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CHEMICAL COMPOSITIONS AND METHODS OF USING SAME

CROSS-REFERENCE TO RELATED APPLICATIONS
10801} Thas application claims priority o, and the benefit of, U.S. Provisional Application No.
62/671,091, filed May 14, 2018 and U.S. Provisional Application No. 62/836,327, filed April 19,
2019. The contents of each of the aforementioned patent applications are incorporated herein by

reference in their entireties.

SEQUENCE LISTING
8082] The instant application contains a Sequence Listing which has been submitted in ASCIH
format via EFS-Web and 1s hereby incorporated by reference in its entirety. Said ASCHU copy,

created on May 13, 2019, 1s named “WNATE-039 001WQO Seqlisttxt” and is 25,129 bytes in size.

BACKGROUND OF THE INVENTION
[8083] There are currently a variety of methods for nucleic acid sequencing, 7.¢., 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 1n the art for a method of nucleic acid sequencing that 15 rapid and amplification- and

enzyme-free. The present disclosure addresses these needs.

SUMMARY OF THE INVENTION
{08041 The present disclosure provides sequencing probes, methods, kits, and apparatuses that
provide rapid enzyme-free, amplification-free, and hibrary-free nucleic acid sequencing that has
long-read-lengths and with low error rate. The sequencing probes described herem include
barcode domains in which each position in the barcode domain corresponds to at least two
nucleotides 1n the target binding domain. Moreover, the methods, kits, and apparatuses have
rapid sample-to-answer capability. These features are particularly useful for sequencing ina

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

6805} The present disclosure provides a probe comprising a target binding domain and a barcode
domain; wherein the target binding domain comprises at least eight nucleotides and hybnidizes to
a target nucleic acid, wherein at least six nucleotides in the target binding domain identify a
corresponding nucleotide in the target nucleic acid molecule and wherein at least two nucleotides
i 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 position comprising at least one nucleic acid sequence that hybridizes to a
complementary nucleic acid molecule, and wherein the synthetic backbone comprises L-DNA,
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 s
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 cleavable
finker, wherein the first domam s hybridized to the first attachment position of the barcode domain

and the second domain capable of hybridizing to at least one complementary secondary nucleic
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or , and wherein the linker
modification is located between the first and second domains,

6806} A probe can comprise about 60 nucleotides. A probe can comprise a single-stranded BNA
synthetic backbone and a double-stranded DINA spacer between the target binding domain and the
barcode domain. A single-stranded DNA synthetic backbone can comprise L-DNA. A single-
stranded DNA synthetic backbone can comprise about 27 nucleotides. A double-stranded DNA
spacer can comprise L-DNA. A double-stranded DNA spacer can comprise about 25 nucleotides
in length.

6007} The number of nucleotides in a target binding domain of a probe can be greater than the
number of atiachment postiions in the barcode domain of the probe. A target binding domain can
comprise eight nucleotides and a barcode domain can comprise three attachment positions. At least
one of the nuclectides in the target binding domain that does not identify a corresponding
nucleotide in the target nucleic acid molecule can precede the at least six nucleotides in the target
binding domain and wherein at least one of the nucleotides in the target binding domain that does
not identify a corresponding nucleotide in the target nucleic acid molecule can follow the at least
six nucleotides in the target binding domam.

{6008} An attachment position in the barcode domain can comprise one attachment region. At
least one nucleic acid sequence of each attachment position in the barcode domain can comprise
about 9 nucleotides. At least one nucleic acid sequence of an attachment position can comprise a
37 terrmnal guanosine nucleotide. At least one nucleic acid sequence of each attachment position
can comprise at least one adenine nucleotide, at least one thymine nucleotide, at least one cytosine
nucleotide or any combination thereof and a 37 termunal guanosine nucleotide. Fach nucleotide of
an at least one nucleic acid sequence of an attachment position can be L-DNA. Each nucleotide of
the at least eight nucleotides of the target binding domain can be D-DNA.

[8089] A complementary nucleic acid molecule can be a primary nucleic acid molecule, wherein
the primary nucleic acid molecule directly can bind to at least one attachment region within at least

one attachment position of a barcode domain. A primary nucleic acid molecule can comprise at
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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 mucleic acid molecule. The first domain of a primary nucleic
acid molecule can comprise L-DNA. The second domain of the primary nuclei¢ acid molecule can
comprise D-DNA. The first domain of the primary nucleic acid molecule can comprise a 5’
terminal cytosine nucleotide. The first domain of the primary nucleic acid molecule can comprise
at least one adenine nucleotide, at least one thymine nucleotide, at least one guanine nucleotide or
any combination thereof and a 57 termmal cytosine nucleotide. A cleavable hinker can be located
between the first domain of a primary nucleic acid molecule and the second domain of a primary
nucleic acid molecule. The cleavable linker can comprises at least one cleavable moiety. The
cleavable moiety can be a photocleavable moiety.

9010] A primary nucleic molecule cam ne hybridized to at least one attachment region within at
least one attachment position of a barcode domain and can be hybridized to at least one secondary
nucleic acid molecule. A primary nucleic molecule can be hybridized to four secondary nucleic
acid molecules.

9811} A secondary nucleic acid molecule can comprise at least two domains, a first domain
capable of binding to a 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 (¢) a
combination thereof. A secondary nucleic acid molecule can comprise a cleavable linker. The
cleavable Huker can be located between the first domain and the second domain, The cleavable
linker can be photo-cleavable. A secondary nucleic molecule can be hybridized to at least one
primary nucleic acid molecule and hybridized to at least one tertiary nucleic acid molecule. A
secondary nucleic molecule can be 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 {east second
detectable label. Each secondary nucleic molecule can be hybridized to one tertiary nucleic acid
molecule. A first and at least second detectable labels can have the same emission spectrum or can
have different emission spectra.

8812} A tertiary nucleic acid molecule can comprise at least two domains, a first domain capable
of binding to a 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. A
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tertiary nucleic acid molecule comprises a cleavable linker. A cleavable linker can be located
between the first domain and the second domain. The cleavable linker can be photo-cleavable. A
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.

8813} 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 difterent
than the emission spectra of the detectable labels on the tertiary nucleic acid molecule.

9014 A prnimary nucleic acid molecule can be hybnidized to four secondary nucleic acid
molecules, wherein each of the four secondary nucleic acid molecules comprises four first
detectable labels, and wherein each of the four secondary nucleic acid molecules is hybridized to
one tertiary nucleic acid molecule, wherein the tertiary nucleic acid molecule comprises five
detectable labels. The emussion spectra of the first detectable labels of the secondary nucletc acid
molecules can be different than the emission spectra of the second detectable labels on the tertiary
nucleic acid molecules,

8615} The present disclosure provides a method for determining a nucleotide sequence of a
nucleic acid comprising: {1) hvbridizing the target binding domain of at least one first probe of
claim 1 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 corprising at least
one first detectable label and at least one second detectable label to a first attachment position of
the at least three attachment positions of the barcode domain; (3} identifying the at least one first
and the at least one second detectable iabel of the firsi complementary nucleic acid molecule
hybridized to the first attachment position; {4) removing the at least one first and the at least one
second detectable label hybridized to the first attachment position; {5) hybridizing a second
complementary nucleic acid molecule comprising at least one third detectable label and at least
one fourth detectable label to a second attachment position of the at least three attachment positions
of the barcode domain; (6} identifying the at least one third and the at least one fourth detectable

label of the second complementary nucleic acid molecule hybridized to the second attachment

n
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position; {7} removing the at least one third and the at least one fourth detectable label hybridized
to the second attachment position; (8} hybridizing a third complementary nucleic acid molecule
comprising at least one fifth detectable label and at least one sixth detectable fabel to a third
attachment position of the at least three attachment positions of the barcode domain; {9) identifying
the at least one fifth and the at least one sixth detectable label of the third complementary nucleic
acid molecule hybridized to the third attachment pesition; and (10) deternmuning the nucleotide
sequence of at least six nucleotides of the optionally immobilized target nucleic acid hybridized to
the at least six nucleotides of the target binding domain of the at least one first probe based on the
identity of the at least one first detectable label, the at least one second detectable label, the at least
one third detectable label, the at least one fourth detectable label, the at least one fifth detectable
label and the at least one sixth detectable label.

i9016] The preceding method can further comprise (11} removing the at least one first probe from
the first region of the optionally immobilized target nucleic acid; (12) hybridizing the target
binding domain of a least one second probe of claim 1 to a second region of the optionally
immobilized target nucleic acid and wherein the target binding domain of the first probe and the
at least second probe are different; (13) hybridizing a fourth complernentary nucleic acid molecule
comprising at least one seventh detectable label and at least one eighth detectable label to a fust
attachment position of the at least three attachment positions of the barcode domain of the at feast
one second probe; (14) identifving the at least one seventh and the at least one eighth detectable
iabel of the fourth complementary nucleic acid molecule hybridized to the first attachment
position; {15} removing the at least one seventh and the at least one eighth detectable label
hybridized to the first attachment position; (16} hybridizing a fifth cormplementary nucleic acid
molecule comprising at least one ninth detectable label and at least one tenth detectable label to a
second attachment position of the at least three attachment positions of the barcode domain of the
at least second probe; (17} identifying the at least one ninth and the at least one tenth detectable
iabel of the fifth complementary nucleic acid molecule hybridized to the second attachment
position; (18} removing the at 12ast one ninth and the at least one tenth detectable label hybridized
to the second attachment position; (19) hvbndizing a sixth complementary nucleic acid molecule
comprising at least one eleventh detectable label and at least one twelfth detectable label to a third
attachment position of the at least three aitachment positions of the barcode domain of the at least

second probe; (20) identifving the at least one eleventh and the at least one twelfth detectable label
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of the sixth complementary nucleic acid molecule hybridized to the third attachment position; and
{21} determining the nuclestide sequence of at least six nucleotides of the optionally immabilized
target nucleic acid hybridized to the at least six nucleotides of the target binding domain of the at
least one second probe based on the identity of the at least one seventh detectable label, the at least
one eighth detectable label, the at least one ninth detectable label, the at least one tenth detectable
label, the at least one eleventh detectable label and the at least one twelfth detectable label.

8017] The preceding method can further comprise assembling each identified hinear order of
nuclectides in the at least first region and at least second region of the optionally immaobilized
target nucleic acid, thereby identifying a sequence for the optionally immobilized target nucleic
acid.

[8018] Steps (4} and (5} can occur sequentially or concurrently. Steps (7) and (8) can occur
sequentially or concurrently.

{8019} The first and second detectable labels can have the same emission spectrum or have
different emission spectra. The third and fourth detectable labels can have the same emission
spectrum or have different enussion spectra. The fifth and sixth detectable labels can have the
same enussion spectrum or have different emission spectra.

o820} A first complementary nucleic acid molecule, a second complementary nucleic acid
molecule and a third complementary nucletc acid molecule can comprise a cleavable linker. A
cleavable hinker can be photo-cleavable.

98217 A fust complementary nucleic acid molecule can comprise a primary nucleic acid, four
secondary mucleic acid molecules and four tertiary nucleic acid molecules, wherein the primary
nucleic acid is bybridized to four secondary nucleic acid molecules, wherein each of the four
secondary nucleic acid molecules comprises four first detectable labels, and wherein each of the
four secondary nucleic acid molecules 1s hybridized to one tertiary nucleic molecule, wherein each
of the four tertiary nucleic acid molecules comprises five second detectable labels.

[B022] A primary nucleic acid molecule can comprise at least two domains, a first domain that
hybridizes to a first attachment position of the barcode domain and a second domain that hybridizes
to four secondary nucleic acid molecules. A primary nucleic acid molecule can comprise a
cleavable linker located between the first domain and the second domain.

86231 A secondary nucleic acid molecule can comprise at feast two domains, a first domain that

hybridizes to the second domain of the primary nucleic acid molecule; and a second domain that
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comprises four first detectable labels and that hybridizes to one tertiary nucleic acid molecule. A
secondary nucleic acid molecule can comprise a cleavable linker located between the first domain
and the second domain.

18824} Removing at least one first and the at least one second detectable label hybridhzed to a first
attachment position can comprise cleaving the cleavable linker between the first domain and the
second domain of the primary nucleic acid, cleaving the cleavable linker between the first domain
and the second domain of each secondary nucleic acid or any combination thereof.

10025} The present disclosure provides A composition comprising at least one molecular complex,
wherein the at least one molecular complex comprises: (A} a target nucleic acid molecule obtained
from a biclogical sample, and (B} at least two nucleic acid molecule complexes, wheremn a first
complex comprises a first partially double-stranded nucleic acid molecule, wherein one strand of
the first partially double-stranded nucleic acid molecule comprises: a target specific domain
hvbridized to a first portion of the target nucleic acid molecule, a duplex domain annealed to the
other strand of the first partially double-stranded nucleic acid molecule, and at least one first
affinity moiety, wherein the other strand of the first partially double-stranded nucleic acid
molecule comprises: a duplex domain that s annealed to the other strand of the first partially
double-stranded nucleic acid molecule, a subsirate specific domain that hybridizes to a
complementary nucleic acid attached to a substrate, and at least one second affinity moiety wherein
the second complex comprises a second partially double-stranded nucleic acid molecule, wherein
one strand of the second partially double-stranded nucleic acid molecule comprises: a target
specific domain hybridized to a second portion of the target nucleic acid, wheremn the first and the
second portion do not overlap, and a duplex domain annealed to the other strand of the second
partially double-stranded nucleic acid molecule, wherein the other strand of the second partially
double-stranded nucleic acid molecule comprises: a duplex domain annealed to the other strand of
the second partially double-stranded nucleic acid molecule, a sample specific domain that
identifies the biological sample from which the target nucleic acid was obtained, a first single-
stranded purification sequence, a first cleavable motety located between the duplex domain and
the sample specific domain, and a second cleavable moiety located between the sample specific
domain and the first single-stranded purification sequence.

8826} The present disclosure provides a composition comprising at least one molecular complex,

wherein the at least one molecular complex comprises: (A} a target nucleic acid molecule obtained
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from a biclogical sample, and (B} at least two nucleic acid molecule complexes, wherein a first
complex comprises a first partially double-stranded nucleic acid molecule, wherein one strand of
the first partially double-siranded nucleic acid molecule comprises: a target specific domain
hybridized to a first portion of the target nucleic acid molecule, a duplex domain annealed to the
other strand of the first partially double-stranded nucleic acid molecule, and at least one first
affinity moiety, wherein the other strand of the first partially double-stranded nucleic acid
molecule comprises: a duplex domain that is annealed to the other strand of the first partially
double-stranded nucleic acid molecule and that 1s operably linked to the 37 end of the target nucleic
actd molecule, a substrate specific domain that hybridizes to a complementary nucleic acid
attached to a substrate, and at least one second affinity moiety, wherein the second complex
comprises a second partially double-stranded nucleic acid molecule, wherein one strand of the
second partially double-stranded nucleic acid molecule comprises: a target specific domain
hybridized to a second portion of the target nucleic acid, wherein the first and the second portion
do not overlap, and a duplex domain annealed to the other strand of the second partially double-
stranded nucleic acid molecule, wherem the other strand of the second partially double-stranded
nucleic acid molecule comprises: a duplex domain annealed to the other strand of the second
partially double-stranded nucleic acid molecule and that 1s operably linked to the 5° end of the
target nucleic acid molecule, a sample specific domain that wdentifies the biclogical sample from
which the target nucleic acid was obtained, and a first cleavable motety located between the duplex
domain and the sample specific domain.

[8027] The present disclosure provides a composition comprising at least one molecular complex,
wherein the at least one molecular complex comprises: (A) a target nucleic acid molecule obtained
from a biological sample, and (B) at least two nucleic acid molecule complexes, wherein a first
complex comprises a first partially double-stranded nucleic acid molecule, wherein one strand of
the first partially double-stranded nucleic acid molecule comprises: a target specific domain
hybridized to a first portion of the target nucleic acid molecule, a duplex domain annealed to the
other strand of the first partially double-stranded nucleic acid molecule, and at least one first
affinity motety wherein the other strand of the first partially double-stranded nucleic acid molecule
comprises: a duplex domain that is annealed to the other sirand of the first partially double-stranded
nucleic acid molecule and that is operably Hnked to the 37 end of the target nucleic acid molecule,

a substrate specific domain that hybridizes to a complementary nucleic acid attached to a substrate,
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and at least one second affinity moiety, wherein the second complex comprises a second partially
double-stranded nucleic acid molecule, wherein one strand of the second partially double-stranded
nucleic acid molecule comprises: a target specific domain hybridized to a second portion of the
target nucleic acid, wherein the first and the second portion do not overlap, and a duplex domain
annealed to the other strand of the second partially double-stranded nucleic acid molecule, wherein
the other strand of the second partially double-stranded nucleic acid molecule comprises: a duplex
domain annealed to the other strand of the second partially double-stranded nucleic acid molecule
and that i1s operably linked to the 57 end of the target nucleic acid molecule.

[0628] The present disclosure also provide a composition comprising: a planar solid support
substrate; a first layer on the planar solid support substrate; a second layer on the first laver;
wherein the second layer comprises a plurality of nanowells, wherein each nanowell provides
access to an exposed portion of the first layer, wherein each nanowell comprises a plurality of first
oligonucleotides covalently attached to the exposed portion of the first layer.

19029] 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
hybridizes to a target nucleic acid, wheretn at least six nucleotides in the target binding domain
identify 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 ieast three attachment positions, each attachment posttion comprising at
ieast one attachment region comprising at least one nucleic acid sequence that hybridizes to a
complementary nucleic acid molecule, wherein the nucleic acid sequences of the at least three
attachment positions determine the position and 1dentity of the at least six nucleotides in the target
nucleic acid that are bound by the target binding domain, and wherein each of the at least three
attachment positions have a different nucleic acid sequence

j8030] 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 eight
nucleotides and hybridizes to a target nucleic acid, wherein at least six nucleotides in the target
binding domain 1dentify 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;, wheren the barcode domain comprises a synthetic
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backbone, the barcode domain comprising at least three attachment positions, each attachment
position comprising at least one attachment position comprising at least one nucleic acid sequence
that hybridizes to 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 nuclestides
i 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.

6831} 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 hybridizes to a target nucleic acid, wherein at least six nucleotides in the
target binding domain identify a corresponding nuclectide 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
that hybridizes to a complementary nucleic acid molecule, wherein the nucleic acid sequences of
the at least three attachment positions determine the position and identity of the at least six
nucleotides in the target nucleic acid that are 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 cleavable Hinker, wherein the first domain 1s 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
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, and wherein the cleavable

[0632]
[8033] The present disclosure provides a method for determining a nucleotide sequence of a
nucleic acid comprising: (1) hybridizing the target binding domain of a first sequencing probe of
the present disclosure to 3 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 at least one first detectable label and at least one second detectable label to a first
attachment position of the at least three attachment positions of the barcode domain; (3} identifying
the at least one first and the at feast one second detectable label of the first complementary nucleic
actd molecule hybridized to the first attachment position; (4) removing the at least one first and
the at least one second detectable label hybridhized to the first attachment position; (5) hybridizing
a second complementary nucleic acid molecule comprising at least one third detectable label and
at least one fourth detectable label to a second attachment position of the at least three attachment
positions of the barcode domain; (6) identifying the at least one third and the at least one fourth
detectable label of the second complementary nucleic acid molecule hybridized to the second
attachment position; {7) removing the at least one third and the at least one fourth detectable label
hybridized to the second attachment position; (8} hyvbridizing a third complementary nucleic acid
molecule comprising at least one fifth detectable label and at least one sixth detectable label to a

third attachment position of the at least three attachment positions of the barcode domain; (9)
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identifying the at least one fifth and the at least one sixth detectable label of the third
complementary nucleic acid molecule hybridized to the third attachment position; and (10}
determining the nucleotide sequence of at least six nucleotides of the optionally immobilized target
nucleic acid hybridized to the at least six nucleotides of the target binding domain of the first
sequencing probe based on the identity of the at least one first detectable label, the at least one
second detectable label, the at least one third detectable label, the at least one fourth detectable
label, the at least one fifth detectable label and the at least one sixth detectable label.

10834 The present disclosure provides a method for determining a nucleotide sequence of a
nucleic acid comprising: (1) hybridizing the target binding domain of a first sequencing probe of
claim 113 or 114 to 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 at least
one first detectable label and at least one second detectable label to a first attachment position of
the at least three attachment positions of the barcode domain; (3) identifving the at least one furst
and the at least one second detectable label of the first complementary nucleic acid molecule
hybridized to the first attachment position; (4) identifying the position and identity of a furst
nucleotide and a second nucleotide in the optionally immobilized target nucleic acid hybridized to
two of the at least six nucleotides of the target binding domain based on the identity of the at least
one first detectable label and the at least one second detectable label; (5) removing the at least one
first and the at least one second detectable label hybridized to the first attachment position; (6}
hybridizing a second complementary nucleic acid molecule comprising atleast one third detectable
label and at least one fourth detectable label to a second attachment position of the at least three
attachment positions of the barcode domain; (7) identifving the at least one third and the at least
one fourth detectable label of the second complementary nucleic acid molecule hybridized to the
second attachment position; {8) identifying the position and identity of a third nucleotide and a
fourth nucleotide in the optionally immobilized target nucleic acid hybridized to two of the at least
six nucleotides of the target binding domain based on the identity of the at least one third detectable
label and the at least one fourth detectable label; (9) removing the at least one third and the at least
one fourth detectable label hybridized to the second attachment position; {10) hybridizing a third
complementary nucleic acid molecule comprising at least one fifth detectable label and at least
one sixth detectable label to a third attachment position of the at least three attachment positions

of the barcode domain; (11} identifving the at least one fifth and the at least one sixth detectable
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label of the third complementary nucleic acid molecule hybridized to the third attachment position;
and (12} identifying the position and identity of a fifth mucleotide and a sixth nucleotide in the
optionally immobilized target nucleic acid hybridized to two of the at least six nucleotides of the
target binding domain based on the identity of the at least one fifth detectable label and the at least
one sixth detectable label; thereby determining the nucleotide sequence of at least six nucleotides
of the optionally 1mmobilized target nucleic acid hybridized to the at least six nucleotides of the
target binding domain of the first sequencing probe.

10835] The present disclosure also provides a method for identifying the presence of a
predetermined nucleotide sequence in a target nucleic acid comprising: (1) hybridizing the target
binding domain of a first sequencing probe of the present disclosure to a first region of a target
nucleic acid that s optionally immobilized to a substrate at one or more positions; (2) hybridizing
a first complementary nucleic acid molecule comprising at least one first detectable label and at
least one second detectable label to a first attachment position of the at least three attachment
positions of the barcode domain; (3) identifying the at least one first and the at least one second
detectable label of the first complementary nucleic acid molecule hybridized to the first attachment
position; (4) removing the at least one first and the at least one second detectable label hybridized
to the first attachiaent position; {3) hybridizing a second complementary nucleic acid molecule
comprising at least one third detectable label and at least one fourth detectable label to a second
attachrent position of the at least three attachment positions of the barcode domain; (6) identifving
the at least one third and the at least one fourth detectable label of the second complementary
nucleic acid molecule hybridized to the second attachment position; {7) removing the at least one
third and the at least one fourth detectable label hybridized to the second attachment position; (8}
hybridizing a third complementary nucleic acid molecule comprising at least one fifth detectable
label and at least one sixth detectable Iabel to a third attachment position of the at least three
attachment positions of the barcode domain; {9) identifying the at least one fifth and the at least
one sixth detectable label of the third complementary nucleic acid molecule hybridized to the third
attachment position, thereby determining the presence of the predetermined nucleotide sequence
based on the identity of the at least one first detectable label, the at least one second detectable
label, the at least one third detectable label, the at least one fourth detectable label, the at least one

fifth detectable label and the at least one sixth detectable abel.
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8036] The present disclosure provides a kit comprising: (A} a first nucleic acid molecule complex
comprising a first partially double-stranded nucleic acid molecule, wherein one strand of the first
partially double-stranded nucleic acid molecule comprises: a target specific domain that hybridizes
to a first portion of a target nucleic acid molecule, a duplex domain annealed 1o the other strand of
the first partially double-stranded nucleic acid molecule, at least one first affinity motety, wherein
the other strand of the first partially double-stranded nucleic acid molecule comprises: a duplex
domain that is annealed to the other strand of the first partially double-stranded nucleic acid
molecule, substrate specific domain that hybridizes to a complementary nucleic acid attached to a
substrate, and at least one second affinity moiety; (B} a second nucleic acid molecule complex
comprising a second partially double-stranded nucleic acid molecule, wherein one strand of the
second partially double-stranded nucleic acid molecule comprises: a target specific domain that
hiybridizes to a second portion of the target nucleic acid, wherein the first and the second portion
do not overlap, and a duplex domain annealed to the other strand of the second partially double-
stranded nucleic acid molecule, and wherein the other strand of the second partially double-
stranded nucleic acid molecule comprises: a duplex domain annealed to the other strand of the
second partially double-stranded nucleic acid molecule, a sample specific domain that identifies
the biological sample from which a target nucleic acid was obtained, a substrate specific domain
that hybridizes to a complementary nucleic acid attached to a substrate, a first single-stranded
purification sequence, a first cleavable moiety located between the doplex domain and the sample
specific domain, and a second cleavable motety located between the sample specific domain and
the first single-stranded purification sequence.

98377 The present disclosure also provides a kat comprising: a first single-siranded nucleic acid
molecule comprising: a target specific domain that hybridizes to a first portion of a target nucleic
acid molecule, a duplex domain that anneals 1o the duplex domain of a second single-stranded
nucleic acid molecule, and at least one first atfimty moiety, (B} a second single-stranded nucleic
actd molecule comprising: a duplex domain that anneals to the duplex domain of the first single-
stranded nucleic acid molecule, a substrate specific domain that hybridizes to a complementary
nucleic acid attached to a substrate, and at least one second affinity moiety, (C) a third single-
stranded nucleic acid molecule comprising: a target specific domain that hybridizes to a second
portion of a target nucleic acid, wherein the first and the second portion do not overlap, and a

duplex domain that anneals to the duplex domain of a fourth single-stranded nucleic acid molecule,
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(D) a fourth single-stranded nucleic acid molecule comprising: a duplex domain that anneals o
the duplex domain of the third single-stranded nucleic acid molecule, a sample specific domain
that identifies the biological sample from which a target nucleic acid was obtained, a first single-
stranded purification sequence, a first cleavable motety located between the duplex domain and
the sample specific domain, and a second cleavable moiety located between the sample specific
domain and the first single-stranded purification sequence.

[6038] Any of the above aspects can be combined with any other aspect.

10839] 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” 15 understood to be inclusive. By way of example, “an element” means
one or more element. Throughout the specification the word “comprising,” or varations 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.”

8040]  Although methods and materials similar or equivalent to those described herein can be
used in the practice or testing of the present disclosure, surtable methods and materials are
described below. All publications, patent applications, patents, and other references mentioned
herein are incorporated by reference in thewr entirety. The references cited herein are not
admitted to be prior art to the claimed invention. 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.
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BRIEF DESCRIPTION OF THE DRAWINGS
8041] 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,
6642} The above and further features will be more clearly appreciated from the following detailed
description when taken in conjunction with the accompanying drawings.
8043} FIG. 1 1s an tllustration of one exemplary sequencing probe of the present disclosure.
10844] FIG. 2 shows the design of standard, three-part sequencing and one-part linker probes of
the present disclosure.
0845f FIG. 3 is an illustration of an exemplary reporter complex of the present disclosure
hybridized to an exemplary sequencing probe of the present disclosure.
j0o46f FIG. 4 shows a schematic illustration of an exemplary reporter probe of the present
disclosure.
08471 FIG. S 15 a schematic illustration of several exemplary reporter probes of the present
disclosure comprising different arrangeruents of tertiary nucleic acids.
[8048] FIG. 6 15 a schematic illustration of several exemplary reporter probes of the present
disclosure comprising branching tertiary nucleic acids.
08491 FIG. 7 shows possible positions for cleavable linker modifications within an exemplary
reporter probe of the present disclosure.
08387 FIG. 815 a schematic illustration of the capture of a target nucleic acid using the two capture
probe system of the present disclosure.
98517 FIG. 9 shows the results from an experiment using the present methods to capiure and
detect a multiplex cancer panel, composed of 100 targets, using a FFPE sample.
[pes21 FIG. 1015 a schematic illustration of a single cycle of the sequencing method of the present
disclosure.
[8833] FIG. 11 15 a schematic tlfustration of one cycle of the sequencing method of the present
disclosure and the corresponding imaging data collected during this cycle.
0854} FIG. 12 illustrates an exemplary sequencing probe pool 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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6855} FIG. 13 compares the barcode domain design disclosed in 1.8, 2016/019470 with the
barcode domain design of the present disclosure.

6856} FIG. 14 s a schematic illustration of a sequencing cyele of the present disclosure in which
a cleavable linker modification is used {o darken a barcode position.

(8657} FIG. 1S5 is an illustrative example of an exemplary sequencing cyvele of the present
disclosure in which a position within a barcode domain is darkened by displacement of the primary
nucleic acids.

10938} FIG. 16 is schematic illustration 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.

8059} FIG. 17 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 final base call.

jpses} FIG. 18 shows the results from a sequencing expermment obtained using the sequencing
method of the present disclosure and analyzed using the Assembly Algorithm. For plots on the left
panel, starting at the top left plot proceeding clockwise, sequences shown correspond to SEQ ID
NOs: 3, 4, 6, 8, 7 and 5. For the table on the right, starting at the top moving down, sequences
correspond to SEQ ID NOs: 3, 4,7, 8, 6and S.

{pos1} FIG. 19 shows a schematic illustration of the experimental design for the multiplexed
capture and sequencing of oncogene targets from a FFPE sample.

8862} FIG. 20 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.

80631 FIG. 21 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.

0864} FIG. 22 shows a comparison of the performance of standard and three-part sequencing
probes of the present disclosure.

0865 FIG. 23 shows the effect of LNA substitutions within exemplary target binding domains
of the present disclosure using individual probes.

6866} FIG. 24 shows the effect of LNA substituiions within exemplary target binding domains

of the present disclosure using a pool of nine probes.
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6867} FIG. 25 shows the effect of modified nucleotides and nucleic acid analogue substitutions
in exemplary target binding domains of the present disclosure.

6068} FIG. 26 shows the results from an experiment to quantify the raw accuracy of the
sequencing method of the present disclosure

6069} FIG. 27 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.

j0878] FIG. 28 is a schematic illustration of a sequencing probe of the present disclosure
comprising pocket oligos.

ipo71f FIG. 29 is a schematic illustration of a sequencing probe of the present disclosure
comprising PEG linker regions between each attachment position.

90721 FIG. 30 1s a schematic illustration of a sequencing probe of the present disclosure
comprising abagsic regions between each attachment position.

19073] FIG. 31 1s an dlustration of an exemplary reporter complex of the present disclosure
indhrectly hybridized o an exemplary sequencing probe of the present disclosure via a connector
oligo.

[0874] FIG. 32 1s an illustration of a parity scheme used n the methods of the present disclosure.
08751 FIG. 33 is a schematic tlustration of a capture probe, adaptor oligonuclectide and lawn
oligonucleotide complex of the present invention.

0876 FIG. 34 15 a schematic illustration of a ¢35 probe complex and ¢3 probe complex of the
present disclosure hybridized to a target nucleic acid.

98771 FIG. 35 18 a schematic tlustration of a target nucleic acid-¢3 probe-¢5 probe complex of
the present disclosure after digestion with FENT.

89781 FIG. 36 18 a schematic lustration of a target nucleic acid-¢3 probe-c5 probe complex of
the present disclosure after ligation.

{88797 FIG. 37 1s a schematic illustration of USER-mediated cleavage of a target nucleic acid-c3
probe-cS probe complex of the present disclosure

0086} FIG. 38 is a schematic illustration a target nucleic acid-c3 probe-c5 probe complex of the
present disclosure after USER-mediated cleavage.

6081} FIG. 39 1s a schematic illustration of UV-mediated cleavage of a target nucleic acid-¢3

probe-c5 probe complex of the present disclosure.
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0682} FIG. 40 is a schematic illustration a target nucleic acid-c3 probe-c5 probe complex of the
present disclosure after UV-mediated cleavage attached via a complementary nucleic acid to a
substrate.

18883} FIG. 41 is a schematic illustration of a ¢3.2 probe complex and a ¢5.2 probe complex of
the present disclosure hybridized to a target nucleic aicd.

10084} FIG. 42 is a schematic ithustration of a target nucleic acid complex of the present disclosure
after ligation of the ¢3.2 and ¢5 2 probe complexes.

10083] FIG. 43 is a schematic illustration of the cleavage and release of the single-stranded
purification sequence in a target nucleic acid complex of the present disclosure.

jpo86; FIG. 44 is a schematic illustration of a target nucleic acid complex of the present disclosure
immobilized on a substrate of the present disclosure.

jpo87t FIG. 45 is a schematic illustration of the cleavage and release of the substrate specific
domain after immobilization of a target nucleic acid complex of the present disclosure to a
substrate of the present disclosure.

6088} FIG. 46 15 a schematic iHustration of a target nucleic acid complex of the present disclosure
after release of the substrate specific domain immobilized on a substrate of the present disclosure.
6089} FIG. 47 is a schematic cross section of an exemplary array of the present invention

jooest FIG. 48 15 a schematic cross section of an exemplary array of the present invention
comprising nanowells that have the shape of a pyramid.

08917 FIG. 49 15 a schematic diagram of an exemplary array of the present disclosure
comprising a plurality of cylindrical nanowells arranged in a random pattern.

90921 FIG. 50 15 a schematic diagram of an exemplary array of the present disclosure
comprising cylindrical nanowells arranged in an ordered grid with a constant pitch.

80931 FIG. 51 s a schematic cross section of an exemplary array of the present invention
wherein a single target nucleic acid complex is immobilized in each nanowell.

[0894] FIG. 52 is a schematic cross section of an exemplary array of the present invention
wherein a single target nucleic acid complex s ummeobilized in each nanowell thereby preventing
the immobilization of other target nucleic acid complexes.

18895 FIG. 53 is a schematic itlustration of a sequencing probe of the present disclosure that
consists entirely of L-DNA and that comprises attachment regions with 3 terminal L-dG

nucleotides.
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o896} FIG. 54 is a schematic iHlustration of a sequencing probe of the present disclosure that
consists entirely of D-DINA and that comprises pocket oligos located between attachment region
1 {Spot 1} and attachment region 2 (Spot 2) and between attachment region 2 {Spot 2) and
attachment region 3 (Spot 3).

8697} FIG. 55 is a schematic illustration of a synthetic target nucleic acid immobilized onto a
solid substrate using a capture probe and a lawn oligonucleotide in combination with a protein
lock.

10098] FIG. 56 15 a series of charts showing the results of sequencing experiments using LG-
spaced sequencing probes and D-pocket sequencing probes of the present disclosure. The x-axis
denotes specific nucleotides of the target nucleic acid being sequenced. The top chart shows the
theoretical sequencing diversity, observed sequencing diversity and observed sequencing
coverage for the LG-spaced and D-pocket sequencing probes. The red boxes denote predicted
problematic areas for sequencing.

o899} FIG. 57 15 a series of charts showing the results of sequencing experiments using LG-
spaced sequencing probes and D-pocket sequencing probes of the present disclosure. The x-axis
denotes specific nucleotides of the target nucleic acid being sequenced. The top chart shows the
theoretical sequencing diversity, observed sequencing diversity and observed sequencing
coverage for the LG-spaced and D-pocket sequencing probes. The red boxes denote predicted
problematic areas for sequencing,

[198180] FIG. 58 15 a series of charts showing the results of sequencing experiments using LG-
spaced sequencing probes and D-pocket sequencing probes of the present disclosure. The x-axis
denoctes specific nucleotides of the target nucleic acid being sequenced. The top chart shows the
theoretical sequencing diversity, observed sequencing diversity and observed sequencing
coverage for the LG-spaced and D-pocket sequencing probes. The red boxes denote predicted
problematic areas for sequencing,

[88101] FIG. 59 is a series of charts showing the results of sequencing experiments using LG-
spaced sequencing probes and D-pocket sequencing probes of the present disclosure. The x-axis
denotes specific nucleotides of the target nucleic acid being sequenced. The top chart shows the
observed sequencing diversity and observed sequencing coverage for the LG-spaced and D-

pocket sequencing probes.
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j08162] FIG. 60 is a series of charts showing the results of sequencing experiments using LG-
spaced sequencing probes and D-pocket sequencing probes of the present disclosure. The x-axis
denotes specific nucleotides of the target nucleic acid being sequenced. The top chart shows the
observed sequencing diversity and observed sequencing coverage for the LG-spaced and D-
pocket sequencing probes.

