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Abstract

The completion of the Human Genome Project has increased the need for high-throughput
DNA sequencing technologies aimed at uncovering the genomic contributions to diseases.
The DNA sequencing by synthesis (SBS) approach has shown great promise as a new plat-
form for deciphering the genome. Recently, much progress has been made on the funda-
mental sciences required to make SBS a viable sequencing technology. One of the unique
features of this approach is that many of the steps required are compatible in a modular
fashion allowing for the best solution at each stage to be effectively integrated. Recent
advances include emulsion-PCR based DNA template preparation, the design and synthesis
of novel reporter nucleotides and new surface attachment chemistries for DNA template. The
integration of these advances will lead to the development of a high-throughput DNA se-
quencing system in the near future.

1. INTRODUCTION

DNA sequencing is a fundamental tool for biological science. The completion of
the Human Genome Project has set the stage for screening genetic mutations to
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identify disease genes on a genome-wide scale (Collins ez al., 2003). Recent
estimates seem to indicate that the number of genes is relatively constant among
vertebrates (IHGS Consortium, 2004). These results point to other factors such
as gene variation, regulation and alternative splicing that are involved in the
fundamental differences that separate humans from other animals as well as
account for many of the primary differences that make-up each individual.
DNA sequencing is a primary driving force behind the search for the funda-
mental regulatory regions that account for these differences. Decreased cost of
sequencing is critical to the comparative genomic efforts including the ultimate
goals of personalized medicine based on genetic and genomic information.
Accuracy, speed and size of the instrument are critical considerations for the
development of new DNA analysis methods that can be used directly in the
hospitals and clinical settings, for forensics or for pathogen detection in the field.
Accuracy is essential for genetic mutation detection and haplotype analysis.
The Sanger dideoxy chain-termination method (Sanger er al., 1977) is cur-
rently the technique of choice for large-scale DNA sequencing projects. Widely
used automated versions of this method employ either four differently end-
labeled fluorescent primers or terminators to generate all the possible DNA
fragments complementary to the template to be analyzed. The fragments ter-
minating with the four different bases (A, C, G, T) are then separated at single-
base pair resolution on sequencing gels and identified by the four distinct
fluorescent emissions (Smith et al., 1986; Prober et al., 1987). Application of
laser induced fluorescence for DNA sequencing is a major advancement for the
automated DNA sequencing technology that makes large-scale genome se-
quencing initiatives possible. An “ideal” set of fluorophores for four-color
Sanger DNA sequencing must consist of four different fluorophores. These
fluorophores should have similar high molar absorbance at a common excita-
tion wavelength, high fluorescence quantum yields, exhibit strong and well-
separated fluorescence emissions and introduce the same relative mobility shift
of the DNA sequencing fragments. These criteria cannot be met optimally by
the spectroscopic properties of single fluorescent dye molecules, and indeed are
poorly satisfied by the initially used sets of fluorescent tags. Ju et al., (1995)
overcame these constraints imposed by the use of single dyes and developed
fluorescence energy transfer dyes for DNA sequencing that meet the perform-
ance criteria set out as above (Ju et al., 1995). The higher sensitivity offered by
these new sets of fluorescent dyes also allows the direct sequencing of large-
template DNA (> 30kb) with read lengths of over 700 bases per sequencing
reaction, leading to significant progress in the large scale genome sequencing
and mapping projects (Marra et al., 1996, Lee et al., 1997; Heiner et al., 1998).
DNA sequencing by synthesis (SBS) is based on polymerase reaction, a key
process for DNA replication inside cells. The basic concept of SBS is to use
DNA polymerase to extend a primer that is hybridized to a template by a single
nucleotide, determine its identity, and then proceed to the extension and de-
tection of next nucleotide. The goal is to read out the DNA sequence serially
during the polymerase reaction. This stands in contrast to Sanger sequencing in
which fluorescently-labeled DNA fragments of different sizes are all generated
in a single reaction and then separated and detected. SBS approaches have an
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advantage of easy scale-up in parallel without the need for separations. Cur-
rently available fluorescent array scanners can easily detect over 100,000 sample
spots arrayed on a glass surface (Schena et al., 1995). Such array scanners allow
fast screening of large areas with high resolution, allowing automated detection
of hundreds of thousands and even millions of samples simultaneously.
Several groups have recently reported significant advances in implementing
new practical strategies for DNA sequencing. In these reports, emulsion-PCR,
one commonly used technique for various biological assays including directed
enzyme evolution (Tawfik and Griffiths, 1998; Ghadessy et al., 2001) and geno-
typing (Dressman ez al., 2003) was used for generating template from single
DNA molecules. Margulies and colleagues used emulsion-based microreactors to
amplify DNA templates in a one-tube reaction for pyrosequencing (Margulies es
al., 2005, 2007). Beads containing the amplified templates generated from a single
DNA molecule were then isolated in individual wells and reagents were flowed
across the wells for the pyrosequencing reactions. Shendure and colleagues used
emulsion-PCR on 1-pym beads to prepare DNA template to produce seven bases
at a time, using a “‘sequencing by ligation” approach (Shendure ez al., 2005).

