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Abstract: As an alternative to fluorescence-based DNA sequencing by synthesis (SBS),
we report here an approach using an azido moiety (N3) that has an intense, narrow and
unique Raman shift at 2125 cm™, where virtually all biological molecules are transparent,
as a label for SBS. We first demonstrated that the four 3’-O-azidomethyl nucleotide
reversible terminators (3’-0-azidomethyl-dNTPs) displayed surface enhanced Raman
scattering (SERS) at 2125 cm™. Using these 4 nucleotide analogues as substrates, we then
performed a complete 4-step SBS reaction. We used SERS to monitor the appearance of
the azide-specific Raman peak at 2125 cm™ as a result of polymerase extension by a
single 3°-0O-azidomethyl-dNTP into the growing DNA strand and disappearance of this
Raman peak with cleavage of the azido label to permit the next nucleotide incorporation,
thereby continuously determining the DNA sequence. Due to the small size of the azido
label, the 3°-O-azidomethyl-dNTPs are efficient substrates for the DNA polymerase. In
the SBS cycles, the natural nucleotides are restored after each incorporation and cleavage,
producing a growing DNA strand that bears no modifications and will not impede further
polymerase reactions. Thus, with further improvements in SERS for the azido moiety,
this approach has the potential to provide an attractive alternative to fluorescence-based

SBS.
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Introduction

DNA sequencing is a fundamental tool in biological and medical research, and is
especially important for the paradigm of personalized medicine. Various new DNA
sequencing methods have been investigated with the aim of eventually realizing the goal
to sequence the full genome of an individual human at a cost of only $1,000. Currently,

the dominant method is sequencing by synthesis (SBS),'*

an approach that determines
DNA sequences during the polymerase reaction. The most widely used high-throughput
SBS technology'' uses cleavable fluorescent nucleotide reversible terminator (NRT)
sequencing chemistry that we developed previously.*® These cleavable fluorescent NRTs
were designed based on the following rationale: each of the four nucleotides (A, C, G, T)
is modified by attaching a unique cleavable fluorophore to the base and capping the 3’-
OH group with a small reversible chemical moiety so that they are still recognized by
DNA polymerase as substrates. Thus the cleavable fluorescent NRTs involve two site
modifications:**!" a fluorescent dye to serve as a reporter group on the base and a small
chemical moiety to cap the 3°-OH group to temporarily terminate the polymerase reaction
after nucleotide incorporation for sequence determination. After incorporation and signal
detection, the fluorophore is cleaved and the 3’-OH capping moiety removed to resume
the polymerase reaction in the next cycle. These cleavable fluorescent NRTs have proved
to be good substrates for reengineered polymerases and have been used extensively in
next generation DNA sequencing systems.®'' Moreover, they enable accurate
determination of homopolymer sequences, since only one base is identified in each cycle.
Fluorescence-based methods have many advantages in terms of detection sensitivity.
However, because of the large size of the fluorophores and their broad emission spectra,
specific polymerase and reaction conditions need to be optimized for sequencing
reactions. In addition, the current cleavable fluorescent NRTs used in SBS leave a
modified group on the base of the growing DNA strand after cleavage of the fluorophore,
limiting sequencing readlength. As an alternative to fluorescence-based DNA SBS, we
report here an approach of using an azido moiety (N3) that has an intense, narrow and
unique Raman shift at 2125 cm™, where virtually all biological molecules are transparent,

as a label for SBS. Raman spectroscopy, a technique based on the inelastic scattering of

light from molecules, is an inherently less sensitive technique than fluorescence
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detection. However, recent advances in surface-enhanced Raman scattering (SERS) have
increased the sensitivity to make even single molecule detection possible.'’ Enhancement
factors of 10° have been reported using nanostructured surfaces, such as arrays of
regularly ordered vertical posts coated with Au.'®'” Recently, the unique Raman peaks
(2000-2800 cm™) of the azido, alkynyl and cyano groups have been explored as Raman
tags for cellular imaging.'™'® Detection of SERS from nucleotide bases has been
proposed to determine DNA sequences®*' but no successful examples have been
published.

