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CONSPECTUS: DNA-encoded chemical libraries (DECLs)
represent a promising tool in drug discovery. DECL
technology allows the synthesis and screening of chemical
libraries of unprecedented size at moderate costs. In analogy to
phage-display technology, where large antibody libraries are
displayed on the surface of filamentous phage and are
genetically encoded in the phage genome, DECLs feature
the display of individual small organic chemical moieties on
DNA fragments serving as amplifiable identification barcodes.
The DNA-tag facilitates the synthesis and allows the
simultaneous screening of very large sets of compounds (up
to billions of molecules), because the hit compounds can easily
be identified and quantified by PCR-amplification of the DNA-barcode followed by high-throughput DNA sequencing. Several
approaches have been used to generate DECLs, differing both in the methods used for library encoding and for the combinatorial
assembly of chemical moieties. For example, DECLs can be used for fragment-based drug discovery, displaying a single molecule
on DNA or two chemical moieties at the extremities of complementary DNA strands.

DECLs can vary substantially in the chemical structures and the library size. While ultralarge libraries containing billions of
compounds have been reported containing four or more sets of building blocks, also smaller libraries have been shown to be
efficient for ligand discovery. In general, it has been found that the overall library size is a poor predictor for library performance
and that the number and diversity of the building blocks are rather important indicators. Smaller libraries consisting of two to
three sets of building blocks better fulfill the criteria of drug-likeness and often have higher quality. In this Account, we present
advances in the DECL field from proof-of-principle studies to practical applications for drug discovery, both in industry and in
academia.

DECL technology can yield specific binders to a variety of target proteins and is likely to become a standard tool for
pharmaceutical hit discovery, lead expansion, and Chemical Biology research. The introduction of new methodologies for library
encoding and for compound synthesis in the presence of DNA is an exciting research field and will crucially contribute to the

performance and the propagation of the technology.

NA-encoded chemical libraries (DECLs) are collections

of organic compounds, individually coupled to oligonu-
cleotides or DNA fragments, serving as amplifiable identi-
fication barcodes. The embodiment of a “phenotype” (i.e., an
organic small-molecule binder to a target protein of interest)
and a “genotype” (ie, a DNA sequence that permits the
identification of the corresponding phenotypic molecule) is
reminiscent of display technologies (e.g., phage display,"” yeast
display,3 mRNA dis.play,4 ribosome display,5 SELEX®’), which
have been used to generate large combinatorial libraries of
biomacromolecules (e.g., peptides, proteins, antibodies, nucleic
acids) and to isolate binders against a variety of target proteins®
[Figure 1].

In the display technologies mentioned, the nucleic acids code
for the biosynthesis of the corresponding polypeptides. These
technologies have been expanded to allow for the incorporation
of non-natural amino acids,”~'' for the formation of cyclic
structures,'”'® and for modification with chemical moieties.'*
For example, the reaction of a small molecule scaffold
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containing two or three reactive groups with cysteine residues
in the polypeptide chain has been applied to generate libraries
of peptide bicycles.'® By contrast, it is not the transcription/
translation machinery that links the DNA sequence of DECLs
to the synthesis of the organic molecule; instead the DNA
merely acts as an unambiguous and amplifiable identification
tag or contains information for hybridization steps during
library synthesis. It is thus possible to construct libraries
containing molecules with a substantially lower molecular
weight compared with peptide libraries.

DECL technology was originally proposed by Lerner and
Brenner to allow the construction of peptide libraries on beads
that contain oligonucleotide barcodes by means of mutually
compatible synthetic routes.'® However, it was later shown that
the technology could be implemented without the need for
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Figure 1. Comparison of different library types. DNA-encoded compound libraries are hybrid-type libraries bringing together beneficial aspects from
conventional small-molecule chemical libraries and display technologies such as phage display. In particular, DNA-encoded chemical libraries
combine the unparalleled level of high-throughput of phage display with the chemical space of conventional small-molecule chemical libraries.
Several types of encoded chemical libraries have been described including DNA-encoded beads (one-bead—one-compound libraries), DNA-encoded
small-molecule libraries (which are the focus of this Account) and libraries encoding peptides with chemical modifications and unnatural amino
acids.

