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Strategies for developing DNA-encoded libraries
beyond binding assays
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DNA-encoded chemical libraries (DELs) have emerged as a powerful technology in drug discovery. The wide adoption of DELs
in the pharmaceutical industry and the rapid advancements of DEL-compatible chemistry have further fuelled its development
and applications. In general, a DEL has been considered as a massive binding assay to identify physical binders for individual
protein targets. However, recent innovations demonstrate the capability of DELs to operate in the complex milieu of biological
systems. In this Perspective, we discuss the recent progress in using DNA-encoded chemical libraries to interrogate complex
biological targets and their potential to identify structures that elicit function or possess other useful properties. Future break-
throughs in these aspects are expected to catapult DEL to become a momentous technology platform not only for drug discov-

ery but also to explore fundamental biology.

dentification of small moleculeligands that can modulate the func-
tions of biological targets is a central task in biological and phar-
maceutical sciences. In the 1990s, the advent of high-throughput
screening (HTS) made the screening of chemical libraries a routine
practice in drug discovery. However, biological display technolo-
gies, which include phage', messenger RNA?, yeast® and ribosome*
display libraries, utilize the biological machinery to evolve large
libraries of peptides and peptidomimetics. A DNA-encoded chemi-
cal library (DEL) may be considered as a union of the two technolo-
gies: the synthetic chemotype (chemical compound) is connected
with the encoding genotype (DNA tag)’; the spatial encoding
in HTS is replaced with DNA encoding, which allows the entire
library to be synthesized and selected (rather than screened) simul-
taneously (Fig. 1a). DELs can access a greater chemical space than
biological display libraries, especially with the recent expansion of
DEL-compatible chemistries®''. DELs can be prepared and selected
at a minute scale, which overcomes the throughput limits of tradi-
tional HTS and is more affordable and accessible. In 2017, Lerner
and Brenner laid out a roadmap on making DEL openly available
to the research community, in which they proposed mechanisms
to balance the cost, intellectual property and material accessibil-
ity for open-source DELs". Today, various types of pre-made DEL
kits (DELPro and DELight, https://hits.wuxiapptec.com/delopen;
OpenDEL, https://www.hitgen.com/en/capabilities-details-21.html;
OpenDEX, https://www.x-chemrx.com; GenDECL, https://www.
genscript.com/dna-encoded-chemical-library-kit.html; DyNAbind,
https://www.sigmaaldrich.com) and reagent kits (DELEZ, https://
www.hitgen.com/en/capabilities-details-22.html) for custom DEL
synthesis are available to meet the needs of individual researchers.
The original concept of a DEL was proposed by Brenner and
Lerner in 1992 as a way to improve one-bead, one-compound
(OBOC) libraries”. The concept was quickly turned into real-
ity by Nielsen et al. in 1993'“. Nearly at the same time, Gallop and
co-workers synthesized an ~820,000-member peptide DEL and
selected it against an antibody target'. These early DELs were in
OBOC format, in which each bead contained many copies of one

compound and the DNA tag. The bead-based format had a practical
limit on library size and did not allow the miniaturized in-solution
DEL selections we see today; they also involved the parallel syn-
thesis of the compounds and the DNA tag, which turned out to
be highly challenging. Nevertheless, these early works laid out the
foundation of DEL, which included the basic principle, the synthe-
sis, encoding, selection and decoding strategies.

This field remained mostly dormant until 2004, when Neri'¢, Liu",
Harbury'®, Winssinger'” and their respective co-workers indepen-
dently reported four types of encoded library: the dual-pharmacophore
encoded self-assembling chemical library, the DNA-templated syn-
thesis library, the DNA-routing library and the peptide nucleic acid
(PNA)-encoded library, respectively. These libraries are in solution
and the compounds are encoded by either DNA translation, routing
or ligation, and thereby obviate the limitations of OBOC libraries. In
2009, GlaxoSmithKline (GSK) published a seminal work on applying
DELs at an industrial scale”. Following these landmark works, DELs
entered a stage of rapid developments. First, the availability of low-cost,
genomic-scale next-generation sequencing (NGS) technologies is
a key factor that enabled DELs to reach a multibillion-compound
scale; second, the development of DEL-compatible chemistry hugely
expanded the chemical space for DELs*”**' and third, recent inno-
vations integrated DEL with other legacy and emerging techniques,
such as fragment-based drug discovery'®**-**, dynamic combinato-
rial library*-*%, diversity-oriented synthesis™, machine learning™-,
OBOC libraries™*, microfluidics®*' and flow cytometry'>*>*. The
productivity of DELs is demonstrated by the clinical candidates
that originated from DEL selections*. Notable examples include
GSK2256294, an epoxide hydrolase inhibitor to treat pulmonary
disease**, and GSK2982772, a first-in-class receptor-interacting
protein-1 kinase inhibitor to treat inflammatory diseases, both devel-
oped by GSK**. Recently, X-Chem reported an autotaxin inhibitor
X-165 as the clinical candidate for pulmonary fibrosis*.

