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(57) ABSTRACT

This invention provides nucleoside triphosphate analogues
having the structure:
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wherein B is a base and is adenine, guanine, cytosine,
uracil or thymine, wherein R" is an OH or an H, and
wherein R' is azidomethyl, a hydrocarbyl, or a substi-
tuted hydrocarbyl, and which has a Raman spectroscopy
peak with wavenumber from 2000 cm™ to 2300 cm™ or
a Fourier transform-infrared spectroscopy spectroscopy
peak with wavenumber from 2000 cm™" to 2300 cm ™,
and also to methods of DNA sequencing and SNP detec-
tion.
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Figure 7
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Figure 11
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Figure 13
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Figure 14
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Figure 16
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Figure 23
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DNA SEQUENCING BY SYNTHESIS USING
RAMAN AND INFRARED SPECTROSCOPY
DETECTION

[0001] This application claims priority of U.S. Provisional
Application No. 61/489,191, filed May 23, 2011, the content
of which is hereby incorporated by reference in its entirety.

[0002] This invention was made with government support
under grant no. RO1 HG003582 from the National Institutes
of Health. The U.S. Government has certain rights in this
invention.

[0003] Throughout this application, certain publications
are referenced in parentheses. Full citations for these publi-
cations may be found immediately preceding the claims. The
disclosures of these publications in their entireties are hereby
incorporated by reference into this application in order to
describe more fully the state of the art to which this invention
relates.

BACKGROUND OF THE INVENTION

[0004] Sequencing by Synthesis (SBS) has driven much of
the “next generation” sequencing technology, allowing the
field to approach the $100,000 Genome (1-4). With further
improvements in nucleotide incorporation detection meth-
ods, SBS could be an engine that drives third-generation
platforms leading to the reality of the “$1,000 Genome”. At
the same time, since non-fluorescent detection approaches
are likely to decrease the cost of obtaining data by avoiding
expensive cameras and imaging tools, SBS also offers the
possibility of high sensitivity, leading to both longer reads
and permitting single molecule sequencing, thereby remov-
ing one of the most time-consuming and biased steps, the
generation and amplification of DNA templates.

[0005] Some commercial platforms have been able to
achieve direct single molecule sequencing but at the expense
of accuracy (e.g., a single fluorescent tag in the case of the
Helicoscope tSMS™ technology, 4 different fluorophores in
Pacific Biosciences’ SMRT sequencing approach, or illumi-
nation of 4 different fluors by enzyme-attached quantum dots
in Life Technologies SMS system) (5-7). The shortcoming in
all these approaches is that their dependence upon precise
timing of a “virtual” pause between each nucleotide incorpo-
ration event, especially when registering the incorporation of
more than a single base. This becomes particularly pro-
nounced with homopolymeric runs of more than about 4
bases, which are often resolved by summing the fluorescent
signals, rather than attempting to measure their timing (8,9).
The use of reversible terminators overcomes this obstacle by
only allowing a single base to be incorporated prior to the
detection step; only after subsequent cleavage of the termi-
nating moiety on the nucleotide, can the next one be incor-
porated and identified (10-13). In the case of an already
established system with fluorescently tagged nucleotide
reversible terminators (NRTs), because each of the nucle-
otides has a separate fluorescent tag, all four can be added at
the same time, reducing the number of rounds of incorpora-
tion 4-fold (14, 15). It is noteworthy that this strategy has also
been shown to solve the accuracy problem for pyrosequenc-
ing, used by a Roche sequencing platform, which is not a
single-molecule approach (16).

Mar. 19, 2015

SUMMARY OF THE INVENTION

[0006] A nucleoside triphosphate analogue having the
structure:
0
o—I|>—o—I|>—o—I|>—o (5]
o o o 0
(l) R
R

wherein B is a base and is adenine, guanine, cytosine, uracil
or thymine, wherein R" is OH or H, and wherein R’ is azi-
domethyl, a hydrocarbyl, or a substituted hydrocarbyl, which
(1) preferably has one of the following structures:

CN —
" n
Ns; N3 ; N3 ;

wherein m is C,-Cs, preferably C;

[0007] nis C,-C,, preferably C,; and
[0008] qis C,-C,, preferably C,; and i is C,-C,, prefer-
ably C,.

and (ii) has a Raman spectroscopy peak with wavenumber
from 2000 cm™ to 2300 cm™ or a Fourier transform-infrared
spectroscopy peak with wavenumber from 2000 cm™ to 2300
cm™.

[0009] In one embodiment, the nucleoside triphosphate
analogue R" is H and the nucleoside triphosphate analogue is
a deoxyribonucleoside triphosphate analogue. In another
embodiment, the nucleoside triphosphate analogue R" is OH
and the nucleoside triphosphate analogue is a ribonucleoside
triphosphate analogue.

[0010] This invention also provides a polynucleotide ana-
logue, wherein the polynucleotide analogue differs from a
polynucleotide by comprising at its 3' terminus one of the
following structures in place of the H atom of the 3' OH group

of the polynucleotide:
Hf%/\/ N
N3 ;
;i(\/j

N3 ; or

>
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wherein the wavy line indicates the point of attachment to the
3" oxygen atom.

[0011] Further, this invention provides a composition com-

prising four deoxyribonucleoside triphosphate (ANTP) ana-
logues, each ANTP analogue having the structure:

— 0 [ B ].

e}

1
O—T=O
o
O—’-L:O
Q—"U:O

R

wherein B is a base and is adenine, guanine, cytosine, uracil
or thymine, and wherein R' has the structure:

wherein the wavy line indicates the point of attachment to the
3' oxygen atom, and wherein (i) the structure of the R' group
of each of the four dNTP analogues is different from the
structure of the R' group of the remaining three dINTP ana-
logues, and (ii) each of the four ANTP analogues comprises a

base which is different from the base of the remaining three
dNTP analogues.

[0012] Still further this invention provides a method for
determining the sequence of consecutive nucleotide residues
of a single-stranded DNA comprising:

[0013] (a) contacting the single-stranded DNA, having a
primer hybridized to a portion thereof, with a DNA
polymerase and four deoxyribonucleoside triphosphate
(dNTP) analogues under conditions permitting the DNA
polymerase to catalyze incorporation into the primer of
adNTP analogue complementary to a nucleotide residue
of'the single-stranded DNA which is immediately 5' to a
nucleotide residue of the single-stranded DNA hybrid-
ized to the 3' terminal nucleotide residue of the primer,
so as to form a DNA extension product, wherein (i) each
of the four ANTP analogues has the structure:

?%

N3

o
o—r|>—o—1|>—o—1|>—o [ B ]
0 o 0 0
0
iy

Mar. 19, 2015

[0014] wherein B is a base and is adenine, guanine,
cytosine, or thymine, (ii) each of the four dNTP ana-
logues has an R' group which (a) is azidomethyl, or a
substituted or unsubstituted hydrocarbyl group and
(b) has a predetermined Raman spectroscopy peak
with wavenumber of from 2000 cm™ to 2300 cm™!
and which is different from the wavenumber of the
Raman spectroscopy peak of the other three dNTP
analogues, and (iii) each of the four ANTP analogues
comprises a base which is different from the base of
the other three ANTP analogues;

[0015] (b) removing ANTP analogues not incorporated
into the DNA extension product;

[0016] (c) determining after step (b) the wavenumber of
the Raman spectroscopy peak of the dNTP analogue
incorporated in step (a) so as to thereby determine the
identity of the incorporated dNTP analogue and thus
determine the identity of the complementary nucleotide
residue in the single-stranded DNA;

[0017] (d) treating the incorporated nucleotide analogue
under specific conditions so as to replace the R' group
thereof with an H atom thereby providing a 3' OH group
at the 3' terminal of the DNA extension product; and

[0018] (e) iteratively performing steps (a) to (d) for each
nucleotide residue of the single-stranded DNA to be
sequenced except that in each repeat of step (a) the ANTP
analogue is (i) incorporated into the DNA extension
product resulting from a preceding iteration of step (a),
and (i) complementary to a nucleotide residue of the
single-stranded DNA which is immediately 5'to a nucle-
otide residue of the single-stranded DNA hybridized to
the 3' terminal nucleotide residue of the DNA extension
product resulting from a preceding iteration of step (a),
so as to form a subsequent DNA extension product, with
the proviso that for the last nucleotide residue to be
sequenced step (d) is optional,

thereby determining the identity of each of the consecutive
nucleotide residues of the single-stranded DNA so as to
thereby sequence the DNA.

[0019] In addition, this invention provides a method for
determining the sequence of consecutive nucleotide residues
of a single-stranded DNA comprising:

[0020] (a)contacting the single-stranded DNA, having a
primer hybridized to a portion thereof, with a DNA
polymerase and four deoxyribonucleoside triphosphate
(dNTP) analogues under conditions permitting the DNA
polymerase to catalyze incorporation into the primer of
adNTP analogue complementary to a nucleotide residue
of the single-stranded DNA which is immediately 5'to a
nucleotide residue of the single-stranded DNA hybrid-
ized to the 3' terminal nucleotide residue of the primer,
so as to form a DNA extension product, wherein (i) each
of the four ANTP analogues has the structure:

5.

o
O—"L:O
!
g—b—o
!
O—"ch=O
!

R
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[0021] wherein B is a base and is adenine, guanine,
cytosine, or thymine, (ii) each of the four dNTP ana-
logues has an R' group which (a) is azidomethyl, or a
substituted or unsubstituted hydrocarbyl group, and
(b) has a predetermined Fourier transform-infrared
spectroscopy peak with wavenumber of from 2000

m~' to 2300 cm™" and which is different from the
wavenumber of the Fourier transform-infrared spec-
troscopy peak of the other three ANTP analogues, and
(ii1) each of the four ANTP analogues comprises a
base which is different from the base of the other three
dNTP analogues;

[0022] (b) removing ANTP analogues not incorporated
into the DNA extension product;

[0023] (c) determining after step (b) the wavenumber of
the Fourier transform-infrared spectroscopy peak of the
dNTP analogue incorporated in step (a) so as to thereby
determine the identity of the incorporated dNTP ana-
logue and thus determine the identity ofthe complemen-
tary nucleotide residue in the single-stranded DNA;

[0024] (d) treating the incorporated nucleotide analogue
under specific conditions so as to replace the R' group
thereof with an H atom thereby providing a 3' OH group
at the 3' terminal of the DNA extension product; and

[0025] (e) iteratively performing steps (a) to (d) for each
nucleotide residue of the single-stranded DNA to be
sequenced except that in each repeat of step (a) the ANTP
analogue is (i) incorporated into the DNA extension
product resulting from a preceding iteration of step (a),
and (i) complementary to a nucleotide residue of the
single-stranded DNA which is immediately 5' to a nucle-
otide residue of the single-stranded DNA hybridized to
the 3' terminal nucleotide residue of the DNA extension
product resulting from a preceding iteration of step (a),
so as to form a subsequent DNA extension product, with
the proviso that for the last nucleotide residue to be
sequenced step (d) is optional,

thereby determining the identity of each of the consecutive
nucleotide residues of the single-stranded DNA so as to
thereby sequence the DNA.

[0026] Further, this invention provides a composition com-
prising four ribonucleoside triphosphate (rNTP) analogues,
each rNTP analogue having the structure:

o
o
o

— 0 [ B ].

Q—'0
o—

o—
o

(6] OH

R

wherein B is a base and is adenine, guanine, cytosine, or
uracil, and wherein R' has the structure:
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-continued

N3

wherein the wavy line indicates the point of attachment to the
3' oxygen atom, and wherein (i) the structure of the R' group
of each of the four rNTP analogues is different from the
structure of the R' group of the remaining three fNTP ana-
logues, and (ii) each of the four rNTP analogues comprises a
base which is different from the base of the remaining three
rNTP analogues.

[0027] This invention also provides a nucleoside triphos-
phate analogue having the structure:

L

R
— 0 (3 1™

o
o
o

e}

o—w
Q—w

OH R”

wherein the base is adenine, guanine, cytosine, uracil or
thymine, wherein R" is an OH or an H,

[0028]
[0029]

wherein L a cleavable linker, and

wherein R has the structure:

wherein the wavy line indicates the point of attachment to L.
[0030] This invention further provides a process for label-
ing a polynucleotide comprising: contacting the polynucle-

otide with a deoxyribonucleoside triphosphate analogue hav-
ing the structure:

o
o—r|>—o—1|>—o—1|>—o [ 5]
0 o 0 0
0
it
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wherein B is a base and is adenine, guanine, cytosine, uracil
or thymine, and wherein R' has the structure:

wherein the wavy line indicates the point of attachment to the
3" oxygen atom,

[0031] in the presence of a DNA polymerase under condi-
tions permitting incorporation of the deoxyribonucleoside
triphosphate analogue into the polynucleotide by formation
of a phosphodiester bond between the deoxyribonucleoside
triphosphate analogue and a 3' terminal of the polynucleotide
so as to thereby label the polynucleotide.

[0032] This invention yet further provides a process for
labeling a polynucleotide comprising: contacting the poly-

nucleotide with a ribonucleotide triphosphate analogue hav-
ing the structure:

?%

N3

o
o
o

—0 E’

OI—"CJ
OI—"CJ

o—
o

wherein B is a base and is adenine, guanine, cytosine, or
uracil, and wherein R' has the structure:

;’% o
N.

35 N3 ;

N3 ;  or N3 ;

wherein the wavy line indicates the point of attachment to the
3" oxygen atom,

[0033] in the presence of an RNA polymerase under con-
ditions permitting incorporation of the ribonucleoside triph-
osphate analogue into the polynucleotide by formation of a
phosphodiester bond between the ribonucleoside triphos-
phate analogue and a 3' terminal of the polynucleotide so as to
thereby label the polynucleotide.

[0034] In certain embodiments, this invention provides a
method for determining the identity of a nucleotide residue
within a stretch of consecutive nucleic acid residues in a
single-stranded DNA comprising:
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[0035] (a)contacting the single-stranded DNA, having a
primer hybridized to a portion thereof such that the 3'
terminal nucleotide residue of the primer is hybridized
to a nucleotide residue of the single-stranded DNA
immediately 3' to the nucleotide residue being identi-
fied, with a DNA polymerase and a least four deoxyri-
bonucleoside triphosphate (dNTP) analogues under
conditions permitting the DNA polymerase to catalyze
incorporation into the primer of a dNTP analogue
complementary to the nucleotide residue of the single-
stranded DNA being identified, so as to form a DNA
extension product, wherein (i) each of the four dNTP
analogues has the structure:

o
o—r|>—o—1|>—o—1|>—o [5]
o o o 0
0
|
R

[0036] wherein B is a base and is adenine, guanine,
cytosine, or thymine, (ii) each of the four dNTP ana-
logues has an R' group which (a) is azidomethyl, or a
substituted or unsubstituted hydrocarbyl group, and
(b) has a predetermined Raman spectroscopy peak
with wavenumber which is from 2000 cm™" to 2300
cm™, and is different from the wavenumber of the
Raman spectroscopy peak of the other three dNTP
analogues or has a predetermined Fourier transform-
infrared spectroscopy peak with wavenumber of from
2000 cm™" to 2300 cm™" and which is different from
the wavenumber of the Fourier transform-infrared
spectroscopy peak of the other three INTP analogues,
and (iii) each of the four ANTP analogues comprises a
base which is different from the base of the other three
dNTP analogues;

[0037] (b) removing ANTP analogues not incorporated
into the DNA extension product; and

[0038] (c) determining the wavenumber of the Raman
spectroscopy peak or wavenumber of the Fourier trans-
form-infrared spectroscopy peak of the ANTP analogue
incorporated in step (a) so as to thereby determine the
identity of the incorporated dNTP analogue and thus
determine the identity of the complementary nucleotide
residue in the single-stranded DNA,

thereby identifying the nucleotide residue within the stretch
of consecutive nucleic acid residues in the single-stranded
DNA.

