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Research towards selective inhibition of the CLK3 kinase
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Baratte®¢, Thomas Robert®¢, Stéphane Bach®®, Chada Raji Reddy, Nicolas Levoing”, and René L. Grée®*

Abstract: The cdc2-like kinases (CLKs), are a family of kinases that attracted recently the
interest of scientists due to their significant biological roles, in particular in the regulation of
MRNA splicing process. Among the four isoforms of CLKs, the CLK3 is the one for which the
biological roles are less well understood, in part because no selective inhibitor of this
challenging kinase has been found to date. Based on structural analysis of the CLKs we have
identified the lysine 241, present only in CLK3, as an attractive target to design inhibitors with
increased affinity towards this kinase as compared to the three others. Based on this, we have
been able to transform a molecule (DB18) previously established with a low activity on CLK3
into a derivative (VS-77) which has now a significant affinity toward this CLK3 kinase (ICso =
0.3uM). Further, since this compound has kept good activities against the other CLKs, VS-77
can be qualified as a new pan-inhibitor of the CLKs.
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1 Introduction

Human protein kinases are a family comprising nearly 535 phosphotransferases (called the
human kimome) involved in specific signaling pathways which regulate cell functions (e.g.
metabolism, cell cycle progression, cell adhesion, vascular function and angiogenesis).
Therefore, the dysregulation of protein kinase enzymatic activity, induced by genetic
alterations as well as overexpression, is implicated in the pathogenesis of numerous
deleterious diseases including nervous and inflammatory disorders as well as a number of
malignancies [1]. Kinases are also known to be highly druggable by both allosteric and
competitive inhibitors. As a consequence, protein kinases have become one of the most
important drug targets: between a quarter to a third of the drug discovery efforts worldwide are
focused on the discovery of new protein kinase inhibitors. More than 80 FDA-approved drugs
that target about two dozen different protein kinases were discovered during the last 25 years
and more than 400 orally effective protein kinase inhibitors are in clinical trials worldwide [2].
However, and despite this high interest, the function in human biology of approximately one-
third of the kinases members is poorly understood [3]. These enzymes are classified as “Dark
Kinases” because of the lack of functional annotations and high-quality molecular probes for
functional investigations [4]. Thus, new studies are still required for the discovery of selective
inhibitors for each of these kinases in order to better clarify their mechanisms of action and
their roles in living systems. It is important to classify the kinases regarding the level of
knowledge that scientists have on their physiological and pathological roles. Oprea et al.
defined a knowledge-based protein classification that led to the definition of four groups: from
the more studied Tain (clinic, with approved drug on the market), Tchem (Chemistry, known to
bind to small molecules with high potency), Tuio (biology, kinases that have notably gene
ontology leaf term annotations associated with disease and cellular role but lack associations
with bioactive molecules) to the less explored Tk (dark genome, do not meet any of the

criteria for the other classes, see ref [5] for details).

Among the Tchem are the members of the cdc2-like kinases (CLKs) family. They have attracted
the interest of scientists due to their biological roles in many areas and significant involvement
in human diseases [6]. In particular, these CLKs are involved in the regulation of mMRNAs
splicing with important consequences especially in cancer [7]. There are four isoforms of CLKs
(CLK1, CLK2, CLK3 and CLK4) whose structures have been clearly established and are

available in PDB.

Among the CLKs family, CLK3 appears presently as the less studied, although its potential

role has been proposed not only in cancer but also in other diseases like malaria [8]. Further,
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it has been proposed to play also a role in the formation of the central nervous system [9]. The
underdevelopment of CLK3 is likely due, at least in part, to the fact that, to the best of our
knowledge, no potent and selective inhibitor of this specific kinase has been reported. CLK3 is
reported to be a Tcem Kinase [5], but there are only four molecules which demonstrate
significant enzymatic inhibition of CLK3 (from 6.5nM to 110nM, Table 1, [6a]): SM08502, T-
025, T3 and CX-4945.

HO,C
CX-4945

Compound Id CLK1 CLK2 CLK3 CLK4 DYRK1A DYRK1B DYRK2 Refs

SM08502 8 1 22 1 1 1 3 [10]
T-025 * 48 0.09 6.5 0.61  0.074 1.5 32 [11]
T3 0.67 15 110 ND 260 230 ND [12]
CX-4945 33 29 67 23 14 ND ND [13-14]
* Kd values

Table 1. Structures and in vitro activities of known CLK3 inhibitors. The ICso values (in nM) are
given as numbers. For T-025, Kd values (in nM) are specified.

However, these derivatives remain still more potent on the other CLKs than CLK3. Thus, they
appear more as potent pan inhibitors which are targeting all CLKs (including CLK3) plus many
other kinases. Therefore, they cannot be qualified as bona fide chemical probes for this CLK3
kinase. For the CLKs family members a detailed study has indicated the important role of the
residues located N-terminal to the DFG motif (called DFG-1) since, in this particular position,
CLK3 has a smaller alanine compared to the others which have bulkier valines. This offers a
rationale to explain in particular why most, if not all, known inhibitors have lower affinity for
CLK3 [15]. Our approach was different since we wanted to design new molecules which could
have now an increase in affinity towards CLK3. Thus, the goal of this paper is to report our first

efforts in transforming a compound (DB18) which is highly potent and selective inhibitor of
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CLK1, -2 and -4, with no activity on CLK3 [16], into a new derivative (VS-77) which is now a
good pan-inhibitor of the four CLKs. Extensive molecular modelling studies have been used

here to design VS-77 and to propose a model to explain the selectivity observed.

2 Strategy and design of the targets

Our study started by a detailed analysis of the sequence of aminoacids in CLK3 compared to
the three other CLKs. There are several differences but one appeared very significant (Figure
1, left part): CLK3 has a polar lysine in position 241 while the other CLKs have nonpolar
leucines. Further, examination of the structure of CLK3 shows that this key lysine 241 is very

close to the entry of the ATP binding site (Figure 1, right part).

CLKl SYRSKHRIHHSTSHRRSHGKSHRRERTRSVEDDEEGHLICQSGDVLSARYEIVDTLGEGA
CLE4 _SPK-RKRNRHCSSHQ-SRSKSHRRERSRSIEDDEEGHLICQSGDVLRARYEIVDTLGEGA
CLK2 SRRKHRRRRRRSRTFSRSSSQHSSRRAKSVEDDAEGHLIYHVGDWLQERYEIVSTLGEGT
CLK3 _AHHCHKRRTRSCSSASSRSQ0SSKRSSRSVEDDKEGHLVCRIGDWLQERYEIVGNLGEGT

CLE]l FGEVVECTDHKAGGRHEVAVEIVENVDRYCEAARSETQVLEHINTTDENSTFRCVOMLEWE
CLE4 FGEVVECIDHGMDGMHVAVEIVENVGRYREAARSETQVLEHINSTDENSVFRCVQMLEWE
CLE2 _FGRVVQCVDHRRGGARVALEITRNVERYKEAARLEINVLEKINEKDPDNENLCVQMEDWE
CLK3 FGEVVECLDHARGKSQVALRIIRNVGRYREAARLEINVLRKIRERDRENKFLCVIMSDWE

CLEl EHHGHICIVFELLGLSTYDEIKENGFLPFRLDHIRKMAYQICKSVNFLHSNKLTHTDLKE
CLEK4 DHHGHVCIVFELLGLSTYDFIKENSFLPFQIDHIRCMAYQICQSINFLHHNKLTHTDLKE
CLK2 DYHGHMCISFELLGLSTEDELKDNNYLPYPIHQVRHMAFQLCQAVKFLHDNKLTHTDLKP

