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We report here the synthesis, the biological evaluation and the molecular modeling studies of new
imidazo[1,2-a]pyridines derivatives designed as potent kinase inhibitors. This collection was obtained
from 2-aminopyridines and 2-bromoacetophenone which afforded final compound in only one step. The
bioactivity of this family of new compounds was tested using protein kinase and ATP competition assays.
The structure-activity relationship (SAR) revealed that six compounds inhibit DYRK1A and CLK1 at a
micromolar range. Docking studies provided possible explanations that correlate with the SAR data. The
most active compound 4c inhibits CLK1 (IC50 of 0.7 mM) and DYRK1A (IC50 of 2.6 mM).

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

Protein kinases are a ubiquitous group of enzymes sharing
structural similarities and are involved in various biological pro-
cesses within the cell [1,2]. They catalyze the transfer of phosphoryl
group from a phosphate donor (usually ATP) to a receptor substrate,
which can be a small molecule, lipid, or protein substrate. Kinase
deregulation is frequently observed during the development of
human diseases such as cancer [3], neurodegenerative disease
including Alzheimer's disease (AD) [4,5], inflammation or diabetes
[6]. Protein kinases are attractive targets for structure-based drug
discovery projects because of their crucial role in physiological
pathways. Over the past decades, protein kinases become attractive
targets for structure-based drug discovery projects and are a sub-
stantial and growing part of most major pharmaceutical com-
panies' drug target portfolios [2,7e9].

Nature is a source of new chemical scaffolds which could be an
excellent basis for rational structure-based design. In this context,
ze).

served.
harmine is b-carboline compound that is naturally found in several
medicinal plants including Peganum harmala (Zygophyllaceae) and
Banisteriopsis caapi (Malpighiaceae) [10,11]. Leucettine L41 [12] a
synthetic analogue of Leucettamine B, a compound extracted from
the sponge Leucetta microporis in 1993 [13], inhibit various kinases
and especially CLK1 (CDC2-like Kinase 1) and DYRK1A (dual-
specificity tyrosine phosphorylation-regulated kinase1A) at a sub-
micromolar range. Synthesis of a range of analogues of harmine and
leucettine L41, including 1 [14] and 2 [15] was undertaken to un-
derstand and study biological activities of these molecules (Fig. 1).
Compounds 1 and 2 have a moderate inhibitory activity on CLK1
and DYRK1A are less potent inhibitors of these kinases than refer-
ence compounds. Furthermore, a new series of compounds of type
imidazo[1,2-a]pyridine 3 [16], has nanomolar activity against CDK-
(Cyclin-Dependent Kinase) 1 and 2, leading to compound 3 block-
ing the cell cycle and hence 3 could have utility in cancer treatment.

High-throughput screening (HTS) has become increasingly
important for hit identification in drug discovery [17]. The
increasing number of compounds available for screening and
recent advances in robotic are the driving forces for the develop-
ment of elaborated assay systems. This new technology led scien-
tists to discover new active compounds. High-throughput kinase-
based screening of small molecules is an attractive strategy to
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Fig. 1. Structures of Harmine, its analogues 1, Leucettine L41, its analogue 2 and imidazo[1,2-a]pyridines 3 and our new structures 4.

Table 1
Synthesis of imidazo[1,2-a]pyridines 4a-4j by changing the nature of ring A.

Entry 2-Aminopyridine 5 Imidazo[1,2-a]pyridine 4 Yields (%)a

1 5a 4a 65

2 5b 4b 35

3 5c 4c 40

4 5d 4d 30

5 5e 4e 75

6 5f 4f 16

7 5g 4g 8

8 5h 4h 50

9 5i 4i 25

10 5j 4j 12

a Isolated yields. General conditions: 2-bromoacetophenone 6 (1.05 mmol), 2-aminopyridine 5 (1.0 mmol) and NaHCO3 (2.0 mmol) in EtOH (20 mL), reflux, overnight.
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Table 2
Synthesis of imidazo[1,2-a]pyridines 4k-4r by changing the nature of ring B.

Entry 2-Bromoacetophenone 6 Imidazo[1,2-a]pyridine 4 Yields (%)a

1 6b 4k 20

2 6c 4l 40

3 6d 4m 22

4 6e 4n 10

5 6f 4o 62

6 6g 4p 46

7 6h 4q 40

8 6i 4r 38

a Isolated yield.
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identify such agents. We screened a library of 110 compounds of
our synthesized in-house collection against a panel of kinases. A
distinct kinase selectivity profile was observed for the molecule
containing the imidazo[1,2-a]pyridines scaffold. Therefore, com-
pound 4a (Table 1) was identified as a selective kinase inhibitor
with micromolar activity against CLK1 (CDC2-like Kinase 1) and
DYRK1A kinases. It is noteworthy that DYRK1A received recently
much attention due to its implication in the development of spo-
radic Alzheimer's disease [18,19] and Down syndrome [20,21],
where it promotes neurodegeneration by hyperphosphorylation of
the microtubule-associated protein tau. CLKs share a strong struc-
tural homology and some physiological functions with the DYRKs
family [22]. CLK1 is also involved in the pathophysiology of Alz-
heimer's disease by phosphorylating the serine residue in serine
and arginine-rich proteins. Hence, the inhibition of DYRK1A and
CLK1 may be used as a therapeutic strategy for Alzheimer's disease
and related disorders [22].

Imidazo[1,2-a]pyridines exhibit a broad range of biological
proprieties [23e25] including antiviral [26], anticancer [27,28],
antifungal [29], anti-inflammatory activities [30] and they have also
been incorporated into compounds useful for imaging Ab aggre-
gates in patients with Alzheimer's disease [31,32].

Due to the biological importance of these compounds, we aimed
to investigate new representatives on imidazo[1,2-a]pyridines
heterocyclic scaffold able to modulate a kinase activity. To optimize
the potency of this analogous and to gain further insight into its
structure�activity relationships (SARs), we designed and synthe-
sized several new imidazo[1,2-a]pyridine derivatives with
modification on the nucleus A or on ring B (Fig. 1).

2. Results and discussion

2.1. Chemistry

A series of 6- or 2-substituted imidazo[1,2-a]pyridines (Tables 1
and 2) were prepared from a variety of commercially available 5-
substituted 2-aminopyridines with 5-(2-bromoacetyl)-2-
hydroxybenzamide derivatives. In a single step a large variety of
imidazo[1,2-a]pyridines bearing various substituents was readily
obtained [33,34].