Dual-pharmacophore Libraries Single-pharmacophore Libraries

Encoded Self-Assembling

Chemical (ESAC) Library DNA-programmed Synthesis DNA-recorded Synthesis

Figure 2. Basic strategies for the preparation of DNA-encoded small-molecule libraries. Encoded self-assembling chemical (ESAC) libraries are
formed by the hybridization of two oligonucleotides displaying two pharmacophores at the adjoining termini. In single-pharmacophore libraries, the
encoded compound is linked to only one oligonucleotide. Two main preparative approaches are available for the synthesis of single-pharmacophore
libraries. In DNA-programmed synthesis, an initial oligonucleotide template contains the information for the synthesis of the final small-molecule
product. The template sequence can be converted, for example, by sequential DNA-templated reactions or by hybridization-based sorting.
Alternatively, DNA-recorded synthesis provides libraries by consecutive cycles of chemical reaction and encoding steps.

beads, thus allowing the construction of larger libraries and Several approaches have been proposed for the synthesis and
more efficient screening procedures [Figure 11771 screening of DECLs [Figure 2]. One fundamental aspect is the
The most direct comparators for DECLs are probably distinction between “single-pharmacophore” and “dual-pharma-
conventional libraries of small organic molecules. These cophore” chemical libraries, depending on whether a single
libraries can be obtained and screened as sets of individual molecule is coupled to a DNA fragment, or whether two
molecules or as combinatorial mixtures of compounds prepared molecules are attached at the adjoining extremities of two
by split-and-pool methodologies [Figure 1]. Conventional complementary DNA strands [Figure 2]. This latter technology
small-molecule libraries provide great freedom for selecting the has also been named “encoded self-assembling chemical
chemical structures of choice, and screening such libraries has libraries” (ESAC library technology).18
provided numerous drug leads. Furthermore, the screening of For the synthesis of single-pharmacophore chemical libraries,
individual molecules (i.e., those obtained from various sources two distinct general approaches are routinely applied. In DNA-
or by parallel synthesis strategies) has the potential advantage programmed synthesis [Figure 2], molecules are assembled on an
of being compatible with phenotypic assays.20 However, the oligonucleotide strand, which may contain the DNA codes for
synthesis and screening of individual molecules is an expensive the identification of building blocks. With the help of
and complex endeavor, requiring large amounts of target complementary reactant oligonucleotide derivatives, the
protein, a suitable bioassay, and expensive logistics. Even at oligonucleotide can drive the synthesis by DNA-templated
large pharmaceutical companies screening campaigns are chemical reactions.”* Heteroduplex formation increases the
typically limited to a few hundred thousand compounds. By local concentration of reagents, which may facilitate chemical
contrast, the use of combinatorial libraries not encoded by reactions, followed by linker cleavage, purification, and
DNA (e.g, one-bead—one-compound libraries) has met with restoration of the original single-stranded oligonucleotide
limited success, because it is extremely difficult to identify template carrying the growing chemical structure of interest.'”
bioactive molecules present at low concentration in a large Additionally, the encoding oligonucleotides can be used to
mixture of compounds. Positional scanning may be another cause sequence-defined localization in specific reaction vessels
possibility for identifying optimal binders but is mostly limited for chemical modification.”” The use of DNA-templated
to peptides and requires a known lead structure.”! reactions has the advantage that the high effective molarity of
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the reagents enables the use of reactions that normally would
be incompatible with or low-yielding under standard
bioconjugation conditions. A disadvantage of DNA-pro-
grammed synthesis is that it requires the preparation of reactive
oligonucleotide conjugates, which can be laborious. Further-
more, because the DNA code is synthesized prior to compound
assembly, the generation and purification of a large set of
coding oligonucleotides is necessary. Two designs have been
described to overcome this limitation. Researchers at Vipergen
have made use of three-way junctions for concomitant
compound synthesis and encoding obviating the need for an
a priori template.”® In a recent report, Li and co-workers have
described a method where a universal template is used with
inosine stretches, which are promiscuous with respect to base-
pairing, and where the sequence tags for the building blocks are
added during synthesis.** Alternatively, small organic molecules
can be coupled to oligonucleotides using a split-and-pool
synthesis approach, sometimes referred to as DNA-recorded
synthesis [Figure 2].°7>® Here, individual molecules are
coupled to oligonucleotides carrying distinct short sequences
serving as identification barcodes for the corresponding
chemical moieties. After successful coupling and purification,
encoded compounds are mixed and subsequently divided into
aliquots, for a successive round of chemical synthesis with a
second set of building blocks followed by elongation of the
oligonucleotide codes with corresponding sequences [Figure
2] The chemical coupling step is temporally separated
from the DNA-encoding step, which can be performed using
partially complementary oligonucleotide strands®® or by
ligation of double-stranded DNA fragments.”’