Albeit on a massive scale, DEL selection is fundamentally a bind-
ing assay, typically performed by incubating the library with a puri-
fied protein on a matrix. After washes, the binders are eluted from
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Fig. 1| General scheme and key considerations in realizing functional DEL assays. a, Scheme for a typical DEL selection. A DEL is incubated with an
immobilized target, the non-binders are washed away and the binders are eluted under denaturing conditions for hit identification (PCR and sequencing).
b, Controlling selection site-selectivity, altering the protein’s structure and/or configuration and using DNA to encode the biochemical reaction outcomes
are viable strategies for functional DEL selections. Details are provided in Fig. 5. ¢, Target specificity and target abundance are the two major issues of DEL
selections against complex biological targets. For example, DEL selections with live cells may be interfered with by other cell surface biomolecules and

limited by the low expression level of membrane proteins.

the target and decoded with PCR amplification and NGS (Fig. 1a).
Such a simplicity means DELs can be used for almost any target that
can be purified and/or immobilized, which include ones without a
known ligand or prior structural knowledge. The broad target scope
is one of the main reasons that DELs are being widely adopted in
drug discovery. Remarkably, DELs have been successfully applied
to stabilized membrane proteins*~*° and a large protein complex by
focusing on the domain of interest’’. However, solid-phase-based
selection has two limitations. First, physical binding does not always
elicit a biological response, for example, the ligands may not bind to
the catalytic site, or the binding affinity may not quantitatively cor-
relate with the activity. A post-selection validation of the biological
activity of the hit compounds is always required. Second, proteins
may be denatured upon immobilization or intractable to purifi-
cation and/or immobilization, such as some protein complexes,
membrane proteins, live cells; moreover, purified proteins may
lose biological features, such as post-translational modifications,
peripheral steric hindrance, native charges, complex formation
and co-factor binding. Performing DEL selections in a native bio-
logical environment is therefore highly desirable, as it may identify
biologically more relevant ligands with higher potentials to become
drug candidates™*.

Reported strategies to address the first limitation include to con-
trol the site selectivity, alter the target’s configuration and use DNA
to encode the outcome of the binding event (Fig. 1b). For the second
limitation, achieving target specificity in a complex biological back-
ground is the main challenge. DEL selection requires a relatively
high target concentration to drive the binding equilibrium; thus,
target abundance may be another issue (Fig. 1c). Encouragingly,
innovative approaches were developed that not only expanded the
target scope but also revealed the potential of DELs as a powerful
tool to explore biological systems. Here, we review the evolution
of DEL selection methods, but focus on those for complex bio-
logical targets; then, we discuss the emerging approaches to realize
functional DEL assays; finally, we present our view on the present

challenges and future directions of DELs. For more in-depth dis-
cussions, recent literature offers many excellent reviews that cover
every aspect of DELs*'121227,

Evolution of DEL selection

Early selections. Early DELs were built on a solid phase (OBOC-
DELs)"*"*. The selection was conducted by incubating the library
with an in-solution target, and the target-bound beads were identi-
fied with a secondary antibody'*. Today, most DELs are in the solu-
tion phase, probably because of the ease of the ‘split-mix’ synthesis
method and that much larger libraries could be prepared. However,
OBOC-DELs were recently revived and modernized with sophisti-
cated bead design, novel on-bead chemistry and advanced instru-
mentation, which has led to many novel applications of DEL"*>.
This is discussed in a later section.

Selection with immobilized targets. Today, DELs are commonly
prepared in solution and the selection is performed with an immo-
bilized target based on binding affinity or the target could be
incubated with the library first and then immobilized. The selec-
tion requires a careful balance of the thermodynamic association
and kinetic disassociation parameters to remove the non-binders
while retaining the binders. In practice, finding an optimal protocol
is difficult due to many confounding factors (DNA copy numbers,
washing conditions, buffers, temperature and so on) and is subject
to considerable variations among experimenters. Many techniques
are employed for better specificity, such as competitive elution,
target titration, non-target controls, selection replicates and so on.
Quantitative PCR is frequently used as a measure for selection qual-
ity control®-*, to determine the low limit of DNA copy number®-®
and to model the library population®. Computational methods are
also useful for researchers to optimize the selection conditions. For
example, it was shown that selections over a range of target con-
centrations could improve the correlation between the equilib-
rium association constant and the hit compound®’; by analysing a
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Fig. 2 | In-solution selection methods. a, IDUP (top) and BTE (bottom) both modify the target with a DNA tag, which enables the formation of an
amplifiable DNA-target complex on target-ligand binding, whereas the non-binders do not form such a complex (IDUP is through hairpin formation and
primer extension; BTE is through water-oil emulsification and ligation). b, Crosslinking-based methods establish a covalent linkage between the target

and the binders. Left: the DNA tags of the binders are protected by the protein molecule and selectively amplified. Right: the complex of target-binder-
crosslinking-DNA is affinity purified for hit identification. ¢, Kinetic CE may directly separate the target-binder complex because of its non-denaturing
condition and the size and/or charge differences among the equilibrating species. d, The selection of dynamic DELs relies on the formation of short and
unstable duplex regions between the two sets of DNA-encoded small molecules; target addition shifts the equilibrium, which could be stabilized or ‘frozen’
with various techniques; a comparison of the equilibria with and without the target could identify the binding small molecule pairs. Red star, crosslinker.

large set of selection data, a recent study indicated >10° copies per
compound is needed in a selection, whereas the library size that
exceeded 10® compounds would lead to many false positives®™.

