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’ INTRODUCTION

Marine organisms constitute a rich source of high diversity
chemical structures.1 Marine natural products are being explored
formultiple biomedical applications,mostly as potential anticancer
agents but also in other therapeutic indications such as inflamma-
tion, neurodegenerative diseases, parasites, viral infections, and
renal pathologies.2 Among the many marine natural products that
have been isolated, a number of molecules share a 2-aminoimida-
zolone ring structure (Figure 1). The best studied molecules of
this series include leucettamine B,3,4 polyandrocarpamines,5

dispacamide,6 aplysinopsine,7 and hymenialdisine.8 The marine

sponge alkaloid (Z)-hymenialdisine was found to be a nanomolar
inhibitor of various protein kinases including glycogen synthase-
3β (GSK-3 β), casein kinase 1 (CK1), and different cyclin-
dependent kinases (CDKs),9 mitogen-activated protein kinase
1 (MEK-1),10 and checkpoint kinase 1.11 Protein kinases are the
enzymes which catalyze protein phosphorylation, a key cellular
regulatory mechanism which is frequently deregulated in human
diseases. Consequently, protein kinases represent interesting

Received: March 9, 2011

ABSTRACT: We here report on the synthesis, optimization,
and biological characterization of leucettines, a family of kinase
inhibitors derived from the marine sponge leucettamine B.
Stepwise synthesis of analogues starting from the natural
structure, guided by activity testing on eight purified kinases, led
to highly potent inhibitors of CLKs and DYRKs, two families of
kinases involved in alternative pre-mRNA splicing and Alzhei-
mer’s disease/Down syndrome. Leucettine L41 was cocrystal-
lized with CLK3. It interacts with key residues located within
the ATP-binding pocket of the kinase. Leucettine L41 inhibits
the phosphorylation of serine/arginine-rich proteins (SRp), a family of proteins regulating pre-RNA splicing. Indeed leucettine L41
was demonstrated to modulate alternative pre-mRNA splicing, in a cell-based reporting system. Leucettines should be further
explored as pharmacological tools to study and modulate pre-RNA splicing. Leucettines may also be investigated as potential
therapeutic drugs in Alzheimer’s disease (AD) and in diseases involving abnormal pre-mRNA splicing.
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targets for the pharmaceutical industry in its search for new
therapeutic agents. In our efforts to discover new low molecular
weight inhibitors of disease-relevant protein kinases, we focused
our attention on leucettamine B (Figure 1). This natural com-
pound was isolated in 1993 from the sponge Leucetta microraphis
Haeckel (Calcarea) of the Argulpelu Reef in Palau,3 and to date,
no significant biological activity of this compound has been
reported. From a preliminary biological screening of this natural
product, we found that leucettamine B exerted a selective inhibi-
tion toward protein kinases that are potential targets for the
treatment of Alzheimer’s disease. Severalmethods for the synthesis
of leucettamine B and analogues have been developed.12 In this
article, we report on the synthesis of leucettines, a family of
derivatives of leucettamine B, guided by their inhibitory action on
a panel of eight protein kinases. A detailed structure�activity
relationship (SAR) led to the identification of the first potent
inhibitors of two families of serine/threonine kinases, dual-speci-
ficity, tyrosine phosphorylation regulated kinases (DYRKs), and
cdc2-like kinases (CLKs), which are involved in Alzheimer’s
disease/Down syndrome and in the control of alternative pre-
mRNA splicing. We also report on a cocrystal structure of a
leucettine with CLK3. Using two different cellular models, we
demonstrate that leucettine modulates alternative pre-mRNA
splicing, most probably through phosphorylation of serine/
arginine-rich proteins (SRp). Altogether, the presented data
should provide the basis for the design and optimization of
selective inhibitors, on the basis of the leucettine scaffold, for key
protein kinases involved in the regulation of pre-mRNA splicing13

and development of Alzheimer’s disease,14 Down syndrome,15

and other severe central nervous system pathologies.

’RESULTS AND DISCUSSION

In our screening efforts to discover new scaffolds for the
inhibition of disease-relevant protein kinases, we initially
screened a library of over 45,000 low molecular weight com-
pounds on the kinase DYRK1A (dual-specificity, tyrosine phos-
phorylation activated kinase 1A).14,15 This library comprised
numerous natural products including molecules bearing a 2-ami-
noimidazolone ring. Among these, the marine-sponge-produced
leucettamine B was found to be a modest but significant inhibitor
of this Alzheimer’s disease14 and Down syndrome15-relevant

kinase. We next set up a method to synthesize leucettamine B in
order to obtain a sufficient quantity of this natural product for
more advanced biological evaluations (Scheme 1). The synthetic
leucettamine B L0was thus tested on a small panel of eight kinases,
most of which are involved in Alzheimer’s disease (Table 1).
Leucettamine B displayed an IC50 value in the submicromolar/
micromolar range for DYRK1A, DYRK2, CLK1, and CLK3 but
was inactive on GSK-3R/β, CK1δ/ε, CDK5/p25, and Pim1. A
more detailed study of the selectivity of leucettamine B will be
presented elsewhere (manuscript in preparation).
Development of Efficient Synthetic Routes. To access

derivatives of leucettamine B (referred to as leucettines), we
established a number of synthetic routes. Leucettamine B, L0was
prepared in three steps starting from commercially available
methylisothiocyanate and methyl glycinate hydrochloride as de-
picted in Scheme 1.16 For the synthesis of analogues with wide
substitution diversity at the 2-amino position, we selected three
different routes as shown in Scheme 1. Introduction of acyl
groups at this position was achieved by treating the natural
product, L0 with acyl chlorides in the presence of triethylamine
under standard literature conditions. Compounds were obtained
after purification by chromatography on silica gel.
The synthesis of N-monoalkyl substituted analogues was

carried out by the simple conversion of (Z)-thiohydantoin 3a
to the corresponding 2-aminoimidazolones using tert-butyl hy-
droperoxide (TBHP) as an oxidant in the presence of primary
amines. We obtained moderate to good yields of desired products
with some primary alkyl amines. However, we observed that the
yield of this reaction is highly dependent on the nature of amines
used, rendering this method a route unsuitable for the synthesis
of a large library of compounds.
A third synthetic strategy was thus employed in particular for

the introduction of aromatic groups or substituents including a
reactive group (e.g.,�OH or NH2). This sequence begins by the
synthesis of 4a obtained using a one pot procedure, followed by
displacement of the SEt group with amines. For this last reaction,
two methods have been developed in order to increase the
number of amines which could be used. Treatment of 4a with an
excess of alkylamines at reflux in an oil bath resulted in clean
conversion to substitution products. Regarding the sulfur/nitro-
gen displacement by anilines derivatives, reactionswere performed
under microwave irradiation without solvent. Using these three

