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Abstract

We describe the construction of a DNA-encoded chemical library comprising 148’135 members,
generated through the self-assembly of two sub-libraries, containing 265 and 559 members,
respectively. The library was designed to contain building blocks potentially capable of forming
covalent interactions with target proteins. Selections performed against INK1, a kinase containing
a conserved cysteine residue close to the ATP binding site, revealed the preferential enrichment of
a 2-phenoxynicotinic acid moiety (building block A82) and a 4-(3,4-difluorophenyl)-4-oxobut-2-
enoic acid moiety (building block B272). When the two compounds were joined by a short PEG
linker, the resulting bidentate binder (A82-L-B272) was able to covalently modify JNK1 in the
presence of a large molar excess of glutathione (0.5 mM), used to simulate intracellular reducing
conditions. By contrast, derivatives of the individual building blocks were not able to covalently
modify JNK1 in the same experimental conditions. The A82-L-B272 ligand was selective over
related kinases (BTK and GAK), which also contain targetable cysteine residues in the vicinity of
the active site.

DNA-encoded chemical libraries are collections of compounds, individually coupled to
DNA fragments, serving as amplifiable identification barcodes. [1] The technology
facilitates the construction and screening of very large compound libraries, in analogy to
what routinely practiced using encoded combinatorial libraries of peptides, proteins or
nucleic acids (e.g., phage display libraries, yeast display libraries, MRNA display libraries
ribosome display libraries, aptamer libraries). [2]
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A distinction is often made between “single pharmacophore” and “dual pharmacophore”
chemical libraries. In the first case, individual compounds (no matter how complex) are
coupled to a DNA fragment, which serves as amplifiable identification barcode. In the
second case, two building blocks are simultaneously connected to the extremities of
complementary DNA strands, thus enabling the formation of combinatorial libraries by the
self-assembly of oligonucleotide conjugates.[3] We have recently described a strategy for the
encoding of dual-pharmacophore libraries (also called “encoded self-assembling chemical
libraries”, or ESAC libraries), which was compatible with library decoding procedures,
based on high-throughput DNA sequencing. [4] ESAC libraries may facilitate the
identification of synergistic building blocks, which recognize adjacent pockets on target
proteins of interest. These chemical moieties need to be subsequently connected through a
suitable chemical linker, in order to display protein binding in the absence of DNA. [4, 5, 6]

Encoded chemical libraries have previously been used for the discovery of covalent protein
binders. For example, Nicolas Winssinger and coworkers previously reported the
identification of reversible and irreversible covalent binders of bromodomain, [7] kinases,
[8] proteases and phosphatases [9] from both DNA and PNA encoded chemical libraries.
Recently, Cuozzo et al. published the discovery of a potent covalent inhibitor of Bruton’s
tyrosine kinase (BTK), with picomolar ICsg value from a single DNA encoded library. [10]

Here, we describe the construction of a DNA-encoded self-assembling chemical library,
formed by combination of 265 x 559 building blocks, yielding an ESAC library with
148’135 members. The library was designed to incorporate building blocks, which were
potentially capable of forming covalent interactions with certain amino acid residues.
Selections performed against JNK1 (a protein kinase containing seven cysteine residues, of
which one conserved Cys-116 located in close proximity to the ATP binding site) [11] led to
the identification of two synergistic building blocks (A82 = 2-phenoxynicotinic acid; B272 =
4-(3,4-difluorophenyl)-4-oxobut-2-enoic acid). The conjugate A82-L-B272, obtained by
joining the two carboxylic acids with a polyethyleneglycol homobifunctional cross-linker,
was able to potently and selectively modify JINK1 through Michael addition with 1:1
stoichiometry, in the presence of a large molar excess of glutathione, used to simulate the
thiol-rich intracellular environment.