B LIBRARY SIZE AND NUMBER OF BUILDING
BLOCKS

The probability of identifying hit compounds depends both on
the number of molecules in the library and on their structures.
When evaluating libraries, in addition to the total number of
compounds also the number of modular building blocks used
for synthesis is relevant. Reported DECLs vary substantially
with respect to these two descriptors [Figure 3]. When libraries
are built by the assembly of several sets of building blocks,
library size grows exponentially with the number of reaction
steps. This strategy has enabled the synthesis of compound
collections of unprecedented size, including, for example, a
library of 10° peptoid 8-mers® or >10° organic compounds
consisting of four building blocks.*® The multistep construction
of very large combinatorial libraries may be appealing, yet it
also has several limitations. Consecutive reactions tend to
increase the average molecular weight of the compounds. As
reported by Lipinski,*' compounds with a molecular mass of
>500 Da have an elevated risk of failing in clinical trials, and
controlling the molecular mass is an important design
consideration for DECLs. Library purity is also a concern
when several reaction cycles are applied. DECLs with >4
building blocks have been prepared without purification steps
and control over reaction yields, possibly affecting the quality of
these libraries.””*** To the other extreme, the coupling of
single molecules to individual oligonucleotides becomes
prohibitively expensive for very large compound collections
but may nevertheless be a practical avenue for libraries
containing 10>°~10° members.>>**

Often, the hit discovery potential of DECLs is best achieved
with libraries based on two to three sets of building blocks.
Even relatively small libraries (10°~10° compounds) may allow
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Figure 3. Summary of library sizes of representative DNA-encoded
small molecule libraries. Libraries are grouped according to the
number of building blocks (BB) per compound (1BB, red circles; 2BB,
purple diamonds; 3BB, blue triangles; 4BB, green squares; 8BB, brown
triangles). Dotted lines are curves of the total number of compounds
as a function of the number of building blocks for hypothetical libraries
consisting of equally sized sets of building blocks. Numbering of
libraries: 1 = Scheuermann et al;*? 2 = Dumelin et al;** 3 = Mannocci
et al;** 4 = Buller et al;** S = Leimbacher et al;*® 6 = Franzini et al,,
unpublished; 7 = Samain et al. unpublished; 8 = Scheuermann et al,,
unpublished; 9 = Buller et al;* 10 = Clark et al;*” 11 = Disch et al;*
12 :?'_Ig‘se etal;>”3® 13 = Clark et al,;*” 14 = Deng et al;*° 15 = Wrenn
et al.

the isolation of useful binding specificities [Table 1]. For
example, a DECL with only 30000 compounds enabled the
discovery of a drug fragment for interleukin-2*® and a lead
expansion library with only 4000 compounds containing a
benzamidine lead structure provided nanomolar inhibitors of
serine proteases.’”* These results suggest that the total
compound number in a library is not the only predictor of
screening success.

Combinatorial libraries of DNA-encoded polypeptides can be
very large (i.e., billions of compounds) but are typically made of
the 20 proteinogenic amino acids and possibly a few unnatural
amino acids.'>”? High binding affinities can be achieved, but
molecules tend to have a high molecular mass. As a
consequence, oral administration and targeting of intracellular
components remain challenging. DECLs constructed by DNA-
templated synthesis methods so far rely on the use of a limited
set of reactive oligonucleotide derivatives, which is typically on
the order of 20—200. As a consequence, the technology is
particularl;r suited for the construction of small macrocyclic
peptides,'” but other structures could also be considered. Split-
and-pool approaches, where sets of building blocks (often
commercially available) can be added to a nascent chemical
structure on solid phase or in solution, probably provide the
largest versatility in library construction. Intermediates of
library synthesis can be purified by HPLC only after the first
reaction step, and subsequent modifications crucially rely on
reactions with high yield and broad substrate specificity.

