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ABSTRACT: The DNA-encoded library (DEL) discovery platform has
emerged as a powerful technology for hit identification in recent years. It has
become one of the major parallel workstreams for small molecule drug
discovery along with other strategies such as HTS and data mining. For
many researchers working in the DEL field, it has become increasingly
evident that many hits and leads discovered via DEL screening bind to target
proteins with unique and unprecedented binding modes. This Perspective is
our attempt to analyze reports of DEL screening with the purpose of
providing a rigorous and useful account of the binding modes observed for
DEL-derived ligands with a focus on binding mode novelty.

■ SIGNIFICANCE
Screening DNA-encoded libraries (DELs) of small molecules
has recently become one of the main technologies employed
for discovering potential new drugs. Here, we analyze and
discuss recent published DEL screens performed against
important clinical molecular targets. Notable trends observed,
including an apparent tendency for inhibitors from DEL
screens to be highly selective and to adopt novel binding
modes, are highlighted and discussed alongside the current
state of the field and future considerations.

■ INTRODUCTION
Screening, the testing of molecule collections to discover
compounds with a desired activity, remains the foundational
discovery method in small molecule drug development. A
study by Roche/Genentech found that, depending on the year,
between one-quarter and one-half of prosecuted lead series
were discovered by various types of screening.1 The remainder
were mostly generated by knowledge-based or legacy
approaches, e.g. “patent-busting”. High-throughput screening
(HTS) was the most productive form of screening,2,3

accounting for the majority of screening-derived lead series
in most years, while Focused Screening4,5 and Fragment
Screening were also well-represented. DEL screening6,7

emerged as a source of leads in the last 5 years. Virtual
approaches (labeled as “de novo” discovery in the publication)
represented a relatively small fraction of the lead series (0−
10% in most years). A recent analysis of published develop-
ment candidates and screening hits reached similar con-
clusions, although DEL was underrepresented compared with

the analysis above, not inconsistent with the typical hit-to-
candidate timeline.8

Screening is often described as “exploring” the “chemical
space”9,10 embodied in the molecule collection at hand.
Chemical space is enormous; some estimates place the number
of possible compounds with drug-like physicochemical proper-
ties to be as high as 1060. It is likely that the pharmacologically
relevant space is smaller, due to some degree of conservation in
the shape and volume of protein ligand binding sites.11 But
even still, the space of potentially useful compounds is
enormous and much too large to be effectively sampled
using current screening methods. Contemporary Pharma HTS
collections typically contain on the order of 1−3 million
compounds, very much smaller than the potentially useful
space indicated above. Therefore, deliberate choices must be
made on which compounds to include (and exclude) from a
screening deck.12,13 The precise selection criteria for building a
screening collection varies from organization to organiza-
tion.14−16 Concepts like privilege17 and diversity18 are
balanced with developability properties, solubility, stability,
synthetic tractability, and avoidance of nuisance compounds,19

to arrive at an organization’s desired screening deck. Due to
the vastness of chemical space and our limited means of
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exploring it, all screening collections are the result of deliberate
human decision-making.

DEL screening stands in contrast to other methods in that it
is less influenced by human decision-making. There are
virtually no limits to the number of building blocks that can
be included within a given reaction scheme because the
encoding capacity at each synthetic step is very much in excess
of the number of commercially available building blocks in a
particular reactivity class. Library size and diversity are
therefore governed by the number of available building blocks,
their reactivity, and one’s budget to acquire them.20

Fortunately, the scope and diversity of modern building
block collections are sufficient to ensure that even simple
schemes can give rise to diverse and useful compounds.21 If we
define accessible chemical space as the totality of theoretical
compounds that could be easily assembled from commercially
available reagents, then DEL is the only approach that lets us
meaningfully sample the accessible space. For more informa-
tion about the practice and philosophy of DEL design, we refer
the reader to a recent publication on this topic.22

Due to the arithmetic of combinatorial synthesis and the
large number of available building blocks, DELs of immense
numerical size can be constructed in just a few synthetic
operations. To give a sense of the scale of DELs, we can
consider the CAS registry. Compiled from the literature and
patents from the last 100 years, its 275 million compounds
represent the totality of the chemical enterprise. Beyond drug-
like organic compounds, it also contains coordination
compounds, alloys, polymers, and other substances of low
interest in drug discovery. DELs containing over 275 million
drug-like compounds are routinely synthesized. Therefore, a
single DEL can survey more compounds than have ever been
prepared and reported in the history of modern chemistry.

It is important to note that while numerical size is often used
as shorthand for chemical diversity, the two are not equivalent.
There is some evidence that DEL productivity does not
correlate with library size.23 It is the opinion of the authors that
the number and diversity of library building blocks, rather than
overall library size, is the key determinant in the hit generating
capacity of an individual DEL. Having access to many such
DELs, with varying schemes, cores, and connection chem-
istries, is an important factor in overall success rates and is key
to the varied molecular architectures embodied in the examples
below.

What might be the consequence of screening such ultralarge
and structurally unbiased libraries? If there were only a limited
universe of potential ligand-protein interactions, then current
HTS decks might cover that universe reasonably well. In such a
world, where there are only limited ways for ligands to solve
the problem of protein binding, DEL screening would be
expected to yield hits of low novelty in terms of binding
interactions. It seems intuitive, however, that with chemical
space being so vast and our ability to mine it so sparse, there
must be untapped opportunities in ligand-protein interactions.
What benefit then could be derived from a broader exploration
of chemical space?

The first benefit one might observe is the ability to
successfully discover ligands to targets that have failed other
hit identification methods. While there are cases of DEL
screening enabling the “drugging of the undruggable”,
including one discussed below, most are unpublished and
thus beyond the view of this Perspective. But there is another
consequence one could expect: the discovery of novel modes

of ligand-protein interactions. If we are truly exploring novel
and unexplored regions of chemical space, then we should be
able to observe proteins responding in novel and unexplored
ways.

There is now a critical mass of DEL publications that include
structural data, in particular crystallography data, so that one
could systematically probe this question. In this Perspective,
we examine published DEL screening experiments and
determine whether novel ligand-protein interactions are
observed. Such novelty could be exemplified by novel binding
sites (including allostery), novel binding modes or interactions
in known sites, unusual protein conformation, or unprece-
dented modes of inhibition. We will examine selected DEL
publications and assess the nature of their reported ligand-
protein interactions in comparison to what has been reported
before.

■ PROTEINS ADOPTING NOVEL CONFORMATIONS
c-MET. c-MET (mesenchymal (to) epithelial transition

factor, also known as hepatocyte growth factor receptor) is a
receptor tyrosine kinase involved in the regulation of multiple
key cellular processes, including growth, motility and
survival.24 The dysregulation of this kinase is well-known to
play a major role in many human cancers and as such, c-MET
has received considerable attention as a drug target.25 Many
small molecule inhibitors of c-MET have been disclosed and
several have been approved for use in treating c-MET driven
cancers.26,27 These inhibitors can broadly be divided into two
classes−type I or type II − based on the mode by which they
bind to c-MET. Approved type I inhibitors, including
crizotinib, savolitinib, capmatinib, and tepotinib, are known
or expected to bind to the ATP-binding site of c-MET and
achieve extremely high selectivity by π-stacking onto a tyrosine
residue (Y1230) located within the kinase’s A-loop (activation
loop).28−30 Type II inhibitors, such as cabozantinib (ap-
proved) or foretinib (not currently approved), also bind to the
ATP site, but in addition extend deeper into the active site,
displacing the conserved “DFG” peptide motif of the A-loop.31

While type I inhibitors are proving effective, the emergence of
acquired drug-resistant mutant forms of c-MET poses a major
challenge,32−37 and there is currently a need for inhibitors able
to inhibit both wild-type and drug-resistant mutant forms of
the kinase, while maintaining high kinome selectivity.

