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Just Enough KnowlEdgE…

1.1 IntroductIon

At the heart of DNA-Encoded Library (DEL) technology lies Deoxyribonucleic Acid 
(DNA), a molecule that encodes genetic information in all living organisms. It provides 
a set of instructions, a blueprint for the development and functioning of an organism. In 
scientific literature, DNA is too often treated as a schematic, two-ribbon spiral. This 
model does not convey sufficient information for chemists involved in the production of 
a DEL. The intent of this chapter is to provide “just enough knowledge” about DNA 
structure, composition, characteristics, and chemical as well as enzymatic operations so 
that practitioners may fully embrace DEL technology. Whereas a highly detailed and 
referenced discussion of these topics is beyond the scope of this chapter, highlighting a 
few key, basic concepts should assist newcomers to this field. Those wishing for in-depth 
discussion are advised to search the plethora of textbooks, handbooks, and online mate-
rials. For those readers for whom this chapter may seem simplistic and too basic, they 
are urged to proceed to Chapter 2.
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2 Just Enough KnowlEdgE…

1.2 dnA Structure

DNA was first isolated in 1869 by Friedrich Miescher [1], but its tertiary structure 
eluded scientists for almost a century. In 1953, James Watson and Francis Crick [2] 
proposed that DNA exists as a double helix. This discovery led to a period of rapid 
advances in biology, greatly increasing our knowledge of life processes at the molec-
ular level. The key to understanding how hereditary information is encoded and why 
DNA is uniquely suited for storage of genetic instructions lies in its composition and 
structure.

DNA is a linear polymer built from monomers called nucleotides. Synthetic 
DNA molecules, usually containing fewer than 200 nucleotides, are known as oligo-
nucleotides. Often, oligonucleotides are described in terms of “mers,” referring to 
the number of nucleotides within the oligonucleotide. For example, 12-mer will 
 contain 12 nucleotides in its structure. Nucleotides found in DNA are made of three 
components: a 2-deoxy-d-ribose unit, a nitrogenous base that is connected to the 
sugar molecule via a glycosidic bond, and a phosphate group (Fig.  1.1). Whereas 
a  nucleotide is phosphorylated at the 5′-hydroxyl group, a nucleoside has a free 
5′-hydroxyl.

All natural DNA nucleosides have β-configuration at the anomeric carbon. The 
four commonly occurring nitrogenous bases in DNA are adenine, guanine, cytosine, 
and thymine (Fig. 1.2). One-letter abbreviations A, G, C, and T are commonly used to 
denote these moieties. To avoid confusion with the numbering of atoms within a nucle-
otide or a nucleoside, the following convention has been adopted: carbon atoms of a 
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dnA structurE 3

2-deoxy-d-ribose molecule are numbered with prime, 1′, 2′, 3′, etc., while numbers 
without prime notation are used for atoms in bases. Phosphodiester bonds link 3′- and 
5′-hydroxyl groups of neighboring 2-deoxy-d-ribose molecules, forming a DNA back-
bone. Due to this architecture, a DNA molecule has so-called 5′- and 3′-ends and pos-
sesses a defined polarity or direction. The sequence of bases in DNA is conventionally 
written from left to right starting at the base at the 5′-end and continuing to 3′-end. For 
simplicity, the prefixes 5′- and 3′- are sometimes dropped. This concept is shown in 
Figure 1.3. The specific sequence of the bases in DNA, or the order in which they are 
connected, encodes genetic information.

DNA forms a double helix, meaning that two polynucleotide chains are twisted 
together around an axis, forming a double-helical structure. These two chains, also 
called strands, run antiparallel to each other: one strand running from 5′- to 3′-end and 
the other one from 3′- to 5′-end. The bases, due to their hydrophobicity, are stacked 
inside a helix and perpendicular to its axis, while the backbone that contains alternating 
2-deoxy-d-ribose and phosphate moieties is located on the outside of the helix. This 
spatial arrangement makes the bases hard to access and in this way protects them from 
undesired interactions that could potentially change the genetic instructions they 
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4 Just Enough KnowlEdgE…

encode. The formation of a double helix is driven by hydrogen bonding between the 
bases of opposite strands and van der Waals interactions arising from stacking of the 
bases. Hydrogen bonding between bases occurs in a specific manner. Adenine forms 
a base pair with thymine through two H-bonds, while guanine forms a base pair with 
cytosine through three H-bonds (Fig. 1.4). This means that the opposite strands in a 
DNA helix are complementary; the sequence of one strand can be used to determine 
the sequence of the other strand. A DNA molecule that has a double-helical structure 
is often called a DNA duplex.