108163] FIG. 61 is a series of charts showing the results of sequencing experiments using LG-
spaced sequencing probes and D-pocket sequencing probes of the present disclosure. The x-axis
denotes specific nucleotides of the target nucleic acid being sequenced. The top chart shows the
observed sequencing diversity and observed sequencing coverage for the LG-spaced and D-
pocket sequencing probes.

[60104] FIG. 62 is a series of histograms showing the total number of barcode events and the
number of valid, 3-spot readouts in sequencing experiments using the LG-spaced sequencing
probes and the D-pocket sequencing probes of the present disclosure.

1901051 FIG. 63 15 a series of graphs showing the total number of on target events, invahid events,
off target envents, 1 error at bi-bs events, 2 errors at bi-bs events, 3 errors at bi~bes events, 4
errors at bi~be events, S error at bi-be events and 6 errors at bi-bs events in sequencing
experiments using the LG-spaced sequencing probes and the D-pocket sequencing probes of the
present disclosure.

[8o106] FIG. 64 1s a series of graphs showing the total number of on target events, invalid events,
off target events, 1 error at bi-bs events, 2 errors at bi-be events, 3 errors at bi-be events, 4 errors
at bi-bs events, 5 error at bi-bs events and 6 errors at bi-bs events in sequencing experiments
using the LG-spaced sequencing probes and the D-pocket sequencing probes of the present
disclosure.

[80197] FIG. 65 15 a chart showing the number of T spotter {only one out of a possible three
reporter probes are successfully recorded}, 2 spotter (only two out of a possible three reporter
probes are successfully recorded) and 3 spotier (all three possible reporter probes are
successfully recorded) events in each cycle of a sequencing experiments using the D-pocket
sequencing probes {cycles 1-50) and LG-spaced sequencing probes {cycles 51-100) of the
present disclosure.

[66108] FIG. 66 is a series of charts showing the results of sequencing experiments using LG-

spaced sequencing probes and D-pocket sequencing probes of the present disclosure. The
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leftmost panels show the number of on-target, new hexamer, redundant hexamer, off-target and
mvalid events recorded in gach cycle of the sequencing experiments. Cycles 1-50 were
performed using D-pocket sequencing probes and cycles 51-100 were performed using LG-
spaced sequencing probes of the present disclosure.

[8e109] FIG. 67 is a schematic illustration of a target nucleic acid immobilized to a solid substrate
using the metheds and compositions of the present disclosure. The target nucleic acid 1s
immobilized using a protein lock between biotin moteties located on the capture probes and lawn

oligonucleotides and a neutravidin moiety.

DETALLED DESCRIPTION OF THE INVENTION
i96110] The present disclosure provides sequencing probes, reporter 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.

o811} Composttions of the Present Disclogure

[98112] The present disclosure provides a sequencing probe comprising a target binding domain
and a barcode domain; wherein the target binding domain comprises any of the constructs recited
i Table 1. An exemplary target binding domain comprises at least eight nucleotides and 1s
capable of hybridizing to 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 nucleie acid molecule and wherein at least two nucleotides i the target binding domain do
not identify a corresponding nucleotide in the target nucleic acid molecule; wherein any of the at
least six nucleotides in the target binding domain can be modified nucleotides or nuclectide
analogues and wherein the at 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 degenerate bases. An exemplary 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
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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 nuclectides of the at least six nucleotides in the target nucleic
acid that is bound by the target binding domain.

{80113} In other aspects, an exemplary target binding domain can comprise at least six
nucleotides capable of hybridizing to a target nucleic acid, wherein the at least six nucleotides in
the target binding domain are capable of identifying a corresponding (complementary}
nuclectide in the target nucleic acid molecule; wherein any of the at least six nucleotides i the
target binding domain can be modified nucleotides or nucleotide analogues.

i08114] 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 n 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 backboue, 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 1s bound by the target binding domain,

j88115] The present disclosure also provides a population of sequencing probes comprising a
plurality of any of the sequencing probes disclosed herein.

06116} 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 it more detail below.

(80117} A sequencing probe of the present disclosure comprises a target binding domain and a

barcode domain. Figure 1 is a schematic illustration of an exemplary sequencing probe of the
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present disclosure. Figure 1 shows that the target binding domain is capable of binding a target
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.

180118} The target binding domain can comprise a sertes of nucleotides {e.g. 1s 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 in Figure 1.

{80119} The target binding domain of the sequencing probe can be designed to control the
fikelihood 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.

1801201 The length of a target binding domain, m part, atfects the likelthood of a probe
hybridizing and remaining hybridized to a target nucleic acid. Generally, the longer {greater
number of nucleotides}) a target binding domain is, the less likely that a complementary sequence
will be present in the target nucleotide. Conversely, the shorter a target binding domain 1s, the
more likely that a complementary sequence will be present in the target nucleotide. For example,
there is a 1/256 chance that a four-mer sequence will be located in a target nucleic acid versus a
1/4096 chance that a six-mer sequence will be located in 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.

{88121} In circumstances, 1t 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
interest, e.g., when detecting a mutation or SNFP allele.

{80122} The target binding domain can be any amount or number of nucleotides in length. The

target binding domain can be at least 12 nucleotides in length, at least 10 nucleotides in length, at
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least 8 nucleotides in length, at least 6 nucleotides in length or at least three nucleotides in
length.

(80123} 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 nuclectide of the target molecule and some nucleotides in
the target binding domain do not identity (or code for) a complementary nucleotide of the target
molecule.

108124] 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.

(80123} 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 nucleotides or nucleic acid analogs), universal bases {e.g. 0, 1, 2,
3,4,5,6,7, 8,9, 10, or more universal 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.

[98126] The terms “modified nucleotides” or “nucleic acid analogues” mclude, but are not limited
to, locked nucleic acids (LNA), bridged nucleic acids (BNA), propyne-modified nucleic acids,
zip nucleic acids (ZNA®), isoguanine, isocytosine 6-amino-1-(4-hydroxy-5-hydroxy methyl-
tetrahydro-furan-2-yi}-1,5-dihydro-pyrazolo| 3, 4-djpyrimidin-4-one (PPG) and 2’ -modified
nucleic acids such as 2°-O-methy! nucleic acids. The target binding domain can include zero to
six (e.g. 0,1,2,3, 4,5 or 6) modified nucleotides or nucleic acid analogues. Preferably, the
modified nucleotides or nucleic acid analogues are locked nucleic acids (LNAs).

(80127} The term “locked nucleic acids (LNAY” as used herein includes, but is not limited to, a
modified RNA nucleotide in which the ribose moiety comprises a methylene bridge connecting

the 2” oxygen and the 4’ carbon. This methylene bridge locks the ribose in the 37-endo
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confirmation, also known as the north confirmation, that is found in A-form RNA duplexes. The
term inaccessible RNA can be used interchangeably with LNA. The term “bridged nucleic acids
{BNA)” as used herein includes, but 1s not limited to, modified RNA molecules that comprise a
five-membered or six-membered bridged structure with a fixed 3"-endo confirmation, also
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
includes, but 1s not limited to, pyrimidines, 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, oligonuclectides that are conjugated with
cationic spermine moieties.

[08128] The term “universal base” as used herein includes, but is not imited to, a nucleotide base
does not follow Watson-Crick base pair 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 1s 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 interchangeably
herein.

[86129] The exemplary sequencing probe depicted in Figure 1 illustrates a target binding domain
that comprises a six nucleotide long (6-mer} sequence (bi- ba- ba- bs- bs- be) that hybridizes
specifically to complementary nucleotides 1-6 of the target nucleic acid that 1s 1o be sequenced.
This 6-mer portion of the target binding domain (bi- ba- bs~ be- bs- be} identifies (or codes for)
the complementary nucleotides 1n the target sequence (1- 2- 3- 4- 5- 6}. This 6~-mer sequence 18
flanked on either side by a base (N). The bases indicated by (N) may independently be a
universal 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 it binds in the target sequence and are independent of the nucleic acid sequence of the
{6-mer) sequence (b1~ ba- bs- ba- bs- be).

(801367 The sequencing probe depicted 1n 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 is needed. To sequence



WO 2019/222178 PCT/US2019/032168

all possible 6-mer sequences in a target nucleic acid molecule, a total of 4096 sequencing probes
are needed (4°6=4096).

(80131} 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
domains of the present disclosure. One preferred target binding domain, called the “6 LNA”
target binding domain, comprises 6 LNAs at positions bl to b6 of the target binding domain.
These 6 LNAs are flanked on either side by a base (N). As used herein, an (N} base can be a
universal/degenerate base or a canonical base that 1s independent of the nucleic acid sequence of
the (6-mer) sequence (bi- ba- b3~ bu- bs- be). 1n other words, while the bases bi- bz~ bs- ba- bs- b
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 b;-
bz- bs- bu- bs- bs. For example, if the target sequence to be interrogated 1s CAGGCATA bases bi-
b2~ bs- by~ bs- b 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, GTCCGTAG or any of
the other 16 possible iterations. Alternatively, the two (N) bases could proceed the 6 LNAs.
Alternatively still, the two (N) bases could follow the 6 LNAs.

[00132] Table 1

Target Binding Domain Bases Bl B2 B3| B4 | BS| B

“6mer” bibib|b|b|b

“8mer” bib|{bib{b|bibib

“10mer” bibibibib|b|b|bibib

“Natural 17 N{N|{b|bib|b|b|b|NIN

“Natural H” Nibi{bibi{b|b}b|N

“2ENA” Niblbi+|+]bi|b N
Ni|b Fib b |+ b|N
Ni+{bibi|b]|b FOUN
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+ib i+ ]+ ] b+ N
} b 1 } + b I N
“6 LNA” + + + | + + +
N + + + + + + N
“Bmer with LNA” N PRI b b DA b b N
“MGR” Qi blbib|ib|b}|b
Gib|b|{bibi|b|bibib

b = natural base; + = modified nucleoiide or nucleotide analog (e.g. LNA, 2-0 -methyl-modified bases, 6-
amino-1-(4-hydroxy-3-hydroxy methyl-tetrahydro-furan-2-yl)-1,5-dihydro-pyrazolo{3 4-d jpyrimidin-4-
one (PPG)). N = natural, universal or degenerate base; (O is a minor groove binder (e.g. Twisted
Intercalating Nucleic Acid, MGB-BP3, Brostallicin)

[96133] Table 1 also describes a “10 mer” target binding domam that comprises 10 natural,
target-specific bases. Table 1 also describes an 8 mer” target binding domain that comprises 8
natural, target-specific bases.

[86134] Table 1 further describes the “Natural I” target binding domain that comprises 6 natural
bases at positions bl {o b6. These 6 natural bases are flanked on either side by 2 (N} bases.
Alternatively, ali 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 (i.e. 1, 2, 3 or 4} could
proceed the 6 natural bases while the rematning (N} bases would follow the 6 natural bases.
[60135] Table 1 further describes the “Natural II” 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 ¢ natural bases. Alternatively still, both (N}
bases could follow the 6 natural bases. Typically the (N) bases of the Natural I binding domain
are degenerate bases.

100136] 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 ENAs 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)
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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.

[66137] 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 b3 can be LNAs
while positions 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
bl to b6 can be followed by two (W) bases.

[06138] Table 1 further describes a “6 LNA” target binding domain that comprises 6 LNAs at
positions bl to b6 of the target binding domain. Bases b1 to b6 can be flanked on either side by a
{N) base.

166139] Table 1 further describes a “8mer with LNA” target binding domain that individually
comprises either a natural base or an LNA at any of the positions bl to b6 of the target binding
domain. Bases bl to b6 can be flanked on either side by a (N) hase.

{80148} The target binding domain can also comprise a minor-groove binder motety. A minor-
groove binder moiety s a chemical modification of an oligonucleotide that adds a chemical
moiety that can bind to the minor groove of the target nucleotide to which the oligonucleotide is
hybridized. Without being bound by theory, the inclusion of a minor-groove binder moiety
mereases the affinity of a target binding domaim for a target nucleic acid, increasing the melting
temperature of the target binding domain-target nucleic acid duplex. The higher binding affinuty
can allow for use of a smaller target binding domain.

{60141} The target binding domain can also comprise one or more twisted intercalating nucleic
acids {TINAs). A TINA 13 a nucleic acid molecule that stabilizes the formation of Hoogsteen
triplex DNA from double-stranded oligonuclectides and triplex-forming oligonucleotides.
TINAs can be used to stabilize a double-stranded oligonucleotides, thereby improving the
specificity and sensitivity of an oligonucleotide probe to a target nucleic acid.

j06142] The target binding domain can also comprise nucleic acid molecules comprising a 2°-0-
methyl-modified base. A 2°-O-methyl-modified base is a nucleoside modification of RNA in
which a methyl group is added to the 2” hydroxyl group of the ribose o produce a 2° methoxy

group. A 2°-O-methyl-modified base offers superior protection against base hydrolysis and
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digestion by nucleases. Without being bound by theory, the addition of a 2°-O-methyl-modified
base also increases the melting temperature of a nucleic acid duplex.

1680143} The target binding domain can also comprise a covalently linked stilbene modification. A
stilbene meodification can increase the stability of a nucleic acid duplex.

{80144} The sequencing probe of the present disclosure comprises a synthetic backbone. The
target binding domain, also described herein as the sequencing domain, and the barcode domain
are operably linked. The target binding domain 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 material, e.g., polysaccharide, polynucleotide, 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
origamt” of six DNA double helices (See, e.g, Lin er ¢/, “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 tiles (Jungmann er al, “Multiplexed 3D cellular super-
resolution imaging with DNA-PAINT and Exchange-PAINT”, Nature Methods, Vol. 11, No. 3,
2014}

168145] 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 double-stranded DNA spacer can comprise at least one modified nucleotide or
nucleic acid analogue. Typical modified nucleotides or nucleic acid analogues useful in the
double-stranded DNA spacer are isoguanine and isocytosine. Alternatively still, each of the
nucleic acids comprising the double-stranded DNA spacer can independently be L-DNA. In
some aspects, a double-stranded DNA spacer can comprise L-DNA. A double-stranded DNA
spacer can consist of L-DNA. A double-stranded DNA spacer can consist essentially of L-DNA.
j06146] A double-stranded DNA spacer can comprise about 1 nucleotide to about 100 nucleotides
in length. A double-stranded DNA spacer can comprise about 25 nucleotides in length.

{80147} A synthetic backbone can comprise L-DNA. A synthetic backbone can consist of L-
DNA. A synthetic backbone can consist essentially of L-DINA. A single-stranded DNA synthetic

backbone can comprise about 10 nuclectides to about 100 nucleotides in length, A single-
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stranded DNA synthetic backbone can comprise about 52 nucleotides in length. A single-
stranded DNA synthetic backbone can comprise about 27 nucleotides in length.

[66148] A barcode domain can comprise L-DNA. A barcode domain can consist of L-DNA. A
barcode domain can consist essentially of L-DNA. A barcode domain can comprise about 27
nucleotides, or about 52 nucleotides, or about 92 nucleotides, or about 74 nucleotides. A barcode
domain can be about 27 nucleotides, or about 52 nucleotides, or about 99 nucleotide or about 74
nucleotides in length.

108149] The sequencing probe can comprise a single-stranded DNA synthetic backbone and a
polymer-based spacer, with similar mechanical properties as double-stranded DINA, between the
target binding domain and the barcode domain. Typical polymer-based spacers include
polyethylene glycol (PEG) type polymers.

188130} 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 1n length. Preferably, the double-stranded DNA spacer is
about 36 nucleotides in length.

180131} 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 domain, such that the target binding and barcode
domains are present within the same single stranded ohigonucleotide. In Figure 2, left panel, the
single stranded oligonucleotide binds to a stem oligonucleotide to create a 36 nucleotide long
double-stranded spacer region called the stem. Using this architecture, each sequencing probe in
a pool of probes can hybridize to the same stem sequence.

{80152} In alternative aspects, each of the nucleic acids comprising the barcode domain and the
region that binds to the stem oligo nucleotide of a standard probe can be a canonical base or a
modified nucleotide or nucleic acid analogue.  Typical modified nucleotides or nucleic acid
analogues useful in the barcode domain and the region that binds to the stem oligo nucleotide of
a standard probe are isoguanine and isocytosine. Alternatively stifl, each of the nucleic acids
comprising the barcode domain and the region that binds to the stem oligo nucleotide of a
standard probe can independently be L-DNA. For example, the barcode domain and the region
that binds to the stem oligo nucleotide of a standard probe can be comprised entirely of L-DNA.

In other examples, the barcode domain and the region that binds to the stem oligo nucleotide of a
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standard probe can be comprised of segments of L-DNA separated by segments of single-
stranded nucleic acid that is abasic or segments of a polymer with similar mechanical properties
as double-stranded DNA such as PEG further described below.

{80153} Another sequencing probe of the present disclosure, termed a “3 Past Probe” is illustrated
1 the middle 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 is 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 nucleotides). Using this exemplary probe
configuration, in order to prevent the exchange of barcode domains, each barcode can be
designed such that it hybridizes to a unigue stem sequence. Furthermore, each barcode domain
can also be hybnidized to its corresponding stem oligonucleotide prior to pooling together
different sequencing probes.

{80154} In alternative aspects, each of the nucleic acids comprising the single stranded stem
oligonucleotide can be a canonical base or a modified nucleotide or nucleic acid analogue.
Typical modified nucleotides or nucleic acid analogues useful in the single stranded stem
oligonucleotide are isoguanine and isocytosine. Alternatively still, each of the nucleic acids
comprising the single stranded stem oligonucleotide can independently be L-DNA.

[08135] In alternative aspects, each of the nucleic acids comprising the region on the barcode
domain to which the single stranded stem oligonucleotide hybridizes can be a canonical base or a
modified nucleotide or nucleic acid analogue. Typical modified nucleotides or nucleic acid
analogues useful in the single stranded stem oligonucleotide are isoguaning and 1socytosine.
Alternatively still, each of the nucleic acids comprising the region on the barcode domain to
which the single stranded stem sligonucleotide hybridizes can independently be L-DNA.

[88136] In alternative aspects, each of the nucleic acids comprising the region on the single
stranded oligonucieotide that contains the target binding domain to which the single stranded
stem oligonucleotide hybridizes can be a canonical base or a modified nucleotide or nucleic acid
analogue. Typical modified nucleotides or nucleic acid analogues useful in the single stranded
stem oligonucleotide are isoguaning and isocytosine. Alternatively still, each of the nucleic acids

comprising the region on the single stranded oligonucleotide that contains the target binding
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domain to which the single stranded stem oligonucleotide hybridizes can independently be L-
DNA.

180157} Another sequencing probe of the present disclosure, termed a “1-Past Linker Probe” is
iltustrated in the right panef of Figure 2. The 1-Part Linker Probe of Figure 2 comprises a
barcode domain that is attached to the target binding domain via a linker. In this example, the
linker is a PEG molecule. Alternatively, the linker could be trans-stilbene. Alternatively still, the
linker can be any polymer with similar mechanical properties as double-stranded DNA. Typical
polymer-based spacers include polyethylene glyeol (PEG) type polymers.

[08138] A sequencing probe of the present disclosure can comprise about 60 nucleotides. A
sequencing probe of the present disclosure can comprise about 107 nucleotides. A sequencing
probe of the present disclosure can be about 60 nucleotides in length, or about 107 nucleotides in
fength. The nucleotides comprising a sequencing probe can each individually be a canonical
base a modified nucleotide or nucleic acid analogue including L-DNA and D-DNA.

[08139} A 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
domain. 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 domaim 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

[98160] The length of the barcode domain 1s not limited as long as there 15 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 domam” and
“reporting domain,” are used interchangeably herein.

[88161] Each attachment position in the barcode domain corresponds to two nuclectides (a
dinucleotide) in the target binding domain and, thus, to the complementary dinucleotide in the
target nucleic acid that is hybridized to the dinuclestide in the target binding domain. As a non-
fimiting example, the first attachment position in the barcode domain corresponds to the first and
second nucleotides in the target binding domain (e.g., Figure 1 where R1 is the first attachment

position in the barcode domain and R1 corresponds to dinucleotide bl and b2 in the target
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binding domain — which in turn identifies 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 domain {e.g., Figure 1 where R2 is the second attachment position in the
barcode domain and R2 corresponds to dinuclestide b3 and b4 in the target binding domain —
which m turn identifies dinucleotides 3 and 4 of the target nucleic acid); and the third attachment
posttion in the barcode domain corresponds to the fifth and sixth nucleotides in the target binding
domain {e.g., Figure 1 where R3 is the third attachment position in the barcode domain and R3
corresponds to dinucleotide b5 and b6 in the target binding domain — which in turn identifies
dinucleotide S and 6 of the target nucleic acid). In a further non-limiting example, the first
attachment position in the barcode domain, the second atiachment position in the barcode
domain and the third attachment position in the barcode domain collectively correspond to the
first through sixth nucleotides in the target binding domain {e.g., Figure | where nucleotides bl
to b6 in the target binding domain — which in turn identifies six nucleotides of the target nucleic
acid).

{80162} Each attachment posttion in the barcode domaim comprises at least one attachment
region, e.g., one to 50, 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 attachiment regions whereas a second attachment position can have two attachment
positions); alternately, each position in a barcode domain has the same number of atiachment
regions. Each attachment position n the barcode domain can comprise one attachment region.
Fach attachment position in the barcode domain can comprise more than one atiachment region,
At least one of the at least three attachment positions 1n the barcode domain can comprise a
different number of attachment regions than the other two attachments positions in the barcode
domain. In some aspects, each attachment position in a barcode domain can comprise one
attachment region.

[68163] Each attachment region comprises at least one (1.e., one to fifty, e.g., ten to thirty) copies
of a nucletc 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
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regions at a position are not identical; thus, the complementary nucleic acid molecules that bind
those attachment regions are not identical.

(80164} The nucleic acid sequence comprising each attachment region in a barcode domain can
be about 6 nucleotides to about 20 nucleotides 1n length. The nucleic acid sequence comprising
cach attachment region in a barcode domain can be about 12 nucleotides in length. The nucleic
acid sequence comprising each attachment region in a barcode domain can be about 16
nucleotides in length. The nucleic acid sequence comprising each attachment region in a barcode
domain can be about 14 nucleotides in length. The nucleic acid sequence comprising each
attachment region in a barcode domain can be about 8 nucleotides in length. The nucleic acid
sequence comprising each attachment region in a barcode domain can be about 9 nucleotides in
length.

[66165] An attachment position, an attachment region or at least one nucleic acid sequence of an
attachment region can comprise at least one super T base (5-hydroxybutynl-2’-deoxyuridine). An
attachment position, an attachment region or at least one nucleic acid sequence of an attachment
region can comprise at least one 37 terminal super T base (5-hydroxybutynl-2"-deoxyuridine). An
attachment position, an attachment region or at least one nucleic acid sequence of an attachment
region can comprise at least one 57 terminal super T base (5-hydroxybutyni-2"-deoxvuridine}.
j68166] Each 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 in the attachment
region in a barcode domain 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 1o
1:8. Typical modified nucleotides or nucleic acid analogues useful in the attachment region in a
barcode domain are 1soguanine and isocytosine. The use of modified nucleotides or nucleotide
anafogues such as isoguanine and isocyiosine, for example, can improve binding efficiency and
accuracy of the reporter to the appropriate attachment region in a barcode domain while
minimizing binding elsewhere, including to the target.

80167} One or more attachment regions within a barcode domain can comprise L-DNA. L-DNA
is the left-turning and mirror image version of naturally occusring, right-turning D-DNA. L-DNA
1s more stable and resistant to enzymatic digestion. Since L-DNA cannot hybridize to D-DNA, L-

DNA can improve binding efficiency and binding accuracy of the reporter to the appropriate
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attachment region in the barcode domain and prevent binding of the reporter elsewhere on the
sequencing probe. In some aspects, each nucleotide of the at least one nucleic acid sequence of an
attachment position can be L-DNA.

{80168} Hach of the nucleic acids comprising each attachment region in a barcode domain can
ndependently comprise an Adenine, a Cytosine, a Guanine, or a Thymine base. Alternatively,
each of the nucleic acids comprising each attachment region in a barcode domain can
mdependently comprise an Adenine, a Guanine or a Thymine base.

108169} Each of the nucleic acid sequences comprising each attachment region in a barcode domain
can comprise at least one adenine nucleotide, at least one thymine nucleotide, at least one cytosine
nucleotide or any combination thereof and a 37 terminal guanosine nucleotide. Each of the nucleic
acid sequences comprising each attachment region in a barcode domain can consist of at least one
adenine nucleotide, at least on thymine nucleotide, at least one cytosine nucleotide or any
combination thereof and a 37 terminal guanosine nucleotide. Each of the nucleic acid sequences
comprising each attachment region in a barcode domain can consist essentially of at least one
ademine nucleotide, at least one thymine nucleotide, at least one cytosine nucleotide or any
combination thereof and a 37 terminal guanosine nucleotide.

{80170} Each of the nucleic acid sequences comprising each attachment region in a barcode domain
can comprise at least one adenine nucleotide, at least one thymine nucleotide, at least one cytosine
nucleotide or any combination thereof and a 5 termunal guanosme nucleotide. Each of the nucleic
acid sequences comprising each attachment region 11 a barcode domain can consist of at least one
ademine nucleotide, at least on thymine nucleotide, at least one cytosine nucleotide or any
combination thereof and a 57 terminal guanosine nucleotide. Fach of the nucleic acid sequences
comprising each attachment region in a barcode domain can consist essentially of at least one
adenine nucleotide, at least one thymine nuclectide, at least one cytosine nucleotide or any
combination thereof and a 5” terminal guanosine nucleotide.

[88171] In some aspects, at least one attachment region in at least one attachment position of a
barcode domain can comprise a 37 terminal guanosine nucleotide. In some aspects, at least one
attachment region in at least two attachment positions of a barcode domain can comprise a 3’
terminal guanosine nucleotide. In some aspects, at least one attachment region in at least three
attachment positions of a barcode domain can comprise a 37 terminal guanosine nucleotide. A 3’

terminal guanosine nucleotide can be L-DNA.



WO 2019/222178 PCT/US2019/032168

[66172] In some aspects, at least one attachment region in at least one attachment position of a
barcode domain can comprise a 37 terminal guanosine nucleotide. In some aspects, at least one
attachment region in at least two attachment positions of a barcode domain can comprise a 3°
terminal guanosine nucleotide. In some aspects, at least one attachment region in at least three
attachment positions of a barcode domain can comprise a 5 terminal guanosine nucleotide. A 3
terminal guanosine nucleotide can be L-DNA, for example L-deoxyguanosine (L-dG). The
terminal L-dG nucleotide mitigates cross-junctional hybridization between attachment regions
and/or attachment positions as well as maintain stability by providing base stacking interactions.
{08173} One or more attachment regions can be integral to a polynucleotide backbone; that s, the
backbone is a single polynucleotide and the attachment regions are parts of the single
polynucieotide’s sequence. One or more attachment regions can be linked to a modified
monomer {e.g., modified nucleotide} in the synthetic backbone such that the attachment region
branches from the synthetic backbone. An attachment position can comprise raore 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. Fach 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. Each attachment region in each of the at least three attachment positions can branch
from the synthetic backbone.

[86174] Each attachment position within a barcode domam corresponds to one of sixtesn
dinucleotides 1.e., either adenine-adening, adenime-thymine/uracil, ademine-cytosine, adenine-
guanine, thymune/uracil-adenine, thymine/uracii-thymine/uracil, thymine/uracil-cytosine,
thymune/uracil-guanine, cytosine-adenine, cytosine-thymine/uracil, cytosine-cytosine, cytosine-

guanine-cytosine or guanine-guanine. Thus,

R~

guanine, guanine-adenine, guanine-thymine/uraci
the one or more attachment regions located in a single attachment position of a barcode domain
correspond to one of sixteen dinucleotides and comprise a nucleic acid sequence that is specific
to the dinucleotide to which the attachment region corresponds. Attachment regions located in
different attachment positions of a barcode domain contain unique nucleic acid sequences even if
these positions 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
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hexamer that encodes the sequence A-G-A-G-A-C, the barcode domain of this sequencing probe
would contain three positions, with the first attachment position corresponding to an adenine-
guanine dinuclectide, the second attachment position corresponding to an adenine-guanine
dinucleotide and the third attachment position corresponding to an adenine-cytosing
dinucleotide. 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 is not limited; preferably it lacks
substantial homology (e.g., 50% to 99.9%) with a known nucleotide sequence; this himits
undesirable hybridization of a complementary nucleic acid and a target nucleic acid.

i98178] Figure | 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, Ri, Rz, and Rs. Bach attachment position
corresponds to a specific dinucleotide present within the 6-mer sequence (b thru be) of the target
binding domain. In this example, R1 corresponds to positions bi and bz, Rz corresponds to
positions bz and by, and Rs corresponds to positions bs and bs. Thus, each position decodes a
particuiar 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
dinucieoctide.

{80176} In the exemplary barcode domain depicted 1o 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 Ry comprises an attachment region that has a specific sequence that
corresponds to the identity of the dinucleotide bi-bo,

186177] 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

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

106178] At least one attachment region within a barcode domain can be flanked on at least one
side by a double-stranded nucleic acid sequence. At least two attachment regions within a
barcode domain can be flanked on at least one side by a double-stranded nucleic acid sequence.
At least three attachment regions within a barcode domain can be flanked on at least one side by
a double-stranded nucleic acid sequence.

{88179} Any attachment region within a barcode domain can be separated from any adjacent
attachment position by a double-stranded nucleic acid sequence called a “pocket oligo”. Figure
28 shows an example of a sequencing probe with a barcode domain comprising three attachment
positions. Attachment position one 1s separated from the adjacent attachment posttion two by a
pocket oligo. Attachment position two 1s further separated from the adjacent attachment position
three by another pocket oligo.

{80180] Each of the nucleic acids comprising a pocket oligo can be a canonical base or a modified
nucleotide or nucleic acid analogue.  Typical modified nucleotides or nucleic acid analogues
useful n a pocket oligo are isoguanine and isocytosine. Alternatively still, each of the nucleic
acids comprising a pocket oligo can independently be L-DNA. A pocket oligo can comprise at
jeast one super T base (3-hydroxybutynl-2’-deoxyuridine}. A pocket oligo can be about 25
nucleotides in length.

{80181} In some aspects, at least one, at least two or at least three attachment positions in a barcode
domain can be adjacent to at least one flanking double-stranded polynuclestide. An at least one
flanking double-stranded polynuclestide can comprise at least one modified nucleotide or nucleic
acid analogue. An at least one flanking double-stranded polynucleotide can comprise L-DNA. An
at least one flanking double-stranded polynuciestide can comprise at least one super T base (5-
hydroxybutynl-2’-deoxyuridine). An at least one flanking double-stranded polynucleotide can be

about 25 nucleotides in length.

40



WO 2019/222178 PCT/US2019/032168

[60182] At least one attachment region within a barcode domain can be flanked on at least one
side by any polymer with similar mechanical properties as double-stranded DNA. Typical
polymer-based spacers include polyethylene glycol (PEG) type polymers. At least two
attachment regions within a barcode domain can be flanked on at least one side by any polymer
with similar mechanical properties as double-stranded DNA. At least three attachment regions
within a barcede domain can be flanked on at least one side by any polymer with sinular
mechanical properties as double-stranded DNA.

106183] Any attachment region within a barcode domain can be separated from any adjacent
attachiment position by any polymer with similar mechanical properties as double-stranded DNA.
Typical polymer-based spacers include polyethylene glycol (PEG) type polymers. Figure 29
shows an example of a sequencing probe with a barcode domain comprising three attachment
positions. Attachment position one is separated from the adjacent attachment position two by a
PEG-linker. Attachment position two s further separated from the adjacent attachment position
three by another PEG-linker.

[60184] At least one attachment region within g barcode domain can be flanked on at least one
side by a single-stranded nucleic acid molecule that 1s abasic. An abasic nucleic acid molecule is
a nucleic acid molecule that has neither a purine nor a pyrimidine base. At least two attachment
regions within a barcode domain can be flanked on at least one side by a single-stranded nucleic
acid molecule that 15 abasic. At least three attachment regions within a barcode domain can be
flanked on at least one side by a single-stranded nucleic acid molecule that s abasic.

[86185] Any attachment region within a barcode domain can be separated from any adjacent
attachment position a single-stranded nucleic acid molecule that is abasic. Figure 30 shows an
example of a sequencing probe with a barcode domain comprising three attachment positions.
Attachment position one 1s separated from the adjacent attachment position two by a single-
stranded nucleic acid molecule that is abasic. Attachment position two is further separated from
the adjacent attachment position three by another single-stranded nucleic acid molecule that is
abasic.

[08186] Any attachment region within a barcode domain can be separated from any adjacent
attachment position by a 3” terminal guanosine nucleotide. In some aspects, at least one
attachment region in at least two attachment positions of a barcode domain can comprisea 3’

terminal guanosine nucleotide. Figure 53 shows an example of a sequencing probe with a
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barcode domain comprising three attachment positions each one separated by a terminal L-G
nucleotide. Attachment position one 1s separated from the adjacent atiachment position two by a
L-G nucleotide. Attachment position two is further separated from the adjacent attachment
posttion three by another L-G nucleotide. Attachment position three is terminated on the 37 end
with a L-G nucleotide.

180187} 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 50
nanometers. The sequencing probe’s backbone can be a polynucleotide molecule comprising
about 120 nucleotides, about 60 nucleotides, about 52 nucleotides or about 27 nucleotides.
1001881 A sequencing probe can comprise a cleavable linker modification. A cleavable linker
modification can comprise at least one, at least two, at least three, at least four, at least five, at
least six, at least seven, at least eight, at least nine, at least ten or any number of cleavable
moieties. Any cleavable linker modification or cleavable moiety known to one of skill in the art
can be utilized. Non-limiting exaruples of cleavable hnker modifications and cleavable moieties
melude, but are not himuted to, UV-hght cleavable hinkers, reducing agent cleavable linkers and
enzymatically cleavable linkers. An example of an enzymatically cleavable linker 1s the insertion
of deoxyuracil 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 7 depicts
exemplary cleavable linker modifications that can be 1ncorporated into the probes of the present
disclosure.

[06189] Reporter Probes

[80196] A nucleic acid molecule that binds {e.g., hybridizes) to a complementary nucleic acid
sequence within at least one attachment region within at least one attachment position of a
barcode domain of a sequencing probe of the present disclosure and comprises (directly or
mndirectly} a detectable label 13 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 is DNA.

{80191} 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
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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 first domain of the reporter
probe {shown in haiched maroon) binds a complementary nucleic acid sequence within
attachment position Ry of the barcode domain and the second domain of the reporter probe
{shown in gray) 1s bound to two detectable labels (one green label, one red label).

109192] 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
difterent nucleic acid sequences).