Toward this end, researchers at AstraZeneca, in collabo-
ration with researchers at X-Chem, screened a DNA-encoded
chemical library deck (ie a pooled collection of multiple DELs)
composed of over 100 billion compounds against both wild-
type and the acquired drug-resistant D1228V mutant form of
c-MET.38 Following analysis of the screen output, racemic
compound 1 was selected for off-DNA synthesis (Figure 1a),
with subsequent SPR analysis confirming the compound to
bind to c-MET. Crystallization experiments were then
attempted (focusing on the D1228V mutant, for which 1
was seen to have a higher affinity), resulting in a 2.01 Å crystal
structure (Figure 1b). Analysis of the crystal structure showed
compound 1 to bind to the hinge region of the kinase and
extend into the back pocket, superficially similar to the binding
mode of a type II inhibitor. However, it was noted that the αC
helix appeared to adopt a highly unusual conformation, having
reordered to form two orthogonal helices (shown in magenta
in Figure 1b), rather than the single helix typically seen for
kinase αC helices (shown in light gray in Figure 1b). In order
to investigate whether this αC helix conformation had been
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observed previously, a database containing over 8400 kinase
crystal structures was searched using the c-MET-1 complex
structure as a query. These efforts were unable to find a kinase
crystal structure with a comparable αC helix conformation,
suggesting that the kinase conformation observed in the c-
MET-1 complex to be unique. The active enantiomer (as
indicated by the crystal structure) was then isolated (yielding
compound 2) and profiled further. When tested in an in vitro
biochemical enzymatic assay, 2 was seen to inhibit wild-type
and D1228V c-MET with IC50 values of 0.9 and 0.09 μM,
respectively. Interestingly, an assessment of 2 for kinase
selectivity against a panel of ∼140 kinases indicated this
compound to be highly selective for c-MET, in line with the
unusual binding mode observed crystallographically. This work
therefore highlights the ability of DEL screening to discover
inhibitors with not only novel binding modes but also with
favorable pharmacological properties (such as high target
selectivity).
TAK1. TGF-β-activated kinase 1 (TAK1), also known as

MAP3K7 and MEKK7, is a serine/threonine kinase involved in
the regulation of innate and adaptive immune responses, neural
fold morphogenesis, vascular development, and tumori-
genesis.39 TAK1 can be activated by transforming growth
factor-β (TGF-β),40 and facilitates downstream signaling of
multiple pro-inflammatory cytokines such as TNF-α, TLR
ligands, LPS, and IL-1.41 TAK1 forms a stable complex with
TAK1 binding protein 1 (TAB1), and triggers TAK1 kinase
activity.42 The therapeutic potential of TAK1 inhibitors has
been investigated for the treatment of pancreatic,43 ovarian,44

and breast45 cancers as well as inflammatory diseases.46

Several TAK1 inhibitors have been reported, including the
natural product 5Z-7-oxozeaenol, an irreversible covalent
inhibitor that binds to an active site cysteine residue of
TAK1.47,48 The compound demonstrated cell activity;

however, it lacks selectivity, as it binds many other kinases
that possess a similar active site cysteine. More recent studies
have described type I and type II kinase inhibitors such as
takinib.49 These were identified from various screening
campaigns, and the optimization of their potency was aided
by structure-based drug design (SBDD). Despite tremendous
effort, the right combination of kinase selectivity and cell
potency was not achieved.

In an effort to de novo discover novel TAK1 inhibitors, a
DEL campaign was initiated. The target, TAK1-TAB1 fusion
protein, was subjected to a DEL screen of 21 distinct DNA-
encoded chemical libraries as a library pool. Parallel screening
conditions were pursued, including various target concen-
trations and in the presence of 5Z-7-oxozeaenol. The DEL
screen resulted in a wealth of enriched binders, and data
analysis and profiling revealed actionable putative binders to
follow up. One of the compounds prioritized for synthesis
without the encoding tags was 3 (Figure 2a), which was
derived from a library of 3.76 million compounds with two
diversity cycles of chemistry.50

Compound 3 showed a biochemical IC50 value of 1.3 μM,
was assumed to be a type I binder according to its DEL
selection profile, and served as a starting point for subsequent
structure−activity relationship (SAR) exploration. It was
hypothesized that the amide carbonyl and the pyrrole NH
interact with the hinge region of TAK1 while the pyrrolidine
ring makes hydrophobic interactions in the back pocket. The
DNA-linker region of the N-methyl amide was predicted to be
most likely solvent exposed. Modification of the pyrrole core to
an imidazole moiety gave rise to its close analogue, 4 (Figure
2a). Subsequently, the X-ray crystal structure of compound 4
bound to TAK1 was obtained which paved the way for SBDD
of the series that resulted in compound 5 (Figure 2a) with an
IC50 of 2 nM (at the assay detection limit) in a TAK1
biochemical assay.

Both 4 and 5 were seen to bind to the hinge of TAK1 in a
type I fashion, interacting with the backbone of Ala107 via
their imidazole NH and the amide carbonyl as a donor−
acceptor pair (Figure 2b, colored green). Interestingly, an
overlay of these structures with all TAK1 crystal structures
available at the time this Perspective was written (22 structures
in total) revealed that both compounds 4 and 5 induce a
unique conformation of the hinge region in which Ala107 is
flipped relative to previous TAK1 structures. This flipped
conformation serves to displace the hinge backbone from its
position observed in other structures (Figure 2b, white vs
green cartoons), and the authors speculate that this difference
could be contributing to the high selectivity of 4 and 5 for
TAK1 over other kinases.

In conclusion, the series of type I TAK1 inhibitors
discovered in the DEL screen revealed a unique binding
mode in the hinge region that potentially contributes to the
excellent kinome selectivity of these DEL-derived compounds
when compared to the other known TAK1 inhibitors.
PAD4. PAD4 (peptidyl arginine deiminase 4) is a member

of a set of five closely related proteins (PAD1−4 and PAD6)
that carry out post translational modifications of peptidyl
arginine residues via calcium dependent deimination of the
positively charged residues to give neutral citrulline resi-
dues.52,53 While the family of proteins are widely distributed
throughout the body and are involved in many important
physiological and pathological processes, PAD4 is most highly

Figure 1. (a) Chemical structures of c-MET inhibitors 1 and 2
discovered by screening a DNA-encoded library deck against wild-
type and the D1228V drug-resistant mutant form of c-MET reported
by Collie et al.38 (b) Crystal structure of D1228V c-MET bound by
compound 1 highlighting the highly unusual conformation of the αC
helix (magenta, PDB entry 8ANS) observed in this complex. For
comparison, in light gray is shown the αC helix from the crystal
structure of c-MET bound by savolitinib (PDB entry 6SDE28),
showing the typical conformation for this helix.
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expressed in in bone marrow, lymphoid tissues, and blood and
plays a key role in NETosis.54,55

Early work on substrate analogues identified halo amidines 6
and 7 as irreversible inhibitors of PAD4 (Figure 3a), with
modest activity and poor selectivity against other peptidyl
arginine deiminases.56,57 However, in 2015, GlaxoSmithKline
(GSK) reported a novel structural class of selective PAD4
inhibitors that were active against the calcium deficient
protein.58 Screening of the GSK DNA-encoded library
collection against PAD4 in the presence and absence of
calcium led to the discovery of 8 (IC50: 3.2 μM, Figure 3a).

