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Abstract

DNA-encoded chemical libraries (DECLs) are collections of compounds, individually coupled to 

DNA tags serving as amplifiable identification barcodes. Since individual compounds can be 

identified by the associated DNA tag, they can be stored as a mixture, allowing the synthesis and 

screening of combinatorial libraries of unprecedented size, facilitated by the implementation of 

split&pool synthetic procedures or other experimental methodologies. In this review, we briefly 

present relevant concepts and technologies, which are required for the implementation and 

interpretation of screening procedures with DNA-encoded chemical libraries. Moreover, we 

illustrate some success stories, detailing how novel ligands were discovered from encoded 

libraries. Finally, we critically review what can realistically be achieved with the technology at the 

present time, highlighting challenges and opportunities for the future.

Keywords

DNA; DNA-encoded chemical libraries; drug discovery; high-throughput DNA sequencing; 
combinatorial chemistry

Introduction

The discovery of small organic ligands, capable of selective binding to protein targets of 

interest, represents a central problem in Chemistry, Biology and Pharmaceutical Sciences. 

Until recently, the main approach for the discovery of binding molecules (“hits”), that may 

subsequently be improved using Medicinal Chemistry techniques, has relied on the 

screening of large collections of compounds (“chemical libraries”), one molecule at a time. 

In general, the screening of chemical libraries is possible if a suitable bioassay is in place. 

For example, chemical compounds can be individually tested in microtiter plates using high-

throughput screening (HTS) procedures for their ability to inhibit the biochemical activity of 

a target enzyme. This approach, which requires complex logistics, is typically limited to the 

screening of libraries, which in most cases are smaller than one million compounds. It has 

been estimated that the construction of a conventional library, containing 106 individual 
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molecules in sufficient quantity and quality for pharmaceutical screening campaigns, may 

cost between 400 million and 2 billion U.S. dollars [1]. While certain academic efforts for 

the HTS of chemical libraries have been implemented, those activities can rarely compete 

with the ones performed by large pharmaceutical companies, in terms of hit productivity, as 

well as size and diversity. Importantly, conventional HTS approaches often fail to deliver 

ligands of sufficient affinity and specificity for pharmaceutical applications. This underlines 

the need for improved library synthesis and screening technologies.

DNA-encoded chemical libraries are large collections of organic molecules, individually 

coupled to DNA fragments, serving as amplifiable identification barcodes [2] As molecules 

are individually tagged with DNA barcodes, library members can be stored as a mixture and 

interrogated by affinity capture procedures. The use of DNA tags as barcodes allows the 

construction and screening of chemical libraries of unprecedented size, potentially 

exceeding one billion compounds. The identity and relative quantity of individual 

compounds can be determined by polymerase chain reaction (PCR) procedures, followed by 

high-throughput DNA sequencing. The libraries used for affinity-based screening can be 

very large, since even few copies of compounds (i.e., library members present at low 

concentration) can be reliably detected and quantified, thanks to the amplification power of 

PCR.

The advent of DNA-encoded chemical libraries was inspired by the successful introduction 

of technologies for the construction and screening of encoded combinatorial libraries of 

proteins and other bio-macromolecules. For example, the display on filamentous phage of 

antibody libraries allows the facile identification of human monoclonal antibodies, specific 

to target proteins of interest [3–6]. Similarly, large libraries of oligonucleotides (“aptamers”) 

can be interrogated by affinity capture procedures on target proteins of interest and 

“decoded” by DNA sequencing [7, 8]. While DNA acts as a barcode that drives the synthesis 

of the corresponding bio-macromolecule (e.g., DNA transcription and translation), in the 

case of chemical libraries the individual DNA fragments merely serve as identification 

barcodes, without a biosynthetic relation to the corresponding organic molecule.

The origin of DNA-encoded chemical library (DECL) technology dates back to the proposal 

of Brenner and Lerner to use beads for the alternate synthesis of polymers (e.g., peptides) 

and of cognate oligonucleotides serving as amplifiable barcodes [2, 9]. In 2004, three groups 

independently described that DNA-encoded chemical libraries can be synthesized and 

screened without beads [10–12]. Since then, in virtually all cases, DNA-encoded chemical 

libraries are synthesized and screened by direct coupling of organic molecules to the 

corresponding DNA tags [1, 13–20]. There are, however, multiple strategies for the synthesis 

of encoded libraries, as illustrated in a later section of this manuscript.