[60193] A “primary nucleic acid molecule” is a reporter probe comprising at least two domains, a
first doman capable of binding (e.g. hybridizing) to a complementary nucleic acid sequence
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. hvbridizing) 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 attachroent region within the at least
one attachment position of a barcode domain of a sequencing probe. A primary nucleic acid
molecule can indirectly 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 hinker. This nucletc acid hinker 1s called a “connector oligo”.
{80194} A connector oligo can comprise at least two domains, a first domain capable of binding
{e.g. hybridizing} at least one furst complementary nucleic acid sequence within at least one
attachment region within at least one attachment position of a barcode domain and a second
domain capable of binding {e.g. hybridizing) to the first domain of a primary nucleic acid
molecule. Figure 31 shows a sequencing probe bound to a reporter probe via a connector oligo.
{80195} Each of the nucleic acids comprising the first domain or the second domain of a
connector olige can be a canonical base or a modified nucleotide or nucleic acid analogue.
Typical modified nucleotides or nucleic acid analogues usefu! in the first or second domain of 2
connector pligo are 1spguanine and isocytosine. The use of modified nucleotides or nuclestide
analogues such as isoguanine and isocytosine, for example, can improve binding efficiency and

accuracy of the first domain of a connector oligo to the appropriate complementary nucleic acid
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sequence within at least one attachment region within at least one attachment position of a
barcode domain of a sequencing probe while minimizing binding elsewhere, inchuding to the
target. The use of modified nucleotides or nucleotide analogues such as isoguanine and
isocytosine, for example, can improve binding efficiency and accuracy of the second domain of a
connector oligo to the appropriate first domain of a reporter probe while minimizing binding
elsewhere, including to the target. Alternatively, each of the nucleic acids comprising the first or
the second domain of a connector oligo can independently be L-DNA. In one example of a
connector oligo, the first domain comprises D-DNA and the second domain comprises L-DNA.
In another example of a connector oligo, the first domain comprises D-DNA and the second
domain comprises isoguanine and/or isocytosine.

[60196] The first domain of a connector oligo can be about 8 to about 16 nucleotides in length.
Preferably, the first domain of a connector oligo 15 14 nucleotides in length. The second domain
of a connector oligo can be about 4-12 nucleotides in length. Preferably, the second domain of a
connector oligo can be about § nucleotides in length.

(80197} In aspects comprising a connector oligo, an attachient region can be referred to as being
partially double-stranded. A partially double-stranded attachment region can comprise a double-
stranded region and a single-stranded. The single-stranded region of a partially double-stranded
attachment region can comprise at least one nucleic acid sequence that binds {e.g. hybridizes) to
at least one complementary nucleic acid sequence. The at least one complementary nucleic acid
sequence that binds (e.g. hybridizes) to the single-stranded region of a partially double-stranded
attachment region ¢can be a primary nucleic acid molecule.

[80198] Each of the nucleic acids comprising the double-stranded region of a partially double-
stranded attachment region 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, least six, at
least seven or at least eight nuclectides in the double-stranded region of a partially double-
stranded attachment region 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 isoguanine and isecytosine. Alternatively, each of the nucleic
acids comprising the double-stranded region of a partially double-stranded attachment region can

independently be L-DNA.
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[66199] Each of the nucleic acids comprising the single-stranded region of a partially double-
stranded attachment region can independenily 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, least six, at
least seven or at least eight nuclectides in the single-stranded region of a partiaily double-
stranded attachment region can be modified nucleotides or nucleic acid analogues. Typical ratios
of modified nucleotides or nucleic acid analogues to canonical bases in a barcode domain are 1:2
to 1.8, Typical modified nucleotides or nucleic acid analogues useful in a single-stranded region
of a partially double-stranded attachment region are 1soguanine and isocytosine. The use of
modified nucleotides or nucleic acid analogues such as 1soguanine and isocytosine, for example,
can improve binding efficiency and accuracy of a single-stranded region of a partially double-
stranded attachment region to the appropriate complementary nucleic acid sequence of a primary
nucleic acid molecule while muninizing binding elsewhere, including to the target. Alternatively,
each of the nucleic acids comprising the first domain of a primary nucleic acid molecule can
mdependently be L-DNA.

(80208} The primary nuclewc acid molecule can comprise a cleavable linker. The cleavable linker
can be located hetween the first doman and the second domain. Preferably, the cleavable linker
13 photo-cleavable. The cleavable Hinker can comprise at least one or at least two cleavable
moieties. The at least one or at least two cleavable moieties can be photo-cleavable.

{8620%] The first domain of a primary nucleic acid molecule can be about 6 to 16 nucleotides in
iength. Preferably, the first domain of a primary nucleic acid molecule 15 about 8 nucleotides in
length.

{80202} 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, least six, at least seven or at least eight
nucleotides in the first domain of a primary nucleic acid molecule can be modified nuclestides or
nucleotide analogues. Typical ratios of modified nucieotides or muclectide 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 isoguanine and
1socytosine, for example, can improve binding efficiency and accuracy of the first domain of a

primary nucleic acid molecule to the appropnate complementary nucleic acid sequence within at
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least one attachment region within at least one attachment position of a barcode domain of a
sequencing probe while minimizing binding elsewhere, including to the target. Alternatively,
each of the nucleic acids comprising the first domain of a primary nucleic acid molecule can
independently be L-DNA.

{66203} In some aspects, a first domain of a primary nucleic acid molecule can be composed
entirely of L-DNA and the second domain of the primary nucleic acid molecule can be

composed entirely of B-DNA.

106204} In some aspects, a first domain of a primary nucleic acid molecule can comprise a 3°
terminal cytosine nucleotide. In some aspects, a first domain of a primary nucleic acid molecule
can comprise a 37 terminal cytosine nuclectide, wherein the 3° terminal cvtosine nucleotide 1s L-
DNA.

(90205} In some aspects, a first domain of a primary nucleic acid molecule can comprise a 5
terminal cytosine nucleotide. In some aspects, a first domain of a primary nucleic acid molecule
can comprise a 57 terminal cytosine nucleotide, wherein the 57 terminal cytosine nucleotide 15 L-
DNA

joo206] In some aspects, a first domain of a primary nucleic acid molecule can comprise at least
one adenine nucleotide, at least one thymine nucleotide, at least one guanine nucleotide or any
combination thereof and a 37 termunal cytosine nucleotide. In some aspects, a first domain of a
primary nucleic acid molecule can consist of at least one adenine nucleotide, at least one thymine
nucleotide, at least one guanine nucleotide or any combination thereof and a 37 termunal cytosine
nuclectide. In some aspects, a first domain of a primary nucleic acid molecule can consist
essentially of at least one adenine nucleotide, at least one thymine nucleotide, at least one guanine
nucleotide or any combination thereof and a 3” terminal eytosine nucleotide.

{60207} In some aspects, a first domain of a primary nucleic acid molecule can comprise at least
one adenine nucleotide, at least one thymine nuclectide, at least one guanine nucleotide or any
combination thereof and a 5 terminal cytosine nucleotide. In some aspects, a first domain of a
primary nucleic acid molecule can consist of at least one adenine nucleotide, at least one thymine
nucleotide, at least one guanine nucleotide or any combination thereof and a 57 terminal cytosine
nucleotide. In some aspects, a first domain of a primary nucleic acid molecule can consist
essentially of at feast one adenine nucleotide, at least one thymine nucleotide, at feast one guanine

nucleotide or any combination thereof and a 5 terminal cytosine nucleotide.
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[06208] The at least one additional complementary nucleic acid that binds the primary nucleic
acid molecule 1s 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.

108209] A secondary nucleic acid molecule can comprise at least 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
complementary nucleic acid; or (¢} a combination thereof. In some aspects, a first domain of a
secondary nucleic acid molecule can be composed entirely of L-DNA and the second domain of
the secondary nucleic acid molecule can be composed entirely of D-DNA. In some aspects, both
the first domain and second domain of a secondary nucleic acid molecule can be composed
entirely of D-DNA.

{86218} 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 1s photo-~cleavable.

j80211} 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
anajogues. 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 o
the first domain of a secondary nucleic acid molecule are 13oguanine and 13ocytosine. The use of
modified nucleotides or nucleotide analogues such as isoguanine and 1socyiosine, 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 mimimizing binding elsewhere.

188212] The at least one additional complemeniary nucleic acid that binds the secondary nucleic
acid molecule is referred to herein as a “tertiary nucleic molecule.” The secondary nucleic acid

molecule can bind {e.g., hybridize) to at least one, at least two, at least three, at least four, at least
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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.

188213] 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 in at least one secondary
nucleic acid molecule and a second domain capable of binding {e.g. hybridizing) to a first
detectable label and an at least second detectable label. Alternatively, the second domain can
inchude 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, phosphoroamidite
or NHS chemistry. In some aspects, a first domain of a tertiary nucleic acid molecule can be
composed entirely of L-DNA and the second domain of the tertiary nucleic acid molecule can be
composed entirely of B-DNA. In some aspects, both the first domain and second domain of a
tertiary nucleic acid molecule can be composed entirely of D-DNA. 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 linker is photo-cleavable,

i80214} Fach 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
least one, two, at least three, at least four, at feast five, or at least six nucleotides m the first
domain of a tertiary nucleic acid can be modified nucleotides or nucleotide analogues. Typical
ratios of modified nucleotides or nuclestide analogues to canonical bases in a first domam 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 nucletc 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.

{06215} 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 moieties capable of producing the

same or substantially the same detectable signal. For example, a label includes a single yellow
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fluorescent dye such as ALEXA FLUOR™ 532 or multiple vellow fluorescent dyes such as
ALEXA FLUQR™ 532

(80216} The reporter probes can bind to a first detectable label and an at least second detectable
label, in which each detectable label is one of four flucrescent 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 emission spectrum or can have a different emission spectra.

100217} In aspects comprising a sequencing probe and a primary 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 any of the constructs recited in
Table 1. An exemplary target binding domain comprises at least eight nucleotides and is capable
of hybridizing to a target nucleic acid, wherein at least six nucleotides in the target binding
domain are capable of Wdentifying 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 any of the at
least six nucleotides in the target binding domain can be modified nucleotides or nucleotide
analogues and wherein the at least two nucleotides in the target binding domaim that do not
identify a corresponding nucleotide in the target nucleic acid molecule can be any of the four
canonical bases that 18 not specific to the target dictated by the at least six nucleotides in the
target binding domain or uymiversal or degenerate bases. An exemplary 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 af least three
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attachment positions determines the position and identity of the corresponding two nucleotides of
the at least six nuclectides in the target nucleic acid that 1s bound by the target binding domain.
The at least two nucleotides i 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 tarpet dictated by the at least six nucleotides in the target binding domain or
universal or degenerate bases.

{66218} In some aspects, at least one nucleotide in a target binding domain that does not identify a
corresponding nuclectide in a target nucleic acid molecule can precede the nucleotides in the
target binding domain that identify corresponding nucleotides in the target nucleic acid molecule.
In some aspects, at least one nucleotide in a target binding domain that does not identify a
corresponding nucleotide in a target nucleic acid can follow the nucleotides in the target binding
domain that identify corresponding nucleotides in the target nucleic acid molecule.

{60219} In other aspects, an exemplary target binding domain can comprise at least six nucleotides
capable of hybridizing to a target nucleic acid, wherein the at least six nucleotides in the target
binding domain are capable of identifving a corresponding {complementary) nucleotide in the
target nucleic acid molecule; wherein none of the at least six nucleotides or any of the at least six
nucleotides n the target binding domain can be modified nucleotides or nucleotide analogues.
j08220] 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 domain, wherein the target binding domain comprises at least ten nucleotides and s
capable of binding a target nucleic acid, wherein at least six nucleotides in the target binding
domain are capable of 1dentifying 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 comprises at
first detectable label and at least a second detectable label, wherein each attachment position of
the at least three atiachment positions corresponds {0 two nucleotides of the at least six

nucleotides in the target binding domain and each of the at least three attachment positions have
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a different nucleic acid sequence, 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 atiachment 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.

180221} 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 any
of the constructs recited in Table 1. An exemplary target binding domain comprises at least eight
nucleotides and 1s capable of hybridizing to a target nucleic acid, wherein at least six nucleotides
in the target binding domain are capable of identifving 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 any of the at least six nucleotides in the target binding domain can be modified
nucleotides or nucleotide analogues and wherein the at least two nucleotides in the target binding
domain that do not identify a corresponding nucleotide tn 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 degenerate bases. An exemplary barcode
domain comprises a synthetic backbone, the barcode domaim 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 {east one complementary secondary nucleic acid molecule comprising at first
detectable label and at least a second detectable Iabel, 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 secondary nucleic acid molecule bound to each position
of the at least three attachment positions determines the position and identity of the
corresponding two nuclectides of the at least six nucleotides in the target nucleic acid that is

bound by the target binding domain.
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(60222} In other aspects, an exemplary target binding domain can comprise at least six nucleotides
capable of hybridizing to a target nucleic acid, wherein the at least six nucleotides in the target
binding domain are capable of identifying a corresponding {complementary) nuclestide in the
target nucleic acid molecule; wherein none of the at least six nuclectides or any of the at least six
nucleotides in the target binding domain can be modified nucleotides or nuclectide analogues.
180223} 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
comprises at least ten nucleotides and s 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 prirary 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 in the target binding domaim and each of the at least three attachment
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 s
bound by the target binding domain.

[68224] In aspects comprising a sequencing probe, a primary nucleic acid molecule, a secondary
nucleic actd 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 any of the constructs recited in Table 1. An exemplary target binding
domain comprises at least eight nucleotides and is capable of hybridizing to a target nucleic acid,

wherein at least six nucleotides in the target binding domain are capable of identifving a
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corresponding (complementary} nuclectide in the target nucleic acid molecule and wherein at
least two nucleotides in the target binding domain do not identify a corresponding nucleotide n
the target nucleic acid molecule; wherein any of the at least six nuclectides in the target binding
domain can be modified nucleotides or nucleotide analogues and wherein the at 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 i the target binding domain or untversal or
degenerate bases. An exemplary 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 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 furst 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 1 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 mucleic acid molecule bound to 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.
{60225} In other aspects, an exemplary target binding domain can comprise at least six nucleotides
capable of hybnidizing to a target nucleic acid, wherein the at least six nucleotides mn the target
binding domain are capable of identifying a corresponding {complementary} nucleotide in the
target nucleic acid molecule; wherein none of the at least six nucleotides or any of the at least six
nucleotides in the target binding domain can be modified nucleotides or nucleotide analogues.
{06226} 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 nucleoiides and is capable of binding a target nucleic acid,

wherein at least six nucleotides in the target binding domain are capable of identifving a
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corresponding (complementary} nuclectide in the target nucleic acid molecule and whergin at
least four nucleotides in the target binding domain do not identity 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 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
{abel 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 1n the target nucleic acid that is bound by the target
binding domain.

j08227] 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 aiso be bound to at least one tertiary molecule comprising a first detectable
jabel and an at least second detectable label. The first and at least second detectable labels located
on the secondary mucleic acid molecule can have the same emission spectra or can have different
emission spectra. The first and at least second detectable labels located on the tertiary nucleic acid
molecule can have the same emission spectra or can have different emission spectra. The emission
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.
106228] Figure 4 1s 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
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first domain, wherein the first domain comprises a twelve nuclestide sequence that hybridizes to
a complementary attachment region within an attachment position of a sequencing probe barcode
domain. Atthe 5 end is a second domain that is hybridized to six secondary nucleic acid
molecules. The exemplary secondary nucleic acid molecules depicied in turn comprise a first
domain in the 5” end that hybridizes to the primary nucleic acid molecule and 2 domain that in
the 37 portion that hybridizes to five tertiary nucleic acid molecules.

{80229} A tertiary nucleic acid molecule comprises at least two domains. The first domain 1s
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 mnto 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
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 nucleotide 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 chemistry 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.

[90230} Labeled oligos can comprise a cleavable linker between the fluorescent motety and the
polynucleotide molecule. Preferably, the cleavable linker is photo-cleavable. The cleavable
linker can also be chemically or enzymatically-cleavable.

{06231} 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 nuclestide monomers into

the sequence of the second domain of the secondary nucleic acid. The second domain of the
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secondary nucleic acid molecule can be bound by the first detectable label 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 nucleotide monomers or by other methods of
labeling nucleic acids that are known to one of skill in that art.

108232] 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 nucleotides. A
secondary nucletc acid molecule can comprise about 90, about 85, about 80, about 75 or about
70 nucleotides. A secondary nucleic acid melecule 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.

180233} Reporter probes of the present disclosure can be of various designs. For example, a
primary nucleic acid molecule can be hybridized to at leastone {(e.g., 1, 2,3,4,5,6,7, 8,9, 10,
or more) secondary nucleic acid molecules. Hach secondary nucleic acid molecule can be
hybridized to at least one {e.g., 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 is 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 T 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 is bound to a specific label or fluorescent dye
comprises a unique nuclestide sequence.

[66234] In some aspecis, the present disclosure provides a 5x3 reporter probe. A 5x5 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, wherein the

second domain comprises a nucleotide sequence that can be hybridized to 5 secondary nucleic
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acid molecules. Each secondary nucleic acid comprises a nucleotide sequence such that 5 tertiary
nucleic acids that are bound by detectable labels can hybridize o each secondary nucleic acid.
[66235] In some aspecis, the present disclosure provides 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 domain, 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.
[06236] In some aspects, the present disclosure provides 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, wherein the
second domain comprises a nucleotide sequence that can be hybridized to 3 secondary nucleic
acid molecules. Hach 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.
{60237} In some aspects, the present disclosure provides a Spacer 3x4 reporter probe. A Spacer
3x4 reporter probe comprises a primary nucleic acid, wherein the primary nucleic acid comprises
a fust domain of 12 nucleotides. Located between the first domain and second domain of the
primary nucleic acid is 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 1s non-limiting and it can
be shorter than 20 nucleotides or longer than 40 nuclectides. The second domain of the primary
nucleic actd comprises a nucleotide sequence that can hybridize to 3 secondary nucleic acid
molecules. Fach 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,
{60238} In some aspects, a primary nucleic acid can comprise a first domain that is 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. In one example, the first domain of a primary nucleic
actd s 14 nucleotides. In another example, the first domain of a primary nucleic acid 15 9
nucleotides. In a further example, the first domain of a primary nucleic acid is & nucleotides.
Exemplary sequences for a 9 nucleotide first domain of a primary nucleic acid of a reporter probe
include those in Table 15

Table 15
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Reporter Y-mer Color Reporter 9-mer Color
Position Sequence ’ Position Sequence
1 CATTGGGTT | BB 2 CGGGGTTTA | GR
CTGGTATGT | BG 2 CAAATIGGT | GY
CAGTGAGTIG | BR 2 COGAAGIGGT | RR
CAGGAAGGT | BY 2 CTGTTAGGG | YR
CCGATGGATG | GG 2 CGIGITGIG | YY
CGGTGGAAT | GR 3 CTTTGGITT BB
CAAAAGAGG | GY 3 CGAGTGGGA | BG
CAGGAGAAA | RR 3 CTAGTAGGG | BR

CAAGGGTAG | YR CTITGTGTYE BY

(5]

1
1
i
1
1
1
1
1
] CGAGATGAG | YY
2
2
2
2
2

3 CATGGGGTG | GG
CTTGIGATG | BB 3 CGAAGITGA | GR
CGGGTTAGA | BG 3 CGOTGATIT Y
CGTATGGTIT | BR 3 CTATTGTGG | RR
CGATTGGTA | BY 3 CTTAGGGAG | YR
CATGGIGTA | GG 3 COGOGTGGAGG | YY

[66239] Any of the features of a specific reporter probe design of the present disclosure can be
combined with any of the features of another reporter probe design of the present disclosure. 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.

1002401 Withouwt wishing to be bound by theory, a 5x5 reporter contains more fluorescent labels
{25} than a 4x3 reporter (12} and therefore the fluorescent intensity of the 5x5 reporter will be
areater. The fluorescence detected in any given field of view FOV is 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
million to 2 million target molecules. Typical FOVs are .05 mm? to 1mm?. Further examples of
typical FOVs are .05 mm? to .65mm’.

{80241} In some aspects, the present disclosure provides reporter probe designs in which the

secondary nucleic acid molecules comprise “extra-handles” that are not hybridized to a tertiary
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nucleic acid molecule and are distal to the primary nucleic acid molecule. In some aspect, an
“extra-handle” can be 12 nucleotides long (“12 mer”); however, their lengths are non-limited and
can be less than 12 or more than 12 nuclectides. 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 is 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 increased. The “extra-handle” design can also
wmprove 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 is expected to yield approximately 4730 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. Any reporter probe design of the
present disclosure can be modified to mclude “extra-handles”.

i98242) 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
panel of Figure 5 depicts a “Sx6” reporter probe. A 5x6 reporter probe comprises one primary
nucleic acid that comprises a second domain, wherein the second domain comprises a nucleotide
sequence hybridized to 6 secondary nucleic acid molecules. Fach secondary nucleic acid
comprises a nucleotide sequence such that 5 tertiary nucleic acid molecules that are bound to
detectable labels hybridized to each secondary nucleic acid. Fach 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 dye and the other three secondary nucleic acid bind
to tertiary nucieic acid molecules labeled with a red fluorescent dve, for example.

{06243} 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 nuddle
panel of Figure 5 depicts a “3x2x6” reporter probe design. A “3x2x6” reporter probe comprises
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
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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 & yellow fluorescent dye and to tertiary nucleic
acid 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. Each 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 5, 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-vellow-red-vellow-red or yellow-red-yellow-red-
vellow).

[90244} In any of the described reporter probe designs, tertiary nucleic acids labeled with
different detectable labels can be arranged i any order along the secondary nucleic acid. For
example, the right panel of Figure S depicts a “Fret resistant 3x2x6” reporter probe that 15 similar
to the 3x2x6 reporter probe design except in the arrangement (e.g., linear order or grouping) of
red and vellow tertiary nucleic acid molecules along each secondary nucleic acid molecule.
[60245] Figure 6 depicts more exemplary reporter probe designs of the present disclosure that
mclude individual secondary nucleic acid molecules that bind to varving tertiary nucleic acid
molecules. The left panel depicis a “6x1x4.5” reporter probe that comprises one primary nucleic
acid molecule, wherein the primary nucleic acid molecule comprises a second domain, wherein
the second domain comprises a nucleotide sequence hybridized to six secondary nucleic acid
molecules. Fach secondary nucleic acid molecule is hybnidized to five tertiary nucleic acid
molecules. Four of the five tertiary nucleic acid molecules that hybridize o 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, 1s 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 terttary nucletc 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 yellow). In total,
the 6x1x4.5 reporter probe is labeled with 54 total dyes, 27 dyes for each color. The middle panel

of Figure 6 depicts a “4x1x4.5” reporter probe that shares the same overall architecture as the
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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.

{80246} 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 dyes absorb. For example, the right
panel of Figure 6 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.

[60247] 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 moiety, colorimetric motety 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 himited to, yellow fluorescent protemn (YFP), green
fluorescent protein (GFP), cyvan fluorescent protein (CFP), red fluorescent protein (RFP),
umbelliferone, fluorescein, fluorescein isothiocyanate, rhodamine, dichlorotriazinylamine
fluorescein, cyanines, dansyl chloride, phycocyanin, phycoerythrin and the like.

[86248] Fluorescent labels and their attachment to nuclectides and/or oligonucleotides are
described in many reviews, including Haugland, Handbook of Fluorescent Probes and Research
Chenueals, Ninth Edition (Molecular Probes, Inc., Eugene, 2002); Keller and Manak, DNA
Probes, 2nd Edition (Stockton Press, New York, 1993}, Eckstein, editor, Oligonucleotides and
Aunalogues: A Practical Approach (IRL Press, Oxford, 1991); and Wetmur, Critical Reviews in
Biochemustry and Molecular Biology, 26:227-259 (1991). Particular methodologies applicable to
the disclosure are disclosed in the following sample of references; UK. Patent Nos. 4,757,141,
5,151,507, and 5,091,519, One or more fluorescent dyes can be used as fabels for labeled target
sequences, .2, as disclosed by UK. Patent Nos. 5,188,934 (4,7-dichloroflucrescein 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 ol
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: U.S.
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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
label” comprises a signaling motety that conveys information through the flucrescent absorption
and/or emission properties of one or more molecules. Such flucrescent properties include
fluorescence intensity, fluorescence lifetime, emussion spectrum characteristics, energy transfer,
and the like.

[66249] Commercially available fluorescent nucleotide analogues readily incorporated into
nucleotide and/or oligonucleotide sequences include, but are not limited to, Cy3-dCTP, Cy3-
dUTP, CyS-dCTP, Cy5-dUTP (Amersham Biosciences, Piscataway, NJ), fluorescein- 12-dUTP,
tetramethyirhodamine-6-dUTP, TEXAS RED™.5-dUTP, CASCADE BLUE™.7.dUTP,
BODIPY TMFL-14-dUTP, BODIPY TMR-14-dUTP, BODIPY TMTR-14-dUTP,
RHODAMINE GREENT™.5-dUTP, OREGON GREENR™ 488-5-dUTP, TEXAS RED™. {2~
dUTP, BODIPY TM 630/650- 14-dUTE, BODIPY TM 650/665- 14-dUTP, ALEXA FLUQR™
488-S-dUTP, ALEXA FLUOR™ 532-5-dUTP, ALEXA FLUQOR™ 568-5-dUTP, ALEXA
FLUOR™ 594-5-dUTP, ALEXA FLUOR™ 546- 14-dUTP, fluorescein- 12-UTP,
tetramethylrhodanune-6-UTP, TEXAS RED™-5-UTP, mCherry, CASCADE BLUE™-7-UTP,
BODIPY T™M FL-14-UTP, BODIPY TMR-14-UTP, BODIPY TM TR-14-UTP, RHODAMINE
GREENT™-S5-UTP, ALEXA FLUOR™ 488-5-UTP, LEXA FLUOR™ $46- 14-UTP (Molecular
Probes, Inc. Eugene, OR) and the like. Alternatively, the above fluorophores and those
mentioned herein can be added during oligonucleotide synthesis using for example
phosphoroamidite or NHS chemisiry. Protocols are known in the art for custom synthesis of
nucleotides having other fluorophores {See, Henegariu er af. (2000) Nature Biotechnol. 18:345).
2-Aminopurme 18 a fluorescent base that can be incorporated directly n the oligonucleotide
sequence during 1ts syathesis. Nucleic acid could also be stained, a priori, with an intercalating
dye such as DAPL, YOYO- 1, ethidium bromide, cyanine dyes {e.g., SYBR Green) and the like.
[882350] Other fluorophores available for post-synthetic attachment include, but are not limited to,
ALEXA FLUORT™ 350, ALEXA FLUOR™ 405, ALEXA FLUOR™ 430, ALEXA FLUQR™
532, ALEXA FLUOR™ 546, ALEXA FLUCR™ 568 ALEXA FLUQOR™ 594 ALEXA
FLUOR™ 647 BODIPY 493/503, BODIPY FL, BODIPY R6G, BODIPY 530/550, BODIPY
TMR, BODIPY 558/568, BODIPY 558/568, BODIPY 564/570, BODIPY 576/589, BODIPY
581/591, BODIPY TR, BODIPY 630/650, BODIPY 650/665, Cascade Blue, Cascade Yellow,
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Dansyl, lissamine rhodamine B, Marina Blue, Oregon Green 488, Oregon Green 514, Pacific
Blue, Pacific Orange, rthodamine 6, rhodamine green, rhodamine red, tetramethy! rhodamine,
Texas Red (available from Molecular Probes, Inc.,, Bugene, OR}, Cy2, Cy3, Cy3.5, Cy5, Cy5.5,
Cy7 (Amersham Biosciences, Piscataway, NJ) and the like. FRET tandem fluorophores can also
be used, including, but not limited to, PerCP-Cy 3.5, PE-Cy5, PE-Cy5.5, PE-Cy7, PE-Texas Red,
APC-Cy7, PE-Alexa dyes (610, 647, and 680), APC-Alexa dyes and the hike.

80251} Metallic sitver or gold particles can be used to enhance signal from fluorescently labeled
nuclectide and/or oligonucleotide sequences (Lakowicz e al. (2003} BioTechniques 34:62).
[06252] Other suitable labels for an oligonucleotide sequence can include fluorescein (FAM,
FITC), digoxigenin, dinttrophenc! (DNP), dansyl, biotin, bromodeoxyuridine (BrdU),
hexahistidine {6xHis), phosphor-amino acids {e.g., P-tyr, P-ser, P-thr) and the like. The
followmg hapten/antibody pairs can be used for detection, 1n which each of the antibodies is
derivatized with a detectable label: biotin/a-biotin, digoxigenin/a-digoxigenin, dinttrophenol
{DNPYa-DNP, 5-Carboxyfluorescein (FAM)/a-FAM.

160253} 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 distinct, i.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 filiers and photomultiplier tubes, or the like, as exemplified by the systems
described in 11.S. Patent Nos, 4,230,558; 4,811,218; or the like, or in Wheeless ef o/, pgs. 21-76,
m Flow Cytometry: Instrumentation and Data Analysis {(Academic Press, New York, 1985},
Spectrally resolvable organic dyes, such as fluorescein, thodamine, and the like, means that
wavelength emission maxima are spaced at least 20 nm apart, and in another aspect, at least 40
nm apart. For chelated lanthanide compounds, quantum dots, and the like, spectrally resolvable
means that wavelength emission maxima are spaced at least 10 nm apart, or at least 15 nm apart.
[06254] The presence of 3 attachment positions in the barcode domain, each with up to 10 potential
dual color combinations, allows for up to 1000 color combinations to exist. If the reporter probes
are pooled in less than 1000 probes per pool then the ability to use parnity checking to overcome
errors can be uitlized. There are many potential parity schemes that can exist that will allow parity

checking, a single example scheme is shown 1n Figure 32, In this example the actual colors present
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are not used as the parity check but rather the presence of single (8) color reporter probes (e.g.
Red} and Multicolor (M) reporter probes {e.g. Red/Yellow) at each attachment position in the
barcode domain are. As can be seen in the parity design the knowledge of the status (8 or M) of
any two reporter positions allows prediction of the third position. In the example shown an
observation of 8 in any two positions requires the unobserved position to be M, observation of 8§
and an M 1n any two positions means the other position must be 8, while observation of two M
reporter probes requires the other position to be M. This means that in order to get a code of three
reporter probes with incorrectly detected reporter colors, two incorrect calls have o be made.
Figure 32 shows the results of a simulation at 5% reporter probe error that shows the increase in
filtering of errors when parity checking is applied. There are multiple parity systems that can be
applied this is just one example.

[66235] Another error correction routine is to swap color palette for each pool of reporter probes.
A color palette is the set of reporter probes that are actually used for measuring a pool Multiple
reporter probes are not used n any pool, if 500 reporter probes are 1o a pool then only % the
possible color combinations are needed. The sioplest way to implement this is to have two
palettes, palette A containing 500 reporter probes and palette B containing the other 500 reporter
probes. Thus if sequencing pools 1,3,5,7 have palette A and pools 2,4,6,8 have paletie B then

3,4,5,6,7,8 means each successive sequencing pool will have a

9~ 5 Wasds

running pools in the order 1.2
separate palette. Thus, barcodes from pool 2 would do not exist in the preceding and following
pools (e.g. pools 1 and 3). This allows for simple automated troubleshooting and hmiting of
detections errors.

[80236] A reporter probe can comprise one or more cleavabie linker modifications. The one or
more cleavable linker modifications can be positioned anywhere in the reporter probe. A
cleavable hnker modification can be located between the first and second domains of a primary
nucleic acid molecule of a reporter probe. 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 7 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. In such instances as
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exemplified in the left panel of Figure 7, the cleavable linker modifications may include one or
more cleavable moieties such as those exemplified in the left panel of Figure 7.
180257} A cleavable linker modification can be a compound of the Formula (I}

R, R;
Ry Ry NP
Ry

Ry, Ry
Re/ \r/ \Rg
i
o]

or a stereoisomer or salt thereof, wherein: Ry is hvdrogen, halogen, Crsalkyl, Cocalkenyl,

O

Crsalkynyl, wherein said Crsalkyl, Caealkenyl, Cosalkynl are each independently optionally
substituted with at least one substituent Rio; Rz is O, NH, or N(Cisalkyl); Rs 15 cycloalkyl,
heterocycloaikyl, aryl, or hetercaryl, each optionally sebstituted with at least one substituent Ryo,
each R4 and R are independently Crsalkyl, Casalkenyl, Cosalkynyl, wherein said Crealkyl, Ca-
salkenyl, Casalkynl are each independently optionally substituted with at least one substituent
Ruo; Rs and Ry are each independently cycloalkyl, heterocyclealkyl, aryl, or hetersaryl, each
optionally substituted with at least one substituent Rio; Rs 15 O, NH or N(Ci.salkyl); Rais O, NH,
or N{Crealkyt); each Ruo is independently hydrogen, halogen, -Cisalkyl, -Casalkenyl, -Ca.
salkynyl, haloCiealkyl, haloCrealkenyl, haloCrsalkynyl, cycloalkyl, heterocyclyl, aryl,
hetercarvl, -CN, -NO2, oxo, -ORy5, -SO:2Ry3, -85, -CORyy, -CORy, -CONRuRy, -
C(=NR1INRuR, -NRiRa, -NRiCOR, -NRCONRuR s, -NRuCOzR) 2, -NRuSONRzR 3,
-NRySOaNR2R 3, or -NRuSO:R12; and Ryy, Ry, and Ruis, which may be the same or different,
are each independently hydrogen, -Cisalkyl, -Crsalkenyl, -Czealkynyl, haloCiealkyl, haloCs.
salkenyl, haloCzealkynyl, CrsalkyloxyCisalkyl-, cycloalkyl, heterocyclyl, aryl, or heteroaryl.
[06258] In one aspect, Ry 18 Crealkyl, preferably Cizalkyl such as methyl, ethyl, propyl or
isopropyl; Rz 1s NH or N{Cui.ealkyl); Rs is a 5- to 6-membered cycloalkyl, preferably cyclohexvl;
Rs 18 Crealkyl, preferably Ciaalkylene such as methvlene, ethvlene, propylene, or isopropylene;
Rs 15 a 5~ to 6~ membered heterocyclyl comprising one nitrogen atom and 0 or 1 additional
heteroatoros selected from N, O and 8, wherein said heterocyelyl is optionally substituted with one
or two Rio; Rs 18 O; R7 15 Crealkyl, preferably Cisalkylene such as methylene, ethylene, propylene,

or 1sopropylene; Rs 13 O; Ro 15 a S- to 6- membered heterocyclyl comprising one nitrogen atom
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and 0 or 1 additional heteroatoms selected from N, O and 8, wherein said heterocyclyl is optionally
substituted with one or two Rie; and each Rie is independently halogen, Cisalkyl, haloCirealkyl,
oxo, -8{zH, or -S057.

188259] In one aspect, B3 1s cyclohexyl, R4 is methylene, Rs is 1H-pyrrole-2,5-dione, and Ro is
pyrrolidine-2,S-dione, optionally substituted with 8O3

108260] The linker compound can be
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[60261] The linker compound can be
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108262] The linker compound or linker modification can be
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i06264] A cleavable linker modification or a cleavable moiety can be g

[86263] Reporter probes can be assembled by muxing together three stock solutions together with

water. One stock solution containg primary nucleic acid molecules, one stock solution contains
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secondary nucleic acid molecules and the final stock solution containg the tertiary nucleic acid

molecules. Table 2 depicts exemplary amounts of each stock solution that can be mixed to

assemble particular reporter probe designs.

Table 2

Reporter probe | Volume (pl} of | Volume (ul) of | Volume (ul} of | Volume (ui) of
Design primary nucleic | secondary tertiary nucleic | Water

acid molecules nucleic acid acid molecules

(10 uM stock) molecules (10 {10 uM stock)

uM stock)

5x4 1 4.5 225 92.25
5x3 i 4.5 1.8 92.7
4x4 128 4.5 2.25 91.97
4x3 1.28 4.5 1.8 92,42
3x4 1.8 4.5 225 91.45

[08266] Target Nucleic Acid

[86267] The present disclosure provides methods for sequencing a nucleic acid using the
sequencing probes disclosed herein. The nucleic acid that 1s to be sequenced using the method of
the present disclosure is herein referred to as a “target nucletc acid”. The term “target nucleic
acid” shall mean a nucleic acid molecule {DNA, RNA, or PNA) whose sequence is to be
determined by the probes, methods, and apparatuses of the disclosure. In general, the terms
“target nucleic acid”, “iarget nucleic acid molecule,”, “target nucleic acid sequence,” “target
nucleic acid fragment,” “target oligonucleotide” and “target polynucleotide” are used
mnterchangeably and are intended to include, but not limited to, a polymeric form of nucleotides
that can have various lengths, either deoxyribonucleotides or ribonucleotides, or analogs thereof.
Non-limiting 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 interfering RNA (siRNA), non-
coding RNA (ncRINA), cDNA, recombinant polynucleotides, branched polyvnucleotides,
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 nucleic is known. Alternatively, the identity and/or sequence is unknown,

1t 1s also possible that a portion of the sequence of a target nucleic acid is known prior to
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sequencing using the methods of the present disclosure. For example, the method can be directed
at determining a point mutation in a known target nucleic acid molecule.