CLK3 NFHGHMCIAFELL@T FEFLEKENNFOPYPLPHVREMAYQLCHALRFLEENQLTHTDLKP
- 241

CLK]l ENILEVQSDYTEAYNPKIKRDERTLINPDIKVVDEGSATYDDEHHSTLVSTRHYRAPEVI
CLK4 ENILFVESDYVVKYNSKMKRDERTLKNTDIKVVDFGSATYDDEHHSTLVSTRHYRAPEVI
CLEZ _ENILEVNSDYELTYNLERKRDERSVKSTAVRVVDEGSATFDHEHHSTIVSTRHYRAPEVI
CLK3 ENILFVNSEFETLYNEHKSCEEKSVKNTSIRVADFGSATFDHEHHTTIVATRHYRPPEVI

Figure 1. (Left part) Sequence of aminoacids in CLK3 as compared to the three other CLKs; (Right part)
Structure of CLK3 highlighting the lysine in position 241 (PDB: 2WUG6 [17]).

Therefore, this lysine 241 could be considered as an opportunity to design new molecules with
an improved affinity to CLK3 by adding specific interactions with this amino-acid bearing a
primary amine in terminal position. Based on this, our strategy was to design new inhibitors
with introduction, in their terminal part, of an acid group which could perform an extra hydrogen
bond interaction to lysine 241 and therefore could be specific to CLK3. Towards this goal we
started from our, previously described DB18 [16], a moderate inhibitor (ICso = 1.28 uM) docked
into CLK3 (Figure 2, left part), and we proposed to introduce, through an appropriate linker, an

acid group close to this lysine 241 (Figure 2, right part).



Figure 2. (Left part) Docking of our previous inhibitor (DB18) in CLK3 and (Right part) our working hypothesis.

Preliminary studies indicated that a simple aromatic group could be very appropriate as a linker
and the acid could be placed in meta or para positions taking into account the flexible backbone
of lysine 241 (Figure 3). Further, in case the docking of these new targets would require a little
more flexibility around the basic skeleton, we decided to prepare also the same molecules with
hydrogen instead of the chlorine in meta position of the anilino group.
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Figure 3. Design of our target molecules

3 Results and Discussion

3.1 Chemical syntheses

The synthetic strategy is very similar to the one previously developed for the preparation of
DB18 and designed analogues (Scheme 1) [16]. It starts from known quinazoline 1 which, on
Buchwald-Hartwig-type reaction with 3-bromo-aniline 2a, gave anilino-quinazoline 3a.
Deprotection of the methoxy group by BBr3 gave phenol 4a which was propargylated to



intermediate 5a. A final click-type reaction [19] with azide 6 gave the first target intermediate
7a. The second key intermediate 7b was prepared in a very similar manner, but starting from

2-bromo-3-chloroaniline 2b.
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Scheme 1. Synthesis of the intermediates anilino-2-quinazolines 7a and 7b.

Next, we prepared the final targets by Suzuki-type reactions using the aromatic bromides 7.
As indicated before, the acid function designed to interact with the lysine 241 has been
introduced both in para and meta positions of the aromatic linker. Further we have prepared
two series of molecules: the ones without chlorine in meta position on this linker (series a) and
the others which kept this chlorine, like in DB18 (series b). These syntheses are reported in
Scheme 2. A Suzuki-type Pd-catalyzed coupling of 7a with p-carbomethoxybenzoylboronic
ester 8 gave 9a which, after saponification, afforded the first target 10a. The second molecule
10b was obtained in the same manner starting from 7b with the chlorine in meta position of
the linker. Then, by a similar approach, the targets 13a and 13b were prepared by now using
as the coupling reagent the m-carbomethoxybenzoylboronic ester 11. All derivatives have
spectral and analytical data in agreement with the proposed structures (see Experimental

Section and Supplementary Information).
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Scheme 2. Synthesis of the targeted anilino-2-quinazolines 10 and 13.

3.2 Kinase inhibition studies

Our molecules have been submitted first to a primary screening against a panel of eight
disease-related kinases: five members of the CMGC (for CDK, MAPK, GSK3 and CLK) group
(CDK5/p25, CDK9/CyclinT, GSK3p, CLK1 and DYRK1A), one CAMK (Calmodulin/Calcium
regulated kinase PIM1), one CK1 (the Casein Kinase CK1le) and Haspin as atypical kinase.
The results obtained are reported in Table 2. The four acids 10a, 10b, 13a, 13b demonstrated
a significant activity against CLK1 with very low to no action on the other selected kinases. On
the other hand, the corresponding esters 9 and 12 were found to be not significantly active
against the tested kinases. Indeed, we failed to observed a dose-dependent effect from 1 to
10uM for these compounds (e.g. the same level of inhibition was observed when 12a was
tested at 1 or 10pM against CLK1).



Table 2. Primary evaluation of the inhibition of our new quinazolines against a short panel of

mammalian kinases.l

Compound Id|Concentrations | Hs_CDK5/p25 Hz;if::/ Hs_HASPIN| Hs_PIM1 | Hs GSK3p | Hs_CKle Mm_CLK1 | Rn_DYRK1A

9a 10 pM 84 95 >100 90 53 95 58 >100
1M 70 98 95 >100 70 78 66 >100

ob 10 M =100 91 43 96 86 »100 66 2100
1M 74 96 65 >100 90 >100 60 >100

10a 10 pM 70 38 92 >100 32 84 0 84
1M 61 34 93 30 32 93 15 >100

10b 10 oM 43 66 92 2100 56 92 8 94
1M 53 99 35 84 92 >100 38 32
12a 10 pM 48 57 49 72 58 >100 45 2100
1M 63 74 51 75 383 >100 50 >100
12b 10 M 92 83 39 98 62 >100 48 2100
1 uM 65 94 47 90 97 >100 54 >100

13a 10 pM 9 24 63 >100 26 >100 5 60

1 uM 62 83 79 68 95 >100 a4 92

13b 10 pM 37 47 74 >100 43 >100 11 62
(VS-77) 1 uM 92 83 74 88 >100 2100 20 92

8] Residual kinase activities are expressed in % of maximal activity, i.e. measured in the absence of inhibitor but with an equivalent dose of
DMSO (solvent of the tested compounds). ATP concentration used in the kinase assays was 10 pM (values are means, n =2). Kinases are
from human origin (Homo sapiens) except CLK1 (from Mus musculus) and DYRK1A (from Rattus norvegicus).

For the hit compounds that showed an inhibitory activity, we next determined their respective
ICso against the four mouse CLKs. The results are reported in Table 3 and in Sl. For
comparison, we have also reported the values obtained earlier with our starting model
compound DB18 [16].

Table 3. ICso data for the inhibition of Mm_CLK1-4 by the four targeted quinazolines and
DB18.®

10a 0,891 0,844 3,732 0,762 4to5
10b 0,213 0,118 0,861 0,145 4to8
13a 0,68 0,278 1,655 0,428 3to4d
13b (VS-77) 0,127 0,061 0,303 0,062 3to5

DB18k! 0,011 0,027 1,28 0,02 48to0 116

@ Kinase activities were measured by radiometric y**P-ATP assay (Eurofins, UK) using 15 uM ATP. They were calculated from dose-response
curves for which each point was measured in duplicate. Data taken from ref [16].



