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Abstract

Substituted pyrimidine inhibitors of the Clk and Dyrk kinases have been developed, exploring
structure-activity relationships around four different chemotypes. The most potent compounds
have low-nanomolar inhibitory activity against Clk1, Clk2, Clk4, Dyrk1A and Dyrk1B. Kinome
scans with 442 kinases using agents representing three of the chemotypes show these inhibitors to
be highly selective for the Clk and Dyrk families. Further off-target pharmacological evaluation
with ML315, the most selective agent, supports this conclusion.
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The cdc2-like kinases (Clks) are CMGC group (cyclin-dependent kinases (CDKSs), mitogen-
activated protein kinases (MAP kinases), glycogen synthase kinases (GSK) and CDK-like
kinases) dual-specificity kinases, capable of autophosphorylation at tyrosine residues while
phosphorylating substrates at serine and threonine residues.! There are four isoforms, Clk1-
Clk4, which impact mRNA splicing by phosphorylating the serine- and arginine-rich (SR)
family of splicing proteins.2~* The SR proteins guide spliceosome assembly by establishing
mMRNA splice sites, and the distribution and activity of SR proteins is dependent upon their
phosphorylation states.> The ability to selectively alter specific spliceosome operations
using small molecules could offer a means of intervening in disorders resulting from
aberrant mRNA splicing.8:” Recent studies have implicated Clks and SR proteins in insulin-
induced alternative splicing of PKCBII mRNA,8 HIV-1 gene expression,® alternative
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splicing of adenovirus E1A,10 and tissue factor pre-mRNA splicing in endothelial cells
related to procoagulant activity.1 The role of CIk2 in glucose metabolism pathways and
hepatic gluconeogenesis has also been described.12 Earlier studies established CIk3
expression in mouse spermatozoal3 and associated Clk kinases with induction of neuronal
differentiation in PC12 cells.14

The first selective small-molecule inhibitor of the Clk kinases, benzothiazole TG003 (Figure
1), was reported in 2004 by Hagiwara and coworkers.1> TG003 is a potent inhibitor of Clk1
(20 nM) and Clk4 (15 nM), exhibits modest activity against Clk2 (200 nM), and is inactive
against Clk3. Hagiwara’s work demonstrated that alternative pre-mRNA splicing could be
altered, both /n vitroand in vivo, with the use of a Clk inhibitor. This splicing regulation
was linked to the suppression of SR protein phosphorylation. Chronogen, Inc. later patented
a number of quinolines as low-micromolar CIk1 inhibitors.16 KH-CB19 was disclosed in
2011 as a specific and potent inhibitor of CIk1 (20 nM) and Dyrk1A (55 nM).1” The
compound, inspired by the p-carboline alkaloid bauerine C, also exhibited moderate activity
against Clk3 (530 nM) and was noted by the authors to be a potent inhibitor of Clk4, though
no ICsq value was reported. Another natural-product-inspired CIk inhibitor, Leucettine L4,
was also reported in 2011.18 This compound, modeled on the marine alkaloid leucettamine
B, is highly active against Clk1 (15 nM), Dyrk1A (40 nM), and Dyrk2 (35 nM), while
moderately active against CIk3 (4.5 uM).

Like the CIk kinases, dual-specificity tyrosine phosphorylation-regulated kinases (Dyrks)
are part of the CMGC group, capable of autophosphorylation at tyrosine residues while
phosphorylating substrates at serine and threonine residues.1® Seven mammalian isoforms
have been described: Dyrk1A, Dyrk1B (Mirk), Dyrk1C, Dyrk2, Dyrk3 (REDK), Dyrk4A,
and Dyrk4B.20 Dyrk1A, the best-characterized isoform,2! plays an important role in
neuronal development and neurite formation,22 with balanced expression levels crucial to
proper growth and function.23 Found on the Down Syndrome (DS) critical region of
chromosome 21,24 overexpression of Dyrk1A in mouse models has been linked to changes
in neurodevelopment consistent with the DS phenotype.2526 Improper expression of
Dyrk1A has also been implicated in neurodegeneration in both Alzheimer’s disease and Pick
disease.27-28 Furthermore, a connection between Dyrk1A and pre-mRNA splicing has been
established through its phosphorylation of spliceosomal protein SF3bl, part of the U2 small
nuclear ribonucleoprotein particle (snRNP).2% Underexpression of Dyrk1A brought on by
gene mutation or truncation is also problematic.3%:31 Mounting evidence suggests that some
members of the Dyrk family have cell-protective functions.19:32:33 Dyrk1B34 may serve as a
checkpoint kinase connected to the Hedgehog signaling pathway, providing cancer cells
impaired by chemotherapeutics with the opportunity to repair themselves.3® Dyrk1B
overexpression has been detected in humerous cancers, suggesting this kinase may be an
important target for small-molecule intervention.36:37

