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Abstract

Herein we present the rapid development of LH168, a potent and highly selective chemical
probe for WDRS5, streamlined by utilizing a DEL-ML (DNA Encoded Library - Machine
Learning) hit as the chemical starting point. LH168 was comprehensively characterized in
bioassays and demonstrated potent in-cellulo target engagement at the WIN-site pocket of
WDR5, with an ECsy of approximately 10 nM, a long residence time, and exceptional
proteome-wide selectivity for WDRS. In addition, we present the X-ray co-crystal structure and
provide insights into the structure-activity relationships (SAR). In parallel, we developed a
matched negative control compound as well as an alkyne analog (compound 16) to facilitate
the development of bifunctional molecules. Taken together, we provide the scientific
community with a well-characterized chemical probe to enable studies and functional
manipulation of WDR5 in a cellular context, as this protein represents a therapeutically
relevant target with scaffolding functions that influence multiple cellular processes.
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Introduction

WDRS5 is a highly conserved WD40-repeat protein that plays a central role in numerous
biological processes through its function as a molecular scaffold. Structurally, WDR5 is
composed of a WD40 domain with an N-terminal extension and features a distinctive 7-bladed
B-propeller architecture.! Its primary function is to mediate the assembly of large protein
complexes, such as the Non-Specific Lethal (NSL) acetyltransferase complex, the
nucleosome remodeling and deacetylase (NURD) complex, and the mixed-lineage leukemia
protein (SET1/MLL) methyltransferase complexes.? Through these interactions, WDRS5
regulates chromatin modification and gene expression, including the recruitment of c-MYC to
chromatin, a key process implicated in the pathogenesis of c-MYC-dependent cancers such
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prognosis in a range of cancers, including neuroblastoma, breast, bladder, and colorectal
cancers, further underscoring its potential as a therapeutic target.®#

Two distinct binding sites have been identified on the WDR5 WD40 domain: (l) the WDR5-
interacting (WIN) site, which engages with SET-family methyltransferases and has been
successfully targeted by small-molecule inhibitors such as OICR-94295 and MM-598¢ or
degraders*” and (ll) the WDR5-binding motif (WBM) site, which is responsible for c-MYC
recruitment and features a shallower binding surface that has also been targeted by small-
molecule inhibitors.2® The WIN site contains a characteristic arginine-binding cavity which
mediates the interaction with proteins containing an arginine-containing WIN motif.’

The chemical space of drug-like compounds is estimated to include around 10%° possible
molecules,® 0 offering immense opportunities for medicinal chemistry. However, efficient
mapping of this vast chemical space to identify suitable hits remains one of the biggest
challenges in drug discovery. Traditional high-throughput screening methods, while effective,
often struggle to navigate this vast diversity efficiently. In response to this challenge, DNA-
encoded library (DEL) technology has emerged over the past decade as a revolutionary
approach in lead discovery."" DEL technology enables the simultaneous interrogation of
millions to billions of compounds in a single, multiplexed experiment. This method not only
dramatically reduces the cost of high-throughput screening (HTS) but it also facilitates the
exploration of unprecedented chemical diversity in minute reaction volumes.""

By integrating DEL with machine learning, the sensitivity and throughput of hit identification
can be significantly enlarged by mining also commercially available compounds that may be
difficult to synthesize in the presence of DNA. This approach significantly expands the
exploration of chemical space, potentially increasing the probability for identification of high-
quality hits and accelerating the progression from screening to potent biologically active
compounds.?

In this article we demonstrate the rapid development of a potent and exquisitely selective
WDR5 chemical probe, which was streamlined by use of a high-quality DEL-ML hit which we
have identified and disclosed recently in a WDR domain focused DEL-ML effort.'> This
includes comprehensive profiling in a variety of in vitro and cellular assays, selectivity
assessment using chemoproteomics and binding mode elucidation by crystallographic
methods.

Results and discussion

MR43378 was identified using DEL-ML screening as a small molecule WDRS5 ligand.'® Given
its drug-like structure, synthetic tractability and double digit nanomolar potency, MR43378
represented an excellent starting point for further optimization towards a selective chemical
probe or lead for drug discovery.
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Figure 1: Based on a DEL selection, 66 compounds were predicted by machine learning (ML),
of which 11 demonstrated binding affinities in the 0.069 - 87 uM Kp range, as assessed by
SPR. MR43378 emerged as a promising starting point for further optimization. Protein
crystallography revealed its binding mode, indicating that the S-enantiomer ((S)-MR43378)
was bound in the WIN-site pocket.

