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Abstract

Casein kinase-2 (CK2) are serine/threonine kinases with dual co-factor (ATP and GTP)
specificity, that are involved in the regulation of a wide variety of cellular functions. Small
molecules targeting CK2 have been described in the literature targeting different binding
pockets of the kinase with a focus on type | inhibitors such as the recently published chemical
probe SGC-CK2-1. In this study, we investigated whether known allosteric inhibitors binding to
a pocket adjacent to helix aD could be combined with ATP mimetic moieties defining a novel
class of ATP competitive compounds with a unique binding mode. Linking both binding sites
requires a chemical linking moiety that would introduce a 90-degree angle between the ATP
mimetic ring system and the aD targeting moiety, which was realized using a sulfonamide. The
synthesized inhibitors were highly selective for CK2 with binding constants in the nM range and
low micromolar activity. While these inhibitors need to be further improved, the present work

provides a structure-based design strategy for highly selective CK2 inhibitors.

Introduction

Protein phosphorylation is a crucial regulatory mechanism, playing a key role in signal
transduction.” This post-translational modification triggers a change in the activation state of
various proteins, leading to a plethora of different effects ranging from regulation of the cell
cycle?, apoptosis®, cell growth* as well as regulatory events in mRNA splicing.® The enzymes
that catalyse this reaction, protein kinases (PK), are a large family of regulatory proteins that
have been associated with many different diseases including oncological malignancies,
inflammation and neurologic disorders .68 Casein Kinase 2 (CK2) is a PK with probably one of
the most extensive interactomes, affecting hundreds of cellular proteins.®'® This suggests that
CK2 plays an important role in various cellular processes and that an aberrant function of this
key regulator can ultimately lead to the development of various disease phenotypes. CK2
associated diseases range from cancer'"'2 and neurodegenerative diseases’'° to viral'®'® and
parasitic infections®*?#', making CK2 an attractive potential target for the development of small

molecule based therapies (Figure 1).22%
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Figure 1. Overview of small molecules targeting CK2a sorted by binding pockets: (A) Orthosteric
inhibitors targeting the ATP binding site of CK2a sharing classical hinge binding motifs like pyrazolo[1.5-
a]pyrimidines and 2,6-naphtyridines. The PDB code of the corresponding crystal structure is shown in
brackets. (B) Allosteric binders targeting the interface between CK2a/CK2g. (C) Ligands targeting the
aD out conformation of CK2.

The most frequently used inhibitor in the literature is CX-4945 (Silmitasertib).?® CX-4945 is a
benzonaphtyridine analogue with the classic features of a type | kinase inhibitor that reached
phase-ll clinical trials on cholangiocarcinoma.?” Apart from its potential as an anti-cancer drug
candidate, CX-4945 is not a useful tool compound due to its significant off-target profile that
includes potent inhibition of CDK1, CLK1-CLK3, DAPK3, DYRK1A/B, DYRK3, FLT3, HIPK3,
PIM1, and TBK1 (/Cses < 100 nM).%3° Indeed, the recent development of highly selective
inhibitors of CK2, so called chemical probes, such as SGC-CK2-1 revealed that targeting of
CK2 across different cancer cell lines generally does not lead to antiproliferative effects that
have been prominently associated with CX-4945, emphasizing the importance of selective
chemical probes linking phenotypic responses to targets.’® SGC-CK2-1 is a

pyrazolopyrimidine-based type | kinase inhibitor and, like CX-4945, shares critical interactions
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in the hinge region and the back pocket of CK2. In an SAR study of the pyrazolopyrimidine
scaffold leading to the discovery of SGC-CK2-1, it has been shown that even minor structural
modifications can lead to a significant loss of selectivity and/or potency. This can be an issue if
physicochemical-, or pharmacokinetic properties such as metabolic stability are altered without
seriously affecting the overall pharmacodynamic features of the compound. Another important
driver for chemical modifications at the compound level is the occurrence of mutations in the
catalytic domain of kinases.®?3® These point mutations can occur throughout the catalytic
domain, typically at the gatekeeper position, located deep in the ATP-binding pocket, which
negatively affects the affinity of ATP-competitive compounds.®*

