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The first large genome fully sequenced by next-generation sequencing
(NGS) was that of abacteriophage using sequencing by synthesis (SBS) asa
paradigm.SBSin NGSis underpinned by ‘reversible-terminator chemistry’.

To grow from proof of concept to being both affordable and practical, SBS
needed to overcome a series of challenges, each of which required the
invention of new chemistries. These included the design and synthesis of
unnatural deoxynucleotide triphosphates (ANTPs), engineering a suitable
polymerase, anew surface chemistry and aningenious molecular solution
to neutralize copying errorsinherent to all polymerases. In this historical
Perspective, we discuss how NGS was developed from Sanger sequencing,
highlighting the chemistry behind this technology, which hasimpacted
biology in unprecedented ways.

Sanger sequencing is based on the synthesis of truncated DNA frag-
ments from multiple DNA templatesinsolution. These truncations arise
as aresult of elongating strands prematurely terminating because of
stochasticincorporation of labeled dideoxynucleotide triphosphates
(ddNTPs) lackinga3’-OH (ref.1). Thisis the earliest form of ‘terminator
chemistry’, in which truncated synthetic DNA strands are size sepa-
rated by gel electrophoresis, after which the original DNA sequence
isreconstructed (Fig. 1). Sequencing by electrophoresis and similar
size-based separation of nucleic acid fragmentsis both time consuming
andlaborintensive. To sequence large genomes, a different paradigm
was needed.

In 1990, Tsien and coworkers outlined a series of strategies in a
patent that conceptualized SBS using automated instruments, which
was abandoned shortly therafter >. They found that protection of the
3’-OHofadNTPwithareporter group enabled stepwiseincorporation
by a polymerase, base by base, using an immobilized DNA template.
This provided a basis for SBS technologies. Pyrosequencing, which was
another early version of SBS, based on inorganic phosphate detection
by luminometry, was also reported in1998 (ref. 3).

The first map of a human genome, established using Sanger
sequencing, was reported in 2001. It took 13 years, a transcontinen-
tal effort and an excess of $0.5 billion to accomplish the first human
genome map using this method**. With NGS, ahuman genome can now
be sequenced for $200 within ~2 d. In this new sequencing paradigm,

short DNA reads were obtained from fragments of genomic DNA,
immobilized on a solid surface and served as templates for a poly-
merase. Each of these fragments would be replicated (synthesized) in
parallel, and the elongating strands would be simultaneously scanned
by fluorescence imaging. To this end, it was envisioned that the 3’-OH
of dNTPs could be exploited to control the stepwise incorporation of
each nucleotide.

NGS was developed by Solexa and is popularly known as ‘lllu-
minasequencing’. It gained momentum in 2007 with the first reports
using chromatin immunoprecipitation coupled to sequencing®’.
From 2005 to 2008, sequencing technologies distinct from NGS also
materialized. These third-generation (‘post-light’) sequencing meth-
ods have emerged as complementary alternatives to NGS. Notably,
Pacific Biosciences and Oxford Nanopore Technologies developed
single-molecule real-time sequencing and nanopore sequencing,
respectively. Conceptually different from NGS, these methods are
based onelectronicanalysis of molecules and are true single-molecule
analysis technologies. While other techniques may be more expen-
sive, lower throughput or less accurate than NGS, they may enable
sequencing long reads more effectively and are described in greater
detail elsewhere® ™,

The first genome sequenced using Solexa’s approach was that of
the X174 bacteriophage in 2005, which demonstrated an advance-
ment over Sanger sequencing by generating substantially more data
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Fig.1|Schematicillustration of Sanger sequencing. DNA strands are separated based on size, which is defined by where into the chain addNTPis incorporated.
This reveals the identity of the nucleobase at any position, as incorporation of addNTP terminates the growing chain at that position.

in asingle run. Solexa launched the Genome Analyzer 1st Generation
(GAl), its first commercial device. Shortly thereafter, it was acquired
by Illumina, after which hundreds of scientists further improved the
technology. The first human genomes were then sequenced using
Solexa-Illumina NGS technology™ .