[0039] Inyetfurther embodiments this invention provides a
method for determining the identity of a nucleotide residue
within a stretch of consecutive nucleic acid residues in a
single-stranded DNA comprising:

[0040] (a)contacting the single-stranded DNA, having a
primer hybridized to a portion thereof such that the 3'
terminal nucleotide residue of the primer is hybridized
to a nucleotide residue of the single-stranded DNA
immediately 3' to the nucleotide residue identified, with
a DNA polymerase and a deoxyribonucleoside triphos-
phate (ANTP) analogue under conditions permitting the
DNA polymerase to catalyze incorporation into the
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primer of the dNTP analogue if it is complementary to
the nucleotide residue of the single-stranded DNA being
identified, so as to form a DNA extension product,
wherein (1) the dNTP analogue has the structure:

o
o
o

— 0 [ B ]

o—v
o—

o—
o]

R

wherein B is a base and is adenine, guanine, cytosine, or
thymine, and (ii) the ANTP analogue has an R' group which is
azidomethyl, or a substituted or unsubstituted hydrocarbyl
group and has a predetermined Raman spectroscopy peak
with wavenumber which is from 2000 cm™" to 2300 cm™ or
a predetermined Fourier transform-infrared spectroscopy
peak with wavenumber which is from 2000 cm™ to 2300
cm‘l;

[0041] (b) removing ANTP analogues not incorporated
into the DNA extension product; and

[0042] (c) determining if the ANTP analogue was incor-
porated into the primer in step (a) by measuring after
step (b) the wavenumber of the Raman spectroscopy
peak or wavenumber of the Fourier transform-infrared
spectroscopy peak of any dNTP analogue incorporated
in step (a), wherein (1) if the INTP analogue was incor-
porated in step (a) determining from the wavenumber of
the Raman spectroscopy peak or wavenumber of the
Fourier transform-infrared spectroscopy peak measured
the identity of the incorporated dNTP analogue and thus
determining the identity of the complementary nucle-
otide residue in the single-stranded DNA, and (2)
wherein if the dNTP analogue was not incorporated in
step (a) iteratively performing steps (a) through (c) until
the complementary nucleotide residue in the single-
stranded DNA is identified, with the proviso that each
dNTP analogue used to contact the single-stranded
DNA template in each subsequent iteration of step (a),
(1) has a predetermined Raman spectroscopy peak with
wavenumber which is different from the wavenumber of
the Raman spectroscopy peak of every dNTP analogue
used in preceding iterations of step (a) or has a prede-
termined Fourier transform-infrared spectroscopy peak
which is different from the Fourier transform-infrared
spectroscopy peak of every dNTP analogue used in pre-
ceding iterations of step (a), and (ii) comprises a base
which is different from the base of every ANTP analogue
used in preceding iterations of step (a),

thereby identifying the nucleotide residue within the stretch
of consecutive nucleic acid residues in the single-stranded
DNA.

[0043] In this further embodiment, this invention provides
a method for determining the identity of a nucleotide residue
within a stretch of consecutive nucleic acid residues in a
single-stranded DNA comprising:

[0044] (a) contacting the single-stranded DNA with four
different oligonucleotide probes, (1) wherein each of the
oligonucleotide probes comprises (i) a portion that is
complementary to a portion of consecutive nucleotides
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of the single stranded DNA immediately 3' to the nucle-
otide residue being identified, and (ii) a 3' terminal
nucleotide residue analogue comprising on its sugar a
3'-O—R' group wherein R' is (a) is azidomethyl, or a
substituted or unsubstituted hydrocarbyl group and (b)
has a predetermined Raman spectroscopy peak with
wavenumber which is from 2000 cm™ to 2300 cm™!,
and which is different from the wavenumber of the
Raman spectroscopy peak of the R' of the 3' terminal
nucleotide residue analogue of the other three oligo-
nucleotide probes, or has a predetermined Fourier-trans-
form infra red spectroscopy peak with wavenumber
which is from 2000 cm™! to 2300 cm™*, and is different
from the wavenumber of the Fourier-transform infra red
peak of the R' of the 3' terminal nucleotide residue ana-
logue of the other three oligonucleotide probes, and (iii)
each of the four terminal nucleotide residue analogue
comprises a base which is different from the base of the
terminal nucleotide residue analogue of the other three
oligonucleotide probes, and (2) under conditions per-
mitting hybridization of the primer which is fully
complementary to the portion of consecutive nucle-
otides of the single stranded DNA immediately 3' to the
nucleotide residue being identified;
[0045] (b) removing oligonucleotide primers not hybrid-
ized to the single-stranded DNA; and
[0046] (c) determining the wavenumber of the Raman

spectroscopy peak or wavenumber of the Fourier-trans-
form infra red peak of the ANTP analogue of the oligo-
nucleotide probe hybridized in step (a) so as to thereby
determine the identity of the dNTP analogue of the
hybridized oligonucleotide probe and thus determine the
identity of the complementary nucleotide residue in the
single-stranded DNA,

thereby identifying the nucleotide residue within the stretch

of consecutive nucleic acid residues in the single-stranded

DNA.

BRIEF DESCRIPTION OF THE FIGURES

[0047] FIG. 1. Sequencing by synthesis (SBS) with nucle-
otides reversible terminators (NRTs). (A) The scheme for
4-color SBS with 3'-O—N;-dNTP-N;-dye NRTs and unla-
beled NRTs. All NRTs, which are substituted with azidom-
ethyl groups at the 3'-OH group and 4 of which have fluoro-
phores attached via linkers also containing azidomethyl
groups, are present together in the polymerase reaction. Fol-
lowing incorporation of the correct base and its determination
by fluorescent scanning, Tris-(2-carboxyethyl)phosphine
(TCEP) is added to cleave the dyes and at the same time
restore the 3'-OH group for the next reaction cycle. Unlabeled
NRTs, 3'-O—N;-dNTPs (without attached dyes) are included
in the reaction and incorporated as well between reactions to
ensure that essentially all the primers have been extended
(i.e., to synchronize the reactions). (B) A typical result on a
surface-bound synthetic template using the 3'-O—N,-dNTP-
N;-dye NRTs.

[0048] FIG. 2. A set of four 3'-O-azidomethyl nucleotide
reversible terminators that can be used for SBS with solution
and solid substrate Raman and SERS detection.

[0049] FIG. 3. Mechanism of 3'-O-azidomethyl cleavage
by Tris-(2-carboxyethyl)phosphine (TCEP) to regenerate the
3'-OH.

[0050] FIG. 4. Experimental scheme of continuous IR-SBS
using 3'-azidomethyl modified NRTs (Left) and the Fourier-
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transform infrared (FTIR) spectra (Right) of the products
from each step (light gray, N; IR signal on the DNA extension
products; dark gray, IR signal of the DNA extension products
with the azidomethyl group removed). Only the portion of the
FTIR spectrum in the range from 2150 cm™ to 2050 cm™"
(from left to right) is shown, the azide (N, ) peak appearing at
2115 em™.

[0051] FIG.5. Raman spectra of 4 chemical tags from 2100
cm™ to 2260 cm™, where DNA and protein have no Raman
peaks. The four tags (—N;, —CN, —C=H, and —C=CH,;)
with strong Raman peaks at 2105 cm™" (—N,), 2138 cm™
(—C=CH), 2249 cm™' (—C=CHy,), 2259 cm™" (—CN) are
used to label A, C, G, and T in the “4-signal” Raman SBS.
[0052] FIG. 6. SERS spectra of RH800, showing single
molecule SERS events for the cyano (—C=N) group.
[0053] FIG.7.Scanning electron micrograph of Au-coated,
lithographically patterned Klarite substrate.

[0054] FIG. 8. Experimental high enhancement factor for
azido (—N;) chemical tag. (a) Typical Raman spectraof 1 uM
solution coated on Klarite substrate and the corresponding
reference Raman spectra of 100 mM solution coated on alu-
minum (b).

[0055] FIG. 9. Raman signal of 3'-O—N,-dNTPs (N;-
dNTPs) (red) and natural ANTPs (blue). In all 4 cases, there is
a 10°-fold signal increase at the expected Raman shift of
~2125 cm™! due to the N group.

[0056] FIG.10.Scheme of continuous DNA sequencing by
synthesis (middle) using reversible terminators, 3'-O—Nj;-
dNTPs, with Raman (left) and MALDI-TOF MS spectra
(right) obtained at each step. Only the 2000-2300 cm™!
Raman interval is shown, the azide peak appearing at Raman
shift ~2125 cm™. Pol=DNA polymerase.

[0057] FIG. 11. a) Concept for nanoantennae-enhanced
SERS: the plasmonic cavity increases the optical field exci-
tation by more than 100 times, while enhancing the scattering
rate by nearly an order of magnitude. b) SEM of sub-10 nm
gap made by e-beam lithography.

[0058] FIG. 12. Spatially resolved coupling between a
single nitrogen vacancy color center and an optical mode of a
planar photonic crystal nanocavity, showing the spatially
resolved Purcell effect in a solid.

[0059] FIG. 13. Process for forming bowtie antenna struc-
tures with selective placement of DNA within the gap. a)
E-beam lithography and development. b) Deposition of
spacer, Ag and Ti, followed by liftoff. ¢) SiO, deposition by
CVD, followed by HMDS. d) Second lithography to define
adhesion sites for DNA primer. e) Primer assembly.

[0060] FIG. 14. Bowtie antenna with DNA polymerase
bound to a patterned nanodot centered in the hotspot.

[0061] FIG. 15. Top: Au nanoparticle binding to DNA
origami. Many different configurations are possible. Bottom:
Lithographically directed placement of origami scaffolds
(left: rectangles; right: triangles).

[0062] FIG. 16. Left: Plasmonic crystal consisting of a
patterned TiO-Au-TiO layer on InP. Right: Resonant plas-
monic mode for coupling to molecules on the metal surface.
[0063] FIG. 17. An overall scheme for SERS-SBS with
3'-0-azidomethyl dNTPs. Surface-attached templates are
extended with NRTs, added one at a time. If there is incorpo-
ration, a Raman signal (~2105 cm™') due to the N, group is
detected. After cleavage of the blocking group with TCEP, the
next cycle is initiated. Because the NRTs force the reactions
to pause after each cycle, the lengths of homopolymers are
determined with precision.
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[0064] FIG. 18. Four modified nucleotide reversible termi-
nators with distinct 3'-O-Raman tags for use in the design and
synthesis of novel NRTs with 4 distinct SERS signatures to
perform SERS-SBS. Their Raman peaks are also indicated.

[0065] FIG. 19. Generalized synthetic scheme for NRTs
shown in FIG. 7. This is a straightforward modification of the
protocol used to produce the 3'-O-azidomethyl-NRTs for use
in SBS in solution with Raman and SERS detection. In brief,
S'-protected 2'-deoxynucleosides are treated with disubsti-
tuted ethyl sulfoxide and acetic anhydride/acetic acid to pro-
duce, via a Pummerer rearrangement, intermediates that then
react with sulfuryl chloride and sodium azide to afford 3'-azi-
domodified nucleoside derivatives.

[0066] FIG. 20. Mechanism of cleavage of the 3' group of
an incorporated nucleotide analogue (adenine base) as
depicted in FIG. 7. A similar scheme operates for all the
Raman tags attached to the 3'-OH group. Note the reversion to
the 3'-OH and destruction of the N; group.

[0067] FIG. 21. Alternative NRTs with distinct Raman tags
placed either on the base via NH,, groups on A and C, or at the
3'-OH of the sugar for G and T. In the case of the A and C
analogs at the top of the figure, treatment with TCEP removes
both the substitution on the base and at the 3'-OH position at
the same time, resulting in restoration of intact dATP and
dCTP.

[0068] FIG. 22. Synthetic scheme for generation of the C
analog substituted via the amino group on the base with a tag
displaying two Raman peaks due to the presence of both an
N; and alkyne group.

[0069] FIG. 23. Overall design of SERS-SBS for 4 mixed
nucleotides with four different Raman signatures. A specific
NRT complementary to the next base in the covalently
attached template added by polymerase to the hybridized
primer is decoded via its Raman signature. After cleavage of
the 3'-O-tag by TCEP, the next cycle can ensue. Note that all
4 NRTs have an azido peak, but in addition 3 of the NRTs have
a second discriminating peak. The Raman signatures are
shown in FIG. 5.

[0070] FIG. 24. Structures of the nucleotide reversible ter-
minators, 3'-O—N;-dATP, 3'-O—N,-dTTP, 3'-O—N;j-
dGTP, and 3'-O—N;-dCTP.

[0071] FIG. 25. Mechanisms to cleave the 3'-O-azidom-
ethyl group from the DNA extension products with TCEP to
regenerate the 3'-OH group.

[0072] FIG. 26. Polymerase DNA extension reaction using
3'-O—N;-dNTPs as reversible terminators.

DETAILED DESCRIPTION OF THE INVENTION

[0073] This invention provides nucleoside triphosphate
analogue having the structure:

o
o—r|>—o—1|>—o—1|>—o [B].
o o o 0
o R
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wherein B is a base and is adenine, guanine, cytosine, uracil
or thymine, wherein R" is OH or H, and wherein R’ is azi-
domethyl, a hydrocarbyl, or a substituted hydrocarbyl, which

®

CN
m
N3 N3
W =
N3 ; or

[0074]
[0075] nis C,-Cs, preferably C,; and
[0076] qisC,-Cs, preferably C,; and iis C,-C,, pref-
erably C

wherein m is C,-Cs, preferably C

and (ii) has a Raman spectroscopy peak with wavenumber
from 2000 cm™ to 2300 cm™ or a Fourier transform-infrared
spectroscopy peak with wavenumber of from 2000 cm™ to
2300 cm™'.

[0077] In one embodiment, the invention provides a
nucleoside triphosphate analogue wherein R" is H and the
nucleoside triphosphate analogue is a deoxyribonucleoside
triphosphate analogue. In another embodiment, the invention
provides a nucleoside triphosphate analogue wherein R" is
OH and the nucleoside triphosphate analogue is a ribonucleo-
side triphosphate analogue.

[0078] Ina further embodiment of the invention the nucleo-
side triphosphate analogue R' has one of the following struc-
tures, wherein the wavy line indicates the point of attachment
of R' to the 3' O atom:

CN

N3 ;

gl
fom —

; or N3 ;

[0079] In certain embodiments of the invention the nucleo-
side triphosphate analogue is recognized by a DNA poly-
merase or by an RNA polymerase and/or R' has a Raman
spectroscopy peak with wavenumber from 2100 cm™" to 2260
cm™!

[0080] This invention additionally concerns polynucle-
otide analogue, wherein the polynucleotide analogue differs
from a polynucleotide by comprising at its 3' terminus one of
the following structures in place of the H atom of the 3' OH
group of the polynucleotide:
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;’% eff‘\/\/ N
N3 ; N3 5
N3 ;or N3 ;

wherein the wavy line indicates the point of attachment to the
3" oxygen atom.

[0081] This invention also concerns a composition com-
prising four deoxyribonucleoside triphosphate (AINTP) ana-
logues, each ANTP analogue having the structure:

BE

Rr

o
o

1.

|
o
O—*L=O

Q—'0
o—

wherein B is a base and is adenine, guanine, cytosine, uracil
or thymine, and wherein R' has the structure:

wherein the wavy line indicates the point of attachment to the
3' oxygen atom, and wherein (i) the structure of the R' group
of each of the four dNTP analogues is different from the
structure of the R' group of the remaining three dNTP ana-
logues, and (ii) each of the four ANTP analogues comprises a

base which is different from the base of the remaining three
dNTP analogues.

[0082] In addition, this invention provides a method for
determining the sequence of consecutive nucleotide residues
of a single-stranded DNA comprising:

[0083] (a)contacting the single-stranded DNA, having a
primer hybridized to a portion thereof, with a DNA
polymerase and four deoxyribonucleoside triphosphate
(dNTP) analogues under conditions permitting the DNA
polymerase to catalyze incorporation into the primer of
adNTP analogue complementary to a nucleotide residue
of the single-stranded DNA which is immediately 5'to a
nucleotide residue of the single-stranded DNA hybrid-
ized to the 3' terminal nucleotide residue of the primer,
so as to form a DNA extension product, wherein (i) each
of the four ANTP analogues has the structure:
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[0084] wherein B is a base and is adenine, guanine,
cytosine, or thymine, (ii) each of the four dNTP ana-
logues has an R' group which (a) is azidomethyl, or a
substituted or unsubstituted hydrocarbyl group and
(b) has a predetermined Raman spectroscopy peak
with wavenumber of from 2000 cm™ to 2300 cm™!
and which is different from the wavenumber of the
Raman spectroscopy peak of the other three dNTP
analogues, and (iii) each of the four ANTP analogues
comprises a base which is different from the base of
the other three AN'TP analogues;

[0085] (b) removing ANTP analogues not incorporated
into the DNA extension product;

[0086] (c) determining after step (b) the wavenumber of
the Raman spectroscopy peak of the dNTP analogue
incorporated in step (a) so as to thereby determine the
identity of the incorporated dNTP analogue and thus
determine the identity of the complementary nucleotide
residue in the single-stranded DNA;

[0087] (d)treating the incorporated nucleotide analogue
under specific conditions so as to replace the R' group
thereof with an H atom thereby providing a 3' OH group
at the 3' terminal of the DNA extension product; and

[0088] (e) iteratively performing steps (a) to (d) for each
nucleotide residue of the single-stranded DNA to be
sequenced except that in each repeat of step (a) the ANTP
analogue is (i) incorporated into the DNA extension
product resulting from a preceding iteration of step (a),
and (i) complementary to a nucleotide residue of the
single-stranded DNA which is immediately 5' to a nucle-
otide residue of the single-stranded DNA hybridized to
the 3' terminal nucleotide residue of the DNA extension
product resulting from a preceding iteration of step (a),
so as to form a subsequent DNA extension product, with
the proviso that for the last nucleotide residue to be
sequenced step (d) is optional,

thereby determining the identity of each of the consecutive
nucleotide residues of the single-stranded DNA so as to
thereby sequence the DNA.