2. DNA SEQUENCING BY SYNTHESIS METHODOLOGY

The concept of DNA SBS was first revealed in 1988 with an attempt to sequence
DNA by detecting the pyrophosphate group that is generated when a nucleotide
is incorporated in a DNA polymerase reaction (Hyman, 1988). Pyrosequencing,
which was developed based on this concept, has been explored for DNA se-
quencing (Ronaghi ef al., 1996). In this approach, each of the four dNTPs is
added sequentially with a cocktail of enzymes and substrates in addition to the
usual polymerase reaction components. If the added nucleotide is complemen-
tary with the first available base on the template, the nucleotide will be incor-
porated and a pyrophosphate will be released. The released pyrophosphate is
converted to ATP by sulfurylase, and visible light is subsequently produced by
firefly luciferase. If the added nucleotide is not incorporated, no light will be
produced and the nucleotide will simply be degraded by the enzyme apyrase.

Pyrosequencing has been applied to single nucleotide polymorphism (SNP)
detection (Ronaghi et al., 1998) and genome sequencing (Margulies et al., 2005).
However, there are inherent difficulties in this method for determining the
number of incorporated nucleotides in homopolymeric regions (e.g., a string of
several Ts in a row) of the template. Additionally, each of the four nucleotides
needs to be added and detected separately, which increases the overall detection
time. The accumulation of undegraded nucleotides and other components could
also lower the accuracy of the method when sequencing a long DNA template.
Ideally, as one examines the fundamental limitations towards miniaturization, it
is desirable to have a simple method to directly detect a reporter group attached
to the nucleotide that is incorporated into a growing DNA strand in polymerase
reaction, rather than relying on a complex enzymatic cascade.

We recently described an integrated SBS approach (Ju et al., 2003) that is
illustrated in Figure 1. This method relies on the use of a DNA polymerase
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reaction to read-out the DNA sequence, using novel reporter nucleotides for
signal detection. After completion of the addition of each nucleotide the at-
tached fluorescent reporter group is detected, determining the identity of the
added nucleotide. The 3’ -OH moiety of each reporter nucleotide is also blocked
by a functional group, which prevents the DNA polymerase from adding ad-
ditional nucleotides. This blocking group needs to be easily removed, to gen-
erate a free 3’ -OH group for subsequent round of extension. This system
increases the ability to accurately sequence through homopolymeric regions in
the DNA template, as the addition of individual nucleotides are detected in-
dependently. In order to design an ideal system for SBS, new nucleotide an-
alogues with the above properties must be developed.

Taking this and other factors into account, the following requirements must
be met to make an entire SBS system into an efficient sequencing technology:

1. Standard cloning techniques to amplify DNA must be replaced by a high-
throughput method for DNA template preparation.

2. After initial amplification, DNA templates must be physically arrayed in a
format that allows each template to be probed multiple times.

3. Nucleotides must be reversible terminators (3'-OH is blocked) so that only a
single nucleotide is added each step during SBS.