The divergent phenotypes observed in studies comparing the promiscuous inhibitor CX-4945
with selective compounds such as SGC-CK2-1 challenge the role of CK2 in many disease
processes discovered with CX-4945, including its role in regulation cell proliferation and
cancer.®® However, inhibitors with different binding modes, such as allosteric and orthosteric
inhibitors, have been associated with different phenotypes. Such observations may be based
on the regulation of CK2 by protein interactions and its quaternary structure consisting of two
catalytic (a and a’) and two regulatory (B) subunits.®® The discovery of allosteric inhibitors
targeting a unique pocket adjacent to aD and the ATP binding site provides an opportunity for
the design of selective CK2 inhibitors.*”* However, while the aD pocket provides an interesting
anchor point, targeting the pocket alone is unlikely to lead to potent inhibitors. Indeed, the
combination of fragments binding to the aD pocket with moieties targeting the CK2 ATP site
back pocket led to potent compounds, exemplified by the bivalent inhibitor CAM4066 (Ko: 320
nM), which was highly selective and, in contrast to SGC-CK2-1, showed anti-proliferative
effects at 10-20 uM concentration.?® More recently, the inhibitor AB668 demonstrated that
bivalent compounds targeting the ATP site back pocket and the aD pocket simultaneously can
have excellent selectivity and potency and induce apoptotic cell death in several cancer cell

lines.®®
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Although AB668 targets the ATP site, it does not form the canonical hinge hydrogen bonds
required for high potency of ATP-competitive orthosteric inhibitors. In this study, we aim to
investigate if aD pocket targeting moieties could be linked to ATP mimetic scaffolds. This
combination poses a challenge in linker design between the two moieties, as the linker needs
to introduce a 90-degree kink, which we achieved by introducing a sulfonamide moiety directly
attached to the hinge binding ring system. Testing diverse hinge binding moieties and linkers
we succeeded developing bivalent inhibitors with nM Kp assessed by ITC (Isothermal titration
calorimetry) and excellent selectivity.

RESULTS

The catalytic subunits of CK2 have unique structural features that render this kinase
constitutively active and facilitate the design of selective CK2 inhibitors. Firstly, the N-terminal
segment of CK2 is tightly bound to the activation loop, stabilizing an active conformation.
Secondly, the DFG motif in CK2 is changed to DWG, allowing the formation of an additional
hydrogen bond between the W176 and the backbone of L173 which is also contributing to the
stability of the active state.*® Third, the aD helix has been shown to be flexible even in the apo
forms of the enzyme.*' Brear et al. have used high-throughput crystallography to show that a
binding site created by an outward movement of aD can be targeted by small molecular
fragments and can therefore be used for the development of allosteric CK2 inhibitors.3®

In our study, we pursued three main strategic considerations for our compound design:

1) The biphenyl-methanamine moiety served as a linchpin molecule that targets the aD out
conformation (Figure 2A).

2) An appropriate linker length of at least 8-9 A was employed to connect the aD ligand to an
ATP site binding moiety (Figure 2A, ovaloid).

3) An angle of approximately 90° between the ATP binding site moiety and the linker region
was introduced to position the ATP mimetic moiety of the molecule towards the hinge region

(Figure 2B).
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Figure 2. Design strategy: (A) Overlay of CK2a bound to the type-I inhibitor CX-4945 (teal, PDB 3NGA)
and the aD targeting biphenyl (yellow, PDB 5CSH). Dotted ellipse indicates the position for linker design.
(B) Benzimidazole motif (orange, PDB 50UU) protruding from the aD pocket emphasizing the need of
an orthogonality inducing functional group like sulfonamides and sulfones.

Compounds 26-58 were synthesized using a 5-step synthetic route as outlined in Scheme 1.
The aD ligand was assembled by DMAP catalyzed functionalization of commercially available
3-chloro-4-hydroxybenzaldehyde 16 with triflate anhydride yielding the corresponding triflated
product 17 in 86% yield on a 12 g scale.*? 17 underwent LiCl accelerated Suzuki Miyaura cross
coupling with commercial benzene boronic acid in yields of 18 from 60-70%.*? Di-amino linkers
of varying complexities were combined with 18 via reductive amination with yields ranging from
57-80% (19-24). Deprotection of the Boc group protected amines proceeded with TFA in DCM
yielding the corresponding TFA salts that were used without further purification. These
compounds were reacted in high dilution with different commercially available sulfonyl

chlorides in THF and excess of base at ambient temperature with yields from 71-92% (26-58).
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Scheme 1 Synthesis of 26-58.2
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2Reagents and conditions: (a) Tf2O (1M DCM), pyridine, cat. DMAP, DCM, rt, overnight, 86%; (b) Phenyl
boronic acid, Pd(PPhs)4, LiCI, DME, yW, 80 °C, 3 h, 60-70%; (c) Na[(CH;COO);BH], MgSO4, DCM,
overnight, rt, 57-80%; (d) TFA, DCM, 0 °C-rt, 1 h, quant.; (e) Sulfonyl chloride, N(Et)s, THF, overnight, rt;
71-92%. L = linker and H = head group.