(680268} 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 a DNA molecule (i.e., via synthesis of cDNA) before a sequence can be
obtained. Since no amplification or conversion is required, a nucleic acid sequenced in the
present disclosure will retain any unique base and/or epigenetic marker present in the nucleic
actd when the nucleic acid 1s in the sample or when it was obtained from the sample. Such
unique bases and/or epigenetic markers are lost in sequencing methods known in the art.

[60269] The present methods can be used to sequence at single molecule resolution. 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.

{80270} 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
blood 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.

08271 A target nucleic acid can be fragmented by any means known in the art. Preferably, the
fragmenting 15 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 1 (DNase 13} or one or more restriction endonucleases.
(80272} When a nucleic acid molecule comprising the target nucleic acid 1s an intact
chromosome, steps should be taken to avoid fragmenting the chromosome.

[88273] The target nucleic acid can include natural or non-natural nucleotides, comprising
modified nucleotides or nucleic acid analogues, as well-known in the art.

[66274] 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, 5, 10, 20, 30, 40, 50, 100, 200, 500, or more
kilobases). A target nucleic acid molecule can comprise about 50 to about 400 nuclectides, or

about 90 to about 350 nucleotides.
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j06273] Capture Probes

{80276} The target nucleic acid can be immobilized (e.g., at one, two, three, four, five, six, seven,
eight, ning, ten, or more positions) to a substrate.

1882771 Exemplary useful substrates include those that comprise a binding moiety selected from
the group consisting of ligands, antigens, carbohydrates, nucleic acids, receptors, lectins, and
anttbodies. The capture probe comprises a substrate binding moiety capable of binding with the
binding moiety of the substrate. Exemplary useful substrates comprising reactive moieties
include, but are not limited to, surfaces comprising epoxy, aldehyde, gold, hydrazide, sulfhydrvyl,
NHS-ester, amine, alkyne, azide, thiol, carboxylate, maleimide, hydroxymethyl phosphine,
imidoester, isocyanate, hvdroxyl, pentafluorophenyl-ester, psoralen, pyridyl 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 moieties include, but are not limited to, OptArray-DNA NHS
group {Accler8), Nexterion Shide AL {Schott) and Nexterion Shide E (Schott).

{66278} The substrate can be any solid support known in the art, e.¢., a coated slide and a
microfluidic device, which is capable of immobilizing a target nucleic acid. The substrate can be
a surface, membrane, bead, porous material, electrode or array. The substrate can be a polymeric
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.

[08279] When the substrate 1s an array, the substrate can comprise wells, the size and spacing of
which 1s varied depending on the target nucleic acid molecule to be attached. In one example, the
substrate s constructed so that an ultra-dense ordered array of target nucleic acids 1s 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?.

[68280] 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 attract
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 chemistries.
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jo8281] 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 is 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.

109282] For single nucleic acid molecule sequencing on a substrate such as an array, a single target
nucleic acid molecule can be bound to a capture probe. The substrate binding moiety of the capture
probe can then be bound to an adapter oligonucleotide. The adapter nucleotide is then bound to a

lawn oligonucleotide that is attached to each well and sequencing can commence. Exemplary

sequences for lawn oligonucleotides are shown in Table 8.

Table §

PCT/US2019/032168

dT/L-dT//L-dT/L-dT/L-dT//L-d T/ L-dT/L-d T/ -dT/L-d T/A-d T/ /-
dT/L-dT /L -dT/L-dT/L-d T/~ T/ -d T/ L-d T/ -d T/ L-dT/A-dT//L-
dT/L-dT/L-dT/L-dT/L-dT/3AnMO/

Exemplary Lawn Oligo Sequence SEQIDNQO.
SAnMCH/TGCTCGAGGTTGTTGGTAGTAGTGAGTTTGTAGGGT | 160
SAMMCE/TGGTGAGGTTGTTGGTAGTAGTGAG 161
SAMCO/TTTTTTTITITTITTITTTITTITTITITTTITIITY 102
SAmMUOCS/CATCTCAAACACCTTCTACAATATGACCTAACACAC | 103
SAMMCO/GTGATGGTTATAAGAGGTGTTGATATATTTATAGTA | 104
SAMMCG/TATTGATATTGAGAAAGCGTTTGATGATGTATTGAT | 105
SAMMCG/TAGTTATGTAGTAGTTTGCGAAAGAGTTATAGTTAT | 106
AAMMCO/ACTACCCTACTCTACCCTTCTAAGATATACATATAC | 167
SARMCE/ TG/ isodG/TGA/isodG/IGTT/is0dG/TTG/isod GITA/ 108
1s0d G/TA/isod/TGA/1s0dG/TTT/is0d G/TAG/1s0d G/GT

3{Biotin TEGYL-dT//L-dT/L-dT//L-dT//L-dT//L-dT//L-dT//L-dT//L- 114

5amMC6 = 5 amine with a 6 carbon lisker; 1s0dG = isoguaning; 3AmMO =37

lsq"’"‘,:_, /\,\/ K\xm '_f/**\ ‘/\.\ s
R :5{Biotin TEG] = 5° Biotin-TEG

{80283 Each of the nucleic acids comprising a lawn oligonucleotide or an adapter

oligonucleotide can independently be a canonical base or a modified nucleotide or nucleic acid
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analogue. Typical modified nucleotides or nucleic acid analogues useful in a lawn
oligonucleotide or an adapter oligonucleotide are isoguanine and isocytosine. Alternatively still)
each of the nucleic acids comprising the lawn oligonucleotides can independently be L-DNA. In
some aspects, a lawn oligonucleotide can comprise L-DNA. A lawn ohigonuclestide can consist
of L-DNA. A lawn oligonuclectide can consist essentially of L-DNA. The use of modified
nucleotides or nucleotide analeogues such as isoguanine and isocytosine or L-DNA, for example,
can improve binding efficiency and accuracy of an adapter oligonucieotide to an appropriate
complementary nucleic acid sequence within a lawn oligonucleotide while minimizing binding
elsewhere.

[08284] A lawn oligonucleotide can further comprise a 3” amine with a 6 carbon linker, herein
referred to as SAmMC6. 5AmMUCE can be used to attach a lawn oligonucleotide to a subsirate.
1902851 An example of a capture probe, adaptor oligonucleotide and lawn oligo complex is shown
in Figure 33, In this Figure, an exemplary adapter sequence and an exemplary capture probe
sequence that hybridize are in green, the sequence that is the reverse complement of an
exemplary lawn oligo is in blue and the exemplary sequence in red on the capture probe
hybridizes with a target gene, which in this example is the gene TP53.1. The sequence of the
exemplary capture probe is 37~
CCGGTCAACCGTTTTGTAGAACAACTCCCGTCCCCTCACTCACTAGCCTCCAGTALCC
GAAAGC-5" (REQ ID No: 111). The sequence of the exemplary adapter sequence 15 57~
GAGTGATCGGAGGTCATGGCTTTCGAC/ Me-1s0dC/ACTA/IMe-1s0dC/AA A/iMe-
150dC/TCA/IMe-1s0dC/TA/iIMe-150dC/TA/Me-1s0dC/CAA/IMe-isodC/AAC/iMe-
1s0dC/TCA/IMe-150dC/CA-3 {(SEQ ID No: 110}, The sequence of the sequence of the
exemplary lawn oligonucleotide 13

TG/M30dG/GATA1s0dG/TT TatsodG/AGT/ 304G/ A T/ s0dG/ATAs0dG/GTT/1s0d G/ T TG/ sod
G/AGT/usodG/GT/S AmMCS (SEQ 1D NO: 108).

[68286] In some aspects, a lawn oligonuclestide can comprise at least one affinity moiety, at least
two affinity moieties, at least three affinity moieties, at least four affinity moieties, at least five
affinity moieties, at least six affinity moieties, at least seven affinity moieties, at least eight
affinity moieties, at least nine affinity moieties or at least ten affinity moieties. The affinity
moiety can be biotin. Thus, a lawn oligonucleotide can comprise at least one biotin motety, at

least two biotin moieties, at least three biotin moieties, at least four biotin moieties, at least five
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biotin moieties, at least six biotin moieties, at least seven biotin moieties, at least eight biotin
moieties at least nine biotin moieties or at least ten biotin moisties.

[66287] In some aspecis, a capture probe of the present disclosure that 1s hybridized to a target
nucleic acid can comprise at least one first affinity moiety, such as, but not limited o, a biotin
moiety. The capture probe hybridized to the target nucleic acid can then hybridize, either directly
or indirectly, with at least one lawn oligonucleotide on a substrate, wherein the at least one lawn
oligonuclectide comprises at least one first affinity moiety, such as, but not limited to, a biotin
motety. After hybridization of the capture probe to the lawn oligonucleotide, the resultant
capture probe-target nucleic acid-lawn oligonucleotide complex can be incubated with a second
affinity moiety, wherein the second affinity moiety is able to bind to the first affinity moiety
located on the capture probe and the first affinity moiety located on the lawn oligonucleotide. In
a non-himiting example, if the first affinity moiety located on the capture probe and the first
affinity moitety located on the lawn ohigonucleotide are both biotin, neutravidin can be used as a
second affinity moiety. The second affinity moiety will bind to the first affinity motety located
on the capture probe and the first affinity moiety located on the lawn oligonucleotide, creating a
protein bridge that 1s herein referred to as a “protein lock”. A protein lock can be used to more
stably tramobilize a target nucleic acid onto a substrate. Figure 67 shows a schematic tllustration
of a protein lock using biotinvlated capture probes and lawn oligonucleotides and neutravidin,
[680288] The target nucleic acid can be bound by one or more captare probes (i.e. two, three, four,
five, six, seven, eight, nine, ten or more capture probes}). A capture probe comprises a domain
that is complementary to a portion of the target nucleic acid and a domain that comprises a
substrate binding motety. The portion of the target nucleic acid to which a capture probe s
complementary can be an end of the target nucleic acid or not towards an end. A capture probe
can comprise a cleavable moiety between a domain that 18 complementary to a portion of the
target nucleic acid and a domain that comprises a substrate binding motety.

[66289] Alternatively, a capture probe can comprise a first domain that is complementary to a
portion of the target nucleic acid, a second domain that comprises a substrate binding moiety,
and a third domain that comprises a different substrate binding moiety. A capture probe can
comprise a cleavable moiety between any domains.

(80298} A capture probe can be phosphorylated at the 5 end. Alternatively, a capture probe can

comprise at least one phosphorothioate bond. A capture probe can comprise at least two
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phosphorothioate bonds. Preferably, the at least one or the at least two phosphorothiocate bonds
are located at the 5” end of the capture probe.

[66291] 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
wmchuding TBO200 (Accelr8), SADG, SADZ0, SADI00, SADS00, SAD2000 (Xantec),
SuperAvidin (Array-It), streptavidin slide {catalog #MPC 000, Xenopore) and
STREPTAVIDINnshide (catalog #439003, Greiner Big-one). The substrate binding moiety of the
capture probe can be avidin {e.g., streptavidin) and the substrate can be biotin. Useful substrates
comprising biotin that are commercially avatlable mclude, but are not limited to, Optiarray-biotin
{Accler8), BD6, BD20, BD100, BDS00 and BD2000 (Xantec).

[60292] The substrate binding moiety of the capture probe can be a reactive moiety that is capable
of being bound to the substrate by photoactivation. The substrate can comprise the photoreactive
maoiety, or the first portion of the nanoreporter can comprise the photoreactive moiety. Some
examples of photoreactive moieties include aryl azides, such as N{(2-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-benzoylbenzoic acid; and 5-
Bromo-deoxyuridine.

166293] The substrate binding moiety of a capture probe can be a nucleic acid that can hybridize
to a binding motety of a substrate that is complementary. Each of the nucleic acids comprising a
substrate binding moiety 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 feast six nucleotides n the substrate binding moiety of a capture probe can be modified
nucleotides or nucleotide analogues. Typical ratios of moedified nucleotides or nucleotide
analogues to canonical bases 1n a substrate binding motety of a capture probe are 1.2 10 1:8
Typical modified nucleotides or nucleic acid analogues usefel in a substrate binding moiety of a
capture probe are isoguanine and 1socytosine,

[06294] The subsirate binding moiety of the capture probe can be immobilized to the substrate via
other binding pairs apparent to those of skill in 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
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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.

[66295] The target nucleic acid can be bound by a second capture probe which comprises a
domain that 1s complementary to a second portion of the target nucleic acid. The second portion
of the target nucleic acid bound by the second capture probe s 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.

j08296] 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 is 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.

{60297} The capture probe is capable of 1solating a target nucleic acid from a sample. Here, a
capture probe is 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 motety, the nucleic acid becomes immobilized
onto the substrate,

[86298] Figure B shows the capture of a target nucleic acid using a two capture probe system of
the present disclosure. Genomic DNA is denatured at 95°C and hybridized to a pool of capture
reagents. This pool of capture reagents comprise the oligonucleotides Probe A, Probe B, and
anti-sense block probes. Probe A comprises a biotin moiety at the 3' end of the probe and a
sequence that 1s complementary to the 5” end of the target nucleic acid. Probe B comprises a
purification binding sequence that can be bound by paramagneiic beads at the 5 end of the probe
and a nucleotide sequence that is complementary to the 37 end of the target nucleic acid. The
anti-sense block probe comprises a nucleotide sequence that 1s complementary {o the anti-sense

strand of the portion of the target nucleic acid that is to be sequenced. After hybridization with
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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 purified target nucleic acid s 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 1s flow-stretched and a biotinylated probe
complementary to the purification binding sequence of Probe B 15 added. Upon hybridizing to
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 is elongated and bound to
the flow cell surface at both ends.

[806299] To ensure that a user “captures” as many target nucleic acid molecules as possible from
hugh fragmented samples, 1t 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 i 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 actd. In this example, each mdividual pool of fragmented target nucleic acid bound to a
capture probe comprising or bound to a biotin tag.  1/nth of nput sample {(where n = the number
of distinet regions 1n target nucleic acid) is 1solated for each pool chamber. The capture probe
binds the target nucleic acid of mterest. Then the target nucleic acid 1s immobilized, via the
capture probe’s biotin, to an avidin molecule adhered to the subsirate. Optionally, the target
nucleic acid 1s stretched, e.g., via flow or electrostatic force. All n-pools can be stretched-and-
bound simultanecusly, or, in order {o maximize the number of fuily stretched molecules, pool 1
{which captures most 3' region) can be stretched and bound first; then pool 2, (which captures
the middie-of-target region} is then can be stretched and bound; finally, pool 3 18 can be stretched
and bound.

188300] A target nucleic acid can be captured using a “two bead-based step purification” system
of the present disclosure. There are four capture probes, Probe A, Probe B, Probe C and Probe D.

Probe A comprises an OA-sequence, a nucleie acid sequence that is complementary to the 5” end
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of the target nucleic acid, and a nucleic acid sequence attached to a biotin moiety. An OA-
sequence can comprise the nucleotide sequence CGAAAGCCATGACCTCCGATCACTC (SEQ
ID NO: 109) and can bind to a lawn oligonucleotide. The nucleic acid sequence attached to the
biotin motety is connected to the nucleic acid sequence that 13 complementary to the 5™ end of
the target nucleic acid via a cleavable linker. Probe B and Probe C comprise a nucleic acid
sequence that 1s complementary to the target nucleic acid and a nucleic acid sequence attached to
a biotin moiety. The nucleic acid sequence that is attached to the biotin motety is connected to
the nucleic acid sequence that 1s complementary to the target nucleic acid via a cleavable linker.
Probe D comprises a nucleic acid sequence complementary to the 3° end of the target nucleic
acid, a purification hinding sequence called a G-sequence, and a biotin moiety. The hiotin motety
is connected to the G-sequence via a cleavable linker. The four capture probes are first
hybridized to the target nucleic acid. All of the probes hybridize at non-overlapping positions
along the target nucleic acid, with Probe B and Probe C hybridizing between Probe A and Probe
D. The target nucleic acid 1s then purified using streptavidin paramagnetic beads that bind to the
biotin moteties on the capture probes. Excess, non-target genomic DNA s washed away from the
beads. The target nucleic acid-capture probe complexes are then released from the streptavidin
magnetic beads by cleavage of the cleavable linkers within each capture probe. The target
nucleic acid-capture probe complexes are further purified using paramagnetic beads that bind to
the purification G-sequence on probe D, Excess capture probes are washed away and the target
nucleic acid-capture probe complexes are eluted from the paramagnetic beads.

[88361] A target nucleic acid can be captured using a “one bead-based step purification with
lambda exonuclease” system of the present disclosure. There are four capture probes, Probe A,
Probe B, Probe C and Probe D. Probe A comprises a sequence that 13 complementary to the 37
end of the target nucleic acid sequence. The S end of Probe A comprises two phosphorothicate
bonds. Probe B, Probe C and Probe D comprise a nucleic acid sequence attached to a biotin
moiety at the 37 end of the probes and a nucleic acid sequence that is complementary to the target
nucleic acid at the 5° end of the probes. The 5° ends of Probe B, Probe C and Probe I are
phosphorylated. Probe A, Probe B, Probe C and Probe D hybridize at non-overlapping positions
along the target nucleie acid. After hybridization of the probes to the target nucleic acid, the
target nucleic acid 1s purified using streptavidin paramagnetic beads. Excess gDNA and capture

probes are washed away. The target nucleic acid-capture probe complex is eluted from the beads.
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Then Probe B, Probe C and Probe D are digested using lambda exonuclease, which preferentially
degrades double-stranded DNA that 15 phosphorylated at the 5” end.

[66302] A target nucleic acid can be captured using a “one bead-based step purification with
FEN1” gystem of the present disclosure. There are four capture probes, Probe A, Probe B, Probe
C and Probe D. Probe A comprises a 3” nucleic acid sequence that does not hybridize to the
target nucleic acid, a nucleic acid sequence that is complementary to the S7 end of the nucleic
acid, and a 5™ nucleic acid sequence that does not hybridize to the target nucleic acid and that
comprises a biotin moiety. Probe B and Probe C comprise a 3” nucleic acid sequence that does
not hybridize to the target nucleic acid, a nucleic acid sequence that is complementary to the
target nucleic acid, and a 5™ nucleic acid sequence that does not hybridize to the target nucleic
acid and that comprises a biotin motety. Probe D comprises a 37 sequence that does not hybridize
to the target nucleic acid and a 57 sequence that is complementary to the target nucleic acid.
Probe A, Probe B, Probe C and Probe D hybridize to the target nucleic acid such that Probe A 15
adjacent to Probe B such that the 5” nucleic acid sequence that does not hybridize to the target
nucleic acid sequence and that comprises a biotin motety on Probe A and the 37 nucleic acid
sequence that does not hybridize to the target nucleic acid on Probe B form a branched double
stranded DNA substrate with a 5” DNA flap, and Probe B 1s adjacent to Probe C such that the 8
nucleic acid sequence that does not hybridize to the target nucleic acid sequence and that
comprises a biotin moiety on Probe B and the 3° nucleic acid sequence that does not hybridize to
the target nucleic acid on Probe C form a branched double stranded DNA substrate with a 57
DNA flap, and Probe C is adjacent to Probe D such that the 5" nucleic acid sequence that does
not hybridize to the target nucleic acid sequence and that comprises a biotin moiety on Probe C
and the 3” nucleic acid sequence that does not hybridize to the target nucleic acid on Probe D
form a branched double stranded DNA substrate with a 57 DNA flap. After hybridization of the
probes to the target nucleic acid sequence, the target nucleic acid is purified using streptavidin
paramagnetic beads. Excess genomic BNA and excess probes are washed away from the beads.
The target nucleic acid is eluted from the beads by incubating with Thermostable Flap
Endonuclease T (FEN1). FEN1 cleaves the 57 DNA flaps, thereby separating the biotin moieties
from the hybridized capture probes, releasing the target nucleic acid-capture probe complex.
[66303] 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
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target nucleic acids. A plurality of target nucleic acids can include a group of more than one
nucleic acid, in which each nucleic acid contains the same sequence, or a group of more than ong
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 identical in sequence, or a group of more than one capture probe that are not
necessarily identical in sequence. For example, using a plurality 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 interest can be captured and sequenced
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 9 shows the results from an experiment using the present methods to capture and detect a
multiplex cancer panel, coraposed of 100 targets, using a FFPE sample.

[60304] A capture probe can also comprise a domain that binds (e.g. hybridizes) to a “multiplexing
oligo”. A multiplexing oligo can comprise at least three domains. The first domain can comprise
a nucleic acid sequence that hybridizes to a capture probe. The second domain can comprise a
unique nucleic acid sequence that dentifies a sample. The third domain can comprise a substrate
bhinding moiety. A plarality of multiplexing oligos can be used in combination with capture probes
of the present disclosure to concurrently sequence a plurality of target nucleic acids from at least
two samples. Multiplexing oligos can be used to concurrently sequence a plurality of target nucleic
acids from at least three, at least four, at least five, at least six, at least seven, at least eight, at least
nine, at least ten, at least 100 or at least 1000 samples.

(80305} An example of the use of multiplexing oligos to concurrently sequence three target nucleic
acid molecules from three samples is as follows: a target nucleic acid from each of the three
samples {Sample 1, Sample 2 and Sample 3) 1s hybridized to two capture probes, Probe A and
Probe B. Probe A comprises two domains. The first domain comprises a substrate binding moiety.
The second domain comprises a sequence complementary to the 5” end of the target nucleic acid.
Probe B comprises two domains. The first domain comprises a sequence complementary to the 3°
end of the target nucleic acid. The second domain comprises a sequence complementary to a

multiplex oligo. After the two capture probes are hybridized to the target nucleic acid, the second
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domain of Probe B 15 hybridized to a multiplex oligo. The multiplex oligo comprises three
domains. The first domain comprises a sequence complementary to the second domain of Probe
B. The second domain comprises a unique nucleic acid sequence that identifies the sample. The
third domain comprises a subsirate binding moiety. After hybridization of the multiplexing oligo,
an endonuclease cleavage step is performed to remove any overhanging DNA on the target nucleic
acid such that Probe A is hybridized to the 5° end of the target nucleic acid and Probe B 1s
hybridized to the 37 end of the target nucleic acid. After endonuclease treatment, the multiplexing
oligo 15 ligated to the 37 end of the target nucleic acid and Probe B s then removed. The target
nucleic acid-Probe A complex is further purified and subsequently sequenced. Since each target
nucleic acid from each sample is ligated to a multiplexing oligo, the sample from which the target
nucleic acid was derived can be identified by sequencing the multiplexing oligo.

[90306) When complete sequencing coverage is desired, the number of distinct capture probes
required 1s 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.

[86307] 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 is 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 8. The sequencing window 1s a portion of the target nucleic acid
that 1s available to be bound by a sequencing probe. The minimum sequencing window is g
target binding domain length {e.g., 4 to 10 nucleotides) and a maximum sequencing window 1s
the magority of a whole chromosome.

[68308] 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 fength 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. By creating smaller sequencing

windows, the sequencing reactions 1s confined to specific regions of interest on the target DNA
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molecule, increasing the speed and accuracy of sequencing. The use of blocker oligos is
particularly useful when sequencing particular mutations at known locations within a target
nucleic acid, as the entire target nucleic actd does not need to be sequenced. In a non-limiting
example, the methods of the present disclosure can be used for the targeted sequencing of two
heterozygous sttes to distinguish between two different haplotypes.

180309} A capture probe can comprise a nucleic acid molecule complex. A nucleic acid molecule
complex can comprise a partially double-siranded nucleic acid molecule. In some aspects, a
partially double-stranded nucleic acid molecule can comprise a target specific domain, a duplex
domain, a single-stranded purification sequence, a cleavable moiety, a single-stranded overhang
domain, a sample specific domain, a substrate specific domain or any combination thereof.
{60310} In some aspects, any one strand of a partially double-stranded nucleic acid molecule can
comprise about 40 to about 150 nucleotides, or about 60 to about 135 nucleotides, or about 10 to
about 90 nucleotides, or about 25 to about 75 nucleotides, or about 60 nucleotides, or about 50 to
about 100 nucleotides.

{80311} In some aspects, any one strand of a partially double-stranded nucleic acid molecule can
comprise at least one, or at least two, or at least three, or at least four, or at least five, or at least
six, or at least seven, or at least eight, or at least mine, or at least ten affinity moieties.

[68312] In some aspects, any one strand of a partially double-stranded nucleic acid molecule can
comprise at least one cross-linking moiety. A cross-linking moiety can be a chemical cross-hnking
motety or a photoreactive cross-linking motety.

{80313} A capture probe can comprise a single-stranded nucleic acid molecule. In aspects, a single-
stranded nucleic acid molecule can comprise a target specific domain, a duplex domain, a single-
stranded punification sequence, a cleavable motety, a single-stranded overhang domain, a sample
specific domain, a substrate specific domain or any combination thereof.

{80314} A target specific domain, a duplex domain, a single-stranded purification sequence, a
cleavable motety, a single-stranded overhang domain, a sample specific domain or a substrate
specific domain can comprise at least one natural base or comprise no natural bases. In some
aspects, a target specific domain, a duplex domain, a single-stranded purification sequence, a
cleavable moiety, a single-stranded overhang domain, a sample specific domain or a subsirate
specific domain can comprise at least one modified nucleotide or nucleic acid analog or comprise

no modified nucleotides
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[08315] A target specific domain, a duplex domain, a single-stranded purification sequence, a
cleavable moiety, a single-stranded overhang domain, a sample specific domain or a substrate
specific domain can comprise any combination of natural bases (e.2. 0, 1,2, 3,4, 5,6,7, 8,9, 10,
of more natural bases) and modified nucleotides or nucleic acid analogs (e.g. 0, 1,2, 3,4, 5,6, 7,
8, 9, 10 or more modified When present in a combination, the natural bases and modified
nucleotides or nucleic acid analogs can be arranged in any order.

80316} A target specific domain can comprise a nucleic acid sequence that is complementary to a
portion of a target nucleic acid molecule and that hybridizes to a target nucleic acid molecule. In
some aspects, a target specific domain can comprise about 10 to about 150 nucleotides, or about
25 to about 100 nuclectides, or about 35 to about 100 nuclestides, or about 25 to about 125
nucleotides, or about 13 to about 100 nucleotides.

190317} In some aspects, a target specific domain can hybridize within at least about 100 base pairs
of the 3° end of a target nucleic acid molecule. In some aspects, a target specific domain can
hybridize within at least about 100 of the 57 end of a target nucleic acid molecule.

[60318] A duplex domain can comprise a nuclewe acid sequence that 15 capable of annealing to
another nucleic acid strand to form a partially or fully double-stranded nucleic acid molecule. In
some aspects, a duplex domain can comprise about 14 to about 45 nucleotides, or about 25 to about
35 nucleotide, or about 30 nucleotides, or about 10 to about 60 nucleotides, or about 30 to about
50 nucleotides

[80319] A single-stranded purification sequence can comprise a nucleic acid sequence suitable for
use in purtfication. A single-stranded purification sequence can comprise an F tag. A single-
stranded purification can comprise an F-like tag. A single stranded purnification seguence can
comprise the nucleotide sequence AACATCACACAGACC (SEQID NG 112). A single stranded
purification sequence can comprise the nucleotide sequence GTCTATCATCACAGC (SEQ ID
NG 113)

[68320] A single-stranded purification sequence can comprise at least one affinity moiety, or at
least two affinity moieties, or at least three affinity moieties, or at least four affinties, or at least
five affinity moieties, or at least six affinity moieties, or at least seven affinity moieties, or at least
eight affinity moteties, or at least nine affinity moieties or at feast ten affinity moteties. The affinity

moiety can be biotin. Thus, in some aspects, a single-stranded purification sequence can comprise
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at least one, at least two, at least three, at least four, at least five, at least six, at least seven, at least
eight, at least nine or at least ten biotin moieties.

[66321] A single stranded purification sequence can comprise at least S0 nucleotides, or about 15
to about 50 nucleotides.

80322} A cleavable moiety can comprise an enzymatically cleavable moiety. An enzymatically
cleavable can comprise a USER sequence for cleavage by the USER enzyme Aliernatively, a
cleavable moiety can comprise a photo-cleavable moiety.

108323} A single-stranded overhang domain can comprise a single-stranded nucleic acid sequence
that 1s capable of forming together with a target nucleic acid molecule a 5 -overhanging flap
structure.

80324} A sample specific domain can comprise a nucleic acid sequence that identifies the
biological sample from which the target nucleic acid molecule was obtained. A sample specific
domain can comprise L-DNA. A sample specific domain can comprise D-DNA. A sample specific
domain can comprise a combination of L-DNA and D-DNA. A sample specific domain can
hybridize to any probe of the present disclosure. A sample specific domain can comprises about
28 nucleotides.

[86325] In some aspects, a sample specific domain can comprise at least one attachment position
or at least two attachment positions. In the aspects wherein a sample specific domain comprises at
least one attachment position or at least two attachment positions, an attachment position can
comprise about 14 nucleotides, or about 10 nucleotides, or about 8 nucleotides.

[86326] A substrate specific domain can comprise a nucleic acid sequence that hybridizes o a
complementary nucleic acid molecule attached 1o a subsirate. The substrate can be an array. A
substrate specific domain can comprise a nucleic acid sequence that hybridizes to a lawn
oligonucleotide.

[88327] A substrate specific domain can comprise a poly-A sequence. A substrate specific domain
can comprise a poly-T sequence. A substrate specific domain can comprise an L-poly-A sequence,
wherein the nucleotides of the poly A sequence are L-DNA. A substrate specific domain can
comprise an L-poly-T sequence, wherein the nucleotides of the poly T sequence are L-DNA. A
substrate specific domain can comprise L-DNA. A substrate specific domain can comprise about

30 nucleotides.
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[66328] Figure 34 shows a schematic illustration of an exemplary capture probe comprising a
nucleic acid molecule complex called a “c5 probe complex” bound 1o a target nucleic acid. The ¢5
probe complex comprises a pariially double-stranded nucleic acid molecule. One sirand of the
partially double-stranded nucleic acid molecule comprises a target specific domain hybridized to
the target nucleic acid, a duplex domain that 1s annealed to the other strand of the partially double-
stranded nucleic acid molecule, a first single-stranded purification sequence and a cleavable
moiety focated between the target specific domain and the duplex domain. In this non-limiting
example, the single-stranded purification sequence comprises an F-like tag and the cleavable
moiety comprises an enzymatically cleavable USER sequence. The other strand of the partially
double-stranded nucleic acid molecule comprises a duplex domain that is annealed to the other
strand of the partially double-stranded nucleic acid molecule and a single-stranded overhang
domain. In this non-hmiting example, the single-stranded overhang domain and the target nucleic
acid molecule form a 5 -overhanging flap structure.

i08329] Figure 34 also shows a schematic iltustration of an exemplary capture probe comprising a
nucleic acid molecule complex called a “c3 probe complex” bound to a target nucleic acid. The ¢3
probe complex comprises a partially double-stranded nucleic acid molecule. One strand of the
partially double-stranded nucleic acid molecule comprises a target specific domain hybridized to
the target nucleic acid, a duplex domain that is annealed to the other strand of the partially double-
stranded nucleic acid molecule and a cleavable motsty located between the target specific domain
and the duplex domam. In this non-limiting example, the cleavable moitety comprises an
enzymatically cleavable USER sequence. The other strand of the partially double-stranded nucleic
acid molecule comprises a duplex domain that 1s annealed o the other strand of the partially
double-stranded nucleic acid molecule, a sample specific domain, a substrate specific domam, a
single-stranded purification sequence and a cleavable moiety located between the single-stranded
purification sequence and the substrate specific domain. In this non-limiting example, the sample
specific domain comprises L-DBNA| the substrate specific domain comprises L-DNA | the single-
stranded purification sequence comprises an F tag and the cleavable moiety is a photo-cleavable
moiety.

188330] Figure 41 shows a schematic illustration of an exemplary capture probe comprising a
nucleic acid molecule complex called a “¢3.2 probe complex” bound to a target nucleic acid

molecule. The ¢3.2 probe complex comprises a partially double-stranded nucleic acid molecule.
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One strand of the partially double-stranded nucleic acid molecule comprises a target specific
domain hybridized to the target nucleic acid and a duplex domain that is annealed to the other
strand of the partially double-stranded nucleic acid molecule. In some aspects, this sirand can
optionally comprise at least one first affinity moiety. In some aspects, this strand can optionally
comprise a cleavable moiety located between the target specific domain and the duplex domain.
The other strand of the partially double-stranded nucleic acid molecule comprises a duplex domain
that 1s annealed to the other strand of the partially double-stranded nucleic acid molecule and a
substrate specific domain. In some aspects, this strand can optionally comprise at least one, or at
least two, or at least three second affinity moieties.

108331] Figure 41 also shows a schematic illustration of an exemplary capture probe comprising a
nucleic acid molecule complex call the “¢5.2 probe complex” bound to a target nucleic acid
molecule. The ¢5.2 probe complex comprises a partially double-stranded nucleic acid molecule.
One strand of the partially double-stranded nucleic acid molecule comprises a target specific
domain hybridized to the target nucleic acid, a duplex domain that 15 annealed to the other strand
of the partially double-~stranded nucleic acid molecule. In some aspects, this strand can optionally
comprise cleavable moiety located between the target specific domain and the duplex domain. The
other strand of the partially double-stranded nucleic acid molecule comprises a duplex domain that
is annealed to the other strand of the partially double-stranded nucleic acid molecule, a sample
specific domain and a first single-stranded purification sequence, a first cleavable moiety located
between the duplex domain and the sample specific domain and a second cleavable moiety located
between the sample specific domain and the first single-stranded purification sequence. In some
aspects, the first single-stranded purification sequence can comprise at least one affinity moisty,
for example, at least one biotin moiety. In some aspects, the first single-stranded purification
sequence can be replaced with at least one biotin moiety, such that the other strand of the partially
double-stranded nucleic acid molecule comprises a duplex domain that is annealed to the other
strand of the partially double-stranded nucleic acid molecule, a sample specific domain, at least
one biotin moiety, a first cleavable moiety located between the duplex domain and the sample
specific domain and a second cleavable motety located between the sample specific domain and
the at least one biotin moiety.

[06332] Sample preparation methods of the present disclosure
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160333} The present disclosure provides methods of sample preparation comprising immobilizing
a target nucleic acid molecule to a substrate.