4. The 3'-OH blocking group used in SBS must be easily removed after detec-
tion for subsequent nucleotide addition.

5. The entire system must allow for simple washing and reagent additions be-
tween detection cycles.

Emulsion-PCR, which has been shown to have potential to address DNA
template preparation for various sequencing platforms (Margulies et al., 2005;
Shendure et al., 2005), can be readily adapted to the SBS approach shown in
Figure 1. The remainder of this review is divided into two sections that describe
advances in DNA attachment chemistries and in the synthesis of novel reporter

Fig. 1. In the SBS approach, a chip is constructed with immobilized DNA templates that are
able to self-prime for initiating the polymerase reaction. Four nucleotide analogues are
designed such that each is labeled with a unique fluorescent dye on the specific location of the
base, and a small chemical group (R) to cap the 3-OH group. Upon addition of the four
nucleotide analogues and DNA polymerase, only the nucleotide analogue complementary to
the next nucleotide on the template is incorporated by polymerase on each spot of the chip
(step 1). After removing the excess reagents and washing away any unincorporated nucleo-
tide analogues, a four-color fluorescence imager is used to image the surface of the chip, and
the unique fluorescence emission from the specific dye on the nucleotide analogues on each
spot of the chip will yield the identity of the nucleotide (step 2). After imaging, the small
amount of unreacted 3'-OH group on the self-primed template moiety will be capped by
excess ddNTPs (ddATP, ddGTP, ddTTP and ddCTP) and DNA polymerase to avoid in-
terference with the next round of synthesis (step 3). The dye moiety will then be cleaved by
light (~355nm) and the R protecting group will be removed chemically to generate a free 3'-
OH group with high yield (step 4). The self-primed DNA moiety on the chip at this stage is
ready for the next cycle of the reaction to identify the next nucleotide sequence of the
template DNA (step 5) (Ju ez al., 2003).
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nucleotides. Each new advance further enables SBS to be developed into a
viable DNA sequencing technology.

2.1. DNA attachment chemistries on surfaces

A variety of attachment chemistries have been used for the immobilization of
DNA on surfaces. These chemistries have been driven by a wide range of ap-
plications including gene expression analysis using microarrays, chip based
genotyping and SBS methods. For SBS, the primary requirement in the devel-
opment of DNA immobilization chemistry is that the coupling reactions must
produce high yields under conditions that are compatible with routine handling
of DNA. These coupling conditions must not interrupt the phosphodiester
bonds that comprise the DNA phosphate backbone, and should also not mod-
ify the primary amines found in guanines, cytosines and adenines.

One commonly used method is to attach streptavidin to a solid surface and
then bind biotinylated DNA molecules to the immobilized streptavidin. While
the streptavidin-biotin interaction is quite strong (Weber et al., 1989), the
hydrogen bonding interaction may prove problematic in multiple rounds of
SBS. Streptavidin is also a large tetrameric protein, and its size will limit the
number of available binding sites on the solid surface, limiting the number of
DNA binding sites on the surface, resulting in decreased density of DNA mole-
cules on the surface and decreased achievable read-length. Ideally, DNA would
be attached covalently to the surface to eliminate any loss during multiple
washing steps between nucleotide additions. The development of a chemose-
lective coupling chemistry for the immobilization of DNA on a solid surface is
essential for accurate gene-expression measurement (Schena et al., 1995) and
polymorphism or mutation detection (Wang e al., 1998; Debouck and Good-
fellow, 1999). Because covalent coupling chemistries have been shown to typ-
ically lead to more stable DNA arrays than non-covalent chemistries, a variety
of covalent coupling methods have been used for DNA immobilization on a
solid surface (Beier and Hoheisel, 1999; Adessi ez al., 2000; Lindroos et al.,
2001). However, an additional improvement of the coupling chemistry for im-
mobilizing DNA on a surface is required to achieve high selectivity and cou-
pling efficiency. One ideal property required for the functional groups to be
coupled (one from the DNA and the other from the surface) is the stability of
the groups in aqueous conditions, which are typically needed to perform the
coupling reaction.

We have explored Click Chemistry (Seo et al., 2003, 2004), specifically
azide-alkyne cycloaddition, to immobilize DNA on a glass chip for SBS (Figure
2). An amino modified glass surface is reacted with a bifunctional linker con-
taining an NHS-ester and an alkyne on either end to functionalize the surface.
Azido-labeled PCR product (created from a PCR reaction using an azido-labeled
primer) is then attached to the surface using a copper catalyzed 1,3 dipolar
azide-alkyne cycloaddition reaction. Alkaline conditions are then used to remove
the unattached DNA strand, leaving only a single stranded DNA on the surface.