Medicinal chemistry optimization of MR43378 was further facilitated by the obtained co-crystal
X-ray structure with WDRS5 (PDB ID: 8T5l), revealing its binding to the WIN-site pocket. Mining
publicly available structural information and binding interactions of other known WIN-site
WDRS5 ligands (Figure S1, supporting information)®'415 |ed us to hypothesize that further
decoration of the central phenyl ring (Figure 1, Substituent R?) and structural modification of
the imidazole moiety (Figure 1, Substituent R') might be an efficient approach for improving
biological activity, aiming to develop a high-quality chemical probe.
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Prior to incorporating the additional moiety on the phenyl ring, we decided to develop a
relatively straightforward synthetic route (Scheme 1) to explore variations of the imidazole
moiety (SAR Table 1), which mimics a conserved arginine residue present in SET1 protein
family members, natural binding partners of WDRS5, forming important binding interactions.®
Inspired by published SAR data for other WDR5 ligands,' we assumed that introduction of
additional amine (or imine as there is a tautomeric equilibrium) might contribute to stronger
affinity. In addition, we also re-synthesized the DEL-ML hit (S)-MR43378 (5a) as a pure S-
enantiomer.
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Scheme 1: Synthetic route allowing manipulation of position R.
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Table 1: SAR for the position R'. Activities of compounds 5a-c against WDR5. SPR Kp was obtained using
kinetic fit.

To establish SAR for our chemical series, selected compounds were profiled using surface
plasmon resonance (SPR), differential scanning fluorimetry (DSF) and NanoBRET target
engagement to monitor the interaction with WDRS5 in cellular environment. SPR and DSF
assays indeed confirmed that introduction of 1-methyl-1H-imidazol-2-amine moiety led to
more potent compound (5b) in vitro. Therefore, we have established a modified synthetic
sequence allowing for modification of the R? substituent in the last synthetic step and
convenient preparation of 12 analogues 11a-1 (Scheme 2, Table 2).

e P L
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Conditions: (a) NBS, BPO, MeCN, reflux, 16 h (b) imidazol, 1,4-dioxane, 70 °C, 3 h or imidazole derivative, DIPEA, tetra-n-
butylammonium iodide, DMF, 60 °C, 16 h (c) TFA, DCM, rt, 1 h (d) HATU, DIPEA, DMF, rt, overnight (e) R,-boronic acid, XPhos-Pd-
G2, K3P0Oy 1,4-dioxane/H,0, 80 °C, 3 h or Ry-amine, Pdy(dba)s, Xantphos, NaO'Bu, 1,4-dioxane 100 °C, 3 h.

Boc— NH

Scheme 2: Synthetic route allowing manipulation of positions R'and R2,
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Table 2: Structure—activity relationships (SAR) for R' and R2 substitutions. Activities of compounds 11a—p

against WDRS5 are shown. SPR Kp values were determined by kinetic fitting. *Values marked with an asterisk

were obtained from dissociation curves that did not reach baseline due to a slow off-rate, which may affect the
accuracy of residence time calculations.

However, the aminoimidazole series suffered from poor cellular activity, likely due to poor cell
membrane penetration, as determined by NanoBRET experiments comparing target
engagement activity in intact versus digitonin-permeabilized cells. Therefore, we returned to
the imidazole moiety and synthesized four additional analogues (compounds 11m-p), which

demonstrated improved potency in live cells despite lower in vitro potency.
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(including LH168), significantly higher than in intact cells. This phenomenon has been
observed consistently across several biological replicates and different chemical series
targeting WDRS, including published ligands.”'” We hypothesize that this may result from
complex kinetic effects related to the formation of multi-component complexes in the cellular
environment. Upon rupture of the cell membrane by digitonin, kinetics governing the formation
and dissociation of these complexes might be disturbed by changes in concentrations,
possibly affecting interactions with the WDR5 WIN site.