Depending on several factors, such as the level of hydration, the salt concentration, 
and the sequence of bases, the double helix can adopt different conformations while 
retaining the general spiral-like structure with two antiparallel strands. There are three 
major conformations of DNA helices: A-, B-, and Z-forms, each form having distinct 
geometrical features [3]. Both A- and B-forms are right-handed helices, with the anti-
conformation around glycosidic bonds. These forms differ in the type of sugar pucker 
with the A-form adopting a C3′-endo and B-form adopting a C2′-endo conformation 
(Fig. 1.5). Consequently, the A-form helix is wider and shorter compared to the B-form. 
The B-form is the most common conformation found under physiological conditions, at 
low salt concentration and high water content, while the A-form is favored under dehy-
drated conditions. Z-DNA is strikingly different; it only occurs in DNA with alternating 
pyrimidine and purine sequences and exists as a left-handed helix. The subtle structural 
nuances of DNA conformations play an important role in DNA recognition by proteins 
and other molecules. In DEL chemistry, the most likely form of DNA a chemist will 
encounter is B-conformation.
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Figure 1.4. complementary base pairing in dnA.
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dnA dEnAturAtion 5

1.3 dnA denAturAtIon

Due to different physical factors such as temperature, salt concentration, the presence of 
organic solvents, the presence of chaotropic agents, and pH, the base interactions 
holding the DNA helix together can be destabilized, resulting in a separation of the 
duplex into single strands in a process called denaturation. Thermal denaturation, or 
melting, can be easily followed by measuring absorbance at 260 nm while slowly 
increasing the temperature of a DNA solution (Fig. 1.6). The absorbance of denatured 
DNA is higher than that of the corresponding duplex. This phenomenon is known as a 
hyperchromic shift. The temperature at which half of the DNA molecules exist as a 
duplex and half in a single-stranded form is referred to as the melting temperature (Tm). 
The Tm is a measure of duplex stability and depends on both the composition and 
sequence of the DNA. For example, the Tm of a 10-mer DNA duplex can range from 
20°C to 40°C. High GC content stabilizes the duplex, thus increasing the Tm. The 
sequence also plays a role because the base stacking interactions depend on the 
 neighboring base pairs and some combinations are more energetically favorable than 
others. Base mismatches, such as those caused by errors during the DNA replication 
process, destabilize the duplex and lead to local melting, providing a recognition mech-
anism for DNA repair enzymes. Under appropriate conditions, the single strands of 
denatured DNA will hybridize with their complementary strands to recreate the double 
helix in a process called hybridization.
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6 Just Enough KnowlEdgE…

1.4 dnA replIcAtIon

For genetic material to be passed on to the next generation, DNA must be copied during 
cell division. This process is known as DNA replication and involves the complex inter-
play of several enzymes. Some of these enzymes are utilized by DEL technology; we 
will look at them and the processes they catalyze in more detail. During replication, the 
parent DNA molecule is unwound into two single strands that serve as templates and 
guide the synthesis of two brand-new strands, resulting in the formation of two daughter 
molecules identical to the parent molecule. Each daughter molecule contains one 
original parent strand and one newly synthesized strand. This type of replication is 
known as semiconservative.