Leading up to the development of Solexa-Illumina NGS, Balasu-
bramanian and coworkers had investigated fluorescence energy trans-
fer between the Klenow fragment of DNA polymerase and a series of
DNA primer templates, which positionally mapped nucleobases along
the DNA helix at the single-molecule level”. The success of this experi-
ment led to their idea that single-molecule fluorescence microscopy
might provide that alternative paradigm for DNA sequencing, if the
DNA was surface immobilized and if every incoming nucleotide had a
unique fluorophore, so that one could tell the bases apart as they were
beingincorporated. At the time, there were several distinct challenges
thateach needed solving to make thisideawork. These included iden-
tifying an appropriate protecting group at the 3’-OH of deoxyribose to
enable incorporation of nucleotides one at a time, tethering fluoro-
phores on each of the four nucleotides such that it would not disrupt
nucleic acid synthesis, engineering a polymerase that would tolerate
these modifications, enabling fluorescence detection and cleavage of
the terminating group, developing appropriate surface chemistry to
retain the strand being sequenced over hundreds of cycles of nucleo-
tide incorporation, and finally inventing a system to circumvent low
fluorescence signal-to-noise ratio and rectify potential errors due to
dNTP misincorporation by the polymerase.

In this historical Perspective, we detail the chemistries that
were invented to establish each of the key elements of this tech-
nology and illustrate why they were instrumental to the success of
SBS-based NGS as we know it today. It took several years to achieve
the overall goal of successful SBS, requiring scientists with distinct
knowledge spanning structural biology, biochemistry, chemical
synthesis, surface chemistry, optical physics and computing sci-
ences to explore numerous potential solutions before discovering
one that worked. The current form of SBS-based DNA-sequencing

technologyistheresultofsolvingaseries oftechnological challengeswith
new chemistries.

Developing an enabling reversible-terminator
chemistry

One of thefirst challenges cameto lightinthe 1990s, as several groups
were seeking to develop new ways to make Sanger sequencing and SBS
more efficient, each exploring different chemistries to this end. Many
of these chemistries had their shortcomings. Early work focused on
designing fluorophores at the 3’-OH of dNTPs to act as a protecting
group for terminator chemistry, in which truncated synthetic DNA
strands are size separated by gel electrophoresis, from which the
original sequence is reconstructed, and to then use the fluorescent
marker to identify the incorporated nucleotide™. While conceptually
attractive, it was later found that the 3’-OH points toward amino acid
residues lining the enzymatic pocket of DNA polymerases®. Hence,
bulky moieties like large, fluorescent protecting groups at this posi-
tion prevent fast incorporation of dNTPs with the required fidelity.
While fluorophores can be tethered to the 3’-OH by various types of
linkers", this requires additional rounds of cleavage, which renders it
illsuited for sequencing large genomes. For example, atime of 2 h per
deprotection would require 25 d to sequence a DNA fragment just 300
baseslong. It was quickly realized that fluorescently labeled dNTPs at
the 3’-OH were not viable.

Several groups explored the use of protecting groups at the 3’-OH
for terminator chemistry. For example, the use of 2-nitrophenol was
appealingbecause of the fast cleavage rate upon exposure to ultraviolet
light, leaving the 3’-OH available for the next round of synthesis. How-
ever, the use of ultraviolet light was not ideal, given that DNA is prone
to photodamage. Repetitive cycles of irradiation can chemically alter
the DNA being sequenced.

