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Abstract

The development of bioactive small molecules as probes or drug candidates requires discovery 

platforms that enable access to chemical diversity and can quickly reveal new ligands for a 

target of interest. Within the past 15 years, DNA-encoded library (DEL) technology has matured 

into a widely used platform for small-molecule discovery, yielding a wide variety of bioactive 

ligands for many therapeutically relevant targets. DELs offer many advantages compared to 

traditional screening methods, including efficiency of screening, easily multiplexed targets and 

library selections, minimized resources needed to evaluate an entire DEL, and large library sizes. 

This review provides accounts of recently described small molecules discovered from DELs, 

including their initial identification, optimization, and validation of biological properties including 

suitability for clinical applications.

Introduction

DNA-encoded library (DEL) technology is a powerful small-molecule discovery method 

first described in the 1990s1 and further developed2,3 through advances in library 

syntheses4–11, selection methodology8,11–13, data workup8,11,13, and ligand discovery7–9,13. 

Over the course of the past decade, DEL technology has been increasingly applied to the 

discovery of chemical probes and novel clinical candidates. Indeed, since the discovery 

of the first DNA-encoded small molecules ~12–15 years ago7–9,14, the number of studies 

reporting new libraries, selection schemes, and ligands with biological activity has grown 

rapidly. DEL technology is widely used in academia and industry, facilitating the widespread 

application of small-molecule libraries. Indeed, more than 70 unique DELs have been 

reported since initial studies in 200415.
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The widespread adoption of DEL technology is the result of its accessibility, versatility, 

efficiency, and cost-effectiveness, especially when compared to traditional synthetic 

library screening-based technologies. High-throughput screening (HTS) technologies are 

both resource and time intensive, often relying on dedicated automated cores that 

require extensive liquid handling systems and plate manipulation, assaying, and storage 

capabilities15. HTS requires large amounts of consumables, including individual library 

members, targets of interest, buffers, plasticware, and other reagents15. Furthermore, 

because HTS necessitates the analysis of individual members one at a time, these 

experiments often take days to weeks, scaling with the size of the library and the number 

of targets co-screened. The overall experimental time is further lengthened by the need to 

validate a functional assay for each new target type.

In contrast, DEL selections typically can be conducted over a few days, requiring only tens 

of micrograms of a typical protein target, picomole quantities of DEL, and a next-generation 

DNA sequencing (NGS) kit. Because DELs are created by covalently attaching each library 

member to an identifying DNA barcode (Fig. 1a), entire libraries can be pooled together 

and analyzed for target binding in a single test tube. DEL-enabled small-molecule discovery 

typically uses an in vitro selection for binding immobilized protein. Following incubation 

of the entire pooled DEL with the target, active ligands are captured by the immobilized 

target, and their covalently attached DNA barcodes are amplified by PCR and sequenced to 

identify target-binding ligands (Fig. 1b). This pooled library selection format, coupled with 

the ability of DNA tags to be amplified by PCR from sub-attomoles of material, drastically 

decreases the physical scale of screening. The reduced scale of a DEL selection, compared 

to HTS screens, allows libraries as large as 105–1012 members to be assessed for binding 

to many targets in parallel with minimal extra time and materials per added target. Finally, 

DEL selections are read out through quantification of bound library members by NGS, 

bypassing the need to validate and implement a new functional screening assay for each 

target type.

The practical advantages of DELs have also made it possible for researchers to access 

small-molecule libraries through the services offered by CROs. DEL selection services now 

make it possible for many academic and industry researchers with a target of interest to 

use a powerful small-molecule discovery platform. Still, others opt to develop their own 

DELs, given the increasingly capable and streamlined methods now available for their 

synthesis. DEL campaigns often yield new bioactive small molecules that can be used as 

chemical probes or clinical candidates, making them well-suited for drug discovery efforts. 

Indeed, almost all major pharmaceutical companies use DELs, to some degree, for their drug 

discovery programs15. Notably, over half of the DEL-mediated novel ligands discovered to 

date were reported in the past six years alone (Fig 2a) and have spanned a range of target 

types (Fig. 2b).

This review will summarize examples of DEL-mediated discovery and development of 

novel chemical matter. DEL-compatible chemistry16–19 (Box 1), DEL library synthesis and 

development17–23 (Box 2), or DEL selection methods20,22–27 (Box 3) will not be reviewed, 

as recent reviews have extensively covered these areas. Examples will be restricted 

to the past six years and discuss select case studies of DEL-mediated small-molecule 
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discovery will be discussed. These cases exemplify in vitro or biological characterization of 

DEL-developed small molecules discovered using prototypical immobilization workflows, 

creative in vitro selection strategies, or selection platforms on living systems. Notably, 

many of these small molecules exhibit target engagement in biological models, and in such 

cases, their specific activities will be highlighted. Collectively, these examples illustrate 

that DEL technology has developed compatibility with targets spanning a wide range of 

biochemistry, protein families, localization, and biological roles, making it a powerful and 

broadly applicable small-molecule discovery platform.

Compounds from simple immobilization selections

Applying DELs for small molecule discovery most commonly uses binding-based selections 

on single immobilized targets (Fig.1b, Box 3). This simple workflow can quickly identify 

new ligands with affinity for a target of interest as a starting point for optimization, 

characterization, further development, and clinical trials. Below, studies that exemplify this 

process are highlighted. In many cases, DEL libraries were also synthesized in the same 

study, highlighting the facile translation between library synthesis, target evaluation, and hit 

characterization.

In vitro probes

In contrast to non-pooled library formats of the same size, the pooled format of DELs 

enables the rapid synthesis and implementation of novel, large libraries (millions to billions 

of members) with researcher-defined properties, accelerating the discovery of new chemical 

matter. Indeed, over the past few years, several groups have quickly identified novel in vitro 
probes using DELs (Table 1). For example, parts of the thrombin inhibitor argatroban were 

used as a scaffold to synthesize a protease-focused DEL of up to 9.8 million members28. 

A selection with immobilized, biotinylated thrombin enabled the discovery of a potent 

inhibitor of thrombin protease activity (#1). This study illustrates the utility of structure-

focused DELs and that DELs can facilitate the rapid discovery of novel, clinically relevant in 
vitro hits.

A similar approach was applied in the discovery of novel IL2 binders, designed to abrogate 

the interaction between IL2 and the alpha subunit of the IL2 receptor (IL2Rα), as the alpha 

subunit is preferentially expressed in immunosuppressive Treg cells29. A 669,240-member 

DEL (AG-DEL) was constructed and applied in a selection with an immobilized biotinylated 

L19-IL2 fusion protein (an IL2 phase 3 clinical trial candidate) as L19-IL2 is easier to 

formulate and store than recombinant IL2. This yielded fluorescein-labeled #2, which upon 

further optimization resulted in #3, which bound strongly to IL2 and displayed attenuated 

binding to non-target plasma chaperone proteins. These properties made #3 a promising 

starting point for the discovery of potent and selective IL2 binders.

A third example of DEL-mediated in vitro probe discovery is the identification 

of non-mechanism-based inhibitors of the β-lactamase OXA-48, a clinically resistant 

carbapenemase (Fig. 3a)30. Following construction of a 3-building block, triazine core DEL 

consisting of up to 162 million library members, three rounds of selection with immobilized 

His6-OXA-48 yielded inhibitory compound #4, later truncated to #5. A co-crystal structure 
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of #5 bound to OXA-48 (PDB ID 6UVK) indeed showed active-site and non-covalent 

binding to OXA-48. #5 was also found to inhibit other OXA enzymes with potencies 

directly proportional to the sequence homology of each enzyme with OXA-48. This study 

highlights the utility of DEL-mediated identification of novel chemotypes for antibiotic 

discovery.

Collectively, these three studies illustrate the rapid progression between DEL library 

synthesis, target selection, and hit validation.

Finally, when combined with other discovery platforms, DELs can facilitate tailored ligand 

discovery. For example, a comprehensive screening campaign identified ligands of LC3, a 

member in the autophagy-related (Atg8) proteins with understudied mechanistic roles and 

few known ligands31. Fragment-based strategies yielded only modestly potent fragments that 

preferentially bound to the HP2 pocket of LC3 and could not be extended into the HP1 

pocket to improve target affinity. To discover larger and more potent ligands, a DEL of 

up to 7 billion compounds was used in a selection against immobilized, His-tagged LC3B 

and LC3C. From this selection, the reversibly covalent compound #6 was discovered, with 

predicted binding at or near the HP1 or HP2 pockets. A future DEL selection scheme 

that leverages the knowledge gained from these DEL and fragment-based platforms might 

help identify ligands that selectively interact with the HP1 pocket. Alternatively, the use of 

bivalent DEL libraries might yield ligands that occupy both pockets. Indeed, DEL conditions 

can be customized to preferentially bias specific ligand binding modes which, in principle, 

enable tailored selection pressures. We detail this capability of DELs in a later section of this 

review.

Chemical probes with biological activity

Over the past six years, DELs have mediated the discovery of several bioactive compounds 

spanning multiple target classes (Table 1). As DEL selections rely on a binding-based 

assay, large DELs enable the discovery of new ligands that bind to shallow protein-binding 

surfaces, a historically challenging task for small-molecule discovery32. A clear example 

of this is the identification of novel subtype-selective inhibitors of cyclophilin D (CypD), 

a prolyl-isomerase and a key regulator of the mitochondrial permeability transition pore 

(mPTP)33. Key structural features of CypD are two shallow and solvent-exposed binding 

pockets (active pocket and S2 pocket). A selection of a macrocycle DEL with up to 256,000 

members34, using immobilized His6-CypD, found a novel active site CypD inhibitor 

(#7) with no selectivity for CypD. Using structure guided analysis and structure-activity 

relationships (SAR), a dicarboxylate derivative, #8 (PDB ID 7THD) showed potent and 

selective inhibition for CypD via contacts made in the S2 pocket. Derivatives of #8 similarly 

inhibited CypD-mPTP in isolated mitochondria. To further validate this selective binding 

mode, a first-in-class CypE selective inhibitor was designed (#9) which formed a reversible 

covalent interaction with CypE’s S2 pocket K217 residue. We anticipate that a greater 

number of cyclophilin ligands can be discovered by using clever DEL counter-selection 

schemes to enrich for subtype selective ligands.

Another challenge facing small-molecule discovery efforts is the wide, yet shallow, binding 

interfaces of protein-protein interactions (PPIs)32. To address this challenge and identify 

Peterson and Liu Page 4

Nat Rev Drug Discov. Author manuscript; available in PMC 2024 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ligands that bind to PPI interfaces, many groups have leveraged the binding-based selections 

of DELs. For example, a focused DEL of up to 8,112 members (tiDEL) based around 

tryptophan motifs, an enriched residue in PPI interactions, was synthesized, with the 

aim of discovering ligands that ablated the PPI between transcriptional enhancer factor-1 

domains (TEAD1–4) and co-transcription factor Yes-associated protein (YAP)35. Discovery 

of the PPI inhibitor compound #10 resulted from a selection conducted on His-tagged, 

immobilized YAP-interaction domain of hTEAD4. As the formation of the TEAD-YAP 

complex in the nucleus is responsible for CTGF gene expression, #10 significantly reduced 

CTGF transcript levels. This study illustrates that focused DELs of even modest library 

sizes with appropriate structural motifs can quickly find bioactive ligands for traditionally 

intractable classes of targets. Furthermore, this study shows that DELs can support 

transcription factor ligand discovery despite the presence of DNA tags.

DELs have similarly been used to enable the rapid discovery of selective, bioactive 

PPI inhibitors in apoptotic pathways. Novel inhibitors of Mcl-1, an apoptotic suppressor 

overexpressed in multiple cancer types, were discovered using various discovery strategies, 

including a series of DELs36. Selections from DEL platforms resulted in the isolation of 

binding compound #11, which bound to the BH3 binding groove of Mcl-1 (PDB ID 5KU9). 