B SUCCESS STORIES

The first DECLs were spiked with known protein ligands,
which were later isolated in selection experiments (Table 1,
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Table 1. DNA-Encoded Chemical Libraries in Practice

Timeline Institution Lll?.lj ary y Hit Targc:t Selection Results
Size Compound Protein
Halpin & Harbury, 2004" Stanford University 10° a"“'e;lj:ghah" Proof-of-Principle
17 : : Carbonic .
Gartner et al. 2004 Harvard University 65 anhydrase (CA) Proof-of-Principle
Melkko et al. 2004'* ETH Zurich 138 1 CA I 12 nM (based on lead
structure)
Melkko et al. 2007 ETH Zurich 550 2 Trypsin 98 nM (based on lead
structure)
Wrenn et al. 2007% Stanford University 10% CrkSH3 16 pM (peptoid library)
Mannocci et al. 2008 ETH Zurich 4000 Streptavidin 0.35 pM (de novo)”
Mannocci et al. 2008* ETH Zurich 4000 IgGs chromatography resin
Dumelin et al. 2008* Philochem 550 3 HSA 3.2 uM (de novo)*
Scheuermann et al. 2008° ETH Zurich 550 MMP-3 9.9 uM (de novo)*
Clark et al. 2009% GlaxoSmithKline ca. 7x10° p38 MAP kinase =2 nM (based on lead
structure)
Clark et al. 2009° GlaxoSmithKline ca. 7x10° Aurora A kinase 0.27 uM (de novo)*
Clark et al. 2009° GlaxoSmithKline ca. 8x10° p38 MAP kinase 0.25 uM (de novo)*
Hansen et al. 2009% Vipergen 100 Aml_iln‘l;?halm Proof-of-Principle
Buller et al. 2009* ETH Zurich 4000 6 TNF 20 uM (de novo)”
Buller et al. 2009* ETH Zurich 4000 Bel-xL 10 pM (de novo)”
Kleiner et al. 2010 Harvard University 13824 Src kinase 680 nM (de novo)*
Melkko et al. 2010* Philochem 4000 Bel-xL 0.93 uM (de novo)®
Mannocci et al. 2010** Philochem 8000 9 Trypsin 3 nM (based on lead
structure)
Buller et al. 2011 ETH Zurich/Philochem 10° CAIX <0.5 pM(based on lead
structure)
Deng et al. 2012 GlaxoSmithKline 4x10° 10 ADAMTS-5 30 nM (de novo)*
Leimbacher et al. 2012 ETH Zurich/Philochem 30000 11 IL-2 2.5 uM (de novo)®
Disch et al. 2013% GlaxoSmithKline 1.2x10° 12 SIRT1/2/3 4/1/7 nM (de novo)*
Podolin et al. 2013"' GlaxoSmithKline undisclosed 13 sEH 27 pM (after MedChem)*
Thalji et al. 2013* GlaxoSmithKline undisclosed 14 sEH 0.5 nM (after MedChem)®
* IC50 measurement
" Kd measurement by fluorescence polarization
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“proof-of-principle”), thereby proving both the completeness of
library assembly and the principle of selection decoding.'’"
Encouraged by such proof-of-principle results, large libraries
were constructed, in order to use the technology for de novo
selections.””***° However, even small libraries can yield novel
active compounds. For example, interleukin-2 ligands (11),>*
portable albumin binders (3),*® inhibitors of Bcl-xL (8),*" and
inhibitors of kinases (7)*® have been identified.
GlaxoSmithKline has described several large DECLs based
on split-and-pool synthesis and identified ligands of pharma-
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ceutical interest. In 2009, they described the construction of a
triazine-based 7 million-membered 3-building block library and
of a 4-building block library containing 800 million
compounds.27 Potent aurora A kinase inhibitors (4) (ICg, =
270 nM) and p38MAP kinase inhibitors (5, ICs, = 250 nM hit
compound from library screening; ICs, = 7 nM after
optimization) were reported.”” More recently, using libraries
of a similar design, containing a central triazine core, the
authors reported the isolation of a 30 nM ADAMTS-S inhibitor
(10).>°® Moreover, efficient triazine-based inhibitors have been
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described for soluble epoxide hydrolase (sEH) (13, 14),*"*
but the design of the corresponding libraries used for selections
has not been disclosed. The same company reported a high-
affinity pan-inhibitor of the sirtuin-type histone deacetylase
family inhibiting SIRT1 (12, ICs, = 4 nM), SIRT2 (IC;, = 1
nM), and SIRT3 (IC,, = 7 nM).*