We have shown that DNA templates can be spotted in high density using the
Click Chemistry with standard microarray spotters (Figure 3). In order to
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Fig. 2. Immobilization of an azido-labeled PCR DNA product on an alkynyl-functionalized
surface and a ligation reaction between the immobilized single-stranded DNA template and a
loop primer to form a self-priming DNA moiety on the chip. The sequence of the loop primer
is shown in (A).

prevent dissociation of the primers and template during washing cycles of SBS,
we ligated a looped primer directly to the template (Figure 2). This looped
primer was designed such that the primer sequence self-hybridizes in a very
efficient manner, making a universal primer adapter ideal for SBS. The loop
sequence was carefully chosen to increase the stability of the hairpin structure
(Nakano et al., 2002), and has been shown to efficiently prime templates for
SBS reactions (Seo et al., 2005).

2.2. Novel reporter nucleotides

In order to design the reporter nucleotides used in the SBS extension reaction, it
is important to examine the structure of the polymerase enzyme complexed with
a DNA template, a primer and an incoming nucleotide in polymerase reaction.
The 3D structure of the ternary complexes (Pelletier et al., 1994) comprising a
rat DNA polymerase, a DNA template-primer and a dideoxycytidine tripho-
sphate (ddCTP) is shown in Figure 4.

What is apparent from this structure is that the 5-position of the cytosine
points away from the catalytic pocket of the enzyme, while the 3'-position of the
ribose ring in ddCTP is near the active amino acid residues of the polymerase
and is therefore very crowded. Any group that is attached at the ¥'-position of
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Fig. 3. Azido-labeled fluorescently modified DNA spotted on an alkyne surface using a
standard microarray spotter demonstrating that the Click Chemistry used to covalently bind
DNA templates to a solid surface can be easily scaled up with conventional high-throughput
array spotting techniques.

(o]
adcTP u/< 5 position of ddCTP.

Fig. 4. The 3D structure of the ternary complexes comprising a rat DNA polymerase, a
DNA template-primer and a dideoxycytidine triphosphate (ddCTP). The left side of the
illustration shows the mechanism for the addition of ddCTP and the right side of the il-
lustration shows the active site of the polymerase in the context of the polymerase-DNA
complex. Note that the 3'-position of the dideoxyribose ring is very crowded, while ample
space is available at the 5-position of the cytidine base.
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the sugar must be small as to not interfere with the polymerase reaction. Large
bulky dye molecules have been attached at the 5-position of pyrimidines and the
7-position of purines and used in enzymatic incorporation reactions such as in
Sanger dideoxy-sequencing (Zhu e al., 1994; Rosenblum ez al., 1997; Duthie et
al., 2002). We thus reasoned that if a unique fluorescent dye is attached to 5-
position of the pyrimidines (T and C) and 7-position of purines (G and A)
through a cleavable linker, and a small chemical moiety is used to cap the 3-OH
group, the resulting nucleotide analogues should be able to incorporate into the
growing DNA strand as terminators. Upon removing the fluorophore and
the 3'-OH capping group, the polymerase reaction will proceed to incorporate
the next nucleotide analogue and detect the next base, as shown in Figure 1.

2.2.1. Nucleotide reporter groups for SBS

The reporter groups on the nucleotides for SBS must be easily detectable and
then removed efficiently after detection to ensure maximum efficiency during
each SBS cycle. Fluorescent dyes have been widely used as labels of nucleotides
including the Sanger sequencing reactions. Braslavsky et al., (2003) explored the
use of photobleaching to eliminate the fluorescent signal in between nucleotide
additions, without actually removing the fluorophores directly for SBS. How-
ever, studies have shown that the photobleached fluorophores remain with the
DNA template and interfere with the DNA polymerase activity during
the incorporation of each subsequent nucleotide. Thus, the fluorophores on
the nucleotides need to be removed efficiently between each cycle of SBS.

Several different labile attachment chemistries for reporters have been used,
including disulfide linkages (Mitra et al., 2003) and photocleavable linkers (Juer
al., 2003; Li et al., 2003). The disulfide group can be chemically cleaved using 2-
mercaptoethanol after the nucleotide incorporation and detection. However,
the disulfide bond can be reversed and becomes destabilized under certain con-
ditions (Pleasants et al., 1989; Huyghues-Despointes and Nelson, 1992). Photo-
cleavable linkers provide an effective and rapid method for removing the flu-
orophores from the nucleotide by using high intensity photons as reagents. We
have developed a set of such photocleavable fluorescent nucleotide analogues
(Seo et al., 2005), using 2-nitrobenzyl group as the photocleavable linker to
attach the fluorophore to each base at the 5-position of the pyrimidines and the
7-position of the purines (Figure 5).

