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Abstract: Methods for the rapid and inexpensive discovery of
hit compounds are essential for pharmaceutical research and
DNA-encoded chemical libraries represent promising tools for
this purpose. We here report on the design and synthesis of
DAL-100K, a DNA-encoded chemical library containing
103200 structurally compact compounds. Affinity screening
experiments and DNA-sequencing analysis provided ligands
with nanomolar affinities to several proteins, including pros-
tate-specific membrane antigen and tankyrase 1. Correlations
of sequence counts with binding affinities and potencies of
enzyme inhibition were observed and enabled the identifica-
tion of structural features critical for activity. These results
indicate that libraries of this type represent a useful source of
small-molecule binders for target proteins of pharmaceutical
interest and information on structural features important for
binding.

DNA-encoded chemical libraries (DECLs) are promising
tools for pharmaceutical hit discovery."! DECLs are com-
pound collections in which each molecule is uniquely encoded
by an appended DNA sequence, serving as amplifiable
identification barcodes. Affinity screening of DECLs against
proteins of interest enriches target-binding molecules, which
are identified by high-throughput sequencing of the corre-
sponding DNA tags.”’

DECL technology allows for the rapid screening of small-
molecule libraries of unprecedented size in a one-pot proto-
col, requiring only microgram quantities of the target
proteins. Several groups have described DECLs of various
designs and modes of preparation’’! and selections performed
with DECLs have yielded ligands for diverse proteins of
biological and pharmacological interest.’**l

Here we describe the design and synthesis of DAL-100K,
a branched diamide DECL and its application to the
discovery of protein ligands. DAL-100K comprises predom-
inantly drug-like compounds in contrast to libraries assem-
bled from 3 or more sets of building blocks, for which encoded
compounds rarely adhere to Lipinski’s rule of 5 given in
Ref. [5]. Furthermore, the library format of DAL-100K allows
for thorough quality control, which in combination with the
high structural diversity enabled the recognition of structure—
activity relationships (SAR) directly from screening data.
Patterns of structural similarities among hit compounds have
been previously reported.’™* Evaluations of possible SARs
and quantitative analyses were however missing.

DAL-100K contains 103200 compounds assembled from
240 x 430 unique, structurally diverse carboxylic acids at-
tached through amide bonds to two diversity elements (DEs)
on a DNA-terminal diamine (Figure 1). Carboxylic acids are
readily available and allow for selecting highly diverse
structures; furthermore, amide bond formation is a robust
reaction for DNA-conjugation.

DAL-100K was prepared by a split-and-pool strategy
using consecutive synthesis and encoding steps (Figures S1
and S2 in the Supporting Information). The building blocks at
DE-1 were attached on solid support to ensure high coupling
yields. Thorough quality control (i.e. purification after the
first coupling step and extensive reactivity tests for the second
coupling step) was implemented during library synthesis. The
selected carboxylic acids mostly complied with the “Rule of
3”1 (ClogP < 3, MW < 300 Da) to favor drug-likeness (aver-
age molecular weight, MW, of 413 Da and ClogP of 1.6;
Figure S3 and Table S3).
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Figure 1. Structure of the DAL-100K DNA-encoded chemical library.

Affinity screening of DAL-100K against several targets
provided elevated normalized sequence counts (NSC, For-
mula S1) compared to a survey of DNA codes prior to ligand
selection indicating the recognition of a specific protein—
ligand interaction (Figure2). In these graphs, enriched
compounds on a line have a conserved building block at
one of the DEs indicating that this fragment is mainly
responsible for the binding affinity. In contrast, both building
blocks are predicted to contribute to high-affinity binding in

a) Preselection Library

NSC

the case of isolated peaks. Screening experiments for two
model targets (streptavidin and carbonic anhydrase IX,
CAIX) led to the enrichment of compounds with structural
features anticipated for binders of these proteins. For
streptavidin, a series of compounds containing B087 (nomen-
clature: building blocks at DE-1 and DE-2 are specified by A
and B, respectively, followed by the number of the building
block) was apparent in the sequence enrichment plot
corresponding to desthiobiotin, a known high-affinity ligand
of streptavidin (Figure 2b). Four distinct series of enriched
molecules were observed in the screening results for CAIX
(Figure 2¢) all containing aromatic sulfonamides (A227,
A240, B138, and B157), which are frequently present in
CAIX binders."! These results provide support for successful
DECL preparation and an efficient screening protocol.

During this study, we further identified de novo ligands
for three proteins of pharmaceutical interest (Figure 2):
prostate-specific membrane antigen (PSMA), human serum
albumin (HSA), and tankyrase 1 (TNKS1).