Selection with non-immobilized targets. Conducting DEL selec-
tions in solution is necessary to expand the target scope, and the
key issue is the differentiation of the binders from the non-binders
without physical washes. The methods for in-solution selections
can be summarized as follows. (1) For selective amplification
and/or enrichment of the binders, Liu and co-workers developed
an interaction determination using unpurified proteins (IDUP)
method based on the enhanced stability of the pseudo-hairpin
structure formed on target-ligand binding®. IDUP could operate in
a multiplexed format in cell lysates (Fig. 2a, top)”. Using an emul-
sion system, Vipergen developed a binder trap enrichment (BTE)

method by isolating individual target-ligand complexes in droplets
(Fig. 2a, bottom)”’; BTE has been used to select against targets in
buffer’” and inside live cells (Fig. 4b)”. (2) Covalent crosslinking,
which aims to establish a stable linkage between the target and the
ligand to be reliably isolated for hit identification. Li and co-workers
developed several photocrosslinking-based methods, in which the
target-ligand binding complexes were selectively amplified after
nuclease digestion, enzymatic ligation or primer extension (Fig. 2b,
left)”*-"°. However, these methods are limited to DELs encoded
with single-stranded DNAs. The Krusemark group hybridized a
reactive DNA strand at a single-stranded DNA segment separated
from the encoding DNA, so that the method is suitable for DELs
with double-stranded DNAs, the most commonly used DEL format
(Fig. 2b, right)*. Similar strategies were also used in affinity-based
protein profiling (ABPP), in which PNA-encoded probes were used
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increase the target abundance for in-lysate selections. b, In principle, cell-based selection is amenable to the typical affinity-based protocol, as shown

in Fig. 1a, but target specificity and target abundance remain to be the issues. ¢, Overexpressing the membrane protein NK3 enabled cell-based DEL
selections; notably, the effective ‘local’ concentration of NK3 on each cell is markedly higher than the ‘global’ concentration in the cell suspension.

d, Crosslinking-based DEL selection method (Fig. 2b, right) was used to interrogate the membrane protein target DOR on live cells; the crosslinked
target-binder complex was affinity purified for hit deconvolution. e, DPAL can specifically install a DNA tag on the target protein on live cells; the DNA tag
guides the hybridization of the library specifically to the target, and thereby realize target specificity and increase target abundance. This method does not
overexpress or modify the target and can be applied to endogenous membrane proteins.

to interrogate the whole proteome of cells’”’%; the ABPP probes had
an electrophilic ‘warhead’ that can crosslink to the targets for pro-
tein identification. (3) In kinetic separation, the Krylov group pio-
neered methods to separate the target-ligand complexes from the
non-binders by using kinetic capillary electrophoresis (CE)"**. The
principle is simple: the target-bound binders have smaller kg (dis-
sociation rate constant) values than those of the non-binders, so the
binders are eluted with the protein molecule under the mild condi-
tions of CE (Fig. 2c). However, this method has only been tested
with model systems and its effectiveness with large DELs remains
to be investigated. (4) For dynamic DELs, the Neri group developed
a dual-pharmacophore encoded self-assembling chemical library
method'®”, and the Hamilton group used protein templates to
direct the dynamic hybridization of DNA duplexes®. The combina-
tion of the two concepts was elaborated into several DNA-encoded
dynamic libraries”~*?. With dynamic DELs, non-immobilized tar-
gets bind to the ligand pairs and promote the formation of DNA
duplexes or three-way junctions, which could be isolated and/or
enriched for hit identification (Fig. 2d).

All these methods (except (2)) follow the same principle: irre-
versibly capture or stabilize the target-binder complex. Studies
showed that covalent crosslinking improved the enrichment of both
high- and low-affinity ligands compared with those of solid-phase
selection®**, which allows a target concentration lower than that of
the ligand’s K, (equilibrium dissociation constant) value in a selec-
tion. The Neri group compared the selections of a macrocycle DEL
using on-beads washes, antibody competition or in-solution pho-
tocrosslinking, and the photocrosslinking method identified more

structure—activity relationship features’; similar phenomenon was

also observed with reversible, non-covalent ‘crosslinkers™.

DEL selections against complex targets

Cell lysates. A simple solution to achieve target specificity in cell
lysates is to increase the target abundance by spiking-in or over-
expression (Fig. 3a). The selection can be compared with a control
without the target added-in or overexpressed to distinguish the
specific binders. The elevated target concentration also facilitates
ligand binding. The IDUP method overexpressed the targets and
conducted the selections in cell lysates®>”’; the selective nuclease
digestion method gave an example in lysates (Fig. 2a). In prin-
ciple, other crosslinking-based methods may also be suitable with
cell lysates.