We first demonstrated that the four 3’-0-azidomethyl NRTs (3°-O-azidomethyl-
dNTPs)'? (Fig. 1) displayed SERS at 2125 cm™. Using these 4 nucleotide analogues as
substrates, we then performed a complete 4-step SBS reaction. We used SERS to monitor
the appearance of the azide-specific Raman peak at 2125 cm™ as a result of polymerase
extension by a single 3’-0-azidomethyl-dNTP into the growing DNA strand and
disappearance of this Raman peak with cleavage of the azido label to permit the next
nucleotide incorporation, thereby continuously determining the DNA sequence. Due to
the small size of the azido label, the 3’-O-azidomethyl-dNTPs are efficient substrates for
the DNA polymerase. In the SBS cycles, the natural nucleotides are restored after each
incorporation and cleavage, producing a growing DNA strand that bears no modifications
and will not impede further polymerase reactions.

We demonstrate successful SBS using the four 3’-0-azidomethyl-dNTPs and SERS
on a commercially available Klarite gold-coated surface, with a synthetic template and
primer. In our SERS-SBS approach, the 3°-OH group of the nucleotides is capped with an
azidomethyl moiety,' as shown in Fig. 1, to temporarily terminate the polymerase
reaction after incorporation into the growing DNA strand. Instead of attaching a
fluorescent dye as a reporter group on the base of the nucleotide, here the azidomethyl
group performs a dual function, serving as a reversible 3’-OH capping moiety and as the
SERS reporter group to indicate the incorporation of a nucleotide into a growing DNA
strand for sequence determination. The azido group is ideally suited as a Raman reporter
group, because of its distinct Raman shift at ~2125 cm™, a spectral region where DNA,

proteins and other biological molecules do not elicit signals.
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There are several advantages to using an N3 group as a label for SBS. Because these
3’-0-azidomethyl-dNTPs (3’-O-N3;-dNTPs) do not require the attachment of fluorescent
tags, their synthesis is simpler and more cost effective. They are much smaller than their
counterparts with fluorescent tags, which increase their incorporation efficiency by DNA
polymerase. In addition, the extended DNA strand is identical to natural DNA, unlike
many current SBS approaches, which require the use of modified nucleotides that leave

81112 25 these remnants

short remnants of the linkers after cleavage of the fluorescent tags;
build up in the extended DNA chains, they are increasingly likely to alter DNA structure
and impede further nucleotide incorporation by polymerase. After cleavage by tris(2-
carboxyethyl)phosphine (TCEP), the N3 is completely destroyed yielding no Raman
signal at ~2125 cm™. This method to remove the azidomethyl moiety for regenerating the
3’-OH group to allow the next cycle of nucleotide incorporation and detection is well

established and has been shown to be highly compatible with DNA stability.'?

Results and discussion

Before performing SBS with the four 3’-O-N;-dNTPs, we confirmed that they
generated distinct Raman signals relative to the natural nucleotides. As shown in Fig. 2,
the four 3’-O-N3-dNTPs displayed enhanced Raman scattering at ~2125 cm™ on Klarite
SERS substrates, while the natural ANTPs produced only a background signal. A typical
SERS enhancement factor of ~8 x10° was observed on Klarite substrates using a small
molecule [2-azido-3-benzyloxy)propanoic acid] that contains an azido group (see ESIt).

We next performed a complete consecutive 4-step SBS reaction that involved
incorporation of each complementary 3’-O-N3-dNTP, detection of the unique N3 Raman
peak at 2125 cm™ for sequence determination, and cleavage of the 3’-O-azidomethyl
blocking group from the DNA extension product to yield a free 3’-OH group for
incorporating the next nucleotide analogue. A template-primer combination was designed
in which the next four nucleotides to be added were A, C, G and T. As shown in Fig. 3
(middle), the SBS reaction was initiated with the 13-mer primer annealed to a DNA
template. When the first complementary nucleotide, 3’-O-N3-dATP, was used in the
polymerase reaction (Fig. 3, middle), it was incorporated into the primer to form a DNA

extension product that yielded a unique N3 Raman peak at 2125 cm™ (Fig. 3a, left). The
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expected DNA extension product generated by incorporating a 3’-0O-N3-dATP with a
molecular weight of 4329 Da was confirmed by MALDI-TOF MS as a single peak in the
mass spectrum (Fig. 3a, right). These results indicated that the 3’-O-N3;-dATP was
quantitatively incorporated into the 13-mer DNA primer. After treatment with TCEP to
remove the azidomethyl group from the DNA product and HPLC purification, the Raman
peak at 2125 cm™ completely disappeared (Fig. 3b, left), and cleavage was confirmed by
a single MS peak at 4274 Da, corresponding to the DNA product with the 3°-O-
azidomethyl group removed (Fig. 3b, right). The newly formed DNA extension product
with a free 3’-OH group was then used in a second polymerase reaction to incorporate a
3°-0-N;-dCTP. The Raman spectrum again revealed a peak at 2125 cm™ (Fig. 3c, left)
and MS gave a single peak at 4621 Da (Fig. 3c, right), indicating incorporation of a 3’-O-
N3-dCTP into the growing DNA strand in this cycle. After TCEP treatment, the Raman
peak at 2125 cm™ disappeared (Fig. 3d, left), and a single MS peak of the cleavage DNA
product appeared at 4566 Da (Fig. 3d, right), which demonstrated the complete removal
of the azidomethyl group from the DNA extension product.