Substitution on the benzimidazole ring system and the
introduction of an azaindole core led to an analogue with
improved activity (9, IC50: 0.2 μM, Figure 3a). Analysis of the
crystal structure of 9 with human PAD4 highlighted a number
of key interactions that explained the observed SAR and helped

refine the molecule further (Figure 3b). Furthermore, the X-
ray structure revealed that the binding of the small molecule
had induced a previously unseen conformation of a region of
the protein. In the absence of calcium, residues 633−645 are
disordered; however, 9 was seen to stabilize this region of the
protein, with these residues forming a β-hairpin conformation
(colored magenta in Figure 3b) that allows two lipophilic
residues (Phe634 and Val643) to interact with the ligand. This
was suggested to be the origin of the selectivity of these
compounds over other members of the PAD family, as Phe634
is not present in PAD1−3 and PAD6.

■ NOVEL PROTEIN−LIGAND INTERACTIONS
BTK. Bruton’s tyrosine kinase (BTK) is a cytoplasmic

nonreceptor kinase that plays a key role in the B-cell receptor
(BCR) signaling pathway, and thereby plays a major role in the
differentiation of B-cells, as well as other hematopoietic cells.60

Upregulation of BTK is now well-known to contribute to the
development of multiple hematological cancers, including
chronic lymphocytic leukemia (CLL), small lymphocytic
lymphoma (SLL) and mast cell lymphoma (MCL), among
others.61 BTK has consequently received considerable
attention as a cancer drug target, with five small molecule
inhibitors approved to date for the treatment of various blood
cancers.60,61 Despite these approved drugs proving hugely

Figure 2. (a) Structure of TAK1 DEL hit 3 and its analogues.
aBiochemical Lanthascreen assay with TAK1-TAB1 fusion protein in
the presence of 10 μM ATP.50 (b) Overlay of all TAK1 crystal
structures available in the Protein Data Bank at the time this
Perspective was written (22 structures in total). Crystal structures of
DEL hits (PDB entries 7NTH and 7NTI50) are colored green. All
other TAK1 crystal structures are depicted as white ribbons, with the
structure of a previously reported type I TAK1 inhibitor (PDB ID
4L5351 shown in white as a representative non-DEL-derived inhibitor
(all other inhibitors present in the overlaid structures have been
omitted for clarity). Hydrogen bonds from the DEL-derived inhibitors
to the hinge region (residue Ala107) are shown as black dashes.

Figure 3. (a) Chemical structures of PAD4 inhibitors including DEL-
derived compounds 8 and 9.58 (b) Crystal structure of PAD4 bound
by 9 (PDB entry 4×8G). Key polar interactions between the inhibitor
and the protein are shown as black dashes. Residues 633−645 are
colored magenta. This region, which contributes to the binding of 9
to PAD4, is disordered in the apo crystal structure (not shown).59
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successful, there remains a desire to discover further BTK
inhibitors with improved safety profiles, both as cancer
therapeutics as well as treatments for diseases outside of the
oncology setting, such as autoimmune and inflammatory
diseases.62,63

Toward this end, Cuozzo and co-workers screened a DNA-
encoded chemical library composed of over 110 million
compounds against BTK using multiple parallel selection
conditions.64 This resulted in the identification of compound
10 which was synthesized off-DNA for further characterization
(Figure 4a). 10 displayed an impressive (particularly for an

unoptimized primary hit) IC50 of 0.55 nM in a probe
displacement assay, and further showed promising activity
(low nM IC50) and safety margins when tested in cellular
assays using relevant cell lines. A cocrystal structure of BTK in
complex with 10 was then determined, showing the inhibitor
to bind to the ATP binding site of the kinase, forming
hydrogen bonds to the backbone NH of M477 of the hinge
region, as well as to the side chain of D539 and to the
backbone NH of F413 of the P-loop (Figure 4b). Of particular
note was that the tetrahydro-β-carboline moiety was seen to
occupy a subpocket formed by a rearrangement of the P-loop
which, at the time of publication, no known inhibitors had
been seen to occupy (Figure 4c, blue oval). Cuozzo and co-

workers then hypothesized that this previously unobserved
binding mode may be the basis for the high binding affinity of
10 for BTK. Overall, this work represents an excellent example
of a DEL screen yielding novel, highly active small molecule
inhibitors of a validated and important drug target with a
distinguished binding mode.
RIP1 Kinase. Receptor-interacting protein 1 kinase (RIP1

kinase or RIPK1) has emerged relatively recently as an
important regulator of inflammation, apoptosis and necropto-
sis.65,66 Due to its role in these processes, RIPK1 is currently
considered to be a promising drug target for the treatment of a
range of acute and chronic inflammatory diseases.65,66 The first
small molecule inhibitors of RIPK1 were the so-called
“necrostatins”,67 with crystal structures of these compounds
in complex with RIPK1 reported in 2013.68 These crystal
structures showed that the necrostatins (and analogues) bind
to a lipophilic pocket deep within the active site of the kinase.
These compounds, however, showed relatively weak activity
against RIPK1 (with IC50 values in the sub-μM/high nM
range), which motivated researchers at GSK to biochemically
screen a set of kinase-focused small molecules against RIPK1 in
an attempt to discover inhibitors of this enzyme with improved
properties.69 This led to the disclosure of a series of type II
kinase inhibitors that, despite displaying considerably im-
proved activity (compared to the necrostatins), were deemed
suboptimal as lead compounds for further optimization
(primarily due to the relatively high molecular weight of
these compounds). In a further attempt to discover RIPK1
inhibitors with the potential for optimization toward possible
clinical use, researchers at GSK then screened a DNA-encoded
chemical library deck containing around 7.7 billion compounds
against RIPK1.70 Following analysis of the screen output, a
series of benzoxazepinones were identified as promising hits.
Off-DNA synthesis and assessment of hit compound 11
(Figure 5a) in an FP-based assay provided a favorable IC50 of
10 nM, with assessment of the ability of 11 to inhibit the

Figure 4. DEL screen against BTK. (a) BTK inhibitor 10 discovered
by Cuozzo et al.64 (b) Crystal structure of 10 bound to BTK (PDB
entry 5U9D). (c) Structural alignment of all BTK-ligand complexes
publicly available at the time 10 was reported, with 10 shown as blue
sticks and all other compounds shown as gray lines. The tetrahydro-β-
carboline moiety of 10 is circled in blue.

Figure 5. (a) Chemical structure of 11, discovered by screening a
DNA-encoded chemical library deck against RIPK1.70 (b) Compar-
ison of the binding modes of various RIPK1 inhibitors. RIPK1 bound
by 11 (PDB entry 5HX6, green carbons), overlaid with a type II
RIPK1 inhibitor (PDB entry 4NEU, blue carbons) reported by Harris
et al.,69 and with a necrostatin analogue (PDB entry 4ITH, magenta
carbons) reported by Xie at al.68 The black dashes indicate a
hydrogen bond from 11 to the backbone NH of residue D156.
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enzymatic activity of RIPK1 yielding an impressive IC50
(particularly for a primary hit) of 1.6 nM.