[0089] Further, this invention provides a method for deter-
mining the sequence of consecutive nucleotide residues of a
single-stranded DNA comprising:

[0090] (a) contacting the single-stranded DNA, having a
primer hybridized to a portion thereof, with a DNA
polymerase and four deoxyribonucleoside triphosphate
(dNTP) analogues under conditions permitting the DNA
polymerase to catalyze incorporation into the primer of
adNTP analogue complementary to a nucleotide residue
of'the single-stranded DNA which is immediately 5' to a
nucleotide residue of the single-stranded DNA hybrid-
ized to the 3' terminal nucleotide residue of the primer,
so as to form a DNA extension product, wherein (i) each
of the four ANTP analogues has the structure:
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[0091] wherein B is a base and is adenine, guanine,
cytosine, or thymine, (ii) each of the four dNTP ana-
logues has an R' group which (a) is azidomethyl, or a
substituted or unsubstituted hydrocarbyl group and
(b) has a predetermined Fourier transform-infrared
spectroscopy peak with wavenumber of from 2000
cm™ to 2300 cm™" and which is different from the
wavenumber of the Fourier transform-infrared spec-
troscopy peak of the other three INTP analogues, and
(iii) each of the four ANTP analogues comprises a
base which is different from the base of the other three
dNTP analogues;

[0092] (b) removing ANTP analogues not incorporated
into the DNA extension product;

[0093] (c) determining after step (b) the peak Fourier
transform-infrared spectroscopy wavenumber of the
dNTP analogue incorporated in step (a) so as to thereby
determine the identity of the incorporated dNTP ana-
logue and thus determine the identity of the complemen-
tary nucleotide residue in the single-stranded DNA;

[0094] (d) treating the incorporated nucleotide analogue
under specific conditions so as to replace the R' group
thereof with an H atom thereby providing a 3' OH group
at the 3' terminal of the DNA extension product; and

[0095] (e) iteratively performing steps (a) to (d) for each
nucleotide residue of the single-stranded DNA to be
sequenced except that in each repeat of step (a) the ANTP
analogue is (i) incorporated into the DNA extension
product resulting from a preceding iteration of step (a),
and (i) complementary to a nucleotide residue of the
single-stranded DNA which is immediately 5'to a nucle-
otide residue of the single-stranded DNA hybridized to
the 3' terminal nucleotide residue of the DNA extension
product resulting from a preceding iteration of step (a),
so as to form a subsequent DNA extension product, with
the proviso that for the last nucleotide residue to be
sequenced step (d) is optional,

thereby determining the identity of each of the consecutive
nucleotide residues of the single-stranded DNA so as to
thereby sequence the DNA.

[0096] In an embodiment of the instant methods the ANTP
analogues have a Raman spectroscopy peak with wavenum-
ber of from 2100 cm™ to 2260 cm™. In an embodiment of the
instant methods the wavenumber of the Fourier transform-
infrared spectroscopy peak is determined by irradiating the
incorporated dNTP analogue with grazing angle infra-red
light. In an embodiment of the instant methods the peak
Raman spectroscopy wavenumber is determined by irradiat-
ing the incorporated ANTP analogue with 532 nm, 633 nm, or
785 nm light. In an embodiment of the instant methods at least
one of the primer or the single-stranded DNA is attached to a
solid surface. In an embodiment of the instant methods the
Raman spectroscopy is surface-enhanced Raman spectros-
copy (SERS). In an embodiment of the process the polynucle-
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otide is attached to a solid surface. In an embodiment of the
process the solid surface is metal or is coated with metal or is
impregnated with metal. In an embodiment of the process the
solid surface is porous alumina impregnated with silver or
gold. In an embodiment of the process the porous alumina
solid surface is in the form of a nanotube. In an embodiment
of the instant methods in the ANTP analogues R' has a struc-
ture chosen from the following:

; or

JH§/\/ N
Ns; N3 ; N3
N3

wherein the wavy line indicates the point of attachment to the
3" oxygen atom.

[0097] In certain embodiments of the methods of this
invention the dNTP analogues each have the structure:

O O
I 0 ]

P P
| | o
O O

I

o

I
Q—"U=O

o

R*

where R” is, independently, a C1-C5 cyanoalkyl, a C1-C5
alkyl, a C2-CS5 alkenyl, or a C2-C5 alkynyl, which is substi-
tuted or unsubstituted.

[0098] In some embodiment of the methods of this inven-
tion, in step (d) the incorporated nucleotide analogue is
treated with a specific chemical agent so as to replace the R’
group thereof with an H atom thereby providing a 3' OH
group at the 3' terminal of the DNA extension product. In
other embodiments of the methods, in step (d) the incorpo-
rated nucleotide analogue is treated with Tris (2-carboxy-
ethyl)phosphine (TCEP) so as to replace the R' group thereof
with an H atom thereby providing a 3' OH group at the 3'
terminal of the DNA extension product.

[0099] Further this invention concerns a composition com-
prising four ribonucleoside triphosphate (rNTP) analogues,
each rNTP analogue having the structure:

o
o

[ b ]

|

T
e—p=°

o

|

o

o—
Q—'0
o]
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wherein B is a base and is adenine, guanine, cytosine, or
uracil, and wherein R' has the structure:

(/}‘\(\/CN
N3; N3 ; N3
N3

wherein the wavy line indicates the point of attachment to the
3' oxygen atom, and wherein (i) the structure of the R' group
of each of the four rNTP analogues is different from the
structure of the R' group of the remaining three fNTP ana-
logues, and (ii) each of the four rNTP analogues comprises a
base which is different from the base of the remaining three
rNTP analogues.

[0100] In some embodiments the invention provides a
nucleoside triphosphate analogue having the structure:

L

N

o
o

O

|

o
9=t

o

Q—'0
o—

wherein the base is adenine, guanine, cytosine, uracil or
thymine,

[0101] wherein R" is an OH or an H,
[0102] wherein L a cleavable linker, and
[0103] wherein R has the structure:
N3; N3 ; N3 ; or

N3

wherein the wavy line indicates the point of attachment to L.
[0104] In certain embodiments of the nucleoside triphos-
phate analogue, L is a single covalent bond. In some embodi-
ments [, comprises one or more photocleavable covalent
bonds. In other embodiment R" is H and the nucleoside triph-
osphate analogue is a deoxyribonucleoside triphosphate ana-
logue. Yet still other embodiments R" is OH and the nucleo-
side triphosphate analogue is a ribonucleoside triphosphate
analogue.

[0105] This invention also concerns a process for labeling a
polynucleotide comprising: contacting the polynucleotide
with a deoxyribonucleoside triphosphate analogue having the
structure:
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o
o

o—w
|
o
Q—’-L:O

wherein B is a base and is adenine, guanine, cytosine, uracil
or thymine, and wherein R' has the structure:

wherein the wavy line indicates the point of attachment to the
3" oxygen atom,

[0106] in the presence of a DNA polymerase under condi-
tions permitting incorporation of the deoxyribonucleoside
triphosphate analogue into the polynucleotide by formation
of a phosphodiester bond between the deoxyribonucleoside
triphosphate analogue and a 3' terminal of the polynucleotide
so as to thereby label the polynucleotide.

[0107] In certain embodiment of this process, the poly-
nucleotide is a deoxyribonucleic acid. In other embodiment
of the process, the deoxyribonucleic acid is a primer. In still
other embodiments of the process, the DNA polymerase is 9°
N polymerase or a variant thereof, £. Coli DNA polymerase
1, Bacteriophage T4 DNA polymerase, Sequenase, Taq DNA
polymerase or 9° N polymerase (exo-)A4851./Y409V.

[0108] This invention yet further provides a process for
labeling a polynucleotide comprising: contacting the poly-
nucleotide with a ribonucleoside triphosphate analogue hav-
ing the structure:

o
o

[ b ]

|

T
e—p=°

o

|

o—
Q—'0

OH
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wherein B is a base and is adenine, guanine, cytosine, or
uracil, and wherein R' has the structure:

(/}‘\(\/CN
N3; N3 ; N3
N3

wherein the wavy line indicates the point of attachment to the
3" oxygen atom,

[0109] in the presence of an RNA polymerase under con-
ditions permitting incorporation of the ribonucleoside triph-
osphate analogue into the polynucleotide by formation of a
phosphodiester bond between the ribonucleoside triphos-
phate analogue and a 3' terminal of the polynucleotide so as to
thereby label the polynucleotide.

[0110] Inembodiments of this process, the polynucleotide
is a ribonucleic acid. In certain embodiment of the process,
the polymerase is Bacteriophage SP6, T7 or T3 RNA poly-
merases. In other embodiment of the process, the polynucle-
otide is attached to a solid surface. In certain embodiment of
the process, the solid surface is metal or is coated with metal
or is impregnated with metal. In more specific embodiments
of the process, the solid surface is porous alumina impreg-
nated with silver or gold; or is a porous alumina solid surface
in the form of a nanotube.

[0111] In certain embodiment of the process, the single-
stranded DNA is amplified from a sample of DNA prior to
step (a).

[0112] In some embodiments of the process the single-
stranded DNA is amplified by a polymerase chain reaction.
[0113] This invention also concerns a method for determin-
ing the identity of a nucleotide residue within a stretch of
consecutive nucleic acid residues in a single-stranded DNA
comprising:

[0114] (a)contacting the single-stranded DNA, having a
primer hybridized to a portion thereof such that the 3'
terminal nucleotide residue of the primer is hybridized
to a nucleotide residue of the single-stranded DNA
immediately 3' to the nucleotide residue being identi-
fied, with a DNA polymerase and a least four deoxyri-
bonucleoside triphosphate (dNTP) analogues under
conditions permitting the DNA polymerase to catalyze
incorporation into the primer of a dNTP analogue
complementary to the nucleotide residue of the single-
stranded DNA being identified, so as to form a DNA
extension product, wherein (i) each of the four dNTP
analogues has the structure:

o
o

[ b ]

|

o
9=t

o

|

o

o—
Q—'0
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[0115] wherein B is a base and is adenine, guanine,
cytosine, or thymine, (ii) each of the four dNTP ana-
logues has an R' group which (a) is azidomethyl, or a
substituted or unsubstituted hydrocarbyl group and
(b) has a predetermined Raman spectroscopy peak
with wavenumber which is from 2000 cm™! to 2300
cm™', and is different from the wavenumber of the
Raman spectroscopy peak of the other three dNTP
analogues or has a predetermined Fourier transform-
infrared spectroscopy peak with wavenumber of from
2000 cm™! to 2300 cm™! and which is different from
the wavenumber of the Fourier transform-infrared
spectroscopy peak of the other three INTP analogues,
and (iii) each of the four ANTP analogues comprises a
base which is different from the base of the other three
dNTP analogues;

[0116] (b) removing ANTP analogues not incorporated
into the DNA extension product; and

[0117] (c) determining the wavenumber of the Raman
spectroscopy peak or wavenumber of the Fourier trans-
form-infrared spectroscopy peak of the ANTP analogue
incorporated in step (a) so as to thereby determine the
identity of the incorporated dNTP analogue and thus
determine the identity of the complementary nucleotide
residue in the single-stranded DNA,

thereby identifying the nucleotide residue within the stretch
of consecutive nucleic acid residues in the single-stranded
DNA.

[0118] Yet further this invention concerns a method for
determining the identity of a nucleotide residue within a
stretch of consecutive nucleic acid residues in a single-
stranded DNA comprising:

[0119] (a) contacting the single-stranded DNA, having a
primer hybridized to a portion thereof such that the 3'
terminal nucleotide residue of the primer is hybridized
to a nucleotide residue of the single-stranded DNA
immediately 3' to the nucleotide residue to be identified,
with a DNA polymerase and a deoxyribonucleoside
triphosphate (AN'TP) analogue under conditions permit-
ting the DNA polymerase to catalyze incorporation into
the primer of the ANTP analogue if it is complementary
to the nucleotide residue of the single-stranded DNA
being identified, so as to form a DNA extension product,
wherein (1) the dNTP analogue has the structure:

O O O
l | |
O—P—O0—P—0O0—7P
| | |
o o o
[0120] wherein B is a base and is adenine, guanine,

cytosine, or thymine, and (ii) the INTP analogue has
an R' group which is azidomethyl, or a substituted or
unsubstituted hydrocarbyl group and has a predeter-
mined Raman spectroscopy peak with wavenumber
which is from 2000 cm™ to 2300 cm™! or a predeter-
mined Fourier transform-infrared spectroscopy peak
with wavenumber which is from 2000 cm™! to 2300

cm™! ;
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[0121] (b) removing ANTP analogues not incorporated
into the DNA extension product; and

[0122] (c) determining if the ANTP analogue was incor-
porated into the primer in step (a) by measuring after
step (b) the wavenumber of the Raman spectroscopy
peak or wavenumber of the Fourier transform-infrared
spectroscopy peak of any dNTP analogue incorporated
in step (a), wherein (1) if the INTP analogue was incor-
porated in step (a) determining from the wavenumber of
the Raman spectroscopy peak or wavenumber of the
Fourier transform-infrared spectroscopy peak measured
the identity of the incorporated dNTP analogue and thus
determining the identity of the complementary nucle-
otide residue in the single-stranded DNA, and (2)
wherein if the dNTP analogue was not incorporated in
step (a) iteratively performing steps (a) through (c) until
the complementary nucleotide residue in the single-
stranded DNA is identified, with the proviso that each
dNTP analogue used to contact the single-stranded
DNA template in each subsequent iteration of step (a),
(1) has a predetermined Raman spectroscopy peak
whose wavenumber is different from the wavenumber of
the Raman spectroscopy peak of every dNTP analogue
used in preceding iterations of step (a) or has a prede-
termined Fourier transform-infrared spectroscopy peak
which is different from the Fourier transform-infrared
spectroscopy peak of every ANTP analogue used in pre-
ceding iterations of step (a), and (ii) comprises a base
which is different from the base of every ANTP analogue
used in preceding iterations of step (a),

thereby identifying the nucleotide residue within the stretch
of consecutive nucleic acid residues in the single-stranded
DNA.

[0123] Still further, this invention concerns a method for
determining the identity of a nucleotide residue within a
stretch of consecutive nucleic acid residues in a single-
stranded DNA comprising:

[0124] (a)contacting the single-stranded DNA with four
different oligonucleotide probes, (1) wherein each ofthe
oligonucleotide probes comprises (i) a portion that is
complementary to a portion of consecutive nucleotides
of the single stranded DNA immediately 3' to the nucle-
otide residue being identified, and (ii) a 3' terminal
nucleotide residue analogue comprising on its sugar a
3'-O—R' group wherein R' is (a) is azidomethyl, or a
substituted or unsubstituted hydrocarbyl group and (b)
has a predetermined Raman spectroscopy peak with
wavenumber which is from 2000 cm™* to 2300 cm™,
and which is different from the wavenumber of the
Raman spectroscopy peak of the R' of the 3' terminal
nucleotide residue analogue of the other three oligo-
nucleotide probes, or has a predetermined Fourier-trans-
form infra red spectroscopy peak with wavenumber
which is from 2000 cm™" to 2300 cm™!, and is different
from the wavenumber of the Fourier-transform infra red
peak of the R' of the 3' terminal nucleotide residue ana-
logue of the other three oligonucleotide probes, and (iii)
each of the four terminal nucleotide residue analogue
comprises a base which is different from the base of the
terminal nucleotide residue analogue of the other three
oligonucleotide probes, and (2) under conditions per-
mitting hybridization of the primer which is fully
complementary to the portion of consecutive nucle-
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otides of the single stranded DNA immediately 3' to the
nucleotide residue being identified;
[0125] (b)removing oligonucleotide primers not hybrid-
ized to the single-stranded DNA; and
[0126] (c) determining the wavenumber of the Raman
spectroscopy peak or wavenumber of the Fourier-trans-
form infra red peak of the ANTP analogue of the oligo-
nucleotide probe hybridized in step (a) so as to thereby
determine the identity of the dNTP analogue of the
hybridized oligonucleotide probe and thus determine the
identity of the complementary nucleotide residue in the
single-stranded DNA,
thereby identifying the nucleotide residue within the stretch
of consecutive nucleic acid residues in the single-stranded
DNA.
[0127] In some embodiments of the invention, the ANTP
analogues or R' groups have a Raman spectroscopy peak with
wavenumber of from 2100 cm™ to 2260 cm™!. In certain
embodiments, the wavenumber of the Raman spectroscopy
peak is determined by irradiating the incorporated dNTP
analogue with 532 nm, 633 nm, or 785 nm light. In some
embodiments, at least one of the primer, probes, or the single-
stranded DNA is attached to a solid surface. In select embodi-
ments, the Raman spectroscopy is surface-enhanced Raman
spectroscopy. In some such embodiments, the dNTP ana-
logue R' has the structure:

N3; N3 ; N3 ;oor

N3

wherein the wavy line indicates the point of attachment to the
3" oxygen atom.