Due to the paucity of commercially available sulfonyl chlorides directly attached to fused
heterocyclic cores, we tried different reactions conditions for the de novo synthesis of this
moiety to further expand the chemical space. Unfortunately, various attempts ranging from
direct chlorosulfonylation and Li-halogen exchange to Grignard type mediated sulfinate
syntheses failed on a range of heterocyclic compounds. Willis et al. published a milder
palladium-catalyzed method for the in situ generation of sulfinate salts starting from brominated
aromatic compounds and the SO, surrogate DABSO (DABCO-Bis(sulfur dioxide)).** The
sulfinate salt can be reacted directly with an electrophilic F* reagent such as NFSI to yield

sulfonyl fluorides, which are suitable for chromatographic purification due to their higher


https://doi.org/10.1101/2024.05.16.594086
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.16.594086; this version posted May 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

chemical stability.** Thus we applied this chemistry and synthesized sulfonyl fluoride 60 by
reacting 6-bromo-3-methyl-3H-imidazo[4,5-b]pyridine (59) with DABSO, Pd(amphos).Cl,,
dicyclohexylamine and isopropanol serving both as solvent and reducing agent under
microwave irradiation (46% isolated yield).** 60 was then coupled with deprotected compound
19 that was synthesized according to Scheme 1 yielding the final product 61 in 72% overall
yield (Scheme 2). However, it must be noted that this approach still has a limited substrate
scope in terms of heterocyclic scaffolds, which restricts the synthesis of further sulfonyl

fluorides.

Scheme 2 Synthesis of 61, 63 and 66.°
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@ Reagents and conditions: (a) DABSO, Pd(amphos)2Clz, Cy2NME, j-PrOH, 110 °C, 1 h, yW; (b.1) NFSI, 3
h, rt, 46%; (c) 19 (deprotected), DMSO, 18 h, 110 °C, yW, 72%; (d) tert-butyl (6-bromohexyl)carbamate,
DMF, 2 h 100 °C, uW, 40%; (e) TFA, DCM, 0 °C-rt, 1 h, quant.; 18, Na[(CH;COO);BH], MgSO4, DCM,
overnight, rt, 25% (63) and 23% (66); (f) tert-butyl (4-bromobutyl)carbamate DMF, 2 h 100 °C, yW, 14%.

The first generation of compounds contained a simple alkyl chain with 4 to 5 carbon atoms,
flanked by the aD-binding moiety and the fused heterocycle (henceforth referred to as the
‘head group’, H), which was designed to reach the ATP binding site. The binding of 26 (pentyl
linker) to both CK2 isoforms was verified by differential scanning fluorimetry (DSF) and the

proposed binding mode was confirmed by X-ray crystallography (Figure 3, left panel).
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Remarkably only the compounds carrying a linker motif and a hinge binding moiety showed
significant shifts in the DSF assay, in contrast to the allosteric biphenyl fragment (S1) alone
(Table S3).

The co-crystal structure analysis of 26 and CK2a shows that the combination of a pentyl linker
connected to both the biphenyl and a quinoline successfully induces the desired binding mode

(Figure 3, left side).

(O ppBgrvP () PDB 3NGA
(26) (CX-4945)

Figure 3. Proof of principle and comparison of linkers: (A) 26 crystallized with CK2a (yellow)
overlayed with CX-4945 (grey). Interactions of 26 between P159 and V162 are shown in red. The basic
nitrogen of 26 is in ca. 4 A distance to V116 which hinders the formation of a hydrogen bond. The black
arrow indicates the shift of the aD helix from the in to the out conformation. (B) 50 bearing a piperidine-
4-ethanamine moiety. (C) 55 showing that further rigidification to a 7-azaspiro[3.5]nonane is tolerated.