Figure 1 illustrates the procedure used for the construction and encoding of an ESAC library,
featuring building blocks capable of covalent bond formation with protein targets. Two
sublibraries (comprising 265 and 559 members, respectively) were synthesized by covalent
modification of primary amino groups, introduced at the 5’ or 3’ extremities of partially
complementary oligonucleotides. The code for oligonucleotides in Sublibrary B (carrying a
chemical modification at the 3’ end) was introduced by a ligation procedure as previously
described. [4] These oligonucleotides contained a short abasic site, allowing the
hybridization with members of Sublibrary A. A Klenow polymerization step generated the
final and fully encoded library, in which each building block pair was unambiguously
identified by two oligonucleotide stretches in Sublibrary A members [Figure 1].

Figure 2 shows the results of a selection performed against biotinylated recombinant JINK1,
immobilized on streptavidin-coated magnetic beads. [12] A plot of sequence counts for the
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individual library members (identified through the combination of codes A and B), revealed
a preferential enrichment of the A82/B272 pair (641 counts, compared to an average count
of 7.7). By contrast, the unselected library displayed an even distribution of sequence counts,
while selections performed against “positive control” proteins (e.g., carbonic anhydrase IX,
horseradish peroxidase) revealed a preferential enrichment of known ligands, which had
been introduced as building blocks [Supplementary Figure S1]. Building block B272 (4-
(3,4-difluorophenyl)-4-oxobut-2-enoic acid) is a Michael acceptor, which can potentially
form a covalent bond with cysteine residues or other thiol-containing compounds. We joined
the A82 and B272 moieties through a short polyethylene glycol linker, yielding the A82-L-
B272 compound, whose binding properties were further characterized and compared to the
ones of the individual building blocks [Figure 3].

In order to simulate the thiol-rich intracellular milieu, we tested the ability of A82-L-B272
or of individual building blocks to covalently modify JNK1 (present at 400 nM
concentration), in the presence of a large molar excess of glutathione (500 zM), by mass
spectrometry [Figure 3A-C]. JNK1 contains seven cysteine residues, of which only one is
close to the active site. At a 3 4M concentration, A82-L-B272 was able to covalently modify
JNK1 with 1:1 stoichiometry and 75% vyield, while no adduct was detectable for A82 or the
B272-PA derivative [Figure 3D]. The formation of a 1:1 adduct between A82-L-B272 and
JNK1 could be brought to completion by using a 4 £M concentration of the ligand, with an
apparent dissociation constant of 1 xM [Figure 3E]. Omission of glutathione in the binding
reaction led to the formation of adducts with 2:1 stoichiometry [Figure 3D]. Importantly,
BTK [13] and Cyclin G-associated kinase (GAK), [14] two kinases with cysteine residues in
the active site, did not exhibit any detectable covalent modification with A82-L-B272 under
the same reaction conditions [Figure 3D], thus providing additional evidence for the JINK1
selectivity of that compound.

In conclusion, an encoded self-assembling chemical library, comprising 148’135 members,
was constructed and used for the discovery of covalent ligand to JNK1, a protein of the c-
Jun N-terminal protein kinase subfamily, which belongs to the mitogen-activated protein
kinase (MAPK) superfamily. [15] JNKs specifically phosphorylate the transcription factor c-
Jun on its N-terminal transactivation domain at two serine residues, Ser-63 and Ser-73,
resulting in enhancement of c-Jun dependent transcriptional events. [16] Subsequent studies
have shown that JNKs also regulate the activity of other transcription factors, including
ATF2, c-Myc, JunB and p53. [17] The JNK subfamily is primarily responsive to cytokine
stimulation and environmental stress ranging from osmotic shock to ionizing radiation.
JNKs have shown cell type specific pro- or antiapoptotic functions, mainly depending on the
duration of its activation and the activity of other signaling pathways. [18] The importance
of INKSs in many pathological conditions has stimulated pharmaceutical activities, for the
discovery of small molecule inhibitors. [19]