In order to optimize the synthetic procedure, we used 5-(2-
bromoacetyl)-2-hydroxybenzamide 6a and 5-chloro-2-
aminopyridin 5a as a model system (Table 1, entry 1). Reacting 1
equiv. of 5a with 1.05 equiv. of 6a in the presence of 2 equiv. of
K2CO3 in EtOH [35] gave 4a with a yield of 31%. The influence of
different mineral bases on reaction yield was investigated, with
sodium bicarbonate (NaHCO3) proving optimal, giving 4a in an
improved yield of 65% (Table 1, entry 1).

With this modified conditions, we prepared a small library of
imidazo[1,2-a]pyridines varying the substituents on ring A. Halo-
genated imidazo[1,2-a]pyridines (entries 1e4) were obtained in
moderate yield ranging from 30 to 75% with the highest yield
arising with unsubstituted aminopyridine (entry 5). A decrease in
the yield was noticed in the case of analogues bearing an electron
donating or hydrogen-bond donating group at the 5-position (en-
tries 6 and 7).



Table 3
Kinase inhibitory activity of imidazo[1,2-a]pyridines derivatives.a,b

Compound CK1 GSK-3 DYRK1A CLK1 Compound CK1 GSK-3 DYRK1A CLK1

4a NAd NAd 8.9 1.4 4k NAd NAd NAd NAd

4b NAd NAd 4.7 1.4 4l NAd NAd NAd NAd

4c NAd NAd 2.6 0.7 4m NAd NAd NAd NAd

4d NAd NAd NAd NAd 4n NAd NAd NAd NAd

4e NAd NAd 4 1 4o NAd NAd NAd NAd

4f NAd NAd 3 0.89 4p NAd NAd NAd NAd

4g NAd NAd NAd NAd 4q NAd NAd NAd NAd

4h NAd NAd NAd NAd 4r NAd NAd NAd NAd

4i NAd NAd NAd NAd Harmine 1.50 >10 0.029 0.072
4j NAd NAd 6 1.7 Leucettine L41c e 0.040 0.040 0.090

a IC50 values are reported in mM. The most significant results are presented in bold.
b Kinases activities were assayed in triplicate. Typically, the standard deviation of single data points was below 10%.
c Leucettine L41 (IC50 in mM) [12,37].
d NA, not active. A compound was considered as not active (NA) when its inhibitory activity on kinases showing less than 50% inhibition (IC50 > 10 mM).
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For studies investigating modification on ring B, 5-chloro-2-
aminopyridin 5a was used as the amine partner, with the varia-
tion of the nature of the 2-bromoacetophenone 6. The imidazo[1,2-
a]pyridines (4k-4r) were obtained using the conditions described
above in modest yield (10e62%) to provide a library of 18 novel
compounds.
2.2. Biological results

In our screening efforts to discover new scaffolds for the inhi-
bition of disease-relevant protein kinases, we initially screened a
library of over 110 low molecular weight compounds against the
kinases DYRK1A and CLK1. This library comprised numerous syn-
thetic products including molecules containing imidazo [1,2-a]
pyridines ring. Among these, compound 4a was found to be a
modest but significant inhibitor of these disease-associated
kinases.

Thereafter, the synthetic imidazo [1,2-a]pyridines derivatives
4a-r were thus tested on a small panel of four kinases: (i) CK1d/ε
(casein kinase 1); (ii) GSK-3a/b (Glycogen Synthase Kinase-3a/b);
(iii) DYRK1A; (iv) CLK1. All compounds were first tested at a final
concentration of 10 mM. Those showing less than 50% inhibition
were considered as inactive (IC50 > 10 mM). Compounds displaying
more than 50% inhibition at 10 mM were next tested over a wide
range of concentrations (usually 0.01e10 mM) and IC50 values were
Fig. 2. Inhibitory activity of 4a, 4c and 4f against a panel of 13 protein kinases. Kinase activ
measured in the absence of inhibitor). ATP concentration used in the kinase assays was 15
Scrofa; Rn, Rattus norvegicus; Mm, Mus musculus; Lm, Leishmania major; Ld, Leishmania don
determined from the dose response curves (Sigma-Plot). The re-
sults of the in vitro kinase assay were summarized in Table 3.

Among the compounds tested, besides the first identified
compound 4a, the three most interesting molecules are 4c, 4e and
4f which micromolar activities against DYRK1A
(2.6 mM� IC50� 4 mM) and submicromolar IC50 values against CLK1
(0.7 mM � IC50 � 1 mM). 4b and 4j are a slightly less active against
DYRK1A (4.7 mM � IC50 � 6 mM) and CLK1 (1.4 mM � IC50 � 1.7 mM)
and no activity was observed for the other compounds of the series.
This appears to define a specific role of the aromatic substituents in
the 6-position of imidazo[1,2-a]pyridines, indicating that this aro-
matic ring substituted by a hydroxyl group in position 40 and a
carboxamide at 50 position. Replacement of these substituents by a
methoxy or amino group (4k-4r) leads to a loss of the inhibitory
activity against CLK1 and DYRK1A. Nevertheless, the 6-position of
imidazo[1,2-a]pyridines tolerated various substituents such as
chlorine, fluorine, bromine, hydrogen and hydroxyl (4a-c, 4e, and
4f). The imidazo[1,2-a]pyridine scaffold could be successfully
replaced by an imidazo[1,2-a]pyrazine core (compound 4j) and
retain similar kinase inhibition activity. The introduction of bulky
phenyl substituent (4h and 4i) at the 6-position of imidazo[1,2-a]
pyridine was unfavorable for compound 4 activity. Imidazo[1,2-a]
pyridine compounds (4c, 4e, and 4f) were less potent in compari-
son with harmine and leucettine L41 against DYRK1A and CLK1
[36]. However, they constituted a promising starting point for the
ities in the presence of 10 mM of compound are presented as % of maximal activity (i.e.
mmol/l n ¼ 2 (mean ± range). Kinases are from human origin unless specified: Ssc, Sus
ovani.



Fig. 3. Double reciprocal plots of the inhibition caused by 4c compound on MmCLK1.
The experiment was carried out as described in material and methods section using a
fixed concentration of substrate peptide (6.75 ng/ml) and ATP concentrations varying
from 3.125 to 100 mM. Data are mean ± standard deviation, n ¼ 3.