Based on the first DSF results, we considered the linker to be the key component of our inhibitor
design. A more detailed analysis of the conformation of the aliphatic linker inspired us to use
both a rigidification strategy to stabilize this conformation and to test whether the sulfonamide
H-donor interferes with binding, leading to compounds 48 and 53. 48 contains a piperidine-4-
ethanamine ring, which rigidizes the linker in the upper part of the molecule and simultaneously

masks the N-H of the sulfonamide. The main feature of compound 53 is a 7-azaspiro[3.5]-

nonane linker designed so that the linker is pre-organized at both ends. Derivatives of 48 and
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53 were co-crystallized on CK2a to additionally test whether the modifications made still
address the ATP binding site (Figure 3, right side showing 50 and 55). Both DSF and X-Ray
structural analysis demonstrated that the new linking strategy and the introduction of different
binding moieties at the ATP pocket were promising and that there was no apparent loss of
binding (Table 1). ITC data of 26 and 48 supported the DSF results revealing Ko values of and
316 nM and 263 nM, respectively (Figure 5). Based on these results, we extended our SAR
with different linkers in combination with several ATP binding site moieties and tested them
using DSF as an initial assay system (Table 1). Aliphatic linkers of varying complexity were
used to investigate different conformations of this moiety, replacing the more labile linear amide
linkers that has been used in previous reports.?*#2 All aliphatic linkers were tolerated with linkers
with more carbon atoms performing better than short ones. Hexyl linkers, used in compounds
36-41, boosted ATm shifts by 1-4 K compared to butyl- (25) or pentyl linker (26-28, 61, 72).
Cmpd 26 (Figure 4A) and 25 (Figure 4B) differed in terms of linker length (pentyl vs butyl) and
in the orientation of the isoquinoline ring in the ATP binding site. In conjunction with longer
linkers, the isoquinoline ring was more aligned with the hinge region, while the shorter butyl
linker was more aligned towards the back pocket of the kinase. Additionally, the quinoline
moiety of 25 was tilted out of the plane of both 26 and CX-4945 (Figure S1) which might explain
the overall lower affinity of this compound since a surface complemental, coplanar orientation
of the ATP site binding moiety was detrimental to be perfectly sandwiched between the N and
C lobe of the kinase. Surprisingly the substitution of the C3 to an oxygen atom in the pentyl
linker series rendered molecules largely inactive (29-35). Polyethyleneglycol (PEG) linkers are
known to adopt twisted, meander-like conformations*, possibly resulting in the aD ligand

and/or head group being pushed out of their corresponding pocket.
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Table 1 Overview of synthesized molecules 25-58, 61, 63, 65, 69 and 70 compounds sorted by
linkers: corresponding ATm values against CK2a/a’ in °C. 14 and 15 are used as reference compounds.
Measurements were performed in technical triplicates. H1-H13 represent the employed head groups.

The spectrum of more rigid linkers included the aforementioned piperidine-4-ethanamine (48—
52), 7-azaspiro[3.5]nonane (53-58) as well as a 6-azaspiro[3.4]octane-2-amine (42-47) linker

designed to evaluate different ring strains and to optimize the length of the original pentyl linker.
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The 6-azaspiro[3.4]octane-2-amine linker was chosen to leave the linear architecture of the
molecules and thus conveying a certain degree of directionality of the head group. These
linkers were tolerated in all head groups examined, with values similar to those of the pentyl
linker series.

In addition to masking the N-H donor moiety of the sulfonamide group by making it tertiary, we
also wanted to formally remove the nitrogen. This was done by replacing the nitrogen of the
sulfonamide group with a carbon atom, thus converting it into a sulfone group. To achieve this
transformation, we used the protocol of Willis et al. but instead of using F* as the electrophile,
we took N-Boc protected bromo alkyl linkers and reacted them with the corresponding sulfinate
salt, resulting in compounds 63 and 66 (Scheme 2, bottom). Direct comparison of compounds
61 and 63 shows that simple deletion of the nitrogen atom unexpectedly boosts the ATm shift
from 2,7 to 6,7 K rendering the 3-methyl-imidazopyridine head group interesting for future
studies. The shorter butyl linker (66) with the imidazo[1,2-a]pyridine moiety showed
significantly smaller ATm shifts than compound (63).