[0128] In other embodiments of the invention the dNTP
analogues each have the structure:

o
o
o

[ 5 ]

o—w
Q—
o—w

N3
RX

where R* is a C1-CS5 cyanoalkyl, a C1-C5 alkyl, a C2-C5
alkenyl, or a C2-C5 alkynyl, which is substituted or unsub-
stituted.

[0129] As used herein, “alky]l” includes both branched and
straight-chain saturated aliphatic hydrocarbon groups having
the specified number of carbon atoms and may be unsubsti-
tuted or substituted. Thus, C1-Cn as in “C1-Cn alkyl”
includes groups having 1, 2, . . ., n-1 or n carbons in a linear
or branched arrangement. For example, a “C1-C5 alkyl”
includes groups having 1, 2, 3, 4, or 5 carbons in a linear or

12

Mar. 19, 2015

branched arrangement, and specifically includes methyl,
ethyl, n-propyl, isopropyl, n-butyl, t-butyl, and pentyl.
[0130] As used herein, “alkenyl” refers to a non-aromatic
hydrocarbon group, straight or branched, containing at least 1
carbon to carbon double bond, and up to the maximum pos-
sible number of non-aromatic carbon-carbon double bonds
may be present, and may be unsubstituted or substituted. For
example, “C2-C5 alkenyl” means an alkenyl group having 2,
3,4, or 5, carbon atoms, and up to 1, 2, 3, or 4, carbon-carbon
double bonds respectively. Alkenyl groups include ethenyl,
propenyl, and butenyl.

[0131] The term “alkynyl” refers to a hydrocarbon group
straight or branched, containing at least 1 carbon to carbon
triple bond, and up to the maximum possible number of
non-aromatic carbon-carbon triple bonds may be present, and
may be unsubstituted or substituted. Thus, “C2-C5 alkynyl”
means an alkynyl group having 2 or 3 carbon atoms and 1
carbon-carbon triple bond, or having 4 or 5 carbon atoms and
up to 2 carbon-carbon triple bonds. Alkynyl groups include
ethynyl, propynyl and butynyl.

[0132] The term “substituted” refers to a functional group
as described above such as an alkyl, or a hydrocarbyl, in
which at least one bond to a hydrogen atom contained therein
is replaced by a bond to non-hydrogen or non-carbon atom,
provided that normal valencies are maintained and that the
substitution(s) result(s) in a stable compound. Substituted
groups also include groups in which one or more bonds to a
carbon(s) or hydrogen(s) atom are replaced by one or more
bonds, including double or triple bonds, to a heteroatom.
Non-limiting examples of substituents include the functional
groups described above, and for example, N, e.g. so as to form
—CN.

[0133] It is understood that substituents and substitution
patterns on the compounds of the instant invention can be
selected by one of ordinary skill in the art to provide com-
pounds that are chemically stable and that can be readily
synthesized by techniques known in the art, as well as those
methods set forth below, from readily available starting mate-
rials. If a substituent is itself substituted with more than one
group, it is understood that these multiple groups may be on
the same carbon or on different carbons, so long as a stable
structure results.

[0134] Inchoosing the compounds ofthe present invention,
one of ordinary skill in the art will recognize that the various
substituents, i.e. R, R,, etc. are to be chosen in conformity
with well-known principles of chemical structure connectiv-
ity.

[0135] It is understood that where chemical groups are
represented herein by structure, the point of attachment to the
main structure is represented by a wavy line.

[0136] Inthe compound structures depicted herein, hydro-
gen atoms, except on ribose and deoxyribose sugars, are
generally not shown. However, it is understood that sufficient
hydrogen atoms exist on the represented carbon atoms to
satisfy the octet rule.

[0137] Asused herein, and unless stated otherwise, each of
the following terms shall have the definition set forth below.
[0138] A—Adenine;

[0139] C—Cytosine;

[0140] G—Guanine;

[0141] T—Thymine;

[0142] U—Uracil;
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[0143] DNA—Deoxyribonucleic acid;

[0144] RNA-—Ribonucleic acid;

[0145] FTIR—Fourier-transform infrared.

[0146] “Nucleic acid” shall mean, unless otherwise speci-

fied, any nucleic acid molecule, including, without limitation,
DNA, RNA and hybrids thereof. In an embodiment the
nucleic acid bases that form nucleic acid molecules can be the
bases A, C, G, Tand U, as well as derivatives thereof. Deriva-
tives of these bases are well known in the art, and are exem-
plified in PCR Systems, Reagents and Consumables (Perkin
Elmer Catalogue 1996-1997, Roche Molecular Systems,
Inc., Branchburg, N.J., USA).

[0147] “Solid substrate” shall mean any suitable medium
present in the solid phase to which a nucleic acid or an agent
may be affixed. Non-limiting examples include chips, beads,
nanopore structures and columns. In an embodiment the solid
substrate can be present in a solution, including an aqueous
solution, a gel, or a fluid.

[0148] “Hybridize” shall mean the annealing of one single-
stranded nucleic acid to another nucleic acid based on the
well-understood principle of sequence complementarity. In
an embodiment the other nucleic acid is a single-stranded
nucleic acid. The propensity for hybridization between
nucleic acids depends on the temperature and ionic strength
of their milieu, the length of the nucleic acids and the degree
of complementarity. The effect of these parameters on hybrid-
ization is well known in the art (see Sambrook J, Fritsch E F,
Maniatis T. 1989. Molecular cloning: a laboratory manual.
Cold Spring Harbor Laboratory Press, New York.). As used
herein, hybridization of a primer sequence, or of a DNA
extension product, to another nucleic acid shall mean anneal-
ing sufficient such that the primer, or DNA extension product,
respectively, is extendable by creation of a phosphodiester
bond with an available nucleotide or nucleotide analogue
capable of forming a phosphodiester bond.

[0149] As used herein, unless otherwise specified, a base
which is “different from” another base or a recited list of
bases shall mean that the base has a different structure from
the other base or bases. For example, a base that is “different
from” adenine, thymine, and cytosine would include a base
that is guanine or a base that is uracil.

[0150] In some embodiments of the invention, vibrational
spectroscopy is used to detect the presence of incorporated
nucleotide analogues. Vibrational spectroscopy is a spectro-
graphic analysis where the sample is illuminated with inci-
dent radiation in order to excite molecular vibrations. Vibra-
tional excitation, caused by molecules of the sample
absorbing, reflecting or scattering a particular discrete
amount of energy, is detected and can be measured. The two
major types of vibrational spectroscopy are infrared (usually
FTIR)and Raman. IfFTIR is employed, then the IR spectra of
the nucleotide analogues are measured (for example of the
nucleotide analogues and in the methods described herein) If
Raman is employed, then the Raman spectra of the nucleotide
analogues is measured (for example of the nucleotide ana-
logues and in the methods described herein).

[0151] In certain embodiments, the single-stranded DNA,
RNA, primer or probe is bound to the solid substrate via
1,3-dipolar azide-alkyne cycloaddition chemistry. In an
embodiment the DNA, RNA, primer or probe is bound to the
solid substrate via a polyethylene glycol molecule. In an
embodiment the DNA, RNA, primer or probe is alkyne-la-
beled. In an embodiment the DNA, RNA, primer or probe is
bound to the solid substrate via a polyethylene glycol mol-
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ecule and the solid substrate is azide-functionalized. In an
embodiment the DNA, RNA, primer or probe is immobilized
on the solid substrate via an azido linkage, an alkynyl linkage,
or biotin-streptavidin interaction. Immobilization of nucleic
acids is described in Immobilization of DNA on Chips II,
edited by Christine Wittmann (2005), Springer Verlag, Ber-
lin, which is hereby incorporated by reference. In an embodi-
ment the DNA is single-stranded DNA. In an embodiment the
RNA is single-stranded RNA.

[0152] In other embodiments, the solid substrate is in the
form of a chip, a bead, a well, a capillary tube, a slide, a wafer,
a filter, a fiber, a porous media, a porous nanotube, or a
column. This invention also provides the instant method,
wherein the solid substrate is a metal, gold, silver, quartz,
silica, a plastic, polypropylene, a glass, or diamond. This
invention also provides the instant method, wherein the solid
substrate is a porous non-metal substance to which is attached
or impregnated a metal or combination of metals. The solid
surface may be in different forms including the non-limiting
examples of a chip, a bead, a tube, a matrix, a nanotube. The
solid surface may be made from materials common for DNA
microarrays, including the non-limiting examples of glass or
nylon. The solid surface, for example beads/micro-beads,
may be in turn immobilized to another solid surface such as a
chip.

[0153] In one embodiment, the solid surface is a SERS-
prepared surface designed specifically for detection of a label
nucleotide. The surface may include one or more nanoplas-
monic antenna, wherein the nanoplasmonic antenna may be a
nanoplasmonic bowtie antenna. In one embodiment, the
nanoplasmonic bowtie antenna comprises crossed-bowtie
structure in which one pair of triangles couples to incident
field, while another pair of triangles couples to Raman scat-
tered field in an orthogonal polarization. It is also contem-
plated that the nanoplasmonic antenna may be an array of
antennas. In addition, the nanoplasmonic antenna may
include DNA functionalized sites, and may have a gap size
range from 50 nm to 8 nm. In another embodiment, a DNA
polymerase is immobilized within the gap.

[0154] In another embodiment, the surface comprises a
DNA origami scaffold or an array of DNA origami scaffolds.
It is also contemplated that the DNA origami scaffold further
comprising a primer molecules positioned between Au and
Ag nanoparticles and nanorods located at specified binding
sites.

[0155] In a further embodiment, the surface comprises
plasmonic crystals or an array of plasmonic structures. For
example, the plasmonic structures may be periodic TiO-Au-
TiO structures.

[0156] Also disclosed herein is a process for producing the
solid surface of any one of claims 50-63, which process
comprising:

[0157] a) performing a first lithography step to etch into
substrate;
[0158] D) depositing Ag or Al with a Ti cap by electron

beam evaporation and lifting off the substrate;
[0159] c) passivating the solid surface with a CVD oxi-
dation layer;
[0160] d) depositing hexamethyl-disilazane (HMDS);
[0161] e)performing a second lithography step to define
a primer adhesion site; and
[0162] 1) removing HMDS,
so as to produce the surface enhanced Raman scattering
(SERS) solid surface.
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[0163] In various embodiments the nucleic acid samples,
DNA, RNA, primer or probe are separated in discrete com-
partments, wells or depressions on a surface.

[0164] In this invention methods are provided wherein
about 1000 or fewer copies of the nucleic acid sample, DNA,
RNA, primer or probe, are bound to the solid substrate. This
invention also provides the instant invention wherein 2x107,
1x107, 1x10° or 1x10* or fewer copies of the nucleic acid
sample, DNA, RNA, primer or probe are bound to the solid
substrate.

[0165] Insomeembodiments, theimmobilized nucleic acid
sample, DNA, RNA, primer or probe is immobilized at a high
density. This invention also provides the instant invention
wherein over or up to 1x107, 1x10%, 1x10° copies of the
nucleic acid sample, DNA, RNA, primer or probe, are bound
to the solid substrate.

[0166] In other embodiments of the methods and/or com-
positions of this invention, the DNA is single-stranded. In an
embodiment of the methods or of the compositions described
herein, the RNA is single-stranded.

[0167] In certain embodiments, UV light is used to photo-
chemically cleave the photochemically cleavable linkers and
moieties. In an embodiment, the photocleavable linker is a
2-nitrobenzyl moiety. In an embodiment of the processes and
methods described herein monochromatic light is used to
irradiate Raman-label-containing nucleotide analogues (e.g.
incorporated into a primer or DNA extension product) so asto
elicit a signal measurable by Raman spectroscopy. In one
such embodiment, the laser is a 532 nm, 633 nm, or 785 nm
laser. In another such embodiment, near infra-red light is used
to irradiate Raman-label-containing nucleotide analogues. In
certain embodiments of the processes and methods of this
invention near infra-red light is used to irradiate Raman-
label-containing polynucleotide analogues.

[0168] Methods for production of cleavably capped and/or
cleavably linked nucleotide analogues are disclosed in U.S.
Pat. No. 6,664,079, which is hereby incorporated by refer-
ence.

[0169] A “nucleotide residue” is a single nucleotide in the
state it exists after being incorporated into, and thereby
becoming a monomer of, a polynucleotide. Thus, a nucleotide
residue is a nucleotide monomer of a polynucleotide, e.g.
DNA, which is bound to an adjacent nucleotide monomer of
the polynucleotide through a phosphodiester bond at the 3'
position of its sugar and is bound to a second adjacent nucle-
otide monomer through its phosphate group, with the excep-
tions that (i) a 3' terminal nucleotide residue is only bound to
one adjacent nucleotide monomer of the polynucleotide by a
phosphodiester bond from its phosphate group, and (ii) a §'
terminal nucleotide residue is only bound to one adjacent
nucleotide monomer of the polynucleotide by a phosphodi-
ester bond from the 3' position of its sugar.

[0170] Because of well-understood base-pairing rules,
determining the wavenumber of the Raman spectroscopy
peak or wavenumber of the FTIR peak of a ANTP analogue
incorporated into a primer or DNA extension product, and
thereby the identity of the ANTP analogue that was incorpo-
rated, permits identification of the complementary nucleotide
residue in the single stranded polynucleotide that the primer
or DNA extension product is hybridized to. Thus, if the INTP
analogue that was incorporated has a unique wavenumber in
the Raman spectroscopy peak identitying it as comprising an
adenine, a thymine, a cytosine, or a guanine, then the comple-
mentary nucleotide residue in the single stranded DNA is
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identified as a thymine, an adenine, a guanine or a cytosine,
respectively. The purine adenine (A) pairs with the pyrimi-
dine thymine (T). The pyrimidine cytosine (C) pairs with the
purine guanine (G). Similarly, with regard to RNA, if the
dNTP analogue that was incorporated comprises an adenine,
a uracil, a cytosine, or a guanine, then the complementary
nucleotide residue in the single stranded RNA is identified as
a uracil, an adenine, a guanine or a cytosine, respectively.

[0171] Incorporation into an oligonucleotide or polynucle-
otide (such as a primer or DNA extension strand) of a INTP
analogue means the formation of a phosphodiester bond
between the 3' carbon atom of the 3' terminal nucleotide
residue of the polynucleotide and the 5' carbon atom of the
dNTP analogue resulting in the loss of pyrophosphate from
the dNTP analogue.

[0172] As used herein, a deoxyribonucleoside triphosphate
(dNTP) analogue, unless otherwise indicated, is a ANTP hav-
ing substituted in the 3'-OH group of the sugar thereof, in
place of the H atom of the 3'-OH group, or connected via a
linker to the base thereof, a chemical group which has Raman
spectroscopy peak with wavenumber of from 2000 cm™ to
2300 cm™* or FTIR peak wavenumber of from 2000 cm™" to
2300 cm~'and which does not prevent the dNTP analogue
from being incorporated into a polynucleotide, such as DNA,
by formation of a phosphodiester bond. Similarly, a deoxyri-
bonucleotide analogue residue is deoxyribonucleotide ana-
logue which has been incorporated into a polynucleotide and
which still comprises its chemical group having a Raman
spectroscopy peak with wavenumber of from 2000 cm™ to
2300 cm™ or FTIR peak with wavenumber of from 2000
cm™ to 2300 cm™. In a preferred embodiment of the deox-
yribonucleoside triphosphate analogue, the chemical group is
substituted in the 3'-OH group ofthe sugar thereof, in place of
the H atom of'the 3'-OH group. In a preferred embodiment of
the deoxyribonucleotide analogue residue, the chemical
group is substituted in the 3'-OH group of the sugar thereof, in
place of the H atom of the 3'-OH group. In an embodiment the
chemical group has a Raman spectroscopy peak with wave-
number of from 2000 cm™ to 2300 cm™.

