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Abstract

The discovery of organic ligands that bind specifically to proteins is a cen-
tral problem in chemistry, biology, and the biomedical sciences. The en-
coding of individual organic molecules with distinctive DNA tags, serving
as amplifiable identification bar codes, allows the construction and screen-
ing of combinatorial libraries of unprecedented size, thus facilitating the
discovery of ligands to many different protein targets. Fundamentally, one
links powers of genetics and chemical synthesis. After the initial description
of DNA-encoded chemical libraries in 1992, several experimental embodi-
ments of the technology have been reduced to practice. This review provides
a historical account of important milestones in the development of DNA-
encoded chemical libraries, a survey of relevant ongoing research activities,
and a glimpse into the future.
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LIGAND DISCOVERY: A CENTRAL PROBLEM IN CHEMISTRY,
BIOLOGY, AND THE BIOMEDICAL SCIENCES

The discovery of specific ligands that bind to protein targets of interest represents an activity
of fundamental importance both for basic research and for industrial applications. Many drug
discovery programs start with the search for a molecule that interacts with a validated protein
target (1–3). Similarly, the deciphering of complex biochemical processes in basic research often
relies on the availability of specific reagents, which bind (or even block) macromolecular structures
of interest, thus allowing their visualization, quantification, or functional investigation (4–6).

The advent of monoclonal antibodies by hybridoma technology has revolutionized many ar-
eas of scientific research. This innovation (for which César Milstein and Georges Köhler were
awarded the Nobel Prize in Physiology or Medicine in 1984) has made it possible to detect indi-
vidual macromolecular structures with an unprecedented level of precision using affinity reagents
of exquisite specificity (7). The formidable advances of the last few decades in the molecular
characterization of biochemical and cellular processes would have been unthinkable without the
use of monoclonal antibody reagents. It would be highly desirable if, in addition to monoclonal
antibodies, small organic ligands to protein targets of interest were readily available.

The value of small organic ligands capable of high-affinity binding to a cognate protein is
illustrated by the versatility of the biotin–(strept)avidin system (8). Derivatives of biotin are rec-
ognized by avidin or streptavidin with dissociation constants in the sub-picomolar range. These
tight-binding complexes have found numerous applications not only for the development of spe-
cific reagents in biochemistry and immunology but also in areas as diverse as chemical synthesis
(9), nuclear medicine (10), and material sciences (11), to name just a few.

For many years, the discovery of small organic ligands to protein targets has been performed
by screening very large sets of organic molecules (termed chemical libraries), one by one (1–3,
12). Large pharmaceutical companies typically construct and assay chemical libraries compris-
ing 1 million organic molecules or more, using high-throughput screening procedures. It has
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been estimated that the assembly of such libraries may cost between $0.4 and $2 billion (i.e., ap-
proximately $1,000 per compound, multiplied by 1 million compounds) (13). While the value of
high-throughput library screening has been demonstrated in various pharmaceutical applications,
it is not uncommon that binding molecules of sufficient affinity and specificity be discovered using
conventional screening campaigns (14).

In light of these considerations, significant efforts have been devoted and continue to be devoted
to the discovery and development of methods that facilitate the identification of specific binding
molecules to macromolecular targets and proteins in particular. DNA-encoded chemical library
technology enables the construction and screening of compound sets of unprecedented size and, as
a consequence, the discovery of small organic ligands. When the size of a library grows, the concen-
tration of individual library members decreases, to an extent that those molecules may no longer
be detectable even with the most sophisticated analytical methods. However, DNA tags allow the
amplification, identification, and relative quantification of molecules in very large libraries.

FROM ENCODED LIBRARIES OF POLYPEPTIDES TO DNA-ENCODED
CHEMICAL LIBRARIES

The advent of encoded combinatorial libraries of polypeptides not only has played an important
role for the engineering of proteins with novel properties, with applications in many research
fields, but also has been conceptually instrumental for the genesis of DNA-encoded chemical
libraries. For this reason, it is convenient to briefly discuss a few milestones in this research area.

In 1985, George P. Smith proposed the use of filamentous phage as tools for the display of
polypeptides on the surface of these bacterial viruses (15). In a popular implementation, peptides or
proteins would be genetically fused at the N-terminal end of the minor coat protein pIII of filamen-
tous phage. The resulting viral particle features a potential functional property (e.g., a binding phe-
notype, embodied by the polypeptide on the phage surface), while simultaneously bearing the cor-
responding genetic information (i.e., genotype) as part of the modified phage genome (Figure 1).
The central idea is that genotype and phenotype are linked in a single phage package. Combinato-
rial phage display libraries could be generated by inserting a degenerate DNA sequence upstream
of gene III (coding for the minor coat protein pIII, downstream of the leader peptide). This simple
cloning procedure enables the generation and interrogation of billions of different peptides.
Initially, combinatorial phage display libraries of peptides were used to identify the sequence of
linear epitopes, recognized by monoclonal antibodies (16). Soon afterward, however, the groups of
Sir Gregory Winter (17) and one of the authors (R.A.L; 18) realized that very large combinatorial
libraries of antibodies, rather than of short peptides, could be created and that phage display could
be used to amplify and isolate rare binding specificities within those libraries (19, 20). In this
process, man-made antibodies could be created by interrogating large combinatorial antibody
libraries against virtually any target antigen of interest, immobilized on a solid support. The pro-
cedure bears logical and functional similarities to the clonal expansion of antigen-specific B cells
in the immune system. Indeed, a B lymphocyte with an immunoglobulin on its surface constitutes
a cellular entity, which simultaneously features a binding phenotype and the corresponding
genotype, in full analogy to an antibody fragment displayed on the surface of a filamentous phage
(21). Thus, genotype and phenotype are linked in B cells, albeit at the cellular level.