Figure 1. Selection of marine organism-derived structures sharing the 2-aminoimidazolone ring structure.
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different routes, we have preparedmore than 200molecules from
which 25 (L1�25) were selected for our study (Table 2).
In a second approach, we decided to prepare leucettamine B

analogues with different aromatic groups at position 5 of the
ring. The synthetic route to reach this goal is shown in
Scheme 2. S-Alkylation of compound 2a with methyl iodide,
followed by a solvent-free Knoevenagel reaction under micro-
wave conditions with different aldehydes, provided com-
pounds 6a1�5 with a well-defined stereochemistry. All
compounds were obtained solely as their Z isomers, and no
isomerization at the exocyclic double bond was subsequently
observed. The choice of the amine to realize the substitution of
SMe group has been guided by biological results. Finally, 6a1�5

were heated in neat propylamine to provide substitution
products L26�30 (Table 3).
A similar strategy was used for the synthesis of analogues

L31�33 with different substitutions at the 3-amino position of
the 2-aminoimidazolin-4-one scaffold (Table 4). This ap-
proach using thiohydantoins 2b�d as starting material was
based on a S-alkylation/condensation/substitution sequence

as described in Scheme 3. 2b (R2 = H) is a commercially
available compound and 2c�d (2c, R2 = n-Bu; 2d, R2 = Ph)
were easily prepared by the reaction of methyl glycinate with
the corresponding isothiocyanates, according to the same
conditions used for the synthesis of 2a.
To complete our work on the quantitative structure�activity

relationship (QSAR) of leucettines as kinase inhibitors, and
taking the biological results obtained with the previous com-
pounds into account (see biological evaluation), we designed
synthetic pathways for the preparation of a small library of
unsubstituted analogues at the 3-amino position (Scheme 4).
From the starting material 2b, eight products L34�41 (Table 5)
were synthesized employing, in the last step, either thermal or
microwave conditions for sulfur/nitrogen displacement ac-
cording to the nature of the used amines.
Leucettines described in this article were typically precipi-

tated by the addition of ethanol or ether and were sufficiently
pure for in vitro testing or were purified by silica gel chroma-
tography (see Experimental Section). Structural confirmations
of all compounds were performed by extensive 1D and 2D

Scheme 1. General Procedure for the Synthesis of Leucettines Substituted at the 2-Amino Positiona

aReagents and conditions: (i) MeNdCdS, Et3N, Et2O, reflux, 14 h, 95%; (ii) ArCHdN�Pr, μω (Synthewave 402 reactor, Prolabo), 80 �C, 1 h, 87%;
(iii) TBHP, NH4OH, CH3OH, r.t., 48 h, 60%; (iv) R

1COCl, Et3N, THF, r.t.; (v) R
1NH2, TBHP, CH3OH, r.t., 48 h; (vi) EtI, ArCHdN�Pr, CH3CN,

60 �C, 16 h, 62%; (vii) method A: R1NH2, reflux, 3 days; method B: R1NH2, μω (Synthewave 402 reactor, Prolabo), 100�160 �C, 20�100 min.

Table 1. Effects of Leucettamine B on the Catalytic Activity of Eight Purified Protein Kinasesa

DYRK1A DYRK2 CLK1 CLK3 GSK-3R/β CK1δ/ε CDK5/p25 Pim1

leucettamine B 2.8 1.5 0.40 6.4 >10 >10 >10 >10
a Leucettamine B was tested at various concentrations on DYRK1A, DYRK2, CLK1, CLK3, GSK-3R/β, CK1δ/ε, CDK5/p25, and Pim1 as described in
the Experimental Section. IC50 values, calculated from the dose�response curves, are reported in μM.



4175 dx.doi.org/10.1021/jm200274d |J. Med. Chem. 2011, 54, 4172–4186

Journal of Medicinal Chemistry ARTICLE

NMRspectroscopy. The geometry about the exocyclic double bonds
ofL0�41was determined on the basis of

13C/1H long-range coupling
constants which were measured in a gradient heteronuclear single
quantum multiple bond correlation (gHSQMBC) experiment.

Table 2. Effects of Leucettines L1�25 on the Catalytic Activity of Eight Purified Protein Kinasesa

aCompounds were tested at various concentrations on each kinase as described in Experimental Section. IC50 values are reported in μM. -, inactive at the
highest concentration tested (10 μM); >10, inhibitory but IC50 >10 μM.
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Biochemical Evaluation of Leucettines and the Cocrystal
Structure of Leucettine L41 with CLK3. On the basis of the
activity of Leucettamine B onDYRKs, CLKs, GSK3R/β, CK1δ/
ε, CDK5/p25, and Pim1 (Table 1), we tested the prepared
analogues on a panel of eight kinases.
Table 2 highlights the structures for 25 compounds which

were selected from over 200 analogues synthesized in our
program. Testing on the kinase panel revealed that, with a few
exceptions (L6, L17-18), leucettines substituted at the 3-amino
position showed a similar or increased activity toward all kinases

compared to the natural product. These observations indicated
that the primary amino group is not essential for the biological
activity of leucettamine B. For inhibitors where R1 was an alkyl
group, the highest inhibitory potencies were observed using
cyclic chains (L9�10) compared to those of linear or branched
chains (L1�8).
To gain insight into the binding mode of leucettines, we

determined the crystal structure of compound L41 in complex
with CLK3. The structure was refined to a 2.09 Å resolution
allowing detailed description of the interaction of L41 with the

Scheme 2. General Procedure for the Introduction of Substituents at Position 5 of the Ring (Corresponding to Table 3)a

aReagents and conditions: (i) CH3I, K2CO3, CH3CN, 40 �C, 14 h, 95%; (ii) ArCHO, piperidine, μω (Synthewave 402 reactor, Prolabo), 70 �C, 15�25
min; (iii) n-PrNH2, reflux, 3 days.