Several points have to be noticed from these data:

- These four derivatives demonstrate still a significant inhibition of the CLK1, CLK2 and
CLK4 in the low micromolar range and even better (up to 60nM) for 13b (=VS-77);

- They show also inhibition of CLK3 in the same order of magnitude as for the three other
CLKs from 0.3uM for VS-77 up to 3.7uM for 10a.

- This translates into a significant improvement in the comparison between action on
CLK3 versus the three others (Table 2): for the best compound, VS-77, the ratios
Mm_CLK3 versus the other CLKs are only 3 to 5 while they were 48 to 116 in the initial
product DB18.

- These results strongly support our hypothesis that the addition of the terminal acid
significantly reinforces the interaction of our new molecules with CLK3, and in particular
through the hydrogen bonding with lysine 241.

Finally, in order to complete our studies, we then measured the activity of VS-77 against the
DYRK 1A, DYRK1B and DYRK2 kinases and the results are reported in Table 4.

Table 4. ICso data for the inhibition of Rn_DYRK1A, Hs DYRK1A, Hs_DYRKI1B and
Hs_DYRK2 by VS-77 and DB18.1

CompoundId  Rn_DYRKI1A Hs_DYRK1A Hs_DYRK1B Hs_DYRK2
VS-77 14.76 5.31 4.6 11.69
DB18M! >100 >100 >100 >100

la Kinase activities were measured by radiometric y3*P-ATP assay (Eurofins, UK) using 15 uM ATP. They were calculated from dose-
ponse curves for which each point was measured in duplicate.! Data taken from ref [16].

To our surprise, this new compound VS-77 exhibited low, but significant, inhibition of these
DYRK kinases, contrary to the results obtained earlier with DB18. This point will be discussed

in the molecular modelling part below.
3.3 Molecular modelling studies
Molecular modeling experiments confirmed that the most potent compound VS-77 is

actually able to form the salt bridge with lysine 241, as we had planned. The acid is located

close (3 A) to the amino group of this lysine (Fig. 4).



Figure 4. Docking of VS-77 in CLK3

We continued our analysis to understand the unexpected activity towards the DYRK kinases,
using DYRK1A crystal structure (Figure 5). Surprisingly, another leucine (K175) is also located
near the acidic group of VS-77. This residue is positioned on the opposite lobe of the protein,
as compared to K241 of CLK3, but a simple 180° rotation of the benzoic acid allowed the
inhibitor to interact with Lys 175. Therefore, this new interaction could explain the higher affinity
of VS-77 toward Hs_ DYRK1A, as compared to DB-18.

VS-77

K175

Figure 5. Docking of VS-77 in Hs_DYRK1A (PDB : 8T2H [18])
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4 Experimental

4.1 Chemical synthesis

General information

All reactions were performed in heat gun-dried round-bottomed flasks under a dry argon or
nitrogen atmosphere. Air and moisture-sensitive compounds were introduced via syringes or
cannula, using standard inert atmosphere techniques. In addition, the gas stream was passed
through glass cylinder filled with P.Os to remove any traces of residual moisture. Reactions
were monitored by thin layer chromatography (TLC) using E. Merck silica gel plates and
components were visualized by illumination with short wavelength UV light and/or staining
(Ninhydrin or basic KMnOg). All aldehydes were distilled right before use. All benzyl bromides
and other reagents were used as they were received from commercial suppliers, unless
otherwise noted. THF and Et,O were dried over sodium-benzophenone and distilled prior to
use. Anhydrous CH.Cl, was prepared by refluxing in the presence of CaH, and distilled right

before use unless otherwise noted.

'H NMR spectra were recorded on Bruker spectrometers at 300 and 400 MHz, and *C NMR
spectra at 75 and 100 MHz, in CDCI; or DMSO-ds using TMS (tetramethylsilane) as an internal
standard. Multiplicity was tabulated using standard abbreviations: s for singlet, d for doublet,
dd for doublet of doublets, t for triplet, q for quadruplet, ddd for doublet of doublets of doublets
and m for multiplet (br means broad). When necessary, in particular in order to have better
accuracy on small coupling constants, resolution in *H NMR was enhanced using Traficante.
The synthetic strategy is very similar to the one previously developed for the preparation of
DB18 and designed analogues [16]. All triazole compounds were purified by flash column

chromatography on neutral alumina unless otherwise noted.

Synthesis of N-(3-bromo-phenyl)-8-methoxyquinazolin-2-amine (3a)

To a stirred solution 2-chloro-8-methoxyquinazoline 1 (500 mg, 2.57 mmol) and 3-bromoaniline 2a
(570 g, 3.35 mmol) in 1,4-dioxane (2 mL) was added BINAP (150 mg, 0.257 mmol), Pd(OAc), (28.8 mg,
0.05 mmol) and Cs,COs3 (219 mg, 6.75 mmol). Then, the reaction mixture was evacuated under
vacuum, back filled with Ar atmosphere and heated to 100 °C for 16 h. The reaction was monitored by
TLC and after its completion, the reaction mixture was cooled to rt (room temperature) and then
filtered through celite pad. The filtrate was concentrated and to this crude material, ice and water
were added and after extraction with ethyl acetate (2 x 100 mL), combined organic extracts were
washed with brine (50 mL). Organic layer was dried over anhydrous sodium sulfate and concentrated
to dryness. The crude resulting product was purified by chromatography on silica gel eluting with 5—
20% ethyl acetate in cyclohexane to give compound 3 (600 mg, 60% yield) as a yellow solid. *H NMR
(300 MHz, CDCls) 6 9.14 (s, 1H), 8.25 (t, J = 1.9 Hz, 1H), 7.61 (dt, J = 7.5, 1.9 Hz, 1H), 7.46 (s, 1H), 7.39
(dd,J=8.1, 1.4 Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H), 7.30 — 7.13 (m, 4H), 4.10 (s, 3H).). 13C NMR (75 MHz,
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CDCI3) § 161.7, 156.3, 153.4, 143.6, 141.2, 130.1, 125.1, 124.0, 122.8, 121.7, 121.7, 119.02, 117.2,
112.6, 56.2. HRMS (ESI): m/z calcd for C1sH13N3O7sBr [M + H]*: 330.02365, found 330.0230 (1 ppm).

Synthesis of N-(3-bromo-5-chlorophenyl)-8-methoxyquinazolin-2-amine (3b)

% Yield: 1.3 g (58%). 'H NMR (400 MHz, DMSO-ds) § 10.35 (s, 1H), 9.36 (s, 1H), 8.38 (s, 1H), 8.27 (s,
1H), 7.52 (dd, J= 1.6 Hz, 7.6 Hz, 1H), 7.40-7.34 (m, 2H), 7.24 (t, J= 1.6 Hz, 1H), 3.99 (s, 3H). 13*C NMR (75
MHz, DMSO) & 162.6, 156.1, 153.5, 143.9, 142.7, 134.5,124.8, 123.1, 122.5, 121.8, 119.6, 119.6, 117.1,
114.0, 56.5. HRMS (ESI): m/z calcd for CisHuN;O3ClBr [M + H]*: 363.98468, found 363.9846 (0 ppm).