Distinct enrichment fingerprints were obtained when
screening PSMA (Figure 2d), a marker of prostate cancer.”

b) Streptavidin

240 DE-2

Figure 2. High-throughput DNA-sequencing results of affinity screening experiments of DAL-100K with several proteins including a) a preselection
library (original library prior to affinity screening), b) streptavidin, c) CAIX, d) PSMA, e) HSA, and f) TNKST. Each peak represents one library
compound identified by the building blocks specified in the x/y plane; the z axis indicates the normalized sequence counts (NSC, Formula S1).
Compounds with NSC values smaller than 5 are omitted to improve visibility.
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A fluorescein derivative (Chart S1)  Table 2: Structural features identified among HSA hit compounds.
of the most-highly enriched com- Building block K, [nm]® NSC
pound A165/B091 bound to PSMA
with a dissociation 'constant (Ky) of in combination with B321
0.83 um as determined by fluores-
cence polarization (FP; Figure S5).  aos3 5-bromoindole-2-carboxylic acid 0.94+0.10 270
Interestingly, this molecule contains  A085 5-chlorobenzofuran-2-carboxylic acid 40+0.5 74
no obvious antbinding function- A017 5-trifluoromethoxyindole-2-carboxylic acid 2.5+0.5 38
ality in contrast to reported small- A053 5-ch|oro-7-methoxybenzofu.ran-Z--carboxylic acid 6.7+0.8 8
molecule PSMA ligands. A020 ?-methoxylndole-.Z-carboxyllc acid 10.5+1.0 6
The sequencine fineerprint for A024 indole-2-carboxylic acid 9.6+1.0 5
. ! g hngerp A042 benzofuran-5-carboxylic acid 41413 2
HSA (Figure 2¢) revealed numer- A018 indole-5-carboxylic acid 130£30 2
ous isolated peaks of elevated NSC
values suggesting synergistic bind- in combination with A077
ing interactions of the correspond-
ing compounds involving both B286 5-bromoindole-3-acetic acid 0.70+0.04 90
1 . B107 5-chlorobenziothiophene-3-acetic acid 1.4£0.1 14
building blocks. Several hit com- ; S
d ined a 5-b indol B182 indole-3-acetic acid 20+5 1
pounds contained a 5-bromoindole g, ¢q benzothiophene-3-acetic acid 9.3+1.0 1

moiety (A083, B286) and two mol-
ecules (A083/B321, AO077/B321)
were further evaluated. Fluorescein
derivatives of A(077/B286 and
A083/B321 (Figure 2e and Chart S1) bound HSA with sub-
nanomolar dissociation constants [K; (A083/B321) =0.9 nm;
K, (A077/B286) = 0.7 nm] as determined by FP (Table 1 and

Table 1: Dissociation constants (Ky) of derivatives of A083/B321 and
A077/B286 and HSA.F!

DE-1 DE-2 Linker Ky [nm]®

A083 B321 LPL 0.94+0.10
A077 B286 LPL 0.70+0.04
A083 AcNH LPL 130440
AcNH B321 LPL 31004200
A077 AcNH LPL 1500 4200
AcNH B286 LPL 9304170
A083 B321 HPL 1000 4200
A077 B286 HPL 670480
AcNH AcNH LPL >10000

[a] Structures of building blocks and linkers are shown in Figure 2e and
Chart S1, respectively. [b] Ky values were determined by fluorescence
polarization.

Figure S6). Replacement of either of the building blocks by an
acetamide group (AcNH) drastically decreased the affinity of
the ligands to HSA. Particularly, the 5-bromoindole moieties
were critical for HSA binding and their substitution raised the
K values by more than 2000-fold [Ky (AcNH/B321) =3.1 pm,
Ky (A077/AcNH)=1.5pm]. The HSA affinity of these
derivatives originates in part from the fluorophore and the
linker and replacing the lipophilic (LPL) by a hydrophilic
(HPL) linker decreased the affinity substantially (Table 1,
Chart S1). Nevertheless, the hit compounds enhanced the
affinity of these conjugates by more than 10000-fold. To the
best of our knowledge, these compounds are the highest-
affinity small-molecule binders of HSA reported and bear
potential as tags for the half-life extension of peptide drugs
and imaging agents.'"