Table 3. Effects of Leucettines L26�30 on the Catalytic Activity of Eight Purified Kinasesa

aCompounds were tested at various concentrations on each kinase as described in Experimental Section. IC50 values are reported in μM. -, inactive at the
highest concentration tested (10 μM); >10, inhibitory but IC50 >10 μM.
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kinase active site. The structure revealed that leucettines inter-
acted with CLK3 as ATP-competitive inhibitors (Figure 2). The
2-amino imidazoline scaffold formed a network of hydrogen bonds
with the conserved active site lysine residue (E201) and the DFG
motif anchoring the inhibitor in the ATP binding site. The
benzodioxole ring formed a hydrogen bond with the main chain
amide of the hinge residue L239, and a number of hydrophobic
interactions contributed to the binding affinity of this inhibitor.
SAR analysis showed that the presence of a hydroxyl group in

the alkyl chain selectively enhanced the activity toward DYRK1A
and CLK1 compared to that of GSK-3R/β. The slightly increased
affinities of compounds L11 and L13�14 could result from a
favorable electrostatic interaction between the oxygen atom and
the binding cavity in DYRK1A andCLK1 kinases, possibly due to
hydrogen bond accepting. This is particularly evident for com-
pound L12 which contained a protected hydroxyl group. In
contrast, a primary amino function at the end of the alkyl chain
was favorable for GSK-3R/β inhibition (L16). Introduction of an
acyl side chain on the amino group generally reduces activity

(L17�18). This lack of affinity might be explained by a reduction
of the hydrogen bond potential of an amide function compared
to that of a secondary amino group.
From these results, it thus appears that the presence of an

aromatic substitution on the amino group has a beneficial effect
on the activity toward these kinases. In particular, a ring system
containing a protected hydroxyl group selectively appears to favor
inhibition of DYRK1A and CLK1. This hypothesis was tested by
preparing compounds L19�25. We found that aryl groups had
better potency than benzyl groups for DYRK1A and CLK1 (L19
compared to L21). Results obtained with L22 confirmed the
additional beneficial effect of an aromatic group and of a hydroxyl
group in para position at the aromatic ring.
We next modified the 2-aminoimidazolin-4-one scaffold at

position 5, keeping a propyl group at the 2-amino position
(Table 3). Despite the diversity of aromatic ring substitutions,
only the 1,3-benzodioxole substituent was able to maintain some
inhibitory activity toward the kinases. This observation can be
explained by our structural data of the L41 /CLK3 complex which
suggested that the presence of an oxygen atom at the benzodiox-
ole moiety is necessary for interaction with the hinge backbone
and hence for inhibitor potency. The presence of bulky methyl
groups on the phenyl group (L27) instead of the nearly planar
5-memberedmethylenedioxy ring is likely to create clasheswith the
hinge region, rendering this substitution unfavorable for affinity.
The inherent flexibility of the methoxy groups probably reduces
ligand stabilization and anchoring.
Even aminor modification of this group such as the replacement

of hydrogen atoms (L3) by fluorine atoms (L29) abolished bio-
chemical activity. The analogue L29 is a non-binder probably
because of the perturbation of the electron distribution of the
ring. Initial b3lyp/DFT calculations show that in L29 the partial
charge of both oxygen atoms is less negative (approximately up to
0.1e), and the charge of the fluorine atoms is more positive
(approximately up to 0.5e). This most likely causes electrostatic
repulsion between such inhibitors and the kinase hinge region
(e.g., the backbone carbonyl function of Leu241) or increases the
desolvatation penalty for this compound.
Keeping a propyl-amino group at position 2 and 1,3-benzo-

dioxole residue at position 5, we next studied the effects of
modifications on the nitrogen atom at position 3 (Table 4). The

Table 4. Effects of Leucettines L31�33 on the Catalytic Activity of Eight Purified Kinasesa

compound R2 DYRK1A DYRK2 CLK1 CLK3 GSK-3R/β CK1 CDK5/p25 Pim1

L3 CH3 0.54 0.55 0.31 1.2 3 - - 4.5

L31 H 0.24 0.12 0.13 2.2 7.3 - - 2.5

L32 CH3CH2CH2 >10 2.1 - - - - - >10

L33 C6H5 >10 >10 >10 >10 - - - >10
aCompounds were tested at various concentrations on each kinase as described in Experimental Section. IC50 values are reported in μM. -, inactive at the
highest concentration tested (10 μM); >10, inhibitory but IC50 >10 μM.

Scheme 3. General Procedure for the Introduction of Sub-
stituents at the 3-Amino Position of the 2-Aminoimidazolin-
4-one Scaffolda

aReagents and conditions: (i) CH3I, K2CO3, CH3CN, 40 �C, 14 h; (ii)
piperonal, piperidine, μω (Synthewave 402 reactor, Prolabo), 70 �C,
15�25 min; (iii) nPrNH2, reflux, 3 days.
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conversion of N-Me to NH group (L3 compared to L31) favors
affinity for DYRK1A moderately (4 fold improvement). For
CLK1 and GSK-3R/β, we observed variations in affinity potency
in both directions but still moderately (2-fold improvement for
CLK1 and 3-fold decrease for GSK-3R/β). However, the lack of
a clear trend in SAR suggests that there might possibly be
different binding modes to these kinases. However, it is clear
that replacement of the methyl group by a hydrogen atom

enhances the inhibitory activity toward DYRK1A and CLK1
versus GSK3R/β (Table 4), raising the possibility that selective
inhibitors of DYRK1A/CLK1 can be designed.
We next carried out modifications on the exocyclic nitrogen

atom from the scaffold bearing a hydrogen atom onN-3. Following
evaluation on the kinase panel (Table 5), it appears that the
absence of a substituent on the nitrogen atom N-3 associated
with the presence of an aromatic nucleus on the exocyclic amine

Table 5. Effects of Leucettines L34�41 on the Catalytic Activity of Eight Purified Kinasesa

aCompounds were tested at various concentrations on each kinase as described in Experimental Section. IC50 values are reported in μM. -, inactive at the
highest concentration tested (10 μM); >10, inhibitory but IC50 >10 μM.

