at least six nucleotides in the target nucleic acid that is bound by the target binding
domain,
wherein each attachment position of the at least three attachment positions
corresponds to two nucleotides of the at least six nucleotides in the target binding
domain and each of the at least three attachment positions have a different nucleic
acid sequence, and
wherein the nucleic acid sequence of each position of the at least three
attachment positions determines the position and identity of the corresponding two

nucleotides of the at least six nucleotides in the target nucleic acid that is bound by

the target binding domain; and

a first complementary primary nucleic acid molecule hybridized to a first attachment
position of the at least three attachment positions,

wherein the first complementary primary nucleic acid molecule comprises at least
two domains and a cleavable linker,

wherein the first domain is hybridized to the first attachment position of the barcode
domain and the second domain is capable of hybridizing to at least one complementary
secondary nucleic acid molecule, and

wherein the cleavable linker is located between the first and second domains.

3. A probe comprising a target binding domain and a barcode domain;
wherein the target binding domain comprises at least eight nucleotides and is capable of
binding a target nucleic acid, wherein at least six nucleotides in the target binding domain are

capable of identifying a corresponding nucleotide in the target nucleic acid molecule and
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wherein at least two nucleotides in the target binding domain do not identify a corresponding
nucleotide in the target nucleic acid molecule;

wherein the barcode domain comprises a synthetic backbone, the barcode domain
comprising at least three attachment positions, each attachment position comprising at least one
attachment region comprising at least one nucleic acid sequence capable of being bound by a
complementary nucleic acid molecule, wherein the nucleic acid sequence of the at least three
attachment positions determines the position and identity of the at least six nucleotides in the
target nucleic acid that is bound by the target binding domain, and wherein each of the at least

three attachment positions have a different nucleic acid sequence.

4. A probe comprising a target binding domain and a barcode domain;

wherein the target binding domain comprises at least eight nucleotides and is capable of
binding a target nucleic acid, wherein at least six nucleotides in the target binding domain are
capable of identifying a corresponding nucleotide in the target nucleic acid molecule and
wherein at least two nucleotides in the target binding domain do not identify a corresponding

nucleotide in the target nucleic acid molecule;

wherein the barcode domain comprises a synthetic backbone, the barcode domain
comprising at least three attachment positions, each attachment position comprising at least one
attachment region comprising at least one nucleic acid sequence capable of being bound by a
complementary nucleic acid molecule,

wherein each attachment position of the at least three attachment positions
corresponds to two nucleotides of the at least six nucleotides in the target binding domain
and each of the at least three attachment positions have a different nucleic acid sequence,
and

wherein the nucleic acid sequence of each position of the at least three attachment
positions determines the position and identity of the corresponding two nucleotides of the
at least six nucleotides in the target nucleic acid that is bound by the target binding

domain.

5. The probe of claim 3, wherein said synthetic backbone comprises a polysaccharide, a

polynucleotide, a peptide, a peptide nucleic acid, or a polypeptide.
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6. The probe of claim 3, wherein said synthetic backbone comprises a single-stranded DNA.

7. The probe of claim 3, wherein said probe comprises a single-stranded DNA synthetic
backbone and a double-stranded DNA spacer between the target binding domain and the barcode

domain.

8. The probe of claim 7, wherein said double-stranded DNA spacer is from about 1 nucleotide to

about 100 nucleotides in length.

9. The probe of claim 7, wherein said double-stranded DNA spacer is about 25 nucleotides in

length.

10. The probe of claim 3, wherein the number of nucleotides in the target binding domain is

greater than the number of attachment positions in the barcode domain.

I1. The probe of claim 3, wherein the number of nucleotides in the target binding domain is at

least five more than the number of attachment positions in the barcode domain.

12. The probe of claim 3, wherein the target binding domain comprises eight nucleotides and the

barcode domain comprises three attachment positions.

13. The probe of claim 3, wherein at least four nucleotides of the at least six nucleotides in the

target binding domain are modified nucleotides or nucleotide analogues.