Fig. 4. Docking binding mode of compounds 4a (cyan), 4c (yellow) and 4f (orange)
over CLK1 (PDB: 1Z57) and superimposed to the co-crystallized hymenialdisine (HMD)
(green). Important amino acid residues are labeled. Putative hydrogen bonding was
depicted as yellow lines. Molecular graphics were performed with the UCSF Chimera
package. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 5. Docking of compounds 4a (cyan), 4c (yellow) and 4f (orange) on DYRK1 (PDB:
4MQ1). Important amino acid residues are labeled. Putative hydrogen bonding was
depicted as yellow lines. Molecular graphics were performed using the UCSF Chimera
package. The closest hydrogen bond complementary atom to side chain ammonium
group of Lys188 and side chain carbonyl oxygen of Asn292 are indicated by dashed
lines. (Distances are respectively 3.27 and 2.64 Å). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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discovery of novel bioactive molecules, this study allows improved
understanding SARs in this series which should enable the design
of more efficient inhibitors of these disease-related kinases.

To confirm the selectivity of the more potent imidazo [1,2-a]
pyridines 4a, 4c and 4f derivatives toward DYRK1A and CLK1, we
measured the inhibitory activity of this new molecule against a
panel of 13 protein kinases (Fig. 2). The rational for testing these
kinases is their involvement in human pathologies or disorders
(notably in cancer). Some of these kinases are structurally related as
they are members of the same group of the kinome [38]. In the
tested panel, CDK1, 2, 5 and 9 are indeed members of the CMGC
cluster (for CDK, MAPK, GSK3, and CLK). As reported in Fig. 2,
members of this group are the more affected by the tested com-
pounds, the greatest selectivity was obtained toward CLK1. Among
the three active compounds, only, compound 4c was moderately
active against CDK9. Inhibitors of CDK9 can be used as an inductor
of caspase-dependent apoptosis [39].

Studies to investigate themechanism of kinase inhibition by this
class of molecules were performed using compound 4c and
MmCLK1, the more affected target of the panel. Kinetic experiments
were performed by varying both ATP levels and 4c concentrations
(Fig. 3). Double-reciprocal plotting of the experimental data shows
that 4c is a typical ATP-competitive inhibitor for MmCLK1.
2.3. Molecular modeling

Molecular docking was accomplished for compounds 4a, 4c, and
4f in order to investigate their possible binding mode in the ATP
binding site (as demonstrated by ATP competition assay, Fig. 3).
These molecules were docked into the X-ray crystal structure of
CLK1 (resolution ¼ 1.7 Å) [40] and also into the DYRK1A
(resolution ¼ 2.35 Å) [41]. Both structures were retrieved from the
Protein Data Bank (PDBs ID: 1Z57 and 4MQ1, respectively). The
structure of the kinase inhibitor hymenialdisine (HMD) co-
crystallized with CLK1 and of pyrido[2,3-d]pyrimidine co-
crystallized with DYRK1A kinase was used as references in order
to define the binding site cavity. Docking results on CLK1 showed
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that all these three molecules present a partial superposition with
the co-crystallized HMD (Fig. 4), and may form some similar
hydrogen bonds interactions. The imidazo[1,2-a]pyridine cyclic
systems of molecules 4a, 4c and 4f are superposed to the pyrrolo
[2,3-c]azepine of HMD. In 4f, the hydroxyl from the imidazo[1,2-a]
pyridine cycle establishes two hydrogen bonds with the backbone
carbonyl of Glu242 and the NH of Leu244 as in the crystallized
HMD. The chlorine atom of 4a and the bromine atom of 4c occupy
the same region of space. These chlorine and bromine atoms are
positioned close to the location occupied by a chlorine atom in ethyl
3-(2-amino-1-cyanoethenyl)-6,7-dichloro-1-methylindole-2-
carboxylate (KHCB19) that has also been co-crystallized in the CLK1
kinase (PDB ID: 2VAG) (Supplementary material FS1) [42]. In both
cases, the chlorine and bromide are placed at 2.7 Å from backbone
carbonyl of Glu242 at the same position as the hydrogen bond
donor of common kinase inhibitors, mimicking the NH2 group of
ATP. Although when halogen bonds are significantly weaker than
hydrogen bonds their interactions can lead to establishing this
conformation and to clear gains in binding affinity [43]. The
hydroxybenzamide cycle, common to all the compounds, forms
two hydrogen bonds with residues in the binding site. The amide
NH2 forms a hydrogen bondwith the side chain carbonyl of Asn293,
an amino acid also involved in the binding of HMD, and the phenol
forms a hydrogen bonding interaction with the backbone carbonyl
of Glu169 (Fig. 4). Finally, an edge-to-face t-stacking interaction
occurs between the hydroxybenzamide cycle and Phe172 for all
compounds.

Docking results on DYRK1A (Fig. 5) show again a very similar
binding mode as in CLK1 kinase. However, the Phe170 in DYRK1A
(Phe172 in CLK1) does not point inside the cavity and it is facing the
outside of the loop. This opens the possibility for some different
interactions between the compounds and the protein. The docking
suggests that the nitrogen of the imidazo[1,2-a]pyridine cycle
forms in all cases a hydrogen bond with Lys188 (Lys191 in CLK1). It
should be noted that in CLK1, Lys191 also interacts with the co-
crystallized HMD (not shown for clarity in Fig. 5) and KHCB19, via
hydrogen bonds. However, in the case of CLK1, taking into account
the presence of the Phe172, our molecules doesn't establish any
interaction with this Lys191. When comparing the co-crystallized
pyrido[2,3-d]pyrimidine in the DYRK1A kinase with our com-
pounds, we find again a nice superposition especially around one of
the chlorophenyl cycles and the imidazo[1,2-a]pyridine cycle
(Supplementary material FS2). In this fitting, chlorine from the co-
crystallized pyrido[2,3-d]pyrimidine and chlorine from 4a as well
as bromide from 4c, can establish a halogen bond interaction with
the carbonyl oxygen of Glu239 (Glu242 in CLK1 kinase). However,
the hydroxyl group belonging to 4f is located at the same position
but doesn't appear to be able to establish any hydrogen bonding
interaction with this carbonyl. As in CLK1, the hydroxybenzamide
cycle forms two hydrogen bonds, one with Asp307 (Asp325 in CLK1
kinase that also participates in the binding of HMD), and a second
one with the backbone carbonyl of Lys167 (Glu169 in CLK1 kinase)
(Fig. 5).

The amide in the hydroxybenzamide cycle is positioned be-
tween the Asp307 and the Asn292 (Asn293 in CLK1 kinase) making
possible hydrogen bonds interactions. Once more, a very good t-
stacking interaction for all compounds is present but this time
between the imidazo[1,2-a]pyridine cycle and Phe238, an interac-
tion that is also present into the co-crystallized pyrido[2,3-d]py-
rimidine compound. We have shown that the binding mode of our
compounds shares several interactions with the same amino acids
as the co-crystallized ligands of CLK1 and DYRK1A. The majority of
kinase inhibitors known for CLK1 form a hydrogen bond to the
backbone NH located at the center of the active site of the hinge
strand as it is the case for our compounds. These results suggest a
possible binding mode, but the docking results can't explain the
very similar activity of these molecules. For instance, despite the
fact that the hydroxyl group belonging to 4f compound doesn't
establish any hydrogen bonds interactions, a slight positive effect
was observed for the inhibition of DYRK1A.