Scheme 4. General Procedure for the Synthesis of Leucettines Unsubstituted at the 3-Amino Position of the Ringa

aReagents and conditions: (i) ArCHdN�Pr, CH3CN, 80 �C, 39 h, quantitative; (ii) R1NH2, TBHP, CH3OH, r.t., 48 h; (iii) EtI, K2CO3, CH3CN,
60 �C, 3.5 days, quantitative; (iv) R1NH2, μω (Synthewave 402 reactor, Prolabo), 100�160 �C, 20�100 min.
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favors the inhibition of DYRK1A and CLK1 in relation to
GSK3R/β. For example, leucettine L40 showed a 100-fold higher
affinity for DYRK1A versus GSK3R/β. Five compounds (L36�37

and L39�41) were identified as inhibitors of DYRK1A in the
submicromolar range (IC50 = 40 to 90 nM), of which leucettine
L41 was selected for further biological characterization. To the
best of our knowledge, this new family of compounds represents
one of the most potent inhibitors of DYRK1A.

Leucettine Inhibits Phosphorylation of Serine/Arginine-
Rich Proteins in Vitro and in Vivo. The serine/arginine-rich
(SR) proteins represent a family of highly conserved regulators of
constitutive and alternative pre-mRNA splicing.17,18 Phosphor-
ylation of SR proteins by CLKs is known to regulate splicing
events mediated by these proteins.19

We first investigated the effect of leucettine L41 on the in vitro
phosphorylation of the SR protein 9G8 by DYRKS and CLKS.

Figure 2. CLK3/leucettine L41 cocrystal structure. (A) Structure of CLK3 in ribbon diagram representation. Helices are shown in red, while β-sheets
are shown in green. LeucettineL41 is shown in ball-and-stick representation. (B)Details of the interactions of leucettineL41with the ATP binding pocket
of CLK3 and selected side chains residues of CLK3 are shown in ball-and-stick representation. (C) (2Fo� Fc)R-calc electron density for leucettine L41
calculated at the end of refinement using map coefficients output from REFMAC with resolution between 20 and 2.1 Å. The map is contoured at 2 σ.

Figure 3. Leucettine inhibits the phosphorylation of SR proteins in vitro and in vivo. (A) Leucettine B L41 inhibits in vitro phosphorylation of the SR
protein 6N98 by various DYRK and CLK kinases. Each individual kinase was incubated with 6N98 for 30 min in the presence or absence of 10 μM
Leucettine L41. Phosphorylation of the substrate was analyzed by sodium dodecyl sulfate�polyacrylamide gel electrophoresis (SDS�PAGE) followed
by autoradiography. (B,C) Leucettine inhibits the phosphorylation of SR proteins in endothelial cells. HMEC-1 cells were exposed to different
concentrations of leucettine L41 and stimulated with 10 ng/mLTNF-R for 2min. Phosphorylation of SRp75 (75 kDa) (B) and SRp55 (55 kDa) (C) was
analyzed following SDS�PAGE by Western blotting using the phosphorylation-dependent antibody mAb1H4. GAPDH (36 kDa) was used as the
loading control. Shown is the total band density as the mean( SEM. The results are representative of at least 3 independent experiments. (O) p < 0.15,
(*) p < 0.01, (**) p < 0.001, (***) p < 0.0001; n.s. indicates no significant difference.
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Phosphorylation of 9G8 was recently shown to regulate alter-
native splicing of exon 10 of Tau.14g Recombinant 9G8 was incu-
bated in the absence or presence of 10 μM leucettine L41 with
DYRK1A, 1B, 2, 3, or CLK1, 2, 3, 4 (diluted to reach the
same specific activity toward the RS peptide). Autoradiographic
analysis of 9G8 phosphorylation showed that CLKs were
more potent than DYRKs at phosphorylating this SR protein
(Figure 3A). DYRK3 was the most efficient DYRK, while CLK1
was the most efficient CLK. Leucettine L41 was most potent at
inhibiting 9G8 phosphorylation by DYRK2, DYRK3, CLK1,
CLK2, and CLK4.
We next analyzed the effects of DYRKs/CLKs inhibition on

the in vivo phosphorylation of two representative members of SR
proteins. Human microvascular endothelial cells, HMEC-1 were
treated with different concentrations of leucettine L41 and then
stimulated with 10 ng/mL TNF-R (tumor necrosis factor-R) for
2 min. Proteins were then resolved by SDS�PAGE, and the
phosphorylation of SR proteins was analyzed by Western blott-
ing with phospho-specific anti-SR proteins antibodies. Results
showed that leucettine L41 significantly reduced the phosphor-
ylation of SRp75 and SRp55 in a concentration-dependent
manner (Figure 3B,C). The phosphorylation state of both SR
proteins was also reduced in cells that were not treated by TNF-R
(data not shown). These results show that leucettine L41 is able
to inhibit the phosphorylation of pre-mRNA splicing�control-
ling SR-rich proteins in a cellular context.
Leucettine Modulates Pre-mRNA Splicing. In order to

confirm that leucettines are able to modulate alternative

pre-mRNA splicing in a cellular context, we made use of a
reporter cellular model.
This model was based on a synthetic CLK1 minigene and its

alternative splicing products20,21 (Figure 4). This minigene
contained three exons and two introns and produces two major
alternatively spliced isoforms when expressed in cells. The pre-
dominant shorter form (CLK1T) lacks the second exon of the
minigene and does not produce the active kinase. Inclusion of the
second exon produces mRNA for active CLK1 (CLK1). The
ratio of the two isoforms is regulated by the kinase activity
of CLK1 itself and CLK4, resulting in an autoregulatory
negative feedback of CLK1/CLK4 activity levels. HeLa cells
were transfected with CMV-CLK1 or its kinase dead mutant
CMV-CLK1-K190R. Three hours later, various kinase inhibi-
tors were added to the cells: Leucettine L41, TG003 (a pre-
viously reported CLK inhibitor),20 harmine (a DYRK/CLK
inhibitor),22 and roscovitine (a CDK inhibitor with slight
inhibitory activity on DYRKs and no activity on CLKs).23

Twenty-four hours after transfection, cells were harvested,
total RNA was extracted, and splicing products were analyzed
by RT-PCR. The molar ratio of each isoform was analyzed by a
2100 Bioanalyzer (Agilent). Both leucettine L41 and TG003,
and harmine to a lesser extent, but not roscovitine, increased
the exon inclusion ratio in a dose-dependent manner, reaching
a level similar to that seen with the kinase dead CLK1
(Figure 4). This result highly suggests that Leucettine L41
(even better than TG003) is able to modulate alternative
splicing by the inhibition of CLKs.