2-((3-bromo-5-chlorophenyl)amino)quinazolin-8-ol (4a)

To a stirred solution of N-(3-Bromophenyl)-8-methoxyquinazolin-2-amine 3a (500 mg, 1.51 mmol) in
CH,Cl; (1.5 mL) was added 2.9 mL of BBrs;in CH,Cl; (1.0 M) at 0 °C, and the reaction mixture was stirred
at rt for 18 h. The reaction mixture was poured to a mixture of ice and water and stirred for 2 h at rt.
The resulting solid was collected by filtration and washed with water (2 x 40 mL). The obtained pale-
yellow solid was dried in a dessicator to give compound 4 (240 mg, 50% yield) as a yellow solid. *H NMR
(300 MHz, CDCls) 6 9.13 (s, 1H), 8.03 — 7.96 (m, 1H), 7.59 (dt, J = 6.7, 2.4 Hz, 1H), 7.48 — 7.21 (m, 8H).
HRMS (ESI): m/z calcd for C,,H,;N O7Br [M + H]*: 316.008, found 316.0078 (1 ppm).

2-((3-bromo-5-chlorophenyl)amino)quinazolin-8-ol (4b)

% Yield: 0.7 g (55%). 'H NMR (400 MHz, DMSO-ds) & 10.23 (s, 1H), 9.99 (brs, 1H), 9.31 (s, 1H), 8.33 (t,
J=1.6 Hz, 1H), 8.28 (t, J= 2.0 Hz, 1H), 7.40 (dd, J= 1.2 Hz, 7.6 Hz, 1H), 7.29-7.21 (m, 3H). 3C NMR (75
MHz, DMSO) 6 162.6, 155.7, 151.9, 143.9, 141.8, 134.5, 125.1, 123.1, 122.5, 122.2,119.5, 118.3, 117.4,
117.1. HRMS (ESI): m/z calcd for CuHi,N,0%CI#Br [M + H]*: 349.96903, found 349.9691 (0 ppm)

N-(3-bromo-5-chlorophenyl)-8-(prop-2-yn-1-yloxy)quinazolin-2-amine (5a)

To a stirred solution of 2-((3-bromophenyl) amino) quinazolin-8-ol (100 mg, 0.31 mmol) in acetone
(2 mL), was added K,CO3 (109 mg, 0.791 mmol) and propargyl bromide (56 mg, 0.47 mmol) at rt. The
reaction mixture was heated to 40 °C for 8 h. It was then cooled to rt, filtered and concentrated to
dryness. Purification by chromatography on silica gel (eluting with EtOAc in cyclohexane) gave
compound (2.2 g, 60% yield) as a yellow solid. *H NMR (300 MHz, CDCl3) § 9.14 (s, 1H), 8.37 —8.21 (m,
1H), 7.68 — 7.05 (m, 7H), 5.05 (d, J = 2.4 Hz, 2H), 2.58 (t, J = 2.4 Hz, 1H). *C NMR (75 MHz, DMSO) &
162.6, 156.5, 151.2, 143.2, 142.8, 130.8, 124.2, 124.1, 122.2, 121.8, 121.1, 120.8, 117.7, 116.5, 79.2,
57.1,56.5. HRMS (ESI): m/z calcd for Cy;H:3sN;07Br [M + H]*: 354.02365, found 354.0240 (1 ppm).

N-(3-bromo-phenyl)-8-(prop-2-yn-1-yloxy)quinazolin-2-amine (5b)

% Yield: 0.27 g (49%). "H NMR (400 MHz, DMSO-ds) & 10.37 (s, 1H), 9.37 (s, 1H), 8.37 (s, 1H), 8.27 (s,
1H), 7.58 (dd, J= 2.0 Hz, 7.2 Hz, 1H), 7.43-7.36 (m, 2H), 7.25 (t, J= 1.6 Hz, 1H), 5.0 (d, J= 2.4 Hz, 2H), 3.66
(t, J= 2.4 Hz, 1H). 3C NMR (75 MHz, DMSO) 6 162.7, 156.1, 151.2, 143.8, 142.7, 134.6, 124.5, 123.3,
122.6, 121.9, 120.6, 119.6, 117.2, 116.0, 79.3, 57.0. HRMS (ESI): m/z calcd for Cy, Hy, N, O 3Cl Br [M +
H]*: 387.98468, found 387.9847 (0 ppm).
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N-(3-bromo-5-chlorophenyl)-8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-
yl)methoxy)quinazolin-2-amine (7a)

To a solution of CuSO,4 -5H; O (6.8 mg, 0.028 mmol), sodium ascorbate (16.6 mg, 0.084 mmol) and
PhCO,H (3.4 mg, 0.028 mmol) in t-BuOH/H, O (1:2 by v/v, 2.0 mL) was added a mixture of Alkyne 5a
(100 mg, 0.28 mmol) and Aromatic azide 6 (50 mg, 0.28 mmol) at room temperature. The resultant
mixture was stirred continuously until the consumption of starting material (1 h). Then CH,Cl; (20 mL)
was added to dissolve the crude product. The organic layer was washed with H,O and brine, and dried
over anhydrous Na;SOs. Removal of the solvent yielded a residue, which was purified by a short
chromatography (silica gel, EtOAc/PE = 1:3) to give 3a (108 mg, 72%) as a light yellow solid. *H NMR
(400 MHz, DMSO-ds) 6 10.07 (s, 1H), 9.31 (s, 1H), 8.81 (s, 1H), 8.58 (t, J = 2.0, 2.0 Hz, 1H), 8.04 (d, J =
1.8 Hz, 1H), 7.85 —7.64 (m, 4H), 7.56 (ddd, /= 8.0, 4.7, 1.2 Hz, 3H), 7.37 (t, /= 7.9, 7.9 Hz, 1H), 7.16 (t,
J=8.1,8.1Hz, 1H), 7.10 - 6.99 (m, 1H), 5.45 (s, 3H). 3C NMR (101 MHz, DMSO) & 162.6, 156.3, 152.0,
144.2,143.9, 142.9, 142.7, 142.5, 135.1, 130.7, 127.4, 127.0, 126.4, 126.0, 124.4, 124.1, 122.1, 121.7,
120.9, 120.6, 117.7, 116.0, 62.4, 20.9. HRMS (ESI): m/z calcd for Caq His N7 O3 ”°Br [M + H]*: 532.07327,
found 532.0723 (1 ppm).

Synthesis N-(3-bromo-5-chlorophenyl)-8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-yl)
methoxy) quinazolin-2-amine (7b)

% Yield: 0.25 g (57%). *H NMR (400 MHz, DMSO-ds) & 10.34 (s, 1H), 9.38 (s, 1H), 8.88 (s, 1H), 8.26 (d,
J=7.2 Hz, 2H), 8.08 (s, 1H), 7.79 (d, J= 7.2 Hz, 1H), 7.74 (d, J= 8.4 Hz, 1H), 7.60 (t, J= 6.4 Hz, 2H), 7.42 (t,
J=8.0 Hz, 1H), 7.14 (t, J= 2.0 Hz, 1H),5.45 (s, 2H), 2.52 (s, 3H). 3C NMR (101 MHz, DMSO) 6 162.2, 155.6,
151.6, 143.7, 143.3, 142.1, 141.8, 134.6, 134.0, 126.8, 126.5, 125.9, 125.6, 124.3, 122.6, 121.9, 121.4,
119.9,119.0, 116.5, 115.2, 61.9, 20.4. MS(ESI): m/z calcd for C24H177°Br**CIN;O3 , 566.8, found: [M+H]*:
568.1.