We normally distinguish between two main types of DNA-encoded chemical libraries: (i) 

“single-pharmacophore libraries”, in which individual compounds (no matter how complex) 

are attached to one DNA fragment; and (ii) “dual-pharmacophore libraries”, in which pairs 

of compounds are coupled to the extremity of the complementary strands of the DNA 

heteroduplex [Figure 1]. In this second example, binding fragments are identified, which 

need to be chemically linked at a later stage, in order to yield organic molecules which can 

Favalli et al. Page 2

FEBS Lett. Author manuscript; available in PMC 2018 December 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



be used in the absence of DNA. An appropriate linker optimization procedure may help 

further improve the affinity constants towards the protein target [21].

In full analogy to antibody phage-display libraries or aptamer libraries, DNA-encoded 

chemical libraries are typically screened by performing affinity-capture procedures on a 

target protein of interest, immobilized on a solid support. For example, biotinylated proteins 

can be conveniently immobilized on streptavidin-coated magnetic beads [22] or on 

streptavidin-coated resin [17]. Molecules within the library, which are able to interact with 

the target protein, are preferentially enriched using this procedure, while non-binding 

compounds can be washed away. A comparative analysis of the relative abundance of the 

DNA tags in the library, before and after affinity capture, provides direct information about 

the identity of molecules, which are enriched on the target protein of interest. In general, it is 

good practice to confirm the enrichment results by re-synthesis of the hit compounds and by 

dedicated affinity measurements (“hit validation”).

The scope of DNA-encoded chemical library technology has been extended by exploiting 

the chemical opportunities offered by peptide-nucleic acids (PNAs) [23]. The chemical 

structure of PNAs allows the execution of broader set of chemical reactions, which may not 

always be possible with DNA [24]. However, since PNA molecules cannot be amplified by 

PCR, PNA-encoded libraries need to be analyzed by hybridization with complementary 

DNA molecules [23–25] rather than by PCR amplification and direct DNA sequencing.

Encoding Strategies

In theory, it would be conceivable to generate a DNA-encoded chemical library by coupling 

one by one individual compounds to distinctive oligonucleotides, serving as identification 

barcodes. Such an approach, however, would be expensive, unpractical and inefficient for 

many reasons. Firstly, it would be difficult to find millions of organic molecules, suitable for 

coupling to DNA. Secondly, it would be very expensive to synthesize or purchase millions 

of oligonucleotides. Thirdly, the freedom to generate and encode novel molecular designs 

would be severely limited.

Luckily, efficient strategies for the synthesis and encoding of chemical libraries have been 

developed, which are modular in nature and which require a limited number of 

oligonucleotides and of chemical building blocks. It is convenient to make a distinction 

between single- and dual-pharmacophore chemical libraries.

Single-pharmacophore libraries

The most commonly used strategy for encoding single-pharmacophore libraries is called 

“DNA-recorded synthesis” and relies on the use of split-and-pool procedures [Figure 2a, b] 

[26, 27]. The basic concept behind this technology relates to the synthesis of chemical 

compounds using multiple steps, each of which is “recorded” by the addition of a DNA 

fragment that uniquely identifies a given chemical transformation. For illustrative purposes, 

we could consider the stepwise assembly of a library, generated by the reaction of two sets 

of building blocks (for example, 1’000 x 1’000 building blocks, leading to 106 chemical 

entities). In this case, it is convenient to couple the first 1’000 building blocks to 1’000 
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different oligonucleotides, which unambiguously identify the attached cognate chemical 

moiety. In most cases, the oligonucleotides that are used are similar in sequence, but differ in 

a central region (serving as “barcode”). The 1’000 encoded compounds can now be mixed, 

used as a pool and split into 1’000 reaction vessels for a subsequent chemical transformation 

(e.g., with 1’000 building blocks). At the end of the second set of reactions, a barcode could 

be added, providing an “identifier” for the chemical transformation which has been 

performed.

