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CONSPECTUS

he Human Genome Project has concluded, but its suc-

cessful completion has increased, rather than decreased,
the need for high-throughput DNA sequencing technologies.
The possibility of dinically screening a full genome for an
individual’s mutations offers tremendous benefits, both for
pursuing personalized medicine and for uncovering the
genomic contributions to diseases. The Sanger sequencing
method, although enormously productive for more than 30
years, requires an electrophoretic separation step that, unfor-
tunately, remains a key technical obstacle for achieving eco-
nomically acceptable full-genome results. Alternative sequencing approaches thus focus on innovations that can reduce costs.

The DNA sequencing by synthesis (SBS) approach has shown great promise as a new sequencing platform, with par-
ticular progress reported recently. The general fluorescent SBS approach involves (i) incorporation of nucleotide analogs bear-
ing fluorescent reporters, (i) identification of the incorporated nucleotide by its fluorescent emissions, and (iii) cleavage of
the fluorophore, along with the reinitiation of the polymerase reaction for continuing sequence determination. In this Account,
we review the construction of a DNA-immobilized chip and the development of novel nucleotide reporters for the SBS
sequencing platform.

Click chemistry, with its high selectivity and coupling efficiency, was explored for surface immobilization of DNA. The
first generation (G-1) modified nucleotides for SBS feature a small chemical moiety capping the 3’-OH and a fluorophore
tethered to the base through a chemically cleavable linker; the design ensures that the nucleotide reporters are good sub-
strates for the polymerase. The 3’-capping moiety and the fluorophore on the DNA extension products, generated by the
incorporation of the G-1 modified nucleotides, are deaved simultaneously to reinitiate the polymerase reaction. The sequence
of a DNA template immobilized on a surface via click chemistry is unambiguously identified with this chip—SBS system.

The second generation (G-2) SBS system was developed based on the concept that the closer the structures of the added
nucleotide and the primer are to their natural counterparts, the more faithfully the polymerase would incorporate the nucle-
otide. In this approach, the polymerase reaction is performed with the combination of 3’-capped nucleotide reversible ter-
minators (NRTs) and cleavable fluorescent dideoxynucleotides (ddNTPs). By sacrifice of a small amount of the primers
permanently terminated by ddNTPs, the majority of the primers extended by the reversible terminators are reverted to the
natural ones after each sequencing cycle. We have also developed the 3’-capped nucleotide reversible terminators to solve
the problem of deciphering the homopolymeric regions of the template in conventional pyrosequencing. The 3’-capping moi-
ety on the DNA extension product temporarily terminates the polymerase reaction, which allows only one nucleotide to be
incorporated during each sequencing cycle. Thus, the number of nucleotides in the homopolymeric regions are unambigu-
ously determined using the 3"-capped NRTSs.

It has been established that millions of DNA templates can be immobilized on a chip surface through a variety of
approaches. Therefore, the integration of these high-density DNA chips with the molecular-level SBS approaches described
in this Account is expected to generate a high-throughput and accurate DNA sequencing system with wide applications in
biological research and health care.
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Introduction

The completion of the Human Genome Project set the stage
for a drive to routinely and economically screen genetic muta-
tions to identify disease genes on a genome-wide scale.' The
decreased cost of sequencing, with the “$1000 genome anal-
ysis” as a Holy Grail, is critical to the ultimate goals of person-
alized medicine based on genetic and genomic information.
Accuracy, speed, and size of the instrument are among the
vital considerations for the cost-effective development of new
DNA analysis methods that can be implemented directly in the
hospital and clinical settings.

The Sanger dideoxy chain-termination method? has been
the gold standard in genome research for over three decades.
Despite the success of Sanger sequencing, its requirement for
electrophoresis to separate the DNA products has some limi-
tations due to the difficulty in achieving high throughput and
to the complexity involved in the automation. In order to over-
come the limitations of the Sanger sequencing technology, a
variety of new methods have been investigated. Such
approaches include sequencing by hybridization,® mass spec-
trometry sequencing,*~® nanopore sequencing of single-
stranded DNA,” sequencing by ligation,® and single molecule
DNA sequencing.®'°