Structure optimization led to macrocyclic compound #12, and a closely-related derivative 

(PDB ID 5MES) revealed enhanced binding to the hydrophobic pocket of Mcl-1. Compound 

#12 also exhibited >1000-fold selectivity for Mcl-1 over similar proteins Bcl-2 and Bcl-xL 

and induced apoptosis in Mcl-1-dependent leukemia cells.

In addition, selective bioactive PPI inhibitors for an epigenetic protein, the histone 

acetylysine reader BET BRD4-BD1, have been identified37 by using a series of DELs for 

an affinity selection against the His6-BRD4 dual domain (both BD1 and BD2 domains). 

Compound #13 was identified as an initial ligand (PDB ID 6TPX) from the selection, 

which following substantial medicinal chemistry efforts, resulted in compound #14, which 

adopted an optimized binding mode (PDB ID 6TPZ) and exhibited reduced off-target 

activity. Compound #14 showed increased activity in cells and increased selectivity for 

the BD1 domains of the BET family. In a model of endotoxic shock, #14 suppressed 

IL-6 proinflammatory cytokine levels in mice challenged with lipopolysaccharide (LPS). 

#14 also reduced IgG1 levels in mice challenged with 2,4,6-trinitrophenyl keyhole limpet 

hemocyanin (TNP-KLH) antigen, illustrating its potential ability to suppress auto-immune 

responses.

In a final example of DEL-mediated PPI-inhibitor discovery, DELs were leveraged to 

discover bromodomain inhibitors of ATPase family AAA-domain containing protein 2 

(ATAD2)38. Using DELs containing up to 65 billion compounds for a selection with 

immobilized GST-ATAD2 bromodomain, an original binding library hit (#15) was optimized 

to ATAD2 selective compound #16. This compound had a unique binding mode that 

dimerized two equivalents of ATAD2 protein, a property offered through an unbiased 

binding-based DEL selection. #16 also displaced labeled ATAD2 from chromatin in MCF7 

cells but did not affect the expression of ATAD2 target genes. It was suggested that a 

proteolysis-targeting chimera (PROTAC) derivative of #16 could explore ATAD2 oncology, 

a task for which DELs are particularly well-suited (discussed later in this review).
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Together, these four examples illustrate how DELs enable the rapid discovery of bioactive 

ligands that modulate protein surfaces, including those that mediate PPIs. DELs can also 

sample chemotypes for PPI inhibition across a variety of target types and for which the 

lead molecules can impart a downstream phenotype. Furthermore, the ability to quickly 

synthesize some types of DELs enables researchers to create small libraries with user-

defined chemotypes. For example, in this section two cases are noted in which researchers 

leverage small, focused DELs for improved binding at intractable protein surfaces, including 

those that include macrocyclic scaffolds or tryptophan motifs.

DELs have also been used to solve complex and therapeutically relevant target-binding 

problems that have challenged small molecule discovery efforts. For example, α1-

antitrypsin is a critical protein for healthy kidney functioning which, when harboring the 

E342K mutant (known as Z-α1-antitrypsin), is prone to polymerize and results in liver 

cirrhosis, hepatocellular carcinoma, and emphysema. Despite its clear clinical relevance, 

several factors made it challenging to identify Z-α1-antitrypsin ligands using traditional 

discovery methods. The protein is conformationally dynamic, its chaperone-binding modes 

are unknown, and chaperone-mimetic ligands are rare, necessitating the rapid sampling 

of large libraries. Recognizing that DELs would be well suited for overcoming these 

challenges, a DEL was used to perform a selection and identify ligands that stabilized 

and prevented the polymerization of Z-α1-antitrypsin (Fig. 3b)39. Using a library of 

up to 2 trillion members, an affinity selection identified a potent in vitro inhibitor of 

Z α1-antitrypsin polymerization (#17). Subsequent optimizations led to compound #18, 

which also refolded denatured Z α1-antitrypsin in vitro. The co-crystal structure of Z 

α1-antitrypsin with #18 (PDB ID 7AEL) revealed an interaction with a novel binding site 

at the E342K mutation, not present Z α1-antitrypsin apo structures. In iPSC-derived human 

hepatocytes, #18 inhibited polymerization, increased secretion of Z α1-antitrypsin polymers, 

and increased circulating monomeric Z α1-antitrypsin in mouse models. An HTS screen of 

1,700,000 compounds was also conducted, but compounds could not be advanced beyond 

early lead optimization. Indeed, the unbiased, binding-focused nature of DEL selections 

with an enormous library enabled the development of #18. Altogether, this study highlights 

the capacity of DELs to mediate the discovery of ligands with complex targets and with 

unique, previously undefined binding modes.

A major advantage of DELs is that they enable selections to be conducted concurrently 

against multiple targets within a single workflow. For example, when carefully designed, 

moderately sized DELs that mimic a particular bioactive small molecule (focused DELs) 

can enable rapid ligand discovery across multiple targets. This strategy was recently used 

to create an NAD+ mimicking DEL (NADEL) of up to 58,302 members to facilitate 

NAD+-dependent enzyme ligand discovery40. Using NADEL, novel inhibitors for various 

NAD+-dependent enzymes were discovered, validating the potential for structurally focused 

DELs to identify ligands for multiple target types (Table 1). Affinity selections with a 

series of immobilized biotinylated poly- and mono-(ADP-ribose) polymerases (PARPs) 

resulted in the successful discovery of many validated ligands for multiple PARPs (#19-
#21)40,41. A further selection against the mono-ADP-ribosyltransferase SIRT6 identified the 

selective inhibitor #22. In HUVECs, inhibition by #22 showed bioactive SIRT6 engagement 
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through elevated DNA-damage biomarkers, consistent with the role of SIRT6 in telomere 

maintenance. Compound #22 also decreased extracellular release of LPS-stimulated TNF-α 
in HP-1 monocytes, a SIRT6 dependent pathway. This study illustrates that DEL selections 

can be multiplexed when ligands for a family of targets are sought, even from a modestly 

sized library.

The ability to rapidly conduct DEL selections against a large volume of disparate therapeutic 

targets has also been demonstrated in a search focused on finding novel antibiotic 

compounds against 39 S. aureus, 70 A. baumannii, and 42 M. Tuberculosis targets42. From 

various tagged and immobilized protein targets and a DEL containing up to several billion 

compounds, potent target binders or inhibitors for each target panel (14 for S. aureus, 52 

for A. baumannii, and 27 for M. Tuberculosis) were identified. Off-DNA synthesis for each 

target panel found 7 S. aureus binders to have activity, two of which had confirmed MoAs, 

17 A. baumannii binders to exhibit activity, three of which had confirmed MoAs, and at least 

four M. Tuberculosis binders to have confirmed activity.

As the target and compound space for this effort is vast, a short list of exemplary 

compounds discovered from the study is included in Table 1 (#23–26). One key example 

is the identification of hits developed from S. aureus Undecaprenyl pyrophosphate synthase 

(UppS)43. This protein is a cis-prenyltransferase, and its downstream pathway product, 

undecaprenylphosphate (UP), is essential for cell viability in E. coli, P. aeruginosa, and 

S.pneumoniae. FLAG and strep-tagged UppS from S.aureus was immobilized and used in a 

selection with the DELs mentioned above. Isolated compound #26 inhibited S.aureus UppS, 

exhibited a MIC of 8 μg/mL against methicillin-resistant S. aureus (MRSA), and bound to S. 
pneumoniae UppS (PDB ID 5KH5) near the base of its substrate binding site. The success 

rate of these studies was similar to those obtained from HTS-based discovery efforts, but 

with vastly improved timelines and fewer resources - 3–4 months from isolated protein to 

analysis of DEL selections and 2–3 months of subsequent chemical synthesis and testing.

Another illustration of the short timeframe of DEL campaigns from selection to hit 

characterization and development is a study developing SARS-CoV-2 protease inhibitors44. 

An affinity selection (1–2 weeks) on immobilized His-tagged Mpro (cloning and expression 

in 1–2 weeks) with a collection of DELs totaling up to 4 billion compounds was performed. 

This DEL campaign resulted in the identification of inhibitory library member compound 

#27 and a synthesized derivative #28 (1–2 weeks for compound characterization), which 

both exhibited a covalent binding mode to a coronavirus main protease-conserved S1 pocket 

(PDB ID 7LTN). Notably, both compounds rescued cell death in VERO E6 cells treated 

with live strain SARS-CoV-2 (1–2 weeks for antiviral testing). This study exemplifies the 

power of DELs to enable rapid (<3 months) screening of a time-sensitive therapeutic target. 

An analogous HTS well-based approach would have enabled the screening of no more than 

~100,000 small molecules44.

Collectively these three studies illustrate that libraries of various sizes can be used 

quickly against a large series of targets in parallel, enabling rapid characterization and 

implementation of new bioactive ligands.

Peterson and Liu Page 7

Nat Rev Drug Discov. Author manuscript; available in PMC 2024 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Clinical candidates

Traditional DEL selection workflows, which use single immobilized proteins, have enabled 

the identification of multiple clinical candidates. To date, three clinical candidates have been 

assessed or approved in clinical trials (Fig. 4a–c).

The first DEL-enabled clinical candidate was a soluble epoxide hydrolase (sEH) 

inhibitor (Fig. 4a), developed and optimized from an original library hit (#29)18,20,45–

51, into the clinical candidate GSK2256294 (#30)48. sEH converts epoxyeicosatrienoic 

acids (EETs) to dihydroxyepoxyeicosatrienoic acids (DHETs), the former of which is 

a more potent anti-inflammatory metabolite. Inhibition of this enzyme, therefore, can 

potentially treat conditions associated with over-inflammation. Phase I clinical trials on 

safety and tolerability of GSK2256294 were successfully completed (NCT01762774, 

NCT02262689)52,53. Additional Phase I trial data (NCT01762774) from 2017 revealed 

that treatment with GSK2256294 successfully increased EET-mediated vasodilation in 

COPD patients or overweight smokers with impaired EET-mediated endothelial function 

and bradykinin vasodilation54. Two Phase II clinical trials were also recently reported for 

GSK2256294: one for the potential treatment of aneurysmal subarachnoid hemorrhage 

(NCT03318783)55 and the other for potentially altering insulin sensitivity in obese or pre-

diabetic patients (NCT03486223)56. The first trial (NCT03318783) reported a large increase 

in the EET/DHET ratio in the serum of patients treated with GSK2256294 compared to the 

placebo. At clinical endpoints, patients treated with GSK2256294 had shortened hospital 

stays, resulting in a quicker transition back to home compared to placebo-treated patients, 

albeit with a small sample size (10 for GSK2256294, 9 for placebo). Although the second 

trial (NCT03486223)56 is still ongoing, GSK2256294-dependent decreases of biomarkers 

for oxidative stress in diabetic, obese, and smoking patients have been reported. The many 

clinical trials conducted with GSK2256294 demonstrate that a DEL discovery platform can 

translate candidate ligands into clinical settings.

DELs have also facilitated the development of a receptor-interacting serine/threonine-

protein 1 (RIP1) kinase inhibitor—a key regulator of inflammation—that entered clinical 

trials (Fig. 4b). An initial library hit, GSK’48157,58 (#31), was discovered from an 

immobilized selection with RIP1, exhibited potent and specific RIP1 inhibition, and 

was subsequently optimized into GSK2982772 (#32). After validating the candidate in 

cell culture (in vitro) and in mouse models of TNF-induced acute lethal shock (in 
vivo), GSK2982772 was moved into Phase I clinical trials with healthy individuals 

(NCT02302404, NCT03305419, NCT03590613)59,60 and tested with alternate formulations 

(NCT03266172, NCT03649412)61,62. In all cases, the candidate was well tolerated. Phase 

II trials for three conditions (psoriasis, arthritis, and ulcerative colitis) resulted in reduced 

epidermal thickness, infiltration of inflammatory immune cells in patients with mild-to-

moderate plaque-type psoriasis (NCT02776033)63; attenuated bone erosion in patients with 

moderate-to-severe rheumatoid arthritis (NCT02858492)64; and no therapeutic benefit for 

patients with ulcerative colitis (NCT02903966)65. Other studies involving GSK2982772 
derivatives have also been conducted, revealing a range of capabilities from activity in 

cell models of necrosis66, to blood-brain barrier penetration67, to increasing the immune 

response in pancreatic ductal adenocarcinoma models as a separate clinical candidate, 
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GSK3145095 (#33) (NCT02903966)68,69. That so many potential therapeutic applications 

have resulted from this clinical candidate highlights the biomedical relevance of DEL 

discovery platforms from in vitro screen to clinical application.