14. The probe of claim 3, wherein at least six nucleotides of the at least six nucleotides in the

target binding domain are modified nucleotides or nucleotide analogues.

15. The probe of claim 3, wherein the modified nucleotide or nucleic acid analogue is a locked

nucleic acid (LNA).
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16. The probe of claim 3, wherein at least one of the at least two nucleotides in the target binding
domain that does not identify a corresponding nucleotide in the target nucleic acid molecule
precedes the at least six nucleotides in the target binding domain and wherein at least one of the
at least two nucleotides in the target binding domain that does not identify a corresponding
nucleotide in the target nucleic acid molecule follows the at least six nucleotides in the target

binding domain.

17. The probe of claim 3, wherein each attachment position in the barcode domain comprises the

same number of attachment regions.

18. The probe of claim 3, wherein at least one of the at least three attachment positions in the

barcode domain comprises a different number of attachment regions than the other two.

19. The probe of claim 3, wherein each attachment position in the barcode domain comprises one

attachment region.

~20. The probe of claim 3, wherein each attachment position in the barcode domain comprises

more than one attachment region.

21. The probe of claim 3, wherein when the attachment position in the barcode domain

comprises more than one attachment region, the attachment regions are the same.

22. The probe of claim 3, wherein when the attachment position in the barcode domain

comprises more than one attachment region, the attachment regions are different.

23. The probe of claim 3, wherein each nucleic acid sequence comprising each attachment region

in the barcode domain is from about 8 nucleotides to about 20 nucleotides in length.

24. The probe of claim 3, wherein each nucleic acid sequence comprising each attachment region

in the barcode domain is about 12 nucleotides in length.
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25. The probe of claim 3, wherein each nucleic acid sequence comprising each attachment region

in the barcode domain is about 14 nucleotides in length.

26. The probe of claim 3, wherein at least one of the at least three attachment positions in the

barcode domain is adjacent to at least one flanking single-stranded polynucleotide.

27. The probe of claim 3, wherein each of the at least three attachment positions in the barcode

domain is adjacent to at least one flanking single stranded polynucleotide.

28. The probe of claim 3, wherein at least one attachment region in at least one attachment

position is integral to the synthetic backbone.

29. The probe of claim 3, wherein each attachment region in each of the at least three attachment

positions is integral to the synthetic backbone.

30. The probe of claim 3, wherein the complementary nucleic acid molecule is RNA, DNA or

PNA.

31. The probe of claim 30, wherein the complementary nucleic acid molecule is DNA.

32. The probe of claim 3, wherein the complementary nucleic acid molecule is a primary nucleic
acid molecule, wherein the primary nucleic acid molecule directly binds to at least one

attachment region within at least one attachment position of the barcode domain.

33. The probe of claim 32, wherein the primary nucleic acid molecule comprises at least two
domains,

a first domain capable of binding to at least one attachment region within at least one
attachment position of the barcode domain and

a second domain capable of binding to at least one complementary secondary nucleic

acid molecule.
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34. The probe of claim 33, wherein the primary nucleic acid molecule comprises a cleavable

linker.

35. The probe of claim 34, wherein the cleavable linker is located between the first domain and

the second domain.

36. The probe of claim 34, wherein the linker is photo-cleavable.

37. The probe of claim 32, wherein the primary nucleic acid molecule is hybridized to at least
one attachment region within at least one attachment position of the barcode domain and

comprises a first detectable label and an at least second detectable label.

38. The probe of claim 33, wherein the primary nucleic acid molecule is hybridized to at least
one attachment region within at least one attachment position of the barcode domain and is

hybridized to at least one secondary nucleic acid molecule.

39. The probe of claim 38, wherein the primary nucleic acid molecule is hybridized to at least

one, two, three, four, five, or more secondary nucleic acid molecules.

40. The probe of claim 38, wherein the primary nucleic acid molecule is hybridized to four

secondary nucleic acid molecules.

41. The probe of claim 37, wherein the first and at least second detectable labels have the same

emission spectrum or have different emission spectra.

