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Background: Inhibitors of CLK protein kinases suppress cell growth and induce apoptosis by modulating
pre-mRNA splicing in cancer. CLK family kinases are also involved in alternative splicing and RNA pro-
cessing in Duchenne muscular dystrophy, Alzheimer's disease, HIV-1, and influenza virus. Small inhibitors
are valuable tools for better understanding the molecular mechanisms of splicing and may serve as seeds
for a novel class of therapeutics.
Achievements: Here we describe a discovery of four novel CLK1 inhibitors possessing N-aryloxazol-2-
amine skeleton. Their activity against CLK1 (IC50: 20, 30, 40 and 80 nM) and some other CMGC ki-
nases, predicted CLK binding poses, synthesis and physico-chemical characteristics are also stated.
Additionally analysis of all PDB available CLK structures and interactions of their ligands was performed.
There are only few powerful dual CLK/VEGFR inhibitors known in the literature. We proposed that our
inhibitors have similar binding places and interactions in CLK1, 3 and VEGFR2 TK mostly due to the joint
N-aryloxazol-2-amine pharmacophoric fragment. One of our N-aryloxazol-2-amines already proved a
good activity against both VEGFR2 and CLK1 enzymes (23/80 nM, resp). We proposed that the presented
class of compounds has a potential to be developed in dual VEGFR2/CLK clinical compounds with pro-
spective synergy to treat cancer.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Alternative splicing is a regulated process during the gene
expression that greatly increases the biodiversity of proteins and
allows the human genome to direct the synthesis of many more
proteins (50e100 000) than would be expected from human
20 000 protein-coding genes [1]. There is a growing recognition of
the importance of protein kinases in the control of alternative
splicing. Splicing requires reversible phosphorylation of serine/
arginine-rich (SR) proteins in eukaryotic mRNA. These phosphor-
ylation events are dependent on SR proteins and cdc2-like kinase
ova 26, 851 04 Bratislava,

�a�c).

served.
(CLK) families [2]. The CLKs are an evolutionarily conserved group
belonging to the CMGC Ser/Thr protein kinase family from Human
Kinome [3,4] (for CMGC part see supplementary material (chapter:
CLKs in the Human Kinome). CLKs are primarily localized to the
cytoplasm and nucleus [5]. CLKs are part of LAMMER PK family
possessing identity of the motif “EHLAMMERILG” in their kinase
subdomain (see supplementary material: chapter Superimposed
CLKs with marked LAMMER subdomain). This motif was reported to
be essential for kinase activity [6]. CLKs (CDC2-like or LAMMER
kinases) are dual specific kinases that have been shown to auto-
phosphorylate on serine, threonine and tyrosine residues and
phosphorylate exogenous substrates on serine and threonine resi-
dues. The CLK family kinases are found in diverse species, from
yeast to human. A critical role of the CLK family kinases is the
regulation of mRNA splicing. CLK have shown to interact with, and
phosphorylate, serine- and arginine-rich (SR) proteins [7,8]. SR
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proteins are splicing factors that regulate the assembly of the
spliceosome, a macromolecular complex where RNA splicing oc-
curs in nucleus [9]. CLKs can co-exist as full-length catalytically
active and alternatively-spliced truncated inactive forms [10]. The
CLK family consists of four isoforms CLK1-4 exhibiting the typical
protein kinase fold (see supplementary material: chapter Graphical
abstract). CLK1-4 isoforms possess different length of amino acids
(AAs) chain: Clk1 (484 AAs), Clk2 (499 AAs), Clk3 (638 AAs), Clk4
(481 AAs) [11]. CLK1 regulates its own splicing [12]. CLKs inhibitors
suppress cell growth and induce apoptosis by modulating pre-
mRNA splicing in cancer [13]. CLK family kinases are also
involved in alternative splicing and RNA processing in Duchenne
muscular dystrophy, Alzheimer's disease, HIV-1, and influenza virus
[14]. CLK1 is involved in the pathophysiology of Alzheimer's disease,
hence the inhibition of CLK1 can be used as a therapeutic strategy
for it [9]. CLK1 in the host cells is responsible for alternative splicing
of the M2 gene of influenza virus during influenza infection and
replication. Therefore CLK1 inhibitors may have potential in anti-
influenza drug screening [15]. CLK1 has been shown to interact
and phosphorylate other protein kinases as well as protein phos-
phatases [12]. Human CLK2 links cell cycle progression, apoptosis
and telomere length regulation [16]. CLK2 acts as a suppressor of
hepatic gluconeogenesis and glucose output [17]. CLK2 is overex-
pressed in breast tumours. Downregulation of CLK2 inhibits breast
cancer growth [18]. CLK3 is a protein kinase with a non-conserved
Table 1
hu-CLK structures published in PDB database.