Alternatively, it was found that tethering a bulky fluorophore on
the nucleobases fortuitously acted as a terminating agent by steric
hindrance, obviating the need to protect the 3’-OH (ref. 17). Chemical
removal of the fluorophore following its incorporation on the strand
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Fig.2|Scheme of reversible-terminator chemistry. Thymidine (blue) is
functionalized witha fluorophore (red) linked at the C5 position with a
cleavable linker having an azide (green). The ribose 3’-OH is masked by an
azide-containing cleavable protecting group. A Staudinger reaction using a
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water-soluble triphenylphosphine converts the azide into hemiaminals, which,
upon hydrolysis, releases the fluorophore and restores the free 3’-OH in a single

step. Thisreaction product can be engaged in a new cycle of ANTP incorporation
atthe 3’-OH.

then allowed the next nucleotide to be incorporated. However, using
asingle-color readout, such as Alexa Fluor 594, to label all four dNTPs
required the DNA template to be incubated with each of the four dNTPs
oneatatime, with the hope that only the correct nucleotide would be
incorporated. This increased the number of steps of the sequencing
procedure and furthermore was prone to misincorporation of ANTPs
dueto the noncompetitive chemistry at work. If there was an absence
ofthe correct ANTP, polymerasesincorporated those available instead.
This meant that the reversible-terminator chemistry and fluorescence
detection had tobe uncoupled from one another.

Aviable strategy for addressing this limitation required a protect-
ing group for the 3’-OH that was structurally minimalistic so that the
dNTPs would remain competent substrates for DNA polymerases,
highly stable under the aqueous conditions used for DNA synthesis, and
cleavablein quantitative yields with afast turnover, and would function
under reaction conditions that preserved DNA integrity. An azide-based
protecting group, anon-naturally occurring building block, was used
to cap the 3’-OH. Its removal could be triggered by a water-soluble
phosphine through the Staudinger reaction''®". This bio-orthogonal
strategy enabled accurate base-by-base incorporation of ANTPs using
differently labeled fluorescent dNTPs, bearing fluorophores on the
baseitselfas opposedto the sugar moiety (Fig. 2). This discovery wasa
first step toward developing NGS as we know it today. The invention of
reversible-terminator chemistry and afour-color fluorescence detec-
tionreadout enabled SBS without the need to performelectrophoresis
and was therefore much faster and more accurate.

Developing fluorescently labeled dNTPs for
detection

Along with coworkers at Solexa, Balasubramanian and Klenerman built
upon this chemistry and deduced that a working solid-surface-based
NGStechnologyrequired four ‘reversible-terminator’ dNTPs that were
designed such that each nucleobase displayed a distinct cleavable
fluorophore®. Thiswould reveal the DNA code as the polymerase elon-
gated the DNA strand complementary to the template. Previous work
had shown, for ‘non-reversible-terminator’ chemistry, that areporter
could be directly linked to a nucleobase without affecting Watson-
Crick-Franklin base pairing, as long as it jutted out of the outer edge
of the nucleobases, an area referred to as the Hoogsteen face? .

The rate of polymerase elongation was a potential limitation, asitis
affected by large fluorophores as well as misincorporation of unnatural
dNTPs. Furthermore, it was desirable for the dNTPs to have spectrally
distinct fluorescence emissions. The second major chemical challenge
was todevelop four different fluorophores that could be used on asolid
surface. The team at Solexa successfully designed four dNTPs, each dis-
playing adistinct fluorophore tethered by a cleavable linker that could
be removed after each round of ANTP incorporation. The fluorescent
guanine nucleobase, in particular, was difficult to develop, asguanine
hasapropensity to quenchfluorophores due tosingle-electron transfer
resulting fromits low redox potential. Therefore, the fluorescent GTP
monomer was designed to exhibit a different chemistry to neutralize
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Fig.3|Schematicillustration of the active site within DNA polymerase.
Note the close positioning of the 3’-OH (brown) of the elongating strand in line
with the a-phosphate (cyan) of the incoming dNTP.

single-electron transfer between the fluorophore and the nucleobase.
Importantly, all linkers were designed such that, after the fluorophore
was removed, the bases displayed residual appendages that were non-
bulky and chemically bio-orthogonal, thereby minimizing perturba-
tions of the resulting double-stranded DNA".