The impact of antibody phage technology in basic research and in pharmaceutical sciences
has been substantial. For example, the fully human antibody HumiraTM [a tumor necrosis factor
(TNF) blocker and one of the best-selling pharmaceuticals of all time] was generated thanks to
antibody phage technology (22). Antibody phage libraries have also taught us important lessons.
It has been formally demonstrated that larger libraries are much more likely to yield numerous

www.annualreviews.org • DNA-Encoded Chemical Libraries 481



BI87CH20_Lerner ARI 17 May 2018 8:1

Molecule phenotype

DNA tag genotype

Antibody phenotype

Plasmid genotype

Target protein Target protein 

Figure 1
Schematic representation of antibody phage display libraries and of DNA-encoded chemical libraries. In
antibody phage display libraries, an antibody fragment (e.g., an scFv fragment) is displayed on the surface of
filamentous phage and could potentially bind to a cognate protein target. The genetic information coding
for the recombinant antibody is contained in the genome of the bacteriophage. In full analogy, small organic
molecules can be attached to DNA fragments, serving as amplifiable identification bar codes.

and high-affinity antibodies, compared with smaller aliquots of the same library. For example, a
library comprising 65 billion antibody clones allowed the isolation of numerous antibodies with a
dissociation constant in the low nanomolar range, while a portion of the same library, comprising
only 10 million antibodies, yielded only a few binders, with Kd values in the 0.8–12 μM range, con-
firming that not only molecular design but also library size matters (23). Encoded combinatorial
libraries of antibodies and of other polypeptides have provided an inspiration for DNA-encoded
chemical libraries: a general technology that could be broadly applied to the world of organic
molecules. Phage display, yeast display, and ribosome display are some of the most popular se-
lection systems that enable a physical connection between a phenotype and the corresponding
genetic information, exploiting the biosynthetic linkage between nucleic acids and proteins (24,
25). This biosynthetic dependence is not needed in DNA-encoded chemical libraries, which use
DNA tags only as amplifiable identification bar codes.

In 1992, one of the authors (R.A.L.) together with Sydney Brenner postulated that it should
be possible to encode chemistry with DNA (26). The authors envisaged the possibility of si-
multaneously synthesizing distinctive polypeptide and oligonucleotide sequences on beads, using
orthogonal chemistry and split-and-pool procedures. The synthesis of oligonucleotides on beads
would not be limited to the stepwise assembly of bases, since other assembly strategies (e.g., the
stepwise ligation of DNA fragments) could also be considered. The 1992 landmark article re-
vealed that oligonucleotides could serve as amplifiable bar codes for the corresponding peptide
displayed on the same bead. The bar code would only act as identifier for the corresponding
peptide structure and would not act as genotype in a biosynthetic sense. Indeed, the original
article anticipated that the bead could be replaced by a generic chemical linker and the connec-
tion between binding phenotype and the corresponding bar code would be preserved (Figure 1).
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Figure 2
Schematic representation of biopanning procedures with antibody phage display libraries and with DNA-encoded chemical libraries.
(a) A large library of phage antibodies is incubated with the target protein of interest immobilized on a solid support. Selective binders
are captured on the affinity support, while the majority of other phage antibodies (that do not bind to the target) can be washed away.
Selected phage particles can be amplified by infecting bacteria, leading to an amplification step and to the generation of more phage
particles, which can be submitted to a second round of panning. Alternatively, infected bacteria can be plated onto selective plates and
individual colonies correspond to distinct monoclonal antibody clones. (b) Similarly, large collections of organic molecules (individually
tagged with DNA bar codes) can be interrogated using an affinity capture procedure. Preferentially enriched molecules can be
identified by polymerase chain reaction (PCR) amplification of the DNA tags, followed by high-throughput DNA sequencing.

Shortly afterward, Needels and colleagues (27), as well as Janda and colleagues (28), exemplified the
Brenner and Lerner concept with the synthesis of peptide libraries, successfully using bead-based
libraries to retrieve known antibody epitopes. In 2004, three groups reported on the construction
of DNA-encoded combinatorial libraries of organic molecules and on the selection of specific
binders (29–31), using libraries devoid of beads and affinity-capture procedures, which are similar
to the ones previously used for the panning of phage display libraries (Figure 2). Several DNA-
encoded chemical libraries were subsequently synthesized and screened, as we see in the following
sections.

Many reviews have covered the field of DNA-encoded chemistry, some of which are listed here
(32–42). In this review, we wish not only to provide essential information about the origin of the
technology but also to discuss strategies that will continue to shape future research activities in
the field.