3. Conclusions

We have described the synthesis of a new series of imidazo[1,2-
a]pyridine derivatives generated from 2-aminopyridine and 2-
bromoacetophenone in a single reaction. Kinase assays deter-
mined that six of these molecules can inhibit the enzymatic activity
of DYRK1A and CLK1 with IC50s in a micromolar range. Compound
4cwas themost potent compound identified, with an IC50 of 0.7 mM
against CLK1 and 2.6 mM against DYRK1A, and may provide a new
lead compound for molecular targeted drug discovery. Molecular
modeling studies and kinetic experiments have shown that mole-
cules 4a, 4c, and 4f have a good fit well in the ATP binding site of
these disease-related kinases, and are able to establish several
hydrogen bonds with critical residues in the ATP-binding site of
these targets. Interestingly, CDK5/p25 (Cyclin-dependent kinase 5),
one of the major tau kinase associated with neurodegenerative
disease [44], is poorly affected by 4a, 4c, and 4f. Further chemical
modifications of the structure may extend the selectivity profile.
Inhibition of kinases CLK1, DYRK1A, and CDK5 by such multi-target
compounds may produce synergistic therapeutic effects. These
results constitute a starting point enabling a better understanding
of structure-activity relationships of this new series of compounds,
and should facilitate future elaboration to more efficient and se-
lective inhibitors of DYRK1A and CLK1whichmay have applications
in affecting the pathogenesis of Alzheimer's disease and related
disorders including Down's syndrome.

4. Experimental

4.1. Chemistry

4.1.1. General considerations
Melting points (mp) were recorded on a Büchi B-450 apparatus

and were uncorrected. NMR spectra were performed on a Bruker
AVANCE 300. Chemical shifts d are given in ppm, and the following
abbreviations are used: singlet (s), doublet (d), doublet of doublet
(dd), triplet (t), multiplet (m) and broad singlet (brs). IR spectra
were measured on a Bruker Vector 22 spectrophotometer (neat,
cm�1). Low-resolution mass spectra (m/z) were recorded on a
Bruker Esquire electrospray ionization apparatus. High-resolution
mass spectra were recorded on a MicrotofQ Bruker Daltonics. Re-
action courses and product mixtures were routinely monitored by
TLC on silica gel (precoated F254 Merck plates), and compounds
were visualized with under a UVP Mineralight UVGL-58 lamp
(254 nm) and with phosphomolybdic acid, p-anisaldehyde, or
vanillin. Flash chromatography was performed using silica gel 60
(40e63 mm, 230e400 mesh ASTM) at medium pressure
(200 mbar). Organic extracts were dried over magnesium sulfate.
All products reported showed 1H NMR spectra in agreement with
the assigned structures.

4.1.2. General procedure for the synthesis of imidazo [1,2-a]
pyridines

A mixture of 2-bromoacetophenone 6 (1.05 mmol), 2-
aminopyridine 5 (1.0 mmol) and NaHCO3 (2.0 mmol) in EtOH
(20 mL) was refluxed overnight. After cooling, the mixture was
evaporated to dryness and the residue was taken up with H2O. The
aqueous solution was acidified with 3 N HCl and the insoluble solid
was filtered off. The filtrate was basified with aqueous 5% NaOH and
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extracted with dichloromethane (3 � 20 mL). The collected organic
layers were dried over Na2SO4 and evaporated under reduced
pressure. The crude residue was purified by flash chromatography
on silica gel using a mixture of dichloromethane/ethyl acetate as
eluent to afford the compound 4.

4.1.3. 5-(6-Chloroimidazo [1,2-a]pyridin-2-yl)-2-
hydroxybenzamide (4a)

Yield 65%; yellow solid; mp: 274e275 �C; 1H NMR (300 MHz,
DMSO-d6) d 13.13 (s, 1H, OH), 8.89 (dd, J ¼ 2.1, 1 Hz, 1H, Ar), 8.59 (s,
1H, CONH), 8.46 (d, J ¼ 2.1 Hz, 1H, Ar), 8.26 (s, 1H, Ar), 8.03 (dd,
J¼ 8.6, 2.1 Hz, 1H, Ar), 7.97 (s, 1H, CONH), 7.61 (d, J¼ 9.6 Hz, 1H, Ar),
7.29 (dd, J ¼ 9.6, 2.1 Hz, 1H, Ar), 6.98 (d, J ¼ 8.6 Hz, 1H, Ar); 13C NMR
(75 MHz, DMSO-d6) d 171.9 (CO), 160.9 (C), 145.2 (C), 143.2 (C), 131.4
(CH), 125.5 (2 CH), 124.7 (CH), 124.2 (C), 118.8 (C), 117.8 (CH), 117.0
(CH), 114.6 (C), 108.8 (CH); IR (n, cm�1):3454 (OeH), 3429, 3400
(NH amide), 3331, 3192, 3135, 2949, 2340, 2121, 2292, 2064, 2033,
2012, 1073; HMRS: found (ESI þ) m/z 288.0538, calcd for
C14H11ClN3O2 (MþH)þ: 288.0538.

4.1.4. 5-(6-Fluoroimidazo [1,2-a]pyridin-2-yl)-2-
hydroxybenzamide (4b)

Yield 35%; white solid; mp: 288e289 �C; 1H NMR (300 MHz,
DMSO-d6) d 13.10 (s, 1H), 8.83e8.76 (m, 1H), 8.58 (s, 1H), 8.45 (d,
J ¼ 2.1 Hz, 1H), 8.27 (s, 1H), 8.01 (dd, J¼ 8.6, 2.1 Hz, 1H), 7.95 (s, 1H),
7.61 (dd, J ¼ 9.8, 5.3 Hz, 1H), 7.36e7.24 (m, 1H), 6.96 (d, J ¼ 8.6 Hz,
1H); 13C NMR (75 MHz, DMSO-d6) d 177.1, 166.1, 157.8 (d,
J¼ 230 Hz),150.7, 147.9, 136.5,130.6,129.6,123.0,122.2 (d, J¼ 9 Hz),
121.6 (d, J ¼ 22.5 Hz), 119.9, 118.8 (d, J ¼ 22.5 Hz), 114.9; 19F NMR
(188 MHz, DMSO) d �139.94; IR (n, cm�1): 3435, 3429, 2361, 2202,
1678, 1603, 1568, 1535, 1477, 1369, 1255, 1207, 1169; HMRS: found
(ESI þ) m/z 272.0833, calcd for C14H11FN3O2 (MþH)þ: 272.0835.