Figure 4. Leucettine alters alternative pre-mRNA splicing: CLK1 minigene reporter model. (A) Schematic representations of CLK1 minigene and its
two alternative splicing products. The CLK1 minigene vector (CMV-CLK1) has three exons and two introns and produces two major alternatively
spliced isoforms when expressed in cells. The predominant shorter form (CLK1T) lacks the second exon of the minigene and does not produce an active
kinase. Inclusion of the second exon produces mRNA for an active kinase (CLK1). The ratio of the two isoforms is regulated by the kinase activity of
CLK1 itself and CLK4, resulting in an autoregulatory negative feedback of CLK1/CLK4 activity levels. (B) HeLa cells were transfected with CMV-
CLK1 or its kinase inactive variant CMV-CLK1/K190R, which harbors the same minigene as CLK1 except for a missense mutation in its catalytic site.
Three hours after transfection, the indicated doses of drugs were added to the cells. Cells were harvested 24 h after transfection, total RNAwas extracted,
and E1A splicing products were analyzed by RT-PCR. The spliced products were analyzed by RT-PCR and sequenced to confirm the specificity of PCR.
The molar ratio of each isoform was analyzed by a 2100 Bioanalyzer (Agilent). (C) Effect of various kinase inhibitors on CLK1 minigene splicing. HeLa
cells transfected with CMV-CLK1 were treated with varying doses of leucettine L41, TG003, harmine, or (R)-roscovitine. All cell cultures contained a
final 0.5% concentration of DMSO. The exon inclusion ratios were calculated and plotted. Each plot represents the average of three independent
samples. Error bars show the standard deviation.
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’CONCLUSIONS

Data presented in this study demonstrate the promising kinase
inhibitory potential of derivatives and analogues of the natural
product leucettamine B, a 2-aminoimidazolone produced by
marine sponges. Critical for affinity enhancement is the intro-
duction of a phenyl ring at position R1. Affinity improvements are
possibly a consequence of the limited flexibility of the phenyl ring
(compared to that of alkyl or benzyl groups), that permits more
extensive stabilizing hydrophobic interactions with residues of
the gly loop. Additionally, an affinity gain in analogues L31 and
L34�41 results from the increased hydrogen bonding potential of
the secondary amine NH adjacent to the phenyl ring, as an
outcome result of the orbital delocalization of the hydrogen over
the aromatic ring. At the same time, there is a possibility for
developing highly selective dual DYRK1A and CLK inhibitors
based on the 2-aminoimidazolone scaffold. Although a clear
relationship between the different substitution schemes of posi-
tions R1 and R2 and selectivity was not apparent, certain combina-
tions afford compounds that interacted with DYRK1A or CLK
with an up to 100-fold improved affinity compared to that of
GSK-3R/β (e.g., L40). Small differences in the residues compris-
ing the binding pocket of each kinase do exist, and this could
result in the deviations observed in the binding mode established
by the CLK3-L41 co-crystal structure. Docking experiments show
that a reversed binding mode is possible in the DYRK1A ATP-
binding cavity. In this mode, the interaction between the lactam
CdO and NH of leucettamines L31 and L34�41 and the kinase
hinge would explain the pronounced affinity improvement of
these analogues toward DYRK1A and CLK1 compared to that of
GSK-3R/β.

Alternative pre-mRNA splicing is a fundamental mechanism
for posttranscriptional regulation of gene expression.24 CLKs
modulate the phosphorylation state of SR proteins, which in turn
regulates the localization, substrate affinity and splicing activity of
SR proteins in alternative splicing processes.17,19,25 The pharma-
cological inhibition of CLKs was demonstrated to affect the
alternative splicing of important vascular proteins, such as tissue
factor or vascular endothelial growth factor.19,26 Here, we show
that leucettine L41 reduces the CLK-mediated phosphorylation
of SRp75 and SRp55 under normal as well as pro-inflammatory
conditions in a concentration-dependent manner. Therefore,
leucettines are adequate molecular biological tools for examining
the role of CLKs in the control of alternative splicing processes
via regulating the phosphorylation of SR proteins. Modulation
of alternative splicing by low molecular weight kinase inhibitors
will be of great interest in the fundamental study of this key
physiological regulatory mechanism and its regulation by CLKs
and DYRKs. Pharmacological inhibitors like leucettines may also
prove to be of key importance in the design of therapeutically
active regulators of alternative pre-mRNA splicing when abnor-
mally balanced in human disease. For example, CLK and DYRK
inhibitors such as leucettines may find important applications in
Alzheimer’s disease and Down syndrome indications. There is
indeed growing evidence for important links between the activity
of these kinases and these diseases:14,15 (1) DYRK1A phosphor-
ylates key players in AD, namely, APP,14d Tau,14c presenilin,14c

and septin-4,14f (2) DYRK1A acts as a priming kinase,14a allowing
its substrates to be further phosphorylated by GSK-3, a key
kinase in AD,39 (3) the DYRK1A gene is located on chromosome
21, and its overexpression in DS is associated with early AD
phenotype observed in DS patients,15 (4) genetic studies in

humans demonstrate a strong link between the DYRK1A gene
and amyloid-β production,14b (5)DYRK1A is involved in alternate
splicing of Tau pre-mRNA (the balance between Tau 3R/4R
splicing variants is altered in AD),14g�i,15c,j and (6) CLKs and
DYRKs are key regulators of pre-mRNA splicing and therefore also
control the level of Tau 3R/4R variants. Altogether, these datamake
DYRKs and CLKs very attractive therapeutic targets for AD.

’EXPERIMENTAL SECTION

Chemistry. General Methods. Reagents obtained from commer-
cial suppliers were used without further purification. Acetonitrile was
distilled over calcium chloride after standing overnight and stored over
3 Å molecular sieves. Thin-layer chromatography (TLC) was accom-
plished on 0.2-mm precoated plates of silica gel 60 F-254 (Merck), and
visualization was made with ultraviolet light (254 and 312 nm) or with a
fluorescence indicator. Melting points were determined on a Kofler
melting point apparatus and were uncorrected. 1H NMR spectra were
recorded on Bruker AC 300 P (300 MHz) and Bruker ARX 200 (200
MHz) spectrometers, and 13C NMR spectra on a Bruker AC 300 P (75
MHz) spectrometer. Chemical shifts are expressed in parts per million
downfield from tetramethylsilane (TMS) as an internal standard. Proton
coupling constants (J values) are expressed in hertz using the following
designations: s (singlet), d (doublet), br s (broad singlet), q (quartet),
andm (multiplet). Reactions undermicrowave irradiations were realized
in a Synthewave 402 apparatus (Merck Eurolab, Div. Prolabo, France).
The microwave instrument consists of a continuous focused microwave
power output from 0 to 300W. All of the experiments were performed
using stirring option. The target temperature was reached with a ramp of
3 min, and the chosen microwave power stayed constant to hold the
mixture at this temperature. The reaction temperature is monitored
using a calibrated infrared sensor, and the reaction time includes the
ramp period. Themass spectra (HRMS)were taken on a VarianMat 311
at an ionizing potential of 70 eV in the Centre R�egional de Mesures
Physiques de l’Ouest (CRMPO, Rennes). All tested compounds Lx
possessed a purity of g95% as verified by elemental analyses by
comparison with the theoretical values.