Membrane proteins. Membrane proteins play key roles in the
pathobiology of numerous diseases. However, ligand discovery for
membrane proteins is notoriously difficult due to their large size,
hydrophobicity and the dependence on the lipid bilayer environ-
ment of the cell membrane. Previously, DELs were applied to the
soluble domains of membrane proteins*>*** and full-length mem-
brane proteins stabilized with detergent, nanodisks” or muta-
tions™. However, selections with membrane proteins should ideally
be conducted with live cells (Fig. 3b)*>**. This seemingly looks like
a straightforward task: many cell lines are adherent and could be
directly used in affinity-based selection. For suspension cells, the
washes could be done by centrifugation. However, target specificity
and concentration are still the main issues. For membrane proteins,
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target abundance is particularly important. The effective molarity
of membrane proteins on live cells could be estimated based on the
number of receptors, cell size and volume of the cell suspension.
We studied several membrane proteins and found that they have
low nanomolar or subnanomolar effective molarities, lower than
the micromolar concentration typically needed in DEL selections®.

Similarly, the target specificity and/or abundance issues could
be addressed by protein overexpression. The Bradley group pio-
neered live-cell-based selections of encoded libraries®®. They
incubated a PNA-encoded decapeptide library with cells that over-
expressed integrins or a chemokine receptor. After washes, the
cell-surface-bound peptides were collected and decoded with a
DNA microarray®*. In 2015, GSK reported a DEL selection with a
NK3 tachykinin receptor on HEK293 cells’’. The target overexpres-
sion reached ~500,000 receptors per cell, and 107 cells were used
in a 1.0ml suspension; thus, the ‘global’ target concentration was
~8.3nM, whereas the ‘local’ effective concentration on each cell
should be much higher, as the receptors are concentrated within a
much smaller volume (Fig. 3c). This study showed that the com-
parison with a control without overexpression clearly identified a
target-specific structure-activity relationship in the selection fin-
gerprint. In 2019, Krusemark and co-workers reported a DEL selec-
tion against the 3-opioid receptor (DOR) on live cells (Fig. 3d)”.
The DOR was fused with a self-labelling tag, and the selection was
performed using their previously reported crosslinking method®.
After cell lysis, the DOR-ligand conjugate was affinity purified with
a biotin probe for hit identification. This study did not estimate
the number of the receptors per cell, but the cell density was high
(2x10°cells per 50pl), which suggests a high effective concentra-
tion of the target. Recently, we reported a selection method without
target overexpression or genetic tagging®. Using DNA-programmed
affinity labelling (DPAL)”, the target was labelled with a DNA tag.
The tag can guide the hybridization of DEL near the protein, and
thereby achieve target specificity and a high target concentration
(Fig. 3e). Three membrane proteins were tested—folate receptor,
carbonic anhydrase 12 and epidermal growth factor receptor—and
the nanomolar to micromolar binders were identified. We showed
that small molecules and antibodies could be employed for tar-
get tagging. Other types of ligand that are used to graft DNAs on
cells, such as peptides’, nanobodies™ and aptamers®, may also be
used. Notably, the length of the DNA tag determines the affinity
increase of the ligands, which could tune the selection stringency.

However, a tag longer than ten bases was too stable and resulted
in a high background, whereas a tag shorter than six bases would
have hybridization-specificity issue*. More studies are needed to
fine-tune the free energy gain from the hybridization. Finally, Neri
and co-workers recently optimized the experimental conditions for
cell-based selections”. Interestingly, they observed that bivalent
ligands improved the enrichment, which suggests that multivalency
effect may be another way to drive ligand binding on the cell surface.

Intracellular selection. The ability to conduct DEL selections intra-
cellularly is highly attractive, as it brings the possibility to inter-
rogate proteins in an environment that preserves their biological
features and functional and/or structural dynamics. The first intra-
cellular DEL selection was demonstrated by the Krusemark group
(Fig. 4a)°” using the same method for membrane proteins (Fig. 3d),
but a cell-penetrating peptide (CPP) was conjugated to the library
to facilitate cell penetration. Again, target overexpression and tag
fusion were necessary. Two proteins, chromobox protein homo-
logue 7 and dihydrofolate reductase, were tested; the results showed
a differential enrichment of compounds whose structures are
consistent with a known structure-activity relationship. Vipergen
reported an intracellular version of the BTE selection”. The DEL
was microinjected into a frog oocyte (Fig. 4b), which is >100,000
times bigger than a typical somatic cell. Additionally, an mRNA of
the target and a ‘bait’ DNA, designed to be compatible with the BTE
protocol”’, were injected for target overexpression and tag fusion.
Three proteins, p38a, ACSS2 and DOCKS5, were tested, and a hit
validation was conducted for p38a™.

Library delivery is expected to be the main obstacle for intracel-
lular DEL selections, but it has been circumvented by using CPP
or microinjection. Other delivery methods, such as those for anti-
sense oligos, may also be used. It is recommended that quantitative
PCR be used to quantify the delivery efficiency and ensure that the
copy number of the compounds is above the reliability threshold®"*.
However, we anticipate other confounding factors for intracellular
selections. The crowding effect inside cells may magnify non-specific
interactions and increase the background noise. Although fusing
the target with a tag should only pull down the specific binders, it is
still unclear whether the cellular environment would lead to exces-
sive background binding and reduce the enrichment of the specific
binders. The cellular stability of DNA may be another issue, which
could lower the DNA copy numbers available for target binding.
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biotinylated and isolated for hit identification.