TYPES OF DNA-ENCODED CHEMICAL LIBRARIES

One can distinguish between single-pharmacophore and dual-pharmacophore DNA-encoded
chemical libraries (Figure 3). In the first case, individual molecules (no matter how complex)
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Figure 3
Schematic representation of (a) single-pharmacophore and (b) dual-pharmacophore DNA-encoded chemical
libraries. A linear schematic representation is also displayed next to the double-helix representation of the
DNA structure. This graphical representation is used in subsequent figures describing encoding procedures.

are attached to distinctive DNA fragments. In most instances, those molecules are coupled to one
of the two complementary DNA strands. However, researchers at Praecis [now GlaxoSmithKline
(GSK)] had introduced a technology featuring the use of a chemical linker (43), which would
provide a covalent connection between complementary strands and, at the same time, a site for
the stepwise growth of organic molecular structures (Figure 3).

By contrast, dual-pharmacophore chemical libraries can be produced by coupling pairs of
organic molecules at the extremity of complementary DNA strands (Figure 3). If two sublibraries
are constructed, featuring two sets of partially complementary oligonucleotides (each modified
with organic molecules), these two sublibraries may then be reassembled (i.e., hybridized) to
create a large combinatorial diversity. This technology is sometimes referred to as encoded self-
assembling chemical (ESAC) library technology (30). Details of their construction and specific
aspects of the technology are described in more detail in the following section.

ENCODING AND LIBRARY SYNTHESIS STRATEGIES

Over the last two decades, various techniques have been used for the tagging of organic molecules
with DNA and, consequently, for the construction of encoded combinatorial libraries. Let us
consider the construction of a library comprising 1 billion (109) different molecules. Obviously,
it would be highly impractical (and prohibitively expensive) to couple 1 billion organic molecules
to 1 billion different oligonucleotides (or DNA fragments) one at a time. Luckily, split-and-pool
synthesis procedures greatly facilitate the facile and economic assembly of single-pharmacophore
chemical libraries. Alternatively, ESAC library technology can also be used to create large molec-
ular repertoires, capitalizing on the combinatorial self-assembly of sublibraries.
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Single-Pharmacophore Chemical Libraries

The most commonly used method for the encoding and construction of single-pharmacophore
DNA-encoded chemical libraries relies on DNA-recorded (sometimes also referred to as DNA-
encoded) synthesis. From a conceptual viewpoint, the simplest way to construct a library relies on
the stepwise ligation of double-stranded DNA fragments, which record the identity of individual
chemical building blocks (Figure 4a). As an example, let us consider a set of 100 different organic
molecules, each of which is coupled to a distinctive double-stranded DNA fragment. The set of 100
organic molecules coupled to the cognate DNA fragments can be pooled, as the DNA sequences
allow an unambiguous identification of the corresponding building blocks. The resulting pool can
be split into individual reaction vessels (e.g., 100 vessels), each of which is allowed to react with
a new chemical moiety. The identity of each building block, which is being added to a nascent
molecular structure through a suitable chemical reaction, can then be encoded in a ligation step
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Figure 4
Schematic representation of encoding strategies for DNA-recorded chemical libraries. (a) In the simplest
implementation of this technology, each building block in the synthesis procedure is encoded (i.e.,
identified) by a distinctive double-stranded DNA fragment. After each chemical reaction, the identity of the
newly introduced building block is provided by an additional DNA fragment, which is ligated to the nascent
DNA structure. (b) In a variation of the procedure described in panel a, the complementary DNA strands are
connected by a linker, which also supports the growth of the nascent molecule. (c) In a different encoding
procedure, a first building block is attached at the 5′ end of an oligonucleotide, which contains a suitable
identification code. After a second building block has been added to the nascent molecule by chemical
reaction, its identity is encoded by the annealing of a partially complementary oligonucleotide, followed by a
Klenow polymerization procedure.
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with a double-stranded DNA fragment. That is, the use of 2 × 100 building blocks (i.e., 200 organic
molecules) and of 2 × 100 DNA fragments (i.e., 200 DNA fragments) allows the construction of
an encoded library, comprising 10,000 organic molecules. These molecules originate from the
encoded combination of 100 × 100 building blocks. If the process is reiterated, larger libraries
can be constructed (e.g., a 1-million-compound library from 3 sets of 100 building blocks each).
A variation on the theme features the use of linkers that connect the two complementary strands
and enable the stepwise growth of a molecular structure (Figure 4b) (43). It is worth noting
that the molecular mass of the DNA-encoded molecules increases at each round of synthesis
(with potentially deleterious effects for pharmaceutical applications). Furthermore, the increase
in number of reaction steps may lead to a worsening of library purity.

The procedure described above allows the construction of libraries with relatively short DNA
bar codes, which are easy to sequence using modern high-throughput procedures. However, the
encoding of n building blocks through ligation of DNA fragments requires 2n oligonucleotides,
owing to the heterodimeric nature of DNA. The group of one author (D.N.) has described an
encoding procedure that makes use of a set of only n oligonucleotides for the encoding of n building
blocks (Figure 4c). Let us consider a set of 100 building blocks, each of which is coupled at the
5′ end of a corresponding oligonucleotide (e.g., through the functionalization of an appended
linker terminating with a primary amine). The oligonucleotides are designed to have an identical
sequence, except for a short central portion, which is distinctive for each building block and acts
as bar code. The 100-oligonucleotide conjugates can be purified [e.g., by high-performance liquid
chromatography (HPLC)] and can be pooled, as each building block can be identified by the
bar code to which it is associated. At this stage, splitting of the mixture in individual reaction
vessels (e.g., 100 vessels) allows the execution of reactions with a second set of building blocks
(e.g., 100 building blocks). The identity of each reaction can be recorded by annealing with a
partially complementary oligonucleotide and followed by a Klenow polymerization step (44–49).
The procedure can be expanded to three or more sets of building blocks by means of splint
oligonucleotides and ligation procedures (50, 51).