General Procedure for the Synthesis of Leucettamine B Derivatives
from (5Z)-5-[(1,3-Benzodioxol-5-yl)methylene]-3-methyl-2-thioxo-
imidazolin-4-one (3a). To a solution of (5Z)-5-[(1,3-benzodioxol-5-
yl)methylene]-3-methyl-2-thioxo-imidazolin-4-one (3a) (200 mg, 0.76
mmol) in methanol (20 mL) and commercial amine (15.2 mmol) in a
10 mL round-bottomed flask, provided with a magnetic stirrer and reflux
condenser, was added a solution of TBHP (70%, 0.32 mL, 2.3 mmol) in
one portion. The solution was stirred for 48 h at room temperature. The
solvent was evaporated under reduced pressure with a rotary evaporator,
and the crude residue was submitted to purification by chromatography
on silica gel using dichloromethane�methanol as eluent.

(5Z)-5-[(1,3-Benzodioxol-5-yl)methylene]-3-methyl-2-methylamino-
3,5-dihydro-4H-imidazol-4-one (L1): The title compound was prepared
frommethylamine (40%) (dichloromethane�methanol, 98/2, Rf = 0.18).
Yellow powder, yield = 40%. Mp = 224�226 �C. 1H NMR (300 MHz,
DMSO-d6): δ = 2.96 (d, 3H, J = 4.4 Hz, CH3), 3.03 (s, 3H, CH3), 6.03 (s,
2H,OCH2O), 6.34 (s, 1H, =CH), 6.92 (d, 1H, J= 8.1Hz, Ar), 7.43 (d, 1H,
J= 8.1Hz, Ar), 7.62 (br q, 1H, J= 4.4Hz,NH), 7.98 (s, 1H, Ar). 13CNMR
(75 MHz, DMSO-d6): δ = 25.9, 28.3, 101.5, 108.7, 109.6, 111.9, 125.7,
131.2, 139.4, 147.1, 148.4, 159.5, 169.4. Anal. Calcd for C13H13N3O3: C,
60.23; H, 5.05; N, 16.21. Found: C, 60.17; H, 4.99; N, 16.24.

Synthesis of Leucettamine B Derivatives from (5Z)-5-[(1,3-Benzodiox-
ol-5-yl)methylene]-3-methyl-2-ethylthio-3,5-dihydro-4H-imidazol-4-one
(4a). Method A (Thermic Process). In a 10 mL round-bottomed flask,
provided with a magnetic stirrer and reflux condenser, a solution of (5Z)-
5-[(1,3-benzodioxol-5-yl)methylene]-3-methyl-2-ethylthio-3,5-dihydro-4H-
imidazol-4-one (4a) (300 mg, 1 mmol) and the corresponding primary
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amine (10 mmol) was heated at reflux during 3 days. After cooling down
to room temperature, the excess of primary amine was evaporated under
reduced pressure with a rotary evaporator, and the crude residue was sub-
mitted to purification by chromatography on silica gel with the appropriate
eluent or was precipitated with Et2O or EtOH.
(5Z)-5-[(1,3-Benzodioxol-5-yl)methylene]-3-methyl-2-propylamino-

3,5-dihydro-4H-imidazol-4-one (L3). The title compound was pre-
pared from propylamine using method A in 47% yield as a yellow
powder; mp = 190�192 �C. 1H NMR (300 MHz, CDCl3): δ = 1.02
(t, 3H, J = 7.4 Hz, CH3), 1.72�1.75 (m, 2H, CH2), 3.11 (s, 3H, CH3),
3.54 (t, 2H, J = 6.2 Hz, CH2), 4.95 (br s, 1H, NH), 5.98 (s, 2H,
OCH2O), 6.62 (s, 1H, =CH), 6.81 (d, 1H, J = 8.1 Hz, Ar), 7.34 (dd, 1H,
J = 8.1, 1.2 Hz, Ar), 7.99 (d, 1H, J = 1.2 Hz, Ar). 13C NMR (75 MHz,
CDCl3): δ = 11.5, 22.8, 25.2, 43.7, 101.1, 108.4, 110.3, 116.8, 126.1,
130.2, 138.1, 147.6, 147.7, 157.2, 170.4. HRMS, m/z = 287.1279 found
(calculated for C15H17N3O3, M

þ• requires 287.1270). Anal. Calcd for
C15H17N3O3: C, 62.71; H, 5.96; N, 14.62. Found: C, 62.69; H, 5.98;
N, 14.64.
Method B (Microwave Irradiation Process). A mixture of (5Z)-

5-[(1,3-benzodioxol-5-yl)methylene]-3-methyl-2-ethylthio-3,5-dihydro-4H-
imidazol-4-one (4a) (300 mg, 1 mmol) and primary amine (5 mmol)
was placed in a cylindrical quartz reactor (Ø = 1.8 cm). The reactor was
then introduced into a Synthewave 402 Prolabo microwave reactor (P =
300 W). The stirred mixture was irradiated at the appropriate reaction
temperature (with a power level ranging from 50 to 100%) for an
appropriate reaction time (20�100 min.). After microwave dielectric
heating, the crude reaction mixture was allowed to cool down at room
temperature, and ethanol, diethyl ether, or chloroform (10 mL) was
added directly into the cylindrical quartz reactor. The resulting pre-
cipitated product was filtered off and was purified by recrystallization
from ethanol, diethyl ether, or chloroform.
(5Z)-5-[(1,3-Benzodioxol-5-yl)methylene]-3-methyl-2-(2-hydro-