[0173] As used herein, a ribonucleoside triphosphate
(tNTP) analogue, unless otherwise indicated, is an rNTP
having substituted in the 3'-OH group of the sugar thereof, in
place of the H atom of the 3'-OH group, or connected via a
linker to the base thereof, a chemical group which has a
Raman spectroscopy peak with wavenumber of from 2000
cm™ to 2300 cm™* or FTIR peak with wavenumber of from
2000 cm ™! to 2300 cm™" and which does not prevent the INTP
analogue from being incorporated into a polynucleotide, such
as RNA, by formation of a phosphodiester bond. Similarly, a
ribonucleotide analogue residue is ribonucleotide analogue
which has been incorporated into a polynucleotide and which
still comprises its chemical group having a Raman spectros-
copy peak with wavenumber of from 2000 cm™" to 2300 cm™!
or FTIR peak with wavenumber of from 2000 cm™" to 2300
cm™. In a preferred embodiment of the ribonucleoside triph-
osphate analogue, the chemical group is substituted in the
3'-OH group ofthe sugar thereof, in place of the H atom ofthe
3'-OH group. In a preferred embodiment of the ribonucle-
otide analogue residue, the chemical group is substituted in
the 3'-OH group of'the sugar thereof, in place of the H atom of
the 3'-OH group. In an embodiment the chemical group has a
Raman spectroscopy peak with wavenumber of from 2000
cm™ 0 2300 cm™.
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[0174] A Raman spectroscopy system, as can be used in the
methods described herein, typically comprises an excitation
source (such as a laser, including a laser diode in appropriate
configuration, or two or more lasers), a sample illumination
system and light collection optics, a wavelength selector
(such as a filter or spectrophotometer), and a detection appa-
ratus (such as a CCD, a photodiode array, or a photomulti-
plier). Interference (notch) filters with cut-off spectral range
0t +80-120 cm-1 from the laser line can be used for stray light
elimination. Holographic gratings can be used. Double and
triple spectrometers allow taking Raman spectra without use
of notch filters. Photodiode Arrays (PDA) or a Charge-
Coupled Devices (CCD) can be used to detect Raman scat-
tered light. In an embodiment, surface enhanced Raman spec-
troscopy (SERS) is used which employs a surface treated with
one or more of certain metals known in the art to cause SERS
effects. In an embodiment the surface is a surface to which the
polynucleotide, single-stranded DNA, single-stranded RNA,
primer, DNA extension strand or oligonucleotide probe of the
methods described herein is attached. Many suitable metals
are known in the art. In an embodiment the surface is elec-
trochemically etched silver or treated with/comprises silver
and/or gold colloids with average particle size below 20 nm.
The wavenumber of the Raman spectroscopy peak of an
entity is identified by irradiating the entity with the excitation
source, such as a laser, and collecting the resulting Raman
spectrum using a detection apparatus. The wavenumber of the
Raman spectroscopy peak is determined from the Raman
spectrum. In an embodiment, the spectrum measured is from
2000 cm™! to 2300 cm™! and the wavenumber of the Raman
spectroscopy peak is the peak wavenumber within that spec-
trum. In an embodiment the spectrum measured is a sub-
range of 2000 cm™" to 2300 cm™! and the Raman spectros-
copy peak wavenumber is the peak wavenumber within that
spectrum sub-range.

[0175] FTIR systems as can be used with the FTIR methods
described herein are well-known in the art, for example graz-
ing angle FTIR.

[0176] Where a range of values is provided, unless the
context clearly dictates otherwise, it is understood that each
intervening integer of the value, and each tenth of each inter-
vening integer of the value, unless the context clearly dictates
otherwise, between the upper and lower limit of that range,
and any other stated or intervening value in that stated range,
is encompassed within the invention. The upper and lower
limits of these smaller ranges may independently be included
in the smaller ranges, and are also encompassed within the
invention, subject to any specifically excluded limit in the
stated range. Where the stated range includes one or both of
the limits, ranges excluding (i) either or (ii) both of those
included limits are also included in the invention.

[0177] All combinations of the various elements described
herein are within the scope of the invention. All sub-combi-
nations of the various elements described herein are also
within the scope of the invention.

[0178] This invention will be better understood by refer-
ence to the Experimental Details which follow, but those
skilled in the art will readily appreciate that the specific
experiments detailed are only illustrative of the invention as
described more fully in the claims which follow thereafter.
[0179] Experimental Details

[0180] Here an enhanced high-sensitivity, high-resolution
detection system, Surface-Enhanced Raman Scattering
(SERS), which takes advantage of unique 3'-O-azidomethyl-
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modified nucleotide reversible terminators (3'-O—Nj;-
NRTs), is used for SBS. The SERS detection sensitivity can
approach single molecule level.'” Thus SERS-SBS is able to
provide a high-throughput and high-sensitivity SBS
approach, which complements fluorescent SBS and pyrose-
quencing. The methods and compositions described herein
below can be alternatively be used for FTIR-based detection,
mutatis mutandis. As seen in the results herein, a library of
tags have been identified with Raman peaks in the region of
200-2300cm ™!, preferably 2100-2250 cm™!, where DNA and
proteins have no Raman peaks. It is also demonstrated that
using the azidomethyl group is excellent in terms of sensitiv-
ity.

[0181] Because these 3'-O—N;-NRTs do not require the
attachment of fluorescent tags, their cost of synthesis is sub-
stantially less than those that do. They are much smaller than
their counterparts with fluorescent tags, which increase their
incorporation efficiency by DNA polymerase. After cleavage,
the Nj is completely destroyed yielding no Raman signal at
~2100 cm™!. In addition, the extended chain is identical to
natural DNA. Many current approaches for SBS require the
use of modified nucleotides that leave short remnants of the
linkers that were used to attach the fluorescent tags; as these
build up in the extended DNA chains, they are more and more
likely to alter the DNA structure so as to impede further
nucleotide incorporation. Finally, the conditions for removal
of the azidomethyl group to allow the next cycle of incorpo-
ration and detection is well established, and has been shown
to be compatible with DNA stability (15, 18).

[0182] SERS-SBS is a unique approach that to our knowl-
edge has not been tested for DNA sequencing outside of our
laboratory. There are several innovative aspects all accom-
plished by the use of 3'-O—N,-NRTs in this sequencing
strategy: (1) a ready mode of detection available in the Sur-
face-Enhanced Raman Scattering technique; (2) a means of
overcoming errors, particularly in reading through
homopolymer stretches, thanks to the presence of the revers-
ible terminating group; (3) the elimination of the problem of
fluorescence background; (4) increased processivity of the
enzyme reaction thanks to the absence of any modifications
on the previously incorporated nucleotides; (5) relatively low
cost of synthesis compared to fluorescently tagged nucle-
otides; and (6) ease of removal of the azidomethyl moiety
with established and DNA-compatible chemistry (TCEP
cleavage of the azidomethyl group restores the —OH). Fur-
ther innovation in the use of the SERS technique is achieved
by its high sensitivity and excellent resolution.

[0183] A further innovation is the use of a library of differ-
ent nucleotides with distinct chemical side groups on the
azidomethyl moiety, one for each of the 4 bases. These are
chosen so as to generate unique or multiple Raman band shifts
and therefore unique signatures for each base, analogous to
4-color DNA sequencing. Identification of which analogues
can perform these functions and be incorporated by a poly-
merase is critical.

[0184] Thus, a major innovation here is a technology that
includes both cost and throughput advantages with the goal of
achieving the $1000 genome, but also doing this at high
sensitivity, and increasing the number of DNA molecules that
can be sequenced in parallel. It is apparent that the same
molecules can be utilized as well for non-genomic sequenc-
ing, such as direct RNA-Seq. In fact, the use of the SERS
approach, with the azidomethyl moiety located instead at
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positions that do not cause termination, is compatible with
other approaches, including exonuclease-based sequencing.

[0185] DNA Sequencing by Synthesis using Reversible
Terminators with Cleavable Fluorescent Tags:

[0186] Over the last 10 years, a wide variety of chemistries
and technologies to support the sequencing by synthesis
(SBS) strategy have been developed. This includes the use of
fluorescent and mass tags to reveal the specific incorporation
of nucleotides containing each of the 4 bases, various surface
attachment strategies to enable solid-phase SBS, and sophis-
ticated hybrid strategies (mixed dNTP/NRT strategies to
maximize length, pyrosequencing with NRTs, a novel walk-
ing and sequencing strategy using the SBS platform) (10,
14-16, 22-26). Since much of this work has been published,
here only the basic approach is briefly described with some
specific examples.

[0187] Upon examining X-ray diffraction-based models of
the interactions of a DNA template, DNA primer, and an
incoming dNTP at the reaction center of DNA polymerase
(28), itbecame apparent that only a few sites on the nucleotide
were sufficiently free of steric hindrance and ionic interfer-
ence to support the attachment of side groups and still permit
the polymerase reaction to occur with good efficiency and
specificity. By attaching small cleavable chemical groups to
the 3'-OH site on the sugar, and larger fluorescent or mass tags
to the bases via cleavable linkers, libraries of molecules were
created that could temporarily stop the incorporation of addi-
tional nucleotides, and provide a specific means of identify-
ing the incorporated nucleotide. Subsequently, both the
blocking group and the tags could be removed by chemical or
photocleavage reactions, in preparation for the next round of
DNA incorporation (10,14,18). Among the variety of 3'-OH
modifications tested, three were followed with particular
avidity, based on their efficiency of incorporation, ease of
cleavage with agents that were not damaging to the DNA, and
specificity. These included the 2-nitrobenzyl group which
could be removed by exposure to near-UV light (23) the allyl
group which could be cleaved via a Pd-catalyzed reaction
(14) and the azidomethyl group which is cleavable by treat-
ment under mild conditions with Tris-(2-carboxyethyl)phos-
phine (TCEP) (15). For attachment of the fluorescent labels,
an assortment of linkers that also incorporated these three
groups allowing cleavage by the same means were generated.
[0188] In FIG. 1, the approach with a set of 4 nucleotides
possessing both cleavable tags and cleavable blocking groups
is shown, using for simplicity the class of compounds con-
taining an azido group at the 3'-OH and within the linker to the
fluorophores (18). As shown, after an initial polymerase reac-
tion, the hybridized primer is extended by a nucleotide
complementary to the next available base in the template
DNA. Because of the presence of the blocking group, the
reaction is terminated at that position, and because of its
specific fluorescent tag, the base can be determined. Subse-
quently, TCEP is added to cleave both the blocking group and
the fluorescent tag, at which point the stage is set for the next
round of sequencing (incorporation-detection-cleavage).
Both short and longer flexible linkers have been utilized to
attach the fluors, which upon cleavage leave a smaller rem-
nant. This is important as these remnants may have a cumu-
lative effect on the structure of the growing DNA chain that
will eventually make it difficult for the polymerase to recog-
nize it as a good substrate for further reactions, thereby plac-
ing a ceiling on the potential read length. Also shown in FIG.
1 is the use of an intermediate synchronization step in which
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NRTs without attached dyes are added; these are more effi-
ciently incorporated than the labeled NRTs, and allow incom-
plete (“lagging™) reactions from the prior step to “catch up”.
[0189] In another approach, a hybrid between the mas-
sively parallel possibilities of SBS and the long sequence
reads enabled by Sanger sequencing, 3'-O-modified nucle-
otide reversible terminators and much smaller amounts of
chemically cleavable fluorescent dideoxynucleosides (dd-
NTPs) which permanently terminate the reaction have been
utilized at the same time (15). The principle is that sufficient
signal is obtained from the labeled permanent terminators,
even though the small percent of strands into which they are
incorporated are lost from future reactions. In the meantime,
the reversible terminators are available to drive subsequent
steps, and because the free 3'-OH groups are regenerated in
each round, and there are no remnant-leaving linkers on these
NRTs, the reactions should progress smoothly. By varying the
ratios of the labeled ddN'TPs and the unlabeled NTPs in each
round, longer sequencing reads than with NRTs with attached
dyes have been achieved.

[0190] DNA Sequencing by Synthesis using 3'-azidom-
ethyl Modified NRTs and Infrared Spectroscopic (IR) Detec-
tion.

[0191] Here the unique infrared absorbance at 2115 cm™ of
the azido group (N;) in the 3'-azidomethyl modified NRTs
(FIG. 2) is disclosed for DNA sequence detection. In this
approach, the incorporation of the 3'-azidomethyl modified
NRTs into the growing strand of DNA temporarily terminates
the polymerase reaction. Instead of engineering a fluorescent
dye as a reporter group on the bases, or detecting the released
pyrophosphate, here the azidomethyl capping moiety on the
3'-OH serves double duty: as the reversible termination group
(FIG. 3), and also as the reporter group to indicate the incor-
poration of the complementary base. The infrared spectrum
for the azido (N) group (~2115 cm™) is strong and unique
while none of the groups in DNA have IR signals in this
region. Thus, N; serves as an IR label for DNA sequencing by
synthesis (SBS) (FIG. 4). Compared with pyrosequencing,
IR-SBS using 3'-azidomethyl modified NRTs has the follow-
ing advantages: (1) Throughput is much higher than pyrose-
quencing, because the N tag is directly attached on the DNA,
which allows a higher density of DNA templates to be
attached on a solid surface without any cross talk; (2) All the
growing strands in IR-SBS are natural DNA molecules and
sequence determination is a direct detection approach; in
contrast, pyrosequencing is an indirect detection method; (3)
the sequencing device can be miniaturized as it only requires
a narrow spectral region around 2100 cm™.

[0192] Because the N; group in the 3'-azidomethyl modi-
fied NRTs also has a Raman band at ~2100 cm™, Surface-
enhanced Raman scattering (SERS) of the N5 group can be
used for an SERS-SBS approach. The SERS detection sensi-
tivity can approach single molecule level (17). Thus SERS-
SBSis able to provide a high-throughput and high-sensitivity
SBS approach, which complements fluorescent SBS and
pyrosequencing.

[0193] DNA Sequencing by Synthesis using 3'-azidom-
ethyl Modified NRTs and Raman Detection.

[0194] Asaninitial test of the potential of the Raman detec-
tion with SBS, four model compounds were selected with 4
different Raman tags (—N;, —CN, —C=CH, and
—C=C—CH,) as shown in FIG. 5. As seen in the spectra,
appropriate fairly sharp Raman peaks with each of these
compounds were obtained. The N5 peak appears at ~2105
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cm™’, the alkyne peak at ~2138 cm™!, the methyl-substituted
alkyne peak at ~2249 cm™, and the cyano peak at ~2259
cm™’. Importantly, in compounds with two different tags and
in compound mixtures, all the expected peaks appear and at
near equal stoichiometry at the appropriate wavenumber,
where DNA and protein have no Raman peaks.

[0195] Surfaced Enhanced Raman Scattering (SERS) of
Model Compounds.

[0196] SERS has been shown to be able to detect a variety
of'molecules at the single molecule level. For example, recent
reports provide evidence that single molecular detection
(SMD) is strongly linked to localized surface plasmonic reso-
nance (LSPR) supporting nanostructures; single molecule
Raman detection of a cyano group (—C=N) in Rhodamine
800 (FIG. 6) (33); and single-molecule surface-enhanced
Raman spectroscopy of crystal violet obtaining an overall
enhancement of 2.6x10° from eight SM-SERS events (34). In
addition, it has been shown that <100 molecules were detect-
able using urchin-like silver nanowire as SERS substrate and
107'° M surface adsorbed Rhodamine 6G (30).

[0197] Raman and SERS Experiments.

[0198] Test compounds synthesized (2-azido-3-(benzy-
loxy)propanoic acid (C1) containing an azido (—Nj;) group
and 2-cyanoethyl 2-azido-3-(benzyloxy)propanoate (C2)
containing both an N; and cyano (—C=N) moiety (FIG. 5))
were dissolved in methanol and diluted. An aliquot was
applied to a SERS substrate or glass slide for measurement.
An aluminum reference surface was used as a control. The
Klarite (Renishaw Diagnostics, [.td.) substrate consisting of a
4 mmx4 mm nano-patterned SERS active area in which Au
was layered in an inverted pyramid array (FIG. 7) was used as
the SERS surface. Typically, five measurements were
obtained across each substrate surface.