An alternative way of encoding single-pharmacophore chemical libraries has been pioneered
by the group of David Liu and is often referred to as DNA-templated (or DNA-directed) syn-
thesis (Figure 5a). In this approach, long preformed oligonucleotides are used to mediate a step-
wise series of annealing steps with shorter complementary oligonucleotides, carrying chemical
moieties that can react with organic structures displayed on the longer oligonucleotide tem-
plates (29). These reaction steps may benefit from the high effective molarity advantage caused
by the heterodimerization of the complementary oligonucleotides. Indeed, the Liu group (52)
has demonstrated the usefulness of DNA-templated methods for the execution of bimolecu-
lar chemical reactions, which would otherwise be inefficient in water solution and in the pres-
ence of DNA. The transfer of building blocks onto a nascent molecular structure needs to
be followed by a suitable cleavage step, to allow for the next round of coupling to proceed.
The procedure appears to be particularly suited for the synthesis of complex macrocyclic struc-
tures (53). In principle, the requirement for high-fidelity annealing between the long oligonu-
cleotide template and the shorter complementary oligonucleotides could represent a limitation
for the DNA-directed synthesis methodology. However, Xiaoyu Li and coworkers (54) have
described an ingenious optimization of the encoding method featuring the use of an oligonu-
cleotide containing a nascent organic molecule and a polyinosine segment that serves as promis-
cuous hybridization stretch for short oligonucleotides, and carries transferrable chemical moieties
(Figure 5b).

Two further variations of the DNA-templated synthesis method have been described. The
Danish company Vipergen has developed an elegant methodology, termed YoctoReactorTM
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Figure 5
Schematic representation of encoding strategies for DNA-templated synthesis of chemical libraries. (a) An oligonucleotide template
(here depicted for the construction of a molecule based on two building blocks) is annealed with a chemically modified oligonucleotide,
which transfers a chemical moiety to the nascent molecule. At the end of the coupling step, a cleavable connection is made between the
building block B and the corresponding oligonucleotide (dotted line). (b) In a modified procedure, a general template (containing poly-I
stretches for annealing with various coding segments) is sequentially hybridized with oligonucleotide derivatives, which transfer
building blocks onto a nascent molecule. (c) In YoctoReactorTM technology, hairpin structures (containing a coding sequence and a
building block) are used to mediate successive cycles of DNA ligation and of chemical reactions. Cleavable linkers are indicated with a
dotted line. (d ) In DNA routing strategies, long oligonucleotides (containing multiple coding sequences) are sequentially hybridized to
columns carrying complementary oligonucleotides. Individual column hybridization steps dictate which chemical reaction (i.e., which
building block addition) is performed on a given nascent molecule.
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technology, that features the annealing and subsequent ligation of hairpin loops, which carry
suitable reactive moieties (55). The end result of a series of hybridization, building block transfer,
and cleavage events is a set of double-stranded DNA products containing the sequence infor-
mation needed to unambiguously identify the molecular entities, assembled through proximity-
enhanced chemical reactions (Figure 5c). A second technology [described as early as 2004 by
the Harbury group (31) and sometimes referred to as DNA routing] makes use of long pre-
formed oligonucleotides, which are sequentially annealed to complementary oligonucleotides on
solid supports. These hybridization steps allow the transfer of different building blocks in cor-
respondence to given oligonucleotide hybridization events, thus providing a direct linkage be-
tween the DNA sequence of the oligonucleotide templates and the resulting chemical structure
of the stepwise synthesized molecules (Figure 5d). The procedure depends on the fidelity of
the hybridization steps and may be complex to perform in practice if serial (rather than parallel)
affinity-based routing steps are performed to direct chemical synthesis. The authors have reported
the successful synthesis of a peptide library, from which a known ligand could be retrieved (31,
56–58).

Dual-Pharmacophore Chemical Libraries

From the beginning, dual-pharmacophore chemical libraries were designed to be compatible
with either microarray-based or DNA sequencing–based decoding procedures (30, 51, 59). In
the simplest implementation, two sets of oligonucleotides would be used for library construction,
featuring a conserved portion (essential for the self-assembly of the library) and a variable portion
(distinctive for each chemical compound) (30). The resulting ESAC libraries can be decoded
using microarrays coated with sets of complementary oligonucleotides, but this procedure does
not provide information about the enrichment factors of individual pairs of building blocks, since
the bar codes are present in different DNA strands (Figure 6a).