4.1.5. 5-(6-Bromoimidazo [1,2-a]pyridin-2-yl)-2-
hydroxybenzamide (4c)

Yield 40%; yellow solid; mp: 254e255 �C; 1H NMR (300 MHz,
DMSO-d6) d 13.13 (s, 1H), 9.01e8.85 (m, 1H), 8.60 (s, 1H), 8.44 (d,
J¼ 2.1 Hz, 1H), 8.23 (s, 1H), 8.00 (dd, J¼ 8.6, 2.1 Hz, 1H), 7.97 (s, 1H),
7.53 (d, J ¼ 9.5 Hz, 1H), 7.34 (dd, J ¼ 9.5, 2.1 Hz, 1H), 6.95 (d,
J ¼ 8.6 Hz, 1H); d 13C NMR (75 MHz, DMSO-d6) d 171.9, 161.0, 144.9,
143.2,131.4, 127.7, 126.9, 125.5, 124.2, 117.8, 117.3, 114.6, 108.6,105.8;
IR (n, cm�1):2361, 2341, 1671, 1624, 1590, 1516, 1472, 1441, 1336,
1283, 1140, 1059; HMRS: found (ESI þ) m/z 332.0033, calcd for
C14H11BrN3O2 (MþH)þ: 332.0035.

4.1.6. 5-(6-Iodoimidazo [1,2-a]pyridin-2-yl)-2-hydroxybenzamide
(4d)

Yield 30%; yellow solid; mp: 181e182 �C; 1H NMR (300 MHz,
DMSO-d6) d 13.12 (s, 1H), 8.95 (s,1H), 8.60 (s,1H), 8.43 (d, J¼ 2.0 Hz,
1H), 8.19 (s, 1H), 7.99 (dd, J ¼ 8.6, 2.0 Hz, 1H), 7.98 (s, 1H), 7.40 (d,
J¼ 0.9 Hz, 2H), 6.95 (d, J¼ 8.6 Hz,1H); 13C NMR (75MHz, DMSO-d6)
d 171.9, 160.9, 144.4, 143.3, 132.3, 131.4, 131.4, 125.5, 124.2, 117.8,
117.6, 114.6, 108.0, 75.9; IR (n, cm�1):3425, 3347, 3217, 2483, 2207,
2166, 2028, 2011, 1482; HMRS: found (ESI þ) m/z 379.9896, calcd
for C14H11IN3O2 (MþH)þ: 379.9896.

4.1.7. 5-(Imidazo [1,2-a]pyridin-2-yl)-2-hydroxybenzamide (4e)
Yield 75%; yellow solid; mp: 238e239 �C; 1H NMR (300 MHz,

DMSO-d6) d 13.89 (s, 1H), 9.38 (s, 1H), 9.33 (d, J ¼ 6.7 Hz, 1H), 9.27
(d, J ¼ 2.1 Hz, 1H), 9.05 (s, 1H), 8.81 (dd, J ¼ 8.6, 2.1 Hz, 1H), 8.75 (s,
1H), 8.34 (d, J¼ 9.1 Hz,1H), 8.01 (ddd, J¼ 9.1, 6.7, 1.2 Hz,1H), 7.76 (d,
J ¼ 8.6 Hz, 1H), 7.66 (td, J ¼ 6.7, 1.2 Hz, 1H); 13C NMR (75 MHz,
DMSO-d6) d 172.0,160.7,144.7,144.2,131.3,126.8,125.4,124.7,124.7,
117.7, 116.3, 114.6, 112.1, 108.1; IR (n, cm�1):3427, 3347, 3215, 2483,
2208, 2167, 1665, 1629, 1590, 1429, 1370, 1278, 1127, 1075; HMRS:
found (ESI þ) m/z 254.0935, calcd for C14H12N3O2 (MþH)þ:
254.0936.

4.1.8. 2-Hydroxy-5-(6-hydroxyimidazo [1,2-a]pyridin-2-yl)
benzamide (4f)

Yield 16%; white solid; mp: 190e191 �C; 1H NMR (300 MHz,
MeOD) d 8.30 (d, J¼ 2.1 Hz,1H), 8.00 (s, 1H), 7.94 (dd, J¼ 8.6, 2.2 Hz,
2H), 7.43 (d, J ¼ 9.6 Hz, 1H), 7.07 (dd, J ¼ 9.6, 2.2 Hz, 1H), 7.00 (d,
J ¼ 8.6 Hz, 1H); 13C NMR (75 MHz, Acetone-d6) d 174.1, 162.8, 146.8,
132.6,132.2,126.4,125.5,121.0, 120.5,118.9,117.6,114.9,111.2,109.2;
IR (n, cm�1):2384, 2218, 1609, 1333, 1255, 1176, 1125, 1075; HMRS:
found (ESI þ) m/z 270.0883, calcd for C14H12N3O3 (M þ H)þ:
270.0879.

4.1.9. 5-(6-Aminoimidazo [1,2-a]pyridin-2-yl)-2-
hydroxybenzamide (4g)

Yield 8%; pink solid; mp: 186e187 �C; 1H NMR (400 MHz,
Acetone-d6) d 11.22 (s, 1H), 8.63 (d, J ¼ 7.8 Hz, 1H), 8.55e8.42 (m,
1H), 8.35 (d, J ¼ 2.6 Hz, 1H), 8.25 (d, J ¼ 8.0 Hz, 1H), 8.02e7.83 (m,
3H), 3.58 (s, 4H); 13C NMR (101 MHz, Acetone-d6) d 163.2, 138.2,
133.8, 133.2, 130.5, 129.4, 126.5, 125.7, 123.6, 122.6, 120.7, 119.9,
116.1, 112.7; IR (n, cm�1): 2989, 2960, 2361, 1676, 1624, 1594, 1594,
1494, 1411, 1362, 1275, 1115, 1062, 1034; HMRS: found (ESI þ) m/z
269.1041, calcd for C14H13N4O2 (M þ H)þ: 269.1039.