The replication is initiated by helicase that unzips the two strands of the double 
helix creating the replication fork. Proteins known as single-stranded DNA-binding 
proteins bind to freshly unwound single strands, preventing them from annealing and 
protecting them from digestion by nucleases. DNA polymerases polymerize nucleotide 
triphosphates complementary to the template strands. When the polymerase “sees” 
guanine on the parent strand, it will add cytosine nucleotide to the new strand in the 
complementary position, and in the case of adenine being on the parent strand, it will 
add a thymine nucleotide. Different template-dependent DNA polymerases exhibit 
a range of accuracies with the highest fidelity demonstrating error rates as low as 1 in 
10 million [4]. Template-dependent DNA polymerases can only generate DNA chains 
by adding complementary nucleotides to the free 3′-hydroxyl end of an annealed com-
plementary strand—the primer. Consequently, a new strand is synthesized in the 5′ to 
3′ direction. This poses a problem with replication of a duplex because two unwound 
template strands from the duplex are running antiparallel to each other but both of them 
can only be synthesized in the 5′ to 3′ direction. One strand, called a leading strand, can 
be synthesized continuously because its polarity is consistent with the direction of 
duplex unwinding and polymerase action. It only needs one primer, a short piece of 
RNA to form an initial duplex that will be continuously extended. On the other hand, 
the second strand, known as a lagging strand, is synthesized in multiple fragments, 
called Okazaki fragments, which are later conjoined by a ligase. The lagging strand 
requires many primers, one for each Okazaki fragment. This process is shown 
 schematically in Figure 1.7.

Two of the classes of enzymes involved in DNA replication, DNA polymerase 
[5, 6] and DNA ligase [7, 8], play important roles in DEL technology. A DNA poly-
merase is utilized in the amplification of selected sequences, and a ligase is often used 
to join encoding tags.

There are several types of DNA polymerases involved in the complex biological 
processes of DNA replication and repair. The structure of the catalytic unit is highly 
conserved between different polymerases, indicating that the process they carry out 
is extremely ancient. All known polymerases catalyze the same reaction— elongation 
of the DNA chain by addition of a nucleotide to the free 3′-hydroxyl end of the 
existing chain. Template-dependent DNA polymerases cannot synthesize a new 
chain de novo; they require both a template strand and a primer for their function. 
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dnA rEplicAtion 7

Some polymerases have a proofreading ability, meaning they are able to detect the 
incorrectly added nucleotide and replace it with a correct one. A mismatched base 
pair destabilizes the duplex, causing local melting, and consequently provides a 
mechanism for its detection. When such a mismatched base pair is found, the 
 polymerase reverses its slide along a template strand and excises the incorrect 
nucleotide—then, it adds the proper nucleotide as directed by the template strand 
and resumes its action of chain elongation. This function of a polymerase is also 
known as 3′ to 5′ exonuclease activity, and it explains the high fidelity that may be 
achieved by DNA replication.

For the purpose of in vitro DNA amplification, a variety of thermostable tem-
plate-dependent polymerases are utilized. The most well-known example is Taq 
polymerase [9], isolated from the bacterium Thermus aquaticus found in thermal 
springs. Taq polymerase has optimal activity between 75°C and 80°C [10]. Due to 
their heat resistance, Taq polymerase and other thermostable DNA polymerases are 
widely used in the Polymerase Chain Reaction, abbreviated PCR, a molecular 
biology technique employed in DNA amplification. PCR methodology allows DNA 
to be rapidly copied in vitro from a single or few DNA fragments many million 
times. PCR utilizes the enzymatic replication of DNA and therefore requires a poly-
merase to assemble the new strands, primers to initiate the replication, and free 
nucleotides to serve as building blocks. PCR is performed in a thermocycler, a pro-
grammable apparatus capable of incubating at defined temperatures between 4°C 
and 100°C and of rapidly transitioning between these temperatures at defined rates. 
At high temperature, the DNA is denatured. Subsequent cooling allows primers to 
anneal to the freshly separated DNA strands. Primers are used in excess compared to 
the sequence being amplified so that the DNA strands will anneal with primers rather 
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Figure 1.7. dnA replication—synthesis of a leading and a lagging strand.

0002087019.INDD   7 3/5/2014   10:27:09 AM



8 Just Enough KnowlEdgE…

than with themselves. The next step is the synthesis of new strands by the thermo-
stable polymerase. This sequence of events is repeated a defined number of times. 
Since newly copied DNA fragments formed in one cycle serve as templates in the 
next cycle, the amplification process is exponential. It is understandable now why the 
use of thermostable polymerases, such as Taq polymerase, is very advantageous in 
the PCR process. Thermostable enzymes are able to survive repeated exposure to 
elevated temperatures (typically 94°C) and consequently do not require new addition 
of polymerase with each cycle.