The massive parallel DNA sequencing technologies have
advanced biomedical research in many aspects, including elu-
cidation of DNA—protein interactions on a genome-wide
scale,"' '3 study of gene expression with single copy tran-
script sensitivity,'* and discovery of noncoding RNAs.'®
Among these novel approaches for DNA sequencing, the
sequencing by synthesis (SBS) approach, which will be the cen-
terpiece of this Account, has emerged as a viable candidate for
a massive parallel high-throughput sequencing platform. SBS
is a sequencing platform taking advantage of DNA 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 the identity of the nucleotide, and then proceed to
incorporate, through the polymerase reaction, the next nucle-
otide, eventually reading out the entire DNA sequence seri-
ally. 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 advantage in that individual bases on a
high density array are detected simultaneously without the
need for separations. Furthermore, SBS methods can easily be
scaled up over Sanger’s dideoxy-sequencing techniques by
using massive parallel microarray chip methods. Currently,
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over tens of millions of DNA sample spots can be arrayed on
a glass chip surface for sequencing.'®

Consideration of the stringent requirements for employ-
ing SBS on a chip leads in turn to stringent design features of
the chip and the SBS process. In this Account, we will first
describe the design and construction of DNA-immobilized
chips for SBS and then detail the design and implementation
of several generations of SBS technologies that have culmi-
nated in the current chip—SBS system. Because of its mild
reaction conditions and high selectivity and efficiency, click
chemistry'” has been explored for covalent immobilization of
DNA fragments on a surface. By use of the surface-immobi-
lized DNA strands as primers, it has been established that mil-
lions of different DNA templates immobilized on a sequencing
platform can be generated through emulsion PCR or clonal
amplification.''* Therefore, further implementation of the
SBS approaches discussed in this Account should lead to a
high-throughput DNA sequencing system with wide applica-
tions in genome biology and health care. This Account mainly
reviews the authors” contribution to sequencing by synthesis.
Readers are referred to other excellent reports concerning the
solid-phase DNA immobilization and amplification'®'® and
the development of the sequencing chemistry.?°~2* We hope
to demonstrate that the challenges of design and develop-
ment of a SBS method on a chip have led to a fruitful mar-
riage integrating the basic science of chemical biology and the
current and developing technologies involving microanalysis
and informatics.

Design and Exemplar of a Chip for SBS

“Chip” for SBS is a multiplex microarray built on a flat sur-
face of glass or some other suitable material. Each spot will
contain a specific DNA target sequence that has been obtained
from the fragmented genome whose overall sequence is to be
determined. The surface properties of chips, which may pos-
sess massive dimensionalities of data, are designed and engi-
neered to obtain high selectivity in the faithfulness of
identification of the correctly added probe and high sensitiv-
ity with respect to signal-to-noise features.

Figure 1 shows a general procedure for DNA chip construc-
tion. The target sequences are covalently bonded to the chip
to ensure that they survive and remain attached to the chip
through multiple chemical procedures involved in the SBS pro-
cess. We selected click chemistry involving the [2 + 3]
cycloaddition of a terminal acetylene to an azide as a means
of covalently attaching target fragments to the glass
surface.?>2° The process involves several steps, the first being
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FIGURE 1. DNA immobilization on a surface with click chemistry. An amino-modified glass surface is reacted with a linker containing an
NHS-ester on one end and an alkyne on the other to functionalize the surface (step 1). Azide-labeled PCR product is then attached to the
surface using click chemistry (step 2). The unattached DNA strand is removed under alkaline conditions (step 3). A loop DNA primer is
ligated to the single-stranded DNA template (step 4). DNA extension reaction is carried out to identify the sequence of the template (step 5).

The sequence of the loop primer is shown as A.

the modification of an available chip surface, followed by
attachment of the target sequence via click chemistry.

Construction of DNA chips starts with commercially avail-
able glass slides with amino-functionalized surfaces (Figure 1).
In step 1, the acetylene partner of the click reaction is first
attached to the surface. This effectively converts the surface to
one that is rich in the acetylene functionality and ready for
reactions with the azide functionality upon contact. In step 2,
the PCR products labeled with the azide functionality are then
covalently attached to the surface with click chemistry. In step
3, the surface-bound double-stranded PCR products were
denatured under alkaline conditions to remove the comple-
mentary strand without the azide group, generating a single-
stranded DNA on the surface. In step 4, in order to prevent the
dissociation of primers from templates during SBS, a looped
primer is covalently ligated to the 3 end of the DNA template.
In step 5, the sequence of the PCR products is deciphered by
performing SBS on the looped DNA strand.