The discovery of molecules capable of selective modification of specific cysteine residues in
a thiol-rich environment (such as the cell cytoplasm) represents a formidable challenge,
because of the high concentration of glutathione which could potentially act as a competitor.
Ibrutinib, a potent and selective covalent inhibitor of BTK, is an effective monotherapy for
chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL) and Waldenstrom’s
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macroglobulinemia. [20] The inhibition mechanism consists in the formation of a covalent
bond between the a,B-unsaturated ketone present in the the Ibrutinib structure and Cys-481
in the active site of the target enzyme. [21]

In summary, we have shown that ESAC technology may facilitate the discovery of covalent
ligands for proteins of pharmaceutical interest, in thiol-rich experimental conditions. The
building block A82 facilitates the docking of the synergistic binding partner B272, thus
allowing the 1:1 modification of JNK1, in the presence of a >1000-fold molar excess of
glutathione. It is conceivable that additional potency gain may be obtained, replacing the
flexible polyethylene glycol linker with more geometrically constrained scaffolds. Structural
information could facilitate such design activities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design and encoding of the dual-display DNA-encoded chemical library.
(A) Overview of library construction. The synthesis of sub-library A (red) was performed by

coupling a chemical fragment to an oligonucleotide with a distinct coding sequence that
unambiguously identifies each individual library member. The conjugates were individually
purified and characterized by LC-MS. The sub-library A is composed of 265 members, of
which 42 are capable of covalent bond formation. The synthesis of sub-library B (blue) has
been described previously (1, Wichert) and was extended with additional 359 building
blocks, of which 114 are capable of covalent bond formation. With the help of an adapter,
the conjugates were encoded by ligation to code B oligonucleotides. Sub-library B was
hybridized with sub-library A and Klenow polymerase-assisted fill-in reaction allowed the
code transfer onto the sub-library A strand to form the final library of 148’135 members. (B)
Schematic representation of a member of the dual-display library binding to a target protein.
The library is formed by hybridization of two individually synthesized sub-libraries A and
B, resulting in a combinatorial library A x B.
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Figure 2. Selection results from the 148’135-member dual-display library.
High-throughput DNA sequencing (HTDS) plot of selections against INK1. The x-y plane

represents library member barcodes of sub-library A and sub-library B, and the z axis shows
the sequence counts (cutoff level = 200). The most enriched fragment pair corresponds to
A82 (in sub-library A) and B272 (in sub-library B).
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Figure 3. Mass analysis assay for covalent INK1 binder.
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(A) Schematic overview of the MS analysis assay for the detection of covalently modified
JNK1 protein in the presence or absence of glutathion. (B) The most enriched fragment pair
A82 and B272 connected with a short polyethyleneglycol-linker A82-L-B272 and the
compound B-272 modified with a simple propylamine used as a monovalent control
compound B272-PA. (C) A82-L-B272 treated JNK1 kinase domain. Mass spectra were
obtained after deconvolution and show addition of 539 Daltons after incubation with A82-L-
B282. Assay conditions: 0.4 M JNK1 in 50 mM HEPES, 300 mM NaCl, 10 mM MgCl,, 1
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LM TCEP; 0.5 mM glutathion; 3.0 /M A82-L-B282. (D) Hit validation of selected building
block pair against INK1, BTK and GAK. By MS analysis, monovalent A82 and B272-PA
show no detectable (n.d.) INK1 modification. Assay conditions: 0.4 4/M JNK1/GAK in 50
mM HEPES, 300 mM NaCl, 10 mM MgCl,, 1 M TCEP; 0.4 /M BTK in 20 mM Tris, 240
mM NacCl, 30 /M DTT; +/- glutathion (GSH, 0.5 mM); 1.6 M binder. Error bars indicate
standard deviations of three independent measurements. (E) Titration of INK1 with
increasing concentration of binder A82-L-B272. Titration conditions: 0.4 /M JNK1 in 50
mM HEPES, 300 mM NaCl, 10 mM MgCly, 1 M TCEP; glutathion (GSH, 0.5 mM); 0.1 -
4.0 (/M binder A82-L-B272. Error bars indicate deviations of two independent
measurements.
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