Figure 2a depicts a strategy for the DNA-recorded synthesis of a single-pharmacophore 

library, consisting of three sets of building blocks. Initially, a first set of building blocks 

(shown in red) is coupled to amino-tagged oligonucleotides, featuring a distinctive central 

sequence as barcode. After the coupling step, the conjugates can be pooled and split into 

several vessels, for the reaction with a second set of building blocks (shown in blue). After 

the reaction step, oligonucleotides can be extended by the use of a splint ligation procedure 

[28, 29], thus incorporating barcodes for the second reaction step (i.e., identifiers for the 

chemical nature of the individual building blocks used for the second reaction). After a 

further suitable pool and split procedure, a third set of chemical transformations can be 

performed (with building blocks depicted in green), thus generating the final compounds, 

consisting of three sets of building blocks. The chemical identity of the third reaction can be 

encoded by annealing with a set of partially complementary oligonucleotides, followed by a 

Klenow polymerization step [26, 29–31]. This procedure is efficient as it makes use of one 

oligonucleotide for each building block used for library construction. For example, in the 

case of a library consisting of 1’000 x 1’000 x 1’000 building blocks (109 compounds), only 

3’000 oligonucleotides and chemical building blocks will be needed.

An alternative procedure, which is frequently used in the industrial environment, makes use 

of double-stranded DNA fragments, connected by a chemically-modifiable linker, serving as 

starting structure for the construction of encoded libraries [17] [Figure 2b]. Also in this case, 

sets of chemical transformations are performed using split and pool procedures, leading to 

large combinatorial diversity. As the nascent DNA structure is in double-stranded format, it 

is convenient to encode each chemical transformation by the ligation of an additional 

double-stranded DNA fragment. The procedure can be iterated. In this case, a library 

consisting of 1’000 x 1’000 x 1’000 building blocks will require 6’000 oligonucleotides (i.e., 

3’000 double-stranded DNA fragments).

An alternative strategy for library synthesis and encoding, first developed by the group of 

David Liu [32, 33], relies on the use of long pre-synthesized oligonucleotides [bearing 

suitable coding sequences (here depicted as A, B and C)], serving as “templates” for the 

stepwise assembly of nascent organic molecules [Figure 2c]. According to this strategy, 

oligonucleotides carrying suitable reactive building blocks are hybridized to the cognate 

template sequences, thus facilitating a subsequent reaction step with a nascent molecule 

attached to the template. After a cleavage and oligonucleotide removal step, additional sets 

of reactions can be performed, thus leading to the sequential assembly of complex chemical 

structures. The transfer of building blocks may be facilitated by the high effective molarity 

associated with heteroduplex formation [11]. DNA-templated strategies have been 

particularly useful for the synthesis of encoded polypeptidic and of macrocyclic libraries 
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[34]. A variation of the scheme, termed “Yoctoliter reactor™” has been proposed by 

Vipergen, featuring templated reactions which occur on DNA three-way junctions [18].

In order to avoid encoding errors and side reactions, the DNA-templated synthesis requires a 

high-fidelity annealing between complementary oligonucleotide sequences [Figure 2c]. This 

feature may represent a potential limitation of the technology. In order to solve this problem, 

Li and co-workers [35] have proposed a modified template architecture, featuring a 

“universal template” that contains poly-inosine segments, serving as promiscuous 

hybridization stretches [Figure 2d]. Short oligonucleotide derivatives, carrying suitable 

reactive building blocks, can be sequentially hybridized and ligated to the universal 

template, upon formation of a hairpin structure. The strategy allows the stepwise synthesis 

of chemical structures, accompanied by the incorporation of barcodes which can be PCR 

amplified and which unambiguously identify the chemical nature of the building blocks for 

all library members.

Dual-pharmacophore chemical libraries

Dual-pharmacophore libraries are often constructed on the basis of a synthetic strategy, 

leading to “encoded self-assembled chemical (ESAC) libraries”. This technology, initially 

proposed by our group in 2004 [10], makes use of two sets of partially complementary 

oligonucleotides, each containing a distinctive DNA barcode [Figure 2e]. The two sets of 

chemically modified oligonucleotides constitute “sub-libraries”, which can be mixed and 

hybridized to form stable DNA-heteroduplexes, which display pairs of building blocks. For 

example, the combinatorial assembly of two sub-libraries with 1’000 chemical moieties each 

leads to a 1-million membered ESAC library.