A crystal structure of 11 in complex with RIPK1 was then
determined, revealing a binding mode noticeably distinct from
that of previously disclosed RIPK1 inhibitors (Figure 5b). The
phenyl group of 11 was seen to bind to the same lipophilic
back pocket as similar groups of the necrostatins (and
analogues), however, the benzoxazepinone moiety was seen
to extend toward the hinge region of the kinase (the region to
which the adenine ring of its natural substrate ATP would be
expected to bind), though, unlike the previously disclosed type
II compound,69 was not seen to form contacts with the hinge
region. This binding mode therefore classifies 11 as an “ATP-
competitive type III” inhibitor, which at the time of publication
was unique for a RIPK1 inhibitor. Interestingly, the assessment
of 11 for kinome selectivity against a panel of over 450 kinases
revealed the compound to be exquisitely selective, if not
completely selective, for RIPK1. In addition, its physicochem-
ical and DMPK properties were also determined to be
favorable, marking 11 as a promising candidate for further
optimization toward a potential clinical candidate. Indeed a
further optimized analogue of 11 was progressed into clinical
trials,71 highlighting the ability of DEL screening to yield a
clinical candidate for a key drug target for which previous
alternative hit-finding attempts had been unsuccessful (i.e.,
unsuccessful in discovering inhibitors with suitable proper-
ties).69

RIP2 Kinase. Receptor-interacting protein 2 kinase (RIP2
kinase or RIPK2), an intracellular kinase, has been identified as
a key signaling partner for the pattern recognition receptors
NOD1 and NOD2 (nucleotide-binding oligomerization
domain-containing proteins 1 and 2).72 ATP-driven autophos-
phorylation of RIPK2 activates downstream signal trans-
duction. RIPK2 inhibitors targeting the NOD/RIP2 pathways
have been shown to inhibit downstream cytokine production;
therefore, RIPK2 inhibition represents an attractive therapeutic
strategy for the treatment of inflammatory diseases.

Several classes of RIPK2 inhibitors have been identified,
including type I and II inhibitors, by screening known kinase
inhibitor collections at GSK.73 Although these inhibitors, such
as 12 (SB-203580, a p38 MAPK inhibitor, see Figure 6a),74

erlotinib and gefitinib75 (EGFR kinase inhibitors) effectively
inhibit RIPK2 and block NOD2 driven cytokine production,
these agents possess broad kinase activities, rendering them
unsuitable as selective RIPK2 inhibitors for pharmaceutical use
in treating inflammation.

Inhibitor 13, a novel benzimidazole chemotype (Figure 6a),
was discovered by screening the GSK DEL collection against
RIPK2.76 The X-ray structure of the RIPK2-13 complex
revealed 13 to be a type I kinase inhibitor, albeit binding
RIPK2 in an atypical manner (Figure 6b). 13 possesses an
unusual methyl ether hinge-binding motif that accepts a
hydrogen bond from the backbone NH of Met98, while the
benzimidazole N3 forms a key hydrogen bond interaction with
the side chain hydroxyl of Ser25 (located within the kinase P-
loop). This binding mode of the methoxyethyl benzimidazole
13 was noted as being highly unusual for kinase inhibitors
(likely due to the low prevalence of a serine at this position
within P-loops across the kinome), and the investigators state
that this unusual binding mode likely contributes to the
superior kinase selectivity of 13 compared to other RIPK2
inhibitors, a notable achievement within the field.

Mer. Mer and Axl belong to the TAM family of receptor
tyrosine kinases. They have both been implicated in the
function of the immune response and the combination of Mer
and Axl inhibition has gained interest as an attractive
mechanism to enhance current immunotherapies.77 Mer is
expressed by tumor-associated macrophages and activation of
Mer promotes polarization from M1 to protumor M2-type
macrophages which leads to apoptotic cell clearance through
efferocytosis.78 Reversal of this macrophage polarization
process through Mer inhibition should act to revive immune-
mediated tumor suppression. While not an oncogenic driver in
itself, Axl activity plays a complex role in immune regulation
and can inhibit cytokine release, Toll-like receptor signaling,
and T-cell activation by antigen-presenting dendritic cells.
Inhibition of Axl in the tumor microenvironment is therefore
also expected to be advantageous for enhancing the immune
response.79

While small molecule TAM kinase inhibitors have
progressed to the clinic,80−82 their varying degrees of
selectivity across the TAM family and the broader kinome
suggested there was still a clear requirement for highly selective
dual Mer/Axl kinase inhibitors to evaluate for use in cancer
immunotherapy. Thus, AstraZeneca embarked on a compre-

Figure 6. (a) Structures of RIPK2 inhibitors, 13 was discovered via
DEL screening. (b) Overlaid structures of RIPK2-12 (SB-203580,
PDB ID 5AR4) and RIPK2-13 (PDB ID 5AR5) complexes,
highlighting the unique bidentate interaction of 13 in the ATP-
binding site between the P-loop (S25) and hinge region (M98).76
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hensive lead-generation strategy encompassing virtual screen-
ing, FBLG, data mining, HTS and DEL screening.83

While the data mining and HTS were productive in terms of
discovery of potent Mer kinase inhibitors, these efforts did not
identify compounds with sufficient selectivity and develop-
ability profiles with which to progress further. A DEL screen,
run in parallel alongside the other hit finding activities, utilized
20 selection conditions to be screened against a > 90-billion-
member library collection. This approach was designed to
probe multiple Mer constructs with and without ATP and to
profile the output against several off-target proteins. This data
set, in combination with a comprehensive downstream
screening cascade, enabled an effective triaging process to
focus down to hits which had a desired selectivity profile of
dual Mer and Axl inhibition with >50-fold selectivity margin
against the main antitarget Flt3 (14−16, Figure 7a). Upon
solving the X-ray crystal structures of the hits bound to Mer, it
was apparent how diverse the binding modes were among the
different chemotypes (Figure 7b).

While the azaindole series, exemplified by 14, showed a
suitable activity profile across the TAM family kinases, it was
found to be somewhat promiscuous when screened against the
wider kinome which was not unexpected given the type I
binding mode (Figure 7b, magenta carbons). Compound 15,
containing a 1,3,4-oxadiazole core, was found to adopt a
binding mode characteristic of a type I1/2 kinase inhibitor
(Figure 7b, green carbons). The imidazopyridine formed a
hydrogen-bonding interaction with Met674 at the hinge region
while the rest of the molecule extended out toward the αC
helix while maintaining a DFG-in conformation. This was only
the second inhibitor reported to adopt such a binding mode
for Mer. Pflug et al. previously reported the structure of EX172
which also spans from the hinge-region in the ATP pocket
through to the kinase back pocket.84 In both cases, the

compounds pack close to the αC helix which adopts an out
conformation. The novel hinge-binding motif coupled with the
extended pose of compound 15 were factors enabling the
imidazopyridine series to display both high potency for Mer
with an excellent selectivity margin over Flt3 and the wider
kinase panel.

The third chemotype identified from the DEL screen was
exemplified by compound 16. This was derived from a 3-cycle
library containing two sets of amino acid building blocks. A
lack of competition with ATP was observed in the biochemical
Mer assay, run at both Km and high (above Km) ATP
concentrations. Analysis of the crystal structure confirmed that
the compound binds to an allosteric pocket near the αC helix,
promoting a αC helix-out conformation with no interactions to
the hinge region in the ATP pocket (Figure 7b, blue carbons).
This represented a novel binding mode for a Mer kinase
inhibitor. The thiadiazole and isoxazole rings bind to similar
regions in the binding pocket compared with the biphenyl
moiety in compound 15, while the rest of the compound
extends away. Compound 16 engages in polar contacts with
the catalytic Lys619 and the conserved Glu637 on the αC
helix. The trifluoromethylbenzene group occupies the pocket
of the DFG-Phe with the activation loop sitting in a DFG-out
conformation. In contrast to the type I inhibitors, this type III
binding mode conferred dual potency for Mer and Axl along
with excellent selectivity against a broad set of kinases.