We observed that short, small-molecule-conjugated DNAs were
quite stable in cell lysates™, but the stability of the DNA tags in live
cells should be investigated. Furthermore, organelle-specific library
delivery and selection is a more challenging, but perhaps more
salient, task for future endeavours.

Nucleic acid targets. In principle, DNA/RNAs are suitable DEL
targets as they may present folded structures with ligandable sites.
However, there is only one report on DEL selections against a

G-quartet sequence in the c-myc promoter DNA. A recent review
discussed the potential of targeting functional RNAs with DELs>
and one patent described a way to apply DELs to RNAs”, but there
is no peer-reviewed report yet. Obviously, an important issue of
targeting DNA and/or RNAs is the DNA tag, which should have
no complementarity to the target with minimal folding. Thus,
double-stranded DNA-encoded DELs may be more suitable, as
double-stranded DNA has a rigid structure and the nucleobases
are stably paired. Known DNA- and/or RNA-binding features, for
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is included in the droplet; if the released compound is an inhibitor, no or low
fluorescence would be observed for that droplet. €, The proposed concept
for a phenotypic OBOC-DEL assay. If the released compound could induce

a phenotypic change of the cell, it could be identified with a microscope and
the droplet could be isolated for hit identification.

example, positive charges, base intercalators and group binders, may
still be incorporated in the library, but care should be given so that
they do not overwhelm target-specific interactions. Experimental
conditions, for example, the ionic strength, should be carefully con-
trolled to alleviate the charge repulsion between the DNA tag and
the target without disrupting the folded structure of the target.

Other targets and outlook. Many proteins exist in the form of
protein complexes in cells, and their biological functions closely
depend on the composition and dynamics of the complex. DEL
selections may potentially identify ‘complex-specific’ ligands that
could modulate the functions of the entire complex. Some protein
complexes are stable and may be amenable to affinity-based selec-
tions. There is no reported DEL selection with a whole protein com-
plex, but a recent study showed an alternative approach by focusing
on the domain of interest in the complex®'. Recently, we reported
the profiling of histone deacetylase complexes using DNA-encoded
probes, and suggested the possibility of DEL selection with endog-
enous protein complexes in cell lysates'®.

Although with limited examples, it is fair to say that DEL selec-
tion is possible with complex biological targets. The recently
reported DEL selections on and inside live cells are particularly
encouraging. However, the research is still in the proof-of-principle
stage and mostly limited to model systems. More applications with
a wider range of proteins and larger DELs would truly test the gen-
erality and performance of DEL selections beyond purified pro-
teins. Moreover, after the ligands were identified, they still needed
to be validated with purified proteins. It would be very exciting if
cell- and/or lysate-based selections could discover the ligands that
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preferably bind to the endogenous target, but could not be iden-
tified with purified proteins. Finally, whether DEL is applicable to
primary cells, organoids and tissue samples remains to be investi-
gated. We expect future innovations will answer these questions and
reveal more potential for DELs in biological systems.

DEL selections without a designated target

In ABPP, PNA-encoded probes have been used for protein profiling
in cell lysates or even in the whole organism”. The probes were not
targeting a specific protein but a class of enzymes. Non-encoded
OBOC libraries have also been used to target live cells without a
specific target. The identified ligands were expected to bind more
favourably to a specific cell type®'®’; in many cases, the receptors
responsible for the binding are unknown. Cell-SELEX is a powerful
technology for evolving cell-specific aptamers, and the targets of the
aptamers could be further identified and recognized as cell-surface
biomarkers'®. In principle, DELs should be suitable for such types of
whole-cell selection without a specific target; the identified ligands
could be used for drug delivery or diagnostic applications. However,
this direction remained largely unexplored. In 2011, the Bradley
group used a PNA-encoded library to identify peptides for selective
cellular delivery'®. In 2017, using a two-colour screening strategy,
Kodadek and co-workers selected an OBOC-DEL against the sera
from the patients of active and latent tuberculosis. The selections
did not have a specific target but aimed at probing the IgG antibody
difference between the two populations. This study discovered the
ligands that can distinguish the two disease states and identified the
underlying tuberculosis antigen Ag85B. Kolodny et al. published a
hypothesis paper that proposed a cancer theranostic approach by
using DELSs to identify ‘ligand arrays’ that bind to whole cancer cells
or tissue samples. They proposed that there is no need to know the
targets or even the ligands’ structures and the DNA tag of the ligand
array could be replaced with radiolabels to selectively kill the cancer
cells'. Although just a concept, it might lead to a new direction for
DEL applications in personalized medicine.

Functional DEL assays

In general, DEL is superior to traditional HT'S regarding library size,
cost and accessibility, but HT'S is more versatile and can be adapted
to various biochemical and phenotypic assays. Hence, a major
direction of DEL research is to develop new methodologies that
go beyond binding assays®>*’. In HTS, the compounds are spatially
encoded so that the signal readout can be attributed to the specific
compound; thus, for DELs, the question is how to connect the read-
out with the encoding DNA of the active compounds, not just the
binders. We summarized four types of strategy in the following.