In order to generate ESAC libraries with DNA structures, which allow the identification of 

the chemical nature of the pairs of building blocks by DNA sequencing, an encoding 

strategy featuring the use of oligonucleotides with abasic sites has been described [28]. One 

sub-library (in this case, sub-library A, Figure 2e) is synthesized by coupling a set of 

building blocks to 5'-amino-modified oligonucleotides, which unambiguously code for the 

cognate compounds. A second set of building blocks is first coupled to a single 

oligonucleotide bearing a d-spacer region. The resulting conjugates can be subsequently 

encoded by splint ligation with distinct code-bearing oligonucleotides, yielding the sub-

library B (Figure 2e). The d-spacer allows the hybridization of each member of sub-library 

B with each member of the complementary sub-library A, avoiding base pair mismatches 

and allowing the creation of very large combinatorial repertoires. A code-transfer strategy, 

which makes use of a Klenow-fill-in DNA polymerization step, allows the transfer of code B 

onto the complementary strand (sub-library A, Figure 2e). This feature allows the 

simultaneous determination of the binding fragments by PCR amplification and high-

throughput DNA sequencing [28].

Dual-display libraries feature a higher degree of flexibility in the arrangement of the 

chemical building blocks compared to single-pharmacophore DECLs and may more easily 

reach adjacent binding sites on the surface of the cognate protein target. On the other hand, 

as soon as a combination of building blocks (A and B) has been identified as preferential 

binding pair, various linkers need to be tested, in order to yield binding molecules devoid of 
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DNA, which can be used for practical applications. For that purpose, the use of a set of 

predefined bifunctional scaffolds and the implementation of affinity measurements on 

locked-nucleic acids (LNA) may facilitate the identification of the best linker [21].

Selection Strategies

Several strategies for affinity-based selections using DNA encoded chemical libraries have 

been proposed and implemented in practice [19, 36]. These methods can be grouped into 

two main categories: (i) solid-phase selections, in which the target proteins are anchored on 

a solid support, allowing the physical isolation of preferential binders; and (ii) solution phase 

selections, which do not require the need of immobilized protein for library screening.

Solid-phase selections

Solid-phase affinity-based selections make use of target proteins, which are immobilized on 

a solid support and subsequently incubated with a DNA-encoded chemical library, allowing 

the physical separation of preferential binders from the other library members, which can be 

washed away. Convenient supports for library capture include magnetic beads [22, 26, 30] or 

resin-filled tips [17]. Washing conditions and the use of detergents may greatly impact on 

the selection results [22, 30]. After affinity capture, the barcodes of preferential binders are 

PCR amplified and submitted to a high-throughput sequencing procedure. A comparison of 

Illumina and 454 sequencing technologies has been reported [37]. In some cases, it may be 

preferable to incubate the library with a suitably tagged protein (e.g., a biotinylated protein) 

in solution, with a subsequent capture step on an affinity support (e.g., streptavidin-coated 

solid support) [17, 28, 30, 31, 38].

In full analogy to antibody-phage display technology [39], it is good practice to quantify the 

efficiency of the affinity capture. The use of quantitative PCR in model screening 

experiments (e.g., by spiking binders into large libraries) has recently been described [40].

Solution-phase selections

Solution-phase technologies allow the identification of hits without the use of a solid-phase 

affinity capture step. Various methodologies can be considered. The group of David Liu [41] 

proposed and successfully implemented the use of interaction-dependent PCR (IDPCR) [41] 

for the selective PCR amplification of barcodes associated with small molecules, capable of 

binding to the target protein of interest. The technology relies on the use of protein-

oligonucleotide conjugates, capable of annealing to (and thus acting as primer for) the 

single-stranded DNA structures, attached to the chemical compounds in the library. The 

formation of a complex between a given small molecule and the target protein of interest 

stabilizes the DNA heteroduplex formation and facilitates the initiation of a PCR 

amplification step. This methodology has recently been extended, allowing the use of 

protein mixtures for the simultaneous identification of cognate ligands to multiple target 

proteins [42]. Instead of covalently attaching oligonucleotides to the protein of interest, 

DNA can be coupled to an antibody or to a SNAP-tagged protein [43].

Hansen et al. described Binder Trap Enrichment (BTE) as a screening methodology which 

takes place in water-in-oil emulsions [19]. The DNA-tagged protein target and the encoded 
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library are encapsulated in water-in-oil droplets, which create physically isolated micro-

environments, in which a splint ligation step can take place between DNA-tagged protein 

and cognate DNA-tagged ligands only if they are bound (i.e., found in the same water 

droplet).