Based on its favorable in-cellulo potency, LH168 was selected for further characterization as
our chemical probe candidate. Subsequently, we aimed to develop a structurally related
negative control compound by introducing a slight modification to the LH168 structure.
Inversion of the configuration at the chiral center, or introduction of the dimethyl imidazole
moiety alone, did not sufficiently reduce WDRS5 binding affinity (Figures S2, S5 and S6).
However, the combination of both modifications resulted in LH222 (Figure 2), showing
sufficiently low binding activity.

The probe candidate LH168 and the negative control LH222 were evaluated side by side in a
comprehensive set of bioassays (Figures 3 and 4), in some cases alongside the known WDR5
ligand OICR9429 as a positive control and reference compound. SPR and isothermal titration
calorimetry (ITC) assays consistently confirmed the potent binding of LH168, with low
nanomolar Kp values (Kp = 38 nM by ITC and 1.9 nM by SPR), whereas the negative control
was inactive or exhibited only very weak binding. The thermodynamic parameters obtained
from ITC experiment indicate that the LH168-WDR5 binding interaction is mainly driven by
enthalpy (AH = -38.7 kJ/mol) with a minor contribution of the entropy (TAS = 3.64 kJ/mol at
298 K). Interestingly, LH168, along with several other analogues containing the R?-substituent,
displayed a long residence time, as demonstrated by kinetic SPR measurements. Strikingly,
this contrasted with the less potent analogues (S)-MR43378 and 5b lacking the R?-substituent,
as well as the published WDR5 ligand OICR9429, which belongs to a distinct chemotype
(Table 2, Figure S2).
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Figure 2: (A) Chemical structures of chemical probe LH168 and negative control compound LH222 (B) ITC of
LH168 and LH222 binding to WDR5. Thermodynamic parameters: enthalpy change (AH), entropy change (AS),
dissociation constant (Kp), free Gibbs energy change (AG) and binding stoichiometry (n). Confidence intervals
were calculated at a significance level (a) of 0.05 (C) Co-crystal structure of LH168 (beige sticks) and WDRS5 (blue
sticks show selected residues of the WIN site), electron density of LH168 in green, PDB ID: 9D5Z (D) Comparison
of binding modes of (S)-MR43378 (violet sticks, PDB ID: 8T5l) and LH168 (blue sticks, PDB ID: 9D5Z) in WDR5
(surface representation) (E) Comparison of binding modes of OICR9429 (ligand in green sticks, AA residues in
grey sticks) and LH168 (ligand in beige sticks, AA residues in blue sticks, PDB ID: 9D5Z) bound to WDRS5 in two
distinct conformations as highlighted by the different orientation of selected AA residues (F) Exemplary SPR
sensorgram overlay plots of chemical probe LH168, negative control LH222 and known ligand OICR9429. Kp
values were determined using a kinetic 1:1 Langmuir interaction fit and are depicted as mean + SD (n = 3).
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for its slow binding behavior (slow k.sand k., rates), we resolved the corresponding X-ray co-
crystal structure (Table S2) and compared it with both the original DEL-ML hit (S)-MR43378
and the known WDRS inhibitor OICR9429 (Figure 2). (S)-MR43378 and LH168 adopt similar
binding pose, with the primary difference being a slight distortion of the central phenyl ring in
LH168. This distortion is likely caused by an additional substituent that extends into the binding
pocket, forming additional interactions. Notably, the overall shape of the binding pocket
remains nearly unchanged. In contrast, there is a dramatic difference in the binding pose
between LH168 and OICR9429, since they bind to very distinct WDR5 conformations (as
illustrated by the video in SI). We hypothesize that the prolonged residence time of LH168 is
due to its ability to induce a more closed conformation of the protein, effectively filling the
binding pocket, and forming a tight interaction with the WDR5 binding pocket. Unlike (S)-
MR43378 or OICR9429, the dissociation of LH168 appears to require conformational
rearrangement of the binding site, which presumably results in slow on- and off-rates.
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X 9 X
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Figure 3: Profiling of LH168 and negative control LH222 (A) NanoBRET target engagement profiling in HEK293
cells, measured in intact cells and in digitonin-permeabilized cells (B) Radioactivity assay at 50 uM conc. of LH168
(C) DSF assay against seven arginine binders and WDR5 (D) CellTiterGlo — cell viability assay. LH168, LH222 and
OICR8429 were incubated with K562 cells for 5 days.