[0199] Characterization of SERS Enhancement Factors.
[0200] Raman signals of the C1 and C2 adsorbed samples
were measured and compared with the aluminum reference
substrate. The analytical enhancement factor (AEF) was
defined as:

I c
AEF = sERS | CSERS

Igs [ crs

[0201]
[0202]
[0203]

ence
[0204] c g xs~analyte solution concentration under non-
SERS condition

where:
Isz=rs=SERS signal intensity
Ixs~Raman signal intensity of aluminum refer-

[0205] c,~analyte concentration on SERS substrate
[0206] Results of Model Raman Tag Measurements.
[0207] Using various analyte dilutions, an area-average

SERS enhancement of ~8x10° (N, compound) and ~5x10°
(CN compound) were achieved over the entire SERS-active
area. The averaged and background removed Raman peaks
for the azido compound is shown in FIG. 8 for both Klarite
(red) and aluminum reference (blue). The resulted EF was
close to the defined theoretical maximum of ~10°. The results
may be further improved using a nanoengineering approach
to create optimal SERS surfaces or plasmonic systems.

[0208] Successful DNA SBS using SERS with a commer-
cially available structured gold surface and a synthetic tem-
plate and primer has been shown. In this SERS-SBS
approach, the 3'-OH groups of the reporter nucleotides are
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capped with an azidomethyl moiety (15), as shownin FIG. 24,
to temporarily terminate the polymerase reaction after incor-
poration. Instead of engineering a fluorescent dye as a
reporter group on the bases, here the same azidomethyl cap-
ping moiety serves as the reporter group to indicate the incor-
poration of a base complementary to that in the template into
a growing DNA chain. The azide group is ideally suited as a
Raman reporter group, because of its distinct Raman shift at
2080-2170 cm™*, a spectral region where DNA, proteins and
most other molecules do not elicit signals.

[0209] Because these 3'-O-azidomethyl-dNTPs (3'-O—
N;-dNTPs) do not require the attachment of fluorescent tags,
their cost of synthesis is substantially lower. They are much
smaller than their counterparts with fluorescent tags, which
increase their incorporation efficiency by DNA polymerase.
In addition, the extended chain is identical to natural DNA,
unlike many current SBS approaches, which require the use
of modified nucleotides that leave short remnants of the link-
ers used to attach the fluorescent tags; as these build up in the
extended DNA chains, they are increasingly likely to alter
DNA structure and impede further nucleotide incorporation.
After cleavage, the N; is completely destroyed yielding no
Raman signal at ~2125 cm™". Finally, the method for removal
of the azidomethyl group to allow the next cycle of incorpo-
ration and detection is well established and has been shown to
be highly compatible with DNA stability (15).

[0210] Before proceeding with the SBS experiment, the
four 3'-O-azidomethyl-modified nucleotides are shown to
generate appropriate Raman signals relative to the natural
nucleotides. These serve to mimic the nucleotides incorpo-
rated into the growing strand of DNA before and after TCEP
cleavage, respectively. Indeed, the four 3'-O—N;-dNTPs dis-
play enhanced Raman scattering at ~2125 cm™' on Klarite
SERS substrates, while the natural dNTPs produce only a
background signal (FIG. 9).

[0211] Consecutive incorporation, detection and cleavage
of each of the four nucleotides bearing 3'-O-azidomethyl
blocking groups (N;) using a template and linear primer is
successful. The approach took advantage of a template-
primer combination in which the next four nucleotides to be
added were A, C, G and T. As shown in FIG. 10 (middle), a
3'-0-azidomethyl modified complementary base could be
incorporated into a 13-mer primer annealing to a 51-mer
DNA template. After removing all the reaction components
by HPLC, the appearance of Raman spectra around 2125
cm™ indicated the incorporation of 3'-O—N,-dNTPs into the
DNA strand. Treatment with a 100 mM TCEP (tris(2-car-
boxyethyl)phosphine) solution was able to remove the azi-
domethyl group and regenerate the 3'-OH of the DNA primer,
after which incorporation could be initiated for the next cycle.
The experiment was initiated with the 13-mer primer
annealed to a DNA template. When the first complementary
base, 3'-O—N;-dATP, was used in the polymerase reaction
(FIG. 10, middle), the Raman spectra of the extended DNA
template clearly showed a Raman shift at ~2125 cm™" which
can be assigned to the azide stretch (FIG. 10a, left); the
expected 4329 Da extension product was confirmed by
MALDI-TOF MS (FIG. 10a, right). This is strong evidence
that the modified nucleotide was incorporated into the DNA
primer. After TCEP treatment to remove the azidomethyl
group and HPLC purification, the Raman peak around 2125
cm™ largely disappeared, and cleavage was confirmed by an
MS peak at 4274 Da (FI1G. 105). The newly formed free 3'-OH
containing primers were then used in a second polymerase
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cycle where 3'-O—N;-dCTP was added. The Raman spectra
again revealed a peak at ~2125 cm™", and MS gave a 4621 Da
peak, indicating incorporation of 3'-O—N,-dCTP in this
cycle (FIG. 10¢); disappearance of the Raman peak after
TCEP treatment and an MS peak at 4566 Da proved the
removal of the azidomethyl group (FIG. 10d). FIG. 10e
showed the third incorporation of 3'-O—N;-dGTP into this
primer to resume the N;-dependent Raman signal and the
disappearance of this signal after TCEP cleavage is indicated
in FIG. 10f. Finally, 3'-O—N;-dTTP was incorporated in the
polymerase reaction in the fourth cycle, as shownin FIG. 10g,
indicated by the reappearance of the N; Raman signal, and
FIG. 10/ shows the disappearance of this peak after azidom-
ethyl group removal by TCEP. Again, appropriate masses
were obtained by MALDI-TOF-MS for the 3" and 4” incor-
poration and cleavage reactions.

[0212] DNA sequencing by synthesis using surface-en-
hanced Raman spectroscopy has been shown. The azidom-
ethyl group at the 3'-OH position of the nucleotides can tem-
porarily terminate the polymerase reaction after they are
incorporated and treatment with TCEP can efficiently remove
the azidomethyl group from the 3'-OH. Meanwhile, the
uniqueness of the azide peak in Raman spectra makes it an
excellent reporter group during SBS. Once the complemen-
tary base was incorporated into the DNA strand, a Raman
peak appeared around 2125 cm™!, otherwise, this portion of
the spectrum was at background level. This method of DNA
sequencing is realized with only minor nucleotide modifica-
tions. The nucleobases are intact and the DNA primer remains
in its natural form as it’s elongated during SBS, therefore, a
longer readlength would be achieved. Though each reaction
was carried out in solution and then purified and spotted on
separate Klarite chips, SBS experiments can also follow con-
tinuous incorporation and cleavage on the same chip. Addi-
tionally, integration of nanoplasmonic systems together with
site specific molecular interactions to yield reproducible and
optimal signal enhancement can be achieved by attaching
either the DNA or the polymerase to the SERS surface, per-
mitting washing away of unreacted nucleotides and other
reactants.

[0213] The high spectral quality and reproducibility of the
DNA extension product spectra, which are clearly distin-
guishable from the Raman spectra of the cleavage products,
may be used to develop a robust solid-state platform for
measuring SERS signals resulting from the polymerase
extension of specific oligonucleotides in SBS reactions. Fur-
thermore, with different Raman scattering groups bearing
unique spectral signatures on each of the four nucleotides,
one can overcome the need to add them one at a time.

[0214] Experimental Procedures
[0215] SERS Detection of Nucleotides
[0216] The four 3'-O-azidomethyl-modified nucleotides

(FIG. 24) were synthesized according to the procedure
described previously (4). Each was dissolved in water to form
a 100 uM solution, then a 2 pl. aliquot was deposited onto
individual Klarite SERS (Renishaw Diagnostics, UK) sub-
strates and dried in ambient air to obtain a uniform molecular
deposition for Raman measurements. Equivalent amounts of
the natural deoxynucleotides were deposited on 4 separate
SERS substrates in the same way.

[0217] Sequencing by Synthesis (SBS) Reactions

[0218] Polymerase extension reactions each consisted of
20 pmol of a synthetic 51-mer DNA template (5'-GAGGC-
CAAGTACGGCGGGTACGTCCTTGACAAT-
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GTGTACATCAACATCACC-3", 60 pmol of primer (5'-CA-
CATTGTCAAGG-3") or a previously extended and TCEP-
cleaved product, 100 pmol of a single nucleotide reversible
terminator (3'-O—N;-dATP, 3'-O—N,-dCTP, 3'-O—N;-
dGTP, or 3'-O—N;-dTTP) (4), 1x ThermoPol reaction buffer
(New England Biolabs, Mass.), 2 unit Therminator™ III
DNA polymerase and deionized H,O in a total volume of 20
pul. Reactions were conducted in a thermal cycler (MJ
Research, MA). After initial incubation at 94° C. for 20 sec,
the reaction was performed for 36 cycles at 80° C. for 20 sec,
45° C. for 40 sec and 65° C. for 90 sec.

[0219] Afterthereaction, a small portion of the DNA exten-
sion product was desalted using a C18 ZipTip column (Mil-
lipore, Mass.) and analyzed by MALDI-TOF MS (ABI Voy-
ager, DE). The remaining product was concentrated further
under vacuum and purified by reverse phase HPLC on an
XTerra MS C18 2.5 pm 4.6 mmx50 mm column (Waters,
Mass.) to obtain the pure extension product (retention time
~29 min). Mobile phase: A, 8.6 mM triethylamine/100 mM
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) in water (pH 8.1);
B, methanol. Elution was performed at 40° C. with a 0.5
ml/min flow rate, and with 88% A/12% B to 65.5% A/34.5%
B linear gradient for 90 min, then 100% B isocratic for
another 20 min. The purified product was used in the subse-
quent extension reaction.

[0220] Cleavage reactions were carried out by dissolving
100 pmol extension products in 10 pl. of 100 mM Tris(2-
carboxyethyl)phosphine (TCEP) solution (pH 9.0), and incu-
bating at 65° C. for 25 min to remove the azidomethyl groups.
Following dilution in 1 mL. deionized H,O and desalting in an
Amicon Ultra-0.5 centrifugal filter unit with Ultracef-3 mem-
brane (Millipore), 2 ul. was used to obtain the MALDI-TOF
mass spectrum. Each cleavage product was used as primer in
the subsequent extension reaction. The mechanism of this
cleavage reaction is shown in FIG. 25. The third and the fourth
extensions were carried out in a similar manner by using the
previously extended and cleaved product as the primer. Four
consecutive nucleotide additions are shown in FIG. 26.

[0221] SERS Detection of SBS Products

[0222] Raman spectra of the newly purified DNA extension
and cleavage products were acquired with a drop coating
method, in which an aliquot was deposited and dried in ambi-
ent air to obtain a uniform layer. A 3 plL aliquot of the 100 uM
DNA extension products was deposited onto a Klarite SERS-
active substrate (Renishaw Diagnostics); similarly, 30 pmol
of cleavage products with 10 pmol spiked-in template were
spotted. The added DNA was included for compatibility with
the extension products, and to more closely mimic a continu-
ous extension and cleavage reaction carried out on the same
substrate.

[0223] Description of SERS Substrates

[0224] Gold-coated Klarite SERS-active substrates were
purchased from Renishaw Diagnostics. The 6 mmx10 mm
chip (consisting of a 4 mmx4 mm patterned region and an
unpatterned Au reference area) was adhered to a standard
microscope slide (25 mmx75 mm) at the foundry. The active
area contains an array of micro-scaled inverted pyramids with
1.5 um well diameter, 2 pm pitch and 1 um depth coated with
a 20 nm chrome adhesion layer below a 400 pm gold layer.
Klarite slides were used only once and the storage container
was opened just prior to measurement to reduce possible
surface contamination.
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[0225] Instrumentation

[0226] All Raman/SERS spectra were recorded using a
Jobin-Yvon LabRam ARAMIS Raman microscope (Horiba,
Japan) in a standard backscattering configuration with a 785
nm excitation laser. The laser beam was focused onto the
sample using a 50x long working-distance (NA=0.5) dry
objective (Nikon, Japan). All spectra were obtained with an
exposure time of 10 sec, 5 accumulations per spot and at 34
mW laser power before the objective.

[0227] Analysis of Spectral Data

[0228] Due to potential non-uniformity of analyte deposi-
tion, a data set of N spectra (in this case, typically N=10)
acquired at randomly selected regions on the same substrate
was obtained. Data are presented as background removed
averages of such a data set. Spectra were processed using the
Savitzky-Golay fourth derivative method (window size of 25
data points), which can effectively reduce or eliminate pos-
sible false correlations resulting from a constant offset or
broadband background (36, 37).

[0229] Experiments

[0230] Nucleotide reversible terminators (NRTs), 3'-O-azi-
domethyl derivatives of each of the four nucleotides, and a
new set of compounds based on the 3'-O-azidomethyl nucle-
otides but further modified to produce additional Raman sig-
nals were designed. The Raman spectra of the set of azidom-
ethyl-derivatized NRTs are characterized, as free nucleotides
and when part of DNA chains, before and after cleavage of the
N; group. New SERS substrates specially designed for
detecting the Raman tag-containing nucleotides used in these
studies are developed. SBS is conducted on surface-immobi-
lized DNA templates using the 3'-N,-NRTs and detection by
Raman. A set of 4 NRTs possessing 4 unique Raman signa-
tures are tested, one for each of the four bases of DNA; and
analyzed as free nucleotides and when incorporated into
DNA, before and after cleavage of the Raman detectable
groups. Surface-enhanced signals are utilized, for instance
the use of silver or gold nanoparticle-impregnated porous
alumina surfaces (nanotubes) (29-31) attached to the
sequencing chips, in order to achieve high-sensitivity detec-
tion. The system for sequencing of both surface-attached
synthetic and library-derived DNA molecules will be tested.
[0231] Preparation of a Set of Nucleotides containing 3'-O-
azidomethyl Modifications and Testing Them for SBS in
Solution with Raman and SERS Detection

[0232] A set of 3'-O-azidomethyl derivatives of each of the
four nucleotides has previously been synthesized (15). These
are recognized as substrates for SBS by 9° N DNA poly-
merase (exo-) A4851/Y409V (New England Biolabs) with
modified buffer conditions. It has been shown that these
NRTs can beused to conduct SBS reactions without the use of
context information-based background subtraction (15).
These NRTs have been used successfully for carrying out
primer walking reactions during SBS, offering the potential
to substantially increase the current sequencing read length of
SBS. In the past these NRTs have either been used in combi-
nation with fluorescent nucleotides, or have been further
modified with cleavable linkers containing fluorescent tags.
Though fluorescence measurements are highly sensitive, with
the possibility of single molecule detection, they are plagued
by background issues. Any fluorescent labels that have not
been cleaved and efficiently washed away from the flow cells
in which reactions and fluorescent scanning occur, can inter-
fere with the ability to obtain clear readings in subsequent
sequencing cycles.
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[0233] Recognizing this limitation of fluorescence mea-
surements and appreciating that the N; group produces a
strong Raman signal at ~2100 cm™" where DNA and protein
have no Raman peaks, use of the non-fluorescently labeled
3'-0-azidomethyl nucleotides for DNA sequencing with
Raman detection is tested. The azido linkage is easily and
completely cleaved by incubation with Tris-(2-carboxyethyl)
phosphine (TCEP) under aqueous conditions (FIG. 3), leav-
ing DNA intact. In addition, the cleavage reaction completely
destroys the Nj group, leading to no background Raman
signal. After this cleavage, the 3'-OH group is restored, and
there is no chemical remnant of the blocking group; this is
important as accumulation of even small modifications on
each nucleotide can affect the curvature and other structural
properties of the growing DNA chain, potentially interfering
with subsequent nucleotide incorporation, leading to earlier
termination and shorter sequence reads than would otherwise
be obtained.

[0234] (a) Generation of 3'-O-azidomethyl-dNTPs:

[0235] The protocol for synthesis of these NRT's has previ-
ously been described in detail.”” In brief, the 5'-position and
active amino groups on the nucleoside bases are protected,
and the 3'-OH group is methylthiomethylated, reacted with
sulfuryl chloride, and then with sodium azide to generate the
3'-0-azidomethyl group.