In summary, the DEL screening campaign delivered a variety
of structurally distinct hits with different binding modes
spanning across the orthosteric binding site, covering the more
common type I, the less documented type I1/285 and the
unique type III Mer kinase inhibitors. Both the type I1/2 and
III conferred much improved selectivity profiles over existing
Mer kinase inhibitors, with the imidazopyridine series

Figure 7. (a) Chemical structures of the 3 Mer kinase inhibitors discovered via DEL screening. (b) Overlay of crystal structures of all three hits
showing the different binding modes in complex with Mer, 14 (magenta carbons, PDB entry 7AW3), 15 (green carbons, PDB entry 7AW2), and
16 (blue carbons, PDB entry 7AW4).
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developed into an effective in vivo probe compound taken into
an immuno-oncology efficacy model.86

ATX. Autotaxin (ATX), also known as ENPP2 (ectonucleo-
tide pyrophosphatase/phosphodiesterase family member 2),
converts lysophosphatidylcholine (LPC) into the bioactive
phospholipid derivative lysophosphatidic acid (LPA) and
choline.87 LPA acts as an extracellular signaling molecule and
exerts its biological activities through activation of the LPA
receptors.88 The ATX/LPA axis has drawn considerable
interest from the pharmaceutical industry due to its
involvement in various disease areas such as cancer,89 pain,90

fibrosis,91 and inflammation.92 Elevated levels of ATX have
been observed in the lungs of idiopathic pulmonary fibrosis
(IPF) patients,93 a condition with high mortality rate and no
curative treatment. Additionally, ATX inhibitors show promise
as an attractive therapeutic strategy for the suppression of
tumor progression.94

Several classes of ATX inhibitors have been reported by
both academic research groups and industrial organizations.
ATX inhibitors can be categorized as lipid-like structures that
feature a linear lipophilic tail with acidic polar headgroup (e.g.,
PF8380, BI-2545), indole/indazole-derived ATX inhibitors,
and other chemotypes95 including GLPG1690 (17),96 a Phase
3 clinical candidate which was recently terminated due to
benefit-risk concerns.

A new class of ATX inhibitors was discovered in an affinity-
mediated DEL screen of a 225 million member encoded
chemical library. The selection campaign generated rich
output, and several classes of structurally distinct, strongly
enriched chemotypes emerged as putative binders. The
synthesis of enriched exemplars without the encoding DNA

tags resulted in highly potent ATX inhibitors.97 SAR
exploration of the hit series was guided by the selection
output, and further optimization resulted in the lead
compound 18 (Figure 8a) with suitable ADME properties
for testing in animal models.

The cocrystal structure of 18 with human ATX was obtained
at a resolution of 1.98 Å (Figure 8b), which revealed a unique
binding mode of this lead compound. Unlike previously
reported structures such as PF-8380 or BI-2545, where the
positions of the benzoxazolidinone98 and benzotriazole99

moieties superimpose perfectly and engage one of the catalytic
zinc ions in the Zn binding pocket, 18 extends across the
binding site to occupy both the hydrophobic pocket and the
hydrophobic channel of autotaxin. Similar to GLPG1690,96 18
does not engage the zinc ions in the Zn binding pocket.
Interestingly, 18 takes trajectories that are different from the
binding elements of GLPG1690 in the hydrophobic pocket
and the hydrophobic channel (Figure 8b). The 2-fluoro-5-
trifluoromethylphenyl substituent occupies the hydrophobic
pocket while the hydantoin group carbonyl hydrogen bonds to
the side chain of Tyr83. The indazole group is pointed to
solvent and forms a hydrogen bond to Ser82 as well as forming
an edge-to-face π−π interaction with Phe250 (not shown in
Figure 8b for clarity).

As reported in the publication, the hit-to-lead campaign was
accelerated by the SAR observation derived from rich DEL
screen output, and the lead compound 18 (X165) was readily
optimized into a candidate-quality compound.97

BRD4. Bromodomain-containing protein 4 (BRD4) is a
member of the bromo- and extra-c-terminal domain (BET)
family of proteins. This family is composed of BRD2, BRD3,

Figure 8. (a) Structures of autotaxin (ATX) inhibitors: 18 was discovered via a DEL screen reported by Cuozzo et al.97 (b) Crystal structure of 18
bound to ATX (blue carbons, PDB entry 6W35),97 overlaid with 17 (GLPG1690, yellow carbons, PDB entry 5MHP)96 and PF-8083 (magenta
carbons, PDB entry 5L0K).96
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BRD4, and BRDT, all of which bind to acetylated lysine
residues on histone tails and other proteins. Acetylated lysines
function as epigenetic marks which, once bound to BET family
proteins, result in the recruitment of RNA polymerase and
other transcription-related proteins to these sites, thereby
regulating both transcription initiation and elongation. BRD4
has attracted interest as an oncology target as it is often
required for the expression of oncogenes, including Myc, in
hematologic tumors and is translocated within NUT (nuclear
protein in testis) genes in most NUT midline tumors.
Bromodomains are the structural elements within these
proteins that interact with acetylated lysines. BRD4 contains
two bromodomains, bromodomains 1 and bromodomain 2.
These two bromodomains are highly homologous and
structurally very similar to each other (Figure 9a) and to
bromodomains within other BET family members. Many early
reports of BRD4 inhibitors did not explore the extent to which
reported inhibitors bound to bromodomain 1, bromodomain
2, or both.

Over the past decade, there have been several reports in the
scientific literature of BRD4 bromodomain 2 selective
inhibitors, not least because pan-BET bomodomain inhibitors
have been investigated in a range of clinical and preclinical
studies and have shown nonideal therapeutic margins.100

Increasingly selective inhibitors have been reported101−109 with
the most selective of these109 showing a selectivity ratio of
about 5000-fold. The overlaid binding poses of 50 of these
compounds can be seen in Figure 9b. There are a number of
commonalities for most of these compounds including binding

within the acetyl-lysine binding pocket and interactions with
His437, Asn433, and Pro430, the retention of an arc of four
highly conserved hydrogen-bound water molecules.

Currently there is one report of the use of DNA-encoded
chemical libraries to discover BRD4 bromodomain 2
inhibitors.109 The screen within which the initial DEL hit
was discovered was designed to enrich compounds that bound
to BRD4 bromodomain 2 in the context of a construct that
also contains bromodomain 1. Two additional constructs were
screened in parallel, in which a key tyrosine in each
bromodomain was mutated to an alanine to inactivate it.
Bromodomain 2-selective compounds were seen to enrich
against the wild-type construct and the construct with a
mutation in bromodomain 1, but not against the construct
with a mutation in bromodomain 2. One DEL hit (19)
exhibiting this profile is shown in Figure 9c along with an
optimized version of this hit, GSK040 (20) that was
determined to have a 5000-selectivity for BRD4 bromodomain
2 over BRD4 bromodomain 1. This is the most selective
compound reported to date. The DEL hit was crystallized with
BRD4 bromodomain 2 and this structure is shown in Figure
9d, overlaid with the apo structure. The methoxyphenyl ring
acts as the acetyl lysine mimetic, forming a hydrogen bond
with Asn433. Additional interactions occur between His437
and Val439 with one of the phenyl rings. Perhaps most
notably, the methoxy group extends toward and displaces one
of the highly conserved water molecules observed in most
structures of this bromodomain. This unique structural feature
is shown in Figure 9b in which all 50 publicly available (at the