Protein structurea Kinase/ligand complex structurea

hu-CLK1b none PDB: 2VAG (V25; IC50 ¼ 19.7 nM;
2007, 1.80 Å, diphosphorylated
kinase) [22]
PDB: 1Z57 (DBQ;c 2005, 1.70 Å) [2]

hu-CLK2b none PDB: 3NR9 (NR9; 2010, 2.89 Å) [23]
hu-CLK3b PDB: 2EU9 (2005,

1.53 Å) [2]
PDB: 2EXE (2005,
2.35 Å,
phosphorylated) [24],e

PDB: 3RAW (3RA;d 2011, 2.09 Å) [25]
PDB: 2WU6 (DKI; IC50 ¼ 29.2 nM;
2009, 1.92 Å) [22]
PDB: 2WU7 (V25; IC50 ¼ 530 nM;
2009, 2.25 Å) [22]

hu-CLK4 none none

a The data are described in the following order: PDB: code (ligand code, it's ac-
tivity; year of deposition in PDB DB; X-ray resolution; notes, if any).

b All CLK kinase structures in PDB are in an active DFG-IN conformation: DFG
fragment (Asp-Phe-Gly triade and their isoform specific primary sequence numbers:
325e327 (hu-CLK1), 327e329 (hu-CLK2), 320e322 (hu-CLK3).

c Also known as 10Z-Hymenialdisine.
d Also known as leucettine (L41).
e This is an incomplete structure of CLK3.

Fig. 1. The structure and intermolecular interactions
N-terminal domain.
CLK small molecule inhibitors are valuable tools for better un-

derstanding the molecular mechanisms of splicing and may serve
as seeds for a novel class of therapeutics [2,14].

The limitations of many mono-kinase inhibitors can be over-
come by agents with multi-target action by increasing their po-
tency, due to the synergistic effect. A review was published in 2015
about the most recent examples of multi-kinase inhibitors [19].
Some dual inhibitors for distanced kinases CLK1 and CK1 were
developed recently based on pyrido[30, 20:4, 5]thieno[3, 2-d]pyr-
imidin-4-amine skeleton [20].

2. Results and discussion

2.1. Analysis of hu-CLKs structures in PDB

With the aim to perform docking experiments we analysed CLKs
structures in the PDB database [21]. Currently, there are 8 X-ray
structures of human CLK1-3: two hu-CLK3 proteins and six CLK1-3/
ligand complexes. No structure of hu-CLK4 was published. Ac-
cording to our analysis, all CLK structures in PDB are in an active
DFG-IN kinase conformation (Table 1).

2.2. Analysis of hu-CLKs PDB ligand interactions

To understand the ligand/CLK bindings, interactions diagrams of
all inhibitors (2�V25, DBQ, DKI, NR9 and 3RA) from PDB hu-CLK
complexes were composed. The ligand structures on diagrams are
drawn uniformly according their positions in an Africa-like kinase
perspective [26]. Some biological activities of CLK PDB inhibitors
are listed too [27]. The data for all CLKs PDB ligands can be found in
supplementary material (chapter: Analysis of hu-CLKs PDB ligand
interactions). Here we present an example of analysis for ligand V25
from both complexes CLK1 (PDB: 2VAG) and CLK3 (PDB: 2WU7).
(Fig. 1).

2.2.1. (E)-Ethyl 3-(2-amino-1-cyanovinyl)-6,7-dichloro-1-methyl-
1H-indole-2-carboxylate (V25) in complex with hu-CLK1 and 3

For compound V25 [SciFinder CAS: 1354037-26-5; Reaxys RRN:
21739116] the following IC50 activities were described in the liter-
ature: hu-CLK1 (19.7 nM), hu-CLK3 (530 nM) and hu-DYRK1A
(55.2 nM) [27].

2.3. Interaction diagrams

See Fig. 1.
of V25 determined in hu-CLK1 and 3 complexes.
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2.4. CLKs inhibitors

In order to know how many inhibitors exist, CLKs abbreviations
and synonyms [28] were collected and used to search biological
active CLK compounds in the Reaxys DB [27]. The search resulted in
the amount of inhibitors depicted for each kinase in parenthesis:
CLK1 (176), CLK2 (108), CLK3 (84), CLK4 (261). By combining the
above hit sets, we found 388 known compounds connected with
CLKs activities.