The most recent example of a clinical candidate discovered by DELs is the discovery of 

a potent autotaxin inhibitor (Fig. 4c)70. A DEL with a three-building-block peptidomimetic-

like structure of up to 225 million compounds was used in a selection with immobilized 

FLAG-tag autotaxin, a secreted phosphodiesterase associated with lung fibrosis and 

idiopathic pulmonary fibrosis70 and the primary source of blood-borne lysophosphatidic 

acid (LPA). This selection revealed compound #34 as a potent autotaxin inhibitor, optimized 

to substrate competitive X-165 (#35) (PDB ID 6W35), which reduced mice plasma LPA 

levels and exhibited antifibrotic activity. The FDA has since cleared X-165 for Phase 1 

clinical trials.

Collectively, these three examples illustrate that DEL technologies can advance new 

small molecules into clinic trials, despite their relatively recent development as a ligand 

discovery strategy. We anticipate that many more DEL-mediated clinical candidates will 

be discovered either through this immobilized single-target workflow or more complex 

selections (described in the following sections).

Engineering DEL selection conditions

Researchers often require ligands with specific binding properties or ligands for targets 

not amenable to traditional DEL workflows. Therefore, researchers have sampled various 

iterations of the traditional DEL immobilization workflow. To address ligand design, 

researchers often take advantage of the multiplexable nature of DEL selections, in which 

single or multiple targets can be co-incubated with varied conditions to select for user-

defined binding modes. Additionally, the small scale and ease with which DELs can 

be re-synthesized enables additional rounds of selection, optimized hits, and improved 

binders. Various groups have also addressed targets not stable to traditional immobilization 

techniques and have developed methods for alternatively immobilized or non-immobilized 

in vitro selections. Examples of novel small molecule discovery using these techniques are 

highlighted in this section.

Tuning selection conditions

Individual selection conditions or entire selection campaigns, using the immobilization 

workflows described previously, can be tuned to identify ligands with unique or user-defined 

properties (Table 2).

Conditions to enrich selective or multi-target binders—In the most straightforward 

implementation, hit output can be enriched for subtype selective ligands using workflows 

that rely on in-parallel counter-selections against related family members. This method was 

used to find the first selective small-molecule modulators of Discoidin Domain Receptor 

1 (DDR1), a receptor tyrosine kinase that autophosphorylates and activates downstream 

inflammatory responses71. Using two pooled libraries (up to 83 billion and 85 billion 

members), a selection against immobilized GST-tagged DDR1 and DDR2 was conducted. 
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By computationally excluding binders that enriched for both DDR1 and DDR2, compound 

#36 was identified to selectively bind to DDR1 over DDR2. A significant medicinal 

chemistry effort resulted in compound #37 with >1,400 kinome selectivity for DDR1 and 

>14-fold selectivity over DDR2, made possible through a unique kinase binding mode (PDB 

ID 6FEW, 6FEX). This compound also showed therapeutic benefit in a mouse model of 

Alport syndrome. This study illustrates that a simple counter selection can be conducted 

alongside the main target when subtype selectivity is desired.

A similar counter-selection method was used to identify BET BRD4-BD2 domain-selective 

ligands72. Selections with 6-His-BRD4 (1–477, Y390A) to identify BRD4-BD1 ligands, 

6-His-BRD4 (1–477, Y97A) to identify BRD4-BD2 ligands, and then finally against BRD4 

dual domain (1–477), were conducted using a series of DELs. Isolated compound #38 
enriched in the Y97A selection and the dual domain BRD4 constructs, but not for the 

Y390A mutant, which suggested BD2 selectivity. Indeed, #38 exhibited near equipotent 

binding to BD2 domains of BRD4, BRD3, and BRD2, while showing >30-fold better 

potency compared to each of their respective BD1 domains. A lengthy structure-guided 

medicinal chemistry campaign on #38 (PDB ID 7OEO) led to compound #39, a potent 

BD2 binder with >5,000-fold selectivity over BD1 and an optimized BD2 binding mode 

(PDB 7OET). Both these examples demonstrate that the addition of a few more selection 

conditions can enable the identification of subtype selective ligands straight from the library, 

an experimental change requiring minimal extra time and resources in DEL selection 

workflows.

Conversely, concurrent parallel selections can also rapidly identify ligands with multi-target 

potency, a capability that is particularly useful for rapidly mutating targets in oncology 

or infectious diseases. For example, multiple novel binders to estrogen receptor α (ERα), 

a nuclear hormone receptor and transcription factor overexpressed in ~70% of all breast 

cancers with many clinically identified gain-of-function mutants (D538G, S463P, and 

Y537S), were discovered through a DEL affinity selection (Fig. 5a)73. 44 DELs totaling 

up to 120 billion compounds were used against immobilized ligand binding domains of His-

tagged ERα WT and these gain-of-function mutants73. Multiple hits—including compound 

#40—enriched for ERα WT and the three ERα mutants. #40 exhibited binding in vitro to 

ERα WT and to all three ERα mutants, but showed an agonistic phenotype in an MCF7 

antiproliferation assay. A short SAR campaign to convert #40 to an ERα antagonist led 

to #41, which exhibited improved in vitro potency, targeted all three ERα mutants, and 

inhibited MCF7 growth. These results demonstrate that multiplexed selections can enable 

the discovery of ligands capable of inhibiting multiple clinically relevant protein subtypes 

directly from library selection.

Conditions for defined ligand binding modes—Another way to tailor selection 

output is to introduce parallel selection conditions that allow certain desired binding modes 

of library hits to be inferred. To accomplish this, libraries can be co-incubated with both 

protein targets and other target ligands or substrates that have known binding modes. 

For example, by introducing a parallel condition to nominate ligands with an active site 

binding mode, novel inhibitors for growth factor β-activated kinase 1 (TAK1, MAP3K7) 

were found74. Using 21 pooled DELs, a selection was conducted on immobilized, His-
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tagged TAK1-TAB1 fusion which was co-incubated with or without active site inhibitor 

5Z-7-oxozeaenol. Hits from a sub-library that did not enrich in conditions with 5Z-7-

oxozeaenol resulted in inhibitory compound #43 with a putatively active site binding mode. 

Medicinal chemistry and structure-guided optimization led to intermediary compound #44 
and optimized compound #45, which exhibited kinome selectivity for TAK1. A co-crystal 

structure of #45 bound to TAK1 (PDB ID 7NTH) revealed a unique type-I binding mode 

at the hinge region that enabled kinome selectivity, confirming the competitive binding 

observed with 5Z-7-oxozeaenol from the DEL selection. This study demonstrates the utility 

of running a parallel condition to direct selection output for a particular ligand binding 

mode.

To prioritize ligands with selective binding modes, parallel ligand co-incubations can 

be combined with multiple proteins. For example, by pooling >50 DELs totaling up 

to 4.5-billion compounds for a selection with immobilized His-tagged BRDT-BD2 and 

BRDT-BD1 (and running parallel conditions of each protein co-incubated with promiscuous 

bromodomain binder JQ1), potent and specific inhibitors for the BD2 domain over the BD1 

domain of BET bromodomain testis (BRDT), a male contraceptive target, were rapidly 

discovered (Fig. 5b)75. From these selections, #46 was identified as a BD2 selective binder, 

which enriched with the BD2 domain but did not enrich with either the BD1 domain or 

BD2 domain co-incubated with JQ-1. Optimization led to #47, which exclusively interacted 

with BET family BD2 domains. Co-crystal structures of both #46 and #47 (PDB IDs 7L9A, 

7L99, respectively) revealed BD2-domain selectivity was contingent on interacting residues 

(P352 and H355) not conserved with the BD1 domain (K110 and D113), an area JQ1 does 

not contact. This study further highlights the ability of parallel DEL selections to accelerate 

the rate of selective ligand discovery.

Similarly, selection schemes were used to find inhibitors of hydroxy acid oxidase 1 

(HAO1), that avoided inhibition of off-target protein lactate dehydrogenase B (LDHB), 

to treat primary hyperoxaluria (PH), a liver disorder that overproduces oxalate76. Using 

a collection of DELs in a selection against C-tag-HAO1 and LDHB, immobilized with 

an Anti-C-tag matrix, a novel chemical series of HAO1 inhibitors was identified. To gain 

further information on binding modes from hit candidates, a HAO1 condition co-incubated 

with a previously reported active-site inhibitor was also included. Hits from a well-enriched 

sub-library resulted in inhibitory compound #48. This compound and series did not 

enrich in conditions co-incubated with the previously reported inhibitor or with LDHB 

off-target, suggesting a HAO1-specific, active site binding mode. A co-crystal structure of 

#48 bound to HAO1 (PDB ID 6W45) proved active site binding occupying the glycolate/

glyoxylate binding site. #48 also rescued cell viability in CHO cells overexpressing HAO1. 

Compound #49, a carboxylate bioisostere of #48 containing a benzotriazole with improved 

physiochemical properties yet reduced in vitro potency was also developed.

To discover clinically useful binding modes on unverified targets, multiple selections 

can be designed and performed in parallel under different conditions. For example, in a 

search for the first inhibitors of UDP-N-acetylglucosamine acyltransferase (LpxA) from 

Pseudomonas aeruginosa, eleven distinct DELs were pooled and incubated against E. coli 
and P. aeruginosa LpxA with a variety of substrate, product, and inhibitor co-incubations 
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(see Table 2)77. Enriched hits for P. aeruginosa LpxA led to inhibitory compound #50, 

which showed reduced enrichment in the selection condition with its enzymatic product. A 

co-crystal structure of #50 bound to both P. aeruginosa LpxA (PDB. ID 7OJP) and E.coli 
LpxA (PDB ID 7OJ6), showing binding near the substrate binding and catalytic regions of 

the LpxA, consistent with selection outcomes. Next, a structure-guided approach was used 

to successfully design a large series of selective LpxA inhibitors with varying potencies 

in vitro, in bacterial cultures, and physiochemical properties, such as #51. This compound 

also inhibited a series of clinically relevant isolates of P. aeruginosa growth, demonstrating 

the clinical utility of targeting this protein with this type of binding mode. This study 

demonstrates that multiple parallel conditions can enable clinically relevant hit discovery on 

a target with an enzymatically unique binding mode.

Multiple DEL selections can also be performed to enrich ligands with a pre-defined 

binding mode. For example, a complex selection scheme was conducted to identify N-α-

acetyltransferase 50 (Naa50) ligands that are acetyl-CoA (AcCoA) cooperative78. A series 

of DELs totaling up to 2.2-billion members for a selection against immobilized His-tagged 

Naa50 was used, along with a parallel set of selections co-incubated with either AcCoA, 

or a previously reported active-site inhibitor. One sub-library (from the Naa50+AcCoA 

selection) yielded compounds that were less strongly enriched when AcCoA was absent 

and not enriched in the presence of the Naa50+active site inhibitor. These results suggested 

that this family of compounds were AcCoA-cooperative active site inhibitors. Inhibitory 

compound #52 from the series selectively stabilized Naa50 with AcCoA. Potent binding was 

also observed in the presence of AcCoA or CoA. Additionally, co-crystal structures of #52 
with either CoA or AcCoA bound to Naa50 (PDB ID 6WFK, 6WFN) were solved, which 

verified that the compound bound to the Naa50 active site adjacent to the CoA-binding 

pocket without displacing either cofactor, suggesting uncompetitive binding with the AcCoA 

cofactor and competitive binding with peptide substrates.