Engineering asuitable DNA polymerase for SBS
SBS operates through reversible-terminator chemistry, which ena-
bles incorporation of dNTPs base by base. Natural polymerases have
evolvedtoincorporate natural ANTPs without pausing aftereach ANTP
incorporation and with high speed. Getting the nucleotide chemistry
correctwasonly one partof the challenge for DNA sequencing. Another
key challenge was developing a polymerase that could accommodate
this new chemistry. At that time, neither the atomic-level structure
of nucleotide incorporation nor the structure of the active site was
yet known, which limited our understanding of how the polymerase
worked. From mechanistic insights, only a hazy map of the major
residues and dynamics within the active site of the polymerase was
available then.

The polymerase developed at Solexa had to tolerate the 3’-OH-
protecting group better than wild-type polymerases while also exhibit-
ing comparable kinetics of incorporation. Previous work had shown
that polymerases could tolerate modifications at the 3-OH, but nucleo-
tide incorporation rates were slow and high concentrations of the
modified nucleotides were required?. Solexa’s polymerase needed to
be as accurate with unnatural dNTPs as the natural DNA polymerase
was with natural ones. Thus, the chemistry was designed to have each
of the four dNTPs compete for the enzyme active site. The accuracy
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Fig.4|Schematic of the NGS workflow (part1). DNA libraries are prepared by fragmenting genomic DNA into fragments of 200-300 bp to which adaptors are
attached. Thelibraryis amplified by PCR, and unique strands are hybridized on a solid support. Bridge amplification results in distinct colonies of identical strands.

Adapted with permission from ref. 43, Wiley.
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Fig. 5| Schematic of the NGS workflow (part 2). Distinct colonies of identical strands are then subjected to SBS and imaged in a microfluidic flow cell using the

chemistry developed by Solexa. Adapted with permission fromref. 43, Wiley.

stemmed from having the right ANTP in addition to the wrong onesin
thesequencingreaction vessel to reduce misincorporation. Therearea
number of steps that guide accuracy when a polymerase incorporates
abase onto a growing strand®.

Oneofthese occurs at thelevel of ANTP binding. Repeated onand
off binding allows the dNTP to sample the base on the template strand.
Next, there is aconformational change that locks all the catalytic, reac-
tive, functional groups, which aligns the 3’-O, the a-phosphate atom of
the dNTP and the oxygen bridging to the f—y-phosphates. This allows
in-line nucleophilic attack of the 3’-OH that leads to an inversion at
the a-phosphate (Fig. 3). Whenit all locks in, a mismatch between the
incoming nucleotide and the template nucleobase introduces akinetic
barrier that forces the enzyme to go backward and bind a different
dNTP. To optimize both steps with modified dNTPs, different poly-
merases were engineered and screened. Using saturation mutagenesis
onthreekey amino acids on different polymerases, a suitable enzyme
using chemically modified dNTPs was selected. This mutated poly-
merase couldaccommodate and incorporate all four unnatural ANTPs.

The polymerase also needed to fall off the DNA strand easily after
incorporating the correct dNTP, unlike natural polymerases, which
have evolved to do the opposite to preserve processivity. In SBS, no
incorporation can take place after ANTP incorporation because the
3’-OH is protected. Because the rate-limiting step for a single ANTP
incorporation is the unbinding of the polymerase to the template,
the polymerase had to be re-engineered to retain accuracy and speed
of dNTP incorporation. However, its processivity had to be altered.

The off-rate needed to be increased without affecting anything else on
the polymerase, including the achievement of complete incorporation
ofthe dNTP on each elongating strand before fluorescence acquisition
and removal of the protecting group. Therefore, two or three positively
charged amino acids on the polymerase were mutated near the bind-
ing site but away from the catalytic site. This increased the dissocia-
tion constant (Kj), by virtue of a higher off-rate (k,¢), which made the
sequencing method viable?* ¢,

Developing a surface chemistry

Tobegin to sequence large genomes on practical timescales, millions
of smaller but distinct fragments needed to be sequenced in parallel,
and then the information from these individual fragments could be
pieced together correctly to reconstruct the sequence of the whole
genome. This could only be achieved on a solid support, where each
fragmentisinvestigated in spatialisolation, ruling out solution-based
approaches. Development of a surface chemistry that would permit
this was the next challenge faced.