A more elaborate procedure allows the unambiguous identification of pairs of building blocks
in ESAC libraries (described in the section titled Decoding Strategies) and in a library that can be
decoded by high-throughput DNA sequencing (Figure 6b). In this setting, a single oligonucleotide
containing an abasic site is coupled to various chemical building blocks at the 3′ end, and these
reactions are subsequently encoded by ligation with suitable oligonucleotide bar codes (51). In
parallel, complementary oligonucleotides can be modified at the 5′ end, generating a second
sublibrary that can be used for self-assembly procedures. Conveniently, the base segment that
identifies molecular entities at the 5′ end of one sublibrary corresponds to the abasic site in the
sublibrary modified at the 3′ end. A Klenow polymerization step allows the incorporation of pairs
of coding segments into a single oligonucleotide, thus permitting the unambiguous identification
of all building block combinations within the library (Figure 6c).

Heterodimeric and multimeric self-assembling structures can also be generated using DNA
templates and peptide nucleic acids (PNAs) (Figure 6d). Winssinger and colleagues (37, 60)
have extensively used this technology to isolate binders to various molecular targets. Impor-
tantly, PNA-encoded chemical libraries can also be encoded by the stepwise chemical coupling
of PNA fragments (61). In most experimental conditions, PNAs are more stable than the cor-
responding DNA-based oligonucleotides and may therefore be compatible with reaction con-
ditions that are not possible in the presence of DNA (37). However, unlike DNA, PNA struc-
tures cannot be amplified by a suitable polymerase procedure [e.g., polymerase chain reaction
(PCR)]. The DNA moiety that directs the assembly of chemically functionalized PNAs allows a
PCR amplification step after selection on target proteins, thus facilitating subsequent decoding
procedures.
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Encoding strategies for dual-pharmacophore encoded chemical libraries. (a) General structure of encoded self-assembling chemical
(ESAC) library members, which are decoded by hybridization onto oligonucleotide microarrays. (b) In a more powerful procedure,
ESAC library members are encoded with a methodology that leads to the simultaneous presence of two codes (identifying building
blocks A and B) onto one of the two complementary strands. (c) This encoding strategy is compatible with high-throughput sequencing
decoding procedures. Members of the red sublibrary are constructed by the coupling of building blocks to a general oligonucleotide
carrying an abasic site, followed by encoding by ligation assisted by a splint degradable oligonucleotide. By contrast, members of the
blue sublibrary are created by coupling building blocks to the 5′ extremity of suitable oligonucleotides, carrying an identification code.
The two sublibraries can then be annealed followed by a Klenow polymerization step. (d ) In one of the possible implementations of the
technology, chemically modified peptide nucleic acids (PNAs) are hybridized to DNA templates, which carry suitable complementary
coding sequences.

SELECTION METHODOLOGIES AND THE IMPACT
OF SELECTION CONDITIONS

Figure 7 schematically summarizes methods that can be used for the screening of DNA-encoded
chemical libraries. In full analogy to phage display libraries (17–20, 23) or ribosome display libraries
(25), specific binders can be identified from DNA-encoded chemical libraries by performing an
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Figure 7
Selection methods for DNA-encoded chemical libraries. (a) Library members are captured on a target
protein that is immobilized on a solid support. (b) DNA derivatives, capable of binding to a target protein
with sufficient stability in given experimental conditions, are separated from nonbinding library members by
chromatography or by electrophoresis. (c) Library members encoded by single-stranded DNA molecules,
capable of binding to a target protein of interest equipped with a suitable oligonucleotide primer, can be
identified by a DNA polymerization step followed by polymerase chain reaction amplification. (d ) Capture
of preferentially binding library members by photocrosslinking.

affinity capture step on the target protein of interest, immobilized on a solid support (Figure 7a).
The use of magnetic beads (46, 47), streptavidin-coated tips (43), and cyanogen bromide (CNBr)-
activated sepharose (after a suitable modification step with the target protein; 49, 62) have been
described and reviewed (63). Certain experimental parameters (e.g., washing conditions, concen-
tration of detergents, protein coating procedures) have been shown to have a profound impact both
on the absolute recovery and on the selectivity of selection fingerprints (47, 63). The use of quanti-
tative PCR methodologies has recently been introduced as a tool for the experimental determina-
tion of selection performance, especially when using a mixture of DNA-tagged ligands of known
biochemical properties and compounds of irrelevant specificity used as negative controls (64, 65).
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Capillary electrophoresis techniques can also be considered for the separation of protein-bound
DNA derivatives and the rest of the library (66) (Figure 7b). Alternatively, a selective PCR am-
plification of the DNA tag associated with preferential binders can be used, if the protein target of
interest is equipped with a suitable oligonucleotide primer (Figure 7c) (67, 68). This methodology
has been implemented in the context of water-in-oil emulsions, allowing a preferential productive
PCR amplification step of those coding sequences associated with protein binders (42).

The use of photocrosslinking methods (Figure 7d) for the screening of DNA-encoded libraries
has also been proposed, with encouraging experimental results (69–70). These approaches can
be performed in solution and may avoid certain artifacts that could potentially arise from the
immobilization of target proteins on solid supports.