Collectively, these studies illustrate the use of DEL selections that incorporate counter-

selections against closely related targets, together with conditions to exclude ligands that 

engage binding sites. Using this strategy, binding information about putative library hits can 

be acquired efficiently and effectively. Prioritized hits with desired properties can then be 

resynthesized and optimized for downstream efforts.

Bifunctional compounds—DEL selections inherently evaluate bifunctional compounds 

containing a target-binding ligand and a covalently linked DNA barcode. Typically, the DNA 

barcode is solvent-exposed and does not substantially contribute to target binding, allowing 

subsequent replacement during compound optimization or characterization. This inherent 

structural feature of DEL members—a modifiable linker at the site of DNA attachment—

can be leveraged to develop bifunctional molecules from selection data. For example, the 

researchers who developed ERα WT and mutant inhibitors also developed a proteolysis 

targeting chimera (PROTAC) derivative of compound #41 (Fig. 5a)73. By conjugating the 

modifiable linker of #41 to a von Hippel-Lindau protein (VHL) E3 ligase-recruiting ligand, 

compound #42 was developed (Fig. 5a)73. Compound #42 retained binding to ERα WT and 

all three mutants, while exhibiting a strong cellular ERα degradation profile. This compound 

also had potent antiproliferation effects on MCF7 cells and multiple ER-positive breast 
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cancer cell lines, and reduced ERα levels and tumor volume in an MCF7 xenograft mouse 

model.

DELs selection schemes were also exploited to develop bifunctional cell-recruiting 

molecules. Two DELs were used in parallel - GB-DEL (up to 366,600 members)79, NF-

DEL (up to 670,752 members)80 — in a selection with immobilized placental alkaline 

phosphatase (PLAP), a protein expressed on the surfaces of tumors in the female 

reproductive tract81. Isolated compound #53 from this selection inhibited PLAP phosphatase 

activity. Next, compound #54 was synthesized, effectively a bifunctional molecule with 

#53 and fluorescein, and its tumor-targeting capabilities were subsequently tested. #54 
bound selectively to PLAP-positive tumors both in cell lines and in xenograft mice, 

confirming its ability to target tumors of the female reproductive tract. #54 was also 

used as a bispecific bridge between UniCAR T-cells and PLAP-positive tumors, where anti-

fluorescein antibodies are expressed on T-cell surfaces. Substantial cell lysis was observed 

only when CAR-T cells, HeLa cells, and varying doses of #54 were combined.

Together, these studies illustrate that the architecture of DEL small molecules can facilitate 

the rapid development of clinically relevant bifunctional ligands.

Multiplexed conditions to enrich multiple ligand types—In cases when various 

ligand types are needed for a single target, multiple DEL selection conditions can be used 

to span a variety of potentially useful binding modes. For example, because inhibitors of 

Burton’s tyrosine kinase (BTK) were starting to develop clinical resistance82, new inhibitors 

were sought. A selection with a DEL encompassing up to 110,261,100-members was 

conducted using immobilized 6-His BTK, 6-His BTK with saturating amounts of ATP, or 

6-His BTK with saturating amounts of dasatinib, a known BTK inhibitor. Isolated inhibitory 

compound #55 showed reduced enrichment in the ATP or dasatinib selections. Another 

inhibitory hit, compound #56 also enriched against BTK but maintained enrichment in the 

ATP conditions, suggesting a different binding mode than #55. Further in vitro mechanism 

of action studies revealed that #55 was ATP-competitive, consistent with selection results. 

In contrast, #56 was either a non-competitive binder with ATP, or ATP competitive yet so 

potent that ATP could not displace it. A co-crystal structure of #56 bound to BTK (PDB 

ID 5U9D) revealed critical interactions with the ATP binding pocket and a conformational 

shift that blocks access to the selectivity pocket, suggesting very tight binding near the 

ATP binding pocket. In a follow-up study using a different in vitro assay, #56 was shown 

to inhibit both wild-type BTK and a clinically relevant BTK C481S mutant, a cysteine 

mutant that conferred resistance to previous inhibitors83. This study illustrates that multiple 

concurrent DEL selections can be used to discover a series of ligands with various binding 

properties for a single target.

The utility of running parallel DELs to discover multiple ligand types is also illustrated 

in a search for Mer and Axl receptor tyrosine kinase inhibitors84. Using various Mer 

and Axl constructs (see Table 2), and selection conditions for immobilized affinity-based 

selections with 46 combined DELs totaling > 90 billion compounds, inhibitory compound 

#57 was identified. This compound exhibited an ATP-competitive type I binding mode on 

Mer. Another DEL series that enriched in both the +/− ATP conditions resulted in the 
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identification of inhibitory compound #58. Co-crystal structure analysis (PDB ID 7AW4) 

confirmed a type-II, non-ATP competitive binding mode. The series of final hits led to 

the identification of inhibitory compound #59, which exhibited a type I½ binding mode 

(ATP competitive binding to inactive kinase confirmation) by co-crystal structure (PDB 

ID 7AW2) and selectivity over other paneled kinases. #59 was optimized in a follow-up 

study, leading to #6085, which showed complete selectivity for Mer and Axl over a panel of 

kinases and inhibited efferocytosis in CD14+ moncytes with a similar binding mode (PDB 

ID 7OLX) to #59. #60 showed antiproliferation in both Mer and Axl-dependent Ba/F3 cell 

lines and mouse xenograft models. In an MC38 tumor mouse model, #60, in combination 

with ionizing radiation (IR) and an anti-PD1 antibody, showed improved overall survival 

compared to IR alone.

Together these 2 studies demonstrate that the malleability and multiplexed capability of DEL 

selections enable the enrichment of hits that span a variety of different, biologically useful 

binding modes to a target of interest. Indeed, the highlighted DEL selection examples above 

enabled the development of multiple pre-clinical candidate ligands.

Selections on membrane-bound proteins—DEL selections owe many of their 

advantages to their use of in vitro, immobilized targets. However, this feature raises concerns 

about conducting selections on membrane proteins and other hard-to-isolate targets, such 

as G protein-coupled receptors (GPCRs). Furthermore, because putative GPCR binders can 

have either agonist or antagonistic downstream effects, and in vitro selections cannot select 

for this information, analysis is further complicated. Despite this concern, two recent studies 

have successfully used DELs on GPCRs for agonist and antagonist ligand discovery.

First, allosteric ligands of the protease-activated receptor 2 (PAR2), a putative GPCR 

target for pain or inflammatory-related diseases, have been identified from DELs (Fig. 

5c)86. To retain a properly folded membrane protein during the selection process, a 

thermostabilized GPCR (StaRs) construct in the apo form, pre-complexed with a stabilizing 

antagonist AZ6343, or either of those two conditions with competitor antagonists AZ8838 

or AZ7188, was used. Using a collection of 20 DELs, compound #61 was identified87. This 

compound was enriched in the apo and AZ6343 stabilized forms, but not in the presence of 

competitors AZ8838 or AZ7188, and exhibited PAR2 agonist activity. Compound #62 was 

also identified as a PAR2 antagonist, enriched with AZ6343 stabilized PAR2 but attenuated 

enrichment with AZ8838 or AZ7188. Optimization of #62 yielded a more potent compound 

#63, revealed as an allosteric binder (PDB ID 5NDZ)88. A follow-up study determined that 

antagonist #63 inhibited peptide activation of PAR2 and reduced downstream biomarkers, 

while agonist #61 exhibited the opposite phenotypes87. Both #61 and #63 strongly bound to 

PAR2 and concurrently bound to their respective PAR2 allosteric sites. #63 also attenuated 

immune responses in rat models of PAR2 agonist-induced inflammation. Subsequent papers 

have used antagonist #63 to further probe PAR2 biology89, and as a potential therapeutic for 

both osteoarthritis90 and cardiovascular endothelial dysfunction91.

A second study that illustrates the use of DELs for agonist/antagonist discovery sought to 

find positive and negative allosteric modulators of the β2-adrenoceptor (β2AR). Although 

non-allosteric antagonists of β2AR (known as β-blockers) are already used as cardiovascular 
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disease therapeutics, new allosteric modulators could potentially confer newer selectivity 

or phenotypes. Initially, novel ‘β-blocker’ type antagonist compound #64 of β2AR was 

discovered from DELs totaling up to 190 million members against detergent solubilized, 

immobilized Flag-tagged β2AR92. #64 was a negative allosteric modulator of β2AR, reduced 

downstream β2AR biomarkers in cells, exhibited allosteric binding at the cytoplasmic 

surface of the receptor (PDB ID 5X7D)93, and stabilized β2AR’s inactive conformation. 

A collection of DELs of up to 500,000,000 members was also used for agonist discovery, 

using biotinylated β2AR reconstituted in detergent-free immobilized HDL particles94. A co-

incubation with active conformation stabilizer BI167107 was included. From this selection, 

the first positive allosteric modulator of β2AR, (#65), was isolated, which potentiated the 

binding of orthosteric agonists to β2AR, elevated downstream biomarkers, and stabilized the 

agonist-induced active conformation of β2AR (PDB ID 6N48)95. In a separate study, #65 
was reported to also enhance agonist activity on β1AR96.

Both of these DEL campaigns resulted in a highly comprehensive set of structural, 

biochemical, and biological studies for new ligands exhibiting agonist and antagonist 

binding properties. These studies highlight the inherent advantages offered by binding-

based DEL selections, including specific binding modes (such as allosteric modulation) 

or selectivity over a series of proteins. Additionally, these studies illustrate how different 

selection conditions can be leveraged to dictate protein conformations, ligand output, and 

downstream biological activity. Finally, these studies use valuable methods for stabilizing 

difficult-to-isolate membrane targets with DEL selections.

Non-immobilized selections

Selections on isolated, immobilized proteins have dominated DEL-mediated ligand 

discovery due to their straightforward implementation and their applicability to most targets. 

While feasible for most targets, including difficult-to-isolate proteins such as GPCRs, the 

immobilization process may not be compatible with all targets, may occlude ligand binding 

sites, or may promote non-specific interactions with the solid-phase resin. Alternatively, 

solution-phase selections are an evolving technology within DEL platforms that can assess 

protein targets in more relevant contexts, access other binding modes, and avoid potential 

protein- or assay-dependent complications from the immobilization process. Furthermore, 

unique ligand properties can be selected for by using solution-based selections not possible 

with immobilization techniques. Although these techniques typically require more laborious 

selection workflows, or significant modification of library architecture, novel ligands using 

these techniques have begun to emerge in the DEL field.

For example, a DNA-encoded dynamic library (DEDL) in-solution approach has been used 

to identify ligands for sirtuins (Table 3)97. DEDLs are similar to encoded self-assembling 

chemical (ESAC) libraries9, which use two fragments bound to each strand of a DNA-

duplex reminiscent of fragment-based screening. However, DEDLs use a DNA strand with 

short hybridization sites (6–7 bases), where transient pairs of DNA fragments exist in a 

solution that provides ever-changing combinatorial pairs that only becomes stabilized upon 

concurrent interaction with a target. The fragments are then UV cross-linked and amplified 

by PCR for NGS to identify fragment pairs. The study used a DEDL of up to 10,000-
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members against SIRT1, SIRT2, and SIRT5 in solution; isolated crosslinked DNA duplexes 

by PAGE electrophoresis; amplified the surviving fragments by PCR, and sequenced DNA 

barcodes by NGS. Enriched fragments were synthesized and screened with various linkers 

and inhibitory compounds #66 (SIRT1), #67 (SIRT2) and #68 (SIRT5) were isolated. This 

study nicely highlights how in-solution DEL technology can be fused with strategies of 

other verified ligand discovery platforms, such as fragment screening.