[0236] (b) Solution Raman Scattering Measurement:
[0237] Initially, the 3'-O-azidomethyl nucleotides (3'-Nj;-
NRTs) are tested, characterized by MS and NMR for quality
assurance, in solution. Sufficient concentrations are used to
obtain detailed spectra with azido-dependent Raman shifts in
the expected range (~2100 cm™") for each of the four nucle-
otides. For comparison, standard dNTPs or ddNTPs, lacking
this Raman label, are used. Having established these condi-
tions, single-base extension reactions are performed as well
as 2-4 cycle SBS reactions with solution-based Raman detec-
tion using synthetic templates and primers. The dsDNA
extended with these NRTs generates the expected Raman
signal, which is eliminated upon cleavage with TCEP under
aqueous conditions, and re-established with each round of
SBS. Templates comprising each of the complementary bases
and repeated bases are used to determine both SBS specificity
and complete termination of the reaction by the NRTs.
Washed aliquots taken after each step of the SBS reactions are
collected, concentrated, and subjected to Raman detection.

[0238] (c) Surface-Enhanced Raman Scattering (SERS)
Measurement:
[0239] Various methods of surface enhanced Raman scat-

tering can increase signals by up to 14 orders of magnitude.
2%-32 Nucleotides are captured on alumina nanotube porous
surfaces containing aggregated metal nanoparticles (Au or
Ag) to enhance the signals and measured by Raman spec-
trometry following literature procedures (29-31). All four
molecules should display a strong band at 2100 cm™. In
contrast, ANTPs used as controls have no signal at this wave-
number.

[0240] (d) Solution-Based SBS with SERS Detection:

[0241] After testing the nucleotides themselves, single-
base extension reactions are conducted in solution, allowing
specific incorporation of each of the four nucleotides, after
which the extended DNA chains are adsorbed to the alumina-
Ag or alumina-Au surfaces under non-denaturing conditions
for SERS recording. In the same way, NRT-extended mol-
ecules treated with TCEP are adsorbed to the surfaces and
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SERS measured. This is similar in principle to the solution-
based assays for nucleotides using MALDI-TOF MS.
[0242] Producing SERS-Prepared Surfaces Designed Spe-
cifically for Detection of the Labeled Nucleotides

[0243] (a) Nanoplasmonic Antenna Arrays for SERS-SBS
[0244] In recent years, there have been several reports of
significant Raman signal enhancement at the single molecule
level due to plasmonic coupling to nearby nanostructures
(33-35, 38-41). The work was done using roughened sur-
faces, metal films or discontinuous metal islands deposited on
surfaces, colloidal powders, aqueous sols, and beads or scaf-
folds decorated with noble-metal colloids. These approaches
had limited control over the nanostructure geometry and no
control over the location of the analyte molecule relative to
the plasmonic hot spots. More recent approaches have pro-
duced regularly ordered periodic particle arrays for generat-
ing promising SERS sensors. [i et al. used nanoimprint
lithography (NIL) to form arrays of vertical posts which were
coated with Au. The posts were coated with Au, and nanogaps
formed on the sidewalls of the posts where traces of Auserved
as hot spots (42). They achieved impressively high area-
average SERS enhancement of 1.2x10° and good large-area
uniformity; this approach can be even more powerful if one
could control the formation of the metallic nanoislands on the
sidewalls of the posts. A more controlled approach to local-
ized plasmonic enhancement uses bowtie nano-antennae (43-
45). Nanoantennae can enhance room-temperature fluores-
cence emission from a single molecule >1000 times more
than molecules not coupled to the bowtie. This enhancement
is the result of a roughly two-orders of magnitude concentra-
tion of the incident excitation field inside a ~20 nm> gap,
together with an enhancement of the molecule’s quantum
yield by nearly an order of magnitude due to the Purcell
effect. The Purcell effect results from an increased Rabi fre-
quency, g, between the emitter and the bowtie optical mode,
as shown in FIG. 11. This coupled bowtie nanoantenna-mol-
ecule system forms an efficient interface between far-field
optics and molecular excited state and plasmonic excitations.
[0245] Described herein is a robust, solid-state platform for
measuring the SERS signal resulting from the polymerase
extension of specific oligonucleotides in SBS reactions. The
platform integrates nanoplasmonic bowtie antennae together
with site specific biomolecular interactions to yield reproduc-
ible and optimal signal enhancement. We combine plasmonic
modeling, advanced nanofabrication, selective biochemical
surface functionalization and photophysical analysis to
design, build and measure arrays of nanoplasmonic antennae
incorporating DNA functionalized sites. Initially, focus is on
optimizing the SERS signal from few-molecule assemblies,
to obtain robust, reproducible signals with minimum scatter.
Next, to reduce background from the pump laser by using a
new type of crossed-bowtie structure in which one pair of
triangles couples to the incident field, while the other pair
couples to the Raman scattered field in an orthogonal polar-
ization. This cross-polarized design could enable SERS with-
out the need for a high-resolution spectrometer or other spec-
tral filters.

[0246] (b) Plasmonic Nanoantennae Design

[0247] To determine the optimal nanoantenna design, a
variety of issues has to be addressed: the molecule is deter-
ministically positioned, using a nanopositioning stage, to
understand the position dependence of surface-enhanced
Raman scattering near the bowtie gap. In similar recent
experiments with dielectric cavities, a single emitter was used
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to trace out the spatially resolved Purcell enhancement with
3-nm precision (46), as shown in FIG. 12. To maximize the
Raman signal, bowtie resonator designs are optimized with
resonances in the red, corresponding to the NRTs.

[0248] (c) Nanofabrication and Surface Functionalization
[0249] By combining advanced nanofabrication with selec-
tive biomolecular surface functionalization, one could create
functional surfaces with control to the single-molecule level
(47-53). Here, arrays of bowtie nanoantennae with gap sizes
ranging from ~50 nm to 8 nm are fabricated. The surface is
selectively functionalized within the gap to control primer
concentration and thus the number of SBS reactions within
each gap, as shown in FIG. 11a. The antenna structures are
patterned by electron beam lithography at 80-100 keV. In
addition, resist processes allow one to reproducibly achieve
sub-10 nm resolution (FIG. 115). The processes rely on low
temperature ultrasonic development and rinse of low molecu-
lar weight PMMA, which prevents swelling and promotes
high contrast (54, 55). Ag or Al are deposited with a thin
protective Ti cap by electron beam evaporation. The bowties
may be raised off the substrate surface by etching slightly into
the substrate or depositing a thin (few nm) spacer prior to
metal deposition. After liftoff, the structures are passivated
with a thin CVD oxide layer, followed by deposition of
HMDS (hexamethyl-disilazane, which repels DNA). A sec-
ond lithography step defines primer adhesion sites, with
PMMA once again as a resist. Following development, an O,
reactive ion etch removes HMDS in the patterned regions,
exposing the oxide, rendering it hydrophilic, allowing the
primer to adsorb only in the exposed area, thereby control the
concentration and number of molecules within the gap. The
process is shown in FIG. 13.

[0250] This design may be subject to the “moving target”
problem, the situation where the Raman active NRTs extend
beyond the optimal enhancement field as the hybridizing
strand elongates. As one does not know a priori how severe
this problem is in practice, one can monitor the SERS signal
as a function of strand length. If the signal decays signifi-
cantly, to modify the surface functionalization to immobilize
polymerase molecules within the bowtie gap using a process
developed for controlling the placement of individual pep-
tides and proteins on nanolithographically patterned nan-
odots with dimensions as small as 4 nm or less (50, 56). A
single nanodot (or nanodot cluster) is lithographically pat-
terned within the bowtie gap. DNA polymerase is bound to
the nanodot, as shown in FIG. 14, using an amine-based
linkage. This fixes the hybridization site to within the optimal
enhancement zone of the bowtie antenna, independent of the
length of the DNA.

[0251] Another technique to reliably place a single primer
molecule within a plasmonic hot spot with reliable control
over all dimensions may be used to achieve single-molecule
probing. This technique relies on the use of DNA origami
(57). We have recently developed processes to place 5 nm Au
nanoparticles at prescribed locations on origami scaffolds
(FIG. 15a) by integrating sticky end binding strands into
programmed staple locations within the origami framework
to which nanoobjects functionalized with complementary
sticky ends can bind. This can place objects as close as 2 nm
apart (58), and to place origami scaffolds at lithographically
determined locations on a substrate using nanoimprint lithog-
raphy (59), as shown in FIG. 155. Thus, construct arrays of
origami scaffolds upon which Au and Ag nanoparticles and
nanorods are placed at specified binding sites a few nanom-
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eters apart and position a primer molecule between them is
possible. This platform could provide a reliable measure of
SERS enhancement at the single molecule level.

[0252] Use of “plasmonic crystals”, arrayed plasmonic
structures that are coupled to show band formation, is con-
templated, by employ periodic TiO-Au-TiO structures (FIG.
16) for enhanced light generation and extraction from InP-
based quantum wells (60). The emission rate enhancement of
molecules coupled to such structures could reach a factor of
50, more than what may be possible with bowtie antennae.

[0253] Experiments on spatially resolved plasmon-mol-
ecule coupling are conducted using scanning confocal
microscopy setups. Using a set of tunable continuous-wave
and picosecond pulsed lasers, operating in the range of 405-
900 nm, one is able to optimally excite the plasmonic struc-
ture, while positioning the molecule with nm resolution.
These experiments enable one to understand the physics gov-
erning the coupling between single emitters and localized and
periodic plasmonic field concentrators, providing the funda-
mental knowledge needed to develop more efficient plasmon-
enhanced SERS devices. By applying techniques from solid
state cavity quantum electrodynamics (QED) to plasmonic
nano-cavities (61-63) to efficiently pump and collect from
single molecules coupled to the bowtie structures, a new
range of quantum optical interfaces for interacting with single
molecules in a controllable fashion can be developed.

[0254] Conducting Surface-Bound SBS Reactions with
SERS Detection

[0255] Synthetic templates and PCR products are
covalently attached to SERS-prepared surfaces, and hybrid-
ized with primers. Single-base extension reactions are con-
ducted with each of the four 3'-O—N,-NRTs, adding them
one by one. The overall scheme is shown in FIG. 17. In this
way, the incorporation specificity is measured by virtue of the
Raman signal. After cleavage and re-recording of the Raman
spectrum, a second and third cycle of SBS is conducted.
Templates are designed to include 2 of each base in a row, as
away of confirming that the NRTs are completely terminating
the reactions. Lagging reactions due to incomplete removal of
the azidomethyl groups are observed for.

[0256] There are several possibilities for attaching DNA to
SERS surfaces. In a non-limiting example, the DNA is
covalently linked to a carboxy-modified silica slide using an
NHS ester, after which the alumina and gold coating is admin-
istered to the slide. Other chemistries are also possible, begin-
ning with NH, or biotinylated surfaces. Depending on how
much of the surface is coated, the opposite order of addition
(SERS coating first, DNA attachment second) can be utilized.
An alternative approach is to attach the DNA directly to silver
nanoparticles (32).

[0257] A major advantage of the SERS-SBS approach is its
high sensitivity and simplicity. The dilution of samples to the
limit of adequate and consistent signal capture permits evalu-
ation of the method. This permits direct mRNA sequencing,
avoiding the biases inherent in cDNA synthesis and amplifi-
cation in digital transcriptome analysis (RNA-Seq).

[0258] A strong Raman signal is obtained with SERS for
individual NRTs, NRTs that are part of DNA chains, and in
surface-bound SBS reactions with these NRTs. Of course,
because the same band is obtained for each of these mol-
ecules, it is necessary to add the nucleotides one by one.
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[0259] Design and Synthesis of Novel NRTs with 4 Distinct
SERS Signatures to Perform SERS-SBS

[0260] To overcome the major limitation of the approach
described above, i.e. the need to add each of the NRTs, one by
one, due to their each producing an identical Raman peak,
three additional nucleotides are synthesized with distinct
Raman signatures; thus providing a set of four unique Raman
tags, one for each of the four bases of DNA. There are two
options. First, in the simplest and most elegant design, the
molecules are generated by attaching chemical groups with
distinct SERS signatures directly to the 3'-OH group. In this
way, they serve at the same time as reversible termination
groups and Raman tags. The NRTs in this category are
depicted in FIG. 18, and a simplified synthetic scheme for
generating such compounds is presented in FIG. 19. Each
contains the azido peak at ~2100 cm™!, but in addition they
display bands at 2150-2250 depending on the additional
groups included (cyano, alkyne, etc.). Most 3'-OH modifica-
tions in this size range are well accepted by the mutant poly-
merases used for SBS with 3'-N;-NRTs. Efficient cleavage of
the blocking groups and their associated tags is accomplished
with aqueous TCEP. The cleavage mechanism destroys the
N; group and restores the 3'-OH, as shown in FIG. 20. Sec-
ond, the new Raman signaling groups can be attached to the
base via an azidomethyl or other cleavable group that does not
leave a chemical modification after cleavage. In this variation,
it is preferred to have a separate reversible blocking group on
the 3'-OH. If necessary, a combination of both approaches can
be utilized to achieve the desired set of four distinct Raman
signatures as illustrated in FIG. 21. A synthetic scheme for the
modified cytosine shown at the upper right in FIG. 21 is
presented in FIG. 22. All molecules are characterized during
and after synthesis by standard approaches (MS, NMR, IR,
SERS, etc.) to assess purity and product yield.

[0261] SBE reactions and cleavage in solution are con-
ducted, and aliquots of the reaction mixture are adsorbed after
incorporation and after cleavage to SERS-prepared surfaces
for recording Raman spectra in the same way as described
above. However, in this case, all four NRTs can be added at
the same time, as indicated in FIG. 23, since the unique
signature of each indicates the appropriate incorporation.
Covalent attachment of synthetic templates to SERS-pre-
pared surfaces, and hybridization of primers permits single-
base extension reactions, with all four 3'-O—N;-NRTs. After
cleavage and re-recording of the Raman spectrum, a second
and third cycle of SBS is performed. Templates include 2 of
each base in a row, as a way of confirming that the NRTs are
completely terminating the reactions. Extensive cycles of
SBS can be performed with SERS detection. DNA sample
dilution is performed to quantify ultra-high sensitivity detec-
tion limits. Subsequently, bridge PCR is used to amplify a
known DNA template on the SERS surface disclosed herein
and the 4-color Raman NRTs to test the read length and
performance of the SERS-SBS system. The successful
completion of this process lays a solid foundation for the
development of a routine SERS-SBS system.

[0262] Real-World Next-Generation Sequencing Libraries
used to Compare SERS-SBS

[0263] Whole-genome sequencing can be obtained by first
obtaining long sequencing reads on synthetic templates, and
then sequencing a small library (e.g., a BAC shotgun library
or a shotgun library derived from a bacterial genome). DNA
placed at several thousand positions per slide is sufficient. In
an embodiment, a thick layer with drilled wells can be used
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that can incorporate either DNA-attached beads, or wherein
DNA is directly spotted, attached and amplified as necessary.
These “masks” are attached to the surface of alumina nano-
tube-coated slides to which gold or silver particles are
applied. In the simplest approach that avoids issues of DNA
attachment to the alumina-coated slides themselves, single
molecules of DNA are amplified on beads by emulsion PCR
and individual beads are inserted into the drilled wells. The
flow cell permits adequate wash-through of reagents while
not allowing the beads to escape. SBS is carried out under
conditions established above. Methods of attachment of DNA
have been indicated above also.
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terminus one of the following structures in place of the H
atom of the 3' OH group normally present in the polynucle-
otide:

CN

95(2005).
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SEQUENCE LISTING
<160> NUMBER OF SEQ ID NOS: 2
<210> SEQ ID NO 1
<211> LENGTH: 51
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Template
<400> SEQUENCE: 1
gaggccaagt acggcgggta cgtccttgac aatgtgtaca tcaacatcac ¢ 51
<210> SEQ ID NO 2
<211> LENGTH: 13
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Primer
<400> SEQUENCE: 2
cacattgtca agg 13
1. A nucleoside triphosphate analogue having the structure: -continued

(€] (€] (€]
| l l B |-
O—P—O0—P—O0—P—0O
| | | 0
O O O
(6] R"
R

wherein B is a base and is adenine, guanine, cytosine,
uracil or thymine, wherein R" is OH or H, and wherein
R' is a hydrocarbyl, or a substituted hydrocarbyl other
than an azidomethyl, which has a Raman spectroscopy
peak with wavenumber from 2000 cm™ to 2300 cm™ or
a Fourier transform-infrared spectroscopy peak with
wavenumber from 2000 cm™ to 2300 cm™".