Numerous head groups were investigated, and the binding mode was analysed by X-Ray
crystallography (Figure 4). All compounds share a bicyclic 6-6 (Figure 4 A-C) or a 5-6 (D-G)
annulated heterocyclic ring system, which was linked to a corresponding linker moiety via an
orthogonality enforcing sulfone group (not shown) or a sulfonamide group. All head groups
extend into the ATP binding site assuming different orientations of the annulated ring systems.
49 (Figure 4D) bears a 3 methylquinoline head group, suggesting that the orientation of the
quinoline nitrogen atom was not important for binding (ATm shift of 7.0 and 6.9 K. respectively,
Table 1). 5-6 fused heterocyclic ring systems of the benzothiazole type (Figure 4 D-F) showed
a similar binding mode to 26 and 49. Due to the contracted 5 ring unit, functional groups
attached to the 2-position of the benzothiazole ring were preferentially oriented towards the
gatekeeper residue of the kinase (Figure 4E, F). 56 bears a chlorine residue that gives the
opportunity for organometallic coupling reactions that can be used to explore the back pocket

of the kinase (Figure 4F). In addition to the aromatic rings, we also investigated fused 5-6


https://doi.org/10.1101/2024.05.16.594086
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.16.594086; this version posted May 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

heterocycles with saturated 5-membered rings. 57 contained a 1,3-dimethyl-benzimidazolone
moiety gave rise to a similar DSF shift compared to the aromatic counterparts and a similar
binding mode compared to the aforementioned ATP mimetic groups (Figure 4G). The
transition from traditional aromatic heterocyclic systems that have been almost exclusively used
in the development of kinase inhibitors*®#” to saturated ring systems could not only yield more
favorable selectivity profiles, but may also improve physicochemical and pharmacokinetic
properties of inhibitors.*4°

A

Figure 4. Overview of different ATP site binding moieties: (A) Overlay of 26 (PDB 8PVP) and CX-
4945 (PDB 3NGA) as a reference compound for ATP site targeting scaffolds. Polar interactions of CX-
4945 are shown as dotted lines. (B, C) Annulated 6 membered rings of the quinoline type bound to CK2a
(25 PDB 9EQO, 49 PDB 9EPW). A pentyl linker attached to the quinoline orients the basic nitrogen
towards the hinge region (A) as opposed to (B) bearing a butyl linker. 3- methylquinoline pointing towards
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the back of the kinase (C). (D—F) Benzothiazole derivatives bound to CK2a (50 PDB 8PVO, 51 PDB 9EPZ,
56 PDB 9EPX). The chlorine moiety in (F) can be used as a chemical handle for further derivatization.
(G) The dimethylbenzimidazolone scaffold showcases the tolerance of saturated ring systems in the ATP
binding region of the kinase (57 PDB 9EPV).

Motivated by this finding, we expanded the spectrum of saturated ring systems (28, 33, 34, 41,
46,47, 57). Interestingly, the benzoxazolone scaffold exhibited higher DSF shifts in combination
with several linker combinations that matched or even exceeded the ATm shift of the reference
compound CAM4066 (15) (see entries 28, 41, 47 in Table 1).

To correlate the ATm shifts of the compounds with binding constants in solution, we examined
the binding of individual compounds using ITC (Figure 5). Comparison of binding constants of
26 with 48 showed that the rigid piperidine-4-ethanamine performed similarly to the more
flexible analogue (Kp values of 26389 nM and 316171 respectively) with a slightly higher
contribution of entropy to overall binding for 48. These values correlated well with the DSF data
that showed comparable shifts for both compounds. We were interested in the overall
contribution of the nitrogen atom in isoquinoline derivative 26 to the binding and therefore
replaced it with a carbon atom in compound 27. 27 was synthesized according to Scheme 1
and evaluated in DSF and ITC. 27 performed similarly in DSF to 26 (6.0 vs 6.1 °C for CK2a)
demonstrating again that the nitrogen was not involved in direct polar interaction with the kinase.
This can be confirmed based on the crystal structure of 26 with CK2a that shows a distance of
= 4 A between the basic nitrogen and V116, which is too far away for a hydrogen bonding
interaction (Figure 3A). ITC revealed a binding constant of 515181 nM which was comparable

to the nitrogen containing counterpart 26.
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Figure 5. ITC measurement of 26, 27 and 48. Rigidization and N-deletion strategies (48, 27) are
investigated in ITC in comparison to proof-of-principle molecule 26.