Another de novo ligand discovery effort using in-solution selections aimed to discover 

c-Src kinase inhibitors that bind to the rarely-targeted kinase-substrate site (Fig. 6a)98. An 

in-solution DEL selection was designed that could enrich for c-Src enzyme substrates from 

a newly synthesized DEL of up to 550,000 members. DEL molecules were treated with 

active c-Src and ATP, followed by enrichment of phosphorylated molecules by pulldown 

with a broadly specific anti-phosphotyrosine antibody, enabling the isolation of compound 

#69, exhibiting both c-Src substrate and c-Src inhibition properties. A methyl ester version 

of #69 reduced c-Src-dependent STAT3 phosphorylation in a cell culture model of EGFR-

transformed mammary epithelial (NME) cells. These two examples show that in-solution-

based selections can produce novel ligands with unique properties. Solution-phase selections 

allow greater variability in experimental setup compared to immobilization, consequently 

enabling the identification of more nuanced binding or activity modes.

Selections using library retooling

DELs can be quickly synthesized and selection hits can be characterized shortly thereafter. 

As a result, DELs can be re-synthesized or re-tooled for a particular chemotype, target 

type, or biochemical function. Due to both the pooled nature of DEL synthesis and the 

small library needed in a selection, researchers can practically implement this procedure to 

enhance discovery of active ligands. By contrast, whole-library resynthesis for traditional 

libraries and screening platforms is often impractical (Table 3).

The most straightforward way to retool a library is to modify it to serve as a control. For 

example, DELs have been used to identify nucleic acid binders, highlighting the broad utility 

of a binding-based selection99. More than 30 different DELs were used in selections against 

immobilized biotin-tagged c-mycG4, which are DNA G-quartets found in the promotor 

region of the c-myc gene that control 80–90% of its expression. A portion of the libraries 

was modified by removing the small molecule (leaving only the DNA barcode) and this 

truncated library was used in a parallel selection with the intact library. This truncated, 

no-small-molecule control library was included to filter out any false positive DNA-DNA 

hybridization events that might occur with a nucleic acid-based target. Compound #70 
was identified from this selection as a binder of c-mycG4 and a variety of other G4-like 

sequences, which inhibited PCR amplification of c-mycG4. These experiments verified 

target engagement and validated the goal of using DELs for novel nucleic acid binders, 

expanding the target scope of DELs to nucleic acids. Other studies using non-ligand control 

libraries might similarly enable new ligands for nucleic acid epitopes.

The main advantage of library re-tooling is that it further diversifies library members, 

expands library size, and provides new properties on currently used DELs to enhance 

discovery efforts. To extend the BTK campaign highlighted above82, a new library that 
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mimicked the DEL architecture of discovered non-covalent BTK inhibitors was modified 

with acrylamide electrophiles (up to 26,183,954 compounds) to find novel covalent 

inhibitors of BTK83. An optimized selection protocol was used with immobilized His6-BTK 

at multiple time points, with and without kinase inhibitor staurosporine. Parallel selections 

with 17 off-target proteins were conducted to eliminate non-specific interactions and 

compound #71 was enriched with increasing incubation time. Additionally, #71 exhibited 

kinome-selective BTK binding in vitro, but did not inhibit BTK C481S, suggesting a 

covalent inhibition. The covalent complex was verified by mass spectroscopy and a co-

crystal structure. An expanded electrophile DEL with six different electrophiles (up to 

157,103,670 members) was also synthesized and a similar selection conducted. Epoxide-

containing compound #72 exhibited improved potency, showed inactivity over BTK C481S 

mutant, and formed a covalent adduct on MS. The results of this study allow for future 

DEL selection schemes for covalent inhibitors. The optimized protocol reported should be 

emulated for DEL synthesis and selection of putative covalent binders.

Finally, re-tooling libraries is a valuable strategy from a medicinal chemistry perspective, 

as increasingly focused libraries can be developed to improve ligand potency. An example 

of this is the discovery of novel CBX chromodomain (ChD) ligands (Fig. 6b)100. In this 

study, selection conditions for finding ChD selective inhibitors were initially optimized 

and a positional scanning library (PSL1), which contains a trimethyllysine incorporated 

penta-peptide with broad/moderate binding affinity for CBX domains, was synthesized100. 

On-DNA based medicinal chemistry was conducted through selection data by making the 

parental peptide variable at each of the four amino acid positions outside of trimethyllysine. 

To find CBX8 ligands, selections against all 5 His-tagged ChDs (CBX2, CBX4, CBX5, 

CBX7, CBX8) using PSL1 were performed, isolating compound #73 as a weak CBX8 

binder with no cellular CBX8 inhibition101. Next, two libraries were generated based around 

#73, PSL2A, and PSL2B and all four positions following trimethyllysine were varied with 

new chemotypes. Isolated compound #74 as a fluorescein conjugate was a potent binder 

and selective for CBX8 over other CBXs. #74 displaced CBX8 from chromatin, reduced 

transcription of CBX8-dependent genes in a leukemia model, and reduced cell viability of 

CBX8-dependent leukemia cells. From this same selection campaign, compound #75 was 

identified as a CBX2 binder102. #75 reduced both CBX2 and CBX8 binding to chromatin, 

inhibited cell proliferation, and increased expression of AR and AR target genes in a 

prostate cancer cell-line model independent of the androgen receptor (AR). Co-treatment 

with an AR antagonist further reduced cell viability, suggesting cells can be re-sensitized to 

AR inhibition through CBX2 inhibition.

These three examples demonstrate how library re-tooling and additional selections can serve 

as an alternative method to traditional medicinal-chemistry-based derivatization. Indeed, 

library retooling potentially enables the characterization of more potent and selective lead 

compounds straight out of libraries.

Collectively, the examples highlighted in the previous subsections illustrate the variety 

of conditions that DEL selections can use to discover unique and active ligands. The 

advantages inherent to DELs, such as multiplexed selection conditions, ease of resynthesis 

and retooling, and the utility of non-immobilized conditions, have resulted in the 
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identification of many new small molecules. These library traits make DEL technology a 

unique and powerful tool for finding ligands with particular in vitro properties that can be 

preemptively defined.

Selections on living cells

Some targets are not amenable to any isolated protein or in vitro selection due to protein 

instability or a lack of well-established isolation protocols. Furthermore, as with any 

target-based binding screen, the qualities of ligand binding, biochemical modulation of 

the target, and downstream phenotype are disconnected. Selections using biological models 

instead of isolated proteins to find novel ligands can expand usable selection environments. 

Indeed, such a strategy has precedent outside the timeframe of this review103, and more 

recent examples are highlighted in the following section (Table 3). Additionally, functional 

or phenotype-based assays (as opposed to binding selections), have been substantially 

developed and reported. However, these assays have only recently been used to find new 

small molecules.

In a creative example of DEL-based phenotypic screens, a solid phase on-bead DEL 

was used to screen for novel antibiotics against E. coli and B. subtilis104. A one-bead 

one-compound solid phase DEL of up to 7,488-members was used in a screen on bacteria 

agar cultures. UV irradiation released the active component off-beads, and active antibiotics 

formed growth inhibition zones (GIZ) around its DEL bead. Next, beads were isolated, 

DNA barcodes amplified by PCR and sequenced, and compounds assessed for their MIC. 

These efforts resulted in identification of the novel hit compound #76. Library members that 

were derivatives of ciprofloxacin, previously reported to have antibiotic activity, were also 

identified. Future phenotype-based screens can use this technology with larger libraries to 

interrogate larger, novel chemical spaces.

Another study highlighting a unique application of DELs used a solid phase peptoid DEL 

containing up to 448,000-members, to search for diagnostic epitope surrogates of IgGs 

that circulate during non-infectious, latent state (LTB), and active infectious states (ATB) 

of mycobacterium tuberculosis (Mtb) infection105. Host immunological states might better 

diagnose between the three epitope surrogates, given that current Mtb antigens do not offer 

appropriate specificity or sensitivity. A selection was conducted using fluorescent-activated 

cell sorting (FACS) with a solid phase, on-bead DEL, incubated with either a mixture or 

individual samples of sera acquired from ATB, LTB, and non-Mtb-infected individuals. 

Beads were incubated with separate secondary fluorescence anti-IgG to label and distinguish 

serum IgG binding hit compounds and hits were verified by resynthesis on beads. Samples 

were analyzed for serum IgG binding and epitope detection by flow cytometry106 and an 

unexpected library side-product compound #77 showed ATB binding, attenuated binding 

to LTB serum, and little-to-no binding in non-infected serum. A secreted protein Ag85B, 

a diacylglycerol acetyltransferase, was identified as the antigen #77 mimic, as it competed 

strongly with #77 for serum IgG.

These two studies reverse the phase of typical DEL selections, which traditionally rely on 

immobilized protein and soluble DEL. A solid-phase DEL allows selections against more 
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complex targets and offers more options for selection assays outside a typical DEL binding 

assay.

Living cells can also serve as target-based selection platforms. On-cell target selections are 

valuable tools for DELs, as this condition is an endogenously relevant environment and 

enables ligand discovery for traditionally hard-to-isolate membrane proteins. By deploying 

DNA-programmed affinity labeling (DPAL) technology107 on endogenous cell surface 

targets, ligands to folate receptor (FR) and epidermal growth factor receptor (EGFR) were 

recently discovered (Fig. 7). The technique required no overexpression on cell surfaces and 

allowed for DEL selections on native protein substrates on cell membranes. A cell surface 

protein of interest was labeled with a DNA tag through photocrosslinking with a known 

binding epitope or ligand, followed by library incubation on cells. If library members bound 

to the target protein, an avidity effect ensued between the library DNA-tag and the DNA-tag 

on the target protein, which promoted hybridization with short complementary regions. Non-

binders formed unstable duplexes by comparison and were washed away. Cell-bound library 

members were then heat eluted and isolated for PCR and NGS. This selection procedure was 

used on a DEL of up to 30,420,000-members with HeLa cells for FR and A431 cells for 

EGFR108. From the FR selection, isolated compound #78 exhibited strong binding affinity. 

FAM-labeled #78 also stained the cell surfaces of HeLa cells but not those with low FR 

expression. For EGFR, isolated compound #79 exhibited modest binding. This method is 

one of the only reported means to access cell-based selections against endogenous targets. 

As many cell surface protein targets already have developed antibodies, one can adapt 

this approach to discover novel small molecule binders of cell surface targets, especially 

membrane proteins that suffer from poor recombinant expression and stability.

DEL selections are increasingly being conducted on complex biological systems and have 

recently played a bigger role in facilitating novel ligand discovery. We anticipate that these 

selection platforms will allow DELs to sample targets in more biological contexts, an area in 

which HTS has traditionally enjoyed a profound advantage. Future discovery efforts within 

these models will enable DELs to transition seamlessly between in vitro validation and 

biological activity.

Future Perspectives

DNA-encoded libraries (DELs) have emerged as a popular platform for discovering novel 

chemical matter. Various DEL selection setups can be tuned to the target and desired ligand 

type. This review has highlighted multiple on-bead, co-incubation, or parallel selection 

conditions to help researchers identify or even select for ligands with desired properties. 

DEL architectures have become structurally diverse despite constraints on the chemistries 

that can be used to prepare them. While large libraries (>109) can enhance discovery 

efforts, there are many examples of focused, small DELs that have yielded highly bioactive 

small molecules. Indeed, DELs of multiple sizes can include important chemotypes used 

in the current small-molecule discovery landscape. For example, macrocyclic compounds 

can offer protein-binding capabilities normally associated with larger biomolecules, but with 

biophysical properties more similar to small molecules, and several macrocyclic DELs have 

been developed109. Covalent DELs have also been developed83,110,111 and can now offer a 
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unique approach to targeting nucleophilic residues that may enhance potency and selectivity 

on key targets. Fragment-based screening has also been used in DEL architectures, allowing 

for rapid screening of binding fragments that can later be synthesized into active ligands. 

As a result of these advantages, studies reporting DEL-mediated discovery of new ligands 

have increased over the last 20 years (Fig. 2a). Thus far, the biological space DELs have 

accessed is broad and we anticipate that the use of DEL libraries and their corresponding 

small molecules will continue to increase. The breadth of targets accessible to DELs ranges 

from traditional enzymes, to cell surface receptors, protein-protein interactions, and folding 

chaperones (Fig. 2b).