42. The probe of claim 33, wherein the secondary nucleic acid molecule comprises at least two
domains,
a first domain capable of binding to a complementary sequence in at least one primary

nucleic acid molecule; and
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a second domain capable of binding to (a) a first detectable label and an at least second
detectable label, (b) to at least one complementary tertiary nucleic acid molecule, or (c) a

combination thereof.

43. The probe of claim 42, wherein the secondary nucleic acid molecule comprises a cleavable

linker.

44. The probe of claim 43, wherein the cleavable linker is located between the first domain and

the second domain.
45. The probe of claim 43, wherein the linker is photo-cleavable.

46. The probe of claim 42, wherein the secondary nucleic acid molecule is hybridized to at least
one primary nucleic acid molecule and comprises a first detectable label and an at least second

detectable label.

47 The probe of claim 42, wherein the secondary nucleic acid molecule is hybridized to at least
one primary nucleic acid molecule and is hybridized to at least one tertiary nucleic acid

molecule.
48. The probe of claim 42, wherein the secondary nucleic acid molecule is hybridized to (a) at
least one primary nucleic acid molecule, (b) at least one tertiary nucleic acid molecule, and (c) a

first detectable label and an at least second detectable label.

49. The probe of claim 47, wherein the secondary nucleic acid molecule is hybridized to at least

one, two, three, four, five, six, seven, or more tertiary nucleic acid molecules.

50. The probe of claim 47, wherein the secondary nucleic acid molecule is hybridized to one

tertiary nucleic acid molecule.
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51. The probe of claim 46, wherein the first and at least second detectable labels have the same

emission spectrum or have different emission spectra.

52. The probe of claim 42, wherein the tertiary nucleic acid molecule comprises at least two
domains,

a first domain capable of binding to complementary sequence in a secondary nucleic acid
molecule; and

a second domain capable of binding to a first detectable label and an at least second

detectable label.

53. The probe of claim 52, wherein the tertiary nucleic acid molecule comprises a cleavable

linker.

54. The probe of claim 53, wherein the cleavable linker is located between the first domain and

the second domain.
~55. The probe of claim 53, wherein the linker is photo-cleavable.

56. The probe of claim 52, wherein the tertiary nucleic acid molecule is hybridized to at least one
secondary nucleic acid molecule and comprises a first detectable label and an at least second

detectable label.

57. The probe of claim 52, wherein the first and at least second detectable labels have the same

emission spectrum or have different emission spectra.

58. The probe of claim 55, wherein the at least first and second detectable labels located on the
secondary nucleic acid molecule have the same emission spectra and the at least first and second
detectable labels located on the tertiary nucleic acid molecule have the same emission spectra,
and wherein the emission spectra of the detectable labels on the secondary nucleic acid molecule
are different than the emission spectra of the detectable labels on the tertiary nucleic acid

molecule.
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59. A population of probes comprising a plurality of the probe of claim 3.

60. A method for determining a nucleotide sequence of a nucleic acid comprising

(1) hybridizing a first probe of claim 3 to a first region of a target nucleic acid that is
optionally immobilized to a substrate at one or more positions;

(2) hybridizing a first complementary nucleic acid molecule comprising a first detectable
label and a second detectable label to a first attachment position of the at least three attachment
positions of the barcode domain;

(3) identifying the first and the second detectable label of the first complementary nucleic
acid molecule hybridized to the first attachment position;

(4) removing the first and the second detectable label hybridized to the first attachment
position;

(5) hybridizing a second complementary nucleic acid molecule comprising a third
detectable label and a fourth detectable label to a second attachment position of the at least three

attachment positions of the barcode domain;

(6) identifying the third and the fourth detectable label of the second complementary
nucleic acid molecule hybridized to the second attachment position;

(7) removing the third and fourth detectable label hybridized to the second attachment
position;

(8) hybridizing a third complementary nucleic acid molecule comprising a fifth
detectable label and a sixth detectable label to a third attachment position of the at least three
attachment positions of the barcode domain;

(9) identifying the fifth and the sixth detectable label of the third complementary nucleic
acid molecule hybridized to the third attachment position; and

(10) identifying the linear order of at least six nucleotides in the first region of the
optionally immobilized target nucleic acid hybridized to the target binding domain of the first
probe based on the identity of the first detectable label, second detectable label, third detectable
label, fourth detectable label, fifth detectable label and sixth detectable label.
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61. The method of claim 60, wherein the target nucleic acid is obtained from a predetermined

gene.