Next, we evaluate the selectivity of the synthesized inhibitors. We chose 48, 51, 55 and 57,
harbouring different head groups and linkers and evaluated them in a DSF screen with an in-
house panel of 101 protein kinases. All compounds showed excellent selectivity irrespective of
the chosen hinge binding moiety or linker. 48 was chosen as an example and the obtained ATm
shifts were mapped onto the kinome. We also evaluated non-selective compounds as positive
controls (Figure 6A). To test against a wider panel of kinases, 26 and 50 bearing a
benzothiazole ring were profiled in an orthogonal tracer displacement assay.>® Values are
shown as % inhibition again highlighting the tolerance of different ATP site binding moieties
while preserving high selectivity (Figure 6B). Additional selectivity data for compounds 51, 55,
57 (DSF data) and 26 (tracer displacement assay) are summarized in the supplemental data
file (Table S1 and S2). To illustrate the broad range of kinase coverage used in this study we
overlayed the different panels of selectivity assays in a Venn diagram. A total of 177 different
kinases were screened with 23 kinases overlapping in the assays used (Figure 6C). ATm data,
NanoBRET ICs, in permeabilized cells and in vitro activity values were compared for a few
selected compounds and these data showed good correlation between these orthogonal

assays (Figure 6D).30%
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Figure 6. Selectivity profiling and on target evaluation: (A) Kinome tree representation of Tm shifts of
48 tested in an in-house panel of 101 protein kinases. Values are shown in °C. ATm values of top hits of
DSF screen of 48 as absolute values and in relation to the reference compound Staurosporine. *CX-
4945 was used as reference compound. (B) Structurally related cmpd 50 profiled in a panel of 104
kinases using a tracer displacement assay. Values are shown as % inhibition. Compound conc. 5uM. (C)
Venn diagram representation of the two kinase panels used in this study. A total of 177 different kinases
were screened with an overlap of 28 kinases. (D) Summary of tm shifts of compounds across different
scaffolds in °C. Corresponding enzyme kinetic ICso values for CK2a. The values were determined using
a NanoBRET assay in permeabilized cells and ADP glo (in vitro).
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The sulfonamide moiety not only ensured the correct angle between the linker and ATP binding
function, but it also offered a possibility for additional derivatization by introducing tertiary
sulfonamides. Derivatization at this position allowed extending the inhibitors towards the solvent
region, and it can serve as a position for physicochemical optimization or as an attachment
point for degrader development such as PROTACs (PROteolysis Targeting Chimeras). The
accessibility of this position was confirmed by X-ray structures of 25 and 26, in which the N-H
of the sulfonamide was as expected pointing out of the orthosteric binding pocket. We decided
for Sy2 alkylation using methyl bromoacetate to generate the proof-of-concept compound 73.
In contrast to Scheme 1, the synthetic route to this target molecule was changed to avoid a

loss of chemoselectivity in the alkylation step (Scheme 3).

Scheme 3 Synthesis of 25, 72 and 73 starting from the hinge binder.2
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@ Reagents and conditions: (a) tert-butyl (5-aminopentyl)carbamate, N(Et)s, THF, overnight, rt, 58% (68)
70% (70); (b) TFA, DCM, 0 °C-rt, 1 h, quant.; (c) 18, Na[(CH3COOQ);BH], MgSO4, DCM, overnight, rt, 46%
(25), 87% (72) and 42% (73); (d) Methyl bromoacetate, K2COs, ACN, 16 h 0-60 °C, quant.
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The binding of 73 to CK2a and o’ was assessed using the DSF assay, resulting however in
smaller thermal shifts comparable to that of compound 72 (6.0/3.2 °C and 8.6/4 °C for a/a’
respectively). In addition, the structure of 73 in complex with CK2a was solved to elucidate the
binding mode of the molecule (Figure 7). Encouragingly, we found that the expected orientation
of the methyl ester pointed towards the triphosphate region of the kinase, while it did not
significantly affect the binding mode of the biphenyl and the benzothiazole moiety in
comparison to 50 (overlay of PDB 8PVO and PDB 9EQ1, not shown). In addition, the binding
mode indicated that around the tertiary sulfonamide was sufficient space to extend this linker
or solvent exposed moieties further and thus enable chemical modifications which can be
achieved as suggested in Scheme 3 using different haloalkanes or by using the methyl ester
of 73, which can undergo further reactions such as amide couplings after hydrolysis providing

a roadmap for modification of this scaffold in the future.