Ligases are a class of enzymes that covalently join, or ligate, two DNA strands 
together. For example, T4 DNA ligase catalyzes the formation of a phosphodiester 
bond between a 5′-phosphate and an adjacent 3′-hydroxyl group of a nicked strand 
in a duplex. Ligases are involved in both DNA replication and DNA repair processes. 
To be competent for a ligation, the oligonucleotides must be monophosphorylated at 
their respective 5′-ends and have free 3′-hydroxyl ends. Double-stranded oligonucle-
otides with either cohesive or blunt ends can be ligated; however, the latter usually 
requires much higher ligase concentration. Cohesive ends are overhangs on each 
oligonucleotide made of unpaired nucleotides that are complementary to each other; 
thus, they can anneal and hold the two DNA fragments to be ligated together 
(Fig. 1.8). The term blunt ends means that there are no overhangs and the duplex 
ends in a complementary base pair. The use of cohesive, or “sticky,” ends is preferred 
because it is more efficient and ensures that the ligation proceeds only in one orien-
tation determined by complementarity of the overhangs. There are two major ligase 
families, NAD+ and ATP dependent, indicating the cofactor needed for their action. 
NAD+-dependent ligases are found only in bacteria, while eukaryotes and bacterio-
phages require ATP.

T4 DNA ligase, isolated from T4 bacteriophage, has been extensively used in 
many molecular biology applications such as cloning and DEL technology. This ligase 
operates best in the pH range from 7.5 to 8. Cohesive-end ligations are typically per-
formed at room temperature or below to stabilize the transiently annealed oligonucle-
otide junctions, although the optimum temperature for the ligase itself is higher. T4 
DNA ligase utilizes ATP as a cofactor. The first step in the ligation process involves 
adenylation of the amino group of a lysine residue at the active site of the ligase with 
concomitant release of pyrophosphate. Next, AMP is transferred from the ligase to 
DNA, specifically to the 5′-phosphate group of one of the strands to be ligated. The 
resulting pyrophosphate is attacked by the 3′-OH group of the other strand, creating a 
phosphodiester bond and linking two strands covalently together. These steps are 
shown in Figure 1.9.
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10 Just Enough KnowlEdgE…

1.5 chemIcAl SyntheSIS of dnA

DNA oligonucleotides can be routinely synthesized chemically using solid-phase meth-
odology [11]. Usually, the encoding tags used in DEL technology are prepared in this 
way. DNA synthesis proceeds by sequential addition of nucleoside building blocks to a 
growing oligonucleotide covalently attached to solid support. This process is fully 
automated in commercially available apparatuses called DNA synthesizers that have 
now been available for more than 30 years.

The coupling of nucleoside building blocks is based on phosphoramidite chemistry. 
Briefly, nucleoside phosphoramidites, which are used as nucleotide equivalents, have 
the following features: the 5′-hydroxyl moiety is protected with a dimethoxytrityl 
(DMT) group and the 3′-OH is derivatized as a 2-cyanoethyl N, N-diisopropyl phos-
phoramidite (Fig. 1.10). In addition, the protection of the exocyclic amino functional-
ities of guanine, adenine, and cytosine is required to avoid side reactions and to improve 
the solubility of the nucleoside building blocks. For this purpose, an acylation reaction 
is commonly employed; the N-6 amino group of adenine and the N-4 amino group of 
cytosine are usually blocked with benzoyl groups, while the N-2 position of guanine is 
protected with an isobutyryl group. The choice of protecting groups is dictated by the 
chemistry employed in the synthetic process. Different functionalities must be tempo-
rarily blocked and the blocking groups later easily removed at various stages of the 
oligonucleotide synthesis. This orthogonal protection must be compatible with all reagents 
and conditions used in the process.