62. The method of claim 60, wherein steps (4) and (5) occur sequentially or concurrently.

63. The method of claim 60, wherein the first and second detectable labels have the same

emission spectrum or have different emission spectra.

64. The method of claim 60, wherein the third and fourth detectable labels have the same

emission spectrum or have different emission spectra.

65. The method of claim 60, wherein the fifth and sixth detectable labels have the same emission

spectrum or have different emission spectra.

66. The method of claim 60, wherein the first complementary nucleic acid molecule comprises a

cleavable linker.

67. The method of claim 60, wherein the second complementary nucleic acid molecule

comprises a cleavable linker.

68. The method of claim 60, wherein the third complementary nucleic acid molecule comprises a

cleavable linker.

69. The method of claim 60, wherein the first complementary nucleic acid molecule, the second
complementary nucleic acid molecule and the third complementary nucleic acid molecule each

comprise a cleavable linker.

70. The method of claim 66, wherein the cleavable linker is photo-cleavable.

71. The method of claim 70, wherein removing the first complementary nucleic acid molecule

comprises contacting the first complementary nucleic acid molecule with light.
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72. The method of claim 71, wherein the light is provided by a light source selected from the

group consisting of an arc-lamp, a laser, a focused UV light source, and light emitting diode.

73. The method of claim 60, further comprising

(11) removing the first probe from the first region of the optionally immobilized target
nucleic acid;

(12) hybridizing at least a second probe of claim 3 to a second region of the target nucleic
acid that is optionally immobilized to a substrate at one or more positions, and wherein the target
binding domain of the first probe and the at least second probe are different;

(13) hybridizing a first complementary nucleic acid molecule comprising a first
detectable label and a second detectable label to a first attachment position of the at least three
attachment positions of the barcode domain;

(14) detecting the first and the second detectable label of the first complementary nucleic
acid molecule hybridized to the first attachment position;

(15) hybridizing a second complementary nucleic acid molecule comprising a third

~detectable label and a fourth detectable Tabel 10 a second attachment position of the at least three
attachment positions of the barcode domain;

(16) detecting the third and the fourth detectable label of the second complementary
nucleic acid molecule hybridized to the second attachment position;

(17) removing the third and fourth detectable label hybridized to the second attachment
position;

(18) hybridizing a third complementary nucleic acid molecule comprising a fifth
detectable label and a sixth detectable label to a third attachment position of the at least three
attachment positions of the barcode domain;

(19) identifying the fifth and the sixth detectable label of the third complementary nucleic
acid molecule hybridized to the third attachment position; and

(20) identifying the linear order of at least six nucleotides in the second region of the
optionally immobilized target nucleic acid hybridized to the target binding domain of the at least
second probe based on the identity of the first detectable label, second detectable label, third
detectable label, fourth detectable label, fifth detectable label and sixth detectable label.

123



74. The method of claim 73, further comprising assembling each identified linear order of
nucleotides in the at least first region and at least second region of the optionally immobilized
target nucleic acid, thereby identifying a sequence for the optionally immobilized target nucleic

acid.
75. An apparatus for performing the method of claim 60.
76. A kit comprising a substrate, a population of probes of claim 59, at least one capture probe, at

least three complementary nucleic acid molecules comprising a first detectable label and at least

two second detectable labels, and instructions for use.

77. The complex of claim 1 or claim 2, wherein the cleavable linker is a photo-cleavable linker.

78. The complex of claim 1 or claim 2, wherein the cleavable linker is
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