Fig. 3e (left) shows the third incorporation of 3’-O-N3-dGTP into this growing DNA
strand with reappearance of the N3-dependent Raman signal, and the disappearance of
this signal after TCEP cleavage is revealed in Fig. 3f (left). Accurate masses of the
corresponding DNA products were obtained by MALDI-TOF MS for the third nucleotide
incorporation (4953 Da, Fig. 3e, right) and cleavage reaction (4898 Da, Fig. 3f, right).

Finally, 3’-O-N;-dTTP incorporation in the fourth cycle was demonstrated by the re-
emergence of the N3 Raman signal at 2125 cm™ (Fig. 3g, left) and a final removal of the
azidomethyl group by TCEP was verified by loss of this peak (Fig. 3h, left). Again,
appropriate masses for the corresponding DNA products were obtained by MALDI-TOF
MS for the fourth nucleotide incorporation (5260 Da, Fig. 3g, right) and cleavage
reaction (5205 Da, Fig. 3h, right).

In summary, with the above experimental results we have demonstrated DNA
sequencing by synthesis using 3’-0-azidomethyl-dNTPs that contain an azido moiety
(N3) as a label that has an intense, narrow and unique SERS peak at 2125 cm™, where
virtually all biological molecules are transparent (Fig. 1, Fig. 2, and Fig. S2 in ESIF). The

azidomethyl group capping the 3’-OH of the nucleotides temporarily terminates the
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polymerase reaction after they are incorporated into the growing DNA strand for
sequence determination. Treatment with TCEP efficiently removes the azidomethyl
group from the DNA extension product, yielding a free 3’~-OH group for continuous
sequencing. Meanwhile, the strong and distinct azido peak in Raman spectra makes it an
excellent reporter group for sequence determination during SBS. The characteristic
Raman shift of the DNA extension product produced by incorporation of the 3’-O-
azidomethyl-dNTPs is clearly distinguishable from those of the cleavage products. Once
the complementary nucleotide was incorporated into the growing DNA strand in the
polymerase reaction, a Raman peak appeared at 2125 cm™, otherwise, this portion of the
spectrum was at background level. This method of DNA sequencing is realized with only
minor nucleotide modifications. The nucleobases are intact and the DNA strand remains
in its natural form as it is elongated during SBS, therefore a long readlength would be
expected.

Integration of nanoplasmonic systems together with site specific molecular
interactions to yield reproducible and optimal SERS signal enhancement can be achieved
in the future by attaching either the DNA or the polymerase to the SERS surface,
permitting washing away of unreacted nucleotides and other reactants for SERS-SBS.
Furthermore, with 4 different SERS labels bearing unique spectral signatures on each of
the four nucleotides, a 4-color SERS-SBS platform can be developed in the future. The
concept elaborated in this initial exploration of the sensitivity of SERS in detecting the
azido group on the DNA nucleotide for SBS can be developed further with the use of
improved Raman instrumentation tailored for DNA sequencing, coupled with optimized

SERS surfaces.

Experimental

Gold-coated Klarite SERS-active substrates were purchased from Renishaw
Diagnostics. The 6 mm x 10 mm chip (consisting of a 4 mm x 4 mm patterned region and
an unpatterned Au reference area) was adhered to a standard microscope slide (25 mm %
75 mm) at the foundry. The active area contains an array of micro-scaled inverted
pyramids with 1.5 ym well diameter, 2 ym pitch and 1 um depth coated with a 20 nm

chrome adhesion layer below a 400 ym gold layer.
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Instrumentation. 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 in this work were obtained with an exposure time of 10 sec, 5 accumulations per
spot and at 34 mW laser power before the objective.

Analysis of Raman spectral data. Due to potential non-uniformity of analyte
deposition, a data set of 10 spectra acquired at randomly selected regions on the same
substrate was obtained. Data were 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 possible false
correlations resulting from a constant offset or broadband background.?