SBS on a Chip: Design and Synthesis of
Novel Reporter Nucleotides

Figure 2 summarizes the general strategy for the design of a SBS
approach on a chip.?” As shown in Figure 1, the chip is con-
structed by immobilizing DNA template fragments that are capa-
ble of self-priming to initiate the polymerase incorporation of the

first complementary nudleotide after the last base on the primer.
The first generation (G-1) SBS chip system (Figure 2) developed
in our laboratory possesses the following general features. In step
1, the functionalized chip prepared as shown in Figure 1 is
treated with the four modified nucleotide analogues of A, C, G,
and T (actual examples of structures of the modified nucleotides
are shown in Chart 2). Each of the nucleotide analogues pos-
sesses a fluorescence label that is characteristic of the base and
a small 3"-OH capping group. Upon addition of DNA polymerase,
the modified nucleotide that is complementary to the next nucle-
otide on the template is incorporated on each spot of the chip.
In step 2, the excess reagents are then removed along with any
unincorporated nucleotide analogues, and the chip is analyzed
by a four-color imager to determine the unique fluorescence
emission of each base, revealing the identity of the incorporated
nucleotide for each template on the chip. In order to minimize
any lagging fluorescence signal caused by previously unex-
tended strands, step 3 is carried out to synchronize the incorpo-
ration by using an excessive amount of 3"-OH capped nucleotide
analogues along with the DNA polymerase to extend any
remaining priming strands that retain a free 3’-OH group. In step
4, the fluorophore and the 3"-OH capping moiety are removed
simultaneously for each of the templates and the system is ready
for a repetition of steps 1, 2, 3, and 4 to continue the sequencing.
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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 has 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 removal of the excess reagents and washing away of any unincorporated nucleotide 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 3’-O-modified nucleotide reversible terminators and DNA polymerase to
avoid interference with the next round of synthesis for synchronization (step 3). The dye moiety and the R protecting group will be removed
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 by repetition of steps 1, 2, 3, and 4 to identify the next nucleotide sequence of the template DNA.

Design and Optimization of the Structural
Features of the Modified Nucleotide
through Examination of the 3-D Structure
of the Active Site of a DNA Polymerase
Complex

One of the most challenging tasks for developing a suc-
cessful SBS platform is the design of modified nucleotides
that can be faithfully incorporated by polymerase. In order
to design the first generation cleavable fluorescent nucle-
otide reversible terminators (CF-NRTs) used in the SBS
extension reaction, we examined the 3-D structure of the
polymerase complex with a DNA template, a primer, and an
incoming nucleotide (ddCTP) in polymerase reaction.?®
Inspection of the structure indicated that the 5-position of
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the cytosine points away from the catalytic pocket of the
enzyme into a region with considerable open space; on the
other hand, the 3’-position of the ribose ring in ddCTP occu-
pied a very crowded space near the active amino acid res-
idues of the polymerase. With this model as a guide, we
concluded that any group that is attached at the 3’ posi-
tion of the sugar must be as small as possible or there
would be a large steric hindrance to the polymerase activ-
ity. It is also known that some modified DNA polymerases
are highly tolerant of nucleotides with extensive modifica-
tions with bulky groups at the 5-position of the pyrimidines
(T and C) and 7-position of purines (G and A).293° Thus we
decided to use these features to design modified nucleotide
in which a unique fluorophore is attached to the 5-posi-
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FIGURE 3. DNA sequencing by synthesis with cleavable fluorescent nucleotide reversible terminators (CF-NRTs). DNA polymerase
catalyzes the incorporation of a CF-NRT, which is complementary to the next base on the unknown DNA template. After removal of
unincorporated nucleotide analogues and other excess reagents, a fluorescence imager is used to identify the base just incorporated.
Then the fluorophore and the 3’ capping moiety are chemically cleaved to reinitiate the DNA polymerase reaction for subsequent

sequence determination.

tion of the pyrimidines (T and C) and the 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 gen-
eral SBS approach using modified nucleotides with the
described features is shown in Figure 3. After the incorpo-
ration of a fluorescently labeled nucleotide, which is com-
plementary to the next available base on the DNA template,
the fluorescent signal is detected to determine the identity
of the incorporated nucleotide. Afterward, the fluorophore
and the 3’ capping moiety are efficiently removed in a
manner compatible with DNA stability and function for sub-
sequent sequence determination.