4.1.10. 2-Hydroxy-5-(6-(4-methoxyphenyl)imidazo [1,2-a]pyridin-
2-yl)benzamide (4h)

Yield 50%; pink solid; mp: 245e246 �C; 1H NMR (300 MHz,
DMSO-d6) d 13.11 (s, 1H), 8.82 (d, J¼ 1.6 Hz,1H), 8.61 (s, 1H), 8.48 (d,
J¼ 2.0 Hz, 1H), 8.26 (s, 1H), 8.03 (dd, J¼ 8.6, 2.0 Hz, 1H), 7.95 (s, 1H),
7.68e7.63 (m, 2H), 7.61 (d, J ¼ 9.3 Hz, 1H), 7.54 (dd, J ¼ 9.4, 1.8 Hz,
1H), 7.10e7.03 (m, 2H), 6.97 (d, J¼ 8.6 Hz,1H), 3.81 (s, 3H); 13C NMR
(75 MHz, DMSO-d6) d 172.0, 160.7, 159.0, 144.5, 143.9, 131.3, 128.9,
127.7, 127.7, 125.3, 124.9, 124.7, 124.7, 123.1, 117.7, 116.2, 114.6, 114.5,
114.5, 108.5, 55.2; IR (n, cm�1):3418, 3253, 2277, 2361, 2207, 2149,
2013, 1998, 1632, 1405, 1242, 1181, 1017; HMRS: found (ESI þ) m/z
360.1366, calcd for C21H18N3O3 (M þ H)þ: 360.1363.

4.1.11. 2-Hydroxy-5-(6-(4-nitrophenyl)imidazo [1,2-a]pyridin-2-yl)
benzamide (4i)

Yield 25%; pink solid; mp: 148e149 �C; 1H NMR (300 MHz,
DMSO-d6) d 13.13 (s, 1H), 9.13 (s, 1H), 8.61 (s, 1H), 8.48 (dd, J ¼ 11.6,
2.0 Hz, 1H), 8.37 (s, 1H), 8.33 (d, J ¼ 4.0 Hz, 2H), 8.06 (dd, J ¼ 8.5,
2.1 Hz, 2H), 8.05 (d, J ¼ 8.9 Hz, 2H), 7.97 (s, 1H), 7.70 (d, J ¼ 1.0 Hz,
1H), 6.99 (d, J ¼ 8.6 Hz, 1H); 13C NMR (75 MHz, DMSO-d6) d 171.9,
161.2, 160.9, 152.5, 146.7, 145.2, 144.2, 143.4, 131.4, 127.5, 127.5,
125.6, 125.5, 124.2, 124.2, 122.9, 117.8, 116.6, 114.6, 108.9; IR (n,
cm�1):2926, 2853,2360, 1658, 1592, 1471, 1376, 1247, 1109, 1034;
HMRS: found (ESI þ) m/z 375.1102, calcd for C20H15N4O4 (M þ H)þ:
375.1093.

4.1.12. 2-Hydroxy-5-(imidazo [1,2-a]pyrazin-2-yl)benzamide (4j)
Yield 12%; yellow solid; mp: 264e265 �C; 1H NMR (300 MHz,

DMSO-d6) d 9.04 (s, 1H), 8.64 (d, J ¼ 4.5 Hz, 1H), 8.54 (d, J ¼ 1.9 Hz,
1H), 8.46 (s, 1H), 8.08 (d, J ¼ 10.6 Hz, 1H), 7.89 (d, J ¼ 4.6 Hz, 1H),
7.00 (d, J ¼ 8.6 Hz, 1H); 13C NMR (75 MHz, DMSO-d6) d 171.8, 161.3,
146.0, 142.1, 140.3, 134.6, 131.6, 130.4, 129.1, 126.0, 123.7, 117.9, 114.7;
IR (n, cm�1): 3396, 2360, 1707, 1669, 1593, 1493, 1283, 1237, 1037,
1022; HMRS: found (ESI þ) m/z 255.0883, calcd for C13H11N4O2
(M þ H)þ: 255.0882.

4.1.13. 3-(6-Chloroimidazo [1,2-a]pyridin-2-yl)benzamide (4k)
Yield 20%; brownish solid; mp: 176e177 �C; 1H NMR (300 MHz,

Acetone-d6): 8.76e8.71 (m,1H), 8.67 (s, 1H), 8.60 (td, J¼ 1.7, 0.6 Hz,
1H), 8.41e8.30 (m, 3H), 8.30e8.20 (m, 2H), 7.80e7.73 (m, 1H), 7.70
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(s, 1H); 13C NMR (75 MHz, DMSO-d6) d 192.2, 166.7, 166.5, 137.2,
134.7,134.1,133.5,132.4,131.5,130.0,129.6,129.2,128.6,128.3; IR (n,
cm�1): 3398, 2260, 1715, 1669, 1583, 1288, 1247, 1047, 1021; HMRS:
found (ESI þ) m/z 272.0595, calcd for C14H11ClN3O (M þ H)þ:
272.0591.

4.1.14. 2-Bromo-4-(6-chloroimidazo [1,2-a]pyridin-2-yl)aniline (4l)
Yield 40%; orange solid; mp: 227e228 �C; 1H NMR (300 MHz,

DMSO-d6) d 8.76 (dd, J ¼ 2.0, 0.7 Hz, 1H), 8.21 (s, 1H), 7.97 (d,
J ¼ 1.9 Hz, 1H), 7.66 (dd, J ¼ 8.4, 2.0 Hz, 1H), 7.57 (d, J ¼ 9.5 Hz, 1H),
7.26 (dd, J¼ 9.5, 2.1 Hz, 1H), 6.87 (d, J ¼ 8.4 Hz, 1H), 5.51 (s, 2H); 13C
NMR (75 MHz, DMSO-d6) d 145.7, 145.0, 143.1, 129.4, 125.9, 125.2,
124.4,122.9, 118.6, 116.9, 115.4, 108.1, 107.5; IR (n, cm�1): 2924, 1619,
1554, 1480, 1406, 1336,1220, 1156, 1072, 1033; HMRS: found (ESIþ)
m/z 323.9738, calcd for C13H10ClN3 (M þ H)þ: 323.9741.

4.1.15. 4-(6-Chloroimidazo [1,2-a]pyridin-2-yl)phenol (4m)
Yield 22%; yellow solid; mp: 257e258 �C; 1H NMR (300 MHz,

DMSO-d6) d 9.58 (s, 1H), 8.74 (dd, J ¼ 2.1, 0.8 Hz, 1H), 8.16 (s, 1H),
7.74 (d, J ¼ 8.6 Hz, 2H), 7.54 (d, J ¼ 9.5 Hz, 1H), 7.22 (dd, J ¼ 9.5,
2.1 Hz, 1H), 6.80 (d, J ¼ 8.6 Hz, 2H); 13C NMR (75 MHz, DMSO-d6)
d 157.5, 145.9, 143.1, 127.1, 127.1, 125.2, 124.5, 124.4, 118.6, 117.0,
115.5, 115.5, 108.2; IR (n, cm�1):2959, 2928, 2364, 1729, 1683, 1601,
1502, 1423, 1237, 1169, 1113, 1077; HMRS: found (ESI þ) m/z
245.0471, calcd for C13H10ClN2O (M þ H)þ: 245.0482.