LH168 and its negative control compound, LH222, were additionally profiled in the NanoBRET
cell-based target engagement assay (Figure 3). Gratifyingly, LH168 showed potent target
engagement with an ECs, value of 10 nM (n = 12) in intact cells, demonstrating excellent cell
membrane penetration. Consistent with the previous data, the negative control LH222 did not
show any measurable binding to WDRS in the NanoBRET assay with intact cells, while in
permeabilized cells it showed more than a 150-fold difference in binding affinity (ECsg)
compared to the chemical probe compound LH168.
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To probe the selectivity, LH168 was tested against a panel of methyltransferases and methyl=<5 oo
lysine and methyl-arginine binders. Specifically, as depicted in Figure 3, LH168 was profiled
at 50 uM against 13 histone/arginine methyltransferases using radioactivity-based assay as
well as against WDR5 and seven arginine binders in DSF assay. Both assays revealed high

selectivity of LH168 for WDRS5.

The effect of LH168, LH222 and OICR9429 on cell viability of MV4-11 (frequently found to be
sensitive to WDRS5 loss) and K562 (not sensitive to WDRS loss) cells was assessed using the
CellTiterGlo assay. In contrast to previously reported WIN-site WDR5 inhibitors that reduce
viability of MV4-11 cells,'® we did not observe any cytotoxity up to a concentration of 1 yM
(Figure S3). The cytotoxicity observed at higher concentrations of LH168 in both MV4-11 and
K562 cells was likely due to unspecific effects unrelated to WDRS5 inhibition, as a similar
toxicity was observed with the negative control LH222. In comparison, the chemical probe
OICR9429, which served as a control in these assays also showed minimal toxicity across the
tested concentration range. Notably, MV4-11 and K562 cells exhibited comparable sensitivity
profiles, with MV4-11 displaying only slightly increased sensitivity to inhibitor treatment.

Encouraged by these results, we decided to synthesize a biotinylated LH168 analogue that
would allow assessment of proteome-wide selectivity by MS-proteomics. Exploiting the
structural insights into the binding mode from the co-crystal structure, we synthesized
analogue 16 bearing a solvent exposed alkyne functionality instead of aliphatic chain (Scheme
3). The alkyne analogue 16 proved to be readily accessible from inexpensive chemicals and
was envisioned to be a convenient synthetic building block, for instance for click chemistry,
and therefore well suited for attachment of linkers and development of bifunctional modalities.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Conditions: (a) (1-ethyl-3-(trifluoromethyl)-1H-pyrazol-4-yl)boronic acid, X-Phos-Pd-G2, K3PO4 1,4-dioxane/H,0, 80 °C, 3 h (b) HATU,
DIPEA, DMF, rt, overnight (c) TFA, DCM, rt, 1 h (d) HATU, DIPEA, DMF, rt, overnight (e) 2-bromopyridine, Pd(PPh3),Cl,, Cul, TEA,
1,4-dioxane, 60 °C, 2 h (f) 6-azidohexan-1-amine, CuSQy, sodium L-ascorbate, MeOH/MeCN/H,0, 45 °C, overnight (g) [(+)-biotin-N-
hydroxysuccinimid-ester], DIPEA, DMF, rt, overnight; (h) 1-iodopropane, NaN3, acetone, 50 °C, overnight; then Alkyne 16, CuSO,,
sodium L-ascorbate, 1,4-dioxane/H,0, 35 °C, 48 h.

Scheme 3: Synthesis of alkyne 16 and its further derivatization providing biotinylated compound LH205 (17a),
17b and 18.
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c J ECs NanoBRET [nM] K, SPR  Residence View Article Online
ompoun . - M ti DOI: 10.1039/D5CB00109A
[nM] ime [s]
intact permeabilized
LH205

(17a) 6,151 2,854 ND ND

17b 659 792 3.9 385*

18 743 1,674 19.9 174

Table 3: Potency of compounds 17a, 17b and 18 as determined by NanoBRET and SPR (kinetic fit) *Value with
asterisk was obtained from dissociation curves that didn’t reach baseline due to slow off-rate, which might
negatively affect precise calculation of residence time.