2-5. (canceled)

6. The nucleoside triphosphate analogue of claim 1, having
a Raman spectroscopy peak with wavenumber from 2100
em™ to 2260 cm™'.

7. A polynucleotide analogue, wherein the polynucleotide
analogue differs from a polynucleotide by comprising at its 3'

;%/\ﬁ:; or W
N3 N;

wherein the wavy line indicates the point of attachment to
the 3' oxygen atom.

8. A composition comprising four different nucleoside
triphosphate (NTP) analogues of claim 1, wherein R" is H;
and

wherein R' has the structure:

r(‘% ;s‘f;\(\/CN
Ns; N3

N3
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wherein the wavy line indicates the point of attachment to
the oxygen atom, and wherein (i) the structure of the R’
group of each of the four NTP analogues is different
from the structure of the R' group of the remaining three
NTP analogues, and (ii) each of the four NTP analogues
comprises a base which is different from the base of the
remaining three NTP analogues.

9. A method for determining the sequence of consecutive

nucleotide residues present in a single-stranded DNA com-
prising:

(a) contacting the single-stranded DNA, having a primer
hybridized to a portion thereof, with a DNA polymerase
and four different nucleoside triphosphate (NTP) ana-
logues of claim 1 under conditions permitting the DNA
polymerase to catalyze incorporation onto the primer of
a N'TP analogue complementary to a nucleotide residue
of'the single-stranded DNA which is immediately 5' to a
nucleotide residue of the single-stranded DNA hybrid-
ized to the 3' terminal nucleotide residue of the primer,
so as to form a DNA extension product, wherein (i) each
of the four NTP analogues has the structure:

(€] (€] (€]
| l | B
O—P—0O0—P—O0—P—O
| | | 0
O O O
(6]
R’

wherein B is a base and is adenine, guanine, cytosine, or
thymine, (ii) R' has a predetermined Raman spectros-
copy peak with wavenumber from 2000 cm™" to 2300
cm™" and which is different from the wavenumber of the
Raman spectroscopy peak of the other three NTP ana-
logues, and (iii) each of the four NTP analogues com-
prises a base which is different from the base of the other
three NTP analogues;

(b) removing NTP analogues not incorporated into the
DNA extension product;

(c) determining after step (b) the wavenumber of the
Raman spectroscopy peak of the NTP analogue incor-
porated in step (a) so as to thereby determine the identity
of the incorporated NTP analogue and thus determine
the identity of the complementary nucleotide residue in
the single-stranded DNA;

(d) treating the incorporated nucleotide analogue under
specific conditions so as to replace the R' group thereof
with an H atom thereby providing a 3' OH group at the 3'
terminal of the DNA extension product; and

(e) iteratively performing steps (a) to (d) for each nucle-
otide residue of the single-stranded DNA to be
sequenced except that in each repeat of step (a) the NTP
analogue is (i) incorporated into the DNA extension
product resulting from a preceding iteration of step (a),
and (i) complementary to a nucleotide residue of the
single-stranded DNA which is immediately 5' to a nucle-
otide residue of the single-stranded DNA hybridized to
the 3' terminal nucleotide residue of the DNA extension
product resulting from a preceding iteration of step (a),
so as to form a subsequent DNA extension product, with
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the proviso that for the last nucleotide residue to be
sequenced step (d) is optional,
thereby determining the identity of each of the consecutive
nucleotide residues of the single-stranded DNA so as to
thereby sequence the DNA.
10. A method for determining the sequence of consecutive
nucleotide residues of a single-stranded DNA comprising:
(a) contacting the single-stranded DNA, having a primer
hybridized to a portion thereof, with a DNA polymerase
and four different nucleoside triphosphate (NTP) ana-
logues of claim 1 under conditions permitting the DNA
polymerase to catalyze incorporation into the primer of
a N'TP analogue complementary to a nucleotide residue
of the single-stranded DNA which is immediately 5'to a
nucleotide residue of the single-stranded DNA hybrid-
ized to the 3' terminal nucleotide residue of the primer,
so as to form a DNA extension product, wherein (i) each
of the four NTP analogues has the structure:

o
o
o

L [+ ]

o—

Q—'v

Q—'0
o]

e}

R

wherein B is a base and is adenine, guanine, cytosine, or
thymine, (ii) R' has a predetermined Fourier trans-
form-infrared spectroscopy peak with wavenumber
from 2000 cm™ to 2300 cm™! and which is different
from the wavenumber of the Fourier transform-infra-
red spectroscopy peak of the other three NTP ana-
logues, and (iii) each of the four NTP analogues com-
prises a base which is different from the base of the
other three NTP analogues;

(b) removing NTP analogues not incorporated into the
DNA extension product;

(c) determining after step (b) the wavenumber of the Fou-
rier transform-infrared spectroscopy peak of the NTP
analogue incorporated in step (a) so as to thereby deter-
mine the identity of the incorporated NTP analogue and
thus determine the identity of the complementary nucle-
otide residue in the single-stranded DNA;

(d) treating the incorporated nucleotide analogue so as to
replace the R' group thereof with an H atom thereby
providing a 3' OH group at the 3' terminal of the DNA
extension product; and

(e) iteratively performing steps (a) to (d) for each nucle-
otide residue of the single-stranded DNA to be
sequenced except that in each repeat of step (a) the NTP
analogue is (i) incorporated into the DNA extension
product resulting from a preceding iteration of step (a),
and (i) complementary to a nucleotide residue of the
single-stranded DNA which is immediately 5'to a nucle-
otide residue of the single-stranded DNA hybridized to
the 3' terminal nucleotide residue of the DNA extension
product resulting from a preceding iteration of step (a),
so as to form a subsequent DNA extension product, with
the proviso that for the last nucleotide residue to be
sequenced step (d) is optional,
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thereby determining the identity of each of the consecutive
nucleotide residues of the single-stranded DNA so as to
thereby sequence the DNA.

11. (canceled)

12. The method of claim 10, wherein the wavenumber of
the Fourier transform-infrared spectroscopy peak is deter-
mined by irradiating the incorporated dNTP analogue with
grazing angle infra-red light.

13. The method of claim 9, wherein the wavenumber of the
Raman spectroscopy peak is determined by irradiating the
incorporated dNTP analogue with 532 nm light.

14. (canceled)

15. The method of claim 9, wherein the Raman spectros-
copy is surface-enhanced Raman spectroscopy.

16-19. (canceled)

20. A composition comprising four different nucleoside
triphosphate (NTP) analogues of claim 1, wherein R" is OH,

wherein B is a base and is adenine, guanine, cytosine, or

uracil, and wherein R' has the structure:

N3; N; ;

N3 N3

wherein the wavy line indicates the point of attachment to
the 3' oxygen atom, and wherein (i) the structure of the A'
group of each of the four NTP analogues is different
from the structure of the R' group of the remaining three
NTP analogues, and (ii) each of the four NTP analogues
comprises a base which is different from the base of the
remaining three NTP analogues.

21. A nucleoside triphosphate analogue having the struc-

ture:

(€] (6] (€] L R
| | l B
O—P—O0—P—O0—P—0
| | | 0
O O O
OH R”

wherein the base is adenine, guanine, cytosine, uracil or
thymine,

wherein R" is an OH or an H,

wherein L a cleavable linker, and

wherein R has the structure:

N3; N; ;
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-continued

N3 N3

wherein the wavy line indicates the point of attachment to
L.

22-25. (canceled)

26. A process for preparing a polynucleotide analogue of
claim 7, comprising: contacting the polynucleotide with a
deoxyribonucleoside triphosphate analogue having the struc-
ture:

(€] (€] (€]
l l l B |
O—P—O0—P—O0—P—O
| | | 0
(6] O O
(6]
R’

wherein B is a base and is adenine, guanine, cytosine,
uracil or thymine, and wherein R' has the structure:

N3; N3 ;
W »oor f/\/\/_j
N3 N3

wherein the wavy line indicates the point of attachment to
the 3' oxygen atom,

in the presence of a DNA polymerase under conditions
permitting incorporation of the deoxyribonucleoside
triphosphate analogue into the polynucleotide by forma-
tion of a phosphodiester bond between the deoxyribo-
nucleoside triphosphate analogue and a 3' terminal of the
polynucleotide so as to thereby label the polynucleotide.

27-28. (canceled)

29. The process of claim 26, wherein the DNA polymerase
is 9° N polymerase or a variant thereof, E. Coli DNA poly-
merase [, Bacteriophage T4 DNA polymerase, Sequenase,
Tag DNA polymerase or 9° N polymerase (exo-)A485L/
Y409V.

30. A process for preparing a polynucleotide analogue of
claim 7 comprising: contacting the polynucleotide with a
ribonucleoside triphosphate analogue having the structure:
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o
O—"L:O
CL
O—"L:O
CL
O—*L=O

]

—0
:O:
(6] OH

R

wherein B is a base and is adenine, guanine, cytosine, or

uracil, and wherein R' has the structure:

A
— S

?_%

N3

wherein the wavy line indicates the point of attachment to

the 3' oxygen atom,

in the presence of an RNA polymerase under conditions

permitting incorporation of the ribonucleoside triphos-
phate analogue into the polynucleotide by formation of
a phosphodiester bond between the ribonucleoside
triphosphate analogue and a 3' terminal of the polynucle-
otide so as to thereby label the polynucleotide.
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number of the Raman spectroscopy peak of the other
three NTP analogues or has a predetermined Fourier
transform-infrared spectroscopy peak with wave-
number of from 2000 cm™" to 2300 cm™" and which is
different from the wavenumber of the Fourier trans-
form-infrared spectroscopy peak of the other three
NTP analogues, and (iii) each of the four NTP ana-
logues comprises a base which is different from the
base of the other three NTP analogues;

(b) removing NTP analogues not incorporated into the
DNA extension product; and

(c) determining the wavenumber of the Raman spectros-
copy peak or wavenumber of the Fourier transform-
infrared spectroscopy peak of the NTP analogue incor-
porated in step (a) so as to thereby determine the identity
of the incorporated NTP analogue and thus determine
the identity of the complementary nucleotide residue in
the single-stranded DNA,

thereby identifying the nucleotide residue within the stretch
of consecutive nucleic acid residues in the single-stranded
DNA.

42. A method for determining the identity of a nucleotide
residue within a stretch of consecutive nucleic acid residues
in a single-stranded DNA comprising:

(a) contacting the single-stranded DNA, having a primer
hybridized to a portion thereof such that the 3 terminal
nucleotide residue of the primer is hybridized to a nucle-
otide residue ofthe single-stranded DNA immediately 3'
to the nucleotide residue identified, with a DNA poly-
merase and a nucleoside triphosphate (NTP) analogue of
claim 1 under conditions permitting the DNA poly-
merase to catalyze incorporation into the primer of the
NTP analogue if it is complementary to the nucleotide

31-40. (canceled)

41. A method for determining the identity of a nucleotide
residue within a stretch of consecutive nucleic acid residues
in a single-stranded DNA comprising:

(a) contacting the single-stranded DNA, having a primer
hybridized to a portion thereof such that the 3 terminal
nucleotide residue of the primer is hybridized to a nucle-
otide residue ofthe single-stranded DNA immediately 3'
to the nucleotide residue being identified, with a DNA
polymerase and at least four nucleoside triphosphate
(NTP) analogues of claim 1 under conditions permitting
the DNA polymerase to catalyze incorporation into the
primer of an NTP analogue complementary to the nucle-
otide residue of the single-stranded DNA being identi-
fied, so as to form a DNA extension product, wherein (i)
each of the four NTP analogues has the structure:

(€] (€] (€]
| l | B
O—P—0O0—P—O0—P—O
| | | 0
O O O
(6]
|
R’

wherein B is a base and is adenine, guanine, cytosine, or
thymine, (ii) R' has a predetermined Raman spectros-
copy peak with wavenumber which is from 2000
m~! to 2300 cm™?, and is different from the wave-

residue of the single-stranded DNA being identified, so
as to form a DNA extension product, wherein (i) the
NTP analogue has the structure:

o
o
o

L [+ ]

o—

Q—'v

Q—'0
o]

e}

R

wherein B is a base and is adenine, guanine, cytosine, or
thymine, and (ii) R' has a predetermined Raman spec-
troscopy peak with wavenumber which is from 2000
cm™ to 2300 cm™! or a predetermined Fourier trans-
form-infrared spectroscopy peak with wavenumber
which is from 2000 cm™ to 2300 cm™};

(b) removing NTP analogues not incorporated into the

DNA extension product; and

(c) determining if the NTP analogue was incorporated into

the primer in step (a) by measuring after step (b) the
wavenumber of the Raman spectroscopy peak or wave-
number of the Fourier transform-infrared spectroscopy
peak of any NTP analogue incorporated in step (a),
wherein (1) if the NTP analogue was incorporated in
step (a) determining from the wavenumber of the Raman
spectroscopy peak or wavenumber of the Fourier trans-
form-infrared spectroscopy peak measured the identity
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of'the incorporated NTP analogue and thus determining
the identity of the complementary nucleotide residue in
the single-stranded DNA, and (2) wherein if the NTP
analogue was not incorporated in step (a) iteratively
performing steps (a) through (c) until the complemen-
tary nucleotide residue in the single-stranded DNA is
identified, with the proviso that each NTP analogue used
to contact the single-stranded DNA template in each
subsequent iteration of step (a), (i) has a predetermined
wavenumber of the Raman spectroscopy peak which is
different from the wavenumber of the Raman spectros-
copy peak of every NTP analogue used in preceding
iterations of step (a) or has a predetermined Fourier
transform-infrared spectroscopy peak which is diftferent
from the Fourier transform-infrared spectroscopy peak
of every NTP analogue used in preceding iterations of
step (a), and (ii) comprises a base which is different from
the base of every NTP analogue used in preceding itera-
tions of step (a),

thereby identifying the nucleotide residue within the stretch

of consecutive nucleic acid residues in the single-stranded

DNA.

43. A method for determining the identity of a nucleotide
residue within a stretch of consecutive nucleic acid residues
in a single-stranded DNA comprising:

(a) contacting the single-stranded DNA with four different
oligonucleotide probes, (1) wherein each of the oligo-
nucleotide probes comprises (i) a portion that is comple-
mentary to a portion of consecutive nucleotides of the
single stranded DNA immediately 3' to the nucleotide
residue being identified, and (ii) a 3' terminal nucleotide
residue analogue comprising on its sugar a 3'-O—R'
group wherein R' is (a) is azidomethyl, or a substituted or
unsubstituted hydrocarbyl group and (b) has a predeter-
mined Raman spectroscopy peak with wavenumber
which is from 2000 cm™" to 2300 cm™, and which is
different from the wavenumber of the Raman spectros-
copy peak of the R' of the 3' terminal nucleotide residue
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analogue of the other three oligonucleotide probes, or
has a predetermined Fourier-transform infra red spec-
troscopy peak with wavenumber which is from 2000
cm~! to 2300 cm™?, and is different from the wavenum-
ber of the Fourier-transform infra red spectra peak of the
R' of the 3' terminal nucleotide residue analogue of the
other three oligonucleotide probes, and (iii) each of the
four terminal nucleotide residue analogue comprises a
base which is different from the base of the terminal
nucleotide residue analogue of the other three oligo-
nucleotide probes, and (2) under conditions permitting
hybridization of the primer which is fully complemen-
tary to the portion of consecutive nucleotides of the
single stranded DNA immediately 3' to the nucleotide
residue being identified;
(b) removing oligonucleotide primers not hybridized to the
single-stranded DNA; and
(c) determining the wavenumber of the Raman spectros-
copy peak or wavenumber of the Fourier-transform infra
red peak of the NTP analogue of the oligonucleotide
probe hybridized in step (a) so as to thereby determine
the identity of the ANTP analogue of the hybridized
oligonucleotide probe and thus determine the identity of
the complementary nucleotide residue in the single-
stranded DNA,
thereby identifying the nucleotide residue within the stretch
of consecutive nucleic acid residues in the single-stranded
DNA.
44-46. (canceled)
47. The method of claim 41, wherein the Raman spectros-
copy is surface-enhanced Raman spectroscopy.
48-76. (canceled)
77. The method of claim 42, wherein the Raman spectros-
copy is surface-enhanced Raman spectroscopy.
78. The method of claim 43, wherein the Raman spectros-
copy is surface-enhanced Raman spectroscopy.

#* #* #* #* #*
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