In summary, the key structural features of the modified
nucleotides are (1) four distinct fluorophores (Fa, Fr, F¢, Fo)
attached to the 5-position of pyrimidines and the 7-position of
purines that can be removed after sequence identification and
(2) a small reversible capping moiety for the 3’-OH group that
can be removed after incorporation and identification of
sequence. These structural design features have proven suc-
cessful for the incorporation of modified nucleotides in the
growing DNA strand in the SBS processes to be described
below. The reversible termination group and the fluorophore
can be removed by chemical reagents or photons.?' 33

First Generation Design of Modified
Nucleotides for SBS

Chart 1. shows a cartoon of the first generation (G-1) modi-
fied nucleotides (CF-NRTSs) for SBS based on the above anal-
ysis. A specific example of G-1 modified nucleotides
containing a 3’-O-allyl group and a unique fluorophore teth-
ered by a cleavable allyl linker for SBS is shown in Chart 2.3'
To establish proof of principle, we first demonstrated that
these modified nucleotides were successful substrates for DNA
polymerase in a solution-phase DNA extension reaction and
that the fluorophore and the 3’ reversible termination groups
could be removed with high speed and efficiency. We then
performed SBS using four CF-NRTs to identify the sequence of
a DNA template immobilized on a chip via click chemistry.
A schematic and example of a first generation SBS system
on a chip is shown in Figure 4. Figure 4a shows a schematic
of the operation of the SBS through several cycles with the first
step incorporating a G nucleotide, then washing and removal
of all fluorescence materials and the 3’-capped group via a Pd-
catalyzed deallylation reaction,®' followed by the second step
incorporating an A nucleotide, etc. In Figure 4b, the observed
experimental fluorescence color changes are shown as a func-
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CHART 1. Cartoon Structures of G-1 and G-2 Modified Nucleotides
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tion of incorporation, sequential cleavages, and incorpora-
tions. Finally, the data is digitized for sequence display and is
available for informatics analysis (Figure 4c).3" We note that
there is a degradation of the signal-to-noise with respect to the
distinction of the added base. This degradation could result
from a number of factors such as less than 100% incorpora-
tion of the fluorescently labeled nucleotides by the poly-
merase, the non-natural chemical groups left on the
synthesized strand, incomplete removal of the residual mod-
ified nucleotides, etc.

Second Generation Design of Modified
Nucleotides for SBS

In order to increase the number of nucleotides that could be
sequenced, a new strategy for SBS was designed.>? It was
apparent that higher incorporation efficiency of the modified
nucleotides and lower polymerase complex hindrance could
drastically improve the read length of SBS. The incorporation
of the G-1 modified nucleotides extends the DNA strand with
a propargyl amino group modification on the base during
SBS,?' which might interfere with the activity of the poly-
merase for the DNA chain elongation. To eliminate this chem-
ical modification on the base, we have developed the second
generation (G-2) modified nucleotides for the SBS system.?? In
this method, the nucleotide reversible terminators with a
chemical moiety capping the 3’-OH are combined with cleav-
able fluorescent dideoxynucleotides to extend the DNA strand
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during SBS (Chart 1, G-2). DNA sequences are determined by
the unique fluorescence emission of each fluorophore on the
DNA products terminated by ddNTPs. Upon removal of the
3’-OH capping group from the incorporated nucleotide revers-
ible terminators and the fluorophore from the DNA products
terminated by ddNTPs, the polymerase reaction reinitiates to
continue the sequence determination. The DNA products
extended by cleavable fluorescent dideoxynucleotides, after
fluorescence detection and cleavage, are no longer involved
in the subsequent polymerase reaction cycles because they
are permanently terminated. The further polymerase reaction
only occurs on DNA strands that incorporate the nucleotide
reversible terminators, which subsequently are reverted to nat-
ural nucleotides upon cleavage of the 3-OH capping group.
Therefore, during the whole SBS process, the polymerase reac-
tion is only carried out on the priming strands consisting of
natural nucleotides, which should have no deleterious effect
on the polymerase binding to faithfully incorporate the next
modified nucleotides.