Direct the selection to a functionally relevant site. Biologically
active compounds require binding to a specific site or interface on
the target to exert their functions, for example, to block ligand-
receptor interaction, elicit agonistic activities on a receptor or
recruit two proteins to form a complex. DEL selection is gener-
ally not site selective, but including known ligands in the selection
may provide site selectivity (Fig. 5a). Winssinger and co-workers
selected a PNA-encoded fragment library with and without ATP
against the target HSP70 and identified ATP-competitive ligands®*.
Later, DEL selections with and without ATP or an active site inhibi-
tor identified the ligands that bound to different sites on Bruton’s
tyrosine kinase'””. We also used known ligands to direct the selec-
tion of dynamic DELs towards the active site of the target™.

The binding mechanism of covalent inhibitors offers favour-
able pharmacokinetic properties. As covalent ligands often bind to
the sites with properly positioned nucleophilic side chains, selec-
tions for covalent ligands may have site selectivity and functional
relevance (Fig. 5b). However, this requires synthesizing the library
with reactive warheads and the selections are performed under
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PROTAC-mediated target degradation; the POl is ubiquitinated by the
E2-E3 ligase complex through a PROTAC molecule; the ubiquitinated POI
is further degraded by the proteasome. Ub, ubiquitin. b, DEL is used to
select for the POl ligand, and then it can be tethered with a known E3 ligase
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ligase ligand first, and then it is tethered with a known POl ligand to form
the PROTAC. d, A DEL could be synthesized with a built-in E3 ligase ligand
to select for PROTACs directly. e, The proposed OBOC-DEL assay for
PROTAC. Cells could be engineered with a detectable phenotype specific
for E3 ligase binding or degradation profiles of E3 ligases; thus, if the
released compound could induce such a phenotype change, the compound
is more likely to be an active PROTAC in the cells.

strong conditions, such as using detergent'” or heating'”’, to remove
non-covalent binders. Using warhead-modified DELs, covalent
inhibitors were identified for c-Jun N-terminal kinase'”, 3C pro-
tease'””, bromodomains'”, receptor tyrosine kinases'®, MAP2K6
kinase’ and Bruton’s tyrosine kinase'™’.

Control the target’s configuration. On binding to active ligands,
such as agonists or antagonists, a protein’s structure can be stabilized
in the active or inactive form and the corresponding physical bind-
ers are more likely to be active. This can be used to bias the selection
towards active ligands (Fig. 5¢). By using known orthosteric antago-
nists in DEL selections, novel allosteric antagonists were identified
for membrane protein protease-activated receptor 2 (ref. *°). Using
a known agonist, Lefkowitz and co-workers identified novel alloste-
ric agonists for P,-adrenoceptor®. These studies demonstrated that
altering the state of the target protein could facilitate the identifica-
tion of functionally relevant compounds. If its effectiveness could
be proved with live cells, its impact in drug discovery would be

tremendous. However, this approach is limited by the nature of the
protein and the availability of the known ligands.

Use DNA to encode the outcome of biochemical reactions. A bio-
chemical DEL assay should only amplify the DNA tag of the active
compounds, not all the physical binders. This could be achieved
by taking advantage of the structural changes of the compounds
after the biochemical transformation mediated by the protein.
Previous ABPP studies provided several strategies. For example,
PNA-encoded peptides were incubated with a protease target. The
peptide structure has a fluorogenic motif, so that only the enzyme
substrates, not all the binders, generate a fluorescence signal, which
can be attributed to individual PNA tags by microarray analysis
(Fig. 5d)"*"2, For kinase, the PNA-encoded peptides, once phos-
phorylated by the target, could be detected by an antiphospholipid
antibody (Fig. 5e)’*'". These strategies have already been adopted
in biochemical DEL assays. Harbury and co-workers selected a pep-
tide DEL against protein kinase A''“. The selection was performed
in the presence ATP-y-S (Fig. 5e); thus, the substrates would be
thiophosphorylated and affinity purified by using biotinylating
reagents; later, Krusemark and co-workers expanded this strategy to
farnesyltransferase, caspase and c-Src kinase (Fig. 5f)°>'"*. Although
the DNA tag still encoded the compounds’ structures, the assays
were designed to selectively decode the active compounds; thus,
the DNA tag, in effect, encoded the outcome of the biochemical
reactions.

OBOC-DELs. In HTS, the signal readout can be easily connected
to the compound’s identity. By using advanced instrumentation,
OBOC-DELSs can separate individual beads (that is, individual com-
pounds) in aqueous droplets. Modern OBOC-DELSs also feature a
photocleavable linker so that the compounds can be released as free
ligands for unobstructed ‘off-DNA’ assays within the droplet*'.
The signal readout could be analysed with flow cytometry'>*>"'¢ to
sort the beads for hit decoding (Fig. 6a). These features of OBOC-
DELs, supported by robust on-bead chemistry*>'', have led to novel
applications of DELs. Paegel and co-workers developed an OBOC-
DEL with a multifunctional linker. The library was selected against
cathepsin D within individual droplets that contained the target, a
fluorogenic peptide, and an internal standard. Library compounds
were photocleaved from the beads and sampled by the target in the
same droplet. The droplet with inhibitors showed a low fluorescence
due to the inhibition of the targets protease activity (Fig. 6b)'".
Using a similar approach, the group identified potent inhibitors of
the phosphodiesterase autotaxin using a 67,100-member OBOC-
DEL®. The same library was also used to discover new inhibitors for
the receptor tyrosine kinase DDR1 with an in-droplet fluorescence
polarization assay"'. These studies demonstrated that OBOC-DEL
combines the advantages of HTS with DEL and is amenable to vari-
ous formats of biochemical assays.