The entire synthesis is implemented as a series of repeated cycles; in each cycle, one 
nucleoside is added to the oligonucleotide growing on a solid support. The cycle consists 
of four distinct steps: (i) detritylation, (ii) coupling, (iii) capping, and (iv) oxidation 
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chEMicAl synthEsis oF dnA 11

(Fig. 1.11). The very first nucleoside is already attached to the solid support via its 3′-OH 
group, and after detritylation, its 5′-hydroxyl group will be able to react with the next 
nucleoside. This design implies that the oligonucleotide is synthesized from the 3′- to the 
5′-end, which is opposite to the direction of DNA assembly by a polymerase. The syn-
thesis cycle starts with the removal of the acid-labile DMT group to expose a 5′-hydroxyl 
group for coupling with the next building block. The DMT cation has a bright orange 
color in solution. The measurement of its absorbance serves as an indicator of coupling 
efficiency because the DMT group must be removed from the last nucleoside incorpo-
rated into the oligonucleotide prior to coupling with the next nucleoside. The incoming 
phosphoramidite nucleoside is activated by tetrazole, enabling the formation of an 
unstable phosphite bond between two nucleosides. Even though the coupling efficiency 
is usually very high (over 98%), a small amount of uncoupled material may persist. This 
uncoupled material could potentially react further in subsequent steps forming a sequence 
that lacks one base and is difficult to separate from the full-length product. To avoid this 
undesired process, the capping step is implemented immediately after coupling. During 
capping, all remaining free 5′-hydroxyl groups are acetylated, thus preventing them from 
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12 Just Enough KnowlEdgE…

any further reaction. This results in failure, or truncated, sequences that are sufficiently 
different from the full-length sequence to be easily removed after the synthesis. The 
phosphite triester that links two newly coupled nucleosides is unstable and following the 
capping step is oxidized to a more stable phosphate triester. A commonly used oxidizing 
system is a mixture of iodine and pyridine in water and THF. After all nucleosides have 
been added, the product needs to be cleaved from the solid support and further processed 
to remove both the protecting groups from the bases and 2-cyanoethyl groups from the 
phosphate triesters to yield a functional oligonucleotide. This is achieved by heating a 
solid-support-bound product in concentrated ammonium hydroxide at 55°C for 1 h. The 
crude product is then desalted and, if needed, purified further using reversed phase or ion 
exchange HPLC.

1.6 olIgonucleotIde chArActerIzAtIon

Making a DEL involves steps that require assessing the identity and/or purity of oligo-
nucleotides. Quality control must be performed after ligation and addition of a chemical 
building block. Two analytical tools routinely used for these purposes are electrophoresis 
and Mass Spectrometry (MS).

Electrophoresis [12, 13] allows for the separation of DNA fragments based on 
their size. DNA molecules have a net negative charge due to the negatively charged 
phosphate groups of the backbone. This charge enables them to migrate through an 
inert gel matrix when an electric field is applied across the gel. The rate of migration 
of charged molecules in electrophoresis is known as electrophoretic mobility. Molecules 
differing in size move through the pores of the gel with different rates. Smaller DNA 
fragments migrate faster than larger ones forming a distinct band pattern on the gel. 
These bands correspond to different lengths of DNA fragments. The gel can be 
“ calibrated” by running a mixture of molecular weight size markers (DNA fragments 
of known lengths) along with a sample of unknown DNA to estimate its size. Two 
matrix materials commonly employed in gel electrophoresis are polyacrylamide and 
agarose. Polyacrylamide is a synthetic polymer prepared from acrylamide monomer 
and the cross-linking agent N,N′-methylenebisacrylamide. The relative amounts of 
these two reagents determine the porosity of the gel and can be optimized to obtain the 
best conditions for a specific separation. When high concentrations of a chaotropic 
agent such as urea are present in a polyacrylamide gel, hydrogen bonds are destabilized 
and single-stranded oligonucleotides may be characterized at high resolution; oligonu-
cleotides differing in size by only one base pair can be resolved. Such gels are referred 
to as denaturing. This high resolving power is offset by a low range of polyacrylamide 
separations, up to a couple of 1000 bp long. Gels made from agarose, a natural polysac-
charide isolated from seaweed, have a large pore size and thus are well suited for the 
separation of much larger DNA fragments than polyacrylamide gels, but their resolu-
tion is limited. Agarose gels cannot be made denaturing and are generally only used 
with double-stranded DNA. Agarose gels can be prepared and poured in the lab prior 
to use. Alternatively, precast gels, both denaturing and native polyacrylamide and aga-
rose, can be purchased from commercial vendors.
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dnA sEquEncing 13