These nucleotide analogues have been shown to be good substrates for in-
corporation into DNA by the commonly used DNA polymerase Thermo Se-
quenase, and have also been shown to incorporate efficiently in a primer
extension assay. The products from the polymerase extension reaction using the
four photocleavable fluorescent nucleotide analogues described in Figure 5 and
the photocleavage products are shown in Figure 6. The fluorescent dyes at-
tached to these nucleotides are removed quickly and efficiently under near-UV
irradiation in nearly quantitative yield, and these photocleavage conditions are
compatible for use with DNA samples (Seo et al., 2005), showing no DNA
damage during repeated exposure to photolysis (Figure 7).

As a demonstration of the feasibility of using these nucleotides for SBS, the
above-described Click Chemistry for DNA immobilization has been combined
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Fig. 5. Structures of four nucleotide analogues labeled through a photocleavable linker
(PC) using four fluorophores with distinct fluorescent emissions, dGTP-PC-Bodipy-FL-510
(Aabsmax) = 50210 Aepymaxy = 510 nm), dUTP-PC-R6G (Aabsgmax) = 525 0M; Aemgmayy = 550 nm),
dATP-PC-ROX (Aapsmax) = 585 nm; Aem(max) = 602 nm) and dCTP-PC-Bodipy-650 (Aabs(maxy =
630 nm; Aemmaxy = 650 nm).

with the universal looped primer to perform a series of extension reactions on a
chip surface using all four photocleavable fluorescent nucleotide analogues. The
principal advantage offered by the use of a self-priming moiety, as compared to
using separate primers and templates, is that the covalent linkage of the primer
to the template in the self-priming moiety completely prevents any possible
dissociation of the primer from the template, even under vigorous washing
conditions. Furthermore, the possibility of mispriming is considerably reduced,

Fig. 6. Products of DNA extension reaction and photolysis generated in solution phase to
characterize the four different photocleavable fluorescent nucleotide analogues (dUTP-PC-
R6G, dGTP-PC-Bodipy-FL-510, dATP-PC-ROX and dCTP-PC-Bodipy-650). After each
extension reaction, the DNA extension product is analyzed by MALDI-TOF MS measure-
ment to verify that it is the correct extension product (see Figure 7). Photolysis is then
performed to produce a DNA product that is used as a primer for the next DNA extension
reaction.
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Fig. 7. The polymerase extension scheme (left) and MALDI-TOF MS spectra of the four
consecutive extension products and their photocleavage products (right). Primer extended
with dUTP-PC-R6G (1), and its photocleavage product 2; product 2 extended with dGTP-
PC-Bodipy-FL-510 (3), and its photocleavage product 4; product 4 extended with dATP-PC-
ROX (5), and its photocleavage product 6; product 6 extended with dCTP-PC-Bodipy-650
(7), and its photocleavage product 8. After 10s of irradiation with a laser at 355 nm, pho-
tocleavage is complete with all the fluorophores cleaved from the extended DNA products.
After each nucleotide is incorporated, the MS spectrum of each extension product is obtained
to verify whether the incorporation was successful. In the spectra (1, 3, 5, 7) a small pho-
tocleavage product is visible due to the laser irradiation used in MALDI-TOF MS analysis.
After photolysis, the spectra (2, 4, 6, 8) are obtained demonstrating complete photocleavage
of each fluorophore from the extended DNA products.

and a universal loop primer can be used for all the templates allowing enhanced
accuracy and ease of operation.