DECODING STRATEGIES

The composition of a DNA-encoded chemical library can be characterized by DNA sequenc-
ing before and after protein selections, thus providing an experimental determination of relative
enrichment factors for all compounds in the library (45, 46, 48, 53, 71). We assume that the
frequency at which a certain DNA sequence is found corresponds to the relative abundance of
the corresponding DNA fragment (and hence the associated compound) in the library. Since
each base can have four different possibilities (A, C, G, and T), a stretch of 10 bases can encode
410 = 220 = 1,048,576 different events (41). Considering the iterative nature of most library con-
struction steps, the coding sequences that identify the individual molecules are often found in
variable blocks flanked by constant sequences rather than in a single continuous stretch (differing
across library members). The use of constant sequence segments facilitates PCR amplification
procedures as well as the implementation of certain encoding methods (Figures 4–6).

The advent of high-throughput DNA sequencing technologies (e.g., 454 technology or Illu-
mina sequencing; 45, 46, 72) has revolutionized the field of DNA-encoded chemistry and per-
mitted the screening of very large compound collections. The relative abundance of compounds
in a library consisting of two sets of building blocks can be depicted as a cube, in which two
dimensions are used to determine the identity of pairs of building blocks and the third dimension
corresponds to the relative compound frequency (i.e., to the number of times individual sequence
tags are read in a high-throughput sequencing experiment) (Figure 8a). A library based on three
sets of building blocks needs four dimensions to display the identity of all compounds and their
relative frequencies. In most instances, spheres of different radius or color are used to graphically
represent this pseudo–four-dimensional space (Figure 8b). The use of suitable cut-off filters in
frequency counts allows the display of the most common molecules in a collection (e.g., the most
enriched compounds after a selection procedure). Lines and planes of enriched compounds in
libraries based on three sets of building blocks correspond to a set of molecules, for which two or
one building blocks (respectively) dominate the selection procedure. It is indeed possible, as we
see in the next section, that not all building blocks equally contribute to binding affinity.

LIBRARY DESIGN, CHEMICAL REACTIONS, AND HIT COMPOUNDS

Many different chemical strategies can be considered when constructing an encoded library using
multistep synthesis procedures. Some approaches have been inspired by previous combinatorial
chemistry approaches, making use of DNA-friendly transformations. Compilations of chemical
reactions that can be performed on DNA and are potentially compatible with library construction
have been described (52, 73). However, not all building blocks are equally reactive even for the
most straightforward transformations (e.g., amide bond formation) (74), and investigating the
reaction conditions for individual compounds prior to library synthesis is recommended.
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Illustrative fingerprints of selection results, performed with a library consisting of (a) two or (b) three sets of building blocks.

Members of single-pharmacophore chemical libraries, produced using the DNA-recorded
method, are routinely purified after the first step of synthesis. However, all subsequent trans-
formations are performed with pools of compounds and, as a consequence, are not purified and
are difficult to characterize using analytical methodologies. Catch and cap technologies have been
proposed as an avenue to achieve higher library purity, but the additional chemical steps may lead to
loss in DNA quantities (75). Dual-pharmacophore chemical libraries (such as ESAC libraries) are
generated by the combinatorial self-assembly of sublibraries of very high quality, whose members
are individually purified by HPLC and checked by mass spectrometry.

Recent surveys of selection hits have been published that describe publications with hit com-
pounds isolated from DNA-encoded chemical libraries (32, 40, 41). In this section, we highlight
some notable hit discovery procedures, detailing how the corresponding libraries had been con-
structed and which building blocks mostly contributed to the experimentally observed affinity
constants.

A few interesting hits, isolated from DNA-encoded chemical libraries based on two sets of
building blocks, have been described. For example, Leimbacher et al. (47) described the synthesis
of a combinatorial library featuring a set of amino acids that were subsequently reacted with a set
of carboxylic acids, from which specific interleukin-2 inhibitors could be isolated (Figure 9a). In
those compounds, a methyl indole derivative played a crucial role in the molecular recognition
of the cytokine target (47). In this library and in many other applications, it was convenient to
substitute the DNA moiety with a fluorophore to facilitate the determination of dissociation
constants in solution using fluorescence polarization methodologies (see also the next section).

A library based on a central scaffold featuring two primary amino groups, which were sequen-
tially modified with two sets of carboxylic acids, yielded high-affinity binders against various target
proteins including selective albumin binders (71, 76) and tankyrase-1 inhibitors (71) (Figure 9b).
The latter protein could also be drugged using compact structures generated through the acylation
of secondary amines (77) (Figure 9c).

ESAC libraries have allowed the isolation of high-affinity α1-acid glycoprotein binders
(Figure 9d). Interestingly, the combination of two building blocks yielded binders with a
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dissociation constant in the nanomolar range, and the individual building blocks did not exhibit
any detectable binding in fluorescence polarization assays or in isothermal titration calorimetry
(51). This observation suggests that a chelate-binding effect may be exploited for molecular recog-
nition applications when low-affinity ligands recognizing adjacent pockets on the target protein
of interest are joined together. The chemical nature of the linker connecting two building blocks
can also strongly contribute to the resulting binding affinity (61, 78).