Procedure A

Methyl 3'-((8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-yl) methoxy) quinazolin-2-yl) amino)-
[1,1'-biphenyl]-4-carboxylate (9a)

A Schlenk tube equipped with a magnet stirrer under argon, a solution of N-(3-bromophenyl)-8-((1-(4-
methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-yl)methoxy)quinazolin-2-amine (200 mg, 0.375 mmol; in 0.5-
0.7 mL of dioxane) and a solution of P(t-Bu)s (2.2 mg, 0.011 mmol; in 3.0 mL of dioxane) are added to
a Schlenk tube charged with Pd,(dba)s (5.0 mg, 0.005 mmol), boronic acid (80 mg, 0.45 mmol), Cs,CO3
(140 mg, 0.45 mmol) and stirred for 12 h at 80 °C. The reaction mixture was then concentrated and
purified by flash chromatography using EtOAc and CH,Cl, to afford 9a as a yellow compound (130 mg
60 % yield)."H NMR (300 MHz, DMSO-ds) & 10.04 (s, 1H), 9.32 (s, 1H), 8.72 (s, 1H), 8.58 (t, J = 2.0 Hz,
1H), 8.11 — 7.98 (m, 4H), 7.90 — 7.80 (m, 2H), 7.74 (ddd, J = 8.1, 1.9, 0.8 Hz, 1H), 7.63 (d, J = 8.1 Hz, 1H),
7.56 (dq, J=8.4,1.2 Hz, 2H), 7.44 - 7.33 (m, 1H), 7.38 — 7.27 (m, 2H), 5.53 (s, 2H), 3.86 (s, 3H). 3.C NMR
(75 MHz, DMSO-64) 6 166.5, 162.5, 156.8, 151.9, 145.4, 144.2, 144.0, 143.4,142.4,141.8,139.4, 135.1,
130.3, 129.7, 128.9, 127.6, 127.2,127.1, 126.3, 126.0, 123.9, 121.8, 120.6, 120.4, 119.2, 117.5, 116.4,
62.6, 52.5, 20.9. HRMS (ESI): m/z calcd for CszHz6 N7Os [M + H]*: 588.1989, found 588.1986 (1 ppm).

Procedure B

3'-((8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-yl)methoxy)quinazolin-2-yl)amino)-[1,1'-
biphenyl]-4-carboxylic acid (10a)
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The compound methyl 3'-((8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-yl) methoxy) quinazolin-
2-yl) amino)-[1,1'-biphenyl]-4-carboxylate 10a (30 mg, .051 mol) was added by (3 ml, THF/1-4 Dioxane/
Water 4:4:2). The stirring suspension was cooled to 0 °C and treated with LiOH (10 mg, 0.25 mmol).
The mixture was stirred at room temperature until starting material disappeared by TLC analysis (100%
EtOAc). the reaction mixture was concentrated, diluted with water and acidified with 2N aqueous HCI
(pH = 2). Then the solid formed was filtered washed with CH,Cl, and dried to obtain carboxylic acid 10a
as a yellow solid (20 mg, 70%). *H NMR (300 MHz, DMSO-d¢) 6 10.02 (s, 1H), 9.31 (s, 1H), 8.73 (s, 1H),
8.54 (s, 1H), 8.05 (td, J = 8.0, 5.9 Hz, 4H), 7.82 (d, J = 8.1 Hz, 2H), 7.78 = 7.60 (m, 2H), 7.55 (d, J = 7.9 Hz,
2H), 7.42 — 7.24 (m, 3H), 5.53 (s, 2H). ). 3C NMR (75 MHz, DMSO) & 167.8, 162.5, 156.8, 151.8, 144.8,
144.2, 144.0, 143.4, 142.5, 141.8, 139.7, 135.1, 130.7, 130.4, 129.6, 127.7, 127.1, 127.0, 126.4, 126.0,
123.9,121.7,120.6,120.4, 119.0, 117.5, 116.4, 62.5, 20.9. HRMS (ESI): m/z calcd for C31H24N;0s [M +
H]*: 574.18334, found 574.1837 (1 ppm).

Methyl 3'-((8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-yl) methoxy) quinazolin-2-yl) amino)-
[1,1'-biphenyl]-4-carboxylate (12a)

Procedure A to afford methyl 3'-((8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-yl) methoxy)
guinazolin-2-yl) amino)-[1,1'-biphenyl]-4-carboxylate 12a as a yellow compound (130 mg, 0.222 mmol,
60 % yield). *"H NMR (300 MHz, CDCl;3) 6 9.13 (s, 1H), 8.33 (s, 1H), 8.22 (s, 1H), 8.21 (s, 1H), 8.00 (d, J =
7.8 Hz, 1H), 7.92 (s, 1H), 7.85 (d, /= 8.6 Hz, 3H), 7.69 (s, 1H), 7.50 (d, J = 8.2 Hz, 2H), 7.41 (t, / = 7.6 Hz,
3H), 7.30 (d, J = 11.2 Hz, 4H), 5.62 (s, 2H), 3.95 (s, 3H), 2.53 (s, 3H). 3C NMR (75 MHz, CDCl3) 6§ 167.0
161.9, 156.5, 151.9, 144.8, 144.0, 142.0, 141.3, 140.7, 140.3, 134.2, 131.5, 130.7, 129.4, 128.8, 128.5,
128.2,127.7,125.8,124.7,123.8,121.9, 121.2, 120.4, 118.5,117.8, 116.5, 63.7, 52.2, 21.1. HRMS (ESI):
m/z calcd for Cs,Has N7Os [M + H]*: 588.1989, found 588.1986 (1 ppm).

3'-((8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-yl)] methoxy) quinazolin-2-yl)amino)-[1,1'-
biphenyl]-3-carboxylic acid (13a)

Procedure B to afford 13a as a yellow solid (20 mg, 0.0348 mmol, 68%). *H NMR (300 MHz, DMSO) 6
10.08 (s, 1H), 9.33 (s, 1H), 8.75 (s, 1H), 8.35 (s, 1H), 8.22 (s, 1H), 8.17 (d, J = 8.1 Hz, 1H), 8.06 (s, 1H),
7.93 (t, /=8.6 Hz, 2H), 7.75 (d, / = 8.2 Hz, 1H), 7.70 — 7.58 (m, 1H), 7.56 (d, /= 8.2 Hz, 2H), 7.35(q, J =
7.4 Hz, 2H), 7.27 (d, J= 7.7 Hz, 1H), 5.52 (s, 2H); methyl group hidden by DSMO residual peaks. *C NMR
(75 MHz, DMSO) 6 167.7, 156.7, 151.6, 144.2, 144.1, 142.9, 142.4, 141.6, 141.1, 139.9, 135.2, 131.9,
131.4,129.8,129.8, 128.7,127.7, 127.7,127.1, 126.4, 126.1, 124.1, 120.8, 120.4, 118.8, 117.5, 116.8,
62.8, 20.9, 18.9. HRMS (ESI): m/z calcd C3; H2aN7Os [M + H]*: 574.18334, found 574.1837 (1 ppm).