Our group used a two-building block library derived from
Diels—Alder chemistry”® for the de novo discovery of a TNF-a
binder (6, K; = 10 uM), and a Bcl-xL binder (K = 10 uM).* A
set of sulfonamide-containing carbonic anhydrase IX inhibitors
(ICso = 240 nM), which were able to recognize the cognate
antigen in hypoxic tumor sections, were isolated out of a one
million-membered three-building block library.>> Other two-
building block libraries yielded specific low micromolar binders
to Bcl-xL (8, K; = 930 nM)* and interleukin-2 (11, K, = 2.5
MM)‘ZS

Philochem and collaborators described a small two-building
block “lead-expansion” library, containing the known non-
specific serine protease binder benzamidine, from which a high-
affinity trypsin binder (9, ICs, = 3 nM) with high specificity
could be isolated.>*

Liu and co-workers were the first to report novel binders
from a library synthesized by DNA-templated reactions. A
library of 13 824 macrocycles was screened against a set of 36
proteins and yielded two specific high-affinity inhibitors of Src
kinase (7, ICy, of 680 and 960 nM), as well as low micromolar
inhibitors of Pim1, Akt3, MAPKAPK2, and p38-MAPKAP2.*®
From the initial Src kinase hit, a nanomolar inhibitor (ICs, = 99
nM) could be derived by systematically varying amino acid
residues.**

In addition to libraries displaying conventional small
molecules, DNA- or PNA-encoded peptide or peptoid libraries
have been built and used for affinity-based screening.*”
Selections with a 100 million peptoid library were performed
against the SH3 domain of Crk, yielding a 16 #M binder, which
was superior to the natural Crk-SH3 ligands.”

B COMPARISON OF CONVENTIONAL LIBRARIES
AND DECLS

Conventional chemical libraries consist of individual com-
pounds, which need to be synthesized, quality-controlled, and
screened one by one. The costs for the synthesis, management,
and screening of large chemical libraries (e.g, 1 million
compounds) are enormous. The quality of compounds from
commercial sources can also be substandard.*’

In principle, pools of organic compounds could be screened
simultaneously, for example, by affinity capture on a target
protein of interest.*® However, the procedure is prone to
artifacts and typically relies on mass-spectrometric identification
of compounds. In general, the screening of combinatorial
libraries or of pools of compounds becomes more and more
difficult with increasing library size, as the concentration of
individual compounds progressively decreases. Similar consid-
erations apply also for the “one bead—one compound”
approach. Library encoding with a nucleic acid arguably
represents the only general avenue for obtaining binding data
in a very large compound collection, because the DNA
“barcode” provides quantitative information about the ability
of individual molecules to interact with the target protein(s) of
interest. Indeed, PCR amplification can theoretically detect a
single DNA-encoded molecule that survives the selection
procedure.
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Since DECLs are typically constructed by split-and-pool
methods, library purity cannot be directly assessed using
analytical methods, but only estimated based on representative
reaction yields or assessed indirectly by the performance of
selection experiments. However, when comparing conventional
chemical libraries and DECLs, many features play to the
advantage of encoded libraries, as discussed in the following
paragraphs.

Costs and Logistics

The cost of reagents for the construction and screening of
DECLs can be orders of magnitude lower, compared with
conventional libraries. For example, the synthesis of a one-
million compound DNA-encoded chemical library consisting of
100 X 100 X 100 building blocks requires merely the purchase
of 300 oligonucleotides and of 300 chemical compounds. Once
synthesized on nanomole scale, the library is sufficient for
thousands of affinity-based selections and can be stored as a
compound pool in a normal freezer. Selections need only
minute amounts of target protein (i.e, microgram quantities),
do not require expensive robotics, and can be performed in
many different screening conditions. Also the decoding steps
are inexpensive, in view of the enormous progress made in the
field of high-throughput DNA sequencing.>>*"*°

Time

The construction of a DNA-encoded chemical library can be
much faster compared with the parallel synthesis of individual
molecules. While conventional split-and-pool libraries can be
rapidly synthesized, they are not compatible with efficient
decoding procedures. The synthesis of a typical DECL can be
performed in a few months. Once available, multiple targets can
be screened in parallel in various experimental conditions,
whereas a single conventional high-throughput screening
campaign (one molecule at a time) may require days or weeks.