DNA on a gel is not visible to the human eye, and thus, it needs to be stained or 
otherwise rendered visible in order to be detected. Ethidium bromide is widely used for 
the visualization of double-stranded DNA. It works by intercalating into the DNA 
duplex and fluorescing under UV light, revealing the localization of the DNA bands on 
a gel. Similar fluorescent dyes are also available for single-stranded nucleic acids. In 
general, dyes can be incorporated into either gel matrix prior to the separation or alter-
natively a gel can be stained with a dye after the separation. The latter method is 
employed in case of polyacrylamide gels since dyes can interfere with the polymeriza-
tion reaction.

In the DEL process with double-stranded DNA, agarose gel electrophoresis is used 
to monitor the efficiency of ligation of the tags. Tag ligation increases the molecular 
weight of the DNA fragment, and therefore, observed retardation of the ligated product 
on the gel indicates that the ligation was successful.

The second indispensable analytical tool for a DEL chemist is an MS system suited 
for oligonucleotide analysis. In most cases, the mass spectrum of an oligonucleotide 
provides sufficient information about its identity. Two MS methods have been widely 
used in oligonucleotide analysis: Electrospray Ionization (ESI) [14–16] and Matrix-
Assisted Laser Desorption/Ionization–Time Of Flight (MALDI-TOF) [17–19]. MALDI-
TOF is slightly more sensitive than ESI for shorter oligos (<50 bp). It produces singly 
charged species, simplifying the interpretation of the spectrum. Ionization efficiency 
drops significantly for oligonucleotides longer than 50 bases in MALDI, limiting its use 
to the shorter sequences. On the other hand, the ESI technique delivers good accuracy 
and sensitivity over a wide range of oligonucleotide length/mass. In the process of ESI, 
multiply charged species of a parent molecule are formed, necessitating the use of spe-
cial algorithms to deconvolute the spectra. Deconvolution allows for the reconstruction 
of the molecular weight of a parent molecule from the m/z values of its charged ions. It 
is especially useful for analyzing mixtures of oligonucleotides. Automated deconvolu-
tion software packages for processing ESI data are commercially available. The ESI 
system can be easily coupled with Liquid Chromatography (LC) to provide both sample 
separation and sample identification.

An LC/MS system optimized for oligonucleotide analysis is an absolutely necessary 
tool for a DEL chemist. It allows for monitoring chemical reactions on DNA during 
library development and synthesis. A more detailed discussion of DNA analytical 
methods is found in Chapter 8.

1.7 dnA SequencIng

DNA sequencing makes it possible to determine the exact order of nucleotides within a 
fragment of DNA. The development of DNA sequencing methodologies was spurred by 
the need to decipher the functions of single genes and, ultimately, of the entire genome. 
Eventually, DNA sequencing enabled new applications in diagnostics and forensics as 
well as various novel biotechnologies such as DEL.