160334} Sample preparation methods of the present invention can comprise a CRISPR-based
fragmentation step (see, e.g., Baker and Mueller, “CRISPR-mediated isclation of specific
megabase segments of genomic DNA”, Nucleic Acids Research 2017, 45(19), 165, Tsat ef al.,
“Amplification-free, CRISPR-Cas9 targeted enrichment and SMRT sequencing of repeat-
expansion  disease  causative  genomuc  regions”, bioRxiv.  203919; dou
hitps://do1.org/10.1101/203919; Nachmanson ef al, “Targeted genome fragmentation with
CRISPR/Cas9 mmproves hybridization capture, reduces PCR bias, and enables efficient high-
accuracy sequencing of small targets”, hioRxiv 207027; dot https://dot.org/10.1101/207027).
CRISPR fragmentation can comprise in vitro fragmenting genomic DNA (gDNA) obtained from
a biological sample by cleaving proximal to protospacer adjacent motif (PAM] sites located within
gDNA. A PAM site can comprise the nucleotide sequence NGG, wherein N is any nuclecbase.
Alternatively, a PAM site can comprise the nucleotide sequence NGA, wherein N is any
nucleobase. The fragments produced by CRISPR-based fragmentation can be purified using
biotinylated CRISPR-complexes or with an anti-CAS9 antibody

[60335] A method for capturing a target nucleic acid can comprise (1) fragmenting gDNA using a
CRISPR-based fragmentation step; {2) contacting the fragmented gDNA with at least two capture
probes, wherein at least one of the at least two capture probes is a ¢5 probe complex as described
above, and at least one of the at least two capture probes 1s a ¢3 probe complex as described above,
such that a ¢3 probe complex and a ¢5 probe complex hybridize to a target nucleic acid to form
the complex shown n Figure 34; (3) removing the 5™ -overhanging flap structure by contacting the
composition with FEN1; (4) ligating the 37 end of the target nucleic acid to the 57 end of the strand
of the ¢3 probe complex that comprises the substrate specific domain; (5} binding the single-
stranded purification sequence of the ¢S5 probe complex to a first substrate; (6) cleaving the
cleavable moieties located between the duplex domain and the target specific domain of each of
the ¢3 and ¢5 probe complexes; (7} binding the single-stranded purification sequence of the ¢3
probe complex to a second substrate; (8} cleaving the cleavable motety located between the single-
stranded purification sequence and the substrate specific domain of the ligated ¢3 probe complex;
and {9) hybridizing the substrate specific domain to a complementary nucleic acid molecule

attached to a third substrate.
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(60336} In some aspects of the preceding method, step (9) can be performed before step (8).
{80337} In some aspects of the preceding method, steps (3} and (4) can be performed concurrently.
In some aspects of the preceding method, steps (3} and {4) can be performed simultaneously.
{80338} In some aspects, the preceding method can optionally include a step in between steps (6}
and (7}, wherein target nucleic acid-capture probe complexes derived from different biological
samples are pooled together In this aspect, the target nucleic acid-capture probe complexes
derived from different samples will comprise ¢3 probe complexes comprising unique sample
specific domains, such that the target specific domain identifies the biological sample from which
each target nucleic acid was obtained.

1003391 An example of a sample preparation method of the present disclosure is shown in Figures
34-40. In this non-hmiting example, gDNA obtained from a biological sample s first fragmented
using CRISPR-based fragmentation. After fragrmentation, a target nucleic acid 1s hybndized to two
capture probes as shown in Figure 34. In this non-limiting exarple, the two capture probes are a
¢3 probe complex and a ¢ probe complex, as described above. The ¢3 probe complex and the ¢3
probe complex hybridize to the target nucleic acid at non-overlapping locations along the target
nucleic acid. The ¢3 probe complex hybridizes to the target nucleic acid via the target specific
domain within no more than 8 nucleotides of the 37 end of the target nucleic acid such and the ¢5
probe complex hybridizes to the target nucleic acid via the target specific domain such that the ¢35
probe complex hybridized 5 to the ¢3 probe complex. The single-stranded overhang domamn of
the ¢5 probe complex and the target nucleic acid molecule form a 5 -overhanging flap structure.
After hybridization of the two capture probes, the target nucleic acid-capture probe complex i
meubated with FENT and ligase. The FENI removes the 57 -overhanging flap structure and the 3°
end of the target nucleic acid 15 ligated to the strand of the ¢3 probe complex that comprises the
substrate specific domain by the ligase, as shown in Figure 35. The resultant complex, shown
Figure 36 1s bound to the F-like beads that hybridize to the F-like tag present in the ¢5 probe
complex. The beads are washed and USER enzyme is added. The USER enzyme cleaves the
cleavable moieties located between the target specific domains and the duplex domains of both the
¢3 probe complex and the ¢5 probe complex, thereby releasing the target nucleic acid from the F-
like beads, as shown in Figure 37. The eluted complex, as shown m Figure 38 is further purified
using SPRI beads to. The purified complex is then bound to F-beads that hybridize to the F tag

present in the ¢3 probe complex. After washing, the target nucleic acid s eluted from the F-beads
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by exposing the beads to UV light, thereby cleaving the photocleavable moiety in the ¢3 probe
complex located between the substrate specific domain and the F tag, as shown in Figure 39. The
resultant complex is then bound to a substrate by hybridizing the substraie specific domain of
ligated ¢3 probe complex to a complemeniary nucleic acid attached to the substrate, as shown in
Figure 40.

108340] An example of another sample preparation method of the present disclosure is shown in
Figures 41-46. In this non-limiting example, gDNA obtained from a biological sample is first
fragmented, for example, by CRISPR-based fragmentation. After fragmentation, a target nucleic
actd 1s hybridized to two capture probes as shown in Figure 41. In this non-limiting example, the
two capture probes are a ¢3.2 probe complex and a ¢5.2 probe complex, as described above. The
c3 probe complex and the ¢S probe complex hybridize to the target nucleic acid at non-overlapping
focations along the target nucleic acid. The ¢5.2 probe complex hybridizes to the target nucleic
acid via the target specific domain such that the ¢5.2 probe complex hybridizes §7 to the ¢3.2 probe
complex. After hybridization of the two capture probes, the target nucleic acid 1s higated to the one
strand of the ¢3.2 probe complex and one strand of the ¢3.2 complex, as shown in Figure 42, The
ligation can comprise enzymatic ligation, autoligation, chemical ligation or any combination
thereof. In aspects comprising enzyratic ligation, the enzymatic ligation can be performed using
a high fidelity, template-directed nick ligase. The resultant complex, shown in Figure 42, can then
be bound to beads comprising at least one oligonucleotide that hybridizes to the single-stranded
purification sequence. The beads can be washed and the cleavable moiety located between the
sample specific domain and the single-stranded purification sequence can be cleaved, thereby
releasing the target nucleic acid from the beads, as shown in Figure 43. The resultant complex can
then be mmmobilized onto a substrate by hybnidizing the substrate specific domwain fo an
oligonucleotide attached to the substrate as shown in Figure 44, The substrate/oligonuclestide
complex can be any array of the present disclosure.

{80341} The preceding method can further comprise hybridizing at least one reporter probe to the
sample specific domain, wherein the reporter probe comprises a first detectable label and a second
detectable label. The first and the second detectable label can then be identified, thereby identifying
the sample from which the target nucleic acid originated based on the identity of the first detectable

label and the second detectable label.
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[66342] Alternatively, the preceding method can further comprising hybridizing a first reporter
probe to the sample specific domain, wherein the reporter probe comprises a first detectable label
and a second detectable label. The first and the second detectable label can then be identified. The
first detectable label and the second detectable label can then be removed, and a second reporter
probe comprising a third detectable label and a fourth detectable label can be hybridized to the
sample specific domain. The third detectable label and the fourth detectable label can then be
identified, thereby identifying the sample from which the target nucleic acid originated based on
the identity of the first detectable label, the second detectable label, the third detectable label and
the fourth detectable label

1003431 After identifying the sample from which the target nucleic acid originated, the cleavable
moiety located between the sample specific domain and the duplex domain can be cleaved, as
shown in Figure 45, thereby releasing the sample specific domain,

[06344] Methods of the Present Disclosure

1903451 The sequencing method of the present disclosure comprises reversibly hybridizing at
ieast one sequencing probe disclosed herein to a target nucleic acid.

[98346] 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 immmobilized
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 any of the
constructs recited 1n Table I. An exemplary 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 wdentify a corresponding nucleotide in the target nucleic acid molecule (for
example, those six nucleotides identify the complementary six nucleotides with the target
molecule to which it 1s hybridized) and wherein at least two nmucleotides 1 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 1s hybridized); wherein any of the at least six nucleotides in the
target binding domain can be modified nucleotides or nuclestide analogues; and wherein the at
least two nucleotides in the target binding domain that do not identify a corresponding nuclestide
in the target nucleic acid molecule can be any of the four canonical bases that s not specific to

the target dictated by the at least six nucleotides in the target binding domain or universal bases
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or degenerate bases. An exemplary 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.

{60347} In other aspects, an exemplary target binding domain can comprise at least six nucleotides
hybridized to the target nucleic acid, wherein the 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 s exactly six nucleotides, those six nucleotides identify
the complementary six nucleotides with the target molecule to which 1t is hybnidized);, wherein
none of the at least six nucleotides or any of the at least six nucleotides 1 the target binding domain
can be modified nucleotides or nucleotide analogues.

j08348] 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
{abel of the bound first complementary nucleic acid molecule; (4) identifving the position and
identity of at least two nucleotides in the immobilized target nucleic acid. For example, when
the first cornplementary nucleic acid molecule comprises two detectable labels, the two
detectable labels identity the at least two nucleotides in the immobilized target nucleic acid.
[68349] 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 contaciing the first complementary nucleic acid molecule

comprising the detectable labels with a force sufficient to release the first detectable label and at
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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 complementiary
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 i the
optionally immobtilized 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 have been detected, thereby
identifying the linear order of at least six nucleotides for at least a first region of the 1mmobilized
target nucleic acid that was hybridized by the target binding domain of the sequencing probe;
and (10) removing the sequencing probe from the optionally inunobilized target nucleic acid.
1903301 The method can further comprise (11) hybridizing a second sequencing probe to a target
nucleic acid that s optionally immobilized to a substrate at one or more positions, and wherein
the target binding domatn of the first sequencing probe and the second sequencing probe are
different; (12) binding a first complementary nucleic acid molecule comprising a first detectable
fabel 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
iabel of the bound first complementary nucleic acid molecule; {14) identitying the position and
identity of at least two nucleotides n 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 the detectable fabels, or contacting the first complementary nucleic acid molecule or
complex comprising the detectable labels with a force sufficient to release the first detectable
iabel 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 feast two nucleotides in the

immobilized target nucleic acid; (19) repeating steps {(15) to (18) until each attachment position
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of the at least three attachment positions i the barcode domain have been bound by a
complementary nucleie acid molecule comprising two detectable labels, and the two detectable
labels of the bound complementary nucleic acid molecule have been detecied, 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 second
sequencing probe; and {20} removing the second sequencing probe from the optionally
immobilized target nucleic acid.

108353] 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 wdentifying a sequence for the immobilized target nucleic acid.

{60352} 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.

180353} The fust complementary nucleic acid molecule can comprise a cleavable hnker. 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.

(60334} 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
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.

180335} 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
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second hybridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary {o a flanking single-stranded polynucleotide adjacent to the second
attachment position in the barcode domain.

188356] The present disclosure also provides a method for sequencing a nucleic acid comprising
{1} hybridizing a sequencing probe desecribed 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 any of the constructs recited in Table 1. An exemplary 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 1n the target nucleic acid molecule (for example those six nucleotides identify the
complementary six nucleotides with the target molecule to which it 1s 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 1t 15 hybridized); wherein any
of the at least six nuclectides in the target binding domain can be modified nucleotides or
nucleotide analogues; and wherein the at 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 bases or degenerate bases. An exemplary 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.

180357} In other aspects, an exemplary target binding domain can comprise at least six nucleotides

hybridized to the target nucleic acid, wherein the at least six nucleotides in the target binding
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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 is hybridized), wherein
none of the at least six nucleotides or any of the at least six nucleotides in the target binding domain
can be modified nucleotides or nucleotide analogues.

180338} 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 and recording the first and at least
second deteciable label of the bound first complementary nucleic acid molecule.

[60359] Following detection and recording 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 (4) 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 (4) no detectable labels are bound
to the first attachment positions. The method further comprises {S) 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; (6) detecting and recording the third and at least fourth detectable label of the
bound second complementary nucleic acid molecule; (7) repeating steps (4} to (6) until each
attachment position of the at least three attachment positions in the barcode domam 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 have been detected and
recorded; (&) identifving the position and identity of the at least six nucleotides for at least a first
region of the immobilized target nucleic acid that was hybridized to the target binding domain of
the sequencing probe using the detectable labels recorded in step (3}, step {6) and step {7); and
{9) removing the sequencing probe from the optionally immobilized target nucleic acid.

180368} The method can further comprise (10} hybridizing a second sequencing probe to a target

nucleic acid that i1s optionally immeobilized to a substrate at one or more positions, and wherein
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the target binding domain of the first sequencing probe and the second sequencing probe are
different; {11) 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 threg
attachment positions of the barcode domain; (12) detecting and recording the first and at least
second detectable label of the bound first complementary nucleic acid molecule; (13) 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 the
detectable labels, or contacting the first complementary nucleic acid molecule or complex
comprising the detectable labels with a force sufficient to release the first detectable label and at
least second detectable label; (14) 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; (15) detecting and
recording the third and at least fourth detectable label of the bound second complementary
nucleic acid molecule; (16) repeating steps (13) to (13) 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 have been detected and recorded; (17) identifying
the position and identity of the at least six nucleotides for at least a second region of the
mmobilized target nucleic acid that was hybridized by the target binding domain of the second
sequencing probe using the detectable labels recorded i step (12}, step {13) and step (16); and
{18} removing the second sequencing probe from the optionally immobilized target nucleic acid
(980361} 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 identifying a sequence for the immobilized target nucleic acid.

{80362} 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.

{80363} The first complementary nucleic acid molecule can comprise a cleavable inker. 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
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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.

{80364} 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
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.

{80363} 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 hybridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary 1o a flanking single-stranded polynucleotide adjacent to the second
attachment position in the barcode domain.

j88366] The preceding method can further comprise a medium suitable for recording of the
detectable labels. This mediem can be a sustable computer readable medium.

198367] The present disclosure further provides methods of sequencing a nucleic acid atilizing a
plurality of sequencing probes disclosed herein. For example, the target nucleic acid is
hybridized to more than one sequencing probe and each probe can sequence the portion of the
target nucleic acid to which 1t 1s hybnidized.

[88368] The present disclosure also provides a method for sequencing a nucleic acid comprising
{1) hybridizing at least one first population of first sequencing probes comprising a plurality of
the sequencing probes 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 acid molecule
comprising a first detectable label and an at least second detectable label to a first attachment
posttion 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
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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
position and dentity 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 wdentifving the linear 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 at least one first
population of first sequencing probes from the optionally mmobilized target nucleic acid.

{60369} The method can further comprise {(11) hybridizing at least one second population of
second seguencing probes comprising a plurality of the sequencing probes disclosed hereinto a
target nucleic acid that is optionally immobilized to a substrate at one or more posttions, and
wherein the target binding domam 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
jeast 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 n the optionally immobilized target nucleic
actd; (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 the detectable labels, or contacting the first complementary nucleic 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
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a second attachment position of the at least three attachment positions of the barcede 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 at least one second population of second sequencing probes from the optionally
immobilized target nucleic acid.

18837¢] 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.

180371} Steps (5) and (&) 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.

[86372] 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 i3 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 hight emutting
diode.

[88373] The first complementary nucleic acid molecule and the first hvbridizing 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.
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[66374] 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 hybridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary {o a flanking single-stranded polynucleotide adjacent to the second
attachment position in the barcode domain.

108375] The present disclosure also provides a method for sequencing a nucleic acid comprising
(1) hybridizing at least one first population of first sequencing probes comprising a plurality of the
sequencing probes 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 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 and
recording the first and at least second detectable label of the bound first complementary nucleic
acid molecule; (4) 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; (5} 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; (6} detecting and recording the
third and at least fourth detectable label of the bound second complementary nucleic acid molecule;
{7) repeating steps (4} to (6) until each attachment position of the at least three attachment positions
i 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 have been detected and recorded; (8) identifying the position and identity of the 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 using the detectable labels recorded in step
{3), step (6) and step (7); and {9) removing the at least one first population of first sequencing
probes from the optionally immobilized target nucleic acid.

{86376} The method can further comprise (10} hybridizing at least one second population of
second sequencing probes comprising a plurality of the sequencing probes disclosed hereinto a

target nucleic acid that s optionally immobilized to a substrate at one or more postiions, and
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wherein the target binding domain of the first sequencing probe and the second sequencing probe
are different; {(11) 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; (12} detecting and recording the first and
at least second detectable label of the bound first complementary nucleic acid molecule; (13)
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 the detectable labels, or contacting the first complementary nucleic acid molecule or
complex comprising the detectable labels with a force sufficient to release the first detectable
label and at least second detectable label; (14) 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; (15)
detecting and recording the third and at least fourth detectable label of the bound second
complementary nucleic acid molecule; {16) repeating steps (13) to (15) 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 have been detected and recorded; {(17)
identifying the position and identity of the least six nucleotides for at least a second region of the
mmobilized target nucleic acid that was hybridized by the target binding domain of the second
sequencing probe using the detectable labels recorded i step (12}, step {13) and step (16); and
{18) removing the at least one second population of second sequencing probes from the
optionally immobilized target nucleic acid.

{80377} 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 identifying a sequence for the immobilized target nucleic acid.

[68378] 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.

180379} The first complementary nucleic acid molecule can comprise a cleavable linker. The

second complementary nucleic acid molecule can comprise a cleavable linker. The first
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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 emitting
diode.

180380} 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.

{80381} 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 hybridizing nucleic acid molecule lacking a detectable label can comprise a nucleic acid
sequence complementary to a flanking single-stranded polynucleostide adjacent to the second
attachiment position in the barcode domain.

180382} The preceding method can further cormprise a medium suitable for recording of the
detectable labels. This medium can be a suitable computer readable medium.

168383] The sequencing methods are further described herein.

[86384] Figure 10 shows a schematic overview of a single exemplary sequencing cycle of the
present disclosure. Although immobilizing a target nucleic acid prior to sequencing 1s not
required for the instant methods, 1 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 n the left
upper-most panel. A pool of sequencing probes 13 then flowed mto the flow cell to allow
sequencing probes to hybridize to the target nucleic acid. In this example, the sequencing probes
are those depicted in 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 s flanked on either
side by (N} bases which can be a umiversal/degenerate base or composed of any of the four
canonical bases that is not specific to the target dictated by bases bi- - ba- bu- bs- bs. Using 6-
mer sequences, a set of 4096 (476} 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
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domain of the sequencing probes will hybridize along the length of the target nucleic acid at
posttions where there 1s a perfect complementary match between the 6-mer and the target nucleic
acid, as shown in upper middle panel of Figure 10. In this example, a single sequencing probe
hybridizes to the target nucleic acid. Any unbound sequencing probes are washed out of the flow
cell.

180385} These sequencing probes also comprise a barcode domain with three attachment positions
Ry, Rz and Rs, as described above. The attachment regions within attachiment position Ra
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 dinuclectide present in 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 domain
{80386} The method continues in the right upper-most panel of Figure 10. A pool of reporter
probes 15 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 R; 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 dinacleotide 1s established before sequencing. For example, in the sequencing
experiment depicted in Figure 10, for the first pool of reporter probes that is hybridized to
attachment position Ry, the dual color combination Yellow-Red can correspond to the
dinucleotide Adenine-Thymine. After hybridization of the reporter probe to attachment position
Ru, as shown in the upper right panel of Figure 10, any unbound reporter probes are then washed
out of the flow celi and the detectable label of the bound reporter probe is recorded to determine
the 1dentity of the first dinucleotide of the 6-mer.

188387] The deteciable label atiributed to the reporter probe hybridized to aitachment position Rs
1s removed. To remove the detectable label, the reporter probe can include a ¢leavable inker and

the addition of the appropriate cleaving agent can be added. Alternatively, a complementary
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nucleic acid lacking a detectable label 1s hybridized to attachment position R1 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 R no longer emits a detectable signal.
The process by which an attachment position of a barcode domain that was previously emitting a
detectable signal is rendered no longer able to emit a detectable signal is referred to herein as
“darkening”.

60388} 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 Rz 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 1s possible that a particular dual color combination corresponds to one
dinucleotide 1n 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 Rz, as shown in the bottom right panel of Figure 10, any unbound reporter
probes are then washed out of the flow cell and the detectable label is recorded to deternune the
identity of the second dinucleotide of the 6-mer present in the sequencing probe.

1903891 To remove the detectable Jabel at position Rz, 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 is hybridized to attachment position Rz of
the sequencing probe and dispiaces the reporter probe with the detectable label. Irrespective of
the method of removing the detectable label, the attachment position Rz no onger emits a
detectable signal.

190396} A third pool of reporter probes 1s 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
middie panel of Figure 10, any unbound reporter probes are then washed out of the flow cell and

the detectable label 1s recorded to determine the identity of the third dinucleotide of the 6-mer

103



WO 2019/222178 PCT/US2019/032168

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.

188391] To continue to sequence the target nucleic acid, any bound seguencing 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 is still hybridized to position Rs of the barcode domain.
Alternatively, the reporter probe hybridized to position R3 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 positions R and
Ra.

{80392} The sequencing cycle depicted in Figure 10 can be repeated any number of times,
beginning each sequencing cycle either with the hybridization of the same pool of sequencing
probes to the target nucleic acid molecule or with the hybridization of a different pool of
sequencing probes to the target nucleic acid. It is 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 cvcle.
Thereby certain nucleotides within the target nucleic acid can be sequenced more than once and
using more than one sequencing probe.

[86393] Figure 11 depicts a schematic of one full cycle of the sequencing method of the present
disclosure and the corresponding imaging data collected during this cycle. Tn this example, the
sequencing probe used are those depicted in Figure 1 and the sequencing steps are the same as
those depicted in Figure 10 and described above. After the sequencing domain of the sequencing
probe 1s 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 15 then imaged to
record color dots. In Figure 11, the color dots are labeled with dotted circles. The color dots
correspond 1o a single sequencing probe that is 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 reportier probe is hybridized to the second
attachment position {Rz}) of the sequencing probe. The second reporter probe is then imaged to
record color dots. The second attachment position of the barcode domain is then darkened and a

dual fluorescence reporter is hybridized to the third attachment position {Rs} of the sequencing
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probe. The third reporter probe is then imaged to record color dots. The three color dots from
each sequencing probe 1 to 7 are then arranged in order. Each color spot is then mapped to a
specific dinucleotide using the decoding matrix to reveal the sequence of the target binding
domain of sequencing probes 1to 7.

{80394} During a single sequencing cycle, the number of reporter probe pools needed to
determine the sequence of the target binding domain of any sequencing probes bound to a target
nucleic acid is identical to the number of attachment positions in the barcode domain. Thus, fora
barcode domain having three positions, three reporter probe pools will be cycled over the
sequencing probes.

1003951 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 in sequence.
When a pool of sequencing probes include a plurality of sequencing probes that are not all
identical in sequence, each different sequencing probe can be present in the same number, or
different sequencing probes can be present in different numbers.

180396} Figure 12 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
mn the barcode domain can be hybridized to a complementary nucleic acid bound by one of eight
different color combinations, there are 512 unique sets of 3 color combinations possible
{8*8*8=512}. For example, a probe where R1 hybridizes to a complementary nucleic acid bound
to the color combination GG, Ra 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 is accordingly GG-BG-YR. Within a pool of
sequencing probes, each unique set of three color combinations will correspond o a unique 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 i1 each of the 8 pools 15

determined to ensure optimal hybridhization of each sequencing probe to the target nucleic acid.
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To ensure optimal hybridization several precautions are taken including: () separating perfect
6mer complements into different pools; (b) separating 6mers with a high Tm and a low Tm into
different pools; and (c) separating 6mers into different pools based on empirically-learned
hybridization patterns.

{66397} Figure 13 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 13, US Patent Publication No. 20160194701 describes a sequencing
probe with a barcode domain that comprises six attachment positions that are hybridized to
complementary nucleic acids. Fach complementary nucleic acids is bound to one of four
different fluorescent dyes. In this configuration, each color (red, blue, green, vellow) corresponds
to one nucleotide (A, T, C, or G) in the target binding domain. This probe design creates 4096
unique probes (4°6). As depicted in the right panel of Figure 13, 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 13,
Unlike US Patent Publication No. 20160194701, these complementary nucleic acids are bound
by 1 of § 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 unique probes (8°3). To cover all possible hexamer combinations
within a target binding domain (40963, B separate pools of these 512 unique probes are needed to
sequence an entire target nucleic acid. Smee B color combinations are used to label the
complementary nucleic acid, but there are 16 possible dinucleotides, certain color combinations
will correspond to different dinucleotides depending on which pool of sequencing probes 13
being used. For exarmple, in Figure 13, in the 1%, 2% 3% and 4% pools of sequencing probes, the
color combination BB corresponds to the dinucleotide 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,

160398} 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 plurahity of hybridized sequencing

probes is recorded. This allows for subsequent identification of both the position and identity of a

1046



WO 2019/222178 PCT/US2019/032168

plurality of dinucleotides. In other words, by hybridizing a plurality of sequencing probes
simultaneously to a single target nucleic acid molecule, multiple postiions along the target
nucleic acid can be sequenced concurrently, increasing the speed of sequencing.

188399] In some aspects, a single sequencing probe can be hybridized to a captured target nucleic
acid molecule. In some aspects, a plurality of sequencing probes can be hybridized to a captured
target nucleic acid molecule. A sequencing window between two hybridized 5™ and 37 capture
probes can allow for the hybridization of a single sequencing probe or a plurality of sequencing
probes 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. The fluorescence signal from individual probes of a plurality of probes bound along
the length of a target nucleic acid can be spatially resolved.

{60408} In some aspects, sequencing probes can bind at even intervals along the length of target
nucleic acid. In some aspects, sequencing probes need not bind at even intervals along the length
of a target nucleic acid. The signals from a plurality of sequencing probes bound along the length
of a target nucleic acid can be spatially resolved to obtain sequencing information at multiple
locations of a target nucleic acid concurrently.

j08401] The distribution of probes along a length of target nucleic acid 15 critical for resolution 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 is explamned as
follows. Given that one nucleotide 15 0.34 nm in length and given that the lateral {x-v) spatial
resolution of a sequencing apparatus is about 200nm, a sequencing apparatus’s resolution Himit is
about 588 base pair {i.e., a 1 nucleotide/0.34nm x 200nm). That 1s to say, the sequencing
apparatus mentioned above would be unable to resolve signals from two probes hybndized 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 distinct “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 variety of software approaches {e.g., uiilize fluorescence intensity values and

wavelength dependent ratios) can be used to monitor, limit, and potentially deconvolve the
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number of probes hybridizing inside 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 in the literature (e.g., Small
and Parthasarthy: “Superresolution localization methods.” Annu. Rev. Phys Chem., 2014;
65:107-25) describe structured-itlumination and a variety of super-resolution approaches which
decrease the resolution limit of a sequencing microscope up to 10’s-of-nanometers. Use of
higher resolution sequencing apparatuses allow for use of probes with shorter target binding
domains.

[08402] 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 in a specific region of a target nucleic acid, e.g., to above the resolution himut of the
sequencing apparatus.

[66403] 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 nuclectides 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 1, and that sequencing probe is the ong
optically resolvable. For target nucleic acids that have muitiple 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 is detected. In some aspects, the distribution of the sequencing probes
bound 1o the target nucleic acid can be mampulated (e.g., by controlling concentration or
dilution) such that only one sequencing probe binds per target nucleic acid.

{80404} Randomly, but in part depending on the length of the target binding domain, the Tm of
the probes, and concentration of probes applied, it is possible for two distinct sequencing probes

in a population to bind within 600 nucleotides of each other.
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[08405] 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 limit of the sequencing apparatus, thereby producing a single read from a
resolution-limited spot.

[6o406] It the sequence, or part of the sequence, of a target nucleic acid is 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 actd within 600 nucleotides of each other.

[08407] 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
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 is unnecessary to
provide a tirst 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 mformation since many steps
of the described method are omitted. However, this probe would benefit from detectable Iabels
that are non-overlapping, e.g., fluorophores are excited by non-overlapping wavelengths of light
ot the fluorophores emit non-overlapping wavelengths of light

{06408} In some aspects of the methods of the present disclosure, the signal intensity from a
recorded color dot can be used to more accurately sequence a target nucleic acid. In some
aspects, the spot intensity of a particular color within a color dot can be used to determine the
probability that a specific color dot corresponds to color combinations that are the duplicity of

one color (i.e. BB, GG, YY, or RR}.
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j08409] The darkening of a position within a barcode domain can be accomplished by strand
cleavage at a cleavable linker modification present within the reporter probes that are hybridized
to that position. Figure 14 depicts the use of a cleavable linker modification to darken a barcode
posttion during a sequencing cycle. The first step, depicted on the furthest left panel of Figure
14, comprises hybridizing a primary nucleic acid of a reporter probe to the first attachment
posttion of a sequencing probe. The primary nucleic acid hybridizes to a specific,
complementary sequence within an attachment region of the first posttion 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
identity and position of a specific dinucleotide in the target binding domain of the sequencing
probe. In the third step, the first posttion of the barcode domain i1s 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 fust attachment
posttion 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 n the furthest right panel of Figure 14, a reporter
probe is hybridized to the second position of the barcode domain to continue sequencing.

{86410 An attachment position of a barcode domain can be darkened by displacing any
secondary or tertiary nucleic acid in the reporter probe that 1s 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 nucleie
acid secondary or tertiary nucleic acids that are not bound by a detectable label. Figure 15 13 an
justrative example of an exemplary sequencing cycle of the present disclosure in which a
position within a barcode domain is darkened by displacement of labeled secondary nucleic
acids. The far left panel of Figure 15 depicts the start of a sequencing cycle in which a primary
nucleic acid molecule of a reporter probe is hybridized to the first attachment position of a
barcode domain of a sequencing probe. Secondary nucleic acid molecules bound to a detectable
label are then hybridized to the primary nucleic acid molecule and the detectable label is
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
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lack a detectable label. In the next step of the sequencing cycle, a reporter probe comprising
detectable labels is hybridized to the second position of the barcode domain.

An aitachment 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 label In
those instances where a barcode domain comprises at least one single-stranded nucleic acid
sequence adjacent or flanking at least one attachment position, the nucleic 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
needed, the rate of deteciable label exchange can be accelerated by incorporating small single-
stranded oligonuclectides that accelerate the rate of exchange of detectable labels {e.g., “Toe-
Hold” Probes; see, e.g., Seeling ef al,, “Catalyzed Relaxation of a Metastable DNA Fuel”; J. Am.
Chem. Soc. 2006, 128(37), ppl2211-12220).

80411} The complementary nucleic acids comprising a detectable label or reporter probes can be
removed from the attachoment 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.e., hybridizing nucleic acids lacking detectable labels) are
needed.

[98412] The methods of the present disclosure can be used to concurrently capture and sequence
RNA and DNA molecules, including mRNA and gBNA, 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. In some aspects, the methods of the present disclosure can be used to
concurrently capture, detect, and sequence both gDNA and mRNA from a FFPE sample.

{88413} 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 identifying 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 instructs a microprocessor to arrange each dentified linear order of

nucleotides for each region of the target nucleic acid, thereby obtaining the sequence of the

111



WO 2019/222178 PCT/US2019/032168

nucleic acid.  Assembling can cccur in “real ime”, 7.e., while data 1s being collected from
sequencing probes rather than afier all data has been collected or post complete data accuusition.
(80414} 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 16 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 1s a fragment of NRAS exon2 (SEQ 1D NG: 1}, The particular
base of interest is a cytosine () 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 o 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. 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 17 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
NQ: 2), thereby increasing the accuracy of the final base call

[86415] The terms “Hyb & Seq chemistry,” “Hyb & Seq sequencing,” and “Hyb & Seq” refer to
the methods of the present disclosure described above.

{80416} Arrays of the present disclosure and methods using said arrays

{80417} The present disclosure provides compositions and methods for immobilizing nucleic acid
molecules, including arrays and methods of using arrays, as described 1o detailed herein.

[88418] The present disclosure provides a composition comprising a planar solid support substrate;
a first layer on the planar solid support substrate; a second layer on the first laver; wherein the
second layer comprises a plurality of nanowells, wherein each nanowell provides access to an
exposed portion of the first layer, wherein each nanowell comprises a plurality of first
oligonucleotides covalently attached to the exposed portion of the first layer.

188419] The present disclosure provides a composition comprising: a planar sohid support
substrate; a first layer on the planar solid support substrate in contact with a first surface of the

planar solid support substrate; a second layer on the first layer m contact with a second surface of

112



WO 2019/222178 PCT/US2019/032168

the first layer, wherein the second surface of the first layer is not in contact with a surface of the
planar solid support substrate; wherein the second laver comprises a plurality of nanowells,
wherein each nanowell provides access to an exposed portion of the first layer, wherein each
nanowell comprises a plurality of first oligonucleotides covalently attached to the exposed
portion of the first layer.

108420] A first layer can comprise a first surface in contact with a surface of a planar solid support
substrate and a second surface in contact with a second layer but not in contact with a surface of
the planar solid support substrate.

[08421] A second layer can comprise a first surface in contact with a surface of a first layer and a
second surface exposed to the environment.

[60422] Figure 47 1s a schematic cross section of an exemplary array of the present invention. The
array comprises a planar solid support substrate 181, a first layer 182 on the planar sohid support
substrate 101, and a second layer 103 on the first layer 182, The second layer 103 comprises a
plurality of nanowells 104, Each nanowell 184 is open on two sides thereby exposing a portion
of the first laver i each nanowell 105, A plurality of first oligonucleotides 186 is covalently
attached to the exposed first layer 105 in each nanowell.

{60423} In some aspects, a planar solid support substrate can be a surface, membrane, bead,
porous material or electrode. A planar solid support substrate can comprise, but 15 not limited to,
a polymeric material, a metal, silicon, glass or quartz for example.

[08424] In some aspects, a first layer 182 can comprise an oxide film, such as, but not limited to,
silicon digxide.

[98425] In some aspects, a first layer 182 can have a thickness of about 50 to about 150 nm. A
first layer 102 can have a thickness of about 90 nm.

[88426] In some aspects, a second layer 1083 can comprise, but 1s not himited to,
bis{trimethylsilyljamine, also known as hexamethyldisilazane (HMDS or HDMS).

[68427] In some aspects, a second layer 183 can comprises a material that is not chemically
reacitve, such that the second layer does not bind biclogical macromolecules.

(60428} In some aspects, a second layer 103 can have a thickness of about 1 nm to about 10 nm.
A second layer 183 can have a thickness of about 3 nm to about 4 nm.

[66429] In some aspects, the planar solid support substrate comprises silicon, the first layer

comprises silicon dioxide and the second layer comprises HMDS.
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[08430] In some aspecis, the planar solid support substrate comprises glass, the first layer
comprises silicon dioxide and the second layer comprises HMDS.

[00431] In some aspects, a second layer can comprise about 0.1x10° and about 100x10’
nanowells per square millimeter. A second layer can comprise about 0.1x10°% and about 100x10°
nanowells per square millimeter. A second layer can comprise about 1x10° and about 10x10°
nanowells per square millimeter. A second layer can comprise about 210° and about $x1¢°
nanowells per square millimeter. A second layer can comprise about 3x10° nanowells per square
millimeter.

[08432] As used herein, "density of nanowells" refers to the number of nanowells present within a
specified surface area. For example, a second layer that has a surface area of 1.0 mm? and that
comprises 1.0x10° nanowells is said to have a density of nanowells that is 1.0x10°
nanowells/mm?,

(00433} In some aspects, the density of nanowells can be between about 0.1x10° and about
100x107 nanowells/rom”. The density of nanowells can be between about 0.1210° and about
100%10°® nanowells/num’. The density of nanowells can be between about 1210° and about
10x10° nanowells/mm?. The density of nanowells can be between about 2x10° and about 5x10°
nanowells/mm®. The density of nanowells can be about 3x10° nanowells/mm?,

[08434] In some aspects, the surface area of an exposed portion of the first layer in a nanowell can
be about 200 to about 50,000 nm®. The surface area of the exposed portion of the first layer in
each nanowell is can be about 300 to about 40,000 nm?. The surface area of the exposed portion
of the first layer in each nanowell can be about 700 to about 8,000 nm?. The surface area of the
exposed portion of the first layer in each nanowell can be about 2,000 to about 3,000 nm’.
{80435} In some aspects, the exposed portion of the first layer in each nanowell 1s circular. In
some aspects, the exposed portion of the first layer in each nanowell 15 elhiptical. In some
aspects, the exposed portion of the first laver in each nanowell is rectangular. In some aspects,
the exposed portion of the first layer in each nanowell 13 square. In some aspects, the exposad
portion of the first laver in each nanowell 1s hexagonal or octagonal. In some aspects, the
exposed portion of the first layer in each nanowell has a shape of a regular polygon. In some
aspects, the exposed poriion of the first laver in each nanowell has a shape of an irregular

polvgon.
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(60436} In some aspects in which an exposed portion of the first layer in a nanowell is circular,
the exposed portion of the first layer can have a diameter of about 10 nm to about 200 nm. The
exposed portion of the first layer can have a diameter of about 20 nm to about 200 nm. The
exposed portion of the firs{ layer can have a diameter of about 30 nm to about 100 nm. The
exposed portion of the first layer can have diameter of about 5 nm to about 60 nm. The exposed
portion of the first layer can have a diameter of about 60 nm.