Libraries based on three or more sets of scaffolds have yielded interesting binders against tar-
gets of pharmaceutical interest. For example, scientists at GSK in 2009 described novel libraries,
including one which contained >800 million substituted triazines, resulting from the combinato-
rial assembly of four sets of building blocks (Figure 9e). The authors isolated inhibitors for Aurora
A kinase and p38 mitogen-activated protein kinase (MAPK), some of which had potency in the
low-nanomolar concentration range (43). Triazine-based libraries have also yielded high-affinity
ligands toward other classes of protein targets, including a 2-nM inhibitor of neurokinin 3 (79)
and a 10-nM binder to ADAMTS4 (80), indicating the versatility of triazines for library design
(Figure 9e). The neurokinin 3 hit discovery activities were remarkable, since encoded library tech-
nology was used to find inhibitors of a cell surface target using selection conditions that mimic
the cellular environment (79).

The GSK group has reported the isolation of phosphoinositide 3-kinase-α (PI3Kα) inhibitors
(IC50 = 10 nM) using a library of 3.5 million compounds assembled by the sequential reaction of
191 amino acids with an aromatic multifunctional scaffold, which was subsequently reacted with
96 boronates and 196 amines (81) (Figure 9f ). Suzuki- and Sonogashira-coupling methodologies
are particularly attractive for the formation of carbon–carbon bonds in the presence of DNA (73,
82). Scientists at GSK also reported the successful isolation of potent inhibitors of the receptor-
interacting protein 1 (RIP1) kinase from a library of 2.6 billion compounds obtained by the
sequential reaction of three sets of compounds (632 amino acids and 6,594 amine capping reagents,
such as carboxylic acids) (Figure 9g). Interestingly, the most potent inhibitors (a set of substituted
benzodiazepines) relied on the chemical structure of only the second and third building blocks,
whereas the first set of building blocks could be removed without loss of inhibitory potency (83).
This observation suggests that the same inhibitors could have been isolated from libraries based
on two sets of building blocks—for example, having the design of Figure 9a.

Using YoctoReactor technology, scientists at Vipergen have described the synthesis of a linear
library containing >12 million compounds resulting from three series of acylation, reductive
amination, and urea formation steps. The library allowed the isolation of an MAPK14 inhibitor
with potency in the single-digit nanomolar range in cellular assays (84) (Figure 9h).

Scientists at X-Chem have been very active in the field of DNA-encoded chemical libraries and
have reported, among other results, the synthesis of a library containing >300 million compounds
resulting from the sequential reaction of 2,259 primary amines, 666 bromoaryl acids, and 667
boronic acids (Figure 9i). Fingerprints of selections performed against soluble epoxide hydrolase
enabled the synthesis and confirmation of a hit with 2-nM potency and drug-like properties
(molecular weight = 431 Da; cLogP = 3.1) (85).

DNA-encoded chemistry has also been used to generate libraries of peptide macrocycles,
from which interesting binders against difficult target proteins have been isolated. For example,
David Liu and collaborators (86) reported the isolation of a 50-nM inhibitor of insulin-degrading
enzyme (IDE), from a library of 13,824 macrocycles constructed using a DNA-templated synthesis
approach (Figure 9j). A similar approach has been used by scientists at Ensemble to isolate XIAP
(X-linked inhibitor of apoptosis protein) inhibitors with IC50 = 140 nM from a library of 160,000
cyclic peptides (87) (Figure 9j).
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DNA-ENCODED CHEMICAL LIBRARIES FOR THE DISCOVERY
OF COVALENT INHIBITORS

Most applications of DNA-encoded chemical libraries relate to the isolation of noncovalent in-
hibitors, but the technology is also ideally suited for the discovery of covalent binders. Winssinger
and colleagues (88) used a library of 10,000 compounds, based on chemically modified PNAs
and featuring suitable Michael acceptors, for the discovery of irreversible covalent binders of
MEK2 (mitogen-activated protein kinase 2) (Figure 9k). The same group reported the use of
PNA-encoded chemical libraries for the discovery of two small molecules that form a covalent
bond with cysteine residues conserved across the bromodomain family (epigenetic readers that
are important for the regulation of transcriptional programs; 89) (Figure 9k).

Zimmermann et al. (90) have recently described the use of ESAC libraries, containing building
blocks suitable for the chemical modification of protein targets, to discover a covalent inhibitor
of c-Jun N-terminal kinase 1 ( JNK1), a protein containing 8 cysteine residues (of which one is
in close proximity to the active site). Interestingly, the covalent protein modification was highly
selective compared with other kinases with cysteine residues in the active site (90) and proceeded
with 1:1 stoichiometry, even in the presence of >1,000-fold excess of glutathione, used to simulate
the thiol-rich intracellular-reducing milieu (Figure 9l).

Clark and colleagues (91) reported the construction of an encoded library containing 27 mil-
lion acrylamide derivatives, from which potent irreversible covalent inhibitors of Bruton tyrosine
kinase (BTK; a validated target for the treatment of certain forms of lymphoma with a cysteine
residue in the active site) could be isolated (91) (Figure 9m). Liu and coworkers (92) have recently
used interaction-dependent screening methodologies with libraries of DNA-encoded bioactive
compounds and mixtures of DNA-tagged human kinases to identify ligand–protein binding part-
ners out of 32,096 possible combinations in a single solution–phase panning experiment. The
results confirmed known small molecule–protein interactions and also revealed that ethacrynic
acid is a novel ligand and inhibitor of MAP2K6 kinase. Ethacrynic acid inhibits MAP2K6, in part,
through alkylation of a nonconserved cysteine residue (92).