4.1.16. 6-Chloro-2-(4-methoxyphenyl)imidazo [1,2-a]pyridine (4n)
Yield 10%; yellow solid; mp: 231e233 �C; 1H NMR (300 MHz,

DMSO-d6) d 8.78 (dd, J ¼ 2.1, 0.8 Hz, 1H), 8.27 (s, 1H), 7.89 (d,
J ¼ 8.9 Hz, 2H), 7.60 (d, J ¼ 9.6 Hz, 1H), 7.27 (dd, J ¼ 9.6, 2.1 Hz, 1H),
7.01 (d, J ¼ 8.9 Hz, 2H), 3.80 (s, 3H); 13C NMR (75 MHz, DMSO-d6)
d 159.2, 145.5, 143.2, 127.0, 127.0, 126.0, 125.4, 124.6, 118.7, 117.1,
114.2, 114.2, 108.7, 55.1; IR (n, cm�1):3003, 1612, 1553, 1503, 1486,
1434, 1369, 1277, 1106, 1074, 1032; HMRS: found (ESI þ) m/z
259.0631, calcd for C14H12ClN2O (M þ H)þ: 259.0638.

4.1.17. 6-Chloro-2-(3-methoxyphenyl)imidazo [1,2-a]pyridine (4o)
Yield 62%; yellow solid; mp: 145e146 �C; 1H NMR (300 MHz,

DMSO-d6) d 8.80 (dd, J ¼ 2.1, 0.8 Hz, 1H), 8.39 (s, 1H), 7.64 (d,
J ¼ 9.6 Hz, 1H), 7.57e7.49 (m, 2H), 7.35 (t, J ¼ 8.1 Hz, 1H), 7.29 (dd,
J¼ 9.6, 2.1 Hz,1H), 6.91 (ddd, J¼ 8.1, 2.1, 0.8 Hz,1H), 3.83 (s, 3H); 13C
NMR (75MHz, CDCl3) d 159.6,145.2,143.2,134.8,129.9,125.8,124.8,
119.0, 118.0, 117.4, 113.9, 110.7, 110.0, 55.1; IR (n, cm�1): 2835, 2360,
1613, 1521, 1469, 1367, 1314, 1253, 1197, 1074, 1046; HMRS: found
(ESI þ) m/z 259.0631, calcd for C14H12ClN2O (M þ H)þ: 259.0638.

4.1.18. 6-Chloro-2-(3,5-dimethoxyphenyl)imidazo [1,2-a]pyridine
(4p)

Yield 46%; yellow solid; mp: 133e134 �C; 1H NMR (300 MHz,
Acetone-d6) d 9.07 (dd, J ¼ 2.0, 0.9 Hz, 1H), 8.75 (d, J ¼ 0.5 Hz, 1H),
8.01 (d, J ¼ 9.6 Hz, 1H), 7.69 (dd, J ¼ 9.6, 2.0 Hz, 1H), 7.66 (d,
J ¼ 2.3 Hz, 2H), 6.92 (t, J ¼ 2.3 Hz, 1H), 4.30 (s, 6H); 13C NMR
(75MHz, Acetone-d6) d 162.3, 162.3, 147.3, 144.7, 136.9, 126.5, 125.5,
120.6, 118.6, 110.9, 104.8, 104.8, 101.1, 55.8, 55.8; IR (n, cm�1):2838,
2361, 1611, 1543, 1457, 1418, 1341, 1288, 1204, 1154, 1073, 1049;
HMRS: found (ESI þ) m/z 289.0743, calcd for C15H14ClN2O2

(M þ H)þ: 289.0744.

4.1.19. 6-Chloro-2-(3,5-dimethoxyphenyl)imidazo [1,2-a]pyridine
(4q)

Yield 40%; yellow solid; mp: 131e132 �C; 1H NMR (300 MHz,
CDCl3) d 8.15 (dd, J ¼ 2.0, 0.8 Hz, 1H), 7.79 (s, 1H), 7.58 (d, J ¼ 9.6 Hz,
1H), 7.16 (s, 2H), 7.13 (d, J¼ 2.0 Hz, 1H), 3.95 (s, 6H), 3.88 (s, 3H); 13C
NMR (75MHz, CDCl3) d 153.8,153.8,146.6,143.9,138. 7,128.7,126.5,
123.5, 120.9, 117.7, 108.5, 103.5, 103.5, 61.1, 56.4, 56.4; IR (n,
cm�1):2838, 1586, 1463, 1427, 1414, 1339, 1242, 1229, 1125, 1072,
1003; HMRS: found (ESI þ) m/z 319.0850, calcd for C16H16ClN2O3
(M þ H)þ: 319.0849.

4.1.20. 4-(6-Chloroimidazo [1,2-a]pyridin-2-yl)-2-methoxyphenol
(4r)

Yield 38%; yellow solid; mp: 205e206 �C; 1H NMR (300 MHz,
DMSO-d6) d 9.11 (s, 1H), 8.76 (dd, J ¼ 2.0, 0.7 Hz, 1H), 8.19 (s, 1H),
7.58 (d, J ¼ 9.6 Hz, 1H), 7.40 (d, J ¼ 2.0 Hz, 1H), 7.35 (dd, J ¼ 8.3,
2.1 Hz, 1H), 7.25 (dd, J¼ 9.6, 2.1 Hz, 1H), 6.97 (d, J¼ 8.3 Hz, 1H), 3.80
(s, 3H); 13C NMR (75 MHz, DMSO-d6) d 147.8, 146.7, 145.7, 143.1,
126.4, 125.3, 124.5, 118.6, 117.1, 116.8, 113.0, 112.4, 108.7, 55.6; IR (n,
cm�1):2364, 1557, 1469, 1423, 1338, 1264, 1246, 1223, 1173, 1132,
1073, 1013; HMRS: found (ESI þ) m/z 275.0582, calcd for
C14H12ClN2O2 (M þ H)þ: 275.0587.

4.2. Kinase inhibition assay

Kinase activities were assayed in appropriate kinase buffer (A or
B, described below), with either protein or peptide as substrate in
the presence of 15 mM [g-33P] ATP (3000 Ci/mmol; 10 mCi/ml) in a
final volume of 30 ml following the assay described in Bach et al.,
[45]. Controls were performed with appropriate dilutions of
dimethylsulfoxide. Full-length kinases are used unless specified.
Peptide substrates were obtained from Proteogenix (Oberhaus-
bergen, France).