(60437} In some aspects of the, a nanowell can be cylindrical. A nanowell can be rectangular. A
nanowell can be cuboid. A nanowell can be polyhedral. A nanowell can have a shape of a right
circular cylinder. A nanowell can have the shape of an elliptical cylinder. A nanowell can have
the shape of a rectangular prism. A nanowell can have the shape of a cube. A nanowell can have
the shape of a triangular prism. A nanowell can have the shape of a cone. A nanowell can have
the shape of a pyramid. A nanowell can have the shape of a square pyramid.

{60438} In some aspects, one portion of a nanowell may have different dimensions than another
portion of the same nanowell. In a non-limiting example shown 1o Figure 48, an array of the
present disclosure comprising a planar solid support substrate 201, a first layer 262 on the planar
solid support substrate 281, and a second layer 283 on the first layer 202, The second layer 2063
comprises a plurality of nanowells 204, Each nanowell 284 is open on two sides thereby
exposing a portion of the first layer in each nanowell 285 The portion of the nanowells closest to
the first layer 202 have a diameter 206 that is smaller than the diameter 287 of the portion of the
nanowells furthest from the first layer.

{80439} In some aspects, a plurality of nanowells can be arranged in a random patiern. As used

EE ]
2

herein, the terms “arranged in a random patiern”, "randomly-patterned” or "random” refer to a
non-ordered, non-Cartesian distribution (in other words, not arranged at pre-determined points
along the x- and y-axes of a grid or at defined “clock positions”, degrees or radii from the center
of a radial pattern) of features, such as nanowells or pads that are not achieved through an
intentional design {or program by which such a design may be achieved) or by specific
placement of features. A "randomly-patterned” set of features may be achieved by dropping,
spraying, plating or spreading a solution, emulsion, aerosol, vapor or dry preparation onto a
support without any manner to direct any features to specific siies thereon. Figure 49 shows a
schematic diagram of an exemplary array of the present disclosure comprising a plurality of

cylindrical nanowells 381 arranged in a random pattern.
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[08440] In some aspects, a plurality of nanowells can be arranged in an ordered pattern. As used
herein, the terms “arranged in an ordered pattern™ or “ordered pattern” refer to a distribution of
features that 1s arranged along regular, pre-determined points along an x- and y-axes of a grid or
at defined “clock positions”, degrees or radit from the center of a radial pattern. In some aspecis,
a plurality of nanowells can be arranged in an ordered grid. The ordered grid can have a pitch of
about 50 nm to about 3500 nm. The ordered grid can have a pitch of about 100 nm to about 3200
nm. The ordered grid can have a pitch of abeut 300 nm to 1000 nm. The ordered grid can have a
pitch of about 440 nm to about 710 nm. The ordered grid has a pitch of about 575 nm. The
ordered grid has a pitch of about 577 nm. As used herein, the term “pitch” refers to the distance
between the center of two adjacent features that are arranged on an ordered grid. Figure S0
shows a schematic diagram of an exemplary array of the present disclosure comprising
nanowells 4081 that are arranged 1n an ordered grid with a constant pitch 402,

{80441} The oligonucleotides attached to an array and/or substrate can also be referred to herein
as lawn oligonucleotides.

{80442} In some aspects, the nucleic acid length of a first oligonucleotide can be about 10 to
about 100 nucleotides. The nucleic acid length of a first oligonucleotide can be about 20 to about
40 nucleotides.

[68443] In some aspects, a first oligonucleotide can comprise at least one natural base. A first
oligonucleotide can comprise no natural bases. A first oligonucieotide can comprise at least one
modified nucleotide or nucleic acid analog. A first oligonucleotide can comprise no modified
nucleotides or nucleic acid analogs. A first sligonucleotide can comprise at least one universal
base. A first oligonucleotide can comprise no universal bases. A first sligonucleotide can
comprise at least one degenerate base. A first oligonucleotide can comprise no degenerate bases.
[88444] In some aspects, a first oligonuclestide can comprise RNA, D-DNA, L-DNA, LNA,
isoguanine, 1socytosine, abasic nucleotides or any combination thereof.

[68445] In some aspects, each first oligonucleotide in a plurality of first oligonucleotides can
comprise the same sequence. Fach first oligonucleotide in a plurality of first oligonucleotides can
comprise different sequences.

[88446] In some aspects, each nanowell in a plurality of nanowells comprises the same plurality
of first sligonucleotides. In other aspects, each nanowell in a plurality of nanowells comprises a

different plurality of first oligonucleotides.
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[08447] A plurality of first oligonucleotides can comprise 2, 3,4, 5, 6,7, 8,9, 10, 50, 100, 200,
300, 400, 500, 600, 700, 800, 900, 1,000, 10,000, 100,000, or 1,000,000 first oligonucleotides.
160448} The arrays of the present disclosure can be fabricated using methods known in the art,
including, but not limited to photolithography, etc. Methods for fabricating arrays are described
in US Patent No. 7,250,371 and US 2006/0134917, the contents of which are incorporated by
reference in their entirety.

{60449} In some aspects, the exposed portion of the first layer in each nanowell can be
functionalized with reactive moieties to attract and bind specific chemical groups existing on a
biological macromolecule, such as a first oligonucleotide or a target nucleic acid complex. These
functional groups are well known to be able to specifically attract and bind biological
macromolecules through various conjugation chemistries. Exemplary reactive moieties include,
but are not limited to, surfaces comprising epoxy, aldehvde, gold, hydrazide, sulfhydryl, NHS-
ester, anune, alkyne, azide, thiol, carboxylate, maleimide, hydroxymethyl phosphine, (3-
ammopropyhttimethyoxysilane, imidoester, isocyanate, hvdroxyl, pentafluorophenyl-ester,
psoralen, pyridyl disulfide or vinyl sulfoue, polyethylene glycol (PEG), hydrogel, or mixtures
thereof.

[68458] In some aspects, a biological macromolecule, including but not limited to, a nuclewc acid
molecule, can be attached to the exposed portion of the first layer in each nanowell using a
photoreactive motety. Some examples of photoreactive moteties include aryl azides, such as
N{(Z-pyrudyldithicjethyl}-4-azidosalicytamide; fluorinated aryl azides, such as 4-azido-2,3,5,6-
tetrafluorobenzoic acid; benzophenone-based reagents, such as the succinimidyl ester of 4-
benzoylbenzoic acid; and 5-Bromo-deoxyuridine.

{80451} The present disclosure provides a method of immobilizing at least one target nucleic acid
from a sample comprising: a) providing a composition of the present disclosure; and b} contacting
the composition with at least one target nucleic acid, wherein the at least one target nucleic acid
hybridizes to a first oligonucleotide, thereby immobilizing at least one target nucleic acid such that
110 more than one target nucleic acid is immobilized within a single nanowell

[08452] Figure 51 shows a schematic diagram of the exemplary array shown in Figure 47 with
one target nucleic acid complex 581 immobilized in each nanowell.

[68453] The immobilization methods of the present disclosure have the advantage that the size

{e.g. volume) of the nanowells on the array prevent more than one target nucleic acid complex
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from hybridizing within a single nanowell. Thus, after immobilization, each nanowell on an
array contains one or zero target nucleic acid complexes. This is advantageous to applications
such as single molecule sequencing. By immobilizing only one target nucleic acid complex
within a single nanowell, individual target nucleic acid complexes can be individually
wterrogated, for example, using fluorescent probes known in the art (e.g see U.S. 8,148,512,
U.8. 7,473,767, UK. 7,919,237 US. 7941,279, U8 8415102, U.S. 8,492,094 US. §,519,115,
U.8. 2009/0220078, U.S. 2009/0299640, U.S. 2010/0015607, U.S. 2010/0261026,

U.S. 2011/0086774, U.S. 2011/0145176, U.S. 2011/0201515, U.S. 2011/0229888,

U.S. 2013/0004482, U.S. 2013/0017971, U.S. 20613/0178372, U.S. 2013/0230851,

U.S. 2013/0337444, U.S. 2013/0345161, 1.8, 2014/0005067, U.S. 2014/0017688,

U.S. 2014/0037620, 1.8, 2014/0087959, U.S. 2014/0154681, U.8. 2014/0162251, and U.S.
2016/0194701 each of which is incorporated herein by reference in their entireties).

{60454} Figure 52 shows a schematic diagram of the exemplary array shown 1n Figure 47 with
one target nucleic complex 681 immobilized 10 each nanowell. The target nucleic acid complex
602 15 unable to bind 10 the leftmost nanowell 683, as nanowell 603 15 already occupied by a
target nucleic acid complex 601,

[08453] In some aspects, a nanowell can have a volume that 1s approximately equal to, equal to,
or less than the excluded volume of a target nucleic acid, such that only one target nucleic acid
complex can physically fit into a single nanowell at a given time.

[98436] In some aspects, nanowells are spaced such that the signal from a fluorescent probe
hybridized/bound to a biological macromolecule immobilized within a nanowell 15 optically
resolvable from the signal of fluorescent probe hybridized/bound to a biclogical macromolecule
mmobilized in an adjacent nanowell.

[88457] In some aspects, a target nucleic acid comprise at about 10 nucleotides to about 100,000
nucleotides. In some aspects, a target nucleic acid can comprise about 100, or about 250, or
about 500, or about 750, or about 1,000, or about 5,000 nucleotides, or about 10,000 nucleotides,
or about 100,000 nucleotides, or about 1,000,000 nucleotides, or about 10,000,000 nuclestides.
[08458] In some aspects, a target nucleic acid can comprise, but is not limited to, polymeric forms
of nucleotides that can have various lengths, either deoxyribonucleotides or ribonucleotides, or
analogs thereof. Non-limiting examples of {arget nucleic acids include a gene, a gene fragment,

an exon, an intron, intergenic BNA {(including, without limitation, heterochromatic DNA},
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messenger RNA (mRNA), transfer RNA, ribosomal RNA, ribozymes, small interfering RNA
{siRNA), non-coding RINA (ncRINA), eDNA, recombinant polynucleotides, branched
polynucleotides, plasmids, vectors, 1solated DNA of a sequence, 1solated RNA of a sequence,
nucleic acid probes, and primers. The identity and/or sequence of target nucleic can be known,
Alternatively, the identity and/or sequence of a target nucleic acid can be unknown. It 1s also
possible that a portion of the sequence of a target nucleic acid 1s known.

[08459] A target nucleic acid can be obtained from any sample or source of nucleic acid, e.g.,, any
cell, tissue, or organism, i vitro, chemical synthesizer, and so forth. The target nucleic acid can
be obtained by any art-recognized method. A target nucleic acid can be obtained from a blood
sample of a clinical subject. A target nucleic acid can be isolated from a biological sample. A
target nucleic acid can be extracted, isolated, or purified from the source or samples using
methods and kits well known in the art. In some aspects, a tissue sample is a biopsied tumor or a
portion thereof, 1.e, a chinically-relevant tissue sample. For example, the turnor may be from a
breast cancer. The sample may be an excised lymph node.

[80460] A target nucleic acid can be fragmented by any means known in the art prior to
immeobilization. Preferably, the fragmenting 15 performed by an enzymatic or a mechanical
means. The mechanical means can be sounication or physical shearing. The enzymatic means can
be performed by digestion with nucleases {e.g., Deoxyribonuclease I {DNase I}) or one or more
restriction endonucleases. A target nucleic acid can be fragmented using a CRISPR-based
fragmentation step. A CRISPR-based fragmentation step allows for target fragmentation and the
creation of target nucleic acids of a desired size. In a non-limnting example, CRISPR-based
fragmentation can create target nucleic acids that are of a size that prevents more than one target
nucleic acid complex from being immobilized 1n a single nanowell.

[88461] In some aspects of the methods of the present disclosure, a target nucleic acid can
mdirectly hybridize to a first oligonucleotide via a second oligonucleotide, wherein the second
oligonucleotide comprises a first region that hybridizes to the first oligonucleotide and a second
region that hybridizes to the at least one target nucleic acid.

fo8462] A second oligonucleotide can comprise at least one natural base. A second
oligonucleotide can comprise no natural bases. A second oligonucleotide can comprise at least
one modified nuclestide or nucleic acid analog. A second oligonucleotide can comprise no

modified nucleotides or nucleic acid analogs. A second oligonuclestide can comprise at least one
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universal base. A second oligonucleotide can comprise at feast one universal base. A second
oligonucleotide can comprise no universal bases. A second oligonucleotide can comprise at least
one degenerate base. A second oligonuclestide can comprise no degenerate bases.

[88463] A second oligonucleotide can comprises D-DNA, L-DNA, LNA, isoguanine, 1socyiosine,
abasic nucleotides or combinations thereof. A second oligonucleotide can comprise L-DNA A
second oligonucleotide can comprise a sequence that identifies the sample.

[68464] In some aspects of the methods of the present disclosure, a target nucleic acid can
mdirectly hybridize to a first oligonucleotide via a second oligonucleotide and a third
oligonucleotide, wherein the second oligonucleotide comprises a first region that hybridizes to
the first oligonucleotide and a second region that hybridizes to a first region on the third
oligonucleotide and wherein the third oligonucleotide comprises a first region that hybridizes to
the second region of the second oligonucleotide and a second region that hybridizes to a target
nucleic acid.

(904651 A third oligonucleotide can comprise at least one natural base. A third oligonucleotide
can comprise no natural bases. A third oligonucieotide can comprise at least one modified
nucleotide or nucleic acid analog. A third oligonuclectide can comprise no modified nucleotides
or nucleic acid analogs. A third oligonucleotide can comprise at least one universal base. A third
oligonucleotide can comprise at least one universal base. A third oligonucleotide can comprise
no universal bases. A third oligonucleotide can comprise at least one degenerate base. A third
oligonucleotide can cornprise no degenerate bases.

[88466] A third oligonucleotide can comprises D-DNA, L-DNA, LNA, isoguanine, 1socytosine,
abasic nucleotides or combinations thereof. A third oligonucleotide can comprise L-DNA. A
third oligonucleotide can comprise a sequence that identifies the sample.

[88467] In some aspects of the methods of the present disclosure, a target nucleic acid can directly
hybridize to a first oligonucieotide. A target nucleic acid can directly hybridize to a first
oligonucleotide via a nucleic acid probe ligated to the 3” end of the target nucleic acid

[08468] A nucleic acid probe can comprise at least one natural base. A nucleic acid probe can
comprise no natural bases. A nucleic acid probe can comprise at least one modified nucleotide or
nucleic acitd analog. A nucleic acid probe can comprise no modified nucleotides of nucleic acid
analogs. A nucleic acid probe can comprise at least one universal base. A nucleic acid probe can

comprise at least one universal base. A nucleic acid probe can comprise no universal bases. A
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nucleic acid probe can comprise at least one degenerate base. A nucleic acid probe can comprise
no degenerate bases.

(80469} A nucleic acid probe of a target nucleic acid complex can comprise RNA, D-DNA, L-
DNA, LNA, isoguaning, isocytosine, abasic nucleotides or any combination thereof.

{80478} A nucleic acid probe can comprise a cleavable linker. A cleavable linker can be a
photecleavable linker or an enzymatically cleavable hinker.

[68471] In some aspects of the methods of the present disclosure, after a target nucleic acid is
mmobhilized, the target nucleic acid can be sequenced. The target nucleic acid can be sequenced
using any method known in the art. Preferably, the target nucleic acid s sequenced by direct
detection methods (e.g. see WO 2016/081740, WO 2018/09438S each of which is incorporated
herein by reference in their entireties).

[68472] As used herein, the term “array” is used in its broadest sense to refer to a substrate
comprising a plurality of features, wherein a feature comprises one or more immobilized
biological macromolecules and/or wherein a feature s capable of capturing and immobilizing
one or more biclogical macromolecules. Thus, in some aspects, the compositions of the present
mvention can be considered arrays.

EERNEAS

[60473] The terms “feature”, “pad”, “spot” and “nanowell” are herein used interchangeably to
refer to a structure and/or area that comprises one or more immobilized biological
macromolecules and/or 1s capable of capturing and immobilizing one or more biological
macromolecules.

[86474] As used herein, the term “biological macromelecuie”™ is used in its broadest sense to refer
to organic molecules such as, but not limited to, carbohydrates, lipads, proteins, peptides, or
nucleic acid molecules.

[88473] As used herein, the term "trumobilized” refers 1o a linkage between a nucleic acid
molecule and a surface. A linkage can be non-covalent. For example, a target nucleic acid can be
mmmobifized to a solid support substrate by hybridizing to an oligonucleotide that is covalently
linked to swrface.

[08476] As used herein, "excluded volume" refers to the volume of space occupied by a particular
molecule 1o the exclusion of other such molecules.

[68477] Any of the above aspects can be combined with any other aspect as disclosed herein.

106478} Definitions
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[08479] 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, e.g., 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 in reference to a duplex means that the
polynucleotide 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 is not
limited to, the pairing of nucleoside analogs, such as deoxvinosine, 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-Crick bonding.

(08480} As used herein, the term “hybnidization conditions,” will typically include salt
concentrations of less than about 1 M, more usually less than about 500 mM and even more
usually less than about 200 mM. Hybridization termperatures can be as low as 5 °C, but are
typically greater than 22 °C, more typically greater than about 30 °C, and often in excess of
about 37 °C. Hybridizations are usually performed under stringent conditions, e.g., conditions
under which a probe will specifically hybridize to 1s target subsequence. Stringent conditions are
sequence-dependent and are different in different circumstances. Longer fragments can require
higher hybridization temperatures for specific hybridization. As other factors can affect the
stringency of hybridization, including base composition and length of the complementary
strands, presence of organic solvents and extent of base mismatching, the combination of
parameters 1s more important than the absolute measure of any one alone.

j80481] Generally, stringent conditions are selected to be about 5 °C lower than the Tm for the
specific sequence at a defined ionic strength and pH. Exemplary stringent conditions include salt
concentration of at least .01 M to no more than 1 M Na ion concentration {or other salts} ata
pH 7.0 t0 8.3 and a temperature of at least 25 °C. For example, conditions of 5X S8PE (750 mM
Na(l, 50 mM Na phosphate, S mM EDTA, pH 7.4) and a temperature of 25-30 °C are suitable
for allele-specific probe hybridizations. For siringent conditions, see for example, Sambrook,

Fritsche and Maniatis, “Molecular Cloning A Laboratory Manual, 2nd Ed.” Cold Spring Harbor
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Press (1989) and Anderson Nucleic Acid Hybridization, 1st BEd., BIOS Scientific Poblishers
Limited (1999). As used herein, the terms “hybridizing specifically t6” or “specifically
hybridizing t0” or similar terms refer to the binding, duplexing, or hybridizing of a molecule
substantially to a particular nucleotide sequence or sequences under stringent conditions.
[60482] 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
“basecall”. Multiple reads improve accuracy. A target nucleic acid sequence is “read” when a
contiguous stretch of sequence information derived 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 15 the total number of reads that map to a specific reference target sequence; base
coverage 1s the total number of basecalls made at a specific genomic position.

1004831 A “read” 15 a unit of sequencer output. A contiguous streich of sequence mformation
derived from a single original target molecule. Fach read has a quality metric that associates the
confidence level of the base calls within the read. A unit of sequencer output. A contiguous
stretch of sequence information derived from a single original target molecule. In Hyb & Seq,
all reads are generated via multi-pass consensus.

[80484F The “readiength” is a metric describing length of sequence (in bp} from each read. This
metric 1s determined by the sequencing technology.

[80485] As used in heremm, a “Hyb & Seq cyele” refers to all sieps required to detect each
attachment region on a particular probe or population of probes. For example, for a probe
capable of detecting six postiions on a target nucleic acid, one “Hyb & Seq cvcle” 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
domain, and detecting the detectable labels associated with each of the six positions.

j06486] The term “k-mer probe” is synonymous with a sequencing probe of the present
disclosure. The k-mer readout is 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. Mulktiple Hyb &

Seq cycles are performed to generate enough discrete k-mer readouts from a single target
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molecule to enable an unambiguous alignment of discrete k-mers into a contiguous stretch of
sequence

[68487] 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 alignment of ali discrete probe readouts froma
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 queried with different levels
of redundancy or overlap; generally, redundancy increases the confidence level of a basecall.
[06488] A “consensus” 13 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 simple majority rule uses the most coramon
base 1 the column as the consensus.

[00489) The “Raw Accuracy” is a measure of system’s inherent ability to correctly wdentify a
base. Raw accuracy 15 dependent on sequencing technology. “Consensus Accuracy” is a
measure of system’s ability to correctly 1dentify a base with the use of additional reads and
statistical power. “Specificity” refers to the percentage of reads that map to the intended tfargets
out of total reads per run. “Uniformity” refers to the vartability in sequence coverage across
target regions; high uniformity correlates with low variability, This feature i1s commonly
reported as the fraction of targeted regions covered by >20% of the average coverage depth
across all targeted regions. Stochastic errors (1.e, intrinsic sequencing chemistry 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.
j08490] 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
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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 contaning
the computer program. Examples of computer readable medium that can be used include but are
not himited 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 resulis can also be provided over an electronic network, for
example, over the internet, an intranet, or other network.

[08491] A “Consumable Sequencing Card” can be incorporated into a fluorescence imaging
device known in the art. Any flusrescence microscope with a number of varying features 1s
capable of performing this sequencing readout. For instance: wide-field lamp, laser, LED, multi-
photon, confocal or total-internal reflection Humination can be used for excitation and/or
detection. Camera (single or multiple) and/or Photomultiplier tube (single or multiple) with
either filter-based or grating-based spectral 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.

j08492] 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
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 15 “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-nove
assembly of entire genome(s}.

{80493} Additional teachings relevant to the present disclosure are described in one or more of the
following: U.S. 8,148,512, U.8. 7,473,767, U.8. 7,919,237 U.8. 7,941,279, U.8. 8,415,102,
U.8. 8,492,094, UJ.S. 8,519,115, U.8. 2009/0220978, U.8. 2009/0299640, 1J.8. 2010/0015607,
1.8, 2010/0261026, U.S. 2011/0086774, U.S. 2011/0145176, U.S. 2011/020151 5,

U.8. 2011/0229888, 11.8. 2013/0004482, U.8. 2013/0017971, 1.8, 2013/0178372,

1.8, 2013/0230851, U.S. 2013/0337444, U.S. 2013/0345161, U.S. 2014/0005067,
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U.8.2014/0017688, 11.8. 2014/0037620, U.8. 2014/0087959, 1J.8. 2014/0154681,
1.8, 2014/0162251, and UK. 2016/0194701 each of which is incorporated herein by reference in

their entireties.

Fxamples:

[60494] Example 1 - Single-molecule long reads using Hvb & Seq chemistry

1004951 The presently disclosed sequencing probes and methods of utilizing the seguencing
probes is conveniently termed, Hyb & Seq. This term is utilized throughout the specification to
describe the disclosed sequencing probes and methods. Hyb & Seq is a library-free,
amplification-free, single-molecule sequencing technique that uses nucleic acid hybridization
cycles of fluorescent molecular barcodes onto native targets.

180496} Long reads using Hyb & Seq are demonstrated on a single molecule DNA 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 1dentify all the bound sequences;
and/or (4} relative positions of sequences within a single molecule target are determined using
spatially-resolved fluorescence data.

{60497} Key advantages of long reads using Hyb & Seq, include but are not limited to: read
lengths determined by molecule length, not hmited by chemistry; simple, limited sample
preparation results in less fragmentation; positional information associated with sequencing
probes aids assembly; and/or capability to phase variants into long-range haplotypes.

[68498] 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
{Ry, Rz, 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.

{80499} Long read and short read sequencing methods of the present disclosure can use the same
simple probe hybridization workflow for targeted capture of nucleic acids. A plurality of

sequencing probes can hybridize to a target nucleic acid concurrently, and optical resolution
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allows several spois per long target to be individually distinguished. By hybridizing and
recording a plurality of sequencing probes concurrently, the information content of a single read
is increased. Long-range haplotypes are inherent in single-molecule analysis and can be
assembled 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.

[68300] Sequencing probes can hybridize to stretched targets (preferably hydro-dynamically
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.

190501} In one experiment using the methods of the present disclosure, 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 kilobases and beyond. Read length is limited only by initial length of the target nucleic
acid fragment, not enzymaes or sequencing chemistry.

{86502 The methods of the present disclosure possess additional capabilities with respect to
targeted phased long reads. Long-range phased haplotypes are inherent in data and easily
identified for phasing of varants. Sequencing of the entire long target molecule 1s not necessary
as “blocker oligos” can be used to limit sequence cycling to sequencing windows of interest.
[86563] The results of Example I show that the sequencing method of the present disclosure 1s
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-resoived fluorescence data accurately corresponds 1o the
actual relative positions across the long single molecule; and simultaneous readout of 10+ base
sequences per sequencing cycle.

106504] Example 2 - Assembly Aloorithm: Accurate, reference-guided assembly of Hyb & Seqg

reads for tarceted sequencing to resolve short nucleotide variants and InDels
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160505] The Assembly Algorithm is an open source algorithm designed to perform assembly of
Hyvb & Seq’s unique hexamer readouts (hexamer spectra). The Assembly Algorithm may also be
known as the ShortStack or HexSembler™ analysis software. 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.

80306} Single molecule sequencing using Hyb & Seq chemistry and the Assembly Algorithm
was performed as follows: hexamer readout of the single molecule target was generated after
each cycle of hybridization using Hyb & Seq chemistry; after many cyeles of hybridization,
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.

(803071 The results of target sequencing using Hyb & Seq technology with the Assembly
Algorithm 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 silico experiments
using all hexamers and the Assembly Algorithm confirmed average QV >90 across larger target
panels

The Assembly Algorithm can accurately assemble Hyb & Seq data. Figure 18 shows the results
from a sequencing experiment obtained using the sequencing method of the present disclosure
and analyzed using the Assembly Algorithm. In this experiment, the target nucleic acids that
were sequenced included fragments of the genes BRAF (SEQ ID NO: 33, EGFRex18 (SEQ ID
NG 43, KRAS (SEQ D NO: 5), PIK3CA (SEQ 1D NG: 6), EGFRex20 (SEQ 1D NO: 7) and
NRAS (SEQ ID NO: 8). Figure 18 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 in 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



WO 2019/222178 PCT/US2019/032168

gDNA and shows that the fraction of variant molecules is consistent with known frequency of
reference sample.

160508} The results in Example 2 show that the Assembly Algorithm is 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 quality values >30 using simulated data; at 5x coverage, >99% accuracy in base calling
i 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
linearly with the number of hexamers assembled, capable of assembling 69k molecules in ~15
min on a personal computer.

[0030%] Example 3 - Librarv-free targeted sequencing of native sDNA from FFPE samples using

Hyvb & Seq™ technoloov — the hybridization based single molecule sequencing system

{80318 A targeted cancer panel sequencing of native gDNA from FFPE sarmples 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.

80511} Hyb & Seq chemistry and workflow were demonstrated as follows: genomic targets of
mterest are divectly captured onto the sequencing flow cell; a pool containing hundreds of
hexamer sequencing probes is flowed info 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 is
washed away; and the cycle 1s repeated with a new pool of sequencing probes until the target
regions have been read to sufficient depth

j06512] 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 + imtrinsic error
correction; and/or both long & short reads — Read length defined by input sample, not limited by

chemistry.

129
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[08513] Hyb & Seq Chemistry Design is 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 micron FFPE curls
used per sample. The entire process is completed within 60 minutes and it needs only common
lab equipment: heat block, pipette, filter and reagents.

[68314] Figure 19 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 variant 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 19 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 included with each (A, G, C, T) base variant. During
Sequencing, single target DNA molecules were tracked for 800 barcode exchange cycles,
providing multiple hexamer reads which are reassembled by the Assembly Algorithm, as
described i Example 2.

[86515] Figure 18 shows the sequencing results including the average coverage of each target, the
single base error rate, and the observed vs. expected vanant frequencies. The results m 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
fow error.

[08516] Example 4 - Direct single-molecule RNA sequencing without ¢BNA conversion usin

Hvb & Seq™ chenuistry

[88517] Direct single-molecule RNA sequencing using Hyb & Seq chemistry was demonstrated
as follows: native RNA molecules were captured directly without cDNA conversion and
immobilized onto sequencing flow cell; a pool containing hundreds of hexamer sequencing
probes was flowed into the sequencing flow cell; a perfectly maiched sequencing probe was
hybridized randomly on a single molecule RNA target; fluorescent reporter probes were

sequentially hybridized to barcode region of sequencing probe to identify hexamer bases; and
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bases were identified and then sequencing probes washed away; cycle was repeated until target
had been read to sufficient depth.

(80518} Key resulis: targeted single-molecule RNA was sequenced showing similar coverage
profiles to DNA; RNA molecules were stably mamntained on the flow cell throughout more than
200 Hyb & Seg cycles; mRNA and genomic DNA were simultaneously captured and guantitated
from a single FFPE slice; and/or eight transcripts were multiplex captured and quantitated using
as little as 10 ng of total RNA.

1083519] Hyb & Seq Chemistry Design s as described in Example 1. The left panel of Figure 20
shows an tllustrative schematic of the experimental steps associated with direct RNA sequencing
compared to the steps associated with conventional RNA sequencing performed using cDNA
conversion. The middle and left panels of Figure 20 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 ID NOs: 14-17). The results 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.

[80320] Figure 21 shows the resulis from an experiment to validate direct single-molecule RNA
sequencing using the sequencing method of the present disclosure. Native RNA molecules
encoding a fragment of NRASex2 (SEQ ID NO: 18} were captured directly without ¢cBNA
converston and immobilized onto a sequencing flow cell and sequenced using the present
methods. The experiment was also repeated using captured DNA molecules instead of RNA.
Figure 21 shows that sequencing coverage for DNA and RNA was comparable, demonstrating
that RNA can be directly sequenced without conversion to ¢DNA using the sequencing method
of the present disclosure.

(88521} In some aspects, the present disclosure provides integrated capture of RNA and DNA
from a FFPE sample. Samples are prepared using the same FFPE workflow described in
Example 3. The same capture protocol 1s 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. In some aspects, specific RNA and DNA capture probes are required to

concurrently capture RNA and DNA.
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[08522] Multiplex capture of 8 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 alse

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. Quantitation of counts for each specific RNA target showed an increase with as the
total amount of input RNA was increased.

(680523} The results in Example 4 show that single-molecule RNA sequencing s 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.

085241 Example 5 —Integrative bioinformatics algorithm for high throughput molecule-level

short-reads generated from Hyvb & Seq seguencing platform

i08528] The Assembly Algorithm software is designed to perform standard sequencing-based
bioinformatics analysis tasks such as alignment, error-correction, mutation-calling, and read
assernbly. The steps of the Assembly Algorithm software pipeline can include: alignmuent of
hexamers and coverage estimation; mutated sequence identification; graph data structure
construction; and/or molecule level sequence reconstruction and error correction.

{85261 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 {0 targets, the hexamers were aligned per molecule to all different
target regions and the top matched gene target was selected.

[88527] 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 confidence molecule identifications (under z-score of 2.5 sigma)
were filtered out.

(80528} Key Advantages of the Assembly Algorithm include: accurately handles possible

sequence ambiguities by implementing a hierarchical hash index design; and/or advanced
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algorithm design structure assures the mapping quality by prioritization and prevents the
overestimation of mutations.

[66529] In addition, the mutation graph data structure enables computational modeling of various
types of mutations (substitution, insertion, and deletion) and produces cutput for sequence
reconstruction and variant calling: substitution variants are represented as additional nodes in the
eraph 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; in a blind mutation search {1.e. a search for mutation tolerant sequence
alignments), hamming distances are measured from every reference sequence position and new
nodes are added to the graph representing searched mutations; and/or coverage estimation for
mutated hexamers is performed using the hierarchical hash table.

j66530] The constructed graph data structure enables molecule level sequence reconstruction and
mstrument error correction. In the constructed graph, the dynamic 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 n
hexamers were discarded.

180531} Sumulated data sets confirmed that the software was able deliver highly accurate
molecule level sequence assembly and mutation calling results. These resuits show the mutation
calling accuracy for 10 random mutations. In medium mstrament error datasets, the accuracy
showed 99.39% (targeted search) and 98.02% (blind search} on average. Under the elevated
mstrument 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).

{86532] The Assembly Algorithm software can process a broad scope of various mutations,
inchuding insertions and deletions selected between 1 bp and 15 bp with a mutation calling
accuracy of 94.4% {(1x coverage), 97.7% (2x coverage}, to 98.5% (3x coverage).

[06533] Example 6 — Sample preparation for processing FFPE tissue for Hyb & Seq

{80534} Formalin-fixed paraffin embedded (FFPE) tissue is a challenging sample imput type for
traditional sequencing platforms. Hyb & Seq’s sample preparation methods successfully process

FFPE ussue inputs for downstream sequencing. First, the nucleic acid(s) to be sequenced is
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extracted from formalin-fixed, paraffin embedded (FFPE) tissue in a single-step process. One or
more 10 um thick FFPE curl is heated in an aguecus-based nucleic acid extraction buffer to
simultaneously melt the paraffin 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 ions. The FFPE
curl and extraction buffer are incubated at 56 °C for 30 minutes to separate the paraffin from the
tissue and allow the Proteinase K to digest the tissue structure and expose the embedded cells 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 facilifate the reversal of the formaldehyde
cross-links to further assist in the extraction of nucleic acids.

[08535] 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 s 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 for 600 seconds to achieve the maximal increase in targets
filtered solution by centrifuging at 21,000 g and 4 °C for 15 nunutes. This allows the DNA to be
sheared down to about 225 bp,

[88336] Next, target capture is performed by binding pairs of capture probes to target nucleic acid
molecules during a rapid hybundization step. The 57 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 is driven by the capture probe
concentration which are added 1o 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
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strand and prevent reannealing. The solution containing the capture probes is heated to 98 °C for
3 minutes to denature the genomic DNA, followed by a 15-munute 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,
detatling the gene and exon of the targeted DNA region.