One of the first DNA sequencing methods was developed by Maxam and Gilbert 
in 1977 [20]. It relies on a series of four carefully selected and performed chemical 
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processes that cleave DNA at specific bases. One of the 5′-ends of the DNA is labeled, 
usually with radioactive phosphorus (32P). Reaction conditions are optimized in such a 
way that on average one cleavage occurs per one DNA molecule. It ensures that all 
possible fragments that include a 5′-labeled end will be represented. Each reaction is 
run in a separate vessel and generates DNA fragments of varying length. These four 
sets of fragments are then separated side by side by polyacrylamide gel electrophoresis 
with a resolution of a single nucleotide, and the sequence is deduced from the pattern 
on the gel. Maxam–Gilbert methodology is labor-intensive and complex. It was soon 
replaced by a conceptually very different method established by Sanger [21]. Sanger 
sequencing, also called the chain-termination method, utilizes an in vitro DNA replica-
tion process with a small but profound modification. Along with natural 2′-deoxyribo-
nucleotides, their 2′,3′-dideoxy analogs are used. These dideoxy analogs are devoid of 
a 3′-hydroxyl group, and thus, they can be added to the growing DNA chain via their 
5′-ends but cannot form a phosphodiester bond with an incoming nucleotide. 
Consequently, when a dideoxy analog is incorporated, chain elongation stops gener-
ating a terminated DNA fragment. This process is carried out separately for each of the 
chain-terminating nucleotides. The new chain starts growing from the labeled primer, 
and therefore, all terminated fragments will be also labeled, enabling their detection. 
The DNA sequence can be then easily read from a gel electropherogram of the 
 terminated DNA fragments.

Sanger methodology quickly became the method of choice for DNA sequencing. It 
was simple and amenable to automation. The use of dye terminators, dideoxy analogs 
labeled with different fluorescent dyes, further simplified the process. With this improve-
ment, the sequencing process could be carried out in one vessel instead of four, since the 
last nucleotide of the terminated fragment is easily identified by its unique wavelength 
after excitation. Gel electrophoresis was replaced with capillary gel electrophoresis. 
Eventually, the DNA sequencing process became fully automated with first-generation 
sequencers based on the Sanger chain-termination method.

More recently, these sequencing processes have been adapted such that in vitro 
DNA cloning and amplification can be performed relatively simply on a massive scale. 
Such technologies are known as “next-generation” or “deep” sequencing [22–24]. This 
allows for parallel sequencing of DNA libraries at high speed and low cost. There are 
several sequencing platforms commercially available. Despite employing diverse processes 
and techniques, most next-generation methodologies share a common strategy. DNA 
fragments are amplified into clusters with each cluster arising from a single DNA 
 molecule. These clusters, made of identical DNA fragments, are sequenced by syn-
thesis. Sequencing by synthesis relies on detecting either labeled nucleotides being 
incorporated into a new DNA strand or by-products of the synthesis such as pyrophos-
phate. After each nucleotide incorporation cycle, a synthesis is temporarily halted, and 
a snapshot image that captures all clusters simultaneously is acquired, revealing the 
sequence as it is being assembled in each cluster.

DEL technology has been greatly facilitated by the adoption of deep sequencing 
technologies because it permits the detection of relatively weak signals such as are nec-
essarily found in selection experiments with large libraries. The two platforms com-
monly used in DEL technology are the Illumina/Solexa and 454/Roche systems.
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Illumina is a popular next-generation DNA sequencing platform in the field [25]. 
It  relies on PCR bridge amplification [26, 27] and reversible dye terminator [28, 29] 
methodologies. Before actual sequencing, all DNA fragments must be equipped with 
adaptors, short oligonucleotides that are added by ligation or PCR to both ends of a 
DNA fragment. These adaptors allow for the hybridization of the DNA fragments with 
primers that are covalently attached to a flow cell surface. There are only two different 
types of primers present in multiple copies on the flow cell. One type of primer has a 
cleavable site engineered in its sequence. A denatured DNA library is loaded on a flow 
cell, allowing single strands of DNA fragments to hybridize with the primers. This step 
ensures the spatial separation of different DNA fragments on the surface. Next, the com-
plementary strands are synthesized enzymatically starting from the primers. This pro-
cess leaves newly assembled strands immobilized on the surface since they originated 
from the tethered primers. The complementary strands, arising from the original DNA 
fragments, are not tethered and thus are washed off after denaturation. Then, the strands 
are amplified in a process called bridge amplification. It occurs when an immobilized 
DNA strand hybridizes with a proximal primer on the slide surface forming a bridge. 
DNA polymerase then extends the chain from the primer, resulting in two DNA strands 
covalently attached to the flow cell after denaturation. This cycle of chain extension and 
denaturation is repeated many times, leading to a formation of a DNA cluster. Each 
cluster contains up to 1000 copies of a single original DNA fragment in close proximity 
immobilized on a surface. Several millions of spatially separated clusters can be formed 
on a single flow cell. In order to enable sequencing, a DNA cluster must contain only 
one type of single-stranded DNA; however, after amplification, both the original strand 
and the reverse strand are tethered to the surface in multiple copies. The reverse strand 
is attached via a primer with a cleavable site and therefore can be easily removed. Next, 
all 3′-ends of immobilized strands are blocked with dideoxynucleotide analogs to pre-
vent potential extension of DNA strands on each other. The actual sequencing starts 
with annealing of the sequencing primer and extension of the chain using four reversible 
dye terminator nucleotides. These reversible terminators are labeled with different 
fluorescent dyes and transiently blocked at their 3′-hydroxyl groups. The reversible ter-
minators are incorporated one at a time. After each incorporation, the image of the entire 
flow cell is captured, enabling the identification of the last added nucleotide in all clus-
ters simultaneously. This cycle of chain extension and imaging resumes after the removal 
of a fluorescent label and unblocking of 3′-hydroxyl functionality of the last added 
nucleotide and continues until the sequence of the defined region is obtained in each 
DNA cluster. Transient blocking of the 3′-hydroxyl group of reversible terminators 
ensures that the synthesis is temporarily halted after single nucleotide incorporation, 
allowing for image acquisition.