Figure 9. (a) Overlay of BRD4 bromodomain 1 and bromodomain 2 showing the high degree of sequence and structural similarity between the
two domains. BRD4 bromodomain 1 (PDB entry 2OSS) in blue and BRD4 bromodomain 2 (PDB entry 2OUO) in green. (b) Overlay of all 50
BRD4 bromodomain 2 complex structures publicly available at the time this Perspective was written, with the only compound discovered using
affinity-mediated selection from a DNA-encoded chemical library shown in blue.109 The DNA-encoded chemical library hit uniquely displaces an
otherwise conserved water molecule with its methoxy group. (c) BRD4 inhibitors discovered using DNA-encoded chemistry showing selectivity for
bromodomain 2 over bromodomain 1. (d) BRD4 bromodomain 2 in complex with the DEL hit 19 (blue) overlaid with the apo protein (green).109
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time this Perspective was written) BRD4 bromodomain 2
complex structures have been structurally aligned (shown in
gray), with the DEL hit 19 shown in blue. It is evident from
this overlay that the methoxy group uniquely occupies the site
that binds to one of the water molecules. Also discriminating
this structure, no part of this DEL hit compound projects into
the cleft between His437 and Asn433, which is the region
within which most other selective compounds are believed to
derive their selectivity.109 Further optimization of this
compound at sites corresponding to both of the building
blocks from which it was originally synthesized, and also at the
linker attachment point, led the authors to discover GSK040
(20) which has a significantly increased affinity for BRD4
bromodomain 2 with an IC50 value of 5 nM, and a selectivity
ratio of 5000-fold over BRD4 bromodomain 1.
InhA. Tuberculosis (TB) infects millions of people every

year and contributed to the deaths of over 1.4 million in

2021.110 It was the leading cause of death from infectious
diseases worldwide prior to the Covid-19 pandemic. The
causative agent of TB, Mycobacterium tuberculosis (Mtb), has
been increasingly observed to possess resistance to the
frontline therapies commonly used to treat TB, rifampicin
and isoniazid.

The enoyl-ACP reductase InhA, a primary target of
isoniazid, catalyzes the NADH-dependent reduction of the
acyl carrier protein (ACP) via an enoyl intermediate forming
part of the fatty acid biosynthetic pathway essential for the
formation of the waxy outer membrane mycolic acids of
Mtb.111,112 Isoniazid, a prodrug that requires activation by
KatG, forms a covalent adduct with the cofactor NADH (21).
The isoniazid-NADH adduct acts as a picomolar inhibitor of
InhA by competing with NADH.113−115 Many multidrug
resistant TB strains exhibit resistance to isoniazid associated
with mutations in at least five genes linked to isoniazid prodrug

Figure 10. (a) Selected InhA inhibitors: 21 (isoniazid-NAD adduct), 22 (triclosan), 23 (methyl-thiazole series), 24 (InhA inhibitor from GSK
DEL platform), 25 (pyridine-piperidine DEL series), and 26 (pyrrolidine DEL series). (b) Overlay of various InhA-inhibitor complex crystal
structures. InhA shown as gray ribbons, NADH shown as sticks with magenta carbons. Distinct binding regions of the InhA binding site are
indicated by colored ovals: green (catalytic site), blue (hydrophobic pocket), orange (hydrophilic site) and red (adenine-adjacent site).
Compounds are depicted as sticks: 23 (PDB entry 4bqp, yellow carbons), 24 (PDB entry 4cod, salmon carbons), 25 (PDB entry 5g0v, cyan
carbons), and 26 (PDB entry, 5g0w orange carbons). Hydrogen bonds between 23 and the backbone of Met98 are shown as yellow dashed lines.
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conversion, the majority of those mutations are linked to
defects in the KatG gene and its upstream promoter.116−118 It
was therefore thought that direct inhibitors of InhA would
provide TB drugs for the isoniazid resistance strains without
cross-resistance to isoniazid.

Several early attempts at identifying direct InhA inhibitors
involved making analogs of triclosan (22),119 a common
topical antibacterial agent which targets the essential role of
ACP-enoyl-reductase (ER) in fatty acid synthesis. Triclosan, a
transition-state mimetic, binds with a picomolar affinity to the
NAD+-bound form of the enzyme. While successful attempts
were made to make triclosan analogues with higher affinity to
InhA by extending into the lipophilic region of InhA, the
molecules retained the limiting physical properties of triclosan
and were not progressed as a consequence.

In the early 2010s, researchers from GSK identified a
methyl-thiazole series of InhA inhibitors (23, Figure
10a)120,121 with potent enzyme inhibition (InhA IC50 =
0.003 μM) translating into cellular potency (Mtb MIC = 0.19
μM). Like triclosan, this compound binds above the
nicotinamide ring of NADH in the catalytic site and occupies
the hydrophobic pocket as the triclosan analogues do (Figure
10b).122 A screen using a DEL containing 16.1 million
compounds, published in 2014, identified an additional series
of InhA inhibitors (24).123 While this series was shown to form
different interactions with InhA than seen for previous
inhibitors, it was shown to occupy a region of the binding
site similar to compound 23 (Figure 10b).

Following this work, researchers from AstraZeneca and X-
Chem ran a DEL screen of 66 billion encoded compounds
using apo, NAD+-bound and NADH-bound forms of the
enzyme,124 and identified multiple chemical series. Several of
these series were shown by X-ray crystallography to bind to the
previously identified catalytic, hydrophobic, and hydrophilic
sites of InhA; however, two series, 25 and 26, (Figure 10a)
were seen to extend into a region (adjacent to the ribose and
adenine of the cofactor) to which no previous InhA inhibitors
had been seen to occupy (Figure 10b, red circle).

Despite significant hopes for inhibitors of InhA, efficacious
InhA inhibitors remain elusive. This may be due to
hydrophobic properties of the inhibitors needed to mimic

the long chain fatty acids required to make mycolic acid, the
protective waxy layer of Mtb. It may also be that InhA is not as
essential as once thought, and the isoniazid adduct inhibits
additional targets within Mtb relating to its efficacy. Regardless
of this, the two DEL studies showed how additional regions of
InhA could be accessed and physical properties could be
improved by making additional polar interactions with the
target.

■ NOVEL BINDING SITES
PAR2. Protease-activated receptor-2 (PAR2) is a member of

a family of G protein-coupled receptors (GPCRs) that become
irreversibly activated when proteolytic cleavage of their N-
terminus reveals a tethered peptide ligand, which then binds
and activates the transmembrane receptor domain. This family
of GPCRs has been linked to a broad spectrum of diseases,
including cancer and inflammation, making them the focus of
significant pharmaceutical research efforts.125 A selective
antagonist of PAR1 (vorapaxar) is marketed for the prevention
of thrombosis, but the discovery of antagonists for the other
PAR isoforms has proved to be more challenging. Early efforts
to develop antagonists for PAR2 focused on modifications of
known agonist peptides sequences. This work resulted in a
number of peptides and peptidomimetics such as K-14585 (27,
Figure 11a)126 with good affinity, but poor ADME properties.
Nonpeptidic antagonists with improved properties were
reported by several groups, but showed only moderate
activity.127,128 However, a breakthrough came with the
identification of a novel series of antagonists that were
shown to bind to a previously unknown allosteric pocket in
the transmembrane region. A group from AstraZeneca,
Heptares and X-Chem were able to perform a successful
DNA-encoded screen against this membrane-spanning protein
by creating a thermostabilized form through multiple point
mutations of the trans-membrane region.129

The screen employed two variants of the protein, with one
being exposed to the encoded library in solution before capture
on the resin, while the other was precaptured onto resin prior
to introduction of the library. An interesting set of structurally
related benzimidazoles was identified in the analysis of the

Figure 11. (a) Chemical structure of peptidomimetic K-14585 (27) and the allosteric PAR2 antagonist AZ3451 (29) derived from an initial DEL
hit 28. (b) Crystal structure of PAR2-29 complex (PDB entry 5NDZ). 29 is depicted as spheres with blue carbons, with the orthosteric binder
AZ8838 shown in magenta, taken from PDB entry 5NDD.
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conditions using precaptured protein. Additional information
regarding the binding interaction was obtained by the analysis
of the DNA linker preference. The proposed hits were from a
library that used both aryl and alkyl DNA linkers, and the data
suggested a preference for an aryl linker. This was borne out
when compound 28 (IC50 = 0.090 μM) showed good
antagonist activity whereas the methyl amide was inactive
(IC50 > 15 μM). Refinement of this hit through exploration of
substitution on the phenyl ring led to improved allosteric
antagonist AZ3451 (29, IC50 = 0.023 μM).