Table 3: Gene and Exon of targeted DNA regions

Gene Target Gene | Target Gene Target
ABLI exd EZH2 ox8 NOTCH1 | NOTCHI ex26
ABL! | ABLI ex6 EZH2 | EZH2 exil NRAS ex2
ABLI ex7 EZH2 ox15 NRAS NRAS ex3
AKT1 | AKT1 ex6 FBYXW7 ox2 ST I NRAS ox3
ALK | ALK ex26 FBXW7 ex5 NRAS ex4
A P(%_e x5 FBXW7 PBY W: Z_n"' Pl?GliRA_ex 1
APC exl6 FBXW7 ex8 PDGFRA ex4
APC exl7 FBXW7 ex9 PDGFRA_ex7
APC | APC ex17 FBXW7 exi0 PDGFRA_ex10
APC exl7 FGFRY | FGFRIL ex6 PDGFRA exil
APC exl? FGFR2 | FGFR2 ox7 PDGFRA PDGFRA ex14
APC ex17 FLT3 exll PDGFRA _ex15
ATM ex8 FLT3 §FLT3 exi2 PDGFRA exi6
ATM _ex9 FLT3 ex21 PDGFRA _exi8
ATM exll GNAQ | GNAQ ex5 PDGFRA ¢x23
ATM ex26 IDHI ex4 PIK3CA ex2
Aty | ATV o34 IDH IDHI ex10 PIK3CA_ex3
ATM_ex39 IDH2 § IDH2 exd PIK3CA _ex7
ATM ex49 JAK2 ex3 PIK3CA | PIK3CA exl0
ATM_ex49 Aky | AR PIK3CA ex14
ATM ex35 ) JAK2 exlid PIK3CA ex2t
ATM ex59 JAK2 ex20 PIK3CA ex21
BRAF ¢x8 KDR _ex7 PTEN ex8
BRAF exl11 KDR ex7 PTEN PTEN ex7
BRAF e F exi3 [ KDR_ ex9 PTEN ex8
BRAF exi5s KDR KDR exil PTENP] | PTENP1 exl
CDHi | CDHI ex9 KDR ex27 RBI exl0
CSFIR CSFIR ex3 KDR ex30 RB1 ex17
CSFIR ex22 KIT ex3 RB1 RBI ex17
. CTNNBI ex3 KIiT KIT ex@ RBI ex20
CTNNB1 T - -
CTNNBI ex6 KIT exl4 RBI ex22
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CTNNBI ex16 KIT exl4 o IRET ex2
BGFR_ex3 KIT ext? RET RET ex1$
EGFR_ex10 KIT ex18 SMAD4_ex3
| BGFR ex15 KRAS ex? SMAD4_ex8
FGER EGFR_ex18 KRAS | KRAS ex3 SMAD4 | SMAD4 ex9
EGFR_ex20 KRAS ex4 SMAD4 ex10
BGFR_ex21 MEK | MEK_ex3 SMAD4 ext1
ERBB2 | ERBB2 ex7 MET ex?2 SMARCB1 | SMARCBI ex5
ERBB4_ex4 MET _ex3 psy | TIP3 exd
ERBB4_ex3 gy | MET_extl TP53_ex6
ERBB4_ex7 MET ex14
ERBBY | b rpBe exs MET ex!6
ERBB4 ox23 MET ex19
ERBB4_ex25 MLHI ex12
= MLHI -
MLHI ex16

[66537] After the targeted DNA regions are bound with capture probes, they are purified from the
rest of the genomic DNA o create an enriched solution of the targets. Beads coated with the anti-
sense oligo {anti Gsequence} to the 37 capture probes’ binding sequence are incubated with the
capture reaction mix for 15 minutes at room temperature. After the binding step, the beads are
washed three times with 0.1x SSPE to remove non-target DNA and the biotin-containing 5’
capture probes. Following the washes, the beads are re-suspended in 14 pLL of 0.1x SSPE then
heated at 45 °C for 10 minutes to elute the purified DNA targets from the beads. After elution, 1
uL of 5 M Na(l is added to ensure the capture probes remain bound to the DNA targets.

180538} The final step of the sample preparation process is 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 is utilized to control the rate at which the targets are loaded
mto 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 fluidic
channel inlet and decreases along the chanuvel length in the direction of the fluidic flow towards
the outlet. A flow rate of 0.35 pl/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
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are the reverse complement of the 3° capture probes’ bind sequence are injecied to pin down the
free end of the targets to create a bridged structure, where the ssSDNA 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 ssBNA on the surface. Figure 8
shows the capture of a target nucleic acid using a two capture probe system of the present
disclosure.

{60339 Example 7 — Multi-color reporter image processing for Hyb & Seg

108340] 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
blue channel has the highest background levels coupled with greater variance. A simple tophat
filter with a circular structuring element of radius 7 pixels is applied to perform localized
background subtraction. For registration, it 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 1s applied to all image channels
within a single acquisition stack. This transformation s a function of the optical system and
hence 1s consistent for a given instrument. This function 13 computed in advance for every run
and is applied to every image acquired. For the second form, a global transformation in the form
of a rigid shift is computed using normalized cross-correlation to capture drift of the mechanical
gantry during the run. The next step 1s feature detection.

{80341} Once all the images are registered, features are detected using a matched filter via a LoG
{Laplace of Gaussian) filter. The filter 1s 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 13 classification. The multi-color reporter
mtensities are classified using the Gaussian naive-Bayes model The model assumes that the
reporter intensities are independent and follow a normal distribution. The model then calculates
the probability that a specific feature ¥ (specified by intensities in all channels %) belongs to a

certain class () using a maximum @ posteriori or MAP rule;
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V= Argmaiiery, k) p{Cy) HPC\%’ O

i=1
180542} In an example of a 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 dye distributions. Consequently, classification 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 sumple to choose the ones with least classification
error. The detected color code 1s translated mto an identified base pair based on a look up table.
Using the probes of the present disclosure as disclosed herein, a feature 1s tracked across multi-
cycles.
[08344] 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" affimty tag sequence, referred to as the G-sequence. On average, capture probes are
approximately 40 nucleotides m length and designed based on Tm and sequence context,
Sequencing windows are around 70 nucleotides in length and are easily adjusted. Figure & shows
a schematic of the two capture probe system.
[86345] 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 actd molecules to magnetic beads during purification. The use of CapA and CapB allows
for highly stringent target enrichment since both probes remain bound to a single target nucleic
acid molecule in order for that target to survive both the magnetic bead purification and the
surface deposition 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 nM.
{80346} In experimental tests, a panel of ~10 target nucleic acid molecules were purified using G-

beads and the two probe capture system. CapA and CapB probes were first hybridized to target
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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 permitting CapA and CapB to remain
hybridized to the target nucleic acid.

[68347] Tests show that when purifying a panel of ~100 target nucleic acid molecules, the non-
specific/backeround 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)
increased 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 mterfere with the ability to densely deposit targets and lead
to wasted sequencing reads.

i08348] 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
mterfering with imperfect hybridizations of free capture probe with G-hooks, allowing excess
probes to be washed away. Secondly, the inclusion of four 150-d(5 bases in the G-hook on the G-
beads (iso-G-hooks) and the complementary 150-dC bases in the CapA G-sequence decreases
background counts by three-fold (as measured by counts in controls lacking target molecules).
Is0-dC and 1s0-dG are isomer vanants of the natural dC and d( bases. Since, 150 bases will
base-pair with other iso bases but not natural bases, imperfect hybridization between capture
probes and 150-G-hooks can only exist between the non-iso bases of the G-sequence and 150-(G-
hooks. These imperfect interactions are more easily disrupted during stringent washes. Finally,
subsequent purification of the iso-G-bead eluates with Ampure® XP (Agencourt Biosciences
Company) beads further decreases background counts by at least 20-fold {as measured by counts

in controls facking target molecules). During, Ampure® XP bead purification, a BDNA sample is
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mixed with a suspension of carboxylated magnetic beads in a solution of polvethylene glycol
{(PEG) and NaCl. The concentration of PE(: and NaCl can be titrated such that only molecules
above a molecular weight threshold precipitate and bind to the beads. Hyb & Seq targeis
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
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.

108349] Thus, a model purification workflow consists of the following steps: (1) Hybridization of
capture probe-target nucleic acid assemblies to iso-G-beads in Sx SSPE/30% formamide; (2)
Washing of the 1s0-G-beads with 0.1x SSPE; (3) Elution of capture probe-target nucleic acid
assemblies at 45°C in 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 S M NaCl

(80358} After purification, capture probe-target nucleic acid assemblies are deposited onto the
sequencing surface using an infusion syringe pump to slowly mject the purified targets through
the flow cell. To determine the deposition gradient, the flow cell 15 imaged at various positions
along the channel length. For a channel height of 20 um, loading the sample at a flow rate of
0.167 uL/min will concentrate the targets such that 30% of all targets bind within 3.1 mm along
the channel length, which represents ~240 FOVs for the Gen?2 mager 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.

[88551] The procedures described above were used to test the purnification and deposition of &
100plex target nucleic acid panel with genomic DNA sheared to a size of ~300 base pairs. 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
eradient to obtain the number of average counts. The capture efficiency was 6.6% and was
consistent over the range of DNA mass inputs.

106552) Example 9 — Design and features of sequencing probes

{60553} Sequencing probes hybridize to a target nucleic acid molecule via a target binding

domain. In the present example, the target binding domain is 8 nucleotides long and contains a
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locked nucleic acid (LNA) hexamer that is flanked by (N) bases that can be a
universal/degenerate base or a canonical base (N1-B1- Ba- B3- Bs- Bs- Be-N2, where By to Be are
LNAs and Ny and Nz are umiversal/degenerate bases or a canonical base that 1s independent of
the nucleic acid sequence of the {6-mer) sequence Bi- Bz~ Bs- Ba- Bs- Bs). A complete set of
4,096 sequencing probes encodes all possible hexamers and enables sequencing of any target
nucleic acid. Hach sequencing probe also includes a barcode domain that encodes for the
hexamer sequence present in the target binding domain. Each barcode domain contains three
positions (R1, R2, and R3). Fach position in the barcode domain corresponds to a specific
dinucleotide in the hexamer of the target binding domain and contains a unique 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); vellow (Y); and red (R). During each
cycle of sequencing, a reporter complex 1s 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 combinations” are
recorded, one for each position tn the barcode domain, allowing for the identification of the
entire hexamer of the target binding domain. The 4,096 sequencing probes are split into 8 pools
and each is associated with one of 512 possible barcodes.

{86554] Example 10 — Reporter complex desion, purification, and binding conditions.

designed o hold a total of 30 fluorescent dyes, with 15 dyes for each color of the color
combination. The 37 DNA oligomers that make up the reporter complex can be classified by
their size. The largest oligomer, called the primary nucleic acid, is covalently attached to a
complementary nucleic acid that 15 etther 12 or 14 nucleotides in length. The primary nucleic
acid is 96 nucleotides long. The primary complementary nucleic acid binds to positions R1, R2,
ot R3 on the barcode domain of the sequencing probe. The next largest DNA oligomers are 89
nucleotides long and are called secondary nucleic acids. There are six secondary nucleic acids
per reporter complex, with three secondary nucleic 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
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nucleic acids per two color probe, with 15 tertiary nucleic acids per color. Five tertiary nucleic
acids bind to each secondary mucleic acid. A schematic of the 37 DNA oligomer branched
structure is shown in Figuare 4.

188356] The tertiary nucleic acids include a detectable label in the form of a flugrescent dye.
There are four fluorescent dyes: blue (B); green {((3}; yellow (Y); and red (R). Combining dyes
together n a reporter complex results in ten possible two-color combinations (BB, BG, BR, BY,
GG, GR, GY, RR, YR, YY). To prevent color-swapping or cross hybridization between different
fluorescent dyes, 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 is
complementary only to the primary nucleic acid molecules that correspond to a color
combination that includes blue.

1905371 Hach complementary nucleic acid contains a sequence that 1s 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 R 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 tength) or UV cleavage
{for complementary nucleic acids 14 nucleotides in length).

[86358] 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 combining 100 uM of secondary nucleic acids and 600
uM of tertiary nucleic acids in 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 SSPE. These reactions are heated at 45°C for 5 minutes and then

cooled at room temperature for 30 minutes. The 24 reactions are then pooled into three different
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pools corresponding to the barcode domain {1.e. Ry, Ro, and R3). For example, eight different
reporter probes {2 uM each) binding to the R1 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). HPLC purification can
remove free oligomers and malformed probes to yield reporter probes.

180539} Following reporter complex preparation is standard testing for quality assurance. Each of
the three pools of reporter probes are tested for binding to its corresponding barcode region (R,
Ra, 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 1s multiplexed and all eight reporter probes are expected to be
identified with high color counts.

[8836¢] To unprove the efficiency and accuracy of hybridization of the reporter probes and the
barcode domains of the sequencing probes, various buffer additives were tested. Results from
experiments indicate that buffers containing 5% Dextran Sulfate (800K and erther 15%
Formamide or 153% Ethylene Carbonate allow for the most efficient and accurate hybridization
of reporter probes and sequencing probes at short hybridization times. However, results from
other experiments indicate that Ethylene Carbonate has a negative impact on the surface of the
sequencing slide, resulting in high loss of target nucleic acids over time. Thus, buffers containing
5% Dextran Sulfate (500K} and 15% Formamide are superior for efficient and accurate
hybridization of the reporter probes and sequencing probes.

[063561] Example 11 — Design and validation of complementary nucleic acid sequences

{80562} Reporter probes contain a complementary nucleic acid that binds to a specific position
{R1, R2, or R3} on the barcode domain of a sequencing probe. Complementary nucleic acids
containang either 12 nucleotides (12mer) or 14 nucleotides (14mer} were designed and tested to
determine optimal sequences for hybridization. For screening, the following criteria was used to
determine 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 hvbndization kinetics occurring within 15 second to 30 seconds; and
sequences had to display high specificity with < 5% cross-hybridization error in the reporter

pool.
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(80563} 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 SEGQG D

Position 12-mer Sequence Reporter Name Color NO
i AGGACAGATGAC RI1BB-07 BB 19
i GTATCGGATGAC RIBG-07d (R1IRR-06) BG 2
i AGGAGTGATGAC R1BR-07 BR 2%
i AGGGGTGAGGAG RIGG-07¢(RIYR-07) GG 22
i AGAGGGGATGAC RIGR-(37 GR 23
i AGTGGGGAGGAG RIGY-07¢(R1BY-07) GY 24
1 AGCCGAGATGAC RIRR-07 RR 25
1 AGGOTGGATGAC RIYY-07 YY 26
2 TGGATGGAAAAG R2 BB (forGRvS5) BB 27
2 GAAGGAGAAAAG R2 BG (forGYvS) BG 28
2 GGGGATGAAAAG R2 BR {(forGRv4) BR 29
2 GTGAGGGAAAAG R2BY (forYYv5) BY 30
2 AGCCGAGAAAAG R2 GG GG 31
2 CGAGAGGAAAAG R2 GY (forGGS) GY 32
2 GAGGGCGAAAAG R2 RR (forGGv4d) RR 33
2 AGCGTGGAAAAG R2YY YY 34
3 TGAGAAGGGTAG | RPTR12-BG Screen3 D2 | BG 35
3 GTTGTTATTIGTG RPTR12-BR RC D4 BR 36
3 TTTGOGTTTAGD RPTRI2-BY RC D3 BY 37
3 GTTAGTGGGAAA RPTRI12-GR RC D7 GR 38
3 ATGGGAAAAAGT RPTRIZ-GY RC D6 GY 39
3 GAGTTGGATGAG RPTRIZ-RR RC D10 RR 40
3 ATOTTGTGGGTA RPTRIZ-YR RC DS YR 4}
3 GAGGGTTTTAAG RPTRI2-YY RC D8 YY 42

i08564] The l4mer sequences were designed in a similar manner but differ from the 12mer
sequences in three ways. First, 1 4mer sequences contain 8 longer hybridization sequence given
that T4mer sequences contain 14 single stranded nucleotides that bind to a specific position on a
barcode domain rather than the 12 single stranded nucleotides present ina 12Zmer. 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 15 decreased. Thus, sequence
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independent removal strategies were explored for the 14mer sequences, alleviating sequence
consiraints during screening. Sequences for screening were designed using an algorithm that
inchudes the following set of rules: Nucleotide composition lacking either “G” or “C” (Le. low
complexity sequences); GC content between 40% to 60%; Melting temperature {Tm} between
35°C and 37°C; Hawrpin folding energy (d(3) > 2; and Compatibility with other sequencing
probes (hamming distance >= 7). To nunimize the hybridization of 14mer sequences to genomic
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 domains of sequencing probes by strand cleavage
using cleavable linker modifications at the point where the 14mer complementary nucleic acid is
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
mchuding UV-hght cleavable hinkers, 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 linker modifications were placed between the sequence
that hybridizes to the primary nucleic acid and the sequence that hybridizes to the tertiary nucleic
acids. Figure 7 shows the possible posttions for cleavable linker modifications within a reporter
probe.

(80565} Screemng of potential 14mer sequences resulted in the identification of two groups of
acceptable sequences. Table 5 shows the first group, which contained 24 sequences (SEQ 1D
NOs: 43-60). These 24 sequences could be split into three groups to create an 8x8x38 14mer

reporter set.

Table 5
Reporter i4-mer Sequence Reporter Name Color | SEQ
A ATCTTTTCCCCACT | Ri4-BG RC-5¢3 B2 BG 43
A CCCCACTATTTICTT | RPTRI4-BY Screend 12 BY 44
A CTACCCACAACATA | RPTRI4-YR Screen3 D9 YR 45
A CCATATAAACCCCA | R14-GG RC-Sc3 BS GG 46
A AAACTCCAATCTCC | R14-GR RC-S¢3 B7 GR 47
A CTATTCTCAACCTA | RPTRI4-YY R80255 HB YY 48
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A CCCCCTCTTTTAAA | R14-BB RC-5¢3 Bl BB 49
A CCAATCTTACCTCA | RPTRI4-RR Screen3 B10O RR 50
B CCCTCACATAACTT | RPTR14-BG Screend 11 BG 51
B CTCCTCTACTTITCC | RPTRI4- BB 52
B CCCTAAACCCAAAA | RPTRI4-BY Screen3 D3 BY 53
B CACTTTTTICCCATC | RPTRI4~GY Screen3 D6 GY 54
B CATCTGATTICCTCC | Ri4- RR 55
B CTAAACCCCCTACT | R14-BR R(C-5¢3 B4 BR 56
B CCTTTACAAACACA | RPTRI4-GR RS0247 H7 GR 7
B ATACCACCCTCTTT | RPTR14-YY Screen3 B8 YY 58
C TATTCTTCTACCCC | RPTRI4-YR Screend I35 YR 59
C TCTACCCTTCTCAT | R14-BG RC-5¢3 D2 BG &0
C CCACAATAACAACC | RPTRI4-BR Screen3 D4 BR 61
C ACCTTAACATTCCC | R14-GG RC-5¢3 DS GG 62
C ATTTCCCACTAACC | RPTR14-GR Screen3 D7 GR 63
C ACTTAAAACCCTCC | RPTRI4-YY Screen3 D8 YY G4
C TACCTATTCCTCCA | RPTRI4-BB Screen3 D1 BB 65
C CCCCTTITCTCTAAG | RPTRI4- RR 66

1980566} 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-mer Sequence Reporter Name Color | SEQ ID
A GATGATGGTAGGTG | Ri4 PC 12 BB 2 BB &7
A ATGAGAAGGGTAGA | Ri4 PC D2 BG v2 BG 68
A GITTTGTTGGTGAG | R14 PC K2 BY v2 BY 69
A TTAGTGTGTTGGAG | R14 PC K35 BR v2 BR 70
A ATGTAGGAGAGAGA [ R14 PC L1 GG v2 GG 71
A GGGAATGTTAAGGT | R14 PC D3 GY v2 GY 72
A GGTTAGTGGGAAAT | R14 PC D7 GR v2 GR. 73
A GGAGGGTTTTAAGT [ R14 PC reD8 YY v2 YY 74
A GTAGTGTGGATGTT [ Ri4 PC JS YR v2 YR 7
A CTTAGAGAAAGGGG | R14 PC ERCC351 RR v2 | RR 76
B GGAAGAGGATGAAA | R14 PC K1 BB v2 BB 77
B AAGTTATGTGAGGG | R14 PC spB BG vl BG 78
B GGAAAGTAGAGGAG | R14 PC spB BY vi BY 79
B TITTGGGTTTAGGG R14 PC spB BR vl BR 30
B AGATGTATGGGTGA | R14 PC L2 GG v2 GG 81
B GATGGGAAAAAGTG | Ri4 PC spB GY vi GY 82
B GGAGGAATCAGATG | R14 PC spB GR vl GR. 83
B AGAGGGATTGATGA | RI4 PC J4 YY W2 YY 84
B TGTGTTTGTAAAGG | R14 PC spB YR vl YR 83
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B AAGGAGTGATAGGA | R14 PC J1 RR v2 RR 86
C TGGTGATTTAGAGG | R14 J3 BB v2 BB 7
C GGGOTAGAAGAATA | R14 rel3 BG v2 BG 83
C AAGAAATAGTGGGG | R14 PC spA BY vl BY 89
C TATGTTGTGGGTAG | R14 PC spA BR vl BR 90
C GITAAAGGGAGGTT | R14 K3 GG v2 GG 91
C TGGGGTTTATATGG | R14 PC spA GY vl GY 92
C AGGGAATATGGAGA | R14 K6 GR v2 GR 93
C TAGGTTGAGAATAG | R14 PC spA YY vl vy 94
C TTTAAAAGAGGGGG | R14 PC spA YR vl YR 95
C TGAGGTAAGATTGG | R14 PC spA RR vl RR 9

108367] After screening, the 8x8x8 12mer, 8x8x8 14mer, 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 Long wmjkﬂew: 7 Short W()l"i%ﬂ()wz
‘ Reporter hyb without toehold | Reporter hvb with toehold
1 Reporter 1 for 135, 30s, or 60s Reporter 1 for 30s
2 Image Image
Reporter 2 + Toehold 1 for
3 Toehold 1 for 60s to dark 15g
: image Image
Reporter 3 + Toehold 2 for
5 Reporter 2 for 153, 30s, or 60s 155
6 Image Image
7 Toehold 2 for 60s to dark Wash
8 image fmage
9 Reporter 3 for 15s, 30s, or 60s
10 Image
11 Wash
12 Image

[08568] Long workflow experiments resulted in >97% darkening efficiency. For short workflow
experiments, it was assumed that darkening was about as efficient, however it was expecied that
a small frequency of non-darkened reporters would carry over in each image and be ruscalled as

anew reporter. Indeed, the highest barcode count in the short workflow experiment was
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YYYYYY, which was likely an artifact of non-darkening and background. The 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 R1 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 1s expected for reporter
complex three since it includes eight additional toe-hold oligonucleotides, at a high
concentrations of 2.5 uM each, which can interfere with reporter hybridizations. Reporter
complex one should behave similarly between the two workflows, as no toe-holds were used to
remove the first reporter complex in either the short or long workflows. Total error was also
hugher (1.3~ 10 2-fold) in the short workflow compared to long workflow for all three reporter
probes.

168569] 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 immobilized directly onto the glass of a Hyb & Seq sequencing
cartridge. 8x8x8 14mer reporter probes hybridized with an average efficiency of 88% inonly 15
seconds with an average error rate of 5.1%. The majority of this error ts due to incorrect
identification of the reporter not due to incorrect hybridization. Misclassification error of
reporters remains the largest component of reporter error.

865701 The 10x10x10 14mer reporter set was validated by testing for efficiency, specificity, and
speed of hybridization to 30 complementary, truncated sequencing probe barcode domains. Each
barcode domain contained only one reporter binding site. These barcode domains were
mmobilized directly onto the glass of a Hyb & Seq sequencing cartridge. The 10x10x10 14mer
reporter set hybridized with an average efficiency of 90% in only 15 seconds with an average
error rate of 5.0%. Again, the vast majority of error was due to incorrect identification of the
reporter not due to incorrect hybridization.

art sequencing probes

108571] Example 12 ~ Desion and testing of standard and three-

{06572} 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 siem oligonucleotide to create a 36 nucleotide long

double-stranded region. Using this architecture, each sequencing probes in a pool of probes use
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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 nucleotide stem oligonucleotide.
To prevent possible exchange of barcode domains, each barcode has a unigue stem sequence and
are hybridized separately before pooling sequencing probes.

{66573} Figure 22 shows the resulis 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
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 sligo, a high concentration of a short alternative oligonuclestide
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
slight reduction in performance, three-part probes provide the benefits of design flexibility,
speedy oligo synthesis, and reduced cost.

[805751 The effect of the substitution of locked nucleic acids (LNAs) into the target binding
domain of sequencing probes was tested as follows. Sequencing probes were hvbridized to
reporter probes in solotion and properly formed sequencing probe-reporter probes were purified.
The sequencing probe-reporter probes were then hybridized to synthetic target nucleic acids 1n
sofution and loaded onto a prototype sequencing cartridge. The synthetic target nucleic acid
consisted of 50 nucleotides and was biotinylated. Sequencing probes were tested either
mdividually or in a pool of nine. For the pool of nine 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 onio a streptavidin-coated cover slide 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.

80576} Each sequencing probe contained a target binding domain of 10 nuclestides (SEQ ID
NG: 97). LNA substitutions within the target binding domains were made to include 2, 3, or 4
LNA bases at the positions shown in Figure 23. Figure 23 shows that the binding affinity of the

individual sequencing probes for the target nucleic acid increased as the number of LNA bases
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increased. Importantly, Figure 23 shows that the incorporation of ENA 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 24 shows that
when a single LNA probe was introduced into the pool, the coverage of the affected bases was
increased with little effect on the binding of surrounding probes. These results indicated that
LNA base substitutions can improve base sensitivity without reducing specificity.

[68377] Example 14 — Effect of modified nucleotide and nucleig acid analogue substitutions in
the target binding domain

[06378] The effect of the substitution of various modified nucleotides and nucleic acid analogues,
mchuding locked 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
immaged using a Hyb & Seq prototype instrument. The iruages were processed to compare the
counts for each different sequencing probe. Substitutions in the 10 nucleotide (SEQ 1D NG: 99)
target binding domain of the sequencing probes were made to include LNA, BNA, propyne, and
ZNA" bases at the positions shown in Figure 25. Figure 25 shows that probes containing LNAs
and BN As showed the largest increase in binding affinity while maintaining specificity, as
mdicated by the number of counts detected for matching and mismatched targets. These results
mdicated that LNA or BNA base substitutions can improve base sensitivity without reducing
specificity.

065791 Example 15 - Determining accuracy of the seguencing method of the present disclosure

{60580} Figure 26 depicts the resuits from an experiment that quantified the raw specificity of the
sequencing method of the present disclosure. In this experiment, a sequencing reaction was
performed it which a pool of 4 different sequencing probes was hybridized to a target nucleic
acid that included a fragment of NRAS exon2 {(SEQ 1D 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 26. In this example,
barcode 4 is the cofrect 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
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and Ra} and the corresponding fluorescence data recorded. The middle panel of Figure 26 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 R1 was correctly 1dentified 96% of the time, the color combination at Rz was correctly
identified 97% of the time and the correct color combimation at Ry was correctly identified 94%
of the time. As depicted in the bottom panel of Figure 26, this leads to an overall raw specificity
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%.

{60581} Figure 27 shows the resulis 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 27, the
target nucleic acid in this example is a fragment of NRAS exon2 (SEQ ID NG: 1). The particular
base of interest ts a cytosine (C) that 15 highlighted 1n 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 mterest, while sequencing probes 5 to 8
{barcodes 5 to 8) bind 5 nucleotides to the left of the base of mnterest. The middle panel of Figure
27 shows the number of times specific color combinations were recorded at each position of the
barcode domains of the sequencing probes. After image quantification and using the base calling
technigues depicied in Figure 17, an average accuracy of ~98.98% can be recorded.

[06582] Example 16 Capturing target nucleic acids using CRISPR-based fragmentation

[60583] A target nucleic acid was captured and immobilized on a substrate using a ¢3 probe
complex {described above) and a ¢5 probe complex (described above) as follows: genomic DNA
{(gDNA} was fragmented using CRISPR-based fragmentation. A solution comprising ¢3 probe
complexes and ¢5 probe complexes were incubated mixed with the fragmented gDNA to hybnidize
the ¢3 and ¢5 probe complexes to a target nucleic acid such that the complex depicted in Figure 34
was formed. The target nucleic acid-capture probe complex was then incubated with a mixture of
HiFi Taq ligase and FEN1 at 65° C. The 5 -overhanging flap structure was removed by FENT and

the 37 end of the target nucleic acid molecule was ligated to the strand of the ¢5 probe complex
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that comprises the substrate specific domain. After incubation, the target nucleic acid-capture
probe complex was incubated with 20 ul F-like beads for 10 minutes with agitation. The F-like
beads were captured with a magnet and washed three times. To elute the target nucleic acid-capture
probe complex from the F-like beads, the F-like beads were suspended in 20 ul of USER enzyme
mixture and incubated for 15 minutes at 25 ° C. The beads were removed with a magnet and the
resultant supernatant containing the eluted target nucleic acid-capture probe complex was further
purified using SPRI beads. 36 pul of SPRI beads were mixed with the supernatant and incubated
for 10 minutes at 25 ° C. The beads were then bound to a magnet and washed twice with 100 pl of
80% ethanol. The ethanol was then removed and the beads allowed to dry for five minutes at 25°
C. After drying, the beads were resuspended in 10 pl 0.1X SSPE. The purified nucleic acid-capture
probe complex was eluted from the SPRI beads for 10 minutes. After elution, target nucleic acid-
capture probe complexes derived from different biological samples were pooled together and
added to F beads. The pooled complexes were incubated with F beads for 10 minutes at 25° C.
The F beads were washed three times and resuspended in 8 pl . The F-beads were then transferred
to a card comprising nucleic acid molecules that were complementary to the subsirate specific
domain of the ¢5 probe complexes and that were attached to a substrate. The complementary
nucleic acid molecules attached to the substrate were hybridized to the substrate specific domains,
thereby imumobilizing the target nucleic acid onto the substrate. The substrate was then exposed to
UV light to cleave the photo-cleavable linker on the ¢3 probe complex, thereby releasing the target
nucleic acid-capture probe complexes from the F beads.

[06584] Example 1 7—CRISPR-based frasmentation of sDNA

[00585] The following protocol can be used to fragment genomic DNA using a CRISPR-based
fragmentation step. The protocol enables in vitro cleavage of double-stranded, target DNA to
generate target nucleic acid molecules that can be used in the methods of the present disclosure.
j808386] The following protocol uses a Cas9 RNP complex that contains both multiple single-
guide RNAs (sgRNA) and a V3-Cas9 nuclease. In this non-limiting example, the guide RNA
contained 17-20 nucleotides corresponding to the target sequence at the 5” end of the molecule
that matches exactly the dsDNA that 1s desired to be cut.

180387} The protocol was performed in an RNase free environment: {1} tubes containing each
sgRNA molecule were centrifuged to ensure that a dried RNA pellet was collected at the bottom

of the tube. In this example, 154 separate sgRNAs were used to make 154 cuts, resulting in the
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generation of 77 target nucleic acids; {2) each sgRNA pellet was dissolved in nuclease-free 1X
TE Buffer such that a final concentration of 50 uM sgRNA was achieved; (3) all of the sgRNAs
were then pooled together by mixing together 5 ul of each sample from step (2).

{80588] After the sgRNAs were pooled together, the protocol further comprised: (4} combining
the sgRNA and Cas9 enzyme in equimolar amounts set forth in Table 9 and Table 10. To ensure
good cleavage efficiency for each cutsite, 1.0 pmol of sgRNA and Cas9 was used for every 1000

ng dsDNA to be cut.

Table ¢ Table 10

© sgRNA I pmol 8 SgRNAT-154(50 uM 31 ul
= @ e.3)
B Cas9 1 pmol 8 Cas9 (61 uM) 25 uL
= | 10xCas® buffer | 03 L 3 10xCas9 buffer 0.3 b
. 100xBSA 0.1 ul % 100xBSA 0.1 pbL
2 DTT(IM) 024l 2 DTT(1M) 02 L
g dM20 (add to | X L 5 dr20 38 L
< | final volume of &

10 ul) <

1805897 After the sgRNAs and Cas? enzyme were mixed, the protocol further comprised: (5)
mecubating the sgRNA-Cas9 mixture for 10 min at 37°C to allow for formation of the RWNP
complex; {6} 1000 ng of extracted human genomic DNA (hgDNA) was then mixed with the
RNP complexes formed in step (5) at room temperature according to the amounts set forth in
Table 11.

Table 11.
NEB3 buffer | 4 ul

DTT 2 ul
CRISPR154 10 ul
hgDNA 1000 ng

ddHa0 (add to | X ul
final volume
of 10 ul}

lug heDNA (77 target

nucleic acids)

[08390] After nuxing the hgDNA with the RNP complexes, the protocol further corprised: (7)
incubating the reaction assembled in step (6) at 37°C for 60 min; (8) nactivating the CRISPR

cleavage by incubating the reaction from step (7} at 70°C for 10 nmunutes; and (9} adding 1 pl. of
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Proteinase K (20 mg/mL stock solution to the reaction from step (8} and incubating this mixture
at 56°C for 10 min to release the DNA subsirate from the Cas9 endonuclease. Alternatively, 2 pl.
Qiagen Protease (1.07 AU/mL} to the reaction can be added to the reaction from step (8},
followed by an incubation at 37°C for 30 min, followed by a second incubation at 70°C for 15
minutes {0 heat inactivate the Qiagen Protease.

j00591] Example 18— Purification of target nucleic acids from DNA that has been fragmented

using a CRISPR-based fragmentation step and USER-mediated cleavage

j08392) After CRISPR-based fragmentation, the following protocol can be used to capture and
purify specific target nucleic acids using the probes and methods of the present disclosure.
1005931 Following CRISPR-based fragmentation of DNA extracted from a sample, the
fragmented DNA is mixed with capture probes. In this non-limiting example, the fragmented
DNA 1s mixed with two capture probes. The first capture probe comprises a domain that is
complementary to the 57 end of a specific target nucleic acid and an affinity motety. In this
example, the affinity moiety i1s an F-tag. A cleavable moiety is located between the F-tag and the
domain that is coraplementary to the 57 end of the target nucleic acid. In this example, the
cleavable moiety 1s a USER sequence. The second capture probe comprises a domain that s
complementary to the 37 end of the target nucleic acid. The second capture probe can optionally
mclude an affinity motety. 1 nM of capture probes are mixed with 20 M of the target nucleic
acid m 5X SSPE buffer to a final reaction volume of 100 ul.

[60594] To hybridize the capture probes to the target nucleic acid, the solution of fragmented
DNA and probes 1s incubated first at 98°C for 3 munutes, then at 65° C for 15 minutes and finally
at 22° C untd] the next step in the protocol.

[88395] To capture the target nucleic acid-capture probe complexes following hybridization, the
solution of CRISPR-fragmented DNA and capture probes 1s incubated with F-beads (which are
capable of binding to the F-tag located on first capture probe) for 10 minutes at room
temperature with rotation or hand muxing. After incubation, the beads are washed three times
with 1 mL 0.1X S5PE buffer to remove DNA that is not specifically bound to the beads. The
beads are resuspended in 100 ul of 1X SSPE, transferred to a PCR tube, and spun down. The
supernatant is removed and the beads are resuspended in 10 pl of USER master mix, which
contains 1X Cutsmart buffer and 1 ul of USER enzyme. The beads are incubated in the USER

master mix for 15 minutes at room temperature, thereby cleaving the USER sequence in the first
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capture probe, releasing the target nucleic acid from the beads. The beads are spun down and the
supernatant, containing the target nucleic acid, is collected.

180596} To fusther purify the target nucleic acid, an AMPure purification is performed twice. In
an AMPure purification, the supernatant containing the target nucleic acid is mixed with
AMPure XP beads (solid phase reversible immobilization beads, SPRI) ata ratio of 1:1.8,
sample to beads. This mixture 1s incubated for 10 minutes to allow binding of the target nucleic
acid to the beads. The beads are then washed twice with 200 pl of 75-80% ethanol. The beads
are pulled across the ethanol using a magnet twice during each wash. The beads are then dried on
the magnet for 5 minutes. The beads are then resuspended with 10 ul of 0.1X SSPE solution and
mcubated for 10 minutes. Finally, the purified target nucleic acid is eluted from the beads.

(60597} Example 19— Purification_and deposition of target nucleic acids from DNA that has

been fragmented using a CRISPR-based fragmentation step and USER-mediated cleavase

[680398] After CRISPR-based fragmentation, the following protocol can be used to capture, purify
and deposit onto a suitable substrate, specific target nucleic acids using the probes and methods
of the present disclosure.

{80599} Following CRISPR-based fragmentation of DNA extracted from a sample, the
fragmented DNA 15 mixed with capture probes. In this non-liniting example, the fragmented
DNA 1s mixed with the ¢3 probe complex and ¢5 complex as depicted in Figure 34, except that
the F-like tag located on the C5 probe 1s replaced with a G-tag. 1 nM of capture probes, 20 fM of
the target nucleic acid, 1 ul of HiF1 DNA ligase, and 2 ul of FEN1 enzyme are mixed in 1X HiFt
buffer to a final reaction volume of 100 ul.