2.5. Clinical drugs as CLKs inhibitors

There are only few clinical drugs able to inhibit CLK kinases. The
drugs CLK activities were mostly determined by searching their
side effects [29] by screening pharmaceutical compounds against
456 human kinases (Kinome scan). The determined drug CLK af-
finities are as follows: CLK1 (sunitinib KD ¼ 22 nM, bosutinib
KD¼ 600 nM, nilotinib KD¼ 2100 nM); CLK2 (sunitinib KD¼ 20 nM,
ruxolitinib KD ¼ 460 nM, bosutinib KD ¼ 1700 nM); CLK3 (bosutinib
KD ¼ 300 nM); CLK4 (sunitinib KD ¼ 29 nM, ruxolitinib
KD ¼ 1700 nM, imatinib KD ¼ 2100 nM). The above drugs were
developed for different primary target(s) as CLKs. From them only
sunitinib was developed against VEGFR2 TK. The dual CLK and
VEGFR2 activities of sunitnib are interesting because both CLKs and
VEGFR2 inhibitors are important as potential anticancer drugs.

2.6. VEGFR2 TK drugs

VEGFR2 TK (also named as KDR kinase) is an important receptor
Scheme 1. Synthetic pathway to fin

Scheme 2. Synthetic pathway to require
for VEGF signalling. VEGF is a key mediator of angiogenesis in
cancer [30]. Similarly as for CLKs above we identified 6299 active
compounds against VEGFR1-3 in Reaxys DB. Within recent ten
years pharmaceutical companies produced nine approved anti-
cancer drugs inhibiting VEGFR2 TK [31]. Their structures, year of
approval and name of owning pharma company are published in
supplementary material (chapter: A list of VEGFR2 approved drugs).

2.7. Synthesis of CLK1 inhibitors 6, 10, 21 and 29

CLK1 inhibitors 6, 10, 21 and 29 and their intermediates were
prepared according the procedures depicted on Schemes 1e4.
Synthetic details, characterisation and figures of spectra of all
compounds are stated in supplementary material (chapter: Sup-
plementary Experimental).

2.8. Biological screening

Compounds 6, 10, 21 and 29 previously developed to inhibit
VEGFR2 TK were screened on eleventh protein kinases by radio-
metric protein kinase assay in 10 semi-logarithmic concentrations
on a panel of eleventh protein kinases: CDK2/CyclinA (cyclin-
dependant kinase); CDK5/p25; CDK9/CyclinT; PIM1 (proto-onco-
gene serine/threonine-protein kinase); DYRK1A (dual specificity
tyrosine-phosphorylation-regulated kinase); GSK3a/b (glycogen
synthase kinase); GSK3; CLK1 (CDC2-like or LAMMER family dual
specificity protein kinase); CK1d/ε (caseine kinase 1); CK1; HASPIN
(haploid germ cell-specific nuclear protein kinase); AURKB (Aurora
kinase B); RIPK3 (receptor-interacting serine/threonine-protein
al naphthalenyloxazolamine 6.

d benzothiophenyloxazolamine 10.



Scheme 3. Synthesis of final styryloxazolamine 21.
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kinase) and TLK (tousled-like kinase). The IC50 activities were ob-
tained by Dr. St�ephane Bach and Thomas Robert (Station Biologique
de Roscoff, Place Georges Teissier, CS 90074, 29688 Roscoff cedex,
France). All compounds 6, 10, 21 and 29 were showed to be
powerful CLK1 inhibitors. The results are given in Fig. 2. (see also
the Supplementary material chapter Biological activity assay)
Compound 29 was screened likewise on VEGFR2 TK activity.
Scheme 4. Synthetic pathway to ami
Surprisingly, this compound performed dual VEGFR2/CLK1 kinase
activity even though VEGFR2 is not relative kinase to CLKs and
belongs to distant TK subgroup in the Human Kinome [4].
2.9. Predicted CLK1 inhibitors binding poses

In order to find binding poses for CLK1 inhibitors (6, 10, 21 and
nooxazolephenylacetonitrile 29.



Fig. 2. Novel hu-CLK1 inhibitors 6, 10, 21, 29 and their biological activities determined
against some CMGC protein kinases together with VEGFR2 TK activity for 29.
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29), docking experiments [32] on seven CLK proteins from PDB DB
were performed. An incomplete 2EXE structure of CLK3 was
excluded (Table 1). Most of the PDB CLK proteins showed to be
unfavourable for docking experiments due to their inappropriate
kinase conformation. Only the kinase variant from hu-CLK3
(2WU6) significantly outperformed the other models by docking
scores and predicted poses for all ligands (6, 10, 21 and 29). As can
be seen from ligands superimpositions especially the poses of their
joint N-aryloxazole-2-amine parts were almost identical (Fig. 3).