Very few potent and selective Dyrk inhibitors have been described. Harmine, a plant-
derived B-carboline alkaloid, (Figure 1) is an ATP-competitive Dyrk1A (33-80 nM) and
Dyrk1B (166 nM) inhibitor.22:38 TG003 has also recently been demonstrated as a potent
inhibitor of Dyrk1A (12 nM) and Dyrk1B (130 nM), in addition to its Clk1 and Clk4 activity
(vide supra).3® A Cyclacell Limited patent covers a number of thiazolone-substituted
aminopyrimidines that inhibit Dyrk1A with potencies <100 nM.40

In an earlier report,3? substituted quinazoline modulators of Lamin A splicing discovered in
a high-throughput phenotypic screen at the NIH Chemical Genomics Center (NCGC) were
disclosed (PubChem AID 1487). Literature precedent establishing quinazolines as ATP-
competitive kinase inhibitors led to the hypothesis that the compound might be acting as a
Clk inhibitor, which was validated with a commercial kinase profile.41 Activity against the
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related CMGC group Dyrk kinases was also discovered. To identify additional Clk4
inhibitors, a screen of NCGC libraries was begun using bioluminescent luciferase-based
Kinase Glo qHTS assays monitoring ATP consumption or ADP formation.#2 Structure-
activity relationship (SAR) studies around the quinazoline core were also carried out. These
efforts culminated in the identification of potent ATP-competitive inhibitors of both the Clk
and Dyrk kinases (Figure 2). Compound 1 was developed first as a potent inhibitor of Clk1,
Clk4 and Dyrk1A.3° Further optimization led to Clk4-selective inhibitor 2.43

Continuing in the effort to identify Clk and Dyrk inhibitors with selectivity profiles different
from those of the quinazolines shown in Figure 2, we now describe SAR studies with
several pyrimidine chemotypes that were also identified as described above. This work has
resulted in the development of a chemical probe, ML315.44 Thus, a screen against Clk4 was
carried out using an NCGC library of 375 pyrimidines having three different core structures;
the most active compound from each series is shown in Figure 3. Series 2 was chosen for
follow-up because the most potent compound against Clk4 (3, 63 nM) was a member of this
series. Pyrimidine 3 was the only compound of the 375 screened with an 1C5y <100 nM.

The absence of clear SAR patterns among Series-2 compounds in the initial screening set
prompted us to employ the Topliss scheme?®® for selecting substitution patterns on the
benzylamine (R) of the pyrimidines synthesized in a follow-up matrix library. Aromatics
that were present in the most active compounds in the initial screen were maintained at R2.
Figure 4 shows the results of this effort, and while these compounds were not especially
potent, an interesting selectivity pattern did emerge: when the pyrimidine was substituted
with both a chlorinated benzylamine at R1 and an oxygenated benzene at R2, the compound
tended to be active against Clk4 but inactive against Dyrk1A (see A2, A4, C2, G2, and G4).

Synthesis involved microwave-assisted nucleophilic aromatic substitution (SyAr) of 2,4-
dichloropyrimidine with five functionalized benzyl amines, providing regioisomeric
aminopyrimidines 4 and 5 in ratios of 2-3:1 and 81-99% vyield (Scheme 1, Eq. 1).46 The
regioisomers were easily separated on scale by silica gel chromatography. Subsequent
microwave-assisted Suzuki cross-coupling reactions of intermediate 4 with the requisite
arylboronic acids afforded the desired compounds 6, which were purified by reverse-phase
preparative HPLC.