The four-color SBS sequencing results (Seo ez al., 2005) are shown in Figure 8.
The structure of the self-priming DNA moiety is shown schematically in the upper
panel, with the first 12-nucleotide sequence immediately after the priming site.
The sequencing reaction on the chip was initiated by extending the self-priming
DNA using dATP-PC-ROX (complementary to the T on the template) and
Thermo Sequenase DNA polymerase. After washing, the extension of the primer
by a single fluorescent nucleotide was confirmed by observing an orange signal
(the emission signal from ROX) in a four-color fluorescent microarray scanner
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Fig. 8. Schematic representation of SBS on a chip using four PC fluorescent nucleotides
(Upper panel) and the scanned fluorescence images for each step of SBS on a chip (Lower
panel). (1) Incorporation of dATP-PC-ROX; (2) photocleavage of PC-ROX; (3) in-
corporation of dGTP-PC-Bodipy-FL-510; (4) photocleavage of PC-Bodipy-FL-510; (5) in-
corporation of dATP-PC-ROX; (6) photocleavage of PC-ROX; (7) incorporation of
dCTP-PC-Bodipy-650; (8) photocleavage of PC-Bodipy-650; (9) incorporation of dUTP-
PC-R6G; (10) photocleavage of PC-R6G; (11) incorporation of dATP-PC-ROX; (12) pho-
tocleavage of PC-ROX; (13) incorporation of dUTP-PC-R6G; (14) photocleavage of
PC-R6G; (15) incorporation of dATP-PC-ROX; (16) photocleavage of PC-ROX; (17) in-
corporation of dGTP-PC-Bodipy-FL-510; (18) photocleavage of PC-Bodipy-FL-510; (19)
incorporation of dUTP-PC-R6G; (20) photocleavage of PC-R6G; (21) incorporation of
dCTP-PC-Bodipy-650; (22) photocleavage of PC-Bodipy-650; (23) incorporation of dATP-
PC-ROX and (24) photocleavage of PC-ROX.

(Figure 8 [1]). After detection of the fluorescent signal, the surface was irradiated
at 355 nm using an Nd-YAG laser to cleave the fluorophore. The surface was then
washed, and a negligible residual fluorescent signal was detected, confirming the
complete photocleavage of the fluorophore (Figure 8 [2]). This was followed by
incorporation of the next fluorescent nucleotide complementary to the subsequent
base on the template. The entire process of incorporation, detection and pho-
tocleavage was performed multiple times using the four photocleavable fluores-
cent nucleotide analogues to identify 12 successive bases in the DNA template.
Thus, two conditions for a future SBS system have been satisfied — these newly
developed nucleotide analogues have been shown to be excellent substrates for the
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DNA polymerase, and the fluorophore group could be cleaved efficiently from
the nucleotide using near UV irradiation. These results are important with respect
to enhancing the speed of each cycle in SBS for high-throughput DNA analysis.

2.3. Blocking of 3'-hydroxyl groups

Another critical requirement to sequence DNA unambiguously using SBS
methods is a suitable chemical moiety to cap the 3'-OH of the nucleotide so that
it terminates the polymerase reaction after addition of a single nucleotide. This
stepwise addition then allows the identification of the incorporated nucleotide at
each step. A 3'-OH capping group on each of the nucleotides also permits all
four nucleotides to be present together during the SBS extension reaction, re-
sulting in a significant decrease in the number of cycles needed for sequencing.
The 3'-OH capping group then also needs to be labile, and be able to be effi-
ciently removed to regenerate the 3-OH to permit the polymerase reaction to
proceed to the next round. Conversely, the stepwise addition of nucleotides with
a free 3'-OH group would present inherent difficulties in the detection of the
sequence of homopolymeric regions.

The principal challenge posed by this requirement is the incorporation ability
of the 3-modified nucleotide by DNA polymerase into the growing DNA
strand. Several groups have focused on the design and synthesis of nucleotides
that have a photocleavable fluorophore on the 3’ -position, as a simple way to
cap the 3'-OH directly with the reporter group (Metzker et al., 1994; Welch and
Burgess, 1999). The rationale of this scheme is that after the fluorophore is
removed, the 3-OH group would be regenerated, and allow subsequent nuc-
leotide addition. However, the incorporation by DNA polymerase of such a
nucleotide with a photocleavable fluorescent dye on the 3’-position into a
growing DNA strand has not been successfully reported so far. This is primarily
due to the difficulty of DNA polymerases recognizing nucleotides with the 3'-
position modified with large fluorophores. As noted earlier (Figure 4), the 3'-
position on the sugar ring of a nucleotide is very close to the amino acid residues
in the active site of the DNA polymerase. Thus, any bulky modification at this
position will sterically hinder the DNA polymerase and prevent the nucleotide
from being incorporated.