Methyl-3'-chloro-5'-((8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-yl) = methoxy)quinazolin-2-
yl)Jamino)-[1,1'-biphenyl]-3-carboxylate (9b)

Procedure A to afford 9b a cream colour (very light yellow) compound (40 mg, 0,064 mmol, 60 % yield).
'H NMR (300 MHz, DMSO) 6 10.23 (s, 1H), 9.35 (s, 1H), 8.77 (s, 1H), 8.44 (t, J = 1.9 Hz, 1H), 8.29 (t, J =
1.7 Hz, 1H), 8.04 (dd, J = 8.7, 2.0 Hz, 3H), 7.84 (d, J = 8.6 Hz, 1H), 7.75 (ddd, J = 8.2, 1.9, 0.8 Hz, 1H), 7.65
(d, J=8.1Hz, 1H), 7.58 (ddd, J = 8.2, 4.5, 1.2 Hz, 2H), 7.32 (t, J = 1.7 Hz, 1H), 5.74 (s, OH), 5.51 (s, 2H),
3.86 (s, 3H). 3C NMR (75 MHz, DMSO) 6 166.4, 162.7, 156.4, 152.0, 144.2, 143.9, 143.9, 143.1, 142.9,
142.4, 141.1, 135.1, 134.4, 130.3, 129.4, 127.4, 127.4, 127.0, 126.3, 126.0, 124.5, 121.9, 120.5, 119.6,
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117.9, 116.0, 115.8, 62.5, 52.6, 20.9. HRMS (ESI): m/z calcd for Cs3;H,sN70s *°Cl [M + H]*: 622.16002,
found 622.1598 (0 ppm).

3'-chloro-5'-((8-((1-(4-methyl-2-nitrophenyl)-1H-1,2, 3-triazol-4-yl)methoxy)quinazolin-2-yl)Jamino)-
[1,1'-biphenyl]-4-carboxylic acid (10b)

Procedure B to obtain carboxylic acid 10b as a yellow solid (10 mg, 60% yield). *H NMR (400 MHz,
DMSO) 6 10.25 (s, 1H), 9.35 (s, 1H), 8.80 (s, 1H), 8.47 (s, 1H), 8.25 (s, 1H), 8.10 — 7.96 (m, 3H), 7.81 (d,
J=8.1Hz,2H), 7.75 (dd, J=8.2, 1.7 Hz, 1H), 7.66 (d, / = 8.1 Hz, 1H), 7.59 (dd, J = 7.9, 3.9 Hz, 2H), 7.39
(t, J = 7.8 Hz, 1H), 7.30 (s, 1H), 5.50 (s, 2H). 3C NMR (101 MHz, DMSO) 6 166.5, 162.7, 156.4, 152.0,
144.2,143.9, 143.1, 143.0, 142.4, 141.3, 139.9, 135.1, 134.5, 131.9, 130.9, 130.1, 129.1, 127.5, 127.4,
127.1,126.2, 126.0, 124.4, 121.9, 120.5, 119.4, 117.5, 116.1, 115.7, 62.6, 52.8, 20.9. HRMS (ESI): m/z
calcd for C31H21N705 3°Cl [M + H]: 606.12982, found 606.1299 (0 ppm) (1 ppm).

Methyl-3'-chloro-5'-((8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-yl)methoxy)quinazolin-2-
yl)amino)-[1,1'-biphenyl]-3-carboxylate (12b)

Procedure A to afford methyl 3'-chloro-5'-((8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-
yl)methoxy)quinazolin-2-yl)amino)-[1,1'-biphenyl]-3-carboxylate a cream colour (very light yellow)
compound 12b (40 mg, 60 % yield). *H NMR (400 MHz, DMSO) 6 10.26 (s, 1H), 9.37 (s, 1H), 8.80 (s, 1H),
8.58 (t,J = 1.9 Hz, 1H), 8.29 — 8.04 (m, 3H), 7.97 (ddt, J = 8.9, 3.7, 1.2 Hz, 2H), 7.77 (ddd, J = 8.1, 1.9, 0.8
Hz, 1H), 7.72 — 7.48 (m, 4H), 7.44 — 7.34 (m, 1H), 7.29 (t, J = 1.8 Hz, 1H), 5.51 (s, 2H), 3.90 (s, 3H), 2.55
- 2.35 (m, 5H). 3C NMR (101 MHz, DMSO) & 166.5, 162.7, 156.4, 152.0, 144.2, 143.9, 143.1, 143.0,
142.4,141.3,139.9, 135.1, 134.5, 131.9, 130.9, 130.1, 129.1, 127.5, 127.4, 127.1, 126.2, 126.0, 124.4,
121.9, 120.5, 119.4, 117.5, 116.1, 115.7, 62.6, 52.8, 20.9. HRMS (ESI): m/z calcd for C3;HysN70s*°Cl [M
+ H]*: 622.16002, found 622.1598 (0 ppm).

3'-chloro-5"-((8-((1-(4-methyl-2-nitrophenyl)-1H-1,2,3-triazol-4-yl)methoxy)quinazolin-2-yl)Jamino)-
[1,1'-biphenyl]-3-carboxylic acid (13b)

Procedure B to obtain carboxylic acid 13b as a yellow solid (10 mg, 70%). *H NMR (400 MHz, DMSO) 6
10.24 (s, 1H), 9.36 (s, 1H), 8.79 (s, 1H), 8.59 (d, / = 2.1 Hz, 1H), 8.21 (t, J = 1.9 Hz, 1H), 8.14 — 8.03 (m,
2H), 8.02 — 7.90 (m, 2H), 7.77 (dd, J = 8.4, 1.9 Hz, 1H), 7.69 (d, J = 8.1 Hz, 1H), 7.66 — 7.55 (m, 3H), 7.40
(t,J = 7.9 Hz, 1H), 7.27 (t, J = 1.8 Hz, 1H), 5.50 (s, 2H), 3.59 — 3.55 (m, 4H), 2.57 (s, 1H). *C NMR (101
MHz, DMSO) 6 167.8,162.7,156.4, 152.0, 144.2,143.9, 143.1, 143.0, 142.4, 141.5, 139.7,135.1, 134.5,
132.3,131.3,129.9, 129.3, 127.7, 127.4,127.0, 126.2, 126.1, 124.5, 121.8, 120.5, 119.3, 117.4, 116.0,
115.7, 62.5, 20.9. m/z calcd for C31H2:N;0s*Cl [M-H]: 606.12982, 606.1290 (1 ppm).

4.2 Kinase inhibition studies

Kinase enzymatic activities were assayed using both luminescent ADP detection assay (ADP-
Glo™ assay kit, Promega, Madison, WI) or radiometric kinase assay. These assays were

performed using the protocols described in our previous publication [16].

4.3 Molecular modelling studies
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These studies were performed using the methods described in our previous publication [16].

Crystal structures of were used for docking: CLKs3: (PDB:2WU6
https://doi.org/10.2210/pdb2WU6/pdb, [17]) and DYRKs: (PDB:8T2H
https://doi.org/10.2210/pdb8T2H/pdb [18]).

Conclusions

In the present work, we disclosed a new strategy to improve the affinity of ligands towards the
CLK3 kinase. It is based on the Lysine 241 which is present only in CLK3, while the three
others have apolar leucines in this position. Thus, by grafting an extra benzoic acid on a
molecule (DB18), previously established as having low activity on CLK3, we have been able
to transform this compound into a derivative (VS-77) which has now a significant affinity toward
this kinase (ICso = 0.3uM). Further, this compound has kept good activities against the other
CLKs and therefore it can be qualified as a new pan-inhibitor of the CLKs. On the other hand,
surprisingly this modification of structure has also transformed this VS-77 into a weak inhibitor
of the DYRK kinases, while DB-18 was absolutely inactive on later kinases. Analysis by
molecular modelling allowed us to suggest that this change could be due, in the same way, to
the interaction of the newly introduced acid with the primary amino group of the leucine 175
present in DYRK kinases. These results, highlighting the potential role of the lysine 241, pave
the way towards the long-term goal of getting more potent and selective inhibitors of this
understudied CLK3 kinase.