A specific example of the G-2 modified nucleotides is
shown in Chart 3. Four 3’-O-azidomethyl-modified nucleotide
analogues (3’-0-N3-dNTPs) and four cleavable fluorescent
dideoxynucleotides (ddNTP-Ns-fluorophores) have been
designed and synthesized to demonstrate the proof of con-
cept. In this approach, the identity of the incorporated nucle-
otide is determined by the unique fluorescence emission from
the four cleavable fluorescent ddNTPs, whereas the role of the
3’-0-modified nucleotide reversible terminators is to further
extend the DNA strand. With a finite amount of immobilized
DNA template on a solid surface, initially the majority of the
priming strands should be extended with 3”-O-Ns-dNTPs, while
a relatively smaller amount should be extended with ddNTP-
Ns-fluorophores. As the sequencing cycle continues, the
amount of the cleavable fluorescent ddNTPs needs to be grad-
ually increased to maintain sufficient fluorescent signals that
are above the fluorescence detection system’s threshold for
sequence determination. Following these guidelines, we per-
formed SBS on a chip-immobilized DNA template (Figure 5).
The scheme of this sequencing methodology is shown in Fig-
ure 5a. The de novo sequencing reactions were initiated by
extending the self-priming DNA template using a polymerase
reaction mixture containing four 3’-O-N5-dNTPs and four
ddNTP-Ns-fluorophores. To negate any lagging fluorescence
signal caused by a previously unextended priming strand, a
synchronization reaction mixture consisting of just the four
3’-0-N3-dNTPs and the DNA polymerase was used to extend
any priming strands that retain a free 3’-OH group. After the
removal of the fluorophores and the 3’-OH capping moieties
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CHART 2. Structures of an Example of G-1 Modified Nucleotides (3’-O-Ally-dNTP-allyl-fluorophores), with the Four Fluorophores Having

Distinct Fluorescent Emissions?
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via the Staudinger reaction by using aqueous Tris(2-carboxy-
ethyl) phosphine (TCEP) solution,®? the DNA extension reac-
tions were reinitiated to identify the next base on the
template. Figure 5b shows the experimental fluorescence color
changes during the sequencing process, and Figure 5¢ shows
the digitized sequencing data for further informatics analy-
sis. The entire process of incorporation, synchronization, detec-
tion, and cleavage was performed multiple times to identify
32 successive bases in the DNA template.

3’-Capped Nucleotide Reversible
Terminators for Pyrosequencing
Instead of using fluorescently labeled nucleotide analogues,
pyrosequencing, an alternative DNA sequencing by synthe-

sis method, deciphers the sequence of DNA by performing the
polymerase reaction with natural nucleotides.>* In this
approach, each of the four natural nucleotides (A, C, G, and T)
is added sequentially during the DNA polymerase reaction. If
the added nucleotide is complementary with the first avail-
able base on the template, the nucleotide will be incorporated,
leading to the release of a pyrophosphate (PPi). The pyrophos-
phate is then used by ATP sulfurylase to convert adenosine
5’-phosphosulfate to ATP. The ATP acts as a cofactor for the
luciferase-catalized conversion of luciferin to oxyluciferin, gen-
erating visible light that can be detected. However, conven-
tional pyrosequencing has inherent difficulties to decipher
homopolymeric regions of the DNA templates.®> The reason
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FIGURE 4. (a) Reaction scheme of G-1 SBS on a chip using 3’-O-ally dNTP-allyl-fluorophores. (b) The scanned four-color fluorescence images
for each step of SBS on a chip: (1) incorporation of 3’-O-allyl-dGTP-allyl-Cy5; (2) cleavage of allyl-Cy5 and 3"-allyl group; (3) incorporation of
3’-O-allyl-dATP-allyl-ROX; (4) cleavage of allyl-ROX and 3’-allyl group; (5) incorporation of 3’-O-allyl-dUTP-allyl-R6G; (6) cleavage of allyl-R6G
and 3’-allyl group; (7) incorporation of 3’-O-allyl-dCTP-allyl-bodipy-FL-510; (8) cleavage of allyl-bodipy-FL-510 and 3’-allyl group; images
9-25 are similarly produced. (c) A plot (four-color sequencing data) of raw fluorescence emission intensity at the four designated emission
wavelengths of the four chemically cleavable fluorescent nucleotides vs the progress of sequencing extension.