Themost active inhibitor 6 (IC50¼ 20 nM)was predicted to form
three hydrogen bonds (HBs) with two amino acids Leu239 and
Asn242 (both from a kinase hinge region) and one ligand specific
Fig. 3. The superimposed poses of inhibitors 6, 10, 21 and 29 from aligned complexes
obtained after ligands docking in CLK3 (2WU6) protein conformer.
HB between -OMe group and Lys186. Moreover, N-aryloxazole-2-
amine ligands showed their poses and binding interactions to be
similar in both hu-CLK3 (2WU6) and VEGFR-2 TK (1Y6A) (Figs. 4
and 7).

As mentioned above, both available CLK1 (1Z57, 2VAG) were not
suitable for docking of our CLK1 inhibitors. In order to investigate
problematic amino acid residues predicted CLK3 (2WU6)/(6, 10, 21
and 29) complexes were aligned with both CLK1 protein con-
formers. Then we could recognise that the most important unfav-
ourable ligand interactions in CLK1 (2VAG) were between an amino
group of N-aryloxazol-2-amines and too closely located carbonyl
group of Leu244 from a hinge region. Due to the above repulsion
the structures (6, 10, 21 and 29) could not be stabilized in good
position in CLK1 (2VAG) (Fig. 5). In cases of 6 and 29 also some
steric clashes with Phe172 were seen but they disappeared after a
problematic ligand group rotation.

In the other CLK1 (1Z57) conformer, the most important
unfavourable interactions were identified between the oxygen
from -SO2Et group of the ligand and too close positioned carbox-
ylate oxygen from a hinge Asp250. This interaction could not be
eliminated by simple changing the conformation of -SO2Et group.
The problematic Asp250 in CLK1 (1Z57) is replaced by Glu245 in
CLK3 (2WU6). Even though positions of Asp250 and Glu245 are
similar, the problematic carboxylate in larger Glu245 is folded out
of the -SO2Et ligand group excluding so unfavourable interactions
in CLK3 compared to CLK1 (Fig. 6). Similarly as in CLK1 (2VAG) also
in CLK1 (1Z57) the inhibitors 6 and 29 possess some clashes also
with Phe172. (see Table 2).

To conclude the above observation, a different conformation of
CLK1 kinase will be required to find the correct binding poses for N-
aryloxazole-2-amine ligands with respect to their CLK1 activity.
Therefore we aligned CLK1 proteins (1Z57, 2VAG) with 6/CLK3
(2WU6) complex. In order to enable improved ligand docking to
CLK1 the geometry minimization was carried out on both CLK1
(1Z57, 2VAG) conformers with ligand 6 from CLK3 (2WU6) com-
plex. This approach resulted in CLK1 optimized protein models
(1Z57opt, 2VAGopt) with significantly improved performance to
give docked CLK1 inhibitors (6, 10, 21 and 29) positioned to keep
essential hinge hydrogen bonds and docking scores that followed
their IC50 values. Thesemodels will be used for further CLK1 ligands
development. (see supplementary material, chapter: Predicted in-
hibitors binding poses in CLK1 optimized protein).

2.10. N-aryloxazole-2-amines in VEGFR2 and CLK

Compound 29 inhibits both kinases VEGFR2 (IC50 ¼ 23 nM) and
CLK1 (IC50 ¼ 80 nM). The reason for a dual kinase activity of 29 can
be explained by its similar binding pose and interactions in each
kinase where the pair of hinge amino acid residues (Cys917/Asn921
in VEGFR2; Leu239/Asn242 in CLK3 or Leu244/Ser247 in CLK1)
fixes a pharmacophoric N-arylooxazole-2-amine group in an ATP
binding pocket. The interaction diagrams for ligands AAZ/VEGFR2
and 6/CLK3 were composed. (Fig. 7).

2.11. Dual VEGFR/CLK active compounds

With aim to determine the amount of dual VEGFR/CLK in-
hibitors an intersection between previously found 388 CLKs in-
hibitors and 6299 VEGFRs TKIs in Reaxys DB was performed. This
experiment resulted in 85 dual modulators with activities mostly
determined between 1 and 10 mM concentrations. Many of duals
were uncovered by searching target-off activities through Kinome
scan for another biomacromolecule against that compounds were
primarily developed. As we have seen, the activities of many of
them were not very important or they were unbalanced for both



Fig. 4. Interactions of AAZ in VEGFR2 TK (1Y6A) and 6 in CLK3 (2WU6) to demonstrate similar binding interactions of N-aryloxazol-2-amine in both kinases.