Recently, the possibility of a phenotypic DEL assay was proposed
(Fig. 6¢)°>*. Again, separating compounds in droplets connects the
phenotype change to the compound’s identity, and releasing the
compound from the beads addresses the cell penetration problem.
Previously, non-encoded OBOC libraries were used to interrogate
live cells™'"''5, Screening of OBOC-DELs with live cells has yet
to be reported, but it should be feasible, given the prior success in
human sera. The high effective molarity of the compounds within
the droplet should also be beneficial®. It is conceivable that vari-
ous formats of phenotypic DEL assays will be developed in the near
future. In fact, patent publications already disclose clever designs of
functional OBOC-DEL assays for various applications™. Phenotypic
assays examine the holistic changes of the cells or organisms with-
out prior knowledge of the affected targets and pathways. Target
identification is required after the active compounds are identi-
fied. Covalent DELs may facilitate the target identification process
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by irreversibly capturing the target™. For non-covalent DELs, this
may be achieved by using crosslinking-based methods (Fig. 2b) or
DPAL’. However, OBOC-DELs require sophisticated instrumenta-
tion and a high technical threshold. Moreover, after being released
from beads, compounds may diffuse out of the droplet and result in
false positives, which further complicates the library selection pro-
cess'”’. OBOC-DELs are smaller than solution-phase DELs due to
the practical limit of the number of beads that can be handled. In
addition, developing a bead-partitioning system that maintains cell
viability may be challenging. These issues are surely being addressed
and we are confident to see more breakthroughs in near future.

DEL and PROTAC

Proteolysis targeting chimera (PROTAC) is an emerging technol-
ogy that has attracted huge interest in drug discovery. PROTAC
works by hijacking the cell's natural ubiquitin-proteasome sys-
tem'"; PROTACs are heterobifunctional molecules that connect the
protein of interest (POI) with an E3 ubiquitin ligase, and thereby
promote the ubiquitination and proteasome degradation of the POI
(Fig. 7a). In principle, DEL should be complementary to PROTAC,
and a union of the two may produce major impacts on drug dis-
covery”'". First, DEL selections identify physical binders, which
is exactly what PROTAC needs. Traditional biochemical screen-
ing will miss the ligands that bind to the target without a biological
effect, but they could be identified with DELs and then used for
PROTACsS. Second, the DNA conjugation site of DEL compounds
could be conveniently used as the chimera-linking site. Third, DEL
selections often identify many micromolar binders, which are not
potent enough to elicit a biological consequence and thus discarded,
but such a modest and perhaps transient binding may be sufficient
to induce protein degradation'”’. GSK selected a macrocycle DEL
and identified novel ligands for VHL, an E3 ubiquitin ligase'*".
X-Chem developed oestrogen receptor a degraders by using DELs
to identify oestrogen receptor o binders and then tethering them
with known E3 ligands'?". There is no peer-reviewed publication of
a ‘DEL-PROTAC’ fusion technology yet, but intensive efforts are
surely being made in academic and industrial laboratories. Perhaps
the most straightforward way is to use DELs to identify binders of
the POI, which can be further conjugated with known E3 ligands
(Fig. 7b)"*»">>. DEL could also be used to discover new E3 ligands,
because only ~1% of the ~600 E3 ligase family proteins have been
explored for targeted protein degradation (Fig. 7c)'”*. The E3 ligase
ligands could be either inhibitors to increase the POI level or ‘har-
nesses’ in PROTAC:s to decrease the POIlevel (https://www.nurixtx.
com/platform). DEL could be designed with a built-in E3 ligand
to identify the POI ligands and assess their ability to stabilize the
‘POI-PROTAC-E3 ligase’ ternary complex as a predictive measure
for their cellular performance (Fig. 7d; https://www.hitgen.com/
en/capabilities-details-18.html). Notably, a phenotypic assay based
on OBOC-DELs has been proposed to discover novel E3 ligands
or degradation profiles of E3 ligases with live cells (Fig. 7e; https://
plexium.com/platform-plexium-e3-ligase-drugs). This approach
is of particular interest as the identified ligands are more likely to
induce POI degradation in cells. It is only a matter of time that we
see this ‘DEL-PROTAC field flourish in both drug discovery and
academic research.