EachDNA template strand had to beimmobilized onasolid surface
sothat one could pinpoint which nucleotide wasincorporated onwhich
strand using fluorescence microscopy. Because SBS involves repeated
cycles of ANTP incorporation to sequence each of the immobilized
shortreads, surfaces and DNA-attachment chemistry were developed
to withstand repeated exposure to the sequencing reaction condi-
tions and avoid the loss of DNA strands that were being sequenced.
The developed surface also had to be passive to prevent background
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Table 1| Technological challenges that were surmounted by new chemistries

Challenges

Chemistry/analysis

Detecting the incoming dNTP in the elongating DNA strand

« Design of four unnatural dNTPs, each bearing a spectrally distinct, yet cleavable,
fluorophore

- Integrating single-molecule fluorescence microscopy and a computational
data-acquisition interface

Controllable, base-by-base incorporation of dNTPs

« Inventing a reversible-terminator chemistry based on a 3'-OH-protecting group tolerated

by DNA polymerases and cleavable under bio-orthogonal conditions

Removal of the DNA polymerase from the DNA template after
every dNTP addition for fluorescence detection and resetting the
template to add the next dNTP

« Engineering a mutated DNA polymerase with a high off-rate for DNA binding

A way to correct for stochastic misincorporation of incorrect dNTPs
by DNA polymerase

« Bridge-amplification chemistry to build clusters of identical DNA molecules where the
major signal from correctly incorporated dNTPs eclipses that of a misincorporated dNTP

Increase the signal-to-noise ratio of dNTP fluorescence locally
after incorporation

- Bridge-amplification chemistry on each DNA strand to create clonal, spatially separated
clusters on a solid support

« Devising a surface chemistry with low background fluorescence onto which DNA could
robustly be anchored and remain stable over repeated cycles of dNTP addition

fluorescence that couldinterfere with the fluorescence of incorporated
dNTPs. Another key challenge was to prevent nonspecific binding of
fluorescent dNTPs to the surface, because these were needed at micro-
molar concentrations for the polymerase to work effectively and only
asingle copy of DNA template was replicated with base-by-base dNTP
incorporationin the original single-molecule version. This nonspecific
background needed to be drastically reduced by surface engineering to
detect genuine nucleotide-incorporation events. While this was partly
achieved, the background progressively increased over large cycle
numbers. Some of the chemistries that were explored early onincluded
silane glass coating, activated benzene triaceticacid loading and then
amino-DNA grafting. Polyacrylamide surface chemistry offered more
stability to anchored DNA strands and a higher signal-to-noise ratio?.
Illumina sequencing platforms have evolved tremendously over the
past2decades, and the surface chemistry usedin the latest apparatus
has, to our knowledge, not been reported.

Enabling parallelization for speed and accuracy
Detection of fluorophores with extreme sensitivity was another obvious
challenge. At this point, it was clear that sequencing unique copies of
DNA fragments would invariably yield alow signal-to-noise ratio. Solexa
therefore needed to deviate from their strategy as initially conceived
andincorporated atechnology developed at Manteia Predictive Medi-
cine by Mayer and coworkers®. This technology, termed molecular clus-
tering, was designed to locally amplify a single, surface-immobilized
DNA fragment into a colony of hundreds of identical copies that were
also surfaceimmobilized around the original DNA strand. Going from
single-molecule fluorescence to ‘few-molecule fluorescence’ had two
major advantages. Itimproved the signal-to-noise ratio substantially.
Italso compensated for stochastic misincorporation events because it
averaged out the signal from misincorporationin asingle strand over
many simultaneous correct incorporations on the remaining strands
withinagiven colony.

In molecular clustering, specific primers are attached on both
extremities of every genomic DNA fragment subjected to sequencing.
These modified DNA fragments are then hybridized to the surface,
which displays DNA sequences complementary to these primers.
Amplification with DNA polymerase results in local production of
multiple copies of forward and reverse strands, which is facilitated
by the amplified sequence forming a bridge with another adjacent
surface-immobilized primer (Fig. 4).