Fig. 5. In the left: the predicted pose of inhibitor 6 in CLK3 (2WU6) showing two hydrogen bonds (1.7 and 1.8 Å, in blue) with a hinge Leu239. In the right: Inhibitor 6 positioned in
CLK-1 (2VAG) possessing unfavourable interactions with Leu244 (2.06 Å electrostatic repulsion, 1.4 Å steric clash, both in red). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6. A complex 6/CLK3 (2WU6), obtained after docking, was aligned with CLK1 (1Z57) kinase. A hinge Glu245 from CLK3 (2WU6) is replaced by Asp250 (yellow) in CLK1 (1Z57)
and forms unfavourable interaction with oxygen from -SO2Et group of 6. Observed strong electrostatic repulsion (1.7 Å, red) is hindering ligand 6 to be docked in CLK1 (1Z57) in an
appropriate position. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

M. Mur�ar et al. / European Journal of Medicinal Chemistry 126 (2017) 754e761 759



Fig. 7. The interactions of AAZ ligand with VEGFR2 TK and 6 in CLK3 are very similar especially for their joint N-aryloxazole-2-amine part.

Table 2
A summary for N-aryloxazole2-amine 6 interactions favourable for CLK3 (2WU6) kinase and problematic for both CLK1s (2VAG, 1Z57)
proteins.

oxazole-2-amine of 6 -SO2Et of 6

CLK3 (2WU6) hinge-Leu239 (CO, NH: 1.7, 1.8 Å) hinge-Asn242 (CONH2: 2.1 Å)
CLK1 (2VAG) hinge-Leu244 (NH: 1.7 Å)

UI: Leu244 (CO) (1.4, 2.1 Å)
hinge-Ser247 (NH: 2.5 Å)

CLK1 (1Z57) hinge-Leu244 (CO, NH) (2 � 1.8 Å) hinge-Ser247 (NH: 2.5 Å)
UI Asp250 (COO�: 1.7 Å)

UI: unfavourable interactions in CLK3, CLK1 isoforms possessing some replaced AAs residues (Leu239 to Leu244 and Asn242 to Ser 247,
resp.).
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kinases. A list of Reaxys codes (RRN) for 85 dual inhibitors are given
in supplementary material (chapter: Reaxys RRN codes of 85 com-
pounds possessing dual VEGFR/CLK activities). Among 85 structures
there are about 7 with more balanced CLKs/VEGFRs activities (RRN:
18647647, 20385666, 20278959, 22546881, 20385602, 21237166
and 22449988.). One structure, a triazole-staurosporine like com-
pound (RRN: 18647647, CAS: [1359754-81-6]) possess sub-
micromolar bivalent activities to VEGFR2 and CLK2 (200/350 nM,
resp.) [33]. We found also that sunitinib (RRN: 15426924, [CAS:
341031-54-7]) a multi-targeted tyrosine kinase ligand (PDGF,
VEGFR2 TK) has strong ability to inhibit CLKs. KD affinities for
sunitinib are listed here: CLK1 (22 nM) CLK2 (20 nM), CLK4 (29 nM)
[29]. There are only few powerful and activity balanced dual
VEGFR2/CLKs inhibitors described in the literature. Such com-
pounds could be advantageous for the development of clinical
drugs treating tumours by two VEGFR2 and CLKs independent
pathways. From this point of view N-aryloxazol-2-amine CLK1 in-
hibitors (6,10, 21 and 29) previously designed as VEGFR2 TKIs seem
to be a good starting point for such development.

3. Conclusions

Four novel N-aryloxazol-2-amine CLK1 inhibitors (6, 10, 21 and
29) were identified and their ATP binding poses in CLK kinase were
predicted. Compound 29 has comparable activity for CLK1 and
VEGFR2 TK. The observed dual inhibition of 29 was explained by
similar binding interactions of its pharmacophoric N-(5-(ethyl-
sulfonyl)-2-methoxyphenyl)oxazol-2-amine fragment that has
joint affinities to CLK1 and VEGFR2 kinases via hinge amino acid
residues HBs. We found that there are only few dual VEGFR/CLK
inhibitors with comparable and strong activities on both targets.
Such dual kinase compounds could be advantageous for develop-
ment of clinical compounds targeting tumours by two independent
and synergy pathways. Therefore presented N-aryloxazole-2-
amine CLK1 inhibitors (6, 10, 21 and 29) can be used in the
further study of the molecular mechanisms of splicing and seem to
be also good seeds for development a novel class of VEGFR2/CLKs
dual kinase therapeutics.

4. Experimental

The syntheses of biologically active compounds 6, 10, 21 and 29
and their intermediates are described in the Supplementary
material (chapter: Supplementary Experimental).
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