[88600] To hybridize the capture probes to the target nucleic acid, cleave the 5" -gverhanging flap
structure formed by the target nucleic acid and the ¢S probe complex and ligate the 37 end of the
target molecule to the strand of the ¢3 probe that comprises the substrate specific domain, the
solution of fragmented DNA and probes 1s incubated first at 98°C for 3 minutes, then at 65° C for
60 minutes and finally at 22° C until the next step mn the protocol. During the last ten minutes of
the 65° C incubation, 10 ul of 5M NaCl is added to bring the salt concentration to 500 mM and
help stabilize the hybridization of the capture probes.

188661] To capture the target nucleic acid-capture probe complexes following hybridization,
cleavage and ligation, the solution of fragmented DNA and capture probes i3 incubated with G-

beads (which are capable of binding to the G-tag) for 10 minutes at room temperature with



WO 2019/222178 PCT/US2019/032168

rotation or hand mixing. After incubation, the beads are then washed three times with 1 mL 0.1X
SSPE buffer to remove DNA that is not specifically bound to the beads. The beads are
resuspended in 100 pl of 1X SSPE, transferred to a PCR tube, and spun down. The supernatant is
removed and the beads are resuspended m 10 ul of USER master mix, which contains 1X
Cutsmart buffer and 1 pl of USER enzyme. The beads are incubated in the USER master mix for
15 nunutes at room temperature, thereby cleaving the USER sequence in the first capture probe,
releasing the target nucleic acid from the beads. The beads are spun down and the supernatant,
containing the target nucleic acid, is collected.

[08602] To further punify the target nucleic acid, an AMPure purification 1s performed twice. In
an AMPure purification, the supernatant containing the target nucleic acid is mixed with AMpure
XP beads (solid phase reversible immaobilization beads, SPR1) at a ratio of 1:1 8, samples to
beads. This mixture is incubated for 10 minutes to allow binding of the target nucleic acid to the
beads. The beads are then washed twice with 200 ul of 75-80% ethanol. The beads are pulled
across the ethanol using a magnet twice during each wash. The beads are then dried on the
magnet for 5 minutes. The beads are then resuspended with 10 ul of 0.1 X SSPE solution and
mcubated for 10 minutes. Finally, the purified target nucleic acid 15 eluted from the beads. The
purified target nucleic acid can then be deposited on a substrate capable of binding to the
substrate specific domain that was ligated onto the target nucleic acid.

{80603] Example 20— Punification of target nucleic acids from DNA that has been fragmented

using a CRISPR-based fragmentation step

{80604} First, a 100 ul hybrid-capture reaction 1s prepared in which pre-fragmented gBNA 13
mixed with capture probes in 5X SSPE buffer using DEPC-ireated/nuclease free water. Prior to
adding the pre-fragmented gDNA to the hybrid-capture reaction, the concentration of the pre-
fragmented gDNA 1s measured using the Qubit dsDNA BR Assay Kit (Thermo Scientific). The
quantitative range of the Qubit assay is 2-1000 ng. Preferably, 10-100 ng of the gDNA sample
should be assayed using the Qubit assay. If the gDNA sample 1s thought to have a concentration
of greater than 1000 ng/pl, the sample should first be diluted to ~10-1000 ng/ul. In total, 100 to
1000 ng of gDNA should be added to the hybrid-capture reaction, preferably 1000 ng.

{80605} In this non-limiting example, two capture probes are used for each target nucleic acid to
be purified. The first capture probe comprises a domain that is complementary to the 5" end of a

specific target nucleic acid and an affinity moiety. In this example, the affinity motety is an F-
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tag. The second capture probe comprises a domain that is complementary to the 3” end of the
target nucleie acid. The second capture probe can optionally include an affinity moiety. First, a
stock solution of 1 uM/probe is prepared. The stock solution is diluted to a 50 nM/probe working
solution. 2 ul of the 50 nM/probe working solution is added to the final 100 pl hybrid-capture
reaction.

180606} To hybridize the capture probes to the target nucleic acid, the hybrid-capture reaction is
mcubated at 98° € for 3 min, followed by incubation at 65° C for 15 mun. After the 65° C
imcubation, the reaction can be stored at 22° C until the next step in the protocol.

[08607] F-beads, which are capable of binding the F-tag, are prepared by washing twice with 1 ml
of 3X SSPE. After washing, the beads are spun down, the supernatani removed, and the beads
resuspended in a buffer comprising 5X SSPE, 60% formamide and 0.1% Tween-20.

i80608) Roughly, F-beads are expected to have a binding capacity of 1.25 pmol/ul. at 10 mg/ml
sample concentrations. It 1s preferable to using 1.5X the binding capacity of the F-beads, as
determined by the total moles of the first capture probe present in the reaction. For example, ina
reaction aiming to capture 77 different target nucleic acid, 0.1 pmol of each first probe
{corresponding to each target nucleic acid) is used, meaning there is in 7.7 pmol of total first
probe. 1.5X of 7.7 pmol 15 11.55 pmol, and since the binding capacity of the F-beads 13
calculated to be 1.25 pmol/ul, 9.24 pL of beads should be used.

806091 After hybridization of the capture probes, the 100 pl hybrid-capture reaction 1s incubated
with 100 pl of resuspended F-beads at room temperature for 10 minute while being rotated. After
the capture probe-target nucleic acid complexes are bound to the beads, the beads are washed to
remove uncaptured gDNA. To wash the beads, the beads are first concentrated with a magnet,
and then washed three times with 1 mi of G.1X SSPE. After the last wash, 900 ul of the final
wash solution 1s removed and the beads are resuspended i the remaining 100 ul. The
resuspended beads are transferred to a clean PCR tube, concentrated using a magnet and the
supernatant is removed.

08618} To elute the capture probe-target nucleic acid complexes from the beads, the beads are
resuspended in 12 pl of 0.1X 88PE and incubated at 45° C for 7.5 nunutes. After the incubation,
the beads are quickly concentrated on a magnet and the 12 ul eluate removed.

80611} The target nucleic acid is furthered purified using two SPRI (AMPure} pusifications. The

12 ul eluate 1s mixed with AMPure beads at a ratio of 1:1.8, eluate to beads, and incubated for 10
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minutes at room temperature on a rotator. The beads are then concentrated with a magnet and
washed twice with 100 p} of 80% ethanol. The beads are moved across the magnet twice per
wash to ensure the ethanol washes the entire bead pellet. After the second ethanol wash, as much
ethanol as possible is removed and the beads permitted to dry on the magnet in an uncapped tube
for S muinutes. The beads are then resuspended in 12 pl of 0.1X SSPE and eluted for 10 minutes
at room temperature. The beads are concentrated and the eluate removed. After the second SPRI
purification, 1 ul 20X SSPE buffer is added to the final eluate to stabilize the capture probe-
target nucleic acid complexes.

08612} Example 21—sequencing of target nucleic acids using the sequencing probes of the

present disclosure

[60613] The following is an example that describes the use of two different sequencing probe
designs to sequence synthetic target nucleic acids.

{80614} The first sequencing probe design, herein referred to as LG-spaced sequencing probes, is
shown i Figure 53. Starting atthe S end, the sequencing probe comprises a target binding domain.
The target binding domain comprises a six nucleotide long (6-mer) sequence (bi-ba-bs-ba-bs-be)
that hybridizes specifically to six complementary nucleotides in a target nucleic acid. This 6-mer
sequence 1s flanked on either side by a degenerate base {N). The sequencing probe also comprises
a barcode domain that 15 covalently attached to the target-binding domain via a double-stranded
DNA spacer designated the L-DNA stem. Both the barcode domain and the double-stranded DNA
spacer consist entirely of L-DNA, while the target-binding domain consists entirely of B-DNA.
The L-DNA stem 1s 25 nucleotides in length. The barcode domain is 27 nucleotides in length and
comprises three attachment regions {designated Spot 1, Spot 2 and Spot 3). Each attachment
position comprises 9 nucleotides. The 37 terminal nuclectide of each attachment region is a L-dG
nucleotide.

[88615] For these experiments, a pool of 512 distinct species of LG-spaced sequencing probes (LG-
spaced pool} was designed, with each sequencing probe comprising a unique combination of Spot
1, Spot 2 and Spot 3 nucleic acid sequences. A total of 30 unique, low complexity nucleic acid
sequences were designed for the atiachment regions, with 10 designated for use n spot 1, 10
designated for use in spot 2 and 10 designated for use in spot 3. Each distinct species of LG-spaced

sequencing probe also comprises a different 6-mer sequence in the target binding domain.
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jo8616] The second sequencing probe design, herein referred to as D-pocket sequencing probes, is
shown in Figure 54, Starting at the 5” end, the sequencing probe comprises a target binding domain.
The target binding domain comprises a six nucleotide long (6-mer) sequence {b1-ba-bs-ba-bs-be)
that hybridizes specifically to six complementary nucleotides in a target nucleic acid. This 6-mer
sequence is flanked on either side by a degenerate base {IN). The sequencing probe also comprises
a barcode domain that 1s covalently attached to the target-binding domain via a double-stranded
DNA spacer designated the D-DNA stem. The D-DNA stem is 25 nucleotides in length. The
barcode domain 1s 74 nucleotides in length and comprises three attachment regions {designated
Spot 1, Spot 2 and Spot 3}. Fach attachment position comprises 8 nucleotides. Spot 1 and Spot 2
are separated by a double-stranded DNA region that 15 comprised of the barcode domain
hybridized to a 25 nucleotide long pocket oligonucleotide. Spot 2 and Spot 3 are also separated by
a double-stranded DNA region that is comprised of the barcode domain hybridized to a 25
nucleotide pocket oligonucleotide. The D-pocket sequencing probe consists entirely of D-DNA.
[08617} For these experiments two different pools of 512 distinct species of D-pocket sequencing
probes {D-pocket pool 1 and D-pocket pool 3) was designed. Each distinct species of sequencing
probe comprised a different 6-mer sequence in the target binding domain.

{60618} For these experiments the target-binding domains of the series of sequencing probes m the
pools of the D-pocket sequencing probes were identical to the target-binding domains of the series
of sequencing probes in the pools of the LG-spaced sequencing probes and the color assignments
for each of the reporter attachment positions 1, 2 and 3 were the same between the D-pocket
sequencing probes and the LG-spaced sequencing probes.  In other words, for each D-pocket
sequencing probe there was a corresponding LG-spaced sequencing probe with the same target-
binding domain sequence and corresponding 3-color reporter readout.

[88619] To test the efficiency and accuracy of the LG-spaced and D-pocket sequencing probes,
synthetic target nucleic acids were designed. Starting at the 5° end, a synthetic target nucleic acid
comprises a single-stranded sequencing window that was 25 nucleotides to 45 nucleotides in
length. These sequencing windows comprised both synthetic nucleotide sequences as well as
nucleotide sequences from known, human genes such as P53, ALX1, SMO1-1. The sequencing
window is followed by a 35 nucleotide long universal sequence herein referred to as the 35-8

sequence. Following the 35-8 sequence is a 37 biotin-TEG modification. The synthetic target
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nucleic acid consists entirely of D-DNA. A schematic of a synthetic target nucleic acid is shown
in Figure 55

[68620] To capture and immobilize a synthetic target nucleic acid for the following experiments,
70 nucleotide long capture probes were used. The capture probes comprised a sequence
complementary to the 35-8 sequence, allowing the capture probes to hybridize to the synthetic
target nucleic acids. The sequence complementary to the 35-8 sequence consisted entirely of D-
DNA. The capture probe also comprised a 35 nucleotide long poly-L-dA sequence. As shown in
Figure 55, after hybridizing a capture probe to a synthetic target nucleic acid, the capture probe-
target nucleic acid complex can be immobilized to a surface that comprises a lawn oligonucleotide
comprising a poly-L-dT sequence. Additionally, the lawn oligonucleotide can comprise a biotin
molecule. Thus, as shown in Figure 553, after the poly-L-dA sequence of the capture probe
hiybridizes to the poly-L-dT sequence of the lawn oligonucleotide, neutravidin can be added 1o
create a protein lock between the synthetic target nucleic acid and the lawn oligonucieotide, as the
neutravidin binds both the 37 biotin of the synthetic target nucleic acid and the biotin located on
the lawn oligonucleotide.

80621} In the following experuments, synthetic target nucleic acids were hybridized to capture
probes and immobilized onto ordered arrays. The ordered arrays contained 200 nm diameter pads
functionalized with lawn oligonucleotides. The piich of the ordered array was 800 nm. A protein
lock between the synthetic target nucleic acid and the lawn oligonucleotide was performed by
pipetting a 0.2 mg/mi neutravidin solution over the immobilized capture probe-target nucleic acid
complex and incubating for § minutes. Open neutravidin binding sites were subsequently blocked
with dual biotinylated PEG by incubating the immobilized and protein locked target nucleic acids
ma 1 pM biotinylated PEG solution for one minute, Finally, any non-protein locked target nucleic
acids were removed from the ordered arrays using a low salt (0.0033x SSPE) wash.

j88622] Following target nucleic acid immobilization and protein-locking, the pools of sequencing
probes were flowed onto the array at a concentration of 200 nM per sequencing probe (in a
3.75xS8SSPE and 15% formamude buffer} at 8° C for 1 munute to allow for hybridization of the
sequencing probes to the target nucleic acids. After the sequencing probes were hybridized to the
target nucleic acids, the sequencing probes were hybridized to reporter probes under buffer

conditions of 8. 75x8SSPE in three sequential rounds of hybridization. The reporter probes in these
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experimenis comprised a UV-cleavable linker between the portion of the reporter probe that binds
to an attachment region and the portion comprising detectable labels.

[68623] In the first round, a first reporter probe was hybridized to spot 1 of the sequencing probes.
After identifying the detectable labels of the first reporter probe hybridized to spot 1, the first
reporter probe was cleaved by exposing the sample to UV light, thereby removing the detectable
labels. In the second round, a second reporter probe was hybridized to spot 2 of the sequencing
probes. After identifying the detectable labels of the second reporter probe hybridized to spot 2,
the second reporter probe was cleaved by exposing the sample to UV light, thereby removing the
detectable labels. In a final and third round reporter probe was hybridized to spot 3 of the
sequencing probes. After identifying the detectable labels of the third reporter probes hybridized
to spot 3, the sequencing probes were de-hybridized from the immobilized synthetic target nucleic
acids using a low salt wash (0.0033x SSPE). After de-hybridization, a new pool of sequencing
probes can be hybridized to the mmobilized synthetic target nucleic acids. These steps constitute
one cycle of sequencing,

[80624] In a first set of experiments, the LG-spaced pool was used to sequence several different
mmmeobilized syothetic target nucleic acids 10 a 30 cyele sequencing run. In a second set of
experiments, the D-pocket pool was used to sequence several different numobilized synthetic
target nucleic acids in a 50 cycle sequencing run. The results of these two sets of experiments are
shown in Tables 12,

j06625] Table 12, Sequencing results

Poal % barcede | Clean 3- Clean 2-  {{lean 1~
00
efficiency spotter spotier spotter
LG-spaced
411 12.3 0.4 13.9
(2044)
D-pocket
32.0 101 10.0 10.2
(2073)
Clean Clean Clean %
Clean Spot 1 Y% Multicolor . L
Pool Spet 2 Spot 3 3-spot % valid! % invalid
efficiency Barked
efficiency | efficiency | readout
LG-spaced )
76.4 70.0 63.4 298 112 86.8 13.2
(2044)
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D-pocket )
74.0 69.2 63.6 313 55 91.7 8.4
(2073)
Survival Cutoff and Veted
% barcede | Clean 3- Clean 2- {Clean 1-
Pool .
efficiency spotter spotter spotter
LG-spaced
46.9 152 11.8 14.4
(2044)
D-pocket
293 10.5 8.7 8.7
(2073
Clean % .
Ciean Spot 1 | Clean Spot {Clean Spet 3 YoMulticolor] L
Pool ) 3-spot % validi % mvalid
efficiency |2 etficiency| efficiency Parked
readout
LG-spaced i
82.3 7v7 654 325 ite 86.9 13.1
(2044)
D-pocket i i ) i i
756 69.9 66.8 359 4.6 935 6.5
(2073)

[60626] Table 12 shows that the LG-spaced pool displayed an increased barcode efficiency as

compared to the D-pocket pool (47% versus 30%). Furthermore, the L.G-spaced pool also

displayed an increased clean spot 1 efficiency as compared to the D-pocket pool (82% versus

76%}. The clean spot 2 and clean spot 3 efficiencies were approximately the same for both the

LG-spaced pool and the D-pocket pool.

i08627} Furthermore, Figures 56-58 show that the L.G-spaced pool and the D-pocket pool showed

increased coverage i predicted problematic target areas. In Figures 56-38, the bottom x-axis

shows the specific nucleotide/position of the target nucleic acid that 1s being sequenced. The top

graph shows the theoretical and observed diversity per base in the LG-spaced and D-pocket

sequencing expertments. The sequencing diversity of a base is the number of different distinet

probe species that comprise a target binding domain that can hybridize to that specific nucleotide

m the target nucleic acid. Thus, the sequencing diversity of a base 1s a measure of how many

distinct sequencing probes can be used to interrogate {e.g. sequence or identify) a single position.

Without being bound by theory, the higher the sequencing diversity of a particular base, the

higher the expected coverage during multiple sequencing cycles, as there is a greater chance that
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the base will be bound and sequenced by a probe in each cycle. The top graphs of Figures 56-58
also show the observed coverage of each base in the LG-spaced and D-pocket sequencing
experiments. The red boxes indicate predicted problematic areas. The LG-spaced sequencing
probes showed increased coverage in these problematic areas over the D-pocket sequencing
probes, with the LG-spaced sequencing probes in some cases showing coverage in areas where
the D-pocket sequencing probes showed no coverage. Moreover, Figures 59-61 show
sequencing results from more experiments using the LG-spaced sequencing probes and the D-
pocket sequencing probes. As shown in Figure 59-61, both the observed sequencing coverage
and the observed sequencing diversity s increased when LG-spaced sequencing probes are used
as compared to when D-pocket sequencing probes are used.

[60628} More experimental results comparing the performance of the L.G-spaced sequencing
probes and D-pocket sequencing probes are shown in Figure 62. The x-axis of each histogram o
Figure 62 denotes the number of observed barcode events (i.e. some form of detectable signal)
recorded in the experiments. The black segments of the histogram specifically denote valid, 3-
spot readout (i.e. where each of the three attachment regions of a sequencing probe were validly
identified). The Y-axis denotes the number of features on the array (i.e. individual, immobilized
target nucleic acids) that displayed the corresponding number of barcode events for a particular
target. Figure 62 shows that the LG-spaced pool exhibited an increased number of total barcode
events and valid 3-spot readouts as compared to the D-pocket pool.

[80629] More expertmental results comparing the performance of the LG-spaced sequencing
probes and D-pocket sequencing probes are shown in Figure 63, In total, 20 different types of
synthetic target nucleic acids were sequenced using the L.G-spaced sequencing probes or the D-
pocket sequencing probes. The graphs in Figure 63 show the total number of on target events,
mvalid events, off target, and 1/6, 2/6, 3/6, 4/6, 5/6 or 6/6 mismatches at any individual base
position b, ba, b3, bs, bs and/or bs of the target binding domain. As shown in Figure 63, the LG-
spaced sequencing probes displayed an on target event to off target event ratio and an on target
event o invalid event ratio that were approximately twice that of the D-pocket sequencing
probes. As shown in Figure 64, this increased performance of the LG-spaced sequencing probes
is consistent when sequencing a variety of different specific synthetic target nucleic acids.
[68630] To direcily compare the D-pocket sequencing probes and the L(G-spaced sequencing

probes, synthetic target nucleic acids were sequenced using a combination of D-pocket and 1.G-
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spaced sequencing probes. The D-pocket pool (D-pocket pool 1} was used for the first 50
sequencing cycles. The same immobilized synthetic target nucleic acids were then subsequently
sequenced for 50 cycles with the LG-spaced pool. The results from the first 50 cycles using the
D-pocket sequencing probes and the last 50 cycles using the EG-spaced sequencing probes were
then compared. These resuits are shown in Table 13.

[08631] Table 13, Sequencing resulis

Y%
Clean 3- | Clean 2- | (Clean 1-
Pool barcode
spotter | spotier | spotter
efficiency
D-pocket
269 6.8 3 5
(eyeles 1-50) 6. 6.8 &4 10.6
LG-spaced
37.8 12.8 11.6 11.0

{cycles 51-100)

Clean Clean Clean | Clean %
Pool Spetl | Spet2 | Spot3 3-spot
efficiency |efficiency |efficiency| readout

% Multicolor

Darked Y valid|% invalid

D-pocket

. 70. 62.¢ 58.0 254 42 7. 12.7
(oveles 1-50) 0.0 62.6 8.0 5.4 4 87.3 12.7

LG-spaced
733 74.5 66.7 339 6.4 86.2 13.8

{cveles 51-100)

[88632] Table 13 shows that the LG-spaced pool displayed an mereased barcode efficiency, clean
spot 1 efficiency, clean spot 2 efficiency, clean spot 3 efficiency and clean 3-spot readout as
compared to the D-pocket pool.

[68633] Furthermore, Figure 65 shows that number of 1 spotter (only one out of a possible three
reporter probes are successfully recorded), 2 spotter {only two out of a possible three reporter
probes are successfully recorded) and 3 spotter {(all three possible reporter probes are
successfully recorded) events per cycle. As shown in Figure 65, the number of 1 spotter, 2
spotter and 3 spotter events all increase starting at cycle 51 {corresponding to the switch to LG~
spaced sequencing probes). In particular, the largest increase occurs in the number of 3 spotter
events.

108634] Figure 66 shows the number of on-target, new hexamer, redundant hexamer, off-target

and invalid events recorded in each cycle of the experiment described above. On-target events
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are events in which a sequencing probe correctly bound to the target nucleic acid and all three
reporter probes were successfully and correctly identified. A new hexamer event is an event in
which a new hexamer 15 ideniified/sequenced 1n a single immobitized target nucleic acid,
wherein that particular hexamer had not been identified in previous cycles. A redundant hexamer
event is an event in which a particular hexamer is identified again in a single immobilized target
nucleic acid. Off-target and invalid events are events in which errors occur in the hybridization
and/or detection of the sequencing and reporter probes. As shown in the leftmost panels of
Figure 66, the number of on-target, new hexamer and redundant hexamer events all increase
starting at cycle 51 {corresponding to the switch to LG-spaced sequencing probes). Accordingly,
the number of new hexamer evenis decreases between cycles 51-100 as there are fewer hexamers
in each successive cycle that have not yet been identified in the target nucleic acids, and a
corresponding mcrease is seen in the number of redundant hexamer events.

{80633} In another set of experiments a single LG-spaced pool and two D-pocket pools (D-pocket
pool 1 and D-pocket pool 3) were used to sequence immobilized synthetic target nucleic acids.
The LG-spaced pool was used for the first 50 sequencing cycles. The same immobilized
synthetic target nucleic acids were then subsequently sequenced for 100 cycles with D-pocket
pool I and D-pocket pool 3. The two pools were alternated: D-pocket pool 1 was used for cycle
51, D-pocket pool 3 was used for cycle 52, B-pocket pool 1 was used for cycle 53 and so on and
so forth. The results from the 150 cycles of sequencing are shown in Table 14

j08636] Table 14, Sequencing results

% barcede | Clean 3- | Clean 2- |Clean 1-
Pool .
efficiency | spotter | spotter | spotter

L.G-spaced pool 1

{cycles 1-30) 36.6 113 12.4 11.7
D-pocket pool 1 (odd
numbered cycles from 131 28 il 59
51-100)
D-pocket pool 3 (even
numbered cycles from 118 26 37 54

51-100)
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“leg Hes Clean % .
Pool Clean Spot f“k"m ?‘“‘“‘ Liean 1% Multicolor] % |, . .
e | Spotl Spot3 | 3-spot i | Yo imvalid
i efficiency| . . . i BParked valid
efficiency |efficiency| readout
LG-spaced pool 1
) 66.6 699 67.G 339 33 %8.1 12.0
{cveles 1-50)
D-pocket pool | (odd
aumbered cycles from | 649 58.4 55.0 214 1.8 895 106
51-100)
Dr-pocket pool 3 (even
numbered cycles from | g4 1 583 56.1 21.8 2.0 8871 113
51-100)

{88637} The results shown in Table 14 demonstrate that the LG-spaced pool displayed an

mereased barcode efficiency, clean spot 1 efficiency, clean spot 2 efficiency, clean spot 3

efficiency and clean 3-spot readout as compared to the D-pocket posls.

[08638] Taken together the results described above demonstrate that both the L.G-spaced

sequencing probes and the D-pocket sequencing probes can be used to interrogate an

immobifized target nucleic acid, with LG-spaced probes showing increased coverage, efficiency

and valid barcode events as compared to the D-pocket sequencing probes.
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What is claimed is:

1. A probe comprising a target binding domain and a barcode domain,
wherein the target binding domain comprises at least eight nucieotides and hybridizes to
a target nucleic acid, wherein at least six nucleotides n the target binding domain identify 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 position comprising at least one nucleic acid sequence that hybridizes to a
complementary nucleic acid molecule, and wherein the synthetic backbone comprises L-DNA,
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 1s bound by the target binding

domain.

2. The probe of claim 1, wherein the probe comprises about 60 nucleotides.
3 The probe of claim 1 or claim 2, wherein the probe comprises a single-stranded DNA

synthetic backbone and a double-stranded DNA spacer between the target binding domain and

the barcode domain.

4. The probe of any of claims 1-3, wherein the single-stranded DNA synthetic backbone

comprises about 27 nucleotides.

5. The probe of claim 3 or claim 4, wherein the double-stranded DNA spacer comprises L-DNA.
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6. The probe of any of claims 3-5, wherein the double-siranded DNA spacer comprises

about 25 nucleotides in length.

7. The probe of any of claims 1-6, wherein the number of nuclestides in the target binding

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

8. The probe of any of claims 1-7, wherein the target binding domain comprises eight

nucleotides and the barcode domain comprises three attachment positions.

9. The probe of any of claims 1-8, wherein at least one of the nucleciides 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 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.

10. The probe of any of claims 1-9, wherein each attachment position in the barcode domain

comprises one attachment region.

11 The probe of any of claims 1-10, wherein the at least one nucleic acid sequence of each

attachment position n the barcode domain comprises about 9 nucleotides.

12. The probe of any of claims 1-11, wherein the at least one nucleic acid sequence of each

attachment position comprises a 37 termimnal guanosine nucleotide.
13. The probe of any of claims 1-12, wherein the at least one nucleic acid sequence of each
attachment position comprises at least one adenine nucleotide, at least one thymine nuclestide, at

least one cytosine nucleotide or any combination thereof and a 37 terminal guanosine nucleotide.

14. The probe of any of claims 1-13, wherein each nucleotide of the at least one nucleic acid

sequence of each attachment position 1s L-DNA.
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15, The probe of any of claims 1-14, wherein each nuclestide of the at least eight nucleotides

of the target binding domain is B-DNA.

16. The probe of any of claims 1-15, wheremn the complementary nucleic acid molecule s 2
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.

17. The probe of any of claims 1-16, 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.

18. The sequence probe of claim 17, wherein the first domain of the primary nucleic acid

molecule comprises L-DNA.

19. The probe of claim 17 or 18, wherein the second domain of the primary nucleic acid

molecule comprises D-DNA.

20. The probe of any of claims 17-19, wherein the first domain of the primary nucleic acid

molecule comprises a 37 ternunal cytosine nucleotide.

21 The probe of any of claims 17-20, wherein the first domain of the primary nucleic acid
molecule comprises at least one adenine nucleotide, at least one thymine nucleotide, at least one

cuanine nucleotide or any combination thereof and a 5 termunal cytosine nucleotide.
22. The probe of any of claims 17-21, further comprising a cleavable linker located between
the first domain of the primary nucleic acid molecule and the second domain of the primary

nucleic acid molecule.
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23. The probe of claim 22, whergin the cleavable linker comprises at least one cleavable
moiety.

24, The probe of claim 23, wherein the cleavable moiety is a photocleavable moiety.

25, The probe of any of claims 17-24, wherein the primary nucleic molecule s hybridized to

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

1s hybridized to at least one secondary nucleic acid molecule.

26. The probe of any of claims 17-25, wherein the primary nucleic molecule is hybridized to

four secondary nucleic acid molecules.

27. The probe of any of claims 17-26, wherein the secondary nucleic acid molecule
comprises at least two domains,

a first domain capable of binding to a complementary sequence n at least one primary
nucleie 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 {¢) a

combination thereof.

28, The probe of claim 27, wherein the secondary nucleic acid molecule comprises a

cleavable linker.

29. The probe of claim 28, wherein the cleavable linker is located between the first domain

and the second domain.

30. The probe of claim 28 or claim 29, wherein the linker is photo-cleavable.

31 The probe of any of claims 27-30, wherein the secondary nucleic molecule 1s hybridized

to at least one primary nucleic acid molecule and is hybridized to at least one tertiary nucleic
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acid molecule.

32. The probe of any of claims 27-31, wherein the secondary nucleic molecule 1s hybridized
to (3} 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.

33. The probe of claim 32, wherein each secondary nucleic molecule is hybridized to one

tertiary nucleic acid molecule.

34. The probe of claim 32 or claim 33, wherein the first and at least second detectable labels

have the same emission spectrum or have different emission specira.

35, The probe of any of claims 27-34, wherein the tertiary nucleic acid molecule comprises at
least two domains,

a first domamn capable of binding to a 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.

36. The probe of claim 35, wherein the tertiary nocleic acid molecule comprises a cleavable
linker.
37. The probe of claim 36, wherein the cleavable hinker 1s located between the first domain

and the second domain.

38, The probe of claim 36 or claim 37, wherein the linker is photo-cleavable.

39, The probe of any of claims 27-38, wherein the tertiary nucleic molecule is hybridized to

at least one secondary nucleic acid molecule and comprises a first detectable label and an at least

second detectable label.

171
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40, The probe of claim 39, wherein the first and at least second detectable labels have the

same enussion spectrum or have different emission spectra.

41. The probe of claim 39 or claim 40, 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.

42. The probe of any of claims 25-41, wherein the primary nucleic acid molecule 1s
hybridized to four secondary nucleic acid molecules,

wherein each of the four secondary nucleic acid molecules comprises four first detectable
labels, and

wherein each of the four secondary nucleic acid molecules 15 hybridized to one tertiary
nucleic acid molecule,

wherein the tertiary nucleic acid molecule comprises five detectable labels.

43, The probe of claim 42, wherein enussion spectra of the first detectable labels of the
secondary nucleic acid molecules are different than the emission spectra of the second detectable

labels on the tertiary nucleic acid molecules.

44, A method for determining a nucleotide sequence of a nucleic acid comprising

(1} hybridizing the target binding domain of at least one first probe of any of claims 1-43
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 at least one first
detectable label and at least one second detectable label to a first attachment position of the at
least three attachment positions of the barcode domain,

(3) identifying the at least one first and the at least one second detectable label of the first

complementary nucleic acid molecule hybridized to the first attachment posiiion;



WO 2019/222178 PCT/US2019/032168

(4) removing the at least one first and the at least one second detectable label hybridized
to the first attachment position,;

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

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

(7) removing the at least one third and the at least one fourth detectable label hybnidized
to the second attachment position;

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

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

{10} determining the nucleotide sequence of at least six nucleotides of the optionally
immeobilized target nucleic acid hybridized to the at least six nucleotides of the target binding
domain of the at least one first probe based on the identity of the at least one first detectable
label, the at least one second detectable label, the at least one third detectable label, the at least
one fourth detectable label, the at least one fifth detectable label and the at least one sixth

detectable label.

45, The method of claim 44, wherein steps (4} and (5} occur sequentially or concurrently.
46. The method of claim 44 or claim 45, wherein steps (7) and (8) occur sequentially or
concurrently.

47. The method of any of clanms 44-46, wherein the first and second detectable labels have

the same emission spectrum or have different emission spectra.

48 The method of any of claims 44-47, wherein the third and fourth detectable labels have

the same emission spectrum or have different emission spectra.
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49, The method of any of claims 44-48, wherein the fifth and sixth detectable labels have the

same enussion spectrum or have different emission spectra.

50. The method of any of claims 44-49, 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.

51, The method of claim 50, wherein the cleavable linker is photo-cleavable.

52, The method of any of claims 44-51, wherein the first complementary nucleic acid
molecule comprises a primary nucleic acid, four secondary nucleic acid molecules and four
tertiary nucleic acid molecules,

wherein the primary nucleic acid is hybridized to four secondary nucleic acid molecules,

wherein each of the four secondary nucleic acid molecules comprises four first detectable
labels, and

wherein each of the four secondary nucleic acid molecules is hybridized to one tertiary
nucleic molecule,

wherein each of the four tertiary nucleic acid molecules comprises five second detectable

labels.

53. The method of claim 52, wherein the primary nucleic acid molecule comprises at least
two domains,
a first domain that hybridizes to the first attachment position of the barcode domain and

a second domain that hybridizes to the four secondary nucleic acid molecules.

54. The method of claim 53, wherein the primary nucleic acid molecule comprises a

cleavable linker located between the first domain and the second domain.

55. The method of claim 53 or claim 54, wherein each of the secondary nucleic acid
molecules comprises at least two domains,

a first domain that hybridizes to the second domain of the primary nuclei¢ acid molecule;
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and
a second domain that comprises four first detectable labels and that hyvbridizes to one

tertiary nucleic acid molecule.

56. The method of claim S5, wherein each of the secondary nucleic acid molecules comprises

a cleavable linker located between the first domain and the second domain.

57. The method of any one of claims 44-56, wherein removing the at least one first and the at
least one second detectable label hybridized to the first attachment position comprises cleaving
the cleavable linker between the first domain and the second domain of the primary nucleic acid,
cleaving the cleavable linker between the first domain and the second domain of each secondary

nucleic acid or any combination thereof.

S8, The method of any of claims 44-57, further comprising:

(11) removing the at least one first probe from the first region of the optionally
immeobilized target nuclewe acid;

{12} hvbridizing the target binding domain of a least one second probe of claim 1 to a
second region of the optionally immobilized target nucleic acid and wherein the target binding
domain of the first probe and the at least second probe are different;

{13} hybridizing a fourth complementary nucieic acid molecule comprising at least one
seventh detectable label and at least one eighth detectable label to a first attachment position of
the at least three attachment posttions of the barcode domain of the at least one second probe;

{14) identifying the at least one seventh and the at least one eighth detectable label of the
fourth corplementary nucleic acid molecule hybridized to the first attachment position;

{15} removing the at least one seventh and the at least one eighth detectable label
hybridized to the first attachment position;

{16} hybridizing a fifth complementary nuclgic acid molecule comprising at least one
ninth detectable label and at least one tenth detectable label to a second attachment position of
the at least three attachment positions of the barcode domain of the at least second probe;

(17) wdentifying the at least one ninth and the at least one tenth detectable label of the

fifth complementary nucleic acid molecule hybridized to the second attachment position;
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(18) removing the at least one ninth and the at least one tenth detectable label hybridized
to the second attachment position;

(19) hybridizing a sixth complementary nucleic acid molecule comprising at least one
eleventh detectable label and at least one twelfith detectable label to a third attachment position of
the at least three attachment positions of the barcode domain of the at least second probe;

(20 identifying the at least one eleventh and the at least one twelfth detectable label of
the sixth complementary nucleic acid molecule hybridized to the third attachment position; and

(21} determining the nucleotide sequence of at least six nucleotides of the optionally
immobilized target nucleic acid hybridized to the at least six nucleotides of the target binding
domain of the at least one second probe based on the identity of the at least one seventh
detectable label, the at least one eighth detectable label, the at least one ninth detectable label, the
at least one tenth detectable label, the at least one eleventh detectable label and the at least one

twelfth detectable label.

59. The method of claim S8, further comprising assernbling each identified hinear 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.