xyethyl)amino-3,5-dihydro-4H-imidazol-4-one (L11). The title com-
pound was prepared from 4 equivalents of 2-hydroxyethylamine using
method B (reaction time = 50 min, temperature = 120 �C) in 33% yield
as a yellow powder; mp = 180�182 �C. 1H NMR (300 MHz, DMSO-
d6): δ = 3.05 (s, 3H, CH3), 3.44�3.49 (m, 2H, CH2), 3.61�3.65
(m, 2H, CH2), 4.84�4.88 (br s, 1H, OH), 6.02 (s, 2H, OCH2O), 6.36
(s, 1H, =CH), 6.90 (d, 1H, J = 7.0 Hz, Ar), 7.34 (d, 1H, J = 7.0 Hz, Ar),
7.66 (s, 1H, Ar), 7.91�7.97 (br s, 1H, NH). 13C NMR (75 MHz,
DMSO-d6): δ = 25.5, 43.9, 59.3, 100.9, 108.2, 109.4, 112.7, 125.1, 130.3,
138.7, 146.6, 147.1, 158.2, 169.5. HRMS, m/z = 289.1055 found
(calculated for C14H15N3O4, M

þ• requires 289.1063). Anal. Calcd for
C14H15N3O4: C, 58.13; H, 5.23; N, 14.53. Found: C, 58.19; H, 5.20;
N, 14.55.
Biochemistry. Buffers. Buffer A. 10 mM MgCl2, 1 mM EGTA,

1 mM DTT, 25 mM Tris-HCl at pH 7.5, and 50 μg heparin/mL.
Buffer C. 60 mM ss-glycerophosphate, 30 mM p-nitrophenylpho-

sphate, 25 mM Mops (pH 7.2), 5 mM EGTA, 15 mM MgCl2, 1 mM
DTT, 0.1 mM sodium vanadate, and 1 mM phenylphosphate.
Kinase Preparations and Assays. Kinase activities were assayed in

buffer A or C, at 30 �C, at a final ATP concentration of 15 μM. Blank
values were subtracted and activities expressed in percent of the maximal
activity, i.e., in the absence of inhibitors. Controls were performed with
appropriate dilutions of DMSO. The kinase peptide substrates were
obtained from Proteogenix (Oberhausbergen, France).

DYRK1A and DYRK2 (respectively rat and human, recombinant,
expressed in E. coli as a GST fusion protein) were purified by affinity
chromatography on glutathione-agarose and assayed in buffer A (þ 0.15
mg BSA/mL) using Woodtide (KKISGRLSPIMTEQ) (1.5 μg/assay)
as a substrate, in the presence of 15 μM [γ-33P] ATP (3,000 Ci/mmol;
10 mCi/mL) in a final volume of 30 μL. After 30 min, incubation at
30 �C, the reaction was stopped by harvesting onto P81 phosphocellulose
papers (Whatman) using a FilterMate harvester (Packard) and were

washed in 1% phosphoric acid. Scintillation fluid was added and the
radioactivity measured in a Packard counter.

CLK1 and CLK3 (mouse, recombinant, and expressed in E. coli as
GST fusion proteins) were assayed in buffer A (þ 0.15 mg BSA/mL)
with RS peptide (GRSRSRSRSRSR) (1 μg/assay).

CDK5/p25 (human, recombinant) was prepared as previously
described.27 Its kinase activity was assayed in buffer C, with 1 mg
histone H1/mL.

GSK-3R/β (porcine brain, native) was assayed in buffer A and using a
GSK-3 specific substrate (GS-1: YRRAAVPPSPSLSRHSSPHQSpED-
EEE) (pS stands for phosphorylated serine).28

CK1δ/ε (porcine brain, native) was assayed in 3-fold diluted buffer C,
using 25 μM CKS peptide (RRKHAAIGpSAYSITA), a CK1-specific
substrate.29

Pim1 (human recombinant) was assayed in buffer C, with 1 mg
histone H1/mL.

CLK3/Inhibitor Cocrystallization and Structure Determination
Cloning, Protein Expression, and Purification. An expression con-

struct of CLK3A was made by subcloning a PCR fragment encoding
R134 to L475 into the pLIC-SGC vector using ligation independent
cloning. The expressed protein included an N-terminal hexahistidine tag
and a TEV (tobacco etch virus) protease tag cleavage site. The cloned
vector was freshly transformed in competent E. coli BL21(DE3)-
R3-pRARE2 cells (phage-resistant derivative of BL21(DE3)), with a
pRARE plasmid, which were grown overnight at 37 �C in 5 mL of
Luria�Bertani medium (LB-broth) containing 50 μg/mL kanamycin
and 34μg/mL chloramphenicol. This culture was diluted 1:1000 in fresh
medium and cell growth was allowed at 37 �C to an optical density of
about 0.5 (OD600) before the temperature was decreased to 18 �C.
Protein expressionwas induced overnight at 18 �Cwith 0.1mM isopropyl-
β-D-thiogalactopyranoside (IPTG). The bacteria were harvested by cen-
trifugation and were frozen at �20 �C. Cells were resuspended in lysis
buffer (50 mM HEPES, pH 7.5 at 25 �C, 500 mM NaCl, 5 mM
imidazole, 5% glycerol, 0.5 mM TCEP, and 50 mM L-Arg and L-Glu) in
the presence of protease inhibitor cocktail (1 μL/mL) and lysed using an
EmulsiFlex-C5 high pressure homogenizer at 4 �C. DNA was separated
from protein using DEAE cellulose (DE52, Whatman). Ten grams of
resin was suspended in a 2.5� 20 cm column. The resin was hydrated in
2.5MNaCl, then washed with 20mL of binding buffer (50 mMHEPES,
500 mM NaCl, 5% glycerol, and 50 mM L-Arg and L-Glu) prior to
loading the sample. The column flow-through was collected and was
applied to a nickel-nitrilotriacetic acid agarose column (Ni-NTA,Qiagen
Ltd.)., 5 mL, equilibrated in lysis buffer). The column was washed with
30 mL of lysis buffer. The protein was eluted using a step elution of
imidazole in lysis buffer (50, 100, 150, 2� 250 mM imidazole in 50 mM
HEPES, pH 7.5 at 25 �C, 500 mM NaCl, 50 mM L-Arg and L-Glu). All
fractions were collected and monitored by SDS�PAGE. After the
addition of 10 mM dithiothreitol (DTT), the eluted protein was
treated overnight at 4 �C with TEV protease. The protein was further
purified with size exclusion chromatography on a Superdex 75 16/60
HiLoad gel filtration column on an

::
AktaPrime plus system (GE/

Amersham Biosciences). Samples were monitored by SDS�PAGE and
concentrated to 11 mg/mL in the elution buffer, 10 mM Hepes, pH 7.5,
500 mM NaCl, and 50 mM L-Arg and L-Glu and were used for
crystallization.