Interestingly, the profile of the benzimidazole family of
compounds showed them to be competitive with known
antagonists, but when a crystal structure was obtained of 29 in
complex with PAR2 (Figure 11b) it was found that it occupied
a novel binding pocket within the transmembrane region
which did not overlap with the orthosteric site or other known
allosteric pockets.130 The observed competition with known
antagonists was proposed to derive from allosteric communi-
cation between binding sites within the GPCR. Together, this
work provides another example of the ability of DEL screening
to find novel, highly active hits for important drug targets with
unprecedented binding modes.
WIP1. The wild-type p53-induced phosphatase (Wip1,

encoded by PPM1D (protein phosphatase magnesium-
dependent 1 δ)) is a serine/threonine phosphatase with
oncogenic activity.131 Wip1 acts as a negative regulator of key
proteins in the DNA damage response pathway, such as p53,
p38 MAP kinase and ATM. Consistent with Wip1’s function as
an oncogene, amplification and overexpression of PPM1D has
been shown in multiple human cancer types, including breast
and ovarian carcinomas.132,133 Gain-of-function Wip1 muta-
tions have also been identified in primary human cancers.134

This supports the hypothesis that inhibition of Wip1 would be
an attractive mechanism for suppression of tumor growth and
evolution.135,136

While serine/threonine phosphatases are attractive ther-
apeutic targets, they tend to have highly conserved catalytic
domains, which makes development of selective, competitive
inhibitors challenging.137 Early Wip1 inhibitors have been
derived from natural substrate sequences of Wip1 by
Yamaguchi et al.138 These cyclic phosphopeptides were
designed to target the catalytic site through mimicking of the
phosphorylated threonine in the pTXpY sequence of p38 MAP
kinase. UNG2, was demonstrated to be a specific substrate for
Wip1, and following further improvements to the molecule an
activity for Wip1 with Ki of 110 nM was achieved.139 Some
selectivity over PPM1A could be demonstrated, but this was
balanced with a 30-fold reduction in the inhibitory effect for
PPM1D. Due to the high negative charge of these inhibitors,
cell permeability is poor, and thus their usage is restricted.

The combined synergies of parallel screening approaches
were exemplified by GSK with report of a single series of small

molecule Wip1 phosphatase inhibitors identified through both
a biochemical and biophysical screen.140 A DNA-encoded
library screen, carried out on full length Wip1, identified a
potent inhibitor of Wip1 with an IC50 value of 13 nM (30,
Figure 12). In parallel, a biochemical high-throughput screen,
measuring the hydrolysis of an artificial substrate using
truncated Wip1, was carried out and identified a compound
with overlapping features to the DEL hit and an IC50 of 361
nM. These independently discovered hits were merged into a
series containing an amino acid-like core region, which was
designated the capped amino acids (CAA) series. Inhibition of
Wip1 by 30 was found to be noncompetitive with respect to
fluorescein diphosphate (FDP) and suggestive that the CAA
compounds were binding outside of the catalytic active site.
Pleasingly this allosteric profile appeared to translate into
excellent selectivity over the two closely related PP2C family
members, PPM1A and truncated PPM1K (phosphatase
domain). No inhibition (IC50 > 30 μM) was also observed
against a panel of 21 phosphatases. Cell permeability and
pharmacokinetics of compound 30 could be suitably tuned
with modest structural changes, resulting in the development
of GSK2830371 (31), the first reported orally active, allosteric
inhibitor of Wip1 phosphatase. This hit finding approach has
demonstrated the ability of affinity screening to identify
binders to novel allosteric sites, where selectivity at the
orthosteric site was expected to be prohibitive for drug
development, with the hit to lead optimization exemplifying
the opportunity of DEL space to provide highly elaborated and
potent hits in the first instance.

While there have been no reports of successful crystallization
of the Wip1 protein, subsequent efforts were made to elucidate
the mechanism of binding of GSK2830371 through other
means.141 Comprehensive studies using computational model-
ing and functional mutagenesis were combined with the output
from biochemical and biophysical assays. These results suggest
that 31 binds through interactions with the hinge region, which
is unique to PPM1D, causing movement in the flap region and
locking it into a single, inactive conformation. While the
mechanism by which 31 induces such conformational changes
is unknown, one could postulate that it could be caused by
binding of the ligand to multiple sites of the protein and acting
as a “molecular glue”.

■ NOVEL BINDING MODE OF INDUCED
DIMERIZATION

ATAD2. ATAD2 (ATPase family, AAA domain-containing
protein 2) also known as ANCCA (AAA nuclear coregulator
cancer-associated protein) is an epigenetic reader, binding to
acetylated lysines on histones and thereby affecting tran-
scription. ATAD2 is overexpressed in many cancers due to
coamplification with c-Myc,142 is a coactivator for transcription
factors including ERα,143 E2F,144 and is a marker of poor

Figure 12. Chemical structure of allosteric Wip1 inhibitor (30) and transformations used to yield GSK2830371 (31)
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prognosis in colorectal,145 breast and lung,146 endometrial147

and ovarian148 cancers. Genetic knockdown studies have
shown that ATAD2 may be a viable oncology target.146

ATAD2 is composed of a left-handed four-helix bundle that,
along with the ZA and BC loops, defines the acetylated lysine
binding site within the bromodomain. The ATAD2 bromo-
domain interacts with acetylated lysines in appropriate
sequence contexts and for example has been shown to pull
down acetylated H3 and H4 peptides, an interaction that may
be disrupted by mutations within the binding site149 and has
also been utilized to develop a TR-FRET assay. ATAD2 has
three distinct structural domains. An acidic N-terminal region
provides tight but nonspecific binding to chromatin. The AAA
ATPase domain drives nucleosome eviction. The bromodo-
main (BD) binds to acetylated lysines on histones, acting as an
epigenetic reader.

A range of ATAD2 inhibitors have been reported since
2014150−158 with IC50 values as low as single-digit nM.
Discovery methodologies have been exclusively biophysical in
nature; NMR, X-ray crystallography or affinity-mediated
selection followed by TR-FRET with a probe derived from
the tetra-acetylated histone H4 (BET), or TR-FRET directly.
Consequently, compounds binding to any site that modulates
peptide binding could have been discovered by any of these
approaches. However, with the exception of the approach that
utilized a DNA-encoded chemical library, all of the reported
compounds occupy a set of overlapping sites within the
bromodomain. Every X-ray crystallographic study conducted
on these compounds showed them to interact with a largely
consistent set of amino acids, mostly including asparagine
1064, or alternatively to reach deeper into the pocket and
displacing bound water molecules. The one exception is the
compound that was discovered using a DNA-encoded
chemical library and affinity-mediated selection. This com-
pound elicits its inhibitory effect using a completely distinct
mechanism of action in that it induces ATAD2 bromodomain
dimerization and prevents interactions with acetylated histones
as a result, both in vitro, as well as with chromatin in cells. It is
not clear why the approach that utilized a DNA-encoded
chemical library provided compounds with such a distinct
mode of action, but it may be related to the vastly larger
number of compounds that were screened in this study.