Via Cu-catalyzed click reaction and Sonogashira coupling we synthesized compounds 17a
(LH205), 17b and 18 to probe the chemistry as well as the effect of the attached moieties on
the in vitro binding affinity and cellular activity. While the binding potency of 17b and 18 to
isolated WDRS5 protein is only slightly lower than for LH168, as determined by SPR, the in
cellulo binding is diminished which is likely due to reduced cell penetration (Table 3 and
Scheme 3). Due to the presence of biotin moiety, compound 17a was not evaluated in the
SPR experiment as it would likely result in interference due to biotin binding to the chip.

To further investigate the selectivity of LH168 in the cellular context, the biotinylated compound
LH205 was incubated with HEK293 lysate and interacting proteins were pulled down using
Streptactin beads and analyzed by label-free proteomics. In the presence of LH205,
endogenously biotinylated proteins such as PCCA were depleted, indicating a successful
immobilization on the Streptactin matrix. WDR5 was found to be one of the most strongly
enriched proteins. No significant enrichment of other components of WDR5 containing
complexes was observed, suggesting that only WDRS5 protein that was not associated with
chromatin was enriched or that the complex was not sufficiently stable to allow enrichment by
this method. In addition, it is important to consider that LH168 acts as a protein-protein
interaction inhibitor which further abrogated enrichment of interaction partners dependent on
binding to the WIN-site. Since several other proteins were significantly enriched alongside
WDRS5, we set up a competition experiment where the original probe LH168 was added in
excess. In this setup, only specific interactors of LH168 are expected to be depleted.
Gratifyingly, only WDR5 was significantly depleted in the protein fraction pulled down by the
Streptactin beads, demonstrating the exquisite selectivity of LH168 for WDRS (Figure 4).
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Figure 4: (A) Schematic representation of the chemoproteomics workflow. LH205 is used to enrich WDR5 from
HEK293 lysate on Streptactin beads. In the competition setup an excess of LH168 is used to compete the binding,
confirming the specificity of the interaction. (B) Assessment of the selectivity of LH168 through a chemoproteomics
approach. LH205, a biotin-adduct of LH168 was used to enrich interaction partners (interaction partners = red,
WDRS5 = purple) of LH168 from HEK293 lysate. (C) Competition of LH205 by LH168 underscores the specific
binding of LH168 to WDRS5 (purple). The differential abundance was calculated using R and significance was
determined across the replicates (n=4, independent experiments) by using a two-tailed moderated t-test with
multiple testing correction based on the Benjamini Hochberg method.
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While several small-molecule ligands targeting the druggable WIN and WBM pockets of
WDR5 have been reported, the number of well-characterized tool compounds available for
studying WDRS5 biology remains limited.

Herein, we describe the rapid optimization of the DEL-ML hit MR43378 into LH168, a high-
quality chemical probe that selectively targets the WIN-site pocket of the WDRS protein. This
work highlights the power of the DEL-ML platform in identifying small molecules that can serve
as convenient starting points for developing tool compounds or leads in drug discovery.

LH168 exhibits an approximately 10-fold increase in cellular binding potency and a
significantly longer residence time compared to the state-of-the-art WDR5 chemical probe
OICR9429. X-ray structure reveals that both LH168 and OICR9429 bind to distinct
conformations of WDR5 WIN site. In this respect, the combination of the chemically distinct
LH168 and OICR9429 molecules provides not only chemical orthogonality but also
complementarity via stabilization of the WIN site in different conformations. Importantly, LH168
is highly selective for WDR5, as demonstrated by pull-down experiments and screening
against a panel of functionally related proteins. Based on these findings, we recommend using
LH168 at concentrations up to 1 uM for cell-based experiments.

Additionally, the scientific community can take advantage of the alkyne derivative 16 for the
design and synthesis of bifunctional molecules. Given the long residence time of LH168 and
its analogues, development of degraders derived from LH168 represents an interesting
direction for future research, enabling investigation kinetic effects on degradation potency.

In conclusion, the chemical probe LH168, the negative control LH222, and the alkyne
analogue 16 represent a high-quality set of tool compounds that complement previously
published chemical probes.
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