DEL beyond drug discovery

Although predominantly being used in drug discovery, DELs have
been applied in applications beyond ligand identification. The Liu
group developed several DNA-encoded reaction discovery sys-
tems'”*'*!, in which the bond-forming events were encoded and
identified after the selection. Previously, non-encoded OBOC
libraries were used to screen for organocatalysts'*; the beads that
carry an active catalyst could react with a fluorescently labelled
reactant for hit identification. This concept was adapted to a DEL
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format in a model study'®. Using DNA-templated polymeriza-
tion, Liu, Hili and their respective co-workers developed several
DNA-encoded polymer libraries, in which the polymer sequence
is well defined by the DNA template and the folding of the poly-
mers generates a diversity of complex structures with dense func-
tional groups. Notably, the polymer-DELs are evolvable towards
the desired properties through iteration'”~'*’. Finally, DNA-PNA is
extensively used as scaffolds for ligand display to interrogate multi-
valent protein complexes™"*"'*!, DNA-PNA encodes both the struc-
tures and the positions of the displayed ligands. The configuration
of the ligand assembly can be controlled by DNA-PNA hybridiza-
tion to probe the binding pockets on the target or screen for ligand-
DNA-PNA constructs that can bind to the complex. Apart from
ligand display, the research activities on using DNA to encode other
features remain limited to a few reports, probably at least partially
due to the overwhelming attention on using DEL in drug discovery.
Encouragingly, these ‘non-classic’ DELs share a similar principle
and technical basis to those for regular DELs, and we expect to see
more diverse applications of DELs beyond ligand discovery.

Summary and outlook

In the early days, there were serious doubts as to how useful DELs
could be. DNA-conjugated small molecules in a DEL were described
as analogous to ‘a baseball on a light pole’; that is, the size of the
small molecule (the baseball) is too small compared with its tag (the
light pole). It was believed that the large DNA tag would almost
certainly interfere with and overwhelm the small-molecule-protein
interaction, and DNA-protein binding would be another serious
problem; however, these were proved not to be major issues. The
protein-ligand interaction can be reliably preserved in DEL selec-
tions, except that the DNA-conjugation site is not available for target
binding. DNA-protein interaction can be minimized with a prop-
erly designed DNA sequence and well-controlled experiment. Later,
DEL faced another challenge: chemical diversity. The properties of
the DNA molecule limit what can be synthesized in DELs. For a long
time, DELs contained mostly peptides and peptidomimetics with
a limited structural diversity and poor likeness to drugs. However,
recent developments extended the range of DEL-compatible chem-
istries, and innovations on the synthesis techniques (for example,
reversible solid-phase absorption'*’, micelles'**'*!, hybrid-phase
synthesis'** and chemically stabilized barcodes'*) greatly expanded
the toolbox®”'?**, Arguably, at present, the diversity of DELs is
limited by the availability of the building blocks, rather than by the
chemistries that connect them. Today, DELs can access a vast chem-
ical space to discover many types of ligand structures with more
desirable properties.

In combinatorial chemistry, the low library quality that results
from incomplete synthetic steps is a major problem because trun-
cated products, mis-reacted building blocks and other impurities
may interfere with the biochemical assay. DEL selection is based on
binding and hit decoding requires a DNA tag; thus, it partially cir-
cumvents this problem. However, low library quality is still a major
issue for DELS, especially with the large number of building blocks
and the inability to purify during library synthesis. Besides improv-
ing on-DNA reactions, many other strategies have been developed
to address this challenge, such as preselection library purification
and/or normalization'”, post-selection data denoising'*, model-
ling"*>*, statistical analysis'*"'** and hit triaging using affinity selec-
tion-mass spectrometry'*.

We envision that the next stage of DEL development is to go
beyond identifying binders to creating functional and/or phe-
notypic assays. Being a mixture, DELs seem to be intrinsically
incompatible with any assay that has a holistic signal readout.
Encouragingly, recent innovations have demonstrated that this
is possible. With spatial separation, OBOC-DELs can operate on
the basis of individual compounds and so are highly promising for
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realizing functional assays*>*. However, OBOC-DELs release the
compounds from the encoding beads; thus, they may face similar
issues to those of traditional OBOC libraries, such as compound
diffusion, interference from the truncated products and variation
of the compound concentration in each droplet. It is more desir-
able that solution-phase DELs be amenable to functional assays.
Previous studies took advantage of the structural change during
biochemical-catalytic reactions (for example, phosphorylation
and peptide cleavage) to connect the signal readout with the active
compounds'®*>"'=1> Further exploiting this strategy in other bio-
chemical transformations (for example, post-translational modifi-
cations and ubiquitination) in a cellular setting would lead to more
exciting applications, such as selections against signalling pathways.
Moreover, the proximity effect is prevalent in biological systems,
but has remained unexplored by DELs. Crosslinking-based selec-
tion methods relied on the proximity effect between the crosslinker
and the target on binding, and they have enabled DEL selections
in cell lysates and on or within live cells. This strategy may also be
utilized for DELs to interrogate protein-protein interactions or
large multivalent protein complexes. Finally, the integration of DEL
with other disciplines and technologies would create a great syn-
ergy. Besides the proved ones (next-generation sequencing, OBOC,
microfluidics, fragment-based drug discovery, dynamic combinato-
rial library and so on), there are still many others, such as machine
learning and/or artificial intelligence™*, affinity selection—-mass
spectrometry'** and DNA origami'*, that would advance DELs into
new paradigms.
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