SERS detection of nucleotides. The four 3’-0-azidomethyl nucleotide reversible
terminators (Fig. 1) were synthesized according to the procedure described previously.'
Each nucleotide analogue was dissolved in water to form a 100 uM solution, then a 2 puLL
aliquot (200 pmol) was deposited onto individual Klarite SERS substrates (Renishaw
Diagnostics, UK) 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.

Sequencing by synthesis reactions using 3’-0O-azidomethyl nucleotide reversible
terminators. Polymerase extension reactions consisted of 20 pmol of a synthetic 51-mer
DNA  template (5’-GAGGCCAAGTACGGCGGGTACGTCCTTGACAATGTGT-
ACATCAACATCACC-3’), 60 pmol of primer (5-CACATTGTCAAGG-3’) or a
previously extended and TCEP-cleaved DNA product, 100 pmol of a single 3’-O-
azidomethyl nucleotide reversible terminator (3’-O-N3;-dATP, 3°-O-N;-dCTP, 3’-O-N3-
dGTP, or 3’-O-N3-dTTP),'® 1x ThermoPol reaction buffer (New England Biolabs, MA),
2 unit Therminator™ III DNA polymerase and deionized H,O in a total volume of 20 L.
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.
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After the extension reaction, a small aliquot of the DNA product was desalted using a
C18 ZipTip column (Millipore, MA) and analyzed by MALDI-TOF MS (ABI Voyager,
DE). The remaining DNA product was concentrated under vacuum and purified by
reverse phase HPLC on an XTerra MS C18, 2.5 yum 4.6 mm x 50 mm column (Waters,
MA) to obtain the pure DNA extension product. Mobile phase: A, 8.6 mM
triethylamine/100 mM 1,1,1,3,3,3-hexafluoro-2-propanol in water (pH 8.1); B, methanol.
Elution was performed at 40 °C with a 0.5 mL/min flow rate, and from 88% A / 12% B to
66% A / 34% B linear gradient for 90 min. The purified DNA product was used for
Raman measurements and in the subsequent cleavage reaction.

Cleavage reactions to remove the 3°-O-azidomethyl group from the DNA extension
products with TCEP to regenerate the 3’-OH group were carried out by dissolving 100
pmol extension products in 10 4L of 100 mM TCEP solution (pH 9.0), and incubating at
65 °C for 25 min. Following dilution in 1 mL deionized H,O and purification in an
Amicon Ultra-0.5 centrifugal filter unit with Ultracel-3 membrane (Millipore) to remove
the TCEP, small aliquots of the resulting solution were used to obtain the MALDI-TOF
mass spectrum after ZipTip cleanup and the Raman spectrum. The remaining DNA
cleavage product was used as primer in the subsequent polymerase extension reaction.
The mechanism of the TCEP cleavage reaction to remove the azidomethyl group from
the DNA product is shown in Scheme S1 (see ESIf). The second through fourth
extension/cleave cycles 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 Scheme S2 (see ESIY).

SERS detection of SBS products. Raman spectra of the newly purified DNA
extension and cleavage products were acquired with a drop coating method on the SERS
surface, in which an aliquot was deposited and dried in ambient air to obtain a uniform
layer. Specifically, a 3 uL aliquot of the 100 uM DNA extension product was deposited
onto a Klarite SERS-active substrate (Renishaw Diagnostics); similarly, 30 pmol of

cleavage products were spotted for SERS measurement.
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Fig. 1 Structures of the four 3’-0-azidomethyl nucleotide reversible terminators: 3’-O-

N3-dATP, 3°-O-N3-dCTP, 3°-O-N3-dGTP, and 3’-O-N3-dTTP.
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Fig. 2 Raman signal of 3’-O-azidomethyl nucleotide reversible terminators (N3-dNTPs)
(red) and natural dNTPs (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.
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Fig. 3 Experimental scheme of continuous DNA sequencing by synthesis (middle) using
four 3’-0-azidomethyl nucleotide reversible terminators (3’-O-N3-dNTPs) with Raman
(left) and MALDI-TOF MS spectra (right) obtained for each DNA product at each step.
Only the 2000-2300 cm™ Raman spectral window is shown with the azide peak appearing
at ~2125 cm™ . Pol = DNA polymerase.
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DNA sequencing using surface enhanced Raman spectroscopy for the detection of the
unique Raman shift of the azido group was demonstrated using 3'-O-azidomethyl

nucleotide reversible terminators in polymerase reaction.
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