Author Contributions: Conceptualization, R.G & N.L; Investigation, V.K.S, F.J, D.B, B.B.,
T.R.; Methodology, R.G, T.R and S.B; Supervision, N.S.K., S.B, C.R.R, R.G and N.L. All

authors have read and agreed to the published version of the manuscript.

Funding: V. K. Singh acknowledges funding agency Science and Engineering Research
Board (SERB, India) for the award of fellowship File no. SIR/ 2022/000913. We thank the

“Ligue contre le Cancer, Conseil Interrégional Grand Ouest” for financial support.

Acknowledgements: We thank Chemveda Life Sciences for providing laboratory facility for
carrying these research experiments. This research has been performed also as part of the
Indo-French “Joint Laboratory for Natural Products and Synthesis towards Affordable Health”.
We thank CSIR, CNRS and University of Rennes 1 for their support. We thank CRMPO

(University of Rennes 1) for the mass spectra analysis. The authors thank the Cancéropdle

16


https://doi.org/10.2210/pdb2WU6/pdb
https://doi.org/10.2210/pdb8T2H/pdb

Grand Ouest ("Marine molecules, metabolism and cancer' network), IBiSA (French
Infrastructures en sciences du vivant: biologie, santé et agronomie), Biogenouest (Western
France life science and environment core facility network supported by the Conseil Régional
de Bretagne) for supporting the KISSf screening facility (FR2424, CNRS and Sorbonne
Université), Roscoff, France. KISSf is member of the national research infrastructure
ChemBioFrance.

Conflicts of interest: The authors declare no conflict of interest.

Sample availability: Sample of the compounds are available from authors.

References

(a) Cohen, P. Protein kinases — the major drug targets of the twenty-first century? Nat. Rev.
Drug Discov., 2002, 1, 309-315. (b) Cohen, P.; Cross, D.; Janne, P.A. Kinase drug discovery
20 vyears after imatinib: progress and future directions. Nature Reviews Drug
Discovery 2021, 20, 551-569. (c) Ayala-Aguilera, C.C.; Valero, T.; Lorente-Macias, A.
Baillache, D.J.; Croke, S.; Unciti-Broceta, A. Small Molecule Kinase Inhibitor Drugs
(1995-2021): Medical Indication, Pharmacology, and Synthesis J. Med. Chem. 2022, 65,
1047-1131.

(a) Roskoski Jr, R. Properties of FDA-approved small molecule protein kinase inhibitors: A
2025 update Pharmacol. Res. 2025, 216, 107723; b) Bournez, C.; Carles, F.; Peyrat, G.; Aci-
Séche, S.; Bourg, S.: Meyer, C.; Bonnet, P. Comparative Assessment of Protein Kinase
Inhibitors in Public Databases and in PKIDB. Molecules 2020, 25, 3226.

Berginski, M.E.; Moret, N.; Liu, C.; Goldfarb, D.; Sorger, P.K.; Gomez, S.M. The Dark Kinase
Knowledgebase: an online compendium of knowledge and experimental results of
understudied kinases, Nucleic Acids Research 2021, 49, (D1), D529-D535.

(a) Volden, S.; Xerxa, E.; Bajorath, J. Assessing Darkness of the Human Kinome from a
Medicinal Chemistry Perspective J. Med. Chem. 2024, 67, 17919-17928. (b) Gomez, S.M.;
Axtman, A.D.; Willson, T.M.; Major, M.B.; Townsend, R.R.; Sorger, P.K.; Johnson, G.L. |
llluminating function of the understudied druggable kinome Drug Discovery Today 2024, 29,
1-10.

Oprea, T.l.; Bologa, C. G.; Brunak, S.; Campbell, A.; Gan, G. N.; Gaulton, A.; Gomez, S. M,;
Guha, R.; Hersey, A.; Holmes, J.; Jadhav, A.; Jensen, L.J.; Johnson, G.L.; Karlson, A.; Leach,
A.R.; Ma’ayan, A.; Malovannaya, A.; Mani, S.; Mathias, S.L.; McManus, M.T.; Meehan, T.F.;
von Merig, C.; Muthas, D.; Nguyen, D.-T.; Overington, J.P.; Papadatos, G.; Qin, J.; Reich, C;
Roth, B.L.; Schiirer, S.C.; Simeonov, A.; Sklar, L.A.; Southall, L.; Tomita, S.; Tudose, I.; Ursu,
O.; Vidovic, D.; Valler, A.; Westergaard, D.W.; Yang, J.J.; Zahoranszky, G. Nat Rev Drug
Discov. 2018, 17, 317-332.

(a) Moyano, P.M.; Nemec, V.; Paruch, K. Cdc-Like Kinases (CLKs): Biology, Chemical
Probes, and Therapeutic Potential. Int. J. Mol. Sci. 2020, 21, 7549-7580. (b) Lindberg, M. F;
Meijer, L. Dual-Specificity, Tyrosine Phosphorylation-Regulated Kinases (DYRKS) and cdc2-
Like Kinases (CLKs) in Human Disease, an Overview. Int. J. Mol. Sci. 2021, 22, 6047-6072.

17


https://www.nature.com/nrd
https://www.nature.com/nrd

11

12

13

14

(c) Song, M.; Pang, L.; Zhang, M.; Qu, Y.; Laster, K. V.; Dong, Z. Cdc2-like kinases: structure,
biological function and therapeutic targets for diseases. Sig. Transduct. Target. Ther. 2023, 8,
148.

Blackie, A.C.; Foley, D. J. Exploring the roles of the Cdc2-like kinases in cancers. Bioorg.
Med. Chem. 2022, 70, 116914.

(a) Alam, M.M.; Sanchez-Azqueta, A.; Janha, O.; Flannery, E.L.; Mahindra, A.; Mapesa, K.;
Char, A.B.; Sriranganadane, D.; Brancucci, N.M.B.; Antonova-Koch, Y.; Crouch, K.; Simvela,
N.V.; Millar, S.B.; Akinwale, J.; Mitcheson, D.; Solyakov, L.; Dudek, K.; Jones, C.; Zapatero,
C.; Doerig, C.; Nwakanma, D.C.; Vazquez, M.J.; Colmenarejo, G.; Lafuente-Monasterio, M.J.;
Leon, M.L.; Godoi, P.H.C.; Elkins, J.M.; Waters, A.P.; Jamieson, A.G.; Alvaro, E.F.; Ranford-
Cartwright, L.C.; Marti, M.; Winzeler, E.A.; Gamo, F.J.; Tobin, A.B. Validation of the Protein
Kinase Pf CLK3 as a Multistage Cross-Species Malarial Drug Target. Science. 2019 Aug
30;365(6456):eaaul682. (b) Mahindra, A.; Janha, O.; Mapesa, K.; Sanchez-Azqueta, A.;
Alam, M.M.; Amambua-Ngwa, A.; Nwakanma, D.C.; Tobin, A.B.; Jamieson, A.G.
Development of Potent Pf CLK3 Inhibitors Based on TCMDC-135051 as a New Class of
Antimalarials. J. Med. Chem. 2020, 63, 9300-9315.