ON-DNA AND OFF-DNA HIT VALIDATION STRATEGIES

DNA is an invaluable tag for the encoding and decoding of chemical libraries. However, for
most applications, it is desirable to use chemical compounds in the absence of DNA. In many
cases, the confirmation of hits from library selections proceeds through the resynthesis of the
most enriched compounds off-DNA followed by a characterization of their binding proper-
ties using biochemical or biophysical assays. However, the synthesis and purification of organic
molecules can be labor intensive, depending on the structure of the compounds and the number
of hits that need to be measured. Furthermore, when the target is not amenable to biochemical
characterization (e.g., using an enzyme inhibition assay), it can be difficult to measure binding
affinities in the absence of a suitable tag. Surface plasmon resonance methodologies (e.g., BIAcore)
may be complex to perform with proteins that lose activity upon immobilization on a solid support
or during microsensor chip regeneration procedures. Isothermal titration calorimetry may allow
the determination of dissociation constants in solution, but the procedure poses certain require-
ments on the availability, buffer composition, and solubility for both binding partners. For these
reasons, it is often convenient to resynthesize hit compounds with a fluorophore moiety, at the po-
sition originally occupied by the DNA tag, and to perform fluorescence polarization measurements
in solution (46). In an initial phase of the hit validation process, it is practical to resynthesize com-
pounds on-DNA (51, 93). Zimmermann and colleagues (93) have recently described a general and
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versatile methodology based on the hybridization of oligonucleotide conjugates with complemen-
tary strands, labeled with a suitable fluorophore and/or additional chemical moieties (Figure 10).
The technology benefits from the fact that on-DNA synthesis procedures are available from the
previously performed library construction steps. Furthermore, oligonucleotides facilitate the pu-
rification of the conjugates and their analytical characterization by mass spectrometry while also
contributing to the solubilization of lipophilic molecules.

THE CHEMISTRY OF LARGE NUMBERS

DNA-encoded chemical libraries are often referred to as “the chemistry of large numbers.” What
is meant by this is that most chemical procedures are about the reaction between molecules but
usually one at a time. However, if one has a strategy to deconvolute reactions in a mixture, DNA
encoding allows one to carry out vast numbers of reactions at once. Current encoded libraries
can be used to find ligands for many protein targets but not (yet) for all (94). This raises the
question of how large should these libraries be. A simple answer is that, when one builds diversity
systems, the incorporation of more diversity is never a bad idea, so long as one has a robust
strategy for the deconvolution of binding events. In our experience, when screening libraries with
conventional affinity capture methodologies, it is convenient to ensure that individual molecules
are present in a selection experiment with at least 105 copies each (64, 65, 95, 96). In practice, this
prerequisite may constrain the size of encoded libraries that can be efficiently selected. In most
cases, we aim at perturbing the biological world either by constructing a ligand that mimics the
physiological binding event or by generating a new binding event such as an allosteric effector.
Thus, it is useful to ask what nature uses as components of ligands, because it is these we are trying
to duplicate. Actually, nature uses relatively few chemical interactions (i.e., hydrogen bonds, pi
stacking, hydrophobic interactions, etc.) but can achieve enormous binding energy by using them
in concert in a relatively anhydrous, confined space, such as the active site of an enzyme.
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Some of the major reactions to generate DNA-encoded chemical libraries include amide bond
formation and reductive amination, which can be used with various molecular scaffolds bearing
reactive moieties similar to those used in nature. However, natural ligands are a product of evolu-
tion, through which the best chemical entities and their organization in space were selected over
vast periods of time. The central concept is that nature took advantage of what was available or
could be biologically constructed (such as by incorporating cofactors co-opted from the environ-
ment) but used selection over time to optimize the organization of the individual components of
a ligand. In the case of DNA-encoded chemical libraries, the large numbers are the equivalent of
evolutionary time, because one hopes that somewhere in the large number of molecules is one or
a few that are at least as good as the one that was the product of evolution. There are, however,
other significant directions being pursued in the generation of DNA-encoded chemical libraries.
Importantly, the use of enzymes in the synthesis of organic ligands is only beginning to be ex-
plored (97). Additionally, organic chemists are inventing new reactions that are compatible with
DNA and water solutions. This allows DNA-encoded chemical libraries to incorporate adducts
that were not available to natural selection. These new adducts may yield components or scaffolds
that are beyond the chemistry available to nature.

Thus, in the end the numbers question needs to be rephrased as a diversity question. As for
numbers, one simply asks how many unique members there are in the system, whereas diversity
concerns how different the members are from each other. To achieve both large numbers and
maximum diversity, it would seem that one should link simple amide-based chemistries to more
sophisticated chemical transformations. In the end, in an amalgamation of genetics and chemical
synthesis, new exciting diversity systems will probably result from the sequential use of simple
and complex organic transformations exploring a chemical space that may contain a solution to
biological problems that cannot be addressed by other means. These diversity systems, and the
DNA-encoded chemical libraries described in this review, are new to organic chemistry because
they endow organic molecules with information capable of replication, thereby linking phenotype
to genotype in single molecules.
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