Given the recent breakthroughs in targeted protein degradation112,113,122,123,114–121, DELs 

may be especially valuable for researchers seeking to discover bifunctional molecules with 

new degradation activities. DEL library members are inherently bifunctional molecules 

with a linker between the small molecule and the DNA-tag. As the DNA-tag does not 

typically engage in interactions with the target of interest and is solvent exposed, the tag’s 

point of conjugation with the small molecule is usually replaceable with a wide variety 

of other groups, as already demonstrated with PROTACs73, and cell recruiters81. Since 

PROTACs capable of recruiting enzymes, cellular cargo, or whole cells, are becoming 

increasingly prevalent115, DEL-mediated discovery of small molecules for targets of interest 

are well-poised to take advantage of this modularity. DEL-mediated discovery of recruiting 

ligands for effector proteins, such as E3 ligases, also benefit from this site of modularity. 

This property can facilitate conjugation to a target’s ligand, enabling new tools for targeted 

protein degradation. The field currently uses a limited set of ligands for a small number of 

well-characterized E3 ligases, yet hundreds more E3 ligases exist in the human genome115. 

DELs have been already utilized to find ligands for new E3 ligases124 and may expand the 

capabilities of PROTAC systems.

Molecular glues116,119 are a broader class of ligands that bring together two targets of 

interest (Target A and Target B) and can have unique downstream phenotypes. Indeed, the 

targeted degradation field often relies on these types of ligands. DELs have already been 

used to discover molecular glues, including BRD4-VHL125 and BRD4-Cereblon(CRBN)126 

dimerizers that promote target protein degradation. These studies used libraries based 

on ligands for individual proteins (VHL and CRBN) and included additional diversity 

elements and linking elements for binding to the second protein target. In both studies, 

the facile synthesis of target-focused DELs and the implementation of parallel selections 

facilitated the identification of compounds that form ternary complexes with both protein 

targets. Other key advantages of DEL technology that can be leveraged for molecular 

glue discovery include: the large size of many DELs (up to 1012 library members) to 

discover statistically infrequent molecular glue activities; the ability to synthesize focused 

libraries based on SAR from initial DEL selection efforts to improve discovery rates; and the 

capacity to use multiple protein constructs or ligand co-incubations to select for molecular 

glues with research-specified binding modes to each target. Based on the many advantages 

DEL technologies offer, additional molecular glues will likely be discovered through this 

platform.
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DEL-mediated functional selections are also valuable as they can be used to identify 

library members that bind and impart a biochemical effect or phenotype. Some groups 

have pioneered solid-phase DELs in FACS-based selections for protein activity127–130, 

illustrating the use of DELs in modulating biochemical activity or fluorescent based 

binding selections131. As highlighted in this review, solid-phase DELs can also be used 

for phenotypic screens to discover antibiotics104. Given that most enzymatic functional 

assays use a fluorescence readout, these solid-phase DELs can be expanded to include more 

library members. Such an expansion would enable further exploration of classes of enzyme 

targets. Likewise, solid-phase DEL phenotypic screens for antibiotics can also be expanded 

to diversify DEL library applications. For example, DEL-mediated discovery of ligand 

agonists, such as for GPCRs, already uses creative immobilized selection conditions to 

isolate agonist-like binding modes86–96. However, more functional-based selections would 

enable better diagnostic identification of agonist ligands that can be characterized in the 

selection rather than off-DNA in a separate assay.

Target types are not limited to proteins, as DELs have also been used to find ligands for 

nucleic acid targets. For example, as summarized above, efforts were made to find G-quartet 

promoter ligands of the c-myc gene99. Furthermore, DELs have recently been used to find 

RNA-binding ligands, including FMN riboswitch132 and primary microRNA-27a131. As 

DELs inherently have DNA-tags that may promiscuously bind to nucleic acid targets in 

a non-ligand dependent manner, these studies have developed methods to overcome this 

limitation to find bioactive nucleic acid ligands. These examples diversify the target depth 

that DELs can sample for therapeutic benefit.

DEL technology also offers a new way to quickly sample known chemical space using 

currently approved drugs in the clinic, natural products, or well-characterized chemical 

probes. Natural-product-based or drug-based DELs are particularly useful for repurposing 

known molecules against new targets in new contexts. By creating DNA-tagged versions of 

these molecules and conducting traditional or modified DEL selections, other targets can 

be quickly identified using libraries of previously-reported compounds133–136. Repurposing 

ligands can also result in campaigns to increase their activity, as affinity maturation libraries 

and campaigns have been reported, with a recent maturation of acetazolamide coinciding 

with a campaign to generate a cancer imaging agent137,138. Furthermore, focused libraries 

based around either a known ligand or putative chemotypes for a specific protein are more 

tractable with DELs, as their synthesis and screening are on a much smaller scale compared 

to HTS.

Future targets also include proteins that are not easy to isolate or proteins that are not 

stable outside of native contexts. Indeed, DELs have been successfully used in serum105, 

bacteria culture plates104, and against cell-surface expressed protein targets in either 

overexpressed103 or native conditions107,108. Recent studies have described the adaptation of 

DELs to access intracellular-based targets139,140, though such efforts have not yet led to any 

well-developed small molecules.

Finally, as the chemical size of DNA-encoded libraries is far greater than any other type 

of combinatorial non-genetically encoded library and selection output is primarily next-
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generation sequencing, researchers can use various computational methods to sift through 

dense selection data. Machine learning or virtual combinatorial library platforms, that can 

predict ways of improving ligands based on sequencing input from a DEL selection, could 

enable rapid compound optimization. This technology remains a valuable and expandable 

area within the DEL community41,141,142.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Outlook

We anticipate that DELs will continue to serve as a powerful tool for finding new 

modulators of biological activity. As a platform, DELs offer a combination of desirable 

properties that are often mutually exclusive using other means of small-molecule 

discovery. DELs are chemically diverse, easy to screen, and use a low quantity of 

consumable and chemical materials. Given its broad utility and demonstrated impact, 

DEL technology will likely continue to play an important role facilitating the discovery 

of new chemical probes for use in basic research or clinical settings.
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Box 1 |

DEL-compatible chemical reactions used to synthesize DNA-encoded 
libraries.

DELs are unique in that they blend elements of both genetically encoded (the DNA 

tag) and synthetic combinatorial libraries (the small molecule warhead)19. In principle, 

one can synthesize a small molecule, covalently attach a unique DNA-tag, and pool 

all molecules into one pot. However, such an approach requires individual synthesis 

of each library member, negating some of the throughput advantages that DELs offer 

over high-throughput screens. Rather, reaction sequences must be carefully designed in a 

pooled format with a DNA-barcode already present. As such, DNA-compatible chemical 

reactions for creating DELs are guided by the following criteria19,22:

1. Reagents are physically compatible with DNA properties (i.e. mild 

conditions, water or polar solvent).

2. Reaction conditions maintain integrity of DNA functional groups (sugars, 

phosphodiesters, anilines, etc.)

3. Reactions must be high yielding or have an effective method to remove 

side-products in a pooled format.

4. Reactions must have high substrate scope to input chemical diversity.

Despite these requirements, several reactions have seen use throughout the field to create 

customized DELs. These include (but are not limited to) amide coupling, reductive 

amination, palladium cross-coupling reactions, click reactions, Wittig olefination, Diels-

Alder cycloaddition, nucleophilic substitution, Michael addition, nucleophilic capping 

reactions (acylation, sufonylation, isocyanates, isothiocyanates), nucleophilic aromatic 

substitution, and various heterocycle syntheses17,18. An ever-expanding list of new DNA-

compatible reactions are developed each year, steadily expanding the scope of DEL 

synthesis capabilities and accessible structures.
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Box 2 |

Methods to synthesize DELs de novo.

Synthesizing DELs deviates from traditional small-molecule library synthesis, even 

though their chemical composition may be very similar. Researchers typically seek 

access to DELs that contain very large numbers (for example, millions to biliions) 

of compounds for selections against targets of interest. Only pooled library synthesis 

routes offer the ability to practically access such large libraries. Multiple methods have 

emerged over the last two and a half decades to efficiently synthesize DELs while 

effectively maintaining their genotype-structure linkage23. Pioneering work in this field 

include DNA-templated synthesis (DTS)143, encoded self-assembling chemical libraries 

(ESAC)9, yoctoreactor6, DNA routing10,144, and split and pool based methodologies 

(or DNA-recorded synthesis)8,11,13. The split and pool techniques have since become 

the most popular DEL synthesis method145. This technique takes a pool of existing 

chemotypes, each with a unique covalently attached DNA-barcode, and splits them into 

separate reaction pools to add unique chemical building blocks. Each new building block 

is then encoded by a unique DNA-barcode that is ligated onto the DNA-tag already 

present on each library member. The separate reaction sequences are then re-pooled, and 

the cycle is repeated for each additional building block pool. This technique is easily 

implemented and has supported the construction of libraries eclipsing 109 members.

These techniques have used a wide variety of DEL architectures, which can vary in 

both small-molecule diversity and in the architecture of the DNA tag (Fig. 1b). dsDNA 

architectures provide a robust architecture for most DELs. DTS, DNA routing, ESAC, 

and related methods require ssDNA regions to support DNA hybridization. Further 

efforts have also used these strategies to create solid-phase DEL libraries146, where 

DNA-barcodes and their encoded small molecules are each covalently attached to a 

solid-support in a one-bead-one-compound format. This type of DEL allows alternative 

assay manipulation options during selections, including release of compound for analysis 

of DELs in microfluidic devices129,130,147 or flow cytometers106,127,148.
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Box 3 |

Techniques to evaluate DELs against targets of interest.

Small-molecule discovery from DELs typically involves a binding-based assay on an 

immobilized target (Fig. 1b). First, library members are pooled into a single solution and 

incubated with a target of interest containing an affinity tag immobilized on beads. A 

small subset of library members binds to the target and washing removes non-binding 

library members. Putative binders are isolated by eluting target-bound library members. 

If needed, surviving library members can be subjected to another cycle of selection to 

further enrich bona fide binders. The identities of library members that pass selection 

are revealed by PCR amplification of surviving DNA tags, followed by NGS and 

analysis of DNA sequences to infer the structure of active library members. Researchers 

have developed several data analysis platforms to process the many unique sequences 

isolated from DEL selections. The enrichment of individual members is often plotted 

compared to their abundance in the pre-selection library. Unusually enriched barcodes 

are correlated with their encoded chemical building blocks, and compounds of interest 

are resynthesized and assayed in a DNA-free form. Subsequent medicinal chemistry 

optimization and further development can advance the most promising compounds for 

research or clinical applications.

Separate from immobilization methods, other selection workflows have also been 

developed to address target engagement in solution, bypassing target immobilization 

restrictions. These methods include interaction determination using unpurified 

proteins (IDUP)149, binder trap enrichment150, capillary electrophoresis151,152, 

crosslinking strategies153–157, DNA-encoded dynamic libraries (DEDL)158–160 , and 

microfluidics129,130,147. Further efforts have advanced the use of DELs on proteins in 

biological environments, rather than as isolated targets. Examples include selections 

against overexpressed targets on cell surface (mimicking protein immobilization 

workflows)103,161, native cell surface targets labeled with DNA-programmed affinity 

labeling108, cell penetrating peptide libraries for intracellular protein assessement140, 

intracellular injection of DELs139, and phenotype-based selections104.
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Fig. 1 |. DNA-encoded libraries as a small molecule discovery platform.
a, Architecture of a DNA-encoded library member. Individual building blocks (green, 

yellow, and purple shapes) that comprise the entire molecular structure are encoded by 

regions of DNA (green, yellow, and purple DNA, respectively) on a covalently attached 

DNA oligonucleotide. PCR binding sites on the appended DNA allow the amplification 

of the entire DNA barcode by PCR for downstream identification and quantification. b, 
General cycle of a DNA-encoded library selection campaign. The target of interest is 

prepared in a form suitable for in vitro selection (1) and incubated with the entire pooled 

DNA-encoded library (2). Library members with target affinity are selectively retained, 

resulting in their enrichment over non-binding library members (3). Target-bound library 

members are isolated (4). Surviving library members can then either be reintroduced back 
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into the selection for further rounds of selection (5a) or amplified by PCR and sequenced 

(5b) to identify and quantify these hit candidates.
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Fig. 2 |. Publications reporting novel small molecules discovered from DNA-encoded libraries.
a, Publications are binned by year and are only included if the study reports new chemical 

matter with in vitro activity against the target of interest. b, Number of novel DNA-encoded 

library discovered ligands per target type. Examples are binned by target type and are only 

included if the study reports new chemical matter with in vitro activity against the target of 

interest. One representative ligand for each compound series with a target is counted.
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Fig. 3 |. Highlighted studies that use the typical immobilization DEL selection workflow to 
discover novel ligands.
a, The discovery and development of non-covalent, non-β-lactam based OXA-48 inhibitors. 
b, First example of small molecules that inhibited polymerization of Z α1-antitrypsin. 