Purity and Ease of Synthesis

A DECL can be of variable purity, depending on design,
execution and reaction schemes. Libraries constructed using
multiple reaction cycles tend to have lower purity. As a notable
exception, encoded self-assembling chemical (ESAC) libraries
enjoy the benefit of being composed of individually purified
sublibraries. Not all reactions are compatible with the presence
of a DNA moiety, but a large variety of synthetic schemes have
been shown to be feasible, including Diels—Alder cyclo-
additions,* nucleophilic aromatic substitution,*” and the Wittig
reaction,'” to mention only a few. Most DECLs reported to
date contain at least one peptide bond formation step during
assembly. The DNA tag may also facilitate synthetic
procedures, by ease of separation of products from starting
reagents and by facile mass-spectrometric confirmation of
reaction product identity. A particular case with respect to
library purity is the synthesis of macrocycles using DNA-
templated chemistry. A clever design of the reaction strategy
enables the purification of the reaction product after each
synthesis step.’”

The Impact of the DNA Moiety of DECLs on Library
Screening

The presence of DNA on individual compounds typically does
not interfere with affinity selection procedures, since double-
stranded DNA has a fairly rigid “rod-like” structure, which is
conserved for all library members. Furthermore, DNA is
typically spaced away from the compounds by a flexible linker
of sufficient length, in order to minimize electrostatic effects. In
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a)

improved
selection
conditions

Figure 4. Screening results of DECL selections obtained by high-throughput DNA sequencing. (a) Histogram plots of two selections against a target
protein (carbonic anhydrase IX) performed under different selection conditions, depicting library building blocks on the x—y plane and relative
frequencies after selection on the z-axis.?® (b—d) Examples of fingerprints of selections against three undisclosed target proteins. Enrichment of
compounds is given as colored dots, ranging from blue to red.

theory, potential problems could arise when screening for
binders to DNA-binding proteins. Indeed, a large excess of
herring or salmon sperm DNA is typically used in selection
procedures for saturating potential DNA-binding sites.””"

An important feature of DECLs relates to the fact that the
linker between compound and DNA points away from the
target protein of interest and provides a direct avenue for
subsequent chemical modification steps (e.g, increase of
compound solubility or attachment of a payload).

Solubility and Artifacts

DNA also confers high water solubility to otherwise insoluble
molecules, thus facilitating selection procedures. Furthermore,
individual library members can be used at low (e.g.,
femtomolar) concentrations, thus minimizing screening
artifacts associated with precipitation or aggregation phenom-
ena. Other artifacts may arise from several origins and may be
common both to conventional libraries and DECLs, for
example, artifacts resulting from target unfolding, lack of
purity, or library impurities. However, DNA-encoded libraries
can be screened in multiple conditions, thus increasing the
chance to identify artifacts.

Ease of Screening

In analogy to protein-display technologies, DECLs are typically
screened by affinity-capture selections [Figure 4]. A target
protein of interest, usually immobilized on a solid support, is
incubated with the DECL, and binding compounds are
physically separated from nonbinders. Unlike conventional
libraries, which need the ad hoc development of dedicated
screening methods, DECL selections do not require a bioassay,
but only the possibility of implementing an affinity capture
procedure. Several conditions can be robotically implemented
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in library selection schemes, varying experimental parameters
such as buffer composition or stringency of washing. While, in
principle, compounds may be found to bind to any accessible
site of the target protein, most identified hits tend to
accommodate in clefts of the target protein, including the
active sites of enzymes. Depending on the conditions used for
selection the affinity of the obtained binders can vary broadly
from single-digit nanomolar to high micromolar.

Structure—Activity Relationships (SAR)

A major bottleneck in small-molecule drug development is the
evolution of early hit structures to lead compounds, which
often involves the determination of structure—activity relation-
ships (SAR) by the synthesis and evaluation of sets of hit-
derived compounds. Simple structure—activity patterns may be
directly accessible from the relative sequence enrichment of
encoded compounds in DECL selection experiments, which
would provide valuable information for subsequent medicinal
chemistry optimization. In order to provide reliable SAR data,
DECLs need to have an adequate level of purity and structural
diversity that allow for a meaningful comparison, and further
studies will be necessary to reveal the full potential of DECLs
for this application.