This bridge-amplification strategy, also known as DNA bridge
chemistry, required many iterations to be optimized and successfully
incorporatedinto the final workflow. For example, the complementary
DNA strands rehybridize quickly, which competes with their desired
hybridization to the surface-immobilized primers. This was solved by

implementing an isothermal amplification on the surface”. Further,
the uneven fluorescence background of dyes hindered accurate signal
quantification from a given DNA colony, requiring the use of alocally
probabilistic cellular automaton approach. Finally, the workflow was
designed toimage large areas of aslide with single-molecule sensitivity,
ensuring that each cluster remained aligned across every new cycle of
imaging. The optical system was fixed, whereas the stage with the flow
cell ontowhichthe DNA to be sequenced is loaded was mobile, so that
large areas could be imaged and the sequencing could be massively
parallelized (Fig. 5)""%. Multiplying fragments in this manner enabled
acquisition of signal a thousand times faster.

Conclusions

Forover acentury, chemists have attempted to build complex, naturally
occurring molecules by mimicking reactions and using substrates
found in nature®®”', with the idea that biomimetic strategies are elegant
and straightforward and have greater ‘atom economy’ than those that
rely on protecting groups®>**. Indeed, DNA polymerases synthesize
DNA without protecting groups. In the context of NGS, however, it is
the introduction of a protecting group and a chemistry not found in
nature that enables controlled, stepwise incorporation of ANTPs. NGS
is an example of how chemistry can provide new and powerful tools
for biology and medicine through the design of unnatural compounds
thatrival natural ones in terms of reactivity and selectivity.

Here we have described the key elements that wentinto chemically
developing a technology that turned a pipe dream into reality. This
included the rational design and challenging synthesis of fluorescently
labeled and protected unnatural dNTPs, a new DNA polymerase, a
new surface chemistry and amethod to locally amplify unique copies
of the DNA fragment to be sequenced to maximize sequencing accu-
racy (Table 1). NGS has been used across the spectrum of life sciences
because the ease of DNA sequencing provides the meansto interrogate
biology and to solve medical problems in unparalleled ways. It has
enabled theidentification of risk genes for diseases such as autism for
which the underlying genetics was unclear®. Itilluminated chromatin
biology, providing insights into the genomic locations of chromatin
marks®, enabling genome-wide mapping of protein-DNA interactions’
and establishing genomic sites of action of small molecules®*”. It has
been used as amolecular counter to quantify RNA transcriptsin tissues
with spatial resolution®®*’, NGS impacted clinical medicine by reveal-
ing disease-causing mutations®, providing critical information that
guided therapeutic strategies and enabling non-invasive circulating
cell-free DNA analysis as diagnostic markers*°. More recently, NGS
madeinvivo genome editing possible by providing sequence maps of
genomic loci that can be altered and to validate selective editing*. In
addition, ancestry can be established from analyses of big data, cold
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cases have been solved and innocents on death row have been exoner-
ated*’. Itwas used to decipher viral genomes, which was instrumental
in the rapid development of RNA vaccines*. Specifically applied to
severe acute respiratory syndrome coronavirus 2 to track variants of
concern, along with the RNA vaccines, NGS formed the bedrock of our
response to the pandemic. Finally, NGS is reshaping our understand-
ing of genome evolution, providing insights into future evolutionary
trends across species.

From the breadth of its impact on biology, medicine and public
health, NGSillustrates how central chemistry is to theinvention of new
technologies. The development of NGS is the result not only of think-
ing outside the box, risk taking and many failed experiments but of the
realization up front of what would make it asuccessful technology and
the capacity toidentify key problems to be solved along the way. Since
itsinception, NGS has keptimprovingin terms of increasing sequenc-
ing speed and lowering costs; however, no new chemistries have been
disclosed. Some of the major early improvements were made on DNA
library preparation. Other technologies have emerged since, providing
powerful alternatives in particular for the sequencing of longer DNA
fragments. Future efforts may be focused on data analysis in this new
era in which we scientists and clinicians can produce more data than
canbeanalyzed.
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