Crystallization. Aliquots of the purified proteins were set up for
crystallization using the vapor diffusion method. Coarse screens were
typically setupontoGreiner or SWISSCI 3-well plates using three different
drop ratios of precipitant to protein per condition. Initial hits were
optimized further, and suitable crystals were obtained at a protein
concentration of 11 mg/mL and a buffer containing 0.1 M Bis-Tris
propane at pH 7.5, 20.0% polyethylene glycol (PEG) 3350, and 10.0%
ethylene glycol. Crystals grew to diffracting quality within 1�3 weeks.
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Data Collection and Structure Solution. Crystals were cryo-pro-
tected using the well solution supplemented with 20% additional
ethylene glycol and were flash frozen in liquid nitrogen. Data were
collected to a resolution of 2.09 Å at the SLS (Swiss Light Source)
beamline SA X10. Indexing integration and scaling was carried out using
MOSFLM30 and SCALA31 (I, III) or HKL200032 (II). Initial phases
were calculated by molecular replacement with PHASER33 using the
structure of CLK1 that has been determined earlier in our laboratory.34

Initial models were built by ARP/wARP,35 and building was completed
manually with COOT.36 Refinement was carried out in REFMAC5.37

Data collection and refinement statistics can be found in Table 6.
In Vitro SR Protein Phosphorylation. In vitro phosphorylation

of the 9G8 SR protein was carried out in the absence or presence of
10 μM leucettine L41. The phosphorylation reactions were carried out at
30 �C for 30 min using 15 μM [γ-33P] ATP (3000 Ci/mmol, 10 mCi/
mL) in the presence of the different DYRKs andCLKs diluted to provide
the same specific activity using the RS peptide as a substrate (0.35 μL
DYRK1A, 0.08 μL DYRK1B, 0.08 μL DYRK2, 2 μL DYRK3, 0.8 μL
CLK1, 0.16 μL CLK2, 0.48 μL CLK3, and 0.26 μL CLK4). The
incubation buffer contained 2 mM MgCl2, 0.2 mM EGTA, 1.7 mM
DTT, 5 mM Tris-HCl, pH 7.5, 10 μg heparin/mL, 3 μg BSA, 0.1%
DMSO, and 87 ng of recombinant SR protein 9G8 in the presence or
absence of 10 μM Made 44. The reactions were stopped by adding
loading buffer followed by heat denaturation, and the proteins were
resolved on a SDS�PAGE gel. Phosphorylation of the substrate was
assessed by autoradiography.
In Vivo SR Protein Phosphorylation. Cell Culture. Human

microvascular endothelial cells (HMEC-1) were cultured in endothelial
cell medium (PAA Laboratories GmbH, Pasching, Austria) containing
5% fetal calf serum (FCS) at 37 �C in a humidified incubator (5% CO2,
95% air). Cells from passages 2 to 8 were used. For inhibition

experiments, HMEC-1 were switched to endothelial cell basal medium
(without FCS) for 1 h and then pretreated with different concentration
of leucettine L41 for 1 h. After that, cells were stimulated or not with
10 ng/mLTNF-R (Sigma Aldrich, St Louis, USA). The phosphorylation
state of SR proteins was characterized 2 min post-induction of the cells
by Western blot analyses. Positive controls were stimulated only with
TNF-R, and negative controls were nontreated.

Western Blotting. Whole cell lysates of inhibited, stimulated, and
nontreated HMEC-1 cells were subjected to Western blot analysis as
previously described.38 The change in protein amount was quantified by
densitometry. For the detection of phosphorylated SR proteins, mono-
clonal antibody mAb1H4 (Invitrogen GmbH, Karlsruhe, Germany)
was used.

Statistical Analysis.All data were expressed as themean( SEM.Data
were analyzed by Student’s t-test or one-way ANOVA. A probability
value e0.05 was deemed significant.
Alternative Pre-mRNA Splicing and CLK Inhibition in Cells.

CLK1 Minigene and Its Alternative Splicing Products. All experiments
were carried out as described in previous papers with minor
modifications.20,21
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Table 6. CLK3/Leucettine L41 Co-Crystal Structure
a

Data Collection

PDB ID 3raw

space group P21
cell dimensions:

a, b, c (Å) 61.67, 122.42, 69.28

R, β, γ (deg) 90.0, 92.6, 90.0

resolutionb (Å) 2.09 (2.09�2.2)

unique observationsb 59553 (8602)

completenessb (%) 98.02 (97.1)

redundancyb 3.9 (3.9)

Rmerge
b 0.09 (0.755)

I/ σIb 8.4 (2.0)

Refinement

resolution (Å) 2.09

Rwork/Rfree (%) 18.2/22.1

number of atoms (protein/other/water) 5928/72/247

B-factors (Å2) (protein/ligand/water) 22.3/32.5/25.0

rmsd bonds (Å) 0.016

rmsd angles (deg) 1.520

Ramachadran:

favored (%) 99.3

allowed (%) 0.3

disallowed (%) 0
a Statistics of the data set used and of the refined structures. bValues in
parentheses correspond to the highest resolution shell.
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’ABBREVIATIONS
BSA, bovine serum albumin;CDKs, cyclin-dependent kinases; CK1,
casein kinase 1;CLKs, cdc2-like kinases;DMSO, dimethylsulfoxide;
DTT, dithiothreitol;DYRKs, dual-specificity, tyrosine phosphoryla-
tion regulated kinases; FCS, fetal calf serum; gHSQMBC, gradient
heteronuclear single quantum multiple bond correlation;GSH,
glutathione;GSK-3, glycogen synthase kinase-3;GST, glutathione-
S-transferase;HMEC, humanmicrovascular endothelial cells;MEK-
1, mitogen-activated protein kinase 1; PBS, phosphate-buffered
saline; SRp, serine/arginine-rich proteins; TNF-R, tumor necrosis
factor R
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