Virgirinia, R.P.; Nakamura, M.; Takebayashi-Suzuki, K.; Fatchiyah, F.; Sizuki, A. The dual-
specificity kinase Clk3 is essential for Xenopus neural development. Biochem. Biophys. Res.
Commun. 2021, 567, 99-105.

Tam, B.Y.; Chiu, K.; Chung, H.; Bossard, C.; Nguyen, J.D.; Creger, E.; Eastman, B.W.; Mak,
C.C.; Ibanez, M.; Ghias, A.; Cahiwat, W.; Do, L.; Cho, S.; Nguyen, J.; Deshmukh, V.; Stewart,
J.: Chen, C-W.; Barroga, C.; Dellamary, S.; Sunil. KC.; Phalen, T.J.; Hood, J.; Cha, S.; Yazici,
Y. The CLK Inhibitor SM08502 Induces Anti-Tumor Activity and Reduces Wnt Pathway Gene
Expression in Gastrointestinal Cancer Models. Cancer Lett. 2019, S0304383519304732.

Iwai, K.; Yaguchi, M.; Nishimura, K.; Yamamoto, Y.; Tamura, T.; Nakata, D.; Dairiki, R.;
Kawakita, Y.; Mizojiri, R.; Ito, Y.; Asano, M.; Maezaki, H.; Nakayama, Y.; Kaishima,M.;
Hayashi, K.;Teratani, M.;Miyakawa, S.; lwatani, M.; Miyamoto, M.; Klein, M.G.; Lane, W_;
Snell, G.; Tjhen, R.; He, X.; Pulukuri, S.; Nomura, T. Anti-tumor Efficacy of a Novel CLK
Inhibitor via Targeting RNA Splicing and MYC-dependent Vulnerability. EMBO Mol. Med.
2018, 10(6):e8289.

Funnell T.; Tasaki, S.; Oloumi, A.; Araki, S.; Kong, E.; Yap, D.; Nakayama, Y.; Hughes, C.S.;
Grace Cheng, S.-W.; Tozaki, H.; Iwatani, M.; Sasaki, S.; Ohashi, T.; Miyazaki, T.; Morishita,
N.; Morishita, D.; Ogasawara-Shimizu, M.; Ohori, M.; Nakao, S.; Karashima, M.; Sano, M.;
Murai, A.; Nomura, T.; Uchiyama, N.; Kawamoto, T.; Hara, R.; Nakanishi, O.; Shumansky, K.;
Rosner, J.; Wan, A.; McKinney, S.; Morin, G.B.; Nakanishi, A.; Shah, S.; Toyoshiba H.;
Aparicio S. CLK-dependent exon recognition and conjoined gene formation revealed with a
novel small molecule inhibiton Nat. Commun. 2017, 8, 7.

Kim, H.; Choi, K.; Kang, H.; Lee, S.-Y.; Chi, S.-W_; Lee, M.-S.; Song, J.; Im, D.; Choi, Y.; Cho,
S. Identification of a Novel Function of CX-4945 as a Splicing Regulator. PLoS ONE 2014, 9,
€94978.

Battistutta, R.; Cozza, G.; Pierre, F.; Papinutto, E.; Lolli, G.; Sarno, S.; O’Brien, S.E.; Siddiqui-
Jain, A.; Haddach, M.; Anderes, K.; Ryckman, D.M.; Meggio, F.; Pinna, L.A. Unprecedented
Selectivity and Structural Determinants of a New Class of Protein Kinase CK2 Inhibitors in
Clinical Trials for the Treatment of Cancer. Biochemistry 2011, 50, 8478-8488.

18


https://doi.org/10.1038/s41392-023-01409-4

15- Schréde,r M.; Bullock, A. N.; Fedorov, O.; Bracher, F.; Chaikuad, A.; Knapp S. DFG-1
Residue Controls Inhibitor Binding Mode and Affinity, Providing a Basis for Rational Design
of Kinase Inhibitor Selectivity J. Med. Chem. 2020, 63, 10224-10234.

16

: (a) Brahmaiah, D.; Durga Bhavani, A.K.; Aparna, P.; Sampath Kumar, N.; Solhi, H.; Le
Guevel, R.; Baratte, B.; Ruchaud, S.; Bach, S.; Singh Jadav, S.; Raji Reddy C; Roisnel, T.;
Mosset, P.; Levoin N.; Grée, R. Discovery of DB18, a potent inhibitor of CLK kinases with a
high selectivity against DYRK1A kinase. Bioorg. Med. Chem. 2021, 31, 115962. (b)
Brahmaiah, D.; Durga Bhavani, A.K.; Aparna, P.; Sampath Kumar, N.; Solhi, H.; Le Guevel,
R.; Baratte, B.; Robert, T; Ruchaud, S.; Bach, S.; Singh Jadav, S.; Raji Reddy C.; Mosset P.;
Gouault N.; Levoin N.; Grée, R. Structure Activity Relationship Studies around DB18, a Potent
and Selective Inhibitor of CLK Kinases. Molecules 2022, 27, 6149.

17- Fedorov, O., Huber, K., Eisenreich, A., Filippakopoulos, P., King, O., Bullock, A.N.,
Szklarczyk, D., Jensen, L.J., Fabbro, D., Trappe, J., Rauch, U., Bracher, F., Knapp, S.
Specific Clk Inhibitors from a Novel Chemotype for Regulation of Alternative Splicing Chem.
Biol. 2011, 18, 67-76.

18- Wilms, G., Schofield, K., Maddern, S., Foley, C., Shaw, Y., Smith, B., Basantes, L.E.,
Schwandt, K., Babendreyer, A., Chavez, T., McKee, N., Gokhale, V., Kallabis, S., Meissner,
F., Rokey, S.N., Dunckley, T., Montfort, W.R., Becker, W., Hulme, C. Discovery and
Functional Characterization of a Potent, Selective, and Metabolically Stable PROTAC of the
Protein Kinases DYRK1A and DYRK1B. J. Med. Chem. 2024, 67, 17259-17289.

19

(a) Kolb, H.C.; Finn, M.G.; Sharpless, K.B. Click Chemistry: Diverse Chemical Function from
a Few Good Reactions. Ang. Chem. Int. Ed. 2001, 40, 2004-2021. (b) Rostovtsev, V.V.;
Green, L.G.; Sharpless, K.B. A Stepwise Huisgen Cycloaddition Process: Copper(l)-
Catalyzed Regioselective“Ligation” of Azides and Terminal Alkynes. Ang. Chem. Int. Ed.
2002, 41, 2596-2599. (c) Tornoe, C.W.; Christensen, C.; Medal, M. Peptidotriazoles on Solid
Phase: [1-3]-Triazoles by Regiospecific Copper(l)-Catalyzed1,3-Dipolar Cycloadditions of
Terminal Alkynes to Azides. J. Org. Chem. 2002, 67, 3057—-3064. (d) Lutz, J.-F. Copper-free
azide—alkyne cycloadditions: New insights and perspectives. Ang. Chem. Int. Ed. 2008, 47,
2182-2184. (f) Sharpless, K.B.; Finn, M.G.; Kolb, H.C. Click chemistry: the certainty of
chance (Nobel lecture) Ang. Chem. Int. Ed. 2025, 64, €202501229.

19



	Cover
	Manuscript