Buffers:

(A) 10 mM MgCl2, 1 mM EGTA, 1 mM DTT, 25 mM Tris-HCl pH
7.5, 50 mg/ml heparin; (B) 60 mM b-glycerophosphate, 30 mM p-
nitrophenyl-phosphate, 25 mM MOPS (pH 7), 5 mM EGTA, 15 mM
MgCl2, 1 mM DTT, 0.1 mM sodium orthovanadate; (C) 60 mM b-
glycerophosphate, 15 mM p-nitrophenyl-phosphate, 25 mM Mops
(pH 7.2), 5 mM EGTA, 15 mM MgCl2, 1 mM DTT; (H) MOPS 25 mM
pH 7.5, 10 mM MgCl2; (K) Tris 50 mM pH 7.5, 20 mM MgCl2, 2 mM
MnCl2; (R) 5 mMMOPS pH 7.2, 2.5 mM b-glycerophosphate, 4 mM
MgCl2, 2.5 mM MnCl2, 1 mM EGTA, 0.4 mM EDTA, 50 mg/ml BSA,
0.05 mMDTT; (G) Tris 40mM pH 7.5, 20 mMMgCl2, 0.1 mg/ml BSA.

HsRIPK3 (human, recombinant, expressed by baculovirus in Sf9
insect cells) was assayed in buffer R with 0.1 mg/ml of MBP as sub-
strate. HsPIM1 (human proto-oncogene, recombinant, expressed in
bacteria) was assayed in buffer B with 0.8 mg/ml of histone H1
(Sigma #H5505) as substrate.

HsHaspin-kd (human, kinase domain, amino acids 470 to 798,
recombinant, expressed in bacteria) was assayed in buffer H with
0.007 mg/ml of Histone H3 (1e21) peptide (ARTKQTARKSTGG-
KAPRKQLA) as substrate; HsCDK1/CyclinB1 (human, recombinant,
expressed by baculovirus in Sf9 insect cells, SignalChem, product
#C22-10G) was assayed in buffer G with 0.8 mg/ml of histone H1 as
substrate.

HsCDK2/CyclinA (cyclin-dependent kinase-2, human, kindly
provided by Dr. A. Echalier-Glazer, Leicester, UK) was assayed in
buffer A (þ0.15mg/ml of BSAþ 0.23mg/ml of DTT) with 0.8 mg/ml of
histone H1 as substrate.

HsCDK9/CyclinT (human, recombinant, expressed by baculovi-
rus in Sf9 insect cells) was assayed in buffer A (þ0.15 mg/ml of
BSAþ 0.23 mg/ml of DTT) with 0.27 mg/ml of the following peptide:
YSPTSPSYSPTSPSYSPTSPSKKKK, as substrate.

HsCDK5/p25 (human, recombinant, expressed in bacteria) was
assayed in buffer B, with 0.8 mg/ml of histone H1 as substrate.

SscGSK-3a/b (glycogen synthase kinase-3, porcine brain, native,
affinity purified) was assayed in buffer A (þ0.15 mg/ml of
BSAþ 0.23 mg/ml of DTT), with 0.010 mg/ml of GS-1 peptide, a GSK-
3-selective substrate (YRRAAVPPSPSLSRHSSPHQSpEDEEE, “Sp”
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stands for phosphorylated serine).
SscCK1d/ε (casein kinase 1d/ε, porcine brain, native, affinity

purified) was assayed in buffer B, with 0.022 mg/ml of the following
peptide: RRKHAAIGSpAYSITA as CK1-specific substrate.

RnDYRK1A-kd (Rattus norvegicus, amino acids 1 to 499
including the kinase domain, recombinant, expressed in bacteria,
DNA vector kindly provided by Dr. W. Becker, Aachen, Germany)
was assayed in buffer A (þ0.5 mg/ml of BSA þ 0.23 mg/ml of DTT)
with 0.033 mg/ml of the following peptide: KKISGRLSPIMTEQ as
substrate.

MmCLK1 (from Mus musculus, recombinant, expressed in bac-
teria) was assayed in buffer A (þ0.15 mg/ml of BSAþ 0.23 mg/ml of
DTT) with 0.027 mg/ml of the following peptide: GRSRSRSRSRSR as
substrate.

LdTLK (tousled-like kinase, from Leishmania donovani, recom-
binant, expressed in bacteria), was assayed in buffer K with 0.6 mg/
ml of casein dephosphorylated from bovine milk (Sigma #C4032) as
substrate.

LmCK1 (from Leishmania major, recombinant, expressed in
bacteria) was assayed in buffer B (adjusted at pH 8) with 0.028 mg/ml
of the following peptide: RRKHAAIGSpAYSITA as CK1-specific
substrate.

4.2.1. ATP competition assay using ADP-GloTM bioluminescent
assay

The activity of recombinant mouse CLK1 was measured using
the ADP-GloTM bioluminescent kinase assay kit (Promega, Madi-
son, WI) according to the recommendations of the manufacturer
and described in Zegzouti et al., 2009 [46]. Reactions were carried
out in a final volume of 5 ml for 30 min at 30 �C in ADP-Glo buffer
(40 mM Tris pH 7.5, 20 mMMgCl2 and 0.1 mg/ml of BSA). After that,
5 ml of ADP-GloTM Kinase Reagent was added to stop the kinase
reaction. After an incubation time of 50 min at room temperature,
10 ml of Kinase Detection Reagent was added for 1 h at room
temperature. The transmitted signal was measured using the
Envision (PerkinElmer, Waltham, MA) microplate luminometer and
expressed in Relative Light Unit (RLU). Assays were performed in
the absence or presence of 4c (4, 2 or 0.5 mM) and increasing
concentrations of ATP (3.125e100 mM). The peptide:
GRSRSRSRSRSR (6.75 ng/ml of reaction) was used as substrate. To
plot and analyze the data Prism from GraphPad Software (La Jolla,
CA) was used.

4.3. Molecular modeling

Coordinates for compounds 4a, 4c and 4f were generated using
CORINA v3.44 software [47]. Molecules were then docked in the
ATP binding site from the CLK1 and DYRK1 kinases retrieved from
the Protein Data Bank (PDBs ID: 1Z57 and 4MQ1, respectively),
using GOLD v5.2.2 docking package software [48]. CHEMPLP with
default parameters was used as an objective score function [49].
Structures of the complexes were exported for further examination
and depiction with Chimera v1.9 software [50], including hydrogen
bonds detection and close contact analysis.
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