A novel method, called “DNA-programmed photoaffinity labelling” (DPAL) [44, 45] 

features the use of small molecule-oligonucleotide conjugates, capable of forming a stable 

heteroduplex with a short complementary oligonucleotide, bearing a photoreactive group 

capable of covalent bond formation with protein residues [46]. When library members bind 

to the protein target in solution, an irradiation step ensures that preferential binders are 

“captured” on the target protein by photo-crosslinking.

Finally, members of DNA-encoded chemical libraries capable of protein binding can also be 

separated from non-binding compounds using capillary electrophoresis [47] or similar flow-

based technologies.

Library Decoding

After the selection step (irrespective of whether this is performed with a solid-phase capture 

or in solution), the barcodes of preferential binders are amplified by PCR and read by high-

throughput DNA sequencing. These results are deconvoluted by determining sequence 

counts for all library members, ideally comparing the frequency of barcodes before and after 

selection. We generally assume that the relative frequency, at which individually barcodes 

are found in the DNA sequencing experiment, corresponds to the relative abundance of the 

corresponding library members. The output data of library selections can be statistically 

evaluated [37] and represented by a suitable graphical display (Figure 3). The relative 

abundance for individual library members can be visualized on two- or three-dimensional 

plots (called “fingerprints”). For example, when considering a library consisting of two sets 

of building blocks (A and B respectively), the various AiBj combinations are displayed in 

the xy plane, while the corresponding numbers of counts (or the normalized enrichment 

factor) can be visualized in the z axis (not shown) or as spheres of different colour and/or 

size (Figure 3a). The display of selection results of a library based on three sets of building 

blocks requires a four-dimensional matrix. The three sets of building blocks (A, B and C 

respectively) are generally displayed in the xyz space, while enrichment factors can be 

represented as spheres of different colour and/or size (Figure 3b).

As shown in Figure 3, a successful selection experiment exhibits a clear difference in 

sequence counts for the various library members before and after the capture step. The 

enriched compounds are then resynthesized, in order to confirm the experimental findings 

and to measure affinity constants.

Ligands Isolated from DNA-Encoded Chemical Libraries

In this section, we report on some important hits that have been discovered by different 

implementations of DECL technology. The first example described in Table 1 (entry a) 

derives from a structurally-compact two-building block single-pharmacophore DNA-

encoded chemical library [31]. The library contained 103`200 members formed from two 
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sets of carboxylic acids (240x430). The hit inhibits tankyrase-1 with an IC50 value of 290 

nM, as measured by an enzymatic PARylation assay [48].

A ligand against interleukin-2 is reported in Table 1 (entry b). The library, constructed by 

Leimbacher et al. [30], was based on 100 different amino-acids, that had been coupled to 

300 different carboxylic acids. The binder showed a dissociation constant (Kd) value of 2.5 

µM, as measured by fluorescence polarization. The importance of the 2-methylindole moiety 

for interleukin-2 recognition was assessed by a comparative analysis of more than 100 

different selections [30].

GlaxoSmith-Kline isolated a 2 nM antagonist for Neurokinin 3 (NK3) [49]. The hit 

compound, reported in Table 1 (entry c) was isolated from a 41-million member single-

pharmacophore DECL using three sets of building blocks (64 hydroxy- or amino-acids, 854 

and 758 amines respectively) [49]. The building blocks were connected to DNA through a 

central 1,3,5-triazine scaffold. In the validated hit (Table 1, entry c), the DNA moiety had 

been replaced by a 2-methoxyethan-1-amino linker [49].

A highly specific 7 nM inhibitor of mitogen-activated protein kinase 14 (MAPK14, also 

called p38-α kinase) [50] was identified by Vipergen using a yoctoReactor™ DECL. The 

library consisted of three sets of building blocks (2 sets of aminoacids and 1 set of 

carboxylic acids) and had a size of 12.6 million members [18]. Affinity selections were 

performed in solution using Binder Trap Enrichment (BTE) technology [19]. Table 1 (entry 

d) reports the hit compound of the most enriched combination in which the DNA moiety had 

been replaced by an NH2 group.