A second challenge critical to the overall efficiency and final achievable read
length of SBS is the efficient removal of the 3-OH capping group once the
fluorescence signal is detected. Any DNA strand that has a remaining 3’-OH
blocking group will inhibit the polymerase reaction and therefore lose its con-
tribution to detect the next base in the template. Furthermore, the subsequent
removal of the 3'-OH blocking group in subsequent SBS rounds would liberate
that molecule for further addition steps, contributing to asynchronous “noise’.
Since each cycle of SBS sequencing essentially requires the complete removal of
the 3'-OH capping group, a rapid and highly efficient process is required. It is
important to use a small functional group that provides no hindrance to the
DNA polymerase, while also stable enough to withstand DNA extension re-
action conditions, and able to be removed easily and rapidly to regenerate a free
3'-OH under specific conditions.
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Recently, we have developed a photocleavable fluorescent nucleotide with an
allyl group capping the 3’-OH. These nucleotide analogues have been shown to
act as substrates for a mutant DNA polymerase (Ruparel et al., 2005). Figure 9
shows the synthetic scheme for the preparation of this novel nucleotide analogue,
3'-0-allyl-dUTP-PC-Bodipy-FL-510. Our selection of an allyl group is based on
the fact that an allyl moiety, being relatively small and inert, would not provide
significant hindrance for the polymerase reaction, and therefore would allow the
incoming 3’-0O-allyl modified nucleotide analogue to be accepted as a substrate
by DNA polymerase. The entire cycle of a polymerase reaction using 3'-O-allyl-
dUTP-PC-Bodipy-FL-510 as a reversible terminator is depicted in Figure 10.
The extension product 11 obtained using 3’-0-allyl-dUTP-PC-Bodipy-FL-510
and a DNA polymerase was purified using HPLC and analyzed using MALDI-
TOF MS. The base in the template immediately adjacent to the priming site was
‘A’. Thus, if 3’-0-allyl-dUTP-PC-Bodipy-FL-510 was accepted by the polym-
erase as a terminator, the primer would extend by one base and then the reaction
would terminate. Our results indicate that this was indeed the case.

After confirming that the extension reaction was successful, we irradiated it
with near UV light at 355 nm for 105 to cleave the fluorophore from the DNA,
generating product 12. In the SBS system, this step would ensure that there
would be no carryover of the fluorescence signal into the next incorporation
cycle, so as to prevent the generation of ambiguous data at each step. The
photocleavage product 12 was then incubated with a palladium catalyst system
in aqueous solution to perform deallylation. The deallylated DNA product 13
carrying a free 3'-OH group was purified by reverse phase HPLC and then used
as a primer in a second DNA extension reaction to prove that the regenerated
3-OH was capable of allowing the polymerase reaction to continue. For the
extension reaction, we used a photocleavable fluorescent nucleotide dGTP-PC-
Bodipy-FL-510 and Thermo Sequenase DNA polymerase. The extension prod-
uct 14 was irradiated as above, for 10s to generate photocleavage product 15
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Fig. 9. Synthesis of 3'-0-allyl-dUTP-PC-Bodipy-FL-510.
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Fig. 10. MALDI-TOF MS results for each step of a polymerase reaction cycle using 3'-O-
allyl-dUTP-PC-Bodipy-FL-510 as a reversible terminator. (A) Peak at m/z 6787 corre-
sponding to the primer extension product 11 obtained using 3'-0-allyl-dUTP-PC-Bodipy-
FL-510 and the 9°N Polymerase. (B) Peak at m/z 6292 corresponding to the photocleavage
product 12. (C) Peak at m/z 6252 corresponding to the photocleavage product without the
allyl group 13 obtained after incubation with the catalyst and ligand at 70°C. (D) Peak at m/z
7133 corresponding to the extension product 14 from the purified deallylated product using
dGTP-PC-Bodipy-FL-510 and Thermo Sequenase DNA polymerase. (E) Peak at m/z 6637
corresponding to the photocleavage product 15.
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and hence complete an entire reversible termination and extension cycle. The
deallylation reaction was shown to achieve near quantitative yield under mild
reaction conditions in an aqueous environment, providing an effective method
to modulate the 3-OH group of the nucleotides for SBS.

3. CONCLUSION

A substantial number of advances have been made toward the goal of making
DNA SBS a viable technology for genomic research. This includes the rapid
large-scale amplification of genomic libraries through emulsion-PCR, new de-
velopments in DNA attachment chemistries that allow increased array densities
and novel reporter nucleotides as reversible terminators for polymerase reac-
tion. These nucleotide analogues allow the enzymatic addition of a single nuc-
leotide, direct detection to determine its identity, efficient removal of the
reporter fluorophore and the 3'-OH blocking group to allow subsequent nuc-
leotide additions. The integration of these developments will lead SBS to be
developed into a high-throughput DNA sequencing platform for the era of
personalized medicine.
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