Compound #18 (GSK716) selectively bound to Z mutant over wild-type in a novel pocket 

containing the E342K mutant residue and increased monomeric Z α1-antitrypsin in mice.
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Figure 4 |. Clinical candidates discovered from DNA-encoded libraries.
a, A lead sEH inhibitor that has been used in Phase I and Phase II trials. b, A series of 

RIP1 kinase inhibitors used in Phase I and Phase II trials, encompassing a variety of drug 

formulations, patient cohorts, and disease types. c, An autotaxin inhibitor that attenuated 

lung fibrosis in vivo and has been approved for Phase I clinical trials.
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Fig. 5 |. Highlighted studies showing successful implementation of concurrent selection 
conditions to develop tailored ligands.
a) Discovery of ERα wild-type and mutant inhibitors. A VHL-based PROTAC, #42 
(Compound 21) was also developed from lead compounds, which inhibited proliferation of 

many ER positive cancer cell lines and exhibited in vivo tumor suppression. b) BRDT-BD2 

inhibitors that were selective for BET family BD2 domains. c) GPCR allosteric agonists, 

(#61 (AZ2429)) and allosteric antagonists (#62 (Compound 2) and #63 (AZ3451)). #63 
(AZ3451) exhibited bioactivity in cellular and in vivo inflammatory disease models.
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Fig. 6 |. Studies that incorporate non-immobilized selections or library retooling to enhance 
ligand discovery efforts.
a, Employing non-immobilized selection conditions to discover ligands that act as c-Src 

substrates. Methyl ester version of lead compound, #69 (SrcDEL10), showed bioactivity 

by reducing STAT3 phosphorylation in cellular models. b, Leveraging library resynthesis 

to discover and iteratively improve CBX chromodomain ligands. Lead CBX8 inhibitor, #74 
(SW2_110A) was selective for CBX8 over other PRC1 CBX chromodomains, decreased 

transcription of CBX8 dependent genes, and inhibited proliferation of CBX8 dependent cell 

lines. CBX2 inhibitor, #75 (SW2_152F), was selective for CBX2 over other PRC1 CBX 

chromodomains, displaced CBX2 from chromatin, and inhibited cell proliferation in NED 

prostate cancer models synergistically with androgen receptor antagonists.
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Fig. 7 |. On-cell DEL-based small molecule discovery.
Novel ligand discovery was mediated through selections with natively expressed FR and 

EGFR on whole cells, without overexpression of target needed.
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Table 1 |
Examples of small molecules discovered from simple immobilization selections.

Studies are grouped by ligands with characterized in vitro activity on target, or ligands with verified 

bioactivity. Compounds that fall under both ‘Top library hit(s)’ and ‘Optimized compound(s)’ column 

headings were lead compounds directly isolated from the DEL selection that were not optimized further.

Target Library Selection conditions Top library 
hits

Optimized 
compounds Unique properties Crystal 

Structure(s)

Ligands with in vitro activity

Thrombin28
Protease 
focused DEL
Size: 9,837,660

• Immobilized 
biotin-
Thrombin

• 4 rounds

#1 (Compound 5)
IC50=1 nM - inhibition

• Discovered 
from an 
argatroban 
based, 
protease 
focused 
library

N/A

IL229 AG-DEL
Size: 669,240

• Immobilized 
biotin L19-
II2

• 1 round

#2 
(Compound 

1)
Kd= 0.25 
μM - FP

#3 
(Compound 

18)
Kd= 0.34 
μM - FP
IC50= 34 

μM - 
competition 
with anti-
IL2 Fab

• Competitive 
binding mode 
with anti-IL2 
FAb antibody 
(NARA1)

N/A

LC3B31

21 pooled 
DELs
Size: 
7,000,000,000

• Immobilized 
His-tag 
LC3B and 
LC3C

• 2 rounds

#6 (Compound 2)
Kd= 0.58 μM - SPR

• Forms a 
reversible 
covalent 
interaction 
with LC3B

N/A

Ligands with characterized bioactivity

CypD, CypE33

DNA-
templated 
macrocycle 
library
Size: 256,000

• Immobilized 
His6-CypD

• 1 round

#7 (JOMBt)
IC50= 17 

μM - 
inhibition

#8 (B52)
IC50= 10 

nM – CypD 
inhibition
#9 (C3A)
IC50= 13 

nM – CypE 
inhibition

• B52 is the 
first reported 
CypD 
selective 
inhibitor

• B52 
derivatives 
inhibit mPTP 
opening

• C3A is the 
first CypE 
selective 
inhibitor

JOMBt 
with CypD 
(PDB ID 
7TGS)
B52 with 
CypD (PDB 
ID 7THD)

TEAD435 tiDEL
Size: 8,112

• Immobilized 
His-tag 
hTEAD4

• 2 rounds

#10 (Compound 9)
IC50=0.41 μM - competition 

with FITC palmitic acid
IC50=6.75 μM - competition 

with FITC-YAP

• Inhibits 
TEAD4-YAP 
and CTGF 
transcription

N/A

Mcl-136
(Size and 

structure not 
disclosed)

• Immobilized 
Mcl-1 (other 
details not 
disclosed)

#11 
(Compound 

1)
IC50= 1.49 
μM – Bim 

peptide 
competition

#12 
(Compound 

26)
IC50<3 nM - 
Bim peptide 
competition
EC50=3.78 

μM - 
apoptosis

• Compound 
26 >1000-
fold 
selectivity 
over Bcl-2 
and Bcl-xL

Compound 
1 with 
Mcl-1 (PDB 
ID 5KU9)

Compound 
29 
(Compound 
26 
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Target Library Selection conditions Top library 
hits

Optimized 
compounds Unique properties Crystal 

Structure(s)

derivative) 
with Mcl-1 
(PDB ID 
5MES)

BRD4-BD137

Benzimidazole 
library (hit sub-
library) Size: 
117,000,000

• Immobilized 
His6-BRD4 
dual domain

• 3 rounds

#13 
(Compound 

10)
plC50= 6.6 

μM - 
competition 

with I-
BET762

#14 (I-
BET469)

plC50= 7.9 - 
competitive 

binding
plC50= 8.3 - 
cell BRET

• Compound 
10 co-
optimized 
with 
fragment-
based screens

• I-BET469 
active in 
mouse 
models of 
endotoxic 
shock and 
induced auto-
immunity

Compound 
10 with 
BRD4-BD1 
(PDB ID 
6TPX)

DEL34–39 
(total) 
Size: not 
disclosed

I-BET469 
with BRD4-
BD1 (PDB 
ID 6TPZ)

ATAD238
11 total DELs, 
Size:
65,000,000,000

• Immobilized 
GST-ATAD2 
bromodomain

• 2 rounds

#15
Name and 

potency not 
disclosed

#16 
(BAY-850)

IC50= 22nM 
- tetra-

acetylated 
H4 N-

terminal 
peptide 

competition

• BAY850 is 
the first 
selective 
ATAD2 
bromodomain 
inhibitor

• ATAD2 
dimerizer

• Displaces 
ATAD2 from 
chromatin

N/A

PARP1, 
PAPR4, 
PARP10, 
PARP12, 
PARP14, 
PARP15, 
SRIT640

NADEL
Size: 58,302

• Immobilized 
biotinylated 
proteins

• 1-round

#19 (A65-(CONHMe)-
B101)

IC50= 170 nM - PARP1 
inhibition

#20 (A82-(CONHMe)-
B354)

IC50= 6 μM - PARP10 
inhibition

#21 (A101-(CONH2)-B322)
IC50= 200 nM - PARP15 

inhibition
#22 (A127-(CONHPr)-

B178)
IC50= 6.7 μM - SIRT6 

inhibition

• A101-
(CONH2)-
B322 is the 
most potent 
reported 
PARP15 
inhibitor

• A127-
(CONHPr)-
B178 
displays 
selective 
inhibition 
across other 
sirtuins

• A127-
(CONHPr)-
B178 elevates 
DNA damage 
biomarkers 
and decreases 
LPS-
stimulated 
extracellular 
TNF-α

N/A

Antibiotic 
targets for: S. 

aureus,A. 
baumannii, M. 
tuberculosis42–

43

100 total 
DELs,
Size: 
>1,000,000,000

• Various 
immobilized 
tagged targets

• Immobilized 
FLAG-Strep 
UppS S. 
aureus

#23 (Compound 1)
S. aureus methionyl-tRNA 

synthetase (MRS)
IC50=0.83 nM - inhibition

MIC= 0.5 μg/mL (S. aureus)
#24 (Compound 5)

A. baumannii 
Undecaprenyl pyrophosphate 

synthase(UppS)

• Initial effort 
composed of 
151 targets - 
took ~8 
months for 
selections 
and 
validation

Compound 
1 with S. 
aureus UppS 
(PDB ID 
5KH5)
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Target Library Selection conditions Top library 
hits

Optimized 
compounds Unique properties Crystal 

Structure(s)

• 4 rounds (3 
for S. aureus 
UppS)

IC50=0.043 μM - inhibition
MIC>128 μg/mL (A. 

baumannii)
#25 (Compound 8)

M. tuberculosis 
Dihydrofolate reductase 

(DHFR)
IC50= 0.61 μM – inhibition

MIC= 2.5 μg/mL (M. 
tuberculosis)

#26 (Compound 1)
S. aureus Undecaprenyl 
pyrophosphate synthase 

(UppS)
IC50= 190 nM - inhibition
MIC=8 μg/mL (S. aureus)

• Multiple 
validated 
inhibitors of 
various 
potential 
antibiotic 
targets

• Compound 1 
(for UppS) 
showed 
potency 
against 
MRSA and 
other clinical 
S. aureus 
strains

Mpro (SARS-
CoV-2)44

Size: 
3,987,000,000

• Immobilized 
His6-MPro

• 3 rounds

#27 
(CDD-1713)

IC50= 45 
nM - 

inhibition
IC50= 5.19 
μM - rescue 

of cell 
viability

#28 
(CDD-1976)

IC50= 37 
nM 

inhibition
IC50= 2.5 

μM - rescue 
of cell 

viability

• CDD-1713 is 
covalent at 
active site 
cysteine

• CDD-1713 
and 
CDD-1976 
rescued 
VERO E6 
cells infected 
with SARS-
CoV-2

CDD-1713 
with MPro 

(PDB ID 
7LTN)
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Table 2 |
Examples of DEL discovery campaigns that use engineered selection conditions to 
improve selection outcomes.

Compounds that fall under both ‘Top library hit(s)’ and ‘Optimized compound(s)’ column headings were lead 

compounds directly isolated from the DEL selection that were not optimized further.