is that the light signal intensity is not exactly proportional to
the amount of PPi released, especially when the homopoly-
meric region has more than five bases. We have solved this
problem of determining the number of nucleotides in the
homopolymeric regions by using the 3’-capped NRTs (G-2A,
Chart 1).3 As shown in Figure 6, these nucleotide analogues
are modified with a reversible chemical moiety capping the
3’-OH group to temporarily terminate the polymerase reac-
tion. In this way, only one nucleotide is incorporated into the
growing DNA strand even in homopolymeric regions. After
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sequence determination, the reversible capping moiety is
removed to regenerate the 3’-OH of the extended primer,
which is then ready for the next sequencing cycle. Figure 7
shows a scheme comparing sequencing data from our NRT
pyrosequencing and conventional pyrosequencing. All bases
in the homopolymeric regions are clearly identified with the
NRTs, whereas the pyrosequencing data obtained by using
natural nucleotides show large peaks corresponding to
stretches of G and A bases, causing ambiguity for sequence
identification.
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CHART 3. Structures of an Example of G-2 Modified Nucleotides”
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@ (a) Structures of the nucleotide reversible terminators, 3’-O-N5-dATP, 3’-O-N3-dCTP, 3’-O-N3-dGTP, 3’-O-N5-dTTP. (b) Structures of cleavable fluorescent
dideoxynucleotide terminators ddNTP-N5-fluorophores, with the four fluorophores having distinct fluorescent emissions: ddCTP-N3-Bodipy-FL-510 (Aabs max = 502
nm; Aem may = 510 Nm), ddUTP-N3-R6G (Aaps maxy = 525 NM; Aem maxy = 550 nm), ddATP-N3-ROX (Aaps (maxy = 585 NM; Aem maxyy = 602 nm), and ddGTP-N5-

Cy5 (Aabs max) = 649 NM; Aem maxy = 670 nm).

Summary

In this Account, we have described some of the advances in
making DNA sequencing by synthesis as a viable technology
for genomic research. This includes the development of new
surface attachment chemistries for DNA templates. Due to its
high efficiency, selectivity, and great biocompatibility, click
chemistry has been explored to covalently immobilize DNA
templates on surface for SBS. Several generations of modi-

fied nucleotide reporters have been designed and evaluated
for SBS based on the structure-directed design rationale of
nucleotide analogues that will cause minimum interference for
polymerase recognition. The G-1 modified nucleotides fea-
ture a 3’-OH capping moiety and unique fluorophores teth-
ered to the 5-position of pyrimidines and the 7-position of
purines through a cleavable linker. These nucleotides have
been demonstrated to be good substrates for the polymerase.
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FIGURE 5. (a) G-2 SBS scheme for four-color sequencing on a chip using the nucleotide reversible terminators (3"-O-N5-dNTPs) and cleavable
fluorescent dideoxynucleotide terminators (ddNTP-Ns-fluorophores). (b) The four-color fluorescence images for each step of SBS: (1)
incorporation of 3’-0-N3-dCTP and ddCTP-N3-Bodipy-FL-510; (2) cleavage of N3-Bodipy-FL-510 and 3’-CH,N; group; (3) incorporation of 3’-O-
N5-dATP and ddATP-N3-Rox; (4) cleavage of N3-ROX and 3’-CH,N; group; (5) incorporation of 3’-O-N3-dTTP and ddTTP-N;-R6G; (6) cleavage
of N3-R6G and 3’-CH,Nj3 group; (7) incorporation of 3’-O-N5-dGTP and ddGTP-Ns-Cy5; (8) cleavage of N3-Cy5 and 3’-CH,Ns group; images
9-63 are similarly produced. (c) A plot (four-color sequencing data) of raw fluorescence emission intensity obtained using 3’-O-N3-dNTPs and
ddNTP-Ns-fluorophores at the four designated emission wavelengths of the four cleavable fluorescent dideoxynucleotides.