An extremely potent inhibitor of soluble epoxide hydrolase (sEH) was developed by X-

Chem using an innovative DECL encoding strategy, featuring a DNA-ligation step that made 

use of Cu-catalyzed alkyne-azide cycloaddition (CuAAC) [51]. A 334-million member 

library was synthesized using 3 sets of building blocks (2'259 primary amines, 222 

bromoaryl acids and 667 boronic acids). The hit compound Table 1 (entry e) in which the 

DNA portion was substituted by a methyl group, showed a 2 nM IC50 for sEH.

Dual-pharmacophore libraries based on ESAC technology [10] have also been successful 

[28]. A library containing more than 100,000 compounds allowed the isolation of an 

acetazolamide derivative (Table 1, entry f), that bound to carbonic anhydrase IX with a 

dissociation constant in the sub-nanomolar range [28]. The same ESAC library also 

produced a 190 nM binder against alpha-1-acid glycoprotein (AGP), thanks to the 

synergistic action of two building blocks that mediated a potent chelate binding to the target 

protein. Interestingly, the individual building blocks did not display any detectable protein 

binding when used on their own. The optimization of the linker connecting the two building 

blocks led to an improved binder Table 1 (entry g), with a dissociation constant of 9.9 nM 

[21].

The Road Ahead: Challenges and Opportunities

DECL technology works reliably for the isolation of hits against many target proteins of 

pharmaceutical interest. However, unlike human antibody technology [6], DECL sometimes 
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fails to deliver hits to certain classes of protein targets, thus underlining the need for further 

technical improvements.

Thanks to advances in the quantification of library selection procedures through quantitative 

PCR methodologies, it is becoming increasingly clear that ligands with dissociation 

constants in the micromolar range are not efficiently recovered from encoded libraries in 

most experimental settings [54]. However, conventional technologies based on affinity 

capture methods are quite reliable for the isolation of nanomolar binders from encoded 

libraries, if and when they are present in the repertoire [40, 55].

Certain classes of proteins (e.g., integral membrane proteins) are not compatible with 

standard selection procedures, as they are difficult to keep in solution and to capture on solid 

supports (e.g., streptavidin-coated beads or resin) [22]. The use of stabilized GPCRs, 

selection on cells or on nanodisks may be considered [49, 56, 57].

DNA sequencing is an essential component of DECL technology and it would be desirable 

to further enhance the number of DNA tags that can be sequenced. At present, one lane of 

Illumina™ sequencing may allow the identification of up to 200 million sequence tags. As it 

is possible to synthesize libraries containing billions of members, it would be important to 

sequence billions of tags, in order to adequately characterize selection experiments with 

suitable statistical tools [37].

In principle, the creativity of Chemistry is unlimited and it is likely that future success in 

DECL technology will derive from the practical implementation of novel DNA-compatible 

reactions. The set of reactions which can be considered for library synthesis is constantly 

expanding [58]. However, it is important to remember that even simple transformations 

(such as the formation of amide bonds) do not proceed with complete yields on 100% of 

substrates. An extensive characterization and selection of building blocks, which give 

acceptable yields, represents an essential component for any new library synthesis effort. On 

the other hand, preserving the integrity of DNA is important [59].

Novel scaffolds and novel concepts in library design will likely contribute to the discovery 

of ligands to proteins of pharmaceutical interest. We have recently observed that the central 

chemical moiety, used for the display of two sets of building blocks, can greatly contribute 

to the affinity of the resulting hit, at least for a certain proportion of target proteins [60]. 

Macrocyclic scaffolds may facilitate the isolation of hits against "difficult" targets [29, 34, 

38], but these larger chemical structures may not always be compatible with pharmaceutical 

applications and with oral administration procedures.

It has previously been noted that the number and quality of building blocks greatly 

contributes to library performance [13]. On the positive side, thousands of building blocks 

(e.g., carboxylic acids, amines, alkynes, azides, sulphonyl chlorides, boronates) are now 

commercially available at affordable prices, thus facilitating library construction activities 

even in the academic environment. On the other hand, large pharmaceutical industries may 

have access to proprietary building blocks and to privileged structures. Moreover, library 

size (especially for repertoires consisting of two sets of building blocks) depends on the 

financial resources that can be devoted to purchasing oligonucleotides and building blocks. 
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For example, a library of 100 million compounds based on two sets of building blocks will 

require 20'000 oligonucleotides and 20'000 building blocks, while a three-building block 

library with 1 billion compounds can be created using 3'000 oligonucleotides and 3'000 

building blocks.