Target Library Selection conditions Top library 
hit(s)

Optimized 
compound(s) Unique properties Crystal 

structure(s)

DDR171

2 pools of DELs
Size: 
83,000,000,000 
and 
85,000,000,000

• Immobilized GST-
DDR1 and DDR2

#36 
(Compound 

2a)
IC50= 1.4 

μM - 
competition 

binding

#37 
(Compound 

2.45)
IC50= 0.029 

μM - 
competition 

binding

• Compound 
2.45 kinome 
DDR2 
selective

• Compound 
2a and 2.45 
are type II 
kinase 
inhibitors

• Compound 
2.45 
ameliorates 
Alport 
syndrome in 
vivo

Compound 
2a with 
DDR1 (PDB 
ID 6FEW)

Compound 
2.45 with 
DDR1 (PDB 
ID 6FEX)

BRD4-
BD272

Glycine based 
(Hit sub-library)
Size: 1,290,000

• Immobilized His6-
BRD4 (1–477, 
Y390A), His6-
BRD4 (1–477 
Y97A), His6-
BRD4 (1–477)

• 3 rounds

#38 
(Compound 

8)
plC50= 6.6 - 
competition 

binding

#39 
(Compound 

60)
plC50= 8.3- 
competition 

binding

• Compound 8 
exhibits 
selectivity for 
BD2 domains 
over BD1 for 
BET family

• Compound 
60 shows 
BET-602 
domain 
selectivity

Compound 
8 with 
BRD4-BD2 
(PDB ID 
70E0)

Pooled DEL34-
DEL97 Size: 
total not 
disclosed

Compound 
60 with 
BRD4-BD2 
(PDB ID 
70ET)

TAK174

Hit sub-library 
size: 3,760,000

• Immobilized His-
tag TAK1-TAB1 
fusion

• +/− 5Z-7-
oxozeaenol

• 2 rounds

#43 
(Compound 

7)
IC50= 1.3 

μM - 
inhibition

#44 
(Compound 

22)
IC50= 0.6 μM - 
inhibition Kd= 

52 nM - 
KdELECT

• Compound 
22 has TAK1 
kinome 
selectivity

Compound 
22 with 
TAK1 (PDB 
ID 7NTI)

21 pooled DELs 
Size: total not 
disclosed #45 

(Compound 
54)

IC50= 2 nM - 
inhibition

HAO176

DEL C (Hit sub-
library) size: 
740,00048 total 
DELs

• Immobilized C-tag 
HAO1

• 2 rounds

• +/− HAO1 
inhibitor

• Immobilized C-tag 
lactate 
dehydrogenase B

#48 
(Compound 

5)
IC50= 37 

nM - 
inhibition 
EC50=17 

μM - rescue 
HAO1 
toxicity

#49 
(Compound 

31)
IC50= 2.9 μM - 

oxidase 
inhibition

• Compound 5 
binds at 
glycolate/
glyoxylate site

• Compound 
31 is a 
bioisostere of 
compound 5

Compound 
5 with HAO1 
(PDB ID 
6W45)Size: total not 

disclosed

LpxA 
Pseudomonas 
aeruginosa77

Hit sub-library 
size: 3,600,000

• Immobilized His6-
FLAG-LpxA 
(E.coli and P. 
aeruginosa)

#50 
(Compound 

1)
IC50= 400 

#51 
(Compound 

50)
IC50= 3 nM -P. 

• Compound 1 
binds near 
substrate and 
catalytic 
regions

Compound 
1 with E.coli 
LpxA (PDB 
ID 70JP)
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Target Library Selection conditions Top library 
hit(s)

Optimized 
compound(s) Unique properties Crystal 

structure(s)

11 total DELs 
Size: not 
disclosed

• +/− UDP-GlcNAc

• +/− Peptide 920

• +/− UDP-3-O-
((R)-3-
hydroxymyristoyl)-
GlcNAc for E. coli

• +/− UDP-3-O-
((R)-3-
hydroxydecanoyl)-
GlcNAc for P. 
aeruginosa

• 2 rounds

nM - P. 
aeruginosa 

LpxA 
inhibition 

IC50>50 μM 
- E. coli 
LpxA 

inhibition

aeruginosa 
LpxA 

inhibition
MIC= 4 

μg/mL - P. 
aeruginosa 

LESb58

• Compound 
50 inhibits 
many clinical 
P. aeruginosa 
isolates

• First example 
of P. 
aeruginosa 
LpxA 
selective 
inhibition

Compound 
1 with P. 
aeruginosa 
LpxA (PDB 
ID 70J6)

Naa5078

Hit sub-library 
(DEL951) Size: 
69,000,000

• Immobilized His-
tag-Naa50

• +/− acetyl CoA

• +/− previous 
reported inhibitor

• 3 rounds

#52 (Compound 4a)
Kd=27 nM - SPR with AcCoA

IC50=7 nM - inhibition

• Uncompetitive 
binding with 
AcCoA

• Competitive 
with 
substrates

• Selective over 
other Naa 
proteins

4a with 
Naa50 and 
CoA (PDB 
ID 6WFK) 
or AcCoA 
(PDB ID 
6WFN)

Total pooled 
DELs Size: 
2,200,000,000 
(total)

PLAP81

NF-DEL
Size: 670,752

• Immobilized 
biotin-PLAP and 
TNAP

#53 
(Compound 

16)
IC50= 32 

nM - 
inhibition

#54 
(Compound 

18)

• Compound 
16 selective 
for PLAP over 
TNAP

• Compound 
18 recruits 
CAR-T cell 
expressing 
anti-
fluorescein 
scFv to 
PLAP-
positive tumor 
cells

N/A
GB-DEL
Size: 366,600

BTK82–83 Size: 
110,261,100

• Immobilized His6-
BTK

• +/− ATP

• +/− dasatinib

• 2 rounds

#55 (Compound 1)
IC50= 2.5 μM - competition 

binding
#56 (Compound 3)

IC50= 0.55 nM - competition 
binding

IC50= 3.8/3.0 nM - reporter 
displacement assay for wild-

type/C481S mutant
IC50= 30 nM - Ramos B-cell 

stimulation

• Compound 1 
and 3: ATP 
competitive

• Compound 3 
stimulates 
BTK 
dependent B-
cells

• Compound 3 
retained 
potency for 
resistant 
mutants of 
BTK

Compound 
3 with BTK 
(PDB ID 
5U9D)

Mer, Axl84,85
46 total DELs
Size: 
>90,000,000,000

• All immobilized 
selections

• Activated, partially 
dephosphorylated 
(+/− ATP), and 
dephosphorylated 
His6-Mer(R528-
M999)-Thrombin-
Avi-FLAG

#57 
(Compound 

12)
plC50= 

7.6/8.0 - 
Mer/Axl 
kinase 

inhibition
#58 

(Compound 

#60 
(AZ14145845)
plC50= 7.8/7.0 

- cellular 
ELISA for 
Mer/Axl 

phosphorylated 
products

plC50= 7.6 - 
efferocytosis 

• Compound 
12: type I 
kinase 
inhibitor 
Compound 
13: type II 
kinase 
inhibitor with 
Mer/Axl 

Compound 
12 with Mer 
(PDB ID 
7AW3)

Compound 
13 with Mer 
(PDB ID 
7AW4)
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Target Library Selection conditions Top library 
hit(s)

Optimized 
compound(s) Unique properties Crystal 

structure(s)

• Activated and non-
activated His6-
thrombin-
Mer(E571-V864), 
+/−ATP

• GST-Axl(464–885) 
+/− ATP

• Off-targets: His6-
TEV-Kdr(V789-
V1356)-LE-FLAG, 
GST-Flt3(564–
993), GST-Lck(1–
509).

• 2 rounds

13)
plC50= 

8.3/7.8 – 
Mer/Axl 
kinase 

inhibition
#59 

(Compound 
14)

plC50= 
8.3/6.4 

Mer/Axl 
kinase 

inhibition

inhibition, 
CD14+ 

monocytes

kinome 
selectivity

• Compound 
14: type I 1/2 
kinase 
inhibitor

• AZ14145845 
extended 
survival of 
Ba/F3 mouse 
xenografts 
combined 
with anti-PD1 
antibody.

Compound 
14 with Mer 
(PDB ID 
7AW2)

AZ14145845 
with Mer 
(PDB ID 
70LX)

β2AR92–96

For antagonist: 3 
DELs Size: 
190,000,000 
Structure not 
disclosed

Antagonist discovery

• Flag tag β2AR 
detergent 
solubilized

• 5 rounds

#64 (Compound 15) 
(antagonist)

Kd= 1.7 μM – ITC
IC50= 1.9 μM - competition 
binding with isoproterenol 

agonist
EC50= 0.48 μM - cooperative 

binding with [3H]-ICI-118,551 
inverse agonist

• Compound 
15: inhibits 
β2AR 
signaling and 
allosterically 
stabilizes 
inactive 
conformation

• Compound 6 
potentiates 
β2AR 
signaling and 
stabilizes 
allosterically 
active, agonist 
conformation

Compound 
15 with 
β2AR and 
carazolol 
(PDB ID 
5X7 D)

For agonist: 4 
DELs Size: 
500,000,000 
Structure not 
disclosed

Agonist discovery

• HDL particle 
immobilized β2AR 
with β-agonist 
BI167107

• 3 rounds

Compound 
6 with β2AR 
and 
BI-167107 
(PDB ID 
6N48)

#65 (Compound 6) (agonist)
Kd= 5.2 μM – ITC

EC50=1.32 μM - increase in 
3H-Fen agonist binding
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Table 3 |
DEL selections that:

employ in-solution techniques, library retooling, or resynthesis to enhance ligand discovery or selection 

platforms on living cells or organisms.

Target Library Selection conditions Top library hit(s) Unique properties

In-solution selections

SIRT1, 
SIRT2, 
SIRT597

DNA-encoded 
dynamic library 
(DEDL)
Size: 10,000

• In solution selection 
with SIRT1/2/5, DNA 
binders isolated by 
PAGE

#66 (Compound 79-
L3–66)

IC50= 78 μM - SIRT1-
p53 deacetylation 

inhibition

• Fragment based-DEL 
selections

• 82-L5–21 showed 
specificity for SIRT2

#67 (Compound 82-
L5–21)

IC50= 7 μM - SIRT2-
p53 deacetylation 

inhibition

#68 (Compound 84-
L6–39)

IC50= 183 μM - 
SIRT5- desuccinylation 
inhibition Kd= 2.47 μM 

- SPR

Library retooling or resynthesis

c-myc 
promotor 
G-
quarter99

33 DELs
Size: not 
disclosed

• Immobilized 
biotinylated c-myc G4

• 2-rounds

• Included counter 
selection with no-
compound versions of 
DEL

# 70 (Compound 2)
Kd= 328 nM - SPR

• Compound 2 ablates 
PCR amplification of c-
myc G4

BTK83

Library 1
Size: 
26,183,954
Acrylamide 
electrophile

• Immobilized His6-BTK

• +/− staurosporine

• 1 rounds

• Included 17 off-target 
negative control proteins

#71 (Compound 3)
IC50= 4.8 μM - reporter 

displacement assay

• Compound 3 and 
compound 6 are C481 
covalent inhibitors

• Compound 3 
and compound 6 
exhibit BTK kinome 
selectivity

Library 2
Size: 
157,103,670
Haloalkane and 
epoxide 
electrophiles

#72 (Compound 6)
IC50= 58 nM - reporter 

displacement assay

Selections on cells

B. subtilis 
and E. 
coli104

Solid phase 
DEL
Size: 7,488

• Phenotypic screen on 
agar plate cultures of B. 
subtilis and E. coli

• Compounds released 
from beads by UV 
irradiation

• Isolated and sequenced 
beads with growth 
inhibition zones

#76 (Compound 1)
MIC= 32 μg/mL - 

E.coli
MIC= 1 μg/mL - B. 

subtilis

• One of the first reports 
of phenotype based 
DEL selections

• Also identified 
library members that 
are ciprofloxacin 
derivatives

IgG105
Solid phase 
DEL
Size: 448,000

• FACS with ATB patient, 
LTB patient, and non-
Mtb infected patient 
sera, detected with anti-
IgG antibody

#77 (Compound 2-B) • Binds to ATB patient 
IgG
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Target Library Selection conditions Top library hit(s) Unique properties

• Acts as epitope 
surrogate for MtB 
protein Ag85B
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