Figure 7. Co-crystal structure of 73 in CK2a, showcasing the third derivatization direction harnessing
the sulfonamide moiety. The methyl ester chemical handle can be further extended both in the direction
of the triphosphate pocket and out to the solvent region.
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Summary

In this study we outlined a strategy for CK2 inhibitor design combining known allosteric
inhibitors with ATP mimetic moieties. We chose both a sulfonamide and sulfone group as a
hinge element for the construction of a series of bivalent molecules. SAR of different
combinations of the linker region and the head group demonstrated that 30 of the 39
compounds showed significant binding affinity to CK2 (6-10°C in DSF assay and ITC values of
263 nM for 26 and 316 nM for 48). Binding to the kinase was achieved despite the lack of a
classical hydrogen bond to backbone amino acids of the hinge region. This is in agreement
with the binding mode of some natural products such as Emodin, first synthetic molecules
including TBB and potent inhibitors of CK2 like GO289.52-** While omitting the hinge region can
be a valid strategy to increase selectivity, as this segment is highly conserved throughout the
kinome, it usually comes at the cost of potency. In future optimization efforts, both an elongation
to said region and growing towards the back pocket of the kinase might be pursued to increase
the affinity of the compounds. In fact, the molecules synthesized in this study offer a
comprehensive set of starting points that can be derivatized by simple transformation reactions
towards different areas of the kinase. Firstly, all hinge binding moieties (except for H11) show
high selectivity and can be extended either towards the back pocket or to the hinge region.
Secondly, derivatization at the tertiary sulfonamide enables targeting of less addressed regions
by inhibitors like the triphosphate binding site. Shorter butyl linkers (25 and 65) and the
incorporation of a PEG moiety were less well tolerated (29-35). Crystal structure analysis
showed that these linkers induce an unfavorable conformation of the hinge binding moieties
that weakens hydrophobic interactions in the active site cleft and thus should be avoided in
future studies. Cellular potency of the series is low which can be explained by a high
intracellular concentration of ATP and a tight binding of ATP to CK2 (Km = 10 uM) that
outcompetes the mainly hydrophobic interaction of the head group moieties.*® This might be
overcome when combining the different targeting strategies mentioned above that can result

in compounds that can effectively inhibit the kinase in cellulo. The biological effects of CK2 in
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vivo are not exclusively linked to the catalytic activity of the protein.®® Indeed, it has been shown,
that subunits of the holoenzyme can independently serve as scaffolding proteins.®® 73 was
designed to extend into the solvent region of CK2 with the methyl ester serving as an exit vector.
This position can be linked to an E3 ligase and harnessed for PROTAC development. Such an
approach can conceivably circumvent the problem of low potency and low activity of the
compounds which are both parameters that do not necessarily correlate with the
pharmacological modality of protein degradation. Additionally, this might allow to further push

the biological exploration of kinase-independent functions of CK2.
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ATP, adenosine triphosphate; CDK, Cyclin-dependent kinase; CK2, casein kinase-2; CLK,
Cdc2-like  kinase; Cy.NME, N,N-dicyclohexylmethylamine; DABSO, DABCO(1,4-
diazabicyclo[2.2. 2]octane)-Bis(sulfur dioxide); DAPK, Death associated protein kinase; DCM,
dichloromethane; DMAP, 4-dimethylaminopyridine; DME, 1,2-dimethoxyethane; DMF, N,N-
dimethylformamide; DMSO, dimethyl sulfoxide; DSF, differential scanning fluorimetry; DYRK,

dual-specificity tyrosine-regulated kinase; FLT, fms related receptor tyrosine kinase; GTP,
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guanosine triphosphate; HIPK, Homeodomain-interacting protein kinase; i-PrOH, isopropanol;
ITC, isothermal titration calorimetry; MAPK, mitogen-activated protein kinase; N(Et)s,
triethylamine; N-Boc, N-tert-butyloxycarbonyl; NFSI, N-Fluorobenzenesulfonimide; on,
overnight; PDB, Protein Data Base; PEG, polyethylene glycol; PIM, Pim-1 Proto-Oncogene
Serine/Threonine Kinase; PK, protein kinase; rt, room temperature; SAR, structure activity
relationship; SGC, Structural Genomic Consortium; Sn2, bimolecular nucleophilic substitution;

TBK, TANK-binding kinase; THF, tetrahydrofuran; Tm shift, thermal shift; yW, microwave.
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