ESAC technology appears to be ideally suited for the discovery of fragments, which bind to 

adjacent sites on the target protein of interest. At present, the optimization of linkers 

connecting synergistic building blocks is still empirical, even though "on-DNA" procedures 

may facilitate this experimental task [21]. It remains to be seen whether linker optimization 

can be embedded in library construction and selection procedures. ESAC technology relies 

on pure components and facilitates the "affinity maturation" of existing hits, which can be 

paired to existing libraries in a facile manner.

In summary, DECL technology has reached a good level of maturity. Both pharmaceutical 

companies and academic laboratories use encoded libraries for the discovery of hits. 

Experimental procedures have been extensively validated and are well documented in the 

literature. Nonetheless, we are confident that improvements in library design, chemical 

procedures, selections and DNA sequencing methodologies will continue to broaden the 

scope of the methodology and to make it broadly accessible to the research community.
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Figure 1. 
Schematic representation of (a) a single-pharmacophore DNA-encoded chemical library and 

(b) of a dual pharmacophore DNA-encoded chemical library. In the scheme, the building 

blocks (triangles and circles) and the corresponding DNA-barcodes (rectangles) are depicted 

using the same color.
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Figure 2. 
(a) Schematic representation of strategies for DNA-recorded synthesis. In the first reaction 

cycle, chemical building blocks are encoded by direct coupling with 5' amino-modified 

oligonucleotides containing individual coding DNA-sequences (Code “A”). After a split & 

pool step which introduces the second set of building blocks B the DNA-code "B" is 

introduced by enzymatic DNA-ligation. In the last reaction cycle, the introduced building 

can be encoded by annealing with a partially-complementary oligonucleotide containing 

code "C", followed by the fill-in of the DNA-heteroduplex by Klenow polymerase. (b) In a 
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variation of the encoding procedures described in (a), the organic moiety is connected by a 

linker (termed “headpiece”) to a double-strand DNA which is extended by subsequent 

ligation with coding DNA heteroduplexes, in parallel with the split-and-pool based 

synthesis. (c) In DNA-templated synthesis, pre-formed DNA-template molecules containing 

coding parts are annealed with code-specific reagent oligonucleotides, which mediate the 

transfer of the chemical moiety by its high effective molarity. After cleavage of the chemical 

moiety from the reagent oligonucleotide, it can be removed and the template undergo a new 

round of template-based synthesis.

(d) In a further implementation of this procedure, a template containing poly-inosine (poly-I) 

segments allows the annealing with various code-building block oligonucleotide conjugates. 

The building blocks are then transferred from the code-building block oligonucleotide 

conjugates to the main oligonucleotide template which, after hybridization, is encoded by 

ligation.

(e) In the ESAC approach, two partially complementary sub-libraries A and B are 

combinatorially assembled. A Klenow fill-in reaction facilitates the transfer of code B onto 

the complementary strand, bearing code A. Following target-based selection, PCR 

amplification and DNA sequencing allows the identification of the preferentially enriched 

pairs of building blocks.
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Figure 3. 
Fingerprints of Naïve libraries (left panels) composed of (a) two sets of building blocks or 

(b) three sets of building blocks are compared with the same libraries selected against (a) 

horseradish peroxidase (HRP) or (b) carbonic anhydrase (CA) IX (right panels).
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Table 1
Examples of hit compounds identified from DNA-encoded chemical libraries

The following abbreviations were used for the protein targets: TNKS1 = tankyrase-1, IL2 = interleukin-2, NK3 

= Neurokinin 3, MAPK14 = Mitogen-activated protein kinase 14, sEH = soluble epoxide hydrolase, CAIX = 

carbonic anhydrase IX, AGP = alpha-1-acid glycoprotein.

Structure Kd Target Ref

a) 290 nM
(IC50)

TNKS1 [31]

b) 2.5 μM IL2 [30]

c) 2 nM
(IC50)

NK3 [49]

d) 7 nM
(IC50)

MAPK14 [50]

e) 2 nM sEH [51]

f) 2.6 nM CAIX [28]
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Structure Kd Target Ref

g) 9.9 nM AGP [21]

h) 10 nM
(IC50)

RIP1 [52]

i) 7.9 nM
(IC50)

sEH [53]
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