The fluorophore and the 3’ capping moiety on the DNA exten-
sion products, generated by the incorporation of the G-1 mod-
ified nucleotides, are removed simultaneously after sequence
determination. The regenerated 3’-OH allows the reinitiation
of the polymerase reaction for subsequent sequence determi-
nation. This G-1 SBS system has successfully demonstrated its
potential to sequence DNA templates immobilized on a sur-
face on a massively parallel manner. Nonetheless, the chem-
ical group leftover on the base during each SBS cycle may
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interfere with the efficiency and accuracy of the polymerase
in the subsequent sequencing cycles. To address this issue, the
G-2 SBS system has been developed by using 3’-OH capped
NRTs combined with cleavable fluorescent dideoxynucle-
otides. Once the fluorescent dideoxynucleotides are incorpo-
rated into the growing DNA strand, the polymerase reaction
is permanently terminated. Thus the continuous extension
reactions occur only on DNA strands that incorporate the
nucleotide reversible terminators, which subsequently are
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FIGURE 6. Reaction scheme of pyrosequencing using 3’-capped NRTs. The incorporation of G-2A modified nucleotides (3-O-R-dNTPs)
releases a pyrophosphate (PPi), which triggers enzymatic reactions to produce the light signal for sequence detection. Upon the removal of
the reversible capping moiety (deprotection), the 3-OH of the extended primer is regenerated to reinitiate the polymerase reaction. The
pyrosequencing reaction is repeated continuously to identify the sequence of the target DNA template.

reverted to natural nucleotides upon the cleavage of the 3’-OH
capping moiety.
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FIGURE 7. Comparison of reversible terminator pyrosequencing
using 3’-O-(2-nitrobenzyl)-dNTPs with conventional pyrosequencing
using natural nucleotides: (A) The self-priming DNA template with
stretches of homopolymeric regions was sequenced by using 3’
capped NRTs [3’-O-(2-nitrobenzyl)-dNTPs|. The homopolymeric
regions are clearly identified, with each peak corresponding to the
identity of each base in the DNA template. (B) Pyrosequencing data
using natural nucleotides. The homopolymeric regions produced
two large peaks corresponding to the stretches of G and A bases
and five smaller peaks corresponding to stretches of T, G, C, A, and
G bases. However, it is very difficult to decipher the exact sequence
from the data.

The major advantage of the fluorescent SBS approach
described in this Account compared with the Sanger sequenc-
ing method is the high throughput and simplicity of the SBS
platform in which all sequencings are conducted on a chip
without any separation steps. The ultimate read length of flu-
orescent SBS depends on three factors: the number of start-
ing DNA molecules on each spot of a DNA chip, the nucleotide
incorporation and cleavage efficiency, and the sensitivity of
the detection system. The read length with the Sanger
sequencing method commonly reaches more than 700 base
pairs. The fluorescent SBS system has the potential to
approach this read length, if stepwise yield can reach over
99% and the sensitivity of the fluorescent detection system
can be further improved.

Conventional pyrosequencing technology carries out the
polymerase reaction by using natural nucleotides. Howevetr, it
has inherent difficulties to decipher the homopolymeric
regions of the DNA template. We have used 3’-capped NRTs
to address this problem. The 3’-capping moiety on the DNA
extension product, generated by the incorporation of each
individual NRT, temporarily terminates the polymerase reac-
tion. With only one nucleotide incorporated during each SBS
cycle, the numbers of nucleotides in homopolymeric regions
of the template are unambiguously determined.

At present, three platforms are in widespread use for mas-
sive parallel DNA sequencing: the Roche/454 FLX Pyrose-
quencer,3® the lllumina Genome Analyzer,?” and the Applied
Biosystems SOLID System.?® The Roche/454 Pyrosequencer
and the Applied Biosystems SOLID sequencer use emulsion
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PCR for DNA template preparation,® while the bridge PCR
amplification is used by Illumina Genome Analyzer.3”4°
Recently, two platforms for single-molecule DNA sequencing
by synthesis have been reported. For Helicos Heliscope
sequencer,® a single-molecule DNA template is directly immo-
bilized on a solid surface to allow SBS to take place. Pacific
Biosciences SMRT single-molecule sequencing system'® cap-
tures the polymerase rather than the DNA library on the sur-
face to carry out real-time sequencing determination. With
these next generation DNA sequencing systems, massive pat-
allel digital gene expression analogous to a high-throughput
SAGE approach has been reported reaching single copy tran-
script sensitivity,'* and CHIP-Seq'' '3 based on sequencing
tags of around 25 bases has led to many new discoveries in
genome function and regulation. It is well established that mil-
lions of different DNA templates can be generated on a solid
surface to construct the massive parallel DNA sequencing
platform.'>'* Therefore, future implementation of the molec-
ular level SBS approaches described in this Account on a high-
density DNA array will provide a high-throughput and
accurate DNA sequencing system with wide applications in
genome biology and biomedical research.
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