Addressed Chemical Space

The chemical space of compounds that can be theoretically
synthesized®” vastly exceeds the number of compounds that can
be screened, even using DNA-encoding procedures. The main
strengths of DECL technology relate to the large number of
compounds that can be synthesized and easily screened.
However, the modular nature of typical DECL members may
cause undesired liabilities for pharmaceutical development, such
as suboptimal ligand efficiency or a difficult geometric fit in
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tight protein pockets. These liabilities may be due to the
intrinsic nature of chemical reactions used in DECL synthesis.
On the other hand, the larger structures of DECL compounds
consisting of multiple building blocks may be both an
advantage when selecting against large epitopes and a
disadvantage when selecting against enzymes and for down-
stream medicinal chemistry optimization. A long-term
challenge and opportunity for DECL research consists in the
development of novel synthetic schemes that are compatible
with the creation of large compound libraries whose functional
groups are arranged on a small and geometrically defined

(rigid) scaffold.
Hit-to-Lead Development

A major challenge in drug discovery is the progression of hit
compounds to lead structures for pharmaceutical development.
Different screening technologies tend to provide different
starting points for hit-to-lead development,” and hits from
DECLs tend to be large with relatively low ligand efficiencies.
Moreover, DNA conjugation may mask potential solubility
problems. It is therefore important to take parameters such as
drug-likeness and solubility into account already at the design
stage.

DECL technology can however also be implemented as a
tool for hit-to-lead optimization. Lead-expansion libraries may
consist of a variable part combined with a known drug fragment
for the examined target. For example, a lead-expansion library
containing a benzamidine lead provided nanomolar inhibitors
of serine proteases.>* Furthermore, the obtained structure—
affinity information can be helpful for hit-to-lead development.

B CHALLENGES AND OPPORTUNITIES

DECL technology has advanced during recent years from
proof-of-principle experiments to a potent method for
pharmaceutical hit discovery. The possibility of preparing
libraries with sizes previously unconceivable for small-molecule
collections, together with efficient screening protocols, makes
DECL a very promising technology for pharmaceutical
research. However, further advances are required in order to
establish DECLs as routine tools for drug discovery. A major
challenge remains associated with the need to expand library
size while preserving the drug-likeness of compounds and
library purity. For this aim, it will be necessary to identify and
optimize chemical reactions that are compatible with DNA and
which provide access to structurally diverse building blocks.
These reactions must then be implemented in library design
schemes, which privilege structural compactness of the encoded
compounds. Furthermore, the development of novel ap-
proaches for library purification and for quality control will
be of great significance.

Several approaches to DECL technology have been
conceived and successfully applied to the discovery of protein
binders. Until now, however, binders to a relatively small set of
target proteins have been reported [Table 1]. Moreover, little is
known about the impact of library design and experimental
factors on the successful (or unsuccessful) use of DECLs. More
systematic studies are needed in order to gain statistical
information on the performance of DECLs in pharmaceutical
hit discovery. Structural details of library synthesis are
sometimes not disclosed in publications, which hinders a
comparative evaluation of different DECL approaches and
different library designs. Some companies active in the field do
not publish at all. In time, a comparative evaluation of the
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performance of different libraries on the same protein targets
will shed light on general chemical rules, which are important
for selection success. It is very well possible that different
classes of protein targets may be best screened with different
types of libraries and that no single “all-purpose” library exists.

In summary, DECLs have been established as an emerging
tool for drug discovery, with a promising potential for hit
discovery and lead expansion. Encoded libraries may provide
structural information of broad utility to several areas of
Medicinal Chemistry research, including fragment-based drug
discovery.**>> DECLs are having an increasing impact on the
drug discovery process not only in the pharmaceutical industry
but also in academia, which can (for the first time) afford the
construction and screening of libraries containing millions of
compounds. Undoubtedly, encoded libraries will remain an
active area of research, in which inventiveness in library
construction and selection schemes may bear fruit not only for
drug discovery applications but also for the study of biological
processes.
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