Bayer and X-Chem collaborated to discover ATAD2
inhibitors using a deck of DNA-encoded chemical libraries
and affinity-mediated selection.158 65 billion compounds in
total were screened, with the hit derived from a 110-million-
member sublibrary. The hit (32) IC50 was single-digit μM
while follow-up compounds, exemplified by 33 (BAY-850),
showed values as low as 22 nM by homogeneous time-resolved
FRET (Figure 13). Target engagement was confirmed by
thermal shift assay (TSA), microscale thermophoresis (MST),
AlphaScreen, and BROMOscanTM, and a FRAP assay
demonstrated displacement of full-length ATAD2 from

chromatin in MCF7 cells. The BROMOscan assay indicated
a high degree of selectivity over other bromodomain-
containing proteins, and size-exclusion chromoatography
indicated that the compound was able to induce dimerization
of monomeric ATAD2. This artificially dimerized form of
ATAD2 prevents interactions with acetylated histones in vitro,
as well as with chromatin in cells. The hit compound enriched
against a GST-tagged ATAD2 bromodomain construct in the
affinity-mediated screen, and the GST-mediated dimerization
of the target in this context may have also played a role in
allowing for the discovery of compounds that can induce
dimerization of monomeric ATAD2 themselves.

■ DISCUSSION AND CONCLUSIONS
The examples described above demonstrate the rich diversity
of DEL screen outputs, both in terms of molecular structure
and also in terms of binding modes, selectivity, and protein
conformation. It is difficult to classify each of the examples
mentioned above into discrete categories. We can, however,
observe broad trends that speak to the novelty of the molecular
interactions uncovered by DEL screening.

One such trend is proteins adopting conformations that have
not been previously observed, as was seen in the c-MET and
TAK1 examples. In the former case, a typically continuous
helix is “broken” into two smaller orthogonal helices. In the
latter, a peptide bond is flipped to change the hydrogen-
bonding orientation of the backbone. In both examples, the
compounds displayed unusually high selectivity across the
kinome. We believe that this selectivity is likely to be the result
of protein structural rearrangements. Similarly, in the PAD4
case, the DEL hit caused the organization of a disordered
region into a previously unobserved β-hairpin. This reorgan-
ization and the hydrophic interactions with the inhibitor it
enabled were justifiably thought to be responsible for the high
selectivity the DEL compound displayed with respect to other
PAD enzymes.

Another trend observed is DEL ligands interacting with
proteins through novel interactions. In the BTK example, the
compound engages a hydrophobic subpocket (through the
tryptoline moiety) that was not observed in previous ligand
complexes. In the RIPK2 cocrystal structure, it is revealed that
the DEL-derived compound engages with the hinge hydrogen
bond donor using a noncanonical acceptor (a methyl ether)
and also makes another hydrogen bond interaction with a
serine side chain. Again, high specificity is observed for RIPK2,
likely due to the unique arrangement of those two H-bond
interactions.

The ability to uncover multiple ligands with different
binding modes in the same selection experiment is a hallmark
of DEL screening. There is perhaps no better example of this
than the Mer/Axl case study described here. In a single
experiment, three completely distinct kinase inhibitory binding

Figure 13. BAY-850 (33), an isoform selective ATAD2 chemical probe, was optimized from an initial hit (32) discovered viaDEL screening.158
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modes were uncovered: type I, type “I1/2”, and type III.
Unsurprisingly, the type I inhibitor showed only modest
selectivity, while the other two were very selective. Again, we
see in this case that unusual binding modes seem to go hand-
in-hand with high selectivity. This theme is reinforced by the
RIPK1 case in which the compound was, once again,
exquisitely selective. Here, an unprecedented (for RIPK1)
“ATP-competitive type III” binding mode is observed.

Novel interactions are not confined to kinases. In the BRD4
case, a water molecule is displaced that is conserved among
many if not all other known BRD4-inhibitor complexes.
Additionally, this example is notable for what the compound
does not do. It does not interact with a cleft between H437
and N433 that is occupied by most other BRD4 inhibitors.

Beyond finding new ways to interact with known binding
pockets, sometimes DEL screening reveals the occurrence of
completely unknown pockets. One such example is GPCR
PAR2. Crystallographic studies revealed that the DEL-derived
antagonist binds to a hitherto unknown pocket within the
transmembrane region. Interestingly, the same DEL screen also
produced agonists that bind to a well-characterized pocket in
PAR2.

In the case of WIP1, while the ligand-protein complex could
not be crystallized, a variety of biophysical experiments
indicated the compound to be an allosteric binder that
stabilized an inactive protein conformation. It achieved this by
binding to a domain that is unique to Wip1 among other
related phosphatases (conferring exquisite selectivity) and
potentially by interacting with several domains at once, acting
as an intramolecular “glue”.

A completely different inhibitory mechanism was observed
in the ATAD2 case (although this had not been shown by X-
ray crystallography). Here, induced dimerization led to
inhibition. To the best of our knowledge, this mechanism of
action is unprecedented among bromodomains. Unsurpris-
ingly, this unique mechanism led to high selectivity, as
indicated by BROMOScan data.

The lesson we take from these data is that in the search for
ligands to proteins, there are many ways to skin the proverbial
cat. If we have only seen a relatively narrow range of
interactions for a given target, it is likely because we have only
sampled a relatively narrow scope of chemistry. Again, this is
not surprising since HTS decks only scratch the surface of the
accessible chemical space and are likely populated with
structural motifs shown to have bioactivity in the past. When
truly large and unbiased libraries are interrogated, surprises
happen. As shown above, these surprises, whether novel
conformations, interactions, or binding sites, often lead in turn
to a differentiated pharmacology.

High selectivity seems to be associated with these novel
modes, as almost every case discussed above pointed to the
high selectivity of the compounds. While detailed protocols for
the selection experiments were lacking in most of the cited
references, it is notable that counterselection with off-targets
was not cited in all cases. Only the Mer/Axl report discussed
its counterscreening strategy in detail, although competitive
and/or mutant selections were cited for TAK, BTK, c-MET,
BRD4, PAR2, and InhA. Therefore, we can hypothesize
whether the high selectivity observed across these projects is
the result of deliberate bias in the screening experiment, or
rather a natural consequence of mining such large portions of
chemical space. In either case, we can observe that the unusual
binding interactions described here are not simply scientific

curiosities, interesting from an academic perspective but with
no real-world impact. Rather, novel interactions seem to lead
directly to high selectivity, which can improve the odds of
successfully arriving at a clinical candidate.

In conclusion, we feel that these observations bode well for
the future of small molecule screening. As more building
blocks become available and more DELs are synthesized, we
will continue to expand the accessible chemical space. This
expansion will further increase the already high probability that
selection experiments will lead to unprecedented binding
interactions and a new pharmacology. While this Perspective
focuses mostly on previously validated targets, we can
extrapolate these observations to novel targets as well. Beyond
hit generation, potent and selective ligands like the kind
described herein will serve as valuable probes, allowing
researchers to validate novel disease targets in a pharmacolog-
ically relevant way. Having multiple probe compounds that
address multiple sites in a novel protein would be a very
powerful approach to rapidly derisking an unvalidated target.
As the industry tackles newer and more difficult targets,
unbiased exploration of the chemical space will be a valuable
tool.
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