The 454 sequencing platform [30] is based on a similar strategy: separation of DNA 
fragments and their amplification, followed by parallel sequencing by synthesis. The 
DNA fragments are amplified by emulsion PCR [31] and then sequenced by pyrose-
quencing method [32]. At low template concentration, emulsion PCR is a clonal 
amplification method carried out in a water-in-oil emulsion. Prior to amplification, 
DNA fragments are ligated with two different adaptors. These adaptor-flanked DNA 
fragments are combined with two primers complementary to the adaptors, microbeads 
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covered with one of the primers and PCR reagents and then emulsified in oil. In this 
process, DNA fragments and beads get trapped inside tiny aqueous droplets suspended 
in oil. The low concentration of DNA fragments ensures that on average only one DNA 
molecule is encapsulated per droplet, creating separate microreactors for the amplification 
of each DNA fragment. The DNA molecule inside a droplet is amplified by PCR, coat-
ing the beads with multiple copies of itself. Once the emulsion is broken, the comple-
mentary strands that are not attached to the beads are denatured and washed off and the 
sequencing primer is annealed. The beads with amplified DNA fragments are then 
deposited on a plate with picoliter-sized wells for pyrosequencing. Each well can 
accommodate only a single bead. Much smaller beads with two immobilized enzymes, 
namely, ATP sulfurylase and luciferase, are added to all wells, surrounding the bigger 
beads with clonally amplified DNA. In pyrosequencing, only one of the four nucleotides 
is added at a time. If the added nucleotide is complementary to the one on the template, 
it gets incorporated into the growing chain with a concomitant release of a pyrophos-
phate. The pyrophosphate triggers a series of enzymatic reactions involving ATP 
 sulfurylase and luciferase that result in the emission of a bioluminescence signal. The 
presence or absence of this signal makes it possible to elucidate the sequence. When 
using pyrosequencing for sequencing of homopolymer segments, some attention is due. 
The synthesis is only halted after one nucleotide incorporation if the next nucleotide to 
be incorporated is of different identity. However, in case of stretches containing the 
same consecutive nucleotides, for example, AAAAA, the synthesis continues for the 
entire length of homopolymer segment before it stops. For short nucleotide repeats, up 
to six nucleotides, there is a direct proportionality between the number of nucleotides 
incorporated and the intensity of the bioluminescence signal. However, longer nucleo-
tide repeats may result in insertion and deletion errors as in such cases the number of 
nucleotides cannot be easily deduced from the intensity of light.

DNA sequencing technologies are still rapidly expanding and improving, resulting 
in increased speed and capacity with reduction of cost. They greatly accelerate progress 
in biomedical research, forensics, agriculture, and diagnostics and enable novel technol-
ogies such as DEL. One expects the impact of high-throughput sequencing to continue 
to have an impact on the practice and applications of DNA-encoded chemistry methods.
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