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ABSTRACT: The protein kinase DYRKIA is involved in Alzheimer’s . 57 . Table 6
. . . . . . psor L/ Table 5
disease, Down syndrome, diabetes, viral infections, and leukemia. -é ; = able 3
Leucettines, a family of 2-aminoimidazolin-4-ones derived from the

marine sponge alkaloid Leucettamine B, have been developed as
pharmacological inhibitors of DYRKs (dual specificity, tyrosine
phosphorylation regulated kinases) and CLKs (cdc2-like kinases). We
report here on the synthesis and structure—activity relationship (SAR) of
68 Leucettines. Leucettines were tested on 11 purified kinases and in $
cellular assays: (1) CLK1 pre-mRNA splicing, (2) Threonine-212-Tau phosphorylation, (3) glutamate-induced cell death, (4)
autophagy and (S) antagonism of ligand-activated cannabinoid receptor CB1. The Leucettine SAR observed for DYRKIA is
essentially identical for CLK1, CLK4, DYRK1B, and DYRK2. DYRK3 and CLK3 are less sensitive to Leucettines. In contrast, the
cellular SAR highlights correlations between inhibition of specific kinase targets and some but not all cellular effects. Leucettines
deserve further development as potential therapeutics against various diseases on the basis of their molecular targets and cellular
effects.
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H INTRODUCTION The CMGC families of DYRKs (dual specificity, tyrosine
phosphorylation regulated kinases)''™'® and CLKs (cdc2-like
kinases)'°™** are considered as potentially important ther-

apeutic targets, especially in the central nervous system area

threonine, and tyrosine residues in enzymatic and structural (reviews in refs 13, 15, 16). The DYRKS family comprises five
proteins. Protein p}'losphorylatio.n is proba-lbly- the - most members: DYRKIA, 1B, 2, 3, 4. The CLKs family comprises
frequer.lt post-translational m.echa.msm underlying 1ntrace11u1?1r four members: CLK1, 2, 3, 4. DYRKIA is the most studied
regulation. As phosphorylation is frequently deregulated in DYRK. The DyrkIA gene is located on chromosome 21q22.2,
human diseases, modulation of protein kinases by pharmaco- in a region known as the “Down syndrome critical region”

The human kinome comprises 538 protein kinases.'~* This
wide class of enzymes catalyzes the phosphorylation of serine,

logical inhibitors (antibodies and low molecular weight (DSCR), responsible for most of the Down syndrome (DS)
molecules) has become a prime therapeutic target approach associated cognitive deficits. There is strong evidence that the
in the pharmaceutical industry.”™'" Over 900 000 articles on mere 1.5-fold increase in DYRKIA expression and activity in
kinases and phosphorylation have been published, and more DS is associated with some of the most severe aspects of the
than 5000 crystal structures of kinases (with or without DS phenotype.'#'>*'~*7 Other intellectual and developmental
inhibitors) have been solved. Almost 19 000 inhibitors have disabilities, including autism spectrum disorders and mental
been described with activities against 266 different kinases. retardation disease 7 (MRD?7), are associated with DyrklA
Most inhibitors target the ATP-binding site, and most aim at gene mutations or deletions.”**” There is also evidence for the
the treatment of cancers. Many kinases have not yet been

investigated as therapeutic targets. More than 260 protein Special Issue: New Horizons in Drug Discovery - -

kinase inhibitory molecules are in clinical study against various Understanding and Advancing Kinase Inhibitors == Chemisiry
3 . C

Llumar; pathologles.dAs Zf February 2(1)21, 6Zkkme:is;eolnhlbltorsf Received: June 26, 2021

ave been approved and are currently marketed.”” Most o Published: December 20, 2021

these are tyrosine kinase inhibitors developed for the treatment

of cancer.
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Figure 1. (A) Interactions of Leucettine L41 with DYRKIA as identified by resolution of a cocrystal structure (PDB: 4AZE). Hydrogen bonds are
represented by straight dotted lines. Circled dotted line indicates hydrophobic interactions. (B) Numbering of Leucettine L41 atoms and
structure—activity relationship. Arrows link tables of results corresponding to different interrogated areas of the Leucettine structure.

involvement of DYRKIA in Alzheimer’s disease (AD).**™*°
DYRKIA may also be involved in Parkinson’s disease
(PD),**" where it was recently identified as one of the risk
factors.”” Recent studies*™” have shown that DYRKIA
inhibition promotes the proliferation of pancreatic f cells,
which could have major implications in diabetes. Inhibition of
DYRKIA may be useful for the treatment of knee osteo-
arthritis,”>** tendinopathy,®® various viral infections,”*~®
acute lymphoblastic leukemia (ALL)®"®* and acute mega-
karyoblastic leukemia (AMKL),* and various cancers (review
in ref 64) such as glioblastoma® and pancreatic cancer.”*” %"

These reasons have led researchers to screen for, optimize,
and characterize pharmacological inhibitors of DYRKs/CLKs
(reviews in refs 33, 36, 52, 69). Pharmacological inhibition of
DYRKIA has been shown to correct cognitive deficits in a
wide variety of animal models of DS and AD.*>**73%70773
Among the first inhibitors, we have extensively investigated
Leucettines, a family of inhibitors derived from the natural
product Leucettamine B produced by the marine calcareous
sponge Leucetta microraphis.”®~" Extensive studies of this class
of molecules showed that Leucettines inhibit DYRKs and
CLKs but also interact with CK2 (casein kinase 2), Piml,
glycogen synthase kinase-3 (GSK-3), and the lipid kinase
PIKfyve, 5 >1-5+

In this Article, we have characterized the structure—activity
relationship (SAR) of a series of 68 Leucettines selected,
among >500 synthesized Leucettines, on the basis of
substitution diversity and coverage around the central scaffold.
We investigated the effects of Leucettines on the catalytic
activity of 11 purified kinases, on CLKI1 splicing in cultured
cells, on Tau phosphorylation at Thr212, on protection against
glutamate-induced cell death, on induction of cellular
autophagy, and on ligand-activated cannabinoid receptor
CBI1. Altogether, the results provide clues to understand the
interaction of Leucettines with various targets (especially
CLK1, CLK4, DYRK1A, DYRK1B, and DYRK2) and suggest
molecular mechanisms of action involved in the various cellular
effects triggered by Leucettines. They also provide directions
for further optimization of this family of kinase inhibitors.
Finally, they suggest that some Leucettines favorably combine
several molecular and cellular effects which support their
development for the treatment of various clinical indications.
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B RESULTS AND DISCUSSION

Chemical Synthesis of Leucettines. Inspired by the
natural product Leucettamine B (L0), we have designed and
synthesized a wide series of analogues and derivatives of this 2-
aminoimidazolone scaffold, collectively called Leucettines. The
first series (41 compounds, L1-L41) has been described
previously,”’ among which L41 was the most thoroughly
investigated in terms of selectivity and biological ac-
tions.”>?*7>*17%" 'We here present a selection from the
chemical library of more than 500 Leucettines which have
been synthesized.

In order to evaluate the importance of functional groups, we
envisaged different strategies to modify the structural skeleton
and substituents of L41 in a targeted manner and at diverse
positions, based on the DYRKIA/L41 cocrystal structure®'
(Figure 1A), with the aim of understanding the SAR in the
Leucettines family of kinase inhibitors (Figure 1B).

A first series of analogues L42—LS7 (Tables 1 and 2) was
prepared with a well-defined stereochemistry as described in
Scheme 1, in which the diversity is brought about via a
condensation reaction using a large variety of aldehydes.
Reaction with acetophenone also led to the desired product
but with a more moderate yield (58%) compared to aldehydes
due to lower reactivity of ketones. The stereochemistry of
condensation products was exclusively Z except for Leucettine
L56 which was a mixture of Z/E isomers (80/20).

Based on the replacement of the imidazolone ring by
another five-membered azaheterocyclic system, different
Leucettine analogues were prepared according to Schemes 2
and 3. 1,3-Thiazol-4-one derivative L58 was synthesized from
commercially available N-phenylthiourea. After ring closure
with ethyl bromoacetate, compound 4 underwent a con-
densation reaction with piperonal under microwave irradiation,
affording the desired product L58 in two steps with an overall
22% yield (Scheme 2). The strategy used for the synthesis of
1,3-oxazolin-S-one derivative L6S was directly inspired from
Molina et al.’s work on the intramolecular addition of an ester
group on a carboiimide moiety.”> The synthesis started with
the preparation of methylazido acetate 8 using a method
similar to that described in the literature (Scheme 3).%
Condensation with pigeronal provided the corresponding vinyl
azide 9 as reported.”” Following the reaction with triphenyl-

https://doi.org/10.1021/acs.jmedchem.1c01141
J. Med. Chem. 2022, 65, 1396—1417
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Table 1. Biological Effects of 15 Leucettines”
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“Compounds were tested at various concentrations on each kinase as described in the Experimental Section. ICg, values are reported in M. —,
inactive at the highest concentration tested (10 #M); > 10, inhibitory but IC, > 10 #uM. Compounds were also tested (1) for their effects on cell
survival (MTS assay, ICs, values in #M), (2) for their ability to prevent glutamate (10 mM)-induced HT22 cell death (ECg, values in uM), (3) for
their ability to induce autophagy in U-2 OS cells (values indicated are averaged number of LC3 foci/cell (triplicates) measured after a 4 h treatment
of U-2 OS cells with 10 4M Leucettine; the averaged numbers of LC3 foci/cell were 5.3 + 0.8 (n = 16 measurements), 10.33 + 1.37 (n = 16) and
11.64 + 2.02 (n = 17) for DMSO (negative control), rapamycin and Leucettine L41 (positive controls), respectively), (4) for their ability to
modify the splicing of CLK1 pre-mRNA in HT22 cells (the values indicated for splicing are averaged ACt values (triplicates) measured after a 4 h
treatment of HT22 cells with 10 4M Leucettine; the ACt average from 21 measurements was 0.39 =+ 0.25 for DMSO (negative control) and 8.18 +
0.89 for Leucettine L41 (positive control)), (5) for their ability to inhibit Tau phosphorylation on Thr212 (values indicate the level of Thr212-Tau
phosphorylation compared to vehicle treated cells (100%)), and (6) for their ability to antagonize activation of the cannabinoid receptor CB1 by
CP-55940 (last column on the right, DiscoveRx arrestin assay, upper numbers in black indicate % of antagonism for compound tested at 10 uM,
while numbers below are ICy, values (in #M) calculated from dose—response curves), as described in the Experimental Section.
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Table 2. Biological Effects of 3 Leucettines Evaluated on 11 Purified Protein Kinases, HT22 Cell Survival, Glutamate-Induced
HT22 Cell Death, Autophagy in U-2 OS cells, CLK1 mRNA Splicing, Phosphorylation of Tau on Thr212, and Inhibition of

CB1“

HN>:N ) =\ O)
N HN
0 o
o}
=H, L4 O Ls7
R= CHs, L56
<| m 3 & <d o
z 9| 2 2| g2 g 5| 2 2 g 5/83adilZ2d8d -
Lo g 5| 2| 2| g oz E| %% o EEiED ElEdEAE
al a|l Al A d 2 =
141 0.023 0.13 12 0.023 0.024 0.062 0.014 023 06 0.51 12 >20 6.05 116 8.18 772 0314
L56 210 >10 >10 59 85 >10 16 >20 -(20) 58 0.38 -259 -421
L57 6.27 >10 >10 5.6 51 >10 >10 >10 >10 nt nt >20 nt nt nt nt nt

“See footnote of Table 1.

Scheme 1. General Procedure for the Introduction of Substituents at Position 5 of the Imidazolone Ring (Tables 1 and 2)“

H H Ar
N‘l N
H O H

(@)

R =H, Me 2a-0

Ar N
N i HN—Z
EtS—¢ - . \(N
{ o H
3a-o L42-L57

“Reagents and conditions: (i) Method A: ArCH = N-Pr, CH;CN, 80 °C, 14 h; Method B: aldehyde or ketone, AcOH, AcONa, puw, 140 °C, 20
min. (i) Etl, K,CO;, DMF, 60 °C, 14 h, 14—95%. (iii) PhNH,, yw, 140—160 °C, 30 min, 15—75%.

Scheme 2. Synthesis of LS8, a Leucettine Analogue Containing a 1,3-Thiazol-4-one Scaffold (Table 3)“

)

H\(%—> H\(

0

4 L58

“Reagents and conditions: (i) EtOH, SS °C, 3.5 h, 64%; (ii) PhNH,, yw (Explorer 24 CEM reactor), 150 °C, 20 min, 34%.

phosphine, treatment of iminophosphorane 10 with phenyl
isocyanate led to the formation of the corresponding transient
carbodiimide, which undergoes a cyclization step in the
presence of tetrabutylammonium fluoride (TBAF) to afford
L6S with a 41% yield.

Finally, we explored the synthesis of Leucettines with
different substituents at the 2-amino position (N1”) of the
imidazol-4-one scaffold as shown in Scheme 4. S-Alkyl

1399

products (LS9, L62, 14) were obtained by alkylation of the
corresponding (Z)-thiohydantoin with the appropriate halo-
genated reagent. N-Substituted analogues were prepared by
displacement of the SEt group under microwave irradiation
conditions with a large variety of primary and secondary
aromatic amines. The yield of this last step was highly
dependent on the steric hindrance of the amine used. For
example, while a 34% yield was obtained with 2,5-dimethylani-

https://doi.org/10.1021/acs.jmedchem.1c01141
J. Med. Chem. 2022, 65, 1396—1417
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Scheme 3. Synthesis of L6S, a Leucettine Analogue
Containing a 1,3-Oxazol-4-one Scaffold (Table 5)“

0
0 o]
i i 0 X o7
oJo o oy
8 9

o)

o [ :/ B
fii < O iv H’NYN .
o N<pph, o

10 L5 O

“Reagents and conditions: (i) NaN;, uw (Monowave 300 Anton Paar
reactor), 160 °C, 1 h, 56%; (ii) piperonal, MeONa, —20 °C, 3 h, 21%;
(iii) PPhs, rt, 12 h; (iv) (a) Phenylisocyanate, THF, 0 °C, 2 h (b)
TBAF, THEF, rt, 2 h, 41%.

line, a 67% yield was reached with 3,4-dimethylaniline. A
strong decrease in the yield was also observed when aniline was
replaced by N-methylaniline. Introduction of a primary
alkylamine can be carried out after concomitant oxidation of

(Z)-thiohydantoin 12 using tert-butyl hydroperoxide (TBHP).
Using methylamine, L64 was obtained with a 68% yield.

Compounds described in this Article were typically
precipitated by a solvent such as ethanol or ether and were
either sufficiently pure for biological tests or purified by silica
gel chromatography (purity was determined by high resolution
mass spectroscopy and microanalysis and was >95% in all
cases). Beside L56, all compounds were obtained in a
stereospecific manner as determined on the basis of *C/'H
long-range coupling constants measured in gradient hetero-
nuclear single quantum multiple bond correlation
(gHSQMBC) experiments.

Structure—Activity Relationship of Leucettines. (7)
Purified Protein Kinase Targets. Based on the crystal
structures of Leucettine L41 with various kinases,®"®* we
selected a series of 68 Leucettines (55 new + 13 Leucettines
described in ref 81) covering modulations on various domains
of the Leucettine scaffold (Figure 1) (Tables 1—7). These
modifications were chosen with the aim of “interrogating” the
importance of each Leucettine domain/atom in its interaction
with reported Leucettine targets. Eleven kinases were ex-
pressed, affinity purified, and assayed in the presence of each of
the 68 Leucettines: CLK1, 2, 3, 4; DYRKIA, 1B, 2, 3; GSK-

Scheme 4. General Procedure for the Synthesis of Leucettines Substituted at the C2-Amino Position of the Imidazolone

Platform (Tables 1, 6, 7)“
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“Reagents and conditions: (i) RI, K,CO;, CH;CN, 66 °C, 14 h, 54% (13a), 94% (13b); (ii) XYNH, uw, 160—205 °C, 30 min, 9—75%; (ii)

MeNH,, TBHP, MeOH, rt, 24 h, 68%.
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3a/p; CK2; PIM1. Compounds were first tested at a 10 uM
final concentration, and those displaying more than 50%
inhibition at this concentration were further tested in dose—
response curves to allow the determination of ICy, values,
which are reported in Tables 1—7. Results are summarized in
Figure 2. All assays were run at least twice in triplicates.

-NHy-, -NH-X single, double ring, -Phe-NCHs-piperazine
-NCH,-X -Phe-alkyl, -Phe-Phe, -Phe-piperazine
-NH- ‘ /
1»
0-, NCaHg-, NPhe- N , W
HN4\€
4a N1 _
= - ~ Nz
o © -0-, -CH,-, -OCH3 if -OH in 1'
5a A2 -OCH; if-CHy-in 1'
double bond/ oz

open, -CHy-, -CoHy-
-C3Hg-

substitution on 5'a
single bond 5-5'a

2' -

&

benzodioxymethylene ring / r
phenyl ring alone

or
N, -0-, -OH if -OCHs in 3
-OCH3 -OC3H7 if -OH in 3'

Figure 2. Summary of SAR results in terms of kinase inhibition.
Green, orange, red: favorable, acceptable, unfavorable modifications,
respectively.

Table 1 investigates the relationship between the benzodiox-
ole ring system and the kinase inhibition potency with special
focus on DYRKIA (Figure 1). Results clearly show that a
benzodioxole ring is optimal, that a benzodioxane ring leads to
a modest reduction of the inhibitory activity on all kinases, and
that a benzodioxepine ring leads to complete inactivation of
the inhibitory activity (compare L41, L42, and L43, or L44
and L45). This suggests that this ring system has to be flat to
keep its affinity for DYRKIA. Alternatively, an open ring is
equally potent (compare L41 with L50) as long as there is an
oxygen in para (compare L41, L47, L50 with L49, L52—154),

preferably a hydroxy than a methoxy group (compare L48 with
L50). Results also show that a methoxy in the para-position of
the aromatic ring is much preferable than that in the meta-
position (compare L47 and L49). Comparison of compounds
L41 with L44 and L42 with L435 shows that the presence of an
oxygen atom in 3’ is not required. All these results fit with the
H-bond between an oxygen in 1" and the backbone nitrogen of
Leu241 in DYRKIA (Figure 1A). Except for L43, L46, and
L48 that might suffer from a suboptimal orientation of the H-
bond interaction, the DYRKIA potency is directly related to
the electronegativity of this oxygen in the para-position
(Supporting Information (SI) Figure S3). A butoxy group in
the same position (L51), the lack of a 1’ substituent (L52), or
a fluorine in 1 (L53) or 3’ (L54) prevent kinase inhibitory
activity. Deuterated benzodioxole (LSS) and L41 display
similar activities.

Table 2 investigates the importance of the carbon (position
5'a) linking the benzodioxole ring system and the 2-
aminoimidazolin-4-one platform structure (Figure 1). Sub-
stitution by a methyl group at this site (L56) or reduction of
the double bond (L57) strongly reduces the kinase inhibitory
activities, suggesting that very little steric modification is
possible at this site. The 5—5’a double is a potential site for
conjugation. We have tested this possibility with L41 and L92
(50 uM) by incubation (60 min) with pooled human liver
microsomes (1 mg/mL) and glutathione (GSH) (1:1 ratio of
unlabeled GSH to *C,,'N-GSH) with and without NADPH.
Supernatants are analyzed by LC-MS/MS. A GSH + reduction
+ demethylation metabolite was identified in the case of L41.
This metabolite represented 0.12% of the total product. No
metabolites were identified with L92. Conjugation occurred in
the absence of NADPH, suggesting a chemical rather than
metabolic conjugation. GSH adduct is thus possible but to a
very limited level.

Table 3. Biological Effects of 4 Leucettines Evaluated on 11 Purified Protein Kinases, HT22 Cell Survival, Glutamate-Induced
HT22 Cell Death, Autophagy in U-2 OS Cells, CLK1 mRNA Splicing, Phosphorylation of Tau on Thr212, and Inhibition of

CB1“
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NH S
/
=Y 5 TS 5w 5 %
X o X o X o X o
L41 L58 L59 L60
< m g &
— -+ - - g g — ad %9 = 39
g d 2 K s| -
al a| R R 1= 2 1=
L41 0.023 0.13 12 0023 | 0024 | 0062 | 0014 023 06 051 12 >20 [ 605 | 116 | 818 | -77.2 0314
158 08 5 >10 043 12 10 061 >10 25 >10 >20 (50) 59 0 69 -68.1 59
159 0029 | 012 14 0023 [ 0033 | 0072 | 0.032 | 016 09 06 034 | >20 (20) 55 | 067 | 806 | -75
L60 @) | 20 65 | 0.23 | Inact -10.7
“See footnote of Table 1.
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Table 4. Biological Effects of 3 Leucettines Evaluated on 11 Purified Protein Kinases, HT22 Cell Survival, Glutamate-Induced
HT22 Cell Death, Autophagy in U-2 OS Cells, CLK1 mRNA Splicing, Phosphorylation of Tau on Thr212, and Inhibition of

CB1“
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“See footnote of Table 1.

Table 3 investigates the importance of N1 in the
imidazolone ring structure (Figure 1). Replacement of this
atom by sulfur strongly reduces the inhibitory potency
(compare L58 with L41). Methylation at N1 blocks N3 in a
stable double bond and this completely abolishes the kinase
inhibitory activity (compare L59 and L60).

Table 4 investigates the importance of the carbonyl group
(position 4) in the 2-aminoimidazolin-4-one ring structure
(Figure 1). Comparison of Leucettamine B (LO) and
preclathridine A, which only differ by this carbonyl group,
immediately reveals that this is an essential group. Cocrystal
structures with DYRKIA confirm key H-bonds between the
carbonyl moiety of Leucettines and Lys188 and Asp307
(Figure 1A).

Table S investigates the importance of substituents at the N3
position in the 2-aminoimidazolin-4-one platform structure
(Figure 1). N-Methylation partly reduces the kinase inhibition
properties (compare L41 with L21, L64 with LO and L3 with
L31), though much less than methylation of N1 (L60) (Table
3). This effect of N3 methylation is also seen in the molecules
where N1” is replaced by an alkylated sulfur (compare L59
with L61, L62 with L63) or left as a primary amine (compare
L64 and LO). Larger substituents at N3 lead to complete lack
of kinase inhibitory activity (L32, L33). Replacement of N3 by
an oxygen atom completely inactivates the compound
(compare L6S with L41). These results fit with the
observation that N3 acts as a H-bond donor with the carbonyl
moiety of Asp307 (Figure 1A). The residual activity when the
N3 H-bond donor possibility is lacking (L0, L21, L31, Lé1,
L63) may either come from a shift of this H-bond to the
exocyclic nitrogen (N1”) and the ability of the kinase to allow
the presence of a methyl but not a larger size substituent on
N3, or to the fact that H-bonding between N3 and Asp307
may not be crucial.

Table 6 investigates the importance of the exocyclic amine
(N1”) on position 2 (Figure 1). A single substitution on N1”
appears to be better than two substitutions (compare L41 with
L67, L68, L69, L70). Although a primary amine leads to quite
an active compound (L64), a single substitution of N1” with a
methyl (L66) or a propyl (L31) reduces the kinase inhibitory
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activity effects. However, when the size of the substituent is
increased (L41, phenyl), the compound regains potent activity
(compare L64 with L41). Replacement of the nitrogen by a
sulfur leads to slightly active molecules (compare L66 with
L71, L31 with L62). Increasing the size of the alkyl substituent
on sulfur leads to an increased inhibitory potency (compare
L71 with L62).

Table 7 investigates the importance of substituents on the
N1” position (Figure 1). Compared to the N1” unsubstituted
primary amine (L64), most but not all monocyclic (L41,
L36—38, L72-L79) or bicyclic (L39, L40, L83—L94)
substitutions maintain or even enhance the kinase inhibitory
potency. When the phenyl of L41 is substituted with a
piperazine, kinase inhibition is reduced (compare L41 with
L87, and L42 (Table 1) with L88, L50 (Table 1) with L89). A
mere N-methylation of the piperazine moiety greatly increases
the kinase inhibitory potency (compare L87 with L90, L88
with 191, and L89 with L92). Clearly, a rather large
hydrophobic pocket surrounding the phenyl of the original
L41 deserves further chemical exploration.

At the start of this work, we were hoping to find subclasses
of Leucettines that would have stronger affinity for specific
CLKs or DYRKSs. Unfortunately, this was not the case and all
compounds active on DYRKIA (our primary target of interest
in the context of DS and AD) were found to be roughly
equipotent on CLK1, CLK4, DYRKIB, and DYRK2. CLK2
and DYRK3 were slightly less sensitive, and CLK3 even less.
The amino acids involved in binding of L41 to DYRKIA
(Lys188, Val222, Leu241, Leu 294, Val306, Asp307) (Figure
1A) are fully conserved in CLK1, CLK4, and DYRKIB. In
DYRK2 and DYRK3, the two Valines are replaced by
Isoleucines. In CLK3, Val306 is replaced by an Alanine (SI,
Table S3). The SAR results described for DYRKIA are
essentially identical for CLK1, CLK4, DYRK1B, and DYRK2.
These SAR results in terms of kinase inhibition are
summarized in Figure 2. The best potencies obtained with
compounds L90 and L91 can be rationalized by docking
experiments showing an additional H-bond interaction
between the piperazine residue of these two compounds and
the Asp247 amino acid residues of DYRKI1A (Figure 3).
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Table 5. Biological Effects of 13 Leucettines Evaluated on 11 Purified Protein Kinases, HT22 Cell Survival, Glutamate-Induced
HT22 Cell Death, Autophagy in U-2 OS Cells, CLK1 mRNA Splicing, Phosphorylation of Tau on Thr212, and Inhibition of
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“See footnote of Table 1.

We also used these SAR results to compare the sensitivity of
various DYRKs and CLKs to Leucettines taken as a whole
chemical family. Strong correlations were observed when
Leucettine ICy, values on the different DYRKs and CLKs were
plotted against the ICs, values toward DYRKI1A (Figure S4).
ICs values for each kinase were plotted against ICs, values for
all other kinases, and Rsqr was calculated from the plots (SI
Tables S1, S2 and Figure S4). Homology in the catalytic
domain sequence of all CLK and DYRK kinases tested was also

compared (SI Table S1). Comparative sensitivity of the kinases
to Leucettine inhibition directly correlates with comparative
homology between the sequence of their kinase domain
(Tables S1, S2 and Figure S4).

(2) CLK1 Pre-mRNA Splicing. DYRK1A regulates pre-
mRNA splicing by phosphorylating various splicing factors
(SRSF6, ASF, SF3b1/SAP155, etc.).**~”7 CLKI, through its
action on the phosphorylation of serine/arginine-rich proteins
(SRp), is a key regulator of pre-mRNA splicing.”*™'*° The
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Table 6. Biological Effects of 10 Leucettines Evaluated on 11 Purified Protein Kinases, HT22 Cell Survival, Glutamate-Induced
HT22 Cell Death, Autophagy in U-2 OS Cells, CLK1 mRNA Splicing, Phosphorylation of Tau on Thr212, and Inhibition of
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“See footnote of Table 1.
catalytic activity of CLK1 regulates alternative splicing of (Figure 4A, B). Each 96-well qPCR plate contained negative
CLK1 pre-mRNA itself at the level of exon 4 (Figure 4A). In (DMSO, dimethyl sulfoxide) and positive (L41) controls. The

the presence of active CLKI, there is a roughly equal
proportion between the forms including or excluding exon 4.
Genetic inactivation or pharmacological inhibition of CLK1
catalytic activity leads to massive inclusion of exon 4.”*~'*’ We
used this as a reporter system to detect CLK1 inhibition in a
cellular context using immortalized mouse hippocampal HT22
cells (see also ref 82). Primers were designed to detect the two
main splice variants of CLK1 (Figure 4A, B). A preliminary
time-course study performed with L41 showed that a maximal
effect on exon 4 inclusion is already reached after 3 h of
treatment (data not shown). HT22 cells were next treated for
6 h with 10 M of each of the 68 Leucettines. Cells were lysed,
and total mRNA was purified and reverse-transcribed in 96-
well plates. The relative quantity of both splice variants was
quantified by qPCR (AC, measurement) using specific primers
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mean ACt of 21 measurements was 0.39 + 0.25 for DMSO
and 8.18 + 0.89 for L41, which gives a dynamic range of 21
(8.18/0.39 = 20.97).

Results showed that exon 4 inclusion induced by several
Leucettines correlates well with their inhibitory properties
toward CLKs and DYRKs (Figure 4C, Tables 1-7). All
Leucettines active in this assay were potent inhibitors of both
kinase families, but splicing inhibition could not be attributed
to a specific CLK or DYRK, suggesting the possible additive
effects on several kinases. Structural modifications that lead to
inactivation of kinase inhibitory activity abolished the effect on
exon 4 inclusion in the CLK1 pre-mRNA, as illustrated in
Figure 4C with a selection of Leucettines. A few potent kinase
inhibitors (for example, L59, L64, L92) did not affect splicing.

https://doi.org/10.1021/acs.jmedchem.1c01141
J. Med. Chem. 2022, 65, 1396—1417


https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01141?fig=tbl6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01141?fig=tbl6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01141?fig=tbl6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01141?fig=tbl6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01141?fig=tbl6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01141?fig=tbl6&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c01141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry pubs.acs.org/jmc

Table 7. Biological Effects of 32 Leucettines Evaluated on 11 Purified Protein Kinases, HT22 Cell Survival, Glutamate-Induced
HT22 Cell Death, Autophagy in U-2 OS Cells, CLK1 mRNA Splicing, Phosphorylation of Tau on Thr212, and Inhibition of
CB1“
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“See footnote of Table 1.
This may be due to either poor cell permeability or interaction phospho-specific antibodies (Figure SA). Cells were treated or
with other unidentified cellular targets. not with 10 yuM L41 for 6 h, and Tau phosphorylation was
(3) Inhibition of Tau Phosphorylation at Thr212. estimated by Western blotting. Results revealed that
Phosphorylation of the microtubule binding protein Tau is phosphorylation of the Ser202 + Thr20S (ATS8 epitope),
10 . . .
one of the hallmarks of AD.'”" DYRKIA is one of the kinases Thr212, Thr231 (AT180 epitope), Ser262, and to a lower
31,33,102,103 11 .
that phosphorylates Tau. Using SH-SYSY-Tau4R, a extent Thr181 was reduced by L41 treatment, especially that of
neuroblastoma cell line overexpressing the full-length form of Thr212, a reported phosphorylation site for DYRK1A.'*>'%?
human Tau,'® we first tested the effects of L41 on Tau Thr212 phosphorylation allows the phosphorylation of Thr208
osphorylation at different sites, as reveale severa -3, illustratin e substrate “priming” properties o
phosphorylat t different sit led by 1 by GSK-3, illustrating the substrate “p g” propert f
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Figure 3. X-ray structure of L41 compared with the docking pose of L90 in PDB 4AZE. Ligands are represented as colored by element gray sticks
and key amino acid residues of DYRKIA in green sticks. L90 was scored with a AG of interaction of —36.6 KJ, coherent with the experimental
value determined (L90 ICs, 12 nM). The slightly higher potency of L90 compared to L41 (ICy, 24 nM) can result from the additional interactions

observed with Asn292 and Asp247 amino acid residues of DYRKI1A.
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Figure 4. Leucettines modify CLK1 pre-mRNA splicing and trigger exon 4 inclusion. (A) qPCR products (+exon 4 and —exon 4) and their specific
primers (primer pairs A/B and C/D, respectively) for the relative quantification of CLK1 splice variants (with or without exon 4, respectively). To
avoid amplification due to genomic DNA contamination, primers A, C, and D span exon 3/exon 4, exon 3/exon S, and exon 5/exon 6 junctions,
respectively. Primer B anneals to exon 4. +Exon 4: 102 bp, —exon 4: 92 bp. (B) Quantification of CLK1 exon 4 inclusion from qPCR amplification
data: example of ACt determination (Ct[—exon 4] — Ct[+exon 4]) for L41-treated HT22 cells (control: DMSO). Ct values were measured in the
exponential phase at a fluorescence threshold of 200 RFU. (C) Dose—response curves for several representative Leucettines (L41, L42, L43, L48,
L50). ICy, values (uM) toward CLK1 and DYRKIA are indicated under each structure. HT22 cells were treated at eight concentrations of each
Leucettine (0, 0.1, 0.33, 1, 3, 5, 10, and 33 #M in 0.33% DMSO in triplicates) for 6 h, and CLK1 exon 4 inclusion was quantified by qPCR (ACt).

DYRKIA. Kinetics and dose—response studies (data not
shown), performed with L41, showed a significant maximal
inhibition (78%) of Tau Thr212 phosphorylation, which could
not be further decreased by addition of pharmacological
inhibitors of GSK-3 or CDKs (cyclin-dependent kinases) (data
not shown). On the basis of these results, SH-SYSY-Tau4R
cells were exposed to each of the 68 Leucettines (10 uM, 6 h
exposure) and analyzed for phospho-Thr212 levels relative to
total Tau level (TauS antibody) (see the SI for methods).
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Results showed a clear-cut ability of Leucettines to inhibit
Thr212 phosphorylation in vitro with, however, a modest
correlation with in vitro DYRKIA inhibition (Tables 1-7).
This limited correlation may be due to the phosphorylation of
Thr212-Tau by other, unidentified kinases insensitive or
poorly sensitive to Leucettines, to interactions of some
Leucettines with alternative cellular (off-)targets, or to major

differences in cell permeability among various Leucettines.
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Figure S. Leucettine L41 inhibits Tau phosphorylation at Thr212 in SH/SYSY-Tau4R cells and in vivo. (A) SH/SYSY-Tau4R cells were exposed
to 10 M L41 or vehicle for 6 h. Proteins were extracted and resolved by SDS-PAGE followed by Western blotting with various antibodies: total
Tau antibody (Tau-$) and antibodies specifically directed against Tau phosphorylated on Thr181, Ser199/Ser202, Ser202, Ser202/Thr205 (AT8),
Thr212, Thr231 (AT180), or Ser262. pThr212-Tau specific antibodies cross-react specifically with Tau phosphorylated at Thr212 but also with a
unique unspecific band (*) which can be used as a loading control. (B) pThr212-Tau levels in the brains of Tg(Dyrkla) and wild-type (WT)
mouse treated or not with L41 (20 mg/kg, ip injection) (n = 4 per condition). pThr212-Tau is increased in brains of Tg(Dyrkla) mice compared
to controls (p = 0.003) and is significantly decreased when the transgenic mice are treated with L41 (p = 0.009), but not in the wild-type animals (p

= 0.662).

Tau phosphorylation is a key marker for DS and
AD.">'%~ 1" We therefore verified that Tau phosphorylation
at one of its DYRKIA specific site, Thr212, was indeed
inhibited by a Leucettine in vivo. As a first demonstration that
DYRKIA is a major kinase phosphorylating this site in the
brain, we showed that the mere expression of a single
additional copy of the DYRKIA gene in Tg(Dyrkla) mice
resulted in an increase in brain Thr212-phosphorylated Tau
compared to corresponding wild-type mice (Figure SB). This
result matches with the actual increase in DYRKIA mRNA,
protein levels, and catalytic activity measured in brains of
Tg(Dyrkla) compared to brains of WT control animals.*®
When animals were treated with L41 (20 mg/kg, daily ip
injection for 19 days; pharmacokinetics studies showed that
L41 is not orally available (SI, Figure SS), thus requiring
intraperitoneal (ip) administration), a reduction in phospho-
Thr212-Tau was observed in the brains of Tg(Dyrkla) animals
(p = 0.009) compared to the brains of vehicle-treated animals
but not in the brains of WT mice (p = 0.662, n.s.) (Figure SB).
This suggests that L41 was able to cross the blood-brain
barrier when administered ip, to reach and enter neuronal cells,
and to inhibit endogenous DYRKI1A (as also shown previously
when the catalytic activity of endogenous brain DYRKIA was
measured following immunoprecipitation®®), resulting in
reduced phosphorylation of its Tau substrate.

(4) Protection against Glutamate-Induced Cell Death.
Excess release of extracellular glutamate in the central nervous
system (excitotoxicity) contributes to the neurodegenerative
processes observed in AD and stroke. Glutamate-induced cell
death can be reconstituted in cell cultures and was shown to be
prevented by L41** (Figure 6A). HT22 cells were exposed for
24 h to 10 mM glutamate in the absence or presence of a range
of concentrations (up to 40 uM) of each of the 68 Leucettines.
Some Leucettines prevented glutamate-induced cell death in a
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dose-dependent manner and their ECy, values (concentration
providing 50% protection) were calculated. These values are
reported in Tables 1—7. Dose—response curves for representa-
tive Leucettines, showing additivity of various substitutions, are
shown in Figure 6B.

Results show that no correlation can be established between
effective protection against glutamate-induced cell death and
inhibition of any of the 11 kinases. Some unidentified kinase
target(s) of the active Leucettines may be responsible for
protection against glutamate-induced cell death. The possi-
bility remains that some Leucettines were inactive on HT22
cells because of a lack of cell permeability or rapid intracellular
metabolism. No conclusion can thus be drawn from such
potentially kinase active, cell inactive molecules. In contrast,
some kinase inactive molecules were clearly protecting HT22
cells from glutamate-induced cell death (LS1, LS4 (Table 1),
L81, L82 (Table 7) (Figure 6B)), while some kinase active
molecules were unable to provide protection from glutamate-
induced cell death (e.g., L64, L90, L91, and L92 (Table 7)).

Table 1 shows that protection against cell death tolerates
quite a wide range of modifications of the benzodioxole ring
system. ECg, values vary from 1.28 to 12.5 M, with an open
ring with a hydroxyl residue in the 7’a position (L50)
providing the most efficacious activity (1.28 uM). The
neuroprotection activity of Leucettines does not tolerate a
substitution in 5’a (Table 2) or a modification of N1 (Table 3)
or N3 (Tables 4, ). In contrast, many modifications of the
substituent N1” are tolerated or even improve this particular
biological activity (Tables 6, 7) yet some annihilate the
neuroprotective properties. No substitution (L64), single alkyl
substitutions (L31, L34, L66), or dialkyl substitutions (L68-
L70) of N1” lead to inactive compounds (Tables 6, 7). N1”
substitution with a single phenyl leads to the active L41. The
phenyl ring itself can (L36, L39, L40, L74, L7S, L80—L82,

https://doi.org/10.1021/acs.jmedchem.1c01141
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Figure 6. Leucettines prevent glutamate-induced cell death in mouse
hippocampal HT22 cells. (A) Photographs (phase contrast micro-
scope, CKX41, Olympus) of HT22 cells 24 h after exposure to
vehicle, 10 yuM L41, 10 mM glutamate, or both L41 and glutamate.
(B) Dose—response curves for several representative Leucettines
(L41, L50, L81, L82). ICy, values (4M) toward CLK1 and DYRKIA
are indicated under each structure. HT22 cells were exposed to
various concentrations of each Leucettine and 10 mM glutamate.
Their viability was assessed by the MTS assay 24 h after treatment
and expressed as percentage of cell survival relative to control
untreated cells.

L85—L87) or cannot (L38, L83, L84, L90) be substituted
(Table 7). The most active compounds display a long alkyl
chain in the para-position of the phenyl ring (L80-L82).
Whether the phenyl is substituted or not, an open ring with a
hydroxyl at 7’a is more active than the corresponding
benzodioxole ring (compare LS50 with L41, and L82 with
L81) (Figure 6B). The N1” phenyl itself can be substituted
with a second ring system. Biphenyl (L83) and bipiperidine
(L84) substitutions on N1” lead to inactive compounds. In
contrast, phenyl-piperidine (L8S, L86) substitutions lead to
biologically active molecules. Phenyl-piperazine substitutions
are also active (L87, L88) as long as the para-nitrogen is not
substituted (L90—L92). The most active compounds with a
double ring system are L85 and L87.

HT?22 cells were exposed to each of the 68 Leucettines at 20
uM for 24 h. Cell survival, assessed using the classic MTS (3-
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(4,5-dimethylthiazol-2-yl)-S-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay, showed a lack of delete-
rious effects of the whole family of Leucettines at this
concentration (Tables 1—7).

(5) Induction of Autophagy. We reported that Leucettines
induce activation of phosphatidylinositol-3-kinase (PI3K)/
mTor-dependent autophagy.*> U-2 OS cells were exposed to
10 uM of each of the 68 Leucettines for 4 h, and autophagy
was assessed by counting the number of LC3 (microtubule
associated protein light chain 3) foci per cell, a hallmark of
autophagy. DMSO and rapamycin were used as negative and
positive controls, respectively. Antibodies against lysosomal-
associated membrane protein 1 (LAMP-1) were used to detect
lysosomes and DAPI to stain DNA. Figure 7 illustrates
representative results obtained with L41 and L50. SAR results
(Tables 1—7) showed that most Leucettines (such as L36,
L37, L41, L44, LSO, L76, L90—L92) inducing autophagy
inhibited CLKs with high efficiency. However, a few autophagy
inducing compounds (L46, L53, L8S, L86, L93) displayed
modest or no kinase inhibitory activity, suggesting mechanisms
other than kinase inhibition. Leucettines that were inactive or
poorly active on kinases were mostly unable to trigger
autophagy. A good example is shown with the isomeric
Leucettines L48 and LS50, which, respectively, display low or
high kinase inhibition and low or high autophagy induction
properties. However, some potent kinase inhibitory Leucet-
tines (such as L31, L34, L39, L40, L59, L63, L64, L73, L74,
L75) were unable to trigger autophagy, suggesting independ-
ent, alternative mechanisms of action or poor cell permeability.

Little correlation was observed between the ability to alter
CLK1 pre-mRNA splicing and induction of autophagy: for
example, compounds L46, L36, L85, L86, and L92 are potent
autophagy inducers and only modestly modify exon 4
inclusion. Inversely, compounds L21, L31, L39, L40, L74,
L75, and L78 alter CLK1 splicing but do not induce
autophagy. No correlation was seen between the abilities to
alter CLK1 pre-mRNA splicing and to protect against
glutamate-induced cell death: for example, compounds L80—
L82 and L85—L88, which are the most potent protectors, do
not alter splicing. siRNA-mediated inactivation of CLK1, but
not of DYRKIA, promoted autophagy, suggesting that CLK
inhibition, but not DYRK inhibition, might contribute to
autophagy induction,” a trend confirmed with pharmaco-
logical inhibitors of these kinases.*>"'>'"?

(6) Antagonism of the CB1 Cannabinoid Receptor. To
investigate the selectivity of Leucettines and to identify
potential secondary targets, we submitted L41 (10 uM) to
the DiscoveRx PathHunter M-arrestin enzyme fragment
complementation based GPCR screen. L41 was tested both
for agonist or antagonist activity on 158 known GPCRs and for
potential agonist activity on 76 orphan GPCRs (Figure 8A).
Results showed that L41 displayed not a single agonist activity
on either known or orphan GPCRs. In contrast, L41 strongly
antagonized CP-55940-induced CB1 activity (98% inhibition).
With the exception of Adenosine A; receptor (ADORA3)
(45% inhibition with 10 zM L41), no other GPCR activity was
found to be antagonized by L41. We next tested all 68
Leucettines at 10 uM for their potential ability to antagonize
CB1 activated by CP-55940 (Tables 1—7). Most Leucettines
were found to be inactive. We then ran dose—response curves
for 11 Leucettines, LO, L37, L41, L43, L50, L54, L68, L82,
L85, L86, and L92 (Tables 1—7). Leucettines fall in four
categories (Tables 1—7): (i) active on both kinases and CB1
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Figure 7. Leucettines trigger LC-3 modification and autophagy in mouse hippocampal HT22 cells. Immunofluorescence images of HT22 cells
treated for 24 h with 10 uM of the indicated Leucettine (L41, L50) or DMSO vehicle (control). Cells were stained for Lamp-1 (red) and LC-3
(green) with specific antibodies. DNA (blue) was visualized using DAPIL Bar is 10 ym.

(L41, L42, L36, L39, L40, L44), (ii) inactive on both kinases
and CB1 (L32, L56, L60), (iii) inactive on kinases and active
on CB1 (L43, L53, L54, L81, L82, L85), and (iv) active on
kinases and inactive on CB1 (L0, L37, L50, L59, L64, L76,
L90-L92). Results clearly showed that the CB1 antagonism
activity depends on structural features that are independent
from the structural requirements for kinase inhibition. Key
modifications for potent CB1 antagonism included no
substitution on S'a (compare LS6 and L41, Table 2), a
nitrogen and not a sulfur at position N1 (compare L58 and
L41, Table 3), unsubstituted N3 (compare L21 and L41,
Table S), one but not two substitutions on N1” (compare L67
and L41, Table 6), some specific substitutions on N1” phenyl
(=F (L74, L75), —O—CH, (L38), —CHj, (L36), some (L77,
L78) but not all (L79) di-CH,, -piperidine (L85, L86), but
not —OH (L37, L76, Table 7). In contrast, substitution of the
N1” phenyl with a piperazine (L87—L89) or a N-methyl-
piperazine (L90—L92) completely abolished the CBI1
antagonism activity. Altogether these results showed that it is
possible to develop Leucettines with strong kinase inhibitory
activity but no CB1 antagonism, the most desired feature.
Previous results showed that a CBI1 antagonist inactive on
DYRKIA (L92 (unfortunately labeled L99 in ref 25) was
unable to correct cognitive deficits in a DS mouse model, in
contrast to a DYRKIA inhibitor inactive on CB1 (L41).”
We next investigated the allosteric effect of selected
Leucettines on the cannabinoid receptor 1. The allosteric
parameters (Kj and @) of four compounds, L41, L43, L85 and
L92, were evaluated in the presence of the orthosteric agonist
CP-55940, and the data, in comparison with DYRKIA
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inhibition and CB1 arrestin results, are summarized in Figure
8B. Three compounds L41, L43, and L85 showed an allosteric
impact on orthosteric agonist CP-55940 binding with Kj
values of 2.2, 1.2, and 3.3 uM, respectively. However, no
allosteric effect on CP-55940 binding was observed for L92, in
agreement with the CBI arrestin assay. L41, L85, and L92
were potent DYRKIA inhibitors, while L43 was marginally
inhibitory, again highlighting the fact that DYRKIA inhibition
and CBl antagonism are not necessarily linked in the
Leucettine family.

Three compounds, L41, L43, and L8S, that showed positive
allosteric modulation on orthosteric agonist binding of the
CB1 receptor were further tested for their impact on G-protein
coupling induced by CP-55940 (Figure 8C). Unlike many
positive allosteric modulators,''* but comparable to the CB1
allosteric modulator ORG27569,"'>"'® these compounds
showed a substantial, concentration-dependent inhibition of
CP-55940-induced GTPyS binding, as compared to control
(vehicle only).

B CONCLUSION

Over 40 DYRKs/CLKs inhibitors (most DYRKs inhibitors
inhibit CLKs) have been described in the literature (reviews in
refs 14, 16, 20, 33, 69). These medicinal chemistry efforts have
been encouraged by the involvement of both families of
kinases in multiple human diseases as briefly described in the
introduction (review in ref 16). Our focus on DYRKIA as a
therapeutic target is motivated by the potential clinical benefits
of DYRKIA inhibitors in the treatment of cognitive deficits,
memory, and learning, associated with DS and AD, but also in
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Figure 8. Some Leucettines interact with the cannabinoid receptor CB1. (A) L41 was tested at 10 4M as a potential agonist or antagonist of 158
known GPCRs and as a potential agonist for 76 orphan GPCRs, using the DiscoveRx PathHunter f-arrestin enzyme fragment complementation
technology. Activity is represented as percent of control GPCR activity in the absence (potential agonist activity) or presence (potential antagonist
activity) of appropriate GPCR agonists. CB1, cannabinoid receptor 1. (B) Structure and effects of four Leucettines (L41, L43, L85, L92) on
DYRKIA activity (ICs, values in M) and CB1 receptor arrestin activity in the presence of a CBI agonist, CP-55940 (ICs, values in yM)
(DiscoveRx) and binding parameters to CB1 receptor. Data are the median and corresponding 95% confidence limits from at least three
independent experiments performed in duplicate. Ky and cooperativity factor for the compounds were determined using [*H]-CP-55940. —, no
DYRKIA nor CB1 arrestin inhibition, or no significant change in [*H]-CP-55940 binding observed up to 10 uM. (C) Effect of L41, L43, L85, and
vehicle on CP-55940-induced GTPyS binding to cell membranes expressing the CB1 receptor. Dose—response curves for CP-55940 induced [*S]-
GTPyS binding in cell membrane preparations expressing the CB1 receptor in the absence or presence of 10 uM of each Leucettine. Nonspecific
binding was determined in the presence of 10 uM unlabeled GTPyS. Each data point represents the mean + SE (error bars) of at least three
independent experiments performed in duplicate.

their potential to address reduced f-cell mass and insufficient with the sequence conservation among DYRKs and CLKs (SI
insulin production seen in type I and type II diabetes. Tables S1, S2 and Figure S4). The most potent inhibitors
Following the screening of a high diversity library of over (L90, L91, L92) reached 7—14 nM ICs, values. DYRKIA,
50000 low molecular weight molecules on recombinant DYRK1B, DYRK2, CLK1, CLK2, and CLK4 were closely

DYRKIA, we identified the marine natural product Leucett- related in terms of sensitivity to Leucettines. Further
amine B as an initial hit of potential interest.””®' We next optimization is under way based on alterations of both sides
synthesized a library of >500 Leucettamine B analogues, (aminoimidazolone and benzodioxole) of the Leucettine
collectively named Leucettines,®' ~** from which Leucettine scaffold. The relationship between kinase inhibition and
L41 was selected as a lead compound. Proof-of-concept studies cellular effects shows that, within a relatively homogeneous
were carried out with L41, showing that pharmacological chemical family such as Leucettines, diverse SARs coexist
inhibition of DYRKIA was able to correct learning and depending on the biological effects evaluated. It is quite
memory deficits in three animal models of DS* and three difficult to correlate a specific biological effect to the inhibition
animal models of AD (refs 39, 72; Meijer et al.,, unpublished). of a single kinase. In fact, biological effects probably originate
We selected a series of 68 Leucettines in our library to describe from the combined effect of individual Leucettines on a subset
their SAR in a variety of biological assays. of DYRKSs and CLKs. We should be humble when attributing a
In terms of in vitro kinase inhibition, the SAR correlates very specific biological effect of a product to a specific target!
well with the crystal structure of L41 in complex with When the effects of Leucettines were tested on CLKI

DYRKI1A, DYRK2, and CLK3.5"®* The SAR also correlates splicing in cultured cells, a good correlation was seen, with a
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few exceptions, between DYRKs and CLKs inhibition potency
and alternative splicing of CLK1 mRNA. Tau phosphorylation
at Thr212 is known to be catalyzed by DYRKIA,'*>'* yet
there was a relatively modest correlation between the potency
of Leucettines at inhibiting this kinase in vitro and the
reduction of phospho-Thr212-Tau levels in cells. Nevertheless,
L41 treatment of a DS mouse model led to the reduction of
brain Tau phosphorylation at the Thr212 site.

Three other biological activities sensitive to some
Leucettines showed a very different SAR pattern, with some
kinase-inactive Leucettines being very potent in these assays
and some kinase-active Leucettines showing low or no activity
in these biological assays. Glutamate-induced cell death was
initially found to be prevented by a cotreatment with
Leucettine L41 (Figure 6A). However, the SAR study rapidly
showed a lack of correlation between kinase inhibition (at least
among the 11 kinases tested in this study) and protection
against glutamate-induced cell death. It would be of interest to
screen the most active Leucettines in this assay on a wide panel
of kinases to find out whether they inhibit some other kinases
which might be involved in glutamate-induced cell death. We
feel it would be interesting to engage a medicinal chemistry
effort, driven by this simple biological assay, to develop more
potent Leucettines protecting against glutamate-induced
excitotocity, an area of wide interest in various CNS diseases
such as AD, Huntington’s disease, lateral amyotrophic
sclerosis, PD, stroke, and traumatic brain injury. The cellular
assays of autophagy induction by Leucettines showed very
modest correlation, with numerous counter-examples, with
inhibition of DYRKSs or CLKs. Again, it would be interesting to
investigate the kinase selectivity of the best autophagy-inducing
Leucettines to see if they inhibit some other kinases involved
in this cellular process. It would also be of interest to optimize
a subfamily of Leucettines on the basis of autophagy induction,
an area of potential applications in neurodegenerative diseases.
The finding of the Leucettines’ effects on ligand-activated
cannabinoid receptor CB1 stemmed from a screen on a wide
panel of GPCRs (Figure 8A). Kinase inhibition and CB1
receptor antagonism do not appear to be correlated. It may
thus be possible to develop Leucettine subfamilies that are
exclusively specific for DYRK1A or for CBI1 or that combine
both activities. This might be of potential interest in view of
the recently described beneficial effects of CB1 antagonism in
two DS models.""” L41 carries both DYRKIA inhibition and
CB1 antagonism and corrects spatial memory deficits in three
mouse models of DS.”* L43, which does not inhibit DYRKIA
and has modest activity on CB1, does not restore cognitive
functions.” In contrast, L92 (mistakenly named L99 in ref
25), which is a potent DYRKIA inhibitor but has no
antagonistic effects on CBI, restores cognitive functions,
demonstrating that DYRKI1A inhibition is key in the cognition
correcting effects of Leucettines.”

In conclusion, the Leucettine scaffold provides several
opportunities to develop drug candidates with different
biological targets and activities and thus potential applications
in different pathologies.

B EXPERIMENTAL PROCEDURES

All chemistry and biological experimental procedures are provided in
detail in the Supporting Information. The purity of the synthesized
Leucettines was determined by high resolution mass spectroscopy and
microanalysis. The purity was >95% in all cases.
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AD, Alzheimer’s disease;; ALL, acute lymphoblastic leukemia;
AMKL, acute megakaryoblastic leukemia; CDKs, cyclin-
dependent kinases; CK2, casein kinase 2; CLKs, cdc2-like
kinases; CB1, cannabinoid receptor 1; DMSO, dimethyl
sulfoxide; DS, Down syndrome; DSCR, Down syndrome
critical region; DYRKSs, dual specificity, tyrosine phosphor-
ylation regulated kinases; gHSQMBC, gradient heteronuclear
single quantum multiple bond correlation; GPCRs, G-protein
coupled receptors; GSK-3, glycogen synthase kinase-3; ip,
intraperitoneal; LAMP-1, lysosomal-associated membrane
protein 1; LC3, microtubule associated protein light chain 3;
MRD?7, Mental retardation disease 7; MTS, 3-(4,5-dimethylth-
iazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium; PD, Parkinson’s disease; PI3K, phosphatidy-
linositol-3-kinase; SAR, structure—activity relationship; SRp,
serine/arginine-rich proteins; TBAF, tetrabutylammonium
fluoride; TBHP, tert-butyl hydroperoxide.
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