Merging structural features of both compound 3 and the Clk4-selective compounds of
Figure 4, we synthesized halogen-substituted pyridine analogs in an effort to maintain the
potency of 3, while introducing Clk4 selectivity. Other modifications including the
incorporation of a quinoline and a pyrimidine at Arl, as well as a pyridine scan, were carried
out. Compound synthesis followed the route shown in Scheme 1, Eg. 2, which allowed a
common intermediate (8), made by Suzuki cross-coupling between commercially-available
4-amino-2-chloropyrimidine and 3,4-(methylenedioxy)phenylboronic acid, to be used in
parallel reductive aminations.#’ Final compounds 9 were purified by reverse-phase
preparative HPLC. No improvements in Clk4-selectivity were observed and the poor
potencies of these compounds prompted us to forego further analog synthesis involving
modification of the pyridine. Additional analogs containing halogenated benzylamines at
Arl were also synthesized and tested, but again no improvements were observed in either
potency or selectivity. Details of these studies may be found in the Supporting Information.

At this point, we turned our attention to the series of compounds shown in Table 1,
determined to examine the effect of changing the relative positions of the core nitrogen
atoms to produce pyrimidines having a guanidyl arrangement of nitrogens rather than the
amidinyl arrangement found in all analogs generated to this point. Compound synthesis was
carried out largely according to Scheme 1, Eq. 1 and a variation of Eq. 2 utilizing the
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isomeric 2-amino-4-chloropyrimidine as starting material. Anilines 26-29 were synthesized
via a Suzuki cross-coupling/nucleophilic aromatic substitution sequence from 2,4-
dichloropyrimidine. Details are provided in the Supporting Information. Significant
improvements in potency were immediately realized (qHTS assay results are shown in
parentheses in Tables 1 and 2). Comparing the amidinyl compounds (Figure 4) to their
corresponding guanidinyl isomers (Table 1), a striking improvement in potency was
observed. Among the guanidyl analogs, clear patterns in SAR were also seen: compounds
incorporating the benzodioxolane moiety at R2 were the most potent Clk4 inhibitors (14 and
15, 40-50 nM), followed by compounds incorporating the p-methoxybenzene (10 and 11,
210-290 nM), and then mmethoxybenzene moieties (12 and 13, 3.7-5.8 wM). This trend
was not observed in the amidinyl series, where the corresponding analogs all had similar
potencies (13-41 wM). Within the guanidyl set, compounds substituted with 3,4-
dichlorobenzyl amine at R! performed slightly better than their 4-chlorobenzylamine-
substituted counterparts (compare 10-15). The 3,4- and 3,5-dichlorobenzylamines
performed similarly (compare 15 and 17), while a notable 10-fold selectivity for Clk4 over
Dyrk1A was observed for the 3,4-dibromobenzylamine analog 16. Introducing the 3-picolyl
substituent into the guanidyl series once again produced a potent, but not selective, inhibitor
(19) of Clk4.

Altering the benzodioxolane moiety at R? was also explored to examine the effects of
several important structural variations. Expanding the five-membered ring to the
corresponding benzodioxane (20) resulted in losses in both potency and selectivity in the
gqHTS assay, while opening the ring to produce veratrole-substituted analog 21, resulted in a
complete loss of activity. Nitrogen-containing heterocyclic replacements were also
introduced to explore hydrogen bonding properties in this region of the inhibitor. When the
benzimidazole moiety proved challenging to incorporate, isomeric indazoles were
substituted. With 3,4-dichlorobenzylamine at R1, the 1/+-indazol-5-yl isomer (22) produced
a potent and selective (>10-fold) inhibitor of CIk4, whereas the 1+-indazol-6-yl isomer (23)
appeared to be significantly less potent in the bioluminescent gHTS assay. With the 3-
picolyl substituent at R, both indazole isomers 24 and 25 were potent Clk4 inhibitors, but
of moderate selectivity (5-fold in the bioluminescent qHTS assays). Several compounds
replacing the benzylamines at R with substituted anilines were also synthesized. Anilines
26-28 were found to be potent against Clk4, but lacked selectivity versus Dyrk1A. Notably,
4-chloroaniline-substituted 29, the analog of 4-chlorobenzylamine-substituted 14, displayed
a sharp drop in potency against Clk4, demonstrating the importance of the one-carbon linker
between the guanidyl pyrimidine core and the attached aromatic at R%.

Revisiting the three pyrimidine scaffolds from Figure 3, substituents that provided the best
potencies and selectivities in the guanidyl series above were introduced at Rl and R2
Compound synthesis is described in the Supporting Information. The results are shown in
Table 2. Though most of the compounds did not perform as well as their corresponding
Table-1 isomers, one compound (35) did exhibit acceptable potency (130 nM) and a very
good 20-fold selectivity for Clk4 over Dyrk1A. Compound 32 was also notable for its 16-
fold selectivity for Clk4 versus Dyrk1A.

Most of the compounds from Tables 1 and 2 were also sent for Reaction Biology Clk and
Dyrk isoform selectivity profiles to determine their activity against Clk1-Clk4 and Dyrk1A-
Dyrk1B. As may be seen from the tables, the data obtained from these profiles was largely
in agreement with the results from the initial qHTS bioluminescent assays (shown in
parentheses). The greatest differences were noted for compounds 23 and 29; however, the
trends associated with these compounds still held true. It is also worth noting that the degree
of isoform selectivity was diminished in the Reaction Biology panel relative to the qHTS
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assay results, showing the difficulty associated with developing highly isoform-selective Clk
and Dyrk inhibitors in the absence of protein structural data for rational design.

To examine selectivity within the kinome, a DiscoverRX® KINOME scar® analysis of 442
kinases was performed using three inhibitors representing different structural types (22, 32
and 35).

This assay, run at 10 uM, gauges the degree to which a compound competitively displaces
an active-site ligand anchored to a bead from a kinase linked to a DNA tag using
quantitative PCR. Dendrograms displaying the results of the analysis are shown in Figure 5.
It may be seen from the figure that compounds 32 and 35 were very selective for the Clk and
Dyrk kinases, while 22 was somewhat more promiscuous. These results comport with the
greater potency observed for 22 in the Clk/Dyrk assays. Ricerca LeadProfiling® was also
used to evaluate the off-target pharmacology of 35 in a 67-assay screen. Targets for which
>50% inhibition or stimulation (at 10 M) was observed included adrenergic aa,
dopamine transporter (DAT), and norepinephrine transporter (NET). A complete listing of
targets and results for the screen may be found in the Supporting Information. The small
number of potent off-target hits in the Ricerca screen is consistent with the limited activity
observed in the KINOME scarf® (Figure 5), providing additional evidence that 35 is a highly
selective Clk/Dyrk inhibitor.

Compound 35 was further subjected to /n vitro analysis of its pharmacokinetic properties.
Details may be found in the Supporting Information. Though the solubility of 35 in both
phosphate buffered saline (PBS) and the assay media is limited, it is 17-25 times greater
than the ICsq value of the compound, indicating that potency is not limited by solubility.
The compound is stable in both mouse and human plasma, moderately cell permeable, and
although its hepatic microsome stability is low, this should not affect the utility of the
compound as a probe for cell-based studies.

Compound 17 was the most potent among the compounds tested and was also part of the
guanidyl family of compounds for which the majority of SAR data was generated. It was
therefore chosen as an appropriate representative for homology modeling studies. From a
Clk4 homology model constructed using a CIk1 crystal structure (PDB ID: 1257, 87%
sequence identity) as a template with the modeling program SYBYL48 from Tripos, the
docking pose shown in Figure 6a was predicted using the Docking Module of SYBYL. In
this arrangement, compound 17 forms several hydrogen bonds with amino acid residues
Leu244, Lys191, and Asp325 in the hinge region of the enzyme. The importance of the
hydrogen bond between the oxygen of the benzodioxole and Leu244 may be seen when it is
compared to analogs in which the dioxole ring is replaced by either a p-methoxy (10/11) or
m-methoxy (12/13) substituent. In the /m-methoxy analogs, the oxygen atom is not in
proximity to Leu244, while in the p-methoxy cases, the methyl group would be expected to
rotate out of the plane of the ortho C-H groups, positioning the oxygen lone pairs away from
the Leu244 residue and disrupting hydrogen bond formation. These observations are
reflected in the steep drops in inhibitory activity for compounds 10-13. The same effect is
observed for veratrole-substituted analog 21 for similar reasons. Ring-expanded
benzodioxane analog 20, on the other hand, is still a potent Clk4 inhibitor as the two
methylene carbons are held rigidly in the ring, placing the lone pairs on the para oxygen
atom at angles conducive to hydrogen bond formation with Leu244. Comparing compounds
having the guanidyl core to compounds having the amidinyl core, the importance of the
guanidyl nitrogen as a hydrogen bond acceptor with Lys191 may also be seen. In the
amidinyl series, a hydrogen bond with Lys191 is absent and the compound is significantly
less potent. The surface representation in Figure 6b suggests that the aromatic ring of the
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benzylamine moiety sits in a hydrophobic pocket where van der Waals interactions between
the halogenated benzylamine and the pocket are important for binding.

In conclusion, a new series of aryl-substituted aminopyrimidines with activity against the
Clk and Dyrk families of kinases has been described. Four substitution patterns around the
central pyrimidine were explored, and a number of new compounds were discovered with
activities <100 nM against combinations of Clk1, Clk2, Clk4, Dyrk1A and Dyrk1B. The
most potent agents have activities <10 nM. Three compounds with different substitution
patterns were subjected to DiscoverRX® KINOME scarf® analysis, revealing different levels
of selectivity within the kinome between the chemotypes. The off-target pharmacology and
in vitro pharmacokinetic properties of the most selective of these agents, 35, were further
evaluated and support the idea that this compound is a selective Clk/Dyrk inhibitor with
adequate solubility, stability, and cell permeability to allow it to be used in cell-based
biological studies. Compound 35 (ML315), therefore, represents a complementary addition
to the very small collection of existing Clk/Dyrk inhibitors (Table 3). Its biochemical
profile, when compared to other inhibitors, should make it a useful biochemical tool,
particularly if used in parallel with other inhibitors to dissect Clk/Dyrk biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure5.

Dendrogram depiction of DiscoverRX® KINOME scarf® kinase binding selectivity analysis.
Larger spheres represent <10% control at 10 uM and smaller spheres represent <30%
control at 10 .M (% control refers to the percentage of kinase remaining bound to the
anchored active-site ligand in the presence of a competitive inhibitor). Activity for 35: <10%
= CIk1, Clk2, Clk4, Dyrk1A, PRKCE; <30% = CSNK1E, MAP3K1. Activity for 32: <10%
= BIKE, Clk2, Dyrk1A; <30% = AAK1, CIk1, Clk4, GAK, LATSL, PIM1, PIP5K1A,
PIP5K2B, RIOK3, SRPK3. Activity for 22: <10% = BIKE, CIT, CIk1, CIk2, Clk4,
CSNK1D, CSNK1E, CSNK1G2, DRAK, Dyrk1A, Dyrk1B, Erk8, Flt3, HIPK3, KIT,
MYLK4, PIP5K2C, PRKCE, PRKCH; <30% = BMPR2, Clk3, CSNK1A1, DDR2, Dyrk2,
Erk5, GSK3B, HIPK4, HUNK, IGF1R, IKK-alpha, IRAK3, MAP3K1, PIP5K1A, PIP5K2B,
RIOK1, RIOK2, RIOK3, ROCK1, SRPK3. (Dendrograms generated using the online tool
at: http://tripod.nih.gov/?p=226)
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Figure6.

Docking pose for compound 17 in Clk4 homology model: (a) Important hydrogen bond
interactions with the hinge region of the enzyme; (b) surface representation showing
hydrophobic pocket. (Graphics prepared using Pymol.)
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