A more detailed analysis of the HSA hit compounds
revealed patterns of structural similarities. For instance,
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[a] Ky values were determined by fluorescence polarization.

several indoles, benzofurans, and benzothiophenes were
enriched in combination with A077 or B321 (Table 2). In
addition to A077/B286 and AO083/B321 such compounds
included A017/B321, A085/B321, and AO077/B107. These
structures all had the carboxylic acid modification at C-2 or
C-3 and an electron-withdrawing and hydrophobic substitu-
ent at C-5 of the ring system, whereas related heterocycles
lacking these structural features generally had NSC values
smaller than 5 (Table 2, Table S4).

The structural features linked to elevated NSC values
were experimentally confirmed to be important for high-
affinity binding (Table 2, Table S4). Compounds containing
the listed features had dissociation constants smaller than
9 nM [K, (A017/B321) =2.5 nm; K (A085/B321) =4.0 nm; K,
(A077/B107) = 1.4 nm] whereas related heterocycles without
the corresponding C-5 substituent had K, values greater than
9nMm [Ky (A020/B321)=10.5 nMm; K, (A024/B321)=9.6 nMm;
K, (A077/B182) =20 nm; K, (A077/B168)=9.3 nm] and K,
values for compounds with the carboxylic acid modification at
positions other than C-2 or C-3 were greater than 40 nm [K
(A042/B321) =41 nm; K4 (A018/B321) =130 nm]. Additional
patterns of structural similarities were observed for other
families of enriched compounds including several phenyl-
acetic and benzoic acids modified with hydrophobic substitu-
ents and the measured affinities largely agreed with the
observed sequence counts (Table S4).

Furthermore, we observed a clear connection between the
NSC values and the experimental affinities (Figure 3). Most
compounds with low sequence counts (empirical threshold
NSC ca. 5) had K, values greater than 10 nM. Compounds
with NSC values greater than 5 had K, values below 10 nm
and the affinities largely correlated with the sequence counts.

The screening experiment for TNKS1 resulted in strong
enrichment of several compounds in the sequencing finger-
print (Figure 2 f). TNKSI1 is a poly(ADP-ribose) polymerase
involved in telomerase regulation and the Wnt signalling
pathway; TNKS1 has been proposed as a potential drug
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Figure 3. Dependence of binding affinity and inhibition and sequence
counts. Series of HSA-binders with a conserved a) B321 and b) A077
building block. c) Inhibitors of TNKST with a conserved A102 building
block. For structures see Tables S4 and S7.

target."!! Three small-molecule derivatives of the hit com-
pounds A102/B104 and A187/B278 were synthesized (en:
ethylenediamine, pip: piperazine, dap: L-2,3-diaminoproana-
mide; Table S6) and tested as inhibitors in an in vitro
PARylation assay (Table 3 and Figure S7)."”! All A102/B104
derivatives were potent TNKS1 inhibitors with half maximal
inhibitory concentration (ICs,) values of 290-370 nm. A187-
Dap-B278 inhibited TNKS1 with an ICs, value of 3.9 um,
whereas A187-Pip-B278 and A187-En-B278 were less potent.

A series of further A102-containing hit compounds was
synthesized and the ICs, values of TNKS1 inhibition were
measured (Table S7).'2) Overall, a clear trend between the
NSC values of these compounds and the measured potencies

Table 3: In vitro inhibition of TNKS1 activity by selected hit com-
pounds.!

ICso En [um] Pip [um] Dap [juu]
A102/B104 0.29 0.29 0.37
A187/B278 40 33 3.9

[a] ICs, values were determined by an enzymatic PARylation assay (plCs
values and standard errors are listed in Table S6).
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(1/ICs;) was observed (Figure 3¢). The most highly enriched
compound A102/B104 was the most potent inhibitor (ICs,=
290 nm) and other A102-containing hit compounds generally
had ICs, values in the range of 1-7 um, which is substantially
better than structurally related compounds that were not
enriched (ICs,=9-20 um). Some of these fragments (e.g. 4-
oxo-4-phenylbutanoic acids and 3-propionic acids of 2-
phenylazoles) were reminiscent of previously described
TNKST1 inhibitors.!"!)

In summary, we designed and synthesized DAL-100K,
a DECL containing more than 100000 compact compounds
composed of structurally diverse carboxylic acid building
blocks. DAL-100K was successfully applied to the identifica-
tion of small-molecule binders for several targets of pharma-
ceutical interest. For instance, nanomolar inhibitors for
TNKS1 were identified directly from the screening results.
Correlations between NSC values and the experimental
affinity constants were observed for HSA and TNKSI1. The
possibility to derive SARs directly from a single screening
experiment is likely to be important for medicinal chemistry
optimization steps and for computer-assisted docking proce-
dures.!

Keywords: combinatorial chemistry - drug discovery -
encoded libraries